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Abstract

A multilevel modulation format, namely absolute added correlative coding
(AACC) is proposed to overcome the effect of fibre dispersion. A novel
modulation and demodulation systems are proposed along with bit-error rate
(BER) estimation technique. Transmission properties and system applications
are also discussed. The research topics are categorised according to the type of
the proposed multilevel signalling. It is worth mentioning that AACC can also
be implemented with both NRZ and RZ pulse coding based upon the

applications in order to optimise their performance.

In the first section, the focus lies on the performance of the BER, noise
contributions and spectral efficiency. For the first time the signal space model
of AACC, is derived and reported. The proposed modulation format is also
compared to other well-known techniques such as NRZ at the same bit rate of
10-Gb/s. The results give good agreement with experiments. Secondly, the
performance of AACC is numerically examined and compared against other
prevailing on-off-keying and multilevel modulation formats at 40-Gb/s e.g.
NRZ, 50% RZ, 67% carrier-suppressed return-to-zero (CS-RZ), duobinary and
4-PAM in terms of receiver sensitivity, spectral efficiency and dispersion
tolerance. Calculated receiver sensitivity at a BER of 107° and chromatic
dispersion tolerance of the proposed system are -28.3 dBm and -336 ps/nm,
respectively. The performance of AACC is delineated to be improved by 7.8 dB
in terms of receiver sensitivity compared to 4-PAM in back-to-back scenario.
The comparison results also show a clear advantage of AACC in achieving
longer fibre transmission distance due to the higher dispersion tolerance in
optical access networks. The research work is extended to propose return-to-
zero AACC (RZ-AACC) signal with three different duty cycles of 33, 50 and
67% utilising a lithium niobate (LiNbO3) Mach-Zehnder modulator with a
sinusoidal drive waveform. The spectral width and receiver sensitivity of 4-
intensity level RZ-AACC with 33, 50 and 67% are discussed and compared
against conventional AACC and RZ 4-PAM format. Short-range transmission
of 3 bits per symbol is also proposed using AACC with eight levels at bit rates
of 30- and 60-Gb/s back-to-back, and up to 75-Gb/s over 2-km and 3-km

standard single-mode fibre using a single-drive multiple quantum-well Mach—



Zehnder modulator. The transmission performance was compared against the

conventional 8-PAM.

In the third topic, the transmission performance of AACC using NRZ
and RZ pulse shapes with a binary direct detection receiver in 40-Gb/s optical
access and metro networks is comparatively investigated. It is shown that for
AACC transmission, the NRZ impulse shaping is superior in comparison to RZ
in spectral efficiency, dispersion tolerance, residual dispersion and self-phase
modulation tolerance. However, RZ-AACC experiences about 1-2 dB advantage
in receiver sensitivity over NRZ-AACC for back-to-back configuration as well
as after 300-km single-mode fibre delivery. Next, the experimental consideration
of AACC modulation format is investigated. In fact, the electrical components
needed to construct and generate AACC signal are presented. DSP-based
AACC generation is also developed and transferred into the arbitrary waveform
generator. Its eye diagram after electrical back-to-back transmission is also
shown thanks to the digital communication analyser. The experimental results
have qualitatively matched our numerical results as a proof of concept. This
work is carried out at Photonics Systems Research Lab in Korea Advanced
Institute of Science and Technology (KAIST), Korea.

Finally, two approaches that commonly used nowadays to improve the
transmission distance namely optical equaliser and electrical equaliser are
studied. The numerical results show that optical equalisation technique can
improve the performance significantly. In fact, for the first time combining
duobinary signal with optical equaliser at 25-Gb/s can reach 40-km with the
receiver sensitivity of -13 dBm while at 50-Gb/s it has a receiver sensitivity of
-10 dBm over 11-km in optical simplified access networks. Note that without
optical equaliser, the corresponding maximum distances of 30-km and 5-km are
witnessed. For electrical equaliser, this technique is investigated by mean of
experiments, a proposal of a transmission setup that introducing a great amount
of distortions into the received NRZ at 10-Gb/s. With offline electrical
equalisation, the waveform distortions are completely diminished observing by
the clear received eye diagram which corresponds to a remarkable improvement
in BER. This work is also acquired at KAIST.
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Chapter 1- Introduction



1.1 Background

Since their introduction thirty years ago, photonics technologies have largely
contributed to the massive development of communication networks and it can
be easily predicted they serve as grounds for most of the network revolutions
ahead [1]-[4]. As a matter of fact, it has been forecasted that the photonics
market size is about to reach USD 724.22 billion by 2021, at a Compounded
Annual Growth Rate (CAGR) of 8.4 % between 2016 and 2021 [5]. Obviously,
optical communications reveal themselves as the most important sector since
they are the largest end-use industry in photonics technologies. These statistics
and information can be well comprehended by cogitating the rapid growth in
Internet traffic i.e. flow of data across the Internet. They have been driven by
the enormous demand for Internet services such as video streaming, social
media, cloud computing, interactive e-learning and online gaming as illustrated
in Fig 1.1 [6]-]9]. Due to these high bandwidth applications, the need for high
capacity transmission links is required and over the last decade optical fibre
communication systems have emerged as the dominant technology capable of
satisfying these demands [1], [10], [11]. As a response to these never-ending
traffic demands, the IEEE organisation has started a P802.3bm fibre optic task
force for 40-G and 100-G Ethernet standardisation, as well as 400-GbE to
address such needs [12].

Current fibre-optic transmission systems mostly employ binary
modulation formats with inherently low spectral efficiency due to their low
system complexity and cost-effectiveness at the transmitters and receivers [13]—
[15]. Multilevel modulation formats, which have been extensively deployed in
various communication links are leading to increase the spectral efficiency of
optical transport networks. They are capable to increase the transmission
capacity by transmitting more information not only in the amplitude but also
phase, polarisation or a combination of all [16], [17]. Especially multilevel
modulation has also been scrutinised as one of the approaches to scale the date
rate of optical interfaces without increasing the number of wavelengths.
Combining optical coherent receivers with advanced modulation formats have
attracted considerable attention from not only the increase in spectral efficiency

but also the compensation of fibre impairments caused by chromatic and

2



polarisation mode dispersions [17]-[19]. However, this approach is costly due to
the use of high-speed optoelectronics, e.g. local oscillators, multiple balanced
detectors, digital-to-analog converters as well as sophisticated digital signal
processing, the systems would be ideally suited for long-haul (multi-span)

transmission.

In contrast with coherent systems, advanced modulation formats such as
a typical binary signalling — NRZ is widely exploited and well-matched for
intensity modulation and direct detection (IM/DD) applications such as optical
short-range, access and metro networks. However its usage is questionable since
it is not tolerant to fibre dispersion which is the main limitation in high-speed
IM/DD systems. Additionally, direct detection receivers are subjected to
nonlinear signal distortion due to the square-law photo-detection, limiting the

transmission distance.
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1.2 Problem Statement

Increasing the data rate leads to a higher spectral efficiency in optical
communication systems, especially in wavelength-division multiplexing (WDM)
networks resulting in a more efficient use of optical bandwidth. However, as the
bit rate increases, the systems becomes more and more sensitive to the
fundamental limitations of optical transmission such as noise, nonlinear effects
and more seriously chromatic dispersion. For example, at a single channel bit
rate of 40-Gb/s the signal is 16 times more sensitive to dispersion than at 10-
Gb/s, and it costs a great amount of received optical power degradation in dB
[10].

In other words, the intersymbol interference (ISI) caused by such a
substantial amount of dispersion is certainly a limiting factor for transmitted
data (how fast) or maximum link reach (how far). These shortcomings could be
found in a typical direct-detected system employing non-return-to-zero (NRZ)
and 4-ary pulse amplitude modulation (4-PAM). In order to overcome the
system reach limitation in NRZ and 4-PAM transmission, researchers nowadays
try to apply the fully integrated equaliser in optical domain (optical equalisers)
to mitigate the waveform distortions engendered by the fibre dispersion or an
electronic dispersion compensation also known as electrical equalisers
implemented at the receiver side, to dynamically compensate the accumulated
chromatic dispersion. However such equalisation techniques become
cumbersome in optical communications systems requiring low system latency

and complexity.

1.3 Research Motivation

Countering the dispersion-induced ISI requires an increase in signal launch
power which prompts the nonlinear signal distortion in the fibre, as described
later in this thesis. In addition, one could say that the best solution to reduce
the dispersion limitations and then speed up the optical communication

networks is to replace all the already installed standard single-mode fibre (SMF)
4



with the dispersion shifted fibre (DSF) since its operating wavelength is close
to zero dispersion. However this is not a practical and viable option from the
companies’ point of view since it necessitates an extremely high cost of new
fibre installation (fibre length can be up to thousands of kilometres). As such
more targeted research on dispersion tolerances and compensation devices is
obligatory and is the topic of discussion in this thesis. For example a possible
solution comes from the dispersion compensation devices in optical domain such
as dispersion compensation fibre (DCF), inverse dispersion fibre (IDF) and fibre
Bragg gratings (FBG); nevertheless these techniques are usually high insertion
loss which may severely degrade the system power budget. Hence optical
amplifiers for loss compensation are necessary, making the practical system very
expensive which is not desired in IM/DD applications. Moreover intervening
these optical devices into the optical link for compensating the dispersion is

quite bothersome.

Therefore in the search for a steady high-speed optical IM/DD systems,
use of new advanced modulation formats with better spectral efficiency may be
an answer. These modulation formats themselves should be resilient to the
detrimental medium impairments e.g. chromatic dispersion. Since they are
stand-alone and implemented in electrical domain, thus they can be flexibly
applied into any systems just by placing the electronic chip at the transmitter

in practice.

The scope of this work encompasses four main different subject areas.
Their concept and effects are closely related to each other. It can be considered
that the investigation on this research and development as a puzzle, illustrated
in Fig 1.2 where intensity modulation formats, fibre chromatic dispersion

tolerance, equalisation techniques and cost efficiency are essential pieces.



Figure 1.2: Schematic of concepts to be handled in this research.

1.4 Objectives

The goal of this research above all is the design and evaluation of a novel
multilevel IM/DD modulation format named Absolute Added Correlative
Coding (AACC) that can be practically employed in future optical transmission
applications related to but not limited to optical data centres interconnects,
high-speed short-range systems and metro-access networks. The AACC system
is not only cost-efficient since its structure is based on commercial electronic
components but also highly tolerant to fibre dispersion. The improved
dispersion tolerance is realised due to the existence of the differential encoders
in AACC structure that distort the transmitted pulse (pre-distortion technique)

which make itself robust to dispersion.



The main objectives of this research are:

1. To design novel cost-efficient multilevel intensity modulation formats.
The proposed scheme is robust to the performance degradation factors

e.g. chromatic dispersion.

2. To formulate a mathematical model for the structure and properties of

AACC transmission format.

3. To develop the principles and bit-error rate estimation methods for each

type of AACC-based signalling.

4. To investigate the use of equalisers for combating the harmful dispersion

effect on NRZ signal.

1.5 Principal Contributions of this
Research

This thesis has been carried out mostly at The University of Nottingham
Malaysia Campus and partly at Korea Advanced Institute of Science and
Technology in the Photonics Systems Research Laboratory.

The work has been primarily developed within the scope of extending
the transmission distance in optical intensity modulation and direct detection

systems. The most important results accomplished from this thesis are:

1) Detailed investigation of novel transceiver design of AACC system and
its signal space model with the average electrical and optical power

derivations.



2)

Comprehensive demonstration of AACC compared to various renowned
modulation formats such as NRZ, RZ, duobinary and 4-PAM signals at

40-Gb/s in optical access networks.

Proposal of new AACC format with RZ pulse shaping with different duty
cycles featuring improved receiver sensitivity for high-speed optical

transport.

Proposal of new high-order modulation format which is eight-level
AACC at bit rates of 30- and 60- and 75-Gb/s with the aim of improving

the spectral efficiency and dispersion tolerance in optical interconnects.

In-depth comparison study of AACC with NRZ and RZ pulse shapes in
40-Gb/s optical metro-access networks considering linear and nonlinear

effects.

Investigation on a few of practical AACC transmitters based on the
commercial components for proof-of-concept. Proposal of a digital signal

processing-based module to produce the electrical AACC signal.

First demonstration of duobinary signal with 1% and 2°¢ order optical
equalisers at the transmitter output to significantly enhance the system

reach in simplified optical access networks.

Experimentally scrutinising the effectiveness of electronic dispersion
compensation in equalising the waveform distortions after transmission
for 10-Gb/s NRZ signal.



1.6 Scope of Study

Fig. 1.3 shows the hierarchical schematic as a scope of study to monitor
analytically, numerically and experimentally the AACC signalling in every
aspects (grey boxes). This is to comprehend the sheer scale of its unique
characteristics and compared with other familiar modulation formats. In
addition, the figure also indicates the study on equalisations for NRZ signal as

well as the performance evaluation features.
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Figure 1.3: Overall system study and performance evaluation aspects

discussed throughout this thesis.
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1.7 Thesis Organisation

The different topics were organised in such a way that make this document

concise and clear in order to provide the best understanding possible. In the

following, the chapters briefly describe:

Chapter 2: Fundamentals of Optical Fibre Communications —
This chapter contains a general overview about directly modulated lasers
and external modulators, whose function is to imprint information into
the optical carrier. Essential parameters for quantifying the system
performance are then described. The third section discusses the primary
advanced modulation formats about their generation as well as
properties. Finally, various techniques for compensating the chromatic

dispersion-induced waveform distortions are also taken into account.

Chapter 3: AACC System Model and Performance Metrics —
In this chapter, for the first time the transceiver structure, working
principle and data recovery of the AACC transmission system over
additive white Gaussian noise channel are described. This chapter also
delineates the signal space model of AACC, where the average electrical
and optical power expressions are derived. Analytical performance of
AACC in terms of BER versus received optical power, noise variance

and its impact is also presented.

Chapter 4: Numerical Performance Analysis of AACC-based
Signalling — After presenting the analytical outcomes, plentiful results
on AACC-related signalling with different applications based on
numerical simulation software are addressed in this chapter. The
performance of AACC-based schemes are compared with a number of
well-known modulation formats with respect to spectral efficiency,
dispersion tolerance and receiver sensitivity. Bit-error rate computation

method is also demonstrated in this chapter.
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Chapter 5: Comparison of NRZ versus RZ Pulse Shapes over
AACC in Linear and Nonlinear Transmission Medium - This
chapter meticulously characterises the AACC signal with two different
line codes (NRZ and RZ) in both optical access and metro networks. The
linear effects such as chromatic dispersion and residual dispersion and
nonlinear effect e.g. self-phase modulation effect of NRZ- and RZ-AACC

transmission systems at 40-Gb/s are investigated.

Chapter 6: AACC Experimental Verification — Work in this
chapter is carried out in the experimental laboratory in Korea. Several
techniques to construct the electrical AACC transmitter to prove its
viability for future implementation are stated. The needed components
for construction are also clearly displayed. Next section presents a fruitful
development of a digital signal processing-based module in order to
produce an electrical AACC generation and also validate the simulation

analysis.

Chapter 7: Alternative Dispersion Compensation Techniques —
This chapter numerically and experimentally presents state-of-the-art
equalisers implemented in both optical and electrical domain to mitigate
the NRZ signal distortions triggered by fibre dispersion. Its performance

enhancement is visually comprehended by the received eye diagram.

Chapter 8: Conclusions and Future Works — As the name indicates
itself, the main important findings and conclusions about this research
study is presented in this chapter. Furthermore, it ends with future

research activities and perspectives.
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Chapter 2— Fundamentals of

Optical Fibre Communications
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2.1 Introduction

This chapter gives a brief introduction to the basic concepts of optical
modulation technologies that presenting how to convert the information in
electrical signal to optical one to be carried by light. This chapter also discusses
the performance evaluation parameters used to compare the different
modulation formats presented in this thesis. The parameters covered in this
chapter are the BER/Q-factor, receiver sensitivity, chromatic dispersion

tolerance, self-phase modulation effect, spectral efficiency and eye diagram.

Another important section of this chapter introduces several standard
digital optical modulation formats that have gained a considerable attention in
IM /DD systems research such as non-return-to-zero, duobinary and 4-ary pulse-
amplitude modulation. The generation, detection schemes and properties for
each modulation format are explained in details showing the corresponding eye
diagrams. These modulation formats are useful to fully understand the proposed
multilevel modulation formats later mentioned in chapters three, four, five and

SiX.

Last section of this chapter discusses three methods that are commonly
used in the current literature to compensate for fibre dispersion. The effect of
fibre dispersion is very harmful since it causes pulse spreading and ISI that

result in a limited transmission distance in IM/DD systems.

2.2 Optical Modulation Technologies

In optical communication systems, light is used to transmit data signals. Hence,
an optoelectronic device to emit the light and a modulator or a combination of
both to imprint the telecommunication data onto the light are needed. The
process of converting the electrical signal to optical is also called E-O
conversion. This section describes the two most common technologies that used

to carry out this process. The first option is called direct modulation while the
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second one is called external modulation. Their details are described in the

following subsections.

2.2.1 Directly Modulated Lasers (DMLs)

Direct modulation of lasers using DMLs is the easiest way to impose data on
an optical carrier. DMLs have the advantage of low cost, a small form factor
and low power consumption in comparison to externally modulated lasers [20]—
[22]. Therefore DMLs are broadly utilised in optical metro networks at low bit
rate (<10-Gb/s). In principle, the intensity of light emitted from a laser is
linearly proportional to the bias current when operated above threshold. By
modulating the current, the electrical modulation signal can be transferred to
the light output from the laser. Direct modulation technique for that reason

provides a cost-effective optical transmitter.

However the main limitation of DMLs when operated in high data-rate
transmission systems is its residual phase modulation always accompanying the
desired intensity modulation; this inherent effect is known as highly component-
specific chirp which broadens the optical spectrum restricting WDM channel
spacing. In case this chirp interactes with chromatic dispersion (CD), it would
cause exaggerated signal distortions and limit the bitrate length product [23]-
[25]. Therefore in order to maintain the low-cost optical transmitter as well as

high performance, chirp managed laser (CML) has been proposed [26], [27].

2.2.2 External Modulators

The optical modulators convert the transmitted data from the electrical domain
to the optical domain by modulating the physical properties of an optical field.
As stated above, amplitude and phase are the physical quantities relevant for
fibre-optic transmission. There are different external modulator types based on
different physical principles such as electro-absorption modulators (EAM) and

Mach-Zehnder modulator, differing in complexity and achievable performance.

16



In the following the so-called Mach-Zehnder modulator (MZM) type is discussed
comprehensively, because it allows for chirp-free modulation and better control
over both the amplitude and phase of the optical signal than other modulator
types or direct modulation [28]|, [29]. In addition, all modulation formats

discussed in this thesis are generated using this modulator.

2.2.2.1  Mach-Zehnder Modulator (MZM)

A MZM made in LiNbO; material or III — V compound semiconductors has been
dominant as a superior optical transmitter for the past 30 years [30]—[32]. With
the recent advancement of silicon photonics (SiP), it is favourable that silicon-
based modulator confidently outperform the conventional modulator and be
widely exploited in the near future [33]-[35]. However their working principle
and structure basically remain unchanged. It is interesting to know that at the
largest conference in optical fibre communications this year (OFC — 2017), a
well-known group of researchers from McGill University has presented a highest
reported data rate of 84-Gbaud 4-PAM signal for short-reach optical

interconnects using three types of SiP modulator structure [4].

A schematic of a dual-drive MZM is shown in Fig. 2.1. The light from a
LD, E;,(¢t) is divided by a 3 dB coupler into two equal parts that propagate in
the lower and upper arms of the MZM. Two electrical drive voltages controlled

independently are applied to the modulator.

