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Abstract

Digital signal processing (DSP) has become one of the main enabling tech-
nologies for the physical layer of coherent optical communication networks.
The DSP subsystems are used to implement several functionalities in the
digital domain, from synchronization to channel equalization. Flexibility
and effectiveness of DSP contribute to reducing costs and increase reliabil-
ity of optical communications systems. The work presented in this thesis
focuses on DSP subsystems for coherent optical communication systems.

In particular, the contributions presented in this thesis relate to the
following topics: (I) Kerr nonlinearity compensation, (II) spectral shaping,
and (III) adaptive equalization. For (I), original contributions are pre-
sented to the study of the nonlinearity compensation (NLC) with digital
backpropagation (DBP). Numerical and experimental performance inves-
tigations are shown for different application scenarios. Concerning (II), it
is demonstrated how optical and electrical (digital) pulse shaping can be
allied to improve the spectral confinement of a particular class of optical
time-division multiplexing (OTDM) signals that can be used as a building
block for fast signaling single-carrier transceivers. Finally, regarding (III),
original contributions to equalization in coherent optical receivers are pro-
posed, consisting of a new approach to analyzing and design equalizers for
systems where receivers or transmitters may be subject to front-end imper-
fections. Numerical and experimental validations are performed to evaluate
the proposed methods.

In conclusion, the results presented in this thesis contribute to the
state-of-the-art of DSP for coherent optical communication over single-mode
fibers (SMFs). The techniques investigated have the potential to improve
performance and reliability of such systems, ultimately enabling throughput
and transmission reach improvements for the next generations of coherent
systems.
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Resumé

Digital signalbehandling (DSP) er blevet en af de centrale teknologier i
det fysiske lag af kohærente optiske kommunikationsnetværk. DSP syste-
merne benyttes til at implementere adskillige funktionaliteter i det digitale
domæne lige fra synkronisering til kanaljustering. Fleksibiliteten of effek-
tiviteten af DSP bidrager til reduceret pris og forbedret pålidelighed i optiske
kommunikationssystemer. Det arbejde der præsenteres i denne afhandling
fokuserer på DSP subsystemer til kohærente optiske kommunikationssyste-
mer.

De bidrag der præsenteres i denne afhandling er relaterede til følgende
emner: (I) kompensering af Kerr ikkelinearitet, (II) formning af spek-
tret og (III) adaptiv signaljustering. Vedrørende (I) præsenteres originale
bidrag til studiet af ikkelinearitets-kompensering (NLC) ved brug af digital
tilbage-propagering (DBP). Numeriske og eksperimentelle undersøgelser er
vist for forskellige anvendelsesscenarier. Vedrørende (II) er det demonstr-
eret hvorledes optiske og elektrisk (digital) pulsformning kan anvendes til
at forbedre den spektral afgrænsning af bestemte klasser af optiske tids-
multiplexede (OTDM) signaler, der kan benyttes som element til realiser-
ing af hurtige enkelt-carrier transceivere. Endelig vedrørende (III) er der
foreslået originale bidrag til signaljustering i kohærente optiske modtagere,
bestående af en ny tilgang til analysering og design af equalizere til syste-
mer hvor modtager eller sender lider under imperfektioner på indgangs-
/udganstrin. Numeriske og eksperimentelle undersøgelser bekræfter de
foreslåede metoder.

De resultater der præsenteres i denne afhandling bidrager til state-of-
the-art indenfor digital signalbehandling (DSP) til kohærent optisk kommu-
nikation over standard single mode fiber (SMF). De undersøgte teknikker
har potentiale til at forbedre ydeevnen og pålideligheden i disse systemer
og følgelig muliggøre forbedringer af kapacitet og transmissionsdistance i
næste generation af kohærente systemer.
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Chapter 1

Introduction

In the past few decades, information has become one of the main pillars
that sustain and shape modern society and economy. From social net-
works, passing through video streaming services, to electronic commerce,
more and more attention has been given to how information is produced,
transferred and stored. Therefore, the importance of information technolo-
gies has never been so ubiquitous as it is in this era.

The development of telecommunications is one of the remarkable
achievements of the human kind and direct consequence of advances in
science and engineering. Nowadays, a virtual real-time communication be-
tween individuals placed on the opposite sides of the globe it is possible
thanks to a vast physical network able to move information at the speed
of light. The core of this infrastructure is composed of the fiber-optic net-
works, which assume the task of managing the gross amount of data traffic
over distances up to thousands of kilometers.

In a historical perspective, the expansion of fiber-optic communication
started with the invention of the first laser in 1960. That was followed by
the development of the first silica fibers with low attenuation (the 1970s to
the 1980s) and the first optical amplifiers (end of the 1980s), which became
the core of the deployed wavelength-division multiplexing (WDM) systems
operating in the present days [1]. Current single-mode fibers have minimum
attenuation varying from 0.16 to 0.2 dB/km in an interval of the infrared
spectrum around 1550 nm. Within this spectral window, optical amplifi-
cation is possible with Erbium-doped fiber amplifier (EDFA), typically over
the full C-band (1530 nm to 1565 nm). It corresponds to approximately
5 THz of bandwidth available for communication. Currently, transmission
rates as high as 65 Tb/s per single-mode fiber (SMF) have been demon-
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strated over transoceanic distances [2], which corresponds to an increase of
65 times compared to the systems available in the early 2000s.

Despite the enormous growth in the capabilities of fiber-optic communi-
cation technology to handling data traffic, the optical networks face several
challenges posed by the ever-increasing demand for bandwidth and telecom-
munication services worldwide [3].

New generations of optical communication systems are expected to keep
the pace in attending the service demand, while maintaining low cost and
high energy efficiency [4–6]. The path towards of such stringent goals re-
quires an number of interdisciplinary tasks to be solved. On one side, highly
integrated, low power consumption optical devices are necessary. On the
other side, intelligent signal processing tools are needed to optimize the use
of resources available in the network. In the physical layer of the optical
networks, those guidelines resulted in the significant development of co-
herent communications. Remarkably, the recent advances in digital signal
processing (DSP), advanced modulation formats [7] and channel coding have
pushed the state-of-the-art towards the limits of information transmission
over standard single-mode fiber (SSMF).

The ultimate limits for reliable communication over fiber-optic chan-
nels are still unknown. So far, the complicated interplay between linear
and nonlinear interactions of the electric field with the dielectric medium
due to the Kerr effect [8] and its dependence on the signal power have
prevented the optical fiber to be resolved in a tractable channel model
for information-theoretic analysis. Nevertheless, lower bounds on the fiber
capacity have been derived in the past ten years [9–12], estimating the re-
lation between achievable information rate (AIR) and the launched power
at the fiber input. Kerr nonlinear distortions are also known as nonlinear
interference (NLI) [11]. The NLI manifests itself as data-dependent additive-
multiplicative distortions that are a function of the physical characteristics
of the fiber channel, the noise added by optical amplifiers, and the co-
propagating WDM signals. One part of the NLI is the result of signal-signal
nonlinear interactions and has a deterministic nature, whereas the second
part, originating from signal-noise and noise-noise interactions, is stochas-
tic.

Since the power of the NLI grows proportionally to the cubic of the
signal power [10], the bounds on AIR as a function of the launch power
are characterized by an inflection point, known as optimum launch power,
as illustrated in Fig. 1.1. After this point, increments in input power will
not result in an increase of the AIR. This behavior has become widespread
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Figure 1.1 Illustration of a typical AIR lower bound for the nonlinear fiber-optic channel
with and without Kerr nonlinearity compensation.

in the literature as the “nonlinear Shannon limit” of the optical fiber [13].
Since such bounds are derived based on simplified approximated physical
models of the nonlinear fiber channel, their consequences always require
careful interpretation [14]. However, NLI is considered the main limitation
to the AIR for single-mode fiber transmission.

The AIR bounds for the fiber channel have motivated the research of
nonlinearity compensation (NLC) techniques. The fractions of the NLI
that are deterministic functions of on the transmitted signals, or exhibit
a stochastic behavior sufficiently slow to be tracked, can be compensated
with DSP. The NLC can be performed with DSP at the transmitter or the
receiver. As shown in Fig. 1.1, the result of NLC is a reduction in the non-
linear characteristic of the channel, allowing the transmitters to achieve
higher rates by increasing the input power to a new optimum value.

Several DSP-based NLC techniques were proposed in the literature [15].
The most popular are based on nonlinear channel models for the optical
fiber. In particular, digital backpropagation (DBP) based on the split-step
Fourier method (SSFM) [16], perturbation [17] and Volterra [18] models for
the NLI have been extensively numerically and experimentally investigated.

High computational complexity allied with limited benefits remain a
challenge for practical implementation of efficient DSP-based NLC tech-
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niques.
The Kerr nonlinearities can also be compensated or mitigated with

the aid of nonlinear optical signal processing (OSP). In this direction,
optical phase conjugation (OPC) employing the mid-link spectral inver-
sion technique [19–22], phase-conjugated twin-waves transmission [23, 24]
and phase-sensitive amplification [25] have been investigated. The broad-
band characteristics of nonlinear OSP-based techniques are an advantage
over DSP-based ones. It allows, for example, simultaneous compensation
of inter-channel NLI within several WDM channels in scenarios where the
complexity of the DSP-based approaches is prohibitive, even for labora-
tory experiments. However, several issues make it difficult to implement
OSP-based NLC in real networks, since they usually demand specific mod-
ifications or configurations for the fiber links, which are not requirements
for most of the DSP-based NLC techniques.

Instead of attempting to eliminate the distortions caused by the Kerr
effect, an alternative solution could be finding another domain for informa-
tion multiplexing where the nonlinear nature of the fiber does not appear
as an obstacle. This idea has motivated the recent studies on the nonlinear
Fourier transform (NFT) [26–28]. Under some conditions, the NFT can be
used to define a domain of signals whose evolution through the nonlinear
fiber channel is defined by a linear operation. Put differently, the Kerr effect
itself is included in the choice of the orthogonal basis for data transmis-
sion. The NFT could then be used to define a nonlinear frequency-division
multiplexing (NFDM) system which, ultimately, would be the alternative to
a WDM system. So far, implementations of the NFT have been shown to
be challenging, due to the complexity of the DSP algorithms and modeling
restrictions that do not match practical scenarios in optical networks. Nev-
ertheless, NFT is considered as a promising field for new DSP applications
in optical communications.

With all available multiplexing dimensions in SMF fibers (time, fre-
quency, polarization) being exhaustively explored and the challenges to
overcoming the Kerr effect limitations imposed to the transmission rates,
the spatial-division multiplexing (SDM) has appeared as a technological op-
tion to keep increasing the throughput rates in optical networks [29–33].
In the last decade, the developments in multimode and multicore fibers
followed by SDM optical amplifiers and switching devices have paved the
path for the latest records in optical transmission experiments [34]. Sys-
tems based on SDM are soon expected to become the next frontier of optical
communications technology.
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1.1 Motivation and outline of contributions

A considerable share of the coherent optical communication progress can
be attributed to the development of DSP subsystems. Because essential
functionalities, such as time synchronization and channel equalization, are
efficiently performed with DSP, its importance is expanding to several kinds
of optical transmission systems.

The primary focus of the work presented in this thesis is on DSP sub-
systems for coherent optical communication systems. In particular, the
contributions presented relate to the following topics.

Kerr nonlinearity compensation

Chapters 3, 4 and 5 present original contributions to the study of numerical
and experimental performances of NLC with digital backpropagation (DBP).
Each chapter addresses a different scenario of DBP application.

Spectral shaping

The contributions of Chapter 6 are related to the spectral shaping of
high baud rate single-carrier transceivers based on optical time-division
multiplexing (OTDM). Particularly, it is demonstrated how optical and
electrical (DSP-based) pulse shaping can be allied to improve the spectral
confinement of Nyquist-OTDM signals.

Adaptive equalization

Original contributions to equalization in coherent optical receivers are sum-
marized in chapters 7 and 8. There, a new approach to analyzing and design
equalizers for systems where receivers or transmitters subject to front-end
imperfections is proposed, with subsequent numerical and experimental
validation.

1.2 Organization of the thesis

This thesis interpolates material from three journal papers ([J6], [J3], and
[J5]) and four conference papers ([C3], [C4], [C12], and [C13]) published by
the author within the duration of the Ph.D. project.
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Since the main subjects of different chapters may not necessarily over-
lap, the state-of-the-art review is distributed within the introduction of
each chapter for better contextualization of the contributions.

The chapters containing the contributions from this Ph.D. project are
divided into three parts. Part I is composed by chapters 3, 4 and 5, with
main subjects related to Kerr nonlinearity compensation. Part II has only
Chapter 6, whose content relates to spectral shaping. Finally, Chapter 7
and Chapter 8 compose Part III, where adaptive equalization is the prin-
cipal subject.

The organization of the chapters is detailed as follows.
In Chapter 2, fundamentals in digital communications and coherent

optical communication systems are briefly reviewed with a focus on the
most important concepts that will be touched upon in the discussions after
that.

In Chapter 3, a numerical analysis of the performance gains provided
by DBP and maximum likelihood sequence detection (MLSD) in superchan-
nels when the carriers are generated by different spectral shaping tech-
niques. The simulations assumed transmission over uncompensated disper-
sion links.

Chapters 4 and 5 present two experimental investigations regarding NLC
with DBP. In Chapter 4, the impact of a frequency-referenced source on the
performance of dual polarization multicarrier digital backpropagation (MC-
DBP) performed at the receiver-side is experimentally investigated for up to
4000 km of transmission. In Chapter 5, a study carried out to establish a
comparison between gains in AIR obtained by using probabilistic optimiza-
tion of high-order quadrature amplitude modulation (QAM) formats and by
performing NLC with DBP, in WDM transmissions up to 1700 km of reach.

In Chapter 6, the problem of how to approach the Nyquist’s bandwidth
limits for the power spectrum density (PSD) of OTDM signals generated
by periodic trains of optical sinc pulses is considered. The benefits of the
proposed combination of optical and electrical (digital) pulse shaping are
discussed in the light of analytical results. A further experimental study is
carried out to evaluate the feasibility of the proposed solution.

In Chapter 7 and Chapter 8, the use of widely linear complex-valued
transformations is proposed to model in-phase/quadrature (IQ) defects in
coherent optical transceivers. The connection between IQ-mixing and chan-
nel equalization is analyzed and adaptive equalization structures to com-
pensate for such effects are proposed and validated by numerical simulations
and experiments. Chapter 7 presents a detailed analysis of the consequences
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of IQ-mixing happening at a single-carrier receiver, whereas Chapter 8 fo-
cuses on IQ-mixing happening in a multicarrier transmitter.

7
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Chapter 2

Fundamentals of coherent
optical communication

In this chapter, a very brief introduction to the fundamentals of coherent
optical systems is presented. The concepts highlighted here are connected
to the main topics that the reader will find in the following chapters of
this thesis. Detailed discussion on the subject can be consulted in the
references [8, 9, 35, 36].

The remaining of the chapter is organized as follows. In Section 2.1 a
canonical description of a coherent optical communication system is given.
Section 2.2 presents relevant concepts related to transmitters. In Sec-
tion 2.3, the fiber-optic channel model is shown, and its properties are
discussed. Finally, Section 2.4 details the optical front-end and digital
signal processing (DSP) functions present in conventional coherent optical
receivers.

2.1 Coherent optical systems
In contrast with the traditional intensity modulated direct detection
(IM/DD) systems, coherent systems use not only the amplitude but also
the carrier frequency and phase to encode information at the transmitter
side. In such systems, to decide which signals were transmitted, the receiver
must be able to access the frequency and the phase of the transmitted car-
rier synchronously. For that propose, the use of a local oscillator and a
coherent front-end is required.

A block diagram of a simplified optical coherent transmission system
is depicted in Fig. 2.1. The blocks on the left side of Fig. 2.1 are related

9
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Figure 2.1 Block diagram of a typical coherent optical communication system. (a) Logical
level, FEC encoding and decoding. (b) Baseband signal level, DAC, ADC and DSP blocks
for synchronization and equalization. (c) Optical signal level.

to the transmitter structure, whereas the blocks on the right side detail
the receiver. In Fig. 2.1(a), the logical level of the system is shown where
the forward error correction (FEC) functions are implemented, and the in-
formation is purely binary. In Fig. 2.1(b), the baseband signal level is
shown. This level groups the DSP and digital-to-analog converter (DAC) at
the transmitter side, and the analog-to-digital converter (ADC) and DSP at
the receiver. The last level is the optical level, composed by the optical
modulator at the transmitter and the coherent front-end at the receiver,
each with the respective local oscillator (LO), and finally the fiber-optic
channel.

There are two main advantages of coherent detection over IM/DD sys-
tems. Firstly, coherent detection enables one to explore all available orthog-
onal dimensions to encode, multiplex and transmit data over the optical
fiber, allowing the use of sophisticated modulation and coding schemes to
increase the rates or the reliability of the transmission. Secondly, the full
knowledge of the electrical field obtained after coherent detection allows
the receiver to efficiently compensate for a number of channel impairments
by applying DSP techniques. Both advantages translate in improvements
of transmission reach or system throughput.

2.2 Transmitters

In a coherent optical communication system, the transmitter is responsible
for encoding the information bits, performing the mapping of bits to sym-
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bols of a given modulation format and modulate the optical carrier which
will be transmitted through the fiber channel.

The following definitions are relevant in the discussions to appear in the
remaining chapters of this thesis.

2.2.1 Modulation formats

Modulation format is finite set S of symbols (complex numbers). Here,
S = {sm}Mm=1, with M = 2b, where b is the number of bits mapped to each
symbol of S.

In this thesis, only linear memoryless modulation formats are addressed
[35]. In particular, M -ary quadrature amplitude modulation (QAM) and
quadrature phase-shift keying (QPSK). Except in Chapter 5, all modulation
formats considered have a uniform probability distribution over the set of
symbols.

2.2.2 Baseband signals

Let g(t) be a complex-valued baseband signal, it can be represented by

g(t) =
∞∑

k=−∞
skp(t− kTs), (2.1)

where sk is the symbol transmitted at the instant t = kTs, p(t) is the pulse
shape and Ts is the symbol period. Unless stated otherwise, the elements
in the sequence of symbols (sk)∞k=−∞ are assumed to be independent and
identically distributed (i.i.d.).

Due to the random nature of the sequence of transmitted symbols, g(t)
also expresses a realization of a cyclostationary stochastic process with
period Ts [35].

2.2.3 Power spectrum density of linearly modulated signals

Let g(t) be a complex-valued baseband signal, its autocorrelation function
Rgg(τ) can be defined as

Rgg(τ) = 1
Ts

∞∑
n=−∞

Rss(n)Rpp(τ − nTs), (2.2)

where Rss(n) = (1/2)E[s∗ksk+n] is the autocorrelation function of the sym-
bol sequence (assumed to be a stationary process), E[.] denotes expected
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value, and Rpp(τ) =
∫∞
−∞ p

∗(t)p(t+τ)dt is the time autocorrelation function
of the pulse shape [35].

By taking the Fourier transform of Rgg(τ), the average power spectrum
density (PSD) of g(t) is obtained as

G(f) = 1
Ts
|P (f)|2S(f), (2.3)

where
P (f) =

∫ ∞
−∞

p(t)e−j2πftdt, (2.4)

and
S(f) =

∞∑
n=−∞

Rss(n)e−j2πfnTs . (2.5)

Notice that, if the i.i.d. sequence of symbols has zero mean and it is un-
correlated, Rss(n) is a delta function centered at n = 0, so that S(f) is
a constant over the interval [−1/2Ts, 1/2Ts]. Therefore, under these con-
ditions, the shape of the spectrum in Eq. (2.3) will only depend on pulse
shape of the baseband signal.

2.2.4 Spectral efficiency

The spectral efficiency (SE) is a figure of merit used to evaluate how effi-
ciently the information is been transferred through a given bandwidth of
the channel. The SE is defined as

SE = bRs
B

, (2.6)

where Rs is the transmission symbol rate (baud rate), b is the number of
information bits per symbol and B is the bandwidth utilized in Hz.

In the literature of optical communications, the SE is usually defined for
a given wavelength-division multiplexing (WDM) system. In this case, the
calculation in Eq. (2.6) has B as the spacing of the WDM frequency grid,
and Rb corresponds to the information rate per WDM channel.

Hence, the SE depends on how close in frequency the WDM channels can
be placed, which directly relates to how much spectrum their PSDs occupy.
In the Nyquist limit for intersymbol interference (ISI) free transmission,
Rs = B [35]. For real WDM systems, Rs < B, since guard bands are neces-
sary to avoid interference between neighbor channels. It is still possible to
have Rs ≥ B, if the receiver can tolerate ISI and inter-channel interference.
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2.2.5 External optical modulators

Optical modulation is the process of varying one or more properties of
an optical carrier as a function of a modulating baseband electrical signal
containing information to be transmitted. In coherent optical transmitters,
external optical in-phase/quadrature (IQ) modulators are the components
responsible for performing optical modulation.

Optical modulators can be fabricated by creating optical waveguide in
an electro-optical substrate. Due to its fast linear electro-optic response
characteristics, Lithium niobate (LiNbO3) is the most common material
used as substrate for optical modulators in coherent WDM systems.

fc0

I(t)

Q(t)
IQ modulator

t

t

Baseband 

electrical signal

f f

Passband 

optical signal
External optical modulator

Figure 2.2 Schematic of optical IQ modulation.

External optical IQ modulators are built with combinations of basic
external optical modulator structures, such as the phase modulator and the
Mach-Zehnder modulator (MZM) [36]. The modulation bandwidth, carrier
extinction ratio, and the linearity are the most important properties to
characterize the performance of optical IQ modulators.

High-order modulation formats require external modulation with a lin-
ear response, such that the relative distance between constellation symbols
in the baseband signal is maintained in the optical domain. Since MZMs
have a nonlinear (sinusoidal) response characteristic, in practice, linear op-
eration is achieved by restricting the driving signals to a linear interval of
the MZMs response, or by using nonlinear pre-distortion as a linearization
method.

All the external optical IQ modulators used in the experiments reported
in this thesis were Lithium niobate-type modulators.

2.2.6 Superchannels

The bandwidth limitation of components, such as DACs and optical mod-
ulators, brings challenges to build single-carrier transmitters with high SE
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over typical WDM channel bandwidths. As an alternative, parallel lower
bandwidth transmitters can be arranged such that the total rate over the
WDM channel bandwidth is divided among multiple modulated carriers.
A set of closely packed carriers that travel from the same origin to the
same destination in a WDM system is the definition of a superchannel. An
example of a superchannel spectrum is shown in Fig. 2.3.

Figure 2.3 Example of a superchannel PSD compared with a single-carrier PSD occupying
the same bandwidth.

2.3 The fiber-optic channel

The single-mode fiber (SMF) is a dielectric cylindrical waveguide, made
out of silica (SiO2) glass, whose guiding properties are based on the total
internal reflection principle. Propagation of light inside an SMF is subjected
to linear and nonlinear effects that have to be considered together to define
an accurate fiber channel model.

The slow-varying complex-valued envelope of an optical carrier propa-
gating in an SMF is represented by the Jones vector of the electrical field
E(z, t) = [Ex, Ey]T , where the indexes (x, y) refer to two orthogonal polar-
ization modes. Its evolution through the fiber is well known to be described
by the coupled nonlinear Schrödinger equation (NLSE) [8]

∂E
∂z

+ α

2 E + β1

∂E
∂t

+ j
β2

2
∂2E
∂t2

= jγ

[
|E|2σ0 −

1
3(EHσ2E)σ2

]
E, (2.7)
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where the matrices α, βn, γ describing the fiber parameters for attenu-
ation, chromatic dispersion and Kerr nonlinearity, respectively, are given
by

α =
[
αx 0
0 αy

]
,βn =

[
βnx 0
0 βny

]
,γ =

[
γx 0
0 γy

]
,

and σ2 is one of the Pauli spin matrices1

σ0 =
[

1 0
0 1

]
,σ1 =

[
0 1
1 0

]
,σ2 =

[
0 −j
j 0

]
,σ3 =

[
1 0
0 −1

]
.

The indexes (x, y) refer to the two orthogonal polarization modes. One
should emphasize that Eq. (2.7) does not include all linear and nonlinear
phenomena happening within the fiber, but it includes those that are more
important from the system perspective. In this thesis, only SMF systems
are addressed.

