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Resumo

Esta tese descreve a investigacdo do impacto dos efeitos nao-lineares da fibra 6ptica induzidos
pelo efeito Kerr na transmissdo de sinais multi-banda com multiplexagem ortogonal por divisao
na frequéncia (MB-OFDM) em redes metro-acesso, considerando deteccao directa (DD) com

sinais assistidos por portadoras virtuais (VCs).

A anilise do sistema MB-OFDM ¢ feita sem e com transmissao por fibra éptica. O estudo da
degradacdo induzida pela nao-linearidade da fibra é centrado no efeito da mistura de quatro
ondas (FWM), que é o efeito ndo-linear dominante. A poténcia de FWM é avaliada através de
um método teérico (TM) proposto e validado que analisa o impacto dos produtos de FWM do
tipo VC-VC-banda no desempenho do sistema. Usando o TM, sdo obtidos os valores maximos
permitidos para as poténcias médias a entrada da fibra com um esquema referido como esquema
base, considerando transmissao em fibra monomodo convencional (SSMF) com diferentes com-
primentos e considerando sinais MB-OFDM com multiplexagem por divisdo no comprimento de

onda (WDM) com diferentes bandas de guarda entre canais WDM.

Séao propostos esquemas MB-OFDM assistidos por VCs e usando DD com elevada tolerancia a
FWM, considerando dois espacamentos entre bandas diferentes. E avaliado o aumento do niimero
de utilizadores ou o aumento da cobertura da rede 6ptica de distribuicio (ODN) potenciado
pelo relaxamento do impacto da FWM. Sdo também apresentadas as melhorias de balango de
poténcia (PB) obtidas por estes esquemas para diferentes coberturas na rede e diferentes niveis
capacidade da rede. Para um espagamento entre bandas de 3,125 GHz e um débito binério de
dados de 10 Gb/s por utilizador, foi demonstrado que o melhor esquema apresenta uma melhoria
de PB que atinge 3 dB. Essa melhoria permite duplicar o nimero de utilizadores da rede ou
aumentar o alcance da ODN em cerca de 12 km. Com um espacamento entre bandas de 6,25
GHz e um débito bindrio de dados de 25 Gb/s por utilizador, a melhoria do PB supera 4 dB,
permitindo duplicar o niimero de utilizadores e aumentar simultaneamente o alcance da ODN

em 5 km.

Sao comparados e avaliados experimentalmente dois esquemas MB-OFDM assistidos por VCs

iii



RESUMO

e usando DD: o esquema base e um esquema com alta tolerdncia a FWM. Os resultados de
desempenho dos dois esquemas sdo avaliados em funcdo da poténcia média total lancada em
cada segmento de fibra, para transmissdo com um canal e com varios canais e para propagacao

com um segmento de fibra e com varios segmentos de fibra.

Palavras-chave: multiplexagem ortogonal por divisdo na frequéncia, multi-banda, mistura de

quatro ondas, redes metro-acesso, transmissao nao-linear.
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Abstract

This thesis reports the investigation of the impact of the optical fibre nonlinear effects in-
duced by the Kerr effect on the transmission of multi-band (MB)-orthogonal frequency-division
multiplexing (OFDM) signals along metro-access networks using virtual carrier (VC)-assisted

direct-detection (DD).

The MB-OFDM system is analysed without and with optical fibre transmission. The study of
the degradation induced by the fibre nonlinearity is focused on the four wave mixing (FWM)
effect, which is the dominant nonlinear effect. The FWM power is evaluated through a proposed
and validated theoretical method (TM) which analyses the impact of the VC-VC-band FWM
products on the system performance. The maximum allowed average powers obtained with the
TM for a scheme referred to as the baseline scheme are compared considering standard single
mode fibre (SSMF) transmission with different number of fibre spans and wavelength division

multiplexing (WDM)-MB-OFDM signals with different channel gaps between WDM channels.

VC-assisted DD MB-OFDM schemes with high tolerance to the FWM effect are proposed con-
sidering two different frequency slot widths. The increase of the number of users or the optical
distribution network coverage potentiated by relaxing the FWM impact is assessed. The power
budget (PB) improvements provided by these schemes are also presented for different user dis-
tances and capacity levels. For a channel grid of 3.125 GHz and a data bit rate per-user of 10
Gb/s, a PB improvement of 3 dB is achieved, which allows to double the number of users or to
extend the optical distribution network (ODN) reach by about 12 km. With a 6.25 GHz channel
grid and a data bit rate per-user of 25 Gb/s, the PB improvement surpasses 4 dB, enabling to

double the number of users and simultaneously extend the ODN coverage by 5 km.

Two VC-assisted MB-OFDM schemes are assessed and compared experimentally: the baseline
scheme and a scheme with higher FWM tolerance. The performance of both schemes is evaluated
and compared as a function of the total average power launched into each SSMF span, for single-

channel and multi-channel transmission and for single-span and multi-span propagation.




ABSTRACT

Keywords: orthogonal frequency-division multiplexing, multi-band, four wave mixing, metro-

access networks, nonlinear transmission.
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Chapter 1

Introduction

In this chapter, the motivation and scope of the thesis are explained in section 1.1. In section 1.2,
the objectives and organization of the thesis are presented. In section 1.3, the main contributions

of the thesis are summarized.

1.1 Motivation and scope of the thesis

A huge increase of the traffic demand has been witnessed in the last years, and forecasts an-
ticipate that the increase will be nearly threefold over the next 5 years, with twice the current
broadband speeds by 2021 [1]. In order to address the huge traffic demand, the capacity of opti-
cal fibre networks reached several dozens of Th/s and wavelength division multiplexing (WDM)
systems have been deployed to meet the capacity requirements [2,3]. Optical fibre networks
are commonly segmented in three tiers [4]: long-haul, metropolitan (metro) and access net-
works. Long-haul networks may achieve distances of one thousand kilometres or more, whereas
metropolitan networks may reach a few hundreds of kilometres and interconnect long-haul and
access networks. Providing connectivity between metro networks and the end users (that is,
business or residential customers) are access networks with distances no longer than a few tens
of kilometres. Forecasts anticipate that metro traffic is growing faster than long-haul traffic and
will account for 35% of the total end-user traffic by 2021, a 13% increase when compared with
the metro traffic in 2016 [1]. Therefore, extending the transmission capacity of metro networks
has become essential to support that traffic growth [5-8]. In the same way, access networks are
expected to experience a huge increase of traffic coming mainly from mobile devices, video and

gaming services [1].
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The expected growth in metro traffic over the following years highlights the need for metro
networks to present higher capacity, but also flexibility, scalability, dynamic reconfiguration,
transparency [6,8,9] in order to avoid demanding requirements on the optoelectronic components
and to avoid requiring new infrastructure, which will affect the deployment potentials. All these
features have to be integrated in a cost-effective metro network solution. Transponders are one
of the major cost contributions of a metro network. Therefore, a low-cost solution can only
be obtained if structures employing complex transmitters or receivers are avoided, technology
with limited bandwidth is applied and the expensive components are shared by several users.
Integrated in this effort, this thesis is focused on the investigation of the nonlinear impairments of
high bit-rate and spectrally-efficient orthogonal frequency-division multiplexing (OFDM) signals
deployed in metro-access networks with low-cost receivers, and proposes solutions to improve

the tolerance to those impairments.

1.1.1 Integrated metro-access networks

The huge traffic demand is pushing current metro and access networks towards metro-access
integration, which consists in having a single hybrid optical network (integrated metro-access
network) that allows network operators to reduce capital and operational expenditures, to fa-
cilitate broadband access for a large number of customers and to increase the energy efficiency
of next generation optical networks [9-11]. Merging metro and access networks also enables
an all-optical solution where several services and standards are provided and coexist with each

other [12].

Different solutions for integrated metro-access networks have been proposed in the last years
to cope with the foreseen traffic demand [13-17]. One of the first proposals was the metro and
access ring integrated network (MARIN) [13]. MARIN is a hybrid WDM //time division multiple
access (TDMA) solution in which the integration is based on interconnecting dense WDM rings
to form an all-optical mesh network [13]. Another architecture, based on a hybrid WDM/TDMA
approach, was proposed using a long-reach passive optical network (PON) [14]. This network,
known as PIEMAN, uses dense WDM in the metro segment and time division multiplexing
(TDM) in the access segment. It is a semi-PON in the sense that it requires an active node
with optical amplifiers between the metro and access segments to achieve the desired reach and
split per wavelength [14]. A different approach, based on ring and tree topology to improve
the network resilience, has been proposed in the SARDANA project [15]. This metro-access
architecture employs a bidirectional WDM ring merged with TDM-PON trees in the access
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part of the network. The metro and access parts are interconnected through cascadable optical

passive add/drop remote nodes [15].

More recently, with the advent of OFDM, solutions using multiple-access based on OFDM
have emerged [18]. In [16], a structure with single fibre access trees connected to an orthogonal
frequency-division multiple access (OFDMA) single fibre ring was proposed. An updated version
of this metro-access network employing OFDMA was shown in [17], which considers polarization

multiplexing to transmit the downstream and upstream signals.

In the work presented in this thesis, the integrated metro-access network employs a structure
where the metro segment relies on the use of WDM channels. The traffic coming from the op-
tical line termination (OLT) travels through a ring towards the access segments. The interface
between the access segments and the metro segment consists on a node with add/drop capabil-
ities. The node transparently routes the traffic from/to a subset of users that are attached to it
through PON trees. Each user is connected to the network by an optical network unit (ONU).
The access network based on PON trees has the advantage of not requiring active components,

such as optical amplifiers, hence reducing the overall cost of the network.

Compared with conventional metro and access networks, the integrated metro-access network
employs a single network infrastructure covering a larger geographical area. Moreover, it provides
savings in terms of the aggregation equipment typically deployed between the access and metro

networks. Fig. 1.1 illustrates the integrated metro-access network concept.

1.1.2 Optical networks employing OFDM

In order to conciliate the bandwidth requirements needed to cope with the traffic increase, the use
of transmission techniques with high spectral efficiency and flexible provisioning of high capacity
to the end-users are highly desirable. In the past few years, OFDM has received remarkable
attention as a promising technology with the aforementioned features [18-20]. Transmission
of OFDM signals through optical fibre has been proposed for a variety of telecommunication
networks, including access [18,21,22], metro [23] and long-haul [24]. OFDM provides: 1) high
capacity to the users together with high spectral efficiency [18,25-28]; 2) resilience to linear
fibre effects, such as group-velocity dispersion and polarization-mode dispersion [19,29]; and 3)

flexible bandwidth allocation [19,30,31].

Optical OFDM systems are often divided in two different categories: coherent detection (CO)-
OFDM and direct-detection (DD)-OFDM [19]. CO-OFDM has shown great robustness against
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Figure 1.1: Integrated metro-access network.

fibre dispersion impairments and, when combined with polarization division multiplexing, can
further increase the spectral efficiency and relax the bandwidth requirements of the electronic
components [32]. Unfortunately, these great benefits are accompanied by high-cost installations,
including narrow-linewidth laser sources, local oscillators, hybrid couplers, several photodetec-
tors at the receiver side, and extra signal processing accounting for the phase and frequency offset
estimations. On the other hand, DD-OFDM can be deployed with low-cost distributed feedback
lasers with moderate-linewidth. In addition, there is no need for local oscillators and hybrid
couplers at the receiver as it only requires a single photodetector. Therefore, DD-OFDM is quite
convenient to be implemented in systems where cost is of primary concern. As metropolitan and
access networks are cost-sensitive, DD-OFDM systems are preferred in detriment of CO-OFDM

systems [33,34].

Although optical OFDM systems have been widely studied in the past decade, the concept
of multi-band (MB)-OFDM (transmission of several OFDM electrical signals in each WDM
channel) for application in next generation metro networks and spectrally-efficient PONs is
quite recent [9,25,34-43]. When compared with single-band (SB)-OFDM systems, MB-OFDM
presents higher flexibility in capacity allocation and granularity at the sub-wavelength level as
main strengths [25]. Due to the sharp shape of the OFDM spectrum, it is possible to transmit

simultaneously several OFDM bands in each wavelength channel with reduced guard band be-
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tween them, and traffic switching from the metro to the access network can be performed at
the band level rather than at the wavelength level. Moreover, services generated from different
sources in the network can be aggregated in the same wavelength in different OFDM bands [9)].
Additionally, the deployment of MB-OFDM signals also allows to overcome the frequency limi-
tations of the digital-to-analogue converters (DACs) and analogue-to-digital converters (ADCs)

when data rate increases by dividing the overall data rate into multiple OFDM bands [25].

In order to conciliate the advantages of MB transmission with the low-cost implementation
provided by DD, solutions employing MB-OFDM with DD have been proposed recently. In [38],
a high-speed (> 100 Gb/s) MB-OFDM system using a DD optical OFDM superchannel (several
OFDM bands) with dual carriers at both sides of the superchannel (to assist the DD process) is
proposed for long-haul networks. Each carrier assists the detection of half of the superchannel
OFDM bands. This system employs an optical multi-band receiving method which performs
the detection by just considering one band. Although it presents high spectral efficiency, it
is quite challenging to implement this MB-OFDM system in flexible metro-access networks
due to the huge requirements for the receiver front-end bandwidth associated with the dual-
band filter employed to assist the photodetection. A variant of the MB-OFDM DD long-haul
system proposed in [38] is presented in [34]. This optical OFDM superchannel employs multiple
carriers (could be more than two), targeting ultra-high capacity with relaxed electrical receiver

bandwidth requirements.

A different solution for DD MB-OFDM systems is to use a carrier close to each OFDM band
to assist the band detection [9,44]. This carrier [referred as virtual carrier (VC)] can be elec-
trically generated together with each OFDM band to avoid phase mismatch in the photodetec-
tion process. The inclusion of the VC just close to each OFDM band allows the detection of
each band individually with minimum required electrical receiver (photodetector, amplifier and
analogue-to-digital converter) bandwidth, nearly the same as the OFDM signal bandwidth. As
a consequence, the electronic part of the receiver presents reduced cost, which is essential in
metro-access networks. The main limitation of minimizing the frequency gap between the VC
and the OFDM band is the presence of additional distortion which may interfere significantly
with the OFDM signal. This distortion is usually known as the signal-signal beat interference
(SSBI) and is originated from the square-law of the photodetector [44]. Nevertheless, this lim-
itation can be minimized either by increasing the power of each VC compared with the power
of the corresponding OFDM band or by using digital signal processing (DSP) algorithms at the
receiver side to reconstruct and remove the SSBI term from the photodetected signal [9,32,45].

A simplified MB-OFDM signal spectrum with N OFDM bands and N VCs, considering the
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VCs at a higher frequency than the corresponding OFDM bands, is shown in Fig. 1.2.

VC1 VC2 VC3 VCN
OFDM

band

4 > f
0

Figure 1.2: Simplified MB-OFDM signal spectrum with N OFDM bands and NV VCs, with the VCs at
a higher frequency than the corresponding OFDM band.

1.1.3 Nonlinear crosstalk in spectrally-efficient networks

High spectral-efficiency can be achieved by employing high order modulation formats and/or by
reducing the frequency spacing between WDM channels [46]. Increasing the modulation formats’
order requires high signal-to-noise ratios (SNRs) to keep a certain performance level. Thus, more
and more power is launched into the fibre [47]. Reducing the frequency spacing between different
channels may induce inter-channel interference, which is a form of linear crosstalk, and could
degrade substantially the network performance. It is well known that launching optical signals
with high power into the fibre results in signal distortions coming mainly from the dependence
of the fibre refractive index on light intensity [47-50]. This is known as the Kerr effect, and is
responsible for fibre nonlinearities such as the four wave mixing (FWM) effect. This form of
nonlinear crosstalk sets an upper bound on the SNR and limits the capacity of optical fibre-based
networks [47,49,50]. In the context of metro-access networks, the launched power limitation
translates into power budget reduction and, consequently, in lower network capacity and/or

smaller network coverage.

Given that linear fibre impairments can nowadays be fully compensated using digital equalization
algorithms [51], it is without surprise that the subject of increasing the tolerance of optical
networks to fibre-induced nonlinearities has become a hot topic [46,47,51-59]. The most common
techniques employed for nonlinearity mitigation are digital back-propagation (DBP) [46,51-54],
mid-span spectral inversion (MSSI) [55-57] and phase-conjugated twin waves (PCTWs) [47,58,
59]. In the end, these techniques are all based on the general concept of channel inversion and
result from tradeoffs between computational cost, latency and spectral efficiency. In OFDM-
based networks, fibre nonlinearity compensation is mainly focused on applications considering
high data-rate CO-OFDM transmission [57,58,60], instead of DD-OFDM-based solutions [61,62].
With CO-OFDM transmission, it was shown that FWM is the dominant fibre nonlinear effect
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responsible for signal quality degradation [83,84]. However, the influence of the nonlinear fibre
effects on the performance of high data-rate DD-OFDM-based networks still requires further
investigation. A study of this kind is of particular relevance as DD-OFDM-based systems may
suffer from additional types of fibre-induced degradation coming from the transmission of radio

frequency (RF) carriers (used to assist the direct-detection) in each WDM channel.

1.2 Objectives and organization of the thesis

This thesis deals with the investigation of the nonlinear crosstalk induced by the Kerr effect
on the transmission of MB-OFDM signals along metro-access networks. Following this investi-
gation, MB-OFDM schemes showing enhanced tolerance to this fibre-induced nonlinear effect
are proposed. The degradation induced by the fibre nonlinearity is characterized considering
DD-OFDM transmission in order to keep the system complexity and cost as low as possible, as
required by metro-access networks. This work was developed within the National Project “Metro
networks based on multi-band orthogonal frequency-division multiplexing signals” (MORFEUS-
PTDC/EEI-TEL/2573/2012).

Particularly, the main objectives of this thesis are the following:

1. Analysis of the degradation induced by optical fibre nonlinear effects on MB-OFDM sig-
nals transmitted along metro networks and validation of such analysis using numerical

simulation,

2. Proposal, assessment and demonstration of MB-OFDM schemes for metro-access networks

with high tolerance to the Kerr effect,

3. Experimental demonstration of a MB-OFDM network employing a MB-OFDM scheme

with high tolerance to the Kerr effect.

This thesis is composed by 7 chapters. Additionally, 7 appendixes provide support to these

chapters.

In chapter 2, the MB-OFDM signals employing VC-assisted DD in metro-access networks are
introduced and discussed. First, the analytical formulation of multi-carrier modulation (MCM)
signals (in which OFDM signals are a particular case) is presented. The operations associ-

ated with OFDM signal generation are discussed, and the main OFDM signal parameters are
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explained. The analytical characterization of VC-assisted MB-OFDM signals in the electri-
cal domain is analysed and the generation of single sideband (SSB)-MB-OFDM signals in the
optical domain is discussed. The operations involving OFDM signal demodulation are also
analysed. Additionally, the elements of the metro-access network which employs VC-assisted

DD-SSB-MB-OFDM signals are described.

In chapter 3, the performance of VC-assisted DD-SSB-MB-OFDM signals in back-to-back oper-
ation (that is, without optical fibre transmission) is assessed. Particularly, the DD-MB-OFDM
system in optical back-to-back operation is described and the characteristics of the bandwidth-
limited components, namely, the wavelength selective switch (WSS), band selector (BS) and
hybrid coupler (HC), are presented. Additionally, the main parameters which rule the design
of MB-OFDM signals are discussed, namely, the virtual carrier-to-band gap (VBG), the band
gap (BG) and the central frequency of the first OFDM band of the MB-OFDM signal. The
limitations provided by non-ideal band selector filtering are also analysed. The performance
analysis in back-to-back operation is assessed through numerical simulation with different num-
ber of OFDM subcarriers, different BS shapes, considering different WDM channel spacings and
the bandwidth-narrowing effect caused by successive filtering of the WSSs.

In chapter 4, a theoretical method (TM) to evaluate the FWM power in ultradense wavelength
division multiplexing (UDWDM) VC-assisted MB-OFDM systems using DD is proposed and
validated. Preliminary analysis has shown that the FWM is dominant over other nonlinear
effects, such as self phase modulation (SPM) and cross phase modulation (XPM), and that
the dominant FWM products are the ones generated from the mixing between two VCs and
an OFDM band (VC-VC-band products). Hence, the TM also assumes that the VC-VC-band
products are dominant over other FWM-induced products. Additionally, a simplified theoretical
method (STM) with reduced complexity that provides the maximum allowed average power at
the fibre input for the worst pair band-VC of the WDM-MB-OFDM signal is also proposed. The
structure of the WDM-MB-OFDM signal considered in the analysis is identified. The TM and
STM results are validated by comparison with numerical simulation and the maximum allowed
average powers obtained with the TM and STM are compared for standard single mode fibre
(SSMF) transmission with different number of fibre spans and WDM-MB-OFDM signals with

different frequency gaps between WDM channels.

In chapter 5, VC-assisted DD MB-OFDM schemes with high tolerance to the FWM effect are
proposed considering two different frequency slot widths. The limits and compromises when

designing new VC-assisted schemes are analysed and discussed. The best schemes are selected




1.3. Main contributions

from a set of alternative MB-OFDM schemes chosen with high potential to increase the tol-
erance to the FWM effect. The increase of the number of users or the optical distribution
network (ODN) coverage potentiated by relaxing the impact of the FWM effect on the proposed
VC-assisted DD MB-OFDM metro-access network is assessed. Additionally, the power budget
(PB) improvements provided by these new schemes are shown for different user distances and

considering two different capacity levels.

In chapter 6, the experimental assessment of VC-assisted DD WDM-MB-OFDM schemes is
performed. Two different MB-OFDM schemes are presented and compared: one is referred as
the baseline scheme and the other is the scheme showing high tolerance to the FWM effect, as
demonstrated in chapter 5. The main parameters of the two schemes are discussed. The exper-
imental setup for both schemes is explained and the laboratory equipment and components are
listed and briefly discussed. Maximum allowed average powers using the TM for the two schemes
are compared. The performance is assessed experimentally for both schemes and compared as
a function of the total average power launched into each SSMF span, for single-channel and
multi-channel transmission (to each channel, a MB-OFDM signal is attributed). Single-span

and multi-span propagation is also employed.

In chapter 7, a summary of all the work performed and the main conclusions are presented, as

well as suggestions for future work.

1.3 Main contributions

In the author’s opinion, the main contributions of this thesis are the following:

1. Development of a simulation tool in MATLAB® for assessment of the performance of

VC-assisted DD WDM-MB-OFDM signals with linear and nonlinear fibre transmission.

2. Performance analysis of VC-assisted DD SSB-MB-OFDM systems impaired by the noise of

the electrical receiver. A preliminary study of this analysis resulted in the publication [63].

3. Development of a TM to evaluate the FWM power of VC-assisted DD WDM-MB-OFDM

signals. A detailed description of this method resulted in the publication [37].

4. Proposal and demonstration of VC-assisted DD MB-OFDM schemes with high tolerance
to the FWM effect considering different frequency slot widths. A detailed description of

this work resulted in the publication [64].
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5. Implementation of an experimental setup for the proof-of-concept of a WDM-MB-OFDM
metro network employing a VC-assisted DD MB-OFDM scheme with high tolerance to
the FWM effect.

6. Development of an analytical model for performance evaluation of amplified spontaneous
emission (ASE) noise-impaired DD-SSB-MB-OFDM systems. Development of another an-
alytical model for performance evaluation of distortion-impaired DD-SSB-OFDM systems
with a single pair band-VC. A detailed description of both models resulted in the publi-
cations [65,66] and in the publication [67], respectively, and can be found in Appendix B.

7. Development of a DSP-based iterative algorithm for SSBI mitigation. Improvements have
been made to the algorithm previously presented in [68]. A detailed description of this
algorithm can be found in Appendix C.

8. Development of a method for evaluating the bit error ratio (BER) using the exhaustive
Gaussian approach (EGA) for crossed [32-quadrature amplitude modulation (QAM) and
128-QAM] and squared (16-QAM, 64-QAM and 256-QAM) constellations. A detailed

description of this model resulted in the publication [69] and can be found in Appendix E.

9. Evaluation of the impact of inter-band nonlinear crosstalk on the performance of VC-
assisted DD-SSB-MB-OFDM signals in metro networks, considering single-band and single-
channel transmission. A detailed description of this work resulted in the publication [70]

and can be found in Appendix G.

A complete list of all the publications developed within this Ph. D. thesis is presented in Ap-
pendix A.
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Chapter 2

V(C-assisted DD-MB-OFDM signals

in integrated metro-access networks

2.1 Introduction

The multi-band (MB)-orthogonal frequency-division multiplexing (OFDM) signals employing
virtual carrier (VC)-assisted direct-detection (DD) are discussed in detail in this chapter in
the context of integrated metro-access networks. The most important concepts associated with
this type of signals are introduced and the solutions employed in the transmitter and receiver
sides are analysed for a better understanding of the VC-assisted DD-MB-OFDM transmission

concept.

This chapter is structured as follows. In section 2.2, the analytical formulation of multi-carrier
modulation (MCM) signals is presented. The OFDM signal generation and the OFDM signal
parameters are also presented. In section 2.3, the analytical characterization of VC-assisted
MB-OFDM signals is performed and the generation of single sideband (SSB)-MB-OFDM signals
in the optical domain is discussed. The operations involving OFDM signal demodulation are
also analysed. In section 2.4, the elements of the integrated metro-access network employing
VC-assisted DD-MB-OFDM signals are described. In section 2.5, the main conclusions are

summarized.

11
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2.2 OFDM signals

In this section, the analytical formulation of MCM signals is presented. The operations asso-
ciated with OFDM signal generation are also presented, together with the main OFDM signal

parameters.

2.2.1 Analytical formulation of multi-carrier modulation signals

OFDM signals are a special class of MCM signals [48]. In a MCM signal, the main data stream is
divided into several low-rate data streams. The binary input data is mapped onto these low-rate
data streams, usually known as subcarriers, using simple modulation formats such as quadrature
amplitude modulation (QAM). The MCM signals are formed by a sequence of MCM symbols,
where each MCM symbol has Ng. subcarriers, corresponding to a group of Ng. QAM-mapped
symbols. The MCM signal in the time domain, x(¢), can be expressed as [48]:

400 Nse

x(t) = Z Z Xonn Wi (t —nTy) (2.1)

n=—oom=1

with

(0 exp (j2m fmt), 0<t<T;s (2.2)
W (t) = .
0, otherwise

where X, , is the m-th mapped symbol of the n-th MCM symbol, wy, () is the waveform of the
m-~th subcarrier, N is the number of subcarriers within each MCM symbol, Ty is the MCM

symbol duration and f,, is the m-th subcarrier frequency.

With OFDM signalling, the subcarriers are overlapped in the frequency domain (spectrum)
to increase the spectral efficiency when compared with classical MCM signalling [48]. The
overlapping can be performed if orthogonality between the different subcarriers is ensured. The

orthogonality condition depends on the symbol duration and is defined as [48]:

Af = Tﬁ, Vp e NT (2.3)

where Af is the frequency spacing between different subcarriers, and p is a positive integer. For
consecutive subcarriers, p = 1 in order to have the maximum spectral efficiency. By considering,
at the receiver side, an optimum detector for each subcarrier, the subcarriers can be recovered

without intercarrier interference (ICI), in spite of strong spectral overlapping [48].

12



2.2. OFDM signals

For the transmission channel to affect each OFDM subcarrier as a flat channel, a high number
of subcarriers are required [48]. This means that several modulators (one for each subcarrier)
are required to generate the OFDM signal, which increases considerably the system complexity
and cost. The impact of this drawback can be minimized by implementing OFDM signals using
inverse discrete Fourier transform (IDFT) [48]. To understand the IDFT implementation, let us
assume that an OFDM signal composed by one OFDM symbol (n = 1) is being sampled with a
sampling period of Ts/Ns.. The k-th sample of z(t), x[k], can be written as:

N,
= m(k —1)T
k] = S Xy - exp {j27rf(N) (2.4)
m=1 sc¢

where k € {1,2,..., Ns.}. By defining f,, = (m — 1)/Ts, which takes into account the orthogo-

nality condition presented in Eq. 2.3, Eq. 2.4 can be rewritten as:

2 g (1= 10— 1)
z|k] = Xm1-exp |j2n——7T—F 2.5
4= 32 X exp [j2r g (2:5)

which satisfies:

N. N.
= . mk_lTs = . Nsc k—lTS
x[k] = Z Xm,1 - €xp [j?ﬂf (N ) } = Z Xm,1 - exp [j27r (fm + - ) 7( N ) } (2.6)
m=1 sc m=1 s sc

that is, it is a periodical function of f,, with period N./Ts. Different subcarrier indexing
conventions can be used for index k, as long as the frequency components of the subcarriers
span one period of Ng./Ts. In this work, the following indexing conventions are employed:
ke {1,2,...,Ng} or k € {—Ns./2 4+ 1,—Ng/2 + 2,...,Ny./2}. In the same way, OFDM
signal demodulation at the receiver side can be performed using the discrete Fourier transform
(DFT) [48]. IDFT/DFT implementation for OFDM signal generation/demodulation enables the
use of the efficient inverse fast Fourier transform (IFFT)/fast Fourier transform (FFT) algorithm
which implements IDFT/DFT with reduced complexity, and allows the use of a large number

of subcarriers without resorting to a high number of complex modulators.

2.2.2 OFDM signal generation

The OFDM signal is composed by several OFDM symbols, with each one carrying Ng. sub-
carriers. This signal is transmitted through an optical channel that adds distortion and time
delays, causing amplitude and phase errors. In order to mitigate these effects, the transmission

channel function has to be measured so that, at the receiver side, effective demodulation and
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compensation of the channel effects are accomplished. There are several ways of measuring the
transmission channel to ensure effective demodulation at the receiver, yet the most common are
either pilot subcarriers (PSs) or training symbols (T'Ss). The main difference between these two
techniques is the location of the training data that, at the receiver, is used to estimate the chan-
nel response. The PS technique considers training subcarriers integrated with data subcarriers
in each OFDM symbol, whereas the T'S scheme considers OFDM symbols completely filled with
training subcarriers where no information data is sent. In this work, the TS technique is the

one chosen for channel estimation.

In dispersive channels, such as the ones considering optical fibre transmission, the signal spreads
along time. This can be problematic if a certain OFDM symbol crosses its boundary and causes
interference with another OFDM symbol. One way to tackle this issue out is by inserting a time
gap between consecutive OFDM symbols, usually known as guard interval. The insertion of
a guard interval was proposed to solve the channel dispersion-induced intersymbol interference
(ISI) because, as a result of channel dispersion, the distorted OFDM symbol is longer than
the original symbol before transmission. The guard interval is effective only if the condition of
ISI-free OFDM transmission holds, that is, the guard interval duration needs to be longer than
the time spreading. By preceding each OFDM symbol with a guard interval in which no signal
is transmitted mitigates ISI; however, this results in ICI. To avoid ICI, the guard interval is
filled with an identical copy of a portion of the OFDM signal. One way to mitigate ICI is by
using a cyclic prefix [48], where a copy of a portion of the final part of the OFDM symbol is
inserted at the guard interval located at the beginning of that OFDM symbol. Usually, a small
cyclic prefix (much less than the OFDM symbol duration) is enough to compensate for the time
spreading induced by a few hundreds of kilometres of optical fibre. For illustration purposes,
Fig. 2.1 shows the time waveform of the in-phase component of an OFDM symbol with cyclic

prefix.

Fig. 2.2 depicts the block diagram of the OFDM signal generator. The binary input data is
split into parallel bitstreams (one for each subcarrier) and each parallel bitstream is mapped
using QAM symbol mapping. The QAM symbols are grouped into blocks with length N (with
all subcarriers carrying information, N = Nj.) that are sent to the IFFT block. At the IFFT
block input, the symbols are divided into two groups with N/2 symbols each and a zero-padding
sequence with length N is placed in-between the two groups of symbols. The zero-padding is a
sequence of null symbols employed to oversample the OFDM signal. This oversampling allows to
separate in frequency the baseband OFDM signal from the high-frequency aliasing components

generated by the IFFT. Spectrally, these null symbols appear at the edges of the OFDM signal
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Figure 2.1: Time waveform of the in-phase component of an OFDM symbol with cyclic prefix. The
cyclic prefix duration is 8 ns.

spectrum as null subcarriers. After the IFFT operation, a guard interval filled with a cyclic
prefix (CP) is introduced at the beginning of each OFDM symbol. Afterwards, a parallel-to-
series conversion is performed to form the digital OFDM signal composed by complex-valued
samples. The complex-valued signal is separated into two different real-valued signals: a signal
with the in-phase (/) components, and another signal with the quadrature (()) components.
Each one of these signals is fed to a sample-and-hold digital-to-analogue converter (DAC) to
form an analogue waveform. The analogue signals are then filtered by a low-pass filter (LPF)
to suppress the aliasing generated by the digital-to-analogue conversion process. After low-pass
filtering, the signals are up-converted to a specified frequency and combined to generate the

OFDM signal. Mathematically, the n-th OFDM signal, s;,,(t), can be expressed as:

S (t) = s1.0(t) cOS(2T fy nt) — s (t) SIn(27 fi, 1) (2.7)

where s7,,(t) is the low-pass filtered in-phase component of the OFDM signal n, sg(t) is the
low-pass filtered quadrature component of the OFDM signal n, and f3,, is the up-converter

frequency applied to the n-th OFDM signal.

1
:| IFFT | Cyclic
_I_’ N/2 Prefix | OFDM
Binary | Symbol — [ N*"'Qfl Insertion [ DAC [—¥ LPF —» Up- signal
Input Data| | Mapping 1 |5" } + oAl 1pp |l converter |
_|_> 3n/2+1 | parallel- Q
‘ : to-series
2N

Figure 2.2: Block diagram of the OFDM signal generator.
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Fig. 2.3(a) and Fig. 2.3(b) show a partial representation of the time waveforms of the in-phase
and quadrature signals after digital-to-analogue conversion, respectively. Fig. 2.3(c) shows the
power spectral density (PSD) of the in-phase baseband signal with bandwidth of 1 GHz, before
and after low-pass filtering. The LPF is a third-order super-Gaussian (SG) filter with —3 dB
bandwidth equal to 1.75 GHz (75% larger than the bandwidth of the baseband OFDM signal).
The expression for the amplitude response of a n-th order SG-shape low-pass filter, is based on
the expression for the amplitude response of a n-th order SG-shape band-pass filter, Hsa(f),
which is given by:

Hsc(f) = exp [—22” log,(v2) (L1 )2] (28)
B_3am

where f. is the central frequency of the SG band-pass filter and B_34p is the —3 dB bandwidth
of the SG band-pass filter. A SG low-pass filter is expressed by Eq. 2.8 with the difference of
considering 1) f. = 0 and 2) half of the —3 dB bandwidth of the band-pass filter (B_345/2).
Fig. 2.3(d) shows a partial representation of the time waveform of the OFDM signal up-converted
to 5 GHz. Fig. 2.3(a), Fig. 2.3(b) and Fig. 2.3(d) show that the OFDM signals have similar
shape in time and present high peak levels. The high peaks are attributed to the independent
phases of the subcarriers that often combine constructively [71]. This translates into a high peak-
to-average power ratio (PAPR), which is known to be one of the major drawbacks of OFDM
signals [48,71]. Fig. 2.3(c) shows that aliasing components with considerable power are present

at the DAC output, and that after low-pass filtering, the aliasing components are adequately
filtered.

2.2.3 OFDM signal parameters

In this work, it is considered that each OFDM signal (or band) transports a 10 Gb/s information
data rate and also that a frequency slot of 3.125 GHz is reserved for each band. Along with
the information data, additional overheads need to be accounted in the total data rate to be
transmitted. These overheads are due to forward error correction (FEC), OFDM TSs and
CP [72]. Hence, the overall bit rate of each band, Ry, which accounts all the overheads, can be
written as:

Ry = Ry (1 + EFEC) (1 + ETS) (1 + €cp) (2.9)

with Ry standing for the information data rate, and ergg, eéTs and ecp representing the overheads
for FEC, OFDM TSs and CP, respectively. The FEC overhead epgc is 7%, which accepts a
maximum tolerable pre-FEC bit error ratio (BER) of 3.8 x 1073 [73].
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Figure 2.3: Partial representation of the time waveforms of the (a) in-phase signal after digital-to-
analogue conversion and the (b) quadrature signal after digital-to-analogue conversion. (¢) PSD of the
in-phase baseband signal with bandwidth of 1 GHz, before (black) and after (grey) low-pass filtering.
The LPF is a third-order super-Gaussian filter with —3 dB bandwidth equal to 1.75 GHz (75% larger
than the bandwidth of the OFDM signal). (d) Partial representation of the time waveform of the OFDM
signal up-converted to 5 GHz.

The CP overhead is determined by the time spreading occurring at the transmission channel,
that is caused by group velocity dispersion (GVD). The CP time needs to be longer than the time
spreading to compensate for that impairment. To obtain the required CP time, T,, the time
spreading needs to be estimated. The time spreading, T%,, of two signal frequencies separated

by AX and suffering an accumulated dispersion of D(X) - Ly is given by:
Tsp = D(X)- Ly - AX (2.10)

where D(A) is the GVD parameter at wavelength A, Ly is the fibre length of the transmission
channel, and A\ is the spectral width of the optical signal to be demodulated at the receiver side
(signal composed by the OFDM band and the corresponding VC). In the subsequent chapters,
it is considered the following: 1) transmission over standard single mode fibre (SSMF) at 1550
nm, which leads to a GVD parameter close to 17 ps-nm~!-km™!; 2) SSMF reaches on the
order of a few hundreds of kilometres; and 3) maximum spectral widths of the optical signal
to be photodetected of a few GHz. For instance, with a maximum SSMF reach of 400 km and
maximum spectral width of 3.125 GHz (0.025 nm), Ty, is equal to 0.17 ns. The OFDM symbol

17



2. VC-ASSISTED DD-MB-OFDM SIGNALS IN INTEGRATED METRO-ACCESS
NETWORKS

duration without CP, ¢4, is given by:

o Nsc 10g2 M

t
s R,

(2.11)

where Ng. is the number of OFDM subcarriers per OFDM symbol, and M is the subcarrier
QAM order. Let us suppose that R, =~ Ry (1 + eppc) = 10.7 Gb/s. In this situation, with 128
OFDM subcarriers (Ns. = 128) per OFDM symbol and 16-QAM modulation (M = 16) in each
subcarrier, ts is approximately 47.9 ns. By considering T¢, equal to the sampling interval T,
with T, = ts/Ng. ~ 0.37 ns, the condition Tep > Ty is verified. The CP overhead, ecp, is then

given by:

= (2.12)

T
S NSC

T 1
Ecp = 7 £ tf
The TS overhead depends on the optical channel stability with respect to linear impairments such
as polarization mode dispersion (PMD). The polarization variation along the optical channel is
close to one millisecond [48]. This timescale defines the magnitude of the period for transmission
of training symbols required to monitor those channel impairments. Knowing the period of
transmission of a set of training symbols and information symbols, T},, the number of training
OFDM symbols, Ntg, and the number of information OFDM symbols, Nig, within that period
can be obtained, as follows:

1

Nrs + Nis = 7 (2.13)
S

where T is the OFDM symbol duration including CP (T = ts+7¢,). The TS overhead can be

written as:
__TsNrs _ Nis
Tp - TsNTS NIS .

ETS (2.14)
The bandwidth of each OFDM band, B, can be also defined using t;. For Ng. > 2, B, is

approximately given by [48]:
N Rb

By = = . 2.15
v ts logy M (2.15)
Using Eq. 2.12 and Eq. 2.14, Eq. 2.9 can be rewritten as:
Nrg 1
Ry = Ra(L+ emo) (14 35 (14 ). 2.16
’ d( e ) NIS N ( )

As an example, Tab. 2.1 shows Ry, and T}, with N, € {64,128,256}, M € {16,256}, Nrs = 100
and NIS = 10000 (5TS = 1%), EFEC = 7%, Rd =10 Gb/s, and Tcp = TC.
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Table 2.1: R, and T}, as a function of N, € {64,128,256} and M € {16, 256}.

M =16 Nse | Ry [Gb/s] | T}, [ms]
Nrg =100 64 10.98 0.24
Nig = 10000 | 128 10.89 0.48
R; =10 Gb/s | 256 10.85 0.96

M = 256 Nge | Ry [Gb/s] | T, [ms]
Nrg =100 64 10.98 0.48
Nig = 10000 | 128 10.89 0.96
R; =10 Gb/s | 256 10.85 1.91

From inspection of Tab. 2.1, it can be verified that the condition 7}, < 1ms is met with N, €
{64,128} for M < 256. With N,. = 64, the total overhead in percentage, [(Ry/R4) — 1] x 100,
is 9.8%; with N,. = 128, the total overhead decreases to almost 9%; and with N, = 256, the

total overhead becomes 8.5%.

2.3 VC-assisted direct-detection MB-OFDM signals

In this section, the VC-assisted MB-OFDM signals are characterized analytically, and the gener-
ation of SSB-MB-OFDM signals is presented. Additionally, the operations required to perform
OFDM signal demodulation are analysed.

2.3.1 Analytical characterization of VC-assisted MB-OFDM signals

The MB-OFDM signal is divided into Np pairs, and each pair is formed by an OFDM band and
a radio frequency (RF) carrier referred also as VC. Hereafter, the OFDM band and respective
VCs are referred as a pair band-VC. Each pair band-VC does not interfere in frequency with

the neighbouring pairs. The n-th VC signal, s, ,(t), can be expressed as:
Son(t) = V2 - cos(27 fynt + ©u) (2.17)

where f, 5, is the n-th VC frequency and ¢, is the VC initial phase.

In this work, the most used frequency allocation of each pair band-VC is with the VC at a higher
frequency than the OFDM band. In some cases, other frequency allocations with the VC at a
lower frequency than the OFDM band are addressed. Fig. 2.4 illustrates the MB-OFDM signal
spectrum with Np pairs band-VC, and the most relevant parameters involving the frequency
allocation of a MB-OFDM signal: the virtual carrier-to-band gap (VBG) and the band gap

(BG). To guarantee that each pair band-VC is within its reserved 3.125 GHz frequency slot, a
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frequency spacing of 3.125 GHz between the central frequencies of consecutive OFDM bands is

considered, that is, A f, = 3.125 GHz. In this way, the BG can be expressed as follows:

BG = Af, — B, (2.18)

Furthermore, by setting the same VBG per pair band-VC, a frequency spacing of 3.125 GHz

between consecutive VCs is ensured, that is, Af, = 3.125 GHz.

VC1 VC2 VC3 VC N

vee-t vee—t vBG VBG
N/ ] 3
14BSs) 2 3| |

(:) 2 Aﬁ: S 1 P‘f

Afy

Figure 2.4: Illustration of the MB-OFDM signal spectrum comprising Ng pairs band-VC, with each VC
at a higher frequency than the corresponding OFDM band. Af,: frequency spacing between consecutive
VCs. Afy: frequency spacing between central frequencies of consecutive OFDM bands.

Another important parameter when dealing with VC-assisted OFDM signals is the virtual
carrier-to-band power ratio (VBPR) (similar to the well-known carrier-to-signal power ratio).
The VBPR has a significant impact on the performance of the MB-OFDM signal as it controls
the power balance between the OFDM band and the VC within each pair. The VBPR is given
by:

VBPR = 2un (2.19)

DPon
where p, , and py,, are the mean power of the n-th VC and the n-th OFDM band, respectively,
at the transmitter (Tx) side.

Fach pair band-VC is generated by an individual OFDM Tx. Each OFDM Tx is composed by
the OFDM signal generator and the VC generator. The normalized signal at the n-th OFDM

Tx output, s¢n(t), can be expressed as:

Syn(t)

Sp n(t)
S t) = . e
en(t) VRMS,50.n

=—" 1+ A,
VRMS, sy,

(2.20)

where Vgass,s,,, is the root-mean-square (RMS) voltage of sy, (t), A, is the VC amplitude, and
VRMS.s,.,, 15 the RMS voltage of s,,,(t). By defining s, (t) as the n-th complex baseband OFDM
signal [s,(t) = sra(t) +J - sQa(t)], and taking into account that Veuss,, = VRMS.s, /V2
[(VrRMs,s, s the RMS voltage of s,(t)] and that Vguyss,, = 1 V, the signal s, (t) can be
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rewritten as:
V2

= Vs,
7877.

 Spn(t) + Ay - Sun(t). (2.21)

The RF MB-OFDM signal, v(t), can be written as a function of s, (t) as follows:

) VRMS,req

2.22
VRMS,s. (222)

Np
o(t) = [Z Sen(?)
n=1

se(t)

where Vrars,req is the required RMS voltage of the MB-OFDM signal, and Vryrs,s. is the RMS
voltage of s.(t), which is equal to /Np(1 + A2). After some calculations, p, , can be written

as: )
v
Pun = < RMS,T@QAU) (2.23)
VRMS,s.
and py,, as:
2
V
P = <RMS”"“’> . (2.24)
VRMS,s.