Drive Voltage 1

//‘ _._ Modulated
—_— —— N
Optical Output

Optical Input ?

Drive Voltage 2

Figure 2.1: Dual-drive Mach-Zehnder modulator.
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The relationship between optical input and output is defined as [31], [36], [37]
Ein(t . .
Eoue(t) = T() [exp (] Vin (vrf,l(t) + Vbl)) + exp (] V_:TT (vrf.z(t) + Vbz))l (2.1)

where V;; is the parameter to indicate the drive voltage required to change the
output light intensity from its maximum to a minimum level. v,r; and V5,
are the electrical drive voltages applied to two arms respectively. Vp; and Vj,
are the corresponding direct current (DC) bias voltages. When the modulator
is operated in a differential mode in which Vj, is the reverse of V}, for any bias

voltage value, Eq. 2.1 then reduces to [38]

Eout () = Ein()608 | = (v771(6) = vy2(6) + 2V31) | exp [j 5= (vrpa(0) +
0| (2.2)

The dual-drive MZM allows for both optical amplitude and optical phase
modulation depending on the relationship between drive voltages. If the
voltages are chosen equal, i.e Vy,; = V5, the MZM is then operated in push-push
mode. Setting the voltages equal but with opposite site, i.e Vy; = —Vp,, the
MZM is activated in push-pull mode allowing for chirp-free amplitude
modulation. Due to this flexibility and the possibility for integration, the MZM
is widely exploited for the generation of various intensity and phase modulation
formats [38]—[40].

2.3 Performance Evaluation Metrics

In digital optical transmission systems, many techniques to measure the
performance of a system were developed. These can be used to compare system
design trade-offs or the effect of transmission impairments on the overall system.

In this section, several important metrics used systematically are introduced
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and described in order to compare the difference between modulation formats
such as bit-error rate, Q-factor, receiver sensitivity, chromatic dispersion
tolerance, self-phase modulation, spectral efficiency and eye diagram. A brief

explanation for each parameter is given in the following.

2.3.1 Bit-Error Rate (BER) and Q-factor

The fluctuating optical signal caused by all kinds of impairments in fibre link
is received by receiver, which converts optical signal to electrical signal. The
electrical signal is fed into an error detector, which contains a decision circuit
to sample the signal and compares to the transmitted data patterns. The BER
evaluation is a straighforward and relatively simple method for performance
estimation based on the technique called direct error counting by comparing
the input and output digital streams. When the number of errors is known, the
BER can be defined as

Number of errors

BER = (2.3)

Number of transmitted bits

Thus, a BER of 8 X 107® corresponds to an average 8 errors per million bits.

Another technique for BER calculation can be based on the probability
of incorrect identification of a bit by the decision circuit of the receiver [10],

[41], [42]. The error probability is given by

BER = p(1) P(0/1) + p(0) P(L/ 0) (2.4)

where p(1) and p(0) are the probabilities of receiving bits ‘1’ and ‘0’
respectively. P(0/1) is the probability of deciding ‘0" when ‘1’ is received, and
P(1/0) is the probability of deciding ‘1’ when ‘0’ is received. Since 1s and Os
are equally likely to occur (p(1) = p(0) = 0.5), then the BER becomes
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BER = %[P(O/l) +P(1/0)] (2.5)

Assuming a Gaussian noise distribution for both ‘zeroes’ and ‘ones’, the
conditional probabilities P(0/1) and P(1/0) are given by

o [ () 1=l

P(0/1) = ;s J;expL 707 Jdl = 2erfc[ -~ ] (2.6)
_ 1 f _(I _/UO)2 _l Is — 4

PAr0)= aox/g,[)exp[ 20, }dl - 2erfc[ 00\/5 J’ 27)

where 0, o and p, o are the corresponding standard deviations and means for 1s
and Os respectively of the eye diagram as displayed in Fig. 2.2, and erfc stands

for the complementary error function and can be approximately defined as

erfc(x) = %Texp(—yz)dy (2.8)

By substituting Egs. (2.6) and (2.7) in Eq. (2.5), the BER is given by
BER = 1 erfc| “= 1o | 4 erf| oo (2.9)
4 o2 o2

Eq. (2.7) shows the dependence of BER on the decision threshold Ip. The

optimum BER occurs when I, is chosen such that

20



('02—0?0)2 :(MZ—G:D)Z ,n(mJ (2.10)

The last term in this equation is negligible in most cases of practical interest
Ip can then be obtained as

(o + O
— OM 1:“0 (211>
O, ‘|‘O—1

Assuming that o, = gy which yields Ip = (ug + 1)/2 corresponding to setting
the decision threshold in the middle of the eye diagram as shown in Fig. 2.2
The intersection point of both BER curves indicates the optimum threshold I
and the minimum BER depends only on the Q-factor as

—erc Q exp( QZ/Z) )
BER = —erf [\/_j ol (2.12)

With QE(|D—,UO)/O'0 :(M_ |D)01 =|,L11—,L10|/O'1+00. The BER improves as Q-

factor increases.

Signal

ones g v Hy
seciontevel - M M- i
zeroes _— u,

\/

Probability

Figure 2.2: A received NRZ signal with its histogram.



In general, BER of 107° is considered to be error-free and indicates the
measurement of a minimum of 10 errors for a total of 101° sampled bits. The
Q-factor can be quoted in decibels using the conversion 10xlog(Q?), and a BER
of 1072 corresponds to a Q-factor of 6 or 15.56 dB. This relationship between
BER and Q-factor is useful in the comparison of numerical simulations and
experimentally measured results. It is clear that in order to measure a BER of
1072 numerically would require a minimum simulation of 101° bits, which is
significantly time-consuming. As such, the numerical simulations described in
this thesis, quantify system performance based on the Q-factor, and use a

210

pattern length of bits to reduce the computing time. This was shown to be

sufficient for accurate modelling of 40-Gbit/s transmission [43]—[45].

2.3.2 Receiver Sensitivity

An important parameter to indicate the receiver performance in an optical
transmission system is called the receiver sensitivity. It is usually stated as the
minimum average received optical power for which the BER of the optical
receiver is 1072, A receiver is considered to be more sensitive if it achieves the
same performance with less required power. The receiver sensitivity can be
degraded due to the fibre dispersion as well as various noise sources that lead
to power penalties and depend on both the bit rate and the fibre length. The
power penalty is defined as the difference of receiver sensitivity at 107 BER
between back-to-back (B2B) and transmission circumstance as described by the

following expression:

Power penalty [dB] = Receiver sensitivity (B2B)

— Receiver sensitivity (transmission) (2.13)
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2.3.3 Chromatic Dispersion

The CD in single-mode transmission fibre represents one of the most important
performance limitations in today’s transmission systems, resulting in a reduced
maximum transmission distance and a poor quality of transmitted signals. The
impact of chromatic dispersion becomes even larger with systems upgrade to

higher channel bit rates (>10-Gb/s).

The basic physics of CD is the frequency dependence of the refractive
index of the fibre n(w). Since v;(w) = ¢/ n(w), with ¢ is the velocity of light
at frequency w is dependent on its refractive index in the transmission media.
This phenomenon is also known as group velocity dispersion (GVD), since the
dispersion is the result of the group velocity being a function of the wavelength.
It causes different wavelengths (frequencies) to travel at different velocities
leading to the spectral components of different pulses overlap due to such pulse

broadening and thus to ISI effect as illustrated in Fig. 2.3.
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Figure 2.3: Tustration of CD causes pulses to spread into adjacent bit slots.

The broadening of pulses due to CD leads to optical eye closure.

To better understand the fibre dispersion, assuming Aw is the spectral
width of a pulse going through a fibre of length L. The different spectral
components arriving at different times at the fibre output result in pulse

broadening given by [10]

AT = LB,Aw (2.14)
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The factor f, = d?f/dw? is the GVD parameter, which provides a measure of
how much a pulse broadens in time, as the pulse travels along an optical fibre
and B is the mode propagation constant. The spectral width can also be
represented by the range of wavelength AA emitted by the optical source. In

this case, the equation given above can be rewritten as

AT = DLAA (2.15)

-2
A
in units of ps/(km.nm).

;TC B, is called the dispersion parameter and is expressed

where the factor D =

Fibre types with positive dispersion (D > 0) are sometimes referred to as
anomalous dispersion, and fibre with negative dispersion (D < 0) is understood
to exhibit normal dispersion [10], [46], [47]. The latter is used to enable
cancellation of accumulated dispersion as discussed later. Systems operating in
1.3 um band would have very small dispersion effects or also known as zero
dispersion wavelength but fibre loss (attenuation) limited. As a result, there is
a gigantic interest in today’s optical communication systems that operate in
1.55 um wavelength window due to the low loss (~0.2 dB/km) in this region and
the well-developed erbium-doped fibre amplifier (EDFA) technology [10], [48].

However in this band, communications is chromatic dispersion limited.

Given that in this research, numerical simulations and experimental
measurements, single channel transmission with a central wavelength of 1.55
um is considered. In this band the corresponding dispersion parameter of the
standard SMF is in the range between 15.5 and 17.8 ps/(km.nm) which remains
a major limitation. Therefore compensating the accumulated dispersion is the
most attractive topic in current research and development nowadays [49]—[52].
A system is said to be more tolerant to CD, if less extra power is required at
the receiver in order to keep the same performance compared to B2B scenario

for certain amount of fibre length travelled.
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2.3.4 Self-Phase Modulation

It is reasonable to treat the optical fibre as a linear medium, as long as the fibre
is being utilised at an adequate power level (a few mW). Nevertheless when
launching a sufficiently high transmitted power into the optical fibre in high
bit-rates systems e.g. >10-Gb/s, nonlinearity turn out to be a vital issue which
can adversely limit on the system performance. For WDM networks, the
nonlinear effects become more serious even at moderate powers and bit rate due
to the intra- and inter-channel nonlinearities arising among neighbouring
wavelengths [10], [53]—[55]. Since the scope of this study is on single wavelength
transmission systems, these unfavourable aforementioned aspects can be

neglected.

Self-phase modulation (SPM) is one of the nonlinear limitations
instigated by the optical Kerr effects and occur in a single channel transmission
due to the self-induced nonlinear phase modulation phenomenon. The physical
origin of this effect stems from the high level input power temporarily changes
the refractive index of the optical fibre. Nonlinear refraction as a result is

accounted for by modifying the refractive index [10]

n'=n+n, (2.16)

Aeff

where n is the linear refractive index, n, is the nonlinear-index coefficient of

silica fibre is 2.6 X 1072° m?/W, Agfy is the effective core area.

The refractive index n is dependent and directly proportional to the
signal power, P. As a result of the intensity-dependent refractive index, the

propagation constant also becomes intensity dependent

B'=B+yP (2.17)
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where y = 2mn,/(AesrAo) is the nonlinearity coefficient depending on the

effective core area and the signal wavelength A,.

For standard SMF, a typical value of y is 1.31 W'km. The nonlinear
phase shift produced by y term is given by

Dspm = VPinLess (2.18)

(1—e~%L)

where Lorr = is the fibre effective length, P;, is the input signal power

and «a is the fibre loss [10].

The nonlinear phase shift @p), varies with time across a pulse dependent
on input power P;, and causes optical phase changes with time. SPM can be a
serious limiting factor for lightwave systems since it often combines with
dispersion would lead to additional pulse broadening and exacerbate the
performance [45], [55]-58].

2.3.5 Spectral Efficiency

Increasing the spectral efficiency is essential in fibre optics since higher spectral
efficiency is of help to reduce number of wavelengths; especially single channel
high-speed systems offer a small footprint and lower power consumption [59],

[60]. The spectral efficiency is given as

Spectral Ef ficiency = AC—; (2.19)

where Af is the channel spacing and C, is the capacity per channel (bit/s).

Spectral efficiency is therefore expressed in units of b/s/Hz.

So, in the search for high spectral efficiency, the use of multilevel

modulation formats may be an effective solution since two or more bits are
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carried by each transmitted pulse or symbol. Lower signal spectral width is thus

attained at high bit rates in comparison to binary schemes.

2.3.6 Eye Diagram

Eye diagram is a very successful methodology of quickly and intuitively
assessing the performance of an optical receiver for both numerical simulations
and experimental measurements. It is also very useful to compare the
transmission performance of various modulation formats or after different

lengths of fibre.

The closing of the eye is a quick measure of degradation in receiver
performance and is associated with a corresponding increase in the BER as
exhibited in Fig. 2.4 (a). On the contrary, clear eye opening indicates the
improvement in signal quality and lower BER (Fig. 2.4 (b)). Based on the eye
patterns, other system performance parameters such as pulse raise/fall time,
duty cycle, extinction ratio, jitter, eye height/width and crossing percentage

could also be achieved.

Figure 2.4: Example of typical NRZ eye diagrams to determine the signal
quality. (a) A closure of the eye reveals the system imperfections or impairments.

(b) An open eye corresponds to minimal distortion of the signal.

27



2.4 Advanced Modulation Formats

An optical modulation format is a way of applying an electrical data stream to
an optical carrier signal. A great deal of research has been carried out in the
subject of optical advanced modulation formats, especially on higher-order
signalling over the past decade by transmitting more information in the
amplitude, polarisation or a combination of all to boost the transmission
capacity [16], [17], [52], [61]-[68]. Currently scientists from both academia and
industry have been intensively studying on new candidates of modulation
formats or advanced data encoding schemes not only cover the aforementioned
characteristics but also feature a high resilience to different optical impairments
such as fibre chromatic dispersion [16], [18], [25], [44], [52], [69]-|75]. That is to
say, that much effort has been made are within the context of extending link
distances. These newly proposed schemes however may add further complexity

to the transmitter and receiver hardware of the optical transmission systems.

In this section, several mainstream optical modulation formats such as
NRZ, duobinary and 4-PAM are introduced. Their generation and properties
are also discussed. It is worth noting that this research only focuses on intensity
modulation and direct detection (IM/DD)-based formats due to their
dominance in today’s optical short range, access and metro networks. These
modulation formats are also used as a base to generate more advanced higher-

order schemes.

2.4.1 Non-Return-to-Zero (NRZ)

Non-return-to-zero (NRZ) has been the dominant modulation format for fibre-
optical communication systems [48], [76]-[79]. The name of this modulation
formats denotes two light amplitude states that are utilised to carry this binary
data (i.e. On and Off). In the field of radio and cable telecommunications, this
modulation format is synonymously known as binary amplitude shift keying (2-
ASK). There are several reasons for using NRZ in the early days of optical

communications. First, it requires a low electrical bandwidth for the
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transceivers (compared to return-to-zero (RZ)); second, it is not sensitive to
laser phase noise (compared to phase shift keying (PSK)); and last, it has the
simplest configuration for the transmitter and receiver. Considering recent
advancements in optical communication field, NRZ modulation format may not
be the best choice for future high capacity optical networking systems. However,
it has been widely deployed in field and due to its simplicity and its historic

dominance, NRZ would be a good reference for the comparison.

The most common technique to generate the optical NRZ signal is
externally modulating the laser signal from a LD using a MZM as depicted in
Fig. 2.5 (intensity modulation). The MZM should be biased at quadrature point,
and driven by an electrical NRZ signal. The optical NRZ signal can be merely
detected and converted into electrical signal by using a single photodiode (PD)
at the receiver [49], [80]—[82]. This is called direct detection. The measured eye
diagram of binary NRZ is also shown in Fig. 2.6.

As an oldest binary modulation format, NRZ has a bandwidth equal to
twice the bit rate (2R,), where the bandwidth is defined as the null-to-null
bandwidth of the main lobe spectrum. This results in a poor spectral efficiency
and low tolerance to chromatic dispersion in comparison to the multilevel

signalling that is discussed throughout this thesis.

Electrical NRZ
Signal

——
\J

// Optical NRZ Signal
*
LD

Figure 2.5: Structure of a MZM-based NRZ generation.

\)
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Figure 2.6: Measured NRZ eye diagram.

2.4.2 Duobinary

Waveform distortion due to fibre chromatic dispersion in optical
communications systems is a vital problem. Optical duobinary scheme also
known as phase-shaped binary transmission (PSBT) belong to a class of
correlative coding formats is an effective way to avoid such distortions resulting
in a significantly enhanced dispersion tolerance compared to NRZ signal [30],
[45], [83], [84]. In fact, duobinary modulation is spectrally efficient because of
the narrow occupied spectral bandwidth which is about half of the conventional
binary NRZ [85]—[87]. It is thus beneficial for ameliorating the effects of fibre
dispersion, as well as reducing adjacent channel crosstalk in dense wavelength-
division multiplexing (DWDM).

A practical approach of generating electrical duobinary signal is shown
in Fig. 2.7, which consists of a duobinary filter to convert the electrical binary
NRZ signal into three-level signalling. A duobinary filter can be realised by an-
either-or option. The first technique is to use a low-pass filter (LPF) with cut-
off frequency of around R, /4, where R, = 1/T and T is the symbol duration [9],
[30], [83], [88]. This LPF acts as an analog converter, which simultaneously
converts from binary to duobinary and trims high-frequency components in the
duobinary signals spectrum. The second technique is to employ a delay and add
block [37], [87], [89]. The correlation between the adjacent bits that is
introduced by the delay and add circuit leads to a reduction in the bandwidth
of the optical signal. Duobinary signal generated by the delay and add circuit

generally enjoys an enhanced receiver sensitivity in B2B scenario since it has a
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better eye opening while carefully selected LPF improves further the chromatic
dispersion tolerance since it suppresses the optical spectrum side-lobes better
than the delay and add method [29]. To generate an optical duobinary signal,
a MZM biased at null and driven by the electrical duobinary signal. At the
receiver, a simple NRZ decoder can be used to detect the received duobinary
signal [87].

Electrical NRZ

S

Signal v

Duobinary
Filter

y Optical Duobinary

/, / Signal
K —

A\

Figure 2.7: Principle of Duobinary modulation using MZM.

Figure 2.8: Measured Duobinary eye diagram.

The eye diagram of the duobinary signal is depicted in Fig. 2.8. The “narrow
steep space valley” also known as “ripples” on the space level (‘0’) can give an
indication about the B2B power penalty in comparison to its NRZ counterpart.

This feature is discussed in detail in Chapter 7.
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2.4.3 4-ary Pulse Amplitude Modulation (4-
PAM)

With the ever increasing demand for higher line rates, multilevel modulation
has been scrutinised as one of the approaches to scale the data rate of optical
interfaces without increasing the number of wavelengths [8], [90]—-[92]. Recently
M-level pulse amplitude modulation (M-PAM), especially 4-PAM has attracted
considerable interest for optical interconnect links as well as access networks as
it can double the data rate [93]-[99]. In M-PAM, the number of levels required
for each transmitted symbols is M = 2", where n is the number of bits
transmitted for each symbol. If the number of bits transmitted for each symbol
is two (n = 2), then an electrical 4-PAM signal is generated. This electrical 4-
level intensity modulation can be used to drive an optical MZM that biased at
the quadrature point resulting in the generation of an optical 4-level intensity

modulation signal.

In practice a conventional electrical 4-PAM signal is generated by adding
two electrical binary signals with unequal amplitude. In order to obtain an
equally spaced electrical 4-PAM signal, the amplitude of one of the electrical
binary NRZ signal is halved by using an electrical attenuator with 6 dB
attenuation, then combined with second electrical binary NRZ signal via an

electrical adder (or power combiner) as illustrated in Fig. 2.9.

An advantage of using optical 4-PAM signal is that it needs electrical
and optical components operating at half the bit rate when compared to a
binary NRZ signal operating at the same bit rate, which may reduce the cost
of an optical transmission system. This cost reduction is because lower

bandwidth devices are usually having lower cost.
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Figure 2.9: Optical 4-PAM generation based on MZM.

Figure 2.10:  Measured 4-PAM eye diagram.