For most of the practical cases, the attenuation, second order dispersion
and nonlinear coefficients are the same for both polarizations, i.e., αx =
αy = α, β2x = β2y = β2, and γx = γy = γ, respectively. Moreover, if
only the combination of those effects is object of analysis, Eq. (2.7) can be
further simplified to the following pair of coupled scalar NLSEs

∂Ex
∂z

+ α

2Ex + j
β2
2
∂2Ex
∂t2

= jγ

(
|Ex|2 + 2

3 |Ey|
2
)
Ex, (2.8)

∂Ey
∂z

+ α

2Ey + j
β2
2
∂2Ey
∂t2

= jγ

(
|Ey|2 + 2

3 |Ex|
2
)
Ey. (2.9)

The last variable to be considered is the amplified spontaneous emission
(ASE) noise originated in the optical amplification stages. The ASE and the
nonlinear interference (NLI) are the dominant noise sources in the coherent
WDM systems.

The following subsections will present short descriptions of each effect
modeled in Eq. (2.7) and the amplification noise.

2.3.1 Attenuation

An optical pulse guided through an optical fiber is attenuated. Such power
losses have many causes but are dominated by material absorption and

1The convention used in the notation of the Pauli spin matrices vary in the literature.
Here the notation used in [40] is assumed.
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Rayleigh scattering [8]. The linear effect of power loss is included in equa-
tions (2.8) and (2.9) by the loss coefficient α.

Let P (z) be the signal power at the propagation distance z, then

P (L) = P (0) exp(−αL). (2.10)

The loss coefficient is usually given in dB/km, where αdB/km = 4.343α. A
standard single-mode fiber (SSMF) has an average attenuation coefficient of
0.2 dB/km over the C-band frequency spectrum.

The losses in WDM systems are compensated with optical amplifiers
placed at the end of each fiber span, whose length vary depending on the
network. An example of a span configuration with SMF and Erbium-doped
fiber amplifier (EDFA) is illustrated in Fig. 2.4.

Figure 2.4 Illustration of an fiber span with an optical amplifier.

The stimulated Raman scattering can also be used to transfer energy
from a pump laser to WDM signals, providing distributed amplification
along the fiber span [8].

In the experimental studies presented in this thesis, both EDFA and
distributed Raman amplification were considered.

2.3.2 Amplification noise

Optical amplifiers are sources of additive noise. During the amplification
process, ASE is added to the optical signal such that the optical signal-to-
noise ratio (OSNR) of the amplified signal is degraded with respect to the
to the OSNR of the input signal. The ASE is modeled as additive white
Gaussian noise (AWGN) with PSD NASE [9], and the OSNR is defined by

OSNR = Psig
2BrefNASE

= Psig
σ2
ASE

, (2.11)
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where Psig is the average signal power over the two state of polarization
(SOP) and Bref is an arbitrary reference bandwidth, usually chosen to be
12.5 GHz (0.1 nm).

Typical noise figure (NF) values for an EDFA are in the range of 4 to
6 dB, whereas distributed Raman amplifiers may achieve remarkably lower
values [37].

2.3.3 Chromatic dispersion

Distinct frequency components of a signal traveling through the fiber will
experience different group velocities due to the linear effect known as chro-
matic dispersion (CD), also referred to in the literature as group-velocity
dispersion (GVD) or simply as “dispersion”. The CD induces a relative delay
among frequency components of a pulse propagating into the fiber, causing
it to spread in time. By solving analytically the NLSE with only the GVD
term, one will find that CD is accurately modeled as an all-pass linear filter
whose frequency response is given by

Hcd(ω, z) = exp
(
−j β2

2 ω
2z

)
, (2.12)

where ω is the angular frequency, β2 = β2(ωc) is the GVD parameter at the
carrier angular frequency ωc, and z is the propagated distance. Note that
Eq. (2.12) includes only the second-order dispersion parameter β2, which
describes the dominant effect. High order dispersion terms can also be
considered but are not relevant for the scenarios investigated in this thesis.

For telecom fibers, the dispersion parameter D at a given wavelength is
often specified instead of β2. The relation between both is given by

D = −2πc
λ2 β2, (2.13)

where c is the speed of light in vacuum and λ is the wavelength. The
parameter D is usually given in ps/(km · nm).

In optical communication systems, the temporal broadening of the
pulses caused by CD translates in ISI, which will degrade the system per-
formance if not compensated.

Regarding CD management, fiber links are divided into the following
two categories. The dispersion compensated (managed) links, where the CD
is compensated inline with dispersion compensating fiber (DCF) modules,
and dispersion uncompensated links where the CD compensation task is
performed at the receiver side.
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In coherent optical systems operating over dispersion uncompensated
links, the accumulated CD is let to be compensated with DSP.

2.3.4 Polarization mode dispersion

An ideal SMF with perfect cylindrical symmetry over its full length will
support two degenerated orthogonal polarization modes, i.e., both modes
will have equal refractive indices (nx = ny). In real fibers, however, small
imperfections during the production process or variations of the core shape
due to bending or other external agents will result in a break of the wave-
guide symmetry, causing the appearance of modal birefringence.

Birefringence is characterized by a difference between the refractive in-
dices of the polarization modes (nx > ny, or nx < ny). As a consequence,
polarized light will propagate at different speeds, when aligned to different
polarization axes. The degree of modal birefringence (Bm) is defined as

Bm = |nx − ny| = ∆n, (2.14)

which results in a difference of the propagation constants of the two polar-
ization modes ∆β = |βx − βy| = (ω/c)∆n.

A fiber with constant modal birefringence has two principal axes along
which the state of linear polarization of the incident light is maintained
during propagation. These orientations are named slow and fast axes based
on the traveling speed of light polarized along them inside the fiber. When
a low-power continuous wave (CW) beam is launched with its polarization
direction not oriented with neither the slow or fast axes, the SOP of the
light will change along the fiber in a periodic fashion. The distance of one
revolution period of the SOP is known as beat length (LB) and defined as
LB = 2π/∆β.

A direct consequence of birefringence is that light components propa-
gating in each polarization mode will experience distinct group delays. The
relative difference in modal group delay (∆τ) is known as differential group
delay (DGD), defined as

∆τ = |β1x − β1y|L, (2.15)

where L is the propagation length.
Moreover, Bm and the orientation of x and y axes tends to shift ran-

domly over considerably short length scales (10 − 100 m) when compared
to the average reach of the transmission in optical communication systems.
Since for a given link these conditions vary in time, ∆τ shows a stochastic
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behavior. The expected value of the DGD (E[∆τ ]) is known as the first
order polarization mode dispersion (PMD). If the DGD does not have a flat
frequency response over the bandwidth of interest, higher-order PMD terms
have to be considered to capture the dynamic evolution of the polarization.

The statistical modeling of PMD can be quite complicated and is out
of the scope of this thesis. However, the average effect of modal birefrin-
gence can be included in the nonlinear fiber model by using the Manakov
equation [38–40], which corresponds to Eq. (2.7) with its right-hand side
replaced by j(8/9)γ|E|2E. Applying the same assumptions used to obtain
Eq. (2.8) and (2.9), the result is the following pair of coupled equations

∂Ex
∂z

+ α

2Ex + j
β2
2
∂2Ex
∂t2

= j
8γ
9 (|Ex|2 + |Ey|2)Ex, (2.16)

∂Ey
∂z

+ α

2Ey + j
β2
2
∂2Ey
∂t2

= j
8γ
9 (|Ey|2 + |Ex|2)Ey. (2.17)

Note that Eq. (2.16) and (2.17) model the average effect of birefringence in
the Kerr nonlinearity, but they do not model PMD.

The time-varying effects of PMD are sources of ISI, hence impacting the
performance of optical communication systems.

2.3.5 Kerr nonlinearities

Within silica fibers, as in any other dielectric medium, the presence of an
electric field will induce a displacement of the electric charges within the
material, creating a dielectric polarization field. The induced field will have
an orientation such that the equivalent field within the dielectric is reduced.

Therefore, the interaction between the electrical field and dielectric will
produce a modulation of the equivalent field within the medium. Such
modulation is a nonlinear function of the input field. This phenomenon
is the cause of the Kerr effect [41], which is present in silica fibers and
responsible for the NLI in optical communication systems [9, 11].

The Kerr effect can be just understood as a change in the refractive
index of the material proportional to the square of the incident electrical
field.

In the NLSE propagation models, the Kerr nonlinearities are included
by the terms proportional to the fiber nonlinear parameter γ, defined as

γ = n2ωc
cAeff

, (2.18)
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where n2 is the fiber nonlinear refractive index [8], ωc = 2πfc is the angular
frequency of the optical carrier, Aeff is the fiber effective area and c is the
speed of light in vacuum. The parameter γ is usually specified in 1/(W.km).

In the absence of loss and dispersion effects, the Manakov system in
Eq. (2.16) and (2.17) will have the following exact solution

E(L, t) = E(0, t)ejφnl(L,t), (2.19)

where φnl(L, t) is the integrated nonlinear phase over the propagation
length [0, L], defined by

φnl(L, t) = 8γ
9

∫ L

0
P (z, t)dz, (2.20)

where P (z, t) = |E(z, t)|2 is the instantaneous power of the electrical field
as a function of the distance z. Hence, the Kerr effect results in a power-
dependent nonlinear phase modulation of the electrical field.

In the presence of dispersion and nonlinear effects, exact solutions for
the NLSE are unknown, in general. Numerical solutions can be obtained
with the split-step Fourier method (SSFM), which will be discussed later.

Since WDM systems have multiple modulated optical carriers simulta-
neously propagating within the fiber, the NLI caused by the combination of
the Kerr effect and the CD will be a function of all co-propagating carriers.
As mentioned in the introductory chapter, the nonlinear characteristic of
the fiber channel is currently the principal limitation of the transmission
rates over SMF.

In coherent optical WDM systems transmitting over long, uncompen-
sated CD links, the accumulation of the NLI can be modeled as an addi-
tional source of AWGN at the receiver [13,42,43]. In this case, the effective
signal-to-noise ratio (SNR) perceived by the received is given by

SNRRX = Psig
σ2
ASE + σ2

NLI

, (2.21)

where σ2
ASE and σ2

NLI ∝ P 3
sig are the AWGN power contributions from the

ASE and the NLI, respectively, and Psig is the signal power. The Kerr effect
establishes a cubic relation between the signal power and the power of the
NLI, i.e, σ2

NLI ∝ P 3
sig.

In Fig. 2.5, the signal interactions that sum up producing the NLI are
classified according to its deterministic or stochastic characteristics. Dis-
tortions generated by the nonlinear coupling of signal frequency compo-
nents inside the bandwidth of a WDM channel are known as intrachannel
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Intrachannel Inter-channel

SPM XPM FWM XPM FWM

signal-signal interactions

Deterministic NLI

Intrachannel Inter-channel

signal-noise 

interactions

Stochastic NLI

noise-noise 

interactions

NoiseStochastic ISI Stochastic Interference

Deterministic ISI Deterministic interference

Figure 2.5 Qualitative classification of the NLI in WDM systems according to origin,
deterministic/stochastic characteristics and equivalent effect from the receiver point of
view.

nonlinear effects. They comprise self-phase modulation (SPM), cross-phase
modulation (XPM) and four-wave mixing (FWM) [8]. If frequency compo-
nents interacting are from different WDM channels inter-channel nonlinear
effects take place (XPM, FWM).

Signal-signal interactions are deterministic, i.e., given full knowledge of
the channel and interacting signals, there is no fundamental uncertainty
in determining the NLI. This property is the basis for derivation of most
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Fundamentals of coherent optical communication

of the DSP-based nonlinearity compensation (NLC) techniques. However,
in practice, there may be uncertainty in the parameters describing the
channel (e.g. due to PMD), and transmitters/receivers usually have access
to a limited bandwidth within the full WDM spectrum. Therefore, practical
constraints also impose a degree of randomness to the NLI produced by
signal-signal interactions.

On the other hand, the distortions created when the nonlinear interac-
tions include noise are naturally stochastic. Nonlinear phase noise is the
typical example of stochastic NLI caused by signal-noise interactions. The
compensation of such effects in coherent receivers will then depend on the
statistical properties of the stochastic processes associated with them [J1],
especially how fast they change over time.

2.4 Coherent optical receivers

In this section, a succinct description of a dual polarization (DP) coherent
optical receiver is given, followed by a description of the basic DSP blocks
required for most of the application scenarios.

2.4.1 Coherent optical front-end

Since the frequency locking of lasers at transmitters and receivers is a diffi-
cult task in typical optical networks, coherent optical receivers are designed
to perform intradyne detection [44]. This detection scheme allows the local
oscillators at transmitters and receivers to being mismatched (i.e., unlocked
in frequency/phase) by a small, but arbitrary, relative shift. The coherence
of the transmission is completed in with carrier phase recovery in DSP.

A schematic of a standard coherent optical front-end with polarization
diversity is shown in Fig. 2.6. After passing through polarization beam-
splitters, the optical carrier, and the local oscillator are directed to two op-
tical 90◦ hybrids, whose outputs are connected to balanced photo-detectors.
This scheme allows downconversion of the signal to baseband and separa-
tion of the IQ components of each polarization.

For the x-polarization the sequence of operations performed at the
front-end is described by the following equations (2.22) and (2.23). Equa-
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Figure 2.6 Schematic of a standard coherent optical front-end.

tion (2.22) describes the input-output relation of the 90◦ optical hybrid
Ex1
Ex2
Ex3
Ex4

= 1
2


1 1
1 j
1 −1
1 −j


[
Ex
ELO,x

]
, (2.22)

where Ex and ELO,x are the complex envelopes of the signal and local oscil-
lator, respectively. Note that in each output the phase of the LO component
is rotated by a multiple of 90◦.

Using the balanced photodetectors to detect pairs of the outputs whose
phase difference between the LO components is 180◦, we have[

xI
xQ

]
∝

[
|Ex1|2 − |Ex3|2
|Ex2|2 − |Ex4|2

]
=

Re{ExE∗LO,x}
Im

{
ExE

∗
LO,x

} , (2.23)

where the linear relation between the balanced photocurrents (xI , xQ) and
the IQ components of the downconverted signal is detailed. The same ex-
pressions are valid for y-polarization only by replacing the corresponding
indexes.

The baseband signal at the output of the photodetectors is then sampled
and converted to the digital domain by a bank of ADCs.

2.4.2 Digital signal processing

After analog-to-digital conversion, coherent optical receivers have to per-
form a sequence of DSP tasks in the attempt to finally recover the trans-
mitted symbols, as shown in Fig. 2.7.
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Figure 2.7 Schematic of a standard flow of DSP functions in an coherent optical receiver.

The tasks assigned to DSP can be divided into three sets: synchroniza-
tion, channel equalization, and carrier phase recovery.

Synchronization

Because there is no direct synchronization between transmitters and re-
ceivers, the transmission clock has to be recovered from the detected signal
at the coherent receiver. Usually, the ADCs’ sampling rates are enough
to provide the DSP blocks with a discrete version of the detected signal
sampled at 2 samples/symbol. Clock recovery is then implemented by re-
interpolating the signal according to a time basis provided by some timing
error detection algorithm, such as Gardner’s algorithm [45] and its variants.

For the simulation studies presented in this thesis, synchronization al-
gorithms were not necessary, whereas, for the experimental investigations,
resampling and interpolation were applied with Gardner’s algorithm to ad-
just the signal samples coming from the ADCs for the correct sampling
instants.

Channel equalization

Optical coherent receivers require channel equalization to counteract the
ISI that results from the linear fiber effects, such as CD and PMD, and
from the frequency responses of the electric and optical devices building
transmitters and receivers. The ISI that has a time-invariant source, such
as CD, is commonly compensated by static equalizers, whereas time-varying
ISI, e.g. due to SOP rotation and PMD, is let to be handled by an adaptive
equalizer.

24



i
i

“Main” — 2017/5/2 — 13:24 — page 25 — #43 i
i

i
i

i
i
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The basic DSP chain of a coherent optical receiver will have a static
zero-forcing CD equalizer and an adaptive equalizer in sequence. Usually,
both equalizers process the signals at two samples/symbol. Moreover, the
adaptive equalizer is the block responsible for demultiplexing the polariza-
tions and approximating the matched filter response of the transmitter, if
needed.

Linear equalization in coherent optical receivers will be discussed in
Chapter 7 and Chapter 8.

When linear and nonlinear effects are considered, the definition of chan-
nel equalization for the fiber channel can be extended by the concept of
digital backpropagation (DBP).

Digital backpropagation

The NLSE in Eq. (2.7) can be rewritten in the following form

∂E
∂z

= (D̂ + N̂)E, (2.24)

where [D̂, N̂] is a pair of linear and a nonlinear operators respectively, given
by

D̂ =
[
−α

2 − β1

∂

∂t
− jβ2

2
∂2

∂t2

]
E, (2.25)

N̂ = jγ

[
|E|2σ0 −

1
3(EHσ2E)σ2

]
E. (2.26)

One way to solve Eq. (2.24) numerically is by assuming that, for small
discrete steps of the spatial coordinate (∆z), the complex envelope of the
optical carrier has an evolution slow enough such that the actions of lin-
ear and nonlinear operators can be considered as independent. Under this
condition, the full evolution of the field can be approximated by a con-
catenation of linear and nonlinear steps, where each step is the solution of
Eq. (2.24) for the corresponding operator. The numerical algorithm based
on this strategy is the well known split-step Fourier method (SSFM) [8].

The SSFM is an accurate tool to simulate the propagation ofWDM signals
through the optical fiber [47,48]. In the SSFM, the action of D̂ is resolved in
the frequency domain, whereas the action of N̂ results in a nonlinear phase
shift in the time domain. Therefore, the method relies upon the application
of the discrete Fourier transform to alternate the domains where linear and
nonlinear steps are performed.
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Figure 2.8 DBP-based Kerr nonlinearity compensation schemes. (a) DBP is performed
with the SSFM at the receiver, after coherent detection and analog-to-digital conversion.
(b) DBP is performed with the SSFM at the transmitter, before the ADC stage.

Interestingly, the concatenation of operators [D̂, N̂] is also invertible. In
particular, for each [D̂, N̂] pair defining a forward step of field propagation,
one can also define [−N̂,−D̂] as a backward step such that the combination
of both is the identity operator. This property is the basis for the concept
of DBP.

The goal of DBP is to compensate the dispersion and Kerr nonlinearities
of a given fiber channel jointly, by processing its input or output signals
with the SSFM and the backward operators [−N̂,−D̂].

Figure 2.8 shows the two ways DBP can be implemented. The most
popular practice is to process the coherently detected signals at the receiver
(Fig. 2.8(a)). Alternatively, DBP can be used to pre-distort the waveforms
before digital-to-analog conversion at the transmitter (Fig. 2.8(b)). The
NLC can also be split between transmitter and receiver. Single or multiple
WDM channels can be backpropagated depending on the analog bandwidth
available for signal processing at transmitters or receivers.

The DBP algorithm is an effective method to compensate the deter-
ministic NLI (see Fig. 2.5). The accuracy of DBP based on the SSFM will
depend on the knowledge of the fiber parameters for CD, PMD and Kerr
nonlinearity. Because this information may not be available or carry a
degree of uncertainty, parameter adaptation or system identification pro-
cedures are often necessary to maximize the performance of the DBP-based
NLC. Several variants of DBP algorithms have been proposed. However,
the biggest obstacle for practical DBP implementation is the computational
complexity of the SSFM. By increasing the optical bandwidth being pro-
cessed, the discretization requirements of time (sampling rate) and space
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(step size) become progressively stringent, resulting in quick growth of the
memory and number of Fast Fourier Transforms (FFTs) required to process
the data of a given fiber channel.

Further discussion on DBP will be conducted in the chapters 3, 4, and 5.

Carrier phase recovery

Since coherent optical receivers use intradyne detection, carrier phase re-
covery has to be later performed to track frequency offsets (FOs) and phase
variations between transmitter and receiver LOs.

Unlike ideal CW carriers, real lasers are not perfectly coherent light
sources. Instead, optical carriers are subject to random variations of phase
and central frequency. The level of spectral coherence of a laser is commonly
defined by its linewidth ∆f . Most of the lasers used in optical coherent
transceivers can be characterized by a normalized Lorentzian-shaped PSD
Lcw(f) given by

Lcw(f) = 2
π

∆f
[(∆f)2 + 4(f − fc)2] , (2.27)

where fc is the laser central frequency. The linewidth ∆f is then defined
as the full-width at half-maximum (FWHM) bandwidth of Lcw(f).

In the time domain, the evolution of the carrier phase can be modeled
as a Wiener process, where the random phase shifts ∆φ are Gaussian dis-
tributed with zero mean and variance σ2

φ, i.e., ∆φ v N (0, σ2
φ). Assuming

that the phase noise process is uniformly sampled at intervals spaced by
Ts, we have that

σ2
φ = 2π∆fTs. (2.28)

In the coherent detection process, both transmitter and receiver LOs con-
tribute to the overall phase noise present in the downconverted signal, such
that the equivalent variance of the phase noise will be proportional to the
sum of each LOs’ linewidth.

Phase recovery DSP algorithms are implemented in coherent optical re-
ceivers to track and compensate for the laser phase noise [46]. Since the
performance of these algorithms is bounded by σ2

φ, Eq. (2.28) is widely
used to specify the tolerance to laser linewidths for a given baud rate and
modulation format.

In this thesis, when necessary, carrier recovery was performed with a
digital phase-locked loop (PLL) [49] or an extended Kalman filter [50]. Ex-
ceptionally, in Chapter 5, the trellis-based phase recovery method of [51]
was used.
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2.5 Summary
The purpose of this chapter has been to provide a short review of funda-
mental concepts of coherent optical communication systems. The topics
discussed include transmitters, the fiber channel model, the structure of a
coherent receiver and the standard DSP blocks involved in the estimation of
the transmitted data. Especially, the instantaneous Kerr nonlinear distor-
tions in SMF fiber were discussed, and the principle of DBP presented. This
framework of concepts constitutes a support for most of the discussions
placed in the remaining chapters of this thesis.
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Chapter 3

On the impairment
mitigation in superchannels
with DBP and MLSD

The use of superchannels in coherent optical communications has been pro-
posed as an option to reduce the bandwidth requirements of optoelectronic
components in transceivers that aggregate large transmission rates, such
as Tb/s or multi-Tb/s [52, 53]. The concept of superchannel is defined
in [54] as a set of closely packed carriers that travel from the same origin to
the same destination in a wavelength-division multiplexing (WDM) system.
Superchannels are also an enabling technology for elastic networks [55],
which are networks tailored to approach the optimal use of the physical
layer resources and, in particular, the spectrum available for transmis-
sion. Moreover, superchannel-based variable-rate transceivers have been
proposed [56,57] to maximize throughput given a targeted reach.

Superchannel transmitters can be projected in several configurations
concerning the number of subcarriers and how the information is distrib-
uted among them [54]. The same applies to the receivers. In this sense, the
digital signal processing (DSP) architectures in superchannel receivers may
have different requirements depending on how the transmitter is conceived,
how each subcarrier is detected and which impairments should be com-
pensated. Specifically, the effectiveness of Kerr nonlinear distortion com-
pensation may imply in distinct requirements for different receiver struc-
tures [58–61]. Therefore, the development of DSP for superchannel receivers
is a topic that has attracted the attention of researchers and industry, and
that is the motivation behind the work reported in this chapter.
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This chapter is based on the author’s original publications [C13] and
[J6].

3.1 Introduction

Multicarrier transmission techniques allied with advanced modulation for-
mats and pulse shaping [62] have been extensively assessed in optical com-
munication systems. The parallelism concept of superchannel architectures
has become attractive due to lower requirements on the speed of electronics
necessary to increase the transponders’ throughput, although its feasibility
also demands highly integrated photonic devices [63,64]. However, because
the transmitted subcarriers are tightly allocated within the superchannel
bandwidth, impairments originated from linear crosstalk [53], nonlinear
Kerr effects and combinations of both may impose significant penalties to
the transmission performance. From this perspective, in order to maxi-
mize the performance, the receiver’s DSP should be robust to both kinds of
impairments.

Pulse shaping techniques to constraint modulated bandwidth, such as
digital Nyquist filtering [65] and optical pre-filtering [66–68], have been
explored to minimize linear crosstalk penalties in multicarrier communica-
tions. The benefits of those techniques have been experimentally assessed
in long-haul optical transmission systems. However, for superchannels close
to the Nyquist limit, crosstalk can not be eliminated due to the practical
limitations to obtaining zero roll-off modulated spectra.

