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Abstract

IT IS generally expected that the demand for digital data services will continue to
grow, placing ever greater requirements on optical fibre networks which carry the bulk
of digital data. Research to maximise achievable information rates (AIR) over fibre
has led to increasing spectral efficiency, symbol rate and bandwidth use. All of these
contribute to transmission impairments due to the nonlinear nature of the optical fibre.
This thesis describes research performed to investigate the effects of nonlinear impair-
ments on the AIRs of experimental optical fibre transmission.

To maximise throughput, the entire available optical bandwidth should be filled
with transmission channels. An investigation into large bandwidth transmission through
the use of spectrally shaped amplified spontaneous emission noise (SS-ASE) was con-
ducted. The enhanced Gaussian noise model is used to analytically describe this tech-
nique, and SS-ASE was experimentally shown to provide a lower bound on the AIR.

Nonlinear interference (NLI) was modelled from an inter-symbol interference (IST)
model to characterise the noise and was experimentally verified. This new understand-
ing helps quantify potential gain available from nonlinearity mitigation.

Multicore fibres offer an alternative route to improve AIR, and are susceptible to
another noise source known as crosstalk. This inter-core crosstalk can be controlled by
suitable design of the fibre, hence in the limiting case, NLI rather than crosstalk will
limit AIR. Nonlinearity compensation was, for the first time, experimentally demon-
strated in the presence of crosstalk in a homogeneous 7-core fibre and shown to provide
an increase in AIR.

The results of this thesis can be used to evaluate future transmission systems for
maximising information rates. It was shown that experimentally, SS-ASE is a viable
transmission tool to evaluate system performance, NLI can be characterised using an

ISI model and nonlinearity mitigation is possible in MCF systems limited by crosstalk.



Impact Statement

A COMMON misunderstanding is that most of the data that is provided on the in-
ternet is transmitted by satellites. But this is not the case, in reality 99% of data is
transmitted over optical fibre [34]. Wireless standards such as 3G, 4G LTE and 5G
give the public access to the internet straight in to their pockets, whilst on the move.
These use microwaves to get the data to and from the mobile phone and a base station.
But as soon as it arrives at the base station the signals are aggregated and converted
into the optical domain to be sent over fibre to the rest of the network and the internet.
The bandwidth requirements for each of these standards increases, putting strain not
only on the microwave technology but also on the backbone fibre network.

One issue with optical fibres is that due to the Kerr nonlinearity (where the refract-
ive index of the fibre changes with the amount of power inside it) the type and number
of signals in the fibre affect the achievable transmission rates. The work in this thesis at-
tempts to address the methods of investigating and understanding the nonlinear nature
of the fibre, as the nonlinearity does indeed set a limit on the achievable transmission
rates. Higher information rates would meet the demand for faster and cheaper internet
access. The internet which has itself changed the world, some say for the worse, is
now a ubiquitous part of modern life.

In this thesis, theoretical and experimental sides of optical fibre transmission are
investigated. A theoretical model was evaluated experimentally that allows charac-
terisation of nonlinear noise. It indicates there is correlation in the noise and so it
can be mitigated, which would improve performance. Critically, this works without
knowledge of the interfering channels, so has great potential to be useful in network
applications.

Investigations of total achievable information rates necessitates filling the conven-
tionally amplified bandwidth (4 THz) of the optical fibre. This requires large banks of
lasers, independent modulation schemes and lots of setup time. As part of this thesis
a novel bandwidth loading scheme of using spectrally shaped amplified spontaneous
emission noise was proposed and investigated. A theoretical understanding of this

technique is shown and is verified experimentally. This technique will allow smal-



ler research institutions and companies to test their systems for broadband scenarios

without the need for expensive loading schemes.
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Introduction

HE ADVENT of bandwidth-hungry applications—such as high-definition video
and audio streaming, online real-time gaming, or peer-to-peer file sharing—
in conjunction with the ubiquitous convergence of telecommunications ser-

vices has steadily pushed the demand for higher transmission rate networks in all their
variations. Online services provided by the likes of Amazon, Microsoft, Facebook,
YouTube and twitch.tv have put strain on the internet backbone such that these com-
panies have invested in owning part of the network in order to control the distribution
of their content and services. This results in the user receiving their requested data in a
timely manner [84]. In 2017, 54% of international telecommunications traffic was due
to content providers and by 2024 it is projected that it will increase to 75% of a total
9,500 Tb/s [140].

The use of optical fibre as a communication channel was proposed in 1966 [56]
and a theoretical limit of attenuation was presented. This set the stage for decades of
research in telecommunications utilising optical fibre. The minimum viable limit of
attenuation suggested in 1966 was 20 dB/km and at the time due to iron impurities in
the source glass used to make the fibres. This was broken in 1970 to 17 dB/km [58] and
by 1979 reached 0.2 dB/km [87]. A record for the lowest recorded attenuation was set
in 2015 and is 0.1460 dB/km at A = 1550 nm [77] but has now reached 0.1419 dB/km
at A= 1560 nm in 2018 [138]. Transmission over fibre involves electrical signals being
modulated on to laser carriers, passing through the optical fibre channel, and conver-

sion back to the electrical signals. Historically, detection was performed incoherently

16



Chapter 1. Introduction

with square law detection photodiodes. This method of detection results in the phase
and polarisation information of the optical signal being discarded. This meant that
transmission impairments, such as dispersion, had to be compensated optically [144].
The detection method also meant that only modulation formats that used the amplitude
of the light like on-off keying (OOK) and pulse amplitude modulation (PAM) were
viable. These formats push the throughput increase requirements on to the symbol rate
and then, the associated high bandwidth transceiver components.

With the advent of the erbium doped fibre amplifier (EDFA) [81], it became pos-
sible to optically amplify the signals during transmission, rather than using power
hungry repeaters. The EDFA also had the ability to amplify large bandwidths around
the available laser wavelengths. A technique called wavelength division multiplexed
(WDM) then increased possible capacity by using the windows to transmit multiple
channels simultaneously. The wavelength windows coincided with the regions of low
dispersion and low attenuation; with the improvement of manufacturing technologies
and digital signal processing the transmission window of choice moved to the conven-
tional band (1530-1565 nm) where the lowest attenuation in silica glass was found and
dispersion was no longer a limiting factor.

As requirements for transmission throughput continued to increase and the lim-
itations of WDM started to show, channels were pushed closer together into dense
wavelength division multiplexing (DWDM). Simultaneously research into optical co-
herent detection was rekindled, enabling the detection of the received state of polar-
isation of the signal as well as the in-phase and quadrature components. This immedi-
ately increases the possible bits per symbol as the additional degrees of freedom allow
more complex modulation formats [143]. Polarisation multiplexing took advantage of
single-mode fibre’s inherent possibility to use two orthogonal states of polarisation and
quadrature amplitude multiplexing transmits information on the amplitude and phase
of the light simultaneously. By having the information of both in-phase and quadrature
components it became possible to compensate dispersion after detection. One of the
other benefits, was to remove the requirement to optically mitigate dispersion [124].
The use of a local oscillator meant that there was increased frequency selectivity redu-
cing the requirements on the filters used in detection. All of these helped to steadily
increase the transmission rates to keep up with the exponential demand.

One of the advantages of coherent detection is the ability to detect higher order
modulation formats like quadrature amplitude modulation (QAM). By encoding more
information into each of the components of the optical signal more information can
be sent, allowing throughput to increase. Some examples of higher order QAM being
experimentally generated and detected in optical fibre follow, 16QAM [79], 64QAM
[119], 256QAM [88], 1024QAM [64] and 4096QAM [91] corresponding to a potential
4, 6, 8, 10 and 12 bits/symbol per polarisation respectively. The maximum through-
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Chapter 1. Introduction

put of experimental optical transmission systems has doubled every 18 months from
2004 to 2010 [5]. However, as each symbol gets closer together to transmit more in-
formation, these higher order modulation formats get more sensitive to noise, so long
transmission distances become harder to achieve as the noise progressively builds up.

The current major problem limiting transmission rates is from the Kerr effect. This
is where the refractive index of the fibre varies as a function of the instantaneous optical
intensity. This is known as fibre nonlinearity [135]. The capacity for an additive
white Gaussian noise (AWGN) channel is determined by the bandwidth and signal to
noise ratio (SNR) [130]. The fibre nonlinearity increases leads to constructive and
destructive interference of different frequencies, and so the signal frequencies can mix.
This mixing can not only be within the same frequency band as the signal but outside
as well, which means increasing transmission bandwidth also increases the amount of
nonlinear interference. The ideal channel would respond linearly, allowing SNR to
increase proportionally with signal power.

With a nonlinear channel response not only does the signal become distorted but
the accompanying noise does as well. The signal and noise mix together such that the
mixing becomes impossible to remove completely. Whatever the source of the noise, it
is stochastic by definition and hence, the mixed noise and signal terms are stochastic as
well. The nonlinear nature of the fibre means that the noise becomes signal dependent,
hence the modulation format, bandwidth and input power all contribute towards noise
generation. This nonlinear interference (NLI) sets a ‘nonlinear limit’ on capacity for
the fibre optic channel [32, 83].

Optical and digital solutions to nonlinearity have been have been proposed and re-
searched but this thesis only deals with those in the digital domain. Digital techniques
to increase the SNR in the presence of the Kerr effect such as digital back propagation
[55], the nonlinear Fourier transform [98] or nonlinearity aware constellation shaping
[42], show potential to mitigate nonlinearity. However, the question of how these tech-
niques perform within a practical, fully loaded optical transmission system needs to be
answered as extrapolating is not reasonable [125]. The limitations of these techniques
have not been fully addressed, especially in the regime where nonlinear distortions
from the Kerr effect and the nonlinear interference limits the transmission system per-
formance.

The ability to explore transmission over transoceanic distances as part of a con-
trolled experiment is essential in understanding and maximising the throughput of ex-
perimental systems. This can be achieved using straight line systems where each fibre
span and amplifier is discrete. The draw back of this system is the inherent cost and
number of discrete elements that need to be controlled and maintained. A common
alternative is the recirculating loop, which uses the same fibre span and amplifier mul-

tiple times to reach the same transmission distance. Extracting the best performance
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from each transmission scheme is required to successfully study NLI in the laboratory.

Understanding the characteristics of the NLI being generated is essential in order
to maximise potential mitigation [48]. Hence, to treat the Kerr effect as a deterministic
effect NLI must not be treated as noise but as a signal dependent perturbation.

An alternative to increasing the transmission bandwidth is spatial division multi-
plexing (SDM). SDM technologies have been widely proposed as a cost-effective solu-
tion to increase the per fibre transmission capacity by utilising multiple cores or spatial
modes [107, 121]. Single-mode multicore fibres (MCFs) offer a migration path into
SDM technology in the short term. Such fibres have been shown to support high spec-
tral efficiency modulation formats without the complexity of high order multiple input-
multiple output (MIMO) based receivers [100] needed by multimode fibres. MCFs
have been used in longhaul transmission, access, datacentre and networking demon-
strations. The benefits of SDM over single core single-mode fibre (SMF) will be evid-
ent with integration, as efficiencies can be improved. For example a multicore EDFA
has been demonstrated to be 14% more efficient than the equivalent number of single
core EDFAs [136].

There are three key problems which the research presented in this thesis aims to
address in the context of increasing transmission throughput: 1) investigation of how
transmission systems perform over large bandwidths, in the context of fibre nonlinear-
ity and how large bandwidth experiments can be practically realised to give insight
into system design, 2) the investigation of statistics of nonlinear interference to en-
able effective nonlinearity mitigation and 3) another approach to increase throughput
is through the use SDM. However, even with these SDM technologies, nonlinearity

still impacts throughput and its impact requires further study.

1.1 Literature review of experimental high throughput

transmission

Optical networking and transmission has been a research subject for more than four
decades. Work has pushed the boundaries of symbol rates, modulation formats and
channel bandwidths to its limits. There are various requirements for an optical trans-
mission system; the desired outcome could be to maximise throughput at a given trans-
mission distance or to minimise cost. Increasing symbol rates puts more emphasis on
the transmitter and receiver as they need to be able to deal with the higher frequen-
cies associated with the symbol rate. As transmission distances are increased, more
noise is added to the signal, coming from the optical amplifiers compensating for the
attenuation of the fibre and the nonlinear interference from the fibre’s nonlinear refract-

ive index. Higher order modulation formats require complex digital signal processing
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Figure 1.1: Evolution of transmitted number of bits per two polarisation symbol, for experi-
mental transmission systems using single core single mode fibres [5].

in order to recover the denser constellations. Larger optical bandwidths push the re-
quirements of the amplifiers as they must maintain signal powers over broader signal
spectrum and this also increases the amount of nonlinear noise generation. There are
many factors that need to be balanced in order to make a functional optical fibre com-
munication system.

One method to increase throughput is to send more information during the same
time slot. This can be achieved by increasing the alphabet over which information
is sent. By taking the logarithm to the base 2 of the size of alphabet, the amount of
information contained in each symbol can be determined in bits, see Eq. 2.1. It can be
seen in Fig. 1.1, that the number of discrete symbols (size of the alphabet) has been
increasing with time. This means that for a given bandwidth the amount of information
being sent also increases. One of the challenges with improving throughput using
higher order modulations is the increasing required SNR. As the number of symbols
increases it becomes harder to distinguish between each symbol since they get closer,
relative to each other. This can lead to mistakes and errors, which is not useful in terms
of information and so no longer contributes to increasing throughput.

Increasing the number of bits per symbol does not encompass the whole problem.
There are many factors which can influence the overall rate of transmission. The sym-
bol rate, number of channels, spacing between the channels, amplification methods,
span length, digital signal processing and the transmitter and receiver hardware. All
of these will affect the received SNR and, hence, the net total information that can be
sent. A useful metric to compare different systems is the total throughput, but because
the system is designed to transfer information from one place to another, the transmis-
sion distance can also be another useful metric. These two metrics can be combined
to make the capacity distance product. This gives a better understanding of what was

actually achieved in a given experiment.
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Figure 1.2: Evolution of (a) total demonstrated capacity and (b) capacity distance product in
long distance optical transmission systems based on single core single mode fibre [5].
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Figure 1.3: Experimental results from published papers showing spectral efficiency versus
distance featuring highlighted reference in table 1.1. Unlabelled points are from [6, 14, 61, 92,
118, 145, 149, 150]

In Fig. 1.2 (a) the capacity and (b) capacity distance product is shown as a function
of year published. It can be seen there is a general positive trend, that is, as time
progresses the capacity increases steadily but after 2011 the rate of increase can be
seen to slow down. The same is seen for the throughput distance product but the
slow down in growth is not seen until 2015. The effects of fibre nonlinearity, limited
bandwidth and back-to-back performance can now be seen to limit what is achievable
in single core single mode fibres.

In order to explore how close current research is to reaching its limit, the number of
bits per symbol as a function of distance for SMF is shown in Fig. 1.3. It can be seen,
the highest spectral efficiencies for optical fibre, have been achieved by using just a
single channel. These points are shown as triangles, the spectral efficiency in this case
is defined by the order of modulation and the bandwidth occupied by the single chan-
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Table 1.1: Details of the data used in Fig. 1.3.

No. on Fig. | Distance (km) | Bits per symbol | Reference Author Year
1 1200 8.8 [10] Buchali 2016
2 400 14 [19] Chandrasekhar | 2016
3 17110 6.6 [11] Cai 2017
4 5600 8 [20] Cho 2017
5 6200 8.25 [149] Zhang 2016
6 7600 8.4 [12] Cai 2018
7 200 8.8 [147] Yankovn 2016
8 160 15.8 [141] Terayama 2018
9 720 14 [92] Omiya 2013
10 50 17.3 [91] Olsson 2018

nel. In the case of a square marker, at least 1 THz of bandwidth was occupied and so
the transmission is counted as a WDM system. Here, the spectral efficiency is defined
by the guardbands between each channel and the bits per symbol in each channel. The
stars show WDM systems >1 THz in transmission bandwidth, as in the squares, but
the actual experimental received symbols are taken into account. The metric is now
the mutual information as defined in section 2.1.2, which is a measure of achievable
information rate. Mutual information is used as the metric for achievable information
rate throughout this thesis. This is a better metric to compare systems as it factors in ex-
perimental imperfections, since it incorporates the net effects on the symbols from all
impairments and is the theoretical maximum achievable rate (excluding forward error
correction (FEC)). In the case of soft decision FEC coding, the received symbols need
to be processed and decoded as they contain soft information from the actual channel.
The FEC decoded metric shown as circles, additionally incorporates the imperfections
of the code used, and hence, represents the achieved information rate for that given
system only.

The theoretical nonlinear (NL) limit is calculated from the Gaussian noise model
(see Section 3.3.3) and the Shannon—Hartley theorem (see Eq. 2.2). Here, the theor-
etical limit is calculated assuming 50 km spans, high (>64QAM) order modulation
format, amplifiers with noise figure of 3 dB and the use of single channel DBP for NLI
mitigation. It is not strictly correct to compare all of these experiments to the theory as
they each have different amplification and span formats. But this theoretical estimate
gives an indication on the upper limits of possible achievable information rates.

To give context to the distances quoted in Fig. 1.3, there are installed fibre links
that cover access points to the back-bone network less than 100 km long, back-bone
fibre links spanning countries around the order of 1000 km long and submarine optical
fibres that span the Atlantic ocean joining Europe to the Americas. One example is
the AC-2/Yellow submarine cable owned by Level 3, which is 7001 km long [139]
and runs as a direct link from Bude, Cornwwall, United Kingdom to Bellport, New
York, United States at a reported 1.28 Tb/s [68] and the AEConnect cable from Killala,
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Ireland to Shirley, New York is 5522 km at 13 Tb/s (130 x 100 Gb/s) per fibre pair
[21].

Probabilistic shaping [50] reduces the spectral efficiency of a given format but due
to fibre nonlinearity it can increase the received SNR and improve the overall through-
put. Probabilistic shaping should be tailored to a specific channel and SNR [131] and
improves the amount if MI that can be attained. The highest achieved spectral effi-
ciency was shown in [91], where a probabilistically shaped 4096QAM superchannel
consisting of 10 subcarriers modulated at 3 GBd was successfully transmitted 50 km.
The number of bits per symbol shown is that which was calculated after transmis-
sion, shaping and soft decision error correction. The transmitted signals take up only
31.5 GHz of optical bandwidth and hence, do not utilise the 4+ THz bandwidth of
the fibre, so this work only shows an optimistic potential capacity. To achieve the full
24 bit potential of PM-4096QAM a received SNR of 36.1 dB is required . If this res-
ult could be replicated across the C-band the potential throughput would be a record
130 Tb/s

In comparison, at over 3 times the distance (160 km), a single uniform 4096QAM
at 3 GBd channel utilised a digital pilot tone within a bandwidth of 3.8 GHz, a spectral
efficiency of 15.8 bits per symbol was claimed [141]. The measured bit error rate was
1.5%1072 so the claimed spectral efficiency cannot be compared to any achievable
information rates (AIR). The MI can be estimated from the BER for this experiment,
if a hard decision coding scheme and a Gaussian channel is assumed. The MI for this
experiment was estimated from the BER to be 14.7 bits/sym as described in section
2.1.2. This estimate may not be reliable as deviation from the assumed Gaussian noise
channel model is expected for short transmission links.

In [92], an orthogonal frequency division multiplexing (OFDM) channel of 256QAM
was transmitted over 720 km and achieved a BER of 2x1073. Here the net spectral
efficiency is defined by the guard interval, training symbols and an assumed 7% hard
decision-forward error correction (HD-FEC) scheme. This number of 14 bits/sym is
plotted on the figure but does not take into account the achieved rate due to symbol er-
ror. With the MI estimated as described in section 2.1.2, the bits per symbol becomes
12.96 bits/sym, in line with that achieved by Chandrasekhar in [19].

Another example of probabilistic shaping and soft decision coding as a function
of distance was reported in [19], where 5 probabilistically shaped 256QAM channels
were transmitted. The shaped constellations were compared with uniform 256QAM.
It was shown that probabilistic shaping should be tailored for a specific distance and
noise profile. In this experiment the 5 channels modulated at 16 GBd were spaced
at 16.2 GHz for a total bandwidth of 81 GHz, which again does not utilise the full
bandwidth potential of the fibre.

In [10], one channel modulated with 64QAM at 32 GBd was probabilistically
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shaped to provide an arbitrary transmission rate with a fixed FEC overhead. By ap-
plying arbitrary shaping for a fixed throughput, the achieved distance was extended
by 40%. The fibre was loaded with 4 other channels modulated with 4QAM at a spa-
cing of 500 GHz. This means that the maximum potential spectral efficiency for this
experiment is very low at 0.38 bits/s/Hz. This is before taking into account the inform-
ation loss from transmission or shaping, hence the marker is an optimistic estimate on
capacity.

Probabilistic shaping has been implemented over multiple WDM channels but only
using 125 GHz of bandwidth [147]. In this experiment 5x 10 GBd channels carrying
256/1024QAM, were spaced at 25 GHz, so maximum spectral efficiency would be
4 bits/s/Hz. A soft decision-forward error correction (SD-FEC) scheme was imple-
mented and the achieved transmission rate is shown in Fig. 1.3. It can be seen from
this example that the difference between MI and AIR is large to the imperfection of
the FEC. Imperfect coding is not covered in the work described in this thesis.

Notably, transmission over the full 4 THz C-band has been performed by filling the
bandwidth with ASE noise to mimic a fully loaded system [20]. The channel under
test was a probabilistically shaped 64QAM superchannel with 5 subcarriers at 16 GBd
with transmission over 11,000 km of installed fibre. This experiment demonstrated
the feasibility of probabilistic shaping for installed fibre links in the full C-band. This
experiment was reported in 2017, after the publication of reference [28, 29], the work
which is described in chapter 3 of this thesis and was the first to quantify the use of
SS-ASE for channel emulation.

In [12], the C+L band was filled with 295 channels modulated at 32.6 GBd spaced
33 GHz apart, carrying probabilistically and geometrically shaped symbols. The shap-
ing was optimised for maximum nonlinear performance across the 9.74 THz band-
width. Soft decision FEC was implemented, which reduced the achievable rate from
8.4 bits/sym to a measured 7.23 bits/sym, the highest achieved information rate for this
transmission distance. This was due to the dual geometric and probabilistic shaping
optimisation, which pushes the AIR towards the theoretical maximum [2].

A record throughput-distance product of 881 Pb/s-km was demonstrated in [11].
The C+L band was occupied with 295 channels modulated at 32.6 GBd, carrying geo-
metric shaped symbols. The received symbols were processed with multi stage non-
linear compensation and low density parity check (LDPC) decoding was implemented
resulting in an AIR of 6.6 bits/sym after decoding. Here the rate is very close to what
can be expected when most of the current research techniques are combined to make
the largest possible capacity transmission.

The theoretical maximum achievable rate is plotted in Fig. 1.3. This makes the
assumption that the channel is AWGN in nature, so it is expected that this is to set a

theoretical upper bound. With longer distances, nonlinearities build up so the theoret-
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Figure 1.4: Cross section of a 7 core single-mode fibre with fibre diameter and intercore
distance labelled. This fibre was used for transmission in [102] and section 4.5.

ical bound becomes less strict. A noise figure of 3 dB and launch power of 0 dBm was
assumed. It is not correct to put all of the experimental points on this figure as each
has its own unique set of parameters but it allows quick comparison. The total trans-
mission length is consistent but the length of each span, the type of fibre, amplification
method and signal processing techniques are different. This figure shows that at long
distances the research is getting very close to reaching capacity limits of the channel.

The figures presented in this chapter are for single core single mode fibres. The
work presented in chapter 4.5 uses single mode multicore fibres for which this analysis
does not strictly apply. Multi core fibres (MCF) contains multiple cores, over which
more information can be sent, enabling even higher throughputs. Each core can be
independent or since they share the same cladding, coupling can occur, which leads to
additional noise if uncompensated.

Intercore-crosstalk (IC-XT), where power from a signal in one or more fibre cores
couples into another fibre core, impairs a signal that propagates in that core in a ran-
dom noise-like fashion. Several theories and experiments have modelled and investig-
ated IC-XT [18, 52, 53, 71], the most prominent being phase matching between cores.
When this phase matching condition is met power can transfer between cores. MCFs
with different core layout, core pitch, and cladding refractive index profiles and various
strategies for reducing the crosstalk interaction and its impact have been investigated
[120, 137]. IC-XT has a relatively slow stochastic time dependence (order of hours)
that can change by more than 20 dB [71]. The power fluctuations of IC-XT are mainly
induced by a correlation between different spectral components that can be relieved
by either transmitting through fibres with large inter-core skew or using moderate to
high symbol rates. However, signals that contain a strong carrier, like OOK or PAM4,
maintain a level of crosstalk power variation, even for large skew and symbol rates
[103].
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It was observed that an IC-XT of less than -32.2 dB/100km can reduce transmission
distances by up to 40% [102]. Since IC-XT can be engineered to any required level,
investigating how the level of IC-XT affects the achievable rate of MCF transmission
is important to experimentally quantify. The highest number of single mode cores in
a single fibre was demonstrated in [122] where 37 homogeneous cores were fit into a
fibre with diameter 248 ym whilst maintaining a crosstalk less than -30 dB/100km over
the C+L-band. The highest transmission rate for single mode MCF was 2.15 Pb/s [100]
utilising a 22 core fibre. With larger core diameters the fibre supports propagation of
multiple modes. Although multimode transmission has been not studied in the work
described in this thesis, it is worthy to note that 10.16 Pb/s has been achieved over
11.3 km using 6-mode 19-core fibre [132]. For comparison to Fig. 1.3, this has a
spectral efficiency of 1099.9 bit/s/Hz but only 9.65 bits/s/Hz per mode per core.

