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Abstract
Modern fiber-optic communication systems combine state-of-the-art compo-
nents with powerful digital signal processing (DSP) to maximize the system
spectral efficiency (SE). Systems rely on wavelength-division multiplexing,
including superchannel transmission, to enable transmission over the available
bandwidth which reaches about 10 THz when accounting for the so-called C
and L bands. A superchannel is a set of densely packed wavelength channels
viewed as a single unit. By treating the channels together, they can be packed
more closely than what is normally feasible and sharing of resources among
the channels within the superchannel can be considered.

In this thesis we focus on the special case of superchannels formed using
coherent optical frequency combs. A frequency comb is a multi-wavelength light
source and comb-based superchannels consists of channels which are modulated
on lines originating from a common comb. Frequency combs have phase-locked
carriers, meaning that in contrast to the standard case of independent lasers,
the channels within a comb-based superchannel are locked on a frequency grid.
Moreover, it implies that the carrier offsets originating from a non-ideal laser
source are shared among all comb lines.

Shared carrier offsets can be exploited to reduce the complexity of the DSP
used to effectively recover the data. A frequency comb is fully characterized
by knowing the state of two of its lines, meaning that if this information
is transferred to the receiver, one could compensate carrier offsets for all
wavelength channels within the superchannel. By transmission of optical pilot
tones, self-homodyne detection of a 50×20Gbaud PM-64QAM superchannel is
demonstrated with 4% spectral overhead.

While two tones are required to fully phase-lock two combs, a single tone
is enough to enable significant relaxation of the DSP-requirements while at
the same time requiring minimal additional complexity compared to standard
intradyne systems. Superchannel transmission using a single shared pilot tone
is demonstrated by transmission of a 51×24Gbaud PM-128QAM superchannel



with a resulting SE of 10.3 bits/s/Hz. The single pilot scheme is also evalu-
ated for distances up to 1000 km showing high robustness to both noise and
fiber nonlinearities. Finally, the high gain low overhead combination of the
single pilot-tone scheme was used in a record demonstration reaching a SE of
11.5 bits/s/Hz for fully loaded C-band transmission.

Keywords: Fiber-Optic communication, Analog signal processing, Coherent
communication, Coherent optical frequency combs
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Chapter 1

Introduction

Technically, any form of communication using light falls under the optical
communication umbrella, including the ancient use of smoke signals and Morse-
signaling using light. Fiber-optic communication is a field within optical
communication defined by the use of an optical fiber, typically together with a
laser. The extraordinary achievements behind these technologies have been
recognized on broad scale and in 1964, Charles H. Townes, Nicolay G. Basov
and Aleksandr M. Prokhorov were awarded the Nobel price in physics for the
innovation of the maser and the laser. More recently, in 2009, Charles K. Kao
was awarded the price for the pioneering work on realizing the potential of
optical fibers as a transmission medium.

Charles K. Kao’s discoveries were published in 1966 [1] (reprinted 20 years
later available in [2]) in which he realized that optical fibers at that time
were loss-limited by impurities in the glass, not by intrinsic losses. Following
this pioneering work, from around 1960 to around 1990, systems were mainly
improved through improving the optical fiber, including going from multi-mode
(MMF) to single-mode fibers (SMF). While it was clear that the lowest loss
point for SMF was around 1550 nm, initial systems operated around 1310 nm
to avoid penalties from dispersion which causes a walk-off between different
spectral components of the transmitted signal.

Another major game-changer in the field of fiber-optic communication
was the introduction of optical amplifiers in the telecommunication band (C-
band) around 1550 nm [3]. Previously, system were limited to single-span and
electrical regeneration. The invention of the Erbium-doped fiber amplifier
(EDFA) changed this by allowing direct amplification in the optical domain [3].
To improve noise characteristics of EDFAs, much efforts were devoted to
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Chapter 1. Introduction

developing pumping lasers around 980 nm [4, 5]. Major breakthroughs were
achieved using high efficiency quantum well-based lasers [6] and application to
EDFA pumping was investigated in [7]. The use of EDFAs boosted system
experiments using solitons with propagation distances reaching 10000 km [8,
9].

While early systems transmitted around 1310 nm or relied on solition
waveforms to avoid penalties from dispersion, a shift to 1550 nm was needed to
exploit the potential for the combination of SMF and EDFAs. One solution was
the dispersion-shifted fiber (DSF) with zero-dispersion around 1550 nm [10–12].
However, already at this time, most fiber deployed was SMF and upgrade-
paths were sought to allow the use of already existing infrastructure. Optical
dispersion compensation was therefore heavily investigated and a dispersion
compensating fiber using a higher-order mode was proposed in [13]. Still,
mode-shifting required additional components and was not fully compatible
with the installed single-mode technology. The issue was solved in [14], with
the introduction of the dispersion-compensating fiber (DCF). Following this,
the potential for combining SMF, DCF and EDFAs for improving both system
throughput and reach was quickly realized.

In addition to the low noise figure provided by EDFAs pumped around
980 nm, the EDFAs provided broad-band gain spanning the around 30 nm
within the C-band. While wavelength-division multiplexing (WDM) previously
had been demonstrated, the birth of the EDFAs and the development of
DCF draw increased attention to research on WDM. Record experiments
now targeted multi-span WDM transmission [15, 16]. With this new shift in
system design, nonlinear effects started to be an increasingly limiting factor
for systems and it was realized that the use of DSF represented a worst-case
scenario by maintaining phase-coherence among channels over long distances,
causing severe non-linear distortions [17, 18].

With the bandwidth of the C-band occupied using WDM, system design
around late 1990 focused on the idea of coherent transmission using both
the amplitude and the phase, together with advanced modulation formats to
improve the spectral-efficiency (SE) beyond what was possible using previously
techniques based on direct-detection (DD) [19]. Digital-to-analog converters
(DACs) were first introduced in optical communication in 2005 when com-
mercial transceivers capable of electronic pre-compensation of dispersion were
introduced [20]. Three years later, analog-to-digital converters (ADCs) were
added to the receiver [21]. The combination of transmitters with DACs and
receivers with ADCs marks the starting point of coherent optical communica-
tion systems using digital signal processing (DSP) implemented in high-speed
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application-specific integrated circuits (ASICs) [22, 23].
Early experiments using differential quadrature phase shift keying (D-

QPSK) using optical delay-based receivers marks an early start of experiments
using coherent formats [24]. As both laser quality and DSP performance
improved, differential formats were replaced with coherent detection using
a free-running local-oscillator (LO) and modulation order grew quickly [19].
With the introduction of coherent technologies, the optical communication
community also started to increasingly connect with the fields of communication
and information theory [25], applying advanced modulation and forward error
correction (FEC) coding schemes to improve transmission performance. While
the required bit to error ratio (BER) target of around 10−15 have been remained
untouched throughout the years of development, these schemes have enabled
new ways of ensuring the performance [26]. Simply replacing the use of on-
off keying (OOK) with binary phase shift keying (BPSK) results in a 3 dB
sensitivity gain [27].

Today, SMF with 0.14dB/km loss have been demonstrated [28] and for-
mats reaching 4096-QAM are being evaluated in optical communication sys-
tems [29, 30]. In single-span Raman-amplified experiments, SE exceeding
17 bits/s/Hz have been demonstrated using low baud-rate carriers [31]. A
SE of 14.1 bits/s/Hz over 500 km of Raman-amplified link was demonstrated
in [32]. Combining state-of-the-art communication techniques using rate-
adaptive FEC [33, 34], constellation shaping [35] and powerful DSP to combat
both linear and non-linear impairments [36], system throughput have reached
25.4Tb/s after 10284 km [37]. Adding EDFAs with capabilities of L-band
amplification, state-of-the-art results exceed 70Tb/s system throughput over
7600 km [38] and 51Tb/s over 17000 km [39]. DAC and ADC bandwidth (BW)
have improved tremendously over the years and record demonstrations include
a 100GHz BW DAC [40] and a >110GHz BW ADC [41]. As a result of
this, record symbol-rate is now reaching 180Gbaud [41] and PM-1024QAM
at 66Gbaud have been demonstrated using powerful FEC [42]. Component
performance are also increasing fast and the benefit of integration is clearly en-
tering the domain of optical communication with fully integrated multi-channel
transmitters reaching 100Gbaud [43].

With all these improvements, concerns are raising that we are running out
of capacity in SMF [44]. The actual capacity of the fiber channel (capacity
is strictly defined in information theory [25]) is still unknown and research
efforts are ongoing to produce better bounds [45–47]. Such lower bounds have
shown that the capacity do not decay at high launch power but instead flattens
out [46]. However, even if there are plenty of capacity left, it is becoming
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Chapter 1. Introduction

increasingly challenging to exploit the full capacity of SMF transmission
technologies beyond what is reachable in the linear or quasi-linear regime.
As a matter of fact, optical transmission system relies more or less fully on
linear communication theory developed for completely different channels to
the optical one, although similarities in the behavior of the distortions makes
it possible.

As a concluding remark on the development, one have to mention the
introduction of space-division multiplexing (SDM) [48, 49]. These system
relies on increasing the number of parallel paths used for multiplexing of data
by considering the use of orthogonal sets of modes, the use of fibers with
several cores, or several independent transmission fibers. SDM technologies
has enabled current record throughput exceeding 10Pb/s [50] over a 10 km
fiber containing 19 cores, each supporting 6 modes. System throughput of
159Tb/s over 1045 km using 3-mode transmission was demonstrated in [51]
and simultaneous transmission over 15 spatial modes was demonstrated in [52].
Moreover, recent results using few-mode fiber (FMF) [53] and coupled-core
multi-core fiber (CC-MCF) [54] have shown that the use of SDM-fibers can
outperform classical SMFs by providing additional gain due to improved
tolerance to fiber nonlinearities. However, while SDM have been successful
in enabling record-breaking transmission results, lots of work remains before
its fully understood how to use SDM technology. Similar to the criticism
against the first DCFs based on FMF, SDM requires deploying completely new
networks with potential unknown risks.

1.1 This Thesis
This thesis is focused around superchannels with high SE enabled by combining
frequency combs with optical pilot tones. A superchannel is a set of densely
packed channels which are treated as a unit, removing the need to dedicate
guard-bands required to be able to optically separate the channels from each
other. Here, we focus on the special case of superchannels in which all
channels are modulated on lines originating from an frequency comb. One
key implication of this assumption is that carrier offsets are shared among all
channels within the superchannel. In addition, full knowledge of these carrier
offsets can be gained by using information from only two comb lines.