Although it is well known that linear crosstalk can be compensated
using multiple-input multiple-output (MIMO) based equalizers, for high
bandwidth superchannels, joint carrier MIMO equalization techniques may
require the receiver to operate with non-realistic sampling rates. Con-
currently, nonlinearity compensation (NLC) methods based on DSP have
been extensively investigated to improve the robustness of the receivers
against fiber nonlinear impairments. In particular, digital backpropagation
(DBP) [16], perturbation equalizers [17] and maximum likelihood sequence
detection (MLSD) [69] have been explored.

Previous works have investigated optimum performance bounds of DSP
strategies, and transmitter/receiver architectures for different scenarios. In
[70], perturbation based nonlinearity mitigation is numerically evaluated in
WDM transmissions, with different pulse shaping and transmitter/receiver
bandwidths, however, not targeting superchannel scenarios. In [58], the
optimum bandwidth for superchannel NLC using DBP was assessed, but

32



i
i

“Main” — 2017/5/2 — 13:24 — page 33 — #51 i
i

i
i

i
i

3.2 Numerical simulation model

without detailed analysis on the impact of the linear impairments. MLSD
strategies have been considered in [69] for intrachannel NLC, without taking
into account multicarrier or superchannel scenarios.

In this chapter, the first contribution of this thesis is presented. Here
an extensive numerical investigation is reported regarding the combined
performance of NLC with single-carrier digital backpropagation (SC-DBP)
and MLSD in a quasi-Nyquist superchannel transmission over standard dis-
persion uncompensated fiber links. Three distinct cases of carrier spectral
shaping are investigated: small roll-off raised cosine and two optically pre-
filtered transmitters.

The rest of the chapter is divided as follows. In Section 3.2, the numer-
ical model considered for the analysis is detailed. In Section 3.4, the nu-
merical results obtained are discussed. In particular, a comparison between
dual polarization quadrature phase-shift keying (DP-QPSK) and dual polar-
ization 16QAM (DP-16QAM) quasi-Nyquist superchannels is carried out, to
evaluate the influence of the modulation format on the gains achieved by
the studied algorithms. It is assumed that the receiver uses independent
parallel processing for each subcarrier, without any MIMO processing or
multicarrier NLC.

3.2 Numerical simulation model

The numerical simulation model illustrated in Fig. 3.1 was used to in-
vestigate the performance of SC-DBP and MLSD for different superchannel
configurations. The transmitted spectrum was composed of five phase-
locked carriers modulated at 32 GBd. The transmission was simulated for
various carriers frequency separation, varying from 45 to 32.5 GHz, with
2.5 GHz granularity, to quantify the impact of crosstalk as a function of
the pulse shaping. The transmitter was configured to generate three dif-
ferent scenarios of narrow spectrally modulated carriers: pre-filtered non-
return-to-zero (NRZ) (Fig. 3.1(b.1)), pre-filtered return-to-zero (RZ) with
50% duty cycle (Fig. 3.1(b.2)) and raised cosine (RC) with 1% of roll-off
factor (Fig. 3.1(b.3)). NRZ pulses were generated with ideal rectangular
shape, while RZ 50% pulse shape corresponds to the one described in [71].

The bit sequences used are decorrelated sections of a pseudo-random
binary sequence (PRBS) with length 223 − 1. The sections had a fixed
length of 219 bits per carrier. The symbol sequences of different carriers
were arbitrarily decorrelated randomly by at least 173 symbols. For all
tested cases, the carriers were synchronized in time. After constellation
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Figure 3.1 Schematic of the simulation setup. (a) Block diagram of the transmitter,
fiber channel and coherent receiver. (b) Spectra used for comparison: (b.1) PF-NRZ,
(b.2) PF-RZ 50%, (b.3) RC (roll-off = 0.01). (c) Modulated carriers’ spectrum (RC pulse
shaping).

mapping, the data was oversampled to 16 samples per symbol. Following
pulse shaping and optical modulation, narrow pre-filtering of RZ and NRZ
spectra was performed by a passband optical filter modeled with a Gaus-
sian attenuation profile (according to the WaveShaper filter models [72])
and 3 dB bandwidth of 25 GHz, located after the dual polarization in-
phase/quadrature (IQ) modulator. This filter was bypassed in the RC pulse
shaping configuration. The optical multiplexing stage (MUX) was con-
sidered ideal, imposing no extra filtering to the carriers. The signal was
transmitted over 3600 km (45 × 80 km) for the DP-QPSK modulation, and
the over 800 km (10 × 80 km) when modulated with DP-16QAM. Both
cases simulated uncompensated dispersion links with lumped amplification
based on Erbium-doped fiber amplifiers (EDFAs).

The fiber spans were modelled with the following typical parameters:
γ = 1.3 W−1km−1 (nonlinear coefficient), α = 0.2 dB/km (fiber atten-
uation), D = 16.6 ps/nm/km (chromatic dispersion (CD) parameter),
L = 80 km (span length), GEDFA = 16 dB (EDFA gain), NFEDFA = 4.5 dB
(EDFA noise figure). All results presented refer to the central carrier per-
formance. The optical field propagation within the fiber was simulated
applying symmetric split-step Fourier method (SSFM) to solve the vectorial
coupled mode form of the nonlinear Schrödinger equation (NLSE) numer-
ically, as it is described in [8]. The polarization mode dispersion (PMD)
effects were disregarded. SC-DBP was performed with a fixed step size of
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∆z = 20 km (4 steps/span). The equivalent lowpass frequency response
of the optical demultiplexer (DEMUX) and optical coherent receiver front-
end was simulated with Gaussian-shaped frequency response with a 3 dB
bandwidth of 24 GHz, for all cases. This value was chosen to match the
specifications of standard commercial devices.

A set of DSP algorithms [73] was applied to compensate for channel
impairments and estimate the transmitted data: decimation to 2 sam-
ples/symbol, frequency domain chromatic dispersion equalization or DBP,
adaptive equalization with the constant modulus algorithm (CMA) (21 taps)
for DP-QPSK, and multimodulus algorithm (MMA) (21 taps) for DP-16QAM,
carrier recovery with digital phase-locked loop (PLL), MLSD, digital demod-
ulation and error counting.

3.3 MLSD algorithm

Assume that the channel memory causes intersymbol interference (ISI) over
an interval limited to N consecutive symbols. Given a vector rk with a se-
quence of N consecutive received signal samples rk = [rk...rk−(N−1)] at the
k-th symbol period, the MLSD algorithm should decide on the corresponding
transmitted constellation symbol xk for which the conditional probability
p(xk|rk) is maximized. This problem is equivalent to the problem of find-
ing the corresponding sequence of states of the channel sk = [sk...sk−(N−1)]
that maximizes p(sk|rk) [35].

The states of the channel are defined as the possible values that the
received signal sequences rk can assume in the absence of noise, given the
sequences of transmitted symbols xk = [xk...xk−(N−1)]. Assuming that the
noise is circular and Gaussian with zero mean, the channel states can be
obtained by observing the output of the channel [74–76] over N consecutive
symbol intervals r and performing the following expectation

sm = E[r|xm], (3.1)

where sm is the state associated with the m-th sequence of transmitted
symbols xm. Note that, for a constellation with cardinality M , there will
be MN channel states.

Here, r is assumed to be the output of the adaptive equalizer and carrier
phase recovery blocks. In the simulations performed, the adaptive equal-
izer was used to approximate the matched filter at the receiver for each
tested configuration. The expectation in Eq. (3.1) is approximated using
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histograms of r, obtained using training sequences (8 × 104 symbols per
polarization), and the estimated states s are stored in a lookup table.

The MLSD is performed per polarization at one sample per symbol,
based on a minimum Euclidean distance metric. At the receiver, a sequence
x̂k is decided after comparing rk with all possible entries s in the lookup
table, i.e.,

x̂k = arg min
xm
‖rk − s(xm)‖2, (3.2)

where ‖x‖2 denotes the Euclidean norm of x.
Since the memory considered in the MLSD is shorter than the actual

memory of the nonlinear fiber-optic channels assumed in the simulations,
and circular additive white Gaussian noise (AWGN) statistics are assumed,
the detection strategies adopted in this work are generally sub-optimal.

3.4 Numerical results

The results obtained by numerical simulations are presented in this sec-
tion. The chosen figure of merit for performance assessment is the Q2-
factor, in dB, which is calculated from the bit-error rate (BER) according
to Q2

dB = 20 log10[
√

2erfcinv(2BER)].

3.4.1 5 × 32 GBd DP-QPSK superchannel

Figure 3.2 depicts in contour plots the Q2-factor gain compared to elec-
tronic compensation of chromatic dispersion (EDC) only, obtained with SC-
DBP as a function of carrier separation and fiber input power for DP-QPSK
superchannel transmission. These results illustrate how the performance of
SC-DBP is affected by inter-carrier interference for each transmitter config-
uration.

For coarse inter-carrier spacing (≥ 40 GHz), SC-DBP results in similar
performance improvement values in the nonlinear transmission regime for
all three configurations. However, as carrier frequency spacing decreases
towards quasi-Nyquist superchannel, the Q2-factor improvement provided
by SC-DBP per input power is less affected in the low roll-off RC configura-
tion, what becomes evident by observing the bending of the contour lines
in the density plots. This can be explained considering that a higher level
of crosstalk increases the impact of inter-carrier nonlinear effects, which
should reduce the single carrier NLC performance.
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Figure 3.2 Q2-factor improvement after SC-DBP as function of carrier spacing and fiber
input power for the DP-QPSK superchannel after 3600 km transmission.

After comparing all three superchannel configurations, it can be con-
cluded that modulated carriers with low roll-off Nyquist spectra provide
performance robustness for SC-DBP in quasi-Nyquist superchannels, addi-
tionally to minimization of linear crosstalk interference.

The performance of MLSD is then investigated. Figure 3.3 shows the
Q2-factor gain obtained with 16, 256 and 4096 MLSD states (2, 4 and
6 taps, respectively) for 32.5 GHz frequency spacing, with and without
NLC by SC-DBP. Under low crosstalk conditions (i.e, for coarse carrier fre-
quency spacings) negligible performance improvement is obtained by MLSD
compared with SbS decisions. However, approaching quasi-Nyquist carrier
spacing (i.e., increasing crosstalk), MLSD and SbS strategies show distinct
performances.

A Q2-factor improvement of 0.5 dB over SbS decisions is obtained by
MLSD at optimum fiber input power (-2 dBm≤ Popt ≥-1 dBm), for systems
with pre-filtering. This gain is attributed to linear crosstalk mitigation
rather than intra-carrier NLC, since it is approximately constant for both
linear regime and nonlinear regime after DBP.
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Figure 3.3 Q2-factor improvement of MLSD compared with SbS decisions as function of
fiber input power per carrier with 32.5 GHz carrier spacing for the DP-QPSK superchannel
after 3600 km transmission.

The benefit by MLSD decreases faster in the nonlinear regime as the
transmitted power increases if SC-DBP is not previously applied, due to the
increasing weight of the nonlinear impairment in the overall noise variance.
Additionally, no improvement is obtained using MLSD with RC configuration
(Fig. 3.3(c)). It is shown (Fig. 3.3(a) and 3.3(b)) that the performance
gain provided by MLSD saturates when more than four memory taps are
considered, which indicates the time window limit for linear crosstalk effects
that can be mitigated. In the absence of linear crosstalk, MLSD is not able to
improve the performance compared with SbS decisions, and it may penalize
it in some cases, due to error propagation of wrong symbol decisions, as
the negative Q2-factor gain values of Fig. 3.3 indicate.

Figure 3.4 shows the Q2-factor versus input power per carrier for the
quasi-Nyquist superchannel configuration. For this investigation, MLSD was
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Figure 3.4 Q2-factor as function of fiber input power per carrier for the 32.5 GHz carrier
spacing configuration for the DP-QPSK superchannel after 3600 km transmission.

configured with 4 memory taps. For pre-filtered transmitters (Fig. 3.4(a)
and 3.4(b)), at the optimal input power (-2 dBm) the Q2-factor improve-
ment of combined SC-DBP and MLSD is 1.0 dB.

In the nonlinear transmission regime with crosstalk, the gain of MLSD
is degraded, and the performance curve tends to converge to the same ob-
tained by SbS decisions. However, the combination of DBP and MLSD still
improves the Q2-factor by around 2.0 dB in the nonlinear transmission
regime, compared with EDC and SbS detection. When the carriers experi-
ence low levels of crosstalk (Fig. 3.4(c)), SC-DBP provides the same 1.0 dB
margin of improvement at the optimal input power, which is the expected
value for single-carrier NLC [77, 78] in multicarrier transmission scenarios.

Finally, as depicted in Fig. 3.4(c), MLSD and SbS decisions have the
same performance if the transmitter is configured with RC pulse shaping,
either using DBP, or not. Such similarity can be explained by the Gaussian
characteristic of the nonlinear impairments in long-haul dispersion uncom-
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pensated links [42]. In this case, as the nonlinear impairment approximately
behaves as uncorrelated additive Gaussian noise, its statistics also average
out when the receiver searches for the probabilities distributions to be used
in the MLSD stage.

3.4.2 5 × 32 GBd DP-16QAM superchannel

Figure 3.5 shows the gain in Q2-factor provided by SC-DBP as a function of
carrier frequency separation and fiber input power for the DP-16QAM super-
channel transmission. The optimum input power was -1 dBm without and
0 dBm with SC-DBP. It can be noticed that, as the carrier spacing decreases,
the area with DBP gain greater than 1 dB is reduced when compared to
the DP-QPSK case (Fig. 3.2). These results indicate that the impact of
inter-carrier crosstalk on SC-DBP performance depends on the modulation
format, as also pointed out in [13,43].

Figure 3.5 Q2-factor improvement of SC-DBP as function of carrier spacing and fiber input
power for the DP-16QAM superchannel after 800 km transmission.

Figure 3.6 shows the maximumQ2-factor value obtained at the optimum
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input power as a function of the carrier spacing for DP-16QAM superchannel
transmission.

Figure 3.6 Maximum Q2-factor as function of carrier spacing configuration for the DP-
16QAM superchannel after 800 km transmission.

For coarse carrier spacing, SC-DBP provides a Q2-factor improvement
of 1.0 dB for all cases. This gain tends to vanish when the carriers move
to the quasi-Nyquist superchannel configuration. For pre-filtered transmit-
ters (Fig. 3.6(a) and 3.6(b)), the minimum allowed frequency spacing with
Q2-factor above the forward error correction (FEC) limit is 35 GHz. The
crosstalk penalty is higher for the pre-filtered RZ 50% case than for the
pre-filtered NRZ, due to the broader spectrum of the former.

Among all tested cases, only the RC pulse-shaping case is robust enough
to provide acceptable pre-FEC performance at 32.5 GHz of carrier spacing.
However, the Q2-factor improvement due to SC-DBP reduces to 0.2 dB,
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in agreement with similar experimental results shown in [79]. Using two
memory taps (162 = 256 states), no improvement is provided by MLSD.
Further increment to four memory taps MLSD (164 = 665536 states!) was
not considered due to complexity constraints to run the algorithm.

3.4.3 Comments on the MLSD crosstalk mitigation
performance

Although no detailed analysis of the mechanisms that allow MLSD to miti-
gate linear crosstalk penalties was targeted in this work, we can conjecture
based on [80, 81]. Qualitatively, we can indicate that given the DSP con-
figuration set in the receiver, the training rule to adapt the equalizer taps
may indirectly choose a narrow bandwidth filter structures that suppress
crosstalk from neighbor carriers. In other words, it may “translate” linear
crosstalk penalty in a linear ISI penalty, which then can be mitigated with
MLSD.

The negligible gain of MLSD in the DP-16QAM case can be attributed
to two reasons: a large number of channel states which are not well sep-
arated in the Euclidean space, and insufficient signal-to-noise ratio at the
receiver. Further investigation would be required to define the limits of
MLSD performance for each modulation format.

3.5 Summary

Combined performance of single-carrier digital backpropagation and maxi-
mum likelihood sequence detection has been investigated for mitigation of
linear and nonlinear impairments in optical DP-QPSK and DP-16QAM super-
channels generated with three distinct spectral shaping techniques: optical
pre-filtering of RZ and NRZ spectra, and digital Nyquist filtering. We eval-
uate the impact of superchannel carrier spacing on the performance of each
algorithm.

The numerical results obtained indicate that the use of both algorithms
can complementary provide, at the nonlinear threshold, up to 1.0 dB of Q2-
factor improvement, over standard chromatic dispersion compensation in
the digital domain. However, we showed that MLSD is only advantageous for
transmitters using optical spectral shaping, in configurations where linear
inter-carrier crosstalk is present.

The results obtained for DP-QPSK with the DP-16QAM indicated that the
impact of the impairments scale with the order of the modulation format,
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suggesting that, for dense superchannels transmitted over long-haul dis-
persion uncompensated links, the combination of both techniques is more
effective for low-order modulation formats.
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Chapter 4

Impact of
frequency-referenced
transmission on the full-field
multicarrier digital
backpropagation

The analysis and results presented in Chapter 3 have only considered
the compensation of intra-carrier Kerr nonlinear distortions with single-
carrier digital backpropagation (SC-DBP). However, if the number of co-
propagating carriers in a wavelength-division multiplexing (WDM) system
can be coherently detected and jointly processed in the digital domain,
the deterministic inter-carrier nonlinear distortions can also be compen-
sated simply by performing a joint backpropagation, or multicarrier digital
backpropagation (MC-DBP), of the entire set of carriers. Some of the first in-
vestigations of multicarrier nonlinearity compensation (NLC) were reported
in [83–88]. The state-of-the-art of NLC using MC-DBP has been expanded in
the last few years with numerical investigations and experimental demon-
strations.

In [60], five synchronized coherent receivers 1 are used to detect the
entire electrical field of a 5 × 32 GBd dual polarization 16QAM (DP-16QAM)

1a bank of multiple synchronized coherent receivers used to detect a broadband sig-
nal is known in the literature of optical communications by the term "spectrally-sliced"
receiver.
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superchannel. After a pre-processing to reconstruct the multicarrier signal
in the digital domain, full-field MC-DBP is applied providing a maximum
performance gain of 1.0 dB in the Q2-factor after 960 km of transmission
over Truewave Reduced Slope fiber.

In [58], the performance of NLC with full-field MC-DBP is numerically
assessed considering dispersion uncompensated transmission over standard
single-mode fiber (SSMF). The performance of NLC is investigated as a func-
tion of the digital backpropagation (DBP) precision and number of jointly
processed carriers. It is shown that the optimum parameters for the algo-
rithm vary substantially as the number of processed carriers increase. In
particular, MC-DBP requires a more precise tuning of the channel parame-
ters.

In [59, 89], the extension of the maximum transmission reach enabled
by MC-DBP is experimentally evaluated. Both demonstrations assumed su-
perchannels with seven closely spaced subcarriers modulated at 10 GBd.
In [59], the maximum reach is extended by 85% from 3190 km to 5890 km,
for the DP-16QAM modulation format. In [89], 100% of maximum reach
extension is obtained, from 640 km to 1280 km, for the dual polarization
64QAM (DP-64QAM) modulation format. A similar investigation is per-
formed for unrepeated transmission links in [90, 91].

In [92], MC-DBP is experimentally investigated for 400 Gb/s super-
channels in WDM systems with 75 GHz of grid spacing. Long-haul
(2 × 31.5 GBd DP-16QAM and 3 × 21 GBd DP-16QAM) and shorter-reach
scenarios (3 × 14 GBd DP-64QAM) are considered. A comparison between
full-field MC-DBP and coupled-equations MC-DBP is presented showing that
the second approach can be more effective given some implementation con-
straints.

Still in the 400 Gb/s superchannels scenario, in [93] MC-DBP is compared
against a Volterra-based nonlinear equalizer. It is shown that when the
number of jointly processed carriers increases, the Volterra equalizer per-
forms similarly to full-field MC-DBP, but operating with 1 sample/symbol
and, hence, reducing the computational complexity of the multicarrier NLC.

In [94–96], MC-DBP is implemented at the transmitter as pre-distortion
of the modulated subcarriers. It is demonstrated that the performance
of the NLC is largely improved when the pre-distorted carriers are locked
in frequency (frequency-referenced carriers), as addressed in [61]. In [95],
pre-distortion and frequency-locking enables a two-fold reach increase of a
single polarization multicarrier signal, composed by three carriers separated
by 25 GHz and modulated with 16quadrature amplitude modulation (QAM)
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at 16 GBd. Further experimental investigation of this technique is shown
in [97] to enabling a reach tripling of a 3 × 24 GBd DP-64QAM multicarrier
signal, from 425 km to 1275 km.

Therefore, MC-DBP has received considerable attention from the re-
search community as a digital signal processing (DSP)-based technique for
NLC.

This chapter summarizes one of the contributions of the thesis related to
this topic, consisting in the first experimental investigation of the impact of
frequency-referenced long-haul transmission on the performance of receiver-
side full-field MC-DBP for polarization multiplexed systems. The content
presented here is an extension of the work originally reported in [C12].

4.1 Introduction

Inter-channel nonlinear interference (NLI) induced by the Kerr effect plays a
major role in limiting the achievable information rates of optical communi-
cation systems over single mode fibers [9,11]. Similarly to the intra-channel
NLI, a deterministic fraction of the inter-channel NLI can be compensated
via DSP. However, due to the strong data dependent characteristics of the
Kerr distortions [43], its compensation requires the joint processing, at the
receiver or the transmitter, of all co-propagating carriers within the fiber.
This is not always possible in a dynamic network environment, where in-
terfering carriers can be routed through different paths at different nodes.
Nevertheless, mainly in point-to-point system scenarios, multicarrier NLC
schemes have been investigated.

However, as discussed in [61], because multicarrier NLC techniques rely
on approximated models for the nonlinear fiber channel, a fundamental
limitation to their effectiveness arises from the inherent uncertainty in
the frequency spacing between interfering carriers in a WDM system. The
frequency-referenced transmission was proposed in [61] to tackle this prob-
lem. In this scheme, all transmitted carriers come from a stable optical fre-
quency comb, hence preserving a fixed frequency separation. Such strategy
has been proved to benefit multicarrier NLC when performed by applying
nonlinear pre-distortion at the transmitter.

Experimental investigations on the performance of multicarrier nonlin-
ear pre-distortion for frequency-referenced and frequency-unlocked carrier
transmission have been presented in [94–96]. However, no study is provided
regarding the impact of such scheme on the performance of full-field MC-
DBP at the receiver. Additionally, [94–96] investigate for single-polarization

47



i
i

“Main” — 2017/5/2 — 13:24 — page 48 — #66 i
i

i
i

i
i

Impact of frequency-referenced transmission on the full-field multicarrier
digital backpropagation

systems.
Because the signal-to-noise ratio (SNR) decreases from the start to the

end of transmission, pre-distortion techniques for NLC are more efficient in
compensating the NLI of the first spans of the fiber link, where the accumu-
lated noise power is smaller and has less impact on the NLI when compared
to the last spans. For multicarrier NLC, however, pre-distortion demands
extra effort on the transmitter design. In this aspect, receiver full-field MC-
DBP has a lower implementation complexity than nonlinear pre-distortion,
since the last one implies further requirements on synchronization, ana-
log bandwidth, and resolution of digital-to-analog converter (DAC)s at
the transmitters. More importantly, full-field MC-DBP based on split-step
Fourier method (SSFM) does not assume any a priori carrier frequency al-
location to perform the inverse channel propagation. Therefore, the use
of frequency-referenced transmission may result in different performance
impacts, if NLC is carried out using receiver-side MC-DBP instead of non-
linear pre-distortion at the transmitter. Moreover, since NLC can also be
split between transmitter and receiver, the use of both pre-distortion and
DBP it is shown to be advantageous [98] and, therefore, it is important
to understand the influence of frequency-referenced transmission in both
cases. In [59], the performance of MC-DBP is evaluated in a transmission
setup with frequency-locked carriers. However, no comparison to the case
of unlocked carriers transmission is provided.

Nevertheless, the understanding of the frequency stability influence on
the NLC performance is an important matter for practical design of trans-
mission systems and NLC techniques. That is the main motivation of the
work reported in this chapter.

