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Abstract

HIS thesis investigates algorithms and subsystems for digital coherent optical
T networks to alleviate system requirements and enable spectrally efficient systems.
Spectral shaping of individual channel is investigated to mitigate backreflections in
bi-directional Passive Optical Network (PON) enabling more than 1000 users operating
at 10 Gbit/s. It is then shown that temporal delay skews, caused by misalignment in
the coherent receiver, induce a large penalty for Nyquist filtered signals. An adaptive
4 x4 equaliser is developed to compensate the imperfections dynamically. This is
subsequently demonstrated experimentally with Polarisation Division Multiplexed
(PDM) Quadrature Phase Shift Keying (QPSK) and 16-level Quadrature Amplitude
Modulation (QAM). Furthermore, a modified blind equaliser is designed to adaptively
compensate for unknown amount of Chromatic Dispersion (CD). The equaliser is
demonstrated experimentally using 10.7 GBd PDM-QPSK transmission over 5,200 km.
To simplify the computational complexity of the equalisers a multiplier free update
scheme is explored in simulations.

Optical frequency combs are investigated as phase and frequency synchronised sub-
carrier sources for Dense Wavelength Division Multiplexing (DWDM) systems. The
effect of phase synchronisation between sub-channels of a superchannel is examined
in simulations without showing performance deviation when no additional optical
or digital processing is applied. Afterwards, the transmission performance of two
generation techniques implementing 400 Gbit/s superchannels, utilising PDM-16QAM,
is evaluated. Although, the average performance of the two combs is identical sub-
channel fluctuations are observed due to uneven spectral profile.

Carrier Phase Estimation (CPE) is explored for both single channel and superchan-
nels systems. An equaliser interleaved with CPE, is explored for PDM-64QAM with
minor improvement. Alternatively, Digital Coherence Enhancement (DCE) allowed
the detection of 6 GBd PDM-64QAM with a 1.4 MHz linewidth laser, an order of
magnitude improvement in linewidth tolerance. Finally, a joint CPE across a comb

superchannel is demonstrated with a factor of 5 tolerance improvement.
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Introduction

VER since the commercialisation of the internet at the end of last century
the demand for data distribution has increased dramatically. The internet
underpins our daily life with ever evolving applications, from video-on-

demand to newly emerging services associated with the ‘Internet of Things’, resulting in
an exponential growth of the internet traffic. Current predictions suggest that the global
annual Internet Protocol (IP) traffic will increase from 523 exabytes to 1440 exabytes
from 2012 to 2017 [1]. To put this into perspective 1 exabyte = 10'® bytes ~ 250
million high-definition movies; 42,000 years of continuous watching.

Initially global communications were underpinned by copper undersea cables and
satellites originally designed for voice transmission. However, these have been displaced
by optical fibre due to its advantages; including increased bandwidth, lower loss and
reduced latency. Historically optical fibres were considered to have ‘infinite’ bandwidth
[2], where digital data was transmitted using binary intensity modulation, where a

ONE is encoded by the presence of light and a ZERO by the absence of light. This

16



Chapter 1. Introduction

simple but robust transmission scheme supported the growth of global communications,
however, in the last decade the short comings of this approach which results in inefficient
utilisation of the finite fibre bandwidth has been realised. This has prompted the need
to research in new technologies, such as digital coherent systems, to further meet data

demands, by improving the utilisation.

1.1 Coherent systems

In the 1980’s systems were loss limited and so coherent detection was investigated to
improve receiver sensitivity and overcome this limit. While significant improvements
were demonstrated at this time, research was also conducted in a competing technology,
the Erbium Doped Fibre Amplifier (EDFA). It offered the same receiver sensitivity
as coherent detection [3], but with significantly reduced complexity and the potential
for multi-channel systems through Wavelength Division Multiplexed (WDM). When
the EDFA was combined with optical dispersion compensating fibre, transmission
over transoceanic distances could be achieved. However, over these long distances
Polarisation Mode Dispersion (PMD) became the limiting factor requiring significantly
more complex receivers to achieve reliable communication. The limitation due to PMD
together with advances in silicon processing prompted a renewed research interest in
coherent detection. By detecting and digitising the full optical field the complexity of
the original coherent receivers is shifted into the digital domain, where Digital Signal
Processing (DSP) can be used to compensate PMD, Chromatic Dispersion (CD) and
demodulate arbitrary modulation formats.

While digital coherent system have now been adopted, as data demand grows,
further increases in fibre capacity are required. There are two main methods to increase
the capacity; to employ more of the optical bandwidth (which is outside the scope of
this work) or to utilise the existing bandwidth more efficiently. One approach is to
increase the data rate per channel by adopting modulation formats, such as Quadrature
Amplitude Modulation (QAM), that are more spectrally efficient and carry several
bits/s/Hz. However, there are both electrical and optical restrictions on spectrally
efficient modulation formats. The electrical limitation is achieving high Signal-to-Noise

Ratio (SNR), from the Analogue-to-Digital Converters (ADCs) and Digital-to-Analogue

17



Chapter 1. Introduction

Converters (DACs), at the symbol rates required for optical systems. One possible
method for tackling high frequency requirements is to use multiple lower symbol rate
channels. However, the optical limitation of spectrally efficient formats is the phase
margin, phase stability between the transmitter and receiver lasers, which is exacerbated
with low symbol rates. An alternative approach, to increasing bandwidth utilisation, is
to space the WDM channels closer together, potentially at the symbol (Nyquist) rate and
eliminate the guardbands. This would then allow for more channels to be transmitted
through the same total bandwidth. This, however, imposes frequency stability on the
channels, as any drift will cause overlap with adjacent channels, resulting in destructive
crosstalk.

The aim of this work is to investigate and develop techniques and subsystems
to tackle some of the issues mentioned above. The main aspects will focus on DSP
algorithms for equalisation of Nyquist shaped signals and phase estimation techniques to
enable spectrally efficient formats. Additional, optical frequency combs are investigated
to facilitate Dense Wavelength Division Multiplexing (DWDM) systems. There are a
variety of optical fibre systems ranging from short reach networks within a data centre,
spanning hundreds of meters, to transoceanic point-to-point connections of tens of
thousands kilometres. Naturally, those systems have very different constraints such as
cost, power consumption and reliability. The subsystems investigated in this work are
applicable to multiple systems or can be adapted to the requirements of the system of

interest.

1.2 Thesis outline

This Ph.D. thesis is organised as follows. Chapter 2 introduces the theory for digital
coherent detection, modulation formats, optics and DSP. Chapter 3 concentrates on
single channel systems and details DSP that has been developed and optimised to tackle
some of the challenges of higher order modulation formats. Chapter 4 focus on WDM
systems by investigating existing methods for generating optical frequency combs and
verifying their use for telecommunications. A study of the effects frequency and phase
synchronisation is presented before developing a DSP technique that utilises those

properties. Finally chapter 5 discusses potential future directions of DSP techniques
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Chapter 1. Introduction

and WDM systems, before chapter 6 concludes the thesis.

1.3 Key contributions
The main original contributions in this thesis are summarized as follows:

* Development and testing, in simulation and experiment, of a new type of digital
equaliser which is able to dynamically compensate for temporal misalignment
within the coherent receiver without introducing additional complexity. This work

resulted in a journal publication [4], chapter 3, section 3.2.

* Development of a modified equaliser which is able to adaptively compensate
for chromatic dispersion in systems utilising PDM-QPSK. The compensation is
blind and does not require look-up tables or training symbols. This work resulted

in a conference publication [5] and is outlined in chapter 3, section 3.3.

* Demonstration of how digital coherence enhancement (a technique for estimating
the phase noise of a laser and compensating it digitally) can be used to enable
higher order modulation formats with high linewidth lasers. One order of mag-
nitude higher linewidth tolerance for PDM-64QAM and burstmode switching
using PDM-16QAM are experimentally demonstrated for the first time. This

work resulted in two journal publications [6; 7], chapter 3, section 3.5.2.

* Demonstrations and validation of optical frequency combs as optical sources
for DWDM systems, for PON, metro back-haul and longhaul applications. This
work resulted in the following publications [8; 9; 10; 11; 12; 13; 14]. Parts of

these works are outlined in chapter 4.

1.4 List of publications

The following list cites the publications originated from the work described in this

document,

1. D. Lavery, M. Paskov, R. Maher, B. C. Thomsen, S. J. Savory, P. Bayvel, “Low

Complexity Multichannel Nonlinear Predistortion for Passive Optical Networks,”
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Signal Processing in Photonic Communications (SPPCom) 2015, SpS2C.5, June
2015.

. D. Millar, R. Maher, D. Lavery, T. Koike-Akino, A. Alvarado, M. Paskov, K.
Kojima, K. Parsons, B.C. Thomsen, S. J. Savory, P. Bayvel, “Transceiver-Limited
High Spectral Efficiency Nyquist-WDM-System," Proceedings of the Optical
Fiber Communication Conference and Exhibition (OFC) 2015, Th2A.13, March
2015.

. M. Paskov, D. Lavery, S. J. Savory, “Blind Adaptive Equalization of Chromatic
Dispersion for PDM-QPSK,” OptoElectronics and Communication Conference
and Australian Conference on Optical Fibre Technology 2014, Th11B-4, July
2014.

. P.Rosa, M. S. Erkilinc, R. Maher, M. Paskov, S. Kilmurray, M. Tan, P. Harper,
I. D. Philips, A. D. Ellis, J.D. Ania-Castanon, B. C. Thomsen, S. J. Savory, R.
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Background theory

OHERENT detection was first investigated during the 1980’s [15] because
it offered higher receiver sensitivity and extending the transmission dis-
tances. However, during the same time the EDFA [16] was developed

allowing practical amplification which alleviated receiver sensitivity limitations. Recent
development of CMOS technology enables high speed ADCs/DACs and DSP which fa-
cilitates digital coherent detection offering higher spectral efficiency and flexibility than
existing Intensity-Modulation and Direct-Detection (IM-DD) systems. This chapter
presents some of the fundamental aspects of digital coherent optical communications

and associated DSP which are essential in realizing high capacity optical transmission.

2.1 Coherent detection

Although coherent detection offers advantages over the traditional IM-DD system it

still suffers from effects such as CD and PMD. However, through the use of DSP those
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impairments can be mitigated. Digital coherent systems are a vital technology for future

high spectrally efficient systems that have to meet increased demands for data.

2.1.1 Phase- and polarisation-diverse coherent receiver

Using a single photodiode the envelope of the optical field can be detected, i o< |E|?,

where i is the photocurrent and the E is the electrical field. Using such a receiver only
information about the amplitude is captured. By mixing the incoming optical signal with
a Local Oscillator (LO), laser, the incoming signal is converted to a baseband frequency,
which can be subsequently be detected. Using a second photodiode which detects the
field with a 90° phase shift both the in-phase and quadrature components (amplitude
and phase) are captured. Additionally, by using a Polarisation Beam Splitters (PBSs)
both polarisations of the signal can be captured, covering all four dimensions of the
optical signal (amplitude and phase across two polarisations). The behaviour of a phase-
and polarisation-diverse coherent receiver can be described with equation (2.1). X
and Y represent the two polarisations of the optical field, I and Q are the in-phase
and quadrature components, while Ej o is the field of the LO and * denotes complex
conjugate. The second term on the right hand side represents the desired coherently

detected terms, while the first term represents the direct detection terms.

X; 2|Ex|* + |ELol? R(ExE]p)
Xo [ 1| 2lEx]*+[Ewof? L | SExEro) 2.0
Y 4 20Ey 2+ |ELo)? R(EYE[))
Yo 2|Ey|*+|Eol? 3(EvE[p)

A DC block can be used to remove the ]EL()]Z, however, the AC component of the
|Ex |2 term, which cannot be removed, can influence the performance of the coherent
receiver. To avoid this effect the power of LO can be increased, making the |Ex|? signif-
icantly smaller than the coherent terms. However, intensity fluctuations of the LO will
also effect the performance, so the ratio needs to be optimised. Another approach, used
when the optical complexity of the receiver is not limited, is to double the photodiodes
and implement a balanced detection. The 90° phase shift is accomplished using a optical
hybrid, which can have secondary output 180° out of phase compared to the original one.

By detecting those outputs with a second photodiode and using a differential amplifier
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the direct detection terms can be suppressed more effectively. Equation (2.2) shows the
two detected signal from two balanced diodes, while equation (2.3) demonstrated the

operation of the differential amplifier.

1 %
Xp4 o< Z(Z\EX|2 +1ELo|?) + R(ExEfyp)

1 2.2)
Xr- o< 2 (2Ex* + |Erol®) — R(ExEpo)

Xi4 — X;_ o< 2R(ExE} ) (2.3)
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Figure 2.1: Phase- and polarisation diverse coherent receiver, with balanced detection.

DSP

Figure 2.1 illustrates a phase- and polarisation-diverse coherent receiver. PBSs
are used for both the input signal and LO to detect both polarisations. The optical
hybrid provides four outputs, for the four dimensions of the optical field, and secondary
outputs phase shifted by 180°. The outputs of the optical hybrid are then detected
with eight photodiodes. Afterwards, the signals are amplified using Trans-Impedance
Amplifiers (TIAs) to amplify the difference between the inputs, before being digitised
by the ADC. The use of balanced detection leads to equation (2.4), where only the

coherent terms are left.

X R(ExE],)
Xo | _ | S(ExEfo) 2.4
Y R(EvE]p)
Yo 3(EYE]p)
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2.1.2 Analogue-to-digital conversion

Once the signal has been detected and amplified it is digitized using ADCs. It is
conventional to use 2 Sa/symbol when digitizing the signal to allow for easier anti-
aliasing filtering, timing recovery and compensation for frequency offset between
the signal and LO. Higher oversampling is advantageous for anti- aliasing, however,
it requires ADCs to operate at higher clock frequencies. When operating at high
frequency even small imperfections or timing jitter will cause performance degradation.
Additionally, the limited number of levels, that can be represented from the ADC, cause
quantisation noise that can be described by as additive noise with uniform distribution
and nearly white spectrum. Once the quantisation noise is filtered by a linear filter
it can be modelled as Additive White Gaussian Noise (AWGN), due to the central
limit theorem. Effective Number of Bits (ENOB) encompasses both noise effects and
is used as a performance metric for ADC, where each effective bit is equivalent to
approximately 6 dB of SNR [17]. Additionally, if the length of each individual signal
path, figure 2.1, 8y ; = 0x g = 8y 1 = dy o, are not the same or are not compensated

correctly within the DSP, the performance of the system can be further degraded.

2.2 Modulation

In order to be able to transmit data a common alphabet must be chosen in advance.
Modulation formats are alphabets, sets of pre-determined symbols which represent
a specific bit or bit-sequence. The modulation format can span multiple dimensions,
such as amplitude, phase, polarisation or time. In direct detection systems only the
amplitude dimension is used, because only that is the only dimension recovered. As
previously mentioned a phase- and polarisation-diverse coherent receiver recovers all
four dimensions of the optical signal, therefore multiple dimensions can be utilised.
Optical systems traditionally used two dimensional formats (amplitude and phase)
which is the same for both polarisation states, this is referred to as Polarisation Division
Multiplexed (PDM). Each symbol encodes log, (M) bits where M is total number of
unique symbols in the two dimensional alphabet. More recently, however, 4D-formats (4
dimensional) that encode each symbol in amplitude and phase across both polarisations

have been investigated [18]. By designing carefully the modulation format across
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all four dimension it is possible to achieve a system that performs better in certain
operational regimes. Spectral Efficiency (SE) is a metric used to compare modulation
formats, for two dimensional formats it can be calculated as 21og, (M) (two polarisations
are used) and has a unit of b/s/Hz, for 4D-formats the log,(Map), where Myp is the
number of constellation points in four dimensions. In this work only two dimensional
modulation formats are considered, however, four and higher dimensional are discussed
for future systems, section 5.3. Although it is beneficial to use a large alphabet, M, in
order to increase the SE it means that at the receiver it is harder to distinguish between
symbols, potentially resulting in more errors and lower performance. Therefore, the
modulation formats need to be chosen carefully based on the system specifications.
This section presents some of the most commonly used modulation formats for optical

transmission and the devices that can be used to modulate them onto an optical carrier.

Phase shift keying

Modulation formats where only the phase of the signal is used to encode data are called
M-ary Phase Shift Keying (PSK), where M refers to the number of symbols; allowed
phase states. The optical signal has the form of equation (2.5), where |E(¢)| represents

the time dependent amplitude of the signal and 6(¢) is the time dependent phase.
E(z) = [E(t)]exp (j6(7)) (2.5)

For PSK modulation formats only the phase is varied depending on the data, which can
be represented with equation (2.6). Where D represents one of the possible phase states,

which corresponds to log, (M) bits.

E(t) = [E(t)|exp (j <e(r) +D%>) Del.M (2.6)

In this work only M = 4, Quadrature Phase Shift Keying (QPSK), is investigated,
however, systems utilising higher order have been considered for optical communica-
tions systems; M =2, 8 [19]. Modulation formats are often visualised using constel-
lation diagrams where the symbols are plotted on the complex plane; QPSK is shown
in figure 2.2(a). The limitation of M-PSK modulation formats is that as the number

of symbols are increased the phase difference between them decreases, which poses
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stricter requirements on the linewidth (phase noise) of the optical carrier.

fRe Re

o ofe e
‘o ele s

Figure 2.2: Modulation formats: a) QPSK b) 16QAM c¢) 64QAM

Quadrature Amplitude Modulation (QAM)

An alternative way of modulating data is to encode information both in the phase and am-
plitude, if this is done in a symmetrical pattern it is referred to as M-QAM. This can be
done by amplitude modulating two independent carriers at the same frequency but with
the phase difference of /2 (90°), in-phase and quadrature. If the two carriers are modu-
lated with the same one dimensional alphabet the resulting constellation will be square,
figure 2.2. The modulation format can be represented using equation (2.7), where Dy
and Dy represents N possible amplitude states from the one dimensional alphabet. The
constellation will then have M = N? symbols each representing log, (M) = 2log,(N)

bits of data.

N+1 N+1
E(t) = {D,—%}+ {DQ—%} D;, Dy € 1..N 2.7)

In this work M = 16, 64 are investigated. It should be noted that QPSK can also be
seen as QAM format where M = 4. Table 2.1 summarises the modulation formats that

are investigated in this work.

2.2.1 Optical modulators

Optical modulators are an essential part in optical communications systems as they are

used to convert any electrical baseband signal to an optical carrier, normally operating
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Modulation Format Spectral Efficiency (b/symbol)
PDM-QPSK

(PDM-4QAM) 4
PDM-16QAM 8
PDM-64QAM 12

Table 2.1: Modulation formats.

around 193 THz (1550 nm). This can be used both for modulating data as well as

generating additional wavelengths.

Phase modulator

The phase modulator is the simplest form of modulator, where the optical signal passes
through the an Electro-Optic Modulator (EOM), figure 2.3. When a voltage is applied
to the EOM material its refractive index is changed, which effects the speed of the
propagating light. The small changes in speed manifests as phase modulation. The
output of the modulator can be described using equation (2.8). The Vy is the voltage
that is required to change the phase of the signal by 7 (180°) and V is the electrical field
applied to the modulator. Phase modulator can be used to generate any M-PSK.

E . i
(t) oo E(t) exp(j9)

Figure 2.3: Phase modulator schematic.

