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Abstract

The recent popularity of bandwidth-intensive applications, such as high-
definition video streaming, virtual reality, and augmented reality generative
platforms, has resulted in a huge demand for higher data transmission speeds
over the telecommunication network based on optical fiber. As the line rates
of the access network move toward 100 Gbit/s and beyond, legacy intensity
modulation with direct detection will struggle to continue to support high-link
power budgets and distances. Meanwhile, digital coherent optics opens up clear
improvements for the next-generation access network and easily meets the high-
speed, power budget, and distance requirements. However, significant challenges
must be addressed to make such technology suitable for the cost-sensitive access
network, such as redesigning and minimizing the cost of the technology. In
particular, the complexity of the coherent transceiver design is compounded
by the need for expensive broad-analog-bandwidth components, which is an
obstacle to the deployment of high-bitrate coherent technology for the next-

generation access network.

This could be potentially addressed with the optical spectral slicing technique,
which would allow the utilization of high-volume and low-cost commodity re-
ceiver components. Hence, this dissertation focuses on the development of a
spectrally sliced coherent receiver, which enables the parallel coherent detection
of a wideband optical waveform in the frequency domain. By harnessing the low-
cost manufacturing potential of maturing photonic integration technologies such
as silicon photonics and micro-transfer printing, together with the bandwidth
reduction capability of spectral slicing, new opportunities for the application of
coherent communication technology in future access network systems may be
realized.

The objectives of this dissertation encompass the investigation and validation
of spectrally sliced detection design, and receiver performance in the context
of an optical access network. This work successfully demonstrates a spectrally
sliced receiver with high optical receiving sensitivity operating over 40 km of
optical fiber employing 100 Gb/s dual-polarization modulation. In addition, the
author has demonstrated that the bandwidth requirements in the optical receiver
component can be significantly reduced by a factor corresponding to the num-
ber of slices implemented. Overall, the technical contribution presented in this
dissertation provides a series of analytical and experimental research studies
on parameter requirements of the optical frequency comb as well as the recon-

xii



struction signal processing; which are the two main components in the proposed
receiver design. However, since the receiver must address the challenge of scaling
economics in the access network, the digital, electrical, and optical complexity
must be minimized. To this end, the author has incorporated a monolithically
integrated comb source and an active demultiplexer with the proposed detection
scheme, which leverages the great potential of the photonic integrated circuit to
reduce the size and cost. These are pragmatic and important steps to pave the
route towards a low-cost, fully integrated spectrally sliced system. To the best the
author knowledge, the works presented here represent the first spectral-slicing
demonstrations in the context of access network. Finally, the author discusses
some of the prospective research directions and the interesting challenges that
arise for the proposed receiver that can be implemented in future access network
applications.
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Chapter 1
Introduction

Chapter 1 describes the evolution of optical communication networks, in particular
the application of the optical access network, as well as the growth of access capacity
today. Then, the potential of coherent optics for next-generation access networks
is examined, concurrently addressing its main challenges and several driving tech-
nologies that can be facilitated for future access deployment. Finally, the outline of

the remaining chapters in this thesis is presented.

Communication technology has a profound impact on today’s society. The 2020
pandemic has emphasized how important internet broadband is to daily life for
everyone, and since then it has been estimated that people have created, stored,
and shared 1.7 MB of data every second [1]. Recent advances in generative
artificial intelligence and machine learning, such as the highly publicized and
debated ChatGPT, is driving investment in data centers to address huge data
demands in optical interconnects. It is expected that more than 200 Zettabytes
will be housed in cloud storage worldwide [2]. In Europe, this similar upward
trend is observed, with fiber broadband networks now reaching 57% of house-
holds [3]. These huge volumes of data are not only growing continuously, but
are also becoming more and more accessible, helping people to interact, educate,

entertain and connect around the world.

For the last four decades, this ever-increasing demand for information has always
been enabled by the development of new optical telecommunication technology
such as the introduction of optical fiber, optical amplifier, wavelength-division
multiplexing, coherent detection, and more recently digital signal processing.
This has driven the International Telecommunication Union - Telecommunica-
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Figure 1.1: Optical fiber communication topology including core, metropolitan,
data centre interconnect, and access network. OLT: Optical line terminal, ONU:
Optical network unit, 5G: Fifth Generation, LTE: Long-term evolution.

tion Standardization Sector (ITU-T) to work together with network operators
to design and develop optical fiber communication networks, which form the
backbone of today’s telecommunication system to meet user Internet demands.
As illustrated in Figure 1.1, this network has been designed in a hierarchical
structure; the core network that provides ultra-large capacity (>100 Gb/s per
wavelength and many tens of wavelengths per fibre) over long-haul transmis-
sion (hundreds and thousands of kilometers) between countries or continents
via terrestrial or submarine fibers, the metropolitan network that connects be-
tween cities (tens to hundreds of kilometers), and finally the access network
that provides the Internet service connectivity to a large number of customers
via Fiber-To-The-Home (FTTH), for example [4].

Access network connections can be wired or wireless, and a passive optical net-
work (PON) is part of this wired connectivity that has replaced traditional cop-
per networks to carry high-speed data, video, and voice services directly to
subscribers. The PON network configuration has a point-to-multipoint (P2MP)
topology with an optical line terminal (OLT) acting as a gateway in a central office
for up to 64 subscribers, all connected via a single trunk fiber using passive opti-
cal splitters. Network capacity is shared amongst optical network units (ONUs)

through time division multiplexing, with wavelength division multiplexing an
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option for capacity enhancement. There are no active components installed
between the OLT and the ONU (thus, a ’passive’ optical network), therefore re-
ducing operating costs, with the majority of investments involved in the initial
fiber installation [5]. PON has become a dominant technology in the optical
access market due to its relatively low cost and sustainability for mass deploy-
ment. This presents significant advantages for the telecommunications sector
and comes on the back of a massive investment cycle. However, as network
providers and operators will be all too aware, the quality of networks is as cru-
cial as the cost [6]. Operators are working hard to ensure that their network
systems are capable of delivering high capacity demands to customers, with the
added goal of reducing the cost per bit, footprint, and power consumption.

1.1 Evolution of Passive Optical Network

The technological trend of PON technology can be illustrated in Figure 1.2, which
is standardized by ITU-T and the Institute of Electrical and Electronics Engineers
(IEEE) [7]. Since the advent of Gigabit PON (GPON), the PON standard has pro-
gressed towards a higher data rate scale by approximately an order of magnitude
every decade. In recent years, Ireland has reported the implementation of the
XGS-PON system to provide 10 Gb/s symmetric capacity of broadband services to
homes and businesses across the country [3]. These PON standards implement
intensity modulation with direct detection technology (IM/DD), due to its sim-
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Figure 1.2: Evolution of PON standardized technology.
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plicity and cost-effectiveness. In September 2021, ITU-T published its latest PON
recommendations, which outlined the requirements for the next generation 50
Gb/s high-speed (HS) PON [9]. For the first time, a PON standard is tentatively
set to embrace digital signal processing (DSP) technology for upstream transmis-
sion, and DSP is expected to play an important role in enabling next-generation
PON that supports 50 Gbit/s and beyond. Then, through the judicious use of
DSP, to compensate for impairments that arise from performance deficiencies
in the enabling components. For example, the 50G standard envisages the use
of 25G-class optoelectronics and employs digital equalizers to compensate for
bandwidth limitations that would otherwise occur in a 50G non-return-to-zero
(NRZ) modulation context.

Due to the difficulty in addressing the large (~30 dB) power budget requirement
in P2MP PONSs, especially at higher speeds, the 50G standard may be the last
to use conventional IM/DD [10]. This raises the question of whether coherent
detection, with its higher receiver sensitivity and ability to fully compensate for
the effects of large fiber dispersion in the digital domain, may be required for
future 100G PON and beyond. Following the progression of PON technology, a
new standardization work on the Very High Speed (VHSP) PON [11] has begun
to aim at line rate operation above 50 Gb/s. The recent literature and discussion
that are currently ongoing for ITU-T G.suppl.VHSP are proposing the use of
coherent technology in PON for higher bit rates on a single wavelength and
long-reach of fiber link [12, 13].

1.2 Evolution of Coherent Optics

Since 2008, DSP has begun to be introduced into coherent optics technology to ex-
ploit the amplitude, phase, and polarization of light waves to carry information at
high speed, 40 Gb/s data rates and beyond per wavelength [14]. Furthermore, it
allows the processing of complex signals, compensating for various impairments
that occur during signal propagation, to achieve a longer fiber transmission dis-
tance (>20 km) [15]. This emergence led to the first commercialization in 2010
in the form of 5"x 7" Optical Networking Forum (OIF) compliant Multi-Source
Agreement (MSA) modules and was designed using the best-in-class discrete
optical and electrical components that supported 100 Gb/s transmission across
the 2000 km fiber distance [16]. Since then, it has been deployed in most parts
of core networks, and the last decade has seen investments and continued inno-

vation drive advances in pursuit of efficiency, speeds, and cost-per-bit reduction

4



1. INTRODUCTION

for digital coherent optics technology.

The next generation of coherent optics in the core network is taking the form
of 1.2 Tb/s rate capabilities, which allows the operator to double the network
capacity compared to previous deployments while reducing power consumption
and equipment footprint by up to 50% [17]. Following successful deployments
in the core network, coherent DSPs have opened the door to their application in
metro and data center interconnect (DCI) networks. With the addition of flexibil-
ity in the C-band wavelength, transmission reachability, and further reduction in
footprint to pluggable quad small form factor, the OIF 400ZR transceiver module

has advanced as an enabling step toward the next-generation DCI system [18].

The next progression for coherent technology is likely to be in the context of the
future PON system [19]. A similar migration pattern has been seen before in the
optical network industry. The wavelength division multiplexing system and for-
ward error correction technologies were started in the core network before being
migrated to metro and edge access. However, simply migrating the relatively
expensive existing coherent optics from long-haul and metro is not a practical
proposition, since cost is a critical aspect in access networks. The next section
will discuss potential approaches to redesign and reengineer conventional digital
coherent optics, leveraging further reductions in complexity and cost.

1.3 Digital Coherent Drivers for Access Network

For the past few years, coherent PON has been the subject of much research
attention as a potential future PON technology [20, 21], and both academia
and industry are actively exploring enabling technologies, such as novel system
structures with an O-band(~1300 nm) optical wavelength window, reduced
complexity DSP, new materials, simplified devices, and network architectures, to
address this digital coherent optics in PON. As mentioned in the previous section
on access network upgrade criteria, a critical consideration to be highlighted is
the cost [22]. In other words; what else could be done to further cost-reduce the
coherent technology towards the cost points required for PON?

One of the emerging research directions was to exploit the simplification of the
optical coherent receiver architecture by reducing the number of components
required. Recent demonstrations of 100G coherent PON using the minimal coher-
ent receiver based on a single polarization heterodyne receiver circuit have been
carried out over 25 km of fiber [23]; also showing that the number of components
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fully coherent receiver (as de- blocks of a fully coherent transceiver
picted in Figure 1.3), thus sim-

plifying the complexity of the receiver design. Similar approaches have been
shown by using heterodyne coherent detection; which not only can halve the
number of components required, but also replaces the optical hybrid with an in-
expensive 3dB coupler [24]. Although most of the mentioned works have proven
the simplification concept compared to the state-of-the-art coherent receiver,
there are major drawbacks associated. In some cases, the receiver sensitivity
performance of these simplified receivers is reduced by at least 3 dB compared
to a conventional coherent receiver [19], and the simplified receiver configura-
tion comes at the expense of higher bandwidth requirements in the component,
which is a major obstacle in an integrated platform.

To reduce the cost and footprint of a coherent system even further and facilitate
the deployment in an optical network, significant efforts have been made to inte-
grate optical and electronic components into a single chip known as a photonic
integrated circuit (PIC). PICs have played a key role in enabling the transition
of coherent technology from long-haul to lower-cost applications, such as short-
reach DCI, through new "stripped down" coherent approaches, as exemplified
by the 400G ZR standard [18]. Another perfect example, a transceiver product
that is compliant with IEEE 802.37" | the first coherent transceiver available
in a standard QSFP28 form factor that uses PICs based on indium phosphide
(InP) and silicon photonics (SiPh) that allows wafer-level integration of a variety
of active and passive components [25, 26]. This has realized 400G data rate
transceivers with sufficiently high yields to drive coherent technology pricing
down, and hence suitable for commercial products.

Recent innovation for a coherent access network; XR optics was introduced by
Infinera and is attracting much interest from network operators [27/]. Although
the physical architecture of the transceiver remains the same as the conven-
tional design shown in Figure 1.3, the addition of digital subcarrier multiplexing
modulation has provided a more flexible approach to data rate provision on a
conventional PON P2MP overlay. Consequently, allowing the use of low-speed
pluggable optical solutions on a low-speed subcarrier, thus promoting flexibility,

6
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cost, and power-efficient pluggable optical solutions [28]. However, the gran-
ularity of bandwidth provision is limited to a single subcarrier, which is large
by PON standards given the numbers of subarriers envisioned. In contrast, the
historical guiding design principle for PON development to date, has been to
use time division multiplexing (TDM downstream) and time division multiple
access (TDMA upstream) to allow all users to dynamically access a wide range
of bandwidths up to the maximum supported by the PON via the TDM/TDMA
network control protocol. This feature has enormous advantages for network
operators in terms of mixed service provision and is historically the reason why
this has been maintained throughout the standardized PON technology.

Overall, a "simplified" coherent system scheme and the integration capability
of PIC technology are emerging areas of research for high-speed, yet low-cost
coherent technology. Combining these two aspects allows for the development
of a high-performance and highly integrated coherent transceiver in a compact
chip, which advances the coherent technology roadmap directed toward future
PON.
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1.4 Objectives

The primary motivation and novelty presented throughout this thesis was to
propose, develop, and explore some of the key practical considerations for future
access networks, focusing mainly on whether the proposed work; a spectrally
sliced coherent receiver (SSRx) could play a role in coherent technology that
promotes a cost-effective solution. To achieve the given objective, the following
methodologies are used:

* To design a spectrally sliced receiver and a novel DSP algorithm to enable
spectral reconstruction.

The proposed receiver architecture should be based on the conventional optical
coherent receiver architecture and be able to slice a single-carrier coherent optical
waveform. The reconstruction algorithm should be able to synthesize baseband
slices and recover the signal within the DSP implementation capabilities, and
it should be simple and efficient. To prove this concept, the proposed receiver
should be demonstrated on a PON transmission link (downstream) at a speed
rate envisioned for coherent technology and modulation format.

* Investigate enabling technologies to implement spectrally sliced receivers

efficiently for cost-effective solutions.

PIC technology has already proved to be essential for reducing the cost of conven-
tional coherent receivers, and this will also be the case for receiver development
for future coherent PON applications, where new PIC innovations will be re-
quired. For example, as will be shown, a novel aspect of the spectral slicing
approach explored in this work, is that the receiver PIC would need to incor-
porate an integrated optical frequency comb source and associated wavelength
demultiplexer. Therefore, a central aspect of the research is to explore the at-
tributes of the photonic devices in the receiver for efficient spectral slicing and
reconstruction of the wideband signal. By focusing on this aspect, the author
has shown component developers what types of specifications are required and
how potential design trade-offs in the device may affect the transmission system
performance.
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1.5 Thesis overview

The rest of the thesis is organized as follows:

Chapter 2. Coherent systems for optical communication
This chapter is divided into two main parts.

The first part reviews conventional technologies in digital coherent optics, which
are believed to be promising solutions toward a high-speed future PON. Fun-
damental impairments that affect the systems’ performance, such as chromatic
dispersion and phase noise, have been taken into account, and the associated
DSP (on the receiver side) has been explored to compensate for fiber transmission
impairments.

In the second part, the author has experimentally verified such system perfor-
mance at 50 Gb/s and 100 Gb/s data rates using single- and dual-polarization
QPSK modulation formats, respectively. Additional analyses on bandwidth limita-
tions, impairment tolerance, and DSP optimization were performed to meet the
required performance in a PON link transmission. The results measured here are
necessary as a performance benchmark for the spectrally-sliced receiver scheme
proposed in the following chapters.

Chapter 3. Design of a Spectrally Sliced Coherent Receiver

Chapter 3 presents the concept of a coherent receiver based on the spectral slicing
technique, which is proposed throughout this dissertation as a potentially cost-
effective solution for coherent PON applications. The following section presents
a detailed theoretical and mathematical description of spectral slicing and recon-
struction operations. The crucial building blocks to enable such a technique, an
array of coherent receivers, optical frequency comb, and reconstruction digital
signal processing, are elaborated. Simulations and experiments were carried out
to test the feasibility of the proposed receiver, and the performance was compared
and analyzed with a conventional receiver. Further investigations of different
system parameters, such as fiber length, receiver sensitivity, post-processing con-
figurations, and scalability, were carried out to understand the behavior of the
system.
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Chapter 4. Spectrally Sliced Receiver with Enabling PIC Technologies

The chapter examines the importance of PIC technology in the development of
the proposed SSRx scheme for the coherent PON application, in particular in
the context of the optical frequency comb; which must be amenable to low-cost
photonic integration in a transceiver and need only have a modest number of
lines. The impacts of these frequency-comb properties on the spectral slicing
scheme with observations on the receiver sensitivity performance were investi-
gated. Following the comb and the de-multiplexer’s parameters investigation,
the author has demonstrated the proposed receiver by utilizing a photonic in-
tegrated frequency comb source and integrated comb laser assemblies. These
studies and demonstrations have resulted in high-impact publications and col-
laborations with the Irish photonics company, Pilot Photonics.

Chapter 5. Conclusion and Future Work
This chapter summarizes the achievements of the work and discusses related
prospective future research directions.

10



Chapter 2

Coherent systems for optical
communication

This chapter introduces the basic concepts of digital coherent optics needed to under-
stand the work and the results presented in subsequent chapters. In particular, the
modern coherent transmitter and receiver typically used in optical communication
systems, major impairments that impair the transmitted signal in the fiber link, and
the associated DSP to recover the data are presented. The capabilities of a coherent
receiver were evaluated taking into account various aspects of the system, such as
noise and sensitivity limitations, front-end bandwidth requirements, fiber distances,

phase noise tolerance, and post-processing configurations.

2.1 Theory & Operation of Digital Coherent Optics

Digital coherent detection has enabled optical communication to fully leverage
the benefits of advanced modulation formats that exploit the optical carrier’s mul-
tiple dimensions (phase, amplitude and polarization) to convey information. Any
kind of multi-level modulation format can be detected using the coherent receiver.
Although the spectral efficiency of binary modulation formats is limited to 1
bit/s/Hz/polarization, modulation formats with k bits of information per symbol
(where k>1) can achieve up to the spectral efficiency of k bit/s/Hz/polarization.
In this section, some of the advanced modulation formats of practical interest
enabled by optical-coherent technology are discussed.

11
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2.1.1 Digital Modulation

Digital modulation is the mapping of information bits (typically represented as a
binary sequence) to a set of symbols that dictate the property of the signal. Every
symbol can be described by the position in the constellation diagram, which is
represented as the amplitude and phase of the signals. These dimensions can be
utilized for modulation in fiber-optic communication to carry the data. Here, the
number of bits k£ can be assigned to each symbol S as follows:

S ={sm}M_ M =2" 2.1)

By encoding more amplitude/phase changes in the carrier, it is possible to in-
crease the number of bits carried in each symbol. An example of signal con-
stellations is shown in Figure 2.1(a) for multilevel modulation formats. Note
that the I and Q abbreviations refer to "in-phase" and "quadrature", respectively,
representing a complex message signal that allows simultaneous change of both
amplitude and phase. In addition, an optical fiber can be regarded as a circular
waveguide and, as such, supports two orthogonal polarization signals, which can
also be used to carry data. By selectively transmitting modulated signals using
polarization multiplexed carriers, the spectral efficiency of a given modulation
technique can be effectively doubled by exploiting a polarization diversity re-
ceiver. Therefore, compared to single-polarization (SP) signals, dual-polarization
(DP) schemes such as DP-QPSK, DP-16QAM, and DP-64QAM offer doubling the
data rate. In this case, a symbol is a combination of amplitude and phase and
occupies two polarization states (X and Y polarizations), as illustrated in Figure
2.1(b).

(a) (b) pol
QPSK 16QAM 64QAM .

Q Q R NS
OTO "T" ::::T::::
S S ERCIC SRR (RES 1
A I | -ypol
2 bits per 4 bits per 6 bits per
symbol symbol symbol Dual-polarization

Figure 2.1: Constellation diagrams showing the bit-rate scaling in various dimen-
sions, including (a) advanced modulation formats by employing more bits in a
symbol, and (b) capacity doubling by multiplexing the signal in dual-polarization
of the lightwave.
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Figure 2.2: Probability of a symbol error for different QAM

Figure 2.2 shows the theoretical signal recovery performance for different QAM
modulation formats. Note that the QPSK modulation format is identical to 4QAM.
Using the expression for the probability of error in QAM signaling [29], the re-
quired signal-to-noise ratio (SNR) per bit is plotted as a function of the probability
of an error in the received signal. For a higher-order modulation format, the SNR
required to achieve the same symbol error probability is increased as the mini-
mum Euclidean distance between signal constellation points is reduced. Hence,
if a given SNR is guaranteed in a communication system, this provides insight to
the system designer on how to maximize capacity through the optimum choice
of modulation format.

In the following sections, the author discusses the state-of-the-art of a multifor-
mat optical transmitter and coherent receiver that are commonly deployed for
current coherent systems in the telecommunication network system. Note that
the configuration and common features of the following modules are compliant
with OIF standards [30,31].