Over long transmission distances in single-mode single core fibre the maximum
achievable information rates are limited by nonlinear interference (NLI) noise. Well
known NLI mitigation techniques include optical phase conjugation [116] and digital
backpropagation (DBP) [75] at the receiver and/or transmitter [66]. DBP acts as a
solution that requires changing of the digital signal processing structure inside the
transmitter or receiver. This technique has been used in record breaking SMF transmis-
sion experiments and research into implementing DBP in field trials on transatlantic
longhaul links are underway [20]. For MCF applications, the effects of nonlinearity on
crosstalk have been investigated [73] but NLI mitigation has not been explored to date.

Future research should explore some of the methods to improve the achievable in-
formation rates within the context of the limitations stemming from the Kerr effect.
The nonlinearity causes, signal dependent noise and so the capacity is affected. As has
been demonstrated in the literature review as throughputs are pushed higher, by band-
width or higher order modulation formats, the NLI starts to limit what throughputs are
achievable. As the nature of the signal transmitted into the fibre affects the NLI, it is
important to quantify the performance with a signal that represents the inherent char-
acteristics of high throughput, in terms of modulation format and spectral occupancy.
This scheme should enable investigations into nonlinear compensation techniques re-
gardless of the fibre parameters. Without appropriate loading, the evaluation of NLI
and throughput is not possible.

1.2 Structure of the rest of this thesis

Chapter 2 — starts with the theory of electromagnetic wave propagation in optical
fibres. The nonlinear Schrodinger equation is introduced and is used as the basis for
the nonlinearity mitigation technique, digital back propagation (DBP). Then in section

2.3 the use and theory of coherent receivers is explained, which are used exclusively as
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the receiver of choice throughout this thesis. In the following section 2.4.1 the optical
transmitter is covered in detail, from the theory of biasing Mach-Zehnder modulators
and the signal processing techniques used to generate waveforms from an initial bit
stream. Pre-distortion techniques used to improve SNR are studied in the case of zero
transmission distance by compensating the transfer function of the transmitter.

Chapter 3— experimental transmission emulation is studied and described. Calcu-
lations on the noise accumulation of recirculating loops are presented and the impact on
performance is quantified. A broadband transmission experiment, using a straight line
that utilised individual reels of fibre and separate amplifiers, is presented with the use
of the nonlinear mitigation technique digital backpropagation (DBP) evaluated. Broad-
band transmission emulation using spectrally shaped amplified spontaneous emission
noise (SS-ASE) was then thoroughly investigated. An analysis of the statistics of
propagated signals was conducted, a theoretical model for the use of SS-ASE com-
pared to modulated channels is developed and finally experimentally verified. SS-ASE
was then used to demonstrate the feasibility of achieving 1 Tb/s per transceiver in a
fully loaded C-band.

Chapter 4 — nonlinear interference (NLI) was subsequently studied. This was
achieved by using an inter-symbol interference model and then the correlations in the
NLI are experimentally confirmed. Nonlinearity mitigation is then performed in a re-
circulating loop and improvement in SNR and mutual information (MI) is achieved.
Spatial division multiplexing (SDM) was then investigated with the use of a homogen-
ous 7-core fibre. The intrinsic property of multicore fibres (intercore-crosstalk) was
then investigated with its effects on achievable rate and nonlinearity mitigation quan-
tified. The research presented in chapter 4.5 shows the effect of intercore-crosstalk
(IC-XT) on the signal to noise ratio (SNR) in a 7 core MCF. Receiver side DBP is ex-
perimentally evaluated, together with IC-XT, launch power and transmission distance.
The impact of IC-XT on NLI mitigation is investigated using a single dual polarisa-
tion 16QAM channel. To the author’s knowledge, this is the first time DBP has been
investigated in the presence of IC-XT. It is found that there is an SNR gain for all con-
sidered levels of IC-XT and that it acts in a similar way to additional ASE noise from

transmission.

1.2.1 List of original contributions

The following is a summary of the original contributions generated in the research

described in thesis.

* Implementation and characterisation of using a Volterra series transfer function
to predistort for the nonlinear response of the transceiver, resulting in an increase
in back-to-back SNR. This is described in section 2.5.2.
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* Experimental and theoretical use of amplified spontaneous emission noise to en-
able experimental characterisation of broadband transmission experiments. This
is described in chapter 3 and was published in [28, 29]. This technique was
subsequently used for further research in [41, 62, 63, 86, 113, 115].

* Characterisation of nonlinear interference by assuming a time domain inter sym-
bol interference model in collaboration with Tel-Aviv University. This was val-
idated by specifically tailoring around experimental limitations to investigate the
model. This is described in chapter 4 and was published in [47, 49].

The following work was conducted on secondment to the National Institute of In-
formation and Communications Technology (NICT), a Japanese government funded

research organisation.

* Nonlinearity compensation performed on a single core optical fibre link with a

dispersion map. This is described in section 4.4.

¢ Achievable information rates were calculated for a multicore fibre as a function
of intercore-crosstalk. This is described in section 4.5.2 and published at the
IEEE Summer Topical Conference [30].

* For the first time, nonlinearity compensation in multicore fibres was performed
in the presence of intercore-crosstalk. The benefit from compensation is quanti-
fied as a function of IC-XT; this is detailed in section 4.5.3 and was published in

the proceedings at the European Conference on Optical Communications [31].

In the process of producing this thesis, Matlab code was written and utilised to
automate systems and aid in the processing of data. A function was written to take
received symbols and sent symbols to calculate the NLI ISI correlation coefficients
as shown in Section 4.1. This returned the auto-correlation function (ACF) of the
desired correlation order ready for further analysis. Two iterative SS-ASE generating
scripts were written for use in experiments. The first script was used to generate up to
4 THz worth of C-band SS-ASE used in [86] and [115]. The second updates a WSS
used inside the recirculating loop in order to maintain spectral flatness. Both of these
SS-ASE scripts used an optical spectrum analyser (OSA) to determine the amount of
power at each wavelength and design an appropriate filter. The filter update script is
aware of the previously applied filter and the number of times the signal passes through
the optical filter, and so the filter can be updated accordingly.
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1.3 Publications arising from the work presented in

this thesis

The following publications originating from the work described in this document are

as follows, sorted by year.

1.

Koike-Akino, Cao, Wang, Draper, Millar, Kojima, Parsons, Galdino, Elson,
Lavery, and Bayvel, “Irregular Polar Coding for Multi-Level Modulation in
Complexity-Constrained Lightwave Systems,” IEEE Journal of Lightwave Tech-
nology, vol. 36, no. 11, (2018) [63]

Golani, Elson, Lavery, Galdino, Killey, Bayvel, and Shtaif, “Experimental char-
acterization of the time correlation properties of nonlinear interference noise,”
OSA Optics Letters, vol. 43, no. 5, pp. 1123-1126, (2018) [49]

. Elson, Puttnam, Rademacher, Luis, Sillekens, Galdino, Lavery, Awaji, Wada

and Bayvel, “Nonlinearity Mitigation in the Presence of Intercore-Crosstalk,”
European Conference on Optical Communications (ECOC), (2018) [31]

Elson, Puttnam, Rademacher, Luis, Sillekens, Galdino, Lavery, Awaji, Wada
and Bayvel, “Impact of Intercore Crosstalk on Achievable Information Rates,”
IEEE Photonics Society Summer Topical, (2018) [30]

Saavedra, Semrau, Tan, Igbal, Elson, Galdino, Harper, Killey and Bayvel, “Inter-
channel Stimulated Raman Scattering and its Impact in Wideband Transmission
Systems,” Optical Fiber Communications Conference (OFC), paper Th1C.3,
(2018) [114]

Galdino, Lavery, Liu, Balakier, Sillekens, Elson, Saavedra, Killey, and Bayvel,
“The Trade-Off between Transceiver Capacity and Symbol Rate,” Optical Fiber
Communications Conference (OFC), paper W1B.4, (2018) [40]

Elson, Saavedra, Shi, Semrau, Galdino, Killey, Thomsen, and Bayvel, “Invest-
igation of bandwidth loading in optical fibre transmission using amplified spon-
taneous emission noise,” OSA Optics Express, vol. 25, no. 16, pp 19529-19537,
(2017) [29]

Saavedra, Tan, Elson, Galdino, Semrau, Igbal, Phillips, Harper, Ellis, Thomsen,
Killey, and Bayvel, “Experimental Analysis of Nonlinear Impairments in Fibre
Optic Transmission Systems up to 7.3 THz,” Journal of Lightwave Technology,
vol. 35, no. 21, pp. 4809-4816, (2017) [115]
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10.

11.

12.

13.

14.

15.

16.

Koike-Akino, Cao, Wang, Draper, Millar, Kojima, Parsons, Galdino, Elson,
Lavery, and Bayvel, “Irregular Polar Coding for Multi-Level Modulation in
Complexity-Constrained Lightwave Systems,” European Conference on Optical
Communications (ECOC), M.1.D (2017) [62]

Golani, Elson, Lavery, Galdino, Killey, Bayvel, and Shtaif, “Experimental char-
acterization of the time correlation properties of nonlinear interference noise,”
European Conference on Optical Communications (ECOC), paper W.3.E, (2017)

[47]

Liu, Galdino, Hayes, Lavery, Karanov, Elson, Shi, Thomsen, Petrovich, Richard-
son, Poletti, Slavik, and Bayvel, “Record high capacity (6.8 Tbit/s) WDM coher-
ent transmission in hollow-core antiresonant fiber,” Optical Fiber Communica-
tions Conference (OFC), paper Th5B.8, (2017) [70]

Saavedra, Tan, Elson, Galdino, Semrau, Igbal, Phillips, Harper, Suibhne, Ellis,
Lavery, Thomsen, Killey, and Bayvel , “Experimental investigation of nonlinear
signal distortions in ultra-wideband transmission systems,” Optical Fiber Com-
munications Conference (OFC), paper W1G.1, (2017) [113]

Galdino, Saavedra, Semrau, Elson, Tan, Igbal, Harper, Killey, and Bayvel,
“Digital Back-Propagation Performance in Wideband Optical Fibre Transmis-
sion Systems,” European Conference on Optical Communications ECOC, paper
Th.2.E, (2017) [38]

Millar, Galdino, Mabher, Pajovic, Koike-akino, Saavedra, Elson, Shi, Erkiling,
Sillekens, Killey, Thomsen, Kojima, Parsons, and Bayvel , “A simplified dual-
carrier DP-64QAM 1 Tb/s transceiver,” Optical Fiber Communications Confer-
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Components of Optical Transmission

Systems

PTICAL NETWORKING systems are built from many smaller transmission sys-
tems, which are composed of 3 sections. In order they are, the transmitter,
the channel and the receiver. The transmitter takes a stream of bits and cov-

erts it into the optical domain for transmission over the channel typically with the use
of digital to analogue converters. The channel considered here is the silica glass optical
fibre, which guides the optical signals from one place to another. The channel also in-
cludes the periodic mitigation of loss with optical amplifiers. The receiver converts the
optical signals back to the electrical domain and then digitises them for processing with
analogue to digital converters. After describing the optical channel and the tools to de-
scribe performance, direct detection is briefly discussed and the principle of operation

of the digital coherent receiver is explained.

2.1 Communication over an optical channel

In this section, the definition of information and capacity are given, and information
theoretical tools are used to measure the MI, a figure of merit (FOM) used throughout
this thesis.

The amount of information that a discrete random variable X contains is quantified
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Figure 2.1: Capacity of a channel as a function of SNR for bandwidths of 1 and 2 Hz

in bits by the Shannon entropy H [51] as,

s

—

H(X) = — Y P(x;)log, P(x), @.1)

i
where P(x;) is the probability of the symbol x; appearing and m the number of possible
symbols. To describe the amount of information a transmission system can transport,
the channel through which the information is sent, must be considered.

The maximum reliable information rate (capacity) for a communication channel
was defined in 1948 and is termed the Shannon—Hartley theorem [130]. For an AWGN

channel the capacity per polarisation per core (C) in bits is given by,

S
C = Bl 1+—. 2.2
0g2< +N) (2.2)

where B is bandwidth under consideration, S the average signal power and N the aver-
age noise power. This also shows how increasing the SNR increases the capacity but
in the high SNR regime gives diminishing returns as the term is ‘inside the log’. This
is shown in Fig. 2.1.

As can been seen, doubling the bandwidth at an SNR of 31 (14.9 dB), the capacity
doubles from 5 to 10 bits/s. Doubling the SNR to 62 (17.9 dB), for a bandwidth of 1,
the capacity is increased to 5.96 bits/s. This is an improvement of only 0.96 bits. This
equation has two main implications. When a channel has a fixed bandwidth the only
way to increase the capacity is to increase the SNR. For a given SNR, the only way to
increase capacity is to increase the bandwidth. Given the linear relationship between
capacity and bandwidth, it means that it is beneficial to put effort into increasing and
utilising larger bandwidths. With an optical fibre, the assumption that the channel is
AWGN in nature, is not valid and this relationship defining capacity is no longer strict.
This capacity calculated by this equation now sets an upper bound on the maximum
achievable rate for the optical channel [2].
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Figure 2.2: Constellation diagrams for different modulation formats, containing 2, 4, 6, 8 and
10 bits of information each. Noise loaded to an SNR of 20 dB modelled as Gaussian noise on
real and imaginary components.

In an optical system it is useful to define the SNR and optical signal to noise ra-
tio (OSNR). The OSNR is defined as the signal-to-noise ratio in the optical domain,
see Eq. 3.1. This is distinct from the SNR which is the final resulting ratio after the
information has been extracted from the received signal after optical to electrical con-
version. The OSNR contributes towards the final SNR of a signal but is not the same.
A signal could have an OSNR of 40 dB but the SNR could be 24 dB. This is the case
for the optical transmitter used in this thesis. In the transmitter, the signal starts as a
digital signal in the electrical domain and the SNR is set by the noise of the DACs
and amplifiers used. In the receiver, the signal is further degraded by imperfect trans-
impedence amplifiers (TIAs) and analogue to digital converters (ADCs). If there were
no sources of electrical noise, the optical noise (OSNR) alone would set the maximum
possible SNR.

2.1.1 Quadrature amplitude modulation (QAM)

The symbol alphabet of a phase-shift keyed modulation format such as quadrature
phase shift keying (QPSK) is restricted to the optical phase, while quadrature amp-
litude modulation (QAM) formats such as 8QAM and 16QAM use distinct levels in
inphase and quadrature component of the optical field to encode information.

The constellation diagram is a convenient way to represent the symbols of an op-
tical field. This is the same as an Argand diagram that represents a complex number
by plotting the real and imaginary parts on the x and y axes respectively. As the field
can be represented in Cartesian space, each symbol can also be described in polar
coordinates, such that every symbol has an amplitude and phase. The inphase compon-
ent of a signal is shown on the constellation diagram as the x axis and the quadrature
component as the y axis.

A QPSK symbol encodes 2 bits/symbol as one of four phase states with a phase dif-
ference of 7 rad as depicted in the constellation diagram in Fig 2.2. 16QAM encodes
4 bits/symbol and uses 3 amplitude levels and 12 phase levels. From the cartesian

representation this modulation scheme received its name, because it is modulated by 2
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separate amplitude modulated carriers that are phase-shifted by 7 rad, hence in quad-
rature. The modulation formats that contain more bits per symbol continue to separate
the 2 dimensions further into smaller sections, requiring higher resolution from the
transmitter.

Assuming that the optical channel is limited by additive white Gaussian noise the
symbol error rate will be dominated by errors from the nearest neighbouring symbol.
Therefore it is useful to map the bits to the constellation so that only one bit changes
between neighbouring symbols. This bit to symbol mapping, which minimises the bit
error rate given a certain symbol error rate is usually referred to as Gray coding.

As can be seen in Fig 2.2 as the number of symbols in the alphabet increases the
distance between each symbol reduces. Hence for the fixed SNR (20 dB shown) sym-
bol errors can occur leading to mistakes reducing the amount of information that can
be decoded. As each polarisation is independent the inphase and quadrature of x and
y polarisation can be modulated separately creating a polarisation multiplexed signal
that contains twice the bits/symbol. Hence a PM-QPSK signal can carry a maximum
4 bits/symbol.

2.1.2 Mutual information

Achievable information rates indicate the number of bits per symbol that can be re-
liably transmitted through a channel. The channel capacity is the largest achievable
information rate for which a coding scheme with vanishing error probability exists,
in the limit of large block length [2]. SNR can be converted into an achievable rate
by assuming a Gaussian channel and modulations format. By assuming a memory-
less AWGN channel for each polarisation, the received symbols are y[n] = x[n] + z[n],
where x[n| are the sent symbols, z[n] is an independent and identically distributed zero-
mean Gaussian random variable with (total) variance Gg. This variance can be es-
timated based on the transmitted and received symbols (across both polarisations) as
o =E|[|z]*| =E[|y—x/|*]. The received SNR,

SNR,ec = M (2.3)

o
where £ [|§|2} is the average received symbol energy. This is a useful figure of merit for
comparing optical systems to each other as it is defined independently of modulation
format, symbol rate and transceiver setup.

Mutual information (MI) is an achievable information rate [3], and MI is a measure
of how related two independent variables are. This is related to the amount of informa-
tion that is contained in a received signal compared to a transmitted signal. The amount

of information carried by a signal is set by the symbols being sent, that is the Shannon
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Figure 2.3: Capacity of a channel as a function of SNR and for two polarisation modulation
formats, the black theory line is given by Eq. 2.2.

entropy, see Eq. 2.1. Fig. 2.3 shows Eqn.s 2.1 & 2.6, where the MI for different QAM

formats are shown as a function of SNR. MI is defined mathematically as [3],

A P(X.Y)
1 o 5155
1 P(ylx)
=0 L [ PORlos s 4

where X = {x1,x2,...,X,} is the set of possible transmitted symbols and m the number
of possible transmitted symbols, P(x) the probability that an element of X is sent and
P(y) the probability that an element y of Y being received. The conditional probability
P(y|x), with the assumption of the AWGN channel, is the channel law and is given by:

1 12
P<y|x>:@exp<—'y - ) 05)

2
Z 0

where Gg is the noise variance.
Using Eq. 2.5 in Eq. 2.4, the MI can be approximated using the following Monte-

Carlo estimate [4],

m N m 42 oy )E
Ml g—— ZZIOgQZeXp(_w x|+ 2Re{ (3 — ;) z[n]}>, 06
j=1

2
MmN (= 1= Oz

where Re{-} denotes the real part, ¢ = log,(m) is the number of bits per constella-
tion symbol, and N; is the number of transmitted symbols. Using Eq 2.6 it is possible

to calculate the expected MI as a function of SNR for different modulation formats
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and this is shown in Fig. 2.3. The MI curves shown never intersect and therefore, the
largest constellation size will always provide the greatest achievable information rate
for any given SNR [76]. This also demonstrates how square QAM is not matched to
the AWGN as this has an offset from the theoretical capacity given by Eq. 2.2. For
the case of an SNR of 24 dB the maximum MI for square QAM is 15.1 bits/sym, but
for a constellation tailored to the AWGN channel, an MI of 15.96 bits/sym is possible.
Throughout the work described in this thesis uniform square QAM is used exclusively
and no consideration for any probabilistically shaped or geometrically shaped constel-
lations is taken, apart from those mentioned in the literature review (chapter 1.1).

Spectral efficiency is defined as the number of bits per second, per unit bandwidth
and has units of bits/s/Hz. Hence defining this for a system takes into account the band-
width utilised so having a spacing between channels reduces the spectral efficiency. If
a signal is filtered to take up less bandwidth then the spectral efficiency can be im-
proved. This can result in a closer channel spacing, which fits more channels into the
same bandwidth, improving the spectral efficiency.

The throughput of a system is given in bits/s, so to convert MI into a throughput,
MI is multiplied by the symbol rate. The throughput calculated this way is an upper
bound on the system throughput as this does not take into account the coding scheme.
The coding scheme allows errors to be detected and correct errors. The coding scheme
can also be imperfect and have its own implementation penalty and not achieve the
MI calculated using Eq. 2.6. Net throughput is calculated after error correction and
decoding so includes the impact of coding scheme. MI is used through this thesis
because it is independent of the coding scheme and so the channel can be compared,

rather than the coding scheme.

2.2 Optical fibre channel

In this section a description of the optical channel and the equations which govern the
propagation of electromagnetic waves in an optical fibre are given. The impairments
the signal receives are both linear and nonlinear. These can be described separately as
different operations on the propagating electric field.

The propagation of electromagnetic waves is described by Maxwell’s equations.
These can be combined into the wave equation, hence solving the wave equation using
appropriate boundary conditions will give a description of the waves’ behaviour inside
a fibre channel. The fibre is a dispersive medium with cylindrical symmetry, where its
refractive index is a function of power. Light is confined into the fibre by the difference
in refractive index between core and cladding. This is achieved by doping the glass
during production to achieve the desired refractive index profile. In this thesis only

fibres with a step index between core and cladding are considered.

36



Chapter 2. Components of Optical Transmission Systems

The first phenomena to describe is due to fibre attenuation, which corresponds to,

0A(z,t)
0z

(04
= 2AG), @.7)

where a the absorption coefficient, z the position in the fibre and ¢ = fy — Boz, which
is the retarded time. This equation describes an electric field that is exponentially
decaying with distance. Attenuation is measured in dB/km where a typical value for
standard single mode fibre is 0.2 dB/km.

Different wavelengths travel through the fibre with different velocities which leads

to chromatic dispersion. The equation which describes only this effect is,

0A(z,t) _iB_gazA(z,t)
dz 2 o2

(2.8)

The second order dispersion parameter [3; is derived from a Taylor expansion about
the carrier frequency and is related to the dispersion parameter D expressed in units
(ps/(nm-km)) by, ,
e
D= —ﬁﬁz, (2.9)

where ¢ is the speed of light. This parameter is measurable and is the sum of the
dispersion from the fibre composition and the dispersion from confinement inside a
waveguide. This can be engineered for desired purposes, but for standard single mode
fibre is of the order 17 ps/(nm-km). Over large bandwidths the slope of the dispersion

S becomes important and is given by,

B dD 27mc? 4me

S=a "2 Bt

TRy B2, (2.10)

where B3 is the third order dispersion parameter coming from the same Taylor series
expansion as 3. This dispersion slope means different wavelengths have different dis-
persions so optical pulses from different channels are broadened by different amounts.
This broadening needs to be compensated at the end of the channel especially with
transmission over long distances as the dispersion accumulates. The overall accumu-
lated chromatic dispersion from propagation can also be compensated digitally with
electronic dispersion compensation (EDC) either at the transmitter or at the receiver
[60, 124]. A more detailed discussion of EDC is presented in Appendix B.
Overall, the equation that describes the linear propagation through the fibre channel
is then, )
aAéi’t) + 437278 gg,t) + %A(z,t) — 0. @.11)
To contain the light and act as a waveguide, the fibre has a higher refractive index ng

in its core than the surrounding cladding; this sets the boundary conditions. Due to
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the cylindrical symmetry of optical fibres the wave equation is solved with specific
solutions called modes [1]. These satisfy the symmetry and boundary conditions. In

this work only single mode solutions are considered.

2.2.1 The nonlinear Schrodinger equation (NLSE)

The optical fibre channel is fundamentally nonlinear. That is n.¢ the effective refractive
index is neff = ng + nal, where n, is the nonlinear refractive index or Kerr coefficient
and / the optical intensity. The nonlinearity enters the equations from the assumption
made at the electron level: the restoring force of an electron being pulled from its
atom is proportional to its displacement. Once the displacement becomes too large the
restoring force is no longer proportional, leading to a nonlinear response. This change
in refractive index leads to a phase shift in the propagating electric field.
The nonlinear Schrodinger equation (NLSE), which describes the overall propaga-
tion in an optical fibre is,
0A(z,t) By 0%A(z,1)

BroPAGzt) o . )
% T2z = AN FNARNIAR). (2.12)

Absorption is a function of wavelength A, where Ag is the carrier wavelength. The
wavelength dependence of attenuation is small over the commonly used bandwidths.
The fundamental limit on attenuation is defined by Rayleigh scattering and infrared
absorption [1]. Previously, so called water (OH) absorption peaks occurred but modern
fibre production techniques have removed these [117].

The nonlinear coefficient yused in Eq. 2.12 describes how the refractive index (regf)
is a function of electric field intensity and has units 1/(W-km). This comes from the
Kerr effect, and hence, the generation of noise as a function of power can be described.

The nonlinear coefficient 7y for a fibre depends on its physical parameters that is,

y= 27tn2
MoAetr

(2.13)

The n; of a fibre is material dependent, the A.¢r the effective mode area of the propagat-
ing light and is a property that is controllable during manufacture. For special fibres
such as large effective area fibre (LEAF) or quasi-single mode (QSM) fibre the area is
made larger so that the 7y is lower leading to better performance at high input powers.
But if the area of the core gets too large then the fibre is capable of supporting more
transmission modes which if not dealt with can lead to inter-modal interference [117].
The values of o, D, S and y vary from each fibre so the resultant SNR and hence
capacity can change for each fibre.

The NLSE can be solved using the split step Fourier method. This is where the evol-

ution is treated as 2 separate operators: the linear section and nonlinear section. The
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linear section stems from dispersion which is implemented as a filter in the frequency
domain (see Appendix. B.3) and the nonlinear section is a power dependent phase shift
in the time domain. For each step along the fibre, half the dispersion is applied, then
the nonlinear operator and finally the dispersion for the second half. Each step requires
2 Fourier transforms to switch between the time and frequency domains to apply the
corresponding operator. This technique is useful in simulating transmission systems
to check theoretical models, corroborate experimental results or as a form of nonlinear
compensation see Appendix B.4.

The nonlinear nature of the fibre leads to interference which can distort signals.
The intensity dependence of the refractive index results in a signal-dependent nonlin-
ear phase shift. Hence, the resulting nonlinear phase shift from the channel of interest
from itself is termed self phase modulation. The Kerr effect also leads to other nonlin-
ear phenomena termed four wave mixing (FWM) and cross-phase modulation (XPM)
[133]. The effects of FWM in the context of this thesis is negligible compared to XPM
but is important in the case of operation at low dispersion wavelengths. XPM occurs
when multiple optical channels are transmitted simultaneously through the optical fibre
and is present in WDM transmission. In WDM systems, the total nonlinear phase shift
for the channel of interest not only depends on the optical intensity of the propagat-
ing channel of interest but also on the intensity of the signals co-propagating at other

frequencies.