LT
Eou = Epn, eXp (] VV) (2.8)
T

Intensity modulator

An intensity modulator or Mach-Zehnder Modulator (MZM) splits the optical signal into
two paths. In each path there is an EOM which changes the phase of the optical signal in
opposite directions forming a so called Push-Pull configuration, figure 2.4. Afterwards
when the optical signal is recombined there is a constructive or destructive interference
depending on the relative phase between the two paths, this leads to an amplitude
change. The output of the modulator can be described using equation (2.9). The Vg is

a simple DC-term which is used to bias the modulator along the transfer function and
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determines the output of the modulator when V = 0. An intensity modulator can be used
for intensity modulation and 2-PSK (Binary Phase Shift Keying (BPSK)) depending on

the Vgigs.

ej(P/ 2
E(t) E(t) cos(o)

e-j(p/2

Figure 2.4: Intensity modulator schematic.

T A\ T \Y%
EOut — Eln EXp\ J VBias + = + EXp | —J VBias + =
Vi 2 Vi 2 (2.9)
=Ej,cos (Vln (VBias + ;) )

ej(P1/2

e'j(P1/2

ej(Pz/ 2

/2

e'j(le 2

Figure 2.5: 1Q modulator schematic.

In-phase and quadrature modulator

The in-phase and quadrature modulator (IQ Modulator), combines two MZMs together
with a phase shift, figure 2.5; it is also known as a nested MZM. A phase shift of
7/2 (90°) allows the two MZMs to operate on two orthogonal phases. This enables
the modulator to recreate any two dimensional constellation spanning in-phase and

quadrature (not limited to M-QAM).
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2.3 Impairments in optical systems

The impairments that this work will focus on are Chromatic Dispersion (CD) and phase
noise. Although optical communications is associated with other impairments such as

PMD and Kerr non-linearity they are not investigated in detail.

2.3.1 Chromatic dispersion

Different wavelengths travel through the optical fibre with different velocities which
leads to the effect called chromatic dispersion. The effect can be expressed using
equations (2.10) [20]. E represents the electrical field along the fibre at a distance z,
B is the propagation constant, 3, is the dispersion parameter of the fibre and  is the

angular frequency.

OE B, 9?
% 2o

2B (2.10)
b= 50

The dispersion parameter is more often expressed as equation (2.11), where c is the
speed of light and A is the reference wavelength, the units for dispersion is ps/nm/km.
For a standard Single Mode Fibre (SMF) the dispersion is about 17 ps/nm/km at

wavelength 1550 nm.
_ 27126[32

D= 0

(2.11)

Chromatic dispersion effects all transmission systems, however, systems that op-
erate over large distance are particularly sensitive due to the accumulated dispersion.
Additionally, channels that utilise high symbol rates are especially susceptible because

they carry more frequency components.

2.3.2 Additive noise

As the optical signal propagates through the fibre part of it is absorbed by the medium or
scattered by imperfections in the material, which ultimately leads to power loss. Typical
losses for SMF are approximately 0.2 dB/km or lower. To overcome these losses the
optical signal is periodically amplified using EDFAs which introduce additive noise
in a process called Amplified Spontaneous Emission (ASE). The noise contribution

cause by ASE is modelled as AWGN. As the signal is amplified repeatedly the noise
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is accumulated, which leads to a degraded Optical Signal-to-Noise Ratio (in 0.1 nm
bandwidth) (OSNR). This affects primarily transmission system over long distances or

short shorter distances where the launch power is low.

2.3.3 Frequency and phase noise

Although lasers are designed to produce a single frequency they have a finite phase
variation. The phase of the laser is fluctuating over time which causes the laser to change
frequency around its original wavelength, this is mainly caused by imperfections in the
resonator cavity and is referred to as phase noise or linewidth. The random process of
the laser phase noise is described with a ‘random walk’” (Wiener process [21]) where the
difference between two time consecutive points is Gaussian distributed with a variance
proportional to the laser linewidth and the time between observations, equation (2.12).
The Av represents the 3 dB Lorentzian bandwidth of the linewith and T is the time

between consecutive time samples (equivalent to the symbol period).
o’ = 2nAvT (2.12)

This effect limits the performance of all systems, however, systems with lower
symbol rates and higher order modulation formats are particularly vulnerable. Passive
Optical Networks (PONs) are susceptible to this because they use utilise low symbol
rates as well as try to use cheaper lasers which often have higher linewidth. Additionally,
systems that use higher order modulation formats are sensitive to phase noise due to
the dense constellations and lower phase margin between symbols, as illustrated in
figure 2.6. Using equation (2.13), the phase margin can be calculated for arbitrary
M-QAM formats. The phase margin for the modulation formats that are investigated in

this work are presented in table 2.2.

1
0 = arccos <x > _45° (2.13)
xV?2
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Figure 2.6: QAM phase margin illustrated.

Modulation Format Phase Margin

PDM-QPSK 450
(PDM-4QAM)

PDM-16QAM 16.9°
PDM-64QAM 7.7°

Table 2.2: Phase margin for QAM modulation formats.

2.4 Digital signal processing

Once the incoming optical signal has been detected and digitized by the phase- and
polarisation-diverse coherent receiver (section 2.1.1) and the ADCs (section 2.1.2) the
signal can be processed by DSP. Using specific DSP algorithms the constraints of
optical components can be alleviated. Additionally, the linear distortions (CD and phase
noise) mentioned in the previous (section 2.3) can be mitigated by inverting their effects
on the signal. As the full optical field is captured the full channel response can be
calculated and then applied inversely to the signal. However, this is not practical as
the operation is computationally intensive and the optical channel is time dependent,
requiring constant adaptation. It is, however, possible compensate the channel effects
separately because they are linear, this work utilises this modular approach.

The effects of conventional DSP blocks is shown in figure 2.7. After sampling at
2 Sa/symbol any DC offset is removed and the signal is normalised to unit power. If

the initial sampling is higher then 2 Sa/symbol, as is often the case in experiments, the
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Dispersion Frequency Carrier
Normalisation Compensation Equalisation offset removal phase removal

Figure 2.7: DSP blocks and their effect on the digitized signal. For demonstration a 6 GBd
PDM-QPSK is transmitted over 2000 km of SMF with 20 dB OSNR in simulations.

signal would be down sampled. When the signal is transmitted and CD is present it is
compensated using a Finite Impulse Response (FIR) filter, as described in section 2.4.1.
Once the static effects of the channel are compensated the signal is equalised to mitigate
time dependent polarisation rotations and optimize the sampling instant, section 2.4.2.
Afterwards, the frequency offset (the difference in frequency between the optical carrier
and the LO) is removed and the phase noise is tracked and compensated as described
in section 2.4.3. Finally symbol decisions are made to extract the information stream.
Although not implemented or investigated in detail the use of hard decision Forward
Error Correction (FEC) is assumed in this work. At a specific Bit Error Rate (BER)
threshold it is assumed that the signal can be recovered to an error free performance
(BER below 10~1%) after a particular FEC implementation with a specific coding

overhead.

2.4.1 Chromatic dispersion compensation

Chromatic dispersion (CD) as previously explained in section 2.3.1 is the effect of
wavelength dependent velocity through the optical fibre. This effect is time independent
and can therefore be compensated by using a linear non adaptive filter, [22]. The
filter response can be calculated by solving equation (2.10) using a Fourier transform,
equation (2.14). )

G(z,) = exp (— j%zmz) (2.14)
By taking the inverse Fourier transform of the filter response and truncating at the
Nyquist frequency, to avoid aliasing and non-causality. The time domain implemen-
tation is then described by equations (2.15). Where N is the number of filter taps, n

is the tap index, a(n) is the tap values of the FIR and T is the sampling period. It is
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clear from the formulae that larger distances required longer filters, which is logical
as the wavelengths have spread over a longer time period during the transmission.
Additionally, the number of filter taps are proportional to the symbol rate and inversely

proportional to the sampling period.

N N
-[3) =<3} 19

y(ky=a"-x=Y a(n) x(k—n) (2.16)
n=0

vi=al -x=F {Fla}F{x}} ' 2.17)

This truncated filter can be implemented in both time and frequency domain. For
longer distances and high symbol rates, when the number of taps is increased the
complexity of the frequency domain implementation is significantly lower compared to
the time domain implementation. A FIR is implemented as a convolution in the time
domain, where the multiplications scale are in O(N?)! per N samples, equation (2.16),
where X is the input vector and k is the output sample. In the frequency domain a
FIR can be implemented as overlap-add multiplication, equation (2.17), Fast Fourier
Transforms (FFTs) are used for the conversion from the time domain to the frequency
domain, the total the number of multiplications are in O(Nlog,(N)) per N samples.
Note that the time domain implementation operates on a single sample while in the

frequency domain operates on blocks.

2.4.2 Equalisation

After the time independent channel response has been compensated equalisation is
performed to compensate for time dependent polarisation rotations. Additionally,
because the signal is sampled at 2 Sa/symbol it is possible to recover the optimal

sampling instant as well. The following class of adaptive filter is called Multiple

IBig O notation, expresses the bounded complexity.
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Input Multiple Output (MIMO), as it treats the two polarisations as independent input
signals and tries to separate any mixing due to polarisation rotations caused by the fibre
transmission. Figure 2.8 illustrates the structure of a 2x2 equaliser, where Xx;, and y;,,
represent the two input polarisations, which are mixed together, x,,; and y,,,, are then

the separated polarisations and h are the different adaptive filters.

Xin hx-x P— Xout
hx-y
hy-x

Yin—0— hvy d— Yout

Figure 2.8: Equaliser structure for 2 x2 MIMO.

Here the adaptive equalisers is separated into of three stages, the first one to apply
the filters to the input signal, as described by equations (2.18). In the time domain this
is implemented as convolution, equation (2.19), where N are the number of filter taps

and k is the output sample.

Xour = hky X, +hk, Y4,

(2.18)
Xout == h)Y;XXin + h)Y;YYin
N—1
hixXi = Y hxx(n) Xin(k—n) (2.19)
n=0

The equalisers described here are of the class of blind and adaptive. They are trying
to restore a property of the signal which is known in advance and is dependent on
modulation format. In the following equaliser the property of interest is the amplitude.
The modulation format QPSK has only one possible amplitude therefore the algorithm
is called Constant Modulus Algorithm (CMA) [23]. However, for modulation formats
such as 16QAM and 64QAM which have multiple possible amplitudes, the algorithm
1s called Multiple Modulus Algorithm (MMA). The second stage of equalisation is
to calculate the error term by compare the amplitude of the output with the expected

output (for MMA the closest amplitude is chosen) as described by equations (2.20),
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where R is the radius of the closest amplitude level and « indicates an update.

Ex — R2 - |X0ut|2
(2.20)
gy — R* — |Youl?

The final stage of equalisation is to update the initial filter coefficient based on the
error term, equations (2.21). The u is called the convergence parameter which affects
the convergence speed.

hxx — hxx + pe. Xouw X,

hyy < hxy + ‘uexxoutY;'kn 2.21)

hyx — hyx +pue,Y 0 X,
hyy < hyy +ue, Y.,/ Y},

Another method to equalise the signal is to decompose the signal into in-phase and
quadrature parts (real and imaginary) and then try to restore the properties of those
components amplitude. This method is suitable for M-QAM which have the same
in-phase and quadrature components. This is equivalent to making decisions on the
symbol and therefore it is called Decision Directed (DD) algorithm. Unlike the CMA
and MMA the DD algorithm takes into account the phase of the signal and therefore
the frequency offset and phase noise need to be removed prior to equalisation. Because
of this DD algorithms are usually only used when the initial convergence of the signal

has been achieved.

2.4.3 Frequency offset and carrier recovery

Once the signal has been equalised the frequency offset caused by the difference in
wavelength of the sub-carrier and the LO has to be removed. To estimate the frequency
offset the modulation has to be removed, otherwise the phase variations across symbols
will cause false estimation. For QPSK there is a simple way of removing the modulation
by raising the signal to the 4" power, this maps all the symbols to the same point.
Afterwards, by taking the Fourier transform of the signal and locating the peak of the
signal in the frequency domain the frequency offset can be estimated, equation (2.22).
By taking the 4™ power of other M-QAM formats, the symbols are mapped to a large

cloud of points around the point of interest, this cloud can be considered as noise.
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Locating the peak power of the signal in the frequency domain is still possible even

through the higher noise, making this algorithm effective for arbitrary M-QAM [24].

X(f) = FFT(x"

X(fo) = max(X(f))
(2.22)

By removing the frequency offset the mean of the phase difference between the
carrier and the LO is removed. However, because two independent lasers are used
and their phases are not synchronized, there will be small phase variation over time,
this is caused by the phase noise of the lasers. An approach developed by Viterbi &
Viterbi [25], which is similar to the frequency removal algorithm, can be utilised, The
difference is that phase is estimated over a sliding window in order to capture time
dependent effects while averaging additive noise, equation (2.23), where 2w + 1 is the
window size. Note that as the angle is calculated it is also unwrapped to allow for

continuously varying phase noise.

k+w
4( Y x(n)4>] (2.23)

Input _ Output

T- Decision

exp{j( )} Z >

Figure 2.9: Schematic diagram of the DD-CPE algorithm.

This approach is only applicable to QPSK as raising 16QAM and 64QAM to the
4™ power does not remove the modulation entirely, instead a DD approach needs to
be employed. For each symbol x(n) the closest, minimum distance, symbol is chosen
(decision is made), and then the phase deviation is calculated using the decision as

reference [26]. The algorithm is illustrated in figure 2.9 and is expressed mathematically
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using equation (2.24), where D denotes the decision. For QPSK the algorithm is the
same as the Viterbi & Viterbi described above. The maximum linewidth tolerance
for higher symbol rates is larger because the ‘random walk’ process is sampled more
frequently, which allows faster changes to be tracked. Table 2.3 lists the maximum
tolerable (linewidth) x (symbol period) product for a OSNR penalty of 1 dB at a BER
of 1073 [26].

k+w
(k) =4< ) D[X(ﬂ)]X(ﬂ)) (2.24)

Modulation Format Av x T for 1 dB Penalty @ BER = 103

PDM-QPSK 4
(PDM-40AM) 4.1x10

PDM-16QAM 1.4 %1074
PDM-64QAM 4.0%x 1073

Table 2.3: Phase noise tolerance for modulation formats.
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N the previous chapter the basic concepts of digital coherent optical systems
were discussed; this chapter will focus on extending the basic DSP blocks to
achieve higher data throughput and allow dynamic networking for next generation

networks. The two key techniques to achieve higher data throughput investigated in
this work are DWDM and high order modulation formats. Nyquist filtering is vital
for DWDM networks where the guardbands are minimised or fully discarded. The
effect and constraints that the sharp filtering imposed on the digital coherent system
are explored and tackled. Phase noise compensating techniques are also investigated
because of the constraint phase noise imposes on the cardinality of the modulation
formats. As previously discussed (chapter 2, section 2.4.1) CD can be compensated,
however, the characteristics of the fibre and the transmitted distance need to be known
in advance. For dynamic networks the signal can use different routes that might
not be known in advance, therefore this work investigates a technique for dynamic

compensation of CD.
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3.1 Nyquist filters for Passive Optical Networks (PONs)

3.1.1 Passive Optical Networks (PONs)

The individual users are connected to the access network which in turn is connected
to the larger metro network at a point of presence. For future optical access networks
two main architectures could be considered: an Active Optical Network (AON) and
a Passive Optical Network (PON). The active optical network has active components
such as EDFAs and Optical-Electrical-Optical components to allow reconfigurable
routing through the network. PON, as the name suggests, use only passive components
such Arrayed Waveguide Gratings and power splitters. Although PONs have fewer
functionalities the lower component and operational costs makes them ideal for access
networks.

Different variations of PON have been standardized and are being deployed [27;
28; 29; 30], they scale with the data per channel with the latest generation, NG-PON2,
reaching up to 40 Gbit/s. With the current designs the systems have a splitting ratio
from 16 up to 128 for NG-PON2. Each of those fibre connection ends at a hub where
the optical signal is converted to the electrical domain and is transported to the user
premises via copper cable. At the hub the optical channels split between multiple users
utilising Time Division Multiplexing (TDM), where each user is allocated a time slot
effectively resulting in lower data rate per user. Research has recently focused on a
full WDM PON with digital coherent detection, where each user receives an individual
WDM channel carrying 1 Gbit/s [31], or 10 Gbit/s [32; 33].

To accommodate and reach more users these new architectures would have to utilise
additional WDM channels while the signal is split to more users, potentially up to 1024.
Due to the high splitting ratio there will be significant power loss leading to a stricter
loss budget for the whole system, and ultimately limiting the maximum reach of the
network. To simplify the network and avoid extra costs associated with additional fibres
and splitters bi-direction transmission could be employed. A single laser can be utilised
at the user premises, Optical Network Unit (ONU), by tuning to match the frequency
of the downstream channel and act as a LO, while the upstream channel is generated
digitally with a fixed offset frequency. This means that by using a fixed grid for the

downstream channel the grid for the upstream channels would be automatically set
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as well. Although this would require a tight frequency grid it will avoid the need for

additional laser for upstream at the ONU.
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Figure 3.1: Bi-directional PON. Blue and red arrows represent downstream and upstream
respectively while their heights demonstrate their relative power.

The PON considered in this work is illustrated in figure 3.1. At the Optical Line
Terminal (OLT) a DWDM transmitter is used to modulate channels that are spaced at
10 GHz. The signal is then transmitted through a backhaul link before being passively
split and directed to the ONUs. The coherent receiver is then used to select and detect a
dedicated channel. The upstream channel is transmitted through the same fibre with
a 5 GHz offset to the downstream channel. Note that this is only one possible PON
configuration that suitable for 3 GBd PDM-QPSK.

Although there are many challenges with this architecture the use of coherent
detection and DSP alleviate some of the requirements on the optical component by
increasing receiver sensitivity, eliminating the need for optical filters.

One particular problem that is associated with bi-directional access networks is
backreflections. They arise as a transmitted channel, from the ONU, is reflected
backwards from; connectors, power splitters, fibre splices and Rayleigh scattering,
towards the co-located receiver. Although the power for N-splitter is attenuated by at
least 101log,(N) dB, if they are close to the receiver the powers can even be 10 dB
higher than the channel of interest. Furthermore, if the power of the aggressor channel
is not fully contained in its nominal bandwidth, and is spilling into the channel of
interest, this will cause penalty due to crosstalk [33; 34]. This work will investigate the
backreflections that are seen at the ONU. By spectrally shaping the down and upstream
channels digitally with Nyquist filters or utilising low pass Bessel filters backreflections

can effectively be mitigated.
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3.1.2 Experimental configuration

Digital
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Figure 3.2: Experimental configuration used to emulate backreflections.

This section will cover the experimental configuration used to spectrally shape the
channels and evaluate their performance in the presence of backreflections in a DWDM
PON system.

Backreflections at the ONU are emulated by generating two 3 GBd PDM-QPSK.
The net data rate per channel is 10 Gbit/s after including a 20% for FEC. The FEC
considered in this part of the work is a hard decision code with a BER limit of 1.5 x 1072
[35].

Figure 3.2 illustrates the configuration used to collect data. The channel of interest
(downstream) was generated by an External Cavity Laser (ECL) operating at 1550 nm,
A1. The laser was modulated with an IQ modulator driven by an Arbitrary Waveform
Generator (AWG) operating at 12 GSa/s to produce 3 GBd QPSK signal, at 4 Sa/symbol.
The waveforms were filtered digitally with chosen spectral shape before uploaded to the
AWG. The aggressor channel, upstream, was generated with a 5 GHz frequency offset,
A2, with an independent AWG and IQ modulator. PDM was emulated by passing the
two signal through independent polarisation multiplexing stages.

The two channels were attenuated with two Variable Optical Attenuators (VOAs)
before being combined and detected by a digital coherent receiver. The LO was a third
independent ECL operating at A;. After detection the signal was digitally sampled and
down sampled to 6 GSa/s, 2 Sa/symbol. The signal was equalised with a 5 tap filter,

while frequency offset and phase recovery were performed as described in section 2.4.
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Figure 3.3: RF spectra with; no filtering, 1.5 GHz 3"/ order Bessel filter and RRC with a rolloff
of 0.

