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Development and Investigation of Optical Frequency Combs for
Photonic Communication Systems

Maria Deseada Gutierrez Pascual

Abstract

Data traffic has dramatically increased over the last decades driven by emerging media-rich applica-
tions and services, essential for the modern information society. Wavelength Division Multiplexing
(WDM) effectively enabled a continual scaling of fibre optical network capacities. Nevertheless,
the relentless global traffic growth shows no sign of abating, and forces optical transport networks
to evolve towards higher capacities, performance and flexibility to keep meeting the demand for

bandwidth.

Advanced modulation formats and multicarrier modulation techniques, such as Nyquist WDM and
all optical Orthogonal Frequency Division Multiplexing (OFDM), allow capacity scaling and im-
proved spectral efficiency by encoding information in the optical carrier amplitude, phase and po-
larization and by minimizing spectral guards between neighbouring channels. The implementation
of these techniques, however, imposes stringent requirements on the multi-carrier optical sources in
the transmitters, in terms of wavelength stability, good noise properties and cost efficiency. Optical
frequency comb sources are key candidates that simultaneously generate multiple phase correlated

optical carriers with a stable and constant frequency separation.

This thesis is focused on externally injected gain switched optical frequency comb sources (GS-
OFCS). Several advances on the state of the art of these GS-OFCS are presented that further enhance
their potential for network deployment. Firstly, a highly flexible GS-OFCS that can be software re-
configured is proposed and fully characterized for flexible optical networks. Secondly, two novel
configurations are experimentally demonstrated for broadband GS-OFCS generation, thus, expand-
ing their bandwidth coverage. Thirdly, this work also studies the need for the de-multiplexing of
comb sources and, in order to yield further compactness and cost-efficiency, a detailed characteri-
zation of two photonic integrated devices for GS-OFCS generation and de-multiplexing is reported.
Finally, the integrated GS-OFCS is implemented into two spectrally efficient transmission systems
employing multi-level amplitude and phase modulation formats, which prove the quality and rele-

vancy of these integrated devices for future optical networks.
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Introduction

Wavelength Division Multiplexing (WDM) has successfully scaled the capacity of commercial op-
tical systems during the last 30 years. However, the demand for optical bandwidth continues to
grow at a rapid pace due to the appearance of new bandwidth-hungry services and applications
such as cloud storage, high definition video entertainment or online gaming, and with the upcoming
Internet of things, where a plethora of devices will become inter-connected, the data traffic is only

expected to increase exponentially.

As such, high speed optical communication links are evolving towards the use of flexible and highly
spectrally efficient techniques to provide increased data throughput, by using available resources
more efficiently, and to facilitate network adaptability according to dynamic traffic patterns. These
techniques include higher order modulation formats that allows multi-level encoding of the optical
carriers, and multicarrier modulation techniques, such as Nyquist WDM and all optical Orthogonal
Frequency Division Multiplexing (OFDM) where optical channels are tightly packed and, conse-

quently, the overall bandwidth minimized and spectrally efficiency optimised.

Optical frequency combs sources (OFCS) have recently attracted much interest for next generation
spectrally efficient and flexible optical transceivers. OFCS simultaneously generate multiple phase
correlated optical carriers offering low complexity by replacing multiple independent lasers with
a single subsystem. Therefore, OFCS can enable a superior spectral efficiency as they allow the
reduction or elimination of guard bands in advanced multicarrier modulation techniques by featur-
ing fixed frequency spacing between the carriers, avoiding drifts and interferences of the individual

wavelengths over time.

Next generation optical networks would substantially benefit from an optical frequency comb tech-
nology with potential for photonic integration, that could additionally exhibit good inherent prop-
erties such as low optical linewidth and Relative Intensity Noise (RIN), and large Optical Carrier to

Noise Ratio (OCNR) for the use of advanced modulation formats, and Free Spectral Range (FSR)



and central wavelength flexibility to accommodate dynamic baud rate adaptation and spectrum al-

location according to traffic conditions and network resources.