2.1.2 Optical Coherent Transmitter

Fig. 2.3)(a) depicts a dual-polarization I-Q transmitter that would be required
to generate a multi-format optical signal, for instance, a single carrier of 100
Gb/s DP-QPSK [30]. The fundamental components in this transmitter system
incorporate a laser, both polarization beam splitter (PBS) and combiner (PBC),
and two I-Q optical modulators; which consist of two-nested structures of the
Mach-Zehnder modulator (MZM). First, the continuous-wave (CW) light gener-

13
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Dual-Polarization 1Q Modulator

X1 XQ YIYQ

Figure 2.3: General structure of a multi-format optical coherent transmitter
employing amplitude and phase modulations in two polarizations of lightwave.
Inset: Illustration of modulated signal on a carrier frequency spectrum.

ated from the laser is split into two orthogonal linear polarizations through a PBS.
Then, it is further split and fed into two arms of nested MZMs (I-Q modulator),
which generate in-phase and quadrature tributaries to form a complex signal.
The light is then modulated by the amplified electrical signals generated by a pair
of digital-to-analog converters (DACs) for optical signal generation. Following
Equation 2.1, electrical waveforms can be mathematically represented in the
time domain as:

u(t) = si(t) * g(1),
(2.2)
= sk(n) gt —nTy),

where the function ¢(t¢) represents the baseband waveform and s(n) is the train
of the symbol signal. After that, the two modulated optical signal is routed
into a PBC so that the signal from the upper half of the circuit (X-polarized)
is combined and orthogonal to the lower half of the circuit (Y-polarized). The
inset image (right side) in Figure 2.3 illustrates a modulated optical spectrum of
the dual-polarization signal centered at the wavelength of the carrier laser. The
spectrum of the modulated signal is confined or shaped into a single spectrum
where the width is determined by the temporal characteristics of the symbol
signal. Assuming the laser used for modulation has an angular frequency of ws,
the output signal £,,,; generated from the optical transmitter can be expressed
as:

14
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E,u(t) = = A, Q exp(jwst). (2.3)

2.1.3 Optical Coherent Receiver

Figure 2.4 shows the configuration of a polarization and phase diversity optical
coherent receiver [31]. First, the input optical signal is split into two orthogonal
linearly polarized components via a PBS; each aligns with a copy of a linearly
polarized local oscillator (LO) before being routed into a 90° optical hybrid. The
optical hybrid consists of a two-by-two optical coupler with 90° phase delay
implemented at one arm of the coupler. This circuit allows for the extraction of
the I- and Q components of the signal resulting from the mixing product between
the received signal and the LO. The phase extraction process enabled by the LO
laser is the essence of coherent detection.

Assuming that the incoming signal from the transmitter is represented by the
previous Equation 2.3, the optical field of LO can be described as:

Ero(t) = Apo(t)exp (jwrot) (2.4)
where both A, and A represent the complex amplitude of the signal and the

Polarization and phase-diversity coherent receiver
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Figure 2.4: Configuration of a phase and polarization diversity optical coherent
receiver
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LO, respectively; while w, and w; o are the angular frequencies of the signal and
LO, respectively. As both signals are mixed in the 90° optical hybrid; which
provides a phase shift of 90° between the input branches, the output fields of the
two 90° optical hybrids can be represented as:

EXl 1 1 Ey1 1 1
E E 111 ] E E 111 ]
X2 ~ X n ; J ’ Y2 ~ Y n ; J (2.5)
Exs Ero I -1 Ey3 Ero I -1
Ex4 1 _] EY4 1 _]

After that, the signal is converted from the optical domain to the electrical domain
by using a series of balanced photodiodes (BPD). The purpose of using balanced
photodiodes here is to cancel the signal and local oscillator self-interference
terms whilst adding the signal-local oscillator beat terms that contain the phase
information, which reduces unwanted relative intensity noise in the digital do-
main. Assuming both photodiodes are identical in responsivity, R and 50/50
power splitting in the design, the photocurrent from each photodiode can be
represented as:

n =4 {P.t) + Prolt) + 2P (0)Pro(®) | cos [rr ()00 (1620(0)]
(2.6)

D(t) = S {Ps(t) + Pro(t) — \/2Ps(t)PLO(t)} c0s (o) (1)0r0(1)] |

where both 6;, and 0, represent the phase noise term of the transmitter laser
and the LO, respectively. P, and P, refer to the power of the optical field
of the signal and the LO, respectively. Note that these terms are related to
the complex amplitude A, and A;, respectively, as P, = |AS|2 /2 and Py p =
|Arol? /2. The resultant photocurrent after the two are combined (output of
balanced photodiode) can be given by:
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I1q(t) = Li(t) — L(2)
I[(t) =2R PSPL0COS [SDIF(t)th(t>9LO<t)] s (27)

Iq(t) = 2R\/ P;Prosin [0rp(t)0:.(t)0o(t)]

Compared to a single photodiode, the balanced photodiode offers a higher optical
power dynamic range and improved noise performance. From these equations, it
can be deduced that the underlying concept of coherent detection is the product
of the modulated light signal with the continuous-wave LO. The photocurrents
generated from the coherent receiver (after balanced photodetection in each
polarization channel) can be represented as:

I.= ]I<t) +jIQ(t>7
(2.8)
= 2R/ P, Proe? r Mot

If the beat frequency, ¢;r; defined as the frequency offset between the signal and
the LO frequency (¢;r = fs — f10), is larger than the electrical bandwidth of the
front-end receiver, then this part of the photocurrent will be rejected through low-
pass filtering. Thus, it is crucial to optimize the receiver bandwidth according
to the signal bandwidth generated by the transmitter to enable full reception of
the signal without filtered loss. Later in this chapter; Section 2.5.1, the author
simulates how this requirement will affect transmission performance.

2.2 Noise & Channel Impairments

This section discusses several noise contributions and channel impairments that
are specifically relevant in an optical access network application scenario.

2.2.1 Receiver Noises

Considering a non-amplified link such as in a PON, the total noise generated
from the receiver is defined as the total sum of thermal noise i2,,,,.,, and shot

noise, i2,,,, which can also be computed as:
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ORz = OThermal + Oshot;

 4ksTB
OThermal = R ) (29)
P P
Oshot = 2qR[02_F7

where kg is the Boltzmann constant, 7" is the temperature, B represents the
receiver noise bandwidth, R.,; is the external load resistance for double bal-
anced photodiodes and ¢ is the elementary charge. Taking the equation of the
photocurrent from Equation 2.8, the SNR of the system can be expressed as:

(Le)*
ORx ’
4R2PSPLO€<PIF(t)9n(t) (210)

- IB 4 4R (Pro+ P

SNR =

From this equation, the scaling of the receiver sensitivity performance is deter-
mined by the shot noise, which is investigated in the later Section 2.4.1. By
increasing the LO power, the SNR of the system improves as well; however, the
shot noise term increases and at some point will limit the SNR scaling.

2.2.2 Optical Fiber Linear & Nonlinear Propagation

Aside from the receiver noise, the quality of the received signal is also impaired
by the fiber channel transmission. The G.652 ITU-T standardized single-mode
fiber (SMF) is the most widely deployed fiber in optical transmission networks
due to its low loss and wide wavelength transparency window, as well as its fab-
rication process maturity, making the technology suitable for mass production at
relatively low cost [32]. SMF typically consists of a 9.2 ym diameter germanium
doped silica core, surrounded by a 250 ym diameter undoped cladding layer,
with the resulting difference in core-cladding refractive index resulting in the
confinement of light within the core. Historically, the O-band (‘O’ stands for
Original) wavelength windows around 1300 nm and the C-band (‘C’ stands for
Conventional) around 1550 nm have been the preferred operating wavelength
windows for telecommunication systems due to the low attenuation coefficients
(~0.35 and 0.2 dB/km, respectively) and chromatic dispersion coefficients (0O
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and 17ps/(nm.km), respectively) in these windows. PON standards have histor-
ically used a mixture of O- and C-band channel allocations. However, as PON
data rates continue to increase, system power budgets will become harder to
meet in the O-band due to the higher loss, so in this thesis work the focus is con-
fined to C-band operation. Pragmatically, this choice is also driven by the current
lack of commercial availability of the required enabling components for coherent
systems research in the O-band, although in principle the concepts developed
in this thesis are equally applicable in both O- and C-bands and indeed other
wavelength regions.

Theoretically, the propagation of optical signals in optical fibers can be repre-
sented by the non-linear Schrodinger equation [33] as follows:

OE «a(z) jPa 02 . 2
— = E+~==—E E 2.11
9z~ 2 BT gpEtIvIEL, (2.11)

where E is the electric field that propagates over spatial dimension z and varies
in time ¢, while o and 3, are the fiber propagation constants representing the
attenuation and dispersive group delay, respectively. On the right side of this
equation, the first and second terms represent the parameters of the attenuation
and chromatic dispersion of the fiber, respectively. The parameter - is the fiber
non-linearity coefficient; hence the last term of this equation represents the non-
linear phase modulation of the propagating light due to the Kerr effect. The fiber
attenuation coefficient can be presented as « in units of dB/km as:

10 P,
a = —Ilog < t) , (2.12)
z P

where 2 is the fiber length, and P,,; and P,, are the output and input power of
the fiber channel, respectively [34].

In addition to the attenuation profile, chromatic dispersion (CD) is one of the ma-
jor impairments in optical fiber communication. The information signal contains
a range of frequency components, each of which experiences a different group
velocity on propagation through the fiber. This causes the different frequencies
of a given signal pulse to arrive at the output with different phases, resulting in
the pulse spreading in time. Consequently, the received signal is distorted, and
the spreading of the pulses causes interference with subsequent pulses, a phe-
nomenon called inter-symbol interference. The total dispersion is made up of a
combination of the dispersion of the silica glass material itself and the waveguide
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dispersion resulting from the geometry and index profile of the optical fiber [34].
When solving for the second term only in Equation 2.11, the CD can be modeled
as an all-pass filter transfer function given by:

B
Hep (w, z) = exp (—j;w2z> , (2.13)

where w is the angular frequency. Typically, in an optical communication system,
the chromatic dispersion is specified as the dispersion parameter D at a given
wavelength, \ as:

27TC52

D = 2

ps/nm - km. (2.19)

Finally, the third term in Equation 2.11 represents the Kerr nonlinearities effect
that can be described as changes in the refractive index silica glass in the optical
fiber in proportion to the incident power of the optical signal. This effect is
represented by the non-linear coefficient ~ as:

NaWo

(2.15)

N CAeff7

where n, is the refractive index parameter, A.;; is the effective area of the
SMF and wy the angular frequency of the optical carrier. In the case of phase-
modulated signals, changes in refractive index during signal propagation can
induce intensity-dependent phase modulation on optical pulses, known as self-
phase modulation (SPM), resulting in spectra broadening. This nonlinear phase
shift can be given as:

dspm = YPry (1 — exp(al)), (2.16)

where L is the span of fiber propagation, and Py, is the launched power onto
the optical fiber. However, this impairment is not typically critical in the context
of the access network, as the launch power of the transmitter is usually not too
high and the propagation distances are relatively low (a few tens of kilometers) .
For example, the optical transceiver of class N1 (from the latest ITU-T standard
50G-PON [9]) is specified to transmit an output power of +5.5 to +11 dBm into
20 km of optical fiber. Nevertheless, the impact of non-linearity on the receiver
sensitivity was investigated in Section 2.5.3 for completeness.
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2.2.3 Polarization Mode Delay

Polarization is a property of electromagnetic waves that governs the orientation
of the transverse electric field. Considering a dual-polarization case; two orthog-
onal polarization states of the light are utilized to convey the information. As a
result of fiber birefringence, each polarization of light travels at a different group
velocity, which leads to a difference in propagation time between the two polar-
izations at the receiver. Due to changes in temperature, stress, and mechanical
vibrations on the cable, the polarization states evolve rapidly with time leading to
fluctuating impairments, in contrast to the static impairments considered up to
this point. This rapid change in the state of polarization (SOP) along the optical
fiber can be emulated as a unitary 2x2 Jones matrix [35], H as follows:

| vaes(i)  —vi—a
VI—a  aerp(—jo)

H (2.17)

where o and ¢ represent the power and phase change between the fast and slow
polarization axes. Although polarization-maintaining fibers can preserve the SOP
during propagation, these fibers are expensive and exhibit higher attenuation
coefficients compared to SMF so are not used in deployed networks. However, by
utilizing DSP technology in the coherent receiver, polarization de-multiplexing
and recovery can be performed by adapting to the rapid changes introduced by
polarization mode delay (PMD) impairments. Section 2.3.3 discusses how this
impairment can be adaptively tracked and compensated for to recover the signal
information by using DSP.

2.2.4 Phase Noise

Phase noise is a critical impairment in a coherent system, as the phase of the
optical field is utilized to carry the information. In the context of this work, the
phase noise is determined from the finite 3-dB linewidth properties (Av) of the
transmitter and LO lasers and is defined as the random variations of phase over
time, which can be modeled as a random walk effect (known as the Wiener
process) as:

0% =2 AT, (2.18)

where T is the observation time window. Section 2.5.2 discusses how this noise
would be influenced by the baud rate and the modulation format of the signal.
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Figure 2.6: (a) Example FM-noise spectrum of a semiconductor laser using a
delayed self-heterodyne setup. (b) Field spectra of beat tones between two ECLs
in an experimental setup where the two ECLs were connected to the coherent
receiver inputs and the output waveform was taken within 0.2 ms time window;
each spectra plotted here has a span of 2 us.

The frequency-modulated (FM) noise spec-
trum is commonly used to describe the Fourier
domain frequency noise of a laser. This can

be measured, for example, with delayed self-

heterodyne detection as illustrated in Figure

2.5, to obtain the power spectral density of Figure 2.5: Delayed self-

the beat spectrum, as long as the delay path heterodyne method to measure
is greater than the coherence time of the in- the FM-noise of a laser. AOM:
put light [36, 37]. Figure 2.6(a) depicts the Acousto-optic modulator. ESA:
FM noise of an external cavity laser using the Electrical spectrum analyzer.
setup shown in Figure 2.5. The measurement
was taken experimentally with a 10 km fiber used as the delay line. The AOM
was used to frequency-shift the signal in one of the paths by 35 MHz. As a result,
the incoherent mixing of the frequency-shifted optical signal with its delayed ver-
sion detected by a PD to generate a beat signal at an intermediate frequency f;.
Then, the optical linewidth can be measured from the width of the Lorentzian
spectral line and is associated with a white frequency-independent FM noise
spectrum [38]. Thus, by referring to the flat-frequency regime of the FM-noise
power spectral density, the full width at half-maximum linewidth of a laser can
be measured quantitatively. Throughout the thesis, this FM-noise measurement
is used to describe the laser linewidth and phase noise properties of a laser.

In addition to 'white’ FM noise, a laser also suffers from slow but large frequency
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deviations in the regime below 1 MHz, also known as flicker noise, which arises
from mechanical coupling, vibrations, power supplies, and electrical circuits
[39,40]. The impact of flicker noise on coherent detection can be examined
in Figure 2.6(b), showing an example of the multiple spectra of a beat signal
(configured at 0.1 GHz frequency offset) between the two tunable lasers, which
experience frequency dither over a long measurement time (2 ys). Although this
issue can be suppressed by having a stabilized laser control system, these slow
fluctuations can also be mitigated in DSP by compensating for frequency offset
of the signal [41].

2.3 Post-Digital Signal Processing

Some conventional modulation formats, such as NRZ or pulse amplitude mod-
ulation (PAM) use a direct detection method known as the IM/DD scheme. In
direct detection, the output of the detector is proportional to the optical inten-
sity which is in turn proportional to the square of the input signal electric field
magnitude, according to the square-law principle. While the direct detection has
the practical advantage of being simple to implement, it does not allow for the
post-compensation of linear channel distortions like CD and PMD. On the other
hand, coherent detection is a linear process that preserves complex tributary I
and Q information, enabling linear equalization to effectively compensate for
CD, PMD, and phase noise in the digital domain.

In this section, the author will discuss the operations of DSP in the coherent
receiver. The incoming signals from the front-end receiver consist of phase and
polarization diversity components (XI, XQ, YI, and YQ) which are processed
by a series of DSP blocks. These blocks are designed to restore the baseband
signals by compensating for channel impairments, polarization demultiplexing,
equalization, and phase de-rotation prior to signal decoding.

The DSP procedure typically involves a sequence of operations, as depicted in
Figure 2.7. Prior to DSP, the four-channel ADCs sample the received waveforms
asynchronously to generate the digitized complex terms, which can be expressed
as:

Xapc(n) =icxi(n) + j *i.xq(n), (2.19)

Yapc(n) =icyr(n) + j *icyo(n),

where X pc and Y, po represent the raw data tributaries X and Y polarization
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Figure 2.7: Digital signal processings flow to compensate for impairments and
to recover the data stream. Constellation diagrams of both QPSK and 16QAM
modulation signals were taken after the associated DSP blocks to illustrate the
data processing.

of the signal, respectively. According to the Nyquist-Shannon sampling theorem,
the required sampling frequency of the ADCs to capture the waveform is at least
twice the symbol rate to overcome the aliasing effect.
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Figure 2.8: An example of the I-Q channel imbalance induced due to the path
mismatches of the RF cables connecting from an integrated coherent receiver to
the oscilloscopes

2.3.1 I-Q Imbalance Compensation

The delay skew between the I and Q components is primarily caused by path
length mismatches in the front-end receiver and cable, as exemplified in Figure
2.8. In addition, imperfections in the design of receiver components, such as the
90° optical hybrid, balanced photodetector, and transimpedance amplifier, can
also lead to differences in phase and amplitude between the I and Q components
of the signal.

To mitigate this impairment, the Gram-Schmidt orthogonalization algorithm is
implemented to correct the I-Q phase and gain imbalances [42]. By normalizing
the signal to unity power and vector rotation by the same angle, a mutually or-
thogonal vector on the signal constellation can be achieved, hence compensating
for the I-Q gain and phase mismatches. The orthonormal output signals from

this operation can be mathematically represented as:
Iout = -[zn/ \/ {(Izn)z}u

Qout = Qin/ { (Qm _ {(/}i)Q})Q}’ (2.20)

where p is the correlation coefficient of the mean input signal and {-} denotes
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Figure 2.9: Basic structure of an FIR filter with a length of N taps

the averaging operator.

2.3.2 Static Equalization

In theory, using a static digital filter for equalization can effectively compensate
for any level of chromatic dispersion, thus eliminating the need for a dispersion-
compensating fiber (DCF) from the optical link. The static filter can be designed
based on the inverse of the CD transfer function (using the second-order approx-
imation in Equation 2.11), which can be expressed as:

1
Hpgpop(w) = —,
’ HCD(CU)
e (2.21)
Hep(w) = eap (1272)

where ) is the central wavelength of the carrier signal, (3, is the dispersion group
delay parameter, c is the speed of light, and z is the length of the fiber. By using
this transfer function, an equalizer based in the time domain can be implemented
as the N-tap finite impulse response (FIR) filter configuration, as shown in Figure
2.9 where both output u,,:(n) and impulse response hcp(z,t) are derived as:

N-1
uout(n) = Z hkuzn(n - k)v
k=0 (2.22)

1 1
"0 0 = it P\ amz)

where integer multiples of 7 are used to delay the input signal, uin). If large num-
bers of taps are used, the discrete hcp(z,t) can be approximated as a continuous-
time impulse response and can compensate for a large dispersion value. In
Section 2.4.1, the author analyzed the performance of static equalization over
the accumulated CD in the fiber.
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2.3.3 Adaptive Equalization

As mentioned in Section 2.1, the polarization state of the signal in the receiver
differs from that of the signal transmitted due to fiber birefringence. In addition,
this change evolves randomly with time because of fiber birefringence fluctua-
tions. The purpose of the dynamic/adaptive equalizer block is to compensate for
time-varying impairments in the channel. In contrast to static equalization, the
adaptive equalization DSP compensates for dynamic Jones rotation (where the
SOP dynamically changes during fiber propagation) and PMD. In this context,
a butterfly-structured FIR filter with 2x2 multiple inputs and multiple outputs
(MIMO) configuration (as depicted in Figure 2.10) is employed to estimate the
inverse Jones matrix of the channel. This approach enables the demultiplexing
and rotation of the X and Y polarization tributaries by recovering the SOP and
compensates for residual channel impairments such as chromatic dispersion.

Following the Jones matrix shown in Equation (2.17), the output complex of this
equalization filter can be given as:

Xout HJ:J: ny Xz
- , (2.23)

Y;)ut ny Hyy Yz

where H,,, H,,, H,,, and H,, denote the equalizer tap vectors. The tap weights
have a length of Nr,,, and can be updated using commonly used error conver-
gence algorithms in coherent systems such as the Constant-Modulus Algorithm
(CMA) and Decision-Directed Least Mean Square (DD-LMS). In CMA, the tap
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Figure 2.10: Basic structure of 2x2 MIMO adaptive FIR filters.
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filters are updated as

(n) + peaXin X5 (1),

(n) + peaXin¥ou(n),
= Hay(n) + peyYin X5, (n),

() + gy Yin Yo (n),

(2.24)

where 1 and ¢ refer to the step size and the error function, respectively. The
superscript (-)* denotes the complex conjugate operation. The error terms can
be given as:

ex(n) =1~ |Xo(n)[*,

2.25
ey(n) =1- |Y0(n)‘2 ( )

For higher modulation formats such as 16QAM, the error term in CMA can never
converge to zero. Hence, the CMA can be adapted to the radius-directed equal-

ization (RDE) where its error terms can be computed as:

eo(n) = Ra (Jzo(n)*) = 1X,(n)[*,

) ) (2.26)
ey(n) = Ra (lyo(m) ) = |Yo(n)?,

where R,(z,) is the radius of the ring that is closest to the symbol x. Alternatively,
adaptive equalization can be done using a DD-LMS algorithm, which is initialized
by a training sequence, and its error term can be calculated as:

ex(n) = D {z,(n)} — [X,(n)|,
ey(n) = D{yo(n)} — |Yo(n)|,

(2.27)

where D {z} represents the symbol closest to =. The initial tap-weight calculation
is trained using data-aided sequences before transitioning to decision-directed
processing to ensure reliable convergence for each incoming signal. In the pres-
ence of phase noise, the equalization process can be modified to compensate for
this by making decisions on the phase of each symbol within the equalizer loop.
Compared to the previous algorithm, RDE offers lower latency than DD-LMS,
since the error terms are computed directly from the filter output.