The mean power of v(t), prr, can be simply expressed as:

prF = N5+ (Do + Pon) = ViErisireq- (225)
Using Eq. 2.23 and Eq. 2.24, the VBPR can be written as:

VBPR = A2. (2.26)

2.3.2 Single-sideband MB-OFDM signal generation

The transmission of high-rate MB-OFDM signals along optical fibre must meet two important
requirements: 1) high spectral efficiency, and 2) resilience to optical fibre dispersion impairments.
Optical fibre transmission can be accomplished considering double sideband (DSB) or SSB
transmission. However, only SSB transmission meets the two requirements mentioned above.
SSB signals are more spectrally efficient than DSB signals (SSB signals use half of the signal
bandwidth). Moreover, there is no need to transmit the two sidebands as the information
data can be recovered from one of the sidebands. Furthermore, SSB transmission avoids the
destructive beat between the two sidebands after square-law detection. This destructive beat,
known as dispersion-induced power fading [74], is caused by the accumulated dispersion of the

optical link. For more details on the dispersion-induced impairments, see section F.1.2.
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SSB signal generation can be performed by using a conventional electrical-to-optical modulator,
such as a Mach-Zehnder modulator (MZM) or an electro-absorption modulator (EAM), followed
by an optical filter to suppress one of the sidebands of the DSB signal generated by the mod-
ulator. The major drawback of this solution is the requirement of a high selectivity (and thus,
expensive) optical filter. SSB signalling can also be accomplished using other architectures, such
as the Sieben architecture or by using complex electrical-to-optical modulators, such as the dual-
parallel (DP)-MZM, which consists in four phase modulators in parallel and is also referred as
a dual-arm MZM or a complex MZM [75]. In this work, the SSB-MB-OFDM signal generation
is performed using a DP-MZM and the Hilbert transform (HT). This avoids the use of a high
selectivity optical SSB filter. A theoretical study which considers SSB signal generation with a
single MZM and an optical SSB filter is presented in Appendix B. The HT transfer function,
Hyr(f), is given by Hyr(f) = —j - sgn(f), where sgn(f) is the signum function defined as:

1, f>0
sgn(f) = 0, f=0 (2.27)
-1, f<o.

In order to generate the SSB-MB-OFDM signal in this work, suppression of the lower-side pairs
band-VC of the DSB-MB-OFDM signal is performed. A SSB signal with lower-side suppression,

essp(t), can be obtained using the HT as follows:

essB(t) = epsp(t) +j-epsp,u(t) (2.28)

where epgp(t) is the DSB signal and epgp, g (t) is the HT of epgp(t). The SSB-MB-OFDM
signal is formed at the MB-OFDM Tx. Fig. 2.5 shows the block diagram of the MB-OFDM
Tx. The RF MB-OFDM signal v(t) is applied to one branch of the DP-MZM and the HT of
v(t) to the other branch of the DP-MZM. The inner MZMs of the DP-MZM are biased at the
minimum point to produce a carrier-suppressed signal. The optical carrier can be suppressed
as VCs are instead used to assist the direct-detection. The outer modulator is biased at the
quadrature point through a bias voltage, to provide a phase shift of 90 degrees between the DSB
signal generated by one inner MZM and the HT of the DSB signal generated by the other inner
MZM. The generated SSB-MB-OFDM signal then modulates a continuous wave (CW) laser to
obtain the optical signal at the DP-MZM output. The phase noise effect introduced by the CW
laser is neglected in this work. A detailed study regarding the limitations of laser phase noise in
VC-assisted DD-MB-OFDM networks can be found in [76]. Assuming similar MZM switching

voltages (voltage required to switch between the maximum and the minimum of the MZM power
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transmission characteristic), the optical field at the DP-MZM output, e,(t), is given by [75]:

eo(t) = L [exp (—jﬂzv‘zr) cos (WW) + exp <j7r2v‘zr> cos (WWH (2.29)

where E; is the optical field at the DP-MZM input (CW laser), V3 is the bias voltage of the outer
MZM, V; is the switching voltage of the MZMs, v;(t) and v2(t) are the electrical signals applied
to the upper and lower MZM arms, respectively, and Vi and V» are the bias voltages of the inner
MZMs 1 and 2, respectively. In order to bias the inner MZMs at the minimum transmission
point, V3 = Vo = V. are set. By setting V3 = V. /2, the outputs of the two inner MZMs are set

in quadrature to each other and a carrier suppressed SSB-MB-OFDM optical signal is obtained.

| DP-MZM —::__—_::::: T
OFDM Tx 1 : i i |

| N/ |
OFDM Tx 2 cw 1, ! MZM 1 le,(t)
OFDM Tx n laser MZM 2

OFDM Tx N

Figure 2.5: Block diagram of the MB-OFDM transmitter. FEj;: optical field at the DP-MZM input.
v1(t): electrical signal applied to MZM 1. wvo(t): electrical signal applied to MZM 2. V3: bias voltage
applied to the outer MZM. ¢,(t): optical field at the DP-MZM output (optical SSB-MB-OFDM signal).

With the inner MZMs biased at the minimum transmission point (V; = Vo = V) and the outer

MZM biased at quadrature point (V3 = V;/2), Eq. 2.29 can then be expressed as:

eo(t) = L [exp (—jZ) sin <7Tv21‘(/?> + exp <]Z) sin (771}22‘2)” . (2.30)

As shown in Eq. 2.30, the electrical-to-optical conversion performed by the DP-MZM is a non-

linear process, which becomes more nonlinear with the increase of the power of the electrical
signals applied to the MZM arms. The modulation index is a parameter that enables to control
the impact of the DP-MZM-induced nonlinearity caused by the electrical-to-optical conversion

on the system performance. The modulation index (MI) is defined as:

_ Verums

MI
Vr

(2.31)
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where Vgars is the RMS voltage of the electrical signals applied to the MZM arms. For elec-
trical signals with low modulation index, the electrical-to-optical conversion performed by the
DP-MZM can be considered as a linear process. Using the first term of the Taylor’s series ex-
pansion of Eq. 2.30 to linearise the DP-MZM, the optical field at the DP-MZM output can be

approximated as:

E; T T s s

eo(t) = = {exp <—j4> mvl(t) + exp <j4) 2V7r02(t)} . (2.32)

2.3.3 OFDM signal demodulation

After MB-OFDM signal generation performed by the MB-OFDM Tx, the resulting signal is
transmitted along an optical fibre link. After fibre transmission, the pair band-VC of interest is
selected, converted to the electrical domain and demodulated at the OFDM signal demodulator.
Fig. 2.6 shows the block diagram of the OFDM signal demodulator. The pair band-VC to be
demodulated is selected by an optical filter. In this work, that filter is named band selector (BS).
The non-ideal optical filters used for band selection are modelled by a SG-shape (see Eq. 2.8).

PIN-PD
Sl%_nallffr_zm | Band | | ] DC OFDM
op li.akl e Selector block Receiver
in

Figure 2.6: Block diagram of the OFDM signal demodulator. DC: direct-current, PIN-PD: p-type-
intrinsic-n-type photodiode, TIA: trans-impedance amplifier.

Each pair band-VC is photodetected by a p-type-intrinsic-n-type (PIN)-photodiode (PD). To
understand the photodetection operation, let us assume, for the sake of simplicity, that the
DP-MZM output transmits one pair band-VC with low modulation index. This means that
Eq. 2.32 can be employed to model the optical field at the DP-MZM output. Assuming that
the PIN-PD has responsivity of 1 A-W~! and is modelled by an ideal square-law operation, the

photocurrent at the PIN-PD output, iprn(t), can be expressed as:

T\ 2
i) = leo®P = (£ ) [l +1ea(0)] (2:33)

Taking into account that vi(t) = A - syn(t) + B - spn(t) and va(t) = A - sypnu(t) + B - spn,u(t),

where A and B are constants and s, g (t) and sy, m(t) are the HT of s,,(t) and sp,(t),
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respectively, the photocurrent can be rewritten as:

Eiﬂ'
4V

2
) | A2 50 ()2 + A0 nr (B)2 +
o

iprn(t) = (

+2AB - R{spn ()55, (1)} + 2AB - R{sp 0,11 (t) 5 o ;1 (1)} + B[ 550 (1) + B[00, ()| (2-34)
(b) (c)

where R{-} denotes the real part and {-}* stands for the conjugate operation. The terms
represented by (a) correspond to the beating between the VCs [which include the direct-current
(DC) components]. The terms in (b) represent the beating between the VCs and the OFDM
signal and its HT, which are fundamental terms containing linear relation with the OFDM
signal. The terms in (c) represent distortion components usually referred as signal-signal beat
interference (SSBI). The SSBI produces an unwanted component close to the zero frequency with
bandwidth B,,. Fig. 2.7 illustrates the spectrum after photodetection, considering two different
VBGs: VBG = B, and VBG < B,,. With VBG = B,,, the SSBI does not interfere with the
OFDM signal. In this case, the VBG accommodates the distortion induced by the SSBI. With
VBG < By, the SSBI interferes with the OFDM signal, causing performance degradation.

(@) VBG (a) VBG
4/ B 4/ B,
<——<—> <S>
b
o\ <c){:(b) \
> f > f
0|vBG=B, 0 |VBG < B,

Figure 2.7: Illustration of the spectrum after photodetection with VBG = B, and VBG < B,.
Components (a), (b) and (c) stand for the DC, OFDM signal and SSBI components, respectively (see
Eq. 2.34).

After photodetection, the DC component generated by the photodetection operation is removed
by a DC block, and electrical amplification is performed by a trans-impedance amplifier (TIA),
which introduces electrical noise with a constant PSD. The electrical noise is mostly thermal
noise. After electrical amplification, the received OFDM signal is demodulated by the OFDM
receiver. The main blocks of the OFDM receiver are the complementary operations of the

OFDM signal generator shown in Fig. 2.2.

Fig. 2.8 depicts the block diagram of the OFDM receiver. The signal at the DC block output

is converted to digital by an analogue-to-digital converter (ADC) with oversampling factor of
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4. The oversampling allows to sample adequately the photodetected signal. The digital signal
is converted to parallel and the samples corresponding to the CP are removed. The frequency
domain values of the subcarriers are recovered by applying the FFT. Samples corresponding to
the zero-padding and the oversampling are discarded at the sample selection block. To com-
pensate for the amplitude and phase distortions induced by the dispersive transmission channel
and other system impairments, an one-tap equalizer is employed. The equalizer is characterized
by a transfer function that estimates the inverse of the transmission channel transfer function
from the information provided by the TSs. This transfer function is multiplied to the symbols
at FFT output. After equalization, the signal performance is evaluated and SSBI estimation
is performed in order to mitigate the SSBI components from the detected OFDM signal. SSBI
estimation is performed by using an algorithm similar to the one presented in [68]. This algo-
rithm uses the information provided by the TSs to estimate the transmitted OFDM signal and
reconstruct the SSBI component to be subtracted to the received signal. Mitigating the SSBI
enables reducing the VBPR and simultaneously employing a small VBG to achieve high spectral
efficiency, at the expense of an increase on the computation effort. For a detailed description of
the SSBI mitigation algorithm, see Appendix C. When the SSBI is adequately mitigated and
the feedback loop is no longer required, that is, when the performance improvement provided
by successive iterations of the SSBI mitigation algorithm is residual, the almost SSBI-free data

symbols are demapped and the recovered bits are combined to form the original high bit-rate

stream.
0s —
. Series-to- FFT |, Perfor-

Signal from parallel N Fqua. | mance Symbol Binary
DC block—» ADC + Sampl . lg ° » Demap- —» Output
output CP ample -\ .| Hzer | Evalu- ping Data

1 Selection ation
remova L,

SSBI estimation
operations

Figure 2.8: Block diagram of the OFDM receiver.

At the OFDM receiver, the signal performance is evaluated using two different figures of merit:
the error vector magnitude (EVM) (see Appendix D) and the BER. In this work, the most used
figure of merit to evaluate the performance of OFDM signals is the EVM. Nevertheless, the BER
is employed in the theoretical study presented in section B.2 in two different ways: the BER is
estimated from 1) the electrical signal-to-noise ratio (ESNR), which is the inverse of the EVM,
and 2) from the exhaustive Gaussian approach (EGA). The EGA is explained and validated [by

comparison with the BER obtained with direct error counting (DEC)] in Appendix E.
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2.4 Integrated MB-OFDM metro-access network

The transmitter and receiver sides are connected by an integrated MB-OFDM metro-access
network as transmission channel. Fig. 2.9 shows the block diagram of the integrated MB-OFDM
metro-access network. This network is based on the MORFEUS network proposed in [9] and

aims at delivering one OFDM band to each user of the access network.

L] ONU

‘ Filter To/From E 1 2
@ ” ODN

To/From ODN
EDFA - erbium-doped fibre amplifier ONU - optical network unit
MEB - MORFEUS extraction block ROADM - reconfigurable optical add-drop multiplexer
MIB - MORFEUS insertion block SSMF - standard single mode fibre
ODN - optical distribution network WDM - wavelength division multiplexing
OLT - optical line termination

Figure 2.9: Block diagram of the metro-access network. v is the optical frequency and vy the reference
optical frequency.

In the following chapters, only the downstream direction [wavelength division multiplexing
(WDM)-MB-OFDM signal generated at the optical line termination (OLT) and a pair band-VC
dropped at the optical network unit (ONU)] is considered. However, it is assumed that the
downstream and upstream transmission can be accomplished using the C-band and L-band,
respectively, and that the upstream also employs a VC-assisted DD MB-OFDM signal similar

to the one used in the downstream with each pair band-VC dedicated to a single user [35].

The metro part of the network comprises a ring topology with N nodes interconnected by SSMF
spans. The SSMF parameters at the wavelength of 1550 nm are given in Tab. 2.2. Propagation
along the SSMF is modelled by the scalar generalized nonlinear Schrodinger equation (NLSE),
which is numerically solved using the split-step Fourier method (SSFM) (for more details related
to the SSMF parameters, the NLSE and the SSFM, see Appendix F). The OLT is responsible
for the generation of the WDM-MB-OFDM signal to be launched into the metro ring. The
WDM-MB-OFDM signal is composed by Ng, channels, with each channel carrying a carrier-
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suppressed SSB-MB-OFDM signal with Np pairs band-VC. This is accomplished at the OLT by
multiplexing the signals of N, MB-OFDM Tx’s. The allocation process of the pairs band-VC to
the ONUs is also performed by the OLT, through the control plane of the network. This ensures
that the allocation process follows a defined strategy. Each network node is composed by four
erbium doped fibre amplifiers (EDFAs), a circulator and one reconfigurable optical add-drop
multiplexer (ROADM). The ROADM is able to add and drop WDM channels and to perform
power level equalization for all the wavelengths. EDFA 1 compensates for the losses of the
preceding SSMF span and EDFA 2 adjusts the optical power level at the input of each span.
EDFAs D and U compensate for the power unbalance of the downstream and the upstream

paths, respectively.

Table 2.2: SSMF parameters at the wavelength of 1550 nm.

Dispersion parameter, D [ps-nm~'-km™'] | 17
Dispersion slope, S [ps-nm~2-km™ ] 0.09
Attenuation coefficient, a [dB - km '] 0.2

Nonlinearity coefficient, v [W™" - km™!] 1.3

The optical distribution network (ODN) and the ONU comprise the access part of the network.
At a given node, a single MB-OFDM signal or a set of MB-OFDM signals is extracted to the
ODN. The ODN links the node to each ONU and is emulated by a single SSMF span plus an
optical attenuator to account for the ODN splitting ratio. Each ONU is composed by three
main blocks: the MORFEUS insertion block (MIB), the MORFEUS extraction block (MEB)
and the C/L optical filter. In the communication process, each ONU uses one pair band-VC at
the C-band for the downstream direction and one pair band-VC at the L-band for the upstream
direction. The separation between the downstream signal coming from the ODN to the MEB
and the upstream signal from the MIB to the ODN is accomplished by the C/L optical filter.
In the downstream direction, the MEB is responsible for the dropping operation of a given pair
band-VC from the MB-OFDM signals that arise at the each ONU. The dropping operation of
the MEB is emulated by an OFDM signal demodulator (see Fig. 2.6). The MIB is responsible
for generating another pair band-VC in an available slot to be transmitted in the upstream

direction.

2.5 Conclusions

Along this chapter, the generation and demodulation of VC-assisted DD-MB-OFDM signals has

been explained and the elements of the integrated metro-access network have been described.
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The operations required to generate an OFDM signal have been shown and training symbols
have been chosen to measure the transmission channel in order to ensure effective demodulation
at the receiver side. The main parameters which characterize the OFDM signal have been
explained and it has been shown that the overall bit rate depends considerably on the system

overheads (due to FEC, TSs and CP) and on the number of OFDM subcarriers.

The analysis of VC-assisted MB-OFDM signals has shown that the frequency allocation of a
MB-OFDM signal depends on a set of parameters and the most relevant are the VBG and BG.
Regarding the power distribution inside each MB-OFDM signal, the VBPR has been defined

(similar to the well-known carrier-to-signal power ratio).

It has been concluded that SSB transmission is preferable when compared with DSB transmis-
sion. Considering the generation of SSB-MB-OFDM signals, the DP-MZM together with the
HT have been employed to avoid the use of an optical filter with high selectivity after electrical-
to-optical conversion. Given that the considered SSB-MB-OFDM generation is not an ideal
process, the modulation index has been defined to control the impact of the nonlinearity in-
duced by the DP-MZM (caused by electrical-to-optical conversion) on the system performance.
Considering the operations involving OFDM signal demodulation, it has been shown that SSBI
poses an important limitation to the performance of the received OFDM signal, and requires

mitigation.

Regarding the integrated metro-access network, the elements that compose that network have
been described and it has been decided that only the downstream direction will be considered
in the analysis performed in the following chapters. This decision is based on the assumption
that the upstream transmission employs a signal structure similar to the one employed in the

downstream transmission.
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Chapter 3

V(C-assisted DD-MB-OFDM systems

in back-to-back operation

3.1 Introduction

The direct-detection (DD) multi-band (MB)-orthogonal frequency-division multiplexing (OFDM)
system performance in back-to-back operation (that is, without optical fibre transmission) is as-
sessed in this chapter. The analysis is performed through numerical simulation with different
number of subcarriers, different band selector (BS) shapes, considering different wavelength
division multiplexing (WDM) channel spacings and the bandwidth-narrowing effect caused by

successive filtering of the wavelength selective switches (WSSs).

This chapter is structured as follows. In section 3.2, the MB-OFDM system in optical back-
to-back operation is described and the characteristics of the bandwidth-limited components,
namely, the WSS, BS and hybrid coupler (HC), are presented. In section 3.3, the main system
parameters which rule the design of MB-OFDM signals are presented. In section 3.4, the perfor-
mance analysis of the MB-OFDM system in back-to-back operation is accomplished, considering

different system parameters. In section 3.5, the main conclusions are summarized.

The work published in [63] is a preliminary study of the analysis presented in this chapter.
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3.2 System description

The DD-MB-OFDM system in back-to-back operation is shown in Fig. 3.1 and is based on the
network presented in section 2.4. The system of Fig. 3.1 can be seen as a simplified metropolitan
(metro) network without fibre transmission. The following simplifications are made: 1) each
network node is represented by a lossless reconfigurable optical add-drop multiplexer (ROADM);
2) a single noiseless erbium doped fibre amplifier (EDFA) is employed to set the optical power
after the ROADM cascade; 3) the optical distribution network (ODN) losses are emulated by a
variable optical attenuator (VOA); 3) optical fibre transmission between nodes is not considered;
and 4) transmission of one WDM channel is employed. Although several WDM channels are
transmitted in the network, it is assumed that similar performance is experienced among different
WDM channels in back-to-back operation. Thus, the analysis can be focused on a single WDM
channel, comprising one MB-OFDM signal. In the optical channel, the lossless ROADM cascade
represents the non-ideal filtering impairment occurred when selecting the MB-OFDM signal in
a sequence of ROADMs. The optical network unit (ONU) is responsible for selecting and
demodulating a certain band of the MB-OFDM signal and evaluate its performance. In the
MB-OFDM transmitter (Tx), the Hilbert transform (HT) is generated in two different ways: 1)
using an ideal HT and 2) using an HC that performs an HT approximation. The electrical noise

introduced by the trans-impedance amplifier (TIA) is thermal noise with power spectral density

(PSD) of 1 (pA)?-Hz ! [49].
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Figure 3.1: DD-MB-OFDM system in back-to-back operation considered in this chapter.

3.2.1 Wavelength selective switches

The key component of the ROADM is the WSS. The use of several WSS-based ROADMs in the
metro ring causes passband narrowing due to successive filtering [77]. This passband narrowing

implies increased system performance penalty as the number of ROADMs (or nodes) in the
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metro ring rises. To accommodate this narrowing effect, not all the passband of a single WSS
is used for the MB-OFDM signal. A ROADM with the multiplexing function performed by
a WSS and the demultiplexing function performed by a 1 x 2 passive splitter plus a WSS is
considered [78]. In the demultiplexing function, it is preferable to use a passive splitter and a
WSS rather than 2 WSSs in order to avoid two filtering actions: 1) when the WDM channel is
added to the network, it is filtered only once by the WSS performing the multiplexing function;
2) when the WDM channel passes through a ROADM in the metro ring, it is filtered again only
once by the WSS performing the multiplexing function; 3) when the WDM channel is dropped,
it passes once through the WSS that performs the demultiplexing function. In this way, the

number of passed-through WSSs correspond to the same number of passed-through ROADMs.

The WSS model used in this work is based on the amplitude response presented in [79], which

considers that the WSS amplitude response, Swgs(f), can be expressed as:

! it i |
Swss(f) = 50\/% [erf <\@a> — erf <\ﬁa>] (3.1)

where Bwpwm is the WDM channel spacing, erf(-) is the error function and o is given by:

o= _ Borr (3.2)
24/2log,.(2)

where Borr is a WSS parameter, corresponding to its optical transfer function (OTF) band-
width. The OTF bandwidth is a metric which represents how the light beam at the WSS input is
focused onto the WSS aperture plane [79]. In this work, three different WDM channel spacings
are considered: 12.5, 25 and 50 GHz. In [79], two devices with different OTF bandwidths were
considered for a WDM channel spacing of 50 GHz: BoTr = 10.4 GHz and Botr = 11.1 GHz.
In this analysis, Borr = 10.4 GHz is used as a WSS with less OTF bandwidth presents higher
selectivity and less impact due to bandwidth narrowing. In this case, Bwpm/Botr ~ 4.8. To
maintain the same WSS selectivity for Bwpym = 12.5 GHz and Bwpwm = 25 GHz, the ratio

Bwpwm/Borr is kept constant.

Fig. 3.2 depicts the amplitude responses of the WSSs with Bwpwm € {12.5, 25,50} GHz. Bwpw is
equal to the —6 dB bandwidth of the WSSs. Inspection of Fig. 3.2 shows that all the considered

WSSs have high selectivity. The selectivity of an optical filter, Sy, is defined as:

_ B_34B
B_204B

S; (3.3)

where B_34qp and B_oq4p are the —3 dB bandwidth and —20 dB bandwidth of the filter,
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respectively. The 12.5, 25 and 50 GHz WSSs have a selectivity of approximately 0.736, and a
—3 dB bandwidth of 11.3, 22.6 and 45.2 GHz, respectively.

=15F
-18t /
-20 ‘

=35 -30 -2

Amplitude response [dB]

5-20-15-10 -5 0 5 10 15 20 25 30 35

Frequency [GHZz]

Figure 3.2: Amplitude response of the WSS with Bwpwm € {12.5, 25,50} GHz.

As the number of concatenated WSSs increases, the equivalent WSS transfer function after
concatenation presents smaller bandwidth and higher selectivity. Fig. 3.3 illustrates the ratio
between the equivalent —3 dB bandwidth of the WSS after WSS concatenation, B_34B wss,c,
and the —3 dB bandwidth of one WSS, B_3 4B wss, as well as the selectivity of the equivalent
WSS, both as a function of the number of concatenated WSSs. By assuming that the minimum
acceptable number of WSSs passed through in the metro ring is around 10, Fig. 3.3 shows that
the corresponding reduction of the equivalent WSS bandwidth after concatenation is 25%. This
indicates that a minimum of 25% of the —3 dB bandwidth of one WSS has to be considered
unused to accommodate the WSS concatenation effect without performance penalty. In this way,
to ensure a good margin for WSS concatenations, a 30% reduction of the —3 dB bandwidth of
one WSS is accounted to accommodate the bandwidth narrowing of concatenating several WSSs.
Thus, the maximum bandwidth of the MB-OFDM signal to be transported in a WDM channel
corresponds to 70% of the —3 dB bandwidth of one WSS. 70% of the —3 dB bandwidth of one
WSS corresponds to 7.9, 15.8, and 31.6 GHz for WDM channel bandwidths of 12.5, 25 and 50
GHz. Hence, the maximum number of bands transported in WDM channels with Bywpy of 12.5,
25 and 50 GHz, assuming a 3.125 GHz slot per pair band-virtual carrier (VC), is 2, 5 and 10,

respectively.

3.2.2 Ideal and non-ideal architectures

In this chapter, two different architectures of the MB-OFDM system are considered: an ideal
architecture and a non-ideal architecture. Both architectures employ the dual-parallel (DP)-

Mach-Zehnder modulator (MZM) as electro-optic converter and a p-type-intrinsic-n-type (PIN)-
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Figure 3.3: —3 dB bandwidth reduction of the concatenated WSS (with respect to the —3 dB bandwidth
of one WSS) and the corresponding selectivity, both as a function of the number of concatenated WSSs.

photodiode (PD) (modelled by an ideal square-law operation) as photodetector. The ideal archi-
tecture provides the best results as frequency limitations due to BS and HC are not considered.
The ideal architecture considers the DP-MZM where one arm has the MB-OFDM signal and
the other arm the ideal HT of that MB-OFDM signal. Moreover, the BS at the receiver and
other filters are all ideal rectangular transfer function-shaped filters. The non-ideal architec-
ture includes the frequency limitations of the BS and HC. Two different shapes for the BSs are
considered: super-Gaussian (SG) filter with n = 1 [first-order SG filter hereafter referred as
Gaussian (G)-BS] and SG filter with n = 2 (second-order SG filter hereafter referred as SG-BS).
The amplitude response of a n-th order SG-shape filter is expressed in Eq. 2.8. Fig. 3.4 shows
the amplitude response of the G-BS and SG-BS, with B_3qg = 2 GHz and f. = 5 GHz, as an
example. In terms of selectivity, the SG-BS has a selectivity of 0.62 and the G-BS a selectivity
of 0.39. With the non-ideal architecture, one arm of the DP-MZM is driven by the MB-OFDM
signal and the other arm by the HT approximation of that MB-OFDM signal, provided by the
HC. The HC allows to assess the impairments of non-ideal single sideband (SSB) signal gener-
ation. Two different HCs (HC1 and HC2) are considered in the non-ideal architecture. Their
amplitude and phase responses were experimentally characterized. Fig. 3.5 shows the amplitude
and phase responses of the two different HCs. HC1 has a —6 dB bandwidth of 18.5 GHz and
HC2 a —6 dB bandwidth of 35 GHz, and both have a phase response, in the passband, with a
phase fluctuation of £10 degrees around 90 degrees. Due to the frequency response of the HCs,
HC1 can accommodate a maximum of 5 bands, and HC2 a maximum of 10 bands. In this way,

for the WDM channels considered in this work, HC1 is used to generate the SSB-MB-OFDM
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signal for systems with WDM channel spacings of 12.5 GHz and 25 GHz, and HC2 is employed
to generate the SSB-MB-OFDM signal for a channel spacing of 50 GHz.
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Figure 3.4: Amplitude response of the G-BS and SG-BS, both with a —3 dB bandwidth of 2 GHz and
a central frequency of 5 GHz.
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Figure 3.5: Amplitude and phase responses of the two different HCs (HC1 and HC2).

3.3 System parameters

All WDM channels fulfil two main requirements: each OFDM signal (or band) within each
WDM channel transports a 10 Gb/s information data rate and a frequency slot of 3.125 GHz is

reserved for each band.

In the considered MB-OFDM system, the most relevant frequency allocation parameters are the
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3.3. System parameters

virtual carrier-to-band gap (VBG), the band gap (BG), and the central frequency of the first
OFDM band (fy,1). Fig. 2.4 illustrates the SSB MB-OFDM signal spectrum with Np pairs band-
VC. To ensure a reduced receiver bandwidth after photodetection, the VBG must be negligible
when compared with the OFDM signal bandwidth. To avoid significant crosstalk caused by
non-ideal BS filtering, the BG needs to be optimized. To prevent significant degradation from
the amplitude response of the HCs in lower frequencies, the central frequency of the first OFDM
band needs to be adjusted. In this chapter, the frequency disposition of each pair composed
by a band and a VC is with the VC at a higher frequency than the OFDM band (as shown in
Fig. 2.4).

In this chapter, the VBG is set to be less than 100 MHz (in order to be negligible when compared
with the OFDM signal bandwidth) and proportional to the subcarrier frequency spacing 1/t.
Following the aforementioned conditions, the VBG is given by twice the subcarrier frequency
spacing and can be written as:

VBG = Z (3.4)
If Ry and Afp are maintained, the BG depends exclusively of the quadrature amplitude mod-
ulation (QAM) order M. Increasing M implies that B, decreases and BG increases. Hence,
increasing M can be considered as an advantage when selecting a OFDM band with a non-
ideal BSs, as crosstalk between bands could become insignificant due to the higher frequency
gap between consecutive bands. However, the drawback of increasing M is that the required
signal-to-noise ratio (SNR) for the OFDM subcarriers to achieve a fixed performance level (for

instance, bit error ratio (BER) = 1073) also increases.

Considering M < 16 would lead to negative BG, thus, to undesirable frequency overlapping
between consecutive bands. With M > 16, a positive BG is obtained, thus, it is possible to
select individually a pair band-VC. When the BS is an ideal rectangular transfer function-shaped
filter, which has a selectivity equal to one, a pair band-VC can always be correctly selected as
long as the BG is positive. However, with the use of non-ideal BSs, which do not have a selectivity
equal to one, the positive BG condition is not enough, as crosstalk from adjacent bands may
occur causing performance degradation. To avoid significant crosstalk after photodetection, the
BS must ensure that the neighbouring pairs have been sufficiently filtered. In this way, in order
to have a crosstalk level after photodetection not affecting significantly the performance, the BS

must induce at least a power attenuation to the neighbouring pairs of 20 dB.

Let us assume that the BS is filtering the pair band-VC n, surrounded by the neighbouring
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pairs n — 1 and n + 1. The BS parameters are the —3 dB BS bandwidth, B_34 s, and the
BS central frequency, vgs ,, which has a low-pass equivalent (LPE) central frequency given by
fBS,;n = vBs,n — Y, Where vg is the reference optical frequency. The BS parameters can be

expressed as:

1 B
fBS,n = 5 X <fv,n +fb,n - 710

Bf3dB,BS = By, + VBG + By

) + fa (3.5)

where f,, is the frequency of VC n, f;, is the central frequency of OFDM band n, f4 is
the BS parameter for frequency detuning, and By is the BS parameter for bandwidth incre-
ment /shrinkage. With f; = 0, the BS is centred at the middle of the pair band-VC n; with
By = 0, the —3 dB BS bandwidth is equal to the OFDM signal bandwidth plus the VBG. To
avoid significant crosstalk, a minimum attenuation of 20 dB in the (n — 1)-th VC and in the

(n+ 1)-th OFDM band has to be guaranteed. These conditions can be expressed as:

B_

Boswapps _ g

. 5 (3.6)
% < (fv,n-&-l — By — VBG) — JBs.n

where B_04p,Bs is the —20 dB BS bandwidth, f,,—1 is the frequency of the (n —1)-th VC and
fun+1 the frequency of the (n + 1)-th VC. After some calculations, Eq. 3.6 is equivalent to:

B_204B,Bs < 2Afy — By, — VBG +2f,
B_s9apBs < 2Af, — By, — VBG — 2f,.

(3.7)

With f; < 0, the first condition is more restrictive, whereas with f; > 0, the second condition
becomes the most restrictive. In order to avoid filtering considerably the n-th VC, positive fy

values are preferred. With positive f; values, the following condition has to be verified:

B_204B,Bs < 2Afy — By, — VBG — 2. (3.8)

Taking into account that Sy ps = B_34B,Bs/B—20aB,Bs and that B_sqpps = By + VBG + By,

Eq. 3.8 can be rewritten as:

S
B gapps < | —L25 ) 2Afy + By — 212) (3.9)
1+ Sf,BS
and also as:
Sf BS 1
B, <2| ———— | (Afp — —VBG - | ———— | By. 3.10
< <1+Sf,BS>( fo — fa) <1+Sf,BS> d (3.10)
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From Eq. 3.9 and assuming for simplicity that f; = 0 and B; = 0, the —3 dB bandwidth of
the G-BS (with S¢ps = 0.39) and the SG-BS (with S g = 0.62) should not exceed 1.75 GHz
and 2.39 GHz, respectively. These values limit the minimum QAM orders that can be employed
with the G-BS and the SG-BS to avoid high crosstalk interference: M = 128 for the G-BS
and M = 32 for the SG-BS. Tab. 3.1 shows the compromise between VBG, B,, and BG when
Ns. € {64,128,256} and M € {32,128}. For the sake of illustration, Fig. 3.6 shows the LPE of
the MB-OFDM signal spectrum with pairs band-VC n — 1, n and n 4+ 1 and main parameters,
together with a non-ideal BS filtering the pair band-VC n.

-3720dB,BS
B—3dB,BS
T ﬁ
VBG4 -~ ~ ’
Band '/ Band BG \%nd
n—1/ n M1
N YN N NN
0 / — v
b,n—1 /,f'v,'n—l fb,n .fBS,n fv,n fb,n+1\ fv,n-i-l

Afy

Figure 3.6: Ilustration of the LPE of the MB-OFDM signal spectrum with pairs band-VC n—1, n and
n + 1 and main parameters, together with a non-ideal BS filtering the pair band-VC n. For simplicity,
By = 0 MHz and f; = 0 MHz are employed. v is the optical frequency and v — vy stands for the LPE
frequency.

Table 3.1: VBG, B, and BG as a function of N,. € {64,128,256} and M € {32,128}.

Nge | Ry [Gb/s] | By [GHz] | VBG [MHz] | BG [GHz|
M gp | OE | 1098 2.196 68.6 0.929
= 128 | 10.89 9178 34.0 0.947
956 | 10.85 2.170 17.0 0.955

Nge | Ry |[Gb/s] | By [GHz] | VBG [MHz] | BG [GHz|
64 | 1098 1,560 19.0 1.556
M =128 551089 1.556 94,3 1.560
956 | 10.85 1550 2.1 1575

So far, a crosstalk level after photodetection of at least 20 dB has been considered. However,
in order to guarantee that the crosstalk from neighbouring pairs do not interfere with the n-th

band at all after photodetection, the following condition has to be ensured:

BG > B, + 2 x VBG. (3.11)

This guarantees that the beating between the n-th VC and the (n+ 1)-th band and the beating
between the (n — 1)-th VC and the n-th band are out-of-band.

39



3. VC-ASSISTED DD-MB-OFDM SYSTEMS IN BACK-TO-BACK OPERATION

To avoid significant degradation due to the HC amplitude responses, the MB-OFDM signal
spectrum has to be confined within the HCs passband and closest as possible to the lower
frequencies to avoid stronger degradation at higher frequencies. Through inspection of Fig. 3.5,
the —6 dB bandwidth of HC1 is B_gqpnc1 = [0.6,19.3] GHz and the —6 dB bandwidth of
HC2 is B_gqgp,uc2 = [1.1,35.9] GHz. The MB-OFDM signal lowest frequency fmin and highest
frequency fuax are given by:
Foin = for = 2

B (3.12)
Jmax = fou + (N — 1) Afy + VBG + Tw

Considering M = 32 and N, = 64 (the most limiting case where B,, and VBG are the highest
in this analysis), B,, ~ 2.2 GHz and VBG =~ 68.6 MHz are obtained. The MB-OFDM signal is
confined within the HCs passband if fui, > 0.6 GHz when employing HC1, and if fi, > 1.1
GHz when employing HC2. In this chapter, f,1 = 1.9 GHz and f,; = 2.5 GHz are chosen for
HT generation with HC1 and HC2, respectively. These central frequencies for the first OFDM
band ensure that the MB-OFDM signal is confined within the HCs passband.

3.4 Performance analysis in back-to-back operation

The performance analysis in back-to-back operation requires the adjustment of several param-
eters of the MB-OFDM system, namely the virtual carrier-to-band power ratio (VBPR), the
modulation index (MI), and the BS parameters By and fy3. The performance is assessed through
numerical simulation considering thermal noise introduced by the TTA, fixed QAM order for all
the subcarriers and WDM channel spacings of 12.5, 25 and 50 GHz. In the numerical results, a
sequence of 100 training symbols is considered to estimate the equalizer transfer function and to
mitigate the signal-signal beat interference (SSBI) component with the digital signal processing
(DSP)-based SSBI mitigation algorithm. Moreover, a sequence of 100 information symbols is
considered to evaluate the performance of the MB-OFDM signal. The average error vector mag-
nitude (EVM) that corresponds to an average BER of 1073, with additive white Gaussian noise
(AWGN) dominance, referred in this chapter as the maximum EVM, is considered as figure of
merit for performance evaluation (the average EVM, for different QAM orders, can be seen in
Tab. D.1). This average BER accommodates a small margin from the maximum tolerable pre-
forward error correction (FEC) BER. of 3.8 x 1073, With the maximum EVMs, the maximum
link loss (MLL) of the MB-OFDM system (emulated in Fig. 3.1 by the VOA) can be obtained
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3.4. Performance analysis in back-to-back operation

from the average power at the EDFA output, F,,;Epra, and the average power at the ONU
input, P, onu. By setting Py, gpra = 0 dBm (ensures that when employing fibre transmission,

the nonlinear fibre effects are not dominant [62]), the MLL (in dB) is given by:

MLL = P,y EpFa — Pin,onu = —PinoNU- (3.13)

For MLL evaluation, two different studies are performed. First, the influence of the number of
subcarriers of the MB-OFDM signal on the MLL is analysed. Second, the influence of different

channel spacings on the performance of the MB-OFDM signal is evaluated.

3.4.1 Number of OFDM subcarriers

In order to identify the compromises between the number of subcarriers of the MB-OFDM signal
and its impact on the MLL, two relevant MB-OFDM system parameters, besides of the number
of subcarriers, require optimization: the MI and the VBPR. The MI controls the nonlinear DP-
MZM operation regime and is defined as the ratio between the root-mean-square (RMS) voltage
of the MB-OFDM signal at the DP-MZM input and the voltage required to switch between
the maximum and the minimum of the MZM power transmission characteristic. The VBPR

balances the power attributed to the pair band-VC, and the power of the SSBI component.

To analyse the subcarriers influence, the MLL is obtained for Ny, € {64,128,256}, considering
a MB-OFDM signal with 3 bands. With Np = 3, all different types of inter-band crosstalk due
to non-ideal filtering are present: 1) the first-band is mainly limited by the crosstalk caused
by the beating between the first-band VC and the residual part of the second-band; 2) the
second-band by the beating between the first-band VC and the second-band together with the
beating between the second-band VC and the residual part of the third-band; and 3) the third-
band by the beating between the second-band VC and the third-band. This indicates that the
second-band is the most limited by inter-band crosstalk as it receives the influence of two different
crosstalk components. The difference when considering 2 bands is that each band is only limited
by one crosstalk component. Three different BSs are considered: ideal (rectangular-shaped) BS,
G-BS, and SG-BS. For the non-ideal BSs (G-BS and SG-BS), the minimum acceptable QAM
order is employed, that is, M = 128 for the G-BS and M = 32 for the SG-BS. For the ideal BS,

M = 32 and M = 128 are also employed as a term of comparison.

Tab. 3.2 shows the MLL and the optimum VBPR using an ideal BS, with M € {32,128}. Fig. 3.7
shows the EVMs, using an ideal BS, as a function of the MI and VBPR, for the 3 bands, with
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Ng. € {64,128,256} and with M € {32,128}, for the MLLs of Tab. 3.2. Fig. 3.7 shows that the
optimum region does not present an optimum MI. Instead, it consists of a wide region defined
by MIs between 1% and 10%, approximately. Therefore, a MI of 5% is employed to ensure the
results obtained are within the optimum MI range. The maximum MI, which is the MI that
reaches the maximum EVM for the optimum VBPR, indicates that the DP-MZM nonlinearity
is no longer irrelevant, degrading the performance. On the other hand, the good EVM results
obtained with small MIs are due to the following: 1) a small MI guarantees that the degradation
induced by the DP-MZM nonlinearity is negligible, and 2) with small MIs, the signal power after
photodetection is still higher than the considered TIA thermal noise power. Tab. 3.2 shows that
the influence of the number of subcarriers on the MLL, when using the ideal BS, is insignificant.
Inspection of Tab. 3.2 also reveals that the MLL decrease and the optimum VBPR increase as
M increases. The MLL decrease with increasing M is a direct consequence of the decrease of
the maximum EVM. The optimum VBPR is set by the SSBI mitigation algorithm limitations
and the receiver’s noise: for VBPRs below the optimum VBPRs presented in Tab. 3.2, the SSBI
distortion level is considerably high and the algorithm is not capable to reconstruct and remove
completely the SSBI from the original signal; for VBPRs higher than the optimum VBPRs,
the system performance is dominantly affected by the receiver’s noise. The optimum VBPR
increases when increasing M because, the minimum acceptable SNR to achieve the same BER

level as increased.

Table 3.2: MLL and optimum VBPR with Ny, € {64,128,256} and M € {32,128}, using an ideal BS.

Hdoal 5§ | Nec [ MLL [dB] [ Opt. VBPR [dB]
el 64 79 65
Ea I ™ 6.5

=32 555 29 6.0
deal 5 | Nec | MLL [dB] | Opt. VBPR [dB]
el 64 % 85
B s o 85

=128 556 % 85

When using non-ideal BSs, the performance of the MB-OFDM system is remarkably influenced
by the BS selectivity, which is often a fixed parameter. Besides the BS selectivity, other BS
parameters, as the BS central frequency and BS —3 dB bandwidth, influence the performance
of the MB-OFDM system. These parameters must be suitably adjusted in order to optimize the
system performance. They are chosen to allow selecting the desired OFDM band without impos-
ing high attenuation on the edges of the spectrum of the extracted signal and, simultaneously, to
avoid high levels of distortion from adjacent bands after photodetection. The BS optimization

process consists on finding the BS —3 dB bandwidth and central frequency that lead to the best
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Figure 3.7: EVMs, using an ideal BS, as a function of the MI and VBPR, for the 3 bands, with
N, € {64,128,256} and with (a) M = 32 and MLL = 29 dB, and (b) M = 128 and MLL = 25 dB.
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performance, which is fulfilled through the adjustment of B, and f; (see Eq. 3.5).

To obtain the optimum region for the BS —3 dB bandwidth and central frequency, the MI and
VBPR are fixed for the two different non-ideal BSs considered in this chapter. The optimum
region is defined by the optimum point and the surrounding detuning frequencies f; and By
that induce an EVM degradation not exceeding 1 dB from the optimum point. Tab. 3.3 shows
the optimum f; and By ranges for the G-BS and SG-BS. For the SG-BS, a MLL = 27 dB is
employed, along with MI = 5%, M = 32 and VBPR = 8 dB. For the G-BS, a MLL = 20 dB is
considered, together with MI = 5%, M = 128 and VBPR = 10 dB. A MB-OFDM signal with 3
bands is considered, as well as Ny, € {64,128,256}. The results of Tab. 3.3 are for the second-
band, which is the band that imposes more restricted f; and B,y ranges, as it is the most limited
by inter-band crosstalk. Fig. 3.8 shows the EVMs as a function of By and f; for the SG-BS with
M = 32, and the G-BS with M = 128, for the 3 bands and with Ny, € {64, 128,256}, with the
same MLLs and VBPRs of Tab. 3.3.

Table 3.3: Optimum f; and By ranges for the G-BS and SG-BS, with N,. € {64,128,256}, MI = 5%
and NB =3.