This thesis studies externally injected gain switched optical frequency combs as they present re-
markable simplicity, noise properties and stability. Several key advances in the state of the art of
this technology were accomplished with the focus of enhancing the feasibility and practicality of

the proposed comb technique in future flexible and spectrally efficient networks.
Main contributions
The main contributions of this work can be outlined as follows:

* The generation and characterisation of a software reconfigurable optical frequency comb pro-
totype based on optical injection and gain switching techniques. The notable advantages of
this source include simplicity, stability, low intensity and phase noise, and remarkable flexi-
bility with continuous FSR and central wavelength tunability which can be both dynamically

controlled according to traffic and network conditions.

* The investigation of bandwidth expansion techniques for flexible, externally injected gain
switched comb sources. The two proposed methods are experimentally demonstrated to gen-
erate wider bandwidth optical frequency combs that preserve a strong phase correlation be-
tween comb tones, low optical linewidth, and continuous wavelength tunability. Both ex-
pansion techniques are compared and a trade-off between complexity and obtained spectral

flatness is discussed.

* The testing and performance demonstration of a four-output monolithically integrated comb
de-multiplexer, based on the optical injection locking of single mode semiconductor lasers,
for phase-correlated comb tone separation. The four outputs from the de-multiplexer select
an individual comb tone with a suppression of adjacent comb tones larger than 37 dB. Fur-
thermore, the use of this de-multiplexer does not reduce the comb tone power, avoiding the

need for optical amplifiers.

* The comb generation and detailed characterisation of a novel integrated externally injected,
gain switched optical frequency comb device. The obtained frequency comb exhibits a flexi-
ble FSR ranging from 6 to 10 GHz, with a high OCNR larger than 46 dB. The noise proper-
ties of interest for optical communications were characterized, which include a RIN of -125
dB/Hz, an optical linewidth of 1.5 MHz and a strong phase correlation between the comb

lines.



* The first demonstrations of the novel photonic integrated gain switched comb source in a 4-
level Pulse Amplitude Modulation (PAM), and in a Nyquist-Quadrature Phase Shift Keying
(PSK) (QPSK) optical transmission system. Successful experimental transmissions of a 50
Gbit/s PAM-4 signal over 3 km of Standard Single Mode Fibre (SSMF) suitable for intra-
datacentre application, and of a 80 Gbit/s Nyquist-QPSK signal over 50 km of SSMF for
inter-datecentre scenario, are demonstrated with performances below the 7% Forward Error

Correction (FEC) limit for all the sub-channels.
Thesis structure
This thesis is structured as follows:

Chapter 1 describes the evolution of optical communications networks as well as the reasons for
their continued growth in capacity today. The challenges that the next generation of optical net-
works faces are outlined and capacity scaling approaches are discussed, with particular attention
to advanced modulation formats, and multicarrier modulation techniques that enable greater net-
work capacities by improving the spectral efficiency. Finally, optical frequency comb sources are
introduced as a key enabling technology for future optical communication transmitters and their

motivation is discussed.

Chapter 2 provides a detailed overview and comparison of the main technologies for optical fre-
quency comb generation which include mode-locking, Kerr-effect in microresonators, parametric
processes, electro-optic modulation and gain switching. The working principle and typical config-
urations of these comb sources are presented, as well as inherent characteristics of each individual
technology (FSR and wavelength tunability, optical linewidth, RIN, OCNR, complexity, power per
line, etc.). To conclude, gain switching is chosen as the comb generation technique of study in this

thesis.

Chapter 3 introduces the concept of flexible networks and presents the initial experimental outcome
of this thesis: the development and generation of a software reconfigurable gain switched optical
frequency comb. The flexible features, which include dynamic and continuous configuration of

FSR and central wavelength, and noise properties of the source are examined in detail.