28



2. COHERENT SYSTEMS FOR OPTICAL COMMUNICATION

2.3.4 Carrier Frequency Offset & Phase Recovery

In intradyne detection (where the frequency offset between the signal and LO is
within the receiver bandwidth), the transmitter and LO lasers are free-running
and not frequency-locked. This results in a residual frequency offset impairment
in the signal, which must be estimated and compensated for. Similarly, phase
noise would impair the signal by rotating the constellation about the origin and,
therefore, requires carrier tracking in the DSP. A digital coherent receiver can
estimate both phase noise and frequency offset by implementing a tracking-based
algorithm using a feedforward structured algorithm as illustrated in Figures 2.11
and 2.13, respectively.

The frequency estimation method

presented and used in this work () H FFT HFind peak HPeakposition/4‘
is based on peak power search

methods in the frequency domain v Uom)
uin(’j) I—[j]

e

[43]. The operation of the fourth
power operation (.)* shown in Fig-
Figure 2.11: Block processing of frequency
offset estimation technique based on peak
power search.

ure 2.11 removes the modulation
from the input signal and, there-
fore, exhibits a peak in the spec-
trum at four times the offset frequency. Then, this estimation is used to frequency
shift the input signal and eliminate the frequency offset between the signal car-
rier and the LO, thus preventing the constellation rotation effect as shown in
Figure 2.7. From this algorithm, the estimated frequency offset Af.,, can be
expressed as:

n=1
Afest - 17—,6”09 {Z um(n)ujn(n - 1)4} ) (228)
s L

27
where L is the averaging span, v}, is the complex conjugate of the input signal,
and T, is the symbol period. Figure 2.12 shows the simulated performance of this
algorithm to compensate for the varied frequency offset between the transmitter
and receiver sides. The simulation block diagram is presented in Section 2.4.1.
The frequency offset is effectively estimated over a wide range of frequencies, in
this example up to 100 MHz away. Therefore, by applying the frequency-shift to

the input signal, the offset impairment can be compensated for.

A similar approach is used in carrier phase recovery (CPR) processing, where the
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Figure 2.12: Estimated frequency offset measured from the simulated signal
transmission (left axis) and the relative error between the estimation and simu-
lation offset values (right axis).

fourth-order operation is implemented to remove phase modulation, as illustrated
in Figure 2.13, giving the estimated phase as

. (N=1/2)
Oest(n) = —arg Z Uin(n+ k)™ . (2.29)
4 — (N2

The phase estimation algorithm

based on Viterbi-Viterbi algo- n+(L/2)

rithm [44] can be optimized for = () H % 2() H e(7)
carrier phase recovery by choos- k=n—(L/2)

ing the optimal symbol length  u(n) Uy (1)

in process block L for averaging.

Each block undergoes process- Figure 2.13: Block processing of CPR based on
ing to the fourth power to elim- feed-forward estimation. Z(-) represents the

inate phase modulation. The re- phase of complex number.

sulting averaged phase is then

divided by four to yield the estimated phase evolution. Finally, the received
signal is phase-shifted by this estimated phase error to compensate for phase
noise prior to symbol decoding. For higher modulation format such as 16QAM,
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the algorithm can be adapted to QPSK partition scheme where the constellation
points are divided into subgroups of QPSK signal rings, thus allowing multi-stage
Viterbi-Viterbi phase estimation to be performed as described for QPSK [35].

For algorithm optimization, insufficient symbol averaging length can lead to
inaccurate phase error tracking due to noisy estimated phase fluctuations, while
selecting a longer symbol averaging length can result in narrow-band filtering,
leading to imprecise estimation. This estimation is considered for Lorentzian
laser linewidth shapes. Figure 2.14 demonstrates that optimal symbol averaging
length (in red trace) enables accurate tracking of the estimated phase error to the
simulated laser phase noise intrinsic to the system (vertically shifted for clarity).

0(t) (rad)

Transmitted 6
Estimated 6 (L=3)
Estimated 6 (L=20)
Estimated 6 (L=100)

0 0.02 0.04 006 008 0.1
Time (us)

Figure 2.14: Simulated Wiener laser phase noise by using system modelling
presented in Section 2.4.1 later. The total linewidth of the system was set to 100
kHz as shown in black trace. The estimated phase was generated by using the
Viterbi-Viterbi algorithm with different symbols averaging L.
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2.4 Sensitivity Assessment of a Coherent Receiver

So far, an overview of conventional optical coherent transmitter-receiver, DSP,
and optical communication impairments has been discussed. In this section, the
transmission performance of such a system is analyzed and the power sensitivity
limit of an optical receiver is assessed, as this will be important for comparison
purposes in the later work. The author has modeled a coherent signal trans-
mission system based on numerical derivations of each module’s functionalities.
Some of the simulation parameters refer to the device/module specifications
used in subsequent experimental work. Optical transmission experiments were
then conducted using a commercial coherent receiver to evaluate its sensitivity
performance over the fiber link.

2.4.1 Simulations

System Modeling

The system simulation is illustrated in Figure 2.15 and was numerically modeled
in MATLAB. First, a random binary sequence was generated and mapped into
a vector of complex data sequences based on the number of polarizations and
modulation formats, such as QPSK and 16QAM. The symbols were subsequently
pulse shaped with a raised-cosine filter followed by up-sampling to 16 samples
per symbol for optical bandwidth modelling, and the addition of phase noise
to simulate the impairment arising from the transmitter laser linewidth. The
signal was then transmitted over a fiber channel, which was modeled using a

Yk QAM Pulse Fiber i Coherent |
Mabbin Shaping Ch 1 : Rx & '
Bit Data| P8 & DAC anned | ADC | !
tx ! 1
l CW l n(1) Holf) | l CW | Hedf) |
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Figure 2.15: Block diagram of a coherent simulation setup.
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Table 2.1: Simulation parameters

Parameter Value | Unit | Parameter Value | Unit
Baud Rate, B, 25 Gbaud | Signal Frequency, f. | 193.41 | THz
Tx Pulse shaping | 0.1 Dispersion Parameter | 17 ps/nm
Filter Roll-off km
Linewidth, dr, 100 kHz Dispersion Slope 80 s/m?
Optical power, Pr, | +4 dBm | Nonlinear Index 0.0013 | m/W
RIN7. 1o -140 | dB/Hz | Bandwidth g, 40 GHz
Optical power, Pro | 15 dBm Freq,ffset 1 MHz
Responsivitypp 0.07 |A/W | Linewidth,0;0 100 kHz
Noise o7hermal 19 pA/Hz | ENOB 4pc 8 bits

split-step symmetric Fourier method (as described in Equation 2.11) to solve the
non-linear Schrodinger equation numerically. In addition to CD impairments
and third-order fiber non-linearity, the transmitted signal was also impaired by

additive noise, n(t), and attenuation of signal power.

At the receiver, the signal was mixed with an LO (adding phase noise and
frequency offset between the transmitter and the LO laser) and then down-
converted to the baseband signal. The receiver utilized a coherent quadrature
receiver model with a 4th-order Bessel low-pass filter. Following this, a series of
receiver DSP methods was employed to compensate for channel impairments and
demodulate the received signal. These methods included resampling to 2 sam-
ples per symbol, time-domain chromatic dispersion compensation (static equal-
ization), adaptive equalization based on the CMA or RDE algorithm, frequency
offset estimation utilizing peak power search, and carrier phase recovery with
the Viterbi-Viterbi algorithm Finally, digital demodulation and bit error counting
were performed to measure the bit error rate (BER); which is a measure of the
received signal’s quality considering noise, interference, and distortions in a data
transmission system. Table 2.1 details the parameters governing this simulation
work.

Current coherent transceivers utilize hard-decision forward error correction (HD-
FEC) with 7% overhead of the information bits to recover the bit signal [45].
This allows for the correction of the pre-FEC BER as high as BER=3.8x1073 to
ensure error-free signal transmission. Therefore, in this study and subsequent
discussions, 'receiver sensitivity’ refers to the received optical power (ROP) to
achieve a BER of 3.8 x1073.

33



2. COHERENT SYSTEMS FOR OPTICAL COMMUNICATION

Results: Receiver Sensitivity Performance

To validate the receiver sensitivity performance, the author adjusted the power
of the received optical field and recovered the signal for different modulation
formats and number of polarization schemes. In Figures 2.16(a), the simulation
results are presented as BER versus the input power of the receiver with a con-
stant LO power (+15 dBm) for both single and dual polarization schemes. The
coherent receiver achieved superior sensitivity performance when employing
the QPSK modulation format (=5 dB gain) compared to the 16QAM modulation
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Figure 2.16: (a) BER versus received optical power for QPSK and 16QAM modu-
lation formats on different transmission links with single-polarization, and dual-
polarization operation. (b) Sensitivity penalty as a function of the LO power
(Pro) in the BtB link for different modulation formats.
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format in both polarization schemes.

Although 16QAM offers more bits per symbol than QPSK, it is more susceptible to
noise due to the closer spacing of symbols, as indicated in Figure 2.2, leading to
a significant degradation in receiver sensitivity performance. Note that the 3-dB
sensitivity penalty for dual-polarization multiplexing is because the results are
plotted as a function of the total received power, so the power per polarization
is 3dB lower in the dual polarization case compared to the single-polarization
case.

The impact of LO intensity on receiver sensitivity penalty was evaluated and
shown in Figure 2.16(b). Each penalty curve was plotted relative to the sensitiv-
ity performance at P;o=+15 dBm. As the LO power increases, the receiver sensi-
tivity also improves while almost reaching the saturation level at P;o=+15dBm.
This behaviour can be explained by Equation 2.10, where most of the photodiode
noise is contributed by the thermal and shot noise. At lower LO power levels,
thermal noise from the receiver dominates, determining the overall SNR based
on the optical power of both the received signal (Ps) and the LO (P;o). How-
ever, as the LO power surpasses a certain threshold, the shot noise term becomes
dominant, resulting in only a small improvement in the SNR.

Results: CD Tolerances Performance

Finally, the impact of the accumulated CD from optical fiber transmission was
analyzed. The author maintained a constant number of taps for the adaptive
equalizer to isolate the impact on the performance of the static equalizer alone.
Figure 2.17(a) shows that for a given total CD value, there exists an optimal
number of taps for the static equalizer. This optimization enables the 25 Gbaud
SP-QPSK system to achieve a receiver sensitivity of —34.6 dBm. Here, a sensitivity
penalty margin of less than 0.4 dB is observed for transmission at 40 km (680
ps/nm) employing an equalizer of 11-taps or more compared to the BtB case. To
demonstrate the effect of chromatic dispersion in the fiber, Figure 2.17 (b) shows
the pulse broadening response at different fiber distances. It is evident that as the
fiber span increases, the pulse undergoes a more dispersion-induced broadening.
This broadening may lead to inter-symbol interference as the dispersive pulse
extends into neighboring pulses. Consequently, this would require a large FIR
filter size to compensate for a large accumulated CD. Although a large filter
size is crucial for fiber transmission optimization, it also increases the design
complexity and power consumption in the receiver DSP.
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Figure 2.17: (a) Performance of the coherent receiver sensitivity against accu-
mulated CD with varied number of taps of chromatic dispersion equalizer. (b)
Dispersion-induced broadening of a Gaussian pulse in a fiber transmission at
different fiber lengths.

2.4.2 Experiments

Experimental Setup

The experimental setup for the coherent fiber transmission system for 50 Gb/s
and 100 Gb/s data rates is depicted in Figure 2.18(a). On the transmitter side,
an external cavity laser (ECL) with a wavelength of 1553.1 nm and a specified
linewidth of around 30 kHz was modulated using a coherent optical transmitter
(Tektronix OM5110), driven with random signal sequences of length 2'° at a
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Figure 2.18: (a) Experimental setup for optical coherent transmission system of
50 and 100 Gb/s of single- and dual-polarization QPSK respectively. (b) Captured
optical spectrum of transmitted signal centered at 1553.1 nm wavelength. (c)
Optical spectrum used for comparison between transmitted signal with LO. (d)
Recovered constellation of DP-QPSK at —22 dBm receive power.

speed of 25 Gbaud; generated by an arbitrary waveform generator (AWG) of 50
GSa/s (Tektronix AWG70001A). This resulted in a single- and dual-polarization
QPSK signal with a total bit rate of 50 and 100 Gb/s, respectively. An erbium-
doped fiber amplifier (EDFA) was used to amplify the optical signal power up
to +4 dBm to compensate for insertion losses from the transmitter and adjust
the optical power launched into the fiber channel. The launched optical signal
spectrum is depicted in Figure 2.18(b).

This experiment used the back-to-back (BtB) channel configuration or 40 km
fiber length based on the G.652 optical fiber standard as the channel link. These
link configurations were used for subsequent work in the thesis. The ROP was
controlled using a variable optical attenuator (VOA), and the optical intensity
was measured using an optical power meter (OPM) before it reached the receiver.

The author employed a commercial micro-integrated coherent receiver (ICR)
with a specified 3-dB bandwidth of 40 GHz. Additionally, a second tunable ECL
was used as the LO, with operating center wavelength and linewidth specifica-
tions similar to the transmitter laser. The optical spectrum depicted in Figure
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2.18(c) shows the comparison of the signal and the LO prior to input into the
coherent receiver. For single-polarization transmission, a polarization controller
(PC) aligned the LO’s polarization with the signal’s polarization. Subsequently,
the electrical signals from the receiver were sampled and digitized using real-
time oscilloscopes (RTO, Tektronix DPO70002SX), followed by offline DSP using
the block processing techniques described in Section 2.4.1.

Results: Receiver Sensitivity Performance

In a similar approach to the previous simulation work, the author varied the
P to examine the coherent receiver’s sensitivity response. Figure 2.19(a) and
(b) show the performance in BtB for single and dual polarization signals in
terms of BER versus received optical power. The receiver exhibits shot-noise
limitation behaviors as P; increases up to +13 dBm, which aligns with previous
simulation findings. The receiver sensitivity can reach —37 and —34 dBm for SP
and DP operation, respectively, illustrating the high-power sensitivity benefits of
an optical coherent receiver. The value of the receiver sensitivity here is similar
to the work in [46] which also showed the coherent receiver can achieve 14.3 dB
higher receiver sensitivity compared to a direct-detection receiver (SOA + PIN).
In a PON context, this suggests a high-link budget of up to 41 dB (given that the
transmitted launch power at +4 dBm), supporting a high splitting ratio (1:64
or even 1:128). Figure 2.18(d) presents the constellation diagrams after post-
processing, where the signal was captured at ROP=—25 dBm, demonstrating the

(a) 50Gb/s SP-QPSK (b) 100Gb/s DP-QPSK
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Figure 2.19: Experimental results of the ICR sensitivity performance of a single-
carrier 25 Gbaud QPSK signals employing single-pol (left) and dual-pol (right)
in a back-to-back link.
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Figure 2.20: Experimental results of the ICR sensitivity performance over 40
km G.652 standard optical fiber.

effectiveness of the DSP in compensating for channel impairments to demultiplex
and recover the received signal.

Additionally, Figure 2.20 shows the receiver sensitivity performance when the
signal is transmitted over 40 km of optical fiber. At the FEC limit, the sensitivities
achieved are the same as those of the BtB link, indicating that the static equalizer
(filter size of 9 taps) effectively compensated for the CD introduced by the 40
km optical fiber. Considering that a 20 km reach is the current standard for
an access network [47], achieving high receiver sensitivity performance over
40 km signifies a reasonable benchmark that anticipates potential future reach
extensions.

2.5 Practical Limits & Technical Challenges for Ac-

cess Networks

While a coherent receiver’s excellent sensitivity can lead to high power budgets,
which are highly desirable for high data rate PONs where splitting loss is a limit-
ing factor, the high cost of the technology has so far prevented its deployment.
The experimental work in the previous section provides important ‘ideal case’
performance benchmarking results, but it was conducted with laboratory-grade
equipment that is not representative of what would be required for a cost-effective
solution for coherent PON.

39



2. COHERENT SYSTEMS FOR OPTICAL COMMUNICATION

Minimizing receiver module specifications and selecting suitable system compo-
nents are crucial strategies for achieving low cost whilst achieving performance
optimization. In this section, the author investigates some key component param-
eters that impact cost , such as the bandwidth of the coherent optical receiver, the
laser linewidth, and the optical launched power (impact of fiber non-linearity)
in the access link.

2.5.1 Bandwidth Restrictions of the Receiver

In the context of this work, receiver bandwidth refers to the equivalent front-end
bandwidth in the coherent receiver (including BPD, TIA, and ADC). This is a cru-
cial concept to understand, as it directly impacts the receiver’s performance and
cost. Although in previous experiments, the receiver bandwidth was primarily
limited by the RTO (with a specified 3-dB bandwidth of 33 GHz), it is more than
sufficient to capture the 25 Gbaud signal bandwidth effectively.

In this simulation analysis, the author sweeps the receiver bandwidth to simu-
late the narrowing effect of the filter bandwidth in the coherent receiver. This
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Figure 2.21: The receiver sensitivity tolerance with varied receiver bandwidths
for three different baud rate operation. Insets show the associated spectra of the
signal from each operating baud rate.
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is achieved by varying the 3-dB filter bandwidth in the receiver model. The re-
sults depicted in Figure 2.21 show the impact on different baud rate operations
using DP-QPSK and DP-16QAM modulation formats. Sensitivity benchmarks are
measured at a receiver bandwidth of 33 GHz for all cases. It can be observed
that optimal receiver bandwidths are measured at around half of the signal baud
rate. The sensitivity penalty increases significantly as the receiver bandwidth
is reduced beyond the optimum point due to the inter-symbol interference in-
troduced by bandwidth restriction. The 16QAM case exhibits a sharper onset
of significant penalties compared to QPSK, as multilevel modulation formats
are more susceptible to SNR degradation due to the closer constellation point
spacing.

The study suggests that for high baud rate operation, high-bandwidth opto-
electronics and electronics are required, which can be a predominant cost in a
photonics integration [48] and hindering the use of high-commodity, low-cost
and low-bandwidth components for coherent PON (100G and beyond). The next
chapter will explore how the spectral-slicing technique could enable continued
10G-class components [14] in the front-end receiver for higher-speed detection,
potentially offering a cost-effective PON solution.

2.5.2 Phase Noise Tolerances

The laser linewidth has a significant impact on coherent system performance as
described in Section 2.2.4, so it is important to study this aspect for conventional
receiver systems in order to make a comparison with the spectrally sliced systems
that are the focus of this work. A realistic linewidth tolerance analysis would be
desirable through experimental demonstration to evaluate the impact of these
linewidths. However, this is not realistic to achieve, as the linewidth depends
strongly on the type and design of a laser. To address this, the author used a
random walk noise process to emulate the magnitude of phase noise variance in a
simulation platform. The receiver sensitivity performance in the BtB link without
applied phase noise was then used as a benchmark to measure the sensitivity
penalty over a linewidth range. The product of linewidth and symbol duration
(Av - T,;) was quantified for phase noise measurements in the system, where Av
is the total laser linewidth (transmit and LO lasers) and 7} is the symbol period.

Figure 2.22(a) shows the receiver sensitivity penalty at FEC limit versus Av - Tj
where the Viterbi-Viterbi phase recovery algorithm was used to compensate for
phase noise. When comparing the tolerance of the total laser linewidth in QPSK
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to 16QAM at 1-dB sensitivity penalty, it is found that the total linewidth tolerance
in 16QAM is measured at 1.75 MHz which is lower compared to QPSK (10 MHz).

The signal constellations without phase noise compensation are shown in Fig-
ure 2.22(b). Clearly, phase-domain inter-symbol interference is much larger
in 16QAM compared to QPSK as the linewidth of the laser increases due to
the stricter and closer spacing of the symbol constellation points. However, for
QPSK, which is mainly used throughout the thesis due to its relative simplicity

@)
o4
)
g O QPSK
'2 A 16-QAM
S3r
o

NS}
T

—_
T

Sensitivity Penalty at BER:

0 Q Q9
107 107 107
Av.-T g
(b)
10 kHz 50 kHz 100 kHz

Figure 2.22: (a) Sensitivity penalty versus combined linewidths symbol duration
products for QPSK and 16QAM modulation formats. (b) Constellation diagram

without phase domain equalization using QPSK (top) and 16QAM (bottom) for
different combined laser linewidths.
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and higher receiver sensitivity (compared to 16QAM), can tolerate a total laser
linewidth of up to 10 MHz at 25 Gbaud operation. The ECL which was used
for the previous experimental works and hereafter has a linewidth measure at
30 kHz. For this magnitude, the laser would not be a limiting factor for the
sensitivity performance in a coherent system.