The following analysis details an experimental evaluation of the per-
formance gains obtained with MC-DBP. In the experimental study, the
transmission of a 4 × 8 GBd dual polarization quadrature phase-shift
keying (DP-QPSK) multicarrier system is considered, with and without the
use of frequency-referenced carriers, up to 4000 km of reach.

The remaining of the chapter is organized as follows. In Section 4.2,
a detailed description of the experimental setup is shown. In Section 4.3,
the results obtained after offline processing of the experimental data are
discussed. Section 4.4 summarizes the main conclusions.

4.2 Experimental setup

The experimental setup is shown in Fig. 4.1.
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Figure 4.1 Experimental setup used to evaluate the performance of receiver-side MC-DBP
in frequency-referenced polarization multiplexed long-haul transmission.

Figure 4.2 Schematic of the two configurations used to generate the transmitted carri-
ers. (a) Only one laser is modulated. Four decorrelated carriers spaced of 8.5 GHz are
generated directly from the AWG output. (b) Two free-running lasers are modulated by
different IQ modulators. The AWG output generates two carriers spaced by 17 GHz. Four
decorrelated carriers spaced of 8.5 GHz are obtained after 3 dB coupling, with even, and
odd originated from different lasers.

At the transmitter, two in-phase/quadrature (IQ) modulators and two
independent external cavity lasers (ECLs) with 100 kHz linewidth are used.
The central frequencies of the two lasers are separated by 8.5 GHz. The
baseband signals driving the modulators are synthesized by an AWG with
a sampling rate of 64 GSa/s and analog bandwidth of 20 GHz. The AWG’s
outputs are amplified to 5.0 V of peak-to-peak amplitude to drive the IQ
modulators. Offline DSP is applied to pre-compensate the combined fre-
quency response of the AWG outputs, radio frequency (RF) cables, and
amplifiers.

The modulated baseband signals synthesized by the AWG are generated
in two different subcarrier configurations. In Case 1, only modulator #1
in Fig. 4.1 is driven. The two AWG outputs connected to #1 generate
four decorrelated quadrature phase-shift keying (QPSK) subcarriers. All
subcarriers are modulated at 8 GBd, with root raised cosine (RRC) pulse
shape with a roll-off factor of 1%, and separated by 500 MHz (6.25% of
the baud rate) guard bands, as shown in Fig. 4.2 (a). Therefore, in this
configuration, the modulator #1 outputs a multicarrier signal with four
frequency-locked subcarriers which are subsequently amplified by a polar-
ization maintaining (PM) Erbium-doped fiber amplifier (EDFA).
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In Case 2, modulators #1 and #2 in Fig. 4.1 are driven simultaneously.
The AWG sends two decorrelated QPSK subcarriers to each modulator, each
subcarrier modulated at 8 GBd, with RRC pulse shape (roll-off factor of
1%), and separated by 17 GHz, as shown in Fig. 4.2 (b). The outputs
of the modulators are amplified by PM EDFAs and combined with a 3 dB
PM coupler. Therefore, the multicarrier signal in Case 2 has the same
characteristics of the one in Case 1, but with even and odd subcarriers
originating from two independent free-running lasers. Although in Case 2
not all subcarriers are unlocked in frequency, such configuration is valid for
test case comparison, according to the analysis presented in [61].

The data of the QPSK subcarriers are mapped from distinct decorre-
lated subsequences of a pseudo-random binary sequence (PRBS) with length
223 − 1. The order of independently modulated subcarrier allocation (A, B,
C, D) is intentionally chosen to avoid possible inconsistency on the results
obtained in the nonlinear transmission regime due to correlation imposed
by even and odd (A, B, A, B) data allocation, as mentioned in [99].

After the power coupling stage in Fig. 4.1, the modulated subcarriers
are sent to a polarization multiplexing emulation stage, to get the final
DP-QPSK multicarrier system. The optical signal is amplified by a booster
EDFA, forwarded to a variable optical attenuator and connected to the input
of a recirculating loop. The passive structure of the recirculating loop is
composed by two 50 km spans of SSMF, an optical bandpass filter, a 2-by-2
coupler and two acousto-optic switches. All fiber losses are compensated
by distributed Raman amplification, performed with a backward pumping
scheme per span (26 dBm@1450 nm). An EDFA is positioned inside the
loop to compensate for the remaining losses.

At the output of the recirculating loop, the signal is pre-amplified, fil-
tered to suppress out of band noise, and coherently detected with a single
optical coherent receiver. The detected signal is sampled and acquired
with a real-time sampling oscilloscope at 80 GSa/s and 33 GHz of analog
bandwidth. Offline DSP is performed to demodulate the received subcar-
riers [73]. The flow of DSP algorithms is composed by full-field MC-DBP,
resampling, subcarrier demultiplexing (downconversion and matched fil-
tering), timing recovery, adaptive equalization with the constant modu-
lus algorithm (CMA), carrier recovery, digital demodulation, and bit error
counting.

Full-field MC-DBP is performed using a non-iterative symmetric SSFM
to solve the Manakov approximation of the nonlinear Schrödinger equation
(NLSE), with a fixed step size of 0.625 km (80 steps per 50 km span). Each
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processed dataset had 106 signal samples, which allowed a minimum reliable
bit-error rate (BER) counting of 10−4 per carrier (i.e., Q2-factor of 11.4 dB),
before hard-decision forward error correction (HD-FEC).

4.3 Results and discussions

The Q2-factor calculated from the average BER of all carriers
(Q2 = 20 log10[

√
2erfcinv(2.BERav)]) is the figure of merit used to eval-

uate the performance. For the error free data sets, the Q2-factor was es-
timated using the error vector magnitude (EVM) calculated from the error
free received constellations (i.e. Q2-factor values higher than 11.4 dB).

4.3.1 Back-to-back performance

In Fig. 4.3, the back-to-back performance is presented in Q2-factor as a
function of optical signal-to-noise ratio (OSNR) for the 4 × 8 GBd DP-QPSK
multicarrier signal for both cases of interest.

Figure 4.3 Back-to-back Q2-factor performance of the two tested transmitter configura-
tions. The OSNR is measured assuming a noise bandwidth of 0.1 nm.

Similar performance is obtained for frequency-locked (Case 1) and
frequency-unlocked (Case 2) carriers transmitters. An implementation
penalty of 5 dB compared with the theoretical curve is noticed. This
penalty is mainly due to the impact of imperfect IQ imbalance calibration
and the peak-to-average power ratio (PAPR) of the baseband signal [100].
Two factors contribute to increasing the PAPR of the signal delivered by the
AWG: multicarrier generation and low roll-off RRC filtering. However, since
both cases presented negligible differences in the back-to-back characteri-
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zation, the performance after transmission can be compared on a common
basis.

4.3.2 MC-DBP Q2-factor gain analysis

The density plots in Fig. 4.4 quantify the performance gains obtained after
MC-DBP for different transmission distances and fiber input powers for the
two tested cases. For a given input power, the gain is calculated with
respect to the Q2-factor measured after applying only frequency domain
electronic compensation of chromatic dispersion (EDC).

(a)

(b)
Figure 4.4 Density plot of the Q2-factor gain, in dB, provided by MC-DBP for the two cases
under study. The gain is evaluated as a function of transmission distance and fiber input
power. (a) Frequency-locked system (Case 1); (b) Frequency-unlocked system (Case 2).

Comparing Fig. 4.4 (a) with Fig. 4.4 (b) it can be noticed that higher
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Q2-factor gain values tend to be obtained by MC-DBP in Case 1. This trend
is particularly clear at 4000 km, the maximum distance investigated in the
experiment.

Therefore, we conclude that frequency-referenced transmission is bene-
ficial to the performance gain provided by full-field MC-DBP. Such perfor-
mance advantage is mostly identified when the launch power is increased
towards the nonlinear transmission regime.

4.3.3 Performance after 4000 km of transmission

Figure 4.5 details the Q2-factor performance after 4000 km of transmission
as a function of the total launch power into the fiber for both tested cases.
Each Q2-factor curve obtained correspond to one of the three distinct signal
processing algorithms considered: EDC, SC-DBP, and MC-DBP.

Comparing the EDC results in Fig. 4.5 (a) and Fig. 4.5 (b) it can be
noticed that both cases exhibits similar performance at −3 dBm of launch
power. For power levels above −3 dBm, Case 2 tends to show better perfor-
mance than Case 1, and the opposite happening for powers below −3 dBm.

Additionally, the optimal launch power value for Case 1 is −6 dBm,
which is 2 dB lower compared to the optimal in Case 2, −4 dBm. These
results show that the performance of the frequency-locked system decays
faster than the performance of the frequency-unlocked in the nonlinear
regime. In other words, frequency locking seems to enhance the impact
of NLI in the nonlinear regime. However, the curves also show a better
performance of MC-DBP in Case 1 in comparison with Case 2.

According to what is discussed in [61], due to a higher level of coher-
ence of the carriers in Case 1 compared to Case 2, a larger fraction of
deterministic NLI is produced, which can be compensated by MC-DBP. The
Q2-factor performances of SC-DBP are quite close in both Case 1 and Case
2, although the gain obtained in the nonlinear regime is still slightly better
in Case 1. Overall, the maximum Q2-factor obtained after MC-DBP in Case
1 overtakes the maximum in Case 2 by 0.6 dB.

4.3.4 Additional comments

As it is characteristic of Kerr nonlinearities, dependencies on frequency
spacing, modulation format and symbol rate of the carriers may also have
an influence on the system performance. Those degrees of freedom were not
explored in this work. Since the experimental setup did not cover band-
widths as broad as the ones of typical WDM systems, it is not possible to
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generalize quantitatively the results obtained for larger numbers of carriers.
However, qualitatively the experimental results clearly point out that the
level of coherence of the WDM carriers affects the characteristics of the NLI
present in the system, with consequences for the performance of NLC by
DBP.
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Figure 4.5 Q2-factor performance after 4000 km of transmission distance for the two
cases of interest (a) Frequency-locked carriers (Case 1); (b) Non frequency-referenced
case (Case 2). In each case, the three curves indicate the performance obtained by
applying EDC, SC-DBP and MC-DBP.
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4.4 Summary
In this chapter, the impact of frequency-referenced transmission on the
performance of receiver-side full-field MC-DBP for dual polarization systems
was investigated. The analysis was centered on a comparative experimental
study of long-haul multicarrier transmission, with and without frequency-
locked carriers.

The results obtained with a 4× 8 GBd DP-QPSK system have shown that
the use of frequency-referenced transmission has an influence on the per-
formance of receiver-side full-field MC-DBP. In particular, the performance
of MC-DBP was improved when the transmitted carriers were locked in fre-
quency. After 4000 km of transmission, the use of a frequency-referenced
scheme has allowed an average improvement of 0.6 dB in the maximum
Q2-factor obtained after MC-DBP, compared with the case where the back-
propagated carriers are not frequency-locked.
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Chapter 5

Experimental study of
probabilistic shaping versus
DBP in WDM systems with
DP-256QAM/1024QAM

The ultimate purpose of Kerr nonlinearity compensation is to enable higher
throughput over the nonlinear fiber-optic channel by eliminating the deter-
ministic fraction of the nonlinear interference (NLI) distorting the trans-
mitted signals. More recently, constellation shaping has been proposed as
an alternative to increasing the information rates. However, the second
approach does not aim nonlinearity compensation (NLC), but a better ex-
ploitation of the channel given some constraints on its use.

From an information-theoretic point of view, the amount of informa-
tion that can be reliably transferred from the input X to the output Y of
given channel can be found from the mutual information (MI) between X
and Y , I(X;Y ) [101]. The supremum of MI over all possible probability
distributions of the input is the channel capacity C,

C = sup
p(X)

I(X;Y ). (5.1)

Uniformly distributed quadrature amplitude modulation (QAM) con-
stellations are popular in coherent optical communications [62] due to its
simplicity of implementation. However, for a fixed channel rule p(Y |X),
I(X;Y ) is a concave function of the input distribution p(X) [101], i.e., it
achieves a maximum value for some probability distribution of the input.
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In general, the input distribution that maximizes MI may not be uniform.
In this context, constellation shaping refers to the designing of the input
distribution with the objective of approximating the distribution that max-
imizes MI under some given constraints. It is well known that for the power
constrained additive white Gaussian noise (AWGN) channel such input dis-
tribution is a continuous Gaussian distribution, with variance dependent on
the signal-to-noise ratio (SNR). The memory and the nonlinearity of fiber-
optic channel, on the other hand, prevent it to be framed in a tractable
channel rule. In particular, for this channel, p(Y |X) is also a function
of p(X), and the evaluation or optimization of I(X;Y ) is a difficult task.
Nonetheless, it is possible to calculate lower bound estimates of I(X;Y )
based on approximated channel models.

For uncompensated dispersion fiber transmission links, the NLI can be
well modeled as an additive Gaussian noise [42]. This property allows the
fiber-optic channel to be approximated by a memoryless AWGN channel.
Therefore, constellation shaping strategies originally designed for the AWGN
channel can be extended to the optical fiber. In this case, the aim of shap-
ing is to increase the Gaussianity of the input distribution. Under those
assumptions, geometric constellation shaping [9, 102–104] and probabilis-
tic constellation shaping [105–110] have been proposed and investigated,
numerically and experimentally, for the fiber-optic channel.

The statistical dependence of the inter-channel NLI on the modulation
formats of the interfering carriers has been considered to devise new shap-
ing strategies specific for the nonlinear fiber channel [111]. Differently from
the previously mentioned references, in [111] the rate gains are due to the
mitigation of inter-channel NLI. An approach to performing shaping consid-
ering a limited window of symbols in the optimization process was recently
proposed in [112]. This strategy aims to include the relevant temporal
statistics of the nonlinear channel in the constellation design.

Through this chapter the results are presented in MI, which has been
proposed as a reliable figure of merit to assess performances of coherent
optical transmission systems using soft-decision forward error correction
(FEC) with an ideal demmapper [113–115].

As an original contribution from this thesis, this chapter reports an
experimental study conducted to investigate and compare the gains on
achievable information rate (AIR) that may result from the application of
each technique, as from the combination of both. To the best of our knowl-
edge, this investigation was the first of its kind presented and, in particular,
the first to consider such high-order QAM modulation formats. The content
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presented here is an adaptation of the conference paper [C3].
The constellation shaping algorithms utilized here are detailed in [116].

5.1 Introduction

As the coherent optical transmission systems approach the estimated lower
bounds of AIRs over single-mode fiber (SMF), further improvement in
throughput comes with the cost of extra effort directed to the optimization
of transmitters and receivers. This is the main driver for the investigation
of probabilistic constellation shaping and NLC.

Although both strategies seek the similar results, the nature and com-
plexity of implementation for each differ significantly. Probabilistic shaping
algorithms are designed for specific modulation formats and usually require
a particular rate adaptation method, which restricts flexibility. Such algo-
rithms also require information from the channel, especially the SNR avail-
able at the receiver. On the other hand, digital backpropagation (DBP) is
transparent regarding modulation format and any aspect related to channel
coding or rate adaptation. This relative freedom comes with a higher re-
quirement for sampling rates and digital signal processing (DSP) complexity.
Moreover, DBP requires the knowledge of extra channel information, such
as the physical parameters of the fiber and the amplification scheme. The
gains obtained with DBP are affected by a set of system’s variables, such
as the number of co-propagating wavelength-division multiplexing (WDM)
channels [117], whereas gains from probabilistic shaping are expected to
be dependent mainly of the SNR. Therefore, the effective utilization of
each technique will be unavoidably related to the underlying application
scenario.

Since both approaches require additional complexity in the transceiver
implementation, an important question yet to be clarified is how much ben-
efit can be provided by each one, enabling a better perspective for further
analysis of performance gain versus implementation complexity trade-offs.
That is the motivation for the work presented in this chapter.

The WDM system under investigation is composed of five carriers mod-
ulated at 10 GBd with dual polarization 256QAM (DP-256QAM) and dual
polarization 1024QAM (DP-1024QAM). Probabilistic shaping is applied
for both modulation formats, targeting rates around 5 and 6 bits/QAM
symbol. Due to receiver bandwidth limitations, only single-carrier dig-
ital backpropagation (SC-DBP) is considered as NLC technique. Trans-
mission distances investigated range from metro- to long-haul distances
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(≥ 1000 km), up to 1700 km.
The remaining of the chapter is divided as follows. In Section 5.2, the

experimental setup is detailed. Section 5.3 discuss the method employed
to estimate the AIR, which is the evaluated figure of merit. Section 5.4
presents and discuss the results obtained and its followed by a final section
with a summary of the main conclusions.

5.2 Experimental setup

The experimental setup is depicted in Fig. 5.1. At the transmitter, of-
fline DSP is used to generate the sequences of encoded data symbols for
four distinct constellations: uniformly distributed 256QAM, probabilisti-
cally shaped 256QAM, uniformly distributed 1024QAM, and probabilisti-
cally shaped 1024QAM. The probabilistic shaping method applied is based
on the dyadic approximations of the optimum symbol input distributions
for a large QAM constellation [105,108].

The sequence of complex-valued symbols is upsampled and pulse shaped
with a root-raised cosine filter having a roll-off factor of 0.5. Within the
stream of data symbols, quadrature phase-shift keying (QPSK) pilot symbols

Figure 5.1 Experimental setup for WDM generation, transmission, coherent detection,
and offline DSP processing of 5×10 GBd DP-256QAM/DP-1024QAM. At the center bot-
tom, a two-dimensional density plot of the probability mass function of a uniform and
a shaped 1024QAM constellation.
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5.2 Experimental setup

are inserted at a 2% rate to be used for adaptive equalization and carrier
phase recovery. The data is digital-to-analog converted by a 64 GSa/s arbi-
trary waveform generator (AWG) with 20 GHz of bandwidth and amplified
by radio frequency (RF) linear drivers. The baseband signal drives the
optical in-phase/quadrature (IQ) modulators.

Two optical modulators are present in the setup. The first one mod-
ulates a sub-kHz linewidth fiber laser (Koheras BasiK C-15), which is
used as the optical carrier for the channel under test (CUT). The second
modulates the remaining four WDM carriers (external cavity laser (ECL)s,
linewidth ≤ 100 kHz), which are subsequently split with a wavelength se-
lective switch (WSS), decorrelated in time, and recombined with the CUT.

To measure the performance of eachWDM channel, the central frequency
of the fiber laser is systematically swapped in the 25 GHz frequency grid
with the corresponding ECL of the channel to be assessed, such that the
CUT is always measured with the same sub-kHz linewidth laser. This pro-
cedure is adopted to minimize the influence of the laser’s phase noise in
the measurements. The WDM channels are sent to the delay-and-add po-
larization multiplexing emulator stage which provides the dual-polarization
signal.

The WDM transmission is performed in a recirculating loop composed
by two 50 km spans of standard single-mode fiber (SSMF), an optical band-
pass filter, a 2-by-2 coupler and two acousto-optic switches. All fiber losses
are compensated by Raman amplification in backward pumping configu-
ration (26 dBm@1450 nm). The remaining losses are compensated by an
Erbium-doped fiber amplifier (EDFA). At the loop output, the signal is
pre-amplified, filtered, and detected with an optical coherent receiver.

The local oscillator used by the coherent receiver is also a fiber laser
with sub-kHz linewidth (Koheras BasiK E-15). The detected signal is ac-
quired with a real-time sampling oscilloscope at 80 GSa/s and 33 GHz of
bandwidth. The data is processed offline.

The flow of DSP algorithms is composed by low pass filtering, SC-DBP or
electronic compensation of chromatic dispersion (EDC), resampling, timing
recovery, pilot-assisted adaptive equalization with the constant modulus
algorithm (CMA), carrier phase recovery [51], demodulation, and decoding.

The SC-DBP algorithm is performed using a non-iterative symmetric
split-step Fourier method (SSFM) [118] to solve the Manakov approximation
of the coupled mode nonlinear Schrödinger equation (NLSE) with a fixed
step size.
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Figure 5.2 Block diagram illustrating the general procedure utilized for estimating the
AIR estimation.

5.3 Estimation of the information rates
For all results presented in this chapter, the AIR is estimated after time
synchronization, equalization, and carrier recovery. Figure 5.2 illustrates
the process and variables involved in the AIR estimation.

The exact calculation of the MI I(X;Y ) between the input X and the
output Y of the channel requires the conditional probability distribution
p(Y |X) to be known. Since the input-output relation of the fiber-optic
channel is not available in a closed form, an auxiliary conditional probabil-
ity distribution p̂(Y |X) is assumed. Because p̂(Y |X) is an approximation of
the actual channel rule p(Y |X), the MI Î(X;Y ) obtained with the auxiliary
channel rule is a lower bound on the actual MI, i.e., Î(X;Y ) ≤ I(X;Y ).
Moreover, since an optimum detection strategy is associated with the aux-
iliary channel model, Î(X;Y ) is said to be an AIR [119].

In the offline DSP applied to the received data, the Tikhonov
distribution-based phase recovery algorithm proposed in [51] is used. This
algorithm directly produces the posterior probability distributions p̂(X|Y ),
where X is a random variable describing the QAM symbols at the input of
the channel and Y is the output of the adaptive equalizer. The AIR is then
numerically estimated over long sequences of received data (> 105 QAM
symbols per polarization) by calculating the mutual information

Î(X;Y ) = H(X)− Ĥ(X|Y ), (5.2)

where H(X) is the entropy of the input distribution and Ĥ(X|Y ) is the
entropy of the posterior probability distribution.
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5.4 Results and discussions

The estimated AIRs are independent of the channel coding implementa-
tion, but a function of the channel and the signal processing at the receiver,
including the EDC/DBP, synchronization, equalization and carrier phase re-
covery performed, and the input distribution.

5.4 Results and discussions

The results shown in this section corresponds to the performance of the
system at the optimum total launched power which, for all tested configu-
rations, was observed to be around -5 dBm without, and -3 dBm with DBP.
Single channel DBP was applied using the largest step size in the SSFM,
found to be 12.5 km (4 steps/span), that allowed the maximum improve-
ment in AIR from the NLC.

Figure 5.3 shows the estimated AIR of the central WDM channel as a
function of the transmission distance for all investigated configurations at
the optimal launch power. The lowest AIR is exhibited by the uniform DP-
256QAM without DBP, which achieves 5.2 bits/QAM symbol (104 Gb/s) at
1700 km of reach. For the same reach, the best performance is obtained
for shaped DP-1024QAM with DBP - 5.9 bits/QAM symbol (118 Gb/s). The
remaining cases, situated in between these two extremes, can be used to
isolate the AIR gains provided by probabilistic shaping and DBP.

Figure 5.3 Estimated AIR of the central WDM channel versus distance for all investigated
cases.
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From the curves, it can be observed that uniform DP-256QAM with DBP,
shaped DP-256QAM, and uniform DP-1024QAM present approximately the
same AIR for all studied distances. The same conclusion follows from the
configurations uniform DP-1024QAM with DBP, shaped DP-1024QAM, and
shaped DP-256QAM with DBP.

Figure 5.4 Gain in AIR of the central WDM channel compared to the uniform distrib-
uted constellation performance applying only EDC.

Figure 5.4 shows the AIR gains provided by probabilistic shaping, DBP
and the combination of both in comparison with the transmission of the
respective uniformly distributed constellation, as a function of the reach.

The first detail to be noticed is the consistency of the gains provided
by DBP for both modulation formats. This behavior reflects the trans-
parency of DBP concerning the modulation format. It is also verified that
the probabilistic shaping gains vary with the distance. Such variation can
be attributed to the mismatch between the channel parameters assumed in
the numerical probabilistic optimization stage and the actual values in the
experiment, as well imperfect signal processing and statistical variations
due to the limited size of data sequences.

The similarity between the values of AIR gains from shaping and DBP
is noticed. Moreover, the gain resulting from the joint application of both
techniques is virtually equal to the sum of the gains obtained by applying
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Ch.	1 Ch.	2 Ch.	3 Ch.	4 Ch.	5

Channel	# 1 2 3 4 5

Uniform	1024QAM 5.55 5.53 5.37 5.65 5.6

Shaped	1024QAM	+	DBP 6.06 5.93 5.93 5.99 5.79

AIR	in	bits/QAM	symbol

Figure 5.5 Received spectrum and estimated AIR for all WDM channels for DP-1024QAM
after 1700 km of transmission.

each technique separately. The maximum gain is verified to be between
0.5 to 0.6 bits/QAM symbol for shaped DP-1024QAM with DBP.