3.1.3 Spectral shaping

Before uploading the waveforms onto the AWGs they were digitally filtered to achieve
the investigated spectra shapes. The initial waveforms where generated using Pseudo-
Random Binary Sequences (PRBSs) of length 215 — 1, the in-phase and quadrature
components were decorrelated by half of the pattern length to avoid any false con-
vergence of the equaliser. Two different filter options were considered and were
benchmarked against a scenario where no spectral shaping was used, except for the
bandwidth limitation from the AWG which is 6 GHz. At the ONU where resources
are sparse, so a simple 3’ order Bessel filter was considered. This can be achieved
either by using low bandwidth electrical components or using off the shelf filters. At
the OLT it can be assumed that the transmitter could use a DAC to generate the Radio
Frequency (RF) waveforms, thus Nyquist filtering, Root-Raised Cosine (RRC), with a
rolloff of 0 is possible!. Figure 3.3 illustrates the spectral shapes for the three scenarios
considered.

When RRC filtering is used it customary to use a matched filter at the receiver, ONU,
to improve performance. However, to keep the DSP at the ONU as simple as possible
and because only the spectral shape is of interest, in this scenario the matched filter
was been omitted. Instead the adaptive equaliser was used to converge and apply the
optimal matched filter. This leads to an implementation penalty due to non-optimally

matched filtering. The performance is evaluated by measuring the required received

!'The complexity for implementing this rolloff in the transmitter might be prohibitive. Therefore, a
trade-off between complexity and filter rolloff could be investigated in future works.
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optical power, this is also known and receiver sensitivity. Figure 3.4(a) illustrates
that the penalty was decreased as the equaliser taps are increased. This allows the
equaliser to approximate the channel response more accurately. By using 5 taps for the

adaptive equaliser there was a penalty of less than 1.5 dB compared to the asymptomatic

performance.
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Figure 3.4: 3 GBd PDM-QPSK a) Sensitivity vs number of equaliser taps when no matched
filter is used. b) Sensitivity for different pulse shaping schemes.

The single channel performance for the three scenarios; no filter, Bessel filter and
RRC filter, were compared with respect to their sensitivity at the FEC limit, figure 3.4(b).
The RRC filtering exhibits a penalty compared to no filtered regime due to non-optimal
matched filtering previously discussed. The Bessel filter performance improves as the
bandwidth of the filtered is increased towards the full bandwidth of the signal. For
a penalty no larger than 1 dB, compared to no filtering, a Bessel filter with a 50%

bandwidth can be utilised to reduce the bandwidth of the upstream channel.

3.1.4 Experimental results and discussion

Once the single channel performance, for the different spectral shapes, was established
backreflection emulation was performed as illustrated in figure 3.2 and previously
discussed. The results are illustrated in figure 3.5. When no additional spectral shaping
is applied the penalty from crosstalk increases continuously with the power of the
backreflected channel. When the power of the aggressor channel is at -25 dB there is a
penalty of about 4 dB. This penalty drops to 0.5 dB, when Nyquist filtering is used for

the downstream channel and a Bessel filter is used for the upstream channel, although
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Figure 3.5: Impact of backreflections on receiver sensitivity.

with penalty offset as in figure 3.4(b). Nyquist filtering was also applied to the upstream,
to investigate the ultimate performance limit when spectral shaping is used. In that
scenario the penalty dropped to less than 0.2 dB.

In the architecture that is considered here the backreflections accumulated from
the first splitter, 20 km from the ONU as well as Rayleigh backscattering. Assuming
that either FC-PC or FC-APC connector, which have return loss of -35 dB and -50 dB,
would result in -30 dB and -32 dB respectively reflected loss after 20 km [36]. By
utilising the spectral shaping technique presented in this work a reflected power of
-25 dBm can be tolerated at the ONU without significant penalties. This means that
if FC-PC connectors are used a maximum of 5 dBm can be launched into the fibre to
have a reflected power no larger than -25 dBm. This would then allow for a 512-way
split over 100 km. However, by replacing the connectors with FC-APC the upstream
launch power can be increased to 7 dBm and which would enable a split ratio of 1024
to reaching twice the amount of users.

Nyquist filtering is a key subsystem that allows the implementation of next genera-
tion DWDM-PON delivering 10 Gbit/s to the end user while still maintaining more than
1000 users. By spectrally shaping the channels the excess bandwidth can be constraints
and the effects of backreflections alleviated. Additionally, Nyquist filtering has since
also been used to allow a bi-directional DWDM PON with 2.5 GBd 16QAM channels
spaced at the Nyquist rate for a total data rate of more than 1 Tbit/s [34]. With 16QAM
the SE is increased and the symbol rate can be lowered, however, the sensitivity toler-

ance is lower compared to QPSK and phase noise tolerance can be limiting especially
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with the lower symbol rate.

3.2 Equalisation for Nyquist filtering

Any imperfection in the optical front-end and the ADC, figure 3.9(a), can severely
limit the channel performance; especially if high symbol rates are used (shorter symbol
period). The Optical Internetwork Forum (OIF) states that a coherent receiver for
PDM-QPSK with symbol rates up to 32 GBd should have a maximum delay skew of
10 ps [37]; 32% of the symbol period. Current state of the art phase and polarisation
diverse coherent receivers can achieve delay skews below 5 ps [38] which corresponds
to 28% of a 56 GBd symbol period, which is in agreement with OIF. There are
calibration techniques that compensate for those misalignments [39], however, they all
require additional DSP blocks which may lead to higher cost and power consumption.
The main purpose of equalisers is to compensate PMD, however they are also used
to apply an inverse of the channel response such as filter response and residual CD.
In this section a blind equaliser is investigated to mitigate the timing skew as well
and effectively relax constraints on optical components. A similar structure using
training sequences and decision directed equalisation has previously been proposed
[40]. However, decision directed equalisation requires frequency offset removal and
Carrier Phase Estimation (CPE) to be carried out simultaneously or prior to equalisation,
otherwise symbol decisions will be incorrect. In the following section it is demonstrated
that an adaptation can be achieved without the need for training sequences, which lower
the SE, or decision directed equalisation, which require large feedback loops.

Future systems with data rates of 400 Gbit/s, could utilise higher order QAM as
well as high symbol rates. One option currently being explored is to use 56 GBd
PDM-16QAM [41], achieving 448 Gbit/s (400 Gbit/s with 12% coding overhead).
Furthermore, for compatibility with the ITU standard, 100 GHz frequency grid, Nyquist
filtering would be required. However, with Nyquist filtering the eye opening of each
symbol is shorter, making the systems even more sensitive to potential delay skew
caused by the coherent receivers and can lead to severe performance degradation.
Investigation through simulation and experiments of the proposed equaliser demonstrate

how potential delays can be compensated.
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3.2.1 Equaliser structure

Xin hx-x P— Xout
hx-y
hyv-x

Yin —0— hvy — Yout

Figure 3.6: Equaliser structure for 2x2 MIMO.

In a conventional butterfly equaliser, figure 3.6 (section 2.4.2), the in-phase and
quadrature components for each polarisation are treated together as one complex-valued
input. This is a valid assumption because the in-phase and quadrature component
interact together only through CD (section 2.3.1), a deterministic effect which is com-
pensated prior the equaliser. This equaliser has two complex inputs and two complex
outputs and is often referred to as 2x2 MIMO. The modified equaliser structure, fig-
ure 3.7, separates in- phase and quadrature for each polarisation, having four real-valued
inputs and four real-valued outputs, 4 x4 MIMO.

Because the 2x2 equaliser structure enforces joint filtering of the in- phase and
quadrature signal components and has only 4 complex-valued independent filters it is not
able to compensate for any imbalance between the in-phase and quadrature components.
The constraints of the 2x2 MIMO, equation (3.1), are valid only when there is no
delay skew; Oy 1 = 8x ¢ = Oy ;1 = Oy o = 0, with respect to figure 3.9(a) (detailed
derivation in appendix A.1). By removing the constraints and using 16 real- valued
independent filters, each of the four (in-phase and quadrature across two polarisations)
input components can have a different transfer function through the equaliser; this

allows for tracking and compensation of any imbalance.

49



Chapter 3. Single channel subsystems

hxi-xi

hxa-xi

Xout_l

hvi-xi

hva-xi

Xout

Xin_l

—_—C) hxi-xa

hxa-xa

Xin_Q

Xout_Q

e hyi-xa

O—1hva-xa

O hxi-vi

Yout_l

O hxa-vi
Yin_l

O hyi-vi

O hva-vi

Yin_Q Yout

hxi-va

hxa-va

hvi-va Yout Q

EENRFENRFENRPEY

hva-va

Figure 3.7: Equaliser structure for 4 x4 MIMO.

R{hxx} = hx; x1=hxgp xo
S{hxx} = hx; xo = —hxo x1
R{hxy} = hy; x1=hyo x0
S{hxy} = hy; xo = —hyp x1 G
R{hyx} = hyx; yi=hxp yvo
S{hyx} = hx; ypo = —hxo yi
R{hyy} = hy; y1=hyg yo
S{hyy} = hy; yo = —hyo yI
To update the taps of the filter a CMA is implemented for QPSK and a MMA for
higher order QAM, which does not require training symbols and can be updated using a

blind algorithm (section 2.4.2). Although false locking (equaliser convergence on only
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one polarisation) is possible, it was not observed during experiments and simulations.
Initial simulations shown in figure 3.8 illustrate that the probability of false locking
is lower than for 2x2 MIMO. The errors and filter tap update calculations are shown
in equations (3.2) and (3.3); where R is the radius of the nearest constellation ring, €,
and €, are the errors in X and Y polarisations respectively and u is the convergence

parameter and < indicates an update.

2 2 2
E€x — R2 - (qut_l + X;ut_Q) (32)
&y — R” — (Youl_l + Yout_Q)
hx; x7 < hx; xr+peXou 1Xin 1
hyxo x1 < hxo xi+ueXouw 1 Xin 0

hy; x; < hy; x7+peXou 1Yin 1

hyo x; < hyg x1 +uexXou_1Yin_o

hy; xo < hx; xo +ueXouw 0Xin 1
hxo x0 < hxo x0 +v&xXour_0Xin_o
hy; xo < hy; xo +ueXou_oYin 1
hyp xo < hyg xo +uexXou_oYin_o
3.3)
hy; yr < hx; yr +ueyYour 1 Xin_1
hyo yi < hxg yr+ueyYou 1Xin o
hy; y; —hy; yi+ueyYour 1Yin 1

hyg yi < hyg yi +u€Your 1Yin o

hy; yo < hx; yo+ueyYou oXin 1
hxo yo < hxo yo + 1€ You 0Xin_o
hy; yo < hyr yo+ueyYour oYin 1
hyp yo < hygp yo+u&You oYin o

It should be noted that both equaliser structures have the same computational com-
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Figure 3.8: False locking for different rotation angles: a) 2x2 equaliser b) proposed 4 x4
equaliser.

plexity. This is because the 2x2 MIMO structure requires complex multiplications,
where each complex multiplication consists of four real multiplications and two ad-
ditions, while the 4 x4 MIMO structure is using only real multiplications. It is also
possible to implement complex multiplications using three real multiplications and five
additions [42], however, in some scenarios this might increase latency because of the
extra additions. In either case, the hardware memory is doubled for the 16 real filters
(4x4) versus the four complex filters (2x2), however for relatively short filter lengths

the memory increase is small compared to other hardware resources.

3.2.2 Simulation and experimental configuration

In simulation a 448 Gbit/s (56 GBd) PDM-16QAM signal was generated. Nyquist
filtering was implemented using a RRC filter with a rolloff of 0.01; when Nyquist
filtering was not used this filter was omitted. The signal was then detected using a
coherent receiver. A LO with a 100 kHz linewidth and a frequency offset of 200 MHz
was used to simulate what can be achieved in the lab using free running lasers. The delay
skews were added in the frequency domain before down sampling to 2 Sa/symbol. The
delays were set as follows; dy ; was kept at zero, 0 < 8x o <0.5T, 8y ; = —0.50x ¢
and Oy ¢ = 0.258x o, with respect to figure 3.9(a) and T representing the symbol

period. This is forcing the equaliser to compensate for multiple different delays. When
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Figure 3.9: a) Optical Front End. X and Y represent each of the two polarisations while I and
Q represent the in-phase and quadrature components. b) Experimental configuration used to test
adaptive 4 x4 equaliser structure for in-phase/quadrature skew.

using Nyquist filters the same filter can be applied at the receiver side as a matched
filter. This can be done by using a FIR with precomputed taps, however, any imbalance
between the in-phase and quadrature components needs to be corrected before the
matched filtering. An alternative approach is to increase the number of equaliser taps
and allow the equaliser to converge to the matched filter while also compensating
for any imbalance. Either a conventional 2x?2 or the proposed 4 x4 equaliser were
used for this. Afterwards, frequency offset removal was performed before CPE using
DD phase estimator [26] (section 2.4.3). Finally hard decisions were made using the
maximum likelihood algorithm k-means clustering [43] before symbol decoding and
BER estimation.

The configuration used to collect the data is displayed in figure 3.9(b). An ECL
with a linewidth of 20 kHz was modulated using an IQ modulator, driven by an AWG
operating at 12 GSa/s to produce 6 GBd QPSK and 16QAM. The signals were pre-
filtered with the same RRC filter as in simulations. PDM was emulated by passing the
signal through a polarisation multiplexing stage. Afterwards, the signal peak power

was set to 0 dBm, to minimize any non-linear effects during the transmission through
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80 km of SMF. At the receiver the signal was first pre-amplified using an EDFA and
noise-loaded before detection by a phase- and polarisation-diverse digital coherent
receiver. The LO laser was another ECL with a linewidth of 100 kHz. After sampling
the signal at 50 GSa/s, PDM-16QAM was processed as previously described, while
for PDM-QPSK a 4 power Viterbi & Viterbi phase estimator [25] (section 2.4.3) and

simple hard decisions were used instead.

3.2.3 Results and discussion

In simulations, before the delay skew was applied the signal was noise loaded to a
BER of 3.8 x 1073 [44]. To determine the number of taps required for the equaliser to
approximate the matched filter 1.8 ps (about 10% of the symbol period) of delay skew
was added to the signal and the number of taps was varied. Figure 3.11(a) shows that
the performance for both equalisers improves as the number of taps is increased until
31 taps with no significant gain afterwards. Therefore the number of taps used for the
equaliser was set to 31. In figure 3.11(b) the delay skew was varied from 0% to 50% of
the symbol period. As the delay skew increases the penalty for using the 2x2 equaliser
increases rapidly as it is not able to compensate for the delays. The Nyquist filtered
signal suffers more severely from delay skew therefore this section will focus on this
case. The proposed 4 x4 equaliser has a constant performance for all the delays up to
50% of the symbol period (9 ps) with and without Nyquist filtering. When the delay is
30% of the symbol period, as recommended by OIF for PDM-QPSK, the gain for using
the 4 x4 equaliser is more than 5 dB with respect to required OSNR.

Verification of the simulation was done experimentally with 6 GBd PDM-QPSK
and PDM-16QAM. The signals were noise loaded at the receiver before detection, as
in simulations. The delays added to the signals were proportional to the symbol period
for a valid comparison between the 6 GBd signals and the simulated 56 GBd.

Similarly to the simulation the number of taps required for a matched filter approxi-
mation, in the presence of 17 ps delay (10% of the symbol period), was investigated. The
results for PDM-QPSK, shown in figure 3.12(a), demonstrate that 25 taps are required.
The delay skew was then varied from 0% to 50% of the symbol period, figure 3.12(b).
The same procedure was then applied to PDM-16QAM; determining that 31 taps would

be required for saturation and then varying the delays, figure 3.12(c) and (d). At a delay
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Figure 3.11: Simulation results for 56 GBd PDM-16QAM: a) OSNR penalty vs. number of
equaliser taps in the presence of 1.8 ps delay skew (about 10% of the symbol period). b) OSNR
penalty vs. delay skew, using 31 equaliser taps. The 4 x4 MIMO has the same performance
with and without Nyquist filtering.

of 30%, as recommended by OIF the penalty for PDM-QPSK is about 1.6 dB, while for
PDM-16QAM is larger than 5 dB, figure 3.10.

There is excellent agreement between the simulation results, figure 3.11(b), and
the experimental results, figure 3.12(d). The experimental results for PDM-QPSK,
figure 3.12(b), exhibit the same trend, although the penalty for the 2x2 equaliser is
smaller compared to PDM-16QAM. In all three scenarios the 4 x4 equaliser was able
to compensate for delay skews up to half a symbol period with no extra penalty. While
the 2x2 equaliser was not able to compensate for the delay skew and the performance
was severely degraded.

As a narrow frequency grid is one of the way to improve the total capacity of
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Figure 3.12: Experimental results for Nyquist filtered 6 GBd signals. OSNR penalty vs. number
of equaliser taps in the presence of 17 ps delay skew (about 10% of the symbol period): a) PDM-
QPSK, ¢) PDM-16QAM. OSNR penalty vs. delay skew: b) PDM-QPSK using 25 equaliser
taps, d) PDM-16QAM using 31 equaliser taps.

future networks Nyquist filtering is a key subsystem that needs to be incorporated into
current systems without placing unnecessary constraints on the optical components.
Furthermore, as shown in this section higher order modulation formats are significantly
less tolerant to delay skew imperfections. Therefore this adaptive equaliser is an

essential technology which can enable next generation optical systems.

3.3 Adaptive Chromatic Dispersion (CD) compensation

As previously discussed, coherent detection has proven to be a very attractive prospect
for next generation optical networks because, when aided by high speed ADC, the
entire optical field is translated into the digital domain. This enables DSP to be used

to compensate the impairments of the optical channel. Methods to compensate linear
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impairments such as PMD and CD are well known [22]. In practice optical networks
are not static and a signal between two nodes can take different routes through the
system. The receiving node does not know a priori which path has been traversed,
which means that the transmission distance and the accumulated channel impairments
are unknown. Although, CD can easily be compensated the total accumulated amount
needs to be known in advance for accurate compensation. Having a system that can
adaptively compensate for CD without knowing the transmission distance would then
ease routing constraints and allow for high reconfigurability within the network without
considering which path was used between two nodes. There are techniques that attempt
to estimate the CD but they have shortcomings. Look-up tables require additional logic
and often have large feedback loops delaying convergence [45; 46]. It is possible to use
training symbols, however, they lower the SE and the training sequence length needs to
be proportional to the accumulated CD [47]. Finally, brute force algorithms, which test
an array of dispersion values have a trade-off between accuracy and convergence speed
[48].

It is well known that conventional 2x2 equalisers can compensate for a small
amounts of CD; such as in short reach transmission systems or in the case of residual
dispersion after a discrete (non-adaptive) CD compensator. However, they are unsuitable
for compensating large amounts of dispersion as they become unstable when the number
of taps is increased to accommodate the increased channel memory. This section
investigates a modified blind equaliser which overcomes this problem and is able to
adaptively estimate the filter coefficients for CD compensation. The equaliser is used
for pre-convergence before switching to the conventional equaliser. The performance
is demonstrated through simulations and experiment using 10.7 GBd PDM-QPSK
compensating for 88,000 ps/nm CD (5,240 km).

3.3.1 Adaptive CD equalisation algorithm

Conventional 2 x?2 equalisers, figure 3.13(a), are used primarily to track time dependent
polarisation rotations. To compensate for CD, the length of the equaliser has to be larger
than the memory of channel, however, this leads to unstable behaviour. By using an
equaliser dedicated to estimating the CD for pre-convergence, additional constraints

can be applied to improve stability.
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Figure 3.13: a) Equaliser structure for 2x2 MIMO b) Modified equaliser for adaptive CD
compensation. ¢) Proposed two stage equaliser.