2.2.2 Optical amplification

The ASE-noise introduced by EDFAs is the ultimate limiting factor in optical transmis-
sion systems requiring amplification. It is necessary to compensate the fibre loss by
using optical amplifiers to prevent the signal from becoming too weak to be detected.
An erbium doped fibre is excited so that higher-energy states become more populated
than the lower-energy state, termed population inversion. Incoming photons can cause
the excited ions to return to a lower-energy state, transferring their energy to the op-
tical domain in the form of photons with the identical phase and polarisation to the
incident photons, through the process of stimulated emission. Hence, a signal input
into a erbium doped fibre with a population inversion experiences amplification. Er-
bium ions in the excited energy state can also release their energy to the optical domain
spontaneously, where the photons will have random frequency, phase, polarisation and
direction. Some of these spontaneously emitted photons can travel in the doped fibre
along with the signal and can interact with other excited erbium ions and hence can
be amplified via stimulated emission in the same manner as the original signal [43].
Since the amplified spontaneous emission has random frequency and phase, total noise
power is increased and hence, the OSNR is reduced during amplification. The ASE
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noise can be modelled as an independent and identically distributed Gaussian random
process. The amount of noise power generated by an EDFA (Pasg in W) is governed

by the following equations [1],

Pasg = 2n5,(G — 1)hF:Fpy, (2.14)

_ NG Ny
BTG 20

where, the 2 comes from the dual polarisation ASE, ny), is the spontaneous emission

(2.15)

factor, G is the gain of the amplifier, 4 is Plank’s constant, F, is the carrier frequency,
Fy,, the reference bandwidth being considered in Hz and Ny the noise figure of the
EDFA. The term hF, describes the average photon energy. When the gain is higher
than 16 dB it can be seen that the approximation becomes valid [128].

The ASE noise is unpolarised, that is there is equal power in both polarisations
and it affects both the in-phase (I) and quadrature (Q) components of the optical signal
in both polarisations, the same way. Therefore, the tolerance of a given modulation
format to ASE noise can be measured based on the closest Euclidean distance between
the symbols, because it appears as a symmetrical spreading of the symbols on a con-

stellation diagram.

2.3 Coherent receiver

An optical receiver has 2 distinct sections, when the signal is in the optical domain and
when in the electrical domain. The conversion of the signal from optical to electrical
happens inside photodiodes. The output of the photodiodes are analogue, and so, must
be sampled with an ADC to obtain a digital signal. Once in the digital domain the
signals can be processed and imperfections can be removed. After this, decisions are
made on what symbols were sent, then checked to see if there are any errors, which in
a real transmission system are detected and corrected. At this stage the required FOM
can be calculated. Please see Appendix B for details of the DSP used in this thesis.

In order to recover phase and polarisation information, the received optical signal
is coherently combined with a local oscillator (LO), this is called coherent detection.
This allows the detection of phase and polarisation for useful information transmission.
Use of coherent receivers allows high frequency selectivity, higher sensitivity and po-
larisation diversity. For spectrally efficient transmission formats such as DP-16QAM,
a coherent receiver is the only option as it enables the full electrical field information
to be captured in the receiver. This is done by mixing the received optical with a local
continuous optical field whose frequency is close to that of the received signal. The

layout of a polarisation diverse coherent optical receiver is given in Fig. 2.4.
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Here, the input signal is put into a polarisation beam splitter (PBS) where the ver-
tical and horizontal (X and Y) polarisation components are split apart from each other.
Each polarisation component is then split further with a 3 dB coupler. The LO is sep-
arated in the same manner, that is, the LO is split into X and Y components and again
each component is split with a 3 dB coupler. Splitting of the LO is done by aligning
the single polarisation laser light to the PBS at 45° such that equal power is emitted in
X and Y. The LO and signal each now have 4 components, two X and two Y. A phase
shift of 90° is then applied to one X and one Y component of the LO. The correspond-
ing X and Y components of the signal and LO are combined in 3 dB couplers and then
incident on photodetectors. These mixed fields result in a beat product. The mixing is
done using a component called a 90° optical hybrid [57], which is the combination of
4 couplers and a 90° phase shift. The result of this technique means the signal is mixed
with the four quadrature states associated with the LO in complex field space.

The resulting electric field at each of the photodetectors can be described mathem-

atically by letting the LO (E7 ) be represented as,
Ero :ALOe_i((’)LOH—q)LO), (2.16)

where A7, ®70 , and ¢y are the amplitude, frequency and phase of the local oscillator
respectively. As each photodiode only detects power (the square of electric field) the

received powers can be written as,

Py = |ELo|* +|Es|® + 2Re[E Ef pe s~ @r0))] (2.17)

Pi_ = |Epo|* + |Es|” — 2Re[EEf pel/(®~10))] (2.18)

41



Chapter 2. Components of Optical Transmission Systems

Py = |Epo|* + |Es|* + 2Im[EEjf pel/(®—01o))] (2.19)
Po- = |Erol* + |Es|* —2Im|[E,Efpel" >~ o)1), (2.20)

As can be seen from Eqgs. 2.17 — 2.20 the powers at each photodiode are mixed with
each possible combination of real (I) or imaginary (Q), positively or negatively. These
mixed signals are then differentially combined leading to a cancelling of the squared
terms, leaving the received terms to be just the I or Q the original signal. These equa-
tions are just for one polarisation, so in a polarisation diverse receiver, which separates
each polarisation into independent paths, the equations can be used to represent either
polarisation.

One of the main advantages of using coherent detection with respect to narrow
spaced channel transmission is the frequency selectivity. The bandwidth of a trans-
mitted signal is typically limited by the amplifying technology, so in the case of the
C-band this from 1530 — 1565 nm. The coherent receiver down converts the signal of
interest from its carrier frequency (around 193 THz) to a baseband signal which can
then be more easily filtered by the receiver.

The coherent receiver is used throughout the work described in this thesis for its
ability to detect the relative phase of the incoming signal. The subsequent chapters use
this information to receive high order modulation formats and correct for accumulated

propagation impairments.

2.4 Back-to-back limitations on signal-to-noise ratio

The fundamental limit on the maximum reliable information rate was discussed in the
previous chapter. In optical fibre transmission systems the noise associated with the
generation process of an optical signal sets a practical limit on the maximum inform-
ation rate. The upper limit on the achievable SNR in a coherent optical transmission
system, that is in the absence of the fibre channel, is bounded by the transceiver sub-
systems. It was demonstrated that the upper limit on the throughput of any optical
transmission system is ultimately limited by the finite SNR of the digital coherent
transceiver subsystems [76]. In particular, the modulation format and code scheme of
a practical optical system must be simultaneously optimised to match the specific SNR
achieved after optical signal generation and digital coherent detection [76]. In this
chapter the details of the construction of a transmitter and a nonlinear compensation

technique to reduce the amount of noise at the transmitter is investigated.
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Figure 2.5: Optical power transmission function for a Mach-Zehnder modulator biased at
1.5V. Red lines showing the signal applied and signal transmitted by the MZM.

2.4.1 Construction of an optical transmitter

The optical transmitter is a means to convert digital data into an analogue optical signal
for transmission along the channel. The information starts as a signal in the electrical
domain, whilst the optical signal starts as a single wavelength optical carrier upon
which the information is encoded by the modulator.

Reconfigurable multipurpose transmitters start with a digital to analogue converter
(DAC) from which independent RF signals are sent over cables to optical modulators.
For low symbol rates with low oversampling, low pass filters are required to remove
aliasing artefacts from causing in band interference in the optical domain [75]. These
signals are passed to electrical amplifiers to increase the voltage swing before being
put in to Mach-Zehnder modulators (MZM)s but may require attenuators to not run
the amplifiers in saturation. These MZMs work by changing their refractive index with
respect to the applied electrical field, this changes the relative phase of the optical wave,
results in destructive or constructive interference. At MZM output, the expression for
the optical power is,

P = Puc0s® (55 Vhias + Vi), @21)
2V

where P, is optical power input to the MZM, V;; being the half wave voltage (voltage
required for a 7 phase shift), Vj,;,s the electrical direct current (DC) voltage applied to
the MZM input and V;, the alternating current (AC) voltage of the input signal. It is
an important point to note that the peak-to-peak voltage of V;;, affects the amount of
transmission. A peak-to-peak voltage of Vy resulting in the best extinction rate as both
the full transmission point and null transmission point are used but at the expense of a
nonlinear response.

As can be seen in Fig. 2.5 where Eq. 2.21 is plotted for Vi, = 0.2V and Wy =
1.5V;, the exact peak-to-peak voltage and bias voltage determines the power response.

At a bias voltage of Vy transmission is at a minimum due to destructive interference.
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The optimal DC biasing voltage is known to be Wy, =1.5Vy, corresponding to the most
linear zone of MZM transfer function. At this optimum bias and a signal with a peak-
to-peak voltage of 0.2V the difference in output power variation is only 0.309 of the
maximum possible. If the bias is shifted the power variation changes and the response
becomes asymmetric.

A generalised transmitter is shown in Fig. 2.6. Fig. 2.6 a) shows the optical paths
of a single polarisation inphase and quadrature (IQ) modulator consisting of a nested
MZM structure. Fig. 2.6 b) shows a general digital signal processing (DSP) chain
converting from bits to symbols to an analogue waveform at the driver amplifier (DA),
the subsequent radio frequency (RF) and optical paths. The complete DSP description
is given in Appendix B. IX and QX are the I and Q signals of the waveforms for
the X polarisation. The optical path starts from a single laser, goes through the dual
polarisation MZM and then is amplified ready for the transmission.

From Fig. 2.6, the single IQ-modulator can be seen to use two nested MZMs and
a single phase shift on one of the optical paths to generate a complex waveform from
the input laser source. @r, @q and @p are the DC biases for the I, Q and phase sections
of the modulator respectively. Firstly, the laser is split into two paths and incident on
the MZMs. This creates two independent amplitude modulated optical signals with
the response described by Eq. 2.21. Secondly, one signal is then phase shifted by 90°
relative to the other and recombined. The result is an optical waveform with single
polarisation optical signal with independent data on the amplitude and phase of the
wave. To generate a dual polarisation signal, the input laser is split into two with
a polarisation beam splitter. Each polarisation component is then modulated with a
single polarisation modulator and recombined, hence a dual polarisation modulator
requires 6 bias voltages and 4 data inputs.

The bias point changes as a function of wavelength and temperature so needs to be
monitored to produce the best signal. Biasing can be performed manually or automat-
ically.

In this thesis electronic signals are generated from reconfigurable DACs. This
allows the generated waveforms to be processed offline and optimised before transmis-
sion. The waveforms sent to the DACs can also be quickly rewritten allowing changing
of modulation format, symbol rate or any other desired parameter.

A popular technique to implement is root raised cosine (RRC) filtering. Since
rectangular pulses have a very broad frequency spectrum, it is desirable to truncate
the transmitted pulses using the RRC filtering [99] to reduce the bandwidth of the
modulated signal. The digital signals are first filtered using RRC pulse shaping at the
transmitter with an impulse response with the desired rolloff. At the receiving end of
the transmission link, the incoming signals are filtered by another RRC pulse shaping

function which acts as a matched filter for optimum performance. The product of the
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Figure 2.6: Layout of a single polarisation Mach-Zehnder modulator and the chain of compon-
ents for a dual polarisation optical transmitter

two filter responses lead to an overall raised-cosine response having low inter-symbol
interference (ISI), maximising the received SNR [74], coming from the orthogonality

in time of sinc pluses.

2.5 Pre-distortion of transmitter components

To achieve the best possible information rates from a transceiver subsystem predict-
able waveforms are required. This supports digital pre-compensation of optical impair-
ments such as fibre nonlinearity [66] and dispersion which can improve the resulting
SNR. In these cases a well known waveform needs to be launched into the fibre. Each
electrical component has a frequency response and phase response including the cables
between them. All of these add up to create an imperfect transmission line each step
affecting the resultant SNR.

The performance of nonlinear pre-distortion is affected by transmitter components.
The idea for using a Volterra series for compensating a nonlinear system is not new
[67] and has been used in the context of optical communications [7, 59]. The follow-
ing section’s novelty is limited to quantifying the performance improvement for the

experimental system used for the subsequent research in this thesis.

2.5.1 Linear pre-distortion

A simple method to compensate for the frequency roll off of components in the trans-
mitter is to measure its transfer function, calculate an inverse transfer function, then
apply this filter to each waveform before being uploaded to the DAC. In principle,

this allows for pulse-shaping, skew compensation and linear pre-distortion jointly for
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all transceiver components with only a single linear filter. The transfer function of a

general linear system is given by,
H(z) = —~ (2.22)

where X (z) and Y (z) are the z-transforms (discrete Laplace transforms) of the input
and output signals x(n) and y(n).

By assuming the system is linear the transfer function can be inverted such that
for a desired output the input can be calculated. This inverse transfer function can be
calculated by dividing the output by the input as follows,

_ Y(z)
H ' (z2) =~ 2.23
The pre-distorted signal that needs to be input to the linear system for the desired output

is then,
Xpre(z) = H™ ' (2)Y (2), (2.24)

For the signals considered here that are discrete and periodic in nature, the discrete
Laplace transform can be replaced with a discrete Fourier transform. X,..(z) now
becomes,

Xpre(®,n) = H ' (@,n)Y (0,n). (2.25)

To calculate the pre-distortion the frequency response of the transceiver must be calcu-
lated. For the transfer function to be calculated, a swept sine signal is sent to the DACs
over the desired frequency spectrum. The received and transmitted signals are then
Fourier transformed, the ratio and hence the inverse transfer function is then found.
This is then transformed back into the time domain and saved as a 2! tap long finite
impulse response (FIR) filter. This filter is then applied to the signal before it is pushed
to the DACs. This, in the ideal case, linearises the transmitter and receiver response.
The weakness with this method is in the assumption that the system is linear. In
this case this technique will fail to capture the effects of the inherently nonlinear MZM
transfer function of the transmitter and DA (see Fig. 2.5) . This case is termed linear
pre-distortion and will be compared to a nonlinear pre-distortion described in the next

subsection.

2.5.2 Volterra pre-distortion

To perform the nonlinear pre-distortion offline, the transfer function H is modelled as
a truncated, time-invariant Volterra series representing the combined DAC, DA and

MZM system. The relation between the received samples y[n] and transmitted signal
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samples x[n] with Volterra operators of P order H,{-} are given by,

P
y[n] =ho+ Y. Hy{x[n}, (2.26)
p=1
where,
mp—1 mp—1 p
H{ky=Y . Y k. k) [[xn—ki—1p), (2.27)
ki=0  kp=k,_ i=1

The Volterra series is fully determined by the kernels 4, with memory lengths m,,
where the subscript p denotes the order of the kernel. The order dependent delay
T, is used to align the higher order kernels centric to the first order kernel. As the
kernels contribute linearly to the output y[n], this property is used to determine the
kernels of H from an input/output measurement by applying a least-squares fit [65],
[90]. For the DAC, DA and ADC used in this work, Volterra series up to third order
with memories m; = 256, my = 8 and m3 = 3 were used. The long memory in the
linear kernel is required to capture reflections, which can occur in the cables between
the amplifier and MZM and especially long cables between the DAC and amplifier
(5 cm and 30 cm respectively). V,,,s for the Volterra filter is increased from 700mV
to 800mV because the pre-distortion is able to partially compensate the nonlinearities
from higher voltages as shown in [7]. Lower voltages have lower nonlinearity from the
power amplifiers but higher quantisation noise so optimum V,,,,; is determined by the

balance of these two noises.

2.5.3 Comparison of pre-distortion techniques

The original contribution is described in the following text. The effect of using a
Volterra series to predistort was investigated and compared to a linear pre distortion
in an experimental setting. The dual polarisation modulator had a 3 dB bandwidth of
15 GHz and the DA were balanced amplifiers with 22 GHz bandwidth. Example kernel
coefficients are shown in Fig. 2.7, calculated for a 46 GBd RRC channel with a roll
off of 0.01 that carried PM-256QAM. Here the figure shows the frequency response of
the overall system, indicating a small reflection at around 17 GHz. The colours in b)
are normalised to the same colour bar in c¢), showing the captured nonlinear response
of system. The size and the colour of the markers in c) describe the two degrees of
freedom of the third order coefficients.

The results of using the Volterra series pre-distortion are shown in Fig. 2.8, where
(a) shows the whole optical spectrum and (b) shows just the top. The bias voltages of
the modulator were set to either be automatically controlled or manually adjusted to
minimise the carrier. Here it can be seen that the most important aspect for getting a

smooth output spectrum is to adjust the bias voltages appropriately. It is noted that for
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Figure 2.7: Experimentally obtained kernel coefficients for the signal path of the in-phase
component of the X-polarization. (a) frequency response of the first order kernel, normalised

coefficients for the second (b) and third (c) order kernel, with memories of 256, 8 and 3 long
respectively.
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Figure 2.8: OSA plots showing the effect of using a linear filter or Volterra filter for electronic
pre-distortion in the optical domain, taken with 0.02 nm resolution

this case the dual polarisation modulator had low output from one of the monitoring
photodiodes, which may have led to the incorrect automatic biasing.

The Volterra filter and the linear filter both improve the response of the system,
as the optical spectrum is flatter over the channel bandwidth. The residual response
could be from the receivers response as the OSA trace is taken at the midpoint of the
system before being converted back to a digital signal. It is noted that the generated
46 GBd signal is larger than the 3 dB bandwidth of the modulator at 15 GHz, showing
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Figure 2.9: Histograms showing the back-to-back SNR over time for a Volterra pre-distortion
and Linear pre-distortion

the benefit of pre-distortion.

It can be seen that using the Volterra filter does not alter the total bandwidth of the
signal but only the frequencies inside the signal. When the Volterra filter is applied
the incorrect biasing can be seen more clearly, allowing manual biasing to suppress the
carrier by 1 dB. The optical spectrum can also be seen to be far flatter than the linear
pre-distortion. It is noted that the modulator is very sensitive in its physical connec-
tions. This is due to the GPO connectors on the modulator, which according to their
specification are one-time use but have been connected and reconnected multiple times
before this experiment was conducted. The heavy use of these connectors affected the
resultant transfer function of the transmitter. If the modulator was moved, the quality
of the connection would change and hence the transfer function. This means that the
linear and Volterra pre-distortion would need to be updated if the connections changed,
in order to be correctly matched.

In order to quantify the effects of the two filters the resulting SNR needs to meas-
ured. Fig. 2.9 shows the measured SNR over time in a back-to-back configuration.
Each histogram contains 100 measurements that were taken over a duration of approx-
imately 1 hour. The mean SNR for linear and Volterra pre-distortion are 21.03 dB and
21.94 dB, respectively. This means the Volterra pre-distortion improved the received
SNR by 0.92 dB, equivalent to a potential 0.66 bit increase in MI for 256QAM. It can
also be seen that when using the Volterra pre-distortion the standard deviation of the
SNR increases from 0.093 dB in the linear case to 0.13 dB. This is theorised to be due
to the Volterra filter being more sensitive to the exact condition of the transmitter that
it was tailored for. That is the particular bias point, state of polarisation and transceiver

delays. The filter was optimised for this single particular transfer function so any devi-
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ation from that function will cause a nonlinear shift resulting in a change of received
SNR. It was noted that from the measured coefficients plotted in Fig. 2.7, spikes would
appear in the first order of transfer function. This is likely to be due to poor RF connec-
tions where reflections setup standing waves, increase the loss of specific frequencies
and the pre-distortion filter attempting to mitigate the loss.

A Volterra series was used to model the transfer function of the optical transmit-
ter containing a MZM and DA. An increase is SNR was seen over the linearly pre-
distortion technique for a symbol rate higher than the 3 dB bandwidth of the MZM.
Increasing the back-to-back SNR may allow use of higher order modulation formats
and increase the capacity of any optical transmission system that is transceiver noise
limited.

The nonlinear pre-distortion technique described in this section is used in this thesis
to improve the back-to-back performance of the transceiver in sections 3.3.4, 4.2 and
4.3.
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Transmission Emulation

HIS CHAPTER FOCUSES on how transmission experiments can be conducted
and emulated in controlled laboratory conditions. In an installed network link
spans of fibre are placed between a transmit location and a receive location.

The transmission over multiple spans requires optical amplifiers after each span in
order to compensate for the periodic loss. This can be achieved in laboratories using
a few different experimental approaches. Here, a recirculating loop is compared to a
straight line link and the complications arising from wide band transmission are also
discussed. The discussion in this chapter covers experiments and calculations that were
conducted during the course of this PhD.

Due to fibre losses, signal transmission requires periodic amplification. This occurs
in EDFAs which boost the signal back up but in turn add some noise. Amplification
is performed repeatedly after each span until the receiver at the destination is met
where the signal is processed and information is decoded. Optical transmission can
be achieved in a lab by having all the required separate amplifiers and fibre spans
connected. In order to minimise size, the fibre is kept on a reel. This setup where
the required spans and EDFAs are connected in a row is called a straight line, which
is a close approximation to an installed link. For cases where only a limited number
of fibre spans are available, a recirculating loop can be used. This is where a loop is
constructed containing the fibre, amplifiers to combat the loss of loop components and
the signal is sent around this until a sufficient distance has been attained then sent to a

receiver. Most of the work described in this thesis used a recirculating loop except for
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section 4.4 where a straight line link is utilised.

3.1 Recirculating loop

One of the characteristics of transmission is the resulting OSNR profile. This is how
the noise from the amplified and other optical components affect the achievable in-
formation rates. The closest to an installed fibre link that can be evaluated in the lab is
the straight line link, followed by a multispan loop, then a single span loop. In schem-
atic form, an installed fibre link would be identical to a straight line and have a very
similar OSNR profile. The schematic for a single span loop is shown in Fig. 3.1. The
implementation of a loop comes at the expense of additional loss for any transmission
distance. These losses all require additional amplification in order to restore the signal
power and this comes with associated additional noise. The OSNR profiles of each

setup can be modelled using the following equation,

OSNR — Psig _ Psig ,
Pooise NAPASE

where Py;, 18 the power of the signal, P,;y;s is the total noise power, Ny is the number of

3.1

amplifiers and Pasg is the power of the amplified spontaneous emission (ASE) noise
generated by each amplifier.

Inside a straight line the OSNR calculation follows Eq. 3.1, where Pasg is calcu-
lated from setting the gain of each EDFA to equal the loss of the fibre span [8, 9]. For
a recirculating loop the amplifier gain is set to overcome the span loss and the compon-
ents inside the loop. Since the components inside the loop affect the OSNR reducing
the loss of these components can mean an increase in performance. The loop coupler
shown in Fig. 3.1 is typically 50:50.

The OSNR for a recirculating loop with a 50:50 coupler is as follows,

&
2Ps +NA(Pspan "’Ploop) + (NA - 1)P50,

OSNRs0:50 = (3.2)
where P, is the power input to the loop, Psg, Pspan and Piogp are the noise powers for
overcoming the losses from a 50% arm of the coupler (3 dB), the fibre span and the

loop respectively. The OSNR for a 10:90 coupler is as follows,

i

OSNR .90 = 5
2P1o+Na (Pspan "‘Ploop) + (NA - 1)P90

(3.3)

where Pjo and Py are the noise powers for overcoming the losses for the 10% and 90%
arms of the coupler, 0.45 dB and 10 dB respectively.

OSNR can now be calculated as a function of distance and this is shown in Fig. 3.2.
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Figure 3.1: System setup for analysis of transmission OSNR impairment when using a)
straightline and b) recirculating loop. Loop coupler can be 50:50 or 90:10 which changes
the insertion loss and loop loss . The loop loss can be emulated with the VOA after fibre span.

For the case of a straight line link it can be seen that the OSNR in dB drops linearly
with distance. When a recirculating loop with a 50:50 coupler is used the OSNR again
drops linearly with distance but is 2.55 dB worse, which corresponds to a penalty in
distance of 2500 km at an OSNR threshold of 15 dB. This is due to the loop losses
which need to be overcome, on top of the loss from fibre span. When a 90:10 coupler
is used in the loop it can be seen that at short distances the OSNR is worse than using
a 50:50 coupler. The performance drop is due to the large loss in entering and exiting
the loop. Then, after 1800 km, it can be seen that due to the lower loss of the coupler
inside the loop the OSNR is higher than the 50:50 coupler.
Using Equation 3.2 and 3.3 the number of amplifiers at which the amount of accu-
mulated noise power Pasg for both cases is equal is,
2(P1o — Pso)
Njy = P Poy (3.4)
Multiplying this value by the length of the span gives the transmission distance at
which the OSNR5p50 and OSNRyg1¢ cross over. It can be seen that this cross over
point is independent of loop loss and fibre loss. If loop loss was larger the recirculating
loop would perform even worse against the straight line case.
Fig. 3.3 shows the change in OSNR between a 50:50 and 90:10 coupler for three
fibre span lengths 50, 80 and 100 km. For a larger span length the signal goes further
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Figure 3.2: OSNR as a function of distance for a straight line system and compared to single
span loop with different coupling ratios. Dotted line showing the OSNR when limited by
transceiver noise to 24 dB, with a span length 100 km.

for each recirculation, this means the contribution to noise from the loop becomes
relatively smaller so the effect of changing the coupler loss also becomes smaller. At
10,000 km of transmission it can be seen that the improvement in OSNR by using a
90:10 loop coupler is 0.1 dB whilst the drop in OSNR at 100 km is -1.1 dB. Different
modulation formats perform best at different SNRs so this cross over point can be
changed by altering the coupler ratio in order to get the best performance at a given
distance. Given the magnitude of this improvement it can be concluded that changing
the loop coupler is not an avenue worth pursuing as the gains are minimal compared to
changing the number of spans inside the recirculating loop.