2.5.3 Fiber Non-Linearities Constraints

The impact of fiber non-linearities is crucial, especially in long-haul transmission,
where multicarrier transmission with high-launched optical power over long
spans is used. However, in PON scenarios, fiber lengths are typically less than
40 km, and generally only two relatively widely spaced in wavelength carriers
are used, one for upstream and one for downstream communication between
the central office and the subscribers. Nevertheless, it is important to assess the
expected impact of non-linear fiber propagation distortion on the optical link
power budget in the coherent PON scenario.

When high optical power is launched into the fiber, the non-linear self-phase
modulation occurs, leading to frequency chirping of the optical pulses. This spec-
tral broadening increases the signal bandwidth and may limit the transmission
performance.

To determine the optimal launched optical power over 40 km fiber, the author
varied the launch power and assessed both linear and non-linear fiber distortions.
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Figure 2.23: Optical link budget as a function of launch power.
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The link power budget can be determined by measuring the receiver sensitivity
at the FEC limit using the optical testbed illustrated in Figure 2.18(a). The
measurement results for the 50 Gb/s data rate of SP-QPSK are presented in Figure
2.23. An optimal launch power of +10 dBm is achieved with a maximum link
budget of 49 dB, even though the sensitivity is reduced due to the effects of fiber
non-linearity. However, the launched power is kept at +4 dBm throughout the
experiment work to avoid the receiver sensitivity performance being restricted
due to fiber-nonlinearity impairments.

2.6 Summary

In this chapter, the author discussed coherent detection concepts and introduced
conventional coherent transmitters and receivers in Section 2.1. The main im-
pairments in the coherent system, especially those relevant to optical access
network applications are highlighted in Section 2.2. The author also discussed
the post-DSP to compensate for channel impairments and recover the transmitted
signal in Section 2.3. Generally, digital coherent optics offer several advantages
for fibre-optic communication, including:

* Enabling higher modulation formats by modulating the signal in various
dimensions of the optical field, such as amplitude, phase, and polarization
of the lightwave.

* Providing superior received optical power sensitivity, leading to a higher
power budget for access network links.

* Utilizing DSP to compensate for fiber transmission impairments.

In addition to these benefits, the author evaluated the performance of a com-
mercial coherent receiver in Section 2.4 over a 40 km optical fiber link. It was
observed that by increasing the LO power towards shot-noise-limited perfor-
mance, the receiver sensitivity could reach up to —37 dBm. The performance
measurements will be used in the subsequent chapters as a conventional optical
coherent receiver benchmark for comparison with spectrally sliced receivers.

Finally, the author presented further investigations on receiver bandwidth limita-
tions, laser linewidth tolerance, and fiber nonlinearity in Section 2.5. Due to the
cost-constrained requirements of the PON application, the current coherent re-
ceiver architecture is not ideal for mass deployment in the future access network.
We will explore potential redesign and optimization solutions of the coherent

receiver in the next chapter.
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Chapter 3

Design of a Spectrally Sliced
Coherent Receiver (SSRx) for Access
Networks

Coherent optical communication offers numerous benefits to access networks, par-
ticularly due to its superior receiver sensitivity compared to direct detection ap-
proaches. This advantage becomes particularly critical as the required data rates
for PON evolve into the hundreds of Gb/s regime, due to the increasing difficulty
of meeting demanding PON link budgets with IM/DD solutions. However, coher-
ent technology is relatively complex and costly, so there are significant barriers to
achieving this in an access network where equipment cost is shared across only a rel-
atively small number of end users. To address this, the author proposes a detection
technique that could potentially reduce the overall cost of a coherent receiver. This
technique is based on spectral slicing, allowing a transmitted signal to be received
using an array of coherent receivers in a frequency-interleaving configuration. This
approach would leverage low-bandwidth, cost-effective, and commodity components

(photodiodes, TIAs and ADCs) in a coherent receiver.

This chapter introduces a series of analytical investigations and experimental demon-
strations that govern the design, characterization, and optimization of an SSRx for
access networks. This can be viewed as one of the key technical contributions of this
thesis. Furthermore, the author demonstrates an SSRx operating at 100 Gb/s with
a receiver sensitivity of —-33 dBm, using front-ends with a reduced 3-dB bandwidth
of 6.25 GHz. Lastly, the author discusses several challenges in implementing an
SSRx in a PON system. Here, the author used the symbol N to denote the number

of slices.
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The spectrally coherent sliced receiver is the optical equivalent of the well-known
electronic frequency-interleaved sampler [49, 50]. As illustrated in Figure 3.1,
the SSRx incorporates a laser source that is capable of generating N coherent LO
tones, enabling the wideband signal to be decomposed into N slices. Each slice
is then detected by a separate conventional coherent receiver channel, with the
critical advantage that each requires a lower (by a factor of 1/N) optoelectronic
and electronic component bandwidth. Subsequently, the signals undergo post-
processing to recombine all the slices and reconstruct the original signal in the
digital domain via DSP [51,52].

This approach is similar to the frequency interleaving technique (known as dig-
ital bandwidth interleaving) used for high-speed ADCs [53, 54] in high-speed
oscilloscopes. For instance, contemporary oscilloscopes boast sampling rates ex-
ceeding 100 GSa/s with acquisition bandwidth exceeding 60 GHz [55]. These
oscilloscopes utilize a downconverter to set the LO frequency to the mid-band of
the analogue front-end bandwidth. This results in one ADC acquiring the upper
half of the scope passband signal and another ADC acquiring the lower half. Fi-
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Figure 3.1: Schematic diagram of a spectrally-sliced optical coherent receiver.
The received signal is split by a factor of N via an optical splitter and fed into an
array of N-integrated coherent receivers. The multi-optical lines are separated
by a wavelength de-multiplexer and act as LO that mixes with a portion of signal
frequencies. After sub-signal photodetection and ADC readout inside the ICRs,
N-complex signal slices are generated. Following the sub-ADC sampling, the
whole signal spectrum can be reconstructed by "stitching" together each sampled
slice using DSP; thus recovering the received signal.
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nally, the complete waveform can be reconstructed by merging both passbands
using DSP. Whilst the principle is similar, translating this technique to the optical
domain with carrier frequencies in the 200 THz range is of course non-trivial

and is still very much a focus of current research.

3.1 Motivations

The concept of spectral slicing, known as an optical arbitrary waveform measure-
ment (OAWM), has been introduced to fully analyze the amplitude and phase of
optical waveforms with over 160 GHz bandwidth [49]. It has been researched in
various high-speed optical communication contexts [56,57], such as achieving
data transmission rates of up to 1.92 Tb/s [58], in elastic optical networking [59],
neurophormic computing [60] and photonic-electronic ADC [61]. However, to
the best of author’s knowledge, the SSRx has received comparatively less atten-
tion as a potential solution for coherent system applications in future PON and
this work is the first to propose and carry out a deep and thorough investigation

of this potential application.

As the baud rate for the next-generation PON increases, the modulation signal’s
bandwidth also widens, necessitating high-bandwidth components in the front-
end receiver, which can be costly. This work aims to explore whether spectral
slicing can enable a continuation of the cost reduction trend in PON by utilizing
older 10G class component technologies [14] within the context of coherent
PONs.

The main idea is to use spectral slicing to reduce the bandwidth of optoelectron-
ics in the receiver while only modestly increasing DSP complexity and overall
power consumption for signal recovery. This may reduce the bandwidth of the RF
components, including BPD, TIA and ADC, by a factor of N, potentially enabling
the use of less expensive, low-power, and high-commodity components. In partic-
ular, using high-bandwidth ADCs significantly contributes to the cost and power
consumption of a detector [62,63]. In addition, anticipated advances in low-cost
photonic integration circuit technology might enable the required parallelization
of optical components, allowing for exploitation of the reduced requirements of
the receiver RF front ends and ADCs. Consequently, these would reduce the cost
of the coherent receiver, thus opening up new applications in future PON.
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3.2 Theory of Spectrally-Sliced Detection

Slicing and reconstructing the incoming optical waveform involves complex steps
relying on precise setup arrangements and parameters. To develop the spectral
slicing model, the author starts with the transmitted signal derived from the
previous chapter. The transmitted data, represented as a,,, for a single channel
transmission, can be expressed in the form of a baseband signal as:

s(t) = amhr, (t — mTy). (3.1)

Considering that pulse shaping hr,(t) (representing the overall response of the
transmitter system) is applied to the signal with a symbol period of 7. The data
is then applied to an I/Q modulator to modulate a laser beam with a center
frequency of f.. The transmitted single carrier optical signal with phase noise
term of ¢, can then be expressed as:

E,(t) = s(t)ef?™Iettes (3.2)

The optical fiber channel may be impaired with signal impairments such as chro-
matic and polarization mode dispersion, fiber non-linearity, and amplified spon-
taneous emission from optical amplifiers. However, for the purpose of focusing
on the numerical theory of the SSRx detection and reconstruction processes, the
author will only consider the ideal case of a back-to-back system and amplifier-
free system. In this application, an LO that generates multiple optical lines is
required, with frequencies within the signal bandwidth and centered at f. is
required. Therefore, the optical field for these LO lines can be expressed as:

N

Ero = Z /PLOmej?Tf(fLo,ntﬂOLo)’
n=1

Jron = (n—1) frsr + fro,

(3.3)

where P, represents the optical power of the n-th line, ¢, is the phase term
for the comb line assuming that the comb has perfect phase locking. The frsr
and f1o denote the frequency of the free spectral range and the first mode of the
comb, respectively. As depicted in Figure 3.1 the LOs beat with the entire signal
spectrum in N parallel coherent receiver branches to convert the optical signal
into N sampled slices. The representation of the signal field from Equation 3.2,
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and the LO (£Lo) from Equation 3.3 for the input of the n-th coherent receiver
can be rewritten as:

Py(t) .
Egign(t) = ]\(,)eﬂ”<fct“”s“>>, (3.4)

ELO,n(t> = mejQTr(fLo,nt+cho(t))’

where P, denotes the signal power. Assuming that each split signal and LO are

co-polarized and using coherent detection, the complex output photocurrent
comprising I and Q components generated from the n-th coherent receiver can
be reconstructed as:

Py(t)
N

I(t) =2R PLO’nejQﬂ(Af”H%(t)ﬂDLO(t)), (3.5)
where R is the PD responsivity, and the offset frequency between the carrier and
n-th LO comb line is given by Af,, = f. — fLo.». Each photocurrent is then fed
into an ADC, modeled as the combined baseband impulse response of the overall
receiver (BPD, TIA and ADC) Hg, ., with the assumption that any skew between
the I and Q channels has been calibrated and compensated for. Given that the
N comb lines are within the signal spectral bandwidth and are equally spaced,
Hpg,, can be optimized with the slice bandwidth BWg;;. as:

BWgiice = Ba/2N, (3.6)

where B, denotes the bandwidth of the transmitted signal. To design a signal
reconstruction chain, some assumptions concerning the frequencies and band-
widths of the signal, LO tones, and slices are made as follows:

* All slice bandwidths are identical to each other (Hg, ,) and are within the
signal spectrum bandwidth.

e If Nis odd, the [(N + 1) / 2] -th tone is centered at f,, having only a small
offset, and constant over transmitted symbols.

* If N is even, both N/2 and [(N / 2) + 1] -th lines are equally spaced from
f., having only slight offset and constant over transmitted symbols.

Based on the assumptions above, the sampled received signal at the output of
each n-th coherent receiver can be represented as
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Then, the overall output signal U (f) can be reconstructed by merging all the
signal tributaries in the digital domain. This can be achieved by numerically
shifting each of the signal slice frequencies by Af, before performing a linear
superposition and equalization of all these mixing products (see Section 3.3.3
for reconstruction DSP details). Each frequency-shifted slice can be written in
the frequency domain as:

Un(f = Afu) = F7 {un(t) - (j27Afa)} (3.8)

where the F~! {-} term is the inverse Fourier transform operation. Assuming
amplitude and phase matching on all slices, the recovered ‘stitched’ signal can
be written as follows:

N

Unlf) = 3 Ou(f = Af). (3.9)
Using the principles outlined above, the parallel coherent detection approach
can be implemented by employing N-LO lines within the bandwidth of the signal
spectrum. As the number of slices N increases, the bandwidth requirement for
each receiver branch is reduced by a factor of N. However, signal splitting intro-
duces a power loss of factor N, leading to degradation of the SNR. While a power
splitter may provide significant power loss compared to an arrayed waveguide
grating if N is large, for the modest degrees of splitting motivated here, N=2 or
4, the loss is in principle a maximum of 6 dB (for N=4). This is only 1 dB higher
than the minimum insertion loss values typically achieved with arrayed waveg-
uide gratings, whilst the splitter is much simpler and compact to implement. The
stitching process can be carried out in DSP, with the complexity of this operation
scaling linearly with N. Based on the modest value of N the author motivates
in this work (N=2 or 4), the number of additional steps is minimal and only
minimally adds to the overall complexity of the DSP, which is dominated by the
conventional coherent signal recovery steps [64].
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3.3 Receiver Architecture

In this section, the author presents the key components required for spectral
slicing detection. The proposed receiver is centered around these three main
components.

i. an optical frequency comb,

ii. an array of front-end coherent receivers (90° optical hybrid, BPD, TIA, and
ADC), and

iii. a slice waveform reconstruction DSP.

3.3.1 Optical Frequency Comb

The optical frequency comb (OFC) is a type of laser that emits light across a
wide range of frequencies, creating a series of peaks with uniformly spaced in
frequency, resembling the teeth of a comb. Each peak, also known as a line
or tone, is phase-correlated with the others. In the context of the SSRx, each
of these spectral lines is used as an LO. By mixing these lines with different
parts of the modulated optical signal spectrum, narrow bandwidth signals are
generated, in line with the bandwidth restrictions of the low-speed components
in the coherent receiver’s front-end. A common method for generating a comb
signal in laboratory settings is by employing an electro-optic (EO) modulator.
This approach offers the flexibility to tune properties such as the number of lines
and comb spacing which is advantageous for proof-of-concept demonstrations.

The configuration of the OFC based on the EO modulator is illustrated in Figure
3.2(a). In this setup, an ECL with a center wavelength of 1548.13 nm and
a linewidth of 60 kHz is used to transmit a CW signal. This lightwave is then
modulated by a single-drive MZM using an RF signal generator to create multiple
sidebands. Proper adjustment of the RF signal amplitude, frequency, and bias
control allow for generating two tones with the desired comb spacing at the
center frequency of the ECL. Figure 3.2(c) demonstrates the generation of the
comb signal when the MZM is biased at the null point, suppressing the optical
carrier frequency and creating even-order sideband lines separated by the free
spectral range (FSR) frequency frsg, equal to two times the RF signal generator
frequency fr. The author employed this bias configuration throughout this work
to generate the comb signal. Similarly, biasing the MZM at the maximum point
generates comb lines with odd-order sidebands. The number of lines generated
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Figure 3.2: (a) Experimental setup of an optical frequency comb based on a
single-drive MZM. RF Gen.: RF Source Generator. (b) The experimental setup
for comb signal demultiplexing using the wavelength selective switch based on
liquid crystal on silicon technology. (c) The optical spectrum of the OFC was
captured using an optical spectrum analyzer (OSA) with resolution bandwidth
of 20 MHz. The two traces represent two different bias settings of the EO-
modulator to generate the frequency comb. (d) The optical spectrum of the
comb after demultiplexing. The comb line suppression ratio is measured based
on the difference between the peak power of the demultiplexed comb line with
the adjacent lines.

corresponds to the amplitude of the RF signal driving the MZM. In this case, only
two tones are required for an SSRx with N=2.

After generating the frequency comb, the signal was optically amplified using an
EDFA to compensate for the losses from the wavelength selective switch (WSS)
which is used for comb demultiplexing as shown in Figure 3.2(b). The WSS,
based on a liquid crystal on silicon technology (Waveshaper 4000s), enables
channel demultiplexing with a minimum 10 GHz passband bandwidth. However,
this limited passband resolution may result in adjacent tone leakage, particularly
for dense frgr. The impact of this effect on the performance of SSRx will be
further analyzed in the next chapter 4. Then, each tone is amplified once again
to a high output power per peak line. This high-intensity light can greatly aid
in achieving high receiver sensitivity when it serves as a LO. Subsequently, an
optical bandpass filter (BPF) with a bandwidth of 0.2 nm is used to reduce the
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ASE noise in the tone signal. The spectra of both demultiplexed tones are shown
in Figure 3.2(d), with the suppression of the adjacent tone measured at around
28 dB.

3.3.2 Array of Coherent Receiver

In this work, the proposed receiver high-level schematic resembles the one in the
previous chapter, but with the inclusion of two receiver units for N=2 operation.
These units were configured in parallel, as depicted in Figure 3.3. Following
the signal splitting using an optical power splitter, each signal is directed to a
separate ICR to mix with the demultiplexed comb line. The optical splitter was
chosen due to its simple design and only involves a moderate number of splits.
The limited bandwidth of the front-end receiver means that only a portion of the
entire signal can be captured, resulting in sliced signal spectra.

Delays in the split signal may occur due to differing path lengths between the
splitter and receivers. Furthermore, there may be path mismatches in the RF
cabling between the receiver front ends and the oscilloscopes. To address these
issues, a deskew calibration is necessary to compensate for time-delay differ-
ences in the sliced signals. The calibration process is detailed in Figure 3.4(a).
This deskew can be achieved by using cross-correlation to obtain the time-delay
differences in complex signals between the two receivers. Assuming that both
oscilloscope channels are time synchronized and capture the same signals, the
time delay can be computed by correlating these two waveforms.
— —
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Figure 3.3: Schematic of two DP-I-Q coherent receivers configured in parallel,
generating X 1,,(t), XQ,(t), YI,(t) and Y @, (t) components to the oscilloscopes.

53



3. DESIGN OF A SPECTRALLY SLICED COHERENT RECEIVER (SSRX) FOR ACCESS NETWORKS

Receiver skew measurement and calibration steps

! 1
! I
! I
! I
! . P I
HL Fe?edlng all Rx with reference wayeform & . Capture in-phasc and quadrature !
t'| with the same LO frequency on single — > |
. . components I
! |_polarization operation only l
1
l l
I
: Y :
! 1. Applied the time delay obtained to each P 3. Perform correlation between the | |
1 |_scope channel deskew for calibration - two tributaries |
I
S
(b) 1 _©
40 T " " "
= ; U L 08f
% <
< 9 = Delay = 0.21 ns
2 7| ' } 1 “ ‘ ’ 2 04}
= g
- WGBSl -
< (R ' ‘| 02}
——ICR #1 (Channel 1)
. _ |=——ICR#2 (Channel 1) . . .
o2 4 6 8 10 0 05 1 15 2
Time (ns) Time (ns)

Figure 3.4: (a) Block diagram of processing steps performed to calibrate timing
delay between receiver channels. (b) Captured experimental waveforms of chan-
nel 1 (in-phase tributary) from the two separate coherent receivers. (c) Cross-
correlation response of the captured waveforms between coherent receivers in
each lane.

In Figure 3.4(b), the waveforms captured from channel 1 (in-phase) of each
coherent receiver in the SSRx (N=2) are depicted. Figure 3.4(c) illustrates the
cross-correlation response of these two waveforms, with the correlation peak
indicating the time delay value between the two receivers. The same procedure
can be applied to channel 2 (quadrature), yielding the same time delay, as the I-Q
skew between the two ICR designs is almost similar. These values can then be
applied in the skew function in the acquisition (scope) channels to compensate
for the time delays between the two complex slices. It is worth noting that
this calibration is a one-time process, as the group delay will remain constant
throughout the measurements.

3.3.3 Reconstruction Digital Signal Processing

Figure 3.5(a) illustrates the DSP blocks to synthesize slice signals with the scal-
ability of N. For simplicity, the author describes the DSP reconstruction for the
case N=2, which consists of two synchronized coherent receivers. Each receiver
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Figure 3.5: (a) Functional blocks in a spectrally sliced receiver DSP. The
schematic of reconstruction DSP is based on FIR filters for (b) single-polarization,
and (c) dual-polarization modulation.

generates a slice signal which is then sampled by the ADCs.

In order to shift each digitized signal to a frequency A f,, which derived from
Equation 3.8, a precise knowledge of frsg is crucial to determine this frequency-
shifting (A f,) value, as it directly affects the reconstruction performance. The
precise Af, can be obtained using two methods. The first method involves
calculating the autocorrelation of the down-converted spectral slices to detect a
peak close to the expected frsr, providing the precise value of frsz. The second
method involves using heterodyne detection of the two separated comb lines,
resulting in a beat tone at a frequency value, which also corresponds to the frsr
value of the comb. However, it is important to note that both methods are limited
by the resolution of the instrument (e.g. oscilloscope sampling rate or electrical
spectral analyzer resolution bandwidth) to obtain the measurement down to the
1 Hz scale. Although this high level of accuracy can be achieved, the receiver
sensitivity tolerance to the frequency-shift was investigated and presented in
Section 3.5. The resulting frequency shifts can then be implemented in the time
domain, where each slice is shifted by f,,.
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Finally, the recombined slice output can be generated using the adaptive equal-
ization processing structure with multiple inputs, as shown in Figures 3.5(b) and
(©). These reconstruction algorithms are generally similar (in concept) to the
conventional adaptive equalization described in Section 2.3.3. The filter output,
Uout = [Xout; Your] can be calculated as:

Uput (k) = ° HE (k) [tin n(k)exp(A )], (3.10)

where superscript ()* denotes the conjugate transpose, u;, is the input slice
sequence of the filter with a sampling index k, and H is the FIR filter. Similarly,
for the dual-polarization operation, complex outputs X and Y can be generated
considering u;, = [X;y; Yi,], while H,, = |HpoHyny; Hyno Hyny|. The filter coef-
ficients can be updated using either the radius-directed algorithm or the least
mean square with direct decision, as shown in Equations 2.26 and 2.27, respec-
tively. In the case of N=2, the filter tap weights can be updated as:

Hpx(n+1) = Hyp(n) + pee Xina1 X, (n),
Hya(n 4 1) = Hyraln) + 2 Xons V()
Hory(n+ 1) = Hayy(n) + pieyYin1 X5,(n)
Hyy(n+1) = Hyy(n) + pey Y 1Y (n).
(3.11)
Hyo,(n+ 1) = Hyop(n) 4+ pep Xin 2 X, (n),
Hypa(n + 1) = Hyzu(n) + 12, Xina¥iu (),
Hany(n+ 1) = Hazy(n) + pigyYin 2 X5, (1),
Hypy(n+1) = Hypy(n) + peyYin oY, (n).