Chapter 4 focuses on the bandwidth expansion of gain switched optical frequency combs, which
typically offer relatively narrow optical bandwiths compared to other comb generation techniques.
This restraint may prevent their use in optical networks and thus, two novel techniques are pro-

posed in this chapter and experimentally demonstrated. The spectral bandwidth, flexibilities, and



noise properties that include optical linewidth and phase correlation of the obtained expanded gain

switched combs are analysed.

Chapter 5 examines the importance of photonic integration for future optical networks. Two novel
photonic integrated devices for gain switched comb generation and comb de-multiplexing are sub-
ject to detailed characterisation which are described in this chapter. The experimental implementa-
tion of the integrated comb source in a PAM-4 and in a Nyquist-QPSK transmission system is also

demonstrated to analyse the influence of RIN, OCNR and phase noise from the device.

Chapter 6 concludes the thesis with a brief summary of the research and highlights the main con-

tributions of this study. Finally, some future research lines are also proposed and discussed.



Chapter 1

Optical Fiber Communications

Optical fibre communication systems revolutionized the telecommunications industry by enabling
true long-haul and high capacity transmissions that facilitated the development of the Internet, and

clearly shaped the way we live, work, do business, and interact.

Optical communication systems use lightwave signals (in the THz frequencies) typically generated
from semiconductor lasers to carry data and employ optical fibres, which present low attenuation,
huge bandwidth and low electromagnetic interference, for transmission. These systems have been
successfully implemented in the network since the 1980s, remarkably evolving in capacity growth

and cost reduction to keep satisfying the demand for bandwidth.

This chapter gives an introduction to the current status of optical fibre communications networks and
systems. It presents a historical overview of the main technological breakthroughs that consolidated
their relevance and pushed their expansion. The late challenges that the next generation of optical
networks faces due to the ever-increasing traffic demand, are then outlined. Finally, novel spectrally
efficient techniques to enable greater network capacities are detailed and the motivation behind

optical frequency comb sources is discussed.

1.1 Optical Network Topology

The current optical network is a complicated system consisting of interconnected sub-networks that

ensure robust exchange of information throughout the world. The illustration of the general network



topology is illustrated in Figure 1.1. The optical network is usually divided into core (long-haul),
metropolitan (metro) and access networks according to their geographical extension, functionality

and requirements [1].

Optical fibre communications have certainly dominated the core and metro network segments for
a relatively long time, and more recently has started its expansion to the access network segment
as well. An incessant growth in traffic is revolutionizing optical communications and forcing a
transformation throughout the optical network towards reconfigurability, higher performance and

reduced power consumption.
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Figure 1.1: Optical Network Topology including core, metropolitan, access and datacentre net-
works. After: [2]

1.1.1 Core Networks

The core network is the backbone of global communications systems. It connects continents and
countries, covering distances of hundreds and thousands of kilometres through terrestrial or subma-
rine fibres. These networks concentrate millions of users and transport large amounts of aggregated
data, thus, their long-haul links and systems require reliable technologies that allow ultra-high ca-

pacity and robust long distance communications even at a high cost.



1.1.2 Metro Networks

Metro networks interconnect core networks and access networks which connect to the end user.
They typically span from tens up to a few hundred of kilometres. As data traffic increases, metro
networks must also be upgraded to support the demand for bandwidth from users in the access
network. Hence, currently deployed metro networks are evolving towards spectrally efficient 100
Gb/s data rates enabled by coherent reception and will soon require innovative technologies while

keeping implementation costs down.

1.1.3 Access Networks

The access network connects the end users to the rest of the network, typically covering distances
from a few hundred meters up to a few kilometres. The bit rates involved in access networks are not
very high, but they present important technical challenges due to the non-uniform distribution of
users. Service providers are currently commercializing the Fibre-To-The-X (FTTX) where X refers
to the last point where fibre is deployed (cabinet, home, building, etc). Since the access part of the
network is costly to deploy, Passive Optical Network (PON) with a cost-efficient tree-like point to

multipoint distribution is the dominant approach.