CD is a phase shift with a quadratic frequency dependence, which affects both
polarisations equally. Therefore, a CD equaliser should apply the same filter on both
polarisations and there should be no power exchange between the polarisations. The
proposed equaliser structure can be seen in figure 3.13(b). The error terms for the
equaliser can be calculated using a CMA, equation (3.4). The update can be averaged
over the two polarisations, equation (3.4), to get a better estimate. While the approach
presented here tries to achieve constant power per polarisation, a modified approach
where constant power across both polarization is considered was later developed and
is detailed in appendix A.2. Once convergence has been achieved the equaliser is
switched to the conventional update scheme, figure 3.13(c). The filters hy_x and hy_y
are initialised as h¢p, while hy_y and hy_x are initialised to zero. In a hardware

implementation, h¢p can use the same resources as hy_y and hy_y.

€, —1— |X,,m|2 €y — 1— |Y0ut‘2
3.4)

hep — hep + p(eX o X, + SyYoutY;'an 2

For any given network, the range of link lengths would be known in advance and it
will determine the range over which the dispersion will vary in the network. To improve
equaliser convergence speed, a fixed CD filter can be used to compensate 50% of the
maximum CD in the network, followed by an equaliser to adaptively compensate up to
a further 50%. Alternatively, the equaliser can be initialised with tap weights equal to
50% of the maximum CD; the approach taken herein. The initial taps are calculated
using the algorithm in [22]. After the modified equaliser has converged, the taps are
passed to the conventional equaliser which is able to fine tune the CD compensation and
additionally compensate for other channel impairments. Although the equaliser requires

more taps than conventional systems, by using a frequency domain implementation

58



Chapter 3. Single channel subsystems

[49] the complexity can be reduced significantly while the potential for a reconfigurable
network is tremendous. Additionally, having a longer equaliser allows fixed filters for
CD compensation and matched filtering, when Nyquist pulse shaping is used, to be

omitted.

3.3.2 Simulation and experimental configuration

IAY

' AOM ' | Digital
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A=1551 nm , AOM_g v | Receiver
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10.7 Gbaud 1| Optical Span 80 km SMF Loop |
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Recirculating Loop

Figure 3.14: Experimental configuration used to test adaptive CD compensation.

In simulations 42.8 Gbit/s (10.7 GBd) PDM-QPSK was generated before CD was
added to the signal and detected using a coherent receiver. A linewidth of 300 kHz
and a frequency offset of 200 MHz was used to simulate realistic conditions. The
signal was quantised and a polarisation rotation of /9 was included to avoid potential
performance enhancement from ideal alignment. The signal was then down sampled to
2 Sa/symbol; from 4 Sa/symbol. The equaliser length was set to the required number of
taps to compensate the CD [22]. The equaliser was initialised with the filter coefficients
for a CD filter compensating for 50% of the total dispersion. After pre-convergence
using the modified equaliser the taps were passed to a conventional equaliser to undo
the polarisation rotation. A 4™ power frequency offset removal and CPE [25] were
applied (section 2.4.3). Finally, hard decisions, symbol decoding and BER estimation
were performed over 2!7 symbols.

The experimental configuration is shown in figure 3.14. An ECL with a linewidth of
20 kHz was modulated using a Dual-Polarisation IQ modulator, driven by four random
binary streams (8192 bits decorrelation), from a pulse pattern generator, to produce
10.7 GBd PDM-QPSK. The signal power was set to -6 dBm, the optimal launch power
[50]. A single-span recirculating loop with 80.7 km of standard SMF was used for

transmission. Each iteration through the recirculating loop accumulated a dispersion
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of 1,354 ps/nm. Two EDFAs with noise figures of 5 dB were used, one to set the
launch power into each span and the other to compensate the loss due to connecting
components. A tunable optical filter was used to reject out of band noise. At the receiver
the signal was detected by a phase- and polarisation-diverse coherent receiver. The LO
laser was an ECL with a 100 kHz linewidth. After sampling the signal at 50 GSa/s, the

signal was down sampled to 2 Sa/symbol and processed as previously described.

3.3.3 Results and discussion
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Figure 3.15: Simulation results: a) Different methods for compensating 50,000ps/nm CD. b)
Convergence rate using different u values.

In simulations the signal was noise loaded and 50,000 ps/nm CD (3000 km with
10.7 GBd) were added to evaluate the performance of the equaliser. In figure 3.15(a) the
results are compared to CD compensation using a non-adaptive CD filter with 187 taps
(the required number of taps to compensate the CD) and conventional equalisation with
15 taps. The modified equaliser using 187 taps was initialised with 25,000 ps/nm CD, as
previously described. Both a serial implementation and a parallel implementation using
a bus width of 256 samples are shown. This demonstrates that there is no performance
degradation for using the equaliser to compensate for the CD and that a parallel [51] or
frequency domain implementation with lower computational complexity could be used.

Equaliser convergence is defined as +1% of the applied CD, estimated from the
equaliser taps [52]. For consistency, the convergence speed of the equaliser was
investigated using the serial implementation for all cases. The results are displayed in

figure 3.15(b). Using a y of 1 X 1072 (equation (3.4)) enables faster convergence in the
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Figure 3.16: Experimental results CD applied versus CD estimated from equaliser taps.

presence of smaller CD, however, the equaliser converges less reliably for larger CD.
When the u factor is lowered to 6 x 1073 a slower but more consistent convergence
can be observed. This suggests that, with sufficient time and judicious selection of the
convergence parameter, u, the equaliser could compensate for arbitrarily large CD.

After convergence of the equaliser, the compensated CD was estimated from the
equaliser taps to verify that the correct CD was compensated. In figure 3.16 experimental
results are shown where the signal was transmitted up to distances of 5,240 km. It is
clear that there is excellent agreement between the amount of CD that is applied and
the compensated CD for dispersion, up to 88,000 ps/nm. When using the conventional
2x2 equaliser, only CD up to 30,000 ps/nm could be compensated; beyond this it fails
to converge even as the convergence parameter, u, was decreased.

Although, the technique is demonstrated with 10.7 GBd signal it can equally be
applied a different symbol rates. The total dispersion of 88,000 ps/nm, which was
experimentally demonstrated, will, however, be accumulated after a different distance;
for 6 GBd a distance of 16,700 km can be propagated while for 28 GBd only 760 km is
required. The network size limits the maximum applicable symbol rate, one potential
network where this can be applied to is the German national network DTAG/T-Systems
[53] where the longest shortest path is 1000 km which would allow for 24 GBd.
However, the algorithm can further be optimised based on the minimum shortest
distance, which would define the smallest accumulated dispersion. By knowing the
range of possible dispersions the initialisation can be tailored (unlike in this section

where the initialisation is set to half of the total dispersion) to allow for a convergence
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within this smaller region.

Dynamic networking, based on the traffic demand, is a promising way to better
utilise the capacity of a network. However, the transceivers in the network will need
to be able to handle data from different location sources. This section has introduced
an algorithm that can adaptively compensate CD in a network scenario without prior
knowledge of signal’s origin. It would enable high reconfigurability and ease the routing
constraints. However, the algorithm will have to be optimised for a specific network to

allow for reliable and fast convergence.

3.4 Low complexity equalisation

In section 3.1 digital spectral shaping was used to limit the bandwidth of the channel
and reduce guardbands between channels. However, as shown in section 3.2 this
increased the sensitivity to imperfection in the coherent receiver, most notably to
receiver delay skew between the in- phase and quadrature components, especially
for higher order modulation formats such as 16QAM. However, as matched filtering
cannot be applied before the delay skews are compensated the equaliser was modified
to be able to adaptively compensate for delay skews and apply the matched filter.
Additionally, the equaliser was further modified in section 3.3 to adaptively compensate
for chromatic dispersion as well. While those changes allow for flexible and adaptive
compensation, to achieve optimal performance the number of equaliser taps would have
to be increased; leading to higher computational complexity. This section investigates
how the complexity of the equaliser can be decreased without losing any of the benefit
previously demonstrated.

Complexity of the DSP is directly related to the power consumption, because

multiplications consume more power [54] than additions?

computational complexity
is often expressed in terms of number of real-valued multiplications. By reducing or
eliminating the multiplications the complexity and the total power consumption can be
decreased, making the DSP subsystem more attractive for power restricted applications.

The equaliser can be broken down into two components; filtering (applying the

FIR) and updating the filter coefficients. Using a direct implementation, in the time

2 As the number of bits used to represent a number is decreased the power consumption for additions
and multiplications become comparable.
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domain, the complexity of the two components is the same [55] with respect to real
multiplications. The complexity of first component, filtering, can be decreased by
applying the filter in the frequency domain. As the number of taps, N, is increased
filtering in the frequency domain scales as O(Nlog,(N)) compared to O(N?) in the time
domain. This section addresses the complexity of the second component of the equaliser;
updating the filter coefficients, by using a simplified update algorithms [54; 55], of
the 4 x4 equaliser discussed in section 3.2. The 4 x4 equaliser maintains the ability to
compensate the receiver skew, while also applying the matched filter and compensating
for chromatic dispersion. Transmission of 15 GBd PDM-16QAM (100 Gbit/s) over
500 km with no dedicated chromatic dispersion compensation, is demonstrated as a
metro scale application of this equaliser although the update scheme can be used for
all previously mentioned applications of the equaliser. Afterwards this technique is

experimentally verified using 6 GBd Nyquist PDM-16QAM over 1,600 km.

Xin hx-x H— Xout
hx-y
hy-x

Yin—0— hvy d— Yout

Figure 3.17: equaliser structure for 2x2 MIMO.

3.4.1 Equaliser update algorithm

The 2x2 and 4 x4 equaliser structures are again shown here in figures 3.17 and 3.18 re-
spectively, while the update algorithms are summarized in equations (3.7), (3.8), and (3.9).
Equation (3.7) (original equation (2.20)) represents the general error term for a MMA,
where R is the amplitude of the constellation ring closest to the point k,,;. Equation
(3.8) (original equation (2.21)) is the update algorithm for the four complex-valued
FIRs of the 2x2 equalisers, where u is the convergence parameter while n and m are
respectively the inputs and outputs of the equaliser. Finally, equation (3.9) (original

equation (3.2)) represents the update for of the 16 real-valued FIRs of the 4 x4 equaliser.

For each tap of each FIR filter there is a multiplication of the form & n,,; m;,.

By discarding the amplitude information of the gradient term, and only keeping the
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Figure 3.18: Equaliser structure for 4 x4 MIMO.

sign, multiplications can be replaced with inverters®, which require fewer hardware

resources. In this work, two alternatives were investigated; Sign-Data: & csgn(n,,,) m;,

and Sign-Sign: sgn(g;) csgn(n,,,;) m;,. Where sgn and csgn are the real and the complex

signum functions respectively, equations (3.5, 3.6), where a and z are real and complex

number respectively, [56]. The simplified update schemes applied to the 4 x4 equaliser

are shown in equation (3.10).

-1 ifa<O

sgn(a) = 0 ifa=0

1 otherwise

csgn(z) = sgn(R(z)) + jsgn(3(z))

3Inverters change the sign of the number, multiplication with -1. If numbers are represented with
two’s complement inversion is implemented by flipping all bits and adding 1.
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& — R* — ko |? ke {X,Y} (3.7)
by — Wy + g g m;, mne{X,Y} (3.8)
h,,, < hy,,;, +UEL Ny My, MNE {XI,XQ,Y],YQ} (39)

hmn — hmn +u€ Sgn(nou;) m;,
m,n € {XI,XQ,YI,YQ} (3.10)
h,,, <~ h,, +u Sgn(ek) Sgn(ngm) m;y
The computational complexity for the different update schemes is summarized in
table 3.1, and is extended in appendix A.3. It should be noted that four real-valued
multiplications and two real-valued additions per complex multiplication are assumed.
The number of multiplications for the 2x2 and 4 x4 equalisers using the conventional

update scheme is the same while for the Sign-Data and Sign-Sign algorithms the

multiplications are replaced by inverters.

Real Multiplications Real Additions Inverters

2x2 Conventional 16N + 4 16N 4AN+2
4 x4 Conventional 16N + 4 16N 0
4x4 Sign-Data 8N 16N 16N
4x4 Sign-Sign 0 16N 16N+8

Table 3.1: Computational implementation complexity for different update schemes.

3.4.2 Simulation and experimental configuration

In simulations 120 Gbit/s (15 GBd) PDM-16QAM was generated, assuming 20% hard-
decision FEC, with a BER limit of 1.5 x 1072 [35]. Nyquist filtering was implemented
using a RRC filter with a rolloff of 0.01. The signal was then detected with a coherent
receiver and down sampled to 2 Sa/symbol before adding the delay skews. The delays
were set as follows; dy ; was fixed to zero, Oy o was varied from zero to a quarter of the
symbol period, 8y ;= —0.5-8x ¢ and dy ¢ =0.25-08x ¢, with respect to figure 3.9(a),
forcing the equaliser to compensate for multiple different delays. The equaliser was used
to apply the matched filter and compensate the chromatic dispersion as no dedicated
filters were used, however, it was initialised with the filter coefficients necessary to
compensate the chromatic dispersion, as in section 3.3. Afterwards, frequency offset

removal was performed before a CPE using DD phase estimator [26] (section 2.4.3).
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Figure 3.19: Simulation results for Nyquist 15 GBd PDM-16QAM: a) OSNR penalty vs.
number of equaliser taps. This result is independent of the symbol rate. b) BER vs. OSNR for
different update schemes at 15% IQ delay skews.

Finally hard decisions were made using the maximum likelihood algorithm k-means
clustering [43] before symbol decoding and BER estimation.

Experimentally, an ECL with 100 kHz linewidth was modulated with 6 GBd 16QAM
using an AWG operating at 12 GSa/s. PDM was emulated by passing the signal through
a polarisation multiplexing stage. A single-span recirculating loop with 80.7 km of
standard single mode fibre was used for transmission. At the receiver the signal was
detected by a phase- and polarisation-diverse coherent receiver. The local oscillator
laser was an ECL with a 100 kHz linewidth. The signal was sampled at 50 GSa/s and

processed as previously described.

3.4.3 Results and discussion

Applying a matched filter before delays are compensated can introduce a penalty,
therefore the matched filter was applied as part of the equaliser. The number of taps
required to achieve less than 0.5 dB implementation penalty was verified in simulation.
Figure 3.19(a) indicates that at least 15 taps are required. In these simulations no time
dependent elements were included making the results independent of symbol rate.
Afterwards, 15 GBd PDM-16QAM was simulated, chromatic dispersion equivalent
to 500 km of SMF (8,500 ps/nm) was added before the signal was detected and delay
skews were introduced. No dedicated chromatic dispersion compensation was used
instead the equaliser used 61 taps which were initialised with the dispersion coefficients.

Instead of using separate filters for chromatic dispersion compensation, matched filtering
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Figure 3.20: Experimental results for 6 GBd PDM-16QAM transmission over 1600 km; addi-
tional OSNR penalty vs. delay skews for different update schemes.

and equalisation, all linear filters were merged into a single adaptive equaliser saving
DSP resources. Usually, the larger number of adaptive equaliser taps would require
more computational resources, however, by using the simplified update algorithms, the
computational complexity of the updates is made negligible compared to the FIR filter.
Figure 3.19(b) shows that, when a IQ delay skew of 15% was introduced, the 2x2
equaliser exhibits an additional OSNR penalty of 1.7 dB, compared to the 4 x4 equaliser,
which was able to fully compensate the delay skew. Additionally, it can be seen that
the low complexity update schemes, including the multiplier free Sign-Sign, have the
same performance as the conventional 4 x4 equaliser. These simulations did not include
frequency offset and phase noise, which operate both on I and Q components, resulting
in an underestimation of the penalty from IQ skew.

To verify the equaliser experimentally 6 GBd PDM-16QAM was transmitted over
1600 km and noise loaded before digitally adding delay skew. The equaliser used 15
taps; initialisation with chromatic dispersion coefficients was not required in this case
as the equaliser was able to fully adapt. Figure 3.20 shows the penalty at the BER limit
of 1.5 x 1072 [35] as the delays are increased. The 4 x4 equaliser was able to track the
delays independently of the update algorithm in contrast to the 2x2 equaliser, which
exhibits large OSNR penalties as the delays are increased. At a delay skew of 15% of
the symbol period a penalty of 3.5 dB is observed.

The multiplier free update scheme for a 4 x4 equaliser shown can compensate for
IQ delay skew while applying a matched filter as well as compensate for chromatic

dispersion. This is demonstrated in simulations using 15 GBd PDM-16QAM over
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500 km and experimentally verified with 6 GBd PDM-16QAM over 1600 km. The
4 x4 equaliser exhibits no additional penalty from the delay skews while significant
performance degradation is observed for the conventional 2x2 equaliser.

This technique is very useful for system where there are power constraints on the
DSP or there are limited computational resources. A 2x?2 equaliser with the simplified
update algorithm has been proposed for PON [55] and 4 x4 could be used similarly for
the delay skew compensation. Additionally, due to the resistance to CD, the technique
could be applied to future low cost coherent metro scale networks where the CD can

easily be compensated by the equaliser.

3.5 Phase noise compensation for higher order Quadra-

ture Amplitude Modulation (QAM)

An alternative method for increasing capacity rather than decreasing channel spacing
is to use higher order modulation formats which carry more information in the same
spectral bandwidth. However, those modulation formats have stricter requirements
such as; higher SNR and lower phase noise because the constellation points are closer
together and the decision regions are smaller. The SNR can be increased by using
EDFAs with lower noise figure and/or using ADC and DAC with higher resolution,
however, those techniques are outside the scope of this work. This section will focus on
how the phase noise tolerance can be increased with optical techniques and specialised

DSP.

3.5.1 Phase directed equaliser (PDE)

Equalisation for 64QAM has previously been investigated to tackle low frequency
distortions. A two stage approach has been previously used [57], where after initial
equalisation, frequency offset and carrier phase estimation a second stage of equalisation
with a long filter was carried out. This second filter is then able to compensate for low
frequency distortions.

An alternative approach is to adopt an equaliser which is interleaved with DD-CPE

(section 2.4.3), to do both equalisation and carrier phase recovery. Although the use of
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this technique has previously been reported [58], this section evaluates the performance

of this equaliser.

Input Equaliser—{ CPE

Output

Figure 3.21: A DD equaliser interleaved with a CPE.

The joined algorithm is illustrated in figure 3.21. Frequency offset needs to be
performed prior to equalisation otherwise the CPE will not be able to compensate the
fast phase rotations and correct decision will not be possible. An equal number if
symbols is equalised around the symbol of interest in order to provide a symmetrical
window around the symbol of interest for the CPE. The phase is estimated and removed

before a DD error is calculated. This error is then used to update the equaliser.