The measured eye diagram of 4-PAM is shown in Fig. 2.10 which consists of
three smaller eye patterns (top, middle and bottom eyes). Since this is an
intensity signalling, a single PD (direct detection) can be used at the receiver
to convert the optical 4-PAM modulated signal into a 4-ary electrical signal.
Different from NRZ and duobinary decoding, 4-PAM receiver requires a suitable
decision circuit which to recover itself into two original transmitted NRZ signals
for BER calculation. A more detailed explanation of this decoding algorithm is

given in Chapter 3.

It is obvious that 4-PAM signal has a narrower spectrum than the NRZ
signal resulting in an improved spectral efficiency and chromatic dispersion
which can be useful in WDM optical networks. However the up-to-date results
analysed in [100], [101] have revealed that 4-PAM is not superior to duobinary
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signal with respect to the forbearance to fibre dispersion. In particular
employing duobinary signal at the transmitter would be more effective in
extending the transmission distance. This event could be attributed to the
multilevel characteristics of 4-PAM signal as well as the fragmentation of the
main eye diagram. At the same received optical power, these small eyes have
different qualities; thus resulting in worst performances, which is not desirable
in telecommunication systems. In fact, the top eye (symbols ‘2’ and ‘3’) is the
factor that instigates higher system performance degradation which leads to low
Q-factor as demonstrated in [43], [72].

Table 2.1: Comparison of NRZ, Duobinary and 4-PAM formats [101].

Modulation | Symbol Rate Spectral Dispersion Cost
Format (bit/symbol) | Efficiency Tolerance

(b/s/Hz)

NRZ 1 0.5 Low Low
Duobinary 1 1 High High
4-PAM 2 1 Medium High

Table 2.1 summarises the key parameters of each modulation formats for
comparison. Improving the dispersion tolerance as known as extending further
the transmission distance for NRZ and 4-PAM is of great interest to researchers.
The latter technique should be given preference since it could double the actual
signalling rate compared with that of the former aiming for the next-generation
high-speed extended-reach optical transmission systems. Next section
introduces several techniques on mitigating the chromatic dispersion induced
signal distortion for NRZ and 4-PAM schemes that have recently attracted

great interest from both the research community and the commercial sector.
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2.5 Chromatic Dispersion Compensation
Techniques

The dispersion parameter of standard SMF, which represents the majority of
deployed fibre in the field, is normally about 17 ps/(km.nm). The ISI caused
by such a substantial amount of dispersion is certainly a limiting factor for
transmitted data (how fast) or maximum link reach (how far). Consequently,
CD compensation has been one of the most dynamic research fields in optical
communications for a long time. This section considers three techniques to
compensate the CD accumulation including one conventional method and two

alternative approaches.

2.5.1 Dispersion Compensation Fibre (DCF)

The most common method to compensate for the chromatic dispersion is to
cancel the accumulated dispersion after a certain SMF transmission length by
mean of a particular kind of fibre, namely DCF [10], [11]. The DCF is
characterised by a large negative dispersion and can be used for simultaneous
compensation of several channels. Enabling the full dispersion cancellation of
using DCF is straightforward by taking the advantage of linear nature of CD

with the following rule:

DsypLsyr = —DpcrLlper (2-20)

where Dgyp,Dpcr are the chromatic dispersion values of SMF and DCEF,
respectively. Lgyr , Lpcr are the lengths of these fibres. This rule can be executed

by locating the DCF's in different positions within an optical link [45], [56].

Although DCF is widely used in commercial systems, it is expensive,
bulky. It also lacks adaptability and introduces high attenuation losses which

decrease the power budget of the system; therefore an optical amplifier is usually
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needed for power loss compensation. However DCF still plays an important role

in optical metro networks and long-haul transmission infrastructures [16], [63].

In the next subsection, two completely different approaches to
compensate the fibre transmission impairments are presented. They are less
costly and suitable solutions in current research on optical short-range and

access networks on NRZ and 4-PAM signals.

2.9.2 Optical Equalisers

In DD systems, OEQs have been found not only to be more effective than
electronic equalisers, but also to uniquely provide dispersion compensation
across all wavelength channels in WDM systems since it deals directly with
them in optical domain [15], 23|, [102]-[104]. Simple colourless OEQs which
were proposed in 2003 [105] still attract considerable research interest since it
can alleviate the ISI in 40-Gb/s NRZ systems due to its narrow-band optical
filtering, uncompensated dispersion as well as polarisation mode dispersion
[102]. These devices have been used not only for equalising the waveform
distortions due to the fibre dispersion and the bandwidth limitation of the MZM
[106], the reflective semiconductor optical amplifier (RSOA) [104], [107]-[109]
and the DML [15], [23], [103], [110] but also in reducing fibre nonlinearities such
as self-phase modulation, cross-phase modulation and four-wave mixing [54],
[111], [112]. More recent OEQ development includes monolithic integration with
a silicon in-phase/quadrature (I/Q) modulator on the same chip that boosted
the modulation bandwidth and enhanced the BER performance [113]. Latest
research approach on optical equalisation technique is the utilisation of an
optimised silicon micro-ring resonator (MRR) that integrated into the DML to
optimise the extinction ratio and optically pre-compensate the dispersion [50].
Its fruitful results have been achieved with an error-free NRZ transmission over
2.5-km of SMF at 25-Gb/s [50]. It is promising that 4-PAM scheme would be
the next target for doubling the link capacity in this system.

Table 2.2 summarises system demonstrations reported in the literature
within the last five years with regard to the data rate per channel and

modulation formats that employ OEQ as a technique to mitigate the dispersion-
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induced signal distortions. It is worth noting that the OEQ is configured as an
optical pre-equaliser, i.e. inserted right after the transmitter, whereas an OEQ
configured as an optical post-equaliser if it is inserted right in front of the

receiver as shown in Fig. 2.11.

Electrical E/O I Pre I Post O/E Electrical
——

. .
Tx conversion _b: OEQ | Optical Lmkﬁi OEQ conversion Rx
N ]

]

Figure 2.11:  The block diagram representing the placement of the OEQ to cancel
the accumulated dispersion.
Table 2.2: Summary of transmission systems using optical equalisation
techniques and DD receivers within the last 5 years.
Bit rate/A Modulation Modulation Ref Year
(Gb/s) Format Optics Publishe
d
10 NRZ RSOA [109] 2013
20 RZ 4-PAM RSOA [104], 2016
[107]
25 NRZ DML [103] 2016
25 4-PAM DML [103] 2016
25 NRZ VCSEL [13] 2016
25 NRZ DML [15] 2017
25 NRZ MZM [114] 2017
25 NRZ DML [50] 2017
28 Duobinary DML [110] 2015
40 NRZ DML [115] 2014
40 NRZ DML [23] 2014
56 NRZ MZM [34] 2017
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In order to elucidate the utility of OEQ in equalising the waveform distortions
caused by fibre dispersion which resulting in the great extension of maximum
transmission distance. The results of our OEQ study on duobinary signal are

investigated and presented for the first time in Chapter 7.

2.9.3 Electrical Equalisers

This section discusses another possible solution for compensating fibre
propagation impairments is the use of electrical equalisers (EEQ) as known as
electronic equalisation, which has become increasingly attractive and been
widely employed to assuage the dispersion effect in current research on optical
transmission systems [51], [116]—-[118]. EEQ in fact has been extremely studied
in complementary metal-oxide-semiconductor (CMOS)-based chip-to-chip
communications over high-loss electrical channels such as backplane to mitigate
the effects of channel loss and other impairments and traditional

communications systems (i.e. wireless and wireline system) [119]-[127].

EEQ was proposed to mitigate the effect of transmission impairments
such as chromatic dispersion or polarisation-mode dispersion (PMD) in long-
haul fibre-optic systems since early 1990s [128|. It has gained significant
attention since it can improve the system performance at a small cost premium
once they have entered large volumes and development cost is negligible [51],
[70]. Latest research on the real-time implementation of EEQ in optical
transmission has been demonstrated by a group of researchers from Bell Labs
[129]. The authors experimentally applied and studied the on-chip adaptive
EEQ, programmable input equalisation from Microsemi to compensate the
dispersion effect in optical 4-PAM system at 20-Gb/s. Two other typical

modulation formats: NRZ and Duobinary are also investigated in that work.

Another benefit of EEQ to be mentioned is the high adaptability. In
general, an EEQ device is not designed to diminish a particular impairment. Its
main task is to reduce the ISI effect and equalise the pulse sequence without

knowing the causes of it. Hence several reports named this technique as adaptive
equalisation [20], [130], [131].
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Fig. 2.12 shows the generic arrangement of the EEQ at both the transmitting
(pre-EEQ) and receiving side (post-EEQ). The former technique can also be
called pre-emphasis or pre-distortion. By definition, pre-distorting the electrical
signal in the transmitter pre-compensates the transmitted field for the
accumulated dispersion of the transmission link to obtain a desired field at the
receiver. The latter solution is currently of preeminent interest for NRZ,
duobinary and 4-PAM (8], [9], [15], [24], [67], [97], [103], [116], [132]-[143]. The
equalisation processes can also occur by sharing between the pre-emphasis and
post-equalisation at the Tx and Rx side to maximise the transmission quality
[144]-[147].

Since EEQ can also be implemented off-line based on DSP module [6],
[132], [148], [149], therefore it is likely that electronic dispersion compensation
is prevalently executed in almost transmissions even at very high data rate e.g.
> 100-Gb/s due to its simplicity. However considering the electronic limitations,
it is troublesome for real-time EEQ demonstration in very high-speed optical

transmission systems.

| =TT ]
Electrical ' Pre E/O . . O/E Post | Electrical
Tx , EEQ conversion Optical Link conversion . EEQ i Rx
Figure 2.12:  Arrangement of the electrical equalisers in optical transmission

systems.

There are several types of EEQ techniques, which can be classified into the
following categories. It should be noted that only the receiver-side EEQ is

introduced due to its dominance in the recent literature.

. Feed forward equaliser (FFE): this is the most-widely-studied linear
equaliser. The FFE filter method is based on a cascade of taped delay line of
the input sample. Each tap spacing can be either symbol-spaced or fractionally-
spaced. At each delay, the signal is weighted by the tap coefficients or as it is
also called tap weights and then summed together to give the output sample.

The filtering coefficients of the FFE can be adapted using least-mean square
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(LMS) algorithm. Since a linear FFE boosts the noise, a pure FFE is usually

less preferable.

° Decision feedback equaliser (DFE): this is a preferred technique to
eliminate the post-cursors while using FFE before DFE to compensate the
interference from the pre-cursors of the distorted signal. In other words, the
equalised signal after FFE experiences further compensation at the DFE which
consists of n coefficients and n delay taps. Details of FFE and DFE techniques
for direct detection systems can be found in [51], [148], [150].

It is worth mentioning that a vital parameter in adaptive EEQ is the step size
p that is linked with the filter taps weight uploading. High value of u means
faster convergence but lower precision whereas low value of u bring to slower
convergence but higher precision. Also, the more of delay taps used, the more

complex of the real-time electronic equalisers.

In Chapter 7, the use of EEQ in improving the transmission performance

by equalising the ISI effect is experimentally studied.

2.6 Concluding Remarks

This chapter has covered the theory of optical transmission systems. Also
described in this chapter are the generation and properties of those advanced
modulation formats that gaining a lot of attention in the current research on
IM/DD systems.

There are various performance metrics such as Q-factor, BER, chromatic
dispersion, self-phase modulation, spectral efficiency and eye diagram have been
comprehensively presented in order to evaluate and compare signal quality.
Several dispersion compensation techniques including the conventional and the

state-of-the-art ones have also been discussed in this chapter.
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Chapter 3— AACC System

Model and Performance

Metrics
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3.1 Introduction

This chapter presents comprehensively the transceiver structure, working
principle and data recovery of the proposed multilevel modulation format
namely AACC. In this chapter, the performance of AACC signalling with direct
detection is analytically reported. Hereby the focus lies on the performance of
the BER, noise contributions and spectral efficiency. This chapter also
delineates the signal space model of AACC, where the average electrical and
optical power expressions are derived for the first time. The signal space analysis
is essential since it provides a convenient platform for representation and
comparison between modulation formats. The proposed modulation format were
also assessed numerically and compared to other well-known signalling such as
NRZ at the same bit rate in a directly modulated vertical-cavity surface-
emitting laser (VCSEL)-based transmission systems in order to validate the
analytical performance. The comparison results show a clear advantage of
AACC in achieving longer fibre delivery distance due to the higher dispersion

tolerance.
The materials presented in this chapter have been published in:

N. Dong-Nhat, M. A. Elsherif, and A. Malekmohammadi, “Assessment
of Absolute Added Correlative Coding in optical intensity modulation and
direct detection channels,” Opt. Eng., vol. 55, no. 6, p. 66115, 2016.

43



3.2 AACC Transceiver Model

3.2.1 Transmitter Model

DELAY
)

Figure 3.1: =~ AACC concept (a) AACC transmitter model and (b) AACC symbols.
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Fig. 3.1 (a) shows a general transmitter model of AACC format that based on
partial response signalling (otherwise called as correlative coding) in electrical
domain. In fact, the electrical AACC signal can be obtained by adding two
unequal-amplitude duobinary tributaries via an electrical adder resulting in a
multilevel bipolar signal which is symmetrical with respect to zero amplitude.
The principle of duobinary generation has been discussed in Chapter 2. The
process ends by taking the absolute value of the generated multilevel bipolar
signal, which is a unique positive polarity symbol for each case by employing
the absolute circuitry. By operating this way, the transmitted pulse is basically
distorted, it is therefore promising that AACC signal enjoys the pre-distortion
feature making itself robust to dispersion. In addition, having the knowledge of
this unique approach of generating AACC signal, decision circuit and data

recovery rules can be formed at the receiving side for BER estimation.
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The transmitter is composed of two paths (N; and N,) that comprise two binary
data known as a(k) and a’(k). The first path consists of a precoder, a level
shifter (LS) and an encoder. The encoder at the transmitter side scrambles the
original binary data; hence an electrical precoder which contains a logic NOT
gate, a logic XOR gate with a one-bit delay/feedback loop is needed to avoid
error propagation and eases hardware complexity for decoding at the receiver.

The precoding function can be expressed as

b(k) = a(k) @ b(k —1) (3.1)
With
b(k) =1 if either a(k) or b(k —1) is 1

b(k) =0 otherwise

where a(k) is the transmitted binary input bit stream, b(k) is the pre-coded
binary sequence and @ is the logic XOR gate.

The sequence b(k) is applied to the LS. All the output of the LS, ¢(k) is
bipolar. In fact, if b(k) =1 V or 0 V resulting in ¢(k) = 1 V or -1 V respectively.
The sequence c(k) is then passed to an encoder which operates as an electrical
one-bit delay-and-add filter. The main purpose of this encoding process is to
convert an electrical binary signal to a normalised three-level electrical signal.
The value of d(k) = 0 Vif a(k) = 0V and d(k) = £2 V if a(k) = 1 V. In other
words, by implementing the addition of the current bit to the previous bit
results in an electrical ternary voltage signals (-2 V, 0 V, 2 V). This relation is

found as

d(k) = c(k) + c(k — 1) (3.2)

where d(k) is the encoded bipolar three-level signal and c¢(k) is the level-shifted

binary stream.

A similar procedure is for the second path, but inserting a 6 dB electrical

attenuator to reduce its power by half for achieving an equidistant 4-level
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signalling. As illustrated in Fig. 3.1, the output voltage of AACC signal g(k) is

given by
g(k) = f ()| = |d(k) + e(k)| (3:3)
Table 3.1:  Transmitted and received bit stream for AACC modulation.

k -1 0 | 1 2 3 4 5 6 7
a(k) 0 | 1 0 1 1 0 0 1
a(k) 1|0 1 0 0 1 1 0
b(k) 0 1|1 0 0 0 1 0 0
c(k) -1 1|1 -1 -1 -1 1 -1 -1
d(k) 0 | 2 0 -2 -2 0 0 -2
a’ (k) 0 | 1 0 1 0 0 1 1
a'(k) 1] 0 1 0 1 1 0 0
b’ (k) 0 1|1 0 0 1 0 0 0
¢’(k) -1 1|1 -1 -1 1 -1 -1 -1
d’(k) 0 | 2 0 -2 0 0 -2 -2
e(k) 0 | 1 0 -1 0 0 -1 -1
f(k) 0 | 3 0 -3 -2 0 -1 -3
g(k) 0 | 3 0 3 2 0 1 3

Table 3.1 distinctly clarifies the transmitted and received bit pattern of AACC
modulation. In fact, the process of how a binary input data (0 V, 1V) is
converted to ternary levels (-2 V, 0V, 2 V) and (-1 V, 0V, 1 V) and then to
quaternary-level signal (0 V, 1 V, 2 V, 3 V) is presented. The intensity levels
are equidistant and nonnegative, which are favourable in intensity-modulated

direct-detection links [151]-[154]. It is worth noting that the constellation point
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of AACC is different to 4-PAM whose amplitude levels is (-3 V, -1 V, 1 V, 3
V). For differential precoding and encoding, a reference bit is vital to initiate
the process. This reference bit could be arbitrarily set to either logic “1 V” or
logic “0 V”. In Table 3.1 the reference bit b(k) and b’(k) at the time instant k
= -1 V were set to logic “0 V”. Note that the impulse shaping used in the AACC
transmission can be either NRZ or RZ Gaussian edge shapes which are

represented as [155]

Engz ©= 1==h

1 ,t1St<t2 (35)

Erz®=| _t/c

where ¢, and ¢ are the rise time coefficient and the fall time coefficient
respectively. The parameters t; and t, together with ¢, and ¢f are numerically
determined so that pulses with the exact values of the rise time and fall time

can be generated, and T is the bit period.

Fig. 3.1 (b) shows a waveform representation of the output signal for
each block of the AACC transmitter. In other words, it illustrates two input
bits are bound together to form a symbol, which then mapped to a unique

voltage amplitude to form 4-level AACC signalling.

The signal is then modulated by a modulator for processing the electro-
optical conversion and sending out the optical AACC signal (g(t)) into a
dispersive optical channel which is single-mode fibre (SMF) or multi-mode fibre
(MMF) links.
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3.2.2 Receiver Model
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Figure 3.2: (a) AACC receiver and (b) Anatomy of a decision module algorithm.

As shown in Fig. 3.2 (a) once the optical AACC signal reaches its destination,
it is then converted back to the electrical signal thanks to the demodulator

which is the PIN or avalanche photodiode (APD) in real-world demonstration.

Since it is a 4-level intensity signal, three optimal threshold values are
required in order to clearly determine its symbols prior to de-mapping it into
two streams of binary data and compare with a(k) and a’(k) for BER

calculation. Details of estimating the BER is discussed in Section 4.2.

3.2.3 Signal Space Model

AACC signal is a nonnegative four-level modulation scheme consisting of four
symbols that depend upon one orthogonal time slot. Therefore it is often
convenient to represent a set of finite-energy digital signals by a corresponding
set of vector space components based on the Gram-Schmidt procedure [127].

Assuming that these signals are transmitted at every T seconds, where T is the
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signalling interval (symbol duration). This means that in each second Ry = l/T
S

is transmitted, where R is called the signalling rate or symbol rate.

Ry, =log,K X Ry (3.6)

where K is the number of levels of AACC-based signalling. For AACC
modulation, K is equal to 4. In addition, AACC signal carries 2 bits/symbol;
thus the bit interval T}, in which 1 bit of information transmitted is represented

as

T, =2 (3.7)

In optical intensity modulation and direct detection channels, the
transmitted signal must satisfy the nonnegativity constraint. Hence the basis

function for AACC can be expressed as

1 t
Gaacc(t) = \/—T_Srect (;S) (3.8)
where
_(Lifo<t<1
rect(t) = { 0, otherwise (3.9)

Because all signal points can be described in terms of one basis function, the
constellation diagram is one-dimensional. The constellation diagram for AACC
in IM/DD system is illustrated in Fig. 3.3, which consists of four equidistant

points on the axis.
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Figure 3.3: (a) Basis function and (b) signal space constellation geometry of

AACC.