Here, the impact of imposing an upper limit to SNR is considered. Another factor
Prr is added to account for the transceiver noise, this sets the maximum possible SNR
[39]. Equations 3.2 & 3.3 now become

P,
SNR50.50TR = ; (3.5)
R 2PSO +NA(Pspan "‘})loop)"‘(NA_ 1)P50+PTR
P,
SNR10.90TR = 1 (3.6)

2P10+ Na(Pspan + Pioop) + (Na — 1)Pog + Prr’
where, SNR50.5078 and SNR .07z are the SNRs in the case of transceiver noise for a
50:50 and 90:10 coupler respectively.

The dashed lines in Fig. 3.2 show the SNR when the transceiver noise (TRnoise)
limits the maximum achievable SNR to 24 dB, as described by Egs. 3.5 & 3.6. It can
be seen that the transceiver SNR impacts the received SNR heavily at the beginning
of transmission. This is because the additional noise from the first amplifiers is small

in comparison to the noise from the transceiver. As the distance increases it can be
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Figure 3.3: Change in SNR for 90:10 loop coupler relative to 50:50 as a function of distance.
For one span of 50, 80 and 100 km with total loop loss of 9.4, 15 and 18.8 dB respectively.
Dotted lines showing the SNR when limited by transceiver noise to 24 dB

seen that the SNR tends to that without transceiver noise. This is due to the transceiver
noise becoming small in comparison to the total noise from transmission. It can be
seen that cross over distance does not change when considering transceiver noise and
impact of changing the coupler is reduced. At short distances the improvement in SNR
becomes (0.2 dB and after the cross over always remains just slightly below that without

transceiver noise.

3.2 Gain equalisation

Transmission emulation by using a recirculating loop has implications on OSNR,
which has already been discussed, but here the experimental problems are addressed.
The use of a recirculating loop implies that the signal is propagated around the same
loop elements many times. Each element will have its own minor optical imperfections
but since each piece is passed though multiple times the impairments on the signal due
to said imperfections accumulate. Wavelength dependent loss, gain and polarisation
dependent loss can become major issues. 2000 km transmission using a single 100 km
span recirculating loop means the signal recirculates 20 times. For this distance a small
loss of 0.4 dB at one frequency would multiply to 8 dB by the end of transmission.

To combat polarisation dependent loss, a loop synchronous polarisation scrambler
is used. This device can change the state of polarisation of the light passing through
by ©/2 rad in 1.4 us. By synchronising the changes in polarisation with the period of
the light inside the recirculating loop, the state of polarisation can be randomised such
that polarisation dependent loss is averaged out. The AOM switching speed is around

100 ns, negligible compared to that of the scrambler or the fibre propagation delay
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400 us.

Wavelength dependent loss requires more complex compensation, as each wave-
length requires different levels of amplification to return to its flat state. In Fig. 3.1
a wavelength selective switch (WSS) is used to filter the transmitted signal. A WSS
allows reprogrammable filtering of the broadband signal to maintain a flat spectrum.
The result of flattening a signal means the overall loop loss will change. This will
effect the OSNR by changing the effective loss of the loop and changing the input
power to the following amplifiers. For EDFAs operating in constant output power
modes a change in input power results in a change of gain. Due to characteristics of
EDFAs different wavelengths have different gains and the wavelength dependent gain
changes for different gains. The net effect of this inside a recirculating loop, is an
unstable system that requires slow changes to achieve a flat spectrum.

In order to explore fibre nonlinearity, a sweep of launch power in to the fibre is
a useful diagnostic as it demonstrates the highest possible performance as well as the
changes with different parameters. A launch power sweep can vary from -14 dBm to
6 dBm per channel. This is a large dynamic range of 20 dB, which can create problems.
A compounding experimental issue arises when considering varying the bandwidth
being loading in the recirculating loop. A single channel 8 GBaud channel with RRC
pulse shaping (see 2.4.1), would cover 8 GHz of optical bandwidth. In comparison,
7x40 GBaud channels RRC pulse shaped would take up 280 GHz of bandwidth. As
an example, the extremes of total power for these can vary from -14 dBm to 21 dBm. If
this is extrapolated to loading a full C-band (of width 4 THz), a maximum total power
of 33 dBm is expected. This means the recirculating loop needs to cope with a huge
dynamic range of 47 dB. In order to minimise the dynamic range two configurations
should be used, one for small bandwidths and another for broadband transmission

experiments.

3.2.1 Experimental broadband transmission

The recirculating loop in Fig. 3.4 was implemented in order to investigate the issues
with broadband transmission experiments. This information is then used to check the
feasibility of experiments that require filling of the transmission bandwidth. Here, the
channel under test was 4 THz of spectrally shaped-amplified spontaneous emission
noise (SS-ASE) see section 3.3 for details. EDFAs with 33 dBm of output power were
used in order to create and maintain sufficient power for full C-band launch power
sweep. The EDFAs used were gain flattened to =1 dB for an amplifier gain of 33 dB.
From characterisation tests it is noted that when the total input power changes by 1 dB
the output can be seen to tilt by 0.25 dB/THz, so 1 dB over the total bandwidth.

The initial SS-ASE is generated by amplifying ASE then passing it through a WSS
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Figure 3.4: Experimental setup to investigate nonlinear distortions in wide bandwidth trans-
mission.
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Figure 3.5: (a) Optical spectrum taken from an OSA with resolution of 0.05 nm. (b) Filter

attenuation profile defined by dynamic range (c) Generated filter uploaded on to the WSS (d)
Input and output spectra compared.

and then another EDFA. The high powered EDFAs used in this experiment have a min-
imum input power requirement. This means if the wavelength dependent loss is large,
then the total loss will cause the subsequent EDFA to turn off so transmission cannot
occur. Additional experimental problems were identified and overcome. Matching the
power spectral density (PSD) of the SS-ASE to a channel, whilst maintaining power
spectral density high enough in order to investigate the nonlinear effects involved us-
ing more attenuators than would be used for a narrow band system. This caused the
back-to-back performance of the channel under test to be affected due to the additional

variable optical attenuator (VOA)s.
The method for flattening ASE for use as SS-ASE, is shown in Fig. 3.5. First the
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input to the span was monitored by an OSA. This trace is used as the basis for the
WSS custom filter. A dynamic range, over which flattening is permitted, is defined,
limiting the maximum attenuation that can be used by the WSS. The wavelength with
the highest power of the trace is found and the trace is inverted. The entire trace is then
translated up until the previously found largest power is set to the maximum attenuation
permitted by the dynamic range. Then, all wavelengths with a negative attenuation
were set to block (60 dB). This generates a filter with attenuation as a function of
wavelength that would flatten with one pass through the WSS. The attenuation is then
divided by the number of recirculations as the signal will pass through the WSS that
many times. This filter is then applied to the WSS and the resultant output is monitored
using an OSA. If the change in attenuation from updating the filter was large, there will
be a change in EDFA gain, which results in a change of gain tilt and the output will
not be flat. If this is the case, the resultant output can then be used to update the filter
recursively, to obtain a flatter output. This iterative process fails to flatten if used more
than 3 times at the same number of recirculations, as small errors start to multiply. To
obtain a flat output at different distances, the number of recirculations was started from
1 where a filter is obtained, then the number of recirculations are doubled and a filter
update is obtained. This method iteratively adjusts the attenuation such that the WSS
does not update with large adjustments in total attenuation. Incrementing the launch
power by 1 dB at distances greater than 4 recirculations was found to cause too large a
change in tilt. This necessitated for every change in launch power starting a new filter
from scratch. That is, returning to 1 recirculation, adjusting the launch power and then
following the above process until returning to the desired number of recirculations. A
practical issue with this method is that updating the filter can change the launch power,
so this also must be monitored in order to obtain the desired launch power.

4 THz of flat SS-ASE was launched into the recirculating loop and was flattened
by the WSS for each number of spans. Fig. 3.6 shows the measured optical spectrum
after the fibre span after 2, 4, 8, 16 and 32 spans of transmission using the previously
described technique. The curve labelled 32BPF is where the WSS was set to a band-
pass filter to suppress ASE outside the bandwidth of interest and pass the SS-ASE. It
can be seen that the flattening done by using the above algorithm is very effective at
maintaining a flat power spectral density.

Fig. 3.7 was obtained in the same way as Fig. 3.6 but with a different scale and
is used to illustrate the limits of flattening. The small fluctuations in power seen in
Fig. 3.7, are due to the uploaded filter. The uploaded bandpass filter does not have
any fluctuations over fine wavelength grid, neither does the associated output. This
is in comparison to the recirculation filters which contain fine wavelength attenuation
adjustments, which are magnified by the recirculations. It can also be seen that fluctu-

ations are unique for each total number of recirculations as a different filter is used for

58



Chapter 3. Transmission Emulation

-20 T T T T T
—2span
30F —4span | |
— —8span
%/ —16span
5-40r —32span | 1
2 —32BPF
o
2-50f -
©
[0}
T 60 ]
70 b | ]
1530 1540 1550 1560 1570

Wavelength (nm)

Figure 3.6: Optical spectrum taken from an OSA with resolution of 0.1 nm after varying the
number of recirculations. The WSS being used as a GFF was optimised in every case except
32BPF. This trace shows the spectrum with the WSS set to a band pass filter at 32 recirculations.
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Figure 3.7: Subset of data from Fig 3.6 for clarity, showing the optical spectrum taken from
an OSA with resolution of 0.1 nm.

each case. The low power spectral density (-10 dBm/10 GHz) of this trace means the
effect of four wave mixing (FWM) should be negligible and hence is not a factor in the
overall flatness.

No published broadband transmission experiments show any SNR measurements
as a function of launch power so there is novelty in measuring SNR for large band-
widths. This demonstrates that nonlinearity is still a limiting factor in setting max-
imum achievable rates. This was attained and published in [115] using SS-ASE and a
recirculating loop and is shown in Fig. 3.8. In section 4.4 a straight line link is used
and transmission of 112 channels covering 4.2 THz a full C-band. This technique
was also used to investigate interchannel stimulated Raman scattering over 9.1 THz of
bandwidth [114].

Fig. 3.8 shows the system performance was evaluated after transmission over a

fixed distance of 1010 km, corresponding to 10 spans. This distance provides enough
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Figure 3.8: SNR performance of the transmission system utilising SS-ASE for different trans-

mitted bandwidths after 1010 km of propagation, solid lines represent the predictions obtained
using Eqn. 4.9 and markers correspond to experimental data. Taken from [115].

accumulated dispersion for the GN model assumptions on signal Gaussianity to be
valid. The signal launch power per channel was varied between -1 and 7 dBm and
SNR of the received signal was measured. The SNR as a function of the signal launch
power for different transmitted bandwidths is shown in Fig. 3.8. In the linear regime, a
small difference in receiver SNR can be observed among the different transmitted band-
widths, this is due to the power equalisation process carried out by the WSS within the
recirculating loop. As the propagated bandwidth is increased, the tilt from the EDFAs
becomes larger and the WSS must intervene in an increasingly manner to correct the
tilt, leading to a small difference in the overall loop loss. Towards the highly nonlin-
ear regime, for a fixed signal launch power, a penalty in SNR can be observed with
increase of transmission bandwidth, as expected from the growth of the NLI noise
power. For instance, at a launch power of 4 dBm per channel, the difference observed
in SNR between the transmission bandwidths of 40 GHz and 7.3 THz is approxim-
ately 2.7 dB. Fig. 3.8 additionally depicts the theoretical performance of the system
(solid lines) for all the evaluated bandwidths obtained using Eq. 4.9. One well-known
limitation of the GN-model is the assumption is that the transmitted signal behaves
statistically like Gaussian noise, neglecting this way modulation format dependence of
the NLI noise. Even though this has been addressed in the literature [15, 25] it leads to
additional complexity when computing the NLI noise power, specially for large band-
width systems. This limitation is translated in an overestimation of the NLI noise by
the GN model compared to the use of QAM modulated signals, and therefore a under-
estimation of the system performance in the nonlinear regime. Using the experimental
data, the model was confirmed to give a slightly pessimistic prediction of performance

in the nonlinear regime for the all evaluated bandwidths.
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3.3 Bandwidth emulation using spectrally shaped noise

Transmission over broad bandwidths is a very expensive and resource consuming av-
enue for research in capacity. In an AWGN channel achievable capacity is linearly
proportional to bandwidth. This means pushing record transmission rates further re-
quires broadband transmission. The success and widespread deployment of EDFAs
now presents a limitation to capacity growth, as the available gain bandwidth, over
which WDM signals can be transmitted, is limited to approximately 5 THz for the con-
ventional band (C-band) and 8 THz for the C+L band. Given a fixed bandwidth limit,
one way to increase the transmission rates is to increase the system signal-to-noise
ratio (SNR), and the spectral efficiency [76].

As is well known, the optical fibre channel is subject to Kerr nonlinearity; its re-
fractive index depends on optical intensity (Eq. 2.2.1). This causes nonlinear phase
shifts and the signal is irreversibly distorted from the interaction between nonlinear-
ity and amplified spontaneous emission noise, reducing the SNR. Techniques to in-
crease the SNR in the presence of nonlinearity have been proposed such as digital back
propagation [75], coded modulation schemes [76] or novel equalising strategies [86].
However, the question of how these techniques perform in a practical, fully loaded C-
band transmission system needs to be answered for every studied system, and simply
extrapolating is not reasonable.

Transmission experiments with bandwidths using the full C-band require a large
number of channels, which comes at the expense of more complex experimental im-
plementation; the use of additional light sources and modulators to implement inde-
pendent channels can require large banks of laser sources, modulators and schemes
to overcome data correlation issues. An attractive alternative, due to its simplicity,
is the use of spectrally shaped-amplified spontaneous emission (SS-ASE) instead of
independently modulated channels. This technique has been shown in [28, 80], and
has been used in C-band experiments [20, 38, 86, 148] as well as extended L-band
transmission [115].

As shown through extensive theoretical models the use of signals with Gaussian
statistics, similar to noise, give a lower bound on system performance compared to
modulated channels [15, 82, 95]. In the Gaussian noise (GN) model, the nonlinear
distortions are represented as an additional noise term in the overall system signal-
to-noise ratio, and referred to as NLI noise [95]. Corrections for modulation format
can be applied to the GN model to make what is termed the enhanced Gaussian noise
(EGN) model [15], which addresses the non Gaussianity of the signals. These models
can be used to estimate the expected performance from using SS-ASE and modulated
channels as interferers.

In this section the use of SS-ASE as a channel loading scheme is evaluated, com-
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pared to modulated interferers and the effect of the additional NLI noise from this
scheme on 4QAM and 64QAM modulated channels is quantified. The EGN model
was used to verify the experimental results. Advanced transmission systems operating
at 400 Gb/s and higher use coded modulation to achieve the required high spectral
efficiencies, hence, the penalty in terms of MI was also investigated as a function of
distance. This enabled the impact of SS-ASE as a loading source to be quantified in

terms of achievable information rate.

3.3.1 Statistics of SS-ASE

In dispersion uncompensated links, one source of discrepancy between the Gaussian
noise model and system performance comes from the modulation format dependence
of the nonlinear distortion [16]. To investigate the suitability of SS-ASE for use as a
substitute for transmission channels, a statistical analysis has been conducted and the
evolution of the electric field probability density function (PDF)s, have been compared.
This allows for the quantification of how much accumulated dispersion is required
for each format’s PDF to evolve into a steady state. It has been shown that without
dispersion, the samples of the In-Phase (I) and (Q) Quadrature components of PDM-
QPSK evolve into a Gaussian-like distribution after transmission over 500 km of SMF
[16]. Even under this steady state the underlying process of the signal is non-Gaussian
and so modulation format dependence of NLI is observed [24, 89].

To investigate the statistics of SS-ASE simulations were employed using the split-
step Fourier method. Two independent sets of data channels, modulated with Nyquist
pulse shaped QPSK and 16QAM channels, and an SS-ASE channel were generated
and compared. A pseudo-random binary sequence (PRBS) was used to generate
PDM-QPSK and 16QAM channels, at 10 GBaud and 2 samples per symbol, and then
Nyquist pulse shaped with a root raised cosine (RRC) filter with a roll-off factor of
0.001 (shown in Appendix B) in order to obtain minimum subchannel spacing without
crosstalk and a spectrally flat superchannel that matches SS-ASE. The electric field
was oversampled to 8 samples per symbol to avoid simulation artefacts. The launch
power was set to -10 dBm per channel [Launch power was swept from - 20 to 0 dBm
in simulation with no significant change in statistical evolution; the electric field is
dominated by dispersion rather than the nonlinear distortion at these powers].

Propagation over fibre was evaluated using the split step Fourier method to solve
the nonlinear Schrodinger equation Eq. 2.12 with a step size of 0.1 km. The fibre
parameters were set as follows: dispersion 16 ps/nm/km, attenuation 0.16 dB/km and

nonlinear coefficient 1.1 (Wkm)~!.

The fibre span length was set to 80 km and an
EDFA with 5 dB noise figure was implemented to compensate for the fibre loss.

To realise a SS-ASE channel, white Gaussian noise was generated as I and Q ele-
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Figure 3.9: Probability density functions of absolute electric field for SS-ASE, Nyquist pulse
shaped PDM-16QAM and PDM-QPSK at (a) transmitter and (b) after 240 km of fibre propaga-
tion.

ments of the electric field. Use of Gaussian statistics for both I and Q gives rise to a
Rayleigh distribution in the absolute value of electric field, as shown in Fig. 3.9. The
white noise is then filtered by a 10 GHz ‘brick-wall’ bandpass filter in order to achieve
a signal with the same spectral width as the modulated data channels. The power was
set to match the PSD of the PDM-QPSK and 16QAM channels. The PDFs, shown
in Figs. 3.9 (a) & (b), were taken of the power-normalized electric field, which is the
absolute value of electric field divided by the square root of average power in the chan-
nel; such that the PDF does not scale as the signal power varies with fibre loss. The
signal distributions at the transmitter are shown in Fig. 3.9 (a). The PDM-QPSK and
PDM-16QAM signals are be expected to show 1 and 3 peaks, respectively, in electric
field magnitude as the symbols have discrete amplitudes. However, as can be seen
from Fig. 3.9 (a) the peaks are broadened due to the Nyquist pulse shaping.

The field amplitude distribution of the three signals after propagation over 240 km
is shown in Fig. 3.9 (b). It can be seen that, due to accumulated dispersion, noise and
fibre nonlinearity, the PDM-QPSK and PDM-16QAM signal amplitude distributions
have almost converged to that of the SS-ASE. After this distance the SS-ASE, PDM-
16QAM and PDM-QPSK signals have variances with similar values of 0.108, 0.099
and 0.095, respectively.

To characterise the evolution of the signal amplitude distribution with propagation
distance, the evolution of the peak to average ratio (PAR) of absolute value of electric
field is shown in Fig. 3.10. It can be seen that, the SS-ASE’s PAR does not change
during transmission but both the PDM-16QAM and PDM-QPSK signals converge to
the same ratio as the SS-ASE. The PDM-QPSK has a higher initial PAR and converges
to SS-ASE after approximately 240 km whilst the PDM-16QAM takes only 180 km.
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Figure 3.11: (a) Overall system setup consisting of an external cavity laser (ECL), optical
comb generator (OCG), IQ modulators, polarisation multiplexer (Pol Mux). The recirculation

loop uses acousto-optic modulators (AOM), variable optical attenuators (VOA). (b) Optical
spectra of SS-ASE and 9 sub- channel superchannel with various guardbands.

3.3.2 Experimental generation of SS-ASE

The experimental setup used to quantify the effects of using SS-ASE, in terms of SNR
and achievable rate, is shown in Fig. 3.11 & Fig. 3.13. The transmitter consisted of
two sections, namely the SS-ASE source and the digital channel transmitter.

The SS-ASE source was initially designed as shown in Fig. 3.11. The SS-ASE
was generated from an ASE noise source and was launched into a WSS, followed by
an EDFA with an output power of 19 dBm. The WSS was used to limit the band-
width of the ASE noise source and flatten the ASE spectral profile by pre-emphasising
for the gain profile of the following EDFA. The SS-ASE was then combined with the
superchannel source using a 3 dB coupler. The PSD of the SS-ASE noise and the su-
perchannel were matched to within 0.3 dB, as shown in Fig. 3.11 (b). The power of the
combined signal was measured using an OSA with a resolution of 0.1 nm. This enables
emulation of a reconfigurable number of SS-ASE channels with arbitrary spacing and
bandwidth.
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Figure 3.12: Back-to-back performance for the central (ChO) and outermost subchannels
(Ch=4) of the test superchannel with SS-ASE loading. Also shown as squares is the perform-
ance of a single channel system.

The back-to-back (BTB) performance was measured to verify the impact of com-
bining the superchannel with 720 GHz of SS-ASE before transmission impairments.
The effect of changing the SS-ASE’s proximity to the superchannel (hence guardband)
was investigated, with the results shown in Fig. 3.12. The WSS used for shaping is
not a perfect filter, see Fig. 3.11 (b); it has a specified resolution of 12 GHz, a roll-off
of 1.0 dB/GHz and a finite extinction ratio limit of 35 dB. After subsequent amplific-
ation to match spectral density the extinction becomes 27 dB, which results in linear
crosstalk, even for large guardbands. The Q-factor as a function of guardband between
the superchannel and the SS-ASE for the central subchannel and outermost subchan-
nels (£40 GHz relative to the central subchannel) is shown in Fig. 3.12. For guard-
bands greater than 10 GHz, the outermost subchannels (Ch+4) exhibited an additional
penalty of 1 dB compared to the central subchannel (Ch 0). This penalty in perform-
ance was due to the limited effective number of bits in the ADCs used in this work.
When the guardband was less than 10 GHz, a penalty was observed on the outermost
subchannels arising from linear crosstalk, whilst Ch 0 maintained the same perform-
ance. The impact of the SS-ASE guardband when the superchannel was replaced with
a single channel is also characterised. In this case the linear crosstalk can be seen oc-
curring at just below 10 GHz, which is a larger guardband than that corresponding to
the outermost subchannels. This was because a single channel is subject to crosstalk
from both sides and the WSS resolution. When the guardband was larger than 10 GHz
the performance was unaffected by the SS-ASE as the only noise added arose from
the extinction ratio rather than the WSS roll-off. The spectral distance between the
SS-ASE and the channel under test was minimised, in order to maximise spectral ef-
ficiency, but not incur a linear penalty; the transmission experiments were conducted
with a guardband of 5 GHz.
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In the subsequent experiments the SS-ASE source was improved by launching an
ASE noise source into an EDFA with an output power of 27 dBm, followed by the
WSS. The WSS cut a notch into the ASE with a width of 43 GHz centred on the car-
rier frequency of the CUT. The SS-ASE source was improved by updating the design,
such that the WSS was the last component in the chain. This improved the extinction
ratio in the notched section of the SS-ASE and the SS-ASE is amplified after being
combined with the CUT mitigating the extinction ratio contribution. Emulating a lar-
ger bandwidth channel takes away the dependancy on the WSS roll-off so the channel
under test was set to have a symbol rate of 40 GBd. The next subsection describes the
GN model, which can be used to estimate the expected difference in nonlinear noise

from different modulation formats and using SS-ASE.
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Figure 3.13: Experimental Setup, showing the SS-ASE source constructed from an ASE
source, high power (HP) EDFA, variable optical attenutator (VOA) and wavelength selective
switch (WSS), the digital transmitter using external cavity lasers (ECLs), polarisaton multi-
plexer (Pol. Mux.) and IQ modulators (IQ Mod.), and a recirculating loop using acousto-
optic modulators (AOMs), polarisation scrambler (PS) and WSS for gain flattening and a band
pass filter just before the coherent receiver. Inset, optical spectrum showing one channel with
240 GHz of SS-ASE.

3.3.3 SS-ASE modeling

Research on the nonlinear fibre channel has led to various mathematical models to pre-
dict the NLI and hence the received SNR, which is used in system design and achiev-
able rate estimations. These models use expressions to provide a theoretical under-
standing of the experimental phenomena being investigated. A commonly used model
due to its simplicity is the GN model [95]. This model has limitations as it assumes the
CUT and interfering channels are made up of Gaussian noise (spectrally shaped as the
actual channels) or, equivalently, by channels modulated by a Gaussian constellation.
To properly account for non-Gaussian modulation formats, such as QAM, corrections
have been applied to obtain the EGN model [15], which is used here. To confirm ex-
perimental results with the different schemes of interferers the GN and EGN models
were used together to estimate the amount of NLI and hence the SNR of the CUT and

hence the achievable rate can also be estimated.
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The received SNR can be expressed as [39],

P
SNR = , 3.7
N(1+3)T]P3—|—KP—|—NPASE -7)

with signal power P, the number of spans N, the coherence factor €, the NLI coeffi-
cient for the entire link m and the ASE noise power from each amplifier Pasg. The
transceiver SNRtr = 1/K is the maximum SNR that can be achieved in the transmis-
sion system in the absence of NLI and ASE noise. This variable phenomenologically
includes all impairments of the system under test and can be measured in a back-to-
back configuration without ASE noise loading. In this work, a SNRtr of 20.1 dB was
measured. The NLI coefficient 1 includes contributions from self phase modulation,
cross phase modulation and four-wave mixing [15].