1.1.4 Datacentres

Emerging cloud applications such as mobile devices interconnectivity, with data backup and syn-
chronization, remote desktop, cloud computing, etc. require more traffic being delivered between

datacentres.

Lately, significant research efforts are being made in the development of intra-datacentre networks
[3]. Datacentres host a number of servers and short fibre links of up to a couple of kilometres are
needed. These intra-datacentre systems require high throughput, reduced size of modules, low cost,
power consumption and latency. On the other hand, communication links between datacentres, also
known as inter-datacentre communications, are performed mainly within metro networks and in

some cases, through long haul transport links.



1.2 Evolution of Optical Fibre Communication Systems

During the latter half of the twentieth century, major technological breakthroughs resulted in the
development of optical fibre communication systems. The invention of the laser in 1960 [4] fol-
lowed by the first proposed optical fibre in 1966 [5], primarily drove the research towards low-
loss materials for feasible optical fibre transmission. In 1970, Corning Glass Works (now Corning
Inc.) achieved and started to manufacture the first optical fibres with an acceptable low-loss of
17 dB/km [6] that, combined with advances in semiconductor laser technology [7], made optical

communications practically possible.

Over the next 30 years, there would be extraordinary developments in the manufacturing of optical
fibres and lasers that would dramatically boost the transmission capacity and consolidate optical

communications as a superior emerging technology over electrical transmission.

1.2.1 Early history

The evolution of optical fibre communications can be divided into several distinct generations that
are directly related to these technological innovations and to the resultant increase in the bit rate, B,

and transmission distance, L, as illustrated by Figure 1.2.
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Figure 1.2: Evolution of B - L product over the period 1975 to 2000 through several generations of
optical communication links. Each generation with the correspondent technological breakthrough is
represented by a symbol. MM: Multi-Mode fibre, SM: Single-Mode fibre, DSF:dispersion-shifted
fibre, WDM: Wavelength Division Multiplexing. After: [8]

The first generation of optical systems operated in the 0.8 um wavelength region and utilized mul-



timode optical fibres. Such systems became commercially available in 1980 [9] and transmitted 45
Mb/s with repeater spacings of up to 10 km, compared to 1 km spacing of the contemporaneous
coaxial systems. During the second generation the focus was to increase the B - L product by shift-
ing the operating wavelength towards 1.3 pm where the attenuation in fibres is below 1 dB/km. The
first systems were developed in multimode fibres and limited by dispersion. Rapidly, single mode
fibres that exhibit minimal dispersion at 1.3 um were implemented and by 1981, a transmission of
2 Gb/s over 44 km of single mode fibre was demonstrated [10]. Consequently, single mode fibre
(at 1.3 ym and later at 1.55 um wavelength) became the standard fibre for long distance systems
where large B - L is required. In 1987, commercial systems at 1.3 um became available and the first
optical transatlantic fibre, TAT-8, was deployed [11]. The third generation intended to use wave-
lengths around 1.55 um where the fibre losses are lower, namely 0.2 dB/km. Nevertheless, optical
fibres also present a larger dispersion at this wavelength range. Two alternative approaches were
developed to overcome the dispersion impediment: the use of single longitudinal mode lasers and
Dispersion-Shifted Fibres (DSF), specially designed to have minimum dispersion near 1.55 pm.
Transmissions of up to 4 Gb/s over 100 km were first demonstrated in 1985 [12] and commercially
deployed in 1990. As illustrated by Figure 1.2, these three generations resulted in a gradual increase

of the bit rate and transmission distances.