By employing vector presentation, it is worth noting that the Euclidean distance
(d) indicates the degree of separation between any pair of signal points in the

signal space can be expressed by

_ 2JTeP

d= P (3.10)
where P is the average signal power.
3.2.4 Power Performance Metrics

In order to assess the performance of AACC power efficiency in IM/DD
channels, the two important entities to discuss are the average electrical power
and average optical power. This is unlike the conventional electrical additive
white Gaussian noise (AWGN) channel, where the two standard power
performance measures are average and peak electrical powers. These two
measures are derived based upon the basis function and the constellation
geometry in the following electrical and optical domain [84], [137], [151], [153].
Note that the average electrical and optical power of an intensity signalling
scheme depends on the signalling interval as well. This is due to the fact that
Daacc(t) in Eq. 3.8 is set to have unit electrical energy since detection is done

in the electrical domain, as shown in Fig. 3.2. Therefore the average electrical
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and optical power are dependent on Ty (symbol duration) which is specifically

derived as follows.

3.2.4.1  FElectrical Domain
The first evaluation metric is the average electrical power defined as

P = lim o= f7 g*(6) dt (3.11)
Which can be simplified to

P, = Zavge (3.12)

where Egp,q4. is the average electrical energy per signal constellation in the

electrical domain and is equivalent to

Eavge = ¢ Sheallgl? (3.13)
For AACC signal, the energy in signal g(t) can be expressed by

E, = llgll* = Ts(A[k])? (3.14)

where A[k] € {0, 1, 2, 3} and chosen uniformly. And the total average electrical
energy AACC symbol is then given by
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T K
Eavg,e = EZ(A[k])

k=1

(3.15)
:T—|2(12+22+...+(k—1)2) o

If all signals have the same energy, then E, = Egy4,.. Therefore the average

energy for transmission of 1 bit of information (average energy per bit) is

Egvg,e Ee
E = —wae - e 1
avg.e/b log, K log, K (3 6)

3.2.4.2  Optical Domain

The second evaluation metric is the average optical power defined as P, =

Tlim (v/2T) f_TT g(t) dt, where v is the electro-optic conversion factor in

Watts/Ampere and P, can be simplified to [151]

Zavgo (3.17)

Yl
I

where Egp,4 , is the average optical energy per signal constellation in the optical

domain and v = 1 has been assumed, and it can be formed as

avg o= \/Ez A[k]
k= (3.18)

S(1+2+...+(K-1))
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In order to have a fair comparison with on-off-keying (OOK) format whose
spectral efficiency in a fixed bandwidth is 1 bit/s/Hz, the spectral efficiency of
AACC on the intensity modulated channel is defined as

n= %: log, K [bits/ s/ Hz] (3.19)

where B = Ry is the first-null bandwidth of g(t). This means that bandwidth
of AACC modulation is lessened by half, compared to OOK at the same bit

rate.

Apart from the use of NRZ pulse shape in AACC signal that has been
discussed earlier, a variation of AACC for the IM/DD channel is RZ-AACC
with duty cycle § (§-RZ-AACC). This is similar to NRZ-AACC scheme, except
that the pulse width is taken for only a fraction § € (0,1] of the baud interval.
The bandwidth for §-RZ-AACC is

Sy
I

(3.20)

The AACC modulation with RZ pulse shape and different duty cycles is
discussed further in Chapter 4.

3.3 Analytical Performance Evaluation

Although AACC has a completely different generation structure compared to
4-PAM, but from the optical domain signal perspective, AACC bears a
resemblance to 4-PAM signal. Thus, the analytical BER of AACC and relative
sensitivity to OOK can be expressed in the following sections according to Refs
[10], [127].
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3.3.1 Sensitivity and BER Calculation

Assuming that the noise is additive, white and stationary (e.g. when the thermal
noise is dominating), the optical power penalty for using AACC expressed in
dB, in comparison to OOK at the same baud rate, in terms of the required
optical power to reach the same BER is Pypqyuq = 10log;o(K — 1) = 4.8 dB. The
penalty is less when the bit rate is kept fixed due to the reduction of bandwidth.
The optical power penalty for AACC, relative to OOK at the same bit rate
Pyyic is [10], [127], is

K-1
Posi :10|0910£ log, K J (3.21)

This means that 3.3 dB more optical power is required for AACC in
comparison to OOK signal at the same bit rate to reach the same BER. Prior
to calculate the theoretical BER values for AACC system, it is important to
firstly calculate the symbol error rate (SER) estimation. Under assumptions

that all K symbols are equiprobable, the SER can be expressed as

SER =

2

_ R (3.22)

K-1 K-1
i=0 j=0, j=i

x|

where P;; is the probability of receiving symbols j when symbol i was

transmitted and given by [10]

WA P T I Y P |
P =Zerfc| M |_Zerfc| D2 _ 1 (3.23)
o2 [ o-iﬁ] 2 ( O'i\/§
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where I; is the photocurrent on the PIN photodiode at symbol i, and Iy ; is the
threshold current located between the subsequent symbols, and g; is the root

mean square (RMS) value of the noise variance current for a symbol i.

The BER formula is dependent on the type of coding, where gray coding
has a slightly improved performance in comparison to natural coding due to the
less number of bits transition per symbol [57], [156], [157]. The BER then can

be expressed as

16 d
BER =— 1P 3.24
K izj;j# log, K (324

where d;; is the Hamming distance between the coding of symbols i and j. Table

3.2 shows two types of coding for AACC modulation.

Table 3.2: Gray and natural coding for AACC.

Intensity Gray Natural
Levels coding coding
(Symbol)
0 00 00
1 01 01
2 11 10
3 10 11

Assuming the thermal noise is dominating, all symbol levels are equally spaced
and the decision thresholds are equidistant from adjacent symbols, the SER can

be given as
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K-1 Iavg
SER = " erfc((K_l)ﬁaJ (3.25)

where 4,4 denotes the average photodetector current and o = o; for all i is the
RMS noise current and dependent upon the received optical power B, by lp,g =

R,.P,, where R, is the photodiode responsivity. The BER then can be

approximately estimated as

SER
log, K

BER ~d,, (3.26)

where dy is the average Hamming distance between the labels of neighboring

symbols. If gray coding is used, dy = 1. In case of natural coding, dy = 2 —
log,K
K-1"

3.3.2 Total Noise Variance

The total current variance noise 62, is given by

Ol =05 +07 +0, =201, Af +4kB-|F;¢Af+ | 2o N Af (3.27)

L

As discussed in [10], the three terms of Eq. 3.27 are shot noise, thermal noise
and relative intensity noise (RIN) respectively. The values denoted by
q,Af , kg, T, R, E, and Ng;y are respectively, the electron charge, receiver spectral
bandwidth, Boltzmann constant, temperature in Kelvin, load resistance,
electrical amplifier noise figure, and the average RIN spectral density. For
simplicity, the photodiode dark current has been neglected due to its effect that
is much less than the detected photodiode current. At a fixed bit rate of 10-
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Gb/s, the bandwidth of OOK was set to 10-GHz and that of AACC was 5-GHz.
Also, a set of values has been assumed, where F, = 5 dB, T = 298 K, R, = 50
Q, Ng;y = -155 dB/Hz and R, = 0.4 A/W.

Fig. 3.4 shows the theoretical BER for OOK and AACC based on Eq.
3.26, assuming gray coding and directly modulated laser used. At BER of 1077,
OOK format has a sensitivity of about -15 dB, whereas the received optical
power of AACC is approximately -11.7 dB, which is in the same agreement with
results from Eq. 3.21. To further consolidate and verify the analytical BER
performance of AACC modulation scheme, a corresponding simulation
transmission setup at 10-Gb/s has been demonstrated and shown in Appendix
A. More investigations on numerical performance of AACC and its related

signalling is exhaustively discussed in chapter 4 and 5.

BER
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-+ 00K
4 , L .
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Figure 3.4: Theoretical BERs versus received optical power for OOK and AACC

transmission formats at 10-Gb/s.

Figs. 3.5 and 3.6 illustrate the contribution of all noise sources based on Eq.
3.27, which are plotted against received optical power P, and bit rate R,
respectively. As can be seen from Fig. 3.5, for the received optical power greater
than 6.5 dB, the RIN and shot noises are stronger than the thermal noise. Thus,

it is apparent that thermal noise is independent of the signal power and always
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dominating in the system. Fig. 3.6 consolidates the robustness of the thermal
noise in the performance of the link, by increasing the bit rate from 2 to 100-

Gb/s, the thermal noise is still governing and almost overlapping the total noise,

2
Ototal-
10°
o Total noise "
10- B - Y,
8
= Thermal
5 noise
=
% 10-12_
ke Shot noise
T
5
'_
-14
10y RIN
107 : : : - - :
-20 -15 -10 -5 0 5 10 15
Received Optical Power (dBm)
Figure 3.5: Contributions from shot noise, thermal noise, and RIN at a receiver
bandwidth of 20-GHz for AACC.
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0 2 4 6 8 10
Bit Rate (Gb/s) x 10%°
Figure 3.6: Contributions from shot noise, thermal noise, and RIN versus bit rate
for AACC.
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The effect of varying the spectral width on the total noise variance for OOK
and AACC transmission formats is displayed in Fig. 3.7. Since the thermal noise
is not signal-dependent, equally spaced levels and equidistant decision
thresholds between the symbols of AACC signal are therefore used, as shown
in Fig. 3.2 and constellation diagram in Fig. 3.3 in order to yield an optimised

accurate theoretical results.
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Figure 3.7: Total noise variance o6&, in [A%] versus the received optical power for

OOK and AACC.

3.3.3 Impact of RIN on AACC

It is essential to show the effect of RIN, which is generated due to the fluctuation
in the laser intensity on the sensitivity of a fibre optic communication link [151],
[156]. Under certain circumstances, RIN can cause a significant degradation on
the system performance. The effects of RIN can be evaluated analytically by

taking into account the noise variance when calculating the BER.

Fig. 3.8 indicates the analytically calculated BER curves for OOK at the
bit rate of 40-Gb/s and the RIN ranging from -155 to -115 dB/Hz. The BER
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curves for AACC with various levels of RIN in the range of -155 to -126 dB/Hz,
also at an aggregate bit rate of 40-Gb/s are displayed in Fig. 3.9. It was assumed
that the decision thresholds are equally spaced from the adjacent symbol levels.
As the RIN penalty increases, the BER curves start showing progressively
higher error floors. It can be concluded that the RIN contribution does not

remarkably degrade the link performance in comparison to the thermal noise.

BER

0 -155.0 dB/Hz
A -130.5 dB/Hz
10 -128.0 dB/Hz
+ -122.5 dB/Hz
& -120.0 dB/Hz

-115.0 dB/Hz

-25 -20 -15 -10 -5 0 5
Received Optical Power (dBm)

Figure 3.8: BER curves for various levels of RIN, shown for OOK at 40-Gb/s.
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Figure 3.9: Influence of RIN on expected BER, shown for AACC at 40-Gb/s.

3.4 Concluding Remarks

Presented in this chapter is the novel transceiver structure, working principle,
and data recovery of the AACC transmission system. The signal space model
of the AACC modulation format has also been discussed, where the average
electrical and optical power expression are derived. It is shown that proposed
AACC can be used to double the transmission capacity. In addition, a
development of the BER estimation based on threshold detection at the receiver

has also been addressed.

Since AACC is a nonnegative multilevel intensity modulation format
that based on partial response signalling (correlative coding); it is therefore
favourable that the AACC signal is able to overcome the chromatic dispersion
in single mode fibre as well as modal dispersion in multimode fibre transmission
links. This is because AACC employs a bit correlation methodology which
makes itself robust to the dispersion tolerance. It is noteworthy to mention that
the use of bit correlation has successfully demonstrated in binary signalling e.g.

duobinary and phase-shaped binary transmission. These two modulation
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formats are still under research for high-speed optical access networks, data
centre and long-haul transmission systems [37], [83], [103], [110], [135], [158].
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Chapter 4— Numerical

Performance Analysis of

AACC-based Signalling
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4.1 Introduction

This chapter gives a brief overview of the commercial optical system simulator
that employed throughout in this study to assess the performance of optical
fibre transmission systems. This chapter also presents several types of multilevel
intensity signalling that based on the concept of AACC transmitter in different
optical transport applications such as interconnects, short-haul and access
networks. The generation of each related-A ACC modulation format is described
in specific with an evaluation of their performances according to numerical
validated software OptiSystem 12 and MATLAB®. The comparison with other
prevailing modulations such as NRZ, 33% RZ, 50% RZ, 67% carrier suppressed
RZ (CS-RZ), duobinary, 4-PAM, RZ 4-PAM and 8-PAM is also investigated.

The materials presented in this chapter have been published in:

N. Dong-Nhat, M. A. Elsherif, and A. Malekmohammadi, Investigations
of high-speed optical transmission systems employing Absolute Added
Correlative Coding (AACC),” Opt. Fiber Technol., vol. 30, pp. 23-31, 2016.

N. Dong-Nhat and A. Malekmohammadi, “RZ-absolute added correlative
coding (AACC) transmission system featuring improved receiver sensitivity for
high-speed optical transport,” Electron. Lett., vol. 52, no. 8, pp. 639-641, 2016.

N. Dong-Nhat, L. Nguyen, and A. Malekmohammadi, “75 Gbit/s
transmission over single mode fibre links using 8-PAM and 8-AACC
modulations,” Flectron. Lett., vol. 53, no. 5, pp. 326-328, 2017.

4.1.1 Numerical Simulation Software

The simulation of optical fibre transmission systems involves realistic modelling
of the generation, propagation and reception of the transmitted signals. The
trade-off of any simulation is between accuracy and time. Thanks to the
availability of commercial optical system simulators, with sophisticated

simulation algorithms and easy-to-use graphical user interfaces, it was decided
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to use one of such packages. It was chosen OptiSystem from Optiwave Systems

Inc. Several key reasons have concurred for this option as follows.

e OptiSystem (http://www.optiwave.com) is a high-end and innovative

optical communication system simulation package that has been
commercial for more than 20 years for professional engineering and
advanced research. It is a stand-alone system-level simulator that does
not rely on other simulation frameworks. Its capabilities can be extended
easily with the addition of user components, and can be seamlessly

interfaced to a wide range of tools.

e Besides the software can also interacte with MATLAB® programming
language, so the users are able to design and model their own electrical
and optical components. This valuable feature has enabled to develop

and evaluate the performance of AACC-based signalling and equalisers.

e Another reason should be mentioned to consolidate the competence of
OptiSystem is that it satisfies the demand of recognised optical
telecommunication services providers and also well-known research
universities [10] [22]|. Especially it offers an affordable price for academic

institutions.
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4.2 AACC

4.2.1 Simulation Setup

'
Optical

7
¥ — LG
}
A

To the optical channel |
and receiver

Figure 4.1: Schematic of the AACC transmitter for numerical evaluation.

Fig. 4.1 shows the simulation setup of optical AACC transmitter. The
generation of AACC which denoted as g(k) in electrical domain has been
presented in Chapter 3. A dual-drive MZM is used to modulate the optical
carrier wave which emitted from a continuous wave LD with the four-level
electrical AACC drive signal. The MZM consists of an input Y-branch splitter,
two electrical drive voltages and an output Y-branch combiner. The total
optical field is, to a good approximation, the sum of the fields at the outputs of
the two arms. If the splitting ratio (SR) of the input and output Y-branches
are identical, the optical signal is expressed by [58], [72], [159]:
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Eo

Aay(Vy)
1T SR SR exp <—< > +]A,8(V1)>L>

+ exp (— (MOT(VZ) +jAﬁ(Vz)> L —j¢o>]

= \/I(V1V2)eXp(f¢(V1: V2) (4.1)

E(Vl; Vz) =

where SR = P, /P, is the Y-branch power splitting ratio; Ada,/2, attenuation
constant; 4F, phase constant; L is the interaction length of the modulator arm;
¢o, 0 radians for a conventional modulator and n radians for a n phase-shift
modulator; V;,V,are the voltages applied to arms 1 and 2, respectively; I,

intensity of the optical signal and ¢ is the phase.

Fori= 1,2

Vi(t) = Vpi + Vinoai v (t) (4.2)

where Vj; is the bias voltage; Vi,04i, peak-to-peak modulation voltage and v(t)
is the modulation waveform with a peak-to-peak amplitude of one and an
average value of zero. The dependence of the attenuation and phase constants
on the applied voltage is obtained for a straight section of waveguide cut from
one arm of a modulator. Note that for a dual-drive MZM module, the absorption
(Aday) and the phase difference (48) are nonlinear functions of the applied bias

voltage as illustrated in Fig. 4.2.

67



=6
c
© Phase
B 5t .
g Absorption
&
© 4
=
o
EE
o
2
c
=l
g1f
a
0
< . . \ h
-5 -4 3 -2 -1 0

Voltage (V)

Figure 4.2:  Characteristics of absorption (Aa,) and phase difference (Ag) in the
simulated optimised dual-drive MZM [58].
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Figure 4.3: Simulation setup.

The lightwave full link system under study is depicted in Fig. 4.3. The aggregate
bitrate is 40-Gb/s (2 x 20-Gb/s) with pseudo-random binary sequence (PRBS)
of 219 — 1. The NRZ-AACC signal is used to modulate the CW laser at ~1550
nm wavelength by a dual-drive MZM with the splitting ratio of 1, the
modulating voltage of 1.3 V and the bias voltages V,; and V;, of -0.9 V and -
2.3 V, respectively. The gain of the optical pre-amplifier was set as 30 dB while
the noise figure was taken to be 6 dB. The optical AACC is transmitted to the
standard single mode fibre (SMF). A variable optical attenuator (VOA) is
inserted after the SMF to vary the received optical power. A pre-amplifier which
is the EDFA to amplify the generated signals and offset the transmission loss.
A Gaussian optical bandpass filter (OBF) with an optimal bandwidth B, is used

to shape the signal and eliminate the amplified spontaneous emission (ASE) noise.
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The larger OBF bandwidth degrades the system performance since more ASE
noise is collected by the OBF. This aspect is specifically shown in Section 4.2.2.1
(Fig. 4.5).

At the receiving end, this optical 4-intensity level signal can be easily
detected by a simple direct detection technique as OOK or 4-PAM signals
without any modification that results in a reduced complexity in
implementation [9], [44], [84], [85], [95], [134], [156], [160]. In fact, it is passed
through the PIN photodetector, which is a square-law detector and used to
convert the optical signal to electrical signal. The contribution from the thermal
noise o4, was also added. The subsequent electrical signal is transmitted to a
Gaussian LPF which is considered to have an optimal bandwidth that
associated to the null-to-null bandwidth in order to eliminate the photodiode
noises and avoid introduction of ISI on the transmitted signal. The received
signal is then fed into the MATLAB®-based module for the BER estimation

and data recovery unit.

In fact, all of the sampled values taken at the sampling point (Sy)
displayed in Fig. 3.2 (b) are passed into the decision devices in order to compare
against three threshold levels Ty, T, and T3. Table 4.1 shows the truth table
(data recovery rules) that explains the functionality of this receiver completely.
Fig. 4.4 shows the sample of the received 4-level intensity eye diagram and its
Gaussian probability densities. The red and blue regions display the probability
of incorrect identifications. The total BER can be calculated taking into account
the probability density functions (PDFs), which correspond to the incorrect
identifications of AACC symbols. Given in the table, there are four symbols
denoted as Sy, S1, S, and S; corresponding to the four pairs of bits as “007, “017,
“10” and “11”. A symbol error is detected when transmitting a symbol S; while
receiving a symbol Sj, where i is not equal to j. The conditional probability of

receiving S; when §; was transmitted is symbolised as P;;.
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Table 4.1: Data recovery rules at the receiver.