It has already been shown that the input distributions of the transmitted channels
affect the amount of NLI [129] and this has been verified experimentally [37]. It has
been shown that the amount of additional NLI is related to 4™ standardised moment
(kurtosis) of the modulation format. The excess kurtosis of a complex random variable
(kurtosis minus 2) such as a QPSK modulated signal is -1, whilst for SS-ASE it is 0.
The higher the kurtosis the larger the nonlinear distortion [129]. The excess kurtosis is
used as an input to the EGN in order to calculate 1 and hence each modulation format

has its own respective 1.
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Figure 3.14: Diagrammatic setup showing the optical spectra for two different interfering
schemes for the CUT. (a) 6 channels carrying modulated data and (b), spectrally shaped ASE
with the same occupied bandwidth

The EGN model was used to estimate the SNR of the channel under test with
modulated channels as interferers. The correction from [15] was applied for self chan-
nel interference (SCI), multi channel interference (MCI) and cross channel interfer-

ence (XCI) accounting for the modulation format dependence of the NLI noise. When
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using SS-ASE as an interfering channel, the EGN model was used to calculate the self
channel interference but the correction for XCI and MCI are not applied. This corres-
ponds to the GN model being used to model the behaviour of interferers. That is the

overall NLI coefficient for all channels (Tchans) and SS-ASE (Nss.asg) are calculated

as follows,
GN corr GN corr GN corr
Mchans = néCI ) 'H]éa ) +n§<c1) + ng{CI ) +n1(v1c1) +nl(v[CI)7 (3.8)
Nss-ASE =M1 +Tsc +Mka1’ + My (3.9)
(GN) _(GN) (GN)

where Ngep > Nxep. and Myer » are the NLI coefficient contributions from the Gaussian
noise model for self channel interference (SCI), cross channel interference (XCI) and
multi channel interference (MCI) respectively and néccolrr ), ner and nl(\i(glr) are the
NLI coefficient corrections from the EGN model for SCI, XCI and MCI respectively.
This is shown diagrammatically as optical spectra in Fig. 3.14. The additional T]g(cg?)
contributions that have modulation format dependence of the CUT itself have been
neglected. It is noted that the correction terms are always negative, this means that
SS-ASE will theoretically generate more NLI than a modulated channel.

The modelling of SS-ASE is carried out by assuming that the power spectral density
is flat. This is unlike the case of channel interferers in which guardbands are placed
between each channel. In order to mitigate the discrepancy in transmitted bandwidth

between the two cases, the total occupied bandwidth was maintained.

3.3.4 Experimental evaluation of SS-ASE

The WSS was used to limit the total bandwidth of the ASE noise source to 240 GHz and
flatten the spectral profile by attenuating the wavelengths as necessary, in order to emu-
late the Nyquist spaced channels as shown in Fig. 3.14. To evaluate the performance of
the system using SS-ASE all the external cavity lasers (ECL)s at the transmitter, with
exception of the CUT, were switched off, allowing the coupling of the CUT with the
SS-ASE. The performance of channel interferers was evaluated by using all 7 ECLs
and switching off the SS-ASE source, allowing transmission of modulated channels
only.

The digital transmitter used in the subsequent experiment does not use an optical
comb generator and was constructed as follows. Drive signals were generated from
a sequence of random data 2'® bits long before being mapped to either 4QAM or
64QAM symbols, as required for multiformat comparisons. These digital signals were
then nonlinearly pre-distorted using a Volterra filter to compensate for the non-ideal
transmitter components [7, 59] as described in section 2.5.2. The symbol rate was
set to 40 GBaud and then a RRC filter with a roll-off of 0.001 was applied. These
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40 GBaud signals were uploaded to 92 GSa/s DACs and were amplified before going
into 2 separate IQ modulators. Two groups, one of 4 and one of 3 ECLs, with 100 kHz
nominal linewidth, were passed into the single polarisation modulators such that inde-
pendent odd and even modulated channels were obtained. The spacing of the lasers
was set at 42.5 GHz. The output of the modulators went into a polarisation multiplex-
ing emulator in order to generate polarisation division multiplexed signals.

The output of the digital transmitter was then combined with the SS-ASE source us-
ing a 3 dB coupler. The power spectral density of the SS-ASE noise and the transmitter
were matched to within 0.3 dB. The power of the combined signal was measured using
an OSA with a resolution of 0.1 nm. The setup enables emulation of a re-configurable
number of SS-ASE channels with arbitrary spacing and bandwidth with an improved
performance compared to that reported in [29]. The extinction from the stop band to
the pass band was 35 dB and an EDFA with higher output power of 33 dBm allowed a
larger ASE bandwidth to be filled whilst maintaining a constant power spectral density.

For transmission, a recirculating loop was used, with a loop synchronous polarisation
scrambler (PS), and a single span of 101.39 km of Corning Vascade EX2000 fibre with
a total loss of 16.2 dB. The span was followed by an EDFA with 18 dBm output power
and 5 dB noise figure to overcome fibre attenuation. This was followed by another
WSS which was used as a programmable gain flattening filter to compensate gain tilt
from the optical amplifiers, followed by another EDFA in order to overcome the re-
maining component losses. An ECL with 12 dBm output power and 1.5 kHz nominal
linewidth was used as the local oscillator in the coherent optical receiver. Detection
was carried out using balanced photodetectors with an optical bandwidth 140 GHz.
The received signals were captured by a real-time digital oscilloscope with an optical
bandwidth 126 GHz at 160 GSa/s. The symbol rate and spacing is such that 3 channels
can be simultaneously captured. The complete setup is shown in Fig. 3.13.

The captured traces were processed offline, applying the DSP chain shown in Ap-
pendix B. A correction for IQ delay in the receiver was applied, followed by ideally
compensated chromatic dispersion. The signal was then root raised cosine filtered
before equalisation. The equalisation was performed by a 61 tap least mean squares
radially directed equaliser with using a constant modulus algorithm for pre-converge.
The frequency offset between carrier and LO was then estimated before a decision dir-
ected algorithm was used for carrier phase estimation using 256 taps. Gram-Schmidt
orthogonalisation procedure (GSOP) was finally performed to compensate for subop-
timal phase biasing of the transmitter IQ modulators. Decisions were then made on
the symbols and compared to the ones that were sent to calculate a SNR. Then MI was
calculated over both polarisations, using the sent and received symbols for the exper-
iment, and for the model as a function of the measured SNR and modulation format;

details of the MI calculations are in Chapter 2.1.2.
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The channel under test was modulated with either 4QAM or 64QAM data and
propagated over 20 recirculating fibre loop spans, with a total distance of 2028 km.
For bandwidth loading two schemes were used, with channels either carrying the same
modulation format as the CUT or loaded to the same bandwidth of 282.5 GHz with
SS-ASE, from here on referred to as channel interferers and SS-ASE respectively. The
results from sweeping the launch power, the transmission distance and varying the total

transmission bandwidth follow.

3.3.5 Launch power investigation

The received SNR was experimentally measured for launch powers in the range -5
to +7 dBm per channel, and is shown in Fig. 3.15 (a) and Fig. 3.16 (a) for 4QAM
and 64QAM respectively. For modelling channel interferers using the EGN, a channel
spacing of 42.5 GHz was used. For SS-ASE a flat spectral density was assumed and the
width of the CUT was taken as 42.5 GHz, which includes the guardband. Considering
the remaining guardbands, the SS-ASE bandwidth was limited to that occupied by
the channels not including the guardband i.e. 240 GHz. It can be seen that for both
schemes of interfering channels the performance of the CUT at low launch powers is
identical. This is due to the main source of noise being Pasg from the EDFAs. As the
launch power was increased the performance of the CUT was affected by NLI noise

and the performance achieved a maximum and then started to decrease.
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Figure 3.15: a) SNR as a function of launch power for just channel interferers and 1 channel
with SS-ASE taken at 2028 km. Crosses are experimental points and solid lines are the model
b) Histogram of SNR of the CUT over time for channel interferers and SS-ASE for 4QAM at
a fixed launch power of 1 dBm.

From Fig. 3.15 (a), it can be seen that the predicted SNR of the model agrees with
the experimental data to within 0.5 dB. It can also be seen that when the bandwidth was
loaded with SS-ASE, the peak SNR is lower and hence the NLI is higher compared
to that of channel interferers. To quantify the effects of the additional NLI from SS-
ASE, the optimum experimental SNR for both schemes was found. The peak SNR was
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estimated by fitting a third order polynomial to the data using a least square error (LSE)
approach and taking the maximum of that polynomial.

For 4QAM channel interferers the maximum SNR was 15.19+0.10 dB and for
SS-ASE 14.62+0.13 dB with corresponding optimum launch powers of -0.2 dBm and
0.8 dBm. The confidence interval of 50% is calculated from the errors between the
data and the assumed cubic polynomial. The change in peak SNR between the two
cases 1s 0.57+0.16 dB and was predicted to be 0.50 dB by the model. In order to
be sure of this change in SNR the launch power was fixed at 1 dBm and multiple
readings were taken for both interferer schemes over time and plotted in a histogram
as shown in Fig. 3.15 (b). This is 0.2 dBm higher than optimum launch power for
the 4QAM CUT with 4QAM interferers and 1.2 dB higher than optimum for SS-ASE.
At this launch power the delta in SNR between the two bandwidth loading schemes
is larger so is more reliable experimentally. 50 samples were taken for each scheme.
From Fig. 3.15 (b) it can be seen that the penalty in SNR (difference in mean) is
0.72 dB with a standard deviation of 6=0.13 dB. The used model predicted a penalty
of 0.61 dB. This agreement within error between experiment and model shows that the
use of SS-ASE as a replacement for channel interferers gives a pessimistic evaluation

of performance in the nonlinear regime.
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Figure 3.16: a) SNR as a function of launch power for just channel interferers and 1 channel
with SS-ASE taken at 2028 km. b) Histogram of SNR of the CUT over time for channel
interferers and SS-ASE for 64QAM at a fixed launch power of 1 dBm.

The results of the power sweep for 64QAM with both schemes of interfering chan-
nels are shown in Fig. 3.16. The difference in peak SNR from 64QAM to SS-ASE is
0.40 dB. The SNR of the CUT was again taken over time for both schemes at a fixed
launch power of 1 dBm per channel. Again, 50 samples were taken for each scheme.
The resulting offset in mean SNR was 0.49 dB with a standard deviation of 6=0.11 dB.
The difference in SNR at optimum launch power and in the nonlinear regime is smal-
ler than that of 4QAM and agrees with the predictions from the model of 0.37 dB at
optimum and 0.44 dB at 1 dBm.

This corroborates with the fact that the modulation format of the interfering channel
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affects the amount of nonlinear interference noise on the CUT [23, 37]. Here SS-ASE
can be thought of as the same as a Gaussian modulation format. This format has an
excess kurtosis of 0, which is greater than the values of -1 and -0.62 for 4QAM and
64QAM channels respectively.

3.3.6 Distance investigation

This subsection investigates the system performance in terms of achievable rate as a
function of distance when replacing channel interferers with SS-ASE. The MI of the
CUT was measured as a function of distance (100 km to 2500 km) and is shown in
Fig. 3.17. A fixed launch power of 2 dBm per channel was chosen in order to more
clearly show the difference in performance between interfering schemes. As can be
seen at shorter distances the MI drops slowly and up to 300 km, the SS-ASE and chan-
nel interferers have the same performance. At shorter distances, the transceiver SNRTr
(which determines the highest MI in the system) is the predominant source of noise in
the system. For longer distances, the effect of SNRTr becomes less significant, and the
system performance is dominated by accumulation of ASE and by NLI. For instance,
at 2000 km the channel interferers outperformed the SS-ASE by 0.43 b/sym. It can
also be observed, the difference between the model and experimental results increases
as the distance increases. This is due to the WSS being reprogrammed for each number
of recirculations to maintain spectral flatness. The additional NLI incurred from the
SS-ASE can be seen to affect the performance significantly beyond 800 km. This is the
regime in which NLI noise forms a significant contribution of the total noise compared
to the transceiver noise. Hence, the launch power curves in Fig. 3.16 & 3.15, were
taken at 2000 km to demonstrate the NLI away from the effect of transceiver noise

limits.
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Figure 3.17: Mutual information (MI) measured as a function of distance for channel interfer-
ers and SS-ASE schemes. Markers are experimental points taken at a fixed launch power and
lines are from the model. (a) channel interferers (orange) and SS-ASE (purple). (b) shows the
difference in MI between channel interferers and SS-ASE as a function of distance
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The change in MI from both interfering schemes as a function of distance is shown
in Fig. 3.17 (b). The discontinuous nature that can be seen in the model results is
due to errors in the Monte-Carlo integration used to calculate 1 in equation 3.7. Once
the transceiver noise becomes small relative to the NLI, the difference in MI seen to
increase. In the case of this experiment is beyond 700 km. The crossing of the theory
and data is due to experimental inaccuracies as shown in Fig. 3.15 & 3.16, where the
standard deviation of each point was of the order of 0.1 dB, by propagating the error
accordingly the standard deviation in AMI is 0.07 bits/sym.

The measured offset from channel interferers and SS-ASE in SNR is 0.8 dB at
2000 km, corresponding to a change in MI of 0.4 bits/sym which is 5% of the achiev-
able rate. The penalty after 800 km of transmission corresponds to a decrease in MI of
0.07 bits/sym, a change in capacity of 0.6%. The difference in SNR at optimum launch
power is smaller than that shown at 2 dBm, so the measured AMI in Fig. 3.17 (b) is
larger than would be expected at optimum launch power. This means when evaluating
SNR at short distances with optimum launch power, close to where transceiver noise
is dominant, using SS-ASE as an interfering channel is a very reliable estimate of per-
formance as the penalty is less than 0.6%. The difference in SNR and MI between
channel interferers and SS-ASE, is noted to always be negative, so the SS-ASE will

always give a pessimistic prediction of the impact of NLI on system performance.

3.3.7 Bandwidth investigation

In order to investigate the implications of using SS-ASE as a replacement of channel
interferers beyond the experimental transmission bandwidth of this work, we extended
the study of system performance for bandwidths up to 4.5 THz using the theoretical
model. The system under consideration has a fixed transmission distance of 2000 km
and 40 GBd modulated channels carrying dual polarisation 64QAM. Fig. 3.18 shows
the difference in SNR at optimum signal launch power between the use of channel inter-
ferers, and SS-ASE as a function of total transmission bandwidth. Each line represents
a different number of channel interferers (adjacent to the CUT) out of the total trans-
mission bandwidth. It can be seen that as the total transmission bandwidth increases,
a larger penalty in SNR is observed when SS-ASE is used instead of channel interfer-
ers. This is due to the logarithmic growth of the nonlinear distortions as a function of
bandwidth, as seen in [95, 115]. It is noted that when a single modulated channel is
propagated with SS-ASE to fill the full C-band, a penalty of 0.8 dB is observed. How-
ever, if seven modulated channels are propagated together with SS-ASE this penalty
is reduced to 0.6 dB. The use of a higher number of channel interferers before em-
ploying SS-ASE decreases the penalty from nonlinear distortions. This is because the
higher NLI generating SS-ASE is spectrally further away from the CUT. This shows
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that using SS-ASE to load the fibre will provide a useful estimate of performance. In
the worst case for this system of a fully loaded C-band, the replacement of all channel
interferers with SS-ASE only gives a penalty of 0.8 dB.
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Figure 3.18: Difference in peak SNR between channel interferers and SS-ASE as a function
of bandwidth for different number of channel interferers at optimum launch power. For a
transceiver with a maximum SNR of 20.1 dB at 2000 km. The marker is the experimental work
conducted.

Fig. 3.19 shows another perspective on the difference in SNR between the use of
channel interferers and SS-ASE. The delta is shown as a function of the number of
emulated channels. This means each of the curves now starts from the origin, when
there are no emulated channels. From this plot it can be seen that the more emulated
channels are used, the larger the SNR penalty. This shows that the significance of the
nature of additional interfering channels drops when further away from the CUT. This
is due to the frequency dependance of the NLI. For 1 modulated channel, half of the
penalty from adding 60 channels worth of SS-ASE occurs after adding just 6. It is
also noted that as more SS-ASE is used the performance continues to drop but does so
even slower. These lines asymptotically tend towards being parallel and hence do not

converge.

3.4 1 Tb/s superchannel transmission

This section describes work performed in collaboration with Mitsubishi electric re-
search laboratory (MERL). This experiment was a practical implementation of using
SS-ASE as a tool to demonstrate performance in the order of Tb/s in a fully spec-
trally occupied system. Other research has led to several demonstrations of 1 Tb/s

optical communications systems utilising a single receiver [76, 85, 105, 108, 111],
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Figure 3.19: Difference in peak SNR between channel interferers and the number of 40 GBd
SS-ASE channels for different number of channel interferers at optimum launch power. For a
transceiver with a maximum SNR of 20.1 dB at 2000 km. The marker is the experimental work
conducted.

typically those demonstrations have relied upon transmitter structures which would
prove highly challenging for implementation in commercial products. These transmit-
ter structures have variously used optical frequency combs [76, 85, 111], nonlinear
optical processing [108] or custom high-frequency signal converters in InP (Indium
Phosphide) [105]. Previous demonstrations of 1Tb/s transceivers have also relied on
carrier phase estimation (CPE) algorithms that have high complexity [85, 105, 111], or

cannot be implemented in parallel [76].

3.4.1 Experimental setup

This section describes a transceiver which has both optical and electrical transmitter
hardware suitable for implementation in commercial systems. A pair of LiNbO3 I/Q
modulators were used, similar to those now commercially available in a single package
for dual carrier systems, along with a pair of nominal 100 kHz linewidth lasers to
generate the optical subcarriers. Conventional DACs in complementary metal oxide
semiconductor (CMOS) were used. Two 60 GBd subchannels of dual-polarisation
(DP-64QAM) were spaced at 62 GHz, optically multiplexed, and detected with the
same receiver as the previous section. This completely utilised the receiver bandwidth.
Reduced complexity pilot-aided CPE enabled accurate tracking of carrier phase with
only 1.43% pilot symbols. Transmission was demonstrated over 400 km of Corning
Vascade EX2000 fibre using 100 km spans.

A schematic of the dual-carrier 60 GBd DP-64QAM transmitter setup is shown
in Fig. 3.20. This is the same setup as used in subsection 3.3.2 but here, SS-ASE is
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Figure 3.20: Experimental setup used in this work. Inset: spectrum for spectrally shaped ASE.

used to fill the C-band. A digital RRC filter with 0.1% roll-off was used to spectrally
shape 64-QAM signals, and linear pre-distortion from section 2.5.1 was applied to
compensate for the frequency response of the transmitter components. The modulator
has a 3 dB bandwidth of 25 GHz and the roll-off was reasonably slow and it was
possible to achieve an SNR ceiling of approximately 16.5 dB with linear pre-distortion
(see section 2.5). The signals were transmitted by four synchronised 92 GS/s DACs.
The RF signals were then amplified by 30 GHz bandwidth modulator drivers. Two
ECL with 100 kHz nominal linewidth and 62 GHz spacing were used as carriers for
two independent I/Q modulators. The combined attenuation of the DAC, RF drivers
and modulators was approximately 7.3 dB at 30 GHz. The wavelength channels were
combined, and polarisation multiplexing emulated with an interferometer with 14.1 ns
delay between arms. SS-ASE noise was used as an ultra-broadband source to emulate
fully-loaded C-band transmission as investigated in section 3.3.2. The SS-ASE source
had a bandwidth of 4.5 THz and a notch centred at 1550 nm with a bandwidth of
140 GHz was carved out to accommodate the channel of interest (see inset Fig. 3.20).
A 9 GHz guard-band on each side of the 122 GHz dual-carrier signal was used to
minimise linear crosstalk induced penalties [28].

For transmission, a recirculating loop was used, with a loop-synchronous PS, and
a single span of 101.39 km of Vascade EX2000 fibre with a total loss of 16.2 dB.
This fibre has both extremely low loss, and a silica core with large effective area. The
span was followed by an EDFA with 18 dBm output power and 5 dB noise figure to
overcome fibre attenuation. A WSS was used as a dynamic gain flattening filter to
compensate gain tilt from the optical amplifiers, followed by another EDFA in order
to overcome loop component losses. A third ECL with 16 dBm output power and 100
kHz nominal linewidth was used as local oscillator in the optical receiver. Detection
was carried out by balanced photodetectors with 70 GHz electrical bandwidth and
without trans-impedance amplifiers. Finally, the received signals were captured by
a real-time digital oscilloscope with an analogue electrical bandwidth of 63 GHz at
160 GSa/s.
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3.4.2 Receiver digital signal processing

The DSP chain for this subsection is unique for this work and was completed in its
entitreity by MERL colleagues. It is included here for completeness.

The receiver DSP was of a similar structure to that described in previous work [85],
albeit with significantly lower CPE complexity. After normalisation, the signal under-
went frequency domain equalisation of chromatic dispersion. Coarse adaptive equal-
isation was performed, and a 4™ power algorithm was used to calculate the subchannel
intradyne frequency offsets. The signal was then digitally down-converted and low
pass filtered with a matched RRC filter to separate each of the constituent subchannels.
The receiver was first operated in training mode, to ensure accurate initial convergence
of the adaptive equalisers, and to enable calculation of the set of centroids and SNR of
each polarisation subchannel.

Training mode: A pair of trained dual-polarisation radius-directed equalisers (DP-
RDE) were used to demultiplex the training sequence polarisation and compensate for
filtering effects. The least mean squares (LMS) update algorithm was used, with 151
taps in each of the four constituent FIR filters. Following this, carrier phase was cor-
rected with a trained, feed-forward phase estimator. The training signal with corrected
phase was then used to calculate the set of symbol centroids, and SNR for each of the
polarisation subchannels.

Pilot-aided mode: After initial training, the receiver was switched to pilot-aided
operation. A single dual-polarisation pilot occurred every 71 symbols, corresponding
to a pilot overhead of 1.43%. A pair of pilot-aided DP-RDEs with LMS updating were
used to equalise the signals, with the taps initialised by the training sequence. Pilot-
aided carrier phase estimation was then performed on each polarisation subchannel
independently. Firstly, the field of seven pilots were averaged, in order to reduce the
effect of additive noise on the pilot phase estimation. The averaged pilot sequence
was then unwrapped, and interpolated as a piecewise linear function to provide an
initial phase estimate. This phase estimate was then used to initialise a reduced com-
plexity Expectation-Maximisation (EM) algorithm [93], considering only four nearest
neighbour symbol likelihoods. The EM algorithm employed the symbol constellation
centroids and SNRs calculated during the training period. After two iterations of the
EM algorithm, the phase was averaged by a 255 tap averaging filter, and applied to the
equalised symbols. Bit-wise log-likelihood ratio (LLR)s were then calculated, again
according to the symbol constellation centroids and SNRs calculated during the train-
ing period.

Forward Error Correction Coding: An inner check-concentrated, triple-variable-
degree LDPC code was used, with rate 0.71 and word length of 52,800 bits. The

bit LLRs were deinterleaved across all bit positions, polarisations and wavelength

77



Chapter 3. Transmission Emulation

102 ——3 10%
o —&—Pre-LDPC - 0 lterations o
[} ~@-Post-LDPC - 32 lterations|{ LU
@ = =Outer BCH Threshold @ o[ [—o0 lterations
10 107 |-@-8 Herati
erations
~#-16 lterations
" 4| | #-32terations
107 E 3 107 F |-&—64 lterations
'''''''''''''''''' 7| —%-128 lterations
—==Outer BCH Threshold \' \/ / l
107 . . > oo oo o' 40° i i i o
20 25 30 35 -4 -2 0 2 4 6 8 10
OSNR (dB) Launch Power (dBm)

Figure 3.21: Experimental results: (a) BER averaged over both subchannels in back-to-back
configuration before and after LDPC decoding. (b) BER performance after transmission over
400 km of Vascade EX2000 fibre with full C-band ASE loading. Note that measurements
exhibiting no bit errors after LDPC decoding over 3 x 10° bits per measurement are rounded up
to a BER of 1073

subchannels to ensure optimal performance. The decoder used the sum-product al-
gorithm, with flooding decoder scheduling. The use of an outer hard-decision Bose-
Chaudhuri-Hocquenghem (BCH) code with rate 0.9922 was assumed, which decodes
an input BER of 5 x 1073 to an output BER of 10~ or better [85]. We therefore
assume that a post LDPC BER of 5 x 10~ can be decoded to a BER of 10~ !> or better

after the BCH decoder, which was not implemented.

3.4.3 Experimental demonstration

BER performance before and after LDPC decoding was characterised with an ASE
noise loading setup in back-to-back configuration, then with transmission over 400 km
of Vascade EX2000 fibre with full C-band SS-ASE loading. The results of the back-to-
back characterisation are shown in Fig. 3.21 (a). We show total average BER before
and after 32 iterations of the LDPC decoder. Note that the OSNR required for operation
at a BER of 10~ or better is approximately 27 dB. A measurement taken with an
OSNR of 25.7 dB has a pre-LDPC decoding BER of 7 x10~2,which is improved to
a BER of 5 x1073 after 32 iterations of the LDPC decoder. The next measurement
had an OSNR of 27.5 dB, and no errors after 32 iterations over the approximately
3 x 10 bits detected in a single capture. The results after transmission over 400 km
are shown in Fig. 3.21 (b). We show BER before decoding, and then after 8, 16, 32,
64 and 128 iterations of the LDPC decoder. We note that while a single measurement
was below the outer code threshold after 32 decoder iterations, increasing the number
of iterations increased the launch power margin. The system had approximately 4 dB
of launch power margin after 128 decoder iterations, with post-LDPC BER better than

5 x 1077, achievable between approximately 3 dBm and 7 dBm launch power.
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3.5 Summary

The use of SS-ASE loading in the design and evaluation of wideband (up to a full C-
band) optical fibre transmission systems was investigated in detail for the first time. It
was shown that SS-ASE generates additional nonlinear interference noise, compared
to that of conventional channel based interferers. The described model in section 3.3.3
treats SS-ASE as Gaussian modulation, which gives an accurate method to predict
performance. The NLI from SS-ASE is larger than that from 64QAM interferers, and
even larger than 4QAM interferers. The increase in NLI noise reduces the SNR and
hence SS-ASE always gives an underestimate. There is good agreement between the
model and experimental results which highlight that the conservative or pessimistic
estimate of SS-ASE as an interferer scheme, is the same as the underestimate that
comes from using the GN model. The reduction of MI was calculated to understand
the effect of SS-ASE in systems that use coded modulation. It was shown that the
change in MI at the optimum launch power for this scheme was 0.6% of the achievable
rate at 800 km and 5% at 2000 km and the measurements confirmed that using SS-
ASE as a method of loading a fibre results in greater NLI. The greater the number
of channel interferers used before SS-ASE is employed, the smaller the penalty. For
the studied experimental configuration using SS-ASE to load 4.5 THz of bandwidth
with one modulated channel only gives a reduction of 0.8 dB in SNR. If a total of
17 modulated channels (representing 15% of the total 4.5 THz) are used, the SNR
is reduced by only 0.42 dB, making SS-ASE an invaluable tool for the design and
verification of fully loaded, wideband transmission systems.