We propose to transmit unmodulated pilot tones within the comb-based
superchannels which are recovered at the receiver. The receiver is also based
on a frequency comb and by locking the receiver comb to the incoming pilot(s)
carrier offsets can be compensated. If two pilot tones are transmitted, the
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1.1. This Thesis

receiver comb can be phase-locked to the incoming pilot tones, enabling self-
homodyne detection with low spectral overhead. This was experimentally
demonstrated in Paper A, resulting in a spectral overhead of 4% for self-
homodyne detection. While two pilot tones allows for full characterization, a
single pilot tone can lead to significant offset reduction. This was demonstrated
in Paper B, demonstrating state-of-the-art SE by using a single shared optical
pilot tone to facilitate blind DSP in superchannels with high-order modulation
formats. Paper C investigates the sensitivity to the proposed scheme using
pilot tones for transmission distances up to 1000 km. Finally, in Paper D, the
single pilot tone scheme is used in a high SE experiment, establishing a new
record SE of 11.5 bits/s/Hz for full C-band transmission.
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Chapter 2

Optical Communication
Systems

An overview over a single channel optical communication system can be seen
in Fig. 2.1. From a systems perspective, an optical communication system can
be divided into three key parts; transmitter, optical channel and the receiver.
While highly linked together, key distinctions still separate them and important
details are outlined in the following sections.
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Fig. 2.1. Overview of a optical communication system. DACs are used to
convert information symbols from the digital to main to electrical signals which
are modulated onto the lightwave carrier using an optical modulator. After
propagation through the link consising of spans with optical fiber and optical
amplifiers, the signal is detected using a optical receiver. The receiver consist
of an optical hybrid and balanced detectors, enabling detection of both the
amplitude and the phase of the incoming lightwave. After sampling using the
receiver ADCs, advanced DSP is used to recover the data.
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Chapter 2. Optical Communication Systems

2.1 Transmitter
The role of the transmitter is to encode the information onto the optical carrier
wave. Its operation can roughly be divided into functions implemented in the
digital, electrical and optical domain. Operations in the digital domain are
characterized by discrete-time representations of bits or complex symbols with
a fixed oversampling value. This discrete digital signal is then converted to
continuous analog electrical signals through the use of DACs. The resulting
signal spectrum is then DC-centered. Finally, an optical modulator is used to
attach the electrical signal to its optical carrier wave, resulting in an effective
up-conversion of the signal spectrum from being DC-centered to being centered
around the optical carrier wave frequency.

2.1.1 Digital Bit-Symbol Mapping
To transmit a sequence of bits, the first step is to add redundant bits using
the FEC encoder. However, here we only focus on sending bits and therefore
only consider the case of a bit sequence which shall be transmitted over the
system, neglecting any detailed discussions on FEC encoders. Bits are then
mapped to symbols, which can carry one or more bits, a processed referred to
as mapping. Each symbol a[n] (n denoting the time index) is a 2D symbol
and can have bits mapped onto two quadratures. The interpretation of these
two quadrature can be seen as mapping the bits to symbols belonging to a
(sub)-space spanned by both the amplitude and phase of the optical lightwave,
resulting in a 2D signal space. The selected constellation point in this signal
space is then represented by the complex value a[n]. Similarly, considering
polarization multiplexing (PM) using two quadratures on two polarization,
the signal space is 4D which can be understood by combining two complex
symbols a[n] according to

~aPM =
(
aX [n]
aY [n]

)
. (2.1)

While one in practice can use a continuous modulation alphabet (and this is
shown to be capacity achieving for certain distributions), we often want to use
a finite set of "symbols" to represent the bit stream. Considering a 4D signal
spaces spanned by using the two quadratures on two orthogonal polarizations,
optimized modulation can be used to maximize performance [55–57]. However,
in practise formats such as PM M-ary quadrature amplitude modulation (PM-
M-QAM) are mostly used. These formats map independent QAM symbols on
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2.1. Transmitter

each polarization. The two quadratures of each QAM symbol is furthermore
separated into two 1D pulse amplitude modulation (PAM) signals. So to map a
bit stream onto PM-M-QAM symbols, the bits are divided into 4 sub-streams,
each mapping the bits to a 1D PAM constellation. The number of bits Nb
encoded in each symbol is directly given by Nb = log2(M) with M being the
format order. As an example, a PM-64QAM symbol carriers a total of 12
bits, 6 bits on each polarization, corresponding to symbol alphabet of size
26 = 64. Each 64QAM symbol consists furthermore of two independent PAM
signals, modulating 3 bits each, corresponding to 23 = 8 levels or equivalent a
8-PAM signal. A PM-64QAM symbol can therefore be decomposed into four
individual real-valued 8-PAM signals.
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Fig. 2.2. Example of coherent modulation formats used in optical communication.
The number of bits encoded in each M-QAM symbol is given by Nb = log2(M),
corresponding to Nb = 2,4 and 6 for the case of QPSK, 16QAM and 64QAM,
respectively.

Focusing on the complex representation of the 2D symbols a[n], Fig. 2.2
shows the resulting constellation diagrams for M = 4,16 and 64, corresponding
to QPSK, 64QAM and 64QAM, respectively. To decide on which complex
constellation symbol to send, the bit stream is divided into blocks of Nb bits
and a look-up-table with a the mapping. An example of such a mapping for
16QAM can be found in Table 2.1.

As a final remark to modulation it is important to point out that when
considering an AWGN channel (see Section 2.2.1), the optimal modulation
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Bit Sequence Output Symbol
{0,0,1,0} (−3 + 3j)
{0,0,1,1} (−3 + 1j)
{0,0,0,1} (−3− 1j)
{0,0,0,0} (−1 + 3j)
{0,1,1,0} (−1 + 1j)
{0,1,1,1} (−1− 1j)
{0,1,0,1} (−1− 3j)
{1,1,1,0} (1 + 3j)
{1,1,1,1} (1 + 1j)
{1,1,0,1} (1− 1j)
{1,1,0,0} (1− 3j)
{1,0,1,0} (3 + 3j)
{1,0,1,1} (3 + 1j)
{1,0,0,1} (3− 1j)
{1,0,0,0} (3− 3j)

Table 2.1. Bit sequence to complex symbol mapping for 16QAM, Nb = 4. The
selected mapping is of Gray-type (not unique).

format is a continuous Gaussian distribution. Recently, large research efforts
have been focusing on constellation shaping to improve performance. This aims
at exploiting the 1.53 dB asymptotic difference between the AWGN capacity
(Eq. 2.8) and the use of QAM formats [58]. Shaping can be implemented
either by symbols with a non-uniform probability, refereed to as probabilistic
amplitude shaping (PAS) [35] or by redistributing the constellation symbols
spherically in constellation space [38] which is known as geometric shaping.
While constellation shaping has been used in several recent record experi-
ments [29, 31, 37, 38], the work in this thesis is focused around standard QAM
formats and we therefore do not consider shaping further throughout this
thesis. However, all presented techniques are fully compatible with shaping
and such techniques can hence be used to improve flexibility of the proposed
systems.

2.1.2 Pulse Shaping

After mapping the bit sequence to complex symbols (1 per polarization mode),
a pulse shaping filter is often used shape the signal to the modulator [59, 60].
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Fig. 2.3. Raised Cosine filtering with varying roll-off factor β. (a) shows the
time-domain impulse response and (b) the equivalent representation in frequency
domain.

This process can be expressed as [61]

x[n] =
∞∑

k=−∞
a[n− k]h[k], (2.2)

where x[n] is the output discrete waveform a time instance n, a[n] is the selected
complex symbol and h denotes the filter. Equation 2.2 represents a discrete
convolution between the symbols a[n] and the filter h[n]. Several different
filters can be used but raised-cosine filters (RC) are among the most common.
The RC filter can be seen as an approximation to the sinc-filter, providing a
brick-wall filter response in frequency domain. The impulse response of the
RC filter can be expressed according to [61]

h(t) =


π

4T0
sinc

(
1

2β

)
, t = ±T0

2β

sinc
(
t

Ts

) cos
(
πβt
Ts

)
1− 4β2t2

T 2
0

, otherwise
, (2.3)

with T0 denoting the symbol period and β the roll-off factor. Note that
Eq. 2.3 results in a sinc function for the special (but idealized) case of β = 0.
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The time and frequency response of the RC filter for β ∈ 0.01,0.1,0.2,0.5 can
be seen in Fig. 2.3. Worth noticing here is that in order to apply a pulse
shaping filter, oversampling is needed and the vector with complex symbols is
therefore typically up-sampled at this point. While Fig. 2.3 shows the filter
shape, the direct implication for signaling can be seen in Fig. 2.4, showing
the resulting spectrum of a 16QAM signal with and without the use of an RC
filter. Considering systems transmitting data on several wavelengths using
WDM (see Section 4.1), the use of RC filters can enable much more effective
use of the available signal spectrum.

Fig. 2.4. Example of output signal spectrum for (a) an unshaped signal with
square pulses in time domain and (b) a signal with a β = 0.1 RC filter.

2.1.3 Digital-to-Analog Conversion
After modulation and pulse-shaping, which both takes place in the digital
domain, it is necessary to convert the digital signal representation into a
continuous analog signal which can be modulated on the optical carrier. In
the ideal case, the digital-to-analog conversion do not add any penalty but all
real-life DACs have a limited resolution. For high-speed DACs used in optical
communication, the limited resolution limits the performance for multi-level
modulation formats [22].

The limited resolution can be understood by considering that a DAC has
N different levels used to represent the digital signal which is expressed in
bits (and hence also have a finite resolution). The DAC is controlled by a
sampling clock and each discrete sample is held for a sampling period TFs.
For each sample of the digital input signal, the DAC chooses the closest
discrete representation and output the corresponding signal amplitude. Due
to the quantization, penalties will arise as the output signal differs from the
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original signal. This can be seen in Fig. 2.5(a), illustrating the implications
of quantization for a sine-wave. How this quantization error is affecting a
shaped data signal can be seen in Fig. 2.5(b), showing the frequency response
of a RC-shaped signal. We observe that the noise-floor is about 1 order of
magnitude higher for the quantized signal, compared to the floating-point
representation.