Simulation configuration

In simulations 72 Gbit/s (6 GBd) PDM-64QAM was generated and detected using a
phase- and polarisation-diverse coherent receiver. A frequency offset of 200 MHz and a
variable linewidth was used to investigate the performance of the equaliser. The signal
was low pass filtered with a 5™ order Bessel filter to include the effect of electronics
with bandwidth of 70% of the symbol rate. After detection the signal was down sampled
to 2 Sa/symbol and normalised to unit power. An initial stage of equalisation was
performed using a MMA with 25 taps, pre-converged with a CMA. Afterwards a 40
power frequency offset removal was applied, section 2.4.3. Carrier phase removal
was performed either by a DD phase estimator or by the interleaved equaliser, Phase
Directed Equalizer (PDE). Finally, hard decisions, symbol decoding and BER counting

were performed over 2!7 symbols.
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Results and discussion

The linewidth of the LO was set to 10 kHz and the signal was noise loaded to evaluate
the performance of the equaliser*. Figure 3.22(a) shows the performance compared to
using a MMA equaliser followed by a separate stage for carrier phase removal. In both
scenarios the window length over which the phase was estimated was set to 32 symbols
(in each direction of the symbol). It can be seen that there is a minor gain of 0.2 dB at a
BER limit of 1072, however, there is no gain at higher OSNR where the two techniques
perform equally. This indicates that if a different FEC code is employed with a higher

BER limit the interleaved equaliser would be more beneficial.
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Figure 3.22: Simulations results, for 6 GBd PDM-64QAM, comparing MMA to PDE. a)
OSNR vs BER. b) (linewidth) x (symbol period) product (Av x T') vs additional OSNR penalty
at a BER of 1072

Furthermore, the phase noise tolerance was investigated, where the phase noise
of the LO was varied, for each linewidth the phase estimate window was optimised
(between 8 and 40 symbols, in each direction of the symbol). The results are displayed
in figure 3.22(b), where additional OSNR penalty (at a BER limit of 1072) is plotted
against the (linewidth) x (symbol period) product (Av x T') to make the results indepen-
dent of symbol rate. It can be observed that both methods follow the same trajectory,
the non-interleaved method has the 0.2 dB penalty (as previously observed) and smaller
phase noise tolerance. At a 1 dB penalty the difference between the two approaches is
5 % 107 (linewidth) x (symbol period) product. For the channel under investigation

that results in 30 kHz increased linewidth tolerance, a change from 150 kHz to 180 kHz.

4An additional 1.8 dB implementation penalty was added to be consistent with the experimental
results, section 3.5.2.
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The simulation results indicate that although the complexity of the interleaved
equaliser is significantly higher there is a potential gain in linewidth tolerance which
might enable the use of even higher order QAM such 256 or 1024, where the phase
noise tolerance is even lower. Although further simulation would be required to optimise

the length of the nested equaliser and CPE window under those configuration.

3.5.2 Digital coherence enhancement

A different method of improving the phase noise estimation is to send the unmodulated
carrier along with the channel, detect and estimate the phase noise from it before
removing it from the channel. This estimation is, however, impaired by any noise
from the channel over which the signal was transmitted. Another method known as
‘Coherent Enhancement’ can be used where the phase noise of the carrier laser is
measured and inversely applied back to the carrier during modulation [59]. This method
effectively compensates for the phase noise of the carrier but not any phase noise from
the LO. In systems where the signal accumulates large amount of dispersion the phase
noise of the LO alone can cause significant penalties to the channel [60]. A similar
method for compensating phase noise of the LO exists and is called Digital Coherence
Enhancement (DCE), [61]. This section will focus on applying DCE at the receiver,
the benefits are demonstrated utilising a high linewidth laser as a LO to detect 6 GBd
PDM-64QAM.

Phase noise measurement technique

The technique is used to measure the phase noise of the LO, as described in [61], is
illustrated in figure 3.23(a) and (b). The LO laser is split into three paths one is used
as a LO for the coherent receiver while the other two are used for the phase noise
measurement. For the phase noise measurement one of the signals is delayed by a time,
T to creating an interferometer with a bandwidth of 1/1. The two versions of the high
linewidth laser are then feed into a single polarisation receiver, the detected terms can

be expressed using equation (3.11). Because balanced detection is utilised the direct
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detection terms are omitted.
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Figure 3.23: Experimental configuration used for phase compensation technique. a) Receiver.
b) Phase noise measurement technique.

The detected signal of the phase measurement is E(t)E*(t —t). If 7 is small then
the differential phase can be expressed as the phase difference between the two time
instances divided by the time duration, equation (3.12). By numerically integrating the

differential phase the phase can be extracted, equation (3.13).

dor) 1 1 .
P 210 0 —1)) = L Z[E(E" (1 1) 6.12)
o(1) = % /0 VEWE (x—7)]  (mod 21) (3.13)

It should be noted that the measurement is independent of the phase noise distribu-
tion and is only limited by the interferometer bandwidth. Once measured, the phase can
be applied inversely to the data signal detected by the main coherent receiver to remove
the effects of phase noise.

To investigate the phase noise measurement technique a high linewidth laser was
emulated. An ECL with an intrinsic linewidth of 10 kHz modulated with pre-computed
phase noise using an AWG operating at 12 GSa/s [62]. The bandwidth of the interfer-
ometer was set to 550 MHz which could be digitized in practice with 1.1 GSa/s ADC.
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Figure 3.24: a) FM Noise spectrum of 10 MHz laser before and and after compensation. b)
Residual linewidth after compensation in the compensation bandwidth.

A frequency shift of 35 MHz was applied in one of the arms of the interferometer to
overcome AC-coupling of the balanced TIA. This frequency shift was removed digitally
after detection. In the configuration illustrated in figure 3.23(a) an unmodulated signal
was used as an input signal. The phase was estimated as described and applied to
the signal detected by the main coherent receiver. Figure 3.24(a) shows the FM noise
spectrum of a laser with 10 MHz linewidth (emulated), as detected by the coherent
receiver before and after compensation. Although the interferometer bandwidth is
550 MHz the FM noise is only flat up to 30 MHz where the linewidth is well below
100 kHz. The performance of the compensation technique was the verified by varying
the emulated linewidth, figure 3.24(b). For the linewidths up to 10 MHz the technique

achieves a consistent reduction of more than one order of magnitude.

Simulation and experimental configuration

Experimentally, an ECL with 10 kHz linewidth was modulated by a 12 GSa/s AWG
operating at 2 Sa/symbol to produce 6 GBd 64-QAM. PDM was emulated by passing
the signal through a polarisation multiplexing stage, figure 3.25. The LO was a DS-DBR
laser with an estimated 1.4 MHz Lorentzian linewidth. The phase noise of the LO was
measured synchronously with the detection of the PDM-64QAM signal.

To quantify the benefit of DCE on communication systems 72 Gbit/s (6 GBd) PDM-
64QAM was simulated with varying linewidth. The simulation configuration was the
same as described section 3.5.1. The phase noise measurements were emulated by

applying equations (3.12), (3.13) to the simulated LO signal and applying the inverse
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Figure 3.25: Experimental configuration for the transmitter used to phase compensation tech-
nique.

phase noise before the QAM signal was equalised.

Results and discussion

Experimentally noise loading at the receiver was performed to demonstrate the perfor-
mance of the technique. Figure 3.26(a) illustrated the performance for both homodyne
detection (where the transmitter laser is used as LO to remove any phase noise de-
pendence) and when the DS-DBR was used as LO. An additional penalty of 0.6 dB
is observed at a BER of 1 x 1072 due to the uncompensated phase noise which falls
outside of the interferometer bandwidth. If the phase compensation technique was

omitted it was not possible to recover the signal at all as the phase noise was too large.
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Figure 3.26: Experimental verification of 6 GBd PDM-64QAM. a) OSNR vs BER with
different LO. b) (linewidth) x (symbol period) product (Av x T') vs additional OSNR penalty at
a BER of 1072, A. Sano is the performance demonstrated in reference [63].

To investigate the effects of the high frequency components which fall outside
of the interferometer bandwidth simulations were performed. Figure 3.26(b) shows
the phase noise tolerance as additional OSNR penalty against (linewidth) x (symbol

period) product (Av x T'). The results show that, using this technique, one order of

74



Chapter 3. Single channel subsystems

magnitude higher linewidth can be tolerated for the same OSNR penalty. Additionally,
figure 3.26(b) shows the highest reported linewidth symbol period product achieved
so far [63] together with the experimental results which verify the simulations from
figure 3.26(a).

This technique improves the phase noise tolerance of QAM formats significantly,
although, an additional low frequency receiver is required. Additionally, the two
receivers need to be synchronized together for an accurate mitigation of the phase noise.
This could potentially allow the use of higher order QAM, 256 or 512, with low cost
lasers. Another application for this technique is to mitigate phase noise from a fast
tunable lasers. The technique is especially useful because the phase noise generated
after a wavelength transition is not Lorentzian, however, the measurement is agnostic
the phase noise distribution. This was demonstrated with a burst mode receiver detecting

6 GBd PDM-16QAM [7], where without DCE it would not have been possible.

3.6 Summary

This chapter focused on modifying existing DSP techniques to enable some different
next generation systems. The DSP techniques allow tighter frequency spacing, dynamic
routing and higher order modulation formats. The techniques are applicable to PON,
metro distance optical network and high spectral efficient system. The key results from

this chapter are:

» Backreflections, which limit the sensitivity of Passive Optical Network (PON)

are mitigated by spectrally shaping the optical channels.

* Delay skew caused by imperfections in the front end of digital coherent systems
can lead to severe penalties for higher order QAM and when Nyquist filtering is
employed. With a modified adaptive equaliser the delays can be fully compensated

which alleviates constraints of the coherent receivers.

* Chromatic Dispersion (CD) needs to be known in advance for accurate compen-
sation in dynamically routed networks. By adaptively compensating the CD, up

to 88,000 ps/nm, network reconfigurability is enabled.

* The update algorithm for adaptive equalisers is modified to reduce computational
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complexity. No loss of performance is observed even for a multiplier free update

scheme.

Interleaving the equaliser with Carrier Phase Estimation (CPE) can increase the
phase noise tolerance of higher order QAM. Another approach is to utilise Digital
Coherence Enhancement (DCE) to detect the phase noise of the LO and remove
it digitally from the signal, which can dramatically improve the phase noise

tolerance.
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Wavelength Division

Multiplexed (WDM) subsystems

N the previous chapter, although there was an implicit assumption that the subsys-
tems can be applied to WDM systems, the focus was mainly on single channel
systems. In this chapter the focal point will be subsystems for WDM systems,

starting with how they can be generated utilising optical frequency combs and how
different optical frequency combs differ, afterwards, WDM transmission is evaluated in
simulations and experimentally. Finally, a joint channel DSP technique is investigated

for compensating phase noise.

4.1 Optical frequency combs

An optical frequency comb (hereafter comb) is a series of optical carriers at a fixed

frequency spacing generated from a single laser source. Because the generated carriers
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are copies of the seed laser all the carriers are frequency and phase locked together.
Depending on the generation technique the frequency spacing is specified by an external
frequency source or by the characteristics of the device generating the comb. Addi-
tionally, there is a fixed phase relationship between the carriers, which depends on the
generation technique. Assuming that a single carrier can be represented with the delta
function, 8(®), then the amplitude of a comb can be represented with equation (4.1);
where N is the number of sub-carriers, a,, is the amplitude of the n sub-carrier and A®

is the frequency spacing of the sub-carriers.

N/2

Flo)= Y adotnio) 4.1

n=—N/2
An alternative way to achieve multiple sub-carriers is to use multiple lasers, however,
there are several disadvantages to this approach. Because they are individual sources
there is no phase relationship between the carriers. Additionally, although the spacing
might be fixed the wavelength of the lasers drifts over time leading to uneven spacing.
The OIF recommendation, for tunable lasers on 50 GHz and 25 GHz grids, is a drift less
than +2.5 GHz and +1.25 GHz respectively [64]. Although this is sufficient for large
channel spacing, moving to smaller channel spacing, potentially at the Nyquist rate,
can lead to significant performance degradation caused by crosstalk between adjacent
channels. Additionally, as systems scale to more channels with smaller spacing, using

individual lasers might be unrealisable due to cost constraints.

4.1.1 Applications

In telecommunication systems, optical frequency combs are used to generate optical sub-
carriers. The frequency spacing is the key feature, because it provides the transmission
system with a stable frequency grid. Any fluctuation in the seed laser will result in
frequency drift of the whole comb, but not between individual sub-carriers avoiding
potential crosstalk. The use of combs for transmission system has been demonstrated
numerously in the literature [9; 10; 65; 66]. Sub-carriers with a narrow linewidth are of
particular interest, because they are able to support higher order modulation formats
such as M-QAM to further increase the bandwidth utilisation [11; 67; 68]. Furthermore,

the phase synchronization between the sub-carriers can be utilised for spectral stitching.
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This can be done at the transmitter to generate signals with bandwidths larger than what
can be achieved with electronics [69; 70]. The high bandwidth channel is generated
digitally and split into frequency bands, then each band is modulated onto separate
sub-carriers of a comb. Alternatively, each sub-carrier can modulated with separate but
correlated channel, for example non-linear pre-compensation across multiple channels,
where the phase synchronization is vital [71; 72]. Another approach is to apply spectral
stitching at the receiver, where each comb line is used as a LO for a different receiver. By
matching the frequency spacing of the sub-carriers and the bandwidth of the receivers a
larger optical bandwidth can be detected. Subsequently, the bandwidth can be stitched
together in the digital domain for joint DSP [73; 74].

Although in this work combs are only used for data communications there are
other potential applications which have further increased the interest in the field. By
generating a large number of sub-carriers and shaping their amplitude and phases
separately it is possible to achieve an arbitrary time domain pulse [75]. Another time
domain application of a comb is to generate short and high power pulses, which can be
represented as a comb in the frequency domain; by spacing and shaping the amplitudes
of a comb a desired pulse can be generated. Yet another application of a combs in
combination with high bandwidth photodiodes is for terahertz generation. Filtering two
lines from a comb and beating them together on a photodiode, a RF signal is generated
with a frequency dependent on the separation of the two lines [76]. If the phase noise of

the comb lines is low the resulting RF tone would then also have low phase noise.

4.1.2 Fibre loop

When a RF sine wave is applied to a phase modulator (section 2.2.1) additional fre-
quencies are generated, if this process it repeated multiple times a comb with a large
bandwidth can be generated. A schematic of such technique utilising a fibre loop design
is illustrated in figure 4.1 [77]. Using equation (2.8), where the applied voltage is
a sine wave, with an amplitude A and a frequency ®,,, equation (4.2) is derived. It
describes the behaviour of a single pass through the phase modulator, where E;, and

Eo.: represent the input and output of the modulator respectively.

Eou(t) = Ep,(t) exp (jVEAsin((J)mt)) = Ej, (1) exp (jBsin(wpt)) 4.2)

T
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Figure 4.1: Comb generation technique using a fibre loop.

The frequency domain representation of a single pass through the phase modulator is
described with equation (4.3). The Fourier transform of exp(jBsin(,?)) is a series of

delta functions with amplitude corresponding to Bessel functions of n' order.

§ lexp (jBsin(eyt))] o< Y 8(0 —nwy)J-n(B) = M(w)
N 4.3)
Eou,((x)) = E]n((!)) * M((l))

The number of sub-carriers and their amplitude dependent on the modulation depth f,
which is dependent on the amplitude A of the sine wave driving the modulator. With a
higher modulation depth additional sub-carriers are generated, however, their respective
amplitudes are lower. Additionally, the total power of the comb is limited by the EDFA
in the loop, it is distributed between all the sub-carriers, therefore as the bandwidth of
the comb is increased the power of individual sub-carriers is decreased.

The polarisation controller, bandpass filter and EDFA are used to maintain the
polarisation alignment and a flat power by limiting the total bandwidth of the comb. The
phase modulator will keep introducing new sub-carriers each loop iteration as long as
they are within the optical bandwidth of the components. The Dispersion Compensating
Fibre (DCF) is used to compensate the dispersion caused when the optical signal
continuously passes through the loop. By maintaining zero dispersion there is no walk
off between sub-carrier and phase alignment can be maintain. However, if the length of

the loop is not kept constant the comb can become unstable leading to discontinuous
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power profile or a noisy comb where newly generated frequencies interfere destructively.
The length of the loop varies over time due to ambient temperature fluctuation resulting
in expansion or compression of the fibre. To maintain an equilibrium a control circuit
together with fibre stretcher can be utilised. This can be achieved by measuring the
amplitude of the beat signal of the comb spacing and changing the length accordingly
[78]. To maintain a stable comb the control circuit has to have a large operating range

while continuously fine tuning of the fibre length.
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Figure 4.2: Example comb spectrum generated using the fibre loop technique, 20 GHz spacing.

Figure 4.2 illustrates experimental spectra of combs generated with this technique,
with a pre-existing configuration. Although large bandwidth combs with a hundred sub-
carriers are achieved the inherent stability of the amplitudes proved that the technique

was not suitable as a WDM optical source.

4.1.3 Gain switching

One possible technique for generation of an optical frequency comb is by utilising a
discrete-mode laser [79]. By applying an oscillating RF signal to the gain section of
the mode laser it can be switched on and off rapidly. If the switching RF signal has
the appropriate frequency the photon density would not be able to reach a steady state
before the gain section is turned off; this effect leads to pulse generation based on the RF

frequency. The repetition rate of the pulses is inversely proportional to the sub-carrier
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spacing of the corresponding comb spectrum. The higher linewidth often associated
with gain switched laser is offset by seeding the laser with a master laser with low
linewidth. The mode locked laser can then be driven by the high speed RF signal; while
the phase noise characteristics of the master laser will mapped onto the generated comb.
Figure figure 4.3(a) illustrates a potential configuration (other configurations [79]) and
figure 4.3(b) shows a sample spectrum with 10 filtered sub-carriers.

Although not detailed in this work, this techniques was used generate result for the

following publications: [10; 11; 12].
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Figure 4.3: a) Comb generation technique using externally injected gain-switched laser. b)
Example comb spectrum generated using the gain switching technique, 10 GHz spacing.

4.1.4 Dual-Drive Mach-Zehnder modulator (DD-MZM)

Another technique to generate a comb is to utilise a Dual-Drive Mach-Zehnder Mod-
ulator (DD-MZM) [80], a schematic of the technique is shown in figure 4.4(a). A
DD-MZM is a MZM in a push-pull configuration (section 2.2.1) with two independent
electrical driving signals, which is equivalent to two parallel phase modulators. By
extending equation (4.2) to include the parallel structure the behaviour of the DD-MZM
can be described with equation (4.4), where A| and A, represent the amplitude of the

two RF signals while 6 and 0, are their respective phase.

T .
Eou (t) = Ep(t) [exp <ij1 sin(@y,t + 91)>
I
T ' 4.4)
+ exp ]VAZ sin(@y,t +0;)
T
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By configuring the amplitudes and the relative phase of the two RF signals it is
possible to tailor the output optical signal to achieve a flat comb [80]. Unlike the fibre
loop configuration, discussed previously, the optical signal is modulated only once,
therefore a large RF power or a low Vy is required to achieve a large bandwidth comb.
However, the total input power to the DD-MZM is limited to avoid overheating of the

device.
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Figure 4.4: a) Comb generation technique using a DD-MZM. b) Sample comb spectrum
generated using DD-MZM, 10 GHz spacing.

Figure 4.4(b) illustrates a sample comb spectrum generated with a DD-MZM modu-

lator. This technique was used in section 4.5 for WDM transmission.

4.1.5 Cascaded modulators

An alternative technique to achieve a wide bandwidth comb, instead of using a single
modulator in a loop or a DD-MZM with high RF power, is to use multiple cascaded
modulators. Similar performance is achieved with different configurations and combina-
tions of modulators [81; 82]. The approach used in this work is two cascaded intensity
modulators and one phase modulator [83], as illustrated in figure 4.5(a). This technique
promises wide bandwidth due to multiple modulators, while flatness is achieved by
tailoring the RF waveforms. By applying the second harmonic to the phase modulator
with a 180° phase shift and an amplitude of 1/16 (24 dB difference) a better approxima-
tion to a quadratic temporal phase can be achieved which leads to a comb with a flat

power spectrum [83].
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Figure 4.5: a) Comb generation technique using cascaded modulators. IM: Intensity modulator,
PM: Phase modulator, PS: Phase shifter. b) Example comb spectrum generated using cascaded
modulators, 10 GHz spacing.