It is worth to mention that, for this experiment, the probabilistic op-
timization did not take into account the gain in SNR any other statistics
that the receiver observes after DBP. However, in case this information is
also included in the optimization process, it is likely that the gain obtained
with the combination of both methods will surpass the sum of the gains
observed when each technique is applied separately.

Figure 5.5 shows the spectrum and the estimated AIR for each of the
five WDM channels after 1700 km of transmission distance of uniformly dis-
tributed DP-1024QAM and probabilistically shaped DP-1024QAM with DBP.
Although there is a tilt in the noise spectrum, all inner channels reach quite
similar performance. A small deviation can be noticed in AIR performance
(see the table in Fig. 5.5) of the outer channels due to the fact those are
the ones who mostly differ in the optical signal-to-noise ratio (OSNR). Nev-
ertheless, the results demonstrate very similar performance gains for the
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central channel and its WDM neighbors.

5.5 Summary
In this chapter, an experimental study comparing SC-DBP and probabilistic
shaping was presented. The experimental results reported have shown that
systems using DP-256QAM and DP-1024QAM modulation formats may have
similar benefits in achievable information rates from probabilistic constel-
lation shaping and DBP.

The independence of the performance gains from DBP, and probabilistic
shaping allows them to add up, such that the overall benefit corresponds
to the sum of the improvement achieved by each technique.

The use of both techniques has enabled a maximum improvement of
0.5 to 0.6 bits/QAM symbol, observed after 1700 km transmission of DP-
1024QAM.
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Chapter 6

Combined optical and
electrical spectrum shaping
for high baud rate
Nyquist-WDM transceivers

The increase in the symbol rates of the optical transceivers has been a
crucial enabler for the growth of the throughput rates in wavelength-
division multiplexing (WDM) systems. Such importance is a consequence
of the progress in building fast electronic devices and electro-optic inter-
faces. Moreover, constraints on power consumption, space, and cost of
the transceivers have induced an effort to minimize the amount of their
hardware parallelism [120].

However, for the next generations of WDM systems, operating at trans-
mission rates of 400 Gb/s, 1 Tb/s and above, the spectral efficiency (SE)
requirements establish challenges for the implementation of high symbol
rate transceivers.

In this chapter, one aspect of the problem is investigated. The focus is
on the conception of high symbol rate transceivers based on optical time-
division multiplexing (OTDM). Particularly, the advantages and trade-offs
of associating electrical and optical pulse shaping to minimize the spectral
occupancy of OTDM signals are discussed.

The content of this chapter is based on the author’s original publication
[J5].
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Combined optical and electrical spectrum shaping for high baud rate
Nyquist-WDM transceivers

6.1 Introduction

Historically, the industry has adopted single-carrier based transceivers
for optical WDM systems. Following this path, to attend with the fu-
ture throughput requirements of WDM networks, single-carrier transceivers
based on high serial interface rates and advanced modulation formats are
needed.

Such architectures can be designed using different time-division
multiplexing (TDM) signal generation techniques. In [121], experimental
demonstrations of high baud rate transmission systems employing electrical
time-division multiplexing (ETDM), quadrature phase-shift keying (QPSK)
and quadrature amplitude modulation (QAM) are shown. Transmission of
dual polarization quadrature phase-shift keying (DP-QPSK) and dual po-
larization 16QAM (DP-16QAM) at 107 GBd, and dual polarization 64QAM
(DP-64QAM) at 72 GBd were demonstrated over dispersion uncompensated
links. The all-ETDM generation of a single-carrier 90 GBd DP-64QAM has
been demonstrated in [122]. However, when approaching such high ETDM
rates (> 100 GBd), constraints on the bandwidth of the digital-to-analog
converters (DACs) and electrical multiplexers impose challenges to increase
the SE [123, 124]. For example, all-ETDM based transmission at high baud
rates, in general, does not allow sophisticated pulse shaping to obtain low
roll-off Nyquist modulated spectra, limiting SE.

Transmission at high symbol rates can also be achieved by performing
TDM in the optical domain with the well known OTDM techniques [125].
Recent works using orthogonal time division multiplexing of optical Nyquist
pulses (Nyquist-OTDM) have demonstrated the possibility to obtain single-
carrier systems achieving both high symbol rate, and Nyquist modulated
spectra [126].

However, similarly to conventional OTDM systems, Nyquist-OTDM re-
quires complicated synchronization and demultiplexing schemes dependent
of optical phase-locked loops and nonlinear optical signal processing. For
those reasons, its application has traditionally been limited to dispersion
compensated links. Additionally, after data modulation, Nyquist-OTDM
suffers from limited suppression ratio of the spectrum sidebands, since the
final roll-off of the modulated spectrum depends on the number of TDM
stages employed [127]. Spectra with sharp roll-offs after modulation are
approximated by increasing the number of TDM tributaries. The complex-
ity of building an OTDM system with a large number of branches is generally
not realistic, for a network transceiver. Furthermore, for a reduced number
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6.1 Introduction

of TDM stages, such technique may require guard bands between indepen-
dent WDM channels [128]. Therefore, the SE will be reduced.

In the attempt to avoid the mentioned limitations of pure ETDM and
OTDM approaches, hybrid signal generation techniques have been proposed
and experimentally demonstrated.

In [129], a single channel, single polarization 125 GBd QPSK Nyquist-
OTDM experiment employing full band signal coherent detection has been
presented. Full field coherent detection enables the receiver to demodulate
the OTDM data without any additional requirement on the synchronization
between transmitter and receiver.

In [131, 132], sub-band synthesis is employed to generate single-carrier
124 GBd dual polarization 32QAM (DP-32QAM) and 128 GBd DP-16QAM,
respectively, with low roll-off Nyquist spectral shaping. Hybrid techniques
provide ways to explore the limits of each approach by splitting the overall
signal generation complexity between electrical and optical domains.

This chapter addresses the content of [J5], where a hybrid approach for
Nyquist-OTDM signal generation is proposed and experimentally demon-
strated. The center idea is to ally optical generation of periodic sinc pulses
and electrical pulse shaping to obtain Nyquist modulated spectra at high
symbol rates (> 100 GBd), without the use of any extra optical filtering for
side band suppressing. The experiment performed was the first to conceive
a WDM Nyquist-OTDM signal generation based on a periodic train of sinc
pulses. Straight line transmission of five 112.5 GBd Nyquist-OTDM DP-
QPSK channels is demonstrated, up to 640 km dispersion uncompensated
links, with full-field coherent detection at the receiver. After coherent de-
tection, all steps necessary to estimate the received data are performed with
digital signal processing (DSP), including clock recovery and time demulti-
plexing of the OTDM tributaries.

It is shown that such design strategy effectively improves the roll-off of
the modulated OTDM signal, reducing the crosstalk penalty in baud-rate-
spaced Nyquist-WDM systems.

The remaining of the chapter is divided as follows. Section 6.2
provides a detailed discussion on the variables that define the spectrum of
Nyquist-OTDM signals. Section 6.3 shows analytical derivations explaining
how optical and electrical pulse shaping techniques can be allied to
minimize the spectral support of Nyquist-OTDM signals. Section 6.4
describes the experimental setup used to verify the analysis of Section 6.3.
In Section 6.5, the experimental results are presents and discussed. The
last section provides a summary of the conclusions.
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6.2 Spectrum of Nyquist-OTDM signals

The Nyquist-OTDM techniques considered in this work are the ones based
on the optical generation of periodic sinc pulses [127]. Such pulse trains
can be orthogonally multiplexed in the time domain since they comply with
the Nyquist criteria for zero intersymbol interference (ISI) [35].

Figure 6.1 Duality between flat comb in frequency and periodic sinc pulse train in time.

A periodic train of sinc pulses in the time domain corresponds to a
set of equidistant discrete tones, all with the same amplitude and with
linear phase relationship, in the frequency domain mapped by the Fourier
transform, as illustrated in Fig. 6.1. Such property allows one to obtain a
periodic train of optical sinc pulses by designing the correspondent optical
frequency comb.

The frequency comb can be primarily seen as the sampled version of a
rectangular spectrum. As the frequency sampling resolution improves, i.e.,
the number of frequency tones within the rectangle bandwidth increases,
the repetition rate of sinc pulses reduces and each pulse resembles better an
ideal isolated sinc. The rectangle width defines the maximum serial baud
rate that can be obtained after OTDM.

A model of a Nyquist-OTDM transmitter is shown in Fig. 6.2. Trains of
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6.2 Spectrum of Nyquist-OTDM signals

Figure 6.2 Diagram of a Nyquist-OTDM transmitter based on trains of periodic optical
sinc pulses generated by a optical frequency comb.

periodic optical sinc pulses are obtained from an optical frequency comb.
Each train delayed and modulated by an independent optical modulator.
The delays are such that the peaks of a given sinc train will be aligned with
a zero-crossing instant of all remaining pulse trains.

The N-parallel OTDM tributaries are obtained after independent mod-
ulation of each pulse train. The symbol rate of the modulation (Rs) corre-
sponds to the frequency separation (fs) of adjacent lines in the frequency
comb. The last stage is the sum of all modulated tributaries to obtain the
final OTDM signal with symbol rate NRs.

Design trade-offs of optical pulse shaping

The repetition rate of the sinc pulses is the base rate for TDM. The linear in-
phase/quadrature (IQ) modulation is commonly performed with standard
square non-return-to-zero (NRZ) electrical pulse shape. The modulation
stage does not affect the position of the zero crossings of the optical pulses
in consecutive TDM slots.

However, modulated trains of sinc pulses are no longer deterministic,
but cyclostationary random processes (see Section 2.2). After modulation,
the power spectrum density (PSD) of the OTDM signal will be broader than
the rectangular spectral window sampled by the frequency comb. This
broadening occurs because the PSD of the process is dependent on the
shape of the truncated sinc pulse modulated at each symbol period. Hence,
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the roll-off factor of the modulated spectra will depend on the quality of
the approximation of an infinite sinc obtained with the truncated pulse
within each TDM slot. Specifically, the sampling resolution of the rectan-
gular spectrum approximated by the frequency comb defines the fidelity
of an isolated sinc pulse in time, which determines the final roll-off of the
modulated spectrum. Therefore, with respect to the periodic optical pulses
generation scheme, the use of frequency combs with a large number of tones
is necessary to obtain PSDs with small roll-offs [129].

As stated in [127], such spectral broadening theoretically does not pre-
vent WDM channels to be baud-rate-spaced without introducing crosstalk
penalties. However, as a necessary condition to build such system, all
WDM channels must be locked in frequency and phase, which is hard to
accomplish in practical WDM architectures. Moreover, in real optical comb
generation schemes, complete suppression of side band harmonics usually
can not be achieved. Hence, such imperfections will also contribute to the
spectral broadening after modulation. In practice, guard bands would be
required to avoid performance degradation due to crosstalk between WDM
channels.

Therefore, the spectral broadening caused by data modulation estab-
lishes a trade-off between SE and system complexity. A low repetition rate
is required for the sinc pulse train, to minimize the roll-off factor of the
final modulated spectrum and maximize the SE. Hence, a significant num-
ber of parallel TDM branches is needed, increasing the complexity of the
transmitter.

Furthermore, increasing the number of comb tones will quickly increase
the peak power values of the sinc pulses, which may bring additional prac-
tical problems. On the other hand, increasing the repetition rate of the
pulses to use a reduced number of TDM stages will result in a poor spec-
trum roll-off after modulation. Therefore, it would be beneficial to find a
strategy where low roll-off factor Nyquist-OTDM modulated spectra can be
generated using a reduced number of TDM stages, i.e., employing frequency
combs with a small number of frequency tones.

6.3 Combining optical and electrical spectrum
shaping

To avoid the complexity versus spectral confinement trade-offs explained in
Section 6.2, a hybrid approach based on the combined effect of optical and
electrical spectrum shaping is proposed. In the following, a detailed analysis
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is conducted to clarify the role of optical and electrical pulse shaping in the
spectrum of a Nyquist-OTDM signal.

A known result from the Fourier analysis of periodic functions estab-
lishes that the inverse Fourier transform of an infinite periodic sequence
of impulses in the frequency domain P (f), with period fs, corresponds to
an infinite periodic sequence of impulses in time domain p(t), with period
Ts = 1

fs
. This duality can be expressed as

P (f) = 1
Ts

∞∑
n=−∞

δ(f − nfs)⇐⇒ p(t) =
∞∑

n=−∞
δ(t− nTs), (6.1)

where n is an integer number.
Consider PN (f) to be a finite window of N frequency tones centered

around the zero frequency. Assume that N is an odd number for simplicity.
To extract PN (f) from the infinite sequence P (f), we define a rectangular
window R(f) in frequency domain and its correspondent inverse Fourier
function in time

R(f) =
{

1, |f | ≤ Nfs
2

0, |f | ≥ Nfs
2

⇐⇒ r(t) = N sinc
(
Nfst

)
, (6.2)

where sinc(x) = sin(πx)/πx.

Figure 6.3 Illustration of an ideal frequency comb with N tones spaced by fs Hz, resem-
bling a sampled rectangular spectrum with bandwidth Nfs Hz.

75



i
i

“Main” — 2017/5/2 — 13:24 — page 76 — #94 i
i

i
i

i
i

Combined optical and electrical spectrum shaping for high baud rate
Nyquist-WDM transceivers

Therefore, using the equivalence between convolution in the time do-
main and multiplication in the frequency domain, it follows that

PN (f) = R(f)P (f)⇐⇒ pN (t) = r(t) ∗ p(t), (6.3)

pN (t) = N sinc
(
Nfst

)
∗

∞∑
n=−∞

δ(t− nTs), (6.4)

pN (t) =
∞∑

n=−∞
N sinc

[
Nfs(t− nTs)

]
. (6.5)

If the bandwidth of the rectangular window is fixed to B = Nfs, then
N = B/fs (see Fig. 6.3). Replacing it in Eq. (6.5), we have

pN (t) =
∞∑

n=−∞

B

fs
sinc

[
B

fs

(
t

Ts
− n

)]
. (6.6)

Equation (6.6) represents a periodic train of sinc pulses in the time
domain, generated by a comb with N = B/fs frequency components. The
repetition rate of consecutive sinc pulses is equal to fs, and the number of
zero crossings between two consecutive pulse peaks is given by N .

An equivalent expression considering an even number of comb lines can
be obtained by using the same steps. To simplify the calculations using
properties of the Fourier transform, P (f) should be shifted by fs/2 to have
both impulse train and rectangular window symmetric around f = 0. This
operation does not affect the generality of the result. We then have

PN (f) = R(f)P (f − fs/2)⇐⇒ pN (t) = r(t) ∗ p(t)ejπfst, (6.7)

pN (t) = N sinc
(
Nfst

)
∗

∞∑
n=−∞

ejπfstδ(t− nTs), (6.8)

pN (t) =
∞∑

n=−∞
ejπnN sinc

[
Nfs(t− nTs)

]
, (6.9)

pN (t) =
∞∑

n=−∞
(−1)nB

fs
sinc

[
B

fs

(
t

Ts
− n

)]
. (6.10)

A general expression for both cases is given by

pN (t) =
∞∑

n=−∞
(−1)(B/fs−1)nB

fs
sinc

[
B

fs

(
t

Ts
− n

)]
. (6.11)
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6.3 Combining optical and electrical spectrum shaping

Consider the case where the optical pulse train is modulated by applying
a linear memorylessM -ary modulation format with unitary average symbol
energy. Assuming an electrical pulse shape g(t), with Fourier transform
G(f), the equivalent low-pass complex-valued modulated signal s(t) and
its corresponding PSD Φs(f) will be given, respectively, by

s(t) =
∞∑

k=−∞
skg(t− kTs)pN (t), (6.12)

Φs(f) = 1
Ts
|G(f) ∗ PN (f)|2, (6.13)

where sk represent the symbol transmitted at the t = kTs instant. Fig-
ure 6.4 shows an example of how the waveforms in Eq. (6.12) may look like
in time domain.

Figure 6.4 Example of the waveforms included in Eq. (6.12) (absolute values). The
dashed line exemplifies a baseband electrical modulated waveform. The continuous line
corresponds to a train of optical sinc pulses.

From Eq. (6.13) we can easily see that the final bandwidth of the mod-
ulated signal (BS) will be given by the sum of bandwidth of the optical
comb (BPN ) with the bandwidth of the electrical pulse (BG). As depicted
in Fig. 6.3, we have BPN = (N − 1)fs. It follows that

BS = (N − 1)fs +BG ≥ B = Nfs, (6.14)

where the equality holds at the Nyquist limit. Therefore, in the Nyquist
limit, BG = fs. Since G(f) is independent of N , the same applies to the
final roll-off of the modulated spectrum. Additionally, it is shown that it is
possible to obtain low roll-offs for Nyquist-OTDM signals even when N is a
small number.
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Figure 6.5 Numerical comparison of Nyquist-OTDM spectra obtained with an ideal optical
comb source with nine frequency tones, modulated with different electrical pulse shaping.
(a) Frequency comb lines; (b) Ideal NRZ rectangular pulse; (c) RRC with roll-off α = 1;
(d) RRC with roll-off α = 0.001. The advantage of RRC over NRZ is clear in terms of
sidelobes supression.
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6.4 Experimental setup

Therefore, to approach the Nyquist limit, the electrical pulse shape g(t)
can be selected from a family of pulses with narrow spectra, such as raised
cosine (RC) or RRC pulses. For the analysis presented here, the RRC pulse
shapes were chosen, due to its common use in communications.

The replacement of the electrical square NRZ pulse shape by the RRC
shape allows one to control the roll-off factor of the resultant modulated
spectrum, independently of how many TDM stages compose the OTDM sig-
nal. The RRC pulse shaping is implemented with finite impulse response
(FIR) filters in the digital domain, and DACs. The effect of this change on
the OTDM modulated spectrum is shown in Fig. 6.5.

Since the pulse shaping is performed with DSP, the FIR filters can be
designed with a long window of symbols. Hence, the roll-off factor will
not be limited by the shape of the optical truncated sinc pulses. There-
fore, performing spectrum shaping on the electrical signals before optical
modulation improves the spectral confinement of the final Nyquist-OTDM
signals.

To experimentally verify the benefits of this approach, the setup de-
scribed in Section 6.4 is built.

6.4 Experimental setup

The experimental setup is shown in Fig. 6.6. We should point first that,
due to practical convenience to generate a WDM system, the sinc pulse
generator was positioned after the data modulation. In this case, the pe-
riodic sinc generation acts as a pulse carver. However, it can be shown
that the mathematical operations describing pulse carving and modulation
commute, so the order in which the two are carried out has no impact on
the final result (Section 6.3, Eq. (6.12) and (6.13)).

At the transmitter side, an arbitrary waveform generator (AWG) with
64 GSa/s and 20 GHz bandwidth was used to generate either 7 or 12.5 GBd
QPSK modulated signals, to obtain the symbol rates of 63 and 112.5 GBd,
respectively, after OTDM. To perform pulse shaping on the baseband signal
generated by the AWG, a RRC digital filter was used. The filter was config-
ured to provide the roll-off values (α) of 0.01, 0.2, 0.5 or 1 for the baseband
spectrum. The electrical signal was then amplified to drive an optical IQ
modulator. The optical input to the modulator was provided by an array
of free-running continuous wave (CW) external cavity lasers (ECLs) with
100 kHz linewidth.

For the single-channel characterization, one laser centered at 193.4 THz
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was used, while for the WDM case, five lasers centered at 192.625 THz, with
spacing varied between 100 and 200 GHz in steps of 12.5 GHz, were used.
The modulated signal was then sent to the Nyquist pulse carver (cf. eye
diagram inset in Fig. 6.6). Both Mach-Zehnder modulators (MZMs) were
driven by two RF sources synchronized with a 10 MHz reference clock. The
second MZM was driven by a sinusoidal clock generated by the AWG at a fre-
quency equal to the base symbol rate, i.e., 7 or 12.5 GHz and the first MZM
with the triple of the respective frequency, i.e., 21 or 37.5 GHz. An auto-
matic bias control for MZMs enabled stability and flatness of the frequency
tones. Nine spectral lines composed the comb, resulting in a sinc pulse
repetition after each nine consecutive zero crossings in the time domain.
Therefore, such configuration provided nine-time multiplexing slots, allow-
ing Nyquist-OTDM maximum aggregated serial rates of 63 and 112.5 GBd
per channel.

This signal was then fed to a three-stage OTDM multiplexer, where at
each stage the signal was split, delayed and recombined. Since the multi-
plexer was only able to fill 8 TDM slots, one slot was left empty. Therefore,
the effective transmission rates in Gb/s for the 63 GBd and 112.5 GBd test
cases were 224 Gb/s and 400 Gb/s per channel, respectively. However, the
spectral width of both modulated signals is not affected by the empty slot,
hence corresponding to 63 GHz and 112.5 GHz in the Nyquist limit (see
Section 6.3).

For the WDM transmission, the signal passed through a flex-grid inter-

Figure 6.6 Experimental setup used to generate five 112.5 GBd DP-QPSK Nyquist-OTDM
channels. (a) Transmitter DSP, ADC conversion and linear electrical amplification (b)
Optical I/Q modulation (c) Periodic sinc pulse carving (d) Delay and add OTDM emula-
tion (e) Decorrelation of WDM channels (f) Polarization multiplexing emulation stage (g)
Straight line fiber channel with EDFA only amplification (h) Coherent receiver frontend
(i) Receiver’s offline DSP (j) QPSK eye diagram of the signal before the OTDM stage.
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leaver, to decorrelate WDM channels after modulation with a single mod-
ulator. The OTDM signal was then passed to the polarization multiplexer,
where it was combined with its delayed copy in the orthogonal polarization.

For the experiment with fiber transmission, the signal was sent to a
straight line fiber link composed of up to eight spans, each with 80 km
of standard single-mode fiber (SSMF) and an Erbium-doped fiber amplifier
(EDFA) compensating for the fiber losses. The launch power was kept at
0 dBm per channel.

After passing through the fiber link, the signal was pre-amplified, sent
to a 0.9 nm optical bandpass filter and detected by a 40 GHz coherent
receiver, using an ECL with a 100 kHz linewidth as a local oscillator. A real-
time sampling oscilloscope with 33/63 GHz analog bandwidth per channel
and sampling rate of 80/160 GSa/s was used to sample the 63/112.5 GBd
signals. As only two 63 GHz inputs were available in the oscilloscope, only
one polarization of the 112.5 GBd signal was digitized at the receiver, and
the incoming signal was appropriately aligned by a polarization controller.

A set of coherent DSP algorithms [73], consisting of resampling, chro-
matic dispersion compensation, timing recovery, polarization demultiplex-
ing and equalization, digital demultiplexing of the OTDM tributaries, and
carrier frequency and phase recovery with an extended Kalman filter [133]
was used to perform signal demodulation.

6.5 Results and discussions

Figure 6.7 shows the single channel back-to-back performance for 63 and
112.5 GBd DP-QPSK, with implementation penalties of 2 dB for both cases,
at the bit-error rate (BER) threshold of 3.8×10−3 for the 7% overhead hard
forward error correction (FEC). The curves depicted represent a superpo-
sition of the average BER of each OTDM tributary. The BER values below
10−5 were estimated from error vector magnitude (EVM), calculated from
the received constellation after carrier recovery.

The inset plot in Fig. 6.8 shows a magnified positive side of the single-
carrier baseband spectrum, around the symbol rate boundary (56.25 GHz),
for all investigated values of α. This plot shows how the spectrum confine-
ment is improved as α decreases. Lowering α largely suppresses spectral
leakage from neighboring WDM channels and thus reduces inter-channel
crosstalk for baud rate spacing [128].

The main plot in Fig. 6.8 shows the performance penalty due to
crosstalk on the central channel for different values of α of the electri-
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Figure 6.7 Back-to-back performance curves for 63 GBd and 112.5 GBd DP-QPSK.