Fig. 2.5. (a) Quantization explained using a sine-wave as example. (b) shows
additional noise added to a shaped waveform as a result of limited DAC resolu-
tion.

In practise DACs are not ideal and in addition to the limited resolution,
presence of both noise and bandwidth limitations effectively reduce the number
of equivalent bits. This is often characterized in terms of effective number of
bits (ENOBs) which assumes a random approximation in the quantization
error [62]. The combination of DAC resolution and ENOB can therefore be
used to describe the quality of the output signal, including noise from the DAC
itself.

2.1.4 Optical Modulation
Information can be modulated onto the light wave using either direct modula-
tion of the laser (switching on-off) or via an external modulator applied after
the laser [27]. Until the coherent era, data was modulated using on-off keying
(OOK) [63]. Today, direct modulation of integrated lasers is still the base for
short-reach optical interconnects [64].

To enable modulation beyond OOK, IQ-modulators are normally used.
While requiring a more stringent optical alignment, IQ-modulators use in-
terferometer structures to encode information. The most commonly used is
the Mach-Zehnder modulator (MZM), typically based on LiNbO3. Recent
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work on integrated LiNbO3 has showed bandwidth of 100GHz [65]. While
LiNbO3 is the most commonly used platform for stand-alone modulators, other
materials considered includes silicon [66], InP [67] and plasmonic modulators
using gold substrates [68, 69]. Combining two MZMs and a π/2 optical phase
shifter allows for independent modulation of the two quadratures of an optical
lightwave [27]. Modulation can then be understood as up-conversion of shaped
signal (Eq. 2.2) according to

A(t) =
∑
n

a[n]h(t− nTs) exp(jω0t), (2.4)

with ω0 denoting the angular frequency of the optical carrier. In the case
of modulating data onto both polarizations, the modulation process is done
using a PM-modulator. The modulator is then built up of two separate IQ-
modulator together with a polarization beam combiner to allow for simulations
modulation onto all four degrees of freedom in a single-mode fiber at a single
wavelength. The modulated output field is then controlled by changing the
driving voltages to the four individual MZMs within the PM-modulator.

2.2 The Optical Fiber Channel
The optical fiber channel consists of the optical fiber medium and the amplifiers
used to periodically amplify the signal in multi-span links. Several different
kinds of fibers can be used for data transmission, depending on operating
wavelength and practical demands. While short-reach optical interconnects
typically use a graded-index MMF, high-throughput communication systems
normally rely on the use of SMF and operation in the C-band (around 1550 nm).

Focusing on the fiber channel, signal distortions arise from propagation
in the waveguide as well as from optical amplifiers along the link. Several
amplification schemes exits such as EDFAs, distributed Raman amplification,
parametric amplifiers [70] and semiconductor optical amplifiers [71]. Any
detailed amplifier comparison is beyond the scope of this thesis and here we
solely focus on the use of EDFAs. EDFAs relies on pumping a doped fiber
segment at the Erbium transition wavelengths of around 980 nm and 1480 nm,
based on the same principle as any laser.

The EDFA noise properties is often characterized by its noise figure (NF),
Fn which is a measure of the signal quality degradation from amplification. It
is defined as [72]

Fn = 2nsp
G− 1
G

, (2.5)
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where Nsp is the amplifier spontaneous emission factor which, for EDFAs, is
nsp ≥ 1 and G denotes the amplifier gain. The implication of nsp ≥ 1 is that
all EDFAs have a theoretical minimum NF of 3 dB, being limited by quantum
mechanics [73]. Assuming a large gain which do not depend on frequency, the
noise figure can be translated into an equivalent power spectral density (PSD)
of

PASE(ω) = Fn
2 G~ω [W/Hz], (2.6)

with ~ denoting Planck’s constant and ω the angular frequency. Based on the
key role of EDFAs together with understanding from Eq. 2.6 it is natural to
understand the importance of models which considers additive white Gaussian
noise (AWGN) contributions. Such models and their extensions to more
complex fiber models are introduced in the upcoming sections.

2.2.1 The AWGN Fiber Channel Model
The simplest discrete model for fiber transmission can be stated as

y[n] = x[n] +N [n], (2.7)

where y[n] denotes the received symbol, x[n] the transmitted one and N [n]
additive white Gaussian noise (AWGN). While not representing the full fiber
channel, the AWGN fiber channel can still be used as a simple reference when
designing DSP and performance is often referenced to the theoretical case of
transmission over an AWGN channel. Worth pointing out here is also that the
AWGN channel is one of few channels with a known channel capacity given
by [25]

C = log2

(
1 + Ps

N0

)
[bits/s/Hz], (2.8)

with C denoting the channel capacity, Ps the signal power and N0 the noise
variance, defined according to

Ps = E
[
|x[n]|2

]
, (2.9)

N0 = E
[
|N [n]|2

]
, (2.10)

with E denoting the expected value operator. The term Ps

N0
is the signal to noise

ratio (SNR) and Eq. 2.8 is therefore often expressed as C = log2(1 + SNR).
The channel capacity, C, denotes the highest rate at which information can be
communicated over the channel with arbitrary small error probability [25].
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2.2.2 The Dispersive Fiber Channel
As discussed in Section 1, dispersion is a key aspect for the fiber channel. While
being inherent in waveguide design, the dispersion causes different spectral
components of the modulated channel to walk-off with respect to each other.
The result is a bandwidth-distance-dependent fading which, if left without care,
limits the system performance. To include dispersion, we move from looking
at individual complex symbols a[n] to looking at the electrical field envelope
A(z,t) defined by Eq. 2.4. The effect of dispersion can then be modelled as [72]

∂A

∂z
+ β1

∂A

∂t
+ jβ2

2
∂2A

∂t2
+ α

2A = 0, (2.11)

with z denoting the propagation direction, β1 denoting the group velocity
inside the fiber, β2 the second order dispersion and α the fiber loss. Since
we are typically not interested in propagation with respect to a fixed point
in space, we can reformulate Eq. 2.11 by considering a co-moving reference
system (a reference system in which the observer is sitting centralized on the
pulse A and follows it during propagating) according to

∂A

∂z
+ jβ2

2
∂2A

∂t2
+ α

2A = 0. (2.12)

Solving Eq. 2.12 is usually done in the frequency domain and since the loss
term only reduces the amplitude of the pulse, we make a variable substitution
according to U(z,t) = A(z,t)

exp (−αz/2) and insert it into Eq. 2.12 which reduces to

∂U

∂z
+ jβ2

2
∂2U

∂t2
= 0. (2.13)

Taking the Fourier transform of Eq 2.13 then results in

∂U(z,ω)
∂z

= j
β2ω

2

2 U(z,ω). (2.14)

Equation 2.14 is a first order ordinary differential equation in z and can be
solved according to

U(z,ω) = exp
(
j
β2ω

2z

2

)
U(0,ω). (2.15)

From Eq. 2.15, the effect of dispersion can be understood as a parabolic phase
response in frequency domain. Given that the inverse Fourier transform of a
phase shift is a time delay, dispersion simply broadens a pulse in time as it
propagates along the fiber.
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2.2.3 The Nonlinear Fiber Channel

In addition to the linear channel response described by Eq. 2.12, the optical
fiber also has a nonlinear response from the silica glass. The implication of
this is an intensity dependent refractive index which can be written as [72]

nEff = n0 + n2I, (2.16)

with nEff being the resulting, n0 the linear, and n2 the nonlinear refractive
index coefficient, respectively. In Eq. 2.16, I denotes the intensity of the
electric field which gives raise to the nonlinear interaction. The effect of a
nonlinear refractive index can then be viewed as a power-dependent modulation
of the refractive index in the fiber. Incorporating such effects in our channel
model relies on considering the nonlinear polarization response of the electrical
displacement field and solving Maxwell’s equations for fiber propagation. A
more detailed derivation is beyond the scope of this thesis, but can be found
in [72].

Including the nonlinear effect, known as Kerr nonlinearity, into Eq. 2.13,
results in the famous nonlinear Schrödinger equation for fiber optics, according
to [72]

∂A

∂z
+ jβ2

2
∂2A

∂t2
+ α

2A = jγ|A|2A, (2.17)

with γ being the nonlinear coefficient of the optical fiber. Equation 2.17 has
no analytical solution and numerical methods are required approximate the
solution in the general case. However, important insights to the implications of
fiber nonlinearities can be found by considering the case of a channel without
dispersion, i.e. β2 = 0. Substituting U(z,t) = A(z,t)√

P0 exp (−αz/2) , with P0 denoting
the pulse peak power, an analytical solution to Eq. 2.17 can be found according
to

U(z,t) = U(0,t) exp(jφNL(z,t)). (2.18)

The term φNL is often refereed to as the nonlinear phase shift given by

φNL = |U(0,t)|2γP0

∫ z

0
exp(−αz′)dz′. (2.19)

At first glimpse, Eq. 2.19 can look a bit confusing and to ease the understanding
it is convenient to introduce two additional length scales known as the nonlinear
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length LNL and the effective length LEff, defined according to

LNL = 1
P0γ

(2.20)

LEff =
∫ z

0
exp(−αz′)dz′ = 1− exp(αz)

α
(2.21)

Introducing LNL,LEff, Eq. 2.19 changes to

φNL(z,t) = |U(0,t)|2 LEff

LNL
, (2.22)

and we can understand the Kerr nonlinearity as a phase-shift in time domain
which depends on the pulse shape as well as the relation between the nonlinear
and effective length. Note that φNL(z,t) is directly proportional to the optical
power and a way of increasing or decreasing the amount of nonlinearities is
therefore simply to adjust the optical power. A final important remark on fiber
nonlinearities is that while both nonlinear and dispersive effects give raise to
a phase shift, the implications are very different. Dispersion is an inherently
linear effect in which the phase shift is dependent on the frequency content. In
contrast, nonlinearities depend on the profile in time and the phase shift there
causes spectral broadening and transfer of energy among different spectral
components within the pulse.

2.2.4 The Gaussian Noise Model
While numerical solution of the nonlinear Schrödinger equation provides a way
of estimating system performance using simulations, brute force solutions is
computationally heavy. As a result of this, large efforts have been devoted to
developing simpler models with the most famous one being the Gaussian noise
model (GN-model) [74–76].