The major revolution, however, took place during the fourth generation where the capacity of op-
tical communication systems saw explosive growth [13] that resulted in a B - L doubling every
year, as depicted in Figure 1.2. This was driven by the emergence of optical amplifiers and a tech-
nique defined as Wavelength Division Multiplexing (WDM), explained in detail in the next section
due to their importance. These technological developments were mainly driven by the commercial
deployment of the Internet and the resultant intensified demand for long-distance transmission ca-
pacity. Consequently, optical communications gained enormous attention as a prosperous business

and substantially fostered the Information Age.

1.2.2 Information Age and Wavelength Division Multiplexing

The introduction of optical amplifiers, specifically the Erbium Doped Fibre Amplifier (EDFA), in
the early 1990s resulted in extended all-optical transmission distances [14], [15]. EDFAs compen-
sate for the signal attenuation due to fibre propagation, increasing the spacing between repeaters
or, in some systems, their elimination. However, the advent of personal computers and the Internet

evolution from a text to a multimedia platform drove a rapid traffic growth that also required higher



bit rates.

WDM was the key technology that facilitated the development of high bandwidth communications
by scaling the capacity transmission in frequency. WDM uses multiple wavelengths to transmit
data, where each wavelength represents an individual channel. As illustrated in Figure 1.3, each
channel comprises a single mode laser source that generates an optical signal where the informa-
tion is encoded, in this Figure through external modulation. These channels are combined together
for transmission over a single optical fibre. The frequency separation between two adjacent wave-
lengths in WDM is known as the channel spacing and typically accounts for the information band-
width and guard bands, that are unused parts of the spectrum between channels for the purpose
of preventing interference. Current deployed WDM systems typically operate at a 50 GHz grid
spacing, standardised by the International Telecommunication Union (ITU) [16] and referred to as
Dense WDM (DWDM). During transmission, the multiplexed signal can be amplified via EDFAs,
and individual optical channels can be inserted or removed from the network as desired, using op-
tical add-drop multiplexers. At the receiver side, the optical signal is demultiplexed into individual
channels, distributed to the intended destination where the optical signal is photodetected and the

data recovered.

Electrical Drive
S.lgnal

Add-drop
Multiplexers
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Laser Transmitters Photoreceivers

Figure 1.3: Generic WDM architecture.

WDM was mainly enabled by the development of EDFAs that allow simultaneous amplification of
all WDM optical channels and compensation for losses in multiplexers, de-multiplexers and during
fibre transmission. The utilization of numerous wavelengths, as opposed to the exclusive use of the
1550 nm wavelength, allows bi-directional data transfer through one fibre, and increased system
capacities maintaining mature low speed electronics. In 1995 the first commercial WDM system
was deployed with a total bandwidth transmission of 20 Gb/s consisting of 8 WDM channels at a

bit rate of 2.5 Gb/s [17], and a regenerator span of 360 km. In 1996, research experiments proved

10



an overall transmission of 1 Tb/s [18] (55 WDM channels at 20 Gb/s) over 150 km [19].

Since the first WDM system implementations, technology developments allowed the channel count
and the bit rate per WDM channel to continually increase, from 2.5 to 100 Gb/s per wavelength [18]
with a total number of 80 channels (separated by a channel spacing of 50 GHz), thus boosting the
overall capacity over a fibre. The combination of both technological breakthroughs, EDFAs and
WDM, certainly boosted the B - L product and facilitated long-haul systems with potential for

further scalability.

1.2.3 State of the art: Towards 100 Gb/s and Beyond

Figure 1.4 shows the global Internet traffic for 1990-2015 estimated by Cisco Systems [20], along
with their forecast for the period between 2016 and 2020 [21]. Although the Internet traffic growth
rate has decelerated compared to the previous decade, it remains robust at an intensive 23 % increase
per year largely driven by the emergence of smart Internet-connected devices, and bandwidth-
hungry services and applications, such as on-demand High Definition Television (HDTV), cloud

storage and high quality online games.
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Figure 1.4: Global Internet traffic growth for period 1990-2020.