A simplified 1 Tb/s transceiver was demonstrated in a fully loaded C-band sys-
tem using SS-ASE, by utilising a dual-carrier transmitter and a single coherent optical
receiver. The transmitter was implemented with commercially available components,
including a CMOS DAC, a pair of lithium niobate (LiNbO3) modulators and a pair
of free running lasers. Digital pre-distortion was used at the transmitter to extend the
bandwidth of the modulator, RF drivers and DAC. At the receiver, training sequences
were used to ensure accurate equaliser convergence, and provide signal and noise stat-
istics for both CPE and LDPC decoder. Low complexity, pilot-aided CPE was used
with a 1.43% pilot insertion ratio, exploiting the statistics of the signal and channel. A
concatenated LDPC and BCH FEC scheme was proposed, with the LDPC implemen-
ted in offline post- processing. Combined, these schemes enabled the first transmission
of a dual-carrier 1 Tb/s signal using components similar to those immediately available
for commercial implementation.

The use of SS-ASE to load an optical transmission system enables vendors and re-
searchers to use this technique to set a lower bound and give a performance margin in

order to improve reliability. Research both within UCL and outside is now being con-
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ducted using this technique. Published papers that use this technique include: 7.3 THz
Transmission in Journal of Lightwave Technology at UCL in [115], paper presented
in the previous section [86] published at European conference on optical communic-
ation (ECOC), followed up in the Journal of Lightwave Technology [63], Facebook
Optical Fibre Communications Conference (OFC) C-band transmission post-deadline
paper [148], a paper by TESubcom at OFC looking at the validity of using odd-even
channel decorrelation schemes [12] and a post-deadline paper at OFC by Nokia Bell
Labs used SS-ASE to show transmission over 100 nm amplifier [106].
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Mitigation of Nonlinear Interactions

ONLINEAR interactions stemming from the Kerr effect mean that the achiev-
able information rates of optical communications systems are affected by
the signal power. The nonlinear interaction and associated phase shift can

manifest as constructive and destructive interference, this is capitalised upon in cer-
tain applications outside of telecoms such as parametric amplification and frequency
broadening [134]. Characterising these interactions is important, in order to under-
stand what limits transmission rates. The origin is well understood but its implications
in the context of telecommunications are still under investigation.

Mitigation of nonlinearity can only be performed once the physics of signal
propagation through an optical fibre is understood and the effects are fully character-
ised. The nonlinear interference is inherently deterministic but is very complicated to
describe accurately and hence in the GN and EGN model is treated as noise [15, 96, 97].
If nonlinear interference is treated as stochastic noise then, by definition, it cannot be
compensated. By understanding the statistics of the NLI it can be shown that it is not
truly random, and hence, it is not noise and so, can be compensated. In this chapter
a method of characterising the amount and nature of nonlinear interference is demon-
strated in theory and performed upon experimental traces.

High-speed, WDM systems are often limited by nonlinear interactions between
different WDM channels. Interactions arising from channels outside the bandwidth of
each individual WDM receiver, appear random and are registered as noise. From here

on this noise will be referred to as nonlinear interference (NLI).
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Extensive efforts have been invested into the characterisation of NLI statistics, to
explore the extent to which it is really random, and to devise possible methods for its
mitigation. An important finding was that the cross-phase modulation (XPM) compon-
ent of NLI (the predominant component in most practical scenarios of high channel
count systems operating at a symbol rate higher than 10 GBd in each channel) can be
modelled very accurately as an ISI process with random and time varying ISI coef-
ficients [25, 45, 126]. Hence, the characterisation of NLI can be translated into the
characterisation of the corresponding ISI coefficients. Devising reliable experimental
approaches for doing that is imperative for assessing the prospects of NLI mitigation
techniques [48, 127, 146, 151].

Almost all existing research to date has considered only the zeroth-order ISI coef-
ficient, whose contribution to NLI is as phase and polarisation rotation noise (PPRN)
[35, 94, 125]. Yet, in most cases of interest, it is also important to account for higher
order ISI terms, whose accumulated effect may exceed the PPRN contribution. One
of the obstacles to doing so is the difficulty in evaluating the higher order ISI terms
experimentally. When one performs a transmission experiment the contribution of all
ISI orders is intertwined, and they must be separated in order to be measured properly.
The zeroth-order ISI term produces distinctively distorted, ‘kidney-shaped’, clouds in
the received constellation, which makes its identification relatively simple. In contrast,
the effect of higher order ISI terms is not geometrically obvious, and can be easily

confused with additive white noise.

4.1 Characterisation of nonlinear interference (NLI)

A method for measuring any-order ISI coefficients and evaluating their correlation
properties is presented. We demonstrate the accuracy of the method in several settings
by comparing experimental results to numerical simulations. Our findings confirm the
importance of the high-order ISI contributions to NLI. Knowledge of the correlation
properties of the ISI coefficients can be exploited for designing novel methods for NLI
mitigation. For example, in ref. [48] a detailed model of the correlations of NLI was
used to obtain a maximum likelihood equaliser, which improved the bit error rate of
the simulated transmission system.

Consider a WDM system, in which a CUT propagates in the fibre along with many
interfering channels (IC)s. At the receiver, the signal is filtered, sampled, and dis-
persion compensated. It has been shown that under these conditions the nonlinear
interference noise is accurately represented by the time-varying ISI model detailed in

[45, 46]. According to this model, the relation between the received and transmitted
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signal samples is

se=ap +iY R"a, | +w,, 1)
!

where the underlined variables represent two element column vectors and the boldface
variables Rl(n) are 2 x 2 ISI matrices. The elements of s, are the n-th samples of the
received signal in the two polarisations, the elements of a,, are the two polarisation sym-
bols launched in the n-th time-slot, and the elements of w, are statistically independent
complex circular Gaussian random variables that account for the contribution of ASE
noise. The nonlinear interference from the ICs is represented by the ISI matrices Rl(n),
whose elements are determined by the data transmitted in the ICs [45]. The subscript
index [ is the ISI order, and the superscript n accounts for the slow (on the scale of a
symbol duration) dependence of the ISI matrix on time. The effect of nonlinear phase
noise, whose measurement in experiments was addressed in [94], is entirely captured
by the the trace of the zeroth-order ISI matrix R(()").

We now describe the procedure that allows extraction of the second-order statistics
of the ISI matrices Rl(n) experimentally. For simplicity, the starting point is the opera-
tion in the scalar case, i.e. when gn,gn,Rl(n) , and w, are treated as scalars. The more
general results that correspond to the polarisation multiplexed case follow.

The scalar version of Eq. (4.1) assumes the form,

sn =y (1+iREY) +0F R a1+ wi
-p(n)
~ ape'fo’ + iZI#ORl(n)an,l + Wy,

where the transition from the first to the second line is valid within the first-order
perturbation analysis that underpins the entire theoretical framework of NLI analysis
[26]. The fact that R(()n) is real-valued [24] indicates that its only effect is to produce
phase noise, whose statistics can be readily extracted from the received constellation
diagram [94]. All other ISI terms in (4.2) are uncorrelated with a,,, and therefore, in a
constellation diagram, they appear as circular white noise, which is indistinguishable
from the contribution of ASE. In what follows we demonstrate a technique that allows
measurement of the second-order statistics of Rl(") for all values of /. We stress that our
goal is to assess the second-order statistics of the ISI terms experimentally, and not to
measure their instantaneous values.

In a transmission experiment setup one measures the noisy samples, s,. For the
purpose of estimating the statistics of R;"), we assume that the data symbols transmitted
on the CUT are known. We also assume that the transmitted constellation is symmetric
(so that the mean of a,, is 0) and that it does not include the origin (i.e. all a,, # 0). These

last two assumptions are not necessary, but they significantly simplify the derivation.
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Under these conditions, we define the quantity,

R =2t glm y ), 4.2)

(n)

which serves as an estimate for R;”’. The term Vl(") represents the estimation error, and
itis given by,
(n) ! [ (n) ;
V= LRy a, g —iwy, | . 4.3
l A Zl;él I Yn=l n (4.3)

As the data symbol a,,_; is independent of any of the elements in the brackets, it follows

that Vl(n) is a white process. The ACF of Rl(n) may therefore be expressed as,

1 ) senan)
fz,(An) = 1im N YRR,

where 8(An) is the Kronecker symbol. The measured ACF is therefore identical to that
of R;, with the exception of the point An= 0, which corresponds to the variance. The
cross-correlation function between different ISI elements can also be measured using
the same method.

The existence of the delta-correlated term was observed in the past by several re-
searchers who attempted to measure the correlation properties of NLI-induced phase
noise [94], and it hinders the direct measurement of the ISI coefficients’ variance. This
obstacle is easily circumvented by making use of the fact that the ISI matrices Rl(") are
characterised by a moving average model and therefore their ACF fg, (An) is smooth.
Hence, the value at An = 0 may be obtained from the rest of the ACF (An > 0) via
interpolation.

The generalisation to the dual-polarisation case is fairly straightforward. This time

we use the estimate,

R" = —i(s, —a,)bl_; =R" + V" (4.4)

~1
b, = < i ) , (4.5)
Cly7n

with a, , and a,,, denoting the two polarisation elements of @,,, and the estimation noise

matrix Vl(") is given by,

where b, is defined as

0 Axn
Vl(n) = Z Rl(ln)gnfll b; + Rl(n) (tly,n ag") - lﬂnéz (46)
I'#1 axn

Ax.n
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(n)

Similarly to the scalar case, all elements of V,
the ACF of the i, j-th element of Rl(n) is given by,

are white processes, and therefore

. ~* (n+An)
le,ij(An 1\171320_ Z Rl AL

= fr,,;;(An) + Var [Vl(”)} d(An),

where i, j € [x,y].

4.2 Experimental setup and results

In the experiments the drive signals were generated from sequences of 2!¢ random bits
mapped to 64 QAM symbols and nonlinearly pre-emphasised using a Volterra filter to
compensate for transmitter nonlinearity [7], as described in Section 2.5.2. The symbol
rate was set to 40 GBaud and a RRC filter with 0.001 rolloff was applied. The signals
were uploaded to a 92 GSa/s DAC, linearly amplified and applied to 2 separate 1Q
modulators that were used to independently modulate odd and even WDM channels,
which were decorrelated with a 15 ns delay and polarisation multiplexed. The channel
spacing was set to 42.5 GHz and the number of WDM channels was changed between
1 and 15. The nominal linewidth was 1.1 kHz for the central channel and 100 kHz for
the other channels. In all cases, the central channel was used as the CUT.

VOA AOM
1-Mod Pol —

0) Mux
15ns

A A

63GHz Bandwidth
Coherent Receiver

1x1.1kHz
14x100kHz

Figure 4.1: Experimental setup

For transmission, a recirculating loop was used as shown in Fig. 4.1, with a loop-
synchronous polarisation scrambler and a 101.39 km span of fibre with a total loss of
16.2 dB, with a dispersion of 20.2 ps/(nm-km) and y of 1.2 (W-km)~' . Two EDFAs
(5 dB noise figure) separated by a WSS (serving as a programmable gain flattening
filter) were also present inside the loop. The number of times that the signal circulated
through the loop was controlled to determine the transmission distance. A single span
enabled fine control over transmission distance. The coherent receiver used an ECL
with 12 dBm output power and 1.5 kHz nominal linewidth, and balanced photodiode
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Figure 4.2: Measured auto-correlation functions for various ISI coefficients. (a) Shows the
ACEFs for the diagonal ISI elements, R; ., for ISI orders [ = 0,4+1,£2,43. (b) shows the ACFs
of the four elements of the ISI matrices Ry;. Coloured curves correspond to experimental
results, while black curves to split-step simulations. In all cases, the delta-correlated term

Var [Vl(lnj)} d(An) was artificially removed, as to produce a clear figure.
detectors. The received signals were sampled by a real-time digital oscilloscope with
an analogue electrical bandwidth of 63 GHz at 160 GSa/s.

The offline digital processing of the traces followed the process described in Ap-
pendix B. The constant modulus algorithm (CMA) was preconverged 61 taps for the
LMS radially directed equaliser (RDE), with the carrier phase estimator using 256
taps. The experimental results are supplemented by split-step simulations which were
performed using the same link parameters specified above. In contrast to the experi-
mental setup, the simulations do not include the effects of ASE, laser phase noise, and
the receiver’s DSP. Thus, they are used to ascertain that the observed correlations are
indeed due to NLI and not any receiver issues. The number of symbols used in each
simulation was 2'3, and 50 independent runs were performed for each configuration,
as to obtain smooth results.

Fig. 4.2 shows several examples of the ISI coefficients’ auto-correlation functions,
for the case of a 20 x 100 km link, carrying 7 WDM channels with 2.5 dBm launch
power per channel. Fig. 4.2 (a) shows the ACFs of the xx diagonal elements of seven
ISI matrices, corresponding to / = 0,41,+£2,43 for the experimental measurements
and all the simulations. Due to the presence of ASE noise, the ACFs of higher-order
ISI coefficients could not be adequately resolved in the resolution of the figure. Note
that elements that correspond to the same |/| (e.g. R 1 and R_1 ) have the same auto-
correlation properties, although the values of the coefficients themselves at any given
moment are different. It can be seen that all of the coefficients are characterised by
correlation times of the order of tens of symbols. Fig. 4.2 (b) shows the four elements
of the -1 ISI matrices, Ry{. As can be expected from symmetry, the ACFs of the two

diagonal terms are identical, as are the ACFs of the two off-diagonal terms. In addi-
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tion, the diagonal elements are considerably stronger than the off-diagonal elements,
although the ratio between them depends on the transmission parameters (e.g. the vari-
ance of the diagonal elements depends on the modulation format, whereas that of the
off-diagonal elements does not [45]). In all cases except [ = 0, the agreement between
the measured and simulated results is excellent. The discrepancy in the case of [ =0
is likely to be due to the laser phase noise and the phase recovery algorithm that was
used in the case of the experimental data. Attempts to include the same algorithm in
the simulation failed to produce consistent results as the DSP reacts differently to each
realisation of noise.

The actual ACFs from the noisy measurements by fitting the positive side of the
measured ACFs (An > 0) to a 5™ order polynomial function. The variance was es-
timated to be the fitted function’s value at An = 0, whereas we define the correlation
time as the point where the correlation drops to e~! of its peak. Fig. 4.3 shows the
dependence of the ISI coefficients’ variance and correlation time on the launch-power,
the length of the system, and the number of interfering WDM channels. As expected
from the results presented in [45], the variance of the ISI coefficients is proportional to
the square of the launch power, but the correlation time remains independent of power.
It can be seen that both the variance and correlation time of all coefficients increase
with the link’s length, as shown in Figs. 4.3 (c) and 4.3 (d). The growth in variance
is simply due to the accumulation of larger nonlinearity, whereas the growth in the
correlation time is attributed to the larger overall walk-off between the channels. The
gradual growth of the variance with the number of WDM channels in Fig. 4.3 (f) is
consistent with the fact that the total NLI increases when more ICs are added into the
system. As expected, the growth of NLI is seen to be more pronounced in the behavior
of R(()") , which accounts for PPRN. This is caused by the fact that the added WDM
channels are spectrally farther from the CUT, in which case their nonlinear interaction
with it is characterised by a larger fraction of complete collisions [27]. Yet, the weak
dependence of the correlation time on the number of channels seen in Fig. 4.3 (e), is
somewhat surprising in view of the increasingly fast walk-off that characterises the
interaction with each additional IC that is added into the system. Notice that while in
cases where [ # 0 the experimental results are generally in good agreement with the
simulations, the case of / = 0 is characterised by various irregularities. Most obvious
of which is the non-physical variations of the correlation time of Ry ,, with the launch
power in Fig. 4.3 (a) and with the number of WDM channels in Fig. 4.3 (e). As noted
earlier, this phenomenon is likely due to the effects of laser phase noise and to the
stability of the phase-recovery algorithm, which seems to produce different results at
different operating points. Attempts to reproduce this behavior in simulations were
unsuccessful.

In Fig. 4.4 we demonstrate the use of the proposed technique for evaluating the
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Figure 4.3: Correlation time (left column) and variance (right column) as a function of power
(a,b), system length (c,d), and number of WDM channels (e,f). In all cases the CUT is at
the centre. The figures show Ry . (blue-dots), R y, (red triangles), R . (yellow rectangles),
and R3 y, (purple diamonds). Simulations are shown by dashed curves. The number of WDM
channels in panels a—d is 7 (3 on each side of the CUT). The power in c—d was 2dBm, and that
of e—f was 5.5 dBm. The number of 100 km spans in panels a,b,e, and f, was 20.

cross-correlations between different ISI orders. The correlations between the / = £1
ISI orders are considered in Fig. 4.4 (a), whereas Fig. 4.4 (b) focuses on the correlation
between ISI orders / = 0 and / = 1. All curves were obtained only for the xx elements
of the involved matrices and normalised to the square root of the product of the cor-

responding variances, such that the value at zero delay yields Pearson’s correlation

coefficient. Notice that the cross-correlation functions of the real parts of Rg'c) . and of
(n)

xx,1

the imaginary parts of R ', in Fig. 4.4 (a) peak very close to —1, and 1, respectively.
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Figure 4.4: Normalised cross-correlation functions of the xx elements of the /;, = =1 ISI
matrices (a) and the /; = 0 and /; = 1 ISI matrices (b). The functions are plotted separately for
combinations of the real and imaginary parts. The coefficients’ real and imaginary parts are

denoted by R¢, and R}, respectively.

This indicates that R(n)l and R(n)

o 1 are almost exactly the complex conjugates of one

another. The fact that the peak absolute value of the experimental curves in Fig. 4.4 (a)
is slightly larger than 1 is due to measurement noise. A much weaker correlation char-
acterises the relation between ISI orders / = 0 and / = 1 shown in Fig. 4.4 (b). In
general, the strong correlations exist between coefficients corresponding to ISI orders
of opposite sign (such as 41, or 42 etc.). This correlation is strongest for the / = +1
coefficients and reduces gradually as |/| increases. The correlation between all other
pairs of coefficients is significantly smaller. This interesting behaviour arises from the
particular structure of the ISI matrices (see Eq. (8) in [26], and Eq. (7) in [24]). The
nonlinear interaction coefficients of opposite sign pulses are very similar, leading to
this result.

The attention of this thesis now focuses on the effectiveness of the nonlinear mit-
igation technique, DBP. Experiments using straight line and recirculating loop setups
are conducted and compared as described in Section 3.1. DBP is then implemented for

a transmission system utilising multicore fibre.

4.3 Nonlinearity mitigation in a recirculating loop

The transmission system used in the previous section for investigating NLI correlations,
is also used to investigate the use of digital back propagation in a recirculating loop or a
straight line. The differences in the recirculating loop for this experiment are as follows,
the CUT and LO were from an ECL with 100 kHz linewidth and the transmission
distance (11 spans, 1114 km) is chosen to be the furthest that can be directly compared.
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Four different cases are investigated. A total of seven channels was sent in all cases.
The modulation formats of the channels were changed from 4QAM and 64QAM and
the interfering channels changed to SS-ASE just as in Section 3.3.4. The launch power
was varied from -5 to 7 dBm per channel and single channel DBP with optimised fibre
dispersion parameter D, nonlinear parameter y and split-step size, was performed for
all launch powers and the SNR of the CUT was measured. The results are shown in
Fig. 4.5.
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10l A4QAM+DBP 10! 64QAM+DBP
+4QAM+SSASE +64QAM+SSASE
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Figure 4.5: Experimental results showing SNR as a function of launch power for 7 chan-
nels after 11 spans 1114 km containing (a) 4QAM or (b) 64QAM. Plus markers showing the
performance for all modulated channels, upward pointing triangles showing the performance
with DBP, crosses showing the performance when using SS-ASE, downward pointing triangles
showing the performance with SS-ASE and DBP. Lines showing the third order polynomial
fitted to the data for calculating the peak SNR at optimum launch power

Due to the amount of noise from the transceiver it can be seen that the difference at
optimum launch power is smaller than that measured at 2028 km in Section 4.5. At this
distance of 1114 km, without DBP, the difference at optimum launch power is 0.29 dB
and 0.09 dB for 4QAM and 64QAM respectively. After DBP the difference between
modulated channel interferers and SS-ASE becomes 0.45 dB and 0.21 dB for 4QAM
and 64QAM respectively. The gain in SNR from using DBP on 4QAM modulated
channels and 4QAM with SS-ASE is 0.54 dB and 0.43 dB respectively. Likewise, for
64QAM the gain in SNR from DBP for modulated channel interferers and SS-ASE is
0.49 dB and 0.37 dB respectively. For both modulation formats the use of SS-ASE
results in a worse performance of DBP. Due to increased NLI, DBP can mitigate more
noise but the amount of noise that cannot be mitigated is increased by a larger amount.
That is, the performance of SS-ASE with DBP is not as good as channels interferers
with DBP.

To see this effect more clearly the effect of NLI mitigation is investigated as a
function of distance for 64QAM at a fixed launch power of 1 dBm, the optimum launch
power for the case of DBP. The SNR and DBP gain for the CUT is shown in Fig. 4.6.
Here, it can be seen that at distances below 600 km the SNR is limited by the back-to-
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back transceiver noise. As the distance was increased past this point the difference in
the two loading schemes can be seen.

Due to the use of a fixed launch power the benefit of DBP in the case of SS-ASE
is increased. This is not in contradiction with the previous results where the SS-ASE
reduced the DBP gain, but the gain was calculated at the optimum launch power. If
DBP gain was measured at optimum launch power for both 64QAM with channel
interferers and SS-ASE the opposite trend would be seen where SS-ASE performs

worse than modulated channels.
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Figure 4.6: SNR (a) and gain from DBP (b) measured as a function of distance for 7 channels
containing 64QAM at a fixed launch power of 1 dBm. Plus markers showing the performance
for all modulated channels, upward pointing triangles showing the performance with DBP,
crosses showing the performance when using SS-ASE, downward pointing triangles showing
the performance with SS-ASE and DBP.

4.4 Straight line transmission link

This section describes one of the two experiments conducted at NICT. Here, nonlinear-
ity mitigation is performed on a fully loaded C-band after straight line link transmis-
sion. Fig. 4.7 shows the system setup for the straight line link. The interfering channels
consist of 56 odd and 56 even ECLs modulated with 25 GBd 16QAM Nyquist pulse
shaped with a roll off of 0.1. The CUT was centred at 1551.17 nm with 2 channels
on either side. These are modulated in an odd-even pattern with 24.5 GBd Nyquist
pulse shaped signals with a roll off of 0.01. The 5 test channels are combined with the
interfering channels with a WSS. This is then amplified ready for launch into the fibre
transmission link.

The straight line link consists of 22 reels of fibre and 11 EDFAs preceding each
span. Each fibre span is made of two reels, each 50.6 km long and the dispersion para-
meters of each span are given in table 4.1. The output of the final span was amplified,
then bandpass filtered on the CUT with a width of 30 GHz before being detected with
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Figure 4.7: Setup showing straight line transmission system, inset showing received spectrum
with resolution of 0.2 nm for different total launch powers. All spools are 50.6 km long leading
to 101.2 km spans, where the dispersion for each spool is found in Table 4.1

Table 4.1: Table describing the dispersion map of the straight line link, showing each spool
number in transmission order and its corresponding dispersion

Spool No. Dispersion Spool No. Dispersion
( ps/(nm.km) ) ( ps/(nm-km) )
1 16.4 12 16.3
2 16.3 13 16.4
3 16.3 14 16.2
4 16.5 15 16.2
5 16.4 16 16.1
6 16.4 17 16.0
7 16.3 18 16.2
8 16.3 19 16.3
9 16.2 20 16.3
10 16.2 21 16.3
11 16.0 22 16.3

a polarisation diverse coherent receiver. In order to maintain the spectral flatness each
EDFA was set to have a fixed gain of 22 dB. This gain corresponds to the flattest spec-
tral response of the EDFA. The EDFA gain is greater than the loss of the fibre span
and hence, the following VOA was used to set the launch power and not change the
subsequent EDFA’s gain. The inset of Fig. 4.7 shows the received optical spectrum
after 1100 km of transmission for total launch powers of 18, 19, 20 and 21 dBm corres-
ponding to a launch power per channel of -2.5, -1.5, -0.5 and +0.5 dBm respectively.
As can be seen, the previous technique of using a fixed gain mitigates the gain tilt but
does not completely remove it as the EDFA is still sensitive to total input power.

The received CUT was sampled on an oscilloscope operating at 80 GS/s with an
analogue bandwidth of 33 GHz. These measurements were processed offline with
dispersion compensation, RRC filtering, LMS-RDE using 32 taps preconverged with
CMA, frequency offset removal, carrier phase recovery and then the symbols were
converted into bits as described in Appendix B. The received bits were then aligned
with the transmitted ones, bit error rate (BER), SNR and MI were calculated.
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Figure 4.8: SNR measured as a function of total launch power for C-band transmission over a
straight link with and without DBP. Circular markers show SNR for 16QAM and stars are for
64QAM.

The total launch power was swept from 16 to 20.5 dBm and the SNR is shown in
Fig. 4.8. This range was limited such that the tilt across the entire received spectrum
was less than 3 dB. It can be seen that the optimum launch power was measured to
be 18 dBm or equivalently -2.5 dBm per channel. As the launch power was reduced
by 1 dB the SNR dropped by 0.25 dB. This is smaller than the expected 1 dB because
of the large bandwidth the CUT power is effected by the residual gain tilt. The signal
power of the CUT changes by 0.5 dB, closer to the calculated change in SNR. The
SNR of the 64QAM channels is seen to be lower than that of the 16QAM, this is
due to the transceiver noise limit being higher for 64QAM and the modulation format
dependence of NLI.