The GN-model focus on uncompensated transmission systems in which the
signal can be assumed to be highly dispersed. As given away by the name, the
model therefore assumes that the signal can be approximated with a Gaussian
distribution and that the nonlinear penalty can be approximated with an extra
noise term so that the SNR is expanded according to [75]

SNR = PS
σ2
ASE + σ2

NL
, (2.23)

with σ2
ASE, σ

2
NL being the variance of the amplifier noise and the nonlinear

noise-like distortions, respectively. For uncompensated transmission, the

22



2.3. Optical Receiver

model has proven accurate over a broad range of fiber types and transmission
distances [77]. Worth emphasizing though is that the GN-model assumes that
the signal is a Gaussian process and is hence modulation format independent.
However, an extended version, the extended GN-model (EGN-model) accounts
for this at the expense of a more complicated model [78].

2.2.5 Polarization-Dependent Channel Models
As discussed before, the fundamental mode in a SMF is polarization degenerate.
However, the circular symmetry of a transmission fiber is non-ideal in practise
and small fiber birefringence causes polarization rotations as well as give
raise to effects such as polarization mode dispersion (PMD) and polarization
dependent loss (PDL). Lots of work have been focusing on understanding the
effect of mainly PMD which, before the introduction of coherent DSP limited
system reach [79–81]. Without going into detail, we only focus on two separate
models for dual-polarization transmission.

The first is an extension from the classical AWGN channel by including a
polarization scattering matrixH. Equation 2.7 can then be expanded according
to

y[n] = Ha[n] +N [n], (2.24)
with H being a 2× 2 complex value unitary matrix in the case of no PDL . If
PMD is present H is frequency dependent and the matrix product in Eq. 2.24
will be a convolution with a[n].

Several ways exists for including polarization dependence along the propaga-
tion, depending on how the polarization is treated. Focusing on communication
over longer distances of fiber (spanning km), the Manakov model is commonly
used [17]. In the Manakov model, the state-of-polarization is averaged over
the Poincare sphere (Stokes representation [82]), leading to a famous extension
of Eq. 2.17 according to [83]

∂Ax
∂z

+ jβ2

2
∂2Ax
∂t2

+ α

2Ax = jγ
8
9
(
|Ax|2 + |Ay|2

)
Ax,

∂Ay
∂z

+ jβ2

2
∂2Ay
∂t2

+ α

2Ay = jγ
8
9
(
|Ax|2 + |Ay|2

)
Ay.

(2.25)

2.3 Optical Receiver
The role of the optical receiver is to extract the information carried by the
optical carrier and to retrieve the encoded information. This process involves

23



Chapter 2. Optical Communication Systems

several steps including down-conversion, detection, digitizing and DSP.
As outlined in Fig. 2.1, the incoming signal is mixed with a second laser,

the LO, in a coherent optical receiver. Coherent detection is nothing new
and has been used for decades within the wireless community. Within the
field of optical communication, "lack of high speed ADCs and powerful DSP
ASICs" meant that it took more than 20 years after the introduction of optical
communication systems until the coherent era started.

2.3.1 Optical Receiver Front-End
Coherent detection refers to the process of detecting both the amplitude and
phase of the light wave envelope. In this, the optical phase is extracted with
the LO as reference by mixing it using an optical hybrid in which one arm is
delayed π/2 with respect to the other one. The result is two output signal
which can be combined two and two using balanced photo detectors to produce
output photo-currents according to [84][

iI(t)
iQ(t)

]
∝
[
Re (ESig(t)E∗Lo(t))
Im (ESig(t)E∗Lo(t))

]
, (2.26)

with iI,Q denoting the resulting electrical currents representing the in-phase
and the quadrature-phase of the modulated envelope, ESig(t) denoting the
input signal field and ELo denoting the LO field.

Similarly to how two separate IQ-modulators can be used to built up a PM
modulator, two separate optical hybrids combined with a polarization beam
splitter can be used to create a dual-polarization receiver. In such, Eq. 2.26, is
expanded with indices to denote the X,Y polarization and the hybrid has four
outputs.

2.3.2 Analog to Digital Conversion
After coherent detection using the optical hybrid, the resulting photo-currents
needs to be sampled in order to produce a received signal in the digital domain.
This is done by a set of high-speed ADCs, converting the photo-current into a
sampled digital signal. As previously mentioned, optical systems are more to
a large degree limited by the performance of the DACs and ADCs used in the
transceivers [22].

Important aspects when characterizing an ADC is the number of bits, or
equivalently, the resolution of the ADC, similarly to the DAC. While DAC
and ADC design differ significantly, the metrics used to characterize them as
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well as the implications of limited resolution on optical communication is very
similar. The sample principles as outlined for the DACs in Section 2.1.3 can
therefore be applied to the case of ADCs as well.
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Chapter 3

Digital Signal Processing
and Forward Error
Correction

After transmission through the optical channel, the coherent optical receiver 
uses advanced DSP and powerful FEC to ensure reliable communication. The 
role of the DSP is to compensate for various signal impairments such as 
bandwidth limitations and polarization effects. In addition, the receiver 
implement a matched filter to maximize the probability of correct detection. 
Following this, FEC (or transmission of redundant data in clever ways) is used to 
ensure that the resulting error probability is below a selected threshold, often 
taken to be a BER of < 10−15.

In the following descriptions of all algorithms we consider a received signal 
r′(t) = I ′(t) + jQ′(t), denoting the received signal with the impairment(s) 
under consideration. The corresponding output signal after processing is 
denoted r(t) = I(t) + jQ(t). While there exists default schemes outlining the 
order in which the signal should be processed (see for example [60]), this is not 
necessarily fixed and some steps can be moved around to gain performance or 
ease the processing requirements. Example of this can be to group processes 
done in the frequency domain to minimize the number of consecutive Fourier 
transforms needed in a hardware implementation. Due to this, the following 
sections describes typical DSP algorithms used without strictly enforcing an 
order in which they shall be used.
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3.1 Front-End In-Balance Compensation
Both the optical hybrid and the transmitter modulator can suffer from skew
and in-balance between the I and Q component of the modulated and/or
detected signal, causing distortions which leads to reduced performance [85,
86]. In-balance can be modeled according to [87],

r′(t) =
[
gII

(
t− τIQ

2

)
+ oi

]
+
[
gQQ

(
t+ τIQ

2

)
+ oQ

]
exp

(
j
(π

2 + φIQ

))
= I ′(t) + jQ′(t),

(3.1)

with r(t) denoting the received complex signal with I ′(t) = Re (r′(t)), Q′(t) =
Im (r′(t)), τIQ denoting the timing skew, φIQ the phase error, gI,Q and oI,Q
the gain and offset of the I and Q components, respectively. Equation 3.1 gives
important insights to how the signal is affected by such impairments. The
effect of various in-balance impairments can be seen in Fig. 3.1 for the case of
16QAM. In (b), the effect of varying gain between I(t) and Q(t) results in signal
compression of one of the axis relative to the other one. As a result, the effective
power per dimension (considering constant average power) will vary, resulting
in performance in-symmetry between I and Q. The effect of offsets (oI ,oQ) is
visualized (c) and we observe that while the constellation looks identical to the
reference case in Fig. 3.1(a), the center of the constellation is shifted. Finally,
a mis-match in the π/2 phase-shift between the two components causes the
resulting vectors to be non-orthogonal which squeezes the constellation along
the axis, as seen in Fig. 3.1(d).

Depending on the impairment, these in-balances can be compensated in
different ways. Non-zero offsets can be compensated by re-centering the signal
according to

r(t) = r′(t)− E [r′(t)] . (3.2)

Similarly, non-equal gain factors can be compensated for by scaling the signal
according to

r(t) = k

(
I ′(t)

E [|I ′(t)|2] + j
Q′(t)

E [|Q′(t)|2]

)
, (3.3)

with k being an arbitrary scaling constant. While gain variations and offsets
might be straight forward to account for, a φ 6= 0 causes the received in-phase
and quadrature-phase components to be non-orthogonal. Several algorithms
from basic linear algebra can be used to obtain orthogonal vectors, including
the commonly used Gram-Schmidt (GS) orhogonalization scheme [88]. Using
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Fig. 3.1. Effect of IQ-inbalance on a signal constellation. (a) 16QAM reference
case, (b) different gain of the I and Q component, (c) non-zero centered con-
stellation in I and Q and (d) a φ = −π/6 offset from the ideal case of a π/2
angular difference between I and Q component.

the GS scheme, one vector is selected as the reference and the second vector is
then being orthonormalized with respect to the chosen initial vector according
to

~I(t) = ~I ′(t)

~Q(t) = ~Q′(t)−

〈
~I ′(t), ~Q′(t)

〉
〈
~I ′(t),~I ′(t)

〉 ~I ′(t), (3.4)

with ~I(t), ~Q(t) being vectors in time and <> denoting the dot product. The
effect of using the GS orthogonalization is depicted in Fig. 3.2. More impor-
tantly, according to Eq. 3.4, orthonormalization instead of orhogonalization

29



Chapter 3. Digital Signal Processing and Forward Error Correction

will compensate for any gain and offsets variations as well, requiring only a
single step to compensate receiver IQ-imbalance.

As a final remark to the effect of in-balances it is important to note that
while these algorithms work very well in idealized simulations, any noise on
the constellations will be re-scaled when re-scaling the signal. Performance
will therefore be limited in systems suffering from large in-balance. For the
orthonormalization, several other methods exists which instead of normalizing
one vector with respect to the other perform the orthogonalization in a sym-
metric way. In severe cases, such approaches can improve performance over
the simple GS scheme.
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Fig. 3.2. Effect of orthonormalization to compensate for a φ 6= 0. (a) before
orthonormalization, φ = −π/6. (b) after orthonormalization.

3.2 Static Equalization
Static equalization refers to the part of the DSP structure which compensates
for static linear impairments such as dispersion [89]. While the distinction
between static and dynamic filters is straight forward in theory, is is more fuzzy
when considering the implementation of DSP-based filtering. This is due to
the high flexibility of dynamic equalization (see Section 3.3) and several static
impairments such as receiver bandwidth limitations are often handled by the
dynamic equalizer, despite being of static nature. For the case of dispersion it
is worth pointing out that the static assumption relies on a point-to-point link
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with known, non-changing length. In dynamic network scenarios where optical
signals are re-routed along the path, this might not be true and dispersion
estimation is required to resolve the propagated distance [90]. However, this is
still a slow process and in this work we focus on a fixed, known, transmission
distance. Dispersion estimation has been extensively investigated for several
different transmission scenarios and the interested reader is referred to [91–93].