SG-BS Nge | fa [MHz B, [MHz]
M =32 64 | [100,300] | [0,300]
MLL = 27 dB | 128 | [100,300] | [0, 300]
VBPR =8 dB | 256 | [50,300] | [0,300]
G-BS Nsc fd [MHZ] Bd [MHZ}
M =128 64 [50,200] | [—150,100]
MLL = 20dB | 128 | [50,200] | [—100,200]
VBPR = 10 dB | 256 | [100,300] | [-100,300]

Tab. 3.3 shows that, for the SG-BS, the optimum By and f; ranges are similar and positive.
The reason for the positive f; range is because the VC is less filtered, when compared with
the initial situation that considers f; = 0 MHz. Thus, more power is given to the signal after
photodetection, improving the performance. The positive By range indicates that the BS has
margin to accommodate more crosstalk. For the G-BS, the positive f; ranges are also because the
VC is less filtered, however, negative By ranges are shown, especially for the case with Ny, = 64.
The reason for the negative By values within the optimum region (a negative By means that
the BS —3 dB bandwidth is smaller than B,, plus VBG) is due to inter-band crosstalk. When
selecting the second-band, as Eq. 3.11 is not verified, inter-band crosstalk exists. Due to the good
selectivity of the SG-BS, a considerable attenuation is induced to the VC of the first-band, and
the beating between the first-band VC and the second-band produces reduced crosstalk, that is,
does not affect significantly the performance of the second-band. For the G-BS, the attenuation

induced to the first-band VC is insufficient, and when Eq. 3.11 is not verified, which is the case for
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Figure 3.8: EVMs as a function of By and fy4 for the (a) SG-BS with M = 32 and the (b) G-BS
with M = 128, for the 3 bands and with N,. € {64,128,256}. For the SG-BS, the following values are
considered: MLL = 27 dB, MI = 5%, and VBPR = 8 dB. For the G-BS, MLL = 20 dB, MI = 5%, and
VBPR = 10 dB are used.
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Ng. = 64 and Ny = 128, the crosstalk level originated from the beating between the first-band
VC and the second-band becomes significant. This crosstalk induces severe distortion to some
subcarriers of the second-band, degrading the overall performance. This crosstalk can be reduced
with a negative By, as this induces more attenuation to the first-band VC, when compared with
the situations that consider By = 0 or a positive B;. The disadvantage of considering a negative
B, is that the BS is tighter than the OFDM band to be selected, inducing a degradation to the

subcarriers at the edges of the OFDM signal spectrum.

After finding the optimum regions of the non-ideal BSs, the MLL is obtained through MI and
VBPR optimization. Through inspection of Tab. 3.3, the following values for B; and f; are
considered: By = 200 MHz and f; = 200 MHz for the SG-BS, and B; = 0 MHz and f; = 100
MHz for the G-BS.

Tab. 3.4 shows the MLL and the optimum VBPR for the G-BS and SG-BS, with Ny €
{64,128,256} and with By = 200 MHz and f; = 200 MHz for the SG-BS, and B; = 0 MHz and
fq = 100 MHz for the G-BS. A MI = 5% is considered as optimum MI. The results of Tab. 3.4
are for the second-band, which is the band that presents the highest EVM when compared with
the EVMs of the other bands, as it is the most limited by inter-band crosstalk. Fig. 3.9 shows
the EVMs, using the SG-BS with M = 32 and the G-BS with M = 128, as a function of the MI
and VBPR, for the 3 bands, with Ny, € {64, 128,256}, and considering the MLLs of Tab. 3.4.

Table 3.4: MLL and optimum VBPR for the G-BS and SG-BS, with Ny, € {64,128,256}.

SG-BS N,. | MLL [dB] | Opt. VBPR [dB]
M =32 64 26 7.0
By =200 MHz | 128 27 7.0
f4 =200 MHz [ 256 27 6.5
G-BS N,. | MLL [dB] | Opt. VBPR [dB]
M = 128 64 20 11.0
By=0MHz | 128 22 10.0
f4 =100 MHz [ 256 22 95

Tab. 3.4 shows that the number of subcarriers influence the MLL when using non-ideal BSs.
With the SG-BS, when selecting the second-band (the most affected by inter-band crosstalk
with Np = 3), a compromise exists when finding the optimum region: the BS has to guarantee
simultaneously low filtering of the second-band VC and high rejection of the first-band VC
and the third-band. First, the second-band VC requires low filtering to avoid power loss for
the beating between the second-band VC and the second-band (the signal component after
photodetection). Second, the first-band VC requires high rejection to avoid the influence of
crosstalk caused by the beating between the first-band VC and the second-band. Third, the

third-band requires also high rejection to avoid the influence of crosstalk caused by the beating
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Figure 3.9: EVMs, using the (a) SG-BS with M = 32 and the (b) G-BS with M = 128, as a function
of the MI and VBPR, for the 3 bands, and with Ng. € {64,128,256}. The corresponding MLL values
are shown in Tab. 3.4. B; = 200 MHz and f; = 200 MHz are used for the SG-BS, and By = 0 MHz and
fa =100 MHz are considered for the G-BS.
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between the third-band residual part and the second-band VC. The aforementioned compromises
dictate the optimum region. With the SG-BS, the reason for a lower MLL with Ng. = 64 is
the smaller BG when compared with the situations with Ny, = 128 and N, = 256. A smaller
BG induces less filtering to the residual part of the third-band, which originates more crosstalk
from the beating between the residual part of the third-band and the second-band VC. With the
G-BS, due to its lower selectivity when compared with the SG-BS, the most relevant crosstalk
is originated from the beating between the first-band VC and the second-band. This crosstalk
is relevant when Eq. 3.11 is not verified, which is the case when Ny, = 64 and N, = 128.
Tab. 3.4 shows that, besides the non-verification of Eq. 3.11 for the situation with Ng. = 128,
the influence of that crosstalk on the MLL is not significant. However, with N, = 64, that
crosstalk is relevant as it imposes a 2 dB degradation on the MLL, when compared with the

MLL with Ng. = 128 and N, = 256.

Inspection of Tab. 3.2 and Tab. 3.4 reveals that the use of non-ideal BSs causes a degradation
on the MLL between 3 and 5 dB with N,. = 64, and between 2 and 3 dB with N,. = 128 and
Ng. = 256. Moreover, when comparing the situations considering an ideal BS and non-ideal BSs,
the optimum VBPR increases slightly for the same QAM order. This increase is attributed to
the intra-band amplitude distortion due to non-ideal filtering. This distortion causes additional
performance degradation before SSBI mitigation, degrading also the performance of the SSBI
mitigation algorithm. With a small VBPR increase, the SSBI component power decreases

slightly and the algorithm is then able to estimate and mitigate correctly the SSBI component.

Fig. 3.10(a) shows the LPE of the MB-OFDM signal with 3 bands, with M = 32, Ny, = 128,
MLL = 27 dB, MI = 5%, and VBPR = 7 dB and the selection of each band with the SG-BS
with By = 200 MHz and f; = 200 MHz. The central frequencies of the 3 bands are 1.75,
4.875 and 8 GHz. Fig. 3.10(b) shows the second pair band-VC after band selection, in order to
clearly identify the residual parts of the neighbouring pairs. Fig. 3.10(c) shows the EVMs of the
subcarriers for each band. A higher subcarrier index corresponds to a subcarrier farther away
from the corresponding VC. Fig. 3.10 illustrates that when selecting each band individually, in a
MB-OFDM signal with 3 bands, residual parts from the neighbouring bands are present. When
selecting the first and second bands, the neighbouring band at higher frequency causes EVM
degradation in the subcarriers with index between 48 and 64. The bands are also affected by
the non-ideal amplitude response of the BSs, especially in the subcarriers with higher index.
The EVM degradation verified for subcarriers with lower indexes (closer to the VC) is mostly

attributed to the non-perfect SSBI mitigation when employing a VBPR of 7 dB with M = 32.
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Figure 3.10: (a) LPE of the MB-OFDM signal spectrum with 3 bands (black). Selection of each band
using the SG-BS. M = 32, N, = 128, MLL = 27 dB, MI = 5%, VBPR = 7 dB, By = 200 MHz and
fa = 200 MHz are considered. (b) Second pair band-VC after band selection, with the residual bands
and residual VC identified. (¢) EVMs of the subcarriers of each band. Average EVM of each band: band
1 — —20.7 dB, band 2 — —20.1 dB, and band 3 — —22.0 dB. v — 1y stands for the LPE frequency.

Fig. 3.11(a) shows the LPE of the MB-OFDM signal with 3 bands, with M = 128, Ny, = 128,
MLL = 22 dB, MI = 5%, and VBPR = 10 dB and the selection of each band with the G-BS with
B; =0 MHz and f; = 100 MHz. The central frequencies of the 3 bands are 1.75, 4.875 and 8
GHz. Fig. 3.11(b) shows the second pair band-VC after band selection, in order to clearly identify
the residual parts of the neighbouring pairs. Fig. 3.11(c) shows the EVMs of the subcarriers
for each band. A higher subcarrier index also corresponds to a subcarrier farther away from
the corresponding VC. Fig. 3.11 illustrates that, when selecting the bands individually, in a
MB-OFDM signal with 3 bands, residual parts from neighbouring bands are present. For the
first and second bands, the beating between the corresponding VC with the residual part of the
OFDM band at higher frequency affects significantly the EVM of a few subcarriers with higher
index (EVM degradation exceeding 6 dB). For the third-band, the same subcarriers are affected
by inter-band crosstalk but with a smaller EVM degradation (around 2 dB). This degradation is
induced by the beating between the second-band VC and the third band. The EVM degradation
verified for subcarriers with lower indexes (closer to the corresponding VC) is attributed to the
non-perfect SSBI mitigation when employing a VBPR, of 10 dB with M = 128, together with

the attenuation of the subcarriers due to the non-ideal BS amplitude response.

3.4.2 'WDM channel spacing

In the analysis of the channel spacing influence on the performance of the MB-OFDM signal,
Ny = 128 is considered. With 128 OFDM subcarriers per OFDM symbol, two important

conditions are verified simultaneously: 1) T,, < 1 ms (necessary and sufficient condition to fully
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Figure 3.11: (a) LPE of the MB-OFDM signal spectrum with 3 bands (black). Selection of each band
using the G-BS. M = 128, N,. = 128, MLL = 22 dB, MI = 5%, VBPR = 10 dB, By = 0 MHz and
fa = 100 MHz are used. (b) Second pair band-VC after band selection, with the residual bands and VCs
identified. (¢) EVMs of the subcarriers of each band. Average EVM of each band: band 1 — —26.2 dB;
band 2 — —25.6 dB; band 3 — —27.0 dB. v — v stands for the LPE frequency.

compensate the polarization variations in the optical channel); and 2) 128 subcarriers is the
minimum N, that does not present MLL degradation, for all the BSs considered in this work,
as verified when comparing Tab. 3.2 and Tab. 3.4. As explained in section 3.2, for channel
spacings of 12.5, 25 and 50 GHz, the maximum number of bands that those channels can
accommodate are 2, 5 and 10, respectively. To evaluate the MLL for the different channels, a
strategy similar to the one considered in section 3.4.1 is adopted. First, the MLL is obtained
through MI and VBPR optimization, using an ideal BS for M = 32 and M = 128. Second, the
BS parameters are optimized, with a fixed MI and VBPR close to the optimum values. Third,
the MLL is obtained through MI and VBPR optimization, using the non-ideal BSs with the

optimized parameters.

Tab. 3.5 shows the MLL and the optimum VBPR, using the ideal BS, with N,. = 128, Ng €
{2,5,10} and M € {32,128}. A MI = 5% is considered as optimum MI. Fig. 3.12 shows the
EVMs, using an ideal BS, as a function of the MI and VBPR, for the 3 bands, with Np €
{2,5,10}, Ny = 128, and with M = 32 and M = 128, for the MLLs of Tab. 3.5. Tab. 3.5 shows
that, as Np increases, the MLL decreases for the same M. In fact, duplicating the number of
bands per channel causes a 3 dB MLL degradation. As the average power at the MB-OFDM Tx
output is the same for different channel spacings, increasing the number of bands implies less
power per band, which originates a lower SNR per band considering that the thermal noise PSD
is maintained. Inspection of Tab. 3.5 also reveals a small increase in the optimum VBPR when
increasing M. This is attributed to the SSBI algorithm limitations that, for correctly recover

and mitigate the SSBI component, requires a higher SNR to operate with higher QAM orders.
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The requirement of higher SNR for higher QAM orders is also the reason for the MLL penalty

of around 4 dB when increasing M, as shown in Tab. 3.5.

Table 3.5: MLL and optimum VBPR, using the ideal BS, with N, = 128, Np € {2,5,10}, and
M € {32,128}.

oal BS 1\;,3 MLgl[dB] Opt. V?gR [dB]
Moo = 28 75 27 65
= 10 o7 6.0

Np | MLL [dB “VBDPR [dB

Ideal BS (5 27[(1 | | Opt VSOR [4B]
]X;c:l;; 5 73 8.0
= 10 20 75

Tab. 3.6 shows the optimum f; and By ranges for the band with worst performance of each
channel and the MLL for the G-BS and SG-BS, with Np € {2,5,10}, Ny, = 128 and MI = 5%.
Fig. 3.13 shows the EVMs for the first, penultimate and last bands of each channel, as a function
of By and f; for the SG-BS with M = 32 and the G-BS with M = 128, with channels comprising
2, 5, and 10 bands (Np € {2,5,10}), with Ny, = 128 and MI = 5%. For the SG-BS and G-BS,
VBPR = 8 dB and VBPR = 10 dB are considered, respectively. The corresponding MLLs
are shown in Tab. 3.6. The results of Tab. 3.6 are for the bands with worst performance. The
optimum region is comprised by the optimum point plus the surrounding By and fy values which
lead to EVMSs not exceeding 1 dB from the optimum point. With Np = 2, the EVM results of
both bands are combined to obtain the optimum ranges. With Np =5 and Np = 10, similarly
to the channels with Np = 3 exemplified in section 3.4.1, the bands most affected by inter-band
crosstalk are the ones in the middle of each channel. However, besides inter-band crosstalk there
is other impairment to take into consideration: the non-ideal HC amplitude response. Channels
with Np = 5 and Np = 10 use almost all the HC passband and the bands with higher frequency
are the most affected by the HC amplitude response. Thus, the bands most limited by both the
inter-band crosstalk and the HC amplitude response are the penultimate bands of the channels
with Ng = 5 and Ng = 10. Hence, in the case of Ng = 5 and Ng = 10, Tab. 3.6 shows the

results for the penultimate band.

Tab. 3.6 shows positive By and f; ranges with the use of SG-BS. The main reasons for these
ranges are: 1) to guarantee low filtering to the VC of the band to be selected, and 2) to ensure
high rejection to the neighbouring VC with lower frequency, without filtering considerably the
OFDM band to be selected. With the G-BS, the reason for the positive f; range is the same as
explained for the SG-BS. For the B, range, the existence of negative values, which is different

from the situation with the SG-BS, is attributed to the need to filter even more the neighbouring
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Figure 3.12: EVMs, using an ideal BS, as a function of the MI and VBPR, for the 3 bands, with
Np € {2,5,10}, Ny, = 128, and with (a) M = 32 and (b) M = 128. The corresponding MLL values are

shown in Tab. 3.5.
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Figure 3.13: EVMs for the first, penultimate and last bands of each channel, as a function of By and
fa for the (a) SG-BS with M = 32 and the (b) G-BS with M = 128, with channels comprising 2, 5, and
10 bands (Np € {2,5,10}), with Ny, = 128 and MI = 5%. For the SG-BS and G-BS, VBPR = 8 dB and
VBPR = 10 dB are considered, respectively. The corresponding MLL values are shown in Tab. 3.6.
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Table 3.6: Optimum f; and By ranges for the band with worst performance of each channel and the
MLL for the G-BS and SG-BS, with Np € {2,5,10}, MI = 5% and N,. = 128. For the SG-BS, M = 32
and VBPR = 8 dB are considered. For the G-BS, M = 128 and VBPR = 10 dB are employed.

Np | J4 [MHZ] | By [MAZ | MLL [d8]
5 [ [100,250] | [0,400] 79
SG-BS —5—17100,250] | [0, 400] %5
10 | [150,300] | [0, 300] 91

N5 | J1 [MHz] | By [MHZ | MLL [dB]
cps |2 | 1100,250] | 100, 100] 73
- 5 [100,250] | [=100, 100] 19
10 [ [100,250] | [=200, 100] 5

VC with lower frequency. This reduces the crosstalk level after photodetection originated from

the beating between that neighbouring VC and the band to be selected.

Tab. 3.7 shows the MLL and the optimum VBPR for the G-BS and SG-BS, with Np € {2,5,10}
and Ng. = 128. Through inspection of Tab. 3.6, the following values for By and f; can be used,
as adopted in section 3.4.1: By = 200 MHz and f; = 200 MHz for the SG-BS, and B; = 0 MHz
and f; = 100 MHz for the G-BS. A MI = 5% is considered as optimum MI. Fig. 3.14 shows the
EVMs for the first, penultimate and last bands of each channel, using the SG-BS with M = 32
and the G-BS with M = 128, as a function of the MI and VBPR, with channels comprising 2,
5, and 10 bands (Np € {2,5,10}), and with Ny, = 128. The corresponding values for the MLL,
Bg and f; of Fig. 3.14, are shown in Tab. 3.7.

Table 3.7: MLL and optimum VBPR for the G-BS and SG-BS, with Ng € {2,5,10}, MI = 5% and
Ny = 128.

SG-BS Ng | MLL [dB] | Opt. VBPR [dB]
M = 32 2 29 6.5
By =200 MHz [ 5 25 6.5
£4=200 MHz [ 10 21 7.0
G-BS N | MLL [dB] | Opt. VBPR [dB]
M =128 2 23 9.0
By=0MHz [ 5 19 95
f4 =100 MHz [ 10 16 95

Tab. 3.7 shows that the MLL decreases as INp increases, in the same way as shown in Tab. 3.5
where an ideal BS was employed. When comparing the MLL degradation of Tab. 3.5 and Tab. 3.7,
the MLL decrease with the increase of the number of bands is slightly different, which can be
attributed to degradation due to non-ideal BS filtering together with the degradation induced by
the non-ideal HC amplitude response. A MLL penalty between 2 and 3 dB when using the SG-
BS and between 3 and 4 dB with the G-BS, is verified when comparing the MLL results achieved
with the ideal BS of Tab. 3.5 and the results achieved with the non-ideal BSs and presented in

Tab. 3.7. Tab. 3.7 also shows a penalty between 5 and 6 dB when comparing the results with
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Figure 3.14: EVMs for the first, penultimate and last bands of each channel, using the (a) SG-BS with
M =32 and the (b) G-BS with M = 128, as a function of the MI and VBPR, with channels comprising
2, 5, and 10 bands (Np € {2,5,10}), and with N, = 128. The corresponding MLL values are shown in
Tab. 3.7. By = 200 MHz and f; = 200 MHz are used for the SG-BS, and B; = 0 MHz and f; = 100

MHz are considered for the G-BS.
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the different BSs. This penalty is a direct consequence of the higher SNR requirement for higher
QAM orders. Moreover, the optimum VBPR has increased slightly when comparing Tab. 3.5
and Tab. 3.7. The reason for this small increase is the same as explained in section 3.4.1: the
intra-band amplitude distortion due to non-ideal filtering degrades the performance of the SSBI

mitigation algorithm and increasing slightly the VBPR improves its performance.

3.4.3 WSS successive filtering

In a metro network, the use of WSS-based ROADMSs causes passband narrowing from WSS
successive filtering. Fig. 3.15 shows the WSS successive filtering effect when a 25 GHz WSS is
considered. Fig. 3.15 shows that as the number of concatenated WSSs increases, the passband
becomes narrower and with a higher selectivity (as shown previously in Fig. 3.3). To evaluate
the impact of WSS successive filtering on the performance of the MB-OFDM system, the initial
WSS central frequency has to be defined. The LPE of the initial WSS central frequency, fwss,ini,
is given as follows:

_ fmin + fmax

Jwss,ini = 5 (3.14)

— 0
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Figure 3.15: WSS successive filtering effect when the 25 GHz WSS is employed.

The optimum WSS central frequency corresponds to the frequency that leads to the maximum
number of concatenated WSSs while not exceeding a certain performance penalty in at least
one OFDM band of the MB-OFDM signal within the WDM channel. The maximum number of
concatenated WSSs is limited mostly by the performance of the OFDM bands on the channel
edges, as they suffer the most by the WSS passband narrowing. Therefore, the performance
penalty due to WSS concatenation is evaluated by analysing the performance of the bands on
the edges of the WDM channel. The LPE of the optimum WSS central frequency, fwss,opt, is

investigated by detuning the initial central frequency of the WSS by a frequency spacing, fwss q-
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3.4. Performance analysis in back-to-back operation

The frequency fwss,opt is given by:

Jwss,opt = fwss,ini + fwss,a- (3.15)

The optimum detuning frequency is the frequency that leads to the maximum number of concate-
nated WSSs achieved with an EVM degradation of 1 dB, relative to the EVM obtained without
WSS concatenation. The maximum number of concatenated WSSs with an EVM degradation
of 1 dB is represented by WSSL4B  The optimum detuning frequency is also assessed with an

max*

EVM degradation of 2 dB, relative to the EVM obtained without WSS concatenation. The
2dB

maximum number of concatenated WSSs in this case is represented by WSSy 7.

Tab. 3.8 shows fywgs,q for WSS}I&E and WSS?H(;E, for WDM channels with 12.5, 25 and 50
GHz, which transport 2, 5 and 10 bands, respectively. The MLL values and optimum VBPRs
considered in Tab. 3.8 are the same as in Tab. 3.7. Fig. 3.16 shows the EVM as a function of
the fwgs,q and the number of concatenated WSSs, using the SG-BS with M = 32 and the G-BS
with M = 128, with the optimized By and f; values, with channels comprising 2, 5, and 10

bands and with the MLL values and optimum VBPRs considered in Tab. 3.7.

Table 3.8: Detuning frequency fywsg,q for WSSHE and WSS29B  with Ny e {2,5,10}.

SG-BS Np | fwss.a [MHz] | WSSLIB T fivgg o [MHz] | WSSZIB
M =32 2 [-400,750] >30 [-700,1200] >30
By =200 MHz | 5 450 12 450 22
fa =200 MHz [ 10 600 7 700 15
G-BS Np | fwss.a [MHz] | WSSLIE || fiwss.a [MHz] | WSS2dP
M =128 2 [-600,800] >30 [900,1300] >30
B;=0MHz [ 5 0 19 [200,500] >30
fa =100 MHz [ 10 1000 12 600 25

Tab. 3.8 shows that, in some cases, there is an optimum fysg 4 range instead of a single optimum
fwss,d. This occurs because the maximum number of concatenated WSSs is more than 30, and a
single optimum fysg ¢ was not reached yet. Inspection of Tab. 3.8 also reveals that the optimum
fwss,q values are mostly positive. This indicates that the optimum fwss ¢ values are mostly
limited by the VC of the last band (which has frequency equal to fmax), and a positive fiyssq
avoids to filter considerably that VC. Tab. 3.8 also shows that, for both EVM degradations, the
maximum number of concatenated WSSs 1) decreases when Np increases while maintaining M,
and 2) increases when M increases while maintaining Np. These variations are attributed to
the different MB-OFDM signal bandwidths, which induce different spectral occupations within
each WDM channel. These variations can be justified through the ratio between the MB-OFDM

signal bandwidth (the effective bandwidth occupied with information within one WDM channel)
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Figure 3.16: EVMs as a function of the WSS detuning frequency fwss,q¢ and the number of concatenated
WSSs, using the (a) SG-BS with M = 32 and the (b) G-BS with M = 128, with the optimized By and
fa values, with channels comprising 2, 5, and 10 bands (Np € {2,5,10}). The MLL values and optimum
VBPRs considered in Tab. 3.8 are the same as in Tab. 3.7.
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and the —3 dB bandwidth of one WSS (the effective bandwidth of one WDM channel), which

can be used as a metric for bandwidth efficiency. This bandwidth efficiency, np, in percentage,

is given by:
Bub.
np = —MBOFDM ., 100% (3.16)
B_34B,wss
where Byp.orpu is the MB-OFDM signal bandwidth approximately given by:
BMB-0FDM = fmax — fmin & (Np — 1)Af, + By (3.17)

when VBG « By, (see Eq. 3.12).

Tab. 3.9 shows the efficiency np as function of M and Np, with Ng. = 128, R, = 10.89 Gb/s, and
A fy, = 3.125 GHz. Inspection of Tab. 3.8 and Tab. 3.9 show that, as np increases, the maximum
number of WSSs decreases, as there is less margin for WSS passband narrowing. For the cases
where WSSLIE and WSS24B are greater than 30, the margin for WSS passband narrowing is
given by the fwgsq range: a smaller range indicates a smaller margin, and a higher range a

higher margin.

Table 3.9: Bandwidth efficiency np as function of M and Np, with Ny, = 128, R, = 10.89 Gb/s, and
Af, = 3.125 GHz.

Np | Bup-orpm [GHz] | B_s4Bwss [GHz| | np [%]
2 5.3 13 16.9
M=32 —5 4.7 92.6 65.0
10 303 152 67.0
Np | Bup-orpm [GHz] | B_z4swss [GHz| | np [%]
D 17 13 1.6
M =128 — 141 9.6 624
10 90.7 159 65.7

3.5 Conclusions

A DD-SSB-MB-OFDM system, employing VCs, with 10 Gb/s data rate guaranteed-per-user for
low-cost next generation metro networks has been presented and optimized. A study concerning
the limits and compromises between the number of OFDM subcarriers and OFDM bands of the
MB-OFDM signal has been developed for WDM channel spacings of 12.5, 25 and 50 GHz, where
it has been shown that these channels are able to transport MB-OFDM signals comprising 2, 5
and 10 bands, respectively. The main impairments due to non-ideal filtering from the BSs and

the WSSs have been presented and discussed.

The EVM has been used as the figure of merit for performance evaluation, and from the EVM,
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the MLL for the different WDM channels has been assessed. Using an ideal BS, the obtained
MLLs are between 20 dB (128-QAM per subcarrier and channels with 10 bands) and 31 dB
(32-QAM per subcarrier and channels with 2 bands). Two BSs with different selectivity have
been employed and compared with the ideal BS. A MLL penalty not exceeding 3 dB for the
BS with higher selectivity, and not exceeding 4 dB for the BS with lower selectivity has been
shown. It has been also shown that, with systems with 2 bands, more than 30 WSSs can be
concatenated with a EVM degradation not exceeding 1 dB. With 5 and 10 bands, more than 15
WSSs can be concatenated with a EVM degradation not exceeding 2 dB.
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Chapter 4

Nonlinear crosstalk in VC-assisted

DD-MB-OFDM metro networks

4.1 Introduction

To cope with the capacity demand increase, three basic requirements should be fulfilled: i)
high number of wavelength division multiplexing (WDM) channels; ii) high optical power levels
launched into the fibre; and iii) reduced channel spacing. However, orthogonal frequency-division
multiplexing (OFDM) and consequently direct-detection (DD)-multi-band (MB)-OFDM, has
weak tolerance to fibre nonlinearity, which restricts the maximum optical power levels used [62,
80, 81]. This weak tolerance is due to the high peak-to-average power ratio (PAPR), inherent
to the multicarrier nature of OFDM [82], and constrains the design of future MB-OFDM metro

networks.

The impact of fibre nonlinearity in coherent detection (CO)-OFDM systems was intensely stud-
ied in the past years, where it was shown that four wave mixing (FWM) is the dominant fibre
nonlinear effect responsible for signal quality degradation [83,84]. In DD-OFDM systems, a
similar behaviour is expected. However, due to the transmission of a carrier to assist pho-
todetection, additional FWM terms are present, when compared with CO-OFDM systems [84].
To analyse the FWM-induced impairments in DD-OFDM systems, theoretical and numerical
work [70,81,85] and also experimental results [36] were presented recently. In [81], the FWM ef-
fect in DD double sideband (DSB) OFDM optical systems was characterized analytically through
closed-form expressions for the FWM variance. The impact of FWM on DD block-wise phase

switched OFDM systems was investigated in [85] using a theoretical approach and simulation re-

61
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sults. In [70], the impact of FWM in an ultradense wavelength division multiplexing (UDWDM)
single sideband (SSB)-MB-OFDM metro network employing a new virtual carrier (VC)-assisted
DD scheme was evaluated numerically with band spacing of 3.125 GHz. In [36], the impact of
the FWM on a metro network using this new DD scheme was assessed experimentally for a band

spacing of 6 GHz.

Due to the high spectral efficiency provided by the VC-assisted DD scheme with its densely-
packed OFDM bands, FWM products resulting from the mixing between the VCs and the OFDM
bands cause severe performance degradation [36,70]. In [36], it was shown that the performance
degradation for high power levels is mainly attributed to the FWM products generated from
the mixing between two VCs and an OFDM band (VC-VC-band products). This suggests that
a fast and accurate theoretical method to assess the performance of VC-assisted WDM-MB-
OFDM systems limited by the FWM effect, especially the VC-VC-band FWM products, is of

great interest for network designers.

In this chapter, a theoretical method (TM) to evaluate the FWM power in an UDWDM SSB-
MB-OFDM system employing a VC-assisted DD scheme is proposed and validated numerically.
This method is derived considering that the FWM effect in MB-OFDM systems is dominantly
governed by the VC-VC-band products and enables to estimate an upper bound of the power
limit (UBPL) due to FWM. The power limit is defined as the average power level per optical
channel, corresponding to a penalty of 2 dB due to the fibre nonlinearity on the error vector
magnitude (EVM) at the forward error correction (FEC) threshold, when a very high number
of optical channels is transmitted in the network. Based on the TM, a simplified theoretical
method (STM) with reduced complexity that provides the maximum allowed average power at
the fibre input for the worst pair band-VC of the WDM-MB-OFDM signal (the OFDM band

most impaired by FWM), is also proposed.

The TM and STM results are validated by numerical simulation (NS) in a ultradense (UD) 450
Gb/s WDM MB-OFDM metro network scenario employing 9 optical channels, 5 OFDM bands
per channel, 10 Gb/s per band and a band spacing of 3.125 GHz. The maximum allowed average
powers obtained with the TM and STM are compared for standard single mode fibre (SSMF)
transmission and the corresponding UBPLs are assessed for different number of fibre spans and

channel gaps.

This chapter is structured as follows. In section 4.2, the TM used to obtain the FWM power
of the VC-VC-band products in UDWDM VC-assisted DD MB-OFDM metro networks is pre-

sented. A STM to obtain the maximum allowed average power at the fibre input for the worst
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4.2. FWM power of the VC-VC-band products

pair band-VC of the WDM-MB-OFDM signal is also presented. In section 4.3, the TM is vali-
dated by comparison with the NS results for different number of fibre spans, channel gaps (CGs)
and with 9 WDM channels. The maximum allowed average power estimates of the worst pair
band-VC obtained with the TM and STM for SSMF transmission are compared and the UBPLs
provided by both methods for different number of fibre spans and CGs are shown. In section 4.4,

the main conclusions are summarized.

The work presented along this chapter is also published in [37].

4.2 FWDM power of the VC-VC-band products

In this section, the TM used to obtain the FWM power of the VC-VC-band products in UDWDM
VC-assisted DD MB-OFDM networks is presented. From the FWM power, the EVM of an
OFDM subcarrier due to the FWM effect is estimated. The STM used to obtain the maximum
allowed average power at the fibre input for the worst pair band-VC of the WDM-MB-OFDM

signal is also presented.

4.2.1 MB-OFDM signal description

In order to derive the TM and STM, the structure of the MB-OFDM signal considered in the
analysis has to be identified. Fig. 4.1 illustrates a simplified diagram of the WDM-MB-OFDM

signal spectrum, showing the main parameters.

Channel 1 Channel 2 Channel N,
A
>
o ch BG - band gap
_________ Channeln _____ ___|B., - OFDM signal bandwidth
: VC1 VC?2 VC Np 1|CG - channel gap
1 4 B : VBG - VC-to-band gap
1 VBG\/ v, il Afy - band spacing
I 1| Av,p, - channel spacing
! ch

: Band[7]BG [Band ... |Band : Vp n,1 — central frequency of
I 1 2 ]\_TB 1| the I-th band of the n-th channel
= ST e Vo, —f f the I-th

<S— > Von2 UpnN v NVun,l—frequency o
Lybv"vl Af o e 3LVC of the n-th channel

Figure 4.1: Hlustration of the WDM-MB-OFDM signal spectrum. v is the optical frequency and vg is
the reference optical frequency.
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The MB-OFDM signal is composed by N, channels, each one carrying N bands. The detec-
tion of each OFDM band is assisted by a VC and each VC is located at a frequency higher than
the corresponding OFDM band. The frequency spacing between the VC and the OFDM band,
referred as the virtual carrier-to-band gap (VBG), is an important parameter that controls the
amount of signal-signal beat interference (SSBI) that interferes with the OFDM band. If the
VBG is less than the OFDM signal bandwidth, the SSBI overlaps with the OFDM band after
photodetection, causing performance degradation [9]. The band gap (BG) between different
OFDM bands inside the same WDM channel is a parameter which depends mainly on the selec-
tivity of the band selector (BS) used to select the band prior to photodetection. To ensure high
spectral efficiency, a high selectivity BS is needed in order to enable a small BG with negligible
crosstalk from the adjacent bands. From the BG and the OFDM signal bandwidth B,,, the
frequency spacing between the central frequencies of two consecutive bands, that is, the band
spacing, is defined as Af, = BG + B,. Another parameter which controls the overall spec-
tral efficiency of the metro network is the frequency spacing between adjacent WDM channels,

referred in this work as the CG. The CG is defined as:

CG =g-Af, + BG — VBG (4.1)

where ¢ is a non-negative integer. Having the CG defined as in Eq. 4.1 avoids the FWM
products originated only from the VCs to interfere with the OFDM bands. Non-integer g values
could also be used and still avoid interference from the FWM products originated only from
the VCs. However, this would lead to negligible FWM-induced performance variation and to
uneven spectral occupation. With g = 0 (minimum CG), all the bands of all the channels are
spaced equally. Another important parameter characteristic of carrier-assisted signals is the
ratio between the VC power and the power of the corresponding OFDM band, known as virtual
carrier-to-band power ratio (VBPR) [9]. The VBPR is of particular relevance as it controls the

power of the SSBI component.

For the sake of simplicity, the following assumptions are made for the structure of the WDM-
MB-OFDM signal. (i) All the OFDM bands have the same power and all the VCs also have
the same power; thus, the VBPR is the same for all pairs band-VC. (ii) Each OFDM band has
the same bandwidth B,. (iii) The CG is the same between all the WDM channels. (iv) All
WDM channels have the same number of OFDM bands. (v) The BGs are kept the same inside
each channel, as well as the VBGs. Considering the aforementioned assumptions, the optical

frequency of the I-th VC of the n-th channel, v, ,;, and the central optical frequency of the I-th
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band of the n-th channel, v, ,,;, can be written as:

Vymi = Buw -1+ (1 —1)BG+ VBG+ (n— 1) Ave, + 1 (4.2)

and

Upnt = (= 1)Afy + By/2+ (n—1) Aven + 10 (4.3)

where Avy, = (9 + Np) Afy is the channel spacing and vy is the reference optical frequency
that, without loss of generality, is set equal to the frequency of the first subcarrier of the first

OFDM band of the first channel.

A further simplification, which has negligible impact on the system performance, can be made on
the theoretical formulation by assuming that the BG, VBG and B,, are multiples of the OFDM
subcarrier spacing A fs.. In this way, the following definitions are assumed: 1) BG = b - A f,
2) VBG = v - Afs and 3) By, ~ N - Afs., where b and v are positive integers and Nj. is
the number of OFDM subcarriers per OFDM band. After some simple calculations, Eq. 4.2
and Eq. 4.3 are simplified to:

Vym,l — 10

A= Ny - I+ (1 —=1)b+v+ (n—1)(g+ Np)(Ny +b) (4.4)
and
”@’Xif:o = (Nge +0) [(n — 1) (g + Ng) + (I — 1)] + ]\;9 (4.5)

From Eq. 4.5, the frequency of the m-th OFDM subcarrier of the I-th band of the n-th channel

can be written as:

Vsen,dom — Y0

Al =(Nsge+b)[(n—=1)(g+N)+ (1 —-1)]+m (4.6)

with m € {1,2,..., Ny} (index 1 stands for the subcarrier with lowest frequency and index N

corresponds to the subcarrier with highest frequency).

Fig. 4.2 illustrates a WDM-MB-OFDM signal spectrum described in terms of the normalized
parameters. In this example, the WDM-MB-OFDM signal has 3 optical channels, each with 3
bands, and two different CGs are considered: CG with ¢ = 0 and with g = 1. Fig. 4.2 shows
that, with the increase of the CG, the frequency spacing between the bands of different channels
is higher. This reduces the impact of the FWM effect on the different bands and relaxes the

power limit due to the fibre nonlinearity at the expense of decreasing the spectral efficiency.
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Figure 4.2: Tlustration of the WDM-MB-OFDM signal spectrum with 3 optical channels, each with 3
bands, for two different CGs: (a) CG with g = 0 and (b) CG with g = 1.

4.2.2 Theoretical method for the FWM power

In this section, the TM used to obtain the FWM power of the VC-VC-band products is demon-
strated. The VC-VC-band FWM products that contribute to the FWM power are identified and
expressions for the FWM power are derived. From the FWM power, the EVM of the OFDM
subcarriers due to the FWM effect is estimated.

The FWM effect consists in the generation of a new wave with optical frequency v, = v;+v; —v;,
resulting from the mixing between three different waves with frequencies v;, v; and v, [86]. When
v; = vj, the resulting FWM product is called degenerate (DG) and, when v; # v;, the FWM
product is non-degenerate (NDG) [86].

The most important inter-band FWM products in WDM VC-assisted DD MB-OFDM systems
are the ones resulting from: i) the mixing between three VCs (VC-VC-VC); ii) the mixing
between two VCs and an OFDM subcarrier of a certain band (VC-VC-band); and iii) the
mixing between two different subcarriers and a VC (VC-band-band). With the CG defined as
in Eq. 4.1, the VC-VC-VC products overlap in frequency with the VCs of each band. Thus, the
FWM products which overlap in frequency with the OFDM bands are the VC-VC-band and VC-
band-band. These in-band products cause distortion that increases with the fibre nonlinearity
strength [36]. In this work, the focus is on the VC-VC-band products, which are considered

dominant over the VC-band-band ones. This assumption is valid for systems where the power
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of the VC is much higher than the power of the OFDM band, as it is the case of VC-assisted
DD MB-OFDM systems employing digital iterative techniques for SSBI mitigation [36]. There
are three different types of VC-VC-band FWM products that contribute to the FWM power at
the OFDM subcarrier frequency v,. i) DG products originated from the mixing between two
times a VC with frequency v, 1, (li-th VC of the ni-th channel) and an OFDM subcarrier
with frequency v, = 2 X 14,1, — V. i) NDG products originated from two different VCs with
frequencies vy 5, 1, and vy p,0, (l2-th VC of the no-th channel) and an OFDM subcarrier with
frequency vi = vy ny 1y + Vo no s — Vn (NDG1-type products). iii) NDG products originated from
two different VCs with frequencies v, 5, ;, and v, p, 1, and an OFDM subcarrier with frequency

Vj = Vynols — Vo + Vn (NDG2-type products).

The FWM power depends on the strength of each mixing product, which is regulated by the
FWM efficiency [87]. For a multi-span system with N, fibre spans of length Ly, the FWM

efficiency nrwwm of a generic mixing product with frequency v, = v;+v; —y, is given by [87,88]:

2 in2 Ny, A Ly . —
newm (Vi Vj, Vi) = ! o s (VA ) X {1+ Lew(zaby) o (Aﬁ%c)}

Ngp? a2 + Aﬁz siHQ(Aﬁ%) [1 —exp (_OéLf)]z
(4.7)

with A obtained from Eq. F.19. The contribution of the term dependent on dD(\)/OA
in Eq. F.19 can be neglected at wavelengths far from the wavelength corresponding to zero

fibre dispersion [88].

The FWM power at a certain frequency depends on the FWM efficiencies of the FWM products
falling on that frequency. For the DG-type products, the FWM power at a certain frequency

Up, PFE]VDV?\LH, is given by (additional details provided in section F.2.3):

Nen Np
DG o
P}gWI\/)I n=(Dpa)?¢ D > newm(v), v, Vk:)‘ Vi~ Yol (4.8)
’ n=1[=1 Vi = 2”] —Vn

where ¢ = (N, SvaePVC)2 Ps., Dpg is the degeneracy factor for the DG products which equals

1. ~ is the fibre nonlinearity coefficient, L. is the effective length per span, Py is the VC power

and P, is the OFDM subcarrier power. For the NDGI1-type products, the FWM power at a
G1)

. (ND - .
certain frequency vy, PFWM’” , is given by:

New Nen Np Np

Vi =,
NDG1 ) v,n1,l1
PéWM,n) = (Dnpa)*¢ Z Z Z Z MEWM (Vs Vi Vi) | Vj = Vo g i (4.9)
ni=1lno=1101=11s=1 vV = V; + Vj — Up

(n1>n2)V[(n1:n2)/\(l1 >l2)]
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where Dnpg is the degeneracy factor for the NDG products which equals 2.

For the NDG2-type products, the FWM power at a certain frequency v, Plgl\\;le\% Z), is given as
follows:
Nep Nenw Np Np v, = U,
NDG2 2 2 v,n1,l1
Py = (Dxpc)*C Y. 3 30 S mewatvi v, )| v = vy (4.10)
ni=ln=15=11=1 Vj =Vg+VUn—V

(1 £12)V[(l1=12)A(n1#£n2)]

Different types of VC-VC-band FWM products have a different impact on the OFDM bands.
If the condition b < Ng. + 2v — 1 holds, the DG and NDG1 products interfere partially with an
OFDM band. For an OFDM band with central frequency vy, ;, the DG and NDG1 products
which interfere with the OFDM band are centred at a frequency equal to v, + (20 — b)A fe.
The number of OFDM subcarriers affected by these products is Ng. — b+ 2v — 1. If the condition
b > Ng.+2v—1 holds, the DG and NDG1 products do not interfere with the OFDM bands. The
NDG?2 products are centred at the same frequency as the OFDM bands. The most bandwidth-
efficient case is when the condition b < Ng. + 2v — 1 holds. This bandwidth-efficient case
is hereafter considered. For this case, using Eq. 4.8, Eq. 4.9 and Eq. 4.10, the FWM power
generated at the frequency v, (where v, corresponds to the m-th OFDM subcarrier of the I-th

band of the n-th channel) is given by:

(DG) (NDG1) (NDG2)
Pewain + Prwnin + Prwnp s 1 <Sm<T

PFWM,n(VTL = Vsc,n,l,m) = (NDG2) (411)
PFWM,n , I'<m < Ng

with I' = Nge — b+ 2v — 1.

The EVM of an OFDM subcarrier due to the FWM effect can be approximated by the ratio
between the FWM power falling on the frequency of that subcarrier and the power of the OFDM
subcarrier [84]. Hence, the average EVM due to the FWM effect, in decibel, of the I-th band
of the n-th channel, EV Mgwwm 1, can be obtained by averaging the EVM due to the FWM
effect of each subcarrier over all the OFDM subcarriers of the [-th band of the n-th channel, as

follows:

% PFWM,n(Vn = Vsc,n,l,m) (4 12)

PSC

EV Mpwwm,n, = 10log N
Sc

m=1
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4.2. FWM power of the VC-VC-band products

4.2.3 Maximum allowed average power estimation for the worst pair band-

VC

Low-dispersion fibre transmission

For the case of low fibre dispersion, the FWM efficiency is close to one and the summations of
the different efficiencies to obtain the FWM power at a given frequency (see Eq. 4.8, Eq. 4.9
and Eq. 4.10) can be replaced, as a good approximation, by the number of FWM products
falling at that frequency. With this approximation, a simplified expression for the FWM power
that enables estimating the maximum allowed average power of the worst pair band-VC of the
WDM-MB-OFDM signal (pair band-VC including the OFDM band most impaired by FWM)
is obtained. The estimation provided by the simplified expression is hereafter referred to as
the STM for transmission with low-dispersion fibres. As the target of the application scenario
considered in this work is to deliver one band to each user, the analysis is focused on the worst
case scenario, that is, on the analysis of the band most affected by the FWM power (worst

band).

Expressions for the number of VC-VC-band FWM products of types DG, NDG1 and NDG2
(Npa, Nnpai1 and NNpae, respectively) falling in the worst OFDM subcarriers (the ones affected
by the three FWM products) of the worst band were derived considering a MB-OFDM signal
with an arbitrary number of Np bands and with g = 0 (situation with higher spectral efficiency
and higher FWM power). These expressions are shown in Tab. 4.1. For channels with even Np,
the worst band is the [(Np/2) + 1]-th band. For channels with an odd Np number, the worst
band is the [(Np + 1)/2]-th band.

Table 4.1: Number of FWM products of the three different types of FWM (Npg, Nnpa1 and Nxpaz2)
as a function of Npg, for the worst band, with n € N.

’ FWM products H Npg ‘ Napo1 ‘ Naocs ‘
Tem | B [T lv | e
N(g'rzﬁn_)l NB; ! %NBKENB—E ENBQ _ N +i
]\7(35,31437,131 ? %NBQ—ENB_é %NBQ —NB+i

The expressions of Tab. 4.1 allow obtaining an upper bound of the FWM power for WDM
transmission with low dispersion and with the minimum CG (g = 0), as this particular WDM
signal has the same spectral occupancy of a single-channel signal with N, - Np bands. For the

low fibre dispersion case, the FWM power interfering with the m-th OFDM subcarrier of the
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worst band (l,,-th pair band-VC of the n,-th channel) can be simplified to the following:

[(Dpc)?Npe + (Dxpe)*(Nxpc1 + Napa2)] ¢ 1 <m <T

PFWM,n(Vn = Vsc,nw,lw,m) ~
(Dnpa)?Napa2 ¢, T'<m < Ni.