The behaviour of the system can be expressed using equation (4.5). Where Ay,

Aj, Az, A4 represent the amplitude of individual RF signals and 61,6,,03,0,4 are their

respective phases.

Eouw () = E (1) {cos (VE (VBias1 + Ay sin(@yt +91))>

T

T )
cos (V— (VBias2 + Az sin( @yt + 92))) 4.5)

T

T . :
exp (]7 (A3 sin(@pt + 03) + Agsin(2oy,t + 94)))1
T

Because the amplitudes and phases of the RF signal can be configured separately
using attenuators and phase shifters, this technique offers high flexibly, during con-
figuration, to achieve the desired power profile. Additionally, unlike DD-MZM, the
low Vg requirement is alleviated as RF power can be spread over multiple modulators.

Although, it has been reported that this technique can achieve a comb with up to 30 sub-
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carriers [83], the configuration used in this work was able to generate only 9 sub-carriers
within 2 dB power variation mainly due to the higher Vy of the available modulators,
figure 4.5(b) illustrates a sample spectrum. This technique was used through this work,

sections 4.3 and 4.5, due to easy configuration and flexibility while offering a good

temporal stability.

4.2 System design

A group of sub-channels, spaced close to the Nyquist rate, which is routed and managed
through the network as a single entity is called a ‘superchannel’. Because optical
frequency combs generate narrow and evenly spaced sub-carriers, they are ideal for
superchannels. An overview of the transmitter system considered in this work is
presented in figure 4.6. A single low linewidth laser is used to generate an optical
frequency comb. Each sub-carrier is then separated using an arrayed wavelength
grating, interleaver or optical filters and is modulated separately. The data stream is split
between each sub-carrier and is feed into each modulator. The optical sub-channels
are then combined in a single superchannel entity, before multiplexing with other

superchannels and transmitted through the optical fibre.
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Figure 4.6: Superchannel transmitter.

Two different configurations can be utilised to detect the incoming superchannel.
The first approach is to use a single, high bandwidth, receiver to detect the full super-

channel, figure 4.7(a); the approach used in this work. Afterwards, each sub-channel
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can be digitally filtered and processed independently or joint DSP can be applied. An
alternative method is to generate an optical frequency comb at the receiver, separate each
sub-carrier to individual low bandwidth receivers, each detecting a single sub-channel
figure 4.7(b). Processing can then be applied to each sub-channel separately or the
signals from each receiver can be stitched together in the digital domain to recover the

full superchannel simultaneously [74].
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Figure 4.7: Superchannel receivers: a) Single high bandwidth receiver . b) Multi channel, low
bandwidth, receivers.

4.3 Modulation of comb

In this section data modulation with PDM-16QAM and 64QAM at 3 GBd is used to
verify and demonstrate the narrow linewidth of an optical frequency comb. These
modulation formats greatly increase the constraint on the linewidth, sections 2.3.3 and
2.4.3. The required linewidth for I6QAM at 3 GBd is 420 kHz and 120 kHz for 64QAM
to achieve a penalty of less than 1 dB at a BER of 3.8 x 1073 [26].

Comb generation

The comb was generated using the scheme detailed in section 4.1.5, with a frequency
spacing of 10 GHz. Each of the modulators had a V of about 7 V while the total loss
through the system was approximately 18 dB. The RF power going into each intensity
modulator was set to 21 dBm in order to match Vz, which improved the stability. The
bias point of the modulators drifts away from optimal position, however, as they are

operated in the non-linear region this effect is minimized. The RF power into the phase
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Figure 4.8: Generated comb spectra for experiment, 10 GHz spacing.

modulator was set as high as equipment allowed, 29 dBm, while still maintaining 24 dB
relationship between the harmonics. The seed laser was a ECL with a linewidth of
<15 kHz, which gives rise to sub-carriers with an estimated linewidth of 25 kHz or
less. After passing through the modulators the comb is amplified to compensate the
accumulated loss and filtered to remove unused sub-carriers. Figure 4.8 illustrates a

sample of the generated and filtered spectrum.

Experimental configuration

The transmitter and receiver system are displayed in figure 4.9. To avoid constructive
crosstalk from adjacent channels modulated with the same data, after the comb was
generated the channels were separated by a two stage interleaver into two groups,
odd and even, achieving an extinction ratio of at least 35 dB. Each sub group was
modulated by an independent IQ modulator with decorrelated data. The data streams
were pre-generated offline using decorrelated 2'° De Bruijn sequences. The electrical
signals were generated from two pairs of Field-Programmable Gate Array (FPGA) and
DAC operating at 12 GSample/s, 4 Sa/symbol, with a hardware resolution of 6 bits,
to produce 3 GBd 16-QAM. They were then amplified using linear amplifiers and
filtered using fifth order Bessel low pass filters with a cut off frequency of 7 GHz to
minimize side bands which can interfere with adjacent channels. After the modulation
the channels were combined with an optical coupler and PDM was emulated by passing
the signal through a polarisation multiplexing stage.

At the receiver the sub-carriers were noise loaded before being detected by a phase-

and polarisation-diverse coherent receiver. The LO was a tunable ECL with a linewidth
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Figure 4.9: Experimental configuration used to modulate the comb.

of 100 kHz. The detected signals were then sampled at 50 GSample/s. Correction due
to imperfections in the front-end and normalisation were applied before down sampling
to 2 Sa/symbol. The equaliser was pre-converged using CMA before switching to a
MMA [84] (section 2.4.2). Frequency offset compensation was then applied before a
DD-CPE [26] (section 2.4.3). Finally maximum likelihood hard decisions were made

using k-means clustering [43] and BER estimation over 2!3 symbols.

Experiment results

. T 12 —
FEC Limit o = = = Theory
! (3.8x107% ® O Comb o
DA = = =Theory ° 1 o
= =27 ~‘ B single ch @ o o lo) (o)
Ul o O Comb o o (o)
vg. ‘s ® 10 (@)
3 -3t Y %
‘s 8 O m'm -
—4} ‘s 8
. =]
N . s ..
7 9 11 13 15 17 © o9 1 2 3 4 5 6 7 8 9 10
OSNRO.lnm Line Number
(a) (b)

Figure 4.10: a) BER vs OSNR for single channel and each sub-carrier using 3 GBd PDM-
16QAM b) Required OSNR of 3 GBd PDM-16QAM

The receiver noise sensitivity for PDM-16QAM was measured for each sub-carrier,
by tuning the LO to the channel of interest, and compared to single channel using
the seed laser, figure 4.10(a). At a hard decision FEC, with 7% overhead, and a BER
limit of 3.8 x 1073 [44] the required OSNR of a single channel is <10 dB, with an

implementation penalty of about 0.8 dB. The performance of the sub-carriers did not
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vary significantly and most of the lines have less than 2 dB implementation penalty,

figure 4.10(b).
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Figure 4.11: BER floor for 3 GBd 64QAM for single channel and each sub-carrier.

Additionally the performance of a single channel and each sub-carrier with 64QAM
was measured, the results are displayed in figure 4.11. An error floor is present for
both the single channel and the comb, however, the performance consistently around a
BER 10~4, which is below the FEC limit. The error floor is attributed to a sub-optimal
receiver DSP in combination with the total linewidth of 125 kHz, which at a symbol rate
of 3 GBd incurs at least 1 dB penalty [26] (section 2.4.3). These results indicated that a
comb source generated using cascaded modulators and a narrow linewidth seed laser
is able support high order modulation formats and is suitable to further transmission

experiments.

4.4 Transmission simulations of optical
frequency combs

The use of optical frequency combs as sub-carriers has been used extensively in recent
years [85; 86; 65]. However, the impact of phase and frequency locked carriers on
the transmission performance has not been evaluated or compared to independently
generated carriers. This section investigates these effects on a transmission system in
simulations.

In simulations nine sub-channels spaced at 10 GHz are generated, to create a
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superchannel. Each channel was modulated with a 6 GBd PDM-16QAM carrying a
gross bit rate of 48 Gbit/s. Assuming the use of a 7% FEC [44], with a BER limit of

3.8 x 1073, results in a total bit rate of 403 Gbit/s for the full superchannel.
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Figure 4.12: Transmitter steps used for simulations.

4.4.1 Simulation configurations

Figure 4.12 illustrates each of the step used to emulate the transmitter. Firstly, a
215 _ 1 PRBS was generated and decorrelated for each of the 8 bits of PDM-16QAM.
The main processes of bandwidth expansion in the transmission system is Four Wave
Mixing (FWM), however, as the CD, in the fibre, counteracts FWM the expansion is
restricted. To accurately capture the transmission effects the simulation bandwidth
was set to be at least twice the total bandwidth of the superchannel [87]. Although,
the total superchannel bandwidth is 86 GHz, the simulation bandwidth was set to
174 GHz to maintain an integer oversampling of each sub-channel, 29 Sa/symbol.
Afterwards the sub-channels were filtered using a RRC filter to limit the bandwidth
of the channel and to avoid crosstalk between adjacent channels. The sub-channels
were then low pass filtered with a fifth order Bessel filter at 70% of the symbol rate,
to emulate limited electronic bandwidth. The phase noise was added in two different
ways: when simulating a superchannel with a comb each of the sub-carriers received
the exact same phase noise, while when simulating independent sub-carriers the phase
noise was generated separately for each sub-carrier. The optical power of each sub-

channel was then set before frequency shifting to corresponding frequency slot in the
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overall superchannel. This processes was then repeated for each of sub-channels of the

superchannel before combining them together.
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Figure 4.13: The simulated transmission consists of cascaded single fibre span followed by an
EDFA.

Parameter Value

Attenuation coefficient (o) 0.2 dB/km
Dispersion parameter (D) 17 ps/km/nm
Nonlinear coefficient () 1.2 W lkm™!

PMD 0.1 ps/vkm
Span length 80 km
Number of spans 50
EDFA noise figure 4.5dB
Simulation bandwidth 174 GHz
Simulation step 100 m

Table 4.1: Transmission simulation parameters.

A multi span transmission system was emulated as illustrated in figure 4.13. The
fibre was simulated using the well known technique of symmetric Split Step Fourier
(SSF) [20; 88]. In each of the 100 m steps half of dispersion was applied followed by a
non-linear rotation and second half of the dispersion to fully capture the non-linear effect
of the transmission. After 80 km of fibre a single EDFA was used to fully compensating
for the loss of the span. The simulated fibre was SMF with 0.2 dB/km attenuation,
17 ps/km/nm dispersion and non-linear parameter of 1.2 W~ 'km™!, the full parameters
of the simulations are summarised in table 4.1.

After transmission the full superchannel was detected using a single phase- and
polarisation-diverse coherent receiver. The LO was an independently generated laser
with the same linewidth and a 200 MHz frequency offset. The signal was then quantised
to 6 bits of resolution, which together with the laser linewidth emulates laboratory
conditions. Afterwards, each sub-channel was processed independently, by first nor-

malising the signal and frequency shifting the signal to the desired sub-channel. The
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Figure 4.14: Emulation of digital coherent receiver followed by a DSP chain.

signal was down sampled to 2 Sa/symbol and CD was compensated before a matched
RRC filter was applied. Timing and PMD are compensated using an adaptive 2x2
equaliser (no delay skew was considered so the 4 x4 equaliser was not required). The
frequency offset was estimated using a 4™ power algorithm before DD-CPE was used
to compensate the phase noise [26] (section 2.4.3). Symbol decision was made with

k-means clustering [43] followed by BER estimation.

4.4.2 Simulation results

Firstly, the single channel performance was verified with and without the required RRC
filter. Figure 4.15 illustrates that a RRC filter with a rolloff of 0.1 provides sufficient
channel isolation to mitigate linear crosstalk (overlap) between adjacent channels.
Additionally, the performance of the single channel without filtering is equivalent to
when a RRC is applied to a WDM system.

Afterwards the transmission performance of a single channel was investigated to
verify the simulator. The results are shown in figure 4.16, where single channel 6 GBd
PDM-16QAM is compared with and without a RRC filter. The maximum distance was
achieved at a launch power of -6 dB, 4,320 km and 4,000 km for the non-filtered and

the RRC filtered channels respectively. The performance in the linear region, at launch
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Figure 4.15: Simulations of single channel and WDM, BER vs OSNR with 6 GBd PDM-
16QAM in a back-to-back configuration.
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Figure 4.16: Simulations of single channel transmission performance of 6 GBd PDM-16QAM
with and without RRC filtering.

powers less than -8 dB, is equivalent between the configurations, as expected from
figure 4.15. However, in the non-linear region the performance of the RRC filtered
channel is worse. Even though the optimum launch power was the same for the two
configuration, the filtered channel has a constrained bandwidth resulting in higher power
spectral density, which leads to greater non-linear effects.

Once the single channel performance was established, as base line, multichannel

simulations were carried out. The goal of this investigation was to determine if phase
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Figure 4.17: Simulations of WDM transmission performance of 6 GBd PDM-16QAM with
phase synchronous sub-carriers.

locked sub-carriers (comb) have an effect on transmission performance. The emulating
of the comb was implemented as previously described, by applying the same phase
noise onto each sub-carrier. The results are shown in figure 4.17 together with the single
channel for comparison. It is clear that the performance of the two WDM systems
is identical and they are able to reach the same distance for all launch powers. The
maximum distance of 3,520 km is achieved with a launch power of -7 dB, which is only
1 dB lower than the single channel system, this is, due to the additional non-linearities
in a WDM system; cross phase modulation between sub-channels.

These results indicate that there is no performance degradation or improvement in
transmission when using phase synchronous sub-carriers without additional processing
or special system configurations. This implies that optical frequency combs could
be used in DWDM systems with minimal guardbands to mitigate linear crosstalk
from drifting sub-carriers. Although, additional simulations and experiments would
need to be carried out with different system configurations to verify that there are
no consequences of the phase synchronous sub-carriers. For example multi-channel
pre-compensation, for non-linearity, has recently been investigated [71] were the phase
synchronous sub-carriers are essential for an accurate compensation, however, the effect

on post-compensation are unknown.
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4.5 Transmission experiment with optical

frequency combs

Although techniques for generating optical frequency combs have been analysed, most
commonly that has been done in terms of spectral flatness and number of sub-carriers.
Additionally, the phase noise behaviour has been investigated for some techniques
[89; 65]. However, the comparison between optical frequency combs has been limited
to only minor modifications of the proposed systems [90; 91; 92]. Although, these
analysis and comparisons provide insights of the performance it is not possible to predict
the full system behaviour. In this section the use of two different combs is compared
experimentally in a transmission system implementing a 400 Gbit/s superchannel

utilising PDM-16QAM.

4.5.1 Experiment configurations

The same system configuration used for the simulation in the previous section was
utilised in this experiment. Nine sub-carriers spaced at 10 GHz are generated using two
different techniques, DD-MZM (section 4.1.4) and cascaded modulators (section 4.1.5).
First 16QAM signal was generated offline at 2 Sa/symbol and filtered with RRC filter
with a rolloff of 0.1. The electrical signals were generated by an AWG operating at
12 GSa/s to produce a 6 GBd signal. The RF signal was then filtered with a low pass
filter to eliminate aliases from the AWG before being applied to the modulator. The
optical frequency comb was first filtered with a bandpass filter to eliminate unused sub-
carriers before being split into odd and even using an interleaver achieving a minimum
of 25 dB extinction ratio. The odd and even channels were then combined passively
before PMD was emulated by passing the signal through a polarisation multiplexing
stage. Because odd and even channels are modulated separately the phase synchronous
is not maintained in this configuration. The full transmitter configuration is shown in
figure 4.18.

The transmission was emulated using a single span recirculating loop as illustrated
in figure 4.19. The loop consists of 80.7 km of SMF with 0.2 dB/km attenuation,
16.7 ps/km/nm dispersion and a non-linear parameter of 1.2 W~'km~!. Two EDFAs

with noise figures of 5 dB were used, one to set the launch power into each span and the
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Figure 4.19: Experimental configuration used for transmission and detection of the signal.

other to compensate the loss through connecting components. A polarisation scrambler
was used to introduce random polarisation rotations for each span and tunable optical
filter was used to reject out of band noise, while Acoustic Optic Modulators (AOMs)
were used to gate the signal. At the receiver the superchannel was detected by a
wideband phase- and polarisation-diverse coherent receiver. The LO laser was an
ECL with a 15 kHz linewidth. After sampling the signal at 160 GSa/s, the signal was

processed as described in the previous simulations sections.

4.5.2 Experiment results

Similar to the simulations, firstly, the system was tested in a back-to-back configuration.
The performance of the single channel PDM-16QAM from the odd and even IQ modula-
tors is displayed in figure 4.20. The two modulators exhibit the same performance with
an additional penalty of 0.7 dB observed when RRC filtering is applied to the signal,
this is attributed to the higher digital resolution requirement both at the transmitter and
receiver.

Subsequently the transmission performance was investigated for a single channel
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Figure 4.20: Experimental single channel from the two 1Q modulators with and without RRC
filtering, BER vs OSNR with 6 GBd PDM-16QAM in a back-to-back configuration.

over 1,200 km and compared to the simulation results of the same system, figure 4.21.
The simulations results are consistent with the previous transmission results in fig-
ure 4.16 where in the linear region (up to -8 dB) the performance is the same with and
without filtering and only in the non-linear region does the filtered signal performance
drop. The same trend is observed in the experimental results which exhibit a lower

performance due to the experimental implementation penalty illustrated in figure 4.20.
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Figure 4.21: Simulation and experimental results for single channel transmission over 1200 km
with and without RRC filtering, BER vs launch power per sub-carrier.

Once the single channel performance was established as a base the optical frequency
combs were used to implement a WDM system. Although, the generation techniques

were able to achieve a power variation less than 0.5 dB after separating odd and even
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Figure 4.22: Transmitted optical spectra of the full superchannel; a) Cascaded modulators
comb b) DD-MZM comb.

channels, modulating and combining them the resulting power variation was less than
2 dB, as illustrated in figure 4.22. The launch power per channel was calculated by
averaging the launch power across the superchannel. The LO was tuned to three different
locations along the full optical superchannel to capture and process the sub-channels in
groups of three. Each of the sub-channels were processed with the DSP step described

in previous simulation section.

_2- 4
o
L
m
5
>
S -3 1
_al — —BER 3.8 10"
Single Channel
st <] WDM - Cascaded
- >WDM - DD-MZM

-18 -16 -14 -12 -10 -8 -6 -4 -2 0 2
Launch Power [dBm]

Figure 4.23: Experimental comparison between optical frequency combs in transmission over
1200 km, BER vs launch power per sub-carrier.

The transmission results for the superchannel after 1,200 km using the two different
combs is illustrated and compared with the single channel in figure 4.23. The perfor-
mance of the comb is calculated by averaging the BER across all nine sub-channels.

Additionally, at the optimal launch power of -7 dB the individual BER for each sub-
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channel in the superchannel is plotted. Although performance variations were observed
between sub-channels due to the variation in the initial launch power, once the perfor-
mance was averaged no significant difference was found between the two generation
techniques. These results indicate that any fluctuations in the power spectrum of the su-
perchannel could be negated and absorbed if the data stream is processed jointly by the
FEC decoder. Although this would require data synchronisation between sub-channels

it could mitigate sub-channel errors that exceed the BER limit.

4.6 Joint Digital Signal Processing (DSP)

In the previous sections optical frequency combs were used as sub- carriers for super-
channels, however, each of the sub-channels was processed independently, without
utilising the knowledge that the sub-carrier are frequency and phase synchronous.
This section will investigate how the DSP can be modified to utilise this additional
information.