3.2.1 Static Dispersion Compensation
A static dispersion compensation filter can be implemented by directly con-
sidering the frequency domain solution, Eq. 2.15, to the dispersive channel
model (Eq. 2.12). Equalization can be implemented either using finite impulse
response (FIR)-filters in the time domain or equivalently in the frequency
domain [89]. Filtering using FIR-filters is covered in Section. 3.3. In principle,
static frequency domain filtering could be implemented according to

r(t) = F−1 (U(−z,ω)F (r′)) , (3.5)

with F denoting the Fourier transform operator and U(z,ω) is the dispersive
phase response from Eq. 2.15. However, for real-time sequential processing it is
necessary to apply the filter in a more continuous manner. This is done by di-
viding the signal into processing blocks from which each block is independently
compensated by using a discrete Fourier transform implementation. To avoid
issues from discontinuities and the periodic boundary conditions imposed by
the use of block-wise Fourier transform [94]. To avoid this issue, the blocks
are selected with a certain overlap which is then removed after processing, a
process known as overlap and save [60, 95].

3.2.2 Matched Filtering
Matched filtering is the processes of maximizing the chances of detecting the
signal correctly in the presence of AWGN by filtering it with a filter resulting in
the least-mean-square error [61]. If a transmitter signal is shaped with a filter
h(t), the matched filter corresponds to the time-reversed complex-conjugate
h∗(−t). Matched filtering is a core part of communication theory and detailed
derivations can be found in [61]. For the purpose of this thesis we only focus
on the matched filtering criterion when using raised cosine (RC) pulse shaping
for improving the spectral efficiency, as discussed in Section 2.1.2. When using
a RC filter it is common to split the filtering between the transmitter and the
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receiver. The transmitter filters the signal according to

s[n] = a[n] ∗ h[n], (3.6)

with s[n] denoting the output discrete transmitted signal, h[n] the transmitter
pulse shaping filter and ∗ the convolution operator (Eq. 2.2). Assuming the
AWGN channel, the received signal r[n] can be written as (see Eq. 2.7 for a
description of the AWGN channel model),

r′[n] = s[n] +N [n]. (3.7)

To maximize the probability of correct detection, the receiver now uses the
matched filter according to

r[n] = r′[n] ∗ h∗[−n], (3.8)

resulting in r[n] being the least-mean-square estimate of the transmitted
symbols a[n]. Important here is that when using RC pulses, is it often
implemented by performing one filtering step at the transmitter and one at
the receiver according to [61]

hRC = hTx ∗ hRx. (3.9)

In this case, the proper filter can be found by Fourier-transform Eq. 3.9
according to

HRC(ω) = HTx(ω)HRx(ω) = |H(ω)|2, (3.10)
which shows that the proper transmitter and receiver filters are the square-root
of the overall sought response. Also note that while the key aspect of a RC filter
is to shape the signal spectrum and ensure ISI-free operation, the ISI criterion
is not full-filled by the square root RC filter (RRC) it self. Instead, ISI-free
signaling is ensured by applying the matched receiver filter being implemented
either by using the known filter response or via the use of a dynamic equalizer.
Finally it is important to note that while being straight forward for the AWGN
channel, matched filtering is more tricky for a more general fiber-optic channel
and careful DSP design is needed in order to minimize ISI. Similar to the case
of dispersion compensation, matched filtering can be implemented either in
the time or in the frequency domain.

3.3 Dynamic Equalization
Some effects present in optical communication systems are not static and
requires dynamic tracking or dynamic equalization. Moreover, residual disper-
sion or miss-matches in the static filtering can be compensated for by dynamic
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tracking which ensures that the overall receiver filter response is the one which
maximize the probability of correct detection [89].

Similarly as for the case of static equalization outlined in Sec. 3.2, dy-
namic filtering can be implemented in the time or frequency domain. To
give the complete picture, the following description uses the time domain
implementation. Which one to choose depends largely on the memory length
of the filter as computations of long responses can be done more effectively
in frequency domain. This is of key importance for SDM systems with long
impulse responses such as mode-division multiplexing systems [96, 97].

FIR filtering can be described as

r[n] = ~h∗[n] · ~r′[n], (3.11)

with ~h = [h(n),h(n− 1),...,h(n−N)] and similarly for the received signal prior
to equalization ~r′. Here N is the memory length of the filter. Also note that
the filter can be shifted to have memory both forward and backwards in time
which is required for matched filtering of, for example, RC pulses. However,
doing so always introduces a fundamental delay of the filter, to maintain
causality.

In the case of dual-polarization transmission, the equalizer can be used to
undo polarization rotations and compensate for PMD. To do this, the equalizer
needs to be expanded to account for both polarization. This is done using
2× 2-butterfly configuration of the equalizer according to [60]

(
rX [n]
rY [n]

)
=
(
hXX [n] hXY [n]
hY X [n] hY Y [n]

)(
r′X [n]
r′Y [n]

)
. (3.12)

In contrast to the previously outlined single dimension equalization, Eq. 3.12
implements the polarization de-multiplexing required in dual-polarization
systems. Important here is that pure polarization rotations can be undone
using a 2× 2 complex unitary matrix and no time memory is needed. Instead,
the memory requirement in the polarization de-multiplexing process arises due
to the PMD present in optical fibers and the requirement of ensuring match
filtering.

In order to perform dynamic equalization, the filtering elements in Eq. 3.12
has to be dynamically updated. Considering one update step, the tap update
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can be done using stochastic gradient decent according to [98]

hXX [n+ 1] = hXX + µεX [n]r∗X [n]r′X [n]
hXY [n+ 1] = hXY + µεX [n]r∗X [n]r′Y [n]
hY X [n+ 1] = hY X + µεY [n]r∗Y [n]r′X [n]
hY Y [n+ 1] = hY Y + µεY [n]r∗Y [n]r′Y [n]

, (3.13)

with εX/Y denoting the error function and µ being a constant (error scaling
factor) known as the step length. Several different error functions exists of
which some are covered in the following sections. A more detailed overview
over different algorithms can be found in [60, 99]. The power of dynamic
equalization can be seen in Fig. 3.3, in which the dynamic equalizer is used for
both polarization de-multiplexing and matched filtering on the receiver side.
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Fig. 3.3. Effect of dynamic equalization. (a) Transmitted signal shaped with a
root-raised cosine filter with β = 0.1. (b) resulting constellation after a small
polarization rotation. (c) Constellation after dynamic equalization.

3.3.1 Constant Modulus Algorithm
The constant modulus algorithm (CMA) is one of the key algorithms in dynamic
equalization [100]. The CMA is based on minimization of the mean squared
error of the signal, with respect to a given reference level, RRef, according
to [100, 101]

εX = RRef − |rX[n]|2

εY = RRef − |rY[n]|2
. (3.14)

The CMA is a simple, frequently used, very powerful error function. However,
as seen in Eq. 3.14, the average power is always referenced with respect to a
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fixed value. For constant power constellations such as QPSK, this is optimal
but for multi-level modulation formats such as general M-QAM this is not
true. Still, by choosing RRef according to [102]

RRef =
E
[
|a[n]|4

]
E [|a[n]|2] , (3.15)

the standard CMA can be used for multi-level modulation formats at the
expense of a penalty, which becomes larger when increasing the modulation
order.

3.3.2 Radius-Direct Equalization
Focusing on multi-level modulation, one way of extending the CMA is to use
a radius-directed equalizer (RDE) [103]. As given away by the name, this
equalizer relies on estimating the radius of the equalizer output and compare
it to a set of reference levels (in contrast to CMA which only has one fixed
level). This is done by adapting Eq. 3.14 according to [103]

εX = D
[
|rX[n]|2

]
− |rX[n]|2

εY = D
[
|rY[n]|2

]
− |rY[n]|2

, (3.16)

with D denoting a radius decision operator which selects the maximum-likely-
hood radius of the received constellation point given a set of reference radii.
As such, the use of RDE requires knowledge of the constellation. Moreover,
the performance depends on the probability of correctly estimating the signal
radius. This is even more challenging during the initial convergence phase in
which symbol errors are frequent. To overcome this, a RDE is often used in
cascade with an initial CMA equalizer to pre-converge the taps. After the
CMA has converged to the best average error, the RDE is used to account for
the multi-level constellation.

3.3.3 Decision-Directed Least Mean Square
The RDE can be seen as an extended CMA which uses a decision-directed
(DD) circuit to choose the most proper reference level from a given reference
set, resulting in a real-valued error signal. Instead, a decision on the most
likely received symbol can be used and the error taken as the distance between
the received symbol according to [104, 105]

εX = D [rX[n]]− rX[n]
εY = D [rY[n]]− rY[n]

, (3.17)
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refereed to as DD least mean square (DD-LMS) equalizer with D now denoting
the symbol decision operator . The use of a DD-LMS is suitable for complex
multi-level constellations such as higher-order M-QAM. In contrast to CMA and
RDE, the DD error function uses both the real and imaginary part of the signal
error. If carrier offsets (see Section 3.4) are present on the signal, these have to
be compensated in order to make accurate symbol-based decision which causes
delays in feedback when considering real-time processing. Moreover, similar to
RDE, the DD-LMS is sensitive to symbol decision and initial pre-convergence
is normally required to ensure stable performance.

3.4 Carrier Recovery
In addition to the powerful static and dynamic equalization used to compensate
for linear transmission impairments, any miss-match between the transmitter
and receiver laser will give raise to carrier offsets [106]. This can be qualita-
tively understood by considering the up-down conversion process done in the
transmitter and receiver according to

r[n] = a[n] exp (j (2πnT0f0 + φ0[n])) · exp (−j (2πnT0f1 + φ1[n])) +N [n],
(3.18)

with f0,f1 and φ0,φ1 denoting frequency and phase noise of the transmitter and
receiver lasers, respectively and T0 denoting the symbol duration. Ideally, the
transmitter and receiver laser are perfectly synchronized and without any phase
noise. However, in practise the lasers drift and have a finite linewidth (the
ideal laser is monochromatic). How much and to what extent depends on the
laser type but for standard external cavity lasers (ECLs) used in the majority
of this work, frequency drifts up to a few GHz together with linewidths around
10-100 kHz are common.