(4.13)

Using Eq. 4.13 and assuming that the product N, - Np is even, a closed-form expression for the
maximum allowed average power of the worst pair band-VC in dBm, P, ,,, in MB-OFDM systems

with low-dispersion fibres, for a given EVM impaired by FWM, EV Myr,, can be obtained as

follows:
EV My, 1+ vbpr
3T 3 1T 1T
-5l 4+ ) (D IN? { ( 1) D 2 N} 4.14
Og10{<8Nsc + 4) (Dnpe ) Ni + SN N + 1) (Dxpa)*| M (4.14)

with Ny = N, - Ng and vbpr = 100VBPRas/10) (VBPR,p is the VBPR in dB). Note that
the average power of the VC close to the worst band, P, ., relates to By, by: Py = Py +

101ogg[vbpr/(1 + vbpr)]. The average power per channel is given by 10logq(Ng) + P -

For the sake of illustration, Fig. 4.3 depicts the number of VC-VC-band FWM products of types
DG, NDG1 and NDG2 as a function of the normalized frequency (v — vp)/Afse, for a single
MB-OFDM signal with Ng = 5, Ng. = 8, b = 10 and v = 3. As a reference, the spectral location
of the MB-OFDM signal is shown as well. With b = 10 and v = 3, I' = 3 is obtained, which
means that, for each OFDM band, 3 subcarriers are impaired by all the VC-VC-band products
and 5 subcarriers (Ng. —I' = 5) are impaired only by the NDG2-type product. Fig. 4.3 shows
that the third and fourth bands are the ones which have the higher number of FWM products
interfering with the OFDM bands (24 in total). Due to the higher degeneracy factor of the
NDG-type products, the worst-band is the third band.

High-dispersion fibre transmission

The maximum allowed average power of the worst pair band-VC provided by Eq. 4.14 assumes
that all VC-VC-band FWM products have maximum FWM efficiency after the transmission
along several number of spans, which is not the case for high-dispersion fibre, such as SSMF.
For high-dispersion fibre, the FWM efficiencies of the different FWM products have to be taken
into account. As the number of WDM channels increases, the number of FWM products to be

accounted to obtain an accurate EVM estimation also increases, requiring more computational

70



4.2. FWM power of the VC-VC-band products

24 T T - —
VC —> : ‘ —X  Signal

21f SEDM —O NDG2
8 band L] NDG1
§18 """ PR | — pe
= e | S |
E 15 VVVVVV (( ))

(( )) (( ))

AET] S
qa (( ) (¢ ) (¢ ) (( )
5 of |
£ (T (T ittt
> 6 o nm |iEn |

1

=25 0 25 50 75 100

(v—1)/Afs

Figure 4.3: Number of VC-VC-band FWM products of types DG (diamonds), NDG1 (squares) and
NDG2 (circles) as a function of the normalized frequency (v — vp)/Afsc, for a MB-OFDM signal with
Np =5, Ny, =8, b =10 and v = 3. The MB-OFDM signal spectral location is also shown, as a reference.

time to perform the estimation. As shown in Tab. 4.1, the total number of VC-VC-band FWM
products falling on a specific OFDM subcarrier (in the case of Tab. 4.1 the subcarrier belongs to
the worst band) increases proportionally to the square of the total number of OFDM bands of all
WDM channels. Following a procedure similar to the low-dispersion fibre case, this subsection
presents a closed-form expression for the maximum allowed average power of the worst pair
band-VC in MB-OFDM systems employing high-dispersion fibres. This is achieved by reducing

the complexity of the expressions for the FWM power presented in section 4.2.2.

As the majority of the FWM products are of the type NDG2 (see Tab. 4.1), the DG and NDGI1-
type products are neglected and the FWM power is derived considering only the NDG2-type

products. In addition, to simplify the analysis, it is considered that N, is odd.

If only the NDG2-type products are considered and assuming that the variation of the dispersion

parameter along the wavelength is negligible, Eq. F.19 can be written as:

2 2
AB ~ ™ (IAfy) - (' Afy — VBG +mA fo. — By) -D(A) (4.15)
C ——
Avi=v;—vj Avjp=vj—vy

where I = I + g[l/Ng], p’ = p+ g[p/Np| with I,p € [-(N; —1)/2, (Nt —1)/2] and I,p € Z,
m={1,2,..., Ns}, and with [-| representing the operation of rounding to the nearest integer.
The values of I’ and p’ used in Eq. 4.15 are related to the frequency slot where the worst band is

located. The worst band corresponds to the case where I’ and p’ are zero. The bands located in
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frequency slots at a lower frequency than the worst band have negative I’ and p’ and the bands
located in frequency slots at a higher frequency than the worst band have positive I’ and p’.
The higher the frequency gap between a band and the worst band, the higher the values of ||
and [p|. The rounding operation in I’ and p’ ensures that Ay, and Avjy, are calculated with
frequencies inside frequency slots with OFDM bands instead of frequency slots corresponding to
the CGs. For the sake of illustration, Fig. 4.4 shows a WDM-MB-OFDM signal with 3 channels
with 3 bands each and CG with ¢ = 1 with the values of I’ and p’ inside the OFDM bands.
Fig. 4.4 shows that the values £2 correspond to the CGs, the value zero to the worst band (the
central band with respect to all the channels), and the values £1, £3, 4 and £5 to the other
bands. For the signal illustrated in Fig. 4.4, given that Ng =3, N; =9, g =1 and [ € [—4,4],
I =1+ [l/3] is obtained. This gives I’ =1 for I = {-1,0,1}, ' =1+ 1 for | = {2,3,4} and
I'=1-—1for l={-2,-3,—4}. The possible values for " are 0, £1, £3, +4 and +5, which are
exactly the same values attributed to the OFDM bands when [ € [—4,4]. The same procedure
can be applied to p" as p € [—4,4].

__Channel 1 Channel 2 - Channel 3

A A A
1

F‘ 1

Figure 4.4: WDM-MB-OFDM signal with 3 channels with 3 bands each and CG with g = 1, with the
values of I’ and p’ inside the OFDM bands.
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In order to further simplify the calculation of the FWM power, the frequency range of Avyy, is
truncated when calculating the different FWM efficiencies in Eq. 4.15, by limiting the minimum
and maximum values of p. With this, p € [—A, A] is set, where A is a limiting parameter [0 <
A < (N¢ —1)/2]. When the FWM power of the NDG2-type products is evaluated in Eq. 4.10,
all the NDG2-type products are accounted for, that is, A = (N; — 1)/2. With A < (N — 1)/2,
not all NDG2-type products are accounted for in the FWM power. In this case, from Eq. 4.7
and Eq. 4.15, the products with lower FWM efficiency are being neglected. A good value for A
is the one that gives less than the total number of NDG2-type products but still enables a good
FWM power estimate. Further investigation has shown that a good maximum allowed average
power estimate is obtained when A > 7, for different number of spans, channel gaps and number
of WDM channels. For this reason, hereafter, A = 7 is considered. With A =7, Ay, is limited
to 7 bands apart from the worst band (the value of p goes from -7 to 7). For channels with 5
bands each, A = 7 is equivalent to say that the Av;; range is limited to 3 channels: the channel

with the worst band (n,,) and the two channels which are neighbours to the channel with the
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worst band (n, — 1 and n,, + 1).

The maximum allowed average power of the worst pair band-VC in dBm, in MB-OFDM systems

with high-dispersion fibres, can then be written as:

EVM 1 + vbpr Dxpg)? =
Py == + 30 — 10logyo (NeyyLe) + 10logyg (p> — 5logyg (Do) > Y(m)
: 9 vbpr Nse =
(4.16)
with

Ny—1 Ny—1
2

p

-1 A 7
T(m) = Z Z nFWM(l,p7m)—i—Z Z newm (L, p,m) (4.17)

p:—/\l:_%_p p=0 l:_¥

(10) (10)
where npwm ([, p, m) is given by Eq. 4.7 with AS given by Eq. 4.15. The expression Y (m) gives
the sum of the FWM efficiencies of all accounted FWM products at the m-th OFDM subcarrier
of the worst band. When evaluating the FWM power in the worst band, the value of [—(I' + p')]
identifies the frequency slot in which the VC with frequency vy is located. Moreover, when
evaluating T (m) for g > 0 and p # 0, a condition that depends on the value of |l 4+ p/| has to
hold. This condition is given by:

Vo) # (g + Nppn - PEHD (4.18)

with n = {1,2,...,(Ng — 1)/2} and » = {0,1,...,9 — 1}. The condition shown in Eq. 4.18
guarantees that the FWM products are evaluated considering that some frequency slots are

being used as CGs, that is, slots without transmitting an OFDM band.

4.3 Numerical results and discussion

In this section, the TM validation is performed by comparison with the NS results for different
number of fibre spans, CGs and number of WDM channels. A UD band spacing of 3.125 GHz and
10 Gb/s data rate per band are considered. The maximum allowed average power of the worst
pair band-VC obtained with the TM and STM are compared considering SSMF transmission.
The UBPLs of the VC-assisted MB-OFDM DD metro network provided by both methods are
obtained for different number of fibre spans and CGs. The DD-SSB-MB-OFDM metro network

employed in this chapter to evaluate the FWM impact on the system performance is similar to
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the one presented in section 2.4. The main differences are the following: 1) each node is directly
connected to the optical network unit (ONU), that is, optical distribution network (ODN) losses
are not considered; 2) to focus the analysis on the performance degradation induced by the FWM
effect, optical and electrical noise are neglected; and 3) the performance degradation induced by

the reconfigurable optical add-drop multiplexers (ROADMS) cascade is assumed negligible.

The EVM is the figure of merit used to assess the system performance. 300 OFDM information
symbols are transmitted and used for EVM evaluation. Although in a deployed system, this
number of information symbols can be much higher, there was no advantage of increasing it in
the numerical simulations, as it would lead to similar performance results. The EVM in dB of
a certain OFDM band, EV M 4, results from the sum of two different contributions: the EVM
not impaired by the fibre nonlinearity (EV Mi,) and the EVM impaired by the fibre nonlinearity
(EV Mxyy,). This relation can be written as:

(4.19)

EV M EV My, )

EVMgg = 10logy, (1010 1107

where EV Mt, and EV Myg, are expressed in dB. The EV Mj, includes impairments such as
the distortion induced by the imperfect SSB-MB-OFDM signal generators and the imperfect
filtering performed by the BS. From [89], the EVM corresponding to an average bit error ratio
(BER) of 3.8 x 1073 (7% FEC [90]) is approximately —18.2 dB for cross 32-quadrature amplitude
modulation (QAM) systems. If a maximum of 2 dB for the EVM penalty due to fibre nonlinearity
is assumed, EV M, = —20.2 dB is obtained, which gives EV My, < —22.5 dB in order to
guarantee that the BER threshold is not surpassed. Thus, the maximum allowed EVM due to
fibre nonlinearity, or threshold EVM, is —22.5 dB.

4.3.1 System parameters

The MB-OFDM signal parameters are summarized in Tab. 4.2. Only the FEC overhead is
accounted in the overall bit rate of each band. The SSMF parameters used in the simulation
are shown in Tab. 2.2. The length of each SSMF span is 40 km, leading to an effective length
L, of 18.3 km.

A modulation index of 5% is employed [9]. As shown in Eq. 4.14 and Eq. 4.16, the maximum
allowed average power limited by the FWM effect is affected by the VBPR. However, in this
chapter, the VBPR is set to 9 dB rather than being optimized to minimize the FWM power. This

VBPR value is selected due to the convergence requirements of the SSBI mitigation algorithm
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Table 4.2: MB-OFDM signal parameters.

Overall bit-rate per band, Ry, [Gb/s] 10.7
FEC overhead [%] 7
Pre-FEC BER 3.8 x 1073
Data bit-rate per band, Ry [Gb/s] 10
Band spacing, Af, [GHz] 3.125
Number of subcarriers per OFDM band, N, 128
QAM mapping order 32
OFDM symbol duration, t, [ns] 59.8
Cyclic prefix (CP) duration [ns] (= t5/Ns.) 0.47
Bandwidth of each OFDM band, B,, [GHz] 2.14
Subcarrier spacing, A fs. [MHz] (= 1/t5) 16.7
VBG [MHz] (= 3Afse) 50.1
BG [MHz] 985

which operates adequately only for VBPR > 7.5 dB for cross 32-QAM [63]. The BS is optimized
in terms of central frequency and bandwidth for each pair band-VC. The BS central frequency
is equal to the central frequency of each pair band-VC and the BS -3 dB bandwidth is 400
MHz larger than the bandwidth of the OFDM band. These BS optimization values ensure that

crosstalk from neighbouring bands is negligible.

4.3.2 Validation of the theoretical methods

In this section, the TM is validated by comparison with the NS results considering SSMF
transmission. The EVMs obtained from the TM are evaluated using Eq. 4.12. After validation,
the maximum allowed average powers of the worst pair band-VC obtained with the TM and
the STM for high-dispersion fibres (such as the SSMF) are compared. The STM-estimated
average powers are assessed using Eq. 4.16. The maximum average power level per optical
channel corresponding to the threshold EVM, hereafter defined as the threshold average power
(TAP), is also evaluated in this section for an UDWDM network with different number of optical
channels and different number of SSMF spans. In this section, the EVMs obtained from the
TM result from adding the theoretical FWM EVM estimates (EV Myy,) and the EVM of the
MB-OFDM system in back-to-back operation obtained through NS (EV Mi, = —32.3 dB). With
EV M;, = —32.3 dB, the threshold EVM (—22.5 dB) is reached for EV Myp, ~ —23.0 dB.

The validation of the TM and STM is accomplished for a metro network with a maximum of
6 spans, a span length of 40-km, and a maximum CG of 10.31 GHz (CG with g = 3). In
Appendix G and in [70], it was shown that the efficiency of the nonlinear effects depends on the

time-delay between the signals of different bands at the input of the first span. Considering the
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results obtained in Appendix G, 16 independent non-synchronized signal runs are generated in
the simulation process and the average EVM over all runs is evaluated. For each signal run,
random delays between different bands and different channels, and random binary sequences
for each band are considered to ensure that the bands are decorrelated inside each channel and

between channels. The final EVM is obtained by averaging over the EVMs of the different runs.

Fig. 4.5 shows the EVM obtained from the TM and by NS as a function of the average power at
the SSMF input for the third-band. A single MB-OFDM signal with 5 bands is transmitted over
1, 3 and 6 spans. This analysis allows identifying the EVM discrepancies between the TM and
NS results in single-channel transmission and to confirm if the VC-band-band FWM products
can be neglected, as assumed by the TM derived in section 4.2.2. Fig. 4.5 shows that the TM
provides good estimates for the EVM obtained with NS. The EVM difference does not exceed 1
dB for EVMs below the threshold EVM. Two different effects contribute to this discrepancy: i)
the non-null uncertainty of the EVM convergence process after performing the average over the
independent signal runs; and ii) the neglected contribution of the VC-band-band FWM products.
The small EVM discrepancy not exceeding 1 dB suggests the VC-band-band products can be

neglected while maintaining acceptable accuracy of the EVM estimation.

Using the STM given by Eq. 4.14, which considers the FWM power estimation given by Eq. 4.13
obtained with a FWM efficiency of one, the TAP of a single channel with 5 bands is 2.9, -1.9 and
-4.9 dBm for 1, 3 and 6 spans, respectively. Compared with the TM, these results correspond to
a TAP discrepancy of 0, 0.5 and 1.2 dB for 1, 3 and 6 spans, respectively. These discrepancies
are due to the FWM efficiency reduction caused by the higher level of accumulated dispersion

when the number of spans increases.
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Figure 4.5: EVM of the third-band of a single-channel MB-OFDM signal as a function of the average
power at the SSMF input. TM (empty symbols) and NS (filled symbols) results are shown. Transmission
along 1 (triangles), 3 (squares) and 6 (circles) spans is considered.

Fig. 4.6 shows the power spectral density (PSD) before and after nonlinear transmission of a
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single-channel MB-OFDM signal with 5 bands, for a performance level close to the threshold
EVM (single-span transmission and average power at the SSMF input of 3 dBm are considered).
Fig. 4.6 shows the FWM products (VC-VC-VC and VC-VC-band) appearing around the signal
spectra. Some in-band VC-VC-VC and VC-VC-band FWM products (which cannot be seen in
the spectra of Fig. 4.6 but are similar to the ones that can be seen around the signal spectra)
overlap in frequency with the VCs and OFDM bands, respectively. These in-band FWM prod-
ucts are responsible for the performance degradation with the increase of the fibre nonlinearity
effect. Inset of Fig. 4.6 illustrates the spectra of the three different types of VC-VC-band FWM
products identified in section 4.2.2. Each one of these products has a bandwidth equal to the
bandwidth of a OFDM band. The higher power level observed in the inset [marked as (b)]
results from the superposition of the three VC-VC-band FWM products.
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Figure 4.6: Optical spectra before (grey) and after (black) single-channel MB nonlinear transmission
along 1 span, with average power at the SSMF input of 3 dBm.

Fig. 4.7 shows the EVM evaluated from the TM and obtained by NS as a function of the
average power at the SSMF input per WDM channel. Results of the third-band of the first-
channel (edge channel) and of the third-band of the fifth-channel (centre channel) are shown. A
WDM MB-OFDM signal with 9 channels (N, = 9) and 5 bands per channel is considered. The
transmission is performed along 1, 3 and 6 SSMF spans and two different CGs are considered
(see Eq. 4.1): CG with ¢ = 0 (minimum CG: CG = BG — VBG = 0.935 GHz) and CG with
g=3(CG=3-Afy+BG—VBG = 10.31 GHz). This analysis aims at evaluating the accuracy
of the TM to describe the FWM degradation in multi-channel operation. Four main conclusions
can be drawn from inspection of Fig. 4.7. (i) For higher number of spans and higher CGs, that
is, for lower FWM efliciency, the EVM estimates obtained from the TM show lower discrepancy
when compared with the EVM estimates obtained with NS. (ii) The third-band of the centre
channel presents worse performance results than the third-band of the edge channel. This is due

to the higher number of VC-VC-band FWM products falling in the bands of the centre channel
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when compared with the bands of other channels. When comparing the TAPs obtained for the
third-band of the centre channel and the edge channel, the difference does not exceed 1 dB.
(iii) When comparing the EVM results obtained from the TM and by NS, the discrepancies for
EVMs below the threshold EVM do not exceed 0.9 dB for 1 span, 0.5 dB for 3 spans and 0.3 dB
for 6 spans. This means that the error of the method decreases for systems with several spans,
which is the case of real networks. (iv) Increasing the CG from 0.935 GHz (g = 0) to 10.31 GHz
(9 = 3), which sacrifices spectral efficiency, allows for a TAP increase close to 2 dB for 1 span

and 1 dB for 6 spans.
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Figure 4.7: EVM evaluated from the TM (empty symbols) and NS (filled symbols) as a function of
the average power at the SSMF input per WDM channel, for the third-band of the first-channel (n = 1)
employing a CG with (a) g = 0 and (b) g = 3, and for the third-band of the fifth-channel (n = 5) with
(¢) g =0and (d) g =3. A WDM-MB-OFDM signal with 9 channels (N, = 9) with 5 bands each is
transmitted along 1 (triangles), 3 (squares) and 6 (circles) SSMF spans. The black line at EVM = —22.5
dB indicates the threshold EVM.

Fig. 4.8 shows the TAP of the worst pair band-VC as a function of the total number of trans-
mitted WDM channels (5 bands per channel) of a metro network with 1, 3 and 6 spans. The
TM, STM and NS results are compared for two different CGs: CG with ¢ = 0 and with g = 3.
Fig. 4.8 shows that good TAP estimates are obtained with the TM. The TAP discrepancy be-
tween the TM-estimated and NS-estimated TAPs is around 0.6 dB for one SSMF span, and is
negligible for 3 or 6 spans. Fig. 4.8 also shows that the STM results provide a TAP discrepancy
not exceeding 1 dB when compared with the TAP evaluated with the TM. About 0.7 dB of the
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average power discrepancy is due to the neglected contribution of the DG and NDG1-type prod-
ucts. The remaining average power discrepancy (not exceeding 0.3 dB) is from having A = 7
and not A = (N; — 1)/2. This small discrepancy with A = 7 indicates that it gives a good
approximation of the average power with a higher number of WDM channels and for different
number of spans and channel gaps. Inspection of Fig. 4.8 reveals also that, when increasing
the number of WDM channels from 13 to 17, the TAP reduction does not exceed 0.1 dB. For
this reason, the TAP obtained with the transmission of 17 optical channels is considered a tight
estimate of the power limit, which can be considered as the TAP for a network with a very
high channel count. Henceforth, the TAP estimate with 17 optical channels is referred to as the

UBPL.
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Figure 4.8: Threshold average power of the worst pair band-VC as a function of the number of WDM
channels (5 bands per channel). TM (empty symbols with continuous lines), STM (empty symbols with
dashed lines), and NS (filled symbols) results are shown for propagation along (a) 1, (b) 3 and (c) 6
SSMF spans and for CGs with ¢ = 0 (symbols v, O and O) and g = 3 (symbols A, ¢ and ¥%).

4.3.3 Upper bound for the power limit

In this section, to extend the analysis of section 4.3.2, the UBPL is evaluated using the TM and
STM for up to 10 SSMF spans and for CGs up to 22.81 GHz (CG with ¢ = 7). An UDWDM
MB-OFDM signal with 17 optical channels, each one with 5 bands (net bit rate of 50 Gb/s per
WDM channel) is considered to obtain the UBPL.

Fig. 4.9 shows the UBPL as a function of the CG, for the worst pair band-VC, with transmission
along different number of spans and using the TM and the STM. Fig. 4.9 also shows the net
spectral efficiency for the considered CGs. The net spectral efficiency is defined as the ratio
between the net bit rate per WDM channel and the channel spacing. Two main conclusions
can be drawn from the results of Fig. 4.9. (i) Due to the reduction of the FWM efficiency, the

UBPL increases for higher CGs. Increasing the CG leads to a higher frequency spacing between
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Figure 4.9: Upper bound of the power limit as a function of the CG, for the worst pair band-VC.
Results using the TM (empty symbols) and STM (filled symbols) are shown. Transmission along 1 (0),
2 (A), 3 (0), 6 (O) and 10 (%) spans is considered. The net spectral efficiency for each considered CG
is also shown.

different bands of different channels, as shown in Fig. 4.2. The UBPL improvement obtained
when increasing the CG is lower with the increase of the number of spans. As an example,
increasing the CG from 0.935 GHz to 22.81 GHz results in an UBPL increase that exceeds 2
dB for 1 span and does not exceed 1.5 dB for 10 spans. (ii) The STM provides UBPLs not
exceeding 1 dB from the UBPL obtained with the TM, for all the number of spans and channel

gaps considered.

Through a compromise between the UBPL and the net spectral efficiency, a good CG from the
fibre nonlinearity viewpoint is when g = 3 (CG ~ 10.3 GHz). This CG ensures a high net
spectral efficiency (> 2 bit/s/Hz). A CG with g = 3 enables the transmission along 1 span with
a TM-estimated UBPL of —1.3 dBm. With 10 spans, the TM-estimated UBPL decreases to
—6.3 dBm (5 dB reduction).

4.4 Conclusions

In this chapter, a TM to evaluate the FWM power in UDWDM VC-assisted MB-OFDM systems
using DD has been presented assuming that the VC-VC-band FWM products are dominant
over other FWM-induced products. A simplified TM to obtain the FWM power for MB-OFDM
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systems with high-dispersion fibre, where only part of the FWM products of the type NDG2 are
considered, has been derived to relax the computation complexity of the FWM power evaluation.
A closed-form expression for the FWM power in MB-OFDM systems employing low-dispersion
fibre has been also proposed. Analytical expressions for the maximum allowed average power of
the worst pair band-VC at the fibre input in VC-assisted DD-MB-OFDM systems, for a given
EVM impaired by FWM, have also been derived.

The TM and STM validation has been performed considering an application scenario with band
spacing of 3.125 GHz and 10 Gb/s data rate per OFDM band. It has been shown that the
TM provides good performance estimates of the FWM-induced degradation. The discrepancy
between the NS-estimated and TM-estimated TAPs is close to 0.5 dB with 1 SSMF span, and
is negligible for 3 or 6 spans. When compared with the NS results, the STM-estimated TAP
provides a discrepancy that may achieve 1.5 dB. However, for the scenarios of main interest in
which the number of spans is higher than one, the discrepancy does not exceed 1 dB. Using the
TM and STM, an UBPL is obtained for an arbitrary number of SSMF spans and CGs. Thus,
the proposed methods can be employed as powerful tools to obtain an estimate of the power

limit of WDM VC-assisted DD-SSB-MB-OFDM systems limited by the FWM effect.
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Chapter 5

Improving the FWM tolerance of
V(C-assisted DD-MB-OFDM schemes

5.1 Introduction

The study presented in chapter 4 and the work reported in [36] have shown that the system per-
formance of direct-detection (DD)-multi-band (MB)-orthogonal frequency-division multiplexing
(OFDM) networks is remarkably impaired by the four wave mixing (FWM) effect due to the
existence of several tight-spaced OFDM subcarriers and virtual carriers (VCs) that origin a
considerable amount of FWM products. This effect constrains the tolerance of these systems to

the fibre nonlinearity, and thus, imposes a maximum optical power launched into the fibre.

Several techniques were proposed in the last years to relax the fibre nonlinearity impact on
the performance of OFDM-based systems [47,62,91-99]. Most of these techniques focused on
relaxing the impact of fibre nonlinearity in OFDM-based systems employing coherent-detection.
In the scope of DD-OFDM-based systems, only a few techniques were reported. In [62], the
fibre nonlinearity tolerance in a 10 Gb/s single sideband (SSB) DD-OFDM system was increased
using a peak-to-average power ratio (PAPR) reduction technique based on symbol precoding.
A bit error ratio (BER) improvement of 2 orders of magnitude after the propagation along
75 km of standard single mode fibre (SSMF) was shown. In [98], it was demonstrated that
phase-conjugated twin-waves can be used in DD-OFDM systems to increase the tolerance to
fibre nonlinear impairments. A BER improvement of 2 orders of magnitude was shown in a 5
Gb/s DD-OFDM system, leading to a 4 dB increased tolerance in the received optical power.

Another technique for increasing the fibre nonlinearity tolerance was presented in [99], which

83



5. IMPROVING THE FWM TOLERANCE OF VC-ASSISTED DD-MB-OFDM SCHEMES

used a PAPR reduction technique based on the transmission of a constant envelope signal in a 10
Gb/s DD-OFDM system. A BER improvement of 3 orders of magnitude after the propagation
along 960 km of SSMF was shown. The works reported in [62,98,99] were developed considering

single-band transmission.

The impact of the FWM effect on the performance of wavelength division multiplexing (WDM)
DD-MB-OFDM systems employing a VC-assisted DD-MB-OFDM scheme was extensively stud-
ied in chapter 4. It was shown that FWM is dominant over other fibre nonlinear effects such as
self phase modulation (SPM) or cross phase modulation (XPM). In chapter 4, the distribution
of the VCs and OFDM bands in the frequency domain was not optimized. By optimizing the
distribution of the OFDM bands and VCs in VC-assisted DD MB-OFDM systems, a reduction
of the impact of the FWM products on the system performance is expected.

In this chapter, VC-assisted DD MB-OFDM schemes with high tolerance to the FWM effect
are proposed. These schemes are selected from a set of alternative MB-OFDM schemes chosen
with high potential to increase the tolerance to the FWM effect. The increase of the number of
users potentiated by relaxing the impact of the FWM effect on the proposed VC-assisted DD

MB-OFDM metro-access network is also assessed.

This chapter is structured as follows. In section 5.2, the limits and compromises when designing
new VC-assisted schemes are analysed and discussed. In section 5.3, the performance results
of the WDM metro-access network employing the new VC-assisted MB-OFDM schemes are
assessed. The power budget (PB) improvements provided by these new schemes are also shown.

In section 5.4, the main conclusions are summarized.

The work presented along this chapter is also published in [64].

5.2 VC(C-assisted DD-MB-OFDM schemes

5.2.1 Design of VC-assisted schemes

In a VC-assisted DD-MB-OFDM scheme, each OFDM band is assisted by one VC for detection
at the receiver side and each band is dedicated to a given user of the access network. The
VCs can be located near the OFDM subcarrier with lowest or highest frequency. To relax the
bandwidth requirements of the receiver front-end, a small virtual carrier-to-band gap (VBG)

is required [9]. However, a small VBG leads to significant performance degradation due to
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the signal-signal beat interference (SSBI) [9]. SSBI can be efficiently mitigated with an iterative
digital signal processing (DSP) algorithm [36], techniques based on Volterra inverse theory [100],
linearisation filters [101] or using the Kramers-Kronig scheme [101]. All these techniques require

a high virtual carrier-to-band power ratio (VBPR) (> 6 dB) to operate adequately.

So far, the design of VC-assisted DD MB-OFDM systems has been accomplished using the VC
near the OFDM subcarrier with highest frequency [9,35-37,76,102]. Hereafter, the signal scheme
where the VC is located near the OFDM subcarrier with highest frequency for all pairs band-VC
is referred to as the baseline scheme. Fig. 5.1 depicts the WDM signal spectrum together with
the MB-OFDM signal employing the baseline scheme. For the baseline scheme, the channel
bandwidth (CB) is given by CB = (Np — 1)Av,,, + By, + VBG, and the channel gap (CG) by
CG = gAv,, + BG — VBG, where Np corresponds to the number of OFDM bands per WDM
channel, g is the number of empty frequency slots occupied by the CG, Av,, is the width of each
frequency slot, B,, corresponds to the OFDM signal bandwidth and BG is the band gap. With
Av., = CB 4+ CG, the channel spacing can be written as Av., = (N + g)Avy,. Moreover, Avy,

can be expressed as Ay, = B, + BG.

CG
Channel 1] Channel 2| ChaTereI Cr}%n:d (@)
(&
1 :V —

0 CB \: CB:(NB —1)Al/m +B,+VBG
AVCh:CB+CG |CG:gAVm+BG_VBGHAVch:(NB +g)AVm|

Channel n with baseline scheme  r==—r—- o
I(b) vC1 VC2  VCNg ||B, - OFDM signal bandwidth
: A Au, 4 B 1 |CB = WDM channel bandwidth
1 VBG nY s 1 |CG - channel gap
[ M I Av,, - channel spacing
: Band[”|BG [Band Band : Avy, — frequency slot width
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1 — Jns | INen, — number of WDM channels

V—U ch
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Figure 5.1: (a) WDM signal spectrum. (b) MB-OFDM signal using the baseline scheme.

In VC-assisted DD-MB-OFDM systems, the dominant FWM products result from the mixing
between three VCs (VC-VC-VC products) and from the mixing between two VCs and an OFDM
band (VC-VC-band products) [37]. By using frequency slots for each OFDM band and corre-
sponding VC (pair band-VC) with the same bandwidth along the WDM channels and by setting
the frequency difference between different VCs as a multiple of Av,,, the VC-VC-VC products
do not interfere with the OFDM subcarriers [37]. In this situation, the VC-VC-band products

become the dominant FWM-induced impairment.
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In this work, the design of the new VC-assisted schemes considers that: (i) all frequency slots
have the same width Av,,, which can be either 3.125 GHz or 6.25 GHz; (ii) the VBPR is the
same for all pairs band-VC; (iii) the OFDM bands have the same bandwidth; (iv) each WDM
channel comprises Ng OFDM bands and N VCs with Np = 4; (v) the relative frequencies of
the bands and VCs from different channels are the same; (vi) the filter for band-VC selection
is an ideal brick-wall shaped optical filter; and (vii) the capacity delivered to each user by each

band is 10 Gb/s (with Av,, = 3.125 GHz) and 25 Gb/s (with Ay, = 6.25 GHz).

In [37], it was shown that the performance of VC-assisted ultradense wavelength division mul-
tiplexing (UDWDM) DD MB-OFDM systems with high channel count is impaired mainly by
the VC-VC-band FWM products. The properties of the new VC-assisted schemes are similar
to the ones of [37], that is, the new VC-assisted schemes continue to present densely-packed
OFDM bands and VCs, and WDM transmission with high-channel count. For this reason, in
this chapter, the performance of the new VC-assisted schemes is evaluated from their tolerance

to the VC-VC-band FWM products.

MB-OFDM schemes with VCs close to the OFDM subcarrier with lowest and highest frequency
are analysed. A pair band-VC with the VC located near the subcarrier with lowest frequency
is referred to as a L-pair, and a pair band-VC with the VC located near the subcarrier with
highest frequency is referred to as a H-pair. Using this notation, the baseline scheme shown
in Fig. 5.1 with 4 bands per channel can be represented as {H,H,H,H}. MB-OFDM schemes
comprising a slot with a H-pair followed by another slot with a L-pair are not allowed unless
an empty slot with width Ay, is placed in-between. This ensures that the minimum frequency
gap between the two VCs of the H-pair and L-pair is Av, (requirement to avoid interference
from the VC-VC-VC products). Fig. 5.2 depicts the schemes {L,H,LLH} and {L,H,E,L,H} to
exemplify the difference of having or not an empty slot with width Av,, between a H-pair and

a L-pair. E-slot represents an empty slot with width Av,,.

Av < Avy,

1 2xAv, “T“ 2xAvm 4V 1 2xAv,, YAVE 2xAvn 4

L H IL H IL HI|l E IL H

n
»

v

|Scheme not allowed| |Scheme allowed|

Figure 5.2: Schemes {L,H,LLH} and {L,H,E,L,H}. Slot E represents an empty slot with width Aw,,.

The main goal of these new MB-OFDM schemes is to find the scheme with the highest FWM

tolerance while maintaining the same spectral efficiency. The spectral efficiency depends on
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the channel spacing Av.y, which in turn depends on the CB and the CG. By varying the CB
and CG while maintaining the same number of transmitted bands per WDM channel, different
spectral efficiencies are obtained. In the new VC-assisted schemes, MB-OFDM schemes with
three different CB classes are considered: minimum CB, medium CB and maximum CB. In the
minimum CB class, the slots within each channel are all occupied with pairs band-VC. In the
medium CB class, one slot is empty in-between the slots occupied with pairs band-VC, which
means that the CB occupies Np + 1 slots. In the maximum CB class, two slots are empty
(contiguous or not) in-between the occupied slots, which means that the CB occupies Np + 2
slots. Parameter ¢ indicates the number of slots inside the WDM channel that are not occupied
with OFDM bands (§ = 0 for minimum CB, § = 1 for medium CB, and ¢ = 2 for maximum
CB). The channel spacing of the new VC-assisted MB-OFDM schemes can then be written as
Ave, = (Np + g + 0)Avy,. Note that, as Np, g and § are integer numbers, the channel spacing
is multiple of Av,,. Hence, the spectral efficiency of the WDM MB-OFDM signal, 7, is given

by
_ NsRy  Np Ry
T Aves,  Np+g+0Au,

(5.1)

where R, is the data rate of each OFDM band and the ratio Ry/Av,, is the spectral efficiency
of each OFDM band.

Tab. 5.1 shows the spectral efficiencies for the VC-assisted MB-OFDM schemes considering dif-
ferent CBs and CGs, with Ng = 4, for the two different scenarios considered in this work:
Avp, = 3.125 GHz with R; = 10 Gb/s, and A, = 6.25 GHz with R4y = 25 Gb/s. These archi-
tectures correspond to WDM channels with a data-rate capacity of 40 Gb/s and 100 Gb/s. Only
the cases with spectral efficiencies greater or equal to half of the maximum spectral efficiency
are shown in Tab. 5.1. The maximum spectral efficiency (3.2 bit/s/Hz for Av,, = 3.125 GHz
and 4 bit/s/Hz for Ay, = 6.25 GHz) are achieved with ¢ = § = 0 and with the baseline scheme.
In schemes other than the baseline, ¢ = 0 should be avoided as it could lead to a frequency gap
of less than Ay, between the last VC of channel n and the first VC of channel n + 1. Tab. 5.1
shows that, to maintain the spectral efficiency for different schemes, a compromise between 9

and ¢ is needed.

When the frequencies of the VCs are maintained, changing the VBG influences the frequency
location of the OFDM bands and thus, is expected to influence the frequency location and
efficiency of the VC-VC-band products. A wide range of VBGs can be chosen for each pair
band-VC. However, some pairs are restricted to small VBGs (VBG < B,,). These pairs are the

ones that have bands surrounded by two VCs separated by A, (one is the VC of interest and the
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Table 5.1: Spectral efficiencies [bit/s/Hz] for the VC-assisted MB-OFDM schemes considering different
CBs and CGs, with N = 4, for two different scenarios: Av,, = 3.125 GHz with R; = 10 Gb/s, and
Av,, = 6.25 GHz with Ry = 25 Gb/s.

Ry; =10 Gb/s Baseline Min. CB Med. CB | Max. CB
Av,, = 3.125 GHz (6 =0) (6=0) (0=1) (0 =2)
CG with g =0 3.20 n/a n/a n/a
CG with g =1 2.56 2.56 2.13 1.83
CG with g =2 2.13 2.13 1.83 1.60
CG with g =3 1.83 1.83 1.60 < 1.60
CG with g =4 1.60 1.60 < 1.60 < 1.60
Rg =25 Gb/s Baseline Min. CB Med. CB | Max. CB
Av,, = 6.25 GHz (6 =0) (6=0) (0=1) (6=2)
CG with g=0 4.00 n/a n/a n/a
CG with g =1 3.20 3.20 2.67 2.29
CG with g =2 2.67 2.67 2.29 2.00
CG with g =3 2.29 2.29 2.00 < 2.00
CG with g =4 2.00 2.00 < 2.00 < 2.00

other is an unwanted VC from a neighbouring pair which causes crosstalk after photodetection if
not sufficiently filtered by the optical filter): L-pair followed by a L-pair, and the H-pair preceded
by a H-pair. Let us consider the case with two consecutive L-pairs. This case is illustrated in
Fig. 5.3, where it is assumed non-ideal filtering for illustrative purposes. The two consecutive
L-pairs are shown before and after filtering, when the VBG of first L-pair is increased in a
way that the first band is near the VC of the second pair. If the VBG of the first L-pair is
increased in a way that the first band is near the VC of the second pair, the following occurs: 1)
when selecting the first pair, to avoid filtering considerably the first band, the second VC is not
sufficiently filtered; 2) when selecting the second pair, to avoid filtering considerably the second
VC, the first band is not sufficiently filtered. Both cases origin crosstalk after photodetection

which will considerably affect the performance.

After filtering the
first pair, VC 2 is not
sufficiently filtered

After filtering the
second pair, band 1

is not sufficiently
filtered

Figure 5.3: Two L-pairs before and after filtering, with the first band near the VC of the second pair.
Non-ideal filtering is assumed for illustrative purposes.
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5.2.2 New VC-assisted schemes

In this section, a set of possible VC-assisted MB-OFDM schemes with minimum, medium and
maximum CB are shown. For each CB class, a scheme is chosen to illustrate the number
of VC-VC-VC and VC-VC-band products and the FWM power. Each one of the VC-VC-band
products interfering with the OFDM subcarriers, weighted by the corresponding FWM efficiency,
will contribute to the FWM power that affects the performance of the OFDM bands.

From the three different types of VC-VC-band FWM products only the non-degenerate (NDG)-
type products are shown in this section. Additionally, the normalized FWM power is also
shown. The normalized FWM power at a given frequency consists on the sum of the FWM
efficiencies from the NDGI1-type and NDG2-type products at that frequency [obtained from
Eq. 4.9 and Eq. 4.10, respectively] multiplied by 4 (square of the degeneracy factor of the NDG
products) [37]. The normalized FWM power is assessed in this section considering slots with
Avy, = 3.125 GHz. A network with reach of 360 km separated evenly by 9 SSMF spans (each
with 40-km length) is considered. The SSMF parameters at the wavelength of 1550 nm are
shown in Tab. 2.2.

To analyse the impact of changing the VBG on the FWM power in the new VC-assisted schemes
which employ Av,, = 3.125 GHz, two different VBGs are considered: VBG1 = 2-Afs. = B,,/64
(small VBG) and VBG2 = 32- Afs. = By, /4 (large VBG), where Af,. is the OFDM subcarrier
spacing. With these VBGs, two different configurations are considered. (i) Minimum VBG
configuration: all pairs of all schemes have a VBG equal to VBGI1. (ii) Relaxed VBG config-
uration: VBGI1 is employed only for L-pairs followed by a L-pair and H-pairs preceded by a
H-pair; the other pairs employ VBG2. The baseline scheme considers only the minimum VBG
configuration, to stay in accordance with what was presented in chapter 4. To avoid increasing
substantially the bandwidth of each pair (bandwidth of the OFDM band plus the VBG), and
thus, the OFDM receiver bandwidth, VBG2 was limited to 25% of the OFDM band width.

Minimum CB

Let us consider that all slots inside the WDM channel are occupied with pairs band-VC. With 4
bands per channel, 5 schemes remain (from a total of 16 different schemes) after excluding the
ones having a H-pair followed by a L-pair. One is the baseline scheme ({H,H,H,H}) and four
are new schemes: {L,L,L L}, {L,L,L,H}, {L,L,HH} and {L,H,HH}. Fig. 5.4 illustrates these

new schemes.
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Figure 5.4: Examples of schemes with minimum CB: (a) {L,L,L,L}, (b) {L,L,L,H}, (¢) {L,L,H,H}, and
(d) {L,H,H,H}.
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Fig. 5.5(a) and Fig. 5.5(b) show the number of VC-VC-VC products and VC-VC-band products
NDG1 and NDG2 around the third channel for the scheme {L,L,HH}, with the minimum and
relaxed VBG configurations, respectively. Transmission of 5 channels with a CG with g = 4
is considered in both configurations to achieve a spectral efficiency of 1.6 bit/s/Hz. For the
relaxed VBG configuration, the first and fourth bands employ VBG1 and the second and third
bands employ VBG2. Through analysis of Fig. 5.5(a) and Fig. 5.5(b), three main conclusions
are drawn. (i) Changing the VBG influences significantly the distribution of the VC-VC-band
products inside the OFDM bands. (ii) The VC-VC-VC products do not interfere with the
OFDM bands for both configurations and are not influenced by the VBG variation. (iii) For the
scheme {L,L,H,H}, the number of NDG2-type products is greater than the number of NDG1-type

products. This conclusion holds also for the other schemes with minimum CB under analysis.

{L,L,H,H} = min. VBG conf. {L,L,H,H} - relax. VBG conf.
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Figure 5.5: Number of VC-VC-VC products () and VC-VC-band products NDG1 (light grey) and
NDG2 (dark grey) around the third channel for the scheme {L,L,H,H} with the (a) minimum and (b)
relaxed VBG configurations. Transmission of 5 channels with g = 4 is considered in both configurations.
The spectral location of the subcarriers (dots) and VCs (x) is also shown as a reference (it is not related
with the number of FWM products or the normalized FWM power). Normalized FWM power with the
(¢) minimum and (d) relaxed VBG configurations, together with the spectral location of the subcarriers.

Fig. 5.5(c) and Fig. 5.5(d) show the normalized FWM power for the scheme {L,L . HH}, with
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the minimum and relaxed VBG configurations, respectively. Comparing between the number of
FWM products and the normalized FWM power for both configurations reveals that a higher
number of VC-VC-band products does not mean necessarily that a higher FWM power is ob-
served. Moreover, it shows that FWM products with the highest power are the ones closer to the
VCs. In addition, comparison between Fig. 5.5(c) and Fig. 5.5(d) reveals that the VBG increase
experienced by the second and third pairs allows to reduce significantly the FWM power falling
on the OFDM bands of those pairs.

Medium CB

For channels with 4 bands, and excluding the ones having a H-pair followed by a L-pair, 25
different schemes with medium CB can be designed. These schemes are obtained considering all
different combinations of L, H and E, with exception of the combinations in which the E-slot
is located in the edges of the channel. Schemes with the E-slot in the first or last slots are not
considered as they would only increase the CG. Fig. 5.6 depicts 4 different examples of schemes

with medium CB: {L,E,L,H,H}, {L,H,E,L,H}, {L,.L,E,;H,H}, and {L,L,H,E,H}.

b
t2xav, b axav, AumT(a $ 2xAv, bavad 23 A0, T( )

-, R

TAVmT 3X AU, TAum TAI/mtzxAVmT,ZxAV 1()

Figure 5.6: Examples of schemes with medium CB: (a) {L,E,L,H,H}, (b) {L,H,E,L H}, (¢) {L,L,E.HH},
and (d) {L,L,H,E,H}.