In DWDM where the guardbands between sub-channels are reduced to achieve
Nyquist spacing, crosstalk can be observed. In particular if there is no frequency
locking between sub-carriers or if the channels rolloff is not sufficiently sharp, this
is known as Inter-Channel Interference (ICI). It has been demonstrated that joint
equalisation between adjacent channels can be used to mitigate the incurred penalty
[93; 94]. The technique involves an additional equalisation step, after CPE, operating
on multiple sub-channels. Although ICI can become problem when the guardbands are
reduced to zero, if the sub-carriers are frequency locked and RRC filtering is applied to
the sub-channels, the penalty can be significantly reduced.

If the optical frequency comb is used as a sub-carrier source its phase synchronous
property can be utilised. So far joint CPE has only been investigated for PDM-QPSK
systems using the Viterbi & Viterbi algorithm [93]. This section will focus on ex-
tending that work by utilising a DD-CPE for 16QAM to investigate the feasibility and
advantages. The conventional DD-CPE algorithm, for a single channel, is presented
in section 2.4.3 and shown again in equation (4.6). The phase, at a sample point k, is
calculated by making a decision, D, on the symbol and extracting the phase difference

compared to the detected symbol, this is then averaged over a window of 2w+ 1 symbols
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as phase noise is a time varying effect.
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Figure 4.24: Schematic diagram of the joint DD-CPE algorithm operating on multiple channels.

Because the phase of all sub-carriers is the same the principle can be extended to
averaging the phase across multiple sub-channels. The schematic of the algorithm is
illustrated in figure 4.24 and the mathematical description is presented in equation (4.7).
Where N channels are processed together and x,, is input stream of the m-th channel.
Because symbol decisions are made based on the modulation formats, rather than
exploiting a symmetry like the Viterbi & Viterbi phase estimator (section 2.4.3), the

algorithm suitable for different formats.

4.6.1 Simulation results

The simulation configuration described in section 4.4 was used to generate superchan-
nels with PDM-16QAM. Similarly to the previous sections a nine sub-channel spaced
at 10 GHz was modulated with 6 GBd signals and filtered by a RRC filter with a roll-off
of 0.1. The phase noise was added synchronously to all sub-carriers to emulate an

optical frequency comb.
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Figure 4.25: Simulations comparing independent and joint DD-CPE compensating for 100 kHz
of linewidth, BER vs OSNR with 6 GBd PDM-16QAM in a back-to-back configuration.

Firstly, to verify that the joint CPE algorithm was functioning it was tested on a
low phase noise signal, 100 kHz, and compared to the performance of independent
CPE. Figure 4.25 illustrates that the performance of algorithm is identical to the
conventional algorithm. Because the joint CPE algorithm uses symbols from multiple
sub-channels a smaller window length can be utilised to achieve the same performance.
The conventional CPE used a window of 32 symbols to estimate the phase, while the
joint CPE a window of 3 symbols (27 symbols across all nine sub-channels) could
be used. When the phase varies slowly (the phase noise is low) a larger window
length can be used to average out the additive noise and improve the SNR tolerance.
However, with large window fast phase variation cannot be tracked; requiring smaller
averaging windows with lower SNR tolerance. Although the joint CPE estimates the
phase variation over a smaller window, by averaging over different realizations of the
additive noise the SNR tolerance is preserved. The algorithm was tested by varying the
phase noise and optimising the averaging window w for both the independent and the
joint CPE. Figure 4.26 demonstrates that the joint CPE algorithm (for nine channels)
is able to tolerate linewidths five times larger, for the same OSNR, penalty compared
to the independent CPE algorithm. The additional OSNR penalty is plotted against
(linewidth) x (symbol period) product (Av x T') to make the results independent of the
symbol period. Although both algorithms were tested with even larger phase noise

reliable BER was not obtainable due to frequent cycle slips.
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Figure 4.26: Simulations comparing independent and joint DD-CPE, (linewidth) x (symbol
period) product (Av x T) vs additional OSNR penalty at a BER of 3.8 1073, with 6 GBd
PDM-16QAM.

Although significant improvement in linewidth tolerance is achieved in simulations
the phase noise in an experiment might not be symbol synchronised between sub-
channels. Therefore, to utilise the technique training symbols would have to be inserted
periodically to maintain phase synchronisation between sub-channels. An additional
advantage would then be that phase can also be estimated on the training symbols
resulting in a more robust estimation suitable for higher order modulation formats such
as 64 and 256QAM [95; 96].

So far joint CPE has only been investigated and demonstrated in a back- to-back
configuration, without fibre transmission which would introduces an additional chal-
lenge with CD. The walk-off between frequencies, caused by CD, will result in
un-synchronised phase noise at the end of the transmission link. If CD is compensated
on a sub-channel basis the frequencies within a channel will be synchronised, however,
there will be a time delay between sub-channels. Compensating CD across the full
superchannel bandwidth is possible, however, it will introduce equaliser enhanced phase
noise, which is an additional amplitude noise, limiting the performance [60; 97]. A
future direction would be to investigate if CD can be compensated on a sub-channel
basis, to avoid enhanced noise, but to synchronise the sub-channels before applying the

joint CPE.
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4.7 Summary

This chapter investigated generation techniques of optical frequency combs for optical
data communications. Some of the techniques were verified experimentally in a back-
to-back configuration and fibre transmission systems. Additionally, the effects of the
phase synchronous superchannel were studied and a joint DSP technique, that utilises

the additional information, was proposed. The key results from this chapter are:

* Several techniques, such as gain switching and modulator based methods, are able
generate suitable combs for data communications. Configurations with optical
modulators offer stable and very flexible comb sources at the expense of lower

bandwidth, compared to other investigated techniques.

* The linewidth of comb generated from cascaded modulators, was verified by
modulating a low symbol rate PDM-16 and 64QAM to exacerbate the impact of

phase noise.

» Simulations indicate that phase and frequency synchronisation does not effect
the overall performance of a transmission system, without the use of additional

optical or digital processing.

» Experimentally two techniques for comb generation ware utilised in implementing
a 400 Gb/s superchannel over a transmission system of 1,200 km. Although
variation between individual channels was observed the averaged performance
of the two combs was identical. The performance variations were caused by the
variation in launch power induced by the non-flat power profile of the comb and

the modulation process.

* By averaging the phase noise estimator across phase synchronous sub-channels
the tolerance was improved by a factor of 5 for the nine sub-channel system that
was considered. However implementing this technique in an experimental system

requires training symbols to synchronise the phase within a symbol period.
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HIS chapter presents future directions to extend the work presented in the
previous chapters. In chapter 3 equalisation techniques used to tackle specific
problems, such as RRC filtering, receiver delay skew, CD and phase noise,

were presented. In this chapter another technique for equalising higher order modulation
formats is explored. In chapter 4 techniques for optical frequency comb generation
were presented and their performance was tested. As the main impediment was the
flatness and the total bandwidth of the comb this chapter looks into an alternative
generation technique that overcomes those obstacles. Afterwards, how the inherent
multi-dimensional property of superchannels can be utilised is discussed. Finally, future

investigations of phase synchronous transmission are reviewed.

5.1 Equalisation of higher order QAM

Although this work has used equaliser for higher order QAM, their design has not

been investigated in detail. Additionally, these equalisers have been used extensively
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in the literature; 64, 512 1024 and even 2048 QAM [57; 98; 99; 100]. Analysis
of equalisers for PDM-16QAM have been carried out using MMA and DD schemes
[84; 101], however, mathematical analysis for higher order QAM has not been carefully
studied.

Section 2.4.2 discussed the basic concepts of equalisation and acknowledged that
DD schemes can sometimes be unsuitable, because frequency offset and phase noise
need to be compensated jointly or before equalisation. Additional complications arise
when RRC filtering and delay skews are present, resulting in performance penalty
(section 3.2). It is more desirable to use blind equalisers such as the MMA which can be
carried out independently and prior to frequency offset and phase noise compensation.
Therefore this section will explore tailoring the MMA to give better performance with

higher order QAM.

5.1.1 Decision boundaries

The first part in updating a MMA equaliser is to determine to which ring amplitude
a symbol belongs to after applying the adaptive filter. Intuitively this can be done by
selecting the closest ring amplitude to the received constellation point, similar to the

following pseudocode’:

x_out := output value of the equaliser
radii := a vector with all possible radii
minLoc = 1

deviation = abs(abs(x_out)-radii(l))
for n = 1:length(radii)
temp_deviation = abs(abs(x_out)-radii(n))
if (temp_deviation < deviation)
deviation = temp_deviation
minloc = n
end
end

return radii (minLoc)

INote that the vectors, arrays, start from index 1.
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Figure 5.1: Ring amplitude probability distribution of 16QAM for different SNR values.

However, this approach does not utilise the full information about the modulation
format. An important aspect of 16QAM is that not all ring amplitudes are equally
probably; there are 3 ring amplitudes, the inner and outer rings have a 4 symbols each
while the middle ring has 8 symbols. This applies similarly for higher order modulation
formats and the probabilistic distributions could be taken into account. Figure 5.1
illustrates the absolute value of a 16QAM constellation with different amounts of
AWGN. The optimal decision threshold is not, as might naively be expected, halfway
between two amplitude levels, as implicitly assumed above, it actually depends on the
SNR.

Considering two radii with Gaussian distributions? P; and P, where 1 and up are

the mean radii and 62 (SNR = 1/6?) is the variance:

1 —(r—mu)? ) 1
P] =A €X ( P2 =B
V2162 P 262 V2162

ZNote that the actual distribution for the absolute value of complex (two dimensional) Gaussian
distribution has a Rician distribution. It is described by equation (5.1), where Iy(x) is the modified Bessel
function of the first kind with order zero. However, for large values of r it converges to a Gaussian
distribution, which is easier to work in this initial investigation.

(2 2
f(rlv,0)= éexp (UZ;V)) Iy (ﬂ) (5.1)

o2

2
exp <%) (5.2)
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If they are equally probable (B/A = 1) then the decision threshold can be calculated

as follows:

P=pP

1 —(r—p)"\ 1 —(r—m)
V2mo? P ( 262 )  V2no? =P < 262 )
—(r—m)*  —(r—m)?
262 202 (5.3)

P} =2y 4t =17 =200 + 11

2r (uy — ) = 45 — 1

BH ()
2(u— ) 2

I'Threshold =

Which is equivalent to the closest ring calculation discussed above. However, if the
P; and P> are not equally probable?, A # B. Note that if A = B the threshold reduces to

the previous equation:
P=P

1 —(r—m)? 1 —(r—mw)?
=B
Voror P ( 207 N T 207
—(r—m)* —(r—m)?
P G P (5.4)
—r? 4 2ru — i} = 26%In(B) — r* 4 210 — 115

2r (1 — ) = 26° In(B) — 155 +u1
26%In(B) + 12 —
2(u — )

V'Threshold =

In this scenario the threshold is shifted towards the ring with smaller probability and

a different logic for determining the ring amplitude is required:

x_out := output value of the equaliser
radii := a vector with all possible radii
thresholds := a vector with pre-calculated

threshold values based on SNR
for n = l:length(thresholds)

temp_deviation = abs(abs(x_out)-radii(n))

31t is possible to set A = 1 without losing any generality.
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if (thresholds(n) < abs(x_out))
return radii (n)
end
end

return radii(length(radii))

This becomes more important as higher order QAM are utilised and ring amplitudes

have a different probability to adjacent ring amplitudes.

5.1.2 Probabilistic error functions

Another key aspect of an equaliser is how the error term is computed. The error term
for the MMA is computed by a Least Mean Squares (LMS) method, equation (5.5),
where a discrete decision is made on the radius R. By plotting the error term as a
function of the radius, figure 5.2, it is clear that there are discontinuities in the error
function. Around the discontinuities, the confidence about the ring amplitude is the
lowest. Yet, counterintuitively that is where the largest error values are present, resulting
the largest update. Additionally, as the OSNR, or the SNR, is decreased wrong decisions
around the discontinuities become more likely, which could lead performance penalty
or equaliser divergence.

£ — R? — | Xou|? (5.5)

Error term [A.U.]

0 02 04 06 08 1 12 14 16 18 2
Radius

Figure 5.2: Error term as a function radii for 16QAM MMA.
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Another approach instead of making a decision on the ring, is to scale the error from
each radius, R, by the probability of a symbol having that radius. This is essentially an

update algorithm that utilises Maximum a posteriori Probability (MAP).

€ — Zp(xoul | R)8(Xour, R) (5.6)
R

Where R is the set of all possible radii for the modulation format and x,,, is the output of
the equaliser. The first part of the equation, p(x,,; | R)*, is the probability that the output,
of the equaliser, x,,; belongs to radius R and the second part, g(x,., R), represents the
error function. These are calculated using equations (5.7), in this preliminary derivation
the g>(x,R) was used. The error term is plotted as a function of the radius in figure 5.3,
note that for lower SNR values the error term does not go to zero as expected, instead

there is still a large uncertainty about the accuracy of that point.

—(R— ’xout|)2

1
PR o) = e (=)

81 (xoutaR) = R2 - |x0ut|2

(5.7)

g2(x0utaR) =R-— ’xout|

—SNR = 13dB|.
—SNR = 15dB
SNR =17dB

U

ZYAW
N\

Error [A.U.]

0 02 04 06 08 1 12 14 16 18 2
Radius

Figure 5.3: Error term as a function radii for 16QAM with the developed MAP equaliser.

“Note that p(x,u | R) = p(R | Xouz) due to the symmetry of the Gaussian distribution.
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To calculate the update, the gradient of the squared error with respect to the equaliser

taps are set to 0. This is equivalent to finding the minimum error with respect to the

filter.
d(€?)
h —h—y—-—=
dg © (5.8)
€
h —h—2¢e
TS
d(e) _ xp|xou (R — [xour)*
=L R —— 1 5.9
The final update can then be expressed as follows:
x: |x0ut| (R - ‘xom|)2
h—h—uye2—— R|xpu)| —————1 5.10
- a 2X gut ;P( [ o) < c? ( )

To verify the equaliser, initially it was then tested and compared to conventional
MMA on a simulated 6 GBd PDM-64QAM signal. The results for that are illustrated in
figure 5.4. Due to the various effects such as polarisation rotations and low pass filtering
the effective SNR, which determines the 6% in equation (5.10), needs to be optimised
for the specific system. However, the initial simulations of a simplified system show

that the performance of the MAP equaliser is identical to the MMA equaliser.

(= N -2
)\m BER 1 (107°|.
5 A - Theory
OMMA 5 Taps
= N MAP 5 Taps
L
Q
S -3
(@)
S
_4,
_5,

“
“{)

15 16 17 18 6%@ 21 22 23 24 25
0.1

Figure 5.4: Simulations of PDM-64QAM comparing MMA and MAP equalisers.

A simplified version of the concept developed here is to scale the update base
on the ring amplitude probability of the current symbol. That technique allowed for
higher tolerance of polarisation rotations [102]. However, to fully analyse this equaliser

additional simulations and experiments are required.
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5.2 Non-linear optical frequency comb generation

RF ref X2
[ECL— M P— PM %
(a)
HNLF HNLF
EDFA
a:1-a 50:50

(b) (0

Figure 5.5: a) Basic parametric comb generator. IM: Intensity modulator, PM: Phase modulator.
b) Pulse compressor Non-linear Optical Loop Mirror (NOLM). ¢) Pulse compressor Non-linear
Amplified Loop Mirror (NALM)

Section 4.1 discussed different techniques for optical frequency comb generation,
however, all techniques, except for the fibre loop (section 4.1.2), generate combs with
up to 30 sub-carriers. Although that is sufficient for a single superchannel it would
require multiple generators to fill the optical bandwidth (C-band). Recently, comb
generators that are suitable for data communications and span the full C-band have been
reported [91; 92]. Instead of using modulators to generate new frequencies the non-
linear properties, FWM specifically, of the fibre are utilised. When any two frequencies
interact in the non-linear optical fibre they produce two new frequencies as described
by equations (5.11), where f] and f; represent the original frequencies. As the signal
propagates through the fibre both additional frequencies are generated and existing
frequencies, if f3 and f4 have already been generated, are amplified, this process is
called parametric amplification. Figure 5.5(a) illustrates a basic example of a parametric
comb generator. The intensity and phase modulators are utilised to generate the initial
phase-synchronous frequencies. The phase modulator applies a linear chirp to the
signal, so SMF is used to compress the time pulse and achieve a higher peak power

more suitable for parametric amplification. The signal is then launched through Highly
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Non-Linear Fibre (HNLF), where new frequencies are generated.

B=h—-(L-fi)=2A-1 fa=Hh+(h-fi)=2HL—-fi (5.11)

The efficiency of the FWM process is a function of the power of the original fre-
quencies (P and P») and the non-linear parameter of the fibre y [20; 103]. Additionally,
the FWM process requires phase matching between frequencies, which is normally
counteracted in SMF as CD decorrelats the frequencies. Therefore, it is advantageous
to use non-linear fibres with low or no CD to fully utilise the FWM process. To increase
the efficiency of the FWM process the time domain pulse can be compressed addition-
ally, to increase the peak power of the signal before launching into the non-linear fibre.
Two different compression techniques have been proposed [92], the use of Non-linear
Optical Loop Mirror (NOLM) and Non-linear Amplified Loop Mirror (NALM), which
are illustrated in figure 5.5(b) and (c). Both of these devices have a non-linear transfer
function expressed with equations (5.12) and (5.14) respectively, where P is the power
of the input signal and L is the length of the HNLF loop. They are designed to pass
through or amplify the peak power of the signal while attenuating lower powers to
achieve a compressed pulse. Their transfer functions oscillate from a blocking state to a
transparent state, T = 1 —4a(1 —a) to T = 1 for the NOLM and T = 0 to T = GA for
the NALM. However, achieving transparency requires either large initial peak powers or
long fibre loops, as dictated by equations (5.13) and (5.15) for the NOLM and NALM

respectively.

T =1-2a(1—a)(1+cos(yPL(1 —2a)) (5.12)
T
GA G—A
T = > (1 —cos (yPLT)) (5.14)
pL— " (5.15)
- YG-A) '

Although it is challenging to fulfil all the requirements for the parametric comb it
promises enormous bandwidth with a flat power spectrum something that is not achieved

with the other techniques investigated in this work. It would allow experimental
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investigation of frequency and phase synchronization across the full channel bandwidth
rather than a portion of the bandwidth. A superchannel was defined as a group of
sub-channels that is routed through the network a single entity, and as such does not
usually occupy the full C-band. However, with a sub-carrier source spanning the C-band,
it would be possible to generate multiple superchannels which are split through the

network as separate entities.

5.3 Multi-dimensional processing

At the end of the previous chapter, section 4.6, joint CPE for a phase synchronous
optical frequency combs was investigated. In essence that is a DSP algorithm that
operates on multiple dimensions of the optical field, time and frequency. That is only
one example of multi-dimensional processing, this section presents a different approach,
applicable to single channel system but also extendible to WDM systems, especially if
superchannels are utilised.

Although the optical field supports 4 dimensions (4D), which are fully captured by
a digital phase- and polarisation-diverse coherent receiver, all of the modulation formats
used herein are 2 dimensional (2D). Each polarisation of the optical field is modulated
with a separate 2D-format. It has been shown, however, that optimising the modulation
format in 4D can achieve a better performance than the two independent formats [18].
If each symbol is represented by a sphere the design of a modulation formats can
be visualised as sphere-packing. The optimisation can be carried out on different
parameters, such as total power or, the most common metric, SNR performance.