Figure 6.8 Crosstalk penalty on the central channel performance as a function of the
carrier spacing for the back-to-back WDM configuration consisting of five 112.5 GBd DP-
QPSK channels. The values for carrier spacing were chosen in agreement with the ITU
flexigrid standard.

cal RRC shaping for 112.5 GBd DP-QPSK. For each α chosen, the penalty is
calculated with respect to the best Q2-factor obtained when the carriers are
sufficiently spaced (≥ 150 GHz) to disregard crosstalk penalties safely. It
is shown that for channel spacing equal to the baud rate, lower values of α
result in less crosstalk penalty. The minimum penalty at baud rate spacing
is 1.5 dB, which is close to the optimum values reported in [134], obtained
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for baud rate-spaced Nyquist-WDM systems based on digital filtering only.
A drawback of this technique is the fact that, when α is reduced, there

is an increase of the peak-to-average power ratio (PAPR) on the AWG out-
puts [135], which leads to increased implementation penalty. Therefore,
further investigation is needed to quantify the trade-off between crosstalk
suppression and PAPR penalty.

Figure 6.9 Back-to-back performance of all five channels for the WDM 112.5 GBd DP-QPSK
configuration.

Figure 6.10 Spectrum of the modulated optical carriers for three different channel spacings
(a) 112.5 GHz (baud rate spacing) (b) 125 GHz (c) 200 GHz.

Figure 6.9 shows the back-to-back BER performance for all WDM chan-
nels in comparison to the performance of a single channel. Each plotted
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Figure 6.11 Transmission performance over straight line SSMF spans for the central chan-
nel in the WDM configuration. The indicated BER is the average value of all OTDM
tributaries

value corresponds to average BER of all OTDM tributaries. A WDM imple-
mentation penalty of 2 dB for the best WDM channel is observed. Perfor-
mance varies across different WDM channels due to non-flat noise floor at
higher optical signal-to-noise ratios (OSNRs) as well as a slight dependence
of the Nyquist carver modulators bias on the wavelength, leading to sub-
optimal Nyquist pulse generation for outer channels. This is also visible
in Fig. 6.10, which depicts optical spectra for the WDM channel spacing of
112.5 GHz, 150 GHz, and 200 GHz. Particularly at a spacing of 200 GHz,
this dependence can be easily observed in the uneven spectra of non-central
WDM channels.

Figure 6.11 shows 5-channel WDM Nyquist-OTDM 112.5 GBd DP-QPSK
back-to-back performance, with α = 1 and channel grid spacing of 125 GHz.
The grid spacing was set to 125 GHz, instead of 112.5 GHz, due to the lim-
itations of the WaveShaper [72] used to emulate a WDM optical interleaver
on the channel decorrelator (Fig. 6.6). Since it was not possible to create an
attenuation profile to demultiplex and decorrelate even and odd channels
at 112.5 GHz, the channel grid was to increased by 12.5 GHz, to maintain
the agreement with the ITU flexigrid standard [136]. The choice of α was
made to minimize a possible impact of PAPR on the transmission results.

Successful straight line transmission of the WDM signal was performed
for up to 640 km of dispersion uncompensated fiber spans. The launched
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power per channel was set to 0 dBm to guarantee linear regime of operation.
The OSNR value of 23.2 dB per carrier was measured after 640 km of trans-
mission. Similar performance was achieved after transmission and back-to-
back at the same OSNR values, indicating that the linear fiber impairments
were fully compensated after DSP. Additional investigation is required to
evaluate optimum launch power per channel, which for this experiment was
roughly estimated around 4 dBm, and the maximum transmission reach,
which was limited by the amount of fiber available in straight line setup.

One should point that the performance results presented in Fig. 6.11
may be underestimated since only one polarization of the signal is being
acquired and processed at the time. Better performances should be ex-
pected with the use of a complete dual polarization coherent receiver for the
112.5 GBd setup, which would allow optimal equalization of the polariza-
tion mixing effects. Additionally, the BER values obtained in a sub-optimal
scenario are small enough to guarantee that the results can be reproduced
with the complete dual polarization receiver.

6.6 Summary
In this chapter, it was shown that by combining the optical generation of
periodic sinc pulses with electrical pulse shaping, the roll-off factor of the
OTDM modulated spectrum can be reduced, independently of the number
of optical comb lines used to generate the periodic train of sinc pulses. The
proposed approach can balance the complexity of the transmitter between
optical and electrical domains, enabling the generation of Nyquist modu-
lated channels at symbol rates higher than 100 GBd, without the use of
any bandpass optical filter for sidelobe suppression.

The benefits of this approach are experimentally quantified, showing
that inter-channel crosstalk penalty can be reduced up to 1.5 dB at baud
rate spacing of 112.5 GBd DP-QPSK channels. Additionally, based on this
technique, we successfully demonstrated the first WDM generation and
straight line dispersion uncompensated transmission of five 112.5 GBd DP-
QPSK Nyquist-OTDM carriers over 640 km with full-field coherent detection
at the receiver. It was shown that this approach can be suitable for de-
signing small roll-off, high baud rate Nyquist-WDM transceivers. Further
investigation is needed to quantify the impact of PAPR induced by the
electrical pulse shaping and the performance for higher-order modulation
formats.
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Chapter 7

Widely linear equalization
for coherent optical receivers

Efficient and robust DSP equalization methods are necessary for coherent
optical transceivers to compensate linear fiber impairments, such as chro-
matic dispersion (CD) and polarization mode dispersion (PMD) [137]. The
design of such algorithms for coherent optical receivers has been mostly
based on the physical models of the linear fiber effects. However, coher-
ently detected signals can also be affected by imperfections present at the
receiver or at the transmitter, which may result in a bad performance of
the linear equalization.

This chapter presents one of the main contributions of this thesis. Here,
the use of augmented complex-valued models, also known as widely linear
(WL) complex-valued transformations, is proposed to define a general and
systematic design for the equalizers used in coherent optical receivers. It is
shown the usefulness of these models to design linear equalization structures
that can take into account receiver front-end imperfections, such as in-
phase/quadrature (IQ) imbalance and IQ skew, here generally referred to
as IQ-mixing effects. Even though the analysis presented in this chapter is
restricted to IQ-mixing happening at the receiver, the same procedure can
be applied to the transmitter side, as exemplified in Chapter 8.

Complex-valued WL transformations have been extensively investigated
in the digital signal processing (DSP) literature, particularly for statistical
modeling and equalization problems. A comprehensive overview of this
topic can be found in [145]. Examples of application of complex-valued
WL equalization techniques can be consulted in e.g. [146–149]. The results
presented in this chapter comprise the content of the work published by
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the author in [J3].

7.1 Introduction

Usually, coherent optical receivers require two steps of linear equalization.
In the first step, the accumulated CD is compensated by a zero-forcing (ZF)
static equalizer. Zero-forcing equalization is performed when the channel
frequency response H(ω) is compensated by directly applying its inverse
H(ω)−1 = 1/H(ω) to the detected signals at the receiver [138]. The chan-
nel response is assumed to be known at the receiver. As a drawback, the
use of such equalizers may result in performance degradation for systems
with frequency-selective channel characteristics, due to noise enhancement.
Fortunately, CD has all-pass frequency response characteristic and its com-
pensation by a static ZF equalizer is practically viable for coherent optical
receivers [137]. In the second step, an adaptive equalizer is used to com-
pensate the residual linear intersymbol interference (ISI) and to demultiplex
polarizations.

Common sources of linear ISI are the frequency response of transmit-
ter/receiver, reconfigurable optical add-drop multiplexer (ROADM) filtering,
residual CD and polarization mixing, due solely to rotations of the state of
polarization (SOP) or to PMD, which can be time-varying.

These two stages of equalization are enough to compensate the linear
ISI originated in the fiber-optic channel. However, especially when such
systems evolve to use high order modulation formats or high symbol rate
signaling, imperfections at the receiver front-end may have considerable
influence on the equalization performance. Transceivers employing large
order M -ary quadrature amplitude modulation (QAM) formats usually re-
quire high signal-to-noise ratio (SNR) values for reliable transmission, which
make their implementation less tolerant to receiver front-end imbalances.
Therefore, two important problems in this scenario are how these imper-
fections relate to the performance of the signal detection and equalization,
and how the DSP can be designed to mitigate eventual penalties.

Recent works have investigated adaptive equalization architectures ro-
bust to receiver front-end imperfections [139–142]. In [139], a complex-
valued blind equalization structure is proposed to compensate IQ-mixing
in dual polarization (DP) receivers, assuming the use of Nyquist filtering.
Only back-to-back experimental performance evaluation is presented.

In [140], a real-valued least mean square (LMS) approach for IQ-mixing
compensation is proposed and numerically validated. The ZF compensa-
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tion of CD in the presence of IQ-mixing turned out to be problematic for
the equalizers proposed in [139, 140]. In [141, 142], the authors suggest a
modification on the ZF CD equalizer and propose a new complex-valued
blind adaptive equalizer structure, to allow the compensation of IQ skew
when the detected signals have large accumulated CD.

However, a detailed analysis of the connection between IQ-mixing effects
and the complexity requirements for equalization algorithms at the optical
coherent receiver was yet absent in the literature. For example, none of the
mentioned references provides design rules specifying the required number
of taps for the adaptive equalization algorithm. Mainly, the joint impact
of ZF equalization of CD and IQ-mixing on the performance of the adaptive
equalizer was not addressed.

In this chapter, it is demonstrated how WL complex-valued transfor-
mations can be used to derive analytical models to explain the interaction
of ZF equalization of CD with the coherent receiver front-end imperfec-
tions. Based on such models, the complexity requirements for minimum
mean square error (MMSE) equalization in the presence of IQ-mixing are
extracted. Given the assumptions for the derivation of the models, it is
shown that the general solution to the equalization problem corresponds to
a WL complex-valued adaptive equalizer structure, which is proposed and
validated with extensive numerical simulations.

The rest of this chapter is organized as follows. In Section 7.2, a formal
description of the connection between linear real-valued and widely linear
complex-valued transformations is presented. In Section 7.3, it is shown
how IQ-mixing effects can be seen as complex-valued WL transformations.
Next, it is shown that this approach leads to closed-form expressions that
describe the resultant effect of IQ-mixing when the receiver performs ZF
equalization of CD. Based on the obtained expressions, the complexity
requirements are discussed for the adaptive equalizer to be able to recover
the signals with no penalties coming from skew or imbalance at the receiver
front-end.

In Section 7.4, the general structure of a WL complex-valued adaptive
equalizer for a polarization multiplexed receiver is derived. In Section 7.5,
extensive simulation results and discussions are presented, comparing the
performance of the proposed equalizer with a standard linear complex-
valued equalizer, which leads to the conclusions.
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7.2 Augmented complex-valued signal processing
In order to start the analysis, some definitions will be necessary to formally
establish equivalence relations between linear transformations in real vector
spaces and complex vector spaces. Here we use the approach of [145].
Consider the vectors ur ∈ RN and ui ∈ RN . With ur and ui, three related
column vectors can be constructed:

I. The real composite vector: uIR =
[
uTr ,uTi

]T
=
[
ur
ui

]
,

II. The complex vector: u = ur + jui,

III. The augmented complex vector: u =
[
uT ,uH

]T
=
[

u
u∗

]
,

where uIR ∈ R2N , u ∈ CN and u ∈ C2N
∗ . The conjugate operation is de-

noted by (·)∗, the transpose operation is denoted by (·)T , and the conjugate
transpose (hermitian) is denoted by (·)H . The notation C2N

∗ refers to the
augmented version of the set C2N .

The mapping between the complex augmented vector u and the real
composite vector uIR is given by the linear real-to-complex transformation

TN =
[
I jI
I −jI

]
∈ C2N×2N =⇒ u = TNuIR, (7.1)

where TN has the property TNTH
N = TH

NTN = 2I, i.e. 1√
2TN is a unitary

matrix.
Now suppose we apply an arbitrary linear transformation M : R2N →

R2N to the vector uIR

vIR = MuIR →
[
vr
vi

]
=
[
m11 m12
m21 m22

] [
ur
ui

]
, (7.2)

where mij ∈ RN×N . The transformation M is equivalent to a complex
augmented transformation H : C2N

∗ → C2N
∗ which can be derived as

follows

vIR = MuIR ⇒ TNvIR = TNM1
2TH

NTNuIR,

v = 1
2TNMTH

Nu ⇒ v = H u, (7.3)

H = 1
2TNMTH

N , (7.4)
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where the matrix H ∈ C2N×2N has the particular block pattern

H =
[
H1 H2

H∗
2 H∗

1,

]
(7.5)

with
H1 = 1

2[m11 + m22 + j(m21 −m12)], (7.6)

H2 = 1
2[m11 −m22 + j(m21 + m12)]. (7.7)

From H and the definition of the augmented complex vectors v and u,
we can derive the general form of a widely linear transformation in CN

v = H1u + H2u∗. (7.8)

We denote by strictly linear transformation in CN the particular case of
Eq. (7.8) when H2 = 0. Therefore, one can directly conclude that a linear
transformation in R2N can only be completely described by a strictly linear
transformation in CN if the condition H2 = 0 is satisfied. From Eq. (7.7),
this condition implies that M in Eq. (7.2) has to have the form

M =
[

m11 m12
−m12 m11

]
, (7.9)

i.e., M has to be a skew-symmetric matrix: MT = −M.
Most of the typical complex-valued DSP implementations of equalizers

(static and adaptive) for coherent optical receivers adopt strictly linear
structures since passive linear propagation effects happening into the fiber
are completely described by strictly linear complex-valued models [143].
However, as it is shown in the next sections, Eq. (7.8) has implications on
the equalization performance if additional effects that violate Eq. (7.9) are
present between transmitter and receiver. In particular, the focus will be
directed to equalization problem when the receiver front-end is subject to
IQ imbalance or IQ skew.

7.3 Imbalanced receiver models

In this section, complex-valued analytical models of IQ imbalance and IQ
skew effects at the receiver are derived. The models obtained apply to a
single polarization receiver. Nevertheless, considering that CD and PMD are
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strictly linear in the complex domain (i.e. when described in the complex
domain, they satisfy the condition H2 = 0), such models can be directly
extended for a polarization multiplexed receiver. Although this fact will not
be proved here, it can be verified following the analysis presented in [143].

No imbalance or skew is considered at the transmitter side. Frequency
offset between transmitter and receiver is not included in the model deriva-
tions, although it is included in the simulation and results. Here the no-
tations F{.} and F−1{.} are used to denote the direct, and the inverse
Fourier transforms operations, respectively. The notation of matrix mul-
tiplication, for the sake of clarity, is also extended to denote the convolu-
tion operation, as it is commonly used in the modeling of multiple-input
multiple-output (MIMO) systems. The meaning should be clear from the
context.

7.3.1 Receiver IQ imbalance model

Assuming the case where IQ imbalance is present only at the receiver side.
We can model the IQ imbalance by re-writing the equivalent complex base-
band of an ideal local oscillator (LO) laser as

mrx
lo (t) = (1− εrx) cos(ωct− φrx/2)

−j(1 + εrx) sin(ωct+ φrx/2)
= k1e

−jωct + k2e
jωct, (7.10)

with

k1 = [(1− εrx)ej
φrx
2 + (1 + εrx)e−j

φrx
2 ]/2

= k1,r + jk1,i, (7.11)

k2 = [(1− εrx)e−j
φrx
2 − (1 + εrx)ej

φrx
2 ]/2

= k2,r + jk2,i, (7.12)

where ωc = 2πfc, and fc is the carrier frequency. The parameters {εrx, φrx}
represent the effective amplitude and phase imbalance of the receiver, re-
spectively [144]. Let s(t) = sI(t) + jsQ(t) be the equivalent complex
baseband of the received signal at the instant t, then

ŝ(t) = k1s(t) + k2s
∗(t), (7.13)
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where ŝ(t) is the resultant signal obtained after imbalanced detection of
s(t). Equation (7.13) can be rewritten in the real-valued matrix form

[
ŝI(t)
ŝQ(t)

]
=
[
k1,r + k2,r −(k1,i − k2,i)
k1,i + k2,i k1,r − k2,r

][
sI(t)
sQ(t)

]
⇒

[
ŝI(t)
ŝQ(t)

]
=
[
k11 k12
k21 k22

][
sI(t)
sQ(t)

]
. (7.14)

Equation (7.14) is a linear transformation included in the set defined in
Eq. (7.2). However, in the general case, it does not comply with the form
of Eq. (7.9). Hence, IQ imbalance can only be completely described in the
complex domain by a widely linear transformation.

7.3.2 Receiver IQ time skew model

Assuming that the IQ components of the received signal s(t) are relatively
skewed by a delay τ , the resultant signal ŝ(t) can be described by

ŝ(t) = sI(t) ∗ δ(t− τ/2) + jsQ(t) ∗ δ(t+ τ/2), (7.15)

which can be rewritten in the real-valued matrix form[
ŝI(t)
ŝQ(t)

]
=
[
δ(t− τ/2) 0

0 δ(t+ τ/2)

][
sI(t)
sQ(t)

]
. (7.16)

Also Eq. (7.16) belongs to the set of linear transformations defined in
Eq. (7.2) but it is not strictly linear, as it does not comply with Eq. (7.9).
Therefore, IQ skew is also a widely linear transformation in the complex
domain, which can be represented by

ŝ(t) = d1(t) ∗ s(t) + d2(t) ∗ s∗(t), (7.17)

where

d1(t) = [δ(t− τ/2) + δ(t+ τ/2)]/2,
d2(t) = [δ(t− τ/2)− δ(t+ τ/2)]/2.
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7.3.3 Chromatic dispersion compensation with IQ
imbalance at the receiver

Consider that the signal s(t) has propagated over a distance L in a single
mode fiber, and that the receiver attempts to equalize the CD immediately
after the coherent detection. The frequency response of the CD is given by

Hcd(ω) = e−j
β2(ωc)

2 ω2L. (7.18)

Let hcd(t) = F−1{Hcd(ω)} be the complex-valued impulse response of the
chromatic dispersion, we can write

hcd(t) = hcd,I(t) + jhcd,Q(t), (7.19)

and ŝ(t) = hcd(t) ∗ s(t), which corresponds to[
ŝI(t)
ŝQ(t)

]
=
[
hcd,I(t) −hcd,Q(t)
hcd,Q(t) hcd,I(t)

][
sI(t)
sQ(t)

]
. (7.20)

If IQ imbalance is present at the receiver, we can use Eq. (7.14) and
Eq. (7.20) to obtain[

ŝI(t)
ŝQ(t)

]
=
[
k11hcd,I(t) + k12hcd,Q(t)
k21hcd,I(t) + k22hcd,Q(t)

−k11hcd,Q(t) + k12hcd,I(t)
−k21hcd,Q(t) + k22hcd,I(t)

][
sI(t)
sQ(t)

]
. (7.21)

From Eq. (7.21), the equivalent signal ŝ(t) which will be forwarded to the
CD equalizer is given by

ŝ(t) = m1(t) ∗ s(t) +m2(t) ∗ s∗(t), (7.22)

where

m1(t) = [k11 + k22 + j(k21 − k12)]hcd(t)/2
= K1hcd(t),

m2(t) = [k11 − k22 + j(k21 + k12)]h∗cd(t)/2
= K2h

∗
cd(t).

Since CD compensation is usually done in the frequency domain, it is con-
venient to write the equivalent system of Eq. (7.22) as

Ŝ(ω) = M1(ω)S(ω) +M2(ω)S∗(−ω), (7.23)
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where S(ω) = F{s(t)}, S∗(−ω) = F{s∗(t)}, and

M1(ω) = K1Hcd(ω),
M2(ω) = K2H

∗
cd(−ω).

Finally, assuming that the receiver applies the standard ZF equalizer
H−1
cd (ω) = H∗cd(ω) = H∗cd(−ω) to compensate the CD, it results in

ŜZF(ω) = H−1
cd (ω)Ŝ(ω),

= G1(ω)S(ω) +G2(ω)S∗(−ω), (7.24)

where

G1(ω) = K1,

G2(ω) = K2[H∗cd(ω)]2.

7.3.4 Chromatic dispersion compensation with IQ skew at
the receiver

Considering that the receiver adds IQ time skew to a dispersed signal, from
Eq. (7.16) and Eq. (7.20), and following the same steps of subsection 7.3.3,
we obtain[

ŝI(t)
ŝQ(t)

]
=
[
hcd,I(t− τ/2) −hcd,Q(t− τ/2)
hcd,Q(t+ τ/2) hcd,I(t+ τ/2)

][
sI(t)
sQ(t)

]
(7.25)

Therefore, ŝ(t) can be expressed as

ŝ(t) = h1(t) ∗ s(t) + h2(t) ∗ s∗(t), (7.26)

where

h1(t) = {hcd,I(t− τ/2) + hcd,I(t+ τ/2)
+ j[hcd,Q(t+ τ/2) + hcd,Q(t− τ/2)]}/2,

h2(t) = {hcd,I(t− τ/2)− hcd,I(t+ τ/2)
+ j[hcd,Q(t+ τ/2)− hcd,Q(t− τ/2)]}/2.

The equivalent system of Eq. (7.26) in the frequency domain can be written
as

Ŝ(ω) = H1(ω)S(ω) +H2(ω)S∗(−ω), (7.27)
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where

H1(ω) = {Hcd,I(ω)e−jωτ/2 +Hcd,I(ω)ejωτ/2

+ j[Hcd,Q(ω)ejωτ/2 +Hcd,Q(ω)e−jωτ/2]}/2
= Hcd(ω) cos(ωτ/2),

H2(ω) = {Hcd,I(ω)e−jωτ/2 −Hcd,I(ω)ejωτ/2

+ j[Hcd,Q(ω)ejωτ/2 −Hcd,Q(ω)e−jωτ/2]}/2
= −jH∗cd(−ω) sin(ωτ/2).

Again, assuming ZF compensation of CD, the result is

ŜZF(ω) = H−1
cd (ω)Ŝ(ω)

= G1(ω)S(ω) +G2(ω)S∗(−ω), (7.28)

where

G1(ω) = cos(ωτ/2),
G2(ω) = −j[H∗cd(ω)]2 sin(ωτ/2).

7.3.5 Discussion on the implications of the models

Consider the usual situation where, after ZF equalization of CD, the signal
is forwarded to an adaptive equalizer, as discussed in Section 7.1. Ana-
lyzing the expressions obtained in Eq. (7.24) and Eq. (7.28) the following
important remarks can be discussed:

1. Since G1(ω) and G2(ω) are both strictly linear complex-valued trans-
fer functions, the signal obtained after ZF compensation of CD is only
completely described by a widely linear complex operation on S(ω).
By observing this fact, we can infer that a standard strictly linear
complex-valued equalizer will present a poor performance in recover-
ing S(ω), since its structure can not completely represent the widely
linear transformation operated on the signal. Therefore, optimal lin-
ear equalization performance should be achieved only by widely linear
complex-valued equalizer structure, or by its correspondence in the
real-valued two-dimensional space.
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2. In fact, the impact of the conjugate term on the equalizer performance
can even be quantified, if we consider that it should be proportional to
the signal to interference power ratio. The power of the interference
can be calculated from the term G2(ω)S∗(−ω) [144].

3. To optimally recover S(ω), in the MMSE sense, the adaptive equal-
izer must be able to jointly process ŜZF(ω) and Ŝ∗ZF(−ω), in order
to invert the transfer functions G1(ω) and G2(ω). However, the im-
pulse response g2(t) = F−1{G2(ω)} is twice as long as the response
of the chromatic dispersion. Therefore, the complexity required to
equalize such signal will scale proportionally to twice the complex-
ity of zero-forcing CD compensation, independently if the equalizer is
implemented with all real-valued or all complex-valued filters. This
interesting conclusion explains why in [141] and [142] four (instead of
the usual two) independent CD compensation complex-valued filters
are necessary to enable a low complexity adaptive equalizer to com-
pensate the IQ skew at the receiver. It also explains why in [140] a
large number of taps is required to recover the signal with the adap-
tive equalizer. The equalizer number of taps is also the limitation
of [139], which fails when the signal has a significant amount of ac-
cumulated CD, as indicated in [142]. In fact, we can point out the
equalizer structures proposed in [139–142] are equivalent in the sense
that, giving the necessary number of equalizer taps to solve the equal-
ization problem, they should provide similar performance.