Rules Decision on Decision on Intensity Level
Path 1 (N;) Path 2 (N,) (Symbol)
fS\< Ty 0 0 0
T, <S5, < T, 0 1 1
T, <S\< T; 1 0 2
If Sy > T; 1 1 3
. symbol . > o
top o
middle H2
bottom g
Ho

Sampling point (.S,) — >
Probability

Figure 4.4: Sample of 4-level intensity eye diagram and its conditional probability

density functions with Gaussian noise.

Specifically, regarding to the bottom eye diagram, an error occurs at the receiver
side of the system when a sampled value of a “1” in N, (Path 2) is lower than
decision threshold T; or the sampled value of a “0” in N; (Path 1) is higher than
the decision threshold T;. With a probability of an incorrect decision when a “1”
is received (Py;) and the probability of an incorrect decision when a “0” is

received (Pyg), they can be written as

1
BERl = E (P01 + PlO) (43)
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For the middle eye diagram, note that P;, and P,; are weighted double due to
the susceptibility to noise from the upper and lower PDFs. Therefore the BER,

can be calculated as
BER, = %[2(P12 + Pp1)] (4.4)
While the BER; measurement at the decision level T3 is given by
BER; = %(P23 + P3;) (4.5)
Consequently the aggregate BER can be calculated as

1
BER:BER1+BER2+BER3: E(P01+P10+2P12+2P21+P23 +P32)

=%erfc (3—%) + erfc (3—%) +%erfc (3—%) (4.6)

where erfc is the complementary error function. While the Q-factors are

obtained from

_HiTHo o _ =i o _ M3
Ql - 01—00'Q2 02—01’Q3 03—0 (47)

where g, 41, U2, Uz and ay, 04,072,053 represent the mean and the variance

(standard deviations) corresponding to the PDFs respectively.
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4.2.2 Results and Discussion

A Gaussian OBF was used with an optimal bandwidth B, and transfer function
of H,(f) tuned to cut-off frequency of 45-GHz. The photodiode with the
responsivity and dark current of 0.8-A/W and 10-nA, respectively. The
electrical AACC signal then launched into a Gaussian electrical LPF, with the
electrical bandwidth B, of 13-GHz. Fig. 4.5 shows B2B receiver sensitivity as a
function of electrical and optical filter bandwidth. Filter bandwidths ranging
from 40 to 60-GHz and 13-GHz to 21-GHz were tested for optical and electrical
filter, respectively. As illustrated in Fig. 4.5 the bandwidth of 45-GHz and 13-
GHz were found as an optimum bandwidth for optical and electrical filter,
respectively. Thus, the optical filter bandwidth was fixed to 45-GHz and

electrical bandwidth was fixed to 13-GHz in the following calculation, for
eliminating the photo- diode noises and optical noises, respectively.
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Figure 4.5:

Receiver sensitivity as a function of (a) optical filter bandwidth and
(b) electrical filter bandwidth.

72



4.2.2.1  Recewer Sensitivity

Fig. 4.6 shows the BER curves for the three AACC received eye diagrams (top,
middle and bottom) with respect to the received optical power of the signal.
The corresponding AACC eye diagram is shown as inset of Fig. 4.6. The bottom
eye diagram, which represents the amplitude levels “0” and “1” dominates the
overall BER in all three cases. Its received optical power at BER of 107° is
about -30.2 dBm. At the same calculated BER, middle and top eye diagram
experience ~1.2 dB and ~3 dB penalty with respect to bottom eye diagram,

respectively.

® top
B middle | ]
* bottom

Log(BER)
co

-34 -32 -30 -28 -26 -24
Received Optical Power (dBm)

Figure 4.6: BER curves for the three received eyes of AACC (top, middle and

bottom) in B2B scenario. Inset is the corresponding eye diagram.

This can be explained by approaching the noise powers associated with each

symbol at the receiver. It is approximately given by [78], [84], [161]

0 = 2(c2RsNysp)?* I + 4PB,Gc1C5RENsp Boe + 05, (4.8)
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where P, is the average power of level n (n = 0,1,2,3). The coefficient ¢; and
¢, are the input and output coupling losses of the optical pre-amplifier which is
the EDFA, respectively. The noise bandwidth of the ASE-ASE beat noise is
measured through I,. Ry is the responsivity of the optical receiver while G is the
amplifier gain at the operating wavelength of an optical preamplifier. B,, is a
measure of the noise equivalent bandwidth of the combined optical and

electrical filtering process, expressed as [162]

Boe = [ |Ho(F)I?|Ho (F)12df (4.9)

The one-sided power spectral density of the ASE noise, per polarisation, can be
written as [78], [155], [163]

NASE = (G - 1)hvnsp (410)

where hv is the photon energy. The variance (power) of the random variables

is derived

0'2 = PASE = (G - 1) hvnspBO (411)

From the signal-dependent noise power (Eq. 4.8) and its interrelation to BER-
Q-factor estimation in Equations 4.6 and 4.7, it can be observed that due to the
higher noise power, the Q-factor of top eye diagram (symbols 2 and 3) is lower
compared to middle and bottom eye diagrams, which consequently results in

higher performance degradation compared to other two eyes.

As illustrated in Fig. 4.6, owing to the different variation of variance
(standard deviations) and means at each level at the same received power, eye
with minimum variations of noise has the best performance and vice versa. It

should be noted that in order to minimize the performance variation between
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different eyes, dual-drive MZM with optimised voltage biases is therefore

employed.
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Figure 4.7: B2B receiver sensitivity of AACC, 4-PAM, duobinary and NRZ.

Based upon the BER calculation discussed earlier, Fig. 4.7 depicts the calculated
mean BER versus received optical power for the B2B scenario of AACC in
comparison to NRZ, 4-PAM and duobinary, respectively. It can be seen that at
the same capacity of 2 bits per symbol, AACC shows much better performance
compared to 4-PAM in terms of receiver sensitivity due to the utilisation of
optimised MZM. More details of this optimisation technique can be found in
Appendix B. By employing the same methodology (optimised eye opening
distribution), a better performance for 4-PAM is also expected. In comparison
to duobinary, although AACC offers double of transmission capacity but it

suffers from ~1.8 dB power penalty, due to its multilevel nature.

The receiver sensitivity of AACC is downgrade in comparison to NRZ
which is dominant due to the less intensity levels. 50% RZ and CS-RZ enjoy
a ~1-2 dB advantage over NRZ in ASE noise-limited systems due to an inherent
tolerance of the RZ pulse shape to ISI in the receiver [56], [80], [81].
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4.2.2.2  Spectral Efficiency

The transmission bandwidth of 4-PAM is a factor of 1/log,M less than
conventional binary scheme, where M is the number of levels in the M-ary PAM
signal [156], [164], [165]. As shown in Fig. 4.8 (d), considering the null-to-null
bandwidth, the optical spectral width of AACC is 40-GHz, which is in
equivalence to 4-PAM. The resulting AACC spectrum has a central lobe, which
is nearly identical to the 4-PAM single-lobe spectrum as well as several first
sidelobes as can be seen in Fig 4.8 (e). Hence, AACC and 4-PAM result in a
spectral efficiency of 1-b/s/Hz. The spectral width of AACC in association with

number of generated levels (L) can be defined as

aggregate bit rate

Spectral width = 2 X 3

(4.12)

While that of NRZ, 50% RZ and 67% CS-RZ are 80, 160 and 120-GHz
corresponding to the spectral efficiency of 0.5, 0.25 and 0.33-b/s/Hz. This is
because AACC is produced based on partial-response signalling, that makes use
of bit correlation in order to narrow the spectral width, which is about half of
the NRZ bandwidth. This amount of saving in the spectral width is significant
which results in better chromatic dispersion tolerance and enabling the
implementation of future spectrally-efficient WDM transport networks. It is
noteworthy to state that the optical spectral width of these simulated data
formats has a strong agreement with experimentally verified optical spectra in
[29], [86].
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Figure 4.8:  Spectral width of AACC in comparison to (a) NRZ (b) 50% RZ, (c)
67% CSRZ, (d) null-to-null spectral width 4-PAM and (e) full spectrum 4-PAM, all
at the same aggregate bitrate of 40-Gb/s.

4.2.2.8  Chromatic Dispersion Tolerance

The AACC signal is simulated in a dispersive transmission medium in order to
evaluate its tolerance towards fibre dispersion. Higher dispersion tolerance can
reduce the adjacent channel crosstalk. In fact, when operating at higher bitrates
over long lengths of fibre, the chromatic dispersion causes broadening of a single
transmitted pulse which is known as ISI that producing distortions in the

received signals. As a consequence, the relation between the maximum
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dispersion length Ly (ps/nm) and the null-to-null spectral width Af (GHz)can

be written as follows

c

D = R DA2Af (4.13)

where ¢ is the speed of light (¢ = 3 x 108 m/s), R}, is the bitrate (b/s), D is the
dispersion parameter (ps/(km.nm)) and A is the central wavelength (nm). It is
evident that the spectral width is inversely proportional to both the dispersion
parameter and the transmission length. Therefore the signal with narrower

spectral width delineates better chromatic dispersion tolerance.
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Figure 4.9: Measured BER versus chromatic dispersion. DB: Duobinary.

Fig. 4.9 shows the chromatic dispersion tolerance of AACC compared with 4-
PAM, 50 % RZ, 67 % CS-RZ, NRZ and duobinary. It is evident that the AACC
and 50% RZ display the best and worst tolerance of around 336 ps/nm and 104
ps/nm at the BER of 1079, respectively. The slightly degraded dispersion
tolerance of ~26 ps/nm is observed when comparing duobinary to NRZ-AACC.
This degradation can be explained by the imperfections of duobinary
transmitter which consisting of a differential phase shift keying (DSPK)

transmitter and a fifth-order Bessel electrical low-pass filter with cut-off
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frequency of 11.2-GHz (i.e. 28% of the 40-Gb/s data rate). In the previous work
reported in [166], a chromatic dispersion tolerance of ~200 ps/nm for NRZ-
AACC was shown due to the unavailability of OBF whose characteristics can
greatly reduce the effect of the ASE noise on the system performance and

control the chromatic dispersion in fibre [74], [81], [167].

In comparison to 4-PAM, in spite of having the same null-to-null
bandwidth, NRZ-AACC shows better dispersion tolerance. This can be
explained by considering a 1 0 1 bit pattern of a(k) and a’(k) which
corresponding to time constant k of 1 2 3 in Table 3.1, after being encoded as
20 -2and 1 0 -1, the two 2-bit and 1-bit pulses spread into the (-bit due to
dispersion, the encoders let them interfere destructively, which results in a low
0-bit level whereas NRZ format in 4-PAM let the pulses interfere constructively,
which leads to a raising 0-bit level and closes the eyes. The closing of the eye is
a measure of degradation in receiver performance and is associated with a
corresponding increase in the BER. In order to firm up the superior resilience
against the fibre dispersion of AACC over 4-PAM modulations, it is essential
to refer to Fig. 4.8 (e). It is found that the AACC shows larger suppression
(more than 10 dB) for the optical spectrum sidelobes which produces greater
dispersion improvement as well as better tolerance to SPM effect. Whereas 4-
PAM spectrum has obvious power attenuation at the high frequency
components, which make itself sensitive to dispersion and therefore limit the
system performance [30], [83], [89], [168].

Since researchers are now interested in scaling the bit rate up to 100-
Gb/s in a single channel for optical interconnects and data centres applications,
it is required to use the powerful electrical equalisers and forward error
correction (FEC) coding at the receiver to reduce the errors; therefore the region
of 107® < BER < 1072 is more concerned [16], [20], [115], [140], [141], [169]-
[171]. As can be seen from Fig. 4.9 NRZ-AACC features higher slope dispersion
tolerance than other modulation formats even at 107 < BER < 1072 which

can be expected to be an interesting technique for higher data rate systems.

To consolidate the robust performance of AACC signal, a post-
compensated transmission system is modelled, the set-up mostly based on Fig.
4.3. The transmission link now consists of SMF and DCF without an inline
EDFA, the dispersion of the SMF was perfectly compensated. Detailed fibre

parameters are presented in Table 4.2. The effect of nonlinearities in both SMF
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and DCF are negligible as the launch power to both DCF and SMF are much
below the threshold. This effect is investigated in Chapter 5.

Table 4.2: Fibre parameters used in the schematic [10].

SMF parameters

D Dispersion +17 ps/nm/km

S Dispersion Slope 0.075 ps/nm?/km
A Attenuation Coefficient 0.2 dB/km

Aefr | Effective Area 80 pum?

L SMF Length 30, 60, 90 km

DCF parameters

D Dispersion -100 ps/nm/km
S Dispersion Slope -0.3 ps/nm?/km
A Attenuation Coefficient 0.5 dB/km

Aeff Effective Area 12 um?

L DCF Length 5.1, 10.2, 15.3 km

Fig. 4.10 displays the measured sensitivities as a function of the transmission
distance. The advantage of AACC system rendering for longer fibre reach with
reference to its higher dispersion tolerance over 4-PAM, has been clearly shown.
Despite the advantage in received optical power over 30- and 60-km SMF
observed at BER = 1072, AACC maintains good receiver sensitivity after 90-
km SMF delivery whereas 4-PAM could not reach that distance and occurs an

error-floor of 1072,
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Figure 4.10:  Optically preamplified receiver sensitivity measured as a function of
SMF transmission distance for AACC and 4-PAM systems at 10~° BER .

4.2.2.4  Performance Comparison of AACC and 4-PAM
in Optical Access Networks

As another set of simulations, at the same capacity of 2 bits per symbol, an
extensive performance investigation and comparison of 40-Gb/s and 100-Gb/s
is examined for both AACC and 4-PAM. This is to realise their potential
application in future optical access networks. The transmission configurations
is simplified by removing DCF and pre-amplifier EDFAs. The output optical
power of the modulator is approximately -2 dBm for each transmission scenario.
In order to have a fair comparison between AACC and 4-PAM, standard single-
drive MZM is used.

The simulation result of receiver sensitivities for AACC and 4-PAM
without utilisation of pre-amplifier at an aggregate bit rate of 40-Gb/s is
presented in Fig. 4.11, for the B2B case (circles), and after transmission over 5-
km SMF (triangles) and 10-km SMF (squares). Due to the use of single-drive
MZM which is not optimised for AACC system, both modulation formats show
almost the same performance in the B2B scenario, however by extending the
transmission distance up to 5-km of SMF, AACC signal precisely shows 2 dB
better sensitivity in comparison to 4-PAM. Note that 5-km is also the maximum

reach of 4-PAM taking at BER = 107°. By increasing the transmission distance
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to 10-km, it can be observed that 20-Gbaud/s AACC system performs much
better than 4-PAM system.

L

B2B
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10 km
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Figure 4.11:  BER versus received optical power over different lengths of SMF for
AACC (black curves, solid markers) and 4-PAM (blue curves, hollow markers) at an
aggregate bit rate of 40-Gb/s in EDFA-free DCF-free configuration.
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Figure 4.12: BER versus received power for AACC (solid symbols) and 4-PAM
(hollow symbols) for B2B, 1-km and 2-km at 100-Gb/s data rate in EDFA-free DCF-

free transmission scheme.

Fig. 4.12 depicts the performance comparison of AACC (solid symbols) and 4-
PAM (hollow symbols) for 100-Gb/s transmission systems. Performance of both
AACC and 4-PAM are severely degraded in comparison to their performances
in Fig. 4.11 (at 40-Gb/s). At 100-Gb/s and after transmission over 1-km of SMF
it can be seen that AACC has around 0.7 dB penalty compared to its B2B
performance at BER of 107° while 4-PAM is downgrade by ~2 dB penalty. This
degradation is attributed to the low tolerance to fibre dispersion of 4-PAM as
shown in Subsection 4.2.2.3. For longer distances such as 2-km, error floors arise
for both 4-PAM and AACC.

Finally, results in this work divulge that the performance of the proposed
multilevel system (AACC) outperforms 4-PAM in terms of required sensitivity
and maximum reach. It’s also worth to note that in case of experimental
demonstration, by utilising an optical equaliser at the optical links or electrical
equaliser at the receiver, the maximum transmission distance of AACC signal
can be extraordinarily increased. These equalisation techniques have been
recently exploited to compensate fibre dispersion of VCSEL or DML systems
and realising optical short-range and access networks in the OOK and 4-PAM
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transmission systems [9], [13], [23], [97], [103], [104], [116], [132], [134], [148],
[172]-[174].

4.3 RZ-AACC

4.3.1 Simulation Setup

In this section, the bit rate of 40-Gb/s is demonstrated for all modulation
formats. Assuming that unchirped RZ-AACC signals are generated utilising a
cascade of two MZM, as shown in Fig. 4.13. A complex baseband electric field
is denoted as E(t). At each MZMs (i = 1, 2), the input and output electric fields

are described mathematically by the relation

. Vi(t)
Ej out(t) = Epin(t) sin (nzTn) (4.14)

where V;(t) represents the algebraic difference between the two drive voltages,
which are complementary to produce zero chirp. V;, denotes the change in V;(t)

that is required to swing the intensity from minimum to maximum.

The process of generating optical AACC signal via the first MZM is
specifically discussed in Section 4.2. It is subsequently transmitted to second
MZM (MZM2) which is known as pulse carver with a sinusoidal driving function
of V,(t)

V,(t) = Acos(2nf, — m6) (4.15)

where A is the amplitude, f, is the frequency of V,(t), and @ is the phase offset.
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Figure 4.13:  Schematic diagram for RZ-AACC Tx. Insets: (i) Simulated eye
diagram of optical AACC signal and (ii) optical RZ-AACC signal at 40-Gb/s.

As visualised in Fig. 4.14, the graphical representation gives an overview of
different ways in driving the MZM2 to produce 33%, 50%, and 67% RZ-AACC
signal. In fact, sinusoidally driving the MZM2 at the baud rate between
minimum and maximum transmission results in optical pulses with a full-width
at half-maximum (FWHM) of 50% of the bit duration (50%-duty cycle RZ-
AACC).
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Figure 4.14:  Transfer charateristics of the MZM2, indicating the excursion of drive
waveform V,(t) for generating RZ-AACC with different duty cycles (black circles:
MZM quadrature point).
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The duty cycle therefore can be mathematically expressed by the ratio of the
FWHM of the pulse intensity to the time duration of the entire bit slot (Tg):

T
de === (4.16)
B

Sinusoidally driving the MZM2 at half the baud rate between its transmission
minimum and its transmission maxima realises 33% and 67% RZ-AACC,
respectively. The latter modulation format can be also called carrier-suppressed
RZ-AACC (CS-RZ-AACC). Note that the optical transmission link and
detection technique at the Rx of RZ-AACC modulation remain unchanged as
presented in Section 4.2. The motivation of proposing this RZ-AACC format is
to further improve the receiver sensitivity and optical power budget in

simplified optical access networks which not employing optical amplifiers.

It is also worth noting that in practical demonstration of modulation
formats that using RZ pulse shape. In order to ease the complexity of the
transmitter due to the use of clock generator and MZM?2 as a pulse carver, a

cost-effective NRZ-to-RZ converter has been well introduced recently in [104],
[107].

4.3.2 Results and Discussion

Optical power spectra and eye diagram of RZ-AACC (with different duty
cycles) after the modulation process is depicted in Fig. 4.15 and Fig. 4.13 (inset
(ii)), respectively. It has been shown that the duty cycle and the null-to-null

bandwidth are inversely proportional.
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Figure 4.15:  Optical spectra of 33%, 50% and 67% RZ-AACC for 40-Gb/s bit rate.