B Ty L LT R

Fig. 5.7(a) and Fig. 5.7(b) show the number of VC-VC-VC products and VC-VC-band products
NDG1 and NDG2 around the third channel for the scheme {L,H,E,L,H}, with the minimum and
relaxed VBG configurations, respectively. Transmission of 5 channels with a CG with g = 3 is
considered in both configurations. For the relaxed VBG configuration, all bands employ VBG2.
Comparison between Fig. 5.7(a) and Fig. 5.7(b) show that the increase of the VBG redistribute
the VC-VC-band products in a way that more products are interfering with the subcarriers
closer to the VCs and that almost all subcarriers are impaired by the same number of products.
Furthermore, the number of NDG2-type products continues to be higher than the number of
NDGI1-type products.
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Figure 5.7: Number of VC-VC-VC products (¢) and VC-VC-band products NDG1 (light grey) and
NDG2 (dark grey) around the third channel for the scheme {L,H,E,L, H} with the (a) minimum and (b)
relaxed VBG configurations. Transmission of 5 channels with g = 3 is considered in both configurations.
The spectral location of the subcarriers (dots) and VCs (x) is also shown as a reference (it is not related
with the number of FWM products or the normalized FWM power). Normalized FWM power with the
(¢) minimum and (d) relaxed VBG configurations, together with the spectral location of the subcarriers.
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Fig. 5.7(c) and Fig. 5.7(d) show the normalized FWM power for the scheme {L,H,E,L,H}, with
the minimum and relaxed VBG configurations, respectively. Fig. 5.7(c) and Fig. 5.7(d) show
that the VBG increase allowed to reduce significantly the FWM power affecting the OFDM sub-
carriers closer to the VCs for all pairs, and that subcarriers farther away from the corresponding
VCs are impaired by lower FWM power than the subcarriers closer to the corresponding VCs.
Further investigation has shown that these conclusions hold also for the other possible schemes
with medium CB. The FWM power reduction is directly related to the reduction of the FWM
efficiency. For instance, let us consider a NDG2-type product with high FWM efficiency. From
the FWM efficiency definition [37], a product with high FWM efficiency is a product where
Avy, = v; — v, and Avj, = v — v, or both are small. Fig. 5.8 depicts an example of a NDG2-
type product with small Ay, and Avj, (Avy, = Avy,, = 3.125 GHz and Avj, = VBG). The
FWM efficiency of the product falling in frequency v, is close to its maximum for small VBGs
(on the order of tens of MHz). In this way, it is beneficial to increase the VBG to reduce the
FWM efficiency, and thus, the power of the products falling on the subcarriers closer to the
VCs.

Maximum CB

For channels with 4 bands, and excluding the ones having a H-pair followed by a L-pair, 61
different schemes with maximum CB can be designed. These schemes are obtained by considering

all different combinations of L, H and E, with the exception of the combinations in which the
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Figure 5.8: Example of a NDG2-type product with small Av;, and Avj,. The FWM product (white
arrow) falls in frequency v,.

E-slot is located in the edges of the channel. Fig. 5.9 depicts 4 different examples of schemes
with maximum CB: {L,E,L,. HE H}, {L.HEELH}, {L,E.LLE.LH}, and {L,H.E,L.EH}.
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Figure 5.9: Examples of schemes with maximum CB: (a) {L.ELHEH}, (b) {L,HEELH}, (c)
{LvaLyEaLvH}a and (d) {LaHvEJ—‘vaH}'

a

Fig. 5.10(a) and Fig. 5.10(b) show the number of VC-VC-VC products and VC-VC-band prod-
ucts NDG1 and NDG2 around the third channel for the scheme {L,E,L, H,E H}, with the mini-
mum and relaxed VBG configurations, respectively. Transmission of 5 channels with a CG with
g = 2 is considered in both configurations. For the relaxed VBG configuration, all bands employ
VBG2. Fig. 5.10 shows that, for both configurations, the number of NDG2-type products con-
tinues to be higher than the number of NDG1-type products. It also shows that changing the
VBG does not influence the number of products interfering with the OFDM subcarriers, which
is a different behaviour from what is shown in Fig. 5.5 and Fig. 5.7. Inspection of Fig. 5.10(a)
and Fig. 5.10(b) also reveal that the VC-VC-VC products only fall on top of the VCs. The
minimum frequency gap of consecutive VCs considering the whole WDM signal dictates the
minimum frequency gap of the VC-VC-VC products. For this scheme, the CG coincides with
the minimum frequency gap of consecutive VCs inside each channel (both are equal to 2- Av,,),
and the minimum frequency gap of consecutive VCs considering the whole WDM signal is also
equal to 2 - Av,,. For instance, with a CG equal to Av,,, the minimum frequency gap of the
VC-VC-VC products would instead be Av,,, even though the frequency gap between consecutive

VCs inside each channel is 2 - Avy,.
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Figure 5.10: Number of VC-VC-VC products (¢) and VC-VC-band products NDG1 (light grey) and
NDG2 (dark grey) around the third channel for the scheme {L,E,L, H,EH} with the (a) minimum and (b)
relaxed VBG configurations. Transmission of 5 channels with g = 2 is considered in both configurations.
The spectral location of the subcarriers (dots) and VCs (x) is also shown as a reference (it is not related
with the number of FWM products or the normalized FWM power). Normalized FWM power with the
(¢) minimum and (d) relaxed VBG configurations, together with the spectral location of the subcarriers.

Fig. 5.10(c) and Fig. 5.10(d) show the normalized FWM power for the scheme {L,E,L H,E H},
with the minimum and relaxed VBG configurations, respectively. Fig. 5.10(c) and Fig. 5.10(d)
show that, in a similar way to what is shown for schemes with minimum and medium CBs,
the increase of the VBG enables a remarkable reduction in the FWM power of the subcarriers
closer to the VCs, and that subcarriers farther away from the corresponding VCs are impaired

by lower FWM power when compared with the subcarriers closer to the corresponding VCs.

5.3 WDM metro-access network employing new VC-assisted

DD schemes

The metro-access network employed in this chapter is similar to the one presented in section 2.4.
To focus the analysis on the tolerance to FWM of the VC-assisted schemes, noiseless optical and
electrical amplifiers, ideal brick-wall shaped filters and negligible impact of the reconfigurable
optical add-drop multiplexer (ROADM) cascade are considered. In this section, the performance
results of the WDM metro-access network employing the new VC-assisted DD schemes are

assessed. The PB improvements provided by these new schemes are also shown.

Each OFDM band of each channel transports a bit rate of 10.7 Gb/s [10 Gb/s data rate plus 7%
forward error correction (FEC) overhead] when Av,, = 3.125 GHz, and a 26.75 Gb/s bit rate (25
Gb/s data rate plus 7% FEC overhead) when A, = 6.25 GHz. This FEC overhead enables an
almost error-free output BER with an input BER of 4-1072 [90]. Cross 32-quadrature amplitude
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modulation (QAM) mapping is employed in all the N, = 128 subcarriers of each OFDM band.
In [63], it was shown that, to ensure adequate SSBI removal, the VBPR must be 7.5 dB or
higher for 32-QAM transmission, when an iterative SSBI mitigation algorithm is employed.
In this work, for each pair band-VC, the VBPR is set to 9 dB. With 32-QAM mapping and
128 subcarriers per band, an OFDM signal bandwidth of 2.14 GHz and a subcarrier spacing,
Afsc = By/Nse, of 16.72 MHz, when Av,, = 3.125 GHz, is obtained. For slots with Av,, = 6.25
GHz, B, = 5.35 GHz and Afs,. = 41.80 MHz are obtained. With Av,, = 6.25 GHz, VBG2
cannot be the same as defined for 3.125 GHz-width slots, as it will cause frequency overlapping
between different bands. For this reason, VBG2 should be reduced and is set to half of the value
used when Av,, = 3.125 GHz: 16-Af,. = B,,/8. Tab. 5.2 shows the values of VBG1 and VBG2
for the two different frequency slot widths considered: Av,, = 3.125 GHz and Av,, = 6.25 GHz.

Table 5.2: VBGI1 and VBG?2 for different frequency slot widths.

VBG1 (small VBG) VBG2 (large VBG)
Av,, = 3.125 GHz 2 Afas 32-Afa
Av,, = 6.25 GHz, 2 Afa. 16-Afs.

With these subcarrier spacings and VBGs, the minimum bandwidth required for the OFDM
receiver (bandwidth of the OFDM band plus the VBG) does not exceed 2.18 GHz for a pair
employing VBG1, and reaches 2.68 GHz for a pair employing VBG2 (bandwidth increase of
23%), when Ay, = 3.125 GHz. For slots with Ay, = 6.25 GHz, the minimum bandwidth does
not exceed 5.43 GHz for a pair employing VBG1, and reaches 6.02 GHz for a pair employing
VBG2 (bandwidth increase of 11%).

5.3.1 VC-assisted schemes with best FWM tolerance

The performance degradation induced by the FWM effect on each OFDM band can be evalu-
ated from the FWM power falling on the OFDM subcarriers of that band. The FWM power at
a given frequency is obtained from the FWM efficiency of the VC-VC-band products that fall
at that frequency. From the FWM power, the error vector magnitude (EVM) due to FWM is
obtained [37]. In this work, the impact of the FWM effect on the performance is assessed using
the theoretical method (TM) presented in chapter 4. In chapter 4, the TM was validated by
comparison with numerical simulation of the scalar generalized nonlinear Schrédinger equation.
The main advantage of the TM is that it provides fast and accurate threshold average power
(TAP) estimates of any band, for any number of SSMF spans and for a high number of WDM

channels. In this section, TAP estimates for the pair band-VC which includes the band most
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impaired by FWM (or worst band) are presented. Two different scenarios are considered: trans-
mission of 25 WDM channels with 4 bands each (100 transmitted bands), with i) each band
delivering 10 Gb/s in a 3.125 GHz-width slot, and ii) with each band delivering 25 Gb/s in a
6.25 GHz-width slot. Transmission along N, SSMF spans is considered with N, € {3,6,9}
[Nsp — 1 spans along the metro ring and 1 span at the optical distribution network (ODN)]. Two
different lengths for each SSMF metro span, L,, are employed: 40-km and 80-km. With this,
a metro-access network with accumulated capacity of 1 Th/s with 3.125 GHz-width slots or 2.5
Tb/s with 6.25 GHz-width slots is analysed, considering a network with reach between 120 km
and 720 km. For the sake of simplicity, it is assumed that the same WDM signal travels along
the Ny, — 1 spans of the metro ring and along the ODN span. This is a pessimistic approach as
in fact only a small subset of the total number of the WDM channels travels along the ODN,
and thus, the FWM effect suffered by the small subset of WDM channels in the ODN span
is lower than the FWM effect suffered by the complete number of WDM channels. 25 WDM
channels (N, = 25), with 4 bands each, is a good representation of a very high channel count
transmission as, for 3, 6 and 9 spans, the TAP difference when increasing from 25 to 50 channels,
does not exceed 0.2 dB regardless of the VC-assisted scheme under analysis. Hereafter, the TAP
of the worst pair band-VC among all WDM channels is referred to as the upper bound of the
power limit (UBPL).

In order to assess which schemes show the best FWM tolerance, the UBPLs of all possible
combinations for the schemes with minimum, medium and maximum CB were obtained. The
spectral efficiency was maintained in 1.6 bit/s/Hz for 3.125 GHz-width slots and 2 bit/s/Hz for
6.25 GHz-width slots, and the relaxed VBG configuration was used for all schemes except the
baseline. The schemes showing the best tolerance to FWM (or highest UBPL) for the three
different CBs are: i) for the minimum CB class, scheme {L,L,H,H}, hereafter referred as scheme
A; ii) for the medium CB class, scheme {L,H,E,L H}, hereafter referred as scheme B; and iii)
for the maximum CB class, schemes {L,E,LLH,E.H} and {L,H,EEL H}, hereafter referred as
schemes C1 and C2, respectively. Fig. 5.11 illustrates the MB-OFDM schemes showing the
best tolerance to FWM for the different CB classes under analysis, together with the baseline
scheme. Note that schemes A, B and C1 were the ones analysed in detail in section 5.2.2. For
the maximum CB class, two different schemes were chosen as they present discrepancies not
exceeding 0.2 dB from the optimal UBPL in the analysed number of spans and SSMF span
lengths.

Fig. 5.12 shows the UBPLs of the different schemes (5 schemes with minimum CB, 25 schemes

with medium CB and 61 schemes with maximum CB) for the system parameters under analysis.

96



5.3. WDM metro-access network employing new VC-assisted DD schemes

B, +VBG ﬁ TAV T AumTAva Baseline

scheme
(6=0)

Scheme A (6=0) (p) Scheme B (6=1) (¢)
TAumT 2X AV, TAym I T 2X AV TAumT 2X AU, T

Rhinhc:|

Scheme C1 (6=2) (d)
TZxAl/mT2><AVmT2><AVm“ T2><Aym “2><AVmTZXAVm‘

[ [ F [E

Figure 5.11: The (a) baseline scheme, and four proposed VC-assisted MB-OFDM schemes showing the
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Schemes with higher UBPL present higher tolerance to FWM. The schemes are indexed accord-
ing to their tolerance to FWM: a higher index corresponds to a higher FWM tolerance. The
scheme with lowest index in Fig. 5.12(a) is the baseline scheme employing the minimum VBG
configuration. The schemes with highest index in Fig. 5.12(a) and Fig. 5.12(b) are schemes A
and B, respectively. The schemes with indexes 60 and 61 in Fig. 5.12(c) are schemes C1 and
C2, respectively. Similar conclusions in terms of the optimal schemes can be drawn when spans

with 80-km length are considered.
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Figure 5.12: UBPLs of the different schemes for the (a) minimum, (b) medium and (c¢) maximum CB
classes, considering slots with Av,, = 3.125 GHz and transmission along 3 (dotted line) and 9 (dash-dot
line) spans, and considering slots with Av,, = 6.25 GHz and transmission along 3 (solid line) and 9
(dashed line) spans. The length of each span is 40 km.

Tab. 5.3 presents the UBPLs for the baseline scheme and schemes A, B, C1 and C2 using
the minimum and relaxed VBG configurations, as a function of the spectral efficiency, with

Avp, = 3.125 GHz, Ly, = 40 km and Ny, = 9. In each scheme, the spectral efficiency is
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modified by changing the CG. Tab. 5.3 shows that decreasing the spectral efficiency enables
higher UBPLs. This is attributed to the reduction of the FWM efficiency caused by increasing
the frequency gap of the different channels. The baseline scheme shows the lowest UBPLs
as it is the case impaired by FWM products with higher efficiency. Inspection of Tab. 5.3 also
reveals that, when comparing the results with the same scheme, the highest UBPLs are obtained
when the relaxed VBG configuration is employed. This conclusion holds for all the number of
spans, SSMF span lengths and frequency slot-widths considered in this work. The relaxed VBG
configuration allows to reduce the FWM efficiency of the VC-VC-band products (especially the
ones falling in the subcarriers closest to the VCs) when compared with the minimum VBG
configuration, and consequently, to improve the overall performance. Tab. 5.4 summarizes the
best schemes as a function of the spectral efficiency, for Av,,, = 3.125 GHz and Av,, = 6.25
GHz.

Table 5.3: UBPLs, in dBm, for the baseline scheme and schemes A, B, C1 and C2, using the minimum
and relaxed VBG configurations, with Av,,, = 3.125 GHz, L, = 40 km and N,, = 9.

1.60 1.83 2.13 2.56 3.20
b/s/Hz | b/s/Hz | b/s/Hz | b/s/Hz | b/s/Hz

Baseline (minimum) -12.6 -12.8 -13.1 -13.5 -14.3
Sch. A (minimum) -11.8 -12.1 -12.5 -13.1

Sch. A (relaxed) -11.3 -11.5 -12.0 -12.6

Sch. B (minimum) -11.5 -11.8 -12.2

Sch. B (relaxed) -10.1 -10.4 -11.0
Sch. C1 (minimum) -11.2 -11.6
Sch. C2 (minimum) -11.3 -11.8

Sch. C1 (relaxed) -9.5 -10.2

Sch. C2 (relaxed) -9.5 -10.3

Table 5.4: Schemes showing the best FWM tolerance as a function of the spectral efficiency, for two
different frequency slot-widths.

s for s for Schemes showing the best FWM
Avn = 3.125 Avm = 6.25 tolerance (best schemes)
GHz GHz
2.56 b/s/Hz 3.20 b/s/Hz Scheme A (relaxed)
2.13 b/s/Hz 2.67 b/s/Hz Scheme B (relaxed)
1.83 b/s/Hz 2.29 b/s/Hz Schemes C1 and C2 (relaxed)
1.60 b/s/Hz 2.00 b/s/Hz Schemes C1 and C2 (relaxed)

The impact of changing the VBG configuration on the performance of the OFDM subcarriers
can be seen in Fig. 5.13. Fig. 5.13 shows the EVM of the OFDM subcarriers of the worst band,
due to the FWM effect. The baseline scheme and schemes A, B and C1 using the minimum and
relaxed VBG configurations, with the corresponding UBPLs obtained with a spectral efficiency
of 1.6 bit/s/Hz and with Awv,, = 3.125 GHz, are considered. The EVMs of scheme C2 are
not shown as they are similar to the EVMs of scheme C1. The worst band is the first band
of the [(Nen + 1)/2]-th WDM channel when employing scheme A and the second band of the
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same channel when employing the other schemes. The lowest subcarrier index corresponds to
the OFDM subcarrier closest to the VC. Fig. 5.13 shows that the subcarriers closer to the VC
present the worst EVM, for all curves. This occurs due to the higher FWM efficiency of the
products falling on these subcarriers.
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Figure 5.13: EVM due to FWM of the subcarriers of the worst band, for the UBPLs obtained with
ns = 1.6 bit/s/Hz and Av,, = 3.125 GHz, for: (a) the baseline scheme and schemes A, B and C1 using
the minimum VBG configuration and (b) schemes A, B and C1 using the relaxed VBG configuration.
Transmission along 9 spans with 40-km each is employed.

Inspection of Fig. 5.13(a) reveals that the EVMs of the subcarriers with higher indexes are
slightly worse for the baseline scheme and scheme A than for schemes B and C1 (EVM difference
close to 5 dB). This difference is attributed to the higher FWM power interfering with those
subcarriers, as shown in Fig. 5.5(c) (first band, scheme A), Fig. 5.7(c) (second band, scheme
B) and Fig. 5.10(c) (second band, scheme C1). To better understand this effect, Fig. 5.14
shows an example of a NDGI1-type product falling on the subcarrier of band 1 with higher
frequency (represented as v,) when employing schemes A and B. Fig. 5.14 shows that Avjy, is
substantially larger with scheme B than with scheme A. For this reason, the FWM products

falling on frequency v, are more efficient for scheme A, and thus, present higher EVM.

Aljjk (a) Al/jk
A Aljm A

(b)

4 2X AU, 4

Band Band i Band Band
1 2 i 1 2 -

TN ] \

V; Vg noy v; Un Vs V;

Figure 5.14: Example of NDG1-type products falling in the subcarrier of band 1 farther away from the
corresponding VC when employing (a) scheme A and (b) scheme B. The FWM products (white arrows)
fall in frequency v,, for both examples.

Fig. 5.13(b) shows that when employing the relaxed VBG configuration, a substantial improve-
ment in the EVM of the subcarriers closer to the VCs is experienced for schemes B and C1, when

compared with the same scheme but with the minimum VBG configuration (EVM reduction that
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can reach 8 dB). This is a direct consequence of increasing Av;;, and/or Avjy, at the expense of a
small increase of the bandwidth of each pair band-VC, and consequently, of the OFDM receiver.
For scheme A, the pairs with the worst band (first and fourth pairs) employ VBG1, and thus,
continue to show a strong peak in the EVM of the subcarriers closer to the VC. As the EVM
results are directly related to the FWM power, this peak can be seen in the normalized FWM
power results shown in Fig. 5.5(d) for the first and fourth bands (worst bands). Additionally,
the EVM variation not exceeding 4 dB that can be observed in Fig. 5.13(b) for subcarriers of
scheme A with index between 25 and 50 is attributed to the FWM power variations seen in the
first and fourth bands of Fig. 5.5(d). Note that, in Fig. 5.13(b), the results with scheme B show
a small EVM reduction not exceeding 2 dB in the last few subcarriers with highest index. This

is attributed to a considerable reduction of the FWM power in these subcarriers.

5.3.2 Power budget improvements

The PB is defined as the difference, in decibel, between the UBPLs and the receiver sensitivity.
Assuming that the receiver sensitivity is the same for all schemes, the PB improvements can
be obtained directly from the difference between the UBPLs of two different schemes while
maintaining the same spectral efficiency. In this section, the PB improvement for a given
spectral efficiency is obtained as the difference between the UBPL evaluated with the baseline
scheme employing the minimum VBG configuration and the UBPL of the best schemes shown
in Tab. 5.4. For instance, the PB improvement obtained with scheme B, with the relaxed VBG
configuration and a spectral efficiency of 2.13 bit/s/Hz, is 2.1 dB (see the UBPLs of baseline
and scheme B shown in Tab. 5.3).

Fig. 5.15 shows the PB improvement of schemes A, B, C1 and C2 for different spectral efficiencies,
with 3.125-GHz width slots and with a data bit-rate of 40 Gb/s per WDM channel. Fig. 5.15
shows that the best schemes provide a higher PB improvement with increasing number of spans,
regardless of the analysed span length. This is attributed to a stronger reduction of the FWM
efficiency in the best schemes due to the higher phase mismatching, when increasing the number
of spans. Fig. 5.15 also shows that the PB improvements increase for schemes with higher §
(that is, higher number of empty slots inside each WDM channel) and lower spectral efficiency
for the same §. This is a direct consequence of the increase of the minimum frequency gap
between different VCs, which causes a reduction of the FWM efficiency of the VC-VC-band
products at a given frequency. For instance, scheme B has a frequency gap between the second

and third VCs of Awv,,, whereas in schemes C1 and C2, the gap is 2 - Av,,. The highest PB
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improvement is obtained with scheme C2 employing 9 spans with 40-km length and having a
spectral efficiency of 1.6 bit/s/Hz. This PB improvement achieves 3 dB, enabling to double the
number of users served by the metro-access network or to extend the ODN coverage by 12 km

if a fibre loss coefficient of 0.25 dB/km is considered.
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Figure 5.15: PB improvement of schemes A, B, C1 and C2 for different spectral efficiencies, after
transmission along 3, 6 and 9 SSMF spans, with (a) 40-km and (b) 80-km length each. The data bit-rate
per channel is 40 Gb/s.

Fig. 5.16 shows the PB improvement of schemes A, B, C1 and C2 for different spectral efficiencies,
with 6.25-GHz width slots and with a data bit-rate of 100 Gb/s per WDM channel. Fig. 5.16
shows that increasing the number of spans enables a higher PB improvement only when spans
with 40-km length are considered. This is a similar behaviour to what was shown for 40 Gb/s
per WDM channel. The case with 80-km spans is the situation analysed with lowest FWM
efficiency for the same number of spans or with the highest phase mismatching (highest L, and
highest Avy,). In this situation, Fig. 5.16 shows that the PB improvement tends to stabilize or
even decrease for increasing number of spans. This is attributed to the phase matching of the
FWM contributions of all spans that occurs at specific OFDM subcarriers. In the case of 6.25-
GHz width slots with 80-km spans, and for the best schemes, the phase matching leads to the
appearance of FWM power resonances. These resonances increase the FWM power averaged
among all the subcarriers of each OFDM band, which translates into a UBPL decrease that
limits the increase of the PB improvement with increasing number of spans. With 6.25-GHz
width slots and 40-km spans, as well as with 3.125-GHz width slots, the influence of the FWM
power resonances on the average FWM power is negligible. This occurs because the major
contribution to the PB improvement comes from the EVM of the subcarriers closer to the VCs.
Fig. 5.16 also shows that the PB improvement increases for schemes with higher ¢ or lower
spectral efficiency for the same §. This is also attributed to the higher frequency gap between
the VCs with higher §, which results in a decrease of the efficiency of the VC-VC-band FWM
products. The highest PB improvement is obtained with scheme C2 after transmission along

9 spans with 40-km length and with a spectral efficiency of 2 bit/s/Hz. This PB improvement
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reaches 4.4 dB, enabling to double the number of users served by the metro-access network and

simultaneously extend the ODN coverage by 5 km for a fibre loss coefficient of 0.25 dB/km.
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Figure 5.16: PB improvement of schemes A, B, C1 and C2 for different spectral efficiencies, after
transmission along 3, 6 and 9 SSMF spans, with (a) 40-km and (b) 80-km length each. The data bit-rate
per channel is 100 Gb/s.

Fig. 5.17 shows the spectral occupancy of the WDM MB-OFDM signal employing scheme C2
in each channel, which enables the highest PB improvement when compared with the baseline

scheme with the same spectral efficiency.

Channel n-1 with scheme C2 Channel n with scheme C2 ghannel n+1 with scheme C2
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Figure 5.17: Spectral occupancy of the WDM-MB-OFDM signal that enables the highest PB improve-
ment when compared with the baseline scheme with the same spectral efficiency.

5.4 Conclusions

The tolerance to the FWM effect of VC-assisted DD SSB-MB-OFDM schemes has been inves-
tigated in a UDWDM metro-access network scenario, and schemes with improved tolerance to
FWM have been proposed. Schemes showing the best tolerance to FWM, among all the anal-
ysed schemes within each CB class, have been identified for specific spectral efficiencies. This
study has been performed considering channel grids of 3.125 GHz and 6.25 GHz for each OFDM
band, which deliver a dedicated capacity of 10 Gb/s and 25 Gb/s to each user, respectively.

For a channel grid of 3.125 GHz, it has been shown that an adequate design of the VC-assisted
scheme enables a PB improvement that achieves 3 dB. This improvement allows to double the
number of users of the metro-access network or to extend the ODN reach by about 12 km. With
a 6.25 GHz channel grid, the PB improvement surpasses 4 dB, enabling to double the number

of users and simultaneously extend the ODN coverage by about 5 km.
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Chapter 6

Experimental assessment of

V(C-assisted DD-MB-OFDM schemes

6.1 Introduction

Works reported in [35,36] have demonstrated experimentally the virtual carrier (VC)-assisted
direct-detection (DD)-multi-band (MB)-orthogonal frequency-division multiplexing (OFDM)
transmission using the baseline scheme, as a solution which provides high spectral efficiency,
granularity at the band level and relaxed receiver bandwidth requirements. In [35], a VC-
assisted DD-MB-OFDM passive optical network (PON) with a dedicated band capacity per
user of 10 Gb/s employing an ultradense band spacing of 6.25 GHz was proposed and exper-
imentally validated for application in next-generation access networks. In [36], a 100 Gb/s
VC-assisted 9-band DD-MB-OFDM metro network with ultradense band spacing of 6 GHz
was experimentally demonstrated. In this chapter, the experimental assessment of two differ-
ent VC-assisted DD-MB-OFDM schemes is performed and compared using wavelength division
multiplexing (WDM) transmission. Particularly, the performance of a VC-assisted MB-OFDM
scheme designed to present high tolerance to the four wave mixing (FWM) effect (identified in
chapter 5 as the scheme C2) is measured and compared with the performance obtained with the

baseline scheme, while maintaining the spectral efficiency.

This chapter is structured as follows. In section 6.2, the two MB-OFDM schemes under analysis
(the baseline scheme and the scheme C2) are presented. In section 6.3, the experimental setup
for both schemes is explained and the laboratory equipment and components are listed and

briefly discussed. In section 6.4, the maximum allowed average powers using the theoretical
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method (TM) for the two schemes are compared. The performance is assessed experimentally
for both schemes and compared as a function of the total average power launched into each
standard single mode fibre (SSMF) span, for single-channel and multi-channel transmission and

for single-span and multi-span propagation. In section 6.5, the main conclusions are summarized.

6.2 VC-assisted DD-MB-OFDM schemes

For experimental demonstration, two VC-assisted DD-MB-OFDM schemes are employed: the
baseline scheme and the scheme C2. Four pairs band-VC are transmitted per WDM channel,
each one carrying a data rate, Ry, of 10 Gb/s. Each OFDM subcarrier is modulated using
squared 16-quadrature amplitude modulation (QAM) and a total of 128 subcarriers are trans-
mitted in each OFDM band. The overall bit rate per band is 10.7 Gb/s [includes a 7% overhead
due to forward error correction (FEC) and neglects the small overheads due to the cyclic prefix
(CP) and training symbols (TSs)], which results in a bandwidth per band of 2.675 GHz, and
in a subcarrier spacing, A fs., of 20.90 MHz. The transmission of four WDM channels is also
considered, which translates into a total of 16 pairs band-VC and aggregate data rate of 160
Gb/s. The frequency slot width Aw,, is 6.25 GHz; thus, the spectral efficiency in each slot for
both schemes, given by Rg/Avy,, is 1.6 bit/s/Hz. For the scheme C2, g =1 and 6 = 1 are em-
ployed. This ensures a spectral efficiency of the WDM-MB-OFDM signal employing the scheme
C2 greater than 1 bit/s/Hz (in this case, equal to 1.07 bit/s/Hz), which translates into a gap
between consecutive VCs of 1.5Av,, (9.375 GHz) instead of 2Av, as considered in chapter 5
[see Fig. 5.11(e)]. For the baseline scheme, in order to have the same spectral efficiency of the

scheme C2, g = 2 and 6 = 0 are considered.

Fig. 6.1 illustrates the spectral disposition of both schemes. For the baseline scheme, a virtual
carrier-to-band gap (VBG) equal to 11 subcarrier spacings (VBG = 11 - Af.) is employed;
the reason for this VBG will be explained afterwards in section 6.3. For the scheme C2, there
is a higher margin to increase the VBGs, as the frequency gap between consecutive VCs is
higher. Mathematically, the following relation is verified for the first two and the last two pairs
band-VC inside each channel: 1.5Av,, =2-VBG + 2 - B, + BG. Since Av,, ~ 300 - Afs. and
By, = 128-Af,., the VBG has to be smaller than 96 subcarrier spacings (96- A fs.) to avoid a null
band gap (BG). It was considered that the VBGs for the scheme C2 are equal to 32 subcarrier
spacings (32 - Af,.) which is equivalent to 25% of the OFDM signal bandwidth. This VBG
results from a compromise between: i) relaxing the FWM efficiency of the subcarriers closer to

the VCs, and ii) maintaining a reduced bandwidth for the OFDM receiver (= B,, + VBG).
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Figure 6.1: Spectra of the baseline scheme and the scheme C2 considered for experimental demonstration
(only two channels are shown).

6.3 Experimental setup

Fig. 6.2 shows the experimental setup employed for both VC-assisted DD-MB-OFDM schemes.
When the switches inside the MORFEUS insertion block (MIB) are in position (1), the scheme

C2 is employed. When the switches are in position (2), the baseline scheme is employed.

In the experimental setup, each employed erbium doped fibre amplifier (EDFA) provides constant
average power at its output. Considering the limitations of the available laboratory equipment
and components, the experimental setup employed for both schemes considers the transmission

of the same data information in all pairs band-VC.

Let us suppose that the switches are in position (1), that is, the scheme C2 is employed. At the
MIB, four lasers are combined to form an optical comb comprised by four carriers. The optical
comb is employed to generate the 4 WDM channels. To each laser (each with a linewidth lower
than 5 MHz), an average power of 13 dBm is attributed. For both schemes, the frequency gap
between consecutive continuous wave (CW) signals generated by the lasers is equal to the channel
spacing Avg,, which is 37.5 GHz (0.3 nm). The optical comb is applied to a Mach-Zehnder
modulator (MZM) (identified as MZM 1). MZM 1 is biased at the minimum transmission
point to modulate additional carriers and neglect the CW signals. A sinusoidal waveform is
generated by RF2 with frequency of 9.375 GHz (RF1 is off for the scheme C2). Before electrical

amplification, the sinusoidal waveform is attenuated to ensure that the intermodulation products
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AWG - arbitrary waveform generator
BS — band selector

DP — dual-parallel

DSO - digital signal oscilloscope

EA — electrical amplifier

EDFA — erbium-doped fibre amplifier
LPF — low-pass filter

MEB — MORFEUS extraction block
MIB —~ MORFEUS insertion block
MZM — Mach-Zehnder modulator
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Figure 6.2: Block diagram of the experimental setup for both VC-assisted DD-MB-OFDM schemes.

induced by the electrical amplifier (EA) that follows have reduced average power. The sinusoidal
waveform is then amplified by the EA (Mini-Circuits ZVA-183W-S+) and applied to MZM 1
which generates two carriers separated by 9.375 GHz from the laser frequency. This results in a
total of 8 carriers separated by 18.75 GHz (0.15 nm) at the MZM 1 output. This optical signal
is then amplified by an EDFA (identified as EDFA 1), which compensates the losses induced by
MZM 1. The signal at the EDFA 1 output is then fed to MZM 2, which modulates the carriers
at the EDFA 1 output with pairs band-VC. First, a pair band-VC is generated by the arbitrary
waveform generator (AWG) (Tektronix 7122B, operating at 24 Gsamples/s) with the VC at a
higher frequency than the OFDM band (H-pair). The VC frequency is equal to 4.6875 GHz
(corresponds to the maximum frequency of the generated pair band-VC by the AWG). The VC
frequency sets the separation between consecutive VCs (consecutive VCs will be separated by
twice this frequency). The corresponding pair is low-pass filtered (Mini-Circuits VLF-3800+)
to reduce the power of a few unwanted carriers generated by the AWG at higher frequencies
than the VC, and amplified (Mini-Circuits ZVA-183W-S+). The double sideband (DSB) signal
at the EA output has the form of a L-pair followed by a H-pair, with the VCs separated by
9.375 GHz (the same as, for instance, the first two pairs of channel 1 of the scheme C2 shown in
Fig. 6.1). This DSB signal composed by two pairs band-VC is fed to MZM 2, which generates
16 pairs band-VC at the MIB output (scheme C2 with 4 pairs band-VC for each one of the 4
WDM channels).
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If the switches are in position (2), the baseline scheme is employed. For the baseline scheme,
RF1 and RF2 are both on and RF1 generates a sinusoidal waveform with frequency equal to
3.125 GHz. The signal at the RF1 output is filtered (Mini-Circuits VLF-3800+) to suppress
the generated intermodulation product at 6.25 GHz and the signals of both RF1 and RF2
are combined (Mini-Circuits ZFRSC-183-S+) to form a radio frequency (RF) signal with two
carriers: one at 3.125 GHz and another at 9.375 GHz. This RF signal is amplified (Mini-
Circuits ZVA-183W-S+) and fed to MZM 1. At the MZM 1 output, the 4 WDM channels are
composed by 4 carriers each. In each channel, consecutive carriers are separated by 6.25 GHz
(one for each pair band-VC). This array of 16 carriers is amplified by EDFA 1 and fed to the
dual-parallel (DP)-MZM. The DP-MZM works as a IQ-MZM. The I and @ components of the
pair band-VC generated in the two channels of the AWG (Tektronix 7122B, operating at 9.375
Gsamples/s per AWG channel) are amplified (5865-107 Picosecond drivers), low-pass filtered
(Mini-Circuits VLF-1500+) to suppress the unwanted components at each EA output, and fed
to the two RF inputs of the DP-MZM. The complex signal of the OFDM band is generated in
baseband (maximum frequency equal to B,,/2) and the VC is placed at a higher frequency than
the OFDM band. The VC frequency is the maximum frequency of the pair band-VC and is
equal to By, /2 + VBG. The pair band-VC modulates each optical carrier, resulting in 16 pairs
band-VC at the MIB output (the baseline scheme with 4 pairs band-VC for each one of the 4
WDM channels).

Fig. 6.3 shows the optical spectra at the MZM 1 input, and at the EDFA 1 output for the
scheme C2 and the baseline scheme. Fig. 6.3(a) shows that the CW signals of the optical comb
for WDM generation have approximately the same average power. Fig. 6.3(b) shows that each

one of the main carriers that will modulate a L-pair followed by a H-pair in the scheme C2
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Figure 6.3: (a) Optical spectra at the MZM 1 input (carriers separated by 37.5 GHz). Optical spectra
at the EDFA 1 output for (b) the scheme C2 (carriers separated by 18.75 GHz), and (c) the baseline
scheme (carriers separated by 6.25 GHz).
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also have approximately the same average power. The power unbalance does not exceed 1.5
dB. Fig. 6.3(b) also shows that the CW signals surrounding the main carriers were not totally
suppressed, leaving residual laser signals in-between the main carriers [see Fig. 6.3(b)]. This
means that MZM 1 is not polarized exactly at the minimum transmission point. This translates
into an average power difference between the residual laser signals and the main carriers of
around 25 dB. Fig. 6.3(c) shows that each one the main carriers that will modulate a H-pair
in the baseline scheme also have approximately the same average power. The power unbalance
does not exceed 3 dB. Fig. 6.3(c) also shows that the average power difference between the main
carriers and the residual laser signals together with the intermodulation products generated by

the EA at the MZM 1 input exceeds 30 dB.

The WDM-MB-OFDM signal at the MIB output generated for both schemes is amplified by
EDFA 2 to compensate the power losses induced by the DP-MZM in the case of the baseline
scheme, and by MZM 2 in the case of the scheme C2. Fig. 6.4 shows the optical spectra at the
EDFA 2 output for both schemes. Fig. 6.4(a) shows that, for the baseline scheme, the power is
evenly distributed by the four WDM channels, and a similar average power per pair band-VC
is obtained. Fig. 6.4(a) also shows the appearance of additional carriers inside the channels
other than the VCs. These carriers have two different origins. i) The residual carriers located
at the centre of the OFDM bands [it can be seen in Fig. 6.4(a) for the last two channels| result
from the non-perfect suppression of the carriers shown in Fig. 6.3(c). To accommodate the
non-perfect suppression of these carriers performed by the DP-MZM, an additional subcarrier is
transmitted and the subcarrier in the frequency corresponding to the centre of the OFDM band
is not accounted for performance evaluation (129 transmitted subcarriers, with 128 accounted

for performance evaluation). ii) The residual carrier originated from the non-ideal I-@Q) signal
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Figure 6.4: Optical spectra at the EDFA 2 output (a) for the baseline scheme and (b) for the scheme
C2.
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generation performed by the DP-MZM, which appears near the left-hand side of each OFDM
band (separated by VBG from the OFDM band). Both these residual carriers present an average
power difference when compared with the VC that exceeds 20 dB. Additionally, Fig. 6.4(a) shows
the detrimental effect of the AWG on the subcarriers, where the subcarriers at the centre of
each OFDM band have higher average power (=~ 3 dB) than the subcarriers at the edges of the
OFDM band. Fig. 6.4(b) shows that, for the scheme C2, the power is also evenly distributed
by the four WDM channels, and a similar average power per pair band-VC is also obtained.
Fig. 6.4(b) also shows the appearance of strong carriers located in the middle of the first two or
the last two pairs of each channel. These carriers are a consequence of the non-perfect minimum
transmission point obtained with MZM 2, and have lower average power when compared with
the VCs. However, the average power difference could be as low as 10 dB for the second and third
channels. Additionally, Fig. 6.4(b) shows the detrimental effect of the AWG on the subcarriers,
which induces a considerable power reduction on the subcarriers as they become closer to the

VC.

After the optical amplification performed by EDFA 2, the optical signal passes through a se-
quence of N, loss-compensated SSMF spans to emulate the metro network transmission. The
variable optical attenuator (VOA) sets the average optical power at the input of each SSMF span.
The length per span is 50 km and two different values for the number of spans are considered in
this analysis: Ny, = 1 (single-span transmission) and Ny, = 3 (multi-span transmission). After
SSMF transmission, the optical signal enters the MORFEUS extraction block (MEB). At the
MEB, the desired pair band-VC is selected by a band selector (BS) which is a Gaussian-shape
optical filter with —3 dB bandwidth of approximately 4 GHz (Yenista XTM-50 Ultrafine). The
bandwidth of each pair band-VC, which is equal to B,, + VBG, is smaller than the —3 dB band-
width of the BS, since By, + VBG does not surpass 3.35 GHz (corresponds to the case where the
VBG is equal to 32 subcarrier spacings: each pair of the scheme C2). The optical spectrum at
different points of the setup is acquired by the optical spectrum analyser (OSA), with frequency
resolution of 20 MHz. After band selection, the average power of the selected pair is adjusted by
a VOA to ensure that the average power before photodetection does not exceed —2 dBm. The
selected pair is then photodetected by a p-type-intrinsic-n-type (PIN)-photodiode (PD) which
incorporates a trans-impedance amplifier (TTA) for electrical amplification. The OFDM band
is digitized by an 8-bit real-time digital storage oscilloscope (DSO) (Agilent DSO81204A) oper-
ating at 40 Gsamples/s, and the digitized OFDM signal is demodulated at the OFDM receiver
(Rx) using off-line digital signal processing (DSP) with MATLAB®. The OFDM Rx includes

the operations shown previously in chapter 2 (see Fig. 2.8). These operations include time
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synchronization, fast-Fourier transform, equalization, and signal-signal beat interference (SSBI)
mitigation. After demodulation, the performance is evaluated over 1.28 x 10% 16-QAM symbols
(10 sequences of 100 OFDM symbols with random binary data in each one of the 128 OFDM

subcarriers).

Although a high bandwidth PIN-PD is used (bandwidth of 20 GHz), the required bandwidth
is similar to the bandwidth of the OFDM band, given that a VBG not exceeding 25% of the
OFDM signal bandwidth is employed. For the scheme C2, the employed VBGs are equal to 32
subcarrier spacings (32 - A fs.) which is equal to 25% of the OFDM signal bandwidth. For the
baseline scheme, a VBG equal to 11 subcarrier spacings (VBG = 11 - Af,.) is employed. This
VBG is of particular importance for the third pair band-VC of each channel. It ensures the
overlapping in frequency of the residual laser signal (located between the second and third VCs
of each channel) and the residual carrier due to the non-ideal I-@ signal generation performed
by the DP-MZM, which appears near the left-hand side of each OFDM band (separated by VBG
from the OFDM band). The overlapping of these residual carriers minimizes their impact on
the performance of the third band of each channel. Fig. 6.5 illustrates the spectrum of the third
pair of a given channel with the baseline scheme, with the employed VBG and with a lower
VBG. Mathematically, the following relation has to be ensured for the third pair band-VC of
each channel: Av,,/2 = By, + 2 - VBG. Since Ay, =~ 300 - Afs. and B,, = 128 - Afs., a VBG
equal to 11 subcarrier spacings meets the aforementioned relation. Since the employed VBGs
do not surpass 25% of the bandwidth of the OFDM band (668.75 MHz), the maximum required

receiver bandwidth does not surpass 3.35 GHz.
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Figure 6.5: Spectrum of the third pair of a given channel with the baseline scheme, with the (a)
employed VBG and (b) with a lower VBG. The white arrow stands for the residual carrier originated
from the non-ideal I-(@) signal generation performed by the DP-MZM, and the grey arrow stands for the
residual laser signal.

Fig. 6.6 shows a photo of the laboratory equipment and main components of the experimental

setup.
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Figure 6.6: Photo of the laboratory equipment and main components of the experimental setup.

6.4 Performance evaluation

In this section, the performance evaluation results for both schemes given by the TM and from
the experimental setup are presented and explained. The theoretical results shown in chapter 5
for the baseline scheme and the scheme C2 cannot be used in this chapter as the schemes used
in the experimental assessment employ a different set of system parameters (for instance, the

number of spans, the span length, and the number of WDM channels are different).

The performance is assessed experimentally by considering the following steps: 1) the error
vector magnitude (EVM) of each subcarrier is evaluated; 2) the bit error ratio (BER) of each
subcarrier is obtained directly from the EVM per subcarrier using Eq. D.2; 3) the average BER
is computed from the BER per subcarrier; and 4) the average EVM is obtained from the average
BER using Eq. D.3. This procedure is employed instead of calculating the average EVM directly

from the EVM per subcarrier to ensure that the average EVM is more sensitive to the errors of
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the subcarriers with the worst performance.

The virtual carrier-to-band power ratio (VBPR) and the modulation index (MI) were optimized
experimentally in optical back-to-back operation. As a result of this optimization, VBPR = 8
dB and MI = 13% are employed in the experiments. These values are in agreement with what

was experimentally shown in [36].

6.4.1 Theoretical estimation

The theoretical estimation of the maximum allowed average power per pair band-VC is assessed
from the EVM results in optical back-to-back (corresponds to the EVM not impaired by the fibre
nonlinearity - EV My, - and is obtained experimentally without transmission along the SSMF)
and from the EVM estimates for the FWM power (corresponds to the EVM impaired by the
fibre nonlinearity - EV My, - and is obtained theoretically from the TM). The EVM results in
optical back-to-back are assessed experimentally by replacing the SSMF spans by VOAs with
similar power losses, for an average power per pair band-VC where optical noise is not dominant.
The maximum allowed average power per pair band-VC is reached when the EVM in optical
back-to-back plus the EVM due to the FWM effect provided by the TM reaches the threshold
EVM. With 16-QAM, the threshold EVM, which is the EVM that corresponds to an average
BER of 3.8 x 1073, is approximately —15.2 dB (see Appendix D). Experimental results in optical
back-to-back operation have shown that the variation of the obtained EVMs for all OFDM bands
of all WDM channels is reduced (does not exceed 1 dB). To assess the EVMs in optical back-
to-back, the third band of the third channel has been chosen. Tab. 6.1 shows the EVMs of
the third band of the third channel in optical back-to-back operation, for both schemes, with
single-span (Nsp = 1) and multi-span (N, = 3) propagation, and for single-channel (N, = 1)
and multi-channel (Vg = 4) transmission. Tab. 6.1 shows that the EVMs of the scheme C2
are lower than the ones of the baseline scheme, for all the situations considered. This difference
is attributed to the AWG frequency limitations. Since a lower sampling frequency is employed
with the baseline scheme, higher power attenuation as the frequency increases is experienced.
Tab. 6.1 also shows a small EVM degradation from single-channel to multi-channel and from
single-span to multi-span. Since the EDFAs provide constant average power at their output,
increasing the number of channels means that the total average power has to be distributed
among the different channels, which translates into a EVM degradation. Increasing the number
of spans means that the number of optical amplifiers also increases, resulting in an increase of

the accumulated optical noise induced by the EDFAs.
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Table 6.1: EVMs obtained experimentally in optical back-to-back (in dB), for the baseline scheme and

the scheme C2.