In principle, the entire spectrum of the received signal could be recovered by
combining the left side of the spectrum from slice 1 with the right side of the
spectrum from slice 2, in the case of N=2. Performing this reconstruction with
equalization processing allows the amplitude and phase alignment between the
spectral slices to be compensated for. The performance of this reconstruction
DSP will be analyzed in the next section. After the reconstruction block, the
frequency offset, and phase noise are compensated using the DSP described in
Section 2.3.4 before signal decoding assuming that the comb spacing is fixed
and has excellent phase correlation.
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3.4 Numerical Simulation Model

3.4.1 Simulation Flow

To validate the feasibility of the proposed SSRx, system-level simulations were
performed using MATLAB. The modeling blocks and procedures are similar to
those used in Chapter 2, with parameters listed in Table 2.1, except for the new
detection blocks. Figure 3.6 illustrates the block diagram of the processing steps
required to simulate the spectrally sliced receiver system (colored in green) for

various number operations N.

First, both QPSK and 16QAM signals operating at 25 Gbaud were pulse-shaped
with a 0.1 roll-off factor, resulting in approximately 25 GHz optical signal band-
width. Subsequently, N-phase correlated tones with frequency spacing obtained
from Section 3.2 were generated for N-independent I-Q receptions. These val-
ues can be found in Table 3.1 for different N operations. To demonstrate low-
bandwidth operation, the bandwidth of each receiver is determined based on N,
as specified in Table 3.1.

The DSP chain shown in Figure 3.6 was used to post-process the digitized signals,
leading to the recombination of the slices and the recovery of the data. The
adaptive reconstruction equalization comprises N and 4N complex 15-tap FIR
filters for single- and dual-polarization modulations, respectively. The equalizer’s
FIR filter coefficients were estimated using the radius-directed algorithm before
performing the frequency offset estimation and carrier phase recovery. Finally,
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Figure 3.6: Block diagram of an SSRx simulation system setup.
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Table 3.1: Simulation of SSRx system parameters

Slicing Number, N | Rx Front-End Bandwidth (GHz) | frsr (GH2)
2 6.25 12.5

3 4.167 8.33

4 3.125 6.25

5 2.5 5

BERs were measured using direct error counting.

3.4.2 25 Gbaud QPSK performance with the scaling of slicing

number

The analysis began with examining the receiver sensitivity performance in a
BtB link with high LO power (P,o=+15dBm). In this scenario, each comb line
would carry a power of +15 dBm for all N operations. Figure 3.7 shows the
sensitivity performance of the proposed receiver. The result shows a minimal
sensitivity penalty (at the FEC limit) between the conventional coherent receiver
and the proposed SSRx. Note that for conventional coherent case (ICR), the
front-end bandwidth is set to 12.5 GHz. Even with an increase in the slicing
number to N=5, the impact remains below 0.5 dB for both SP-QPSK and DP-
QPSK modulation formats despite the 3-dB bandwidth of front-end receivers is

—0— SP-QPSK
—O— DP-QPSK

-—--- ICR

——— SSRx, N=2
SSRx, N=3
SSRx, N=4

——— SSRx, N=5

FEC limit

log 10 BER

-30 -28
Received optical power (dBm)

Figure 3.7: Simulated BER versus ROP for 50 Gb/s SP-QPSK and 100 Gb/s
DP-QPSK. Solid lines refer to a spectral slicing receiver with different number of
slicing operation N, and the dashed lines refer to a conventional coherent receiver,
ICR.
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Figure 3.8: Visualisation of the stitching process of the frequency-shifted signal
sliced on a 25 Gbaud signal. (a) N=2, (b) N=3, (c) N=4, and (d) N=5.

reduced by a factor of N. This indicates that SSRx detection can achieve high
receiver sensitivity without compromising sensitivity performance compared to
a conventional coherent receiver when the baud rate of the signal is the same
for both detection schemes.

In Figure 3.8, the functional demonstration illustrates the slicing spectra of the
tributaries produced by coherent receivers based on the number of slices, denoted
as N. As explained in Section 3.3.3, each slice signal undergoes a frequency
shift to align with its respective comb line frequency before being coherently
combined using reconstruction DSP. It is important to note that an increase in N
results in the need for more frequency-shifting operations. However, for an odd
number of N operations, the middle slice does not require a shift operation. In the
subsequent experimental demonstration in this chapter, only N=2 is performed
due to the limited receiver and equipment resources available.

3.4.3 Performance of Reconstruction Equalization

Next, the impact on the receiver’s performance of non-ideal slice parameters,
such as a phase mismatch, was investigated. When the received signal is split

into the receiver array, there may be phase imbalances between the receivers due
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Figure 3.9: Receiver sensitivity measured as a function of phase variance for
SSRx with N=2 scheme. Inset: Optical signal waveforms in the time domain
where slice 2 was delayed by 20 ps compared to slice 1.

to path mismatches between the slice channels. This requires equalization in
the reconstruction DSP to compensate for the phase imbalances in the channel
response. The author simulated phase variations in a dual-spectral-slice (N=2)
detection, where the delay between the first and second slices was shifted in 2
ps steps.

Figure 3.9 shows the sensitivity penalties induced by the simulated phase varia-
tions between the slices with a low equalization filter size (number of taps = 3).
The higher sensitivity penalty becomes more pronounced as the skew increases
due to the accumulated phase mismatches between the slices. An approximate
2 dB sensitivity penalty was observed at 20 ps of delay mismatch between the
slice optical waveforms in the N=2 scheme. The inset in Figure 3.9 shows the
optical waveforms that were sent to the first and second receivers with a skew
of 20 ps.

Subsequently, an analysis of the adaptive filter size configuration for varied N
operation was studied in the same phase mismatch environment between the
slices for different equalization filter sizes. This analysis is crucial for optimizing
the reconstruction DSP for efficient slice stitching in the SSRx scheme. The
receiver sensitivity performances are shown in Figure 3.10 for varied filter sizes
at different skews between the slice 1 and slice 2 signals. In this analysis, the
adaptive filter size in the reconstruction algorithm varied from 3 to 21 taps. As
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Figure 3.10: The performance of BER versus ROP with (a) O ps, (b) 50 ps, (c)
100 ps, and (d) 150 ps delay between slice 1 and slice 2.

the skew between the slices becomes larger, there is an associated degradation
in the sensitivity penalty with the same filter size. However, increasing the filter
size in the reconstruction DSP can enhance the ability to coherently recombine
the slices at large skews, thereby improving the receiver sensitivity.
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3.4.4 Bandwidth and Comb Spacing Restrictions

The FSR of an OFC can be directly related to the frequency spacing between the
center of slice signals. For instance, in N=2, the frequency spacing between the
two slice signals at their center frequency is equal to frsg. In the ideal scenario,
the FSR of the comb should be determined based on the optical signal bandwidth
and N. Therefore, it is important to investigate the receiver sensitivity tolerance
to FSR for a fixed signal bandwidth.

The sensitivity penalty performance, corresponding to the FSR, is shown in Figure
3.11. In an ideal scenario, if the frequency spacing between the slices is 12.5 GHz,
the recovery performance becomes optimal when the receiver bandwidth exceeds
6.25 GHz to ensure that each receiver has sufficient bandwidth to capture the
entire slice spectrum, thus minimizing the possibility of a ’gap’ between the slice
spectra or missing the edge of the signal spectra; which would otherwise lead to
a degraded reconstructed signal performance. For example, it can be observed
that the sensitivity penalty increases when the receiver bandwidths are reduced
below 6.4 GHz. There is no sensitivity penalty when there is extra bandwidth
in the receiver and the spectral overlap region between the slices is useful as
it conveys phase offset information which is used in the signal reconstruction

Rx Bandwidth
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Figure 3.11: Receiver sensitivity penalty performance in 25 Gbaud QPSK signal
transmission versus the frequency spacing of the comb with varied receiver’s
bandwidth.
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processing.

Similar observations are made when the FSR is varied. When the frequency
spacing deviates from the ideal 12.5 GHz, the receiver bandwidth requirement
increases to capture the entire signal spectra of the signal. This is due to inade-
quate receiver bandwidth, which results in a ’gap’ between the combined slices
(in the case of frequency spacing >12.5 GHz) or a missed edge of the signal
spectra (in the case of frequency spacing <12.5 GHz). Therefore, for N=2 at
25 Gbaud, an optimized FSR of the comb is at 12.5 GHz. Nevertheless, a small
increase in Rx bandwidth from the minimum achievable bandwidth is a good
practical trade-off to accommodate some variation in comb’s FSR. For example,
by increasing the bandwidth slightly from 6.25 to 6.4 GHz, +0.5 GHz varia-
tion at 12.5 GHz FSR can be tolerated with negligible penalty, showing that the

approach is flexible and can accommodate variations in FSR in real components.

3.4.5 Comments on the Complexity of SSRx

In addition to analyzing receiver performance, it is important to compare the
complexity of the conventional coherent receiver with the proposed receiver
using relevant cost metrics. Practical considerations on the complexity of the
front-end (the number of components required) and the associated DSP for the
N scaling are discussed below.

The front-end of a conventional coherent receiver for detecting a single polar-
ization with a phase-diversity signal includes 1 optical hybrid, 2 BPDs, 2 TIAs,
and 2 ADCs, For N=2 in the experimental setup, two receiver lanes are required,
doubling the number of components, but halving the component bandwidth re-
quirements as shown in Figure 3.12(a). As N increases, the total number of
components increases linearly with N, and the bandwidths are reduced by a
factor of 1/N, as shown in Figure 3.12(b).

Regarding DSP complexity, the additional DSP comes in the reconstruction block,
which stitches all the slices together through a linear superposition in a tap weight
updating operation, and the frequency shifting for each slice can be performed
(via multiplication operations) individually in the time domain. Consequently, the
complexity scales linearly with N. Interestingly, for the modest number of slicing
operations that the author motivates in this work (N=2 or 4), the additional
number of operations for reconstruction processing is minimal compared to the
overall complexity of conventional coherent DSP [65].
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Figure 3.12: (a) The quantity of component required in the front-end receiver.
(b) Receiver front-end bandwidth requirement.

For production, the optoelectronic bandwidth and speed requirements are one
of the most significant factors contributing to the implementation cost of a PIC
[48]. This tends to be supported by the observation that coherent transponders
have evolved using the homodyne/intradyne detection configuration, which has
(typically) half the bandwidth of comparable heterodyne schemes, despite the
fact that the latter are significantly simpler in terms of the type and number of
optical and optoelectronic components required for implementation. Similarly,
in the proposed receiver scheme presented here, although the SSRx requires
more components, due to its unique ability to capture a wideband signal with
components whose electrical bandwidth can be reduced by a factor of N, it is
therefore well suited for implementation on low-cost PIC platforms.

To assess the feasibility of the proposed detection scheme for achieving higher
data rates, Figure 3.12(b) shows the optimal receiver bandwidth requirements
for different baud rate operations. It can be seen that, in the context of the access
network application the author considers, SSRx with N=2 and 4 would enable
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the PON data rates to scale into the 100 Gbit/s and beyond regime using 25
or 50 Gbaud modulation rates, while continuing to leverage low-cost 10G-class
components, which are widely deployed today. This philosophy mirrors that
used in recent 25G and 50G PON standards development, where more complex
modulation formats and DSP have been considered in order to enable the use of
older generation, lower bandwidth optoelectronic components that have already
been cost reduced through volume manufacture and widespread deployment. As
will be highlighted in Section 3.6, some of the unique features of PON upstream
channels further motivate this need for bandwidth reduction.

3.5 50 & 100 Gb/s Coherent Link Experiment Uti-
lizing an SSRx

3.5.1 Experimental Setup

An experimental setup was designed to demonstrate the feasibility of an SSRx
as shown in Figure 3.13(a). The setup used transmitter and link configurations
which are similar to those demonstrated in Chapter 2. The transmitter consisted
of an ECL operating at 1549.0 nm and modulated with 25 Gbaud QPSK signals, re-
sulting in an overall 50 and 100 Gb/s for single- and dual-polarization operation.
The transmitted signal was captured, and the spectrum is displayed in Figure
3.13(b). This analysis considered receiver sensitivity performance, so a VOA was
used to adjust the ROP. The simplest form of SSRx (N=2) was employed which
is based on two-nested coherent receiver configurations (2 xFujitsu-FIM24902)
for both polarization cases.

At the receiver side, first, the signal was split equally by a 3-dB coupler and
the ROP measurements were taken after the optical splitting. The split signals
were then mixed with LOs derived from the de-multiplexed comb lines and
detected by two separate integrated coherent receivers before being sampled
by synchronized oscilloscopes operating at 50 GSa/s. The alignment of the two
comb tones was adjusted so that the center frequency of the signal was measured
to be in the center between the two comb tones. Figure 3.13(c) shows the signal
spectrum with the corresponding comb tone spectra. Here, the comb lines were
generated using the EO-comb scheme with 12.5 GHz spacing and demultiplexed
by the WSS. As the split signal path can suffer a constant delay between the
two receivers due to different optical paths, the timing deskew operations (as
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Figure 3.13: (a) Experimental setup for proof-of-concept of 25 Gbaud signal
transmission. Spectrally-sliced coherent receiver diagram with two slicing opera-
tions (N=2) on two different modulation schemes: SP-QPSK and DP-QPSK. The
spectra in (b) illustrate the comb tones aligned to the signal spectrum, subse-
quently reduced into two smaller spectra, each known as a ’slice’, shown in (c).

described in Figure 3.4) were performed on each sampled waveform. Finally, the
digitized waveforms were captured and processed offline.

The commercial receivers used in the experiments have wide analogue band-
width (>40 GHz) specifications designed for 400 Gbit/s operation. To test and
demonstrate the potential of the SSRx scheme to enable the use of much lower
Rx front-end bandwidths, the author emulates this scenario by applying digital
filtering with a 3dB bandwidth of 6.25 GHz in post-processing on the sampled
waveforms. The electrical spectra for both slices are shown in Figure 3.13(d).
After sampling and low-pass filtering, the dispersion was compensated for by
the 7-tap static equalizer employed for each slice signal. Then, both slices were
stitched together using a modified MIMO for reconstruction and equalization
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described in Section 3.3.3, which consists of four and eight complex 15-tap FIR
filters for single- and dual- polarization operations, respectively. These FIR fil-
ter coefficients were updated using the radius-directed algorithm, which was
initialized by a training sequence and then switched to the blind mode. Next,
the frequency offset was estimated and compensated for before carrier phase
recovery based on the Viterbi-Viterbi algorithm to eliminate phase noise from the
reconstructed signal. Finally, the output signal was demodulated and the BERs
were evaluated using direct error counting.

3.5.2 Receiver Performance with Comb Power

The first step in analyzing the experimental demonstration of SSRx involved
studying the receiver sensitivity performance in both BtB and over the 40 km fiber
link, which are the main test cases used in this thesis. The author compared the
ROP curves for different comb tone powers using the SP-QPSK modulation format,
as depicted in Figure 3.14(a). The measurements revealed that the received
power at the FEC limit is nearly identical for BtB and 40 km of fiber transmission,
indicating that chromatic dispersion impairments can be compensated for in each
subchannel before the stitching processes. By operating the OFC to generate high
comb line power (approximately +10 dBm), the proposed SSRx has the potential
to recover signals at a high receiver sensitivity of —36.4 dBm over a 40 km fiber
link.

To investigate the effectiveness of the proposed SSRx architecture, the author
compared the BER performance of the SSRx with the conventional intradyne
(ICR) detection scheme. Both receiver schemes were compared with similar
parameters, such as using dual-polarization operation and similar LO power.
Figure 3.14(b), shows that the proposed SSRx has achieved a receiver sensitivity
performance similar to the ICR scheme. The comparison of different LO power
operations from 0 to 10 dBm also demonstrated the similarity in sensitivity
trends. It is worth noting that the ICR utilizes a front-end bandwidth of 12.5
GHz while the SSRx only uses a 6.25 GHz bandwidth (for each front-end). This
directly confirms and demonstrates the SSRx scheme’s capability to reduce the
front-end Rx bandwidth requirement for detecting a wideband optical signal
without compromising the sensitivity compared to the conventional coherent
receiver.
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Figure 3.14: (a) Experimental results of BER performance versus ROP for the
different optical power per comb line. (a) 50 Gb/s SP-QPSK comparing the SSRx
performance over BtB and 40 km fiber link. (b) 100 Gb/s DP-QPSK over 40 km
fiber comparing the ICR with SSRx detection scheme.

3.5.3 Estimation of the Free Spectral Range of the LO Comb

As shown by Equation 3.8, knowledge of the comb’s FSR is required in post-
processing, as the signal slices must be frequency-shifted back to their respective
frequency position before the stitching process. This section investigates the
extent of frequency-shifting tolerance in the reconstruction DSP performance
when the slice is shifted away from the ideal frequencies based on the comb’s
FSR. The resulting receiver sensitivity penalty, relative to the optimal frequency
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Figure 3.15: (a) Receiver sensitivity measured as a function of frequency shift
for signal reconstruction. (b) Illustration of the impacts of frequency shift on the
reconstructed spectra.

shift of 12.5 GHz, is shown in Figure 3.15(a). The quality of the recovered signal
degraded to almost 8 dB at +4 MHz offsets from the ideal 12.5 GHz frequency. A
minimum frequency offset of around 1.2 MHz is required relative to 12.5 GHz to
achieve a <1-dB penalty. This margin can then be used to define the analyzer’s
resolution bandwidth requirement to measure the FSR’s precise value.

In principle, the FSR of an optical frequency comb can be measured directly
using an OSA; however, the finest resolution of a commercial OSA is 0.1 nm.
This may underestimate the exact FSR value. An ESA can be used to estimate the
FSR accurately as it can have an excellent spectral resolution of up to 1 Hz. The
measurement setup is illustrated in Figure 3.16(a). This measurement technique
is based on self-heterodyne, where the two comb lines are demultiplexed by a
WSS and mixed together through a coupler, then detected by a high-bandwidth
photodetector (~40 GHz). The power spectral density of the beat signal is
measured, where the peak corresponds to the frequency difference between the
two comb lines, which is equivalent to the FSR of the comb. Figure 3.16(b) shows
an example of the electrical spectrum captured using an ESA with a resolution
bandwidth of 3 Hz. The measured FSR is approximately 10.2 kHz offset away
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Figure 3.16: (a) Setup for measuring the free spectral range of the comb. (b)
The spectra of the beating tone captured by an ESA operating at the resolution
bandwidth of 3 Hz.

from the ideal 12.5 GHz, resulting in an almost negligible sensitivity penalty
when the slices are frequency-shifted by approximately 6.25 GHz. This small
offset measured is due to uncalibrated frequency signal generator to drive the
modulator to generate a frequency comb signal. Similarly, this measurement can
be performed using a coherent receiver for the mixing of the two comb lines,
and the FSR can be estimated using the frequency offset estimation in DSP.

3.5.4 Optimization of Reconstruction Equalizer

In the previous simulation work, the author focused on studying the impact of the
equalizer size on SSRx performance. In this experimental work, the reconstruc-
tion equalizer was trained for a long training sequence (2'% symbols) to avoid
any penalty due to insufficient training. The adaptive filter size was configured
with 21 taps to achieve optimal signal reconstruction and recovery.

Figure 3.17 shows the measured receiver sensitivity penalty with varying adap-
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Figure 3.17: Receiver sensitivity penalty as a function of the number of taps
required for the reconstruction adaptive equalizer in BtB and over 40km fiber
link.

tive filter sizes in DSP reconstruction. When transmitting the signal through a
BtB link and using 3 or 5 taps in the reconstruction DSP, the receiver sensitivity
penalty was found to be greater than 0.5 dB. However, as the filter size increased,
the penalty was reduced and became negligible with a tap size of more than 15
taps. In the 40 km fiber transmission case, the receiver sensitivity performance
degraded with a smaller tap size in static equalization due to incomplete com-
pensation for chromatic dispersion. However, using a larger tap size (>7) in
the adaptive filter, the receiver sensitivity penalty was negligible for both the
BtB and the 40 km link. This indicates that the optimization settings for DSP
reconstruction were effective in fully compensating for chromatic dispersion in
the 40 km fiber while recovering the signal.

3.6 Performance Assessment of SSRx in PON
3.6.1 Addressing Burst-Mode PON Challenges

The previous experiments were conducted in continuous transmission mode,
which is analogous to the downstream link in a PON scenario, which is the
communication from the OLT at the central office to the ONU at the subscriber
premises. However, it is widely accepted that the most challenging aspect of
PON technology development comes from the upstream link, which operates in
burst mode using a Time Division Multiple Access (TDMA) protocol to share the
available bandwidth between the subscribers and which must support a high
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variability in the burst-to-burst signal powers at the receiver (dynamic range of
approximately 20 dB) due to branch-to-branch variations in splitter and fiber
loss and ONU launch powers.