7.3.6 Comments on the WL-ZF equalization of IQ-mixing
and CD

The presence of the conjugate terms in Eq. (7.23) and (7.27) implies that
a complex-valued stricty linear ZF equalizer will not be able to completely
eliminate the effect of the CD, since it cannot simultaneously compensate
for Hcd(ω) and H∗cd(ω). Another approach for this problem would be to
design a WL-ZF equalizer of CD which includes the effects of IQ-mixing. Such
equalizer structure can be found by inverting the matrices in Eq. (7.21) and
(7.25). In general, for a WL system described by

Ŝ(ω) = C1(ω)S(ω) + C2(ω)S∗(−ω), (7.29)

assuming that C1(ω) and C2(ω) are invertible, the ZF widely linear equalizer
will be given by
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ŜWL−ZF (ω) = C∗1 (−ω)
C1(ω)C∗1 (−ω)− C2(ω)C∗2 (−ω) Ŝ(ω)

− C2(ω)
C1(ω)C∗1 (−ω)− C2(ω)C∗2 (−ω) Ŝ

∗(−ω). (7.30)

Note that if C2(ω) = 0, then

ŜWL−ZF (ω) = 1
C1(ω) Ŝ(ω), (7.31)

which corresponds to the strictly linear ZF equalizer of C1(ω). A neces-
sary condition for the system in Eq. (7.29) to be invertible is D(ω) =
C1(ω)C∗1 (−ω)−C2(ω)C∗2 (−ω) 6= 0 for all ω. It is easy to check that for the
systems in Eq. (7.27) and Eq. (7.28) D(ω) = 1 always, which shows that
any combination of IQ skew and CD can be fully compensated. Of course,
since the design of the WL-ZF equalizer requires the receiver to know exactly
the IQ imbalance of IQ skew at the front-end, the best procedure would be
to compensate the IQ-mixing before the equalization blocks and save DSP
complexity. Nevertheless, Eq. (7.30) outlines what a complex-valued WL
adaptive equalizer should look like to recover a signal impaired by IQ-mixing
and CD.

A hybrid approach to solve the equalization problem is also possible,
as indirectly demonstrated in references [141] and [142]. There, the au-
thors propose to modify the ZF equalization of CD and to take advantage
of symmetries of the CD impulse response to reduce complexity, further
using a 4 × 2 complex-valued adaptive equalizer to compensate for the IQ
skew. Their approach can be seen as the result of a direct application of
Eq. (7.30) to find the WL equalizer for the system in Eq. (7.27). However,
this approach may impose challenges to the synchronization and timing
recovery algorithms, since they have to be performed before compensation
of CD.

7.4 Adaptive equalizer using augmented Jones
vectors

Coherent optical receivers commonly employ finite impulse response (FIR)
MIMO adaptive equalizers to perform polarization demultiplexing and to
approximating the matched filtered detection. In the previous sections, it
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was shown how the augmented complex-valued signal processing could be
used to obtain models in the complex domain which adequately represent
IQ-mixing related effects. The aim of this section is to derive a general
complex-valued MIMO adaptive equalizer structure which should be able to
compensate for reversible IQ-mixing effects.

From now on the signals are assumed to be discrete time versions of their
respective continuous-time waveforms, sampled at least to the double of the
baud rate. The elements in the matrix representation of the equalizers are
FIR filters.

7.4.1 Equalizer general structure

The structure of the most general adaptive equalizer for a polarization
multiplexed receiver is given by

x̂I
x̂Q
ŷI
ŷQ

=


hTxIxI hTxIxQ hTxIyI hTxIyQ

hTxQxI hTxQxQ hTxQyI hTxQyQ

hTyIxI hTyIxQ hTyIyI hTyIyQ

hTyQxI hTyQxQ hTyQyI hTyQyQ



xI
xQ
yI
yQ

 . (7.32)

It corresponds to a 4 × 4 real-valued MIMO system where the inputs are
the real and imaginary parts of the received complex-valued polarization
signals (x,y): xI = Re(x), xQ = Im(x), yI = Re(y), yQ = Im(y). For
convenience, define

M4 =


hTxIxI hTxIxQ hTxIyI hTxIyQ

hTxQxI hTxQxQ hTxQyI hTxQyQ

hTyIxI hTyIxQ hTyIyI hTyIyQ

hTyQxI hTyQxQ hTyQyI hTyQyQ

 . (7.33)

The equalizer structure in Eq. (7.32) should be able to compensate a
general reversible channel response that can be entirely represented as a
linear transformation in R4. It is possible to show that, in absence of IQ-
mixing, such equalizer can be reduced to the standard 2×2 complex-valued
equalizer defined by [

x̂
ŷ

]
=
[
hHxx hHxy
hHyx hHyy

][
x
y

]
, (7.34)

where s =
[
x y

]T
and ŝ =

[
x̂ ŷ

]T
are the Jones vector representation

of equalizer’s input and output, respectively. Note that ŝ ∈ C2×1, while
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s ∈ C2N×1 and the h-elements of M4 ∈ RN×1, where N is the number of
taps of the equalizer’s FIR structure.

Equation (7.34) follows directly from the strict linearity of the CD and
PMD in the complex domain. However, in the general case, the structures
of Eq. (7.32) and Eq. (7.34) are not equivalent. In order to derive the equiv-
alent version of Eq. (7.32) in the complex domain, we perform the linear
transformation defined in Eq. (7.4). In this case, the TN transformation
defined in Eq. (7.1) resolves to

T2 =


1 j 0 0
1 −j 0 0
0 0 1 j
0 0 1 −j

 . (7.35)

Note that, for convenience, the columns and rows of T2 were linearly rear-
ranged in order to clarify the following steps, and that this linear transfor-
mation does not change its unitary properties. The matrix T2 can then be
used to define the augmented Jones vector s, which is obtained by

s =


x
x∗

y
y∗

 =


1 j 0 0
1 −j 0 0
0 0 1 j
0 0 1 −j



xI
xQ
yI
yQ

 . (7.36)

Directly applying Eq. (7.4) to T2 and M4, and after some algebric
manipulation, we have that

ŝ = Hs1s + Hs2s∗, (7.37)

where

Hs1 = 1
2

[
hTxIxI + hTxQxQ + j(hTxQxI − h

T
xIxQ)

hTyIxI + hTyQxQ + j(hTyQxI − h
T
yIxQ)

hTxIyI + hTxQyQ + j(hTxQyI − h
T
xIyQ)

hTyIyI + hTyQyQ + j(hTyQyI − h
T
xIyQ)

]
, (7.38)

Hs2 = 1
2

[
hTxIxI − h

T
xQxQ + j(hTxQxI + hTxIxQ)

hTyIxI − h
T
yQxQ + j(hTyQxI + hTyIxQ)

hTxIyI − h
T
xQyQ + j(hTxQyI + hTxIyQ)

hTyIyI − h
T
yQyQ + j(hTyQyI + hTxIyQ)

]
, (7.39)
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which leads to the widely linear MIMO complex-valued equalizer structure[
x̂
ŷ

]
=
[
hHxx hHxy
hHyx hHyy

][
x
y

]
+
[
hHxx∗ hHxy∗

hHyx∗ hHyy∗

][
x∗

y∗

]
. (7.40)

The corresponding block diagram for the equalizer is depicted in
Fig. 7.1.

hxx

hyx

hxy

hyy

+

+

hxx*

hyx*

hxy*

hyy*

+

+

[.]*

[.]*

+

+

X[k]

Y[k]

X[k]

Y[k]

^

^

Figure 7.1 Block diagram of the 2 × 2 MIMO complex-valued WL adaptive equalizer.

Observe that Eq. (7.40) reduces to Eq. (7.34) (i.e. Hs2 = 0) if there is
no mixing between IQ components in the received signal. One advantage
of the structure in Eq. (7.40) over the one in Eq. (7.32) is that, since
blind equalization algorithms usually rely on the two-dimensional statistical
properties of complex-valued signals, those algorithms are easier to derive
for a complex-valued equalizer.

7.4.2 Filter coefficients update algorithm

Taking as the starting point the complex-valued least mean square (CLMS)
algorithm, the widely linear CLMS (WL-CLMS) can be derived [150]. The
adaptation rules used to train a the WL-CLMS are similar to the ones ob-
tained for the CLMS, as shown in [151] and [150].

However, to make the dynamic update of the FIR coefficients indepen-
dent of the carrier phase, the update rules for the widely linear MIMO equal-
izer used in this paper were implemented based on the algorithm described
in [151], modified to use the decision directed least radius distance (DD-
LRD) error criteria [152]. These error criteria can be easily changed to
perform a radius directed equalizer (RDE) mode, in order to implement
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unsupervised training of the equalizer’s coefficients. The filters of Hs1 and
Hs2 are updated according to Eq. (7.41) and (7.42), respectively, with

hxx(k + 1) = hxx(k) + µex(k)x∗(k),
hxy(k + 1) = hxy(k) + µex(k)y∗(k),
hyx(k + 1) = hyx(k) + µey(k)x∗(k),
hyy(k + 1) = hyy(k) + µey(k)y∗(k), (7.41)

hxx∗(k + 1) = hxx∗(k) + µex(k)x(k),
hxy∗(k + 1) = hxy∗(k) + µex(k)y(k),
hyx∗(k + 1) = hyx∗(k) + µey(k)x(k),
hyy∗(k + 1) = hyy∗(k) + µey(k)y(k), (7.42)

where 0 < µ < 1 is the adaptation step, and {ex(k), ey(k)} correspond to
the error criteria, defined by

ex(k) = x̂(k)(|xd(k)|2 − |x̂(k)|2),
ey(k) = ŷ(k)(|yd(k)|2 − |ŷ(k)|2), (7.43)

where xd(k) and yd(k) are training symbols.
Another possibility is to define

ex(k) = x̂(k)(|Rx(k)|2 − |x̂(k)|2),
ey(k) = ŷ(k)(|Ry(k)|2 − |ŷ(k)|2), (7.44)

where Rx(k) and Ry(k) are the decided radius of the RDE algorithm.
Both error criteria are independent of frequency offset.

7.5 Simulation setup and numerical results
In this section, the performance of the widely linear adaptive equalizer
is numerically investigated for DP transmission using M -QAM modulation
formats, with M = 16, 64 and 256. The numerical simulation model is
illustrated in Fig. 7.2.

All simulated cases assumed single channel configuration at a symbol
rate (Rs) of 32 GBd. In the constellation mapping block, the sequences of
M -QAM symbols were generated with a fixed length of 250000 symbols per
polarization, mapped from decorrelated pieces of a pseudo-random binary
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Figure 7.2 Numerical simulation setup of a simplified optical channel, with only fiber
linear propagation effects and additive white Gaussian noise included.

sequence (PRBS) of length 223 − 1. The modulated data was upsampled to
16 samples per symbol, and pulse shaped using root raised cosine (RRC)
filters with a roll-off factor of 0.01. For all tested cases, a fixed frequency
offset of 100 MHz was imposed between the local oscillators at transmitter
and receiver. No phase noise was considered.

The simplified linear optical channel model accounted for static lin-
ear polarization rotation, CD loading, and amplified spontaneous emission
(ASE) from Erbium-doped fiber amplifier (EDFA), modeled as additive white
Gaussian noise (AWGN). At the front-end model of the receiver, the fre-
quency offset is added to the signal, which is filtered by an ideal rectangular
low pass filter with a bandwidth of 1.1Rs. This stage is followed by an ideal
dual polarization coherent receiver, and a block to simulate IQ imbalance
and IQ skew on the received polarizations. After the receiver front-end, a
standard set of DSP algorithms for data demodulation is applied, consisting
in frequency domain CD compensation, decimation, adaptive equalization,
ideal carrier recovery (i.e., 100 MHz frequency offset compensation) and
digital demodulation using hard symbol decisions with the minimum Eu-
clidean distance metric.

The adaptive equalizers were implemented in the Ts/2-fractionally
spaced mode, where Ts = 1/Rs, therefore requiring the signal to be sampled
at 2Rs.

For all results that follow, the label “complex” refers to the 2 × 2
complex-valued (strictly) linear equalizer structure defined in Eq. (7.34)
and the label “WL complex” refers to the 2×2 complex-valued widely linear
structure defined in Eq. (7.40). The chosen figure of merit for the receiver’s
performance comparisons is the Q2-factor, in dB, which is calculated from
the bit-error rate (BER) according to Q2

dB = 20 log10[
√

2erfcinv(2BER)].
Distinct optical signal-to-noise ratio (OSNR) values were chosen for each
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Widely linear equalization for coherent optical receivers

tested modulation format in order to maintain the minimum BER values
around 10−4 to 10−3 at the receiver. The OSNR is defined assuming a
bandwidth of 12.5 GHz.

7.5.1 MSE convergence

Figure 7.3 shows the convergence of the equalizers in terms of mean square
error (MSE) of the training iteration. Both equalizers were configured with
25 taps time response. For this particular example, each point corresponds
to the mean square error calculated with a moving average window of
1000 iterations. These results refer to the polarization demultiplexing of
a 32 GBd dual polarization 256QAM (DP-256QAM) signal in the “back-to-
back” (AWGN) configuration with 37 dB of OSNR at the receiver’s input.

Figure 7.3 (a) corresponds to the case where no IQ imbalance or IQ skew
is present at the receiver front-end. The MSE of both equalizers converges to
a minimum value of −35 dB. Figure 7.3 (b) corresponds to the case where
the signals of both polarizations are subject to IQ imbalance and IQ skew.
For this case, it can be noticed that the MSE of the 2 × 2 complex-valued
linear equalizer shows an offset of more than 15 dB, compared with the
curve in Fig. 7.3 (a). However, the same floor of MSE of −35 dB is reached
with 2 × 2 complex-valued widely linear equalizer, regardless the presence
or not of IQ-mixing.

The training period corresponds to a sequence of consecutive tap up-
dates, with each iteration using one training symbol. In Fig. 7.3, it is shown
the convergence of the equalizer for a training sequence (block) of 10× 104

symbols. It can be noticed that the convergence is achieved in between
20×103 and 40×103 iterations, which provides an estimate of the required
size of the training sequence. Additionally, it is also clear that both equal-
izers converge in the MSE with more or less the same number of iterations,
which indicates that the complex-valued WL implementation did not in-
crease the requirements of training length compared to the conventional
strictly linear complex-valued structure.

7.5.2 Performance with IQ imbalance and skew in
back-to-back

In Fig. 7.4 and Fig. 7.5, the performance surfaces of the receiver for the two
complex-valued adaptive equalizers tested for different combinations of IQ
amplitude (εrx) and phase imbalance (φrx), and IQ skew, respectively.
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(a)

(b)

Figure 7.3 Example of MSE evolution during the equalizers’ training iterations. (a) MSE
evolution in absence of IQ-mixing effects; (b) MSE evolution for both polarizations subject
to: εrx = 0.05 (IQ amplitude imbalance), φrx = 4◦ (IQ phase imbalance), and τ = 0.25Ts
(IQ skew).

The performance is evaluated in the stationary regime, i.e. after conver-
gence in the MSE during the training period. Both equalizers were config-
ured to use 25 taps. As it can be seen, in the presence of any of the impair-
ments, the performance of the 2× 2 complex-valued equalizer is degraded.
The penalty in Q2-factor, as one would expect, also increases with the order
of the modulation format. On the other hand, for all tested cases, the op-
timal performance is maintained using 2× 2 complex-valued WL equalizer.
Optimal refers to the receiver performance after 2×2 complex-valued linear
equalization in the absence of any IQ-mixing at the receiver front-end.
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(a) (b)

(c)

Figure 7.4 Back-to-back performance after 2 × 2 complex-valued equalization and after
2 × 2 widely linear complex-valued equalization for a dual polarization coherent receiver.
The plots show Q2-factor vs normalized IQ amplitude imbalance (εrx) and IQ phase
imbalance (φrx). Same values applied simultaneously to both polarizations at the receiver
front-end. (a) 32 GBd DP-16QAM with OSNRRX= 22 dB; (b) 32 GBd DP-64QAM with
OSNRRX= 28 dB; (c) 32 GBd DP-256QAM with OSNRRX= 37 dB.

The spikes appearing in the performance surfaces of the 2× 2 complex-
valued linear equalizer are attributed to convergence to the same polariza-
tion. Since this structure cannot handle IQ-mixing, those extreme cases
where one polarization is correctly received while the other is severely im-
paired by IQ skew may have an increased probability of convergence to the
same polarization. However, an additional study would be necessary to
characterize the cause and frequency of such events precisely.
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(a) (b)

(c)

Figure 7.5 Back-to-back performance after 2 × 2 complex-valued equalization and after
2 × 2 widely linear complex-valued equalization for a dual polarization coherent receiver
subject to IQ skew. The plots show Q2-factor vs IQ skew as a fraction of the symbol
period. (a) 32 GBd DP-16QAM with OSNRRX= 22 dB; (b) 32 GBd DP-64QAM with
OSNRRX= 28 dB; (c) 32 GBd DP-256QAM with OSNRRX= 37 dB.

7.5.3 Performance with IQ imbalance and skew after
zero-forcing CD compensation

Here the receiver performance is compared when the signal is sent to the
adaptive equalizer after zero-forcing equalization of a significant amount of
CD. For all simulated cases, the assumption is that the receiver front-end
adds εrx = 0.05 of IQ amplitude imbalance, φrx = 4◦ of IQ phase imbalance,
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and τ = 0.25Ts of IQ skew, for both received polarizations.

(a)

(b)

(c)

Figure 7.6 Performance comparison in Q2-factor vs number of equalizer taps after zero-
forcing CD compensation of 9600 ps/nm, equivalent to 600 km of transmission over a
single mode fiber with dispersion parameter 16 ps/nm/km. (a) DP-16QAM, OSNRRX=
22 dB; (b) DP-64QAM, OSNRRX= 28 dB; (c) DP-256QAM, OSNRRX= 37 dB.

The parameters of the CD loading stage were configured to provide a
total of 9600 ps/nm of accumulated CD, which is equivalent to a trans-
mission over 600 km of single mode fiber with a dispersion parameter of
16 ps/nm/km at 1550 nm.

Using the analytic expressions in [153], we can calculate that a 32 GBd
signal, sampled at 64 GS/s, would require from a Ts/2 fractionally spaced
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equalizer (FSE) a minimum of 158 taps to compensate for such amount of
CD. The value corresponding to twice of this lower bound, 316 taps, is
indicated by the vertical dashed lines in the subfigures of Fig. 7.6.

The results shown in Fig. 7.6 demonstrate that the complex-valued 2×2
equalizer is not able to recover the signal with any number of taps config-
uration. On the other hand, the performance of the 2× 2 complex-valued
WL equalizer clearly depends on its number of taps. In particular, when the
number of taps exceeds 316 (i.e., twice the CD impulse response duration),
the performance of the receiver is identical to the one obtained with no
CD loading. Therefore, these results are in agreement with the conclusions
drawn from the analysis presented in Section 7.3. Finally, Fig. 7.7 shows
that the same behavior of the 2× 2 complex-valued WL equalizer observed
in Fig. 7.6 is reproduced for different transmission distances.

79 taps

158 taps
316 taps

474 taps

Figure 7.7 Receiver performance of DP-16QAM, OSNRRX= 22 dB, using the adaptive WL
equalizer after zero-forcing CD compensation. Each curve refer to a fixed transmission
distance (dispersion parameter 16 ps/nm/km) and indicate the Q2-factor as a function of
the equalizer number of taps. The values pointed by the arrows indicate the corresponding
number of taps to cover twice of CD response duration for each respective distance.

7.5.4 Additional comments

As the results have shown, a widely linear equalization structure can be
used to compensate practically all reversible combinations of IQ imbalance
and IQ skew present at the receiver. However, such capability doubles the
complexity of the standard channel equalization. Therefore, considering
how the requirements increase with the amount accumulated CD in the
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transmission link, we can point out that, for long haul systems, the overhead
of complexity may be too large for practical implementation.

Nevertheless, the models derived in Section 7.3 can be used to inves-
tigate the impact of receiver front-end imperfections on the performance
of long-haul transceivers, which is useful information for equipment cal-
ibration and the development of algorithms to estimate and compensate
IQ-mixing effects before the DSP equalization blocks.

On the other hand, for metro networks and short-range transceivers,
where the amount of accumulated CD can be reasonably small, such equal-
izer structure tend to increase its cost-effectiveness, since the use of widely
linear equalization may, for example, relax the requirements on the subsys-
tems components employed in coherent receivers. For the last, the study
of the symmetries of the complex-valued WL models may provide insights
to optimize its DSP implementations.

7.6 Summary
In this chapter, it was shown that using augmented complex analysis, useful
complex-valued models for IQ imbalance and IQ skew in coherent optical
receivers can be derived. It was demonstrated how such models naturally
connect the compensation of such impairments and the general equalization
problem of the linear channel response.

It was shown that the attempting to use a conventional zero-forcing CD
equalizer under the presence of IQ-mixing receiver front-end imperfections
results in a two-fold increase in the complexity required by the adaptive
equalization algorithm, with respect to the static CD equalizer, indepen-
dently of the implementation domain (real-valued space or complex-valued
space).

Based on the augmented complex analysis, it was proposed and exten-
sively validated by numerical simulations, for different M -QAM modulation
formats, a widely linear complex-valued adaptive equalizer structure for a
polarization multiplexed receiver. The proposed structure is able to main-
tain optimal performance, in the MMSE sense, under the presence of IQ
imbalance and IQ skew at the receiver front-end. Results from extensive
numerical simulations have shown that the performance of the proposed
equalizer agrees with the analytical models first derived.
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Chapter 8

Widely linear equalization
for transmitter IQ-mixing
compensation in multicarrier
systems

In Chapter 7, widely linear models were introduced to analyze the impact
of in-phase/quadrature (IQ)-mixing in coherent optical receivers. In this
chapter, this analysis is extended to investigate the effect of IQ-mixing at
the transmitter side of multicarrier systems.

Multicarrier systems have been extensively investigated in coherent op-
tical communication systems. The most popular techniques for subcarrier
multiplexing comprise orthogonal frequency-division multiplexing (OFDM)
[54,154], Nyquist-wavelength-division multiplexing (WDM) [155] and super-
Nyquist-WDM [156]. Some variants of OFDM, such as offset-QAM [157] have
also been investigated. Nyquist-WDM and OFDM are the main digital sig-
nal processing (DSP)-enabled techniques for superchannel transmission at
terabit rates [158] with high spectral efficiency. From the network perspec-
tive, those techniques are proposed to enable functionalities such as flexible
spectrum allocation and rate adaptive transceivers [159].

These systems also play a role in the mitigation of nonlinear distor-
tions. Numerical results obtained with the enhanced Gaussian noise (EGN)
model [160, 161] predict the existence of optimum symbol rates that mini-
mize the accumulation of nonlinear interference (NLI) for a given fiber link.
Based on these estimations, symbol rate optimized multicarrier systems
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have been investigated as an alternative to mitigate Kerr nonlinearities in
WDM systems [162,163].

Therefore, multicarrier systems have an important place in the state-of-
the-art of coherent optical communication, and that is the main motivation
for the work presented in this chapter. The content of this chapter directly
relates to the work published by the author in [C4].

8.1 Introduction

In similar lines of the discussion presented in Chapter 7, the performance
of multicarrier systems can be degraded by imperfections or incorrect cali-
bration that can lead to IQ imbalance and IQ skew, i.e., IQ-mixing effects at
the transmitters or receivers. Assuming that the receiver DSP should take
the task of compensating for such effects, it is necessary to analyze how the
presence of IQ-mixing affects the transmitted subcarriers in a multicarrier
signal.

One possible strategy to tackle this problem would be to attempt to
eliminate IQ-mixing before the channel equalization, using algorithms based
on e.g. Gram–Schmidt orthogonalization procedures (GSOP) [164,165] and
independent component analysis (ICA) [166]. However, the effectiveness
of these algorithms depends on specific scenarios of application. More-
over, in case these methods exhibit poor or suboptimal performance, they
will unavoidably impact the performance of the channel equalization [165].
Therefore, as in Chapter 7, here it is assumed that the IQ-mixing is to be
compensated by the adaptive equalizer stage.

In [167], the presence of IQ skew is shown to cause linear self-interference
between symmetric subcarriers in a multicarrier signal. The authors pro-
pose a least mean square (LMS) 8×8 multiple-input multiple-output (MIMO)
real-valued adaptive equalizer to compensate for IQ skew present at the
transmitter. However, the LMS algorithm requires knowledge of the phase
of all subcarriers at the receiver simultaneously which, in practice, can be a
complicated task to be performed before the separation of the polarization
components and equalization. Alternatively, a blind equalization strategy
can be employed [139, 142]. Blind equalization algorithms rely on the sta-
tistical properties of the complex-valued signals.