While the dynamics underlying the linewidth of a laser can be complex,
an easy system model can be built up under the assumption of a perfectly
Lorentian linewidth. In such case, the phase noise can be approximated as a
Brownian motion according to [106]

φ[n] =
n∑

k=−∞
ν[k], (3.19)

with ν[k] being i.i.d. Gaussian random variables with zero mean and variance
σ2
ν = 2π∆νT0, with ∆ν being the laser linewidth (often combined for both

the transmitter and the receiver laser). In contrast to frequency offset which
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corresponds to a linear phase walk, phase noise is a random process. More-
over, the frequency offset is a slow varying process in contrast to phase-noise
compensation which is required on symbol level to ensure high performance.
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Fig. 3.4. Impact of DSP-based carrier recovery. (a) shows signal before com-
pensation, ∆f = 500MHz, ∆ν = 100 kHz. (b) constellation after FOE and (c)
constellation after FOE + CPE (BPS with M = 64 and N = 20).

3.4.1 Frequency Offset Estimation
DSP-based frequency offset estimation (FOE) can be done in several ways [107–
112]. While most studies have been considering offline processing, some recent
work has focused on hardware implementations of FOE [113]. One commonly
used approach is the based on trying to remove the data modulation and then
estimating the frequency offset by finding the linear component of the signal
phase drift. This can be understood by considering QPSK modulation for with
the symbols a[n] ∈ 1√

2 (±1± j). QPSK is equivalent to 4-phase shift keying
(PSK) and for M-PSK formats, data modulation can be removed by raising
the constellation to the M:th power [106]. In the case of QPSK, this translates
to

(a[n])4 = −1,∀n. (3.20)

Similar expression holds for all M-PSK. After this process, the frequency offset
is found using a linear fit of the phase trace in the time domain, or by Fourier
transforming the signal and search for the maximum peak in the resulting
spectrum (which is intuitive since the Fourier-transform is nothing else than a
change of basis to a set of linear orthogonal frequency components) [112].

While proven powerful for M-PSK, the expression in Eq. 3.20 cannot be
generalized to an arbitrary QAM format and there is no trivial operation
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which simply removes the data modulation (which follows from the fact that
in contrast to PSK, both the amplitude and phase are used for encoding
information). However, for M-QAM, this can usually be circumvented by
realizing that M-QAM constellation can be decomposed to rings of PSK. For
example, a 16-QAM can be decomposed into an inner and an outer ring with
QPSK and an intermediate with 8-PSK. Since they have different power,
applying Eq. 3.20 to such a constellation will map to 4 points, from which
2 are mapped to the real axis (but with different amplitude). Doing so, the
same algorithm can be used even for higher order M-QAM at the expense of
requiring more symbols as only a fraction of the symbols actually directly are
used to estimate the frequency offset. This can be seen in Fig. 3.4 for the case
of 16QAM and 64QAM together with the reference case of QPSK.

As a final remark, while long averaging filters are not an issue in offline
processing, they are for real-time implementations. Moreover, the accuracy
of the estimation depends on the number of symbols used. As a result, the
complexity of frequency offset estimation grows when considering systems
operating at low received SNR with a strong presence of symbol errors.

3.4.2 Carrier Phase Estimation

The role of the carrier phase recovery (CPE) is to compensate the random walk
caused by the phase-noise. In addition, it also compensates for any residual
frequency offset due to limited resolution of the frequency offset estimation,
a very important aspect which is often overlooked in simulation work. For
PSK-signals, the carrier phase recovery can be implemented the same way as
the frequency offset estimation by raising the signal to the M:th power, in line
with Eq. 3.20. However, instead of doing a linear fit over a large set of symbols,
a sliding average window is used to track and follow the phase fluctuations [114].
This is referred to as Viterbi-Viterbi (VV) phase estimation [115]. In such
case, the relation between the amount of phase noise and AWGN decides the
optimal block length.

As pointed out in Section 3.4.1, the data modulation can be removed in
an optimal for M-PSK but modifications are required to allow processing of
arbitrary M-QAM. This is often done by considering partitioning the constel-
lation into several PSK rings [114, 116–118]. A frequently used alternative to
Viterbi-based CPE for arbitrary M-QAM is the blind phase search (BPS). In
contrast to Viterbi-based CPE which relies on a nonlinear operator to remove
data modulation, BPS relies on parallel processing using a brute-force scheme
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in which a set of M test angles are selected according to [119]

φm = m

M

π

2 . (3.21)

The received symbols are then rotated with every test phase before a decision
operator is used to calculate the distance error according to

|dn,m|2 = |r′[n] exp(jφm)− D (r′[n] exp(jφm))|2 , (3.22)

before a sliding average window of length 2N + 1 is used to suppress noise
according to

sn,m =
N∑

k=−N
|dk,m|2, (3.23)

and the output symbol is then selected by minimizing sn,m over the M test
angles according to

r[n] = arg min
m

sn,m. (3.24)

Following its parallel nature and compatibility with arbitrary M-QAM modula-
tion formats (due to the symbol-based decision in Eq. 3.23), BPS is often used
for processing higher-order M-QAM formats. Extensions with maximum-likely
hood estimators to improve robustness have also been studied using a two-stage
approach [120]. Worth noting here is that the needed number of test angles,
M , and averaging block length, N , depends on the modulation order and
amount of AWGN present. As a result, processing of higher-order formats in
a regime with low SNR can be challenging. Since the CPE also has to cover
any remaining frequency offset, which also is more likely in this regime of
interest, extra care is required when designing carrier recovery for high spectral
efficiency systems using strong FEC. This issue is discussed in Paper C.

3.5 Compensation of Transmitter Distortions
Following the CPE, the output symbols are usually fed to a de-mapper followed
by a decoder to recover the bits. However, similar to how an initial IQ-
imbalance compensation stage can be used to compensate for receiver IQ-
imbalance, additional compensation can be used to compensate for transmitter
distortions [86, 93]. These distortions are the same as the once outlined in
Sec. 3.1 for the case of the receiver and can be compensated in the same way. For
a well-balanced transmitter, this stage is usually not needed and in the case of
minor distortions a single orthogonalization stage is usually sufficient. However,
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for completeness, it is important to point out that real-valued equalization
can be used to combat more severe distortions and improve performance.
This is typically needed in systems with subcarrier-modulation [85]. The key
difference is while a complex modulation assume orthogonality between I and
Q, a real-valued can be used to compensate for scenarios when this is not the
case [121].

3.6 Pilot-Based DSP
In contrast to previously outlined blind algorithms relying on signal statistics
or estimations of transmitted symbols such as DD-approaches, pilot-based DSP
relies on a set of transmitted symbols which are known to the receiver [99]. This
makes pilot-based DSP highly flexible and very powerful, especially for higher-
order modulation formats which are very sensitive and hard to processes using
blind DSP [122]. Pilot-based DSP is also considered for flex-format transceivers
as the DSP is transparent to the used modulation format [123, 124].

A more detailed discussion on the power and implementation of pilot-based
DSP is left for the future. Key aspects of pilot-based DSP includes design
and overhead minimization to combat rate-loss from pilot transmission. While
pilot-based DSP approaches are often considered sub-optimal in the research
community, the are inherent very robust and powerful, making them suitable
for usage in "real" systems [122].

However, it is worth to point out that several recent experiment have
been using data-aided (DA) equalization to improve performance [99]. While
often used in experimental work, this is a non-practical approach requiring
full knowledge of the transmitted pattern and it should therefore belong to
the category of pilot-based approaches. While seldom discussed, overhead
of DA-approaches should also be considered when estimating performance of
systems.

3.7 De-Mapping and System Performance Eval-
uation

After carrier recovery and compensation of transmitter distortions, the next
step is to de-map the transmitted symbols to a bit stream which then is
forwarded to the FEC decoder used to recover the transmitted bits. Important
to note here (and all to often overlooked in the experimental literature) is that
several types of codes exist and depending on the chosen type, the output from
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the de-mapper can be either soft or hard. While coding is seldom implemented
in transmission experiments and other performance metrics are used instead,
distinction between hard and soft codes is necessary as they require different
metrics to accurately predict the performance after decoding.

3.7.1 Hard-Decision Demapping
The classical de-mapper is a hard decision (HD) de-mapper which outputs
the maximum likelihood bit sequence given the received symbols. Assuming
the AWGN channel (this assumption is most often used when designing de-
mappers), this corresponds to selecting the closest constellation symbol to the
transmitted ones.

The implication of the assumption of a HD-FEC is that measured BER
after the de-mapper can be used to verify that the system performs within the
target limit of a code assumption which usually is around BER ≈ 1− 5 · 10−3

with corresponding coding overheads of around 7% .

3.7.2 Soft-Decision De-mapping
Recently, more and more research has turned towards studying the use of
soft-decision (SD) FEC which is capable of improved coding gain at the expense
of increased complexity of the de-mapper and the de-coder. Code-design and
structures are far beyond the scope of this thesis, and we therefore only focus
on performance metrics used to estimate the performance.

The first key difference between HD- and SD-decoding is that instead
of forwarding de-mapped bits, a SD-demapper outputs log-likelihood ratios
(LLRs) which can be understood as the probability of that bit being a 1 or
a 0. The corresponding case of HD would be to simply output the most
likely outcome of the corresponding bit. For a complex symbol there exits
k = log2 M LLRs as [125]

L[k] = log
∑
x∈χ1

k
PX|Ck

(x|1)fY |X(y|x)∑
x∈χ0

k
PX|Ck

(x|0)fY |X(y|x) , (3.25)

with χbb is the set of constellation symbols with b ∈ 0,1 at bit position k ∈
1,..., log2 M and fY |X(y|x) is the probability of a received symbol Y conditioned
on a transmitted symbol X. After calculating the LLRs, these values are
forwarded to the FEC decoder. The improvement of using LLRs can easily
be understood by considering a sequence of bits in which one is wrong (as
detected by the parity check in the decoder). If only the bits are present, all
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bits are equally likely to be the one being wrong (even though clever encoding
and decoding algorithms allows for educated guesses) but if the LLRs are
present, statistical knowledge of the probabilities of each bit being wrong are
available and the most uncertain one can be changed. However, the price of
SD comes at the higher computational complexity in both the de-mapper and
the decoder.