This necessitates a burst-mode receiver (BMRx) in the OLT that can quickly adjust
its gain within a few hundred nanoseconds at the beginning of each signal on a
burst-by-burst basis. This becomes increasingly difficult as the bandwidth and
linearity requirements increase, making the spectral slicing approach potentially
particularly valuable in this context. For example, 10Gb/s BMRx technology
exists and is commercially used in standardized solutions such as XGS-PON,
which is currently being widely deployed in Ireland under the National Broad-
band Ireland (NBI) initiative [66]. In contrast, 25Gbaud class BMRx prototypes
have only recently begun to appear in the research literature [67] and it has
been shown that it is extremely challenging to simultaneously maintain the re-
quired bandwidths, dynamic range, and linearity at these and higher bit rates.
If the low-cost PIC technology required to enable spectral slicing solutions can
be developed, the resulting receiver bandwidth reduction can be very valuable
in a burst-mode context, as it potentially enables the use of older generations
10G-class BMRx technology that is already in low-cost volume production. For
example, as experimentally demonstrated in the previous section, the scheme
can support dual-polarization 100 Gb/s operation, with 6.25GHz receiver band-
width which is compatible in principle with 10G BMRx technology, albeit this
would need to be further adapted for coherent system operation. Furthermore,
a 200 Gb/s dual-polarization 50 Gbaud QPSK system with N=4 slices could be
achieved with the same front-end bandwidth, and so on for higher baud rates
by further increasing N, providing a potentially scalable burst-mode-compatible
coherent solution for future PON generations.

Similarly, each transmitter at the ONU may transmit the signals at different op-
erating wavelengths to the receiver at the OLT, as illustrated in Figure 3.18 [47].
In a coherent system, to minimize these frequency offset impairments in the
received signal, it is crucial for the burst LO (or comb source in SSRx context)
laser’s wavelength to be quickly locked to the transmitted signal. Although DSP
can compensate for this frequency offset, the receiver’s restricted bandwidth may
limit the effectiveness of this compensation as the received signal suffered from
frequency offset is severely filtered. Therefore, the performance tolerance to fre-
quency offsets was analyzed using the SSRx with restricted receiver bandwidth.
Figure 3.19 presents the receiver’s sensitivity performance over a frequency offset
range spanning nominally from 0 to 3 GHz.
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Figure 3.19: Tolerances to frequency offsets with varied bandwidth of the re-
ceiver.

It can be seen that the SSRx exhibits good tolerance to frequency offsets, similar
to the ICR scheme. However, as expected, the performance of the frequency offset
compensation algorithm deteriorates for both schemes due to signal information
being lost when part of the spectrum falls outside of the Rx filter bandwidth.
This effect can be mitigated by increasing the Rx bandwidth, as demonstrated by
the red (ICR) and orange (SSRx) curves in Figure 3.19. In conclusion, the total
combined receiver bandwidth of the SSRx system has almost the same frequency
offset tolerance performance as a conventional coherent receiver, but the former
has the advantage of utilizing lower-bandwidth components in the receiver.

Finally, burst-mode DSP presents another challenge for a coherent PON. Unlike
downstream, which operates in continuous mode, DSP algorithms designed for
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upstream must quickly react, equalize, and recover the burst signal in order to
maintain data payload efficiency and not waste too much bandwidth, as illus-
trated in Figure 3.20(a). Since there is no accepted standard for the required
preamble time for coherent PON, recent work suggested that burst signal pream-
ble times at 72 ns are achieved [68]. Therefore, it is important to address this
crucial aspect in the proposed SSRx reconstruction DSP by evaluating the pream-
ble time requirement. Note that, in this analysis, the author only considers the
preamble length for the slice reconstruction processing excluding burst clock
recovery, frequency offset estimation, and carrier phase recovery. To identify the
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Figure 3.20: (a) Illustrative signal frame design operating in burst mode. EOB:
End of burst. (b) Error convergence versus the symbol length in the equalization
training in SSRx (N=2). (c) BER performance of 100 Gb/s DP-QPSK using the
SSRx scheme versus the preamble length at a received power of —29 dBm.
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optimal number of training symbols required, BER measurements were taken
for different values of preamble length.

Figure 3.20(b) shows the error convergence of the reconstruction equalization for
N=2. It can be seen that 1000 symbols are required for the preamble length to
demultiplex and estimate the channel response. This is sufficient to be within the
2048 symbols allocated for pilot-aided equalization, as suggested in [69]. The
author then tested the required preamble time taken to achieve channel recon-
struction at the receiver sensitivity threshold, and the results are shown in Figure
3.20(c). Here, BER measurements were taken after 40 km fiber transmission and
at a signal power received of —29 dBm. For comparison, the performance of
burst-mode equalization in a conventional coherent receiver is also shown for
the dual-polarization scheme. The DSP adaptive reconstruction equalizer suc-
cessfully achieved BER below the FEC threshold when the preamble time is set
to 40 ns. In principle, this equalizer process incorporates the recombination of
the two slices while performing amplitude and phase equalization and restoring
the polarization signals.

3.6.2 Comparison of SSRx with Coherent PON Candidates

In this section, the author summarizes the distinctions between the spectral
slicing approach and other potential coherent PON technologies that offer cost-
reduction opportunities (namely, digital subcarrier multiplexing and ‘Lite’ coher-
ent receiver).

Subcarrier Multiplexing

As described in Chapter 1, the digital subcarrier multiplexing technology (DSCM)
[70] is one of the potential candidates for coherent PON. The authors use the
example of a 64 Gbaud single-wavelength carrier signal and demonstrate how it
can be replaced by 16 non-overlapping subcarriers (SC) at 4 Gbaud with DSCM.
In a point-to-multipoint link in a PON scenario, a coherent receiver with the
appropriate bandwidth can select all or a subset of these SCs at a given PON
terminal. In an extreme case where only one-sixteenth of the total data rate
is required at the terminal, a single SC can be selected, reducing the receiver’s
bandwidth by a factor of sixteen compared to the single carrier case. However,
this is the maximum data rate available at the terminal, and any increase re-
quires an equipment upgrade by either increasing the single receiver bandwidth
or increasing the number of narrow-bandwidth receivers proportionate to the
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Table 3.2: Polarization and phase diversity coherent receivers. AEQ: Adaptive
Equalization. CFO: Carrier Frequency Offset estimation. CPR: Carrier Phase
Recovery.

ICR DSCM SSRx
Baud Rate 64 Gbaud 16 x 4 Gbaud 64 Gbaud
Transmitter | 1xECL + | IXECL + 2xI-Q Mod. | 1xECL + 2xI-Q Mod.
2xI-Q Mod. |+ DSC DSP
Front-end 4xClass 40 | 8xClass 20 (No. of SC, | 8xClass 20 (N=2)
Components M=4)
Rx DSP AEQ + CFO | DSC De-mux + AEQ + | Reconstruction + AEQ
+ CPR CFO + CPR + CFO + CPR

number of SCs desired for detection.

Due to the larger symbol period in DSCM, narrower linewidth lasers are required
compared to the single-channel case, and in the case of upstream communica-
tions, the uncorrelated phase noise from different transmitters will accumulate.
In contrast, in spectral slicing, conventional time division multiplexing/multiple
access (TDM/TDMA) is employed with a single carrier transmitter and a highly
correlated comb source at the receiver, preserving laser linewidth tolerance, as
only one transmitter laser is transmitting at any given instant in time for both
upstream and downstream cases. The impact of phase correlation and laser
linewidth in SSRx is discussed in Chapter 4 (see Section 4.2). The TDM/TDMA
protocol also allows for fine-granularity bandwidth sharing and statistical multi-
plexing, which is important for mixed service provision and efficient and dynamic
bandwidth use. The latter would be challenging for DSCM as low symbol rates
and narrow SCs translate to the need for very high laser stability.

The spectral slicing approach reduces the front-end receiver bandwidth by a fac-
tor of N compared to the conventional receiver scheme, which, as mentioned,
may be particularly advantageous for simplifying the burst-mode receiver design
in the upstream channel case. In summary, these approaches have different mer-
its, which the author summarizes from the coherent receiver aspect in Table 3.2
(using the system specification in [70]), also compared to the conventional coher-
ent receiver case. For spectral slicing, the full signal bandwidth is received and
reconstructed from N slices, so, for fairness, the author compares the equivalent
performance case for DSCM where all SCs are detected by M coherent receivers,

with bandwidth 1/M times the full signal bandwidth.
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Alamouti-coding & Coherent Lite

In recent literature, “Coherent Lite” technology has been extensively studied to
simplify the receiver architecture. The technology combines heterodyne detec-
tion with space-time block code (Alamouti coding) to create a minimal front-end
coherent receiver design proposed for coherent PON [12]. However, this receiver
introduces receiver sensitivity penalties of at least 6 dB due to redundant infor-
mation transmission in both polarizations, using a single port of a 3-dB coupler,

and doubling the front-end bandwidth requirement.

A comparison of the optical and electrical components in the front-end receiver
to capture a 200 Gb/s signal using the 16QAM modulation format is presented
in Table 3.3. Although the Coherent Lite receiver reduces component counts, it
requires a high-bandwidth requirement in the front-end components (BPD, TIA,

Table 3.3: Comparison of component requirements of the front-end receivers.
The number in the bracket indicates bandwidth requirement for 200 Gb/s.

Optical Electrical Rx Sensitivity
1x3-dB Coupler 1xTIA (50 GH
Coherent P ( 2) >6 dB penalty
Lite [71] 1xPD (50 GHz) 1xADC (50 GHz) compared to ICR
4x PBS
. 8xTIAs (6.25 GHz) ..
SSRx 4x90 Hybrids Similar to ICR
(sz) 8 xADCs (625 GHZ)
8xBPDs (6.25 GHz)
g —O— SSRx
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Figure 3.21: Sensitivity for 200 Gb/s DP-16QAM employing SSRx (N=2) over
40 km.
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and ADC). The work in [12] has shown that this receiver (using 50 GHz front-
end bandwidth) has a sensitivity of —18.5 dBm (at BER=10"2) after 40 km fiber
transmission. In contrast, the SSRx would only require 6.25 GHz bandwidth of
the front-end components despite doubling the component count compared to
a conventional coherent receiver. The simulation of receiver sensitivity perfor-
mance indicates that the SSRx, which detects 200 Gb/s DP-16QAM, is comparable
to that of the conventional coherent receiver (—26.5 dBm at the HD-FEC limit),
as shown in Figure 3.21.

Contributions

The proposal and analysis of spectral-slicing for coherent PON, and proof-of-
concept demonstration were presented and published as the following contribu-
tions:

e H. Othman, X. Ouyang, C. Anthony, P.D. Townsend, “Development of a
Spectral-Slice Coherent Receiver,” in 2021 Photonics Ireland Conference,
Ireland, 2021

* H. Othman, X. Ouyang, C. Anthony, F. Smyth, P.D. Townsend, “Spectrally-
Sliced Coherent Receiver Utilizing Gain-Switched Optical Frequency Comb,’
in Journal of Lightwave Technology, vol. 41, no. 16, pp. 5262—5274, 2023
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3.7 Summary

In this chapter, the focus is on the concept and functionality of a spectrally
sliced coherent receiver in the context of the potential application as a coherent
technology in PON. Section 3.1 provides an overview of spectral-slicing-based
technology, which offers a reduced overall cost of the receiver for the PON appli-
cation. Section 3.2 includes the mathematical derivations governing the coherent
detection of SSRx, starting from a wideband transmitted signal that mixes with
different frequencies of LO lines, and moving towards the reconstruction prin-
ciple that can be implemented in the DSP. Section 3.3 describes the essential
components required to achieve spectrally sliced detection, including an array
of coherent receivers, an optical frequency comb, and a DSP reconstruction algo-
rithm.

Section 3.4 presents several investigations of the transmission performance of the
spectrally sliced scheme at the system simulation level. This receiver modeling
and simulation are designed to study the transmission performance in terms of
different numbers of slicing operations. The impacts of receiver bandwidth, equal-
izer filter size, and complexity (devices and DSP) for optimal SSRx operation
were discussed. In Section 3.5, 50 and 100 Gb/s transmission demonstrations
over a fiber distance of 40 km which show the viability of SSRx were presented.
The author further explores SSRx receiver sensitivity performance by employing
different DSP reconstruction parameters to understand the most effective DSP
configuration and the device calibration required for optimum receiver sensitivity
performance.

Finally, Section 3.6 addresses the applicability of the SSRx scheme for the future
optical access network in terms of burst mode operation and comparison with
other coherent optical system candidates. Some of the key differences between
alternative coherent receiver technologies and the SSRx were highlighted, high-
lighting the advantages of utilizing low-bandwidth components in the receiver
front end not only to address cost reduction, but also to enable the required
support for burst-mode operation, which is becoming challenging to realize as
PONs evolve into the 100Gbit/s and beyond regime.
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Chapter 4

SSRx with Enabling Photonic
Integrated Circuit (PIC)
Technologies

Coherent optics technology based on PICs is a critical requirement to realize cost-
effective solutions for coherent PON applications, since optical and electrical com-
ponents in a transceiver can be integrated in a single chip, thus reducing footprint,
fabrication processes, and associated costs in assembling, packaging, and testing.
The previous chapter emphasized the important role of the optical frequency comb
in the context of spectral slicing, as it is used to serve as a multi-LO that covers the
entire signal bandwidth for coherent detection. Therefore, implementing a compact
on-chip OFC to support the spectrally sliced scheme is a key need for cost-efficient
solutions and mass production.

In this chapter, the impact of OFC and the associated de-multiplexer properties on the
receiver sensitivity performance was investigated. Based on these studies, the author
demonstrates an SSRx utilizing a commercially available semiconductor-based gain-
switched comb source and a commercial prototype monolithically integrated comb
laser with an active de-multiplexer in PICs platform. This led to successful signal
detection of a high-bandwidth, single-carrier 100 Gb/s DP-QPSK signal using two
parallel integrated coherent receivers with reduced front-end bandwidths as low as
6.4 GHz. Importantly, these comb laser and de-multiplexer PIC solutions are key
building blocks required for a future fully integrated SSRx for coherent PON.

The research work detailed in this chapter was also the subject of two peer-reviewed
publications [72] and [ 73] and was carried out in collaboration with Pilot Photonics.
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4.1 Introduction & Motivation

The optical frequency comb has proven to be essential in various applications,
including mm-wave and THz signal generation [/4, 75], optical spectroscopy,
analogue radio-over-fiber systems [/6], and flexible and spectrally efficient op-
tical transceivers [/7]. These applications leverage the high mutual coherence
and precisely spaced comb of frequencies to achieve system benefits not possible
with independent lasers.

For the spectral slicing application, the comb source should be adaptable for
on-chip photonic integration to enable low-cost, robust, and compact transceiver
fabrication. Previous spectrally sliced demonstrations utilized traditional dis-
crete components for comb generation and demultiplexing in a laboratory en-
vironment. The optical frequency comb should ideally provide sufficient power
per comb line for the receiver to operate in the shot-noise-limited regime for
high sensitivity [78]. In a coherent communication system, a comb source must
offer a low linewidth on each comb line. It is also important to consider the de-
multiplexer module that separates the comb lines into parallel receiver channels,
which should have a minimal loss, footprint, and complexity.

When applying these considerations to 100 Gbit/s QPSK systems; expected to be
the first coherent system deployed in future access networks [79], a relatively
modest number of comb lines (e.g., N=4 or fewer) with a comb spacing of
around 10 GHz (depending on the signal spectral width) could provide a suitable
solution. Commercially available silicon photonic integrated circuit (PIC-based
transceivers for the IEEE 400GBASE-DR4 standard and 4WDM Multi-Source
Agreement utilize 4x 100G or 4 x 25G wavelengths to achieve aggregate 400G or
100G data rates, respectively, indicating that high PIC yields can be achieved with
this level of parallelization. This would allow the use of 10G class optoelectronic
components such as photodetectors, TIA, and ADC, and as will be shown later in
this chapter, can be realized with practical and achievable OFC and de-multiplexer
parameters.
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4.1.1 Optical Frequency Comb Candidate for Spectral Slicing

There are several techniques for generating OFCs, such as mode-locked lasers
(MLL) [80]; microring resonators [81], electro-optic modulator-based comb
sources (EO-OFC) [82], and gain-switched comb lasers [83]. Each method has
its own advantages and disadvantages, depending on the specific application.
For example, the ability to adjust the frequency separation between the comb
lines is crucial in flexible optical network applications [84, 85]. In the context
of SSRx, this ability is required for aligning the LOs with the signal spectrum.
The previous chapter (see Section 3.4) demonstrated that increasing sensitivity
penalties arise when the FSR is mismatched from the ideal frequencies.

To be applicable in the SSRx system, OFC must deliver certain spectral spec-
ifications to achieve optimal detection performance and system requirements.
Comparisons of OFC attributes are listed in Table 4.1, which compares differ-
ent comb source techniques. FSR is a crucial requirement in SSRx design, as it
determines the allowable baud rate operation and the number of slices. Figure
4.1 shows the FSR requirement of a comb source as a function of the number
of slices, N, for different operating baud rates. This analysis assumes that the
transmitted optical signal has a bandwidth similar to the baud rate value. At
all the baud rates considered, it is possible to reach the 10—20 GHz FSR range
and utilizing the 10G class components bandwidth range, which was motivated
in the previous chapter as important from a burst-mode operation perspective,
with relatively modest numbers of slices in the range 2 to 5. As discussed further
below, this gives important pointers to the optimum choice of OFC technology
for this particular application.

Gain-switching (GS) OFCs have several advantages, especially regarding their po-
tential for photonic integration and flexibility in comb spacing tuning. Similarly,
EO-OFCs, demonstrated with the SSRx in the previous chapter, can provide the
same tuning flexibility as GS-based OFCs. However, EO-OFCs are typically based

Table 4.1: Comb generation techniques comparison

Comb FSR | Linewidth | Spectral bandwidth | PIC Complexity
EO-based | Flexible | Low Limited to few nm Difficult

GS-based | Flexible | Low Limited to few nm Ease of integration
Microring | Fixed | Low Hundreds of nm Ease of integration
MLL Fixed | Noisy Tens of nm Ease of integration
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Figure 4.1: Free spectral range requirement of a comb source in spectral slicing.

on discrete, large footprint modulators (e.g. Lithium Niobate MZMs) which re-
quire large drive voltages and hence are power-hungry. Other techniques, such
as MLL and microring-based comb generation, have the advantage of generating
very large numbers of comb lines; however, this is not necessary for spectral slic-
ing applications. Instead, the comb is required to generate a small number, but
high power per line, which matches the GS OFC specifications well. The comb
spectral bandwidth feature listed in Table 4.1 refers to the overall bandwidth
that can be occupied by all lines generated. While microring-based OFCs are
currently mature for chip integration, they are generally designed to generate a
much larger number of lines than this application requires. Similarly, MLL-based
combs are more difficult to integrate due to the typically used cleaved cavity.
Moreover, the comb signal generated by MLL typically has a linewidth that is too
large for a coherent communication system.

The number of comb lines that a GS-based OFC can generate is limited by the
spectral bandwidth of the laser gain medium and its comb spacing configuration.
However, the injection locking technique has played a key role in improving the
number of usable lines with sufficient power and excellent phase coherence [86].
The effectiveness of injection locking depends on several factors, such as primary-
secondary laser power ratio and frequency offset de-tuning [87]. Several IL-GS
comb source experiments have demonstrated the generation of up to 24 sub-
channel transmission with 12.5 GHz line spacing [85]. However, for this SSRx
application, only a modest number of comb lines, such as N=2 or 4, are needed.
Nevertheless, the excellent phase coherence and low linewidth attributes enabled
by injection locking are valuable in the spectral slicing context, as the comb signal
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will be utilized as a LO. Based on these considerations, the chapter will focus on
the use of gain-switched laser-based OFCs for the SSRx application.

4.1.2 Comb De-multiplexer Candidate for Spectral Slicing

OFCs play a critical role in high-capacity DWDM optical communication as each
comb line corresponds to CW light, which can be used as a signal carrier at
different wavelengths [88]. Before signal modulation, it is essential to select and
manipulate the comb channels to ensure that each individual line is separated
from the other adjacent comb lines. Therefore, an optical filter with channel
selectivity and high-finesse channel isolation capabilities is crucial for OFC-based
signal transmission [74,89]. In a spectral slicing context, an individual line from
the comb signal generated by the OFC is needed to serve as an LO in each receiver
channel, thereby requiring a comb de-multiplexer.

The desired properties of a de-multiplexer in the proposed SSRx include low in-
sertion losses, large channel isolation, cost-effectiveness, and ease of integration
with an OFC. By leveraging monolithic and photonic integration technologies,
the complexity, footprint, and cost associated with deploying an OFC with a
de-multiplexer can be reduced [90].

Various types of optical filters have been demonstrated for comb demultiplexing
in optical communication systems, with one commonly used type being the ar-

Demux 1 Demux 2 |

Amplitude (dBm)
9

to
W

-30 : : :
1549.1821 1549.3821 1549.5821 1549.7821
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Figure 4.2: Measured intensity transfer function of bandpass filters generated

from WSS. The filter bandwidth was configured at the narrowest setting, which
was measured to be around 10 GHz.
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rayed waveguide grating. However, arrayed waveguide gratings may introduce
relatively large insertion losses and exhibit temperature dependence, leading to
potential wavelength shifts in the filter bands.

Another type of de-multiplexer commonly used in WDM-based optical transmis-
sion systems is the wavelength selective switch (WSS), which is typically based
on a liquid crystal on silicon (LCoS) technology [91]. This de-multiplexer was
used in the previous chapter as a comb de-multiplexer in an SSRx. The inten-
sity responses of the narrowest bandpass filter configured by a WSS (Finisar
Waveshaper4000S [92]) are depicted in Figure 4.2. Although the WSS offers
high precision and flexibility to generate multiple passband filters, it comes with
limitations such as large insertion losses (>5dB) and restricted filter bandwidth
settings (minimum bandwidth of 10 GHz).