In order to assess the performance, RZ-AACC with other prevailing modulation
formats such as 50% RZ and RZ 4-PAM at the same aggregate bitrate of 40-
Gb/s are performed and compared. 50% RZ is selected because it is the most
common used modulation format in the deployed optical transmission systems.
While RZ 4-PAM has similarities to the proposed technique RZ-AACC such as
4-intensity levels signalling, the information rate is 2-bits/symbol as well as
direct-detection receiver; especially it has lately attracted much research in
high-speed optical transmission system [104], [107] and in full-duplex radio over
fibre (RoF) systems for alternative wired and wireless access [93]. Fig. 4.16
exhibits the spectral width of 50% RZ-AACC which is shrunk to half of that of
50% RZ and equivalent to RZ 4-PAM due to the utilisation of partial-response

signalling.
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Figure 4.16:  Comparison of optical spectra of 50% RZ-AACC to RZ 4-PAM and
standard binary 50% RZ signals at 40-Gb/s.
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Figure 4.17:  BER curves for 50% RZ-AACC, 33% RZ-AACC, CS-RZ-AACC,
AACC, RZ and RZ 4-PAM formats in B2B configuration at 40-Gb/s.

The proper BER averaging of RZ-AACC is performed and depicted in Fig. 4.17
to represent the mean BER of the received pattern. As can be clearly seen, the
receiver sensitivity of RZ-AACC is enhanced by ~2.5 dB and~8 dB in comparison
to AACC and RZ 4-PAM at the BER of 1079, respectively. More investigations
on the comparison between NRZ and RZ-AACC is in Chapter 5. It is worth
mentioning that binary RZ signal is best in terms of receiver sensitivity because
a superior sensitivity is obtained when the optical pulses take up only a fraction
of the bit duration (RZ shape).
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Table 4.3 summarises and compares the key performance characteristics of the

most commonly used modulation formats for 40-Gbit /s transmission. From this

investigation, it is evident that AACC is more robust to dispersion which is of

help to extend the transmission distance in optical IM/DD systems.

Table 4.3:

Comprehensive comparison between MZM-based advanced optical

modulation formats reported recently at 40-Gb/s (BER = 107%) [29], [44], [72].

Modulation | Information Positive CD Spectral Complexity
Format Capacity Tolerance Efficiency
(bits/symbol) (ps/nm) (b/s/Hz)

NRZ 1 +85 0.5 Low
33% RZ 1 +52.5 0.17 Medium
50% RZ 1 +55 0.25 Medium

67% CSRZ 1 +58 0.33 Medium
Duobinary 1 +145 1 High

MMT 4 +137 1 High
4-PAM 2 +96 1 High
AACC 2 +168 1 High
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4.4 8-AACC

4.4.1 Simulation Setup

F—————————
R NWRUION

8-AACC

Figure 4.18:  The electrical 8-AACC signal. (a) 8-AACC encoding and (b) 8-AACC

waveform.

The block diagram of 8-AACC in electrical domain is illustrated in Fig. 4.18
(a) that consists of three duobinary tributaries. The output achieves eight
equally-spaced intensity levels by attenuating the second tributary by 6 dB and
the third by 12 dB. The passive power combiners combine the three tributaries
to generate a 15-level bipolar signal that is symmetrical about zero. The
absolute circuit converts the 15-level bipolar signal to eight unique positive
polarity symbols {0, 1, 2, 3, 4, 5, 6, 7} as shown in Fig. 4.18 (b).

Fig. 4.19 describes the 8-AACC transmission setup operating at bit rates
of 30-Gb/s, 60-Gb/s and 75-Gb/s. The optical 8-AACC signal was generated
using a single-drive multiple quantum-well MZM to modulate the optical carrier
from a LD operating at ~1550 nm. A PRBS of length 2% — 1 was used to
generate the signals. The output of the MZM was then launched into different
lengths of standard SMF with chromatic dispersion and attenuation of 17
ps/nm/km and 0.2 dB/km, respectively. A VOA adjusts the received optical
power into the PD that has a responsivity of 0.8-A/W. A Gaussian LPF rejects
the noise at the detector output that is outside the signal bandwidth; the filter
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bandwidth was set at 80% of the symbol rate. The error analyser module was
implemented in MATLAB® for data recovery and calculating the BER. Both
8-AACC and 8-PAM modulation formats have seven decision thresholds that
are chosen as the midpoint between two adjacent symbol levels. The aggregate
BER was determined from the bit errors according the recovery of symbols by
comparing the filtered signal with the 8-AACC and 8-PAM threshold levels. It
is worth mentioning that this transmission setup is considered as a short-reach
links or data centre interconnections. The motivation of proposing 8-AACC is
because of the nature of 8-PAM signal, increasing the number of level also leads
to increased ISI. In other words, 8-PAM is more sensitive to CD and therefore

would reduce the fibre transmission length as reported in [97], [175].

Insets (i) and (ii) in Fig. 4.19 display the B2B electrical eye diagram and
optical null-to-null spectra of 8-AACC. For a fair comparison, the transmission
setup for 8-PAM was similar to 8-AACC. It is observed that both 8-AACC and
8-PAM signals have the same spectral bandwidth, hence the same spectral

efficiency, as shown by inset (ii).
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Figure 4.19: 8-AACC and 8-PAM transmission setup. Insets: (i) B2B eye diagram
of 8-AACC and (ii) Optical spectra.
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4.4.2 Results and Discussion

Fig. 4.20 depicts the receiver sensitivity at 30-Gb/s, 60-Gb/s and 75-Gb/s for
8-AACC (solid markers) and 8-PAM (hollow markers). At 30-Gb/s, the B2B
sensitivity at 107° BER was around -9.5 dBm for both 8-level signalling. The
plots show a power penalty of about 1.5 dB and 2 dB as the bit rates increase
to 60-Gb/s and 65-Gb/s, respectively. The BER performance agrees very well
with the 8PAM results from the IEEE 802.3bm Fibre Optic Task Force at 75-
Gb/s which plotted in dotted straight line in Fig. 4.20 [164].

_2 T L] 1
® 30 Gb/s - 8-AACC
-3 = 60 Gb/s
Ll A 75Gb/s
O 30 Gb/s - 8-PAM
5| 0 60 Gb/s
A 75 Gb/s
-6} - 75 Gb/s - 8-PAM
& IEEE Task Force
£ -7 ]
(=)}
3 gl
-9
“10t 9.5dBm \\-8 dBm \w\ 7.5 dBm
_11 =
-12 - : ' o
“14 -12 -10 -8 -6

Received Optical Power (dBm)

Figure 4.20:  Receiver sensitivity at 30-Gb/s, 60-Gb/s and 75-Gb/s in B2B
configuration for 8-AACC (solid markers) and 8-PAM (hollow markers).

Fig. 4.21 compares the BER performance at 75-Gb/s over 2-km and 3-km of
SMF for 8-AACC and 8-PAM. The plots show that for the BER of 1079, the
receiver sensitivity of 8-AACC is around -6.8 dBm, which is about 1.4 dB better
than that of 8-PAM. As the transmission distance increased to 3-km, the
performance of 8-PAM degrades noticeably having reached a BER floor of 2 X
107, compared to about 2.6 dB of power penalty for the 8-AACC. The results
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from Fig. 4.21 would suggest that 8-AACC is capable of reaching a BER floor

of 1 X 1078 over a transmission length exceeding 3-km.
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Figure 4.21:  Receiver sensitivity at 75-Gb/s over 2-km and 3-km of SMF.

Fig. 4.22 compares the received eye diagrams of 8-AACC and 8-PAM after 2-
km and 3-km of SMF delivery for qualitative comparison. While the eight
amplitude levels in the eye diagrams are virtually uniform, the closures of the
upper eyes are evident with 8PAM compared to 8-AACC, reflecting a
degradation in the receiver sensitivity and corresponding to an increase in the
BER. In addition, the narrowing of the eye diagrams with transmission distance
is indicative of the effect of dispersion-induced ISI. 8-AACC based on duobinary
signalling is more resilient to dispersion compared to 8-PAM which is NRZ-

based scheme.
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Figure 4.22: Eye diagrams of 8-AACC and 8-PAM at 75-Gb/s after transmisison
over 2-km and 3-km of SMF.

4.5 Concluding Remarks

In this chapter, the novel higher-order modulation format, called AACC, which
is an extrapolation of the partial-response signalling family are numerically
demonstrated. The results show a clear advantage of the proposed AACC
technique over NRZ, 50% RZ and 67% CS-RZ in terms of spectral efficiency

and dispersion tolerance.

The performance of AACC in comparison to 4-PAM whose
characteristics are fairly similar to AACC e.g. same number of levels, capacity
of 2 bits/symbol as well as direct-detection receiver. It is shown that at 40-Gb/s
and BER of 1072 AACC signal can be transmitted over 10-km of SMF whereas
4-PAM can only reach to 5-km. Moreover using this proposed technique, two
lanes can be carried over the same WDM channel which consequently resulting

in the capacity utilisation of the networks can be increased at tolerable penalty.

A new modulation scheme utilising RZ format over absolute added
correlative coding (RZ-AACC) is also presented and evaluated. Considerable
receiver sensitivity improvement of 2.5 dB and 8 dB has been obtained in

comparison to conventional AACC and RZ 4-PAM, respectively at 40-Gb/s.
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AACC with eight levels has also been proposed and demonstrated
numerically at bit rates of 30-Gb/s and 60-Gb/s, and up to 75-Gb/s over 2-km
and 3-km of SMF using a MZM targeting short-range optical interconnection
applications. The performance has been evaluated and compared to the
conventional 8-PAM in terms of the BER and received electrical eye diagrams.
The results show that 8-AACC has better receiver sensitivity and is more

resilient to dispersion-induced ISI than its 8-PAM counterpart.

It is promising that AACC-based signalling can be used as an alternative

modulation format in the next-generation optical IM/DD transmission systems.
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Chapter 5— Comparison of
NRZ versus RZ Pulse Shapes
over AACC in Linear and
Nonlinear Transmission

Medium
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5.1 Introduction

It is obvious that for any optical modulation format, one of the decisive
dependent parameters in system design and performance optimisation is the
pulse coding format. For practical reason, this choice is often between RZ and
NRZ impulse shaping, with possible variation in duty cycles [80], [88], [89]. In
the last decades, many reports have continuously centred on the comparative
study of impulse coding of NRZ and RZ for binary schemes e.g. OOK [48], [80],
[81], differential phase shift keying (DPSK) [48], [76] and duobinary [88], [89]
whereas the multilevel signalling such as 4-PAM [93], [107] and differential
quadrature phase shift keying (DQPSK) [176] has recently received considerable

attention.

Such researches have yielded critical conclusions. In specific that
modulation formats with RZ impulse shaping are more similar to a soliton
transmission, having a ~2 dB advantage in performance over NRZ pulse in ASE
noise-limited systems. This is because of an inherent tolerance to ISI of the RZ
pulse shape. In other words, reported in 1977 Personick pointed out that of the
received pulse energy is constant, a superior sensitivity is obtained when the optical
pulses take up only a fraction of the bit duration (RZ impulse coding) [161]. The
aim of this section is to present a direct comparison between NRZ and RZ pulse
shaping in AACC transmission whether the same conclusions hold true for
AACC. A numerical analysis of externally-modulated direct-detection on NRZ-
AACC and RZ-AACC system in dispersive transmission medium with different
conditions. Moreover the impact of fibre nonlinearity e.g. SPM on the

performance of AACC is also investigated.
The materials presented in this chapter have been published in:

N. Dong-Nhat, M. A. Elsherif, H. Le Minh, and A. Malekmohammadi,
“NRZ versus RZ over Absolute Added Correlative Coding in optical metro-
access networks,” Opt. Commun., vol. 387, pp. 30-36, 2017.
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5.2 System Model and Performance
Settings

AACC Tx Clock

40 Gb/s NNV AVAVAY,

K// N 'l NRZ-AACC ‘ RZ-AACC Q, X

LD VOAl
SMF
Error Analyser |« = - A )Ci' v
VOA2
LPF PIN OBF

Figure 5.1: Schematic configuration of NRZ-AACC and RZ-AACC transmitter

and direct detection used in the simulation.

Spectrum (dB)
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Figure 5.2: Optical spectral width of NRZ-AACC and RZ-AACC measured at 20-

Gbaud/s. The spectrum analysers are placed right after the modulators.
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The simulated systems are displayed in Fig. 5.1. The optical NRZ-AACC signal
was produced by modulating the light from a LD which radiates an optical
carrier wave at ~1550 nm with a 2! — 1 PRBS at an aggregate bitrate of 40-
Gb/s using a single-drive multiple quantum-well MZM (MZM1). The bias
voltages Vpq, Vp, and the modulation voltage V,,,q of the MZM1 were set at -
1V, -2.3V and 1.3V respectively. Thanks to these parameters, it is expected to
obtain the optimal receiver sensitivity since it satisfies the relationship, V,,,q =
Vp1 — Vpp [58]. After producing NRZ-AACC signal, a periodic RZ pulse train
with 50% duty cycle was generated by driving a lithium niobate MZM (MZM?2),
which was biased at quadrature, with 20-GHz clock signals from a sine
generator. For the case of MZM2, modulating signals were applied to both
electrodes in a push-pull configuration. The voltages applied to arm 1 and 2
were fixed at -2 V and 2 V respectively. The bias voltages were V,; = 0 V and
Vp2 = 2 V. The modulated NRZ- and RZ-AACC signals were then transmitted
to a VOA1, which controls the LP into a standard SMF with variable lengths,
the dispersion coefficient was set to 17 ps/nm/km. A second VOA (VOA2) was
used to vary the received optical power. A 2" order Gaussian OBF with
bandwidth of 85-GHz, which are typical of WDM networks employing the
International Telecommunication Union (ITU) 100-GHz grid, was used to
reduce the deleterious effects on the system performance [177], [178]. Finally
the signals were detected using a PIN photodetector with responsivity equal to
0.8-A/W, followed was a 13-GHz Gaussian 4™ order LPF.

Fig. 5.2 illustrates the 40-Gb/s optical NRZ- and RZ-AACC spectra. It
is apparent that RZ-AACC spectrum exhibits a wider null-to-null bandwidth.
Indeed, the spectral width of RZ-AACC is 80-GHz resulting in a spectral
efficiency of 0.5-b/s/Hz while that of NRZ-AACC is halved to give a spectral
efficiency of 1-b/s/Hz. This is because the first-null bandwidth of RZ-AACC
with duty cycle 7 =0.5 is defined as B = Ry/t, where R, represents the

signalling rate (or baud rate) as discussed in Chapter 3.
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5.2.1 Comparison of the Transmission
Performance in Erbium-Doped Fibre Amplifier
(EDFA)-free and Dispersion Compensation Fibre
(DCF)-free Configuration

As a first set of simulation, the forbearance of the two multilevel intensity
signalling to the chromatic dispersion was investigated. As the transmission
distance without amplifiers are extended, fibre chromatic dispersion causes
severe ISI which becomes an important factor limiting the system reach. To
ensure a fair comparison between NRZ and RZ impulse shaping, the LP into

SMF is decreased to a relatively low value about 0 dBm.
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Figure 5.3: Calculated BER performance in optical access networks using (a)

NRZ-AACC and (b) RZ-AACC data.

Fig. 5.3 (a) and (b) indicate the BER curves of NRZ-AACC and RZ-AACC

respectively. The overall BER performance comparison indicates that the latter

outperforms the former by at least 1.5 dB which matches our theoretically

aforementioned conjecture. In fact, the B2B receiver sensitivity of NRZ-AACC

was found around -13.8 dBm whilst that of RZ-AACC was ~-15.2 dBm. An
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adequate average BER after 10-km SMF transmission can be acquired at an
optical received power of ~-10.4 dBm for NRZ pulse shape resulting in a power
penalty to B2B condition in such case was 3.4 dB. On the other hand, -12.4
dBm receiver sensitivity for the same SMF transmission distance was observed
for RZ coding in Fig. 5.3 (b). The minimal power penalty of 2.8 dB was

discovered as well in this case.

It is worth noting that for NRZ-AACC signal, an error floor was observed
at 10711 after 10-km transmission, while RZ-AACC was able to maintain a
good sensitivity at BER of 10712 at that distance. This could be interpreted
based upon the RZ pulses which can benefit from its soliton-like transmission
to perform better than NRZ-AACC during propagation in SMF. However the
performance of NRZ-AACC could be improved as long as the LP is accurately

monitored as discussed in the following section [80], [89].

5.2.2 Comparison of Self-Phase Modulation
(SPM) Tolerance as a Function of the Residual

Dispersion
Residual
Dispersion
NRZ- and RZ-AACC NRZ- and RZ-AACC
Tx | Rx
! EDFA
| 25km | Variable
| I Length SMF
I X3 1
Figure 5.4: Setup for scrutinising SPM effects and residual dispersion of optical

NRZ- and RZ-AACC transmission systems.

In this section, another set of simulations is generated in order to examine the
tolerance of the NRZ- and RZ-AACC transmission at 40-Gb/s in the presence
of Kerr effect which results in SPM nonlinearity. To examine the signalling
format resilience to SPM, various LPs ranging from -5 to 10 dBm are considered
into three spans of 2Xx25-km SMF link as shown in Fig. 5.4. Dispersion-
compensating methods and EDFAs are inevitably required in >100-km
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transmission systems. Hence the overall fibre dispersion of the SMF for each
span was fully compensated by using a DCF module of 8.5-km. The SPM effect
in the DCF module is negligible since its LP was adjusted to less than 0 dBm.
Each fibre is followed by an in-line EDFA with a noise figure of 6 dB to amplify
the generated signals and offset the transmission loss. A post SMF was used to

adjust the residual dispersion.

The fibre parameters such as dispersion coefficient (D), dispersion slope
(S), attenuation, effective area (Afr), nonlinear index of refraction (n,) and
nonlinear coefficient (y) are indicated respectively in Table 4.2. The receiver
were remained the same as in Fig. 5.1. It should be noted that the accumulated
amplified spontaneous emission (ASE) noise is the major noise source that
generated over several EDFAs in cascade that would degrade the signal quality.
However shrinking the OBF bandwidth would reduce the effects of ASE noise

and improve the system performance [88], [101].
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Figure 5.5: BER versus simulated positive residual dispersion using (a) NRZ-
AACC and (b) RZ-AACC data.

Fig. 5.5 (a) and (b) depict the BER versus positive residual dispersion for
corresponding NRZ and RZ pulse shapes with LP were set to -5, 0, 5 and 10
dBm at the output of transmitter. There are several interesting features in the

data. For the NRZ-AACC signal, the residual dispersion was set from 0 to 400
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ps/nm. From Fig. 5.5 (a), as LP was increased from -5 to 0 dBm, the dispersion
tolerance was relatively improved from ~60 ps/nm to ~160 ps/nm which is
equivalent to a better residual distance of about 5.8-km. At a high LP of 5 dBm,
the optimum NRZ-AACC performance is obtained with the tolerance to residual
dispersion of roughly 300 ps/nm. If LP was set to 10 dBm, the dispersion
resilience was severely degraded by the pulse distortion because of the weak
SPM tolerance.

For the RZ-AACC signals, the positive residual dispersion was varied
from 0 to 300 ps/nm as shown in Fig. 5.5 (b). In LP set to -5 and 0 dBm, the
attained dispersion was 180 and 240 ps/nm respectively, which highlight its
superiority to NRZ-AACC. In contrast to NRZ coding, SPM clearly affects the
residual dispersion tolerance even at a reasonably modest LP of 5 dBm. The
dispersion was found about 100 ps/nm which is one-third of that for NRZ
format circumstance. In other words, NRZ-AACC signal could offer longer
signal propagation with a residual distance of nearly 12-km SMF in comparison
to RZ-AACC. An error-floor also occurred when increasing the LP up to 10
dBm.