Estimating the performance of a system with soft-decision is a bit more
tricky and requires assumptions on which SD code being used. Assuming a
memory-less channel and the use of bit-interleaved coded modulation (BICM),
the proper metric to use is the generalized mutual information (GMI) [125]. If
one instead allows for the use of non-binary codes or iterative de-mapping, the
proper metric is the mutual information (MI) [125]. Also note that the GMI is
upper bounded by the MI. Assuming a memory-less AWGN channel, the GMI
can be estimated according to [125, 126]

GMI ≈M − 1
ns

M∑
k=1

ns∑
l=1

log2 (1 + exp ((−1)ck,lλk,l)) , (3.26)

using a sequence ofM ·ns transmitted bits denoted by ck,l and the corresponding
L-values λk,l estimated using Eq. 3.25. A comparison between BER and GMI
for standard M-QAM modulation formats in the AWGN channel can be seen
in Fig. 3.5.
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Fig. 3.5. Comparison between BER and GMI for standard M-QAM modulation
formats in the AWGN channel. (a) bit error ratio (BER) and (b) generalized
mutal information (GMI).

Two additional considerations are important when discussing performance
metrics and codes. The first is that good channel models to estimate the statics
of a received symbol given a transmitted one are lacking for transmission in
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the optical fiber. Instead, mapping schemes and codes are often designed
under the assumption of a memory-less AWGN channel and deviations from
ideal performance can therefore be expected. However, with uncompensated
transmission around optimal launch power, the AWGN is in general a good
model. Secondly, the purpose of the FEC is to ensure a residual BER below a
given level, usually selected as 10−15. Powerful SD-codes such as the frequently
used low-density parity-check (LDPC) codes have an error floor which usually
is significantly above the target value and also not possible, to date, to predict
fully from analytically estimates. To ensure that the target performance is met,
the SD code is usually concatenated with an outer HD-FEC. The combination
of these two codes ensures target performance, not simply switching from
a HD-FEC to a SD-FEC. Coding is a research field by itself and from the
perspective of this thesis we therefore simply measure use the performance
metrics and assume that the code can be implemented. For combinations of
SD and HD codes, see [26, 56, 125].
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Chapter 4

Frequency Combs in
Fiber-Optic
Communication

This chapter describes WDM transmission and how frequency combs can be
be used in WDM systems. Frequency combs are first introduced before specific
applications in optical communication are discussed. Finally, we discuss the
basis for the comb-based superchannels using shared pilot tones presented in
Paper A-D.
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Fig. 4.1. Principle of a standard multi-channel WDM system. Each channel
consists of an optical transceiver, operated independently from all other co-
propagating channels.
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4.1 Wavelength Division Multiplexing
The concept of WDM has been introduced in Section 1 and it plays a key role in
enabling the massive throughput from optical links by making use of the SMF
bandwidth spanning about 10THz (only considering the C+L-band) [38, 49].
The principle for a WDM system is shown in Fig. 4.1 and can be understood
by considering several single-channel systems, each one following the principle
outlined in Section 2. To fill the full bandwidth, each wavelength channel is
chosen so that all channels are separated in the frequency domain. At the
receiver, the target channel is selected by filtering out the side channels and
matching the LO to the transmitter laser wavelength.

4.2 Frequency Combs
An optical frequency comb is a coherent multi-wavelength light-source char-
acterized by its center frequency f0 and its line spacing ∆f , as shown in
Fig. 4.2. While these two parameters characterize a frequency comb [127],
several different ways of generating one exists. These include the use of
mode-locked lasers [128], four-wave mixing in micro-ring resonators [129] and
optical fibers [130] and electro-optic modulation [127]. Optical frequency combs
have been used in spectroscopy [131, 132], optical arbitrary waveform genera-
tion [133], optical frequency synthesizing [134] and in communications [127].
In 2005, John L. Hall and Theodor W. Hänsch were awarded the Nobel prize
in physics "for their contributions to the development of laser-based precision
spectroscopy, including the optical frequency comb technique", highlighting
the impact of comb technology as a scientific tool.

Throughout this thesis, electro-optic (EO) frequency combs are used. Here,
an EO comb is generated using a cascade of over-driven phase modulators
(PMs) and intensity modulators (IMs) [135]. The setup for generating an
EO-comb is shown in Fig. 4.3 together with the resulting spectrum of an
EO-comb consisting of two PMs and an IM. All modulators are driven by a
common radio-frequency (RF) clock, setting the line spacing ∆f . To generate
the about 50 lines from the comb, two high-power RF amplifiers are used before
the PMs. The intensity modulator acts as a pulse carver with 50% duty-cycle,
which if correctly biased, carves the pulses only when the PM provides an
almost linear chirp [127, 136]. If the RF-phase shifts shown in Fig. 4.3 are
correctly aligned, the output spectrum is very flat with two characteristic
"ears", as shown in Fig. 4.3. The center frequency f0 is set by the comb seed
lasers and EO-combs are hence fully characterized by the RF-clock and the
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f

∆f

f0 f0+∆f f0+n∆f

Fig. 4.2. Principle of an optical frequency comb. The comb can be fully
characterized by its center frequency f0 and its line spacing ∆f .

seed laser. Using high-power handling modulators, EO-combs can be very
stable and produce lines with high line power.

4.3 Comb-Based Transmission Systems
Studying the WDM system shown in Fig. 4.1, one can intuitively understand
how frequency combs can play a role in future WDM systems. Since all
wavelength channels are separated by a given spacing (which often is fixed
to one of the defined ITU grids), a single multi-wavelength source could, in
principle, be used instead of the N lasers used on the transmitter and receiver
side. The principle of an optical communication system using frequency
combs is shown in Fig. 4.4. Here, all transmitter laser and LOs are replaced
with a transmitter and a receiver frequency comb. Since the carriers of
a frequency comb are locked with respect to each other, all channels are
locked on the grid provided by the frequency combs line spacing ∆f . To
date there have been several demonstrations of comb-based transmission
systems using a broad range of comb sources. These include the use of combs
based on the Kerr effect in micro-ring resonators (MRR) [129], mode-locked
lasers [137], electro-optic (EO) modulation [138] and parametric broadening
optical fibers [139]. Several recent demonstrations have shown promising
results for integrated multi-wavelength sources using MRR-generated combs
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as a light source. These include the first demonstration of transmission using
using a low-noise MRR-based comb at distances reaching 300 km [140], dense
WDM transmission using two interleaved combs [129], the use of MRR-based
combs both in the transmitter and receiver [129], communication over trance-
oceanic distances [141] and compatibility with higher-order modulation formats
by demonstrating transmission with PM-64QAM [142]. Mode-locked lasers
have long been considered for use in optical communication [137, 143] and
recent advantages using external cavities demonstrated compatibility with PM-
32QAM, overcoming classical linewidth issues using mode-locked lasers [144].
Dense WDM transmission using EO-combs was investigated in [145]. They are
also the based of the parametric combs in [139] in which an EO-comb is used
to generate an initial comb from which two (or a few) lines are selected and
send through a parametric mixer used to create ultra-flat combs exceeding
100 nm BW [130, 139]. The minimum carrier OSNR of such parametric combs
can exceed 45 dB with minimum line power exceeding 5 dBm [146], enabling
record demonstration of 2.15Pb/s throughput over a 22-core fiber [147]. The
high OSNR has also enabled transmission of PM-256QAM [148].

~

Laser PMPM IM

RF Clock

RF Amp.

RF Phase Shifter

Fig. 4.3. EO-comb generation setup together with the resulting spectrum
measured using 0.1 nm resolution.

4.4 Exploiting Unique Comb Properties in Co-
herent Optical Communications

The combined research efforts have been successful in validating the possibility
of using frequency combs as a WDM source in optical communication. De-
pending on the target application, various comb technologies (mentioned in
Section 4.3) have proved to meet the demands, potentially replacing the use
of independent free-running lasers in WDM applications. Simply replacing
free-running laser has the potential of enabling energy savings [129, 142].
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Beyond the simple case of replacing free-running lasers with a multi-
wavelength source, much less effort have been put into actually exploiting
the unique properties brought by introducing frequency combs. Pioneering
work on this was done in [149] where the authors demonstrated two-folded
reach-increase by using transmitter-side digital pre-compensation of fiber non-
linearities. This compensation was enabled by exploiting the property of
frequency locked carriers from an optical comb and the benefit of the scheme
would be lower if implemented with free-running lasers [150]. Another example
of DSP-based concept exploiting unique comb properties includes joint CPE
to reduce DSP power consumption [151] but lots of work remains before the
role of frequency combs is fully understood.
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Fig. 4.4. Illustration of a comb-based WDM system. All channels originates from
a common comb-source and the receiver LO lines are generated from a receiver
combs. Modulation and receiver processing is typically done independent for
each wavelength channel.

4.4.1 Self-Homodyne Detection
In early days of coherent optical communication, self-homodyne (SH) detection
was proposed as a way of combating the laser phase noise and avoid the need
for complex DSP-based carrier recovery (as described in Section 3.4.2) [152].
Instead of using a free-running laser as LO, a copy of the transmitter laser is
transmitted as a pilot tone (PT) and used as LO. This avoids the need for FOE
and, in the ideal case, completely removes any laser phase noise. Conventionally,
the orthogonal polarization is used for PT transmission implying a 50% loss
in SE. In addition, the PT is subjected to noise and nonlinear impairments
from propagation (see Section 2.2.3). SNR dependence of PT filtering was
investigated in [153] and capabilities for SH systems to cancel out nonlinear
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signal distortions was demonstrated in [154]. Despite the clear advantages of
reduced DSP complexity, the loss in SE battled SH systems and to combat this,
interleaved PT transmission was proposed, reducing the overhead to 33% [155].

More recently, SH detection was expanded into the domain of SDM trans-
mission. The many spatial dimensions available allows for effecting sharing
of a pilot tone by using the high correlation among separate cores within a
multi-core fiber [156]. This was demonstrated in [157] where the authors used
a 19 core fiber with one core dedicated for PT transmission. The capabilities
of the scheme were later used in a high throughput experiment demonstrating
210Tb/s throughput using high-linewidth laser by combining the SH detection
with WDM [158]. Cross-talk dependence and correlations within multi-core
fiber were investigated more in-depth in [159].