The capacity growth of commercial optical systems, enabled by WDM, exceeded the requirements
of network bandwidth during the first decade. However, as the Internet traffic keeps growing ex-

ponentially and the technology matures, it becomes more difficult to increase the systems capac-
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ity [22]. In fact, some studies have concluded that the network traffic will grow 10 times faster than
current systems capacity over the next decade [23]. In order to satisfy the ever-increasing demand
for bandwidth, optical networks must evolve towards higher performance and spectral efficiency,

and reduced power consumption [24].

Novel scaling techniques, that are being introduced progressively by the industry, are focusing on
improving the spectral efficiency by two main scaling methods: increasing the data rate per optical
channel, and reducing the channel spacing which implies a larger number of usable channels. The
spectral efficiency is the information rate that can be transmitted over a given bandwidth or channel
spacing and it is measured as the ratio Bit Rate/Channel Spacing in (bit/s)/Hz. It indicates how
efficiently the available fibre bandwidth is being utilised. WDM systems with 10 Gb/s per channel,
spaced by 50 GHz, presented a spectral efficiency of 0.2 (bit/s)/Hz.

The first step towards high spectral efficient systems was the implementation of coherent optical
communications where higher-order modulation formats are used to increase the data rate per op-
tical channel. Early commercial WDM systems employed, with a high degree of success, a 2 level
amplitude modulation format referred to as On/Off Keying (OOK). Even though the possibility of
practical implementation of 40 Gb/s OOK systems was demonstrated [25], as data rates are re-
quired to exceed 10 Gb/s per channel, this modulation format presents dispersion impairments that
can be prohibitive [26] and its spectral efficiency is limited for further scaling. On the other hand,
advanced modulation formats, explained in detail in section 1.3, can modulate the amplitude and
phase components of both linear polarisations of the optical signal. Therefore, more information
can be transmitted when these three parameters are modulated and the spectral efficiency can be at

least quadrupled, compared to OOK systems.

The initial introduction of coherent communications allowed 40 Gb/s per channel [27] and a spectral
efficiency of 0.8 (bit/s)/Hz. As shown in Figure 1.5, 40 Gb/s has been soon followed in the industry
by 100 Gb/s per channel [28] that is able to run at the same 50 GHz channel spacing as 10 Gb/s
systems but provides a 10X higher spectral efficiency, namely 2 (bit/s)/Hz.

While commercial coherent 100 Gb/s systems are currently being deployed in long-haul links, re-
search and industry are already moving forward and considering a new spectrally efficient approach
for next generation optical transport networks with higher-speed per channel (i.e. 400 Gb/s and 1

Tb/s): the coherent superchannel [29], [30].

A superchannel is an adaptation of DWDM where multiple optical carriers (or sub-channels) are
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Figure 1.5: Technology roadmap of fibre link capacity in commercial networks. After: [31]

combined to create an aggregated and unified high data rate channel. Therefore, superchannels are
multi-wavelength signals that further maximize the spectral efficiency and throughput of installed
optical fibres by minimizing the frequency spacing between sub-channels and even eliminating

guard bands.

At the time of this writing, research studies have demonstrated superchannel transmissions with
spectral efficiencies of up to 8.67 (bit/s)/Hz [32] and claim a possible overall bit rate of 40 Tb/s
over 1000 km links when using the total bandwidth of a single optical fibre, which resultsina B - L
product of 40,000 (Tb/s)-km. Commercial superchannel field trials have also recently started and

shown a real-time 2 Tb/s superchannel transport over 727 km [33].

1.3 Advanced Modulation Formats

In optical communications, signal modulation is achieved by imposing the information data on the

amplitude, wavelength, phase or polarization of a laser lightwave.