To address these drawbacks, an effective demultiplexing technique is required.
The optical injection locking technique, as utilized in a gain-switched OFC, can
be employed to achieve high-quality demultiplexing of the comb [93]. Section
4.4 presents the concept and operation of such a de-multiplexer.

4.2 Investigation of Comb & De-multiplexer Prop-

erties on SSRx Performance

The performance of the proposed SSRx is compared with that of a conventional
integrated coherent receiver (N=1). In this section, the author investigates how
the properties of both the OFC and comb de-multiplexer affect the quality of the
reconstructed signal on a transmission link. VPITransmissionMaker® was used
to simulate the optical transmission, and the OFC generation setup is shown in
Figure 4.3(a).

The transmission building blocks and flows are similar to the simulation work
in Section 3.4.1, where 25 Gbaud data with a single polarization signal was
transmitted. The author analyzed the simplest case of N=2 spectral slices for
consistency with subsequent experiments. However, the conclusions are valid for
a larger number of slices. An MZM was used to generate the frequency comb
from a single laser to emulate the ideal, highly correlated case. Unless otherwise
stated, the power per LO comb line was set at +10 dBm for consistency with the
later experiments. After detection, the signal was sampled at 50 GSa/s and 25
GSa/s for the conventional and SSRx schemes, respectively, before being sent
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Figure 4.3: (a) Simulation system model of optical frequency comb signal gener-
ation (brown blocks) and comb de-multiplexing for a spectrally-sliced coherent
system using N=2 slices. Schematic comb spectra at various points in the simula-
tion illustrating key parameters for consideration: (b) comb linewidth; (c) phase
coherence of comb line; (d) comb line side-mode suppression ratio (CLSR) after
demultiplexing; (e) comb amplitude flatness.
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Table 4.2: Simulation parameters

Device Parameter Laser Parameter

LO power, Pro., +10 dBm Central wavelength, | 1559.0 nm
PD responsitivity, R 0.7 A/W Linewidth 100 kHz
Tx pulse shaping roll-off 0.1 Comb spacing 12.5 GHz
Thermal noise 19 pA/vHz | General Parameter

Slice bandwidth, BW ;.. 6.25 GHz Symbol rate, By 25 Gbaud
Conventional bandwidth, BW;cr | 12.5 GHz Num. of Pol 1

ADC effective number of bit 8 bits Num. of slicing, N | 2

to the DSP for signal reconstruction and recovery. The DSP blocks that perform
these functions are similar to the previous work in Sections 2.4.1 and 3.4.1 for
the conventional coherent receiver and SSRx detection schemes, respectively.
Finally, after remapping, the signal quality was calculated based on bit error

counting. The rest of the simulation parameters are listed in Table 4.2.

To establish a baseline for the SSRx system’s ideal performance, the sensitivity
power penalty was simulated for a range of LO comb powers (per line), as shown
in Figure 4.4 evaluated at the FEC limit relative to +15 dBm LO power of each
scheme. There is an almost negligible performance penalty between the two
receiver schemes throughout the simulated LO power range. It would be difficult
to achieve a high output power peak per line (for high receiver sensitivity) from
the OFC since the power generated from a laser is distributed amongst the comb
tones. However, it is possible to compensate for the losses by employing optical
amplification after comb demultiplexing or by using an active de-multiplexer
that is co-integrated with the comb source. This approach has been exploited in
a PIC platform and has been shown to simultaneously increase the power of the
comb line and the suppression ratio [94], which, as demonstrated in Section 4.4,
improves the performance of the spectrally sliced system.

Having established the SSRx baseline performance, the author now proceeds
to simulate how some of the key parameters that characterize a practical OFC
source affect this performance.
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Figure 4.4: Simulated receiver sensitivity penalty as a function of local oscillator
power. The red curve indicates the relative sensitivity penalty between the ICR
and SSRx detection schemes.

4.2.1 Spectral Flatness

The difference in amplitude between OFC comb lines, termed spectral flatness, is
one of the key parameters that affect OFC performance in an optical communica-
tion system. In the SSRx application, the spectral flatness and channel-to-channel
insertion loss variations in the associated de-multiplexer lead to variations in the
LO power P; across the N slices. After signal mixing and detection, this varia-
tion leads to amplitude imbalances between slices that can degrade the quality
of the reconstructed signal. This effect was emulated in the simulations for the
N=2 case by attenuating the optical power of one comb line with respect to the
other. Specifically, one of the LO powers was varied from +3 to +10 dBm, while
the other was fixed at +10 dBm, giving a spectral flatness ranging from 7 to O
dB.

The sensitivity penalty was measured at different values of spectral flatness rela-
tive to 0 dB (Pro.1=Pro2=+10 dBm). The impact of adaptive equalization on
reconstruction processing was also analyzed by varying the tap size. As shown in
Figure 4.5, the performance of the SSRx system degrades as the spectral flatness
parameter increases. This is an easily understood consequence of the thermal
noise contribution in the low-LO power receiver branch, which degrades the total
SNR of the reconstructed signal. Furthermore, as the amplitude mismatch be-
tween the two slices increases, a larger number of equalizer taps are required to
compensate for the mismatch to achieve optimum reconstruction performance.
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Figure 4.5: Simulated sensitivity penalty versus the spectral flatness generated
by comb source relative to the spectral flatness of O dB.

As PIC-based combs can readily achieve spectral flatness values of less than 3 dB,
with optimized equalization taps, the impact of this factor can be of the order of
0.3 dB or less in terms of sensitivity penalty.

4.2.2 Optical Linewidth

The optical linewidth of the local oscillator laser is one of the most crucial factors
for coherent system performance in optical fiber communications, especially
when higher-order modulation formats are used. For the comb source, the seed
laser that generates the optical carrier for the RF signal applied to the modulator
will have phase noise that is quantified by the laser linewidth Av. The phase
noise of the comb is contained within the term ;, of Equation 3.4 and can be
expressed as:

vro(t) = ¢t —1) + Ap(1), (4.1)

where A¢ is the zero-mean Gaussian random variable with variance defined by
2rAv / B; where B, is the symbol rate. This distortion can be estimated and
compensated using the phase estimation DSP based feedforward scheme.

The impact of linewidth and symbol duration product (Av/B,;) on the perfor-
mance of an SSRx and the conventional coherent receiver was simulated for
two different modulation formats, QPSK and 16QAM. To ensure that the phase
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Figure 4.6: Simulated sensitivity penalty as a function of the product of the laser
linewidth Av and symbol duration 1/ B, for two different modulation formats.

noise from the OFC (as LO) was dominant in the system, the transmitter laser
linewidth was set to 0 Hz. Phase estimation was carried out using symbol block
averagings of 20, and the sensitivity penalty was calculated with respect to trans-
mission performance without LO phase noise (Av=0). The results are shown in
Figure 4.6. The same tolerance trends for both receiver schemes were observed,
and as expected, 16QAM is less tolerant to phase noise than QPSK since more
discrete phases need to be discriminated for correct symbol detection. For a
penalty of 1 dB, the maximum tolerable linewidth and symbol duration product
are around 3x10~* and 0.8x10~* for QPSK and 16QAM, respectively, for both
receiver schemes. This result shows that the SSRx has the same phase noise
tolerance as a conventional coherent receiver. As will be shown in Section 4.3.2,
the IL-GS OFC used in the experiments has a linewidth of approximately 300
kHz, giving a linewidth and symbol duration product of 1.2x10~* at 25 Gbaud.
Therefore, the results shown in Figure 4.6 confirm the feasibility of using this
OFC in the SSRx to achieve low phase noise penalties.

4.2.3 Comb Coherence

Finally, the impact of one of the key properties of the OFC, namely the degree of
phase correlation between the comb lines, was investigated. In practical OFCs,
phase correlation is affected by the fundamentals of the comb generation pro-
cess in the OFC laser cavity and the injection locking process when an external,
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narrow-linewidth primary laser is used, as in the IL-GS OFC case. In addition,
where external RF modulation is employed, noise from the driver electronics

could, in principle, also generate decorrelation in the generated comb lines.

In simulation modeling, phase decorrelation was emulated by adding a relative
time delay, 7; to one of the comb line paths following demultiplexing. This is
carried out by circularly shifting the numerical array that represents the optical
field of the LO comb line by the number of sample points corresponding to 7.
Hence, the phase difference of the two comb lines can be written as:

vro1(t) — ¢roa(t — 7a), 4.2)

@)
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Figure 4.7: (a) Phase noise traces of comb line (Av=100 kHz) with delayed
versions of itself. (b) Simulated sensitivity penalty versus applied time delay for
three different linewidth.
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Figure 4.7(a) shows an example of a simulated phase trajectory for one of the
LO lines and the impact of the applied time shift for various values of 7;. When
74 is zero, both LO lines will have identical phase trajectories. However, an
instantaneous phase decorrelation between the two LO lines is generated as
7, increases. The impact of this decorrelation on the performance of the SSRx
system is presented in Figure 4.7(b) for different values of linewidth, Av. The
performance penalty is negligible as long as the time delay is small compared
to the inverse linewidth. For the IL-GS OFC which has 300 kHz linewidth used
in the experiments, this translates into a relative time delay of around 12 ns
for a sensitivity penalty of less than 1 dB, which is easily satisfied in a PIC
implementation. However, as discussed above, practical OFCs suffer from other
sources of phase decorrelation, even when the receiver channel path lengths are

well-matched, so this is an important factor to study in the following experiments.

4.2.4 Comb-Line Suppression Ratio

As mentioned in the previous section, the OFC de-multiplexer is essential in the
SSRx to select the desired comb tone as the LO for each sliced receiver channel.
A practical de-multiplexer has non-zero inter-channel crosstalk which, in the
SSRx context, results in some leakage of adjacent LO tones into a given receiver
channel. This leads to additional beat products in the reconstructed signal that
may impair the performance of the SSRx.

Simulations were carried out to investigate the impact of this effect on the varying
levels of CLSR, calculated as P;o—Psy; (dB), where the first term corresponds to
the power of the desired tone and the latter term is the power of the dominant
side tone. To vary the CLSR in the simulations, the filter bandwidth of the comb
de-multiplexer was varied. The spectrum of the filtered comb lines is shown in
4.8(a). As the filter bandwidth broadens, the adjacent tone’s power increases,
thus reducing the CLSR. Figure 4.8(b) shows the simulated sensitivity penalty
as a function of CLSR for the SSRx scheme. For a higher CLSR (>20 dB), the
sensitivity penalties induced are below 0.5 dB, highlighting the importance of
CLSR for the high-quality signal reconstruction performance of the SSRx system.
Note that research on the InP-based active comb de-multiplexer has shown that
CLSR values of this magnitude can be achieved in OFC PICs [90].
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Figure 4.8: (a) Spectra were captured for the whole frequency comb (blue) and
two isolated combs filtered by de-multiplexer with finite bandwidth (red and
green traces). (b) Simulated sensitivity penalty versus CLSR for SSRx detection.

4.3 Gain-Switched Comb with Injection Locking (IL-
GS OFQ)

4.3.1 Key Concept

In this section, the author generated a frequency comb using a commercial dis-
crete DFB laser packaged in a 7-pin butterfly module. Here, a DFB module is
used where the built-in diffraction grating structure is within the laser structure,
and acts as Bragg reflector to allow only a single longitudinal mode in the lasing
emission.

Gain-switching based OFC can be designed by driving a single-mode semiconduc-
tor laser with an amplified RF signal, where the laser operates in a non-linear
regime, oscillating between below and above the laser-stimulated threshold. Dur-
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Figure 4.9: (a) Schematic diagram of an injection-locking gain-switched fre-
quency comb. (b) Optical spectrum captured with 20 MHz spectral resolution of:
(Left) Comb signal from gain-switched DFB laser and tunable ECL laser. (Right)
Injection locking with gain-switched comb signal.

ing the first oscillation spike process, the injection current initially builds-up the
carrier density until it reaches the stimulated threshold value, causing the pho-
ton density to increase rapidly, where the lasing emission is generated. Then,
when the bias current swings to below its threshold value, the carrier starts to
deplete, which reduces the photon density. Consequently, only the first spike
of the relaxation oscillation is excited, generating an optical pulse train with a
repetition frequency (f,.,) equivalent to the frequency of the RF signal.

Gain-switching with injection locking is a process that generates a high-coherence
train of optical pulses based on the gain-switching principle [95]. In injection
locking, the performance of the comb signal is improved, typically in terms
of modulation bandwidth response and phase properties [96]. An externally
isolated laser source (referred to as the primary laser) is coupled with the cavity of
a directly modulated (DM) laser (referred to as the secondary laser), as illustrated
in Figure 4.9(a). This allows light from the primary laser to inject unidirectionally
into a secondary laser, overcoming spontaneous emission inside the cavity. As
a result, the secondary laser behaves as a copy of the primary laser. Figures
4.9(b) and 4.9(c) show the optical spectrum of the comb signal before and after
injection locking, respectively, highlighting the improved quality in terms of the
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Figure 4.10: Top: The pulse sampling of the optical frequency comb in the
time-domain, bottom: Optical spectrum captured with the spectral resolution
of 20 MHz for different gain-switching configurations. (a) DFB laser driven at
12.5 GHz sinusoidal RF signal with +5 dBm amplitude, (b) DFB laser driven by
+20 dBm RF signal, and (c) DFB laser driven at +20 dBm RF signal with applied
injection locking from an ECL laser.

number of lines generated within the 3-dB spectral flatness.

When a laser is driven by an RF signal with sufficient power to oscillate from
below to above the stimulated threshold, it generates a pulse repetition train with
a frequency similar to that of the driving RF signal, resulting in a comb spectrum,
as shown in Figure 4.10(a). Further amplifying the RF driving power increases
the amplitude swings in the non-linear regime, switching between well below
and above the threshold. This creates a phase decorrelation between pulses
caused by random spontaneous emissions. This leads to high temporal jitter
and phase noise in the generated comb lines, as shown in Figure 4.10(b). How-
ever, by applying injection locking with optimized mode matching, frequency
de-tuning, and power ratio of the primary to secondary laser, the primary laser
forces the secondary laser to oscillate at its phase and frequency, thus transferring
low optical linewidth properties onto the comb signal [97, 98]. Figure 4.10(c)
demonstrates low-jitter pulses and much narrower comb lines (low linewidth)
generated. In this example, injection locking was achieved by applying the pri-
mary laser’s power at —5 dBm to the secondary laser and operating wavelength
of 1547.8 nm.
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4.3.2 Module Characterization

The OFC used in the following demonstration is based on the gain-switching of
an optically injected semiconductor laser in a packaged module (Pilot Photonics
- LYRA-OCS-1000) [99] and is schematically represented in Figure 4.11(a). The
module consists of two integrated Fabry-Perot lasers in a primary-to-secondary
configuration. Here, the primary section is formed with two reflector sections at
each side to provide wavelength-selective feedback, thereby ensuring that single-
mode emission is injected into the secondary laser. The need to suppress the
multimode emission before injection-locking is required so as to force the sec-
ondary laser to oscillate at the primary laser frequency and phase and inheriting
its noise properties [87]. An RF signal of 12.5 GHz was generated to gain-switch
the laser, producing a frequency comb signal, as shown in Figure 4.11(b). Five
tones were generated with power per comb tone of more than —10 dBm within
6-dB spectral flatness.

The FM noise spectrum of the IL-GS OFC was characterized using a method
similar to the one discussed in [100] This involved analyzing the phase noise
of the beat signals captured by a coherent receiver. To characterize the OFC, a
30 kHz linewidth tunable ECL was used as a reference to mix with each comb
line in a coherent receiver. The captured waveforms were post-processed using
MATLAB to generate the FM-noise of the comb signal. The same process was
also applied to characterize the phase noise of the EO-OFC for comparison.

As shown in Figure 4.12(a), the IL-GS OFC exhibits similar FM noise spectra for
each of the five main tones, with a measured linewidth of approximately 300 kHz.
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Figure 4.11: (a) Schematic diagram of an injection-locking gain-switched
Fabry—Pérot (FP) laser-based frequency comb. (b) The output optical spectrum
of the comb source with 12.5 GHz frequency spacing.
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Figure 4.12: (a) Calculated FM-noise spectrums for both EO-OFC tones and for
IL-GS OFC (all five main tones). (b) RF beat tones generated between the pair
of comb lines for all four IL-GS OFC pairs captured at 12.5 GHz offset frequency.

For the EO-OFC case used in the previous experiment works in Chapter 3, the
observed linewidth for the two filtered comb lines is around 30 kHz, presenting
a negligible deviation from the source laser (ECL). It might be thought that the
higher linewidth of the IL-GS OFC is responsible for the slightly higher penalty
measured in the transmission experiments which is presented in the next section.
However, as shown by the previous simulation results in Figure 4.6, a negligible
penalty is expected for the 25 Gbaud QPSK modulation with 300 kHz comb
linewidth.

Further investigation was performed to assess the phase correlation measurement
of the IL-GS OFC across the four comb line pairs. The beat signal was captured by
an ESA with a high-resolution bandwidth (RBW=3 Hz) after the two consecutive
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comb lines, with a separation frequency of 12.5 GHz, were filtered and detected
by a PD for each pair. Figure 4.12(b) shows the consistent and very narrow full
width at half maximum of the beating tones, which was measured to be around a
few Hz, indicating a high degree of phase correlation between all pairs of comb
lines. This suggests that the relative phase coherence times between comb line
pairs are on the order of tenths of seconds, much longer than the record lengths
of 20 us used for data acquisition in transmission experiments. Therefore, the
phase correlation properties of the OFC here are good enough to have a negligible
penalty impact on the slice reconstruction process.

4.3.3 Demonstration of an SSRx Utilizing an IL-GS OFC

Experimental Setup

To demonstrate the feasibility of the proposed SSRx detection scheme (N=2)
with an IL-GS OFC (presented in the previous section), an experimental coherent
system testbed was built and illustrated in Figure 4.13(a). The carrier signal was
generated by a tunable ECL with a 30 kHz linewidth and a wavelength of 1559.53
nm. The lightwave was then modulated by an I-Q modulator driven by 25 Gbaud
QPSK signals generated from the 50 GSa/s AWG. The optical signal from the
transmitter (launch power=+4 dBm) propagates over a 40 km optical fiber link
(Corning SMF28E+) before the signal is attenuated by a VOA that is used to vary
the ROP.
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Figure 4.13: (a) Experimental setup for 50 Gb/s SP-QPSK with (N=2) SSRx over
40 km of SMF. The GS-OFC used in this experiment is based on Pilot Photonics
LYRA-OCS-1000, while the Finisar Waveshaper (WSS) is used as the comb de-
multiplexer.
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At the receiver, the SSRx was constructed from two single-polarization coherent
receiver modules (u?t photonics CPRV1010A) with front-end bandwidths of 25
GHz, which employ two neighbouring comb lines (separated by a WSS and
amplified to +10 dBm each) as LOs. The FSR of the comb was set to 12.5
GHz. The PC ensures that the LOs and the signal are co-polarized with each
other. Finally, the electrical signals from the receivers were sampled by two
synchronized RTOs operating at 100 GSa/s before the sampled waveforms were
stored for offline signal processing.

The DSP to recover and measure the system performance by BER counting was
performed in MATLAB. First, a deskew calibration operation was performed to
compensate for the path delay introduced by cable length mismatches. Then,
the two parallel complex inputs, corresponding to the slice 1 and slice 2 signals,
were filtered in the digital domain with a 6.25 GHz low-pass filter to demonstrate
the potential for bandwidth reduction. In the signal reconstruction step, both
complex slices were resampled and then frequency-shifted to the original center
frequencies of the slice (+£6.25 GHz).

In reconstruction, the phase and amplitude mismatches between the slices were
adaptively equalized with the optimized complex-valued weight through the
radius-directed algorithm. This was followed by the frequency offset estimation
and feedforward phase recovery to compensate for frequency offset and phase
noise, respectively, prior to the BER measurement. To estimate the performance
of the SSRx scheme, the author analyzes the sensitivity performance obtained
with the LOs generated by the EO-OFC and the IL-GS OFC, respectively, and
compares them with a conventional coherent receiver (LO, Av=30 kHz).

Finally, the impact of CLSR variations on the SSRx performance was analyzed.
In these and other reported experiments, the WSS passband was configured to
a minimum width of approximately 10 GHz. To validate the impact of CLSR
on a wider range of values, the author used the EO-OFC, where the CLSR can
be easily varied by adjusting the RF amplitude driving the modulator and the
passband frequency of the WSS filter.

Experimental Results: Receiver Sensitivity Performance

First, the receiver sensitivity performance results are discussed where the BER
performance versus ROP for both detection schemes; conventional intradyne
coherent receiver and SSRx that utilize both OFC variants are shown in Figure
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Figure 4.14: (a) Receiver power sensitivity performance of the conventional and
proposed SSRx for 25 Gbaud QPSK signals. (b) Digitized and frequency-shifted
by + 6.25 GHz spectral slices (red, blue) and synthesized 25 Gbaud data signal
(green) spectra.

4.14(a); for BtB and over the 40 km fiber link. For a fair comparison, the output
power per comb line in the SSRx scheme is matched with the LO output power
in the conventional receiver case. BER performance is very similar in all cases,
although the SSRx cases show small sensitivity penalties of 0.5 dB (EO-OFC) and
0.9 dB (IL-GS OFC) at the FEC limit, compared to the conventional receiver.