4.4.2 Frequency Comb Regeneration
While exploiting the high correlation of spatial dimensions using SDM fiber
provided SH detection with low overhead, the number of WDM channel still
exceeds the number of available SDM channels, even in record experiments
combining both multi-mode and multi-core transmission [50]. Moreover, as
the number of wavelength channels is very high in fully loaded systems, the
complexity is still high if using one PT per wavelength channel. As briefly
outlined in Section 4.3, frequency combs provides high correlation among
channels in the spectral domain. Comb-based superchannels can therefore
be treated in similar ways to spatial superchannels. This implies that gains
and sharing can be exploited also in SMF technology, making comb-based
superchannels compatible with existing infra structure.

The idea of exploiting the coherence was first proposed in [143] where
the authors proposed locking of a transmitter and receiver comb using two
unmodulated PTs. The first system study of properties for a comb-based SH
system was done in [160]. The experiment was done in back-to-back and the
authors only considered recovering the central tone of the frequency comb, or
equivalently, locking f0 of the two frequency combs. As only one tone was used,
the same RF-clock reference ∆f was used in both the transmitter and the
receiver to enable full phase coherence. This issue was solved in [161] which
studied the use of two PTs, enabling recovery of both f0 and ∆f , creating
a fully self-homodyne system. The effects of dispersive walk-off between the
PTs (similar to skews in the case of multi-core fiber) were highlighted and
experimentally verified [161]. The first transmission using frequency comb
regeneration for self-homodyne detection was done in [162], demonstrating
transmission of a 24×20Gbaud PM-32QAM superchannel using Brillouin
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amplification to provide narrow optical filtering and avoid excessive phase
noise on the regenerated comb.
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Fig. 4.5. Comparing comb regeneration using one and two pilot tones. (a) two
pilot tones are used to lock both f0 and ∆f between the transmitter comb,
providing a fully SH system which eliminates the requirement of DSP-based
carrier recovery. (b) a single pilot tone is used to lock f0 while ∆f is left without
synchronization. However, the comb stability is order of magnitude better than
the stability of the seed lasers (assuming standard lasers) and the residual offsets
can easily be tracked using DSP.

To avoid penalties from the line-width scaling reported in [162], Paper A
demonstrated regeneration using a receiver EO frequency comb. While the
Brillouin amplifiers used in [162] provided filtering BW around 20MHz, Paper
A introduced the use of an electrical phase-locked loop (PLL) to provide orders
of magnitude more narrow filtering. As a result of this, regeneration can be
performed with higher quality. This enabled both a doubling of the number of
regenerated lines as well as an increase in modulation format from PM-32QAM
to PM-64QAM, resulting in a combined superchannel throughput of 10Tb/s
with a spectral overhead of 4% for self-homodyne detection.

The requirement of using two tones can be understood by considering
the the setup for generating an EO-comb, as shown in Fig. 4.3. One PT is
sufficient to directly extract the center frequency and the beating between two
neighboring tones gives the spacing ∆f . However, in the case of EO-combs,
carrier offsets caused by non-ideal synchronization of f0 and ∆f result in
very different impairments. Not locking the central carrier f0 simply creates
an intradyne system, similar to the ones described in Section 2, requiring
DSP-based carrier recovery as outlined in Section 3.4. If f0 is locked but
not ∆f , the requirements for DSP-based carrier recovery are dictated by the
clock (comb) stability instead of the comb seed lasers. While impairments
from not knowing ∆f also will result in additional frequency offset and phase
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noise, RF-clocks are orders of magnitude more stable compared to standard
free-running lasers.

As a result of this, the effective gain from going from intradyne to a single
PT is much larger than going from one to two PTs, considering both DSP
complexity and performance gain. A single PT used to lock f0 removes the
need for FOE and, depending on laser quality and patch-matching, suppresses
phase noise. At the same time, a single pilot tone is robust to nonlinear
distortions and avoids the additional complexity of using phase-locked loops
to lock spacing. Details of the single PT concept and its implications can be
found in Paper B-D.
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Chapter 5

Conclusions and Future
Outlook

The coherence of frequency combs provides unique possibilities for joint pro-
cessing to improve performance and relax the complexity of the receiver,
while still maintaining high spectral efficiency. This thesis is centered around
comb-based superchannels and their potential application in systems using
wavelength-division multiplexing. However, in contrast to classical system
using independent processing for each wavelength channel, the transmitter
and receiver comb are synchronized via the use of optical pilot tones. The
synchronization enables effective cancellation and/or suppression of carrier
offsets, reducing the receiver requirements. If two pilot tones are used, the
transmitter and receiver comb can be fully phase-locked, enabling operation
using higher-order modulation formats without requiring any carrier recovery
using digital signal processing. This was demonstrated in Paper A, enabling
self-homodyne detection of a 50×20Gbaud PM-64QAM superchannel with 4%
spectral overhead.

While two pilot tones are needed for full phase locking, carrier offsets can
be divided between offset from the comb seed lasers and offsets from the comb
sources. A single pilot tone is enough to synchronize the transmitter and
receiver comb seed lasers, removing frequency offset and suppressing phase
noise while adding minimal complexity. This hybrid approach of combining
a single optical pilot tone with digital carrier recovery facilitates the use of
blind processing, enabling processing of higher-order modulation formats with
standard algorithms. This was demonstrated in Paper B by transmitting
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a 54×24Gbaud PM-128QAM superchannel reaching a spectral efficiency of
10.3 bits/s/Hz. The scheme was furthermore proved tolerant to transmission
impairments, enabling effective usage of pilot tones for transmission distances
reaching 1000 km as shown in Paper C. The minimal overhead furthermore
enabled record-high spectral efficiency of 11.5 bits/s/Hz for fully loaded C-band
transmission, as demonstrated in Paper D.

These combined results show that optical pilot tones can be used in high
spectral efficiency transmission systems thanks to the effective sharing enabled
by the use of coherent frequency combs. Moreover, synchronizing transmit-
ter and receiver combs fully in the optical domain allows for exploiting the
gain without requiring any joint processing in the digital domain. The pro-
posed schemes therefore provides flexibility and compatibility with standard
algorithms but with less stringent requirements. This enables a new degree
of freedom when designing and optimizing superchannels for high spectral
efficiency transmission while striving to maintain low complexity.

Based on these results, several interesting topics can be considered for
future studies. This includes investigations of analog and digital pilot as
well as combinations of both. While the optical pilot tones provides effective
suppression of carrier offsets, digital pilot symbols provides a large degree of
flexibility in design, making combinations of both interesting to study from a
performance-complexity viewpoint.

Other interesting applications for superchannels lies in the domain of SDM
and superchannels spanning both spectral and spatial domain can enable new
degrees of freedom when optimizing overhead. In such applications, balance
between limitations from spatial skew and comb phase noise are likely to affect
the design. It also opens the possibility for multi-dimensional modulation
and coding applied over the massive signal space spanned by the spectral-
spatial superchannel. Depending on the distortion level and its distribution
in frequency and space, optimization can be done to minimize the overall
overhead by making use of available processing resources, being either analog,
digital or both, in the most effective way.
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Chapter 6

Summary of Papers

Paper A
10Tb/s self-homodyne PM-64QAM superchannel transmission with
4% spectral overhead Journal of Lightwave Technology ,
DOI: 10.1109/JLT.2018.2820166, 2018

This paper demonstrates self-homodyne detection of a comb-based super-
channel using frequency comb regeneration. The regeneration is enabled by
transmitting two unmodulated tones which are used in the receiver to regen-
erate the transmitter comb. The regeneration is implemented using a novel
electrical phase-locked loop which enables narrow-band filtering and avoids
additional penalty from linewidth scaling. The concept is demonstrated using
a 50×20Gbaud PM-64QAM superchannel with a total throughput of 10Tb/s.
The comb-based regeneration enabled record-low spectral overhead of 4% for
self-homodyne detection.

My contribution: I developed the idea of electrical regeneration and, together
with A. L-R., built the measurement setup. I wrote the DSP and processed
the measurement data. I wrote the paper.
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Paper B
High Spectral Efficiency PM-128QAM Comb-Based Superchannel
Transmission Enabled by a Single Shared Optical Pilot Tone Journal
of Lightwave Technology , Vol. 36, no. 6, pp. 1318 - 1325, 2018

This paper demonstrates the use of a single pilot tone to enable the use of blind
DSP in superchannels using advanced modulation formats. The single-pilot
scheme is shown to facilitate the use of blind DSP while adding minimum
spectral overhead. The combination enabled 10.3 bits/s/Hz spectral efficiency
for a 54×24Gbaud PM-128QAM superchannel.

My contribution: I, together with A. L-R. and J. S., developed the idea of
the single-pilot scheme and built the measurement setup. I and J. S. wrote
the DSP. I did all the measurements and processed the measurement data. I
wrote the paper.

Paper C
Comb-Based Superchannel Transmission with Single Shared Optical
Pilot Submitted to Optics Express

This paper investigates the proposed single-pilot scheme for transmission
distances reaching up to 1000 km. The paper investigates both stability
requirements for the transmitter and the receiver comb as well as the sensitivity
to distortions on the pilot tone from transmission. The results presented
verifies that the single pilot-tone scheme is tolerant to transmission-induced
impairments and that DSP complexity reduction can be exploited also for
longer distances. The total superchannel spectral efficiency was 9.6 bits/s/Hz
(8.4 bits/s/Hz) after 480 (960) km of transmission, respectively.

My contribution: I, together with all co-authors, decided on the the scope
of the paper. I built the measurement setup, wrote the DSP and performed
all measurements. I wrote the paper.
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Paper D
11.5 bits/s/Hz PM-256QAM Comb-Based Superchannel Transmis-
sion by Combining Optical and Digital Pilots Proceedings of the Optical
Fiber Conference (OFC), Paper. M1G.2, 2018.

This paper exploits the low overhead of the single pilot-tone scheme and
combines it with pilot-DSP-based equalization and residual phase-noise tracking
to enable detection of PM-256QAM with minimal overhead. Combining three
comb-based superchannel covering the full C-band, a record high spectral
efficiency of 11.5 bits/s/Hz for is demonstrated, corresponding to 12 bits/s/Hz
in achievable information rate.

My contribution: I, with assistance from J. S. built the measurement setup.
I wrote the DSP with input from T. Y. I performed all the measurement and
analyzed the data. I and J. S. wrote the paper.
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