To achieve better SNR tolerance it is desirable for symbols (spheres) to have a large
separation, Euclidean distance. The underlying assumption for this optimisation is that
the dominant noise source is AWGN which is equally spread in each dimension. The
performance of a modulation format is then characterized by the smallest Euclidean
distance d,;;, among all symbol pairs, the most likely symbol error. The distance d
between any two N-dimensional symbols, p and ¢, is calculated with equation (5.16).
An additional assumption is that the SNR is very high, tends to infinity, because when
the SNR is very low a symbol errors are not only caused by the nearest symbol (dyy,),

but rather all possible symbol errors. A more practical approach would be to design the
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modulation formats for the SNR region where they are going to used, around the region

for of a FEC limit.
N
Z Pe—ar)’ (5.16)

Furthermore, it is possible to utilise other dimensions of the optical signal such
as; time, spatial modes and frequency, to design even higher dimensional modulation
formats. Cross phase modulation is a non-linear effect which causes interference
between frequency channels, when combined with CD results leads to interaction across
time, this is then known as channel memory. A similar interaction is also present
multi-mode fibres where mode coupling and mode delays are present. If the actual
interaction is known in advance, if there is a complete channel model, this should be
considered in the design process to achieve a channel aware modulation format.

A closely related alternative approach is to use coded modulation, which is a method
for adding redundancy to the data stream. By design some multi-dimensional symbols
are unused, which increases the minimum Euclidean distance d,,,;; and increases the
SNR tolerance at the expense of lower spectral efficiency [104; 105]. Similarly coding
can be applied across different dimension and the interaction between those dimensions
should be considered. One example of this particular technique was to designing a 6D
code across in-phase and quadrature components to achieve larger phase noise tolerance
[106]. By applying coding across different dimension it could be possible to mitigate
some of the interactions between those dimensions, such non-linear crosstalk between
sub-channels. Additionally, coding across dimensions can mitigate error burst, in a
single dimension, by averaging the performance across dimensions, as discussed in
section 4.5.2.

Designing an optimal modulation format and a coding scheme for the optical channel
is an open problem. A potential aspect of the solution would be to apply joint processing
across all interacting dimensions of the optical signal.

These techniques are very suitable for WDM utilising combs, because the sub-
channels propagate and interact together as single entity. Additionally, if equalisation
and CPE is applied jointly across the superchannel, an extension to multi-dimensional

modulation formats or coding is convenient next step.
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5.4 Phase synchronous transmission

In the previous chapter optical frequency combs were utilised in transmission systems.
Additionally, the effects of the phase synchronous nature of combs were investigated in
section 4.4. In those simulations, however, no additional optical or digital processing
was applied, resulting identical performance with and without phase synchronous sub-
carriers. Recently, the phase synchronous of the sub-carrier has been utilised for high
bandwidth applications, as discussed in section 4.1.1, which is essentially another form
of multi-dimensional processing. Additionally, optical frequency comb in combination
with multiple receivers has been used to detect and digitally stitch a large optical
bandwidth [73; 74]. The phase synchronisation is important to accomplish a continuous
stitching off the sub-bands, otherwise discontinuities would result in performance
degradation. Another approach is to utilise a comb to generate a large bandwidth
synchronous signal. In a recent work [71; 72] multi-channel pre-compensation for non-
linearity has been implement with a comb, which allowed for an improvement in non-
linear performance. The individual channels were pre-processed jointly, assuming phase
synchronisation, and are therefore no longer independent; requiring a phase synchronous
sub-carrier source. In a future work the interaction between phase synchronous sub-
carriers and additional specialised processing should be investigated in detail. One
specific study would be to analyse the effects of phase synchronous sub-carriers when a

more traditional non-linear post-compensation, digital back-propagation, is applied.
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PTICAL fibre communication systems will have to be maintained and up-
graded as demand for data transfer continues to increase. This has to be
done for all parts of the optical infrastructure from transatlantic links to

access networks. Each of these areas imposes different specific requirements and faces
distinct challenges, but a common requirement is, higher capacity. In this work subsys-
tems and DSP techniques, that alleviate and tackle some of the system constraints, have
been proposed. Additionally, with modifications they can be applied to different optical
systems.

In section 3.1 for PONs a WDM digital coherent system, which can deliver 10 Gbit/s
per user for up to 1024 users, was considered. Although each user would have to be
supplied with a digital coherent receiver, a cost challenge on its own, it would offer
significant improvements over existing commercial systems that utilise TDM and offer
data rates of several 100 Mbit/s. One specific challenge that arises in the system due to

bi-directional transmission is backreflections. This effect can causes a severe crosstalk
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penalty which would ultimately limit the number of users. This was tackled by spectrally
shaping the signal with RRC filters to limit the bandwidth of the signal and minimise
the overlap between channels. As DSP resources are scarce at the receiver no matched
filter was applied which lead to a small fixed penalty. However, the spectral shaping
allowed for greater tolerance to reflected power which subsequently enabled more users.

Section 3.2 discussed an equalisation technique to dynamically compensate for
receiver impairments. When spectral shaping is applied, especially with higher order
modulation formats and high symbol rates, the time alignment between in-phase and
quadrature components becomes critical. A modification to the equaliser structure
enabled adaptive compensation of delay skews while also implementing a matched filter
for the channel with no additional computational complexity. Although this technique
is primarily for systems utilising higher order modulation formats, it can also be used
to relax the manufacturing requirements in cost sensitive applications, like PON and
metro networks.

The following section 3.3 developed a different modification to the equaliser to
adaptively compensate CD. In this scenario additional constraints were added to the
equaliser structure to increase the stability and allow easier convergence. A dynamic
compensation of 88,000 ps/nm worth of CD, equivalent to 5,200 km at 10.7 GBd or
770 km at 28 GBd, is demonstrated. Dynamic compensation of CD can be utilised in
medium ranged metro networks with dynamic routing, where the receiving node has no
prior knowledge about the signal source. This would enable the routing algorithms to
distribute signals through the network more freely.

To tackle some of the DSP computational complexity, in section 3.4, multiplier free
updates were investigated. Half of the equaliser complexity is in the update scheme and
by making them multiplier free the computational complexity is substantially reduced.
This is especially attractive for low power, low cost systems like PONs and metro
networks. Additionally it was demonstrated that although the complexity was reduced
the performance was not diminished for the considered systems.

After investigating DSP algorithms for single channel systems the focus was shifted
towards WDM systems. Multi channel systems are required to utilise the full optical
fibre bandwidth. There are two main approaches to maximise the capacity of a WDM

system; use higher order modulation formats which are able to carry more data or to
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minimise the guardbands between channels. By applying RRC filtering to each channel
their spectral bandwidths are reduced which enables DWDM systems, superchannels.
When the guardbands are reduced, it is critical that each individual channel’s central
frequency does not fluctuate otherwise this will incur severe crosstalk penalty. Optical
frequency combs were investigated in this work as a sub-carrier source, with fixed
frequency spacing and synchronised phase, to mitigate channel frequency variations.
Several generation techniques were studied for the application of data communications.
Subsequently the generated comb were modulated with PDM-16 and 64QAM imple-
menting full superchannels. While frequency stability and phase noise did not limit the
performance, variation between sub-channels of the superchannel were observed due to
the non-flat power spectrum of the launched signal. Additionally, the effects of phase
synchronisation between sub-channels was investigated and no performance deviation
was observed when no additional optical or digital processing was applied.

Finally, to enable higher order modulation formats, with lower phase margin, dif-
ferent compensation techniques were studied. An equaliser interleaved with a CPE
algorithm proposed, achieving only a small increase in phase noise tolerance. Another
approach, where the linewidth of the LO was measured using with a low bandwidth
coherent receiver, and inversely applied to the optical signal, achieved a significant
reduction in the effective linewidth. The technique showed one order of magnitude
increase in in phase noise tolerance and was demonstrated with PDM-64QAM and
high linewidth laser and was later used to enable burstmode transmission with PDM-
16QAM. Additionally the phase synchronous nature of the optical frequency comb was
utilised for multi channel joint phase estimation. Averaging the phase estimation across
nine sub-channel of the superchannel allowed for a factor of 5 increase in phase noise
tolerance.

As more computational resources are becoming available at the digital transmitter
and receiver many impairments and challenges are tackled with DSP. As the under-
standing of the optical channel is refined those techniques are further improved and
adapted to fit the system of interest. This work studied different parts of the DSP chain
and offers insight into separate subsystems. The next step will be to try and combine

this knowledge and optimise the optical transmission system as a single entity.
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Appendix

A.1 Relationship between 2 x2 and 4 x4 equalisers

This section will step through and derive equations (3.1).

Xin hx-x H— Xout
hx-y
hy-x

Yin—0— hvy d— Yout

Figure A.1: Equaliser structure for 2x2 MIMO.

For simplicity only the X polarisation is considered, but an equivalent derivation

can be done for Y polarisation.

The output of the 2 x2 equaliser structure can be expressed using equation (A.1),

119



Appendix A. Appendix
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Figure A.2: Equaliser structure for 4 x4 MIMO.

with respect to figure A.1.

Xouw =hxx (Xin 1+ Xin_0) +hxy (Yin 1+iYin o) AD

= hxx X, 1 +thxxXi, o +hxyYin 1 +ihxyYin o

Similarly the output of the 4 x4 equaliser structure can be expressed using equa-

tion (A.2), with respect to figure A.2 !.

Xow =(hxr x1Xin 1 +hxo x1Xin 0 +hyr x1Yin 1 +hyo x1Yin 0)+
ithxs xoXin 1 +hxo x0Xin 0 +hyr xoYin 1+hyo x0Yin 0) A2)
=(hx; x1 +ihxs x0)Xin 1+ (hxo x1+ihxo x0)Xin 0+

(hys xr+ihy; x0)Yin 1+ (hyo x1+ihyo x0)Yin 0

'Note that the convention for naming the filter is different; 2 x2 houputinpur V8 4 X4 Wpyiouspur- This
change allows easier reading of the equaliser structures.
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By equating equations (A.1) and (A.2), the relationship in equations (A.3) can be

extracted.

hyx =hx; x;+ihyx; xo

thyx =hxo x1+ihxp xo

(A.3)
hyy =hy; x;+hy; xo
thyx =hyg x;+ihyg xo
Now by translating all the filters in the same form, equation (A.4).
hxx =hx;_x; +ihx;_xo =hxg xo —ihxg x1
_ X0 0.XQ 0_ (Ad)

hyy =hy; x;+ihy; xo =hyg xp —ithyo x1

This leads to the constraints in equations (A.5), which include both polarisations.

Ri{hxx} = hx; x1 =hxo xo

S{hxx} = hx; xo=—hxg x1

R{hxy} = hy; x1=hyg x0

S{hxy} = hy; xo = —hyp x1 As)
R{hyx} = hx;yi =hxo vo

S{hyx} = hx; yp = —hxg_yi

R{hyy} = hy; yr=hyg vo

S{hyy} = hy; yo = —hyg v/

The same equations can be derived by expanding and restructuring the structure

from figure A.1; this is done in figure A.3.
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A.2 Average update for adaptive CD equalisation

The Constant Modulus Algorithm (CMA) assumes that the modulus (absolute value) of
the signal is constant and tries to update the filter taps of an equaliser to achieve that.
In the presence of polarisation rotations that is not valid, as illustrated in in figure A.4
where a rotation /8 (22.5°) is included. In the CMA that is reflected in the cross
polarisation filters hyy and hyy, and the polarisations rotations are corrected. However,
for the pre-convergence stage in the adaptive CD equalisation the cross polarisations
filters are not updated. This will then result in an error which cannot be compensated
during pre-convergence. An alternative is to use a modified update scheme which does
not try to correct the absolute value of the signal per polarisation, but tries to conserve a

constant total power.

N

x X
3 1 0 o)
< + +
20
=
= + +
£ o) o)
x X
) -1 0 1
Real [A.U.]

Figure A.4: Polarisation rotation of QPSK, ® = 22.5°; black are the original points while red
and blue represent X and Y polarisations respectively.

The equaliser filters are applied to the input signal as follows, equation (A.6). Where
h¢p is the adaptive CD filter, which is the same for both X and Y polarisations and T
denotes the transpose. For convenience the inner product notation in equation (A.7)

will be used.

Xow =h&pXin  You =hLpY, (A.6)
X(mt - hCD ' Xin Yout == hCD : Yin (A7)

The error terms are the same per polarisation, equation (A.8), however, instead of
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averaging the updated filters the errors are averaged.

& — 1_|X0ut|2 €y — 1_|Y0ut|2
(A.8)

€ — £x+£y _ 2_ |X0ut|2 - |Y0ul|2
2 2
Similar to CMA the update is derived based on minimizing the gradient of the
squared error, equation (A.9).

d (€?)

A9
dh¢p &-9)

hcp «—hep —u

Setting the gradient to O to solving the equation the increment in the taps is derived

in equations (A.10), (A.11), (A.12).

2
O_d(e ) e df

= A.10
dh{p, ( )

de  d((2—Xoul* = [Youl*) /2)
dhip dhep,
1d (2 - |hCD : Xin|2 - |hCD : Yin|2)
2 dhgp,
_ 1d(2— (hip-Xin) (hep - X5) — (hep - Yin) (hp - Y5,)) (A.11)
2 dhgp,
— (th : Xin) X:;z - (hCD : Yin) Y;'kn
2
_XoutX;'kn - Youl Y;kn
2
d (€?)
dh

(XUMIX;kn + YOMZY;kn)

7 (A.12)

= —(&+¢gy))

The final updates are shown in equation (A.13), where u is the convergence parame-
ter.

hep HhCD+§<ex+ey)(xomx,’-;+Y0mY:-;,) (A.13)

This update algorithm is agnostic to polarisation rotations, meaning that even if
there are polarisation rotations the sum of €, and €, will result in 0 and the equaliser

will reach a stable state.
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A.3 Computational complexity calculations

In chapter 3, section 3.2, a 4 x4 equaliser was introduced, subsequently a lower com-
plexity version was discussed in section 3.4. This section will discuss the assumptions
and detail the computational complexity calculations.

All the calculations will be broken down into basic components such as multi-
plications, additions, inverters, bit shifters and comparators. The first assumption is
that multiplications have the highest computational complexity followed by additions.
Therefore the complexity calculations are often compared by the total number of multi-
plications. In hardware, however, the complexity and ultimately the power consumption
is highly dependent on the precision of the calculations, the number of bits used to
represent the each number. In some scenarios it might even mean that multiplications
and additions have comparable power consumption [54]. The precision of the calcula-
tions will not be considered in the following calculations. Additionally the complexity
calculations will be done for the time domain applications, although implementing
some parts in the frequency domain would potentially lower the complexity in terms of
multiplications and power consumption.

One of the main assumptions throughout the analysis in this section is that complex
multiplications require four real-valued multiplications (hereafter real multiplications).
There are several known methods to implement complex multiplications with only
three real multiplications but they require extra additions [42]. If w and v are two
complex numbers (w = a+ jb, v = c + jd) the multiplications can be performed either
using four multiplications, two additions and 1 inverter, equation (A.14), or using three

multiplications, five additions and 2 inverters, equation (A.15).
wv = (a+ jb)(c+ jd) = (ac — bd) + j(ad + bc) (A.14)

wv=[d(a—b)+a(c—d)]+ jldla—Db)+b(c+d)] (A.15)

Calculating the output samples for each filter is done using equation (A.16), inde-
pendent of the update scheme for the filter coefficient. For the 2x2 equaliser the filter
coefficients h and the input signal X are both complex resulting in complex multiplica-

tions. For all the 4 x4 equaliser, however, both h and X are real-valued, resulting in real
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multiplications.
N-1
h'X;, = Y h(n) Xy (k—n) (A.16)
n=0
Real Multiplications Real Additions Inverters
2x2 16N 16N-4 4N
4x4 16N 16N-4 0

Table A.1: Computational implementation complexity for applying the equaliser filters.

Each complex filter requires, N complex multiplications and (N-1) complex addi-
tions, where N is the number of taps of the filter. Converting those into real multiplica-
tions and additions results in 4N multiplications and 2N + 2(N-1) additions, as well as
N inverters. The real filters require N real multiplications and (N-1) real additions. The
2x2 equaliser has four complex filters while the 4 x4 equaliser has 16 real-valued filters,
whose outputs are summed up in groups, the total complexity is shown in table A.1.
This shows that the equaliser structures have the same complexity both in terms of

multiplications and additions.

*

hyx — hyx + peXou X,
hxy < hxy + e Xou Yi, (A.17)
hyx — hyx +pe, Yo X,
hyy < hyy +ue,You Y},

The updates for the conventional 2x2 equaliser are shown in equation (A.17). If the
u is of the form 2% for a k-integer then it can easily be implemented as a bit shifter
rather than multiplication, which saves hardware resources. The terms (ug,)X,,, and
(1€y) Y our need to be calculated only once. Because X,,; and Y, are complex, while
u and € are real, this can be done with 1 bit shifter and 2 real multiplication each,
for a total of 2 bit shifters and 4 real multiplications. Afterwards the following terms
are calculated (1€ Xou )X, (L€ Xour)Yins (U€xY our) X5y (1€xYour)Yj, €ach requiring
4 real multiplications, 2 additions and 1 inverter per tap (1 complex multiplication per
x

tap). The conjugations X, and Y}, can be done once and requires a total of 2N inverters.

Those terms are subsequently added to the previous filter coefficients using 2N real
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additions per filter.

h,;, < hy,, +u € ngye my,
hy, < hy, + 1 g sgn(n,,,) my, m,n € {XI,XQ,YI,YQ} (A.18)

h,,, < hy, +u sgn(&y) Sgn(nout) m;y,

The updates for the 4 x4 equaliser, with and without the simplified updates are all
summarized in equations (A.18). All the values in the 4 x4 equaliser are real resulting
in real multiplications and additions. The terms u€, and u€, are calculated only once,
requiring only 2 bit shifters. Next the terms (uex)XIpu, (1€x)XQpu» (1€y) Y1, and
(1€y)YQ,,, are calculated for a total of 4 multiplications. Each of those four terms is
then multiplied with each of XI;,, XQ,,, YI;, and YQ);, requiring 16N multiplications.
The results of those multiplications are added to previous filter coefficients using N

additions for each of the 16 filters.

Real Multiplications Real Additions Inverters Bit Shifter

2x2 Conventional 16N + 4 16N 6N 2
4 x4 Conventional 16N + 4 16N 0 2
4x4 Sign-Data 8N 16N 16N 2
4 x4 Sign-Sign 0 16N 16N+4 2

Table A.2: Computational implementation complexity for different update schemes.

For the Sign-Data algorithm the signum function is applied to the output of the
equaliser X1 our, X Qo> Y lour and Y Q,,,, requiring 4 comparators. The terms u€, and ugy,
are again calculated only once, requiring only 2 bit shifters. Next, the terms (ug)XI;,,
(ue)XQ;,, (ue)YLy, and (ue)YQ,, for each polarisation are calculated using a total
of 8N multiplications. Afterwards, multiplications with the sgn(X7Zou ), sgn(XQpu:)>
sgn(Y1,,;) and sgn(YQ,, ), which have values? of &1 are simplified to N inverters
per filter. The update to the previous filter coefficients is then performed with 16N
additions.

In the Sign-Sign algorithm the signum is also applied to the €, and €, using 2 addi-
tional comparators. Following that the terms usgn(€y)sgn (XL, ), usgn(€y)sgn(XQ,us),
usgn(ey)sgn(Yl,, ) and usgn(e,)sgn(YQ,,,) are calculated using 2 bit shifters and 4

2The zero value of the sgn-function can be discarded for simplified implementation.
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inverters. The subsequent multiplications with XI;,, XQ;,,, YI;; and YQ;, requires only
N inverters for each of the 16 filters. Again the update to the previous filter coefficients
is then performed with 16N additions.

The computational complexity for all update schemes are summarised in table A.2.
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