Single-channel Multi-channel
Baseline scheme (single-span) -17.5 -16.7
Baseline scheme (multi-span) -17.2 -16.3
Scheme C2 (single-span) -19.0 -17.6
Scheme C2 (multi-span) -17.7 -16.8

Tab. 6.2 shows the maximum allowed average power per pair band-VC using the theoretical
estimation for both schemes, with single-span and multi-span propagation, and for single-channel
and multi-channel transmission. Tab. 6.2 shows that the scheme C2 provides higher maximum
allowed average powers per pair band-VC when compared with the baseline scheme, which
exceeds 2 dB for single-span and single-channel transmission, and 1.5 dB for the remaining
cases considered. The improvement of the maximum allowed average powers per pair band-VC
provided by the scheme C2 are lower than the ones shown in section 5.3.2. This is attributed to
the lower spectral efficiency of the employed schemes for experimental assessment, which results
in a lower reduction of the FWM efficiency when changing from the baseline scheme to the

scheme C2.

Table 6.2: Maximum allowed average power per pair band-VC (in dBm), using the theoretical estimation
for the baseline scheme and the scheme C2.

Single-channel Multi-channel
Baseline scheme (single-span) 0.1 -2.6
Baseline scheme (multi-span) -3.3 -5.7
Scheme C2 (single-span) 2.4 -0.9
Scheme C2 (multi-span) -1.7 -3.7

Fig. 6.7(a) and Fig. 6.7(b) show the number of VC-VC-VC products and VC-VC-band prod-
ucts of types non-degenerate (NDG)1 and NDG2 close to the third channel, for the baseline
scheme and the scheme C2, respectively. Fig. 6.7(c) and Fig. 6.7(d) show the normalized FWM
power (already defined in section 5.2.2) for the baseline scheme and the scheme C2, respectively.
Fig. 6.7 shows that, for the baseline scheme, only the NDG2-type products interfere with the
OFDM bands, whereas for the scheme C2, the interfering products are of both types (NDG1
and NDG2). Fig. 6.7(c) and Fig. 6.7(d) also shows that employing the scheme C2 instead of the
baseline scheme enables reducing the FWM power interfering with the OFDM bands (reduction

of approximately 50% for the subcarriers closer to the VCs).
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Figure 6.7: Number of VC-VC-VC products (¢) and VC-VC-band products NDG1 (light grey) and
NDG2 (dark grey) around the third channel for (a) the baseline scheme and (b) the scheme C2. The
spectral location of the subcarriers (dots) and VCs (x) is also shown as a reference (it is not related
with the number of FWM products or the normalized FWM power). Normalized FWM power for
(c) the baseline scheme and (d) the scheme C2, together with the spectral location of the subcarriers.
Transmission along 3 spans is considered.

6.4.2 Experimental results

The maximum allowed average powers are assessed experimentally by obtaining the EVM as a
function of the total average power launched into each SSMF span, P;. P, relates with the average
power per pair band-VC, P,, in the following way: P; [dBm] = P, [dBm] + 10log;y(Nep, - Np).

This relation considers that the total average power is evenly divided by all pairs band-VC.

Fig. 6.8 shows the EVM as a function of the average power per pair band-VC for the baseline
scheme and the scheme C2, considering single-span and multi-span propagation, and single-
channel transmission. Fig. 6.9 shows the EVM as a function of the average power per pair
band-VC for the baseline scheme and the scheme C2, considering single-span and multi-span
propagation, and multi-channel transmission. Fig. 6.8 and Fig. 6.9 show that the optimum
average power (which gives the lower EVM) is approximately —2 dBm for single-channel trans-
mission and —7 dBm for multi-channel transmission. The EVM results as a function of the
average power can be divided in three different regions: 1) linear transmission region (average
powers below the optimum average power), 2) weakly-nonlinear transmission region (average
powers around the optimum average power), and 3) strong-nonlinear transmission region (aver-
age powers above the optimum average power). For the linear transmission region, optical noise

is the dominant effect. For the strong-nonlinear transmission region, fibre nonlinearity is the
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dominant impairment. For the weakly-nonlinear transmission region, neither the optical noise
nor the fibre nonlinearity are dominant. Fig. 6.8 and Fig. 6.9 also show that single-span trans-
mission provides better results than multi-span transmission. For average powers in the linear
transmission region, this is attributed to the accumulated optical noise from the EDFAs, which
is higher for increasing number of spans. For average powers in the strong-nonlinear transmis-
sion region, it is attributed to the FWM impact on the performance, which is also higher for
increasing number of spans. The average power in the strong-nonlinear transmission region with
EVM equal to the threshold EVM is the maximum allowed average power. This average power
is identified from the results of Fig. 6.8 and Fig. 6.9. Tab. 6.3 shows the maximum allowed aver-
age power per pair band-VC obtained experimentally. Tab. 6.3 shows that the baseline scheme
provides higher average powers for single-span transmission when compared with the scheme C2
(difference of 0.4 dB). In addition, with multi-span transmission, both schemes provide similar
average powers. Compared with the theoretical estimation results of section 6.4.1, the exper-
imental results have a different behaviour. This is mainly attributed to the existence, in the
scheme C2, of unwanted carriers (UCs) that limit the performance when FWM is dominant (av-
erage powers in the strong-nonlinear transmission region). These UCs are a consequence of the
non-perfect minimum transmission point obtained with MZM 2 and can be seen in Fig. 6.4(b)
(see, for instance, the carrier located between the third and fourth bands of the second channel
or the carrier located between the first and second bands of the third channel). These carriers
have lower average power than the VCs but they still present a power high enough to produce

additional FWM products that degrade the performance of the OFDM bands (a power difference
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Figure 6.8: EVM as a function of the average power per pair band-VC for the baseline scheme and
the scheme C2, for single-channel transmission, and for transmission along 1 (O) and 3 (O) spans. The
black line at EVM = —15.2 dB indicates the threshold EVM, which gives the maximum allowed average
power per pair band-VC. The dashed curves correspond to fourth-degree polynomials that are the best
fit (in a least-squares sense) for the data. Region (1): linear transmission; region (2): weakly-nonlinear
transmission; region (3): strong-nonlinear transmission.
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Figure 6.9: EVM as a function of the average power per pair band-VC for the baseline scheme and
the scheme C2, for multi-channel transmission (4 channels), and for transmission along 1 (O) and 3 (O)
spans. The black line at EVM = —15.2 dB indicates the threshold EVM, which gives the maximum
allowed average power per pair band-VC. The dashed curves correspond to fourth-degree polynomials
that are the best fit (in a least-squares sense) for the data. Region (1): linear transmission; region (2):
weakly-nonlinear transmission; region (3): strong-nonlinear transmission.

from the VCs of only 10 dB can be seen in the second and third channels). The FWM products
originated from the UCs are similar to the NDG2 products generated in the baseline scheme
and shown in Fig. 5.8, with the difference that one UC is seen as a VC. For this reason, they
are referred as UC-VC-band products. To understand this effect, Fig. 6.10 shows the generation
of two UC-VC-band products in the scheme C2. The unwanted UC-VC-band products have a
fixed Av;y, (equal to 0.75- Avy,) and a variable Avj,. With VBG = 32 A f,., they interfere with
the 96 subcarriers with higher index, that is, the ones farther away from the corresponding VCs:
1) for Avj, = By, /44 VBG, the generated FWM product with frequency v, interferes with the
subcarrier with index equal to N,; 2) for Av;, = By, + VBG, the generated FWM product with
frequency v, interferes with the subcarrier with index equal to Ng./4. The first has the highest
FWM efficiency since it has the lowest Avj;; the second has the lowest FWM efficiency since
it has the highest Av;;. With the baseline scheme, UCs are also generated by the non-ideal
DP-MZM conversion process but are not strong enough to limit the performance since a power
difference from the VCs equal or greater than 20 dB is obtained [see Fig. 6.4(a)]. Tab. 6.3
also shows that the maximum allowed average powers obtained experimentally are considerably
higher than the ones obtained with the theoretical estimation (see Tab. 6.2). This difference can
be attributed to the transmission of the same information in the different OFDM bands, which

may improve the maximum allowed average powers.

Fig. 6.11 shows the EVM per OFDM subcarrier for average powers per pair band-VC in the
linear, weakly-nonlinear and strong-nonlinear transmission regions, for the third band of the

third channel of the baseline scheme and the second band of the third channel of the scheme
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Table 6.3: Maximum allowed average power per pair band-VC (in dBm), obtained experimentally for
the baseline scheme and the scheme C2.

Single-channel Multi-channel
Baseline scheme (single-span) 4.7 -0.6
Baseline scheme (multi-span) 2.8 -1.8
Scheme C2 (single-span) 4.3 -1.0
Scheme C2 (multi-span) 2.8 -1.7

Avii [Avy, =0.75A0,,) Avjye  [Avy, =0.75Au, |
VCa 1.5x Ay, NS VCy 1.5% Ay, 4VC
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Figure 6.10: Generation of UC-VC-band FWM products in the scheme C2 (white arrow with frequency
V), where the UC (with frequency v;) is generated as a consequence of the non-perfect minimum trans-
mission point of MZM 2. Two different values for Avj;, are considered: Avj, = B,,/4+ VBG and Avjy
= B, + VBG.

C2, considering transmission with 1 and 4 channels and along 1 and 3 spans. From the TM
results, these bands are among the most affected by the FWM impairments. It is stressed that
lower indexes correspond to subcarriers closer to the VC. Fig. 6.11 shows that, for the baseline
scheme, the subcarriers with higher EVMs are the ones closer and farther away from the VC
and the subcarriers with the best EVMs are located in the centre of the OFDM band. This
can be verified for the average powers in the three different transmission regions and is mostly
attributed to the frequency limitations of the AWG. For the scheme C2 and for average powers
in the linear and weakly-nonlinear transmission regions, Fig. 6.11 shows that the performance of
the subcarriers degrades as the index decreases, that is, the EVM increases for subcarriers closer
to the VC. Given that, in the scheme C2, the VCs of the H-pairs have a higher frequency than
the OFDM band, the subcarriers closer to the VC and the VC itself are the frequencies suffering
more from the AWG limitations. Fig. 6.11 also shows that, for the scheme C2 and for average
powers in the strong-nonlinear transmission region, especially for single-channel transmission
(the case where the average power per pair band-VC is the highest), the subcarriers farther
away from the VC start to degrade as the subcarrier index increases. This is attributed to the
FWM products generated by the UCs, which affect mostly the subcarriers farther away from the
corresponding VC (see Fig. 6.10). For these subcarriers, as the index increases, Av;; decreases
and Ay, remains the same. This results in a higher FWM efficiency, which leads to a higher

EVM degradation (in agreement to what is shown in Fig. 6.11).
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Figure 6.11: EVM per OFDM subcarrier for different average powers per pair band-VC, for the third
band of the third channel of the baseline scheme and the second band of the third channel of the scheme
C2, considering transmission with 1 and 4 channels and along 1 and 3 spans. The EVM per subcarrier
for average powers in the three different transmission regions is shown in each sub-figure: linear (+),
weakly-nonlinear () and strong-nonlinear (x).
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Fig. 6.12 shows the spectrum of the third band of the third channel for the baseline scheme and
the spectrum of the second band of the third channel for the scheme C2, after band selection
(at the BS output), for average powers per pair band-VC in the linear, weakly-nonlinear and
strong-nonlinear transmission regions, considering transmission with 1 and 4 channels and along
1 and 3 spans. Fig. 6.12 shows that the selected pair band-VC is adequately filtered by the band
selector, since the neighbouring pairs have a considerably lower average power when compared
with the selected pair. To avoid significant crosstalk after photodetection, the BS must induce
at least a power attenuation to the neighbouring pairs of 20 dB (as referred in chapter 3), which
has been verified in all cases considered. With the increase of the average power, new FWM
components appear surrounding the selected OFDM band and VC. Although these components
are out-of-band, the ones close to and at a higher frequency than the selected VC can induce
performance degradation as they lead to in-band distortion after photodetection. Fig. 6.12 also
shows that, even though the average powers per pair band-VC at the input of each SSMF span
can differ by more than 20 dB, the normalized power spectral density (PSD) does not show this
significant difference. This is attributed to the mode of operation of the EDFAs, which provide

constant power at their output.

Fig. 6.13 shows the spectrum at the MEB input, of all WDM channels for the baseline scheme,
with transmission after 1 span with an average power per band-VC of -8 dBm (weakly-nonlinear
transmission region) and 1 dBm (strong-nonlinear transmission region). Fig. 6.13 shows the
appearance of out-of-band VC-VC-band products next to each VC for the average power in the
strong-nonlinear transmission region. These products are of type NDG1, as shown in Fig. 6.7(a).
Additionally, Fig. 6.13 shows a similar normalized PSD per pair band-VC, when increasing the

average power per pair band-VC. This is also attributed to the mode of operation of the EDFAs.

Fig. 6.14 shows the spectrum of all WDM channels for the scheme C2, with transmission after
1 span with an average power per band-VC of -8 dBm (weakly-nonlinear transmission region)
and 1 dBm (strong-nonlinear transmission region). Fig. 6.14 shows the appearance of out-of-
band VC-VC-band products surrounding the VCs, which are originated from both types NDG1
and NDG2, as it is shown in Fig. 6.7(b). Fig. 6.14 also shows that, by changing the average
power per pair band-VC, a different power distribution between the UCs is observed. This is
mainly attributed to the appearance of UC-VC-VC products falling on the frequency of the UCs.
Additionally, it is shown that, by increasing the average power, the average power difference
between some UCs and VCs reduces. Besides generating non-negligible UC-VC-band products,
a strong UC requires also careful BS adjustment to avoid the beating after photodetection of

the UC with the selected band.
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Figure 6.12: Spectrum of the third band of the third channel for the baseline scheme and spectrum
of the second band of the third channel for the scheme C2, after band selection (at the BS output), for
different average powers per pair band-VC, considering transmission with 1 and 4 channels and along 1
and 3 spans. The spectrum for average powers in the three different transmission regions is shown in
each sub-figure: linear (black), weakly-nonlinear (dark grey) and strong-nonlinear (light grey).

120



6.5. Conclusions

Average power per pair band-VC = -8 dBm Average power per pair band-VC =1 dBm

-10 , -10
(a) (b)
=20t 1 =20t
=30 . —30
m m
=, =,
A —40 a —40
e e
e -50¢1 h e -50¢1
5 5
-60¢ -60
_70 & _70

=80 ‘ ‘ ‘ ‘ =80 : ‘ ‘ ‘
1551.75 1552.05 1552.35 1552.65 1552.95 1553.25 1551.75 1552.05 1552.35 1552.65 1552.95 1553.25
Wavelength [nm] Wavelength [nm]

Figure 6.13: WDM signal spectrum at the MEB input with the baseline scheme, with transmission
after 1 span with an average power per band-VC of (a) -8 dBm (weakly-nonlinear transmission region)
and (b) 1 dBm (strong-nonlinear transmission region).
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Figure 6.14: WDM signal spectrum at the MEB input with the scheme C2, with transmission after 1

span with an average power per band-VC of (a) -8 dBm (weakly-nonlinear transmission region) and (b)
1 dBm (strong-nonlinear transmission region).

6.5 Conclusions

In this chapter, the experimental evaluation of two different VC-assisted DD-MB-OFDM schemes
(the baseline scheme and the scheme C2) has been performed and compared for single-channel

and multi-channel transmission. Scheme C2 has been identified in the previous chapter as the
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scheme showing the best FWM tolerance. The spectral efficiency has been maintained the same
for both schemes and propagation along 1 and 3 SSMF spans, with 50-km length each, has been

considered.

Theoretical estimation results of the two schemes have shown that the scheme C2 provides
maximum allowed average powers per pair band-VC exceeding 1.5 dB when compared with
the average powers of the baseline scheme. However, experimental results have shown that
the scheme C2 does not provide improvement of the maximum allowed average powers when
compared with the baseline scheme results. This has been attributed to the existence, in the
scheme C2, of strong UCs that limit the performance when FWM is dominant (the region where
the maximum allowed average powers are evaluated). These UCs are a consequence of the non-
perfect minimum transmission point of the MZM responsible for modulating the pairs band-VC.
The UCs in the scheme C2 can have an average power sufficient to generate UC-VC-band FWM
products (the UC is seen as one VC) that degrade considerably the performance of the OFDM
bands for high average powers. Given that the UCs of the baseline scheme are not strong enough
to cause significant performance degradation, to effectively compare the baseline scheme with
the scheme C2, a different experimental signal generation for the scheme C2, which avoids the

generation of strong UCs, is required.
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Chapter 7

Conclusions and future work

7.1 Conclusions

In this thesis, the impact of the nonlinear crosstalk induced by the Kerr effect on the transmission
of multi-band (MB)-orthogonal frequency-division multiplexing (OFDM) signals along metro-
access networks has been investigated. As a result of this investigation, MB-OFDM schemes
showing enhanced tolerance to this optical fibre-induced nonlinear effect have been proposed.
The degradation induced by the fibre nonlinearity has been characterized considering direct-
detection (DD)-OFDM transmission in order to keep the system complexity and cost as low as
possible, as required by metro-access networks. In the following paragraphs, the main outcomes

of each chapter are presented.

In chapter 2, the main parameters which characterize the OFDM signal have been explained and
it has been shown that the overall bit rate depends considerably on the system overheads [due
to forward error correction (FEC), training symbols (TSs) and cyclic prefix (CP)] and on the
number of OFDM subcarriers. The analysis of virtual carrier (VC)-assisted MB-OFDM signals
has shown that the frequency allocation of a MB-OFDM signal depends on a set of parameters
and the most relevant are the virtual carrier-to-band gap (VBG) and band gap (BG). Regard-
ing the power distribution inside each MB-OFDM signal, the virtual carrier-to-band power ratio
(VBPR) has been defined (similar to the well-known carrier-to-signal power ratio). It has been
concluded that single sideband (SSB) transmission is preferable when compared with double
sideband (DSB) transmission. Considering the generation of SSB-MB-OFDM signals, the dual-
parallel (DP)-Mach-Zehnder modulator (MZM) together with the Hilbert transform (HT) have

been employed to avoid the use of an optical filter with high selectivity after electrical-to-optical
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conversion. Given that the considered SSB-MB-OFDM generation is not an ideal process, the
modulation index has been defined to control the impact of the nonlinearity induced by the
DP-MZM (caused by electrical-to-optical conversion) on the system performance. Considering
the operations involving OFDM signal demodulation, it has been shown that signal-signal beat
interference (SSBI) poses an important limitation to the performance of the received OFDM sig-
nal, and requires mitigation. Regarding the integrated metro-access network, the elements that
compose that network have been described and it has been decided that only the downstream
direction will be considered in the analysis performed in the following chapters. This decision is
based on the assumption that the upstream transmission employs a signal structure similar to

the one employed in the downstream transmission.

In chapter 3, a DD SSB MB-OFDM system, employing VCs, with 10 Gb/s data rate guaranteed-
per-user for low-cost next generation metro networks has been presented and its performance
has been analysed in back-to-back operation. A study concerning the limits and compromises
between the number of OFDM subcarriers and OFDM bands of the MB-OFDM signal has been
developed for wavelength division multiplexing (WDM) channels with bandwidths of 12.5, 25
and 50 GHz, where it has been shown that these channels are able to transport MB-OFDM
signals comprising 2, 5 and 10 bands, respectively. The main impairments due to non-ideal
filtering from the band selectors (BSs) and the wavelength selective switches (WSSs) have been
presented and discussed. The error vector magnitude (EVM) has been used as figure of merit
for performance evaluation, and from the EVM, the maximum link loss (MLL) for the different
WDM channels has been assessed. Using an ideal BS, the obtained MLLs are between 20 dB
[128-quadrature amplitude modulation (QAM) per subcarrier and channels with 10 bands| and
31 dB (32-QAM per subcarrier and channels with 2 bands). Two BSs with different selectivity
have been employed and compared with the ideal BS. A MLL penalty not exceeding 3 dB for
the BS with higher selectivity, and not exceeding 4 dB for the BS with lower selectivity has been
shown. It has been also shown that, with systems with 2 bands, more than 30 WSSs can be
concatenated with a EVM degradation not exceeding 1 dB. With 5 and 10 bands, more than 15
WSSs can be concatenated with a EVM degradation not exceeding 2 dB.

In chapter 4, a theoretical method (TM) to evaluate the four wave mixing (FWM) power in
ultradense wavelength division multiplexing (UDWDM) VC-assisted MB-OFDM systems using
DD has been presented assuming that the VC-VC-band FWM products are dominant over
other FWM-induced products. A simplified TM to obtain the FWM power for MB-OFDM
systems with high-dispersion fibre, where only part of the FWM products of the type non-

degenerate (NDG)2 are considered, has been derived to relax the computation complexity of the
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FWM power evaluation. A closed-form expression for the FWM power in MB-OFDM systems
employing low-dispersion fibre has been also proposed. Analytical expressions for the maximum
allowed average power of the worst pair band-VC at the fibre input in VC-assisted DD-MB-
OFDM systems, for a given EVM impaired by FWM, have also been derived. The TM and
simplified theoretical method (STM) validation has been performed considering an application
scenario with band spacing of 3.125 GHz and 10 Gb/s data rate per OFDM band. It has been
shown that the TM provides good performance estimates of the FWM-induced degradation.
The discrepancy between the numerical simulation (NS)-estimated and TM-estimated threshold
average powers (TAPs) is close to 0.5 dB with 1 standard single mode fibre (SSMF) span, and
is negligible for 3 or 6 spans. When compared with the NS results, the STM-estimated TAP
provides a discrepancy that may achieve 1.5 dB. However, for the scenarios of main interest in
which the number of spans is higher than one, the discrepancy does not exceed 1 dB. Using the
TM and STM, the upper bound of the power limit (UBPL) has been obtained for an arbitrary

number of SSMF spans and channel gaps (CGs).

In chapter 5, the tolerance to the FWM effect of VC-assisted DD SSB-MB-OFDM schemes
has been investigated in a UDWDM metro-access network scenario, and schemes with improved
tolerance to FWM have been proposed. Schemes showing the best tolerance to FWM, among all
the analysed schemes within each channel bandwidth (CB) class, have been identified for specific
spectral efficiencies. This study has been performed considering channel grids of 3.125 GHz and
6.25 GHz for each OFDM band, which deliver a dedicated capacity of 10 Gb/s and 25 Gb/s to
each user, respectively. For a channel grid of 3.125 GHz, it has been shown that an adequate
design of the VC-assisted scheme enables a power budget (PB) improvement that achieves 3 dB.
This improvement allows to double the number of users of the metro-access network or to extend
the optical distribution network (ODN) reach by about 12 km. With a 6.25 GHz channel grid,
the PB improvement surpasses 4 dB, enabling to double the number of users and simultaneously

extend the ODN coverage by about 5 km.

In chapter 6, the experimental evaluation of two different VC-assisted DD-MB-OFDM schemes
(the baseline scheme and the scheme C2) has been performed and compared for single-channel
and multi-channel transmission. The scheme C2 has been identified in the previous chapter as the
scheme showing the best FWM tolerance. The spectral efficiency has been maintained the same
for both schemes and propagation along 1 and 3 SSMF spans, with 50-km length each, has been
considered. Theoretical estimation results of the two schemes have shown that the scheme C2
provides maximum allowed average powers per pair band-VC exceeding 1.5 dB when compared

with the average powers of the baseline scheme. However, experimental results have shown
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that the scheme C2 does not provide improvement of the maximum allowed average powers
when compared with the baseline scheme results. This has been attributed to the existence,
in the scheme C2, of strong unwanted carriers (UCs) that limit the performance when FWM
is dominant (the region where the maximum allowed average powers are evaluated). These
UCs are a consequence of the non-perfect minimum transmission point of the MZM responsible
for modulating the pairs band-VC. The UCs in the scheme C2 can have an average power
sufficient to generate UC-VC-band FWM products (the UC is seen as one VC) that degrade
considerably the performance of the OFDM bands for high average powers. Given that the
UCs of the baseline scheme are not strong enough to cause significant performance degradation,
to effectively compare the baseline scheme with the scheme C2, a different experimental signal

generation for the scheme C2, which avoids the generation of strong UCs, is required.

7.2 Future work

As a result of the work developed in this thesis, the following topics are suggested as future

work:

o Identification of the performance improvement achieved by using adaptive modulation in

the OFDM subcarriers instead of having fixed modulation for all the subcarriers.

o Upgrade of the digital signal processing (DSP)-based SSBI mitigation algorithm to operate
in the digital domain. This avoids having digital-to-analogue conversion in the SSBI

estimation process.

e Development of a DSP-based algorithm which conjugates peak-to-average power ratio
(PAPR) reduction at the transmitter (for instance, using the raised-cosine symbol precod-
ing technique presented in [62]) and SSBI mitigation at the receiver. A PAPR reduction
technique should provide additional tolerance to the FWM effect experienced with VC-
assisted DD-MB-OFDM transmission.

e Experimental assessment of scheme C2 with a different signal generation method to avoid

the detrimental effect of the UCs on its performance.
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Appendix B

Analytical modelling of VC-assisted
OFDM systems

B.1 Introduction

Analytical models of the performance of orthogonal frequency-division multiplexing (OFDM)-
based systems are of great interest to network designers as they provide fast performance esti-

mates without requiring extensive numerical simulations.

In section B.2, an analytical model for performance evaluation of amplified spontaneous emis-
sion (ASE) noise-impaired direct-detection (DD) single sideband (SSB) multi-band (MB)-OFDM
systems is proposed, using the bit error ratio (BER) as figure of merit. This model does not ac-
count for the distortion effects caused by the Mach-Zehnder modulator (MZM) (which performs
electrical-to-optical conversion) and the p-type-intrinsic-n-type (PIN)-photodiode (PD) (which

performs optical-to-electrical conversion).

In section B.3, an analytical model for performance evaluation of distortion-impaired DD SSB
OFDM systems with one pair band-virtual carrier (VC) is presented using the error vector
magnitude (EVM) as figure of merit. This model accounts for the MZM distortion effects as it

considers a third-order approximation for the MZM, which is biased at the quadrature point.

The performance results obtained with these models can be seen as benchmarks for the perfor-
mance of VC-assisted MB-OFDM systems. For both models, operation in optical back-to-back

is considered.

The work presented along this appendix is also published in [65-67].
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B.2 Noise-impaired VC-assisted MB-OFDM systems

B.2.1 System model

The model considered to describe the noise-impaired VC-assisted MB-OFDM system in optical
back-to-back (without fibre transmission) is presented in Fig. B.1. This model considers the
following simplifications when compared with the integrated metro-access network presented
in section 2.4: 1) a single MB-OFDM transmitter (Tx), generating one MB-OFDM signal,
is employed; 2) the SSB generation is performed by a chirpless MZM plus an SSB filter; 3)
only the ASE noise introduced by the erbium doped fibre amplifiers (EDFAs) is considered
(modelled by an ASE noise loader); 3) it is assumed that the ASE noise is dominant over trans-
impedance amplifier (TTA)-induced noise; 4) the optical distribution network (ODN) losses are
not accounted; and 5) signal-signal beat interference (SSBI) mitigation is not performed at the
OFDM receiver (Rx), as the virtual carrier-to-band gap (VBG) is assumed sufficiently large to

accommodate the SSBI impairment.

CW Laser ASE Noise
Loader PIN-PD

MB-OFDM SSB é Band Band-Pass| | OFDM
Transmittelr_> MZM Filter Selector Zﬁ_b Filter _’Receiver

Figure B.1: MB-OFDM system model in optical back-to-back.

\ 4

The radio frequency (RF) MB-OFDM signal generated at the MB-OFDM transmitter is com-
posed by Ng OFDM signals (or bands) and Np RF carriers [or VCs], as depicted in Fig. B.2.

VBG VC1 VC2 VC Ng

=

1 2 - N

; > f

Figure B.2: Simplified scheme of a MB-OFDM signal, with Np bands and Ng VCs. VBG - virtual-
carrier-to-band gap.

The optical signal is generated by a continuous wave (CW) laser and the MB-OFDM signal
modulates that optical signal using a chirpless MZM, biased at the quadrature point. The optical
signal at the MZM output is then filtered by a SSB filter, creating a SSB signal. This allows

overcoming the chromatic dispersion-induced power fading impairment caused by the square-law
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photodetection of a double-sided optical signal transmitted along a dispersive medium. After
SSB filtering, an ASE noise loader adds optical noise to the MB-OFDM signal. After ASE noise
addition, the pair band-VC to be dropped at the receiver is selected by an optical filter referred
as band selector (BS). The selected signal is photodetected by a PIN-PD, which converts the
optical signal to an electrical signal. A band-pass filter (BPF) is used to recover the OFDM
signal after photodetection and to remove the out-of-band noise. Finally, the OFDM receiver

digitally-converts and demodulates the electrical signal.

B.2.2 Analytical modelling

In this section, the analytical modelling of the signal and noise power along the MB-OFDM
system is performed. The main objective is to obtain analytical expressions for the optical signal-
to-noise ratio (OSNR) and the electrical signal-to-noise ratio (ESNR) at the BPF output. With
these expressions, fast BER estimates can be obtained to provide insight on the performance of

SSB MB-OFDM systems employing direct-detection.

The output electrical field of a chirpless MZM, eprzar(t), can be expressed as:

emzm(t) = E; cos{;/ -V + v(t)]}exp (72mpt) (B.1)

where F; is the optical field of the CW laser, V4 is the MZM bias voltage, V; is the MZM

switching voltage, and vq is the reference optical frequency.

Making use of the first-order approximation given by Taylor series, with respect to v(t), around

zero to linearise the MZM output field, the following approximation for eprzns(t) is obtained:

T _ 7r T .
evzm(t) = E; {cos (me) + sin (me> 2va(t)} exp (j2muot). (B.2)

Considering that the MZM is biased at quadrature point (V, = V;/2), the linearised output

field, eprzari(t), can be written as:

errzna(t) = E; ‘f + \f‘zv(t)l exp (j2mvot). (B.3)

Using Eq. 2.23, Eq. 2.24 and Eq. 2.25, the mean power at the linearised MZM output, pyrzar,,
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can be expressed as:

E? 17 P 1 72
2 i 2 PRF 2 PRF 2
— — =i 4 -7 po —__F- A B.4
PMzM} <’6MZM’Z > 2 Jr8V,r2 ’1+A%+8V,? 14+ A2 (B.4)
~—
Po Py Do

where p, is the mean power of the optical carrier, p, is the mean power of all the OFDM bands

(b = NB - pv,n), and p, is the mean power of all the VCs (p, = Np - pyn)-

Two important power ratios can be determined from Eq. B.4. One is the virtual carrier-to-band

power ratio (VBPR) (already defined in Eq. 2.26 for a single pair band-VC):

VBPR = 2% = 42 (B.5)
Py

and the other is the optical carrier-to-band power ratio (OBPR):

(B.6)

2
OBPR — Po _ 4V; 1+ VBPR .
Py ™

2
VRMS,req

OSNR derivation

After electrical-to-optical conversion, SSB filtering is performed and the lower sidebands and

VCs are removed.

Let us focus our attention on a specific band n of the MB-OFDM signal. An up-converted
OFDM signal s, (t) can be written as:

Sbn(t) = s1.0(t) cOS(27 fynt) — s (t) Sin(27 fi 1) (B.7)

where s7,(t) is the low-pass filtered in-phase (I) component of the OFDM signal of band n,
sQn(t) is the low-pass filtered quadrature (()) component of the OFDM signal of band n, and
fo,n is the n-th band up-converter frequency. Together with the up-converted OFDM signal
spn(t), is a VC, s, (1), given by:

Son(t) = V20827 funt 4 o] = V2 cos[py (1)] (B.8)

where f,, is the n-th VC frequency, ¢, is the VC initial phase and ¢,(t) = 27 fy, nt + ©y.

After ideal SSB filtering, the lower sideband and lower VC are removed. The resulting signals,
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Shn,s5B(t) and sy, s58(t), are given as follows:

1 ) ) 1 .
Sb,n,SSB (t) = 5 [Sf,n (t) + 980, (t)] €xp (] 27be,nt) = isn (t) €xp (]27be,nt)

Sv,n,SSB(t) = \gi exp {j [27va,nt + @)} = \éﬁ exp [jou(t)]

where s,,(t) is the complex baseband OFDM signal of band n. Considering all the Np bands of
the MB-OFDM signal, the mean power at the SSB filter output, pssp, can be expressed as:

P Py
PssB :po+§+5. (B.10)

Afterwards, an ASE noise loader is added to the signal at the SSB filter output. Hence, it is
important to define the OSNR after noise loading (NL). Considering a ASE noise, characterized
by zero-mean additive white Gaussian noise (AWGN) process, that is present in the parallel (||)
and perpendicular (L) polarization directions, and assuming the signal field at the SSB filter
output polarized in the parallel direction, the low-pass equivalent (LPE) of the field after NL,

enr(t), can be expressed as:

enr(t) = [essp (t) + np () + jng(B)] wy + [nr L () + jng,. ()] u. (B.11)

where eggp |(t) is the OFDM signal field at the SSB filter output in the || polarization defined
by w, ny(t) and ng (t) are the I and @ noise components in the || polarization, respectively,
and np(t) and ng ) (t) are the I and @ noise components in the | polarization defined by
u,, respectively. Assuming that each one of the four noise components has a constant power
spectral density (PSD) given by Sassg, the optical noise mean power in a bandwidth By after

NL, p, N, can be expressed as:

Pn,NL = 4S5asEBN. (B.12)

Usually, By corresponds to a reference bandwidth of 0.1 nm, which is approximately 12.5 GHz.

The OSNR is defined as the ratio between the signal power after NL, ps nr (which is equal
to the signal power at the SSB filter output, pssp), and the noise mean power, p, nr, in the
reference bandwidth By, after NL. Using Eq. B.10 and Eq. B.12, the OSNR is then expressed

as:

(B.13)
Pn,.NL Pn,NL

Dov Do ) 1

:(p0+2+2 484558y
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ESNR derivation

After ASE noise loading, the BS is used to select the OFDM band and VC that will be photode-
tected (dropped). The LPE of the BS considered here is an ideal filter, with transfer function
Hpgsn(f) and impulse response hpg,(t), that only selects the n-th OFDM signal and the n-th

VC. The transfer function Hpg,(f) can be written as:

Hpg n(f) = rect (f — fBS’") (B.14)
Bps
where Bpg is the BS bandwidth and fggs, is the BS centre frequency given by:
max + Jmin 1 B
fBS,n = f x,B5 9 f B8 = 5 |:fv,n + (fb,n - ;)} (B15)

where fiax,Bs and fuyinBs are the maximum and minimum frequencies of the BS passband,

respectively, and B,, is the OFDM signal bandwidth.

The LPE of the signal at the BS output, epg (), can be expressed as:

epsa(t) = enr(t) ® hpsn(t) = [eps.n ) (8) +nfy (8) +ing, (O] wy + [nf, L () + i1 ()| us
(B.16)

where ® denotes the convolution operation, egg ,, ||(t) is the field, at the BS output, of the n-th
OFDM signal and n-th VC in the || polarization, n’I,”(t) and n’Q7”(t) are the filtered I and Q
noise components in the || polarization, respectively, and n’I’H(t) and n/Q,II(t) are the filtered I
and @ noise components in the | polarization, respectively. Considering the formulation for v(t)
shown in Eq. 2.22, and taking into account that, after SSB filtering, s, (t) and sp,(t) become

Sun,55B(t) and sy, ssp(t), respectively, the field eps p paraite(t) is given by:

\/i m VRMS,req

B VRMS,req
I a— A7
4 Vﬂ— VRMS,Se VRMSwgb,n

VRMS,sc VRMS, 54,

eBsn,|(t) Shn,s5B(t) + Aysyn,ssB(t)] x

X exp (j2mpt).

(B.17)
The mean power of the field egg ,, ||(t), PBSn, 15 given as follows:
1 + +
PBSm = NiB (pv 5 Pb) _ Pun 5 pb,n' (B18)
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After band selection, the signal is photodetected. The PIN-PD is modelled by a square modulus
function with responsivity of 1 A - W™, The photocurrent at the PIN-PD output, ipry(t), can

be written as:

2 2
ipin (1) = lens n (DI = |eps.n) (1) + (1) + jn (O] + [nf o (t) + jng (O] . (B19)

After some calculations, the PIN-PD output current can be separated in two different groups:
the signal-dependent photocurrent and the noise-dependent photocurrent. The signal dependent
photocurrent, denoted as is prn(t), is given by:

2 17?2 _,

2 2
1 re 1 re
( VR sreq ) \sn(t)\2+< VRS eq Av) +  (B.20)

isPIN(L) = ‘eBS,n,H (t)

4 \ VrRms,s,,, VRMS s, 2 \ VRmS 50 VRMS,s.

2
\/§ VRMS,’/‘eq
2
2 VRmS,s,,, VRMS,s00 Viinrs s,

Ay 8%{Sn(t) eXp[_j@ﬂ'fr,nt + @v)]}]

with frn, = fon — fon. The first term of is pry(t) is the SSBI, the second term is the direct-
current (DC) component, and the third term is the received OFDM signal. The noise-dependent
photocurrent, denoted as i, prn(t), where the noise-noise beat terms were neglected, can be

expressed as:

in PN (8) = eps.n () [0 (1) = ing (O] + {esny®)} [nhy ) +ing 0] B:21)

In order to obtain the noise power at the PIN-PD output, p, prn, the auto-correlation function
of ip prn(t) must be evaluated. Using Eq. B.17 and Eq. B.9 and taking into account that

VRMS,s, = \/EVRMS,SI,’”7 eBsn,||(t) can be rewritten as follows:

) — \/§ 7T E‘\/ivRMS,req
wsl® = VIS Vs,

= S(t) exp [jou ()]

[3n(t) exp (=727 frnt) + Ay exp (j2mv0t) exp [y (t)] =

(B.22)

where 5,,(t) = s, (t)/VrMmS,s,- Using Eq. B.22, iy, prn(t) can be rewritten as:
in,PIN (1) = S(t) exp [jou(t)|n"(t) + S™(t) exp [—jdy (t)]n(t) (B.23)

with n(t) = nf (&) + jng(t). Using Eq. B.23, the auto-correlation function of iy prn (1),
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R, pin(T), is given by:

Ry piN(T) = Elin,prn(t) inpin(t +7)] =
= E{S(t)S(t + 7) exp{j [¢o(t) + ¢o(t + )]} n*(t) n"(t + 7)}+
+ E{S()S*(t + 7) exp{j [pu(t) — du(t + 7)[} n*(t) n(t + 7)1+ (B.24)
+ E{S*(#)S(t + ) exp{—j [du(t) — du(t + T)[} n(t) n"(t + 7) }+

+E{S*(t)S™(t + 7) exp{—J [ (t) + du(t + T)]} n(t)n(t + 7)}
where E{-} corresponds to the expected value. Taking into account that the expected value of
the terms depending on ¢, are zero, R, prn(7) can be simplified as:

R pin (1) = B{S(t)S*(t + 7)} exp(—j2 fu.n7) B{n"(t) n(t + 7) }+
(B.25)

+E{S*(8)S(t + 1)} exp(j2m font) E{n(t) n*(t + 7)}.
After performing some calculations, in which the Fourier transform definition and the Wiener-

Khintchine theorem were employed, R, prn(7) becomes:

Rupin(7) = BSOSt + 1)} [ [S1(4)+Sa(N] expli2n(f = fun)7] [ Hasn(£)[ df+
o (B.26)

FE(S'OS(+ 1)} [ [S1()+Sa(D]expli2n(f + fun)7] [Hasn(~1)[ df

where S;(f) and Sq(f) correspond to the noise PSD of the I and () components, respectively.
The noise power at the PIN-PD output, p, prn, is obtained from R,, pyn(7) by imposing 7 = 0.

Hence, the noise power at the PIN-PD output, p, prn, can be written as:

400 400
ppiv=EUSOPY [ [S1()+Sa(F)] 1 Hasa(PIPdf+ [ [SiH)+Sa(H)] [Hasa(~HI*df =
PBS,n —o0 2S4sE - 2SasE
+oo +oo
= 2pBSnSASE {/ |Hpsn(f)? df+/ |Hpsn(—f)| df} =4pBpsnSaseBas.
Sn, PN (f) - -
(B.27)

After photodetection, a BPF is used to remove the SSBI and the DC component from the

photodetected signal. The BPF transfer function, Hgpr(f), is given by:

Hppp(f) = rect (f —;grn> + rect (f_Bj?n) (B.28)
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where B is the BPF bandwidth, which is equal to the OFDM signal bandwidth B,,. Using

Eq. B.20, the signal at the BPF output, is ppr(t), is given by:

2
_ 17 a2 Viinsreq
8V2 " 2 VrMS sy, VRMS 5,0, V]%MS,SE

is,BPF(t) Ay R{sn(t) exp[—j (27 frnt + u)]}. (B.29)

The mean power of is ppr(t), ps,BPF, is obtained using the expected value, and can be written
as:

ps.prr = B{lisppr(t)*} = % (B.30)

The noise mean power at the BPF output, p, ppr, depends on the noise PSD at the PIN-PD
output, S, prn(f) (see Eq. B.27), and is given by:

—+oco
Pn,BPF =/ Sn.pin(f) [Hepr(f)I° df = 4pps.n SaseBe. (B.31)

The ESNR is defined as the ratio between the signal mean power, ps ppr, and the noise mean

power, p, gpr, at the BPF output. Using Eq. B.30 and Eq. B.31, the ESNR is then given by:

Ps,BPF Pv,nPbn
ESNR = —= = : ! .
PnBPF 4 (Don + Do) SaseBE

(B.32)

ESNR as function of the OSNR for the MZM at the quadrature point

The figure of merit used in this study to assess the system performance is the BER. With
AWGN dominance, the BER can be estimated as a function of the ESNR with the following

expression [38] (see Appendix D):

(B.33)

BER — (1 1 3ESNR )

2
— | ————erfc —
\/M> logy (M) ( 2(M —1)
where erfc(-) is the complementary error function, and M is the number of distinct symbols of
the quadrature amplitude modulation (QAM) format. Knowing that p,/py, = Np x OBPR,

Po/Pomn = N x VBPR, py/pp, = Np, and using Eq. B.32 and Eq. B.13, the ESNR can be

expressed as:

1 2 VBPR By
ESNR = — ZN OSNR. B.34
Ng (2 x OBPR + VBPR + 1) (VBPR + 1) Bg (B-34)

Some important conclusions can be derived from Eq. B.34. When the OBPR and VBPR are

maintained, the ESNR of one band is inversely proportional to the number of bands. This
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means that transmitting more than one band will require an OSNR, increase proportional to the
number of bands to achieve the same performance. A VBPR increase will also lead to a higher
required OSNR, to achieve the same performance obtained with low VBPR. A VBPR increase
also results in an OBPR increase, as the OBPR depends on the VBPR. When increasing the
VBPR, the power attributed to the OFDM band decreases and the power assigned to the VC

increases, meaning lower ESNR.

ESNR as function of the OSNR. for the MZM at the minimum point

So far, the analysis considers the transmission of the optical carrier generated by the CW laser
at the MZM output, as the MZM is biased at quadrature point. However, the ESNR as function
of the OSNR can also be derived when the MZM is biased at the minimum point (V, = V;).
Instead of performing all the derivations, the previous developed expressions can be used. With
the MZM biased at minimum point, the optical carrier is not transmitted at the MZM output

(po = 0) and the mean power at the SSB filter output can be expressed as:

Py
=+ = B.
PssB =7 + 5 (B.35)
which results in the following expression for the OSNR:
PSSB Pb | Po 1
OSNR=—">"—="+— | ———F—. B.36
4 SasgBN ( 2 2 ) 4 SasgBN (B.36)

Rearranging Eq. B.32 and Eq. B.36 enables expressing the ESNR as a function of the OSNR as
follows:
2 VBPR By

== _ZNOSNR. B.
N (VBPR + 1)2 B OONR (B-37)

ESNR =
When comparing Eq. B.34 and Eq. B.37, the optical carrier removal enables higher ESNRs
for the same OSNR, which translates into lower required OSNR values for the same ESNR.
An important conclusion can be drawn from the expression Eq. B.37. The ESNR no longer
depends on the OBPR. This results in a constant OSNR for the same performance, when Np
and VBPR are kept fixed, which does not occur using Eq. B.34. Although expressions Eq. B.34
and Eq. B.37 do not consider the MZM and PIN-PD distortion effects, they provide insight
on the performance of VC-assisted MB-OFDM systems and allow to estimate the best possible

performance that can be achieved.
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B.2.3 Validation of the developed expressions

The effectiveness of the proposed analytical model for MB-OFDM systems is assessed by com-
parison with numerical results. The OSNR that leads to a BER of 1072 (OSNRy,) and the
BER itself are used as figures of merit. To assess the analytical model (AM) accuracy, the
BER obtained with the AM is compared with the BER retrieved from numerical simulation
(NS) using the exhaustive Gaussian approach (EGA) [69,103]. In the analysis, the MZM is at
quadrature point [ESNR as a function of the OSNR given by Eq. B.34], each OFDM symbol has
128 subcarriers, each OFDM band has a bit rate of 5 Gb/s and B,, = 2.5 GHz, the maximum
total bit rate (assuming a maximum of 4 bands) is 20 Gb/s, and the following parameters are
fixed: M =4, Vy =5V, By = B, = 2.5 GHz, By = 12.5 GHz, f,,, € [2.25,8.25,14.25,20.25]
GHz and f,,, € [6,12,18,24] GHz with n € [1,2,3,4].