These simulated results interpret that the SPM nonlinearity can be
actually used to improve the NRZ-AACC system performance, as long as the
LP is properly controlled.
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5.2.3 Comparison of the Transmission

Performance in Optical Metro Networks
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Figure 5.6: Calculated BER characteristics as a function of the transmission

distance in optical metro networks using (a) NRZ-AACC and (b) RZ-AACC.

Fig. 5.6 illustrates the BER performances for NRZ-AACC and RZ-AACC
transmission for B2B, 100-km, 200-km and 300-km of SMF at 40-Gb/s. For a
fair comparison between these two multilevel signalling, the LP was fixed at 0
dBm for both cases. The number of spans in the simulation setup was increased
to six spans which can be considered to be an optical metro network. All
parameters and BER estimation technique were kept the same as in the previous

simulation.

It is shown that the overall comparison in terms of power penalty
between RZ-AACC and NRZ-AACC for B2B scenario or after different
transmissions was typically 1-2 dB. For example, with regard to Fig. 5.6 (a), it
is capable to achieve a receiver sensitivity of ~-11.8 dBm after 200-km SMF
transmission for NRZ impulse while that of RZ impulse was ~-13.8 dBm as
displayed in Fig. 5.6 (b). Extending the transmission up to 300-km of SMF,

revealed a similar penalty.
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5.3 Concluding Remarks

In this chapter, a numerical investigation on 40-Gb/s NRZ- and RZ-AACC
modulation formats using a binary direct detection receiver in optical access
and metro networks has been presented. AACC using the NRZ and RZ pulse
shapes has been thoroughly compared in terms of fibre chromatic dispersion,

residual dispersion and SPM tolerance as well as receiver sensitivity.

It is shown that, for AACC transmission, the NRZ impulse shaping is
superior in comparison to RZ in spectral efficiency, residual dispersion and SPM
tolerance. However RZ-AACC experiences a ~1-2 dB advantage in receiver
sensitivity over NRZ-AACC for B2B configuration as well as after 300-km SMF

delivery which agrees the aforementioned theoretical analysis.
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Chapter 6—- AACC

Experimental Verification
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6.1 Introduction

This chapter discusses the experimental implementation of AACC by presenting
the commercial components that able to be used to generate the AACC signal.
In fact, various possibilities is discussed in order to form the AACC transmitter
and then producing its electrical signal. This experiment took place in KAIST,

Korea. A DSP-based module to produce AACC signal is also developed.

6.2 Options to Construct the AACC

Transmitter

For the electrical AACC mapping structure, one might be concerned that the
complexity of the AACC transmitter was higher than other systems.
Nevertheless, as presented in the previous chapter AACC transmitter is mostly
based on duobinary transmitter. Work on duobinary technology in the aspects
of integrated circuit (IC) has now reached to the stage where cost-effective
commercial products are being readily developed [85], [179], [180]. As a matter
of fact, major components required by electrical AACC transmitter were the
delay and add block which is the high-speed differential precoder IC modules
and full-wave rectifiers [179] which have been successfully introduced back in
1997.

Two years later, same research group fruitfully demonstrated the
fabrication of the electrical duobinary IC transceiver based on indium phosphide

(InP) material and performed at 40-Gb/s optical transmission [181].
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Figure 6.1:  (a) AACC experimental schematic and (b) AACC components.

Fig. 6.1 (a) and (b) display the block diagram and the necessary components
to build the electrical AACC transmitter. Most the components are
commercialised by Anritsu, Marki Microwave, Midwest Microwave Solutions
and Weinschel. They are linked by using sub-miniature version A (SMA)

connectors.

As specifically discussed in Chapter 2 and 3, electrical AACC transmitter
is actually a duobianary encoder which can be realised by either a delay and
add block or the electrical low-pass filter having 3 dB bandwidth of 1/ 4 of the
bit rate [29] [83]. These filters are typically manufactured by Anritsu, Tektronix
and Hewlett Packard.
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Figure 6.2: Low-pass filters.

Another effective and compact method for electrical AACC generation is the
use of electronic test equipment arbitrary waveform generator (AWG) instead
of creating the transmitter based on aforementioned components. In fact, this
is a powerful tool that can flexibly generate complex signals by loading a *.txt
file which is developed by MATLAB®-based DSP module. Due to this
significant advantage, AWGs have been widely used in current experimental
demonstration [61], [118], [141], [182]. AWGs are capable to produce any
arbitrarily defined shape by jumping from sample to sample or utilise any kind

of interpolation to connect the consecutive points.

Figs. 6.3 shows the AWG from Tektronix and Keysight companies
(formerly known as Agilent). The former is used in the experiment testbed later.
The former with an integrated LCD display allows for the generation of
arbitrary electrical signals with a sampling rate of 12-GSa/s. With the aid of
interleaving mode, the sampling rate can be doubled. The drawback of such
generators is the very high cost which could reach tens of thousands of US

dollars.
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Figure 6.3: Tektronix arbitrary waveform generator (AWGT7122B).

6.3 DSP-based AACC Generation

Due to the availability of the Tektronix AWG at that time, a transmitter DSP-
based AACC is developed and then performed transmission at the data rate of

5-Gb/s as a proof of concept to the numerical results.

Fig. 6.4 shows the DSP flow chart for AACC signal. Two PRBS patterns
with length of 27 — 1 bits were used for bit-to-symbol mapping and generation
of the AACC. The purpose of using a short PRBS pattern is to reduce the
computing time during the execution of the DSP transmitter. The tributaries
were up-sampled by a factor of 2 to fulfil the Nyquist criterion since the AWG
setting is in normal circumstances with the sampling rate of 12-GSa/s. Note
that one of the bit streams was 24-bit delayed and halved in amplitude for
decorrelation. The upsampling signals were subsequently transmitted to the
correlative coding algorithm unit. First task of this module was to convert the
binary streams (0, 1) to (-1, 1), then embedded to the duobinary pulses to
generate ternary-level signalling which is symmetric with respect to ‘0’. Two
streams of bipolar signal then added to form a 7-level signal and sent to the
rectifier to produce a nonnegative signal with normalised intensities as (0, 1, 2,
3). After that, the electrical AACC waveform was saved into *.txt file and
transferred to the AWG (Appendix C).
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Figure 6.4: Offline DSP stack employed at the transmitter.

The DSP-based AACC signal was then tested by performing an electrical B2B
transmission. The generated signal was captured by means of Keysight digital
communication analyser (DCA) as shown in Fig. 6.5. It is clear to recognise
that the AACC eye diagram exhibited on the DCA is in good agreement with
the numerical analysis presented in Chapter 4 (Inset of Fig 4.6). In fact, due to
the unique generation, the clear eye openings for AACC signal — especially the
upper eyes has been achieved which reveals an improvement in receiver
performance and corresponds to a reduction in the BER. This is because the
upper eye in the eye diagram usually causes higher system performance
degradation or by other words, its quality factor is lower as shown in Equation
4.8. Fig. 6.6 shows the measured optical spectra of AACC signal using Anritsu

optical spectrum analyser.
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Figure 6.5:  AACC eye diagram displayed on the digital communication

analyser.

Figure 6.6: Optical spectra.
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6.4 Concluding Remarks

With the full support from the lab at KAIST, Korea, it is presented in this
chapter the essential components to construct the electrical AACC transmitter
for future implementation. All of the components in fact were introduced back
in 1997 and have been extensively commercial. No unreal components are
needed which enabling AACC as a cost-efficient solution to real-life

applications.

A DSP-based module has also been developed to generate the electrical
AACC signal. Thanks to the use of the AWG and DCA, the experimental
results have been verified. It qualitatively matches the presented numerical

analysis as a proof of concept.

With the developed DSP module, it is promising to apply AACC in any

experimental transmission systems.
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Chapter 7— Alternative
Dispersion Compensation

Techniques

114



7.1 Introduction

In this chapter, extended works are proposed to present two state-of-the-art
alternative techniques for mitigating the fibre dispersion that causes signal
distortion. Two techniques namely OEQ (optical domain) and EEQ (electrical
domain) is comprehensively reported in numerical simulations and experiments,

respectively.

The materials presented in this chapter have been issued in OSA

Advanced Photonics — Signal Processing in Photonic Communications (USA)

and OSA IONS (Japan) as follows:

N. Dong-Nhat, L. Nguyen, and A. Malekmohammadi, “Combining
filtered antipodal signaling and optical equalization for extended-reach access

networks,” in Advanced Photonics - Signal Processing in Photonic

Communications, USA, 2017, p. SpM2F.1.

N. Dong-Nhat and A. Malekmohammadi, “28-Gb/s PAM-4 transmission
over 50-km of SSMF using a Mach-Zehnder modulator and linear equalizers,”
in IONS — Okinawa, Japan, 2017.

7.2 Optical Equalisers

In this work, a simplified optical access networks without having optical
amplifiers, filters and dispersion compensation fibre is considered at 25-Gb/s
and 50-Gb/s. The main motivation is to extend the transmission distance
without adding any devices at both electrical transmitter and receiver for
dispersion compensation. The transmission reach and BER are actually
improved with optical duobinary signalling using 1% and 2" OEQs for
dispersion compensation for the first time in pre-equalisation scenario. Note
that NRZ signalling with identical OEQ configurations is also demonstrated for

qualitative comparison.
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It has been reported that duobinary is not effective when combining with
adaptive electronic compensation or EEQ as discussed in Ref. [183]. Therefore
the integration of duobinary and OEQ is demonstrated for the first time in this

work.

7.2.1 Simulation Setup
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Figure 7.1:  Simulation setup at 25-Gb/s. Insets (i) and (ii) are the electrical
spectra of NRZ and duobinary respectively.

Fig. 7.1 illustrates the simulation setup for the 25-Gb /s duobinary transmission
in simplified access networks. To generate duobinary signals, the NRZ intensity
signals were filtered by a 5-order Bessel filter with a 3 dB bandwidth of about
25% of the bit rate. Insets (i) and (ii) show the electrical spectra for conventional
NRZ signals and duobinary respectively. The duobinary signal having a
substantially reduced bandwidth can be expected to show more resilience than
NRZ signal to fibre dispersion, thereby achieving a longer SMF transmission
distance. The electrical duobinary drive signal modulates the optical carrier
wave from the LD operating at ~1550 nm with a LiINbO; MZM biased at null
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[37]. The MZM insertion loss is 2 dB. V;(t) = V,(t) = 4 V nominally are the
modulating RF electrical voltage. V,;= 0 V and V,,= 4 V are the bias voltages
applied to upper and lower arms of the MZM, respectively. The MZM switching

or half-wave voltage V, is set at 4 V and y is the power splitting ratio, which
1
~ \/10ExtinctionRatio/10

about 50 dB in order to obtain a balanced modulator (y = 0.5). Next, the 25-

can be expressed as y = (1 )/2. The dc extinction ratio is

Gb/s duobinary signal is launched over an optical link, which consists of a
standard SMF'.

Fig. 7.2 (a) configures the 1% order OEQ as pre-equaliser whereas Fig. 7.2
(b) similarly configures the 2" order pre-OEQ. The 1% order OEQ construction
is a two-tap feed-forward linear equaliser. The 214 order OEQ), a cascade of two
1" order OEQs, is a three-tap equaliser [109], [184]. The OEQs in our setup
perform high-pass filtering by having the relative optical path delay of one-half
of the bit rate. The devices have 0° phase shifters, 0.5 coupling coefficients, and
insertion loss of about 2 dB and 4 dB for the first- and second-order OEQ),
respectively. The optical receiver employs a VOA that adjusts the received
optical power into a PD having a responsivity of 0.8 A/W, followed by a 4t"-
order Bessel LPF with the bandwidth of approximately 70% of the bit rate.
Note that the receiver noise sources such as shot noise and thermal noise are
accounted in this simulation study. The filtered output signal was then applied
to a MATLAB®-based error analyser for BER calculation. All system
parameters were kept equivalent to the experimental setup for both NRZ and
duobinary transmission, with the output power of the MZM maintained at +0
dBm.

SMF
Optical ( ( ( ) Optical
(a) Tx " i Rx
1°" order OEQ
- SMF
(b) Optlcal . ( g g ) Optical
2" order OEQ

Figure 7.2:  SMF links with (a) 1" order OEQ pre-equalisation and (b) 2™

order pre-equalisation.
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7.2.2 Performance at 25-Gb/s without OEQs

The link performance was evaluated in terms of BER, power penalty and eye
diagrams. In the BER plots, solid and hollow symbols denotes NRZ and

duobinary transmissions, respectively.

First the duobinary performance without OEQs is presented and
compared with conventional NRZ signal. Fig. 7.3 displays the BER for B2B
configurations and various link distances. For the B2B scenarios, the receiver
sensitivity at 107° BER for NRZ and duobinary, are about -14.8 dBm and -13
dBm, respectively, which leads to about 1.8 dB in power penalty for duobinary.
This is in good agreement with the IEEE 802.3bm Fibre Optic Task Force [164].
Compared to B2B, the power penalty is about 0.8 dB for NRZ over 5-km SMF,
but less than 0.2 dB over 10-km for duobinary. Notice that NRZ is subjected
to an additional power penalty of 1.1 dB over 10-km SMF.

NRZ performance was found to degrade severely over longer distance,
reaching a 8 x 107* BER floor over 15-km. Meanwhile duobinary was able to
maintain a good performance over the same distance, while reaching a 107°
BER over 30-km with about 5.5 dB of power penalty. This resultant penalty
can be attributed to the overshoot on the level ‘1’ of the eye diagram as can be

seen in Fig. 7.5.
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Figure 7.3: NRZ and duobinary performance without OEQ for various SMF
link distances at 25-Gb/s.

Figures 7.4 and 7.5 show the corresponding eye diagrams for NRZ and
duobinary that exemplify the dispersion-induced ISI. It is worth noting that the
eye diagrams are relatively noisy due to the effect of noise sources at the receiver
such as shot and thermal noises. The difference on the space levels (‘0’) between
the two eye patterns, the “narrow steep space valley” also known as “ripples” of
duobinary, contributes to its B2B power penalty. Over longer link distance,
both eye diagrams gradually close and distort on the mark levels (‘1’), indicating
the effect of chromatic dispersion. However, duobinary eye diagrams are
consistently more robust than NRZ over the same distance. The results in Fig.
7.3 verifies the resilience of duobinary to chromatic dispersion in short reach

network, owing to its narrow bandwidth.
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NRZ

Figure 7.4: NRZ eye diagrams w/o OEQ over various link distance.

B2B 10 km 15 km 30 km

Figure 7.5: Duobinary eye diagrams w/o OEQ over various link distances.
DB: duobinary.

7.2.3 Performance at 25-Gb/s with OEQs

Figure 7.6 displays the BER for the two different OEQ configurations over
various link distances. The plots show that the OEQ improved the link
performance compared to the results in Fig. 7.3. For example, it can be seen
from Figs. 7.6 (a) that with the 1% order OEQs the NRZ error floor over 15-km
is much lower at about 107> BER, while the pre-OEQs have improved the
duobinary performance by 5 dB to nearly B2B performance at 107 BER over
30-km, and could extend the link to 35-km as well. Figures 7.6 (b) verifies that
the cascade, 2" order OEQs further compensate for the residual dispersion from
the 1% order OEQs in Fig. 7.6 (a) over the same distance, while further
extending the duobinary link distance from 35-km to 40-km. Notice that the
receiver sensitivity of duobinary with 2" order OEQ is better over 35-km than
the B2B performance, suggesting that the OEQ may have also contributed to

some measure of duobinary signal equalisation.

The overall results confirm that pre-OEQ with the 214 order equalisation
device are being more effective in mitigating dispersion induced ISI and

waveform distortions. In practice, pre-OEQs have been found to achieve a better
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equalising gain compared to the post-OEQ signal which are subjected to the
fibre non-linearity while the pre-OEQ signal is largely free of the detrimental
effects from the transmission medium [102], [106], [112].
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Figure 7.6: NRZ and duobinary performance at 25-Gb/s for (a) 1™ order
OEQ pre-equalisation and (b) 2" order OEQ pre-equalisation.

Fig. 7.7 compares the eye diagrams of NRZ and duobinary links with 1% and
2" order OEQs under pre-equalisation. For the 15-km NRZ link in Fig. 7.7 (a),
the 1** order OEQ sharpened the distortion considerably on the mark level but
is less effective on the space level, resulting in a poor BER as seen in Fig. 7.6
(a) and (b). The 2" order OEQ for the same 15-km NRZ link in Fig. 7.7 (b)
improved the eye openings clearly with almost no distortion on the marks and

spaces.

For the 30-km duobinary link, Fig. 7.7 (a) shows that the 1°* order pre-
OEQ has reduced the “overshoot” distortion on the mark level in comparison to
the non-equalised waveform in Fig. 7.5. However, the distortion returns as the
duobinary link distance increases to 35-km. The 2" order pre-OEQ in Fig. 7.7
(b) is shown to successfully compensate for the distortion at 35-km link distance
and beyond at 40-km.
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Figure 7.7: Received NRZ and duobinary eye diagrams at 25-Gb/s (a) 1%
order pre-OEQ and (b) 2™ order pre-OEQ.

The eye diagrams illustrate that the signal waveforms are restored as the OEQs
compensate for the distortion. This can also be observed by comparing the
optical spectra, for example, the 25-Gb/s duobinary signal as shown in Fig. 7.8
with and without 1*' and 2" order pre-OEQs. While both OEQs appreciably
boost the modulation spectra compared to the non-equalised condition, the ond
order OEQ further reshape the signal by suppressing spectral nulls and

sidelobes, further improving the equaliser gain.
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Figure 7.8: Optical spectra of duobinary signal with and without 1% order
and 2" order pre-OEQs at 25-Gb/s.

7.2.4 Performance at 50-Gb/s

The bandwidth of optical signal increases with the symbol rate, worsening the
signal distortion due to fibre dispersion, which would limit the transmission
distance. The speed increment translates into escalated electronic signal
processing sophistication, hardware implementation and power consumption,
while optical signal processing turns out to be relatively static since its power
consumption remains roughly constant [106]. This section presents the

performance of the optical access networks operating at 50-Gb/s.

Fig. 7.9 plots the BER performance without OEQ at various link
distances for NRZ and duobinary signals at 50-Gb/s. While the B2B power at
107° BER increases by about 1.8 dB and 1.3 dB, respectively, from the 25-Gb/s
results in Fig. 7.3, the power penalty at 50-Gb/s increases severely with
distance. For examples, at 50-Gb/s, in the case of B2B, NRZ has a 1073 BER
floor (similar to transmission over 15-km SMF at 25-Gb/s) and duobinary has

a receiver sensitivity of — 9 dBm at 107 BER over 5-km in Fig. 7.9.
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Figure 7.9: NRZ and duobinary performance without OEQ for various link
distances at 50-Gb/s.
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Figure 7.10: NRZ and duobinary performance (a) 1* order OEQ pre-

equalisation and (b) 2™ order OEQ pre-equalisation.

Figure 7.10 displays the BER performance of the 50-Gb/s system incorporating

the two pre-OEQ configurations. The plots show that unlike the 25-Gb/s NRZ

2Ild

results in Fig. 7.6, even the order OEQ was unable to compensate NRZ

124



signals for fibre dispersion at 5-km distance. The results in Fig. 7.10 also
demonstrate that the duobinary integrated with 2" order OEQ having the best

performance.