The electric field at the output of a monochromatic laser can be expressed as:

E(t) = A(t) - /Wot+e0) = A(t) . 72 . giwot (1.1)
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where A is the amplitude, wy is the angular frequency and ¢ the phase of the electric field. As ob-
served in Equation 1.1, the amplitude and phase of the complex optical signal could be represented
as a phasor. The real and imaginary components of this phasor are also referred to as the In-phase
(D) and the Quadrature (Q) components. Thus, amplitude and phase modulations can be represented
in an IQ constellation diagram, as depicted in Figure 1.6. The vectorial length from the origin to
each of the points of the constellation diagram (symbols) relates to the amplitude of the electric
field with the angular component representing the phase. Hence, the IQ plane shows the baseband

I and Q signals required to produce the modulated signal.

Conventional optical systems use a remarkably simple and effective 2-level form of intensity modu-
lation: OOK. It consists on turning the laser light on and off to represent a binary 1 or 0, respectively.
Due to its simplicity, OOK has been used with data rates up to 10 Gb/s in the entire optical industry
for decades. The constellation diagram of OOK presents a symbol at the origin with a zero ampli-
tude, while a second symbol is found at the amplitude of the E-field on the I-axis, indicating that
the phase is not changed, as depicted in Figure 1.6 (a). For OOK, the bit rate and symbol rate (or

baud rate) are the same since one optical symbol represents only one bit.

Advanced modulation formats allow the number of bits encoded per symbol to be increased. As
such, larger information transmissions are achieved with the same symbol (baud) rate, resulting in
an enhanced spectral efficiency. The simplest way to do this is to transmit multiple bits per symbol
using multilevel amplitude modulation. 4-level Pulse Amplitude Modulation (PAM) is a modulation
technique that has been recently attracting a lot of attention whereby 4 distinct pulse amplitudes are
used to convey the information. The transmission of four amplitudes allows the encoding of 2 bits of
binary data per symbol and thus, PAM-4 enables twice the transmission capacity in comparison to
OOK systems. PAM-4 is currently being considered a promising solution for short intra-datacentre
links, mainly due to its implementation simplicity, cost-effectiveness and low power consumption

[34], [35].

Quadrature Phase Shift Keying (PSK) (QPSK) is a form of phase modulation, where the phase
of the laser optical light is used for encoding data. The constellation formed by four symbols is
shown in Figure 1.6 (¢). Each symbol, or constellation point, corresponds to a discrete phase value
that will be imposed on the optical carrier, but maintains the same amplitude. The transmission
of four phases also enables the encoding of 2 bits of binary data per symbol. Consequently, QPSK
doubles the bit rate transmitted by OOK in the same bandwidth, obtaining a doubling of the spectral

efficiency. For any modulation format the relationship between the number of available symbols,

14



(a) OOK (b) PAM-4

Q Q

o 7| N\ 1T 0010’ #”70110] ‘1110, ‘1010’

Ael
‘0011°°0111’|‘1111’ ‘1011’
I |
0001'0101’|“1101’“100

0N\ 0000 \01001 ‘1101000

(c) QPSK (d) 16-QAM

Figure 1.6: Examples of advanced modulation format constellations: (a) OOK, (b) PAM-4, (c)
QPSK and (d) 16-QAM.

m, and the number of bits transmitted per symbol, M, is given by:

M = logy(m) (1.2)

It should be noted that higher-order modulation formats also allow the use of lower symbol (baud)
rates for a certain overall bit rate. This means that not only the signal spectral width is reduced, but
lower cost electronic devices that are commercially available and mature can be used to transmit

the same bit rate.

The encoding efficiency can be escalated by employing a combination of phase and multilevel am-
plitude modulation that extend the number of bits transmitted per symbol. This modulation format
is referred to as Quadrature Amplitude Modulation (QAM) and it is often denoted as m-QAM,
where m represents the overall number of symbols. The constellation of a 16-QAM is illustrated
in Figure 1.6 (d). As it can be seen, each symbol has a unique combination of amplitude and phase

and it can convey 4 bits of information, hence the use of 16-QAM quadruples the transmitted bit