The linearised MZM given by Eq. B.3 is used in the numerical results. A particular study, in
which a real MZM is considered in the simulation, is also performed and explicitly mentioned.
The target of that study is to assess the validity range of the AM in presence of MZM distortion.
With the real MZM, is important to set the VC frequencies as multiple of f, 1 (in this section,
fu,1 = 6 GHz is set), to guarantee that the inter-modulation products of the VCs do not interfere
with the OFDM bands.

3 T T
—B— NB =1 (AM)
—6— NB =2 (AM)
—A— NB =4 (AM)
-B-NB=1(NS) ||
—2-NB=2(NS)
-A-NB=4(NS
m
~.3
g&
& A
o
D
22 ‘ ‘ ‘ ‘ ‘
750 1000 1250 1500 1750 2000 2250

VRMS req [mV]

Figure B.3: OSNR,, as function of Vrars req for Ng = [1,2,4], with AM (solid lines) and NS (dashed
lines), with a fixed VBPR of 15 dB.

The number of bands affects significantly the performance of the MB-OFDM system, as it was
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concluded through analysis of Eq. B.34. Fig. B.3 shows the OSNR,.., as function of Vi req
for Ng = [1,2, 4], obtained with the AM and with NS. A VBPR of 15 dB is considered. Fig. B.3
shows that the AM results have excellent agreement with the ones obtained with NS. Fig. B.3
also demonstrates that when Np doubles, the OSNR,.., increases 3 dB. Fig. B.3 shows also that
increasing Vrars,req leads to a OSNR,.¢, decrease, which is valid for this system because it does

not exhibit MZM distortion.
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Figure B.4: OSNR,., as function of Vi req for VBPR = [3,9,15] dB, with AM (solid lines) and NS
(dashed lines), and with Np = 4.

Another parameter besides Np that influence significantly the performance results is the VBPR.
Fig. B.4 shows the OSNR,., as function of Vgars req for VBPR = [3,9, 15] dB, obtained with the
AM and with NS. The MB-OFDM system has four bands (Np = 4). Fig. B.4 shows an excellent
agreement between the AM results and the NS results. Fig. B.4 also shows that increasing VBPR
leads to an increase of the OSNR,.¢,. This increase is higher for higher VBPRs.

In the results of Fig. B.3 and Fig. B.4, the VBG is selected in order to avoid the SSBI overlapping
with the received OFDM band. However, it is important to verify the resilience of the AM when
PIN-PD distortion interferes with the information-bearing signal, as a smaller VBG means
more spectral efficiency. Fig. B.5 shows the BER as function of the VBG width in GHz, for
VBPR = [3,9,15] dB and Vgrasreq = 1500 mV. The OSNR is 22.4 dB for VBPR = 3 dB, 25.9
dB for VBPR = 9 dB and 31.1 dB for VBPR = 15 dB. With these OSNR levels and as the AM
does not take into account the PIN-PD distortion, the BER obtained using the AM is 103 for
all VBG widths. Therefore, Fig. B.5 only shows the NS results. Fig. B.5 shows that the SSBI
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Figure B.5: BER as function of the VBG width, for VBPR = [3,9,15] dB and Vgarsreq = 1500 mV,
with NS. With the AM, the BER is 1072 for all VBG widths.

caused by the PIN-PD affects the performance when the VBG width is lower than the bandwidth
of the OFDM signal, as the SSBI spectrum overlaps with the OFDM signal spectrum. Fig. B.5
shows also that the BER degrades more substantially for lower VBPRs. This is because lower
VBPR levels leads to more SSBI power.

The results shown in Fig. B.3, Fig. B.4 and Fig. B.5 present the effects of ASE noise and PIN-PD
distortion on the performance. However, the effects of MZM distortion were not considered in
the simulation results. To illustrate the impact of MZM nonlinearity on the required OSNR
and assess the AM validity range, a real MZM described by Eq. B.1 is also considered in the

simulation.

Fig. B.6 shows the OSNR,., as function of Vgars req, for VBPR = [3,9,15] dB, and for the first
band which is the most affected by MZM distortion. The MB-OFDM system has four bands
(Np =4), and a VBG width of 2.5 GHz is employed. Fig. B.6 shows that the MZM distortion
causes significant performance degradation when the required root-mean-square (RMS) voltage
increases. For required RMS voltages around 400 mV, the minimum OSNR,., is obtained.
From the simulation results, the minimum OSNR,., for VBPR = 3 dB is 38 dB, for VBPR
= 9 dB is 40 dB, and for VBPR = 15 dB is 45 dB. The error committed by the AM in
the minimum OSNR,, is approximately 4 dB for VBPR = 3 dB and for VBPR = [9,15] dB

is approximately 3 dB. The analytical modelling in this section assumes noise-impaired MB-
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OFDM systems. Hence distortion-impaired systems are not well described by this model. This
occurs for Vrarsreq voltages higher than approximately 200 mV when V; = 5V. Taking into
account the modulation index definition of Eq. 2.31, this corresponds to modulation indexes (in

percentage) higher than 4%.
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Figure B.6: OSNR, 4 as function of the Vrass req, for VBPR = [3,9, 15] dB. A MB-OFDM system with
4 bands (Np = 4) is considered. A real MZM is considered in the NS results.

B.3 Distortion-impaired VC-assisted OFDM systems

B.3.1 System model

The system model considered to analyse the performance of distortion-impaired VC-assisted
OFDM systems in optical back-to-back operation is similar to the one illustrated in Fig. B.1
with the following simplifications: 1) a single OFDM Tx is considered at the MZM input, that
is, a single pair band-VC is transmitted; and 2) the ASE noise impairment is neglected to focus
the attention on the distortion-based impairments. The VBG is suitably chosen in order to
avoid the SSBI originated by the PIN-PD square-law, that is, the VBG is equal to the OFDM
signal bandwidth. However, a particular study, in which different VBGs are considered in the

simulation, is performed to assess the validity of the proposed model in the presence of SSBI.
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B.3.2 Signal and distortion components at the photodiode output

The key idea is to obtain analytical expressions for the electrical signal and distortion powers in
order to calculate the EVM as figure of merit for performance characterisation. From Eq. 2.22,

the RF signal with one pair band-VC (n = 1) at the MZM input, v(t), is given by:

sp.1(t) 4 Sl (t) | VRMS.req

v(t) = . B.38
Q VRMS 5,4 " VamS,sy | 1+ A2 (B:3%)

For practical purposes, v(t) can be divided into two different components as follows:
v(t) = vy (t) expj (27 fo,1t + po)] + v () exp[—j(2m fu 1t + @] (B.39)

with v_(t) = [v4(t)]* ([.]* denotes the complex conjugate). Using Eq. B.7 and Eq. B.8, assuming

¢y = 0, and taking into account that Vrars s, , = Vems.s; /V2, vi(t) can be written as:

- VRMS,'req Sl(t)
+(t) = =5

V200 +A2) |77 Vaus,s

where Vrarss, is the RMS voltage of the complex baseband OFDM signal of band 1. The

exp(—j2m fr1t) (B.40)

signal v(t) is then fed to the MZM. The optical signal at the MZM output as a function of
v(t) is expressed by Eq. B.1. Assuming that the MZM cosine function can be approximated
by a Taylor series third-order expansion, the LPE of ej;zp/(t) after a Taylor series third-order

expansion, ejrzar,q(t), with respect to v(t) around zero is given by:

T . s T
6MZM,d(t) =F; |cos <2V;r%) + sin <M%> m@(f;) _

_ %cos (2%14,) (27‘;)2@2(15) _ %Sin (2;‘/") (2;)3@3(@] . (B4l

With the MZM at quadrature point (V; = V;/2), the third-order approximation of the optical

signal at the MZM output can be expressed as:

enzard(t) =Co + Cru(t) + Cov?(t) + Csv3(t) =
- <‘/§E> + [ﬁE cﬂl u(t) + [— V2E, 02] v3(t) + l— V2B, 03] V() (B.42)

2 2 4 T 12 7
| S——
Co C1 Ca C3

with Cr = 7/(2V;). After electrical-to-optical conversion, SSB filtering is performed, and the

lower sideband components are removed. The LPE of the optical signal at the SSB filter output,
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essp,d(t), is given by:

essn,d(t) = Co+ Crog(t) exp(jwot) + C’gvi(t) exp(j2wyt) + 2Cov4 (t)v—_(t)+

+ C503 (t) exp(j3wyt) + 3C50% (t)v_(t) exp(jwyt) (B.43)

with w, = 27 f,, 1. The first term is the optical carrier, the second term is the OFDM signal, the
third and fourth terms are MZM second-order distortion components, and the fifth and sixth
terms are MZM third-order distortion components. After SSB filtering, the BS is used to select
the pair band-VC. After replacing v (t) in Eq. B.43 by Eq. B.40 and taking into account that
v_(t) = [v4(t)]*, the LPE of the optical signal at the BS output, epg 4(t), can be written as:

eps,d(t) = Di[51(t)]" exp(jwrt) + Da|51 (t)|2 + Ds|5; (16)]2 exp(jwyt) + Dy exp(jwyt)+ (B.44)

+ D551 (t) exp(jwpt)
with §1(t) = Sl(t)/VRMS,sla Wy = 27['f7~’1, wp = 27be71, and

Dy =202A,K3

Dy =205K?% = Dy /A,

D3 = 6C5A,K3 (B.45)
Dy = C1A K4+ 3C3A3K3 = C1A Ky + A%2D3/2

D5 = C1 K4+ 6C3A2K3 = C1Kq + Ay D3

with Kd = VRMS,req/ 2(1 + A121)

Afterwards, photodetection is performed by an ideal square-law PIN-PD with responsivity of
1 A-W~L. The photocurrent at the PIN-PD output, iprn,a(t), can be expressed as: ipry q(t) =
ens.,d(t)|eps,q(t)]*. From all the terms obtained at the PIN-PD output, the most relevant terms

when the SSBI is neglected are the following:
distortion components
iprn.a(t) ~ 2D1DyR {51 (1) exp(junt)} + 2D2DsR { [51(2) 251 () exp(jent) | +

+ 2Dy DsR {[51(1)]* exp(jwrt) } (B.46)

OFDM signal component

with R{-} denoting the real part. The first term is the beating between a 2nd-order MZM
distortion term and the VC, the second term is the beating between a 2nd-order MZM distortion
term and the OFDM signal, and the third term is the OFDM signal.

Fig. B.7(a) and Fig. B.7(b) illustrate the spectra at the SSB filter output using the MZM
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model given by Eq. B.1 and the approximation given by Eq. B.43, respectively. Fig. B.7(c)
and Fig. B.7(d) show the spectra at the PIN-PD output using the MZM model given by Eq. B.1
and the approximation given by Eq. B.46, respectively. The system parameters are an example
just to observe the spectra differences between the two models. The spectra at the SSB filter
output is similar for both cases and show the signal term centred at f;; = 2.75 GHz and the
VC located at f,1 = 6.5 GHz. The distortion components at the SSB filter output are centred

at fr1 = 3.75 GHz, and have a spectrum shape similar to the signal spectrum.
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Figure B.7: Spectra at the SSB filter output using (a) the MZM model from Eq. B.1 and (c¢) the
approximation given by Eq. B.43. Spectra at the PIN-PD output obtained using (b) the MZM model
given by Eq. B.1 and (d) the approximation given by Eq. B.46. Parameters: B,, = 2.5 GHz, VBG = B,,,
fu1 =6.5 GHz, f,1 = 2.75 GHz, VBPR = 12 dB and MI = (Vi req/Va) = 20%.

B.3.3 EVM due to distortion

The EVM due to distortion, EV Mp, is given by the signal-to-distortion ratio (the ratio between
the distortion power Pp and the signal power Pg) and is assessed at the OFDM receiver (after
photodetection). In order to obtain the signal and distortion powers for a certain OFDM subcar-
rier, §1(t) is expressed as §1(t) = 27]1\[;;:1 Cn €xp(J2mnscA fsct), where ng. is the subcarrier index,
N, is the number of OFDM subcarriers, ¢, is the normalized subcarrier complex amplitude and
A fsc is the subcarrier spacing. After some calculations, the signal power of a certain OFDM

subcarrier can be expressed as:

Ps = 2D3D?P,. (B.47)
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where Py is the power of each OFDM subcarrier (assumed the same for all subcarriers). In a

similar way, the distortion power can be written as:
Pp = (2DD} + 8D1 D, D4 Ds) Pie. (B.48)

Hence, EV Mp can be expressed as:

Pp  2D?D3%+8D1DsDyDs
EVMp = — = . B.49
P pg 2D2D? (B49)

After a few calculations, the EVM of a subcarrier impaired by distortion becomes:

EVMp = D—z (1 i ) . (B.50)
D2 VBPR

For high VBPRs, the second term in Eq. B.50 can be neglected. This leads to the following
EVM due to distortion:

2

D
EVMp ~ —. (B.51)
D5

By defining B; as the bandwidth of the OFDM signal that suffers from distortion interference,

and assuming that the subcarriers not affected by distortion have null EVM, the average EVM
of the OFDM band due to distortion, (EV Mp), can be obtained as follows:

(EVMp) = a; - EVMp (B.52)

with

_ g; o |fu,1Bw2fb,1! - |fr,lefb71|' (B.53)
For example, if o; = 0.6, it means that 60% of the distortion band interferes in frequency
with the signal band (a; can be modified by changing f;1). Fig. B.7 shows the case where

a;[%] = 60%. The worst case occurs when fr1 = fb1, which corresponds to the case where all

the subcarriers are impaired by distortion.

B.3.4 Assessment of developed expressions

The effectiveness of the AM for the distortion-impaired MB-OFDM system with one pair band-
VC is assessed by comparing its EVM estimates with the ones obtained from NS. For performance

evaluation, the following parameters are considered: Ng. = 128, 4-QAM subcarrier mapping,

and OFDM band bit rate of 5 Gb/s. Thus, the OFDM signal bandwidth, B,,, is 2.5 GHz.
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To evaluate the MB-OFDM system performance, the EVMs obtained through NS using the
MZM given by Eq. B.1 are compared with the EVMs obtained by the analytical expressions
given by Eq. B.50 and Eq. B.52 (approximation 1), and by Eq. B.51 and Eq. B.52 (approximation
2). With AWGN dominance, an EVM of approximately -9.8 dB corresponds to a bit error ratio
of 1073 (see Tab. D.1). Therefore, it is assumed that an EVM value is acceptable when it is
below -9.8 dB.

Fig. B.8(a), Fig. B.8(b) and Fig. B.8(c) show the AM and NS EVM results as a function of «;
and the VBPR with VBG = B,, and MI = 20%. The results of Fig. B.8 illustrate that, with the
VBPR increase, the agreement between the AM and NS EVM results improves. A discrepancy
not exceeding 1 dB is achieved for a VBPR of 12 dB.
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Figure B.8: EVM results obtained with the MZM model from Eq. B.1 (triangles), from approximation
1 (squares) and from approximation 2 (diamonds) as a function of o; with VBG = B,,, VBPR equal to
(a) 6, (b) 9 and (c) 12 dB and MI = 20%.

Fig. B.9(a), Fig. B.9(b) and Fig. B.9(c) show the AM and NS EVM results as a function of «;
and MI for VBG = B,, and VBPR = 12 dB. The results of Fig. B.9 show that, with the variation
of the modulation index, the discrepancy between the AM and NS EVM results is similar and

does not exceed 1 dB.
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Figure B.9: EVM results obtained with the MZM model from Eq. B.1 (triangles), from approximation
1 (squares) and from approximation 2 (diamonds) as a function of «; with VBG = B,,, VBPR = 12 dB
and (a) MI = 15%, (b) MI = 20% and (c) MI = 25%.
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So far, VBG was set equal to B, to avoid SSBI. However, it is important to analyse the
accuracy of the AM (which neglects SSBI) when SSBI is present. The presence of SSBI occurs
when VBGs are smaller than B,,, which is of great interest as it means higher spectral efficiency.
Fig. B.10(a), Fig. B.10(b) and Fig. B.10(c) illustrate the EVM results obtained with the AM,
where SSBI is not accounted for, and with NS, for two different situations: i) SSBI does not
interfere with the OFDM band (VBG = B,,) and ii) SSBI interference occurs (VBG < B,,), as
a function of a;, with VBPR = 12 dB and MI = 20%. The results of Fig. B.10 show that, when
VBPR = 12 dB and MI = 20%, a discrepancy not exceeding 1 dB between the AM and NS
results is verified for VBGs higher than B, /2.
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Figure B.10: EVM results obtained with the MZM model from Eq. B.1 (triangles), from approximation
1 (squares) and from approximation 2 (diamonds) as a function of «; with VBPR = 12 dB, MI = 20%
and VBG equal to (a) By, (b) By/2 and (c) By /4.

B.4 Conclusions

An AM for performance evaluation of ASE noise-impaired DD SSB MB-OFDM systems has
been proposed. The AM effectiveness has been verified through comparison with NS using
the EGA to evaluate the BER. Excellent agreement in the BER results when MZM and PIN-
PD distortion do not interfere with the MB-OFDM signal has been shown. When PIN-PD
distortion is affecting the MB-OFDM signal, the AM provides more accurate estimates for high
VBPRs. When MZM distortion is interfering with the MB-OFDM signal, the AM presents, for

modulation indexes lower than 4%, a deviation in the required OSNR not exceeding 1 dB.

Another AM for performance evaluation, with emphasis on the distortion impairments of DD
SSB optical MB-OFDM systems using VCs, has been presented. The effectiveness of this AM
has been verified through comparison of its EVM estimates with the ones obtained using NS.
Discrepancies between the EVM estimates of the AM and NS not exceeding 1 dB have been
shown for a VBPR of 12 dB and for VBGs exceeding half of the signal bandwidth.
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Appendix C

Algorithm for signal-signal beat

interference mitigation

C.1 Introduction

To ensure that multi-band (MB)-orthogonal frequency-division multiplexing (OFDM) systems
employing virtual carrier (VC)-assisted direct-detection (DD) have high spectral efficiency, the
frequency gap between the OFDM signal and its corresponding VC should be small or negligible.
This is possible only if the signal-signal beat interference (SSBI) has reduced impact on the signal
performance. In this appendix, a digital signal processing (DSP)-based iterative algorithm for
SSBI mitigation with application in VC-assisted DD-MB-OFDM optical systems is presented
and explained. The performance improvement due to the SSBI mitigation is assessed in the

presence of optical noise and distortion due to the optical modulator.

C.2 System description

The MB-OFDM system employed to evaluate the SSBI impact on the system performance
is illustrated in Fig. C.1. It consists in a MB-OFDM transmitter with Np = 1 (see Fig. 2.5)
connected to an OFDM signal demodulator (see Fig. 2.6) with an amplified spontaneous emission

(ASE) noise loader in-between.

Fach band within the MB-OFDM signal transports an OFDM signal with information data rate
of 10 Gb/s. With forward error correction (FEC) overhead of 7%, the total bit rate transmitted
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Figure C.1: Block diagram of the simplified MB-OFDM system used to evaluate the SSBI impact on
the system performance.

per band, Ry, is 10.7 Gb/s. Each band comprises 128 subcarriers per OFDM symbol and
all subcarriers are modulated using three different quadrature amplitude modulation (QAM)
constellations: 4-QAM, 16-QAM or cross 32-QAM [89]. For 4-QAM, the OFDM band has a
bandwidth, B,,, of 5.35 GHz, for 16-QAM the bandwidth is 2.675 GHz and for 32-QAM is 2.14
GHz. The bandwidth of each band is obtained from B,, = Ry/logy (M), with M = {4,16, 32}.
300 OFDM information symbols are used for performance assessment, which corresponds to
a total of 3.84 x 10* QAM symbols. The error vector magnitude (EVM) is used as figure of
merit and the EVM corresponding to a bit error ratio (BER) of 1073 for 4, 16 and 32-QAM
is used as reference of the performance limit (see Tab. D.1). The modulation index is set to
5% (low distortion case) and 25% (high distortion case). The ASE noise loader adds optical
noise to the OFDM signal in order to set the optical signal-to-noise ratio (OSNR) in a reference
bandwidth of 0.1 nm, to the desired value (the OSNR is the ratio between the signal power
and the noise power). At the OFDM signal demodulator, photodetection is performed by the p-
type-intrinsic-n-type (PIN)-photodiode (PD). Due to the PIN-PD square-law, SSBI is generated
at the PIN-PD output. To mitigate the SSBI after photodetection and before demodulation, a
DSP-based iterative algorithm is employed. This algorithm allows for a reduced virtual carrier-
to-band gap (VBG) and, consequently, enables a reduced receiver bandwidth and high spectral
efficiency. A detailed block diagram for the OFDM receiver (Rx) will be given afterwards in this

appendix, together with the explanation of the SSBI mitigation algorithm.

C.3 Impact of the SSBI in DD-OFDM systems

In section 2.3.3, the SSBI components were identified after photodetecting one pair band-VC.
In MB-OFDM systems assisted by VCs, the SSBI is an important impairment to take into
consideration and the virtual carrier-to-band power ratio (VBPR) plays an important role in
the SSBI influence on the system performance. The VBPR is set in the electrical domain, inside

each OFDM transmitter (Tx) and needs to be carefully chosen as it controls the power of the
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SSBI component and if the system is mainly impaired by noise or distortion. In conventional
OFDM systems, where the frequency gap between the carrier and the OFDM band (for VC-
assisted MB-OFDM systems is the VBG) has a similar width to the OFDM bandwidth, the
optimum VBPR is around 0 dB [29] (a VBPR of 0 dB means that the VC power is equal to the
OFDM band power). However, this solution is not appropriate as the frequency gap induces
considerable spectral efficiency reduction. As the main goal is to have the highest possible
spectral efficiency, the best case scenario is to have a very small VBG. As the VBG reduces, the
SSBI interferes more and more with the OFDM band. A small VBG is possible by increasing
the VBPR, as this improves the relation between the SSBI power and the desired signal. Still, a

VBPR increase leads also to the increase of power wasted in the VC and to lower noise tolerance.

Fig. C.2 shows the EVM as a function of the VBG, for an OFDM band with bandwidth of 5.35
GHz, and for low VBPR (2.5 dB) and high VBPR (10 dB), with and without optical noise.
When optical noise is accounted, the OSNR is 16 dB. Fig. C.2 shows that by increasing the
VBG width, the SSBI component will gradually fall out of the OFDM band, resulting in a EVM
decrease (performance improvement). For VBGs greater than or equal to the OFDM signal
bandwidth (5.35 GHz), the best performance is achieved as the SSBI no longer interferes with
the OFDM band.

optical
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Figure C.2: Tradeoff between the VBG, VBPR and SSBI-induced distortion, without optical noise and
with a OSNR of 16 dB. 4-QAM modulation for each OFDM subcarrier and a modulation index of 5%
are considered.

Fig. C.2 also shows that, when optical noise is not taken into account, the EVM is lower for
the same VBG if the VBPR is increased (higher VBPR means less SSBI influence on the per-
formance). In a real situation with optical noise, increasing the VBPR is not acceptable as it

decreases the power of the detected OFDM signal. For a fixed OSNR, decreasing the power of
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the OFDM signal would lead to performance degradation. Thus, Fig. C.2 shows a worst perfor-
mance (higher EVM) when the VBPR increases, when optical noise is accounted. The use of a
SSBI mitigation technique would allow the decrease of both the OSNR and VBPR, and would
also allow the overlapping between the SSBI and the OFDM signal without severely affecting
the performance. The usage of such technique would enable an improvement of the spectral

efficiency at the expense of a small increase on the system complexity at the receiver side.

C.4 SSBI mitigation algorithm

In this section, the DSP algorithm used for SSBI mitigation is explained in detail for application
in VC-assisted OFDM systems and the performance improvement due to the SSBI mitigation is
evaluated using numerical simulation. The SSBI mitigation algorithm used in this work is based

on the technique presented in [68].

SSBI mitigation is employed in the electrical domain by an iterative procedure which reconstructs
the SSBI terms from the hard decision decoding of the corrupted QAM symbols, and subtracts
them from the photodetected signal. The SSBI mitigation algorithm is separated in two different
modes: the training mode and the data mode. In the training mode, the SSBI mitigation
algorithm uses only the training symbols (TSs) of the OFDM frame to estimate some parameters
required by the algorithm to converge. Afterwards, in the data mode, the data information of
each OFDM frame is processed in the OFDM receiver and the SSBI is mitigated. In order to
achieve an adequate performance, the algorithm needs to perform a few iterations to achieve
suitable mitigation of the SSBI. The SSBI mitigation algorithm may introduce some latency
issues due to the time needed to perform the necessary iterations. However, by performing
the most time-spending iterations in the training mode (where some latency is acceptable), the
latency issues can be minimized. In this work, the SSBI mitigation algorithm processes the

received signal with all the training symbols and not in a symbol-by-symbol manner.

Fig. C.3 shows the block diagram of the OFDM receiver with the algorithm operating in the
training mode. This mode is divided in two different types of iterations: 1) the training iterations
used to estimate the SSBI (I, with index e), and 2) the amplitude iterations used to adjust the
amplitude of the reconstructed SSBI term before each training iteration (I, with index a). The
signal from the direct-current (DC) block output is digitized by the analogue-to-digital converter
(ADC) and the resulting signal is stored in memory. A sequence of operations to demodulate

the OFDM signal are performed: cyclic prefix (CP) removal, fast Fourier transform (FFT),
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sample selection and equalization. The equalized symbols are stored and the resulting EVM is
computed. The selected samples after FF'T, which correspond to the OFDM subcarriers, are
the following, for a pair band-VC with the VC at a lower frequency than the OFDM band:
[v+1,v+2,..., Ng + v], where v is the number of samples corresponding to the VBG. For a
pair band-VC with the VC at a higher frequency than the OFDM band, the selected samples
after FFT are the following:

[2'NSC'5ADC_NSC+1_U72'NSC'8ADC_NSC+2_va‘°'72'NSC'SADC_/U}

where s4pc is the ADC oversampling factor (equal to 4 as referred in section 2.3.3). Note that
the FFT is performed over 2 - Ng. - sapc samples (the factor 2 is due to the zero-padding), and

that, after sample selection, only Ng. samples remain.
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Figure C.3: Block diagram of the OFDM receiver with the SSBI mitigation algorithm operating in the
training mode.

At the first amplitude iteration (¢ = 1) in the first training iteration (e = 1), OFDM signal
estimation is carried out using the previously stored QAM symbols. The following operations
are performed: hard decision, channel loading, inverse fast Fourier transform (IFFT), CP inser-

tion, digital-to-analogue conversion, low-pass filtering and up-conversion. At the hard decision
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block, the SSBI-impaired symbols are divided by the decision regions of the respective QAM
constellation and their I and ) components are changed to the I and ) components of the
ideal QAM symbol inside the respective decision region. As the symbols before hard decision
where affected by SSBI, the hard-decided symbols may contain errors. Afterwards, the channel
loading introduces the channel impairments into the hard-decided symbols. The channel loading

transfer function for subcarrier k, H.,(k), is given by:

1

Hp (k) =
\/2Av VRMS, s, VRMS, 5. Heq(F)

(C.1)

where H.q(k) is the equalizer transfer function for subcarrier k, obtained by dividing the ideal
QAM symbols by the received QAM symbols (inverse transfer function of the transmission chan-
nel). After up-conversion, the reconstructed OFDM signal is applied to two different branches,
one with a square-law detector and another with an ideal Hilbert transformer and a square-law
detector. After adding the signals of the two branches, an estimation of the SSBI is obtained
[see the terms in (c) of Eq. 2.34]. Afterwards, the SSBI is stored in memory and analogue-to-
digital conversion is performed. The digitized signal is synchronized with the stored signal at
the output of the main ADC. After sample synchronization, the estimated SSBI is subtracted
to the received OFDM signal and index a is incremented. With a > 1 and after calculating
the EVM of the new digitized signal with SSBI mitigation, SSBI estimation is skipped and the
previously stored SSBI is loaded from memory and multiplied by an amplitude coefficient A gy .
This coefficient is given by:

Aguz(a) = (a — 1)A; (C.2)

where A; is an increment factor (in this work, A; = 0.25 dB is used). The goal of the amplitude
iterations is to find the best amplitude coefficient, that multiplied with the estimated SSBI,
enables good SSBI mitigation. When the current EVM is higher than the previous (condition
EV M, > EVM,_; is true), the best EVM is stored (corresponds to EV M,_1). If the amplitude
iterations reach the value I,;, no more amplitude iterations are performed and the amplitude
coefficient is stored. The stored amplitude coefficient, referred as Ay, is then used in SSBI

iteration of the data mode with index e.

After storing the Ay coefficient, index e is incremented. Given that the previously estimated
SSBI was subtracted to the signal, the hard decision is expected to produce less errors and
the next training iteration is expected to provide a better EVM than the one obtained in the
previous training iteration. This procedure is repeated until the value I. is reached or the best

EVM of the current and the previous training iterations (EV M, and EV M,_1, respectively)
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are similar (EV M,_1 — EV M, < 0.1 dB), that is, no further improvement is achieved.

Fig. C.4 shows the block diagram of the OFDM receiver with the SSBI mitigation algorithm
operating in the data mode. The data mode is similar to the training mode with the exception
of not requiring amplitude iterations, given that the best amplitude coefficients (A, coefficient
for each iteration e) are already known from the training mode. When the algorithm reaches
the last SSBI iteration (index e equal to I¢), it stops, the almost SSBI-free QAM symbols are

demapped and the binary output data is recovered.
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Figure C.4: Block diagram of the OFDM receiver with the SSBI mitigation algorithm operating in the
data mode.

C.5 SSBI mitigation results

In this section, the SSBI mitigation algorithm is validated by comparing the results after SSBI
mitigation with the results without mitigation. Fig. C.5 shows the EVM as a function of the
VBG, for an OFDM band with 5.35 GHz bandwidth, for low VBPR (2.5 dB) and a high VBPR
(10 dB), without optical noise, and with and without SSBI mitigation. Results considering a
low VBPR and a high VBPR are analysed in order to assess the SSBI mitigation with different
SSBI power levels. Fig. C.5 shows a EVM improvement of more than 20 dB for the lowest VBG
and for the VBPRs considered. The EVM difference between the lowest and highest VBG cases
do not exceed 7 dB and is always lower than -29 dB (EVM with negligible error in the symbols).
The two insets show, as a reference, the 4-QAM constellations with and without SSBI removal
for a very low VBG (highest spectral efficiency). The QAM symbols in the ideal positions take

values £1 + j in the complex plane.
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Figure C.5: Tradeoff between the VBG, VBPR and SSBI-induced distortion after the photodetector,
with and without the SSBI mitigation algorithm, without optical noise. 4-QAM modulation for each
OFDM subcarrier and a modulation index of 5% are considered.

Fig. C.6 shows the EVM as a function of the VBG, for an OFDM band with 5.35 GHz bandwidth,
for low VBPR (2.5 dB) and high VBPR (10 dB), with optical noise, and with and without SSBI
mitigation. Fig. C.6 shows a lower EVM improvement when compared with that one achieved
without optical noise, which is attributed to the optical noise threshold dictated by the OSNR
of 16 dB. Notice that, for VBGs lower than 1.5 GHz and without SSBI mitigation, the VBPR
increase results in a lower EVM. For a VBPR of 2.5 dB, the SSBI is adequately mitigated since
it is dominant over the ASE noise. For a VBPR of 10 dB, the SSBI is not adequately mitigated

as the ASE noise is dominant over the SSBI.
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Figure C.6: Tradeoff between the VBG, VBPR and SSBI-induced distortion after the photodetec-

tor, with and without the SSBI mitigation algorithm, with optical noise with OSNR of 16 dB. 4-QAM
modulation for each OFDM subcarrier and a modulation index of 5% are considered.
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Fig. C.7(a) and Fig. C.7(c) depict the optical spectra of a pair band-VC before photodetection,
for VBG = B,,/4 and VBG = B,,, respectively. Fig. C.7(b) and Fig. C.7(d) depict the electrical
spectra after photodetection, for VBG = B,,/4 and VBG = B,,, respectively. Fig. C.7(b) also
illustrates the spectrum of the digitized signal after SSBI mitigation, for VBG = B,, /4. 4-QAM,
VBPR = 2.5 dB and modulation index of 5% are considered. Fig. C.7(a) and Fig. C.7(c) show
that, before photodetection, decreasing the VBG allows a decrease in the spectral occupancy
of the pair band-VC, which results in a higher spectral efficiency. In the same way, Fig. C.7(b)
and Fig. C.7(d) show that, after photodetection, decreasing the VBG enables reducing the
spectral occupancy of the received signal and, thus, the ADC bandwidth. Fig. C.7 also shows
the drawback of decreasing the VBG: the SSBI interferes with the OFDM signal. If the SSBI
is not removed, the only way to avoid the SSBI is to impose VBG = B,, [the case shown in
Fig. C.7(d)]. Comparing both spectra of Fig. C.7(b), it can be seen that the SSBI has been
adequately removed (a more than 20 dB difference in the power levels for low frequencies - for

instance 1 GHz - is verified).
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Figure C.7: Optical spectra of the OFDM band and VC before photodetection [(a) and (c)] and the
electrical spectra after photodetection [(b) and (d)], for VBG = B,,/4 [(a) and (b)] and VBG = B,, [(¢)
and (d)]. Also shown in (b) is the spectrum of the digitized signal (in grey) after SSBI mitigation, for
VBG = B, /4.

In the following analysis, a VBG equal to the subcarrier spacing for 4-QAM (41.8 MHz), and
twice the subcarrier spacing for 16-QAM (41.8 MHz) and 32-QAM (33.4 MHz) are considered.

The major reasons to consider VBGs multiple of the subcarrier spacing are: 1) to avoid the VC
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to overlap with the sinc shape function of the OFDM subcarrier spectrum, which has minimums
for multiples of the subcarrier spacing; and 2) to perform correctly the sample selection operation

after FF'T without resorting to down-conversion and/or resampling.

Fig. C.8 shows the EVM as a function of the training and SSBI iterations in four different
situations: (a) without optical noise and with modulation index of 5%, (b) without optical noise
and with modulation index of 25%, (c) with OSNR of 16 dB and modulation index of 5% and (d)
with OSNR of 16 dB and modulation index of 25%. A fixed VBPR of 2 dB is employed. Fig. C.8
shows that the best EVM degrades considerably with the increase of the modulation index. This
is attributed to the increase of the DP-MZM nonlinearity. Fig. C.8 also shows that to remove
the SSBI, up to 6 amplitude iterations (white circles) are required per training iteration (lines
with circles) in the training mode and up to 5 SSBI iterations (squares) are required in the data
mode, for the different cases considered. The black circles indicate the amplitude iteration of

each training iteration with the best EVM to employ in the data mode.
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Figure C.8: EVMs as a function of the amplitude/training (circles) and SSBI (squares) iterations: (a)
without optical noise and with modulation index of 5%, (b) without optical noise and with modulation
index of 25%, (c¢) with OSNR of 16 dB and modulation index of 5% and (d) with OSNR of 16 dB and
modulation index of 25%. The black circles indicate the amplitude iteration with the best EVM in each
training iteration. A fixed VBPR of 2 dB is employed.

Fig. C.9 shows the EVM as a function of the VBPR for 4, 16 and 32-QAM transmission and for
modulation indexes of 5% and 25%, with and without SSBI mitigation. Without SSBI mitiga-
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tion, for 4, 16, and 32-QAM, the OSNR is 16, 19 and 22 dB, respectively. With SSBI mitigation,
for 4, 16, and 32-QAM, the OSNR is 22, 29 and 34 dB, respectively. These OSNR values ensure
a BER close to 1073, for the optimum VBPRs. Without SSBI mitigation, the optimum VBPRs
are 11, 16 and 19 dB for 4, 16 and 32-QAM, respectively. With SSBI mitigation, the optimum
VBPRs decrease to 2.5, 5.5 and 6.5 dB for 4, 16 and 32-QAM, respectively. The SSBI mitigation
allows increasing the signal power, resulting in a VBPR reduction and in a lower OSNR required
to achieve a given performance. When the SSBI mitigation algorithm is employed and assuming
fixed modulation index, the optimum VBPRs are obtained as a compromise between algorithm
convergence and optical noise. For VBPRs lower than the optimum value, the algorithm may
not converge adequately as the SSBI is considerably stronger. For high VBPRs, the SSBI influ-
ence is reduced and the EVM degrades due to the optical noise. Without SSBI mitigation, the
optimum VBPRs are obtained as a compromise between SSBI distortion (for low VBPRs) and
optical noise (for high VBPRs).
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Figure C.9: EVM as a function of the VBPR for 4-QAM [(a) and (b)], 16-QAM [(c) and (d)] and
32-QAM [(e) and (f)] and for modulation indexes of 5% (continuous lines) and 25% (dashed lines), with
SSBI mitigation [(a), (c) and (e)] and without SSBI mitigation [(b), (d) and (f)]. With SSBI mitigation
and for 4, 16, and 32-QAM, the OSNR is 16, 19 and 22 dB, respectively. Without SSBI mitigation and
for 4, 16, and 32-QAM, the OSNR is 22, 29 and 34 dB, respectively.
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C.6 Conclusions

A DSP-based iterative algorithm for SSBI mitigation has been presented for VC-assisted DD-
OFDM systems. The performance improvement due to the SSBI mitigation has been assessed
mainly in the presence of optical noise and distortion due to the optical modulator. Results
have shown that the SSBI is accurately removed with a maximum of 5 SSBI iterations, in the
case with highest interference. For single-band transmission, optimum VBPRs of 2.5 dB, 5.5
dB and 6.5 dB have been obtained for 4, 16 and 32-QAM, respectively. This translates into a
VBPR reduction, relative to the case without SSBI mitigation, of 8.5 dB for 4-QAM systems,
10.5 dB for 16-QAM and 12.5 dB for 32-QAM systems.
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Appendix D

Error vector magnitude as metric for

performance evaluation

D.1 Error vector magnitude definition

The error vector magnitude (EVM) is a common figure of merit that quantifies the quality of
the digital transmission. Its value expresses the difference of amplitude and phase between the
value of the actual received constellation symbol and the expected value of the demodulated
symbol. Fig. D.1 illustrates the concept of the EVM calculation. The black circle represents the
ideal symbol, and the white circle the measured symbol (the real symbol value obtained at the
receiver after noise and distortion). The error vector is the distance between the two circles. The
average EVM over Ny, orthogonal frequency-division multiplexing (OFDM) symbols, where
each OFDM symbol has Ny, subcarriers, is given in dB by:

Nsym =1 Nsc—1 N N
Z Z [(Im,n - Im,n)2 + (Qm,n - Qm,n)Q]

EV Mgg = 10log;, { —=2 m:]gsymle — (D.1)

Yo > T+ Q)
n=0 m=0

where Ny, stands for the number of OFDM symbols that contribute to the EVM evaluation,
Nc is the number of subcarriers within one OFDM symbol, I,,, , and @, correspond to the
I and @ components of the m-th quadrature amplitude modulation (QAM) symbol of the n-th
ideal OFDM symbol, respectively, and fmn and @m,n represent the I and () components of the
received m-th QAM symbol of the n-th OFDM symbol, respectively. The average EVM of a

certain subcarrier is obtained by setting a fixed index m.
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Figure D.1: EVM concept.

D.2 Bit error ratio evaluated from the error vector magnitude

With additive white Gaussian noise (AWGN) dominance, the bit error ratio (BER) can be
obtained directly from the EVM when considering square M-QAM constellations [104] (M = 227,
where p is a positive integer number). In this case, the BER as a function of the EVM is given

by [104]:

1 2 3
BER = (1 = \/M) merfc <\/2 O ~EVM> (D.2)

where erfc(+) is the complementary error function, and the EVM is given in linear units. Equiv-

alently, the EVM as a function of the BER using Eq. D.2 can be written as:

-2
erfc™! ( ?ER 5 )] (D.3)
(1~ /) wmn

where erfc™!(-) is the inverse complementary error function. Taking into account that the

3

EVM = 573775

electrical signal-to-noise ratio (ESNR) can be obtained directly from the EVM as ESNR =
(EVM)~!, Eq. D.2 can be rewritten as:

BER = (1 — \/1M> Lerfc ( 3ESNR> . (D.4)

For M # 22P (for instance, M € {32,128}), results have shown that this approximation is also
reasonable. Nevertheless, an accurate expression to evaluate the BER from the EVM for cross

32-QAM constellations has been derived. This expression is given by [89]:

91 / )
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Fig. D.2 shows the BER as a function of the EVM for different QAM orders. For 32-QAM,
Eq. D.5 was employed instead of Eq. D.2. Tab. D.1 shows the EVM, for different QAM orders,
that corresponds to a BER of 3.8 x 1072 (log;o BER = —2.42) and to a BER of 1073 (log;, BER =
—3.00). The former is the 7%-forward error correction (FEC) threshold and the latter is a

commonly used BER threshold in optical networks.
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Figure D.2: log,, BER as a function of the EVM in dB, for different QAM orders. Additional lines at
log,y BER = —2.42 and log;, BER = —3.00 are also shown.

Table D.1: EVM, for different QAM orders, that corresponds to a BER of 3.8 x 1072 (log;y BER =
—2.42) and to a BER of 1073 (log;, BER = —3.00).

QAM orders | EVM [dB] < BER of 3.8 x 1073 | EVM [dB] < BER of 103
1 8.6 9.8
16 15.2 -16.6
32 182 195
64 211 225
128 24.1 255
256 -27.0 285
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Appendix E

EGA for BER estimation of
high-order QAM constellations

E.1 Introduction

The bit error ratio (BER) is commonly employed in previous works as figure of merit to evaluate
the performance of direct-detection (DD)-orthogonal frequency-division multiplexing (OFDM)
systems [105,106]. For BER assessment, the most common techniques are Monte Carlo simula-
tion with direct error counting (DEC), the analytical Gaussian approach (AGA), the exhaustive
Gaussian approach (EGA), and the error vector magnitude (EVM) [105]. The BER is easily
obtained with DEC by counting the received erroneous bits. DEC is a good solution in terms of
accuracy. However, the number of transmitted OFDM symbols required and the computation
time to achieve BER values lower than 1079 is unacceptable (to achieve a BER of 1075 when
100 errors occur on the subcarrier with worst performance, several hours are required and is
necessary to transmit more than one million of OFDM symbols). The BER obtained from the
AGA and the EVM overcomes the computation time drawback, providing fast BER estimates.
Nevertheless, inaccurate BER estimates can be obtained as the distortion is implicitly assumed

as Gaussian-distributed.

In [107], an EGA method has been proposed for BER evaluation. In this method, the mean and
standard deviation of each OFDM subcarrier corrupted by noise are obtained by simulation.
In [103], the EGA has been extended to experimental DD-OFDM setups. With EGA, fast and
accurate BER estimates can be obtained for each subcarrier, considering the noise and distortion

effects. EGA estimation considers a Gaussian distribution for the I and ¢ components of each
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OFDM subcarrier to correctly identify the statistical distribution of the distortion [103]. Two
different types of symbol mapping were considered for BER evaluation in [103,107]: binary
phase shift keying (BPSK) and quadrature phase shift keying (QPSK).

In this appendix, the EGA method is generalized to evaluate, through numerical simulation, the
BER for M-ary quadrature amplitude modulation (QAM) formats with M € {16, 32, 64, 128,256}.
To evaluate the EGA accuracy, the BER estimates are compared with the ones obtained with
the DEC method. For square QAM constellations with M = 16, M = 64 and M = 256, perfect
Gray coding is considered. For cross QAM constellations with M = 32 and M = 128, Smith-
style Gray coding is used [89]. The reason for considering cross QAM constellations for M = 32
and M = 128 instead of rectangular QAM constellations is related with its better performance
results when compared with rectangular QAM. The challenge that cross QAM imposes to the
EGA implementation when compared with rectangular QAM is that decision regions are more

complex to define.

The work presented along this appendix is also published in [69].