However, as similar to other dispersion compensation techniques in
optical domain such as DCF, IDF and FBG, OEQ is fairly expensive and has
the major disadvantage of high insertion loss which could fall to 8 dB [63], [105],
[108], [173], [184]-[186]. This may seriously degrade the system power budget
and thus require the use of integrated low-cost semiconductor optical amplifier
(SOA) and PIN detector for loss compensation [187]. The sensitivity
degradation can be fully compensated by employing the APD in lieu of PIN
[66], [103], [188]. It is worth mentioning that APDs are preferred over pre-
amplified receivers attributable to their much lower power consumption [14],
[189]. With the rapid developments of large-scale photonic integrated circuit
(PIC) technology whose advantages are low packaging cost, more robust, higher
functionality and low manufacturing cost (in large volume), it is promising that
in the near future the OEQ device is commonly integrated with MZM or DML
onto the same chip with the size of several millimetres, which surely introduce
a moderately lower insertion loss than the conventional technique [6], [7], [35],
[142], [158], [171], [190]-[192]|. Another drawback of the OEQ is that parameters
itself such as time delay and initial phase shift have to be manually adjusted
depending on the data rate to achieve the proper dispersion compensation,
which makes the optical performance monitoring time-consuming and

inefficient.

7.3 Electrical Equalisers

This study was also carried out in experiments during the exchange at Photonics
Systems Research Lab at KAIST, Korea in late spring, 2017. Fig. 7.11 displays
the overview of the experimental space in the lab. In order to clearly realise the
capability of EEQ in compensating the ISI effect. An experimental setup with
a high data rate delivering over a short distance of SMF and detected with a
low-bandwidth PIN detector is proposed. No optical amplifiers or dispersion

compensation modules are used in the system. This demonstration was meant
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to introduce a massive ISI effect to the received signal. The performance

efficiency is evaluated based on the eye opening.

Figure 7.11:  Working space to carry out the experiments at KAIST, Korea.
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Figure 7.12:  (a) System schematic and (b) Demonstration of EEQ in equalising

the waveform distortion. Inset is the electrical eye diagram at the Tx.
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Figure 7.13:  (a) 10-G VCSEL and (b) 2.5-G PIN.

Fig. 7.12 shows the 10-Gb/s NRZ signal which is generated by using a Multilane
pulse pattern generator (PPG) with a PRBS length of 2'°-1. Inset is its electrical
eye diagram. The generated electrical signal is loaded onto the 10-G VCSEL
packaged in a TO-can (transistor-outline can) without temperature control as
displayed in Fig. 7.13 (a) to achieve optical NRZ signal. A bias of 8 mA, which
is sufficiently higher than the threshold current (1.2 mA), was applied to the
laser, and the output power of the measured laser was 0.5 dBm. After
transmission and detection by a 2.5-G-class photodiode (Fig. 7.13 (b)), the
signal was then captured by a digital storage oscilloscope (DSO) with grab-and-
store real-time. The scope used was an Agilent DSO90804A series with 50-
GSample/s. This is because the data rate is 10-Gb/s and this allows for an
integer number of samples per second to be recorded. The scope has a single
shot approach to sampling — once triggered the scope writes a *.txt file
containing the requested number of samples. This was transferred to a personal
computer (PC) where off-line digital signal processing (DSP) is completed
utilising MATLAB® program. The breakdown of the DSP module is also shown
in Fig. 7.12. It usually consists of 5 main stages: re-sampling, synchronisation,
normalisation, equalisation and BER calculation. Errors calculation for low data
rate transmission could also be achieved in real-time by using BER testers
supported from Anritsu, Keysight or SHF communication technologies [15],
[137], [138], [193].
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(b)

Figure 7.14:  Received 3D eye diagrams (a) w/o EEQ and (b) w/ EEQ.
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Figure 7.15:  Corresponding signal levels (a) before and (b) after equalisation.

A combination of the bandwidth limitation of PIN photodiode and also the
chromatic dispersion of the standard optical fibre undoubtedly exacerbates the
effect of ISI on the transmitted NRZ signal. It is therefore anticipated that the
received signal is severely distorted which corresponds to a completely closed
3D eye pattern and undistinguishable ‘space’ and ‘mark’ levels as can be seen
in Fig. 7.14 (a). It is then post-processed with a powerful EEQ having 17-tap
FFE followed by a 7-tap DFE for waveform distortions compensation on a set
of 65534 bits where the first 32767 have been used to train the EEQ, and the
last 32767 to evaluate the system performance. LMS algorithm was used to
adaptively update tap weights in order to compensate time-varying impairment

effects. Note that the iteration of this post-equalisation process is five. As
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indicated in Fig. 7.14 (b), the signal quality is evidently enhanced with an open
eye diagram. The two symbol levels ‘0’ and ‘1’ are clearly distinguishable as
illustrated in Fig. 7.15 (b).

Off-line DSP-based EE(Q has become a prevalent method for
compensating for the dispersion-induced waveform distortion and provide a
superior solution in many respects in high-speed optical communications
systems. It can also be used to further relax device requirements in transmission
setups as they have no inherent insertion loss. However it also has a number of
major limitations both in terms of product development and experimental
demonstration. Using off-line EEQ for restoring the signal generated even at
very high baud rate could be hardly acceptable since they are highly
computationally complex and resulting in PC-time consuming and heating.
However it would even be more troublesome for practical real-time EEQ
demonstration; in other words on-line error measurements due to the
unavailability of high-speed BER testers. This equipment necessitates
sophisticated hardware implementation and power-hungry electronic processing

circuitry making it a high power consumption device and hence cost.

7.4 Concluding Remarks

The NRZ and duobinary signalling in simplified optical access transport
networks with the aid of OEQs to mitigate the waveform distortion caused by
fibre dispersion have been demonstrated. The results showed that optical
equalisation can improve the performance significantly, with 2" order OEQ
yielding the best performance with duobinary, owing to its resilience to
dispersion compare to NRZ. The BER performance and the link distance have
been greatly enhanced. Duobinary at 25-Gb/s can reach 40-km with the receiver
sensitivity of - 13 dBm while at 50-Gb/s it has a receiver sensitivity -10 dBm
over 11-km. Note that without optical equalisation techniques, duobinary can
only be transmitted to the maximum distance of 30-km and 5-km, at bitrate of
25-Gb/s and 50-Gb/s respectively. It is also interesting to know that duobinary
signal does not register any consistent improvement following the

implementation of the linear electronic equaliser.
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Adaptive EEQ or electronic dispersion compensation is a cost-effective and
widespread solution to overcome transmission restriction due to the chromatic
dispersion-induced ISI and correct for the transmission impairments of an
optical signal. It is experimentally demonstrated the transmission of 10-Gb/s
NRZ using VCSEL as a transmitter. The signal distortion caused by the
bandwidth limitation of the PD device and the chromatic dispersion of the
optical fibre is compensated with 17-tap FFE followed by a 7-tap DFE.

When considering the IM /DD-based WDM systems, OEQ can be placed
in front of the WDM de-multiplexer and operate simultaneously on multiple
channels that are affected by similar impairments. In contrast, EEQ always acts
on the optical intensities of an individual channels after square-law photo-
detection, and are therefore inherently per-channel devices. Another downside
of real-time EEQ results from the fact that the electronics techniques have to
rely on electronic circuits which suffer from the inherent speed and bandwidth

limitation.
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Chapter 8- Conclusions and
Future Works
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8.1 Thesis Conclusion

Having performed such a plethora of simulations and experiments, it is
straightforward to comprehend that all the researches developed in this thesis
are interconnected by a mutual point. That is the goal of reducing the fibre
dispersion impairment for purposely increasing the transmission distance in
optical IM/DD systems by mean of several techniques that implemented at the
electrical transmitter (AACC), optical link (OEQ) and electrical receiver

(EEQ).

In Chapter 3 and 4, first analytical report on a novel multilevel intensity
signalling — AACC with focus on the format properties, transceiver design,
system applications and its BER estimation method is studied. The signal space
of AACC is also discussed, where the average electrical and optical power
expressions are derived. AACC signal can be used to double the bit rate,
especially extend the dispersion-limited transmission distance which is receiving
much attention nowadays in metro data centre interconnects or transport links
between data centres. Numerical demonstration is then investigated for this
proposed modulation format in optical access networks. The performance of
AACC is examined and compared against other prevailing OOK and multilevel
modulation formats at an aggregate bit rate of 40-Gb/s e.g. NRZ, 50% RZ, CS-
RZ, duobinary and 4-PAM in terms of receiver sensitivity, spectral efficiency
and dispersion tolerance. Calculated receiver sensitivity at a BER of 107° and
CD tolerance of the proposed system are ~-28.3 dBm and-336 ps/nm,
respectively. The performance of AACC is delineated to be improved by 7.8 dB
in terms of receiver sensitivity compared to 4-PAM in B2B scenario. The
comparison results also show a clear advantage of AACC in achieving longer
fibre transmission distance due to the higher dispersion tolerance. This is
because the existence of the differential encoders that distort the transmitted
pulse realising a pre-distortion technique which make itself tolerant to

dispersion.

In the third part of Chapter 4, a systematic study on the transmission
performance of RZ with different duty cycles over AACC format is presented.
It is shown that the proposed RZ-AACC signal with duty cycle of 50% can

approximately enhance the receiver sensitivity by 2.5 and 8 dB in comparison
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to conventional AACC and RZ 4-PAM respectively at 40-Gb/s. While in the
fourth part of Chapter 4, eight-level AACC scheme named as 8-AACC in optical
interconnects applications to overcome the drawback of 8-PAM signal which is
the ISI effect due to the increment of signal levels itself is also presented. In
Chapter 5, a comparative investigation of AACC transmission using NRZ and
RZ pulse shapes with a binary receiver considering the linear and nonlinear
impairments such as CD and SPM in 40-Gb/s optical metro-access networks is
shown. Then in Chapter 6, the proposed multilevel modulation format is verified
by presenting the commercial components to construct its electrical transmitter.
AACC signal based on DSP is also developed to enable AACC real-time

transmission in almost every experimental labs in the future.

In Chapter 7, the capability of OEQ and EEQ as alternative techniques
in mitigating the ISI effect for duobinary and NRZ signals is studied. The signal

quality enhancement is observed via the received eye diagrams.

In a nutshell, Fig 8.1 illustrates the advancement of advanced
modulation formats that have been demonstrated over the years in the
literature. The wuse of optical and electrical equalisation techniques is
indispensable for dispersion compensation in optical NRZ transmission systems.
4-PAM is a spectrally-efficient modulation which is beneficial for ameliorating
the effects of fibre dispersion but its structure of having four intensity levels
making itself more sensitive to dispersion-induced ISI effect. Therefore either
OEQ or EEQ is essential in 4-PAM transmission. These equalisation techniques
are uncommon for duobinary demonstration thanks to its typical characteristic.
A similar conclusion also goes to AACC scheme due to its unique operation
that realising the pre-distortion feature which provide a dispersion-tolerant
transmission. It is therefore concluded that optical transmission system using
AACC would enjoy a cost-efficient feature since neither of OEQ and EEQ
employed.
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Figure 8.1:

Progression of advanced modulation formats integrated with

equalisers.

8.2 Future Works

The research topics presented in this thesis laid the firm foundations and

framework for a number of possible paths that are worthy for further

investigation. They are enumerated as follows:

1. Even though AACC format is robust to fibre dispersion; however it
would be outstanding if further numerical simulation is the combination
of AACC signal and optical or electrical equalisation techniques to

substantially extend the transmission distance in optical IM/DD
systems.
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2. Enabling a cost-effective optical transmission system is an important
concern at the moment. AACC is known as a cost-benefit transmitter
since it is based on the commercial devices and also detected by a simple
DD receiver. It is interesting to generate the optical AACC signal using
DML as a replacement for MZM.

3. Further numerical investigation on AACC signal should be made with
WDM channel to realise a very high-capacity optical fibre

communication system.

4. As the data transmission rates of short-reach interconnects for high-
speed data centres applications continue to increase incessantly, the
development of new advanced modulation formats with IM /DD eases the
lane data rate for reducing the bandwidth requirements of either
electronic or optical components. Hybrid modulation formats are of
considerable interest since it is able to greatly improve the spectral
efficiency. Therefore it is worth to combining AACC signal with any
phase signal e.g. DPSK and transmit simultaneously and detected by
two receivers for different applications (a single PD receiver for AACC
and a dual PD balanced receiver for DPSK).
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Appendix

A — Minimizing the ISI Penalty in
VCSEL-based MMF Systems

Transmission configuration, which was used for NRZ-AACC signal to verify its
analytical BER performance is shown in Fig. Al. In fact, the electrical signal
used to directly modulate the VCSEL device operating at the wavelength of 850
nm at room temperature. The VCSEL was biased using a drive current (I) of 6
mA. The signal used to directly modulate the VCSEL device operating at the
wavelength of 850 nm at room temperature. The output power (P) of the
VCSEL is about 0 dBm. It must be noted that the “P” and “I” relationship is
the key in achieving the optimal system performance. The corresponding four-

level signalling and the optical spectra at the output of the VCSEL are

illustrated in Insets (b) and (c), respectively.

(a) O (©)
) / ‘/’("1_.—-" x10
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| Bias // —» optical
| ¢ / MMF
J’ ” // E
¢ y __H . rror
AACC Tx g i . Analyzer
10 Gb/s VCSEL @ VOA PD LPF

850nm Power Meter

Figure Al:  Overview of test setup; Insets (a)-(c) Electrical, optical AACC four-

level signalling and optical spectra.
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Fig. A2 (a) illustrates the static PI characteristics for the VCSEL used in our
setup at temperatures ranging from 10 to 95 °C. The 10-Gb/s modulated signals
were then launched over MMF with different lengths. Note that the type of the
MMF link utilised in this work is OM3 with the attenuation of ~2.3 dB/km
and a bandwidth-distance product of 2000 MHz.km to match the properties of
the Corning ClearCurve fibre at 850 nm. At the receiver side, a variable optical
attenuator was used to adjust the received optical power. The signal was then
detected by using a PIN detector with responsivity equal to 0.8 A/W, followed
by a low-pass Gaussian filter. Finally, the error analyser employed MATLAB®-
based programing for data recovery and BER calculation. All system
parameters were kept equivalent to the experimental setup. For a fair

comparison, the setup of 4-PAM transmission was exactly the same as NRZ-
AACC scenario.
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Figure A2: (a) Output power - current characteristics for a 10-Gb/s VCSEL at
temperatures ranging from 10 to 95 C and (b) BER results of AACC (solid markers)
and 4-PAM (hollow markers) after transmission over different MMF lengths.
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4-PAM

Figure A3: Received eye diagrams of NRZ-AACC and 4-PAM for B2B, after 100
m and 110 m of MMF.

The performance comparison between NRZ-AACC (solid markers) and 4-PAM
(hollow markers) signals at 10-Gb/s over MMF links are shown in Fig. A2. The
B2B sensitivity at BER = 10~° of both modulation formats was about -12 dBm,
which agrees well with the experimental results in [25]. No penalty was achieved
after 50 m of MMF for both formats. Focusing on transmission over 100 m, the
sensitivity of 4-PAM was about 1.5 dB worse than NRZ-AACC. At 110 m, 4-
PAM performance was further degraded, and an error floor was observed at
BER = 5x1078 while NRZ-AACC sensitivity at BER = 107° could be
acceptable in practical applications. The BER performance is degraded
significantly due to modal dispersion-induced ISI in MMF. Corresponding eye
diagrams are displayed in Fig. A3 for qualitative comparison. The closing of the
4-PAM eye diagram — especially the top eye, reflects degradation in receiver

performance and corresponds to an increase in the BER.
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B — Sensitivity enhancement by
optimising the level spacing of

AACC signal

It is shown in Section 4.2 that the enhanced AACC transmission system by
optimizing the level spacing results in substantially better receiver sensitivity
of ~8 dB in comparison to conventional AACC in B2B circumstance. It is
verified by numerical simulations as a proof of concept by proposing a method
based on DD-MZM to improve the amplitude distribution among eye diagrams;
8 dB power penalty has been realised which is in an agreement with theoretical

results. The simulated system is displayed in Fig. B1.

Fig. B2 exhibits the calculated eye diagrams for AACC system using
conventional MZM and DD-MZM. As illustrated in Fig. B2 (a), at the received
optical power of -28.3 dBm, Q-factors located at first and second level are more
than 7, which are much higher than that of third level. The performance of top
eye is worse due to the higher standard deviation of the noise variation at its
level in comparison to others. Therefore at the same received optical power,
eyes with minimum variations of noise has the best performance (e.g. bottom)

and vice versa.

In order to enhance AACC transmission system, similar Q-factors that
link to top, middle and bottom eyes should be achieved. This can be done by
suitably driving the bias voltages at both ports of DD-MZM to increase the
height of top eye and decrease the eye height in lower levels (implementing the
quadratic level spacing) and also maintaining the maximum power as displayed
in Fig. B2 (b).

139



AACC

Mapping

%
B
LD

BER Monitoring

—»= <D

r g l ITTITT -; VI.(I):mesl +andl({) I\f/
: | |
| |

|

D-MZM

/‘\_\j;’ \ 7 ‘\_

AN

“a0GHzY |

g

V0=V e 0)

o

Pre-amp

<—<|7

OBF

and Data |« o *
R it
ecovery Uni LPE PIN
Figure B1: AACC transmission setup using DD-MZM.
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Figure B2: Received eye diagram of the AACC signal measured at the
sensitivity of -28.3 dBm. (a) Conventional AACC using conventional MZM and
(b) Optimised AACC using dual-drive MZM.
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Figure B3: Dependence of Q-factors on the applied bias voltages (a) V}; and
(b) Ve.

The optimum bias voltages are considered for two different conditions as shown
in Fig. B3. The dependence of Q-factors for all three eyes with various bias
voltage 1 (Vyq) at fixed received power of -28.3 dBm (receiver sensitivity of
conventional AACC system at BER of 107°) is depicted in Fig. B3 (a). As can
be clearly seen, the optimum V,; is around -0.95 V. In a similar manner of

optimizing Vpq, the optimum V,, of -2.3 V are found (Fig. B3 (b)).

At fixed received power of -28.3 dBm, Fig. B2 (b) shows an enhanced
AACC eye diagram utilising DD-MZM with optimised bias voltages. In
comparison to conventional AACC eye diagram, Q-factor corresponds to top

eye is greatly improved (from 2.9 to 6) and Q-factor that related to bottom eye
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is reduced (from 7.7 to 6.2). As a result of improving the quality of third level

eye, the performance of AACC system is remarkably improved.
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Figure B4: Calculated receiver sensitivity of optimised AACC in comparison

to conventional AACC at 40-Gb/s.

Fig. B4 shows the receiver sensitivity of AACC signal using conventional MZM,
compared to optimised AACC using DD-MZM. It can be seen that the latter
technique improves the receiver sensitivity of around 8 dB. The reasons for this
sensitivity enhancement can be realised by optimising the level spacing in eye

diagrams.
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C — AACC-Based DSP (MATLAB
code)

clear all; clo=ze all; clc;

FERTEEERE9%%% LANE 1

prisT=importdata("FEEST.TxL");

b = prka7;

bib==0) = -1: % convert all 0 to -1 (PRECODER)//////// bit
gequence in polar form

N = length(prb=7);

§F Tb = 0.01;
§ T = Th*N:;
Eb = 3e9;

£z = 4*Rb:
Ta = 1/f=;
rho = 4;

L = round(N*rho):

% Duobinary pulse

3 = zercz(l,L); % initialization
figure(3)
for i=1:H

t = [-(i-1)*rhec:L-1-{i-1)*rho)f3:

ttl = =sinc(Bb*t);
ttZ = 1 - Rb*t;
index = find(tt2 ~= 0):
indd = find(tti == 0);
p3{index) = b{i)*ctl{index).scti{index):
p3{indD) = bii):
2 =3 + p3:
subplot(2,1,1), plot{p3,"k")
held on
end
xXlabel ('Time")
ylabel ("Pulse amplitude")
title{'Sequence of individwal duocbinary encoder')
xXlabel ('Time")
ylabel ("Signal amplitude’)
title('Generated signal using ducbinary encoder)
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