The small additional 0.4 dB penalty in the IL-GS OFC case, compared to the
EO-OFC scheme, is due to the lower CLSR of each demultiplexed comb line. The
results for 40 km fiber and BtB transmissions are very similar, indicating that
the sliced signal reconstruction does not significantly affect the performance of
the dispersion equalizers. The spectra in Figure 4.14(b) illustrate the signal
reconstruction process, showing the digitized frequency-shifted sliced signals
corresponding to the spacing of the comb lines (left) and the reconstructed
spectrum after the stitching process (right).
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Experimental Results: CLSR Performance

To gain further insight into the effectiveness of signal reconstruction with varying
CLSR, the SSRx sensitivity with different pairs of IL-GS comb lines was evaluated.
For a fair comparison, the LO power per comb line was fixed at the same power
in each case using EDFA and VOA in the experiment. However, since the IL-GS
OFC has non-zero comb flatness, this leads to CLSR after demultiplexing that
varies from line to line. The results are shown in Figure 4.15(a). The measured
SSRx sensitivity varies from —33 to —31 dBm across the four sets of pair combs,
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Figure 4.15: (a) Measured receiver sensitivity performance of the SSRx obtained
with the IL-GS OFC. The red marker (right y-axis) represents the measured
receiver sensitivity of the SSRx for four sets of comb pairs, while the CLSR
measured for the demultiplexed comb tones in each pair is represented by the
blue and green markers (left y-axis). (b) Sensitivity penalty measured versus
CLSR of SSRx obtained with EO-OFC.
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as shown by the red points. The CLSR values for each comb tone are also shown,
and it can be seen that when the CLSR of one or both tones are low, the receiver
sensitivity is correspondingly low.

To further quantify and explain this effect, the sensitivities of the SSRx were
evaluated using the EO-OFC with different values of CLSR obtained by adjusting
the modulator drive conditions. The EO-OFC was used for this experiment, as
higher maximum CLSR values could be obtained compared to the IL-GS OFC,
allowing a sweep from the zero- to large-sensitivity penalty limits. As shown by
the results in Figure 4.15(b), for a penalty of less than 0.5 dB, the allowed CLSR
for both demultiplexed lines should be 20 dB or higher, in good agreement with
the modeling results shown in Figure 4.8(a). This explains the variation in the
SSRx sensitivity measured with different pairs of IL-GS OFC comb lines shown
in Figure 4.15(a). In particular, the pairs of the 2nd and 3rd comb lines degrade
the sensitivity of SSRx by approximately 2 dB compared to the best sensitivity
case obtained for the pair of the 1st comb line. The performance of the SSRx
utilizing the IL-GS OFC in Figure 4.14(a) was obtained using this best-case pair,
for which the minimum CLSR was approximately 21 dB(tone B).

In comparison, the CLSR of the EO-OFC was 25 dB for this experiment. As men-
tioned in the previous Section 4.3.2,the linewidths of the EO-OFC and IL-GS
combs are both sufficiently narrow so as not to cause any significant degrada-
tion of the transmitted signal for this modulation format and baud rate range.
Therefore, the additional 0.4 dB penalty observed for IL-GS OFC-based SSRx can
be explained by the poorer CLSR compared to EO-OFC. This CLSR was limited
by the minimum filter width of the WSS used in the experiments and can be
easily improved by using alternative de-multiplexers, such as active solutions,
presented in the next section, which not only improves the side tone rejection
ratio, but also provides amplification, noise reduction, and gain flattening [94].
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4.4 Integrated Comb Laser Assembly (iCLA)

4.4.1 PIC System Design

The use of PIC technology has driven massive savings in cost, form factor, and
power consumption for optical transceivers to the point that it is now feasible to
consider the potential use of PICs to enable future coherent PONs. Hence, this
work also explores some of the key sub-components and integration approaches
that would be needed to achieve this goal. Specifically, in partnership with Pilot
Photonics, we have researched integrated optical frequency comb and comb de-
multiplexer PIC designs and assessed their performance in the SSRx context.
Such PIC-based transceiver solutions have the potential to drive down costs to
the levels required for PON applications. To the best of our knowledge, this is the
first investigation of this type in the context of spectrally sliced communications
aimed at future PON applications.

The integrated comb laser assembly (iCLA) is a fully packaged, monolithically
integrated comb laser and de-multiplexer capable of generating four mutually
coherent lines and routing them to the LO ports of different coherent receivers,
which is shown in Figure 4.16. In this version, the iCLA consists of an expanded
optical frequency comb PIC (e-comb) and an all-active 4-channel de-multiplexer
PIC. The e-comb PIC is based on the gain-switching of two wavelength-shifted
secondary lasers that are simultaneously externally injected by a single-mode
primary laser. This creates two mutually locked and phase-correlated combs.
When these are combined, an expanded comb result is produced by the overlap
and combination of the independent combs. The e-comb PIC has an on-chip
low-linewidth internal primary laser. However, due to the mismatch of the lasing
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Figure 4.16: The schematic and fabricated PIC layout of both comb source and
de-multiplexer respectively.
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wavelengths of the internal primary laser and the secondary lasers, an external
low linewidth (<30 kHz) C-band tunable laser is used as the primary laser.

The ability to use the OFC as an LO for the coherent receiver is based on the
availability of the de-multiplexer capable of separating closely spaced lines while
introducing low insertion losses. In the context of an integrated platform, con-
ventional de-multiplexers, such as AWGs, are generally difficult to fabricate with
low footprint and sufficient spectral accuracy and adjacent channel crosstalk sup-
pression in the narrow comb line spacing limit required for the PON application
that this thesis targets. As mentioned above, a more suitable solution to this
problem involves using filters based on InP or Si;N;. An InP-based active de-
multiplexer was chosen because it provides the required selectivity and ultra-low
noise amplification [94]. In this iCLA, the expanded-comb PIC is followed by a
de-multiplexer PIC.

The design of the de-multiplexer PIC is a cascade of multimode interferometers
(MMI) that split an input signal and couple it to an array of four single-mode
injection-locked lasers to demultiplex the desired comb tones. The tones are then
amplified and routed to four independent PIC outputs. As a result, it overcomes
one of the main drawbacks of an OFC, namely low comb-line power. As shown in
Figure 4.17(b), despite the power losses introduced by the 1x4 splitting waveg-
uide, the power measured from the demultiplexed comb lines is approximately
0 dBm. Furthermore, the ability of the de-multiplexer to suppress closely spaced
adjacent lines is desirable in the context of an SSRx for efficient reconstruction
performance as highlighted in the previous demonstration. As shown in Figure
4.17(b), the two demultiplexed lines have a CLSR of more than 30 dB, which is
sufficient for negligible penalty impact on the slice reconstruction process.

4.4.2 Module Characterization

Apart from its integration-enabled, cost-effectiveness, and stability, one of the
main advantages of this comb architecture is its ability to achieve a low effective
linewidth per tone, only restricted by the primary laser used in the comb source.
Therefore, phase noise measurements are performed based on a modified de-
layed self-heterodyne technique presented in the Chapter 2 to characterize the
FM-noise spectrum of each tone. Figure 4.17(a) shows the FM noise spectrum
of the output tone generated from the proposed comb source, which appears to
give an effective linewidth measurement of approximately 30 kHz, similar to the
linewidth measurement of the internal primary laser. Subsequently, the two de-
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Figure 4.17: (a) Phase noise measurements comparing the comb signal with the
primary laser, (b) optical spectrum of the output comb signals with frequency
spacing of 12.8 GHz and each having CLSR of more than 30 dB, (c) resultant
beating tone between the two output tones generated at a frequency of 12.8
GHz.

multiplexed tones, separated by a 12.8 GHz spacing, as shown in Figure 4.17(b),
were mixed to measure the phase correlation properties between the comb tones.
The result is plotted in Figure 4.17(c), showing the 3-dB beat linewidth of <1kHz,
indicating the strong phase correlation between OFC tones even when demulti-
plexed. These low linewidths and high degrees of phase coherence properties
across the comb tones make them highly suitable for optimized signal reconstruc-
tion in an SSRx including enabling the use of higher-order modulation formats
for high-bit-rate transmission. Such as studied in the previous Section 4.2.2,
16QAM modulation format can be employed with 30 kHz linewidth to achieve 4
bits per symbol in the transmission system.
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4.4.3 Demonstration of an SSRx Utilizing an iCLA

Experimental Setup

The experimental setup is illustrated in Figure 4.18(a). The 25 Gbaud signal,
spectrally shaped with a raised cosine filter with a roll-off factor of 0.1 was gener-
ated by four channels of DAC driven at 50 GSa/s and amplified by RF amplifiers.
These analog and electrical signals drive an optical coherent transmitter module
comprised of a dual I-Q modulator that has a specified 6-dB bandwidth of 30 GHz,
thus resulting in a dual polarization of 100 Gb/s signal. The transmitted carrier
was derived from an ECL with a linewidth of 30 kHz operating at a wavelength of
1548.035 nm. The resulting optical spectrum of the transmitted signal is shown
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Figure 4.18: (a) Experimental setup for 100 Gb/s DP-QPSK with (N=2) SSRx
utilizing iCLA. (b) optical spectrum of the transmitted 100 Gb/s signal with two
demultiplexed comb lines which each directly mixing with portion spectrum of
the received signal.
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in Figure 4.18(b). The modulated optical signal was boosted by an EDFA before
being launched either directly to the coherent receiver or to a 40 km SMF fiber
spool. The ROP can be swept by adjusting the VOA.

For the conventional coherent detection scheme using a single integrated co-
herent receiver, another ECL with a wavelength close to that of the transmitter
source was used as the LO. It was launched into a micro-integrated phase and
polarization diversity coherent optical receiver (Fujitsu FIM24902) to mix with
the signal. For the SSRx detection case, the associated LO tones were derived
from the mutually injection-locked gain-switched laser with a line spacing of 12.8
GHz and a four-channel PIC-based active de-multiplexer, as described in the pre-
vious section. The optical receiver is configured with a parallel structure of two
integrated phase- and polarization-diverse coherent receivers (FIM24902); each
consists of two optical 90° hybrids and two pairs of BPD and TIA. However, due
to limited experimental resources, the author was only able to demonstrate N=2
spectral slicing, despite the iCLA being capable of generating four comb lines.
Figure 4.18(b) shows the spectra of the generated filtered comb tones; each is
then superimposed on the corresponding signal frequencies in the coherent re-
ceiver. The received waveforms are then captured using eight time-synchronous
oscilloscope channels (Tektronix DPO77002SX) operating at 50 GSa/s for offline
DSP. Before post-processing, each channel was deskewed based on pre-calibrated

values to compensate for the timing delay between the acquisition channels.

The two complex inputs, corresponding to the slice 1 and slice 2 signals, were
filtered by using a 4" order low-pass Bessel filter with a 3-dB bandwidth of
6.4 GHz. This value was carefully chosen to ensure that the slices collectively
captured the entire spectrum of the transmitted signal with minimal spectral
gaps or overlaps. Following this, each slice was frequency-shifted by +6.4 GHz
before the signal underwent reconstruction using a 4x2 MIMO equalization,
as detailed in Section 3.3.3; which compensated for the amplitude and phase
mismatches between the two slices and demultiplexed the polarization of the
X and Y tributaries. The filter coefficients were updated using a blind radius-
directed equalization algorithm. After estimating and removing the frequency
offset, a phase averaging based on the Viterbi-Viterbi algorithm was implemented
to compensate for phase noise in the recovered signal. Finally, BER measurements
were obtained through error counting after symbol decoding.
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Experimental Result

The BER performance versus received optical power comparing the two receiver
schemes, ICR and SSRx, utilizing the proposed comb (iCLA), are shown in Fig-
ure 4.19(a) for the 40 km SMF transmission cases. Since coherent sensitivity
performance depends on the LO intensity, the LO output power is set to 0 dBm
in the ICR scheme and is matched to the output power per comb line in the SSRx
case. The 40 km fiber transmission constellation diagrams of the SSRx with iCLA
signals are shown in Figure 4.19(b). There is a minimal difference (0.8 dB)
penalty in receiver sensitivity between the SSRx and ICR case; this is important,
as it shows that the requirements on receiver bandwidth can be relaxed for an
SSRx that is utilized on PIC technology.

The receiver sensitivity is reduced by >3 dB compared to previous work pre-
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Figure 4.19: (a) 100 Gb/s DP-QPSK BER versus ROP performance over 40 km
transmission distance. (b) Constellation diagram of SSRx captured at receive
power of —20 dBm.
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sented in Section 4.3.3. This reduction was mainly due to the reduced LO power,
which is limited by the iCLA’s capability. However, the iCLA is currently in an ad-
vanced prototype stage of development, so current performance is not necessarily
representative of what is ultimately achievable with this technology. Neverthe-
less, it is worth mentioning that even at the currently achieved sensitivity level,
100G coherent PON operation would be possible with very modest and practical
signal launch powers of +4dBm assuming a typical Class C 50G-PON link budget
requirement (33 dB) [9].
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4.5 Summary

In this chapter, the author discusses different types of OFCs with de-multiplexers,
and their requirements for potential integration and optimized SSRx detection
performance. The study presented in Section 4.2 presents the investigation of
the impact of comb line power, phase noise, phase correlations, and comb line
suppression ratio on the detection performance of an SSRx.

Section 4.3 explores the use of the IL-GS OFC for SSRx through an experimental
demonstration of 25 Gbaud single polarization QPSK (50 Gb/s) signal transmis-
sion over 40 km of optical fiber. Due to the slightly low comb line suppression
ratio (21 dB), the proposed receiver exhibits a small (less than 1 dB) sensitivity
penalty compared to the conventional coherent receiver.

Section 4.4 demonstrates the potential for SSRx incorporating a comb source PIC
and an active de-multiplexer PIC. After 40 km of fiber transmission, a close to
theoretically-expected receiver sensitivity of —29 dBm was achieved, highlighting
the excellent PIC performance (CLSR, linewidth, and output power) and the
potential for PIC-based spectral slicing solutions enabling cost-saving bandwidth
reduction for future coherent PON systems. Future work will focus on integrating
the receiver’s front-end with an OFC and a de-multiplexer, leading to a fully
integrated SSRx.
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Chapter 5

Conclusion & Future Work

5.1 Summary of Research

The advancement of DSP technology has led to the widespread adoption of digital
coherent optics in modern telecommunications networks. This technology offers
high receiver sensitivity and enables advanced modulation formats, benefiting
high-speed optical communication systems. However, implementing coherent
detection in future access networks, which emphasizes the cost, requires re-

designing the conventional coherent receiver architecture.

Throughout the dissertation, the author proposed and investigated the poten-
tial of the spectral slicing technique to significantly reduce the bandwidths of
the analog front-end components in a coherent receiver compared to a conven-
tional receiver. The concept and method of the proposed receiver are outlined
in Chapter 3. The potential for bandwidth reduction as low as 6.25 GHz was
experimentally demonstrated through 50 Gb/s and 100 Gb/s signal transmission
experiments over 40 km of optical fiber.

In Chapter 4, the author explored the potential of a comb source and a de-
multiplexer for integration with an SSRx. The properties of these devices, such as
spectral flatness, phase coherence, optical power per tone, and optical linewidth,
as well as de-multiplexer imperfections such as the comb line suppression ratio
and insertion losses, were analyzed in the context of spectrally sliced receiver
system performance. An SSRx utilizing monolithically integrated gain-switched
comb source and active de-multiplexer PICs was demonstrated to achieve 100
Gb/s signal transmission over 40 km fiber at a high receiver sensitivity of —29
dBm. To the best of the author’s knowledge, this work represents the first spectral-
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slicing demonstration utilizing a comb laser PIC and a novel active de-multiplexer
PIC with specifications suitable for future PON applications.

Finally, the following section will discuss potential future research that could
build upon the work described in this thesis and lead to further advances in the
development of low-cost coherent optics based on the spectral-slicing technique
for future coherent access networks.

5.2 Outlook & Future Work

5.2.1 Spectral Reconstruction based on the Channel Estima-
tion

In the post-processing DSP, the author utilizes structured FIR filters with a MIMO
configuration to equalize the amplitude and phase mismatches of the slices dur-
ing the stitching process. The complexity of the filter increases in proportion
to the discrepancies of the slice attributes, such as amplitude, phase, and po-
larization, particularly when dealing with a large number of slices. Therefore,
it is crucial to consider the possibility of designing a channel estimation algo-
rithm that is optimized and compatible with the reconstruction of the spectral
slice. One potential algorithm involves the use of an orthogonal chirp division
multiplexing (OCDM) signal, which allows chirped signals to overlap in both
time and frequency domains to be used as a preamble frame to estimate the
channel response (by extracting the channel impulse response of the received
pilot) [101]. After recombining, the stitched chirped signals can be leveraged
to equalize the stitched payload signal in the frequency domain. This algorithm
has the potential to outperform the conventional equalization schemes when
dealing with significant discrepancies between the slice signals and targeting a
higher number of slices, all while maintaining the relatively low complexity of
DSP design.

5.2.2 Burst-Mode SSRx

In addition to cost, upstream burst detection is yet another major challenge for
the deployment of coherent PON. As discussed in Chapter 3, the spectral slicing
approach is potentially valuable in the context of burst-mode detection as high-
commodity 10G-class burst-mode receiver component (BM-TIA) can be utilized
and further adapted for coherent detection. However, the demonstration of such
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a system would require further significant work from the design and develop-
ment of the receiver circuit, in addition to appropriate burst mode experimental
testbeds. As for the frequency offset tolerance due to wavelength distinction
between LO with different source signals, it is also crucial to address the offset
tracking speed and explore novel methods to tune the LO (comb source) laser
fast enough within the burst preamble time.

5.2.3 Higher Scalability of SSRx, N=4

Throughout this thesis, the author demonstrates the parallelization in the SSRx
based on a two-slice operation. With access to a larger number of receiver chan-
nels, facilitated by photonic integration to reduce the testbed complexity, the
scheme can be extended to a four-spectral slice operation. Furthermore, in this
case the required bandwidth of the optical and electrical components in the re-
ceiver front-end (such as BPD, TIA, ADC) can be reduced by a factor of four.
For example, a 200 Gb/s optical transmission system with N=4 slices could be
realized with an integrated comb laser assembly similar to the one demonstrated
in Chapter 4). The experimental setup can be built and tested at the Tyndall
National Institute with access to eight-channel synchronized oscilloscopes oper-
ating at 100 GSa/s. This receiver architecture is visualized in Figure 5.1, for the
case of N=4.

Figure 5.1: Schematic of an integrated spectrally sliced coherent receiver (N=4)
envisioned for PON upstream transmission.
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5.2.4 Fully-PIC SSRx Demonstration

Chapter 4 demonstrates an SSRx incorporating an optical frequency comb and
active de-multiplexer PICs. Looking at the later stage of spectrally sliced develop-
ment for a low-cost solution in coherent PON, it would be ideal to demonstrate
the whole optical receiver circuit, including the comb source, in a hybrid chip-
scale module or assemblies. The device, along with the comb source, is targeted
for development at the Tyndall National Institute within the Science Foundation
Ireland-funded IPIC Research Centre program.

Recent research on the spectral slicing scheme have demonstrated four slicing
front-ends on a compact silicon photonic chip [58]. Although this work aims
towards THz signal acquisition, it does give further evidence of the feasibility
of parallelization on this scale using PIC technology. Additionally, as discussed
earlier, it should also be noted that the dominant cost of an integrated circuit is
mainly limited by the electrical bandwidth of the constituent components [48].
In other words, in terms of overall cost, the lower bandwidth requirements can
more than compensate for having doubled or more the component count in the
PIC platform. From a practical perspective, the integration of the SSRx would
also reduce the number of optic/optic and optic/electronic interfaces, hence
reducing experimental testbed complexities and enabling new experimental re-
search avenues to be pursued, as well as addressing cost-effective solutions for
optical transceivers.

5.2.5 Spectrally Sliced System, Tx with Rx

So far in this thesis work, the author has shown the feasibility of a spectrally
sliced approach on the receiver side. The same principle can also be applied to
the transmitter, where the low bandwidth of the DAC array and the I-Q modula-
tors can be employed to transmit a single broad bandwidth optical signal. The
initial design of this proposed approach can be illustrated in Figure 5.2, where a
four-slice operation, N=4 is implemented, which includes four I-Q modulators

structured in a parallel configuration.

Four generated tones from an OFC are separated and the power equalized by
using ring resonators, which can be efficiently implemented in a silicon photon-
ics platform. Each comb tone (having excellent phase-matched properties) is
then modulated individually by the I-Q modulator, driven by a low-bandwidth
DAC. This results in four tributary signals (slices) merged by a signal-combining
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Figure 5.2: Proposed schematic design of a photonic integrated spectrally sliced
coherent transmitter (N=4). SiP: silicon photonic; SOA: semiconductor optical
amplifier.

element, in this example, via a multimode interferometer. For stabilizing the
amplitude and phase of each slice prior to combining, the MMI output is routed
to a photodiode to detect the amplitude or phase error signal generated by the
interference of the overlapping spectral component of the slices. An adaptive
feedback control can be implemented using DSP to compensate for waveform
distortions, thus enabling the transmission of a stable and coherent wideband
signal.

Although wideband waveform generation and detection based on the spectral
slicing technique has been demonstrated in several institutions aiming at THz
transmission systems [ 102-104], the proposed work here focuses on highlighting
the spectral slicing technique specifically as a potentially cost-effective solution
for coherent PON, which is currently targeting line rates of 100 Gb/s and beyond.
In general, the spectral slicing system provides a potentially cost-effective solution
for implementing a coherent system if appropriate PIC technology leveraging
high-volume and low-bandwidth commodity components can be realized.
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