E.2 Exhaustive Gaussian approach

The EGA is a method for performance evaluation that provides fast and accurate BER estimates
independently of the BER levels. The EGA assumes that the received in-phase (I) and quadra-
ture (@) components of each OFDM subcarrier are well described by a Gaussian distribution,
as confirmed in [107]. Therefore, the BER of the received I or () component of a subcarrier
belonging to a specific OFDM symbol is evaluated from the subcarrier mean and standard devi-
ation values. In the EGA context, these values are computed from a set of different signal runs

impaired by noise and/or distortion.

To illustrate the EGA generalization to high order QAM formats, let us focus the attention
on 16-QAM constellations. For other M-QAM constellations, the procedure is similar. The
Gray-mapped 16-QAM constellation used to evaluate the BER estimates with the EGA and
DEC methods is shown in Fig. E.1. Variables [ and ¢ index the position (row and column,

respectively) of a QAM symbol on the M-QAM constellation.

The key idea for EGA computation is explained as follows. A certain subcarrier, which has
suffered from noise and/or distortion, is received with a mean value and a standard deviation

from its I and () components. First, given a certain transmitted subcarrier, the number of
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Figure E.1: Square QAM constellation with M = 16. The Gray-mapped bits of each QAM symbol
represented by a star are highlighted in bold.

different bits between that one and a received subcarrier, for all the possibilities, is obtained.
Second, the probability of the I and @) components of a received subcarrier (following a Gaussian
distribution) to be in all decision regions, is assessed. Finally, by multiplying both the number
of different bits and probabilities for all decision regions, the BER for that certain subcarrier is
obtained. Mathematically, the BER of the k-th OFDM subcarrier of the i-th OFDM symbol,
BERW[k], calculated with the EGA method is given by:

Ny N

ZZ (N 4 ok (Z() Lok < P (Z)(z c)[k]) (E.1)

BERW[k
10g2 =1 c=1

where N; and N, are the number of rows and columns of QAM symbols in the constellation,
respectively, N g)(l 0 [k] is the number of erroneous bits of the k-th OFDM subcarrier of the i-th

OFDM symbol when falling in the (I,¢) decision region, and Y [k] and Pc(gZ)(l )[k:] denote

1,(Le)
the probabilities of the I and ) components of the received k-th OFDM subcarrier of the i-th
OFDM symbol to fall in the (I,c) decision region, respectively. It is assumed that the I and
@ components are uncorrelated and that Gray coding is used. Each probability (I or Q) is

obtained through the Qg function, which is given by:

Qp(z) = p(—22) dz = terfe (Z> . (E.2)

1 o0
NG /z/\/i - 2 \V2

The mean mEZI) Q) [k] and standard deviation a((I)Q) [k] of the received k-th OFDM subcarrier of
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the i-th OFDM symbol is given by:

Nr
(i) _ 1 (i)
Mgl = 5 2 vrelt

n=1

Nr
(i) |1 (i) 2
ookl = [Nr > (y(;,Q),n[k] - m(LQ)[k]) ]

n=1

1
2

where N, is the number of signal runs, yé?Q) k] is the amplitude of the I or @ component
of the received k-th OFDM subcarrier of the i-th OFDM symbol in the n-th signal run, and

m(1,Q) [k] is the mean of the I or ) component of the k-th OFDM subcarrier of the received
OFDM symbols.

For the constellation of Fig. E.1, Pl(i()l o) [k] is given by:

I

(4) (4)
Qr +m(IZ.) [k}] - QrF 724—(:.7;1 [k]] ,e=2
(1) . L Or (K] o (k]
Pr okl = (E.4)
L) [ @[k 2~ m' k] '
Qr |——4 —Qp |—t—1,c=3
o} [k o) K
2 - m{[K]
Qr |~ | ¢
oy [k]
for all values of [ € {1,2,3,4}, and Pc(gi,)(l 0 [k] is written as:
r (4)
2 —my’ [k]
Q _
Qr I U(i)[k‘] ‘| b=
[ m8 [k 2 — m[k
v _mé‘?)[[k” _QF[ gﬁc}[ ]1 e
(3) o L g O'Q
Py ekl = m%) k] 2+ m k] (E.5)
@r |+ 0) i=3
L %@ [k] ) (k]
2+ m$) [k]
QF B P =
o) (k]

for all values of ¢ € {1,2,3,4}. The BER of each subcarrier, BER[k], is then obtained as follows:

BER[k] = Ni g: BERMIk] (E.6)
S =1

where Ny corresponds to the number of OFDM symbols per signal run. The BER obtained
from EGA, while considering a Gaussian distribution for the noise, allows describing correctly the
statistical distribution of the distortion through the average over different occurrences of symbols

of each subcarrier performed by Eq. E.6. This is achieved by not assuming that the distortion
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on all the subcarriers is Gaussian-distributed, as the EVM and AGA methods consider. This
means that the degradation induced by distortion, for instance due to the electrical-to-optical
conversion or due to non-ideal optical filtering, is correctly accounted by Eq. E.6. The overall

BER is then evaluated averaging the BER over all N, information subcarriers, as follows:

% BER]K). (B.7)
SC L—1

BER =

E.3 System setup

To analyse and validate the EGA proposed for high-order QAM formats, the BER estimates from
the DEC and EGA methods are compared using the DD-OFDM system in optical back-to-back

operation illustrated in Fig. E.2.

Bias
OFDM EA

VOA VOA
signal —»{ >—>é)——> DC OFDM
generator o EAM (/) > % Block| | Receiver

Figure E.2: DD-OFDM system in optical back-to-back. CW: continuous wave, EA: electrical amplifier,
EAM: electro-absorption modulator, EDFA: erbium-doped fibre amplifier, PIN-PD: p-type-intrinsic-n-
type photodiode, VOA: variable optical attenuator.

The OFDM signal at the output of the OFDM signal generator is amplified by an electrical
amplifier (EA) and biased. The OFDM signal has 128 OFDM subcarriers, all carrying informa-
tion, and its spectrum (approximately rectangular) is centred at 5 GHz with a bit rate Ry of
10 Gb/s. The bandwidth B, of the OFDM signal is variable and decreases while increasing M:
By = Rg/logy M. The chirpless electro-absorption modulator (EAM) is fed by a continuous
wave (CW) laser with output power of 5 mW (7 dBm) and performs the electrical-to-optical con-
version of the OFDM band to an optical centre frequency of 193.1 THz. The EAM output power
characteristic as a function of the bias voltage is shown in Fig. E.3. Fig. E.3 shows that a good
compromise between linear behaviour and EAM power loss is around 0.7 V. This results in an
average power at the EAM output of 1 mW (0 dBm) for OFDM signals with root-mean-square
(RMS) voltages much smaller than 0.7 V, meaning that the EAM introduces approximately 7 dB
insertion loss. After electrical-to-optical conversion, a variable optical attenuator (VOA) and an
erbium doped fibre amplifier (EDFA) are used to adjust the optical signal-to-noise ratio (OSNR)
that is defined in a reference optical bandwidth of 0.1 nm (= 12.5 GHz). The second VOA sets

a fixed power of 0 dBm at the p-type-intrinsic-n-type (PIN)-photodiode (PD) input. An ideal

169



E. EGA FOR BER ESTIMATION OF HIGH-ORDER QAM CONSTELLATIONS

square-law PIN-PD with responsivity of 1 A- W~ performs optical-to-electrical conversion, and

the BER is evaluated at the OFDM receiver.
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Figure E.3: EAM output power for a CW laser input power of 5 mW.

E.4 EGA validation

In order to assess the EGA accuracy under different transmission situations, different levels
of optical noise generated by the EDFA and distortion induced by the EAM and PIN-PD are
considered. One of the key parameters of the EGA is the number of runs needed to achieve
good BER estimates and particularly good estimates of mean and standard deviation for the
different transmitted symbols. In the DEC method, different runs of symbols are transmitted
(each run with 250 different OFDM symbols) and for each set of system parameters, the BER is
estimated when 100 errors occur on the subcarrier with worst performance [103]. This indicates
that, as the BER levels decrease, a higher number of runs is necessary to calculate the BER.
The BER of each subcarrier obtained through the EGA considers the BER evaluation of the
received subcarriers of 250 OFDM symbols over 200 signal runs. In all situations considered, it

was confirmed that this number of runs is enough to obtain stabilized BER estimates.

Fig. E.4 presents the BER estimates of EGA and DEC as a function of the OSNR, with M €
{16, 32, 64,128,256} and with different RMS voltages at the EAM input. Fig. E.4 shows an
excellent agreement between the BER estimated by both methods, independently of the OSNR
levels. The different behaviour of the curves for different values of M is related to noise and
distortion effects. With M = 16 and M = 32, optical noise is the dominant effect affecting the
performance. With M = 64, M = 128 and M = 256, the BER starts to stabilize for OSNR
values higher than 40 dB. This means that the system is impaired mainly by distortion effects.
Fig. E.4 also shows that, to achieve the same BER level for higher-order constellations, the

OSNR has to increase. This is attributed to the smaller decision regions as M increases.
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Figure E.4: BER estimates of the EGA and DEC methods as a function of the OSNR, with M €
{16,32, 64,128,256} and with different RMS voltages at the EAM input.

Fig. E.5 shows the BER estimates with EGA for 32-QAM constellations, as a function of the
signal runs for different OSNRs. Fig. E.5 shows that 100 signal runs are enough to obtain an
accurate BER estimate for different BER levels, as the BER difference from 100 runs to 200

runs is negligible.

——OSNR =28 dB
- = -0OSNR=30dB
== OSNR=32dB
——OSNR =34dB

Iog10 BER

-5.5 .
0 25 50 75 100 125 150 175 200

signal runs

Figure E.5: BER estimates with EGA as a function of the number of signal runs for 32-QAM constel-
lations, considering different OSNR values and a RMS voltage at the EAM input of 250 mV.

Besides varying the OSNR for a fixed RMS voltage, it is also important to verify the EGA
accuracy for a fixed OSNR while varying the RMS voltage, as in this case, the optimum RMS

voltage that achieves the minimum BER level can be obtained. Fig. E.6 presents the BER
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estimates with both methods (EGA and DEC) as a function of the RMS voltage of the signal
at the EAM input, for different OSNRs with M = {16, 32,64, 128,256}.

=2 M =16, DEC
_99l M =16, EGA
2.2 M =32, DEC
gl M =32, EGA
2.4 M =64, DEC
oal M =64, EGA
2.6 M =128, DEC
@ _»gl M =128, EGA
i . M =256, DEC
@, M =256, EGA
=
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Figure E.6: BER estimates with both methods (EGA and DEC) as a function of the RMS voltage of the
signal at the EAM input, with OSNR = {27, 30, 34, 38,42} dB for M = {16, 32,64, 128,256}, respectively.

Fig. E.6 shows an excellent agreement between the estimates obtained with the EGA and DEC,
for different RMS voltages of the OFDM signal applied to the EAM input. For RMS voltages
higher than the one corresponding to the minimum BER (optimum RMS voltage), the perfor-
mance is dominantly impaired by distortion from the EAM nonlinear characteristic (depicted in
Fig. E.3). For RMS voltages lower than the optimum RMS voltage, the performance is domi-
nantly impaired by optical noise. The results of Fig. E.6 show that the EGA provides accurate
BER estimates in the presence of nonlinearities, such as the ones originated from the EAM.
In order to obtain similar BER levels for different values of M, different OSNR values were
considered. Additionally, a decrease in the optimum RMS voltage as M increases is verified.

This is related to the higher influence of distortion as M increases.

Other important metric to evaluate the EGA is the computation time, as it enables to identify
how faster EGA is compared with the BER estimates obtained with DEC. Fig. E.7 presents
the computation time, in seconds, of the BER estimates obtained with the DEC and EGA, as
a function of —log;,BER, with M € {16,32,64,128,256}. A 3.5 GHz Intel Core i7-4770K PC
with 32 GB of RAM was used in the computation of both methods.

Fig. E.7 shows that the computation time of the DEC method increases substantially with the

BER decrease whereas, with EGA, almost the same computation time is obtained for all the
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Figure E.7: Computation time, in seconds, of the BER estimates obtained with the DEC and EGA
methods, as a function of —log;(,BER, for M € {16, 32,64, 128, 256}.

BER levels and QAM constellations considered. Fig. E.7 shows also that the DEC method is
more time spending than EGA for BER levels lower than about 10™3 and that EGA requires, in
comparison with DEC, three orders of magnitude less in computation time for BER levels around
1075, With the DEC method and for the same BER level, the computation time increases slightly
as the M increases. This occurs because, with the increase of the M, a higher computation time

is required for demapping the QAM symbols into bits.

E.5 Conclusions

The generalization of the EGA for DD-OFDM systems employing square and cross QAM con-
stellations has been presented. Excellent agreement has been shown between the BER estimated
by the DEC and EGA. This was confirmed for a system dominantly impaired by noise or by
distortion. The computation time of both methods has been compared. For BER levels lower
than 1072, the DEC method is more time spending than EGA. For BER ~ 10~%, DEC re-
quires a computation time of 10° seconds and EGA requires only 10? seconds (computation

time improved three orders of magnitude).
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Appendix F

Single-mode fibre transmission

impairments

In this appendix, the standard single mode fibre (SSMF)-induced impairments with linear trans-
mission are introduced, and their expected impact on the performance of multi-band (MB)-
orthogonal frequency-division multiplexing (OFDM) signals is discussed. In addition, the most

important nonlinear effects experienced with SSMF transmission are presented.

F.1 Linear transmission

Transmission along the SSMF is linear (that is, the nonlinear effects are negligible) for reduced
average power levels. In this case, the SSMF can be modelled by the following transfer func-
tion [108]:

Hayp(z,v) = exp (—Zz) exp [—j8(v)z] (F.1)
where z is the propagation distance along the transmission link, v is the optical frequency, «
is the attenuation coefficient (expressed in Np - m~!) and $(v) is the propagation constant at

frequency v. The first term dependent on « accounts for the attenuation effect and the second

term dependent on [ accounts for the dispersion effect.

F.1.1 Fibre attenuation

Optical fibre attenuation plays an important role in the deployment of any optical network since

it determines the maximum length of each SSMF span before requiring amplification. A pure
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silica-glass fibre presents an attenuation not exceeding 1 dB/km for wavelengths between 800 and
1800 nm [109]. The two bands around 1300 and 1550 nm correspond to the windows currently
used in fibre communication systems (known as the second and third windows, respectively).
The lower the attenuation, the greater will be the maximum length and the lower will be the
network cost [109]. If P, is the power launched into a SSMF span with length L, the power
at the SSMF span output, Py, is given by:

Pout = Py, - eXP(—OéLf)' (FQ)

The attenuation coefficient is normally expressed in dB - km™! instead of Np - m~!. When
designing optical systems for long distance applications, the third window is preferred, as it
offers the minimum attenuation. For wavelengths around 1550 nm, the attenuation coefficient is
around 0.2 dB-km ™! [108]. The total attenuation of fibre cables used in optical communication

systems is slightly larger than 0.2 dB - km™! because of splice and connector losses [108].

F.1.2 Group velocity dispersion

Optical fibre transmission can be also impaired by a phenomenon known as group velocity
dispersion (GVD), in which different components of the signal travel at different velocities. This
can be a limiting factor for transmission systems supporting longer distances and higher bit
rates [109]. The propagation constant can be approximated by a Taylor series expansion up to

the third term around a reference optical frequency 1 as follows [108]:
N B2 2, B3 3
B(V)Nﬂo—l-ﬁl(l/—l/o)—l-?(l/—llo) +€(1/—V0) (F.3)

where [y is the propagation constant at vy, f; is the propagation delay (inverse of the group
velocity vg), (2 is the first-order GVD coefficient and f3 is the second-order GVD coefficient.
The terms up to the third-order provide a good approximation as long as the optical signals
have bandwidth much less than vy (which is usually the case). Only the terms dependent on

the GVD coefficients (82 and f3) induce signal distortion.

With GVD, different spectral components reach the fibre output at different time instants. Thus,
the optical signal at the fibre output is broadened in time. The GVD-induced time-broadening

is expressed by the GVD parameter which is written as [108]:

2me

D(w) =5 P2 = WL (F.4)
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where c is the speed of light in vacuum and A is the optical wavelength at vy [N = (27¢)/10].

The GVD parameter is usually expressed in ps-nm~'-km~! and, for SSMF transmission with

1 -1

Ao = 1550 nm, the value of D is around 17 ps-nm™" -km

For wavelengths close to the zero-dispersion wavelength (around 1300 nm), 32, and consequently
D, vanish. However, second-order GVD is still present. The parameter which describes the

influence of the second-order GVD coefficient is the dispersion slope, S, which is given as follows:

500 = (22) - () pow) (.5)

For deployed single mode fibres (SMFs), the dispersion slope S is approximately equal to 0.09
ps-nm~2-km~! [110].

In direct-detection (DD)-OFDM-based systems, the GVD-induced time-broadening affects the
subcarriers of each OFDM band. This effect is usually compensated by the cyclic prefix (CP),
which must be dimensioned to account for the GVD-induced time-broadening. With a correctly
dimensioned CP (see Eq. 2.10), the equalizer at the corresponding OFDM receiver compensates

for the delay difference.

In addition to the GVD-induced time-broadening, there is the GVD-induced power fading [74]
which can also affect significantly the performance of OFDM signals after DD. This impairment
may affect the power magnitude of the spectral components of an OFDM signal and, contrarily
to the GVD-induced time-broadening, cannot be compensated at the receiver side. Let us
assume, for simplicity, that a pair band-virtual carrier (VC) is modulated by an ideal optical
modulator and photodetected. The optical modulator generates a double sideband (DSB) signal,
and due to GVD, the frequencies of the sidebands may be delayed relative to each other. This
results in incoherent combination in the photodetection process (which is insensitive to the
phase of the different sidebands). This leads to power reduction at certain frequencies when
compared with the power in back-to-back operation. To illustrate the GVD-induced power
fading, Fig. F.1 shows the spectra of the DSB signal at the ideal optical modulator output,
which is biased at minimum point, and the spectra after photodetection considering back-to-
back operation and lossless SSMF transmission (to focus the attention on the dispersion-induced
effects). Fig. F.1(b) shows that, for the subcarriers around 1.5 GHz, the power fading surpasses
20 dB when compared with the respective power in back-to-back. This results in total loss of

information in the subcarriers around 1.5 GHz.

One way to avoid the power fading impairment is to transmit single sideband (SSB) signals
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Figure F.1: (a) Spectrum of the DSB signal at the ideal optical modulator output, which is biased
at minimum point. (b) Spectra after photodetection, in back-to-back operation (grey) and with lossless
SSMF transmission along 9 spans with 40-km length each (black). The VC is centred at 4 GHz, the
signal bandwidth is 2.178 GHz and the virtual carrier-to-band gap (VBG) is equal to 12.5% of the signal
bandwidth. v — vy stands for the low-pass equivalent (LPE) frequency.

instead of DSB signals. The simplest way to generate a SSB signal from a DSB signal is by op-
tically filtering one of the sidebands. A more complex way is using the Hilbert transform (HT)
to generate a SSB MB-OFDM signal at the optical modulator output, which was considered
in chapter 3. To illustrate the power fading mitigation when transmitting SSB signals, Fig. F.2
shows the spectra of the SSB signal in which the lower sideband was removed, and the spectra
after photodetection, with lossless SSMF transmission. Fig. F.2(b) shows that, after photodetec-
tion, all subcarriers have similar power which is a result of SSB transmission. SSB transmission
avoids the GVD-induced power fading by ensuring that destructive interference between the two

sidebands does not occur.
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Figure F.2: (a) Spectrum of the SSB signal in which the lower sideband was removed. (b) Spectrum
after photodetection with lossless SSMF transmission along 9 spans with 40-km length each. The VC
is centred at 4 GHz, the signal bandwidth is 2.178 GHz and the VBG is equal to 12.5% of the signal
bandwidth. v — 1y stands for the LPE frequency.
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F.1.3 Polarization mode dispersion

Another pulse broadening mechanism in SMFs besides GVD is known as polarization mode
dispersion (PMD) [108,109]. In reality, SMF is not truly single mode as it can support two
polarization modes [108]. Fibre transmission in ideal conditions, that is, considering perfect
cylindrical symmetry and no mechanical stress, is independent of the polarization, as the two
modes are expected to not couple with each other given that they are polarized orthogonally.
However, in real fibres, cylindrical asymmetry occurs due to random variations in the core shape
along the fibre length, leading to an exchange of the random power between the two polarization
modes. Hence, real transmission is polarization-dependent. As different polarizations propagate
at different velocities, a delay between the polarizations is experienced at the receiver side [108,
111]. This effect is called PMD. The PMD-induced signal-broadening in the time domain, A7,

can be estimated as follows:

AT = DPMD\/LJI (FG)

where Dpyp is the PMD parameter. For today manufactured fibres, values of Dpyp are in the
range of 0.05 ps/\/ﬁ [111]. Because of the dependence on the square root of the fibre length,
PMD-induced broadening is small when compared with the GVD-induced broadening [110]. In
metro and access networks, negligible impairments from the PMD effect are expected, as the
total SSMF length does not surpass a few hundreds of kilometres, that is, a small A7 is expected.
The small AT can be compensated by assessing the optical channel stability through the use of

training symbols (T'Ss).

F.2 Nonlinear transmission

The basic principles of optical transmission can be explained assuming that SMF is linear, as
silica (material which SMF is made) is a weakly nonlinear medium. However, the response
of any dielectric to light when exposed to strong electromagnetic fields is nonlinear [108]. As
a result, the induced polarization is not linear in the electric field and is dependent on the
susceptibilities with orders higher than one. The dominant contribution to the polarization is
the linear susceptibility x(*). The second-order nonlinear susceptibility x2 is negligible if an
inversion symmetry at the molecular level is verified. Given that silica is a symmetric molecule,
silica-made optical fibres do not present second-order nonlinear effects [108]. The third-order

nonlinear susceptibility y(®) is responsible for the most common nonlinear effects in optical fibres,
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such as nonlinear refraction. All terms of order greater than three do not contribute significantly

to the nonlinear polarization and, for this motive, can be neglected [108].

The nonlinear effects originated by the third-order susceptibility play an important role in optical
fibre transmission. Due to the small field cross section, even if the total power carried by the
fibre is relatively low, high field intensities are observed. Moreover, the efficiency of the nonlinear
effects is enhanced due to the deployment of long fibre lengths, enabled by the low attenuation
coefficient of optical fibres [109].

The fibre nonlinear effects can be divided in two different categories: elastic (related to the real

part of x(®)) and inelastic (related to the imaginary part of x(®) [108].

In the elastic effects, there is no energy transfer between the optical field and the dielectric
medium [108]. These effects induce an intensity-dependent variation in the fibre refractive
index, known as Kerr effect. The optical Kerr effect is an example of nonlinear refraction and
consists in a self-induced effect in which the phase velocity of an optical wave depends on its own
intensity. In silica fibres, the nonlinear refraction index is on the order of 10720 m? W~!. The
most relevant elastic effects are self phase modulation (SPM), cross phase modulation (XPM)

and four wave mixing (FWM).

In the inelastic effects, a part of the optical field energy is transferred to the dielectric medium [108].
This effect is known as stimulated inelastic scattering and the most important inelastic effects
are stimulated Raman scattering (SRS) and stimulated Brillouin scattering (SBS). SRS and
SBS can be neglected if average powers per channel do not exceed 7 mW, assuming SSMF trans-
mission [50]. This average power threshold is dictated by the SBS effect. In a multi-channel
system, interaction between different optical channels does not increase the strength of the SBS
effect. This means that if the power of each channel is below the SBS threshold, SBS will not
occur [50]. Moreover, the SBS threshold does not change with the increase of the number of fibre
spans [50]. In this work, the inelastic effects are not addressed as average powers per channel

after the propagation along a few fibre spans are not expected to exceed 7 mW.

F.2.1 Nonlinear Schrodinger equation

The nonlinear Schrédinger equation (NLSE) is usually employed to evaluate the fibre nonlinear

effects. It models the evolution of the linearly polarized optical field in the fibre along space and
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time. When the scattering effects are negligible, the NLSE can be written as [108]:

Az, T)  a B O2A(2,T) B3 OPA(2,T) )
———L = ——A(z,T)—j— — Az, TH|*A(z,T F.7
attenuation dispersion dispersion slope nonlinearities

where A(z,T) is the slowly varying envelope of the optical field, which depends on the prop-
agation distance z and the time 7" measured in a retarded frame of reference moving at the
group velocity vy (T’ =t — z/vy =t — 12), and ~ is the fibre nonlinearity coefficient. A(z,T) is

normalized such that |A(z,T)|? represents the instantaneous optical power [108].

The parameter v combines the nonlinear refractive index coefficient, nyy, (which is related to

X(S)), and the effective core area of the fibre, A, in a single coefficient, and is given by:

_ 2mnNL
N A

(F.8)

Eq. F.8 shows that one way to minimize the influence of the nonlinear Kerr effects is by increasing
A.. In a large effective-area fibre, A, is increased intentionally to reduce the impact of fibre
nonlinearity [108]. For the SSMF, which has an effective core area of 8 x 107 m? and a

0~20m? W™, the parameter ~ is approximately

nonlinear refractive index coefficient of 2.5 x 1
1.3 W lkm™! for a wavelength near 1550 nm. Because nyy, is very low, the propagation constant
accounting the fibre nonlinearity effects is affected by a small variation. Nevertheless, due to very
long interaction lengths provided by optical fibres, the effects caused by the nonlinear refractive

index coefficient become significant [109].

Due to the fibre attenuation, the nonlinear interaction decreases as the propagation distance
increases. This indicates that the majority of the nonlinear interaction occurs at the beginning
of a fibre span. To denote this effect, it is useful to introduce the effective length of the fibre,
which accounts for the distance over which the nonlinear effects interact along the fibre. The

effective length of the fibre with length Ly is given by [108,109]:

I, — 1- exp(—aLf)‘ (F.9)

(%

For small fibres, L. ~ L. For long fibres, the exponential term in Eq. F.9 tends to zero and
the effective length can be approximated by the inverse of the optical fibre loss coefficient. For

SSMF spans with a = 0.2 dB - km ™!, the effective length is approximately 21.7 km.

The NLSE is a nonlinear partial differential equation that usually is not solved analytically [108,

109]. Therefore, a numerical approach is necessary to understand the nonlinear effects in optical
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fibres. The most used numerical approach for the purpose of solving the NLSE is the split-step
Fourier method (SSFM) [108]. It is useful to rearrange the NLSE in the following form:

AT) o
8((92’) — (D+ M)A, T) (F.10)
with
A a9 B3 P
b==-Som*tSor (F-11)
and

N = j7lA(z T)? (F.12)

where D is the operator that accounts for the dispersion and attenuation effects and N accounts
for the fibre nonlinearity effects, such as SPM, XPM and FWM. Usually, GVD and the nonlinear
effects act together along the fibre link. The SSFM consists in an approximate solution which
assumes that, while propagating the slowly varying envelope over a small distance h, GVD and
the nonlinear effects act independently [108]. Hence, the smaller the distance h, the better the
SSFM accuracy. Propagation from z to z + h is performed in two steps: 1) only nonlinearity is
accounted (D = 0); 2) only GVD is accounted (N = 0). The slowly varying envelope at z + h
can then be expressed by [108]:

A(z + h,T) ~ exp(hD) exp(hN)A(z, T). (F.13)

In this work, the SSFM is used to solve Eq. F.10 numerically and segments with length of 100
meters are employed [81]. This means that if a fibre span has a length of 40 km, the SSFM

considers 400 segments with 100 meters each.

F.2.2 Self-phase modulation and cross-phase modulation

When the nonlinear effects are non-negligible and single-channel transmission is considered, a
self-induced phase shift on the optical field occurs during fibre propagation (does not involve
other waves). This effect is called SPM. SPM does not change the signal shape but introduces a
nonlinear phase which depends on the field itself. The maximum SPM-induced nonlinear phase

shift occurs for z = Ly and is given by [112]:

¢SPM =P, L. (F14)
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where P;, is assumed to be constant. Combined with GVD, SPM leads to amplitude distortions
and could lead to additional spectral broadening [108,109].

If more than one optical channel is transmitted simultaneously in the fibre using wavelength
division multiplexing (WDM), XPM occurs, which can be seen as a generalization of SPM. In
WDM systems, the XPM-induced nonlinear phase shift for a specific channel depends not only
on the power of that channel but also on the power of the other channels. The phase shift for
the m-th channel of a WDM system with V., channels can be written as [112]:

Nch
¢xpm(m) = yPnLe +2yLe Y, Py (F.15)

n=1
n#m

where P,, and P, are the average powers of the m-th and n-th WDM channels, respectively.
The first term is related to SPM and the second term to XPM. Eq. F.15 reveals that XPM is
twice as effective as SPM for the same power [110]. Eq. F.15 also shows that the total phase shift
depends on the power of all WDM channels. Combined with positive GVD, the XPM-induced
phase shift reduces due to the strong phase mismatch between the different channels and due to
strong walk-off. The time difference related to the propagation distance of two different signals
(which is caused by their different group velocities) is determined by the walk-off parameter
dy,m, which is defined as [50]:
1 1

dn,m = 51()\71) - 51 ()\m) = Ug()\n) - Ug()\m) (F16)

where vg(A,) and vy(A,,) are the group velocities at wavelengths A, and A, respectively. For
instance, let us assume SSMF propagation of two different signals and assume also that the red
signal (higher wavelength) was injected into the fibre before the blue signal (lower wavelength).
As the group velocity decreases when the wavelength increases, the blue signal moves faster [50].
As the SSMF distance increases, the red and blue signals start to overlap in time. It is assumed
that the red and blue signals are different channels of a WDM system and, when they overlap in
time, XPM occurs, leading to inter-channel crosstalk [50]. After a certain SSMF length known
as walk-off length, the blue signal walks through the red signal completely. As XPM only occurs
when signals overlap in time, the interaction between both signals ceases to occur after the

walk-off length.
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F.2.3 Four-wave mixing

FWM is another nonlinear phenomenon originated from the third-order susceptibility y(3). If
three optical fields with frequencies v;, v; and vy, co-propagate simultaneously in the optical fibre,
x®) generates another field with frequency v, that is related to v;, v;j and vy in the following
way: v, = v; £ v £ 14 [86]. In practice, most of these combinations are not a problem because
the phase-matching condition is hard to satisfy. Combinations that are often troublesome have
the form v, = v; + v; — v, which can be nearly phase-matched. The phase mismatch is given
by AB = B(vg) + B(vn) — B(v;) — B(v;) and phase-matching is achieved when AS = 0 (case
with maximum FWM efficiency). FWM can cause severe signal degradation in WDM systems
because the FWM products at the newly generated frequencies can overlap in frequency with

existing WDM channels.

The power of the FWM product generated at the optical frequency v, is a function of the powers
of the optical signals at the other optical frequencies responsible for the generation of the FWM
product at frequency vy, [87]. The average power of the FWM product at vy, Prwwm,n, is given

by [112):
Prwwsn = (DgvLe)? - exp(—aLy) - Pewni - Prww - Pewk - TEWM (F.17)

where D, is the degeneracy factor [equal to 1 for degenerate FWM (v; = v;) and 2 for non-
degenerate FWM (v; # v;)], Prwm,i, PrwwM,; and Prww i are the average powers of the optical
signals at frequencies v;, v; and vy, respectively, and npwwm is the FWM efficiency that regulates
the strength of the generated mixing product. If signal losses are compensated by an optical
amplifier, the exponent in Eq. F.17 becomes unity. The FWM efficiency of a mixing product
with frequency v, = v; +v; — v}, after the propagation along a fibre span with length L is given

by [87,88]:

2 4-exp(~aLy)-sin? (A8%)
{1 T i e (—al) P (F1%)

with

21\ A2 9D(N)

AB(vi, vy, vg) = (vi = vi)(vj — i) {D()\) v —ve) + (g =)l 5o =55 } - (F.19)

For SSMF transmission, the FWM efficiency is relatively low due to the high GVD parameter.

With high GVD, it is hard to satisfy the phase-matching condition, as different signals at
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different frequencies have different group velocities. Another way to reduce the FWM efficiency

is by increasing the WDM channel spacing or by spacing the channels unequally [109].

For the degenerate case (v, = 2v; — 1), let us assume that vy = v; + Avg, and vy, = v; — Avgp,
where Av., is the WDM channel spacing. Using Eq. F.3, the phase-mismatch simplifies to
AB = Ba - (Aven)? [112]. Two conclusions can be drawn from the degenerate phase-mismatch:
i) the FWM process is phase-matched, that is, the FWM efficiency is maximum when Sy = 0
(null first-order GVD); and ii) the lower the channel spacing, the higher the FWM efficiency

and thus, the higher the performance degradation from FWM-induced inter-channel crosstalk.

For the non-degenerate case (v; # v;), let us assume that frequencies v;, v; and vy, (v; > v,
Avep, = vj —v; and v, = v — Avgy,) generate v, = v; + Avgy,. Initially, v, was also generated
from v; and v; (v, = 2v; — v;). If these frequencies represent the central frequencies of WDM
channels, v; and v; were responsible for the generation of two new frequencies v, and v,,. For
equally-spaced WDM channels, the FWM-induced generation of frequencies v and v, result
in inter-channel crosstalk for the channels that will be centred at v, and v,,. A scheme of this

FWM process involving v;, v;, v, and v, is shown in Fig. F.3.

A A
Al/ch

Al/ch AVCh

Vg V; Vj Un

Figure F.3: Four-wave mixing principle.
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Appendix G

Single-band and single-channel

nonlinear transmission

In this appendix, as a preliminary study of the nonlinear crosstalk with virtual carrier (VC)-
assisted orthogonal frequency-division multiplexing (OFDM) signals, the impact of the nonlinear
fibre effects on the performance of VC-assisted direct-detection (DD) single sideband (SSB)
multi-band (MB)-OFDM metro networks is evaluated through numerical simulation after the
transmission of a set of pairs band-VC. Distortion powers with single pair and with five pairs
band-VC are compared. Emphasis is placed on the evaluation of the average power limit for
different number of fibre spans. The number of independent signal runs required to achieve
accurate performance estimates is also assessed. A complete study of the nonlinear crosstalk
considering several wavelength division multiplexing (WDM) channels (with each one carrying

a MB-OFDM signal) is performed in chapter 4.

The work presented along this appendix is also published in [70].

G.1 System and parameters description

The system considered to analyse the impact of the nonlinear fibre effects on the performance
of VC-assisted DD-SSB-MB-OFDM metro networks is illustrated in Fig. G.1. The system of
Fig. G.1 can be seen as a simplified metro network with fibre transmission. The following
simplifications are made: 1) optical and electrical noise are neglected in order to focus on the
impact of the crosstalk due to the nonlinear transmission along the fibre; 2) each network node

is represented by an erbium doped fibre amplifier (EDFA); 3) the optical distribution network
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(ODN) is not considered as the node performing the extraction operation is directly connected
to the optical network unit (ONU); and 4) transmission of a single optical channel carrying one

SSB-MB-OFDM signal is employed.

f MB-OFDM Tx
1

'l OFDM Tx 1

1

1

| oFDM Tx2 X
1

1 >
1

1

i

1| OFDM Tx Ng

N ———————————— -

Figure G.1: Block diagram of the simplified VC-assisted DD-SSB-MB-OFDM metro network.

Fach OFDM band is composed by 128 OFDM subcarriers mapped using 32-quadrature ampli-
tude modulation (QAM); as a consequence, the bandwidth of each band, B, is 2.18 GHz. The
overall bit rate of each band is 10.9 Gb/s and the Hilbert transform (HT) is obtained using
a hybrid coupler (HC) (referred as HC1 in Fig. 3.5). The frequency disposition of the OFDM
bands and VCs is similar to the one presented in Fig. 2.4. A virtual carrier-to-band power ratio
(VBPR) of 9 dB is used to each pair band-VC to ensure that the signal-signal beat interfer-
ence (SSBI) mitigation is performed correctly. The central frequencies of adjacent bands are
separated in frequency by Af, = 3.125 GHz. A central frequency of the first band of 1.9 GHz
is considered (as explained in section 3.3). The virtual carrier-to-band gap (VBG) considered
for all pairs band-VC is proportional to the subcarrier spacing and is 34 MHz (see Tab. 3.1).
Setting the same VBGs for all pairs band-VC guarantees that adjacent VCs are also separated
in frequency by Af, equal to 3.125 GHz. A modulation index (MI) of 5% is employed, as

considered in section 3.4.

EDFA 1 dictates the optical power level at the standard single mode fibre (SSMF) input. Prop-
agation along the SSMF accounts for the effects of self phase modulation (SPM), cross phase
modulation (XPM) and four wave mixing (FWM). The SSMF parameters are shown in Tab. 2.2.
EDFA 2 compensates the losses of the preceding SSMF span. The set of N, loss-compensated
SSMF' spans represents the connections between the nodes of a metro network. Each SSMF
span has 40-km length. At the ONU, the band selector (BS) is a second-order super-Gaussian
(SG) optical filter. When selecting a certain pair band-VC, the BS is centred at a frequency 150
MHz higher than the frequency of the middle of that pair band-VC, and has a -3 dB bandwidth
150 MHz larger than the bandwidth of each OFDM band; these parameters (BS bandwidth and

BS central frequency) guarantee minimum inter-band crosstalk due to non-ideal filtering.
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G.2 Results and discussion

In this section, the performance of the MB-OFDM system in the presence of fibre dispersion and
nonlinearity is evaluated through numerical simulation, and using the error vector magnitude
(EVM) as figure of merit. The performance with nonlinear transmission is evaluated numerically
using the split-step Fourier method (SSFM) with a fibre step size of 100 meters. Three different
analysis are performed: 1) linear and nonlinear fibre regime with single-band (SB) transmission;
2) nonlinear fibre regime considering MB transmission, with and without time-synchronization
between bands at the first span input; and 3) linear and nonlinear fibre transmission for a

MB-OFDM signal with 5 bands (MB case).

G.2.1 Single-band nonlinear transmission

Fig. G.2 shows the EVM as a function of the average power at the SSMF input, F;,, for the
SB case with linear and nonlinear transmission along the fibre, with different number of SSMF
spans. Fig. G.2 shows that the EVM penalty while increasing the average power with linear
transmission (y = 0, only fibre dispersion is accounted) for SSB systems, is negligible. With
nonlinear transmission (y = 1.3 W1 - km™!), the EVM penalty increases rapidly and it is
higher for a higher number of SSMF spans. The nonlinear transmission penalty is attributed
mainly to intra-band FWM, as strong FWM occurs when transmitting dozens of narrowly-
spaced subcarriers, which are interpreted as closely-spaced optical channels [84]. Inspection of
Fig. G.2 also reveals that, to achieve the same performance after doubling the number of SSMF
spans, the average power at the fibre input has to decrease 3 dB, which is in accordance with
what is shown in [84]. Taking into account that an average EVM of —19.5 dB corresponds to
approximately an average bit error ratio (BER) of 1073 for 32-QAM systems, and assuming a
margin of 1.5 dB to account for other system impairments, the highest acceptable EVM due to
fibre transmission is assumed as —21 dB. Hence, the maximum average power allowed is around

10 dBm for 1 span and decreases to 2 dBm for 6 spans.

G.2.2 Single-channel multi-band nonlinear transmission

The following study aims at analysing the dependence of the nonlinear effects efficiency on the
time-synchronization between different bands at the first span input. Fig. G.3 shows the EVM

as a function of the average power at the SSMF input, for 32 independent signal runs of one
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—e— Linear; N, =6

—&— Nonlinear; N, =1
——o— Nonlinear; N,
—— Nonlinear; Ny, = 3
—<— Nonlinear; N, = 4
—&— Nonlinear; Ny, = 5
—p— Nonlinear; N,, = 6

EVM [dB]

Figure G.2: EVM as a function of the average power at the SSMF input, for the SB case, with different
number of spans and for linear and nonlinear SSMF transmission.

optical channel with a MB-OFDM signal with 5 bands. For each run, random delays and random
binary sequences between OFDM bands are considered. EVM results are shown for bands 1
and 3 and for 3 and 6 spans. The average EVM of all the runs and EVMs where all the OFDM
bands are time-synchronized at the first span input are also shown. Fig. G.3 shows that, from
run to run, the EVM results vary considerably, especially when the degradation due to fibre
nonlinearity is substantial. Therefore, to obtain accurate EVM estimates, the average EVM
over the independent signal runs has to be performed. Inspection of Fig. G.3 shows that the
average EVM value is usually lower than the EVM where all the OFDM bands are synchronized
at the first span input, and that the difference between them reduces as the number of spans
increases. Moreover, the time-synchronized case corresponds to the worst case EVM for lower
number of spans, which indicates that synchronizing all the OFDM bands at the first span
input corresponds to the case where the nonlinear effects are more efficient. With the increase
of the number of spans, the total fibre dispersion also increases, and its interplay with the
nonlinear effects causes a reduction between the EVM differences from run to run. Likewise,
fibre dispersion induces synchronization reduction between the OFDM bands after several spans,
which justifies why the synchronized case no longer presents the worst case EVM when N, = 6,
as it can be verified in Fig. G.3(d). Fig. G.3 also reveals that the average EVM for low average
powers is 3 to 4 dB worse than the EVM for low average powers of the SB case shown in
Fig. G.2; this difference is attributed to the inter-band crosstalk due to the non-ideal filtering of
the BS. Inspection of Fig. G.3 shows also a considerable EVM degradation in the MB case with
increasing average power, when compared with the SB case; this is attributed to the presence

of inter-band nonlinear effects.

As the average EVM over the independent signal runs has to be performed to achieve accurate

EVM estimates, the minimum required number of independent signal runs has to be assessed.
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Band 1/ Ny, =3 Band 3 / Ny, =3

-9 -6 -3 0 3 -9 -6 -3 0 3
P, [dBm] P, [dBm]

EVM [dB]
EVM [dB]

Figure G.3: EVM as a function of the average power at the SSMF input, for 32 independent signal
runs of one channel with a MB-OFDM signal with 5 bands. EVM results are shown for (a) band 1 and
N;p =3, (b) band 3 and Ny, = 3, (¢) band 1 and Ny, = 6 and (d) band 3 and N;, = 6. Average EVM
of all the runs (O) and EVMs where all the OFDM bands are time-synchronized at the first span input
(O) are also shown.

Fig. G.4 depicts the average EVM obtained over independent signal runs, for all bands of the
MB-OFDM signal, when considering different number of fibre spans and average powers at
the SSMF input. Fig. G.4 shows that, for the number of spans and average powers at the
SSMF input considered, the average over 16 independent signal runs is enough to guarantee an
EVM discrepancy not exceeding 0.5 dB from the average EVM obtained with 32 runs. These
conclusions hold for 2, 4 and 6 SSMF spans and for average powers at the SSMF input between
-9 and 6 dBm.

Fig. G.5 shows the average EVM over 32 independent signal runs for bands 1, 3 and 5 of a
MB-OFDM signal with 5 bands, as a function of the average power at the SSMF input, for
different number of spans and for linear and nonlinear transmission along the SSMF. Fig. G.5
shows that, with linear transmission, while increasing the average power at the SSMF input, the
degradation is negligible, whereas with nonlinear transmission, the EVM degrades considerably
with the average power increase. The maximum allowed average power (that is, when an EVM
of —21 dB is reached) is set by the bands that suffer the most from inter-band crosstalk: for
band 3 is around 3 dBm for 1 span and decreases to —2.5 dBm for 6 spans. Comparing the

maximum average powers of the SB and MB cases, the power reduction for the MB case is 7 dB
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Figure G.4: Average EVM over independent signal runs, for all 5 bands of the MB-OFDM signal. Three
different cases are shown: (a) Ny, =1 and P;,, = 3 dBm, (b) Ny, =3 and P;;, = 0 dBm and (¢) N5, =5
and P, = —3 dBm.

and 4.5 dB for 1 span and 6 spans, respectively. These power reductions are attributed to the
presence of inter-band nonlinear effects, such as inter-band FWM. A lower power reduction with
increasing number of spans indicates that the effectiveness of the nonlinear effects decreases with
the increase of fibre dispersion. The higher accumulated dispersion increases the misalignment
between symbols of different bands from one span to the other, reducing the strength of the
inter-band nonlinear impairments. A direct consequence of this effect is that, with MB, in order
to achieve the same EVM while doubling the number of spans, the required decrease of the
average power at the SSMF input is less than 3 dB, which is different from the SB case which

requires an average power decrease of 3 dB.
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Figure G.5: Average EVM over 32 independent signal runs, for bands 1, 3 and 5 of a 5-band MB-OFDM
signal, as a function of the average power at the SSMF input, for different number of spans and for linear
and nonlinear transmission.

G.3 Conclusions

As MB-OFDM signals are composed by tight-spaced subcarriers and closely-spaced OFDM
bands, the performance is limited by intra-band and inter-band FWM, which lead to high FWM
efficiencies. Results have shown that an average over 16 independent signal runs is enough to
guarantee an EVM discrepancy not exceeding 0.5 dB from the average EVM obtained with 32
independent signal runs, when nonlinear fibre effects are dominant. It was also verified that
inter-band crosstalk due to nonlinear transmission of 5 bands over 240 km of SSMF limits the

average power at the fibre input to levels not exceeding —2.5 dBm.
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