DBP was performed on the traces and is also shown in Fig. 4.8. For DBP to work
optimally the nonlinear phase rotation and dispersion need to be known accurately. In
[76], it was found that a change in dispersion of 0.05 ps/(nm-km) can change resultant
SNR by 0.5 dB. The power profile and dispersion map have to be accounted for and is
shown in table 4.1.

The algorithm was run both with and without knowledge of the dispersion map. In
the ‘no knowledge’ case the total dispersion of the link is assumed to occur uniformly
such that each span has the mean dispersion of all the spools. The difference between
having no knowledge and full knowledge was found to be 0.01 dB, not statistically
important. From Fig. 6 in [75] it can be seen that the sensitivity to dispersion becomes
important for full field DBP. It is not known if this sensitivity is a function of the
amount of back propagated bandwidth or a function of how close the back propagated
bandwidth is to full field.

The improvement in SNR at optimum launch power was measured to be 0.41 dB.

This is slightly less than 0.54 dB gain measured in the recirculating loop experiment
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Figure 4.9: MI measured as a function of total launch power for C-band transmission over a
straight link (1100 km) with and without DBP. Circular markers show SNR for 16QAM and
stars are for 64QAM. For 64QAM transmission a total throughput of 22.01 and 22.77 Tb/s with
and without DBP is achieved

in Section 4.3. The difference in DBP gain between the straight line and recirculating
loop is quite small at 0.1 dB and even though the transmission distance is the same,
other parameters are different. For the straight light and loop experiments, the trans-
mission bandwidths were 4000 GHz and 400 GHz and the symbol rates were 25 GBd
and 40 GBd respectively. In the straight line case, the dispersion map was taken into
account but the launch power into each span was assumed to be constant. The meas-
ured gain could be improved if any knowledge of power variation was given to the
DBP algorithm.

Fig. 4.9 shows the MI for CUT with and without DBP, calculated using Eq. 2.6
in Sec. 2.1.2. Additionally shown are 64QAM points (stars) which are 0.63 bits and
0.78 bits higher than 16QAM. This is experimental confirmation that when using MI as
a figure of merit, the higher achievable rates come from using higher order modulation
formats. The potential system throughput calculated by multiplying the number of
carriers by their symbol rate and the MI for the carrier, allows comparison of effects on
the entire C-band system. In terms of total throughput for this link, the use of16QAM
together with DBP resulted in an increase of 190 Gb/s, whilst changing the modulation
format to 64QAM & not performing DBP an increase of 1764 Gb/s was found. This
demonstrates for a C-band system, there is a greater gain in throughput by choosing the

appropriate modulation format rather than implementing nonlinearity compensation.

4.5 Intercore-crosstalk (IC-XT) on SNR

Spatial division multiplexing (SDM) is being widely investigated as a tool for increas-
ing capacity of optical fibres, both in long-haul and short range links [144]. MCF tech-
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nology is rapidly improving and provides a route to investigate potentially very high
spectral efficiencies [132]. One of the limitations of SDM is crosstalk (XT) between
adjacent spatial channels. The IC-XT stems from power coupling between cores dur-
ing propagation and so builds up in a distributed manner. This is phenomenologically
different compared to in band XT from other optical components like splices, amplifi-
ers and filters [101]. How the nonlinear nature of the fibre and XT interact is an area
of active research [72, 73].

IC-XT can be a dynamic process that has to be studied over hours or even days
[107]. The theory behind IC-XT is linked to phase matching points along the fibre
[71]. When this condition is met, power transfer can occur from one core to another.
Factors affecting the number of phase matching points include, skew between cores,
bending radius of the fibre on its storage reel, the fibre temperature, the fibre’s axial
twist and the spectral occupation [137]. The intercore skew or delay between each
core is measured in ps and can affect total IC-XT [103]. Also in [103] it was shown
that IC-XT power fluctuations are mainly induced by a correlation between different
spectral components. Fluctuations can be relieved by either transmitting through fibres
with large inter-core skew or using moderate to high symbol rates, that is for a skew
symbol rate product >10. However, signals that contain a strong carrier, like OOK or
PAM4, maintain a level of crosstalk power variation, even for large skew and symbol
rates. Thus, intensity modulated systems likely require a performance margin even
at high symbol rates and skew values. In contrast, the observation of low crosstalk
variation for higher order modulation formats suggests that no such margin is required
for systems using these formats.

In [73] it is shown that with high launch powers (>2 dBm) the variance and mean
of IC-XT is reduced. This study only featured CW light sources, but it was shown
that both the variance and means of the IC-XT reduced above 2 dBm. Hence it can
be implied that moving to the high power regime would reduce IC-XT at the expense
of SNR, but nonlinearity mitigation, such as DBP, might be enough to overcome the
nonlinear loss of SNR to make the MCF more viable due to effectively lower IC-XT.

4.5.1 Modelling the impact of IC-XT

When only EDC is performed, the SNRgpc after long distance transmission is dom-
inated by four separate, independent, noise components: ASE noise variance G%&SE’
transceiver noise variance 6, nonlinear interference noise variance 6%; ; and IC-XT
noise G%(T. The noise variance after transmission can then be estimated as the following
sum,

) 2 2 2
OEpc = OASE T OTR T ONLI + OXT- 4.7)
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The variance of each of these noise contributions have zero mean so the variance is
equal to the noise power itself.
This results in the received SNRgpc being described as,

1 1 1 1 Pxt
— - - + T
SNRgpC SNRasg  SNRtr  SNRniI P

(4.8)

where SNR 4gE is the SNR as a result of cumulative noise power from the EDFAs in the
link Pasg, SNRyy 1 is the SNR due to NLI, Pxt the time averaged crosstalk power, P
the signal power, where SNRTR is the back-to-back SNR that is set by the transceiver
noise. This gives a theory of what the resultant SNR of the CUT would be with the
assumption of linear noise.

Building upon the work in [38, 128] where using the GN model results in an equa-
tion for SNR when only EDC is performed, we add to this work by including a term to
account for the IC-XT as reported previously [53]. Noise from IC-XT is distributed in
nature but here it is assumed to be a lumped source of white gaussian noise. Just like
Pasg is added at the end of the span in the EDFA case, Pasg from XT is added at the

end of each span,

Py
]\/Y(l_’_s)nl')s3 + kP +N(PASE + PXT) ’

SNRgpe = (4.9)
with the number of spans N, the coherence factor €, the NLI coefficient for one span
N and kP = G%R the transceiver SNR limit. This means that SNRtr = 1/x allowing
the experimental feature of transceiver noise to be captured. The factor kg incorporates
another experimental issue, the balance of noise from the transmitter and receiver. This
is set to kg = 1 for all noise at the receiver and kg = O for all noise at the transmitter.
The split of noise becomes relevant in the case of NLI mitigation [128].

The nature of IC-XT as a distributed noise source is ignored here, as in [128] where
the distributed noise from Raman amplification is treated as a lumped. Here the same
assumption is made so the same accumulation coefficient &; for Pasg and Pxr is used.
In the EDC case additional IC-XT acts in the same way as increasing transceiver noise.
It sets a limit to the maximum achievable SNR. In the DBP case it beats in the same
way as Pagg as it is added every span rather than at the transceiver so mixes with the
signal during propagation. By corollary, the SNR after DBP can be calculated as in
[38]. For simplicity, the SNR only when full field DBP is performed is shown, and is
given by,

Py

SNRpgp = )
kP + NPasg + 3N (&1 (Pask + Pxt) + E2KrPs ) P?

(4.10)
where ASE accumulation factor is &; = ZkN:_l' k(17€) and transceiver noise accumula-
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Figure 4.10: Experimental setup showing transmitter configuration, recirculating loop using
multicore fibre and receiver. A tap before the central core is used for applying power to inter-
fering cores so that the cores have recirculated light like the core under test.

tion factor is &, = N (1+e) & represents the residual beating between signal and ASE
noise from the optical amplifiers that offset the span loss. &, represents the residual
uncompensated beating between signal and transmitter noise and the residual beating
between signal and receiver noise. Both of these beating accumulation contributions
build up during the propagation in the physical link and are then either reduced or
enhanced at the receiver side. The pre-factor 3 before 1 denotes the degenerate signal-

noise mixing.

4.5.2 Experimental investigation of IC-XT

The setup used to investigate nonlinear mitigation in MCF is shown in Fig. 4.10. Here
a 24.5 GBd signal is generated offline and Nyquist pulse shaped with a roll off of 0.01,
this is modulated on to an ECL at A = 1550.16 nm with a nominal linewidth of 100 kHz.
This signal is sent into a recirculating loop containing a 53.7 km span of 7-core MCF.
The fibre had a core diameter of 8.2 um, a core pitch of 41 ym and a diameter of
160 um. A loop synchronous polarisation scrambler is used to limit the effects of po-
larisation dependent loss and a WSS is used as a bandpass filter. IC-XT was emulated
by using interfering channels generated from the loop output after each recirculation.
The interfering channels were amplified and decorrelated with fibre patch cords before
being re-injected into the adjacent fibre cores. Generating the interfering channels by
taking a tap from the loop input ensured that the interfering channels had experienced
transmission impairment and similar to that of the CUT, closely emulating a real MCF
link.

Fig. 4.11 shows the SNR as a function of launch power for different IC-XT levels.
At 2148 km the total accumulated IC-XT for the maximum and minimum values of
XT/100 km -23.5 and -42.2 dB/100km correspond to -7.48 and -26.18 dB respectively.
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Figure 4.11: SNR shown as a function of launch power for a single 16QAM channel at a
distance of 2148 km (40 recirculations) for different IC-XT levels

a) 20 12,
8l V——V\W_VX 11l V_V\‘V'VLVVV
L 3107
16 =
T 14} S
4QAM 110 2 °f O——O0—0—09¢ -
% 121 0160AM 4022222 £ 71 [A4QAM 110spans
@) /64QAM 10spans = 6 (O16QAM 40spans
107 S 5 [\/64QAM 10spans
8t "
3 L
6 ‘ ‘ ‘ : ‘ ‘ 2 : ‘ ‘ | ‘ |
-45 -40 -35 -30 -25 -20 -15 45 40 35 30 25 20 15
XT (dB/100km) XT (dB/100km)

Figure 4.12: SNR and MI for 4QAM, 16QAM and 64QAM shown as a function of IC-XT at
optimum launch power of -4 dBm for 10, 40 and 110 spans respectively

As can be seen, the higher the values of IC-XT reduce the SNR in all parts of the curve.
The optimum launch power was found to be -4 dBm for all IC-XT levels. Changing
from minimum to maximum IC-XT results in a drop in SNR of 2.7 dB at optimum
launch power.

The SNR was then measured at optimum launch power for PDM-4QAM, PDM-
16QAM and PDM-64QAM at 110, 40 and 10 spans respectively and is shown in
Fig. 4.12. The addition of XT again reduces the SNR in what seems like a very signi-
ficant way for all tested modulation formats. The lower order modulation formats have
their SNR reduce quicker as a function of XT/100 km due to the greater transmission
distances and associated accumulated XT.

In order to understand this in the context of system throughput, the effect of XT on
achievable information rate (AIR) is shown in Fig. 4.12. The back-to-back MI achieved
for PDM-4QAM, PDM-16QAM and PDM-64QAM was 4, 8 and 11.98 bits/s/Hz re-
spectively. At these distances (110, 40 and 10 spans) a XT level of -32.2 dB/100 km
(corresponding to the same launch power in all cores [102]), the achievable rate drops
by 1.4% for PDM-4QAM, 1% for PDM-16QAM and 0.2% for PDM-64QAM. If a
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Figure 4.13: SNR shown as a function of launch power for a single 16QAM channel at a
distance of 1880 km (35 recirculations) for the maximum and minimum IC-XT levels, with
and without single channel DBP.

loss of 7% in achievable rate is permitted XT can be increased to -26, -25.2 and -
19 dB/100 km, for 4QAM, 16QAM and 64QAM respectively. When maximum reach
is not a limiting factor in link design, additional XT can be allowed, leading to finer
core pitch, which would accommodate more cores in a fixed fibre diameter. This results
in more spatial channels to multiplex over giving higher throughput. For PDM-4QAM
after a long haul distance of 5,907 km, a XT of -26.6 dB/100 km drops the achievable
rate by 0.31 bits, a loss of only 7.8%. For PDM-16QAM at a distance of 2148 km, the
rate drops by 0.42 bits (5.4%) and for PDM-64QAM it drops by 0.17 bits (only 1.5%)
after 537 km. The increasing loss of AIR with lower modulation formats is a result of

the total accumulated XT being higher.

4.5.3 Nonlinearity mitigation in the presence of IC-XT

The effectiveness of the NLI mitigation technique DBP has been evaluated in the pres-
ence of additional noise from IC-XT. Fig. 4.13 shows the SNR of the CUT as a function
of launch power for 2 different IC-XTs (-23.5 and -42.2 dB/span), with and without
DBP. The maximum achievable SNR at the optimum launch power of -4 dBm is re-
duced by 2.7 dB when increasing the IC-XT from -23.5 dB/100 km to -42.2 dB/100 km.
When DBP was applied, the optimum launch power was increased to -2 dBm. The cor-
responding SNR gains with respect to the EDC case were 0.47 dB and 0.99 dB for
IC-XT values of -23.5 dB/100 km and -42.2 dB/100 km, respectively. This shows that
DBP is still effective in removing NLI on MCF transmission in the presence of IC-XT.
However, the achievable DBP gain was clearly reduced with the increase of IC-XT.
To show this effect clearly in Fig. 4.14 SNR is plotted as a function of IC-XT for
a distance of 1880 km (35 spans) for a constant launch power of -2 dBm. As can be
seen increased levels of IC-XT lead to a reduction in SNR. The theory lines shown are
Eqgs. 4.8, 4.9 & 4.10 where SNRgp( is plotted, the Pxt term is calculated as the total
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Figure 4.14: SNR shown as a function of IC-XT at 1880 km with and without DBP at a
constant launch power of -2 dBm. Dashed lines showing the analytical SNR for the given
IC-XT. Solid line showing the additive noise from IC-XT on a fixed SNR at minimum IC-XT

cumulative IC-XT and all the other noise terms are kept constant. A reduction of 1 dB
in SNR corresponds to an IC-XT level of -27.6 dB/100 km, which is less than the case
of equal launch power in all cores. In the case of DBP it is seen that there is gain for
all investigated levels of IC-XT and the gain progressively decreases with increasing
IC-XT. It can be noted that this graph looks very similar to Fig. 6(b), where SNR is
limited by another noise source that is not IC-XT causing the plateau at low IC-XTs.
The amount of gain DBP provides, is known to be a function of the amount of signal-
noise mixing [104]. As this is a stochastic component that cannot be mitigated, it is
expected to decrease steadily with increasing IC-XT. The noise sources that contribute
to signal-noise mixing are Pyr, ASE noise power or the ultimately limiting transceiver
noise [38]. For larger IC-XT values there is more noise power present, that increases
the amount of mixing noise power and, hence, reduces the achievable gain. At high
IC-XTs the curve tends to being linear as IC-XT becomes the dominant noise source
with a smooth transition as both noise sources are contributing factors.

The DBP theory curve in Fig. 4.14 is seen to not agree with the experiment for
IC-XT less than -25 dB/100 km. This was discovered to be due to a faulty AOM used
in the experiment. When given the signal to continuously block transmission of light,
the AOM outside of the recirculating loop was discovered to start turning transparent
after 30 spans. This in turn would let light enter the loop at the same wavelength as
the recirculating signal, leading to an apparent increase in IC-XT with distance. This
causes all of the experimental points where the dominating noise source is not IC-XT
to be lower than expected. The EDC reciprocal line in Fig. 4.14 was calculated by
incorporating the light that leaked into the loop into the Pasg for the minimum IC-XT
level, then adding the IC-XT as was measured. This shows good agreement but is not
rigorous enough to be used to corroborate Egs. 4.9 & 4.10.

Fig. 4.15 shows the SNR improvement after DBP has been applied for different
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Figure 4.15: Measured SNR gain from DBP shown as a function of IC-XT at 1880 km at
optimum launch power of -2 dBm

IC-XT levels at a constant launch power of -2 dBm. Here the effectiveness of DBP
can be clearly seen to drop with increasing IC-XT. The step from minimum IC-XT
of -42 dB/100 km to -35.66 dB/100 km the DBP gain drops by only 0.1 dB, a rate
of 0.01 dB per dB. It is noted that with an IC-XT of -31.6 dB/100 km the case for
equal power into all cores [102], DBP gain drops from 1.56 dB to 1.35 dB a reduction
of only 13.5%. For IC-XT higher than this the DBP gain drops more significantly at
a rate of 0.077 dB per dB. It is noted that in the case of full field DBP, transceiver
noise plays a significant part of the potential gain [38]. With higher levels of IC-XT,
more signal-XT mixing occurs and DBP cannot mitigate these mixing terms due to the
noise’s stochastic nature as well as deterministic SCI.

The measured back-to-back SNR of the system was 24.5 dB and with the transmis-
sion distance shown here of 1876 km, the received SNR is 15 dB. At this distance the
effect of transceiver noise on DBP is reduced but as shown in [38], this is still signific-
ant as it is less than 16 dB away from the maximum back-to-back SNR. Hence, longer
transmission distances are required until the received SNR reaches 8.5 dB, where the
DBP gain would be limited by Pssg and Pxr.

It is expected that the trends seen here will not extend to broadband transmission,
where the captured and back propagated bandwidths are smaller than that transmitted.
In this case, the assumptions made in Eq. 4.10 are no longer valid. When the transmis-
sion bandwidth is larger than the back propagated bandwidth more uncompensatable
NLI is generated by the receiver, since it is not captured. This reduces the maximum
potential DBP gain and would affect the overall conclusions of this work in a full
C-band transmission.

Fig. 4.16 shows DBP gain as a function of different distances. As can be seen
longer transmission distances correspond to higher DBP gain, but distances beyond 50
spans start to show a reduction in gain as the ASE signal mixing becomes larger. This

shows some of the limiting cases of DBP gain: at low IC-XT as the SNR is still within

101



Chapter 4. Mitigation of Nonlinear Interactions

2 -
10 spans
— 20 spans
-GCJ; 15+ 930 spans
~ %40 spans
-% 50 spans
(@) 1F
o
m
m)
0.5¢

-45 40 -35 -30 -25 -20 -15
XT (dB/100km)

Figure 4.16: Measured gain in SNR from DBP shown as a function of IC-XT at fixed launch
power of -2 dBm, for different distances
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Figure 4.17: Measured MI gain for 16QAM shown as a function of IC-XT at fixed launch
power of -2 dBm, for different distances

the effects of the transceiver limit. The balance of noise sources can be seen to shift
from transceiver noise to crosstalk as IC-XT is increased. For high IC-XTs (>25dB)
it can be seen that the noise dominates and so DBP gain is set by the IC-XT. From
[38] when received SNR is less than 2/3 of the transceiver limit (2/3-24 dB = 16 dB)
DBP gain is reduced by less than 0.1 dB. The corresponding threshold for IC-XT noise
dominance after 10, 30 and 50 spans is -26, -30.7 and -33 dB/100km respectively.

The impact of this gain on achievable rate is shown in Fig. 4.17 where gain MI
is plotted as a function of XT. MI gain with increasing XT is seen to not decrease
monotonically. This figure seems to conflict with Fig. 4.15 but this is not the case. The
absolute SNR with higher XT is lower. This is the region in which MI is no longer
limited by the number of bits per symbol, so the gain from DBP over comes the loss in
SNR. This happens until the slope of bits/SNR stops changing, then the loss of SNR is
more significant than the DBP gain and MI starts to drop again.
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Figure 4.18: Plot of BER against distance for (a) 4QAM, (b) 16QAM and (c) 64QAM with
5 different levels of crosstalk and (d) transmission distance for a BER threshold of 0.01 as a
function of IC-XT

4.5.4 Impact of crosstalk on square QAM formats

The modulation format dependence of NLI is well understood [17, 37, 82, 129] but is
not thoroughly investigated in the presence of IC-XT. The modulation format 4QAM
or QPSK is statistically the most different to Gaussian and has the largest difference
in performance of those investigated here. 16QAM is a large step up from QPSK and
64QAM is effectively the same as 16QAM in terms of NLI generation [129]. Higher
order QAM still has an offset to a Gaussian modulation format but in terms of NLI
the differences are negligible. The same setup (Fig. 4.10) was used to investigate
the dependence of IC-XT on transmission distances for different modulation formats
(4QAM, 16QAM and 64QAM).

The back-to-back achievable SNRs for 4QAM, 16QAM and 64QAM were meas-
ured to be 23.7, 24.1 and 23.9 dB respectively. The difference between modulation
formats here is small so the change in transceiver noise is not a source of modulation
format dependence. With the transmission distance shown here of 1876 km, the effect
of transceiver noise on DBP is reduced but is still significant. For transceiver noise to
contribute less than 0.1 dB the SNR needs to be 8 dB [38]. In the longer transmission

case the gain is mostly limited by the noise generated in transmission such as Pygr and

Pxr.
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Figure 4.19: Achievable transmission distance at a BER threshold of 1.5x 1072 as a function
of crosstalk power per span for 4QAM, 16QAM and 64QAM with and without DBP

Figs. 4.18 (a), (b) & (c) show the BER as a function of distance for QPSK, 16QAM
and 64QAM modulation formats, respectively, as a function of distance for 5 different
IC-XT levels with a fixed input power of -2 dBm. It can be seen that the BER gets
worse as the distance increases for all modulation formats. This is due to the build
up of Pysr and Pxr. For a fixed BER of 0.01 and the minimum IC-XT level of -
42 dB, the distance QPSK 16QAM and 64QAM reach were 117, 33 and 9 spans. The
distance 64QAM reaches for a given BER is lower than that of 16QAM, which in turn
is lower than that of QPSK. This is due to the different OSNR requirements for each
modulation format as the symbols are spaced closer together. For the highest IC-XT
level of -16 dB, the achievable transmission distance drops to 37, 12 and 4 spans. For
higher levels of IC-XT it can be seen that the achievable distances are reduced by more
than 50% for all modulation formats.

By taking a BER threshold level of 0.01 as shown on the graph as horizontal lines,
the performance of each modulation format can be compared. The intersection of
the threshold with the transmission lines for each IC-XT sets a maximum achievable
distance for each modulation format. It is now possible to plot achievable distance
as a function of IC-XT for all 3 modulation formats and this is shown in Fig. 4.18d).
From this graph it can be seen that all modulation formats’ transmission distance is
limited by additional IC-XT. This is to be expected from Eq. 4.9 as the IC-XT limits
the maximum SNR for any distance. It can be seen that IC-XT starts to affect the
achievable transmission distance for 4QAM before 16QAM and both of those before
64QAM. It is noted that the way this threshold is set, the modulation format dependent
NLI is still a factor in SNR and the achievable BER. So it would be expected to see
modulation format dependence on the transmission distances as seen in Fig. 4.18 (d).

The impact of DBP on transmission distance was also investigated by applying the
same BER threshold of 0.01 as before and is shown in Fig. 4.19. Here the gain in

SNR can be seen to translate to an improvement in transmission distance for all IC-XT
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Figure 4.20: SNR as a function of IC-XT for 4QAM, 16QAM and 64QAM at distance of 10
spans 563 km. (a) showing a launch power of -8 dBm and (b) at -2 dBm and (c) O dBm.

levels. The gain for 4QAM in distance is larger than that of 16QAM and 64QAM
because the modulation format has a higher tolerance to noise. This DBP gain is seen
to reduce with IC-XT as the combination of shorter transmission distance and more
signal-XT beating, as in the previous section.

The effect of modulation format dependance of NLI can be seen more clearly by
looking at the SNR at a fixed transmission distance as a function of modulation format
and IC-XT. This is shown in Fig. 4.20 for a launch power -8 dBm, -2 dBm and 0 dBm
(a), (b) and (c) respectively at a distance of 10 spans.

At -8 dBm the SNR for 4QAM is 0.2 dB higher than 16QAM and 64QAM, at
-2 dBm 0.5 dB higher and at 0 dBm 0.6 dB higher. Here it can be seen that the mod-
ulation format dependence of NLI is still present even at -8 dBm, 4 dB below the
optimum launch power. As the IC-XT is increased the SNRs of all modulation formats
converge as the IC-XT becomes the dominant noise source. This is most apparent in
(a) where the NLI is least significant. This suggests that the effect of IC-XT on SNR is
modulation format independent.

4.6 Summary

We proposed a method of measuring the statistical properties of NLI, as described by
the time-varying ISI model. Estimating the variance of these coefficients is crucial
for assessing the potential gains of nonlinearity mitigation by means of equalisation,
whereas the correlation times are needed to determine the required tracking speed. Fur-
thermore, such correlation measurements can be used to improve NLI mitigation, as
shown in [48]. It was shown that although the largest contribution to NLI comes from
the zeroth-order ISI (PPRN), the accumulated contribution of higher-order ISI terms
is significant. The proposed method allows the experimental evaluation of the autocor-
relation functions of the elements of the ISI matrices, as well as the cross-correlations

between elements of different ISI orders.
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Nonlinear mitigation was applied on a straight line link. The sensitivity of the
DBP algorithm to accurate dispersion maps was investigated. In the case of full C-band
transmission, sensitivity was not found due to the small single channel back propagated
bandwidth.

By looking at the effect of IC-XT in terms of achievable information rate, the im-
pact on throughput was determined. It is found that achievable rates are not strongly
affected by XT. For 4QAM, an intercore-crosstalk of -26.6 dB/100km leads to a trans-
mission rate loss of less than 8% at 5,700 km.