However, as discussed in Chapter 7, IQ-mixing interference can not be
completely captured by standard (strictly linear) complex-valued models
[J3], commonly used for adaptive equalization in polarization multiplexed
systems. Therefore, to make the equalization robust to IQ-mixing, the
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strictly linear complex-valued equalizer models have to be extended to
widely linear (WL) models. In [168], the performance degradation due
to IQ imbalance is investigated for a RF-based direct-detection OFDM sys-
tem. The authors also conclude that IQ imbalance imposes self-interference
between symmetric OFDM subcarriers and propose a MIMO multimodulus
algorithm (MMA) equalizer to compensate for it. The final structure of the
proposed blind equalizer is similar to a WL structure.

The rest of the chapter is organized as follows. In Section 8.2, the
analytical WL complex-valued models shown in Chapter 7 are applied to
investigate IQ-mixing in multicarrier transmitters. Based on this analy-
sis, in Section 8.3, a WL 4×4 MIMO complex-valued adaptive equalizer is
proposed to compensate the IQ-mixing in dual polarization (DP) multicar-
rier systems. Section 8.4 and 8.5 show the experimental setup and the
performance results of the proposed algorithm, respectively. The equal-
izer is experimentally validated for a multicarrier system with four 8 GBd
Nyquist dual polarization quadrature phase-shift keying (DP-QPSK) subcar-
riers. Section 8.6 summarizes the main conclusions.

8.2 IQ-mixing in multicarrier transmitters
Assume that all subcarriers of the multicarrier signal share the same IQ
modulator at the transmitter, such that the presence of IQ-mixing will affect
the full baseband signal. Consider a system with an even number Nsc of
subcarriers, for simplicity, uniformly separated in frequency by fsc Hz. The
complex baseband envelope of the entire set of subcarriers is given by

s(t) =
Nsc∑
k=1

sk(t) exp
[
jα(k)ωsct

2

]
(8.1)

where sk(t) is the equivalent complex baseband signal corresponding to the
individual subcarrier of index k, ωsc = 2πfsc and α(k) = 2k − 1 − Nsc.
The index k = 1 refers to the subcarrier in the left most position in the
spectrum. The conjugate version of s(t) is given by

s∗(t) =
Nsc∑
n=1

s∗n(t) exp
[
jβ(n)ωsct

2

]
(8.2)

where β(n) = −2n + 1 + Nsc. Observe that n = 1 corresponds to the
conjugate subcarrier in the right most position of the spectrum. In the
Fourier domain, equations (8.1) and (8.2) can be written as
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S(ω) =
Nsc∑
k=1

Sk(ω) ∗ δ
(
ω − α(k)ωsc

2

)
(8.3)

S∗(−ω) =
Nsc∑
n=1

S∗n(−ω) ∗ δ
(
ω − β(n)ωsc

2

)
(8.4)

Figure 8.1 Illustration of IQ-mixing interference effect in a multicarrier signal with
four subcarriers.

The effect of IQ imbalance can be described by the WL transformation
in the complex domain

ŝ(t) = k1s(t) + k2s
∗(t)⇒ Ŝ(ω) = k1S(ω) + k2S

∗(−ω) (8.5)
where k1 and k2 are complex numbers [144], and S(ω) is the Fourier trans-
form of s(t). Moreover, IQ skew can also be modeled by aWL transformation
of s(t), represented in the frequency domain by

Ŝ(ω) = G1(ω)S(ω) +G2(ω)S∗(−ω) (8.6)

where G1(ω) = cos(ωτ/2) and G2(ω) = j sin(ωτ/2), with τ corresponding
to the skew value in seconds.

Therefore, if the multicarrier transmitter suffers from IQ-mixing, the
equivalent complex baseband signal ŝ(t) will be the result of linear self-
interference between s(t) and its conjugate. This implies that each subcar-
rier k̂ will receive linear crosstalk from the conjugate version of a subcarrier

116



i
i

“Main” — 2017/5/2 — 13:24 — page 117 — #135 i
i

i
i

i
i

8.3 Widely linear 4 × 4 MIMO complex-valued adaptive equalizer

n̂. The pairs of interfering subcarriers can be determined using Eq. (8.1)
and Eq. (8.2), under the condition α(k̂) = β(n̂). Therefore, interfering
subcarriers obey the relation k̂+n̂ = Nsc+1. For example, for a system with
four subcarriers, the interfering pairs are (1, 4) and (2, 3), as illustrated in
Fig. 8.1. Another implication of the frequency dependence in Eq. (8.6) is
that outer subcarriers will be more affected by the presence of IQ skew than
inner subcarriers since the power of the interference is increasing with the
frequency, whereas the opposite is happening with the signal power. This
difference in performance among subcarriers was observed in [167,169].

The models shown are valid to describe the IQ-mixing originated only
at the transmitter or only at the receiver front-end in a back-to-back con-
figuration. Here it is assumed that IQ-mixing is present only at the trans-
mitter. In this case, the model also holds if the signal is detected after
propagation over the fiber channel, because IQ-mixing will not affect the
zero-forcing (ZF) equalization of chromatic dispersion (CD) (see Chapter 7).
However, if IQ-mixing is induced at the receiver front-end after fiber prop-
agation, the analysis has to include the linear fiber effects, the CD in par-
ticular and this case is not investigated here.

8.3 Widely linear 4 × 4 MIMO complex-valued
adaptive equalizer

Based on the analysis presented in Section 8.3, a MIMO WL complex-valued
adaptive equalizer structure to compensate the inter-subcarrier IQ-mixing
interference induced at DP multicarrier transmitters is proposed. The main
idea is to jointly equalize pairs of interfering subcarriers, taking into con-
sideration the conjugate characteristic of the interference by using a WL
structure.

The finite impulse response (FIR) structure of the equalizer is given by[
x̂A
ŷA

]
=
[
hHxAxA hHxAyA
hHyAxA hHyAyA

][
xA
yA

]
+
[
hHxAx∗

B
hHxAy∗

B
hHyAx∗

B
hHyAy∗

B

][
x∗B
y∗B

]
(8.7)

[
x̂B
ŷB

]
=
[
hHxBxB hHxByB
hHyBxB hHyByB

][
xB
yB

]
+
[
hHxBx∗

A
hHxBy∗

A
hHyBx∗

A
hHyBy∗

A

][
x∗A
y∗A

]
, (8.8)

where (x,y) correspond to the signals from distinct polarizations, and the
indexes (A, B) indicate any pair of interfering subcarriers defined in Sec-
tion 8.2. All vectors h, xA, yA, xB, yB ∈ CN×1, where N is the number
of FIR coefficients.
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The update algorithm for the filter coefficients is given by Eq. (8.9) and
Eq. (8.10), where (ξ, ψ) = (A,B) or (ξ, ψ) = (B,A), exξ(k), eyξ(k) are the
error criteria to be minimized, and µ is the adaptation step.

hxξxξ(k + 1) = hxξxξ(k) + µexξ(k)x∗ξ(k)
hxξyξ(k + 1) = hxξyξ(k) + µexξ(k)y∗ξ (k)
hyξxξ(k + 1) = hyξxξ(k) + µeyξ(k)x∗ξ(k)
hyξyξ(k + 1) = hyξyξ(k) + µeyξ(k)y∗ξ (k) (8.9)

hxξx∗
ψ

(k + 1) = hxξx∗
ψ

(k) + µexξ(k)xψ(k)

hxξy∗
ψ

(k + 1) = hxξy∗
ψ

(k) + µexξ(k)yψ(k)

hyξx∗
ψ

(k + 1) = hyξx∗
ψ

(k) + µeyξ(k)xψ(k)

hyξy∗
ψ

(k + 1) = hyξy∗
ψ

(k) + µeyξ(k)yψ(k). (8.10)

The error criteria can be selected according to the type of training
intended, as explained in Chapter 7 (7.4.2). For proof of concept with
quadrature phase-shift keying (QPSK) subcarriers, blind training is assumed
using the constant modulus algorithm (CMA) and a T/2-fractionally spaced
structure (2 samples/symbol). The experimental validation of the proposed
complex-valued equalizer is then reported in the next sections.

8.4 Experimental setup for proof of concept
The experimental setup used to generate and detect the multicarrier signal
is depicted in Fig. 8.2 (a). At the transmitter side, an IQ modulator is used
to modulate an external cavity laser (ECL). The specified laser linewidth
is less than 100 kHz. The baseband signals used to drive the optical IQ
modulator are generated by an arbitrary waveform generator (AWG), with
a sampling rate of 64 GSa/s and an analog bandwidth of 20 GHz. The base-
band signal is composed of four decorrelated QPSK carriers, each modulated
at 8 GBd, with root raised cosine (RRC) pulse shape with a roll-off factor of
1%, and separated by 500 MHz guard bands. The binary data of the QPSK
subcarriers is generated by decorrelated subsequences of a pseudo-random
binary sequence (PRBS) of length 223 − 1.

The optical signal is amplified and sent to a polarization multiplexing
emulation stage, where the final DP-QPSK desired multicarrier signal is ob-
tained. After amplified spontaneous emission (ASE) noise loading, the sig-
nal is pre-amplified, filtered, and coherently detected with a single optical
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8.4 Experimental setup for proof of concept

Figure 8.2 (a) Experimental setup to generate and coherently detect a 4×8 Gbaud DP-
QPSK Nyquist multicarrier signal and offline DSP applied to the traces. (b) The individual
subcarrier equalization scheme using 2×2 MIMO complex-valued adaptive equalizer. (c)
The proposed equalization scheme using 4×4 MIMO WL complex-valued adaptive equal-
izer.

coherent receiver. The detected signal is acquired with a real time digital
sampling oscilloscope (DSO) at 80 GSa/s and 33 GHz of analog bandwidth.
Offline DSP is used to process the acquired data. The flow of algorithms is
composed of coarse frequency offset (FO) compensation, subcarrier demulti-
plexing (downconversion and matched filtering), timing recovery, adaptive
equalization, carrier phase recovery, digital demodulation, and bit error
counting.

Due to experimental limitations to configure a broad and precise range
of IQ skew and IQ imbalance values at the transmitter side, those effects
were emulated offline to the detected data instead. Nevertheless, as the
experimental analysis is restricted to the back-to-back case, the proposed
model holds. The procedure to add a particular skew value was to shift in
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time the IQ components of the acquired polarizations by the corresponding
number of samples. Phase and amplitude IQ imbalance were added to
the signals based on models provided in [144]. In total, the performance
is investigated for of 121 distinct combinations of IQ skew and 441 of IQ
imbalance.

8.5 Results and discussions

In the following experimental results, a performance comparison is carried
out between two equalization strategies for the multicarrier system. The
proposed dual-subcarrier 4×4 MIMO WL complex-valued adaptive equaliza-
tion (Fig. 8.2(c)) is compared against independent subcarrier equalization
with a 2×2 MIMO complex-valued adaptive equalizer (Fig. 8.2(b)).

Both equalizers apply CMA as adaptation rule, and both have FIR
complex-valued filters with 41 coefficients. The Q2-factor is defined from
the average bit-error rate (BER) of the multicarrier set after complete con-
vergence of the equalizers in the mean square error (MSE). The optical
signal-to-noise ratio (OSNR) (0.1 nm bandwidth) at the receiver input was
fixed in 21 dB, corresponding to an average BER of 2× 10−4 (Q2-factor of
≈ 11 dB) for the multicarrier signal in the absence of any IQ-mixing effects.
The BER is calculated over more than 1.2× 106 bits.

Figures 8.3 and 8.4 show the Q2-factor surfaces as a function of IQ
amplitude imbalance and IQ phase imbalance, respectively.

For all tested combinations of IQ imbalance, the same performance is
observed after the 4×4 WL complex-valued equalization. On the other
hand, a performance penalty appears for the case where each subcarrier
is individually processed with 2×2 complex-valued equalization. These re-
sults confirm that the interference from the symmetric subcarriers can not
be eliminated by a standard strictly linear equalizer. As expected, the
performance of both equalizers is virtually the same in the absence of IQ
imbalance.

Figure 8.5 shows the Q2-factor surfaces obtained as a function of the
IQ skew applied to each polarization. In comparison with the IQ imbalance
results, larger performance penalties are induced by IQ skew after 2×2
equalization. These results indicate that the proper calibration of IQ skew
is more critical than IQ imbalance for the performance of the multicarrier
system.

Nevertheless, even for a half-symbol IQ skew, the WL equalizer can
recover the original signals successfully. Again, the performance of both
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8.5 Results and discussions

Figure 8.3 Average Q2-factor of all subcarriers versus the percentage of IQ amplitude
imbalance of each polarization.

Figure 8.4 Average Q2-factor of all subcarriers versus IQ phase imbalance in each polar-
ization.

equalizers is virtually the same in the absence of IQ skew.
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Figure 8.5 Average Q2-factor of all subcarriers versus IQ skew as a fraction of the symbol
period in each polarization.

8.6 Summary
In this chapter, WL complex-valued models were applied to model the IQ
imbalance and IQ skew in multicarrier transmitters. It was shown that the
presence of these effects translates into inter-subcarrier interference in the
multicarrier signal. Such interference will generate performance degrada-
tion of the transmission, if not properly managed at the receiver.

To compensate for inter-subcarrier interference, a MIMO 4×4 WL
complex-valued adaptive equalizer was proposed based on the analytical
models first discussed. The proposed solution was implemented and exper-
imentally validated in 4×8 Gbaud DP-QPSK Nyquist multicarrier system.

The results have shown that IQ-mixing will not be compensated by
strictly linear 2×2 independent subcarrier equalization, causing loss of per-
formance. In particular, it was verified that the presence of IQ skew has
a significant impact on the BER. However, the proposed WL equalizer was
able to compensate the inter-subcarrier interference due to IQ-mixing over
a broad range of transmitter IQ imbalance and IQ skew. Finally, the re-
sults also validate the usefulness of WL complex-valued models for modeling
IQ-mixing effects in multicarrier transmitters.
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Chapter 9

Conclusions and outlook

The recent advances in optical communication over single-mode fibers
(SMFs) have been driven by the fast development of the coherent trans-
mission systems. In parallel, digital signal processing (DSP) has become
one of the most important building blocks in the architecture of coherent
optical transceivers.

As the throughput and reliability of optical networks get boosted by
the use of advanced modulation and coding schemes, more sophisticated
signal processing techniques are required at transmitters and receivers.

This thesis presents novel contributions to the state-of-the-art of DSP
techniques for transmission impairment mitigation and compensation in
coherent optical systems. In the following, a summary of conclusions and
prospects for future work is presented.

Kerr nonlinearity compensation

Chapters 3, 4 and 5 presented studies related to Kerr nonlinearity
compensation (NLC), focusing on numerical and experimental performance
assessments.

The performance gains from single-carrier digital backpropagation (SC-
DBP) and maximum likelihood sequence detection (MLSD) were numerically
assessed in Chapter 3, assuming a number of configurations for superchan-
nel transmission in dispersion uncompensated links. Particularly, the anal-
ysis was focused on superchannel transmissions subjected to different levels
of linear inter-carrier crosstalk.

The results have shown that the combination of both algorithms was
able to provide up to 1.0 dB of improvement in Q2-factor. In the investi-
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Conclusions and outlook

gated scenarios, it was observed that MLSD was only effective in mitigating
linear crosstalk impairments, providing no advantage with respect to NLC.

In Chapter 4, the performance of receiver-side full-field multicarrier
digital backpropagation (MC-DBP) was experimentally studied for dual
polarization (DP) multicarrier systems with and without frequency locked
carriers. Transmission distances up to 4000 km were investigated. It has
been verified that the gains obtained with full-field MC-DBP were slightly
higher when the backpropagated carriers were locked in frequency. The
performance after full-field MC-DBP differed particularly in the nonlinear
regime of transmission. Further investigation is required to precisely char-
acterize the sources of such penalties, as well as possible mitigation strate-
gies.

In Chapter 5, the gains from digital backpropagation (DBP) and proba-
bilistic constellation shaping were experimentally investigated for the first
time in wavelength-division multiplexing (WDM) systems employing dual
polarization 256QAM (DP-256QAM) and dual polarization 1024QAM (DP-
1024QAM). Transmission distances up to 1700 km have been studied. The
results obtained for a WDM system with five channels have shown that the
gains in achievable information rates (AIRs) obtained by each technique add
up to the overall performance improvement.

Remarkably, the AIR gains achieved with probabilistic shaping are com-
parable with the gains from DBP. Since the first technique is likely to have a
lower computational complexity than the second, it is a potential candidate
for practical implementation in coherent optical transceivers.

The research community is still actively investigating DSP algorithms for
NLC. Recently, it has been shown that split the NLC between transmitter
and receiver can provide gains in AIR of WDM systems [98]. Therefore,
an interesting topic for future investigation consist in analyzing optimal
ways to split the NLC complexity between transmitters and receivers, given
practical constraints.

Although these methods were not considered in the studies addressed
in this thesis, perturbation-based approximated solutions for the nonlinear
Schrödinger equation (NLSE) can provide finite memory models for the
nonlinear fiber-optic channel in the time domain [170, 171] which can be
used for NLC [17]. However, so far, no investigation has been reported
evaluating if further performance improvements can be achieved by
including such models in probabilistic optimization frameworks, such as
constellation shaping methods. Therefore, this is an appealing subject for
future work.
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Spectral shaping

Due to its importance for the spectral efficiency of WDM systems, spectral
shaping methods have been incorporated in coherent optical transceivers.
In Chapter 6, the combination of optical and electrical (digital) pulse shap-
ing is proposed to improve the power spectrum density (PSD) confinement
of high baud rate optical time-division multiplexing (OTDM) signals based
on periodic trains of optical sinc pulses. The impact of optical end electrical
pulse shaping on the spectrum of the OTDM signals is investigated analyti-
cally. It is shown that the roll-off of the OTDM spectrum is independent of
the number of time-division multiplexing (TDM) slots and depends only on
the electrical pulse shape of the modulating signals. These results demon-
strate that the Nyquist limit of the PSD bandwidth can be approached for
an OTDM with an arbitrary number of parallel tributaries.

An experimental study was carried out to verify the feasibility of this
strategy to generate high baud rate (> 100 GBd) Nyquist-OTDM signals. In
this experiment, the first WDM Nyquist-OTDM signal generation based on
the periodic train of sinc pulses was demonstrated. Straight line transmis-
sion of five 112.5 GBd Nyquist-OTDM dual polarization quadrature phase-
shift keying (DP-QPSK) channels was demonstrated over a dispersion un-
compensated link up to 640 km, with full-field coherent detection at the
receiver. The results have shown that electrical (digital) pulse shaping im-
proves the spectral confinement of the modulated OTDM signal, enabling
a minimum inter-channel crosstalk penalty of 1.5 dB in baud-rate-spaced
Nyquist-WDM systems.

Possibilities for future investigation include a study on the limitations
imposed by the finite resolution of the digital-to-analog converters (DACs)
to the effectiveness of the proposed solution. Another subject of interest is
to conduct a performance comparison between Nyquist-OTDM and optical
spectrally-sliced transmitters [172,173] in generating high baud rate signals.

Adaptive equalization

In the chapters 7 and 8, augmented complex-valued models were proposed
and investigated for the first time, to the best of our knowledge, to design
DSP algorithms for coherent optical communications. This approach has
been shown to be very effective to model specific in-phase/quadrature (IQ)
imbalances in coherent receivers and multicarrier transmitters.
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The study presented in these two chapters was separated into two parts.
Firstly, widely linear (WL) models were used to explain the limitations
of the standard equalization structures in coherent receivers when the de-
tected signals are impaired by IQ-mixing, especially for the zero-forcing (ZF)
equalization of chromatic dispersion (CD). Secondly, a similar analysis was
applied to project new complex-valued WL equalizers capable of compen-
sating for such impairments. The application of such equalization schemes
improve the robustness of the DSP in coherent receivers and has the poten-
tial to relax hardware and calibration requirements of the coherent optical
transceivers.

In the analysis presented in Chapters 7 and 8, only linear IQ-mixing
with flat frequency responses were considered. Future work in this line may
include the investigation of the performance of these equalizers in compen-
sating frequency selective IQ-mixing. Moreover, augmented complex-valued
nonlinear filtering models for pre-distortion and equalization could be ex-
plored to mitigate or compensate nonlinear distortions caused by hardware
components, such as radio frequency (RF) amplifiers and DACs.

Augmented complex-valued models and WL signal processing are rela-
tively recent research topics emerged in the DSP community. It is likely
that they can be applied in tackling different problems in optical commu-
nications. Particularly, WL models are useful for minimum mean square
error (MMSE) estimation problems where the noise is not circularly sym-
metric. It is well known that non-circular Gaussian noise statistics appear
in the detected constellation symbols when the transmitted signals are im-
paired by nonlinear phase noise. Moreover, a number of nonlinear optical
signal processing (OSP) techniques are based on operations involving opti-
cal signals and their idlers (conjugates). The outcome of such techniques
may generate signals with some degree of impropriety or non-circular noise
statistics. Therefore, augmented complex-valued DSP may have a poten-
tial to model and improve the performance of systems employing nonlinear
OSP. Some of these points should be considered for future investigation.
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List of acronyms

ADC analog-to-digital converter

AIR achievable information rate

ASE amplified spontaneous emission

AWG arbitrary waveform generator

AWGN additive white Gaussian noise

BER bit-error rate

CD chromatic dispersion

CLMS complex-valued least mean square

CMA constant modulus algorithm

CUT channel under test

CW continuous wave

DAC digital-to-analog converter

DBP digital backpropagation

DCF dispersion compensating fiber

DD-LRD decision directed least radius distance

DGD differential group delay

DP dual polarization

DP-QPSK dual polarization quadrature phase-shift keying
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DP-16QAM dual polarization 16QAM

DP-32QAM dual polarization 32QAM

DP-64QAM dual polarization 64QAM

DP-256QAM dual polarization 256QAM

DP-1024QAM dual polarization 1024QAM

DSO digital sampling oscilloscope

DSP digital signal processing

ECL external cavity laser

EDC electronic compensation of chromatic dispersion

EDFA Erbium-doped fiber amplifier

EGN enhanced Gaussian noise

ETDM electrical time-division multiplexing

EVM error vector magnitude

FEC forward error correction

FFT Fast Fourier Transform

FIR finite impulse response

FO frequency offset

FSE fractionally spaced equalizer

FWHM full-width at half-maximum

FWM four-wave mixing

GSOP Gram–Schmidt orthogonalization procedures

GVD group-velocity dispersion

HD-FEC hard-decision forward error correction

ICA independent component analysis
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IM/DD intensity modulated direct detection

IQ in-phase/quadrature

ISI intersymbol interference

LMS least mean square

LO local oscillator

MC-DBP multicarrier digital backpropagation

MI mutual information

MIMO multiple-input multiple-output

MLSD maximum likelihood sequence detection

MMA multimodulus algorithm

MMSE minimum mean square error

MSE mean square error

MZM Mach-Zehnder modulator

NF noise figure

NFDM nonlinear frequency-division multiplexing

NFT nonlinear Fourier transform

NLC nonlinearity compensation

NLI nonlinear interference

NLSE nonlinear Schrödinger equation

NRZ non-return-to-zero

OFDM orthogonal frequency-division multiplexing

OPC optical phase conjugation

OSP optical signal processing

OSNR optical signal-to-noise ratio
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LIST OF ACRONYMS

OTDM optical time-division multiplexing

PAPR peak-to-average power ratio

PLL phase-locked loop

PM polarization maintaining

PMD polarization mode dispersion

PRBS pseudo-random binary sequence

PSD power spectrum density

QAM quadrature amplitude modulation

QPSK quadrature phase-shift keying

RDE radius directed equalizer

RF radio frequency

ROADM reconfigurable optical add-drop multiplexer

RRC root raised cosine

RC raised cosine

RZ return-to-zero

SbS symbol-by-symbol

SC-DBP single-carrier digital backpropagation

SDM spatial-division multiplexing

SE spectral efficiency

SNR signal-to-noise ratio

SOP state of polarization

SMF single-mode fiber

SPM self-phase modulation

SSFM split-step Fourier method

130



i
i

“Main” — 2017/5/2 — 13:24 — page 131 — #149 i
i

i
i

i
i

SSMF standard single-mode fiber

TDM time-division multiplexing

WDM wavelength-division multiplexing

WL widely linear

WL-CLMS widely linear CLMS

WSS wavelength selective switch

XPM cross-phase modulation

ZF zero-forcing
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