For the first time, we have shown that the use of DBP for NLI mitigation provides
performance gain when used in a single-mode MCF transmission scenario. The results
for long distance MCF transmission experiments show that the use nonlinear compens-
ation techniques is feasible in the presence of IC-XT. Reducing the amount of IC-XT
can give a performance improvement from two factors: the OSNR is greater and SNR
improves from better nonlinear compensation. The gain in SNR is seen to drop with in-
creasing IC XT. For the case of equal launch power into all cores the DBP gain is seen
to drop by just 13.5%. With lower IC-XT values DBP becomes limited by transceiver
noise.

The modulation format dependance of IC-XT was also investigated. The results
imply the independence of IC-XT from modulation format, for RRC pulse shaped
QAM signals at a symbol rate of 24.5 GBd. Further confirmation would require taking
data points at lower launch power. This would enable the removal of the NLI power
and the modulation format dependence on SNR and, hence, extract just the effect of

additional XT and any modulation format effect.
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HE NEXT GENERATION of optical networks demand information rates to be
increased more than ever before. This requires maximising the amount of
information a system can transfer within experimental limits. In this work,

techniques to assess system performance in the presence of fibre nonlinearity were
experimentally studied.

The three main issues were targeted to continue increasing fibre throughput, they
were: 1) Transmission systems must utilise large bandwidths. Large bandwidth emu-
lation was investigated with the use of spectrally shaped-amplified spontaneous emis-
sion (SS-ASE) noise and was experimentally verified. 2) Subsequent investigations
demonstrated that if nonlinear interference (NLI) is treated as deterministic rather than
noise, there is potential to mitigate NLI. Again this was experimentally verified. 3)
When using multicore fibre the signal is affected by intercore-crosstalk (IC-XT) but
NLI is still present and still limits throughput. It was experimentally shown that the
nonlinearity compensation technique digital backpropagation (DBP) is still effective at
compensation.

Overall conclusions for all the research carried out are presented in the next section.

5.1 Summary of Research

Due to its simplicity, SS-ASE was investigated as an alternative to the use of independ-

ently modulated channels for loading bandwidth for the experimental evaluation of
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optical transmission systems. Experimental and theoretical results were presented in
chapter 3. The results generated with this technique showed that SS-ASE will always
provide a lower bound on the system performance for any bandwidth. It was found
that the discrepancy between modulated channels and SS-ASE is reduced for smaller
SS-ASE bandwidths, higher order modulation formats and fewer emulated channels.
This technique was then used to demonstrate the feasibility of a 1 Tb/s transceiver in a
fully loaded C-band transmission system and to load the C and L-bands (up to 7.3 THz)
to validate the Gaussian noise (GN) model and up to 9 THz to study Raman scattering,
[115]. This technique is also being utilised in experiments outside of UCL [13, 109]
to demonstrate potential capacity of transmission systems over broad bandwidths. The
results showed that this technique is useful for emulating modulated channels.

A straight line link was used to investigate NLI in broadband transmission. A
straight line link is the step between a laboratory recirculating loop and an installed
fibre link. This allows control of the parameters of each span but sacrifices the flex-
ibility and smaller equipment requirements of a loop. Using a straight line meant, it
was possible to investigate how DBP is affected by a dispersion map in broadband
transmission. It was found that in this case, where the backpropagated bandwidth is
far smaller than that was transmitted, sensitivity to a dispersion map was not present.
As single channel DBP is used as a NLI mitigation technique in transmission links that
require cost conscious implementation, the effects of a dispersion map on single chan-
nel DBP is unlikely to be the limiting factor in the amount of NLI mitigation. Hence,
for broadband transmission systems employing single channel DBP, it is unlikely that
a dispersion map accurate to 0.1 ps is required for best NLI mitigation.

NLI was modelled as an inter-symbol interference (ISI) model and then experiment-
ally verified. The zeroth order ISI correlations, which are characterised as phase noise,
did not match between experiment and theory. This is due to the interplay between
laser phase noise and phase recovery algorithm, which act on this order; the digital
signal processing (DSP) output being dependent upon each manifestation of noise and
hence changes for each waveform. Any non-zero order correlation showed agreement
between theory and experiment. A growth in ISI coefficient variance is due to the ac-
cumulation of larger nonlinearity. Growth in the ISI correlation time was attributed
to the larger overall walk-off. The discovery that the higher orders of ISI remain cor-
related over notable time durations, suggests that their equalisation may be feasible.
The summed variance of 1%, 2™ and 3™ orders is larger than the zeroth order variance,
suggesting that the benefit of properly optimised equalisation should be notable [48].

Experiments into spatial division multiplexing (SDM) were conducted in the form
of single-mode multicore fibre. A novel technique to emulate different levels of crosstalk
in a MCF recirculating loop was implemented. Filling the interfering cores with sig-

nals that also had been recirculated meant that the IC-XT experienced by the channel

108



Chapter 5. Conclusions and further work

under test (CUT) closely mimicked that of a real transmission. This enabled an ex-
perimental investigation of crosstalk modulation format independence and, for the first
time, the impact of crosstalk on DBP to be studied. In the theory presented, crosstalk
is assumed to take the form of noise added in a lumped manner just as noise from
distributed Raman amplification or EDFA ASE noise, but limited SNR like transceiver
noise. That is, noise is added after each span as a function of signal power, which
limits the maximum achievable SNR. The effect of IC-XT on modulation formats was
investigated and it was demonstrated that the IC-XT noise power was not dependent
on the modulation format of the channels in the interfering cores agreeing with that
shown in [103]. The impact of IC-XT on DBP was also studied, building upon the
transceiver noise work in [38]. The origin of IC-XT is power leakage from core to core
hence, IC-XT noise adds a limit to SNR as a function of transmitted distance. In the
case of digital backpropagation, IC-XT noise reduces the potential gain in the same
way as ASE noise from amplification. The accumulated IC-XT was found to impose
a limit on the amount of NLI mitigation that DBP is able to produce. For the system
studied if IC-XT was below -35.7 dB/100 km, DBP gain is reduced by only 0.1dB.

5.2 Future Work

5.2.1 0Odd-even channel correlation

As described earlier in this thesis, SS-ASE can be used to emulate modulated chan-
nels in transmission. The experimental investigation was limited to just one bandwidth
of 240 GHz. The theory compared SS-ASE to independent modulated channels but
the conducted experiment was limited to comparing SS-ASE to odd-even modulated
channels. It has been theoretically shown in [23] and experimentally in [13] that using
odd-even channels can over estimate the amount of NLI. Dar [23] showed NLI cor-
relation when using odd-even modulation scheme, can lead to anomalously large NLI
mitigation gains. Cai [13] showed the difference between odd-even correlated channels
and ‘decorrelated” SS-ASE over broad bandwidths. But using SS-ASE doesn’t show
the complete picture as SS-ASE already has inherent discrepancy in terms of NILN
generation compared to channels. A large bandwidth comparison between SS-ASE,
channels, and odd-even correlation on NLI is needed. Transmission of 90 channels is

required to demonstrate the difference between each case.

5.2.2 SS-ASE in multicore fibres

SS-ASE was investigated as an alternative to transmission of a large number of modu-

lated channels in single core fibres. The next logical step is to use SS-ASE for loading
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of multicore fibres (MCF)s to emulate XT from adjacent cores. Here, the two cases
to compare would be: the CUT propagating with modulated channels in the interfer-
ing cores and propagating with SS-ASE with identical bandwidth to the modulated
channels. XT is known to fluctuate over time when using CW sources or modulation
formats with a carrier and is most stable when using ASE [103]. This means SS-ASE
needs to be investigated in the context of emulating different modulation formats such
as on-off keying (OOK), pulse amplitude modulation (PAM) and quadrature amplitude
modulation (QAM).

5.2.3 DBP in the presence of a dispersion map

When performing NLI mitigation using full field DBP the launch power and dispersion
parameters need to be accurately represented in the algorithm for maximum mitigation.
In a straight line link or in installed fibre links, a known dispersion map should help
provide maximum gain. The experiment conducted in this thesis did not show such
sensitivity due to the large transmission bandwidth and small back propagated band-
width. For this experiment to show this phenomena a smaller transmission bandwidth
is required such that dependence can be seen. It should be investigated if DBP’s sens-
itivity to dispersion is a function of the amount of back propagated bandwidth or a
function of the how close the back propagated bandwidth is to that transmitted. Disper-
sion managed systems have periodic sections of fibre with opposite dispersion in order
to optically undo accumulated dispersion. Understanding the impact of this type of dis-
persion is important for systems that have installed dispersion compensating fibre such

as Deutsche Telecom [112], as updating installed fibre is an expensive endeavour.
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AC

ACF

ADC

AIR

ASE

AOM

AWG

AWGN

BTB

BCH

BER

CD

CMA

CMOS

Alternating current
Auto-correlation function
Analogue to digital converter
Achievable information rate
Amplified spontaneous emission
Acousto-optical modulator
Arbitrary waveform generator
Additive white Gaussian noise
Back-to-back
Bose-Chaudhuri-Hocquenghem
Bit error rate

Chromatic dispersion

Constant modulus algorithm

Complementary metal oxide semiconductor

125

Acronyms



Appendix A. Acronyms

CPE

CuT

CwW

DA

DAC

DBP

DC

DCF

DPSK

DSP

DWDM

ECOC

ECL

EDC

EDFA

EGN

FEC

FIR

FOM

FPGA

FWM

GN

GSOP

HD-FEC

IC

Carrier phase estimation

Channel under test

Continuous wave

Driver amplifier

Digital to analogue converter

Digital backpropagation

Direct current

Dispersion compensating fibre
Differential phase shift keying

Digital signal processing

Dense wavelength division multiplexing
European conference on optical communication
External cavity laser

Electronic dispersion compensation
Erbium doped fibre amplifier

Enhanced Gaussian noise

Forward error correction

Finite impulse response

Figure of merit

Field programmable gate array

Four wave mixing

Gaussian noise

Gram-Schmidt orthogonalisation procedure
Hard decision-forward error correction

Interfering channel
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IC-XT
IEEE
IQ

ISI
LAN
LEAF
LDPC
LLR
LMS
LSE
LO
MCF
MCI
MERL
MI
MIMO
MZM
NLI
NICT
NLSE
OFC
OFDM
OOK
OSA

OSNR

Intercore-crosstalk

Institute of Electrical and Electronics Engineers
Inphase and quadrature

Inter-symbol interference

Local area network

Large effective area fibre

Low density parity check
Log-likelihood ratio

Least mean squares

Least square error

Local oscillator

Multicore fibre

Multi channel interference

Mitsubishi electric research laboratory
Mutual information

Multiple input-multiple output
Mach-Zehnder modulator

Nonlinear interference

National Institute of Information and Communications Technology

Nonlinear Schrodinger equation

Optical fiber communications conference
Orthogonal frequency division multiplexing
On-off keying

Optical spectrum analyser

Optical signal to noise ratio
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Appendix A. Acronyms

PAM Pulse amplitude modulation

PAR Peak to average ratio

PBS Polarisation beam splitter

PDF Probability density function

PMD Polarisation mode dispersion

PRBS Pseudo-random binary sequence
PPRN Phase and polarisation rotation noise
PS Polarisation scrambler

PSD Power spectral density

QAM Quadrature amplitude modulation

QPSK Quadrature phase shift keying

QSM Quasi-single mode

RDE Radially directed equaliser
RF Radio frequency

RIN Relative intensity noise
RRC Root raised cosine

SCI Self channel interference
SDM Spatial division multiplexing

SD-FEC Soft decision-forward error correction

SMF Single-mode fibre
SNR Signal to noise ratio
SPM Self phase modulation

SS-ASE  Spectrally shaped-amplified spontaneous emission
TIA Trans-impedance amplifier

VOA Variable optical attenuator
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WDM

WSS

XCI

XT

XPM

Wavelength division multiplexed
Wavelength selective switch
Cross channel interference
Crosstalk

Cross-phase modulation
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Digital Signal Processing

It is noted there is no novelty about the DSP used in this thesis, but it is included here
for completeness. Once the incoming optical signal has been detected and digitised by
a phase and polarisation-diverse coherent receiver the signal can be processed. Using
specific DSP algorithms the limitations imposed by experimental generation and trans-
mission can be mitigated. The Fig. B.1 shows the chain of DSP used in the production
of this thesis. The following sections describe each block in the order in which they

are utilised in the chain.
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Figure B.1: Coherent receiver and subsequent DSP chain
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B.1 Deskew and normalisation

Deskew and normalisation are separate imperfections and are dealt with independently
by two blocks.

Deskew is performed on the data stream coming straight from the receiver. This
compensates for any delay that might occur between each component of the signal.
The four streams are the In-phase and Quadrature (I and Q) of the two polarisations
(X and Y); XI, XQ, YI and YQ. One stream is chosen as the reference stream and the
remaining streams have delays applied such that the samples all correspond to the same
point in time. The delay between X and Y is important in DBP as the polarisations
need to be aligned before starting the algorithm, as the samples should be an accurate
representation of the electrical field. It is not as critical when only using electronic
dispersion compensation (EDC) because the equaliser can compensate for this skew.
The delay compensation that is applied, is of the order of 0.1 ps (smaller than the
period of a symbol). The origin of the skew can be due to the optical path length,
electrical path length, changes in temperature and/or the synchronisation jitter of the
oscilloscopes’ streams

Normalisation removes any direct current (DC) offset by subtracting the mean of
each data stream and then normalises to unit power. GSOP is also applied at this stage.
Please see Appendix B.8 for details of the algorithm. Applying this DSP block at this
stage removes the non orthogonality of the 90° optical hybrid used in the coherent

receiver, which is described in section 2.3.

B.2 Resampling

According to the Nyquist sampling theorem, when using EDC only 2 samples per sym-
bol is required so the sampling rate of the incoming stream can be adjusted accordingly.
Sampling rates higher than 2 samples per symbol for EDC are still possible but at the
cost of increased computational complexity.

When using DBP instead of EDC, the sampling rate sets the amount of back propag-
ated bandwidth. Discussion of the effect of varying back propagated bandwidth is
discussed in detail in [69, 75]. The overall trend is, the closer the back propagated
bandwidth is to that transmitted, the greater the amount of nonlinear interference mit-

igation, for sufficiently small polarisation mode dispersion (PMD) (<0.1 ps/v/km).

B.3 Electronic dispersion compensation (EDC)

Chromatic dispersion is the effect of frequency dependent group velocity of the electric

field whilst propagating along the optical fibre. This effect is constant and therefore can
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be compensated by using one linear non adaptive filter [124]. A FIR is implemented
as a convolution in the time domain, but in this work this is performed in the frequency
domain as an overlap-add method. The application of a finite impulse response (FIR)
can compensate any amount of dispersion if set up appropriately.

By separating out the linear and nonlinear effects of the channel the linear impair-
ment can be removed. The linear part being chromatic dispersion and the nonlinear
being the phase shift from the optical Kerr effect. The two effects are described in
the nonlinear Schrodinger equation (NLSE) (Eq. 2.12). By setting o and ¥ to zero,

chromatic dispersion only can be described, giving:

0A 'BBZA DM 0%A
2z o2 amc a2

(B.1)

This equation is linear and, hence, can be solved in the frequency domain. After

Fourier transform A, becomes a function of frequency denoted G,

0G(z,®)

= —iBa’G(z,w) (B.2)
0z

where G(z,®) = exp(—if®?z). Taking the inverse of this transfer function 1/G(z, ®)
will compensate the channel’s static linear response, and Fourier transforming back

into the time domain the impulse response g(z,¢) can be calculated.

icT? . Tc
8(z,1) = Doz P (_]Dk2zt2) (B.3)

This is infinite in duration and non-causal but can be truncated in order to be imple-

mented; the tap weights are given by [124],

icT? nel? N N |D|\?z
e —i——k* ) - |=| <k<|=|andN =2 1 (B4
“ zeXp( "Dz ) lzJ sk lzJ . lzcﬂJJr B4

where T = 1t/ is the sampling period and |- | means to round towards minus infinity.
N is an upper bound on the required number of taps. Dispersion compensation in

practise is implemented in the frequency domain using the overlap and add method.

B.4 Digital backpropagation (DBP)

DBP is used to compensate for the nonlinearity of the optical fibre at the receiver. In
chapter 2.12, it was shown that the NLSE can be used to model the optical channel.
This method applies a random phase polarisation rotation at each step to emulate the

change in polarisation from transmission. Digital backpropagation runs the equation
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that describes the channel backwards after receiving the channel. To run the NLSE
backwards each random phase rotation needs to be known. Since it is impossible to
know the individual polarisation rotations, the propagation can be simplified by aver-
aging all the random phase rotations [78]. The result of this operation is known as
the Manakov equation and in this work DBP uses the coupled Manakov equation in
reverse by inverting all of the propagation parameters [54]. This algorithm requires ac-
curate knowledge of the fibre parameters and signal launch power [75]. The equations

being solved are:

0A, OA, iPyd*A, .8
a—Z B 2 % or2 _Z’Y§(|Ax|2+|Ay|2)Ax’ (B.5)
0A, oA, iPr0d*A, 8
=ty e (A ARA,. (B.6)

These are solved in its inverse form, by changing the sign of all the propagation para-
meters as follows,

o — =0, P2 = —P2, ¥y = V. (B.7)

As with solving the NLSE forwards for system modelling, these equations can be
solved by using the split-step Fourier method. The number of steps taken per span has
an impact on the effectiveness of this technique. Too few and it fails to compensate
the linear section leading to worse performance than just using EDC [75]. Too many
does not result in a reduction the signal to noise ratio (SNR) gain but does take longer
to run.

The back propagated bandwidth is another factor in determining the effectiveness
of DBP as the nonlinear interaction effectively broadens a signal. As long as the en-
tire signal is captured the self phase modulation (SPM) can be undone. If the back
propagating bandwidth is larger than the CUT, the frequencies of adjacent channels
are captured and hence XPM can also be mitigated. If all of the transmitted signal is
captured and back propagated it is termed full field DBP. In order for this technique to
work the power profile and dispersion need to be known very accurately. In [75] where
70 GHz of bandwidth is back propagated, a change in dispersion (D) of +0.05 ps/
(nm-km) leads to change of Q>-factor of 0.5 dB.

As DBP attempts to undo the entire propagation, there is no need for chromatic dis-
persion compensation. As the signal propagates with stochastic noise from amplifiers
along the channel the interaction between ASE and signal stops DBP from being a per-
fect compensation. The noise mixes with the signal after every span creating a noise
term that cannot be mitigated. Another limit is PMD, this comes from using coupled
Manakov equations, as these equations makes the assumption that all polarisation rota-
tions even out over the course of transmission. The complete PMD profile needs to be

known for it to be fully compensated [22].
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B.5 Constant modulus algorithm (CMA) and radially
directed equaliser (RDE)

An adaptive equaliser tries to estimate the Jones matrix of the channel and apply the
inverse of it to the signal. Additionally, it emulates a matched filter and therefore com-
pensates for linear distortions incurred by imperfect filtering, leading to an optimisa-
tion of the receiver sensitivity. An adaptive equaliser is also capable of compensating
for residual chromatic dispersion and time dependent distortion of the signal. The
equaliser attempts to invert the response of the channel such that a corrected signal
can be extracted at the end. This removes some of the effects of channel imperfection,
polarisation rotations and imperfect sampling incidence. The equaliser works by eval-
uating an error function whilst trying to restore something known about the original
signal. Equalisers used in the work are presented in this thesis and are as follows: con-
stant modulus algorithm (CMA) or Godard [44] algorithm and the RDE. To adapt the
taps to the changing channel conditions, different update-algorithms are necessary de-
pending on the properties of the modulation format. Radially directed equaliser is only
needed when the modulation format has multiple amplitude levels. This algorithm uses
pre converged taps from the CMA in order to reduce the number of passes required to
produce a stable output.

Multiple-input-multiple-output (MIMO) systems are used in optical communica-
tions to combat multipath propagation effects such as PMD [132]. This structure,
which in the literature is sometimes termed a butterfly structure, is implemented in
this work and consists of four FIR filters ( hyy, hyy,hyx and hyy ). The FIR filters are

implemented in the time domain, where N is the number of filter taps and k the output

sample.
N—1
Xour = hex” Xin+hyy” Yin = Y B () Xin(k — 1) + oy (n) Yo (k — 1), (B.8)
n=0

The tap updates, with learning parameter u are given as follows,
hyx <+ hyx + ,UExXOMt (k) Xin*

hxy — hxy + ,UExXOMt (k) Yin>|<
hyy < hyy +uE Yo (k) Yin* (B.9)

where the E, and E) are the error functions for the x and y polarisations. For the CMA
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these are,
Ey(k) = 1 — | Xpu (k)|? (B.10)

Ey(k) = 1= [You (k)% (B.11)

where E\(k), Ey(k) is the error in x and y polarisations for a sample k and X, (k)
Y,u: (k) are the signal samples. This algorithm uses the known fact about the data, that
the transmitted signal should have constant power, hence each symbol should lie upon
a constant modulus.

Higher order modulation formats such as QAM have multiple levels so the power is
no longer constant. This means that the CMA is insufficient, but it can be used for pre
convergence [142] when equalising higher order QAM. A radially directed equaliser
algorithm takes the information that there are multiple rings and fits the samples to

those rings. This is done by updating the error functions to,
E(k) = Xou (k) (R — [ Xou (k) |*) (B.12)

Ey (k) = Your (k) (R — [Your (k) ). (B.13)

where Ry is the radius of the nearest constellation symbol for each output sample. The
job of this equaliser is to minimise these error functions by updating taps of a filter in

a decision directed manner with least mean squares (LMS) error.

B.6 Frequency offset removal

The LO laser is usually free running and in this thesis is always independent of the
signal laser. Due to the independent lasers there can be a frequency offset (FO) and in
this work the FO is compensated at the receiver using a Fourier method. The optical
frequency of the transmit laser is kept within +0.2 GHz of the LO, this is termed
intradyne detection. For FO removal, the received complex data is raised to the 4th
power then Fourier transformed into the frequency domain and the peak power is found.
Raising to the fourth power completely removes the modulation format of a QPSK
signal. For higher order M-QAM signals the symbols are mapped to points around the
desired angle so can be considered noise. This method still achieves results with the
higher noise from M-QAM [110].

The output of these operations correspond to the relative frequency of the local
oscillator (LO) and transmit laser. Then by taking note of the sampling rate an appro-
priate FIR filter can be applied that changes the phase of all the samples such that they
no longer have an offset. By doing this the offset is assumed to be constant over the
waveform. Residual phase noise and offset is then dealt with by the following carrier
phase estimation (CPE) block.
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B.7 Carrier phase estimation

In experiments the phase noise coming from laser linewidth adds uncertainty to the
carrier frequency; so when trying to decode symbols, mistakes can be made. The fol-
lowing carrier recovery or carrier phase estimation algorithm tracks this time varying
phase component and attempt to remove it. Viterbi algorithm is a phase estimation
technique for constant modulus formats. By raising the symbols to the M power the
modulation is removed and then the phase can be estimated separately by taking the
argument. Noise received M-PSK symbols in complex notation would take the form
of

Z(k) = exp (i [%’%mk— 0 +¢(k)D k), (B.14)

where M is the number of possible phase values, m; determines the symbol that was
sent, n(k) is an amplitude noise term and ¢(k) a phase noise term varying per sample.
It can be seen that by raising the symbols to the M power the resulting symbols, are
a multiple of 2x. This operation removes the modulation so only the carrier phase is
left. The phase of the carrier can then be estimated and tracked to know which symbol
was sent [36, 123, 124].

The phase estimate for the k' symbol ¢/(k) is estimated by adding its N prede-
cessors and successors, to average the phase noise. Leading to an averaging window
of size 2N + 1.

o' (k) : < ! kiN Xin( >M> (B.15)
= —arg inln . .
M 2N—|—1n:k_N

Since this algorithm requires comparing the received symbols to expected symbols it

is known as decision directed.

B.8 Gram-Schmidt orthogonalisation procedure

Gram-Schmidt orthogonalisation procedure (GSOP) is performed as described in [33].
This compensates for non orthogonality of the I and Q components of the signal. The
origin of this non orthogonality can come from incorrect phase biasing of the transmit-
ter Mach-Zehnder modulator (MZM) or the optical hybrid in the coherent receiver not
being exactly 90° depending on where it is used.

Given two nonorthogonal components of the received signal, denoted by r;(k) and

ro(k), the GSOP results in a new pair of orthonormal signals, denoted by /°(k) and
0°(k), as

1°(k) = ”;g (B.16)
Q'(k) =ro(k) pr;,f") (B.17)
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Q°(k) = (B.18)

where p = E[r;(k)rg(k)] is the correlation coefficient, P; = E[r;(k)], Pp = E[Q" (k)]
and E[-] denotes the ensemble average operator.

B.9 Performance measurement

After the complete DSP chain has run decisions need to be made in order to recover the
transmitted sequence. Performance measuring involved choosing which symbol was
sent and then mapping each symbol back into bits. As the transmitted bit sequence is
known the received sequence and transmitted sequence can be compared via an auto
correlation. The point at which the sequences overlap the most is then chosen, then
each sequence is aligned and a binary exclusive OR (XOR) operation is performed.
The sum of the XOR vector is now calculated to give the bit error rate. In addition,
after sequence alignment, the SNR can calculated on the symbol level. Ml is calculated
as described and discussed in section 2.1.2.

After sequence alignment the calculation of the other metrics used in this thesis
(bit error rate (BER), Q?-factor, mutual information (MI) and SNR) can be performed.
By assuming a binary modulation format with Gaussian noise the Q>-factor in decibels

can be estimated from BER (x) using the following equation,

1
Qz—factor = 20log, <§erfc (%)) , (B.19)

where erfc(+) is the complementary error function defined as,
fo(x) = 1 —erf(x) = 1 Z/X ~dt (B.20)
erfc(x) =1 —erf(x)=1—— [ e . :
VT Jo

where erf(x) is the error function.

Q?-factor is originally derived from the overlap of the probability density function
(PDF)s corresponding to output noise distributions at binary one and zero levels. In
order for a BER to be considered statistically significant at least 100 errors need to be

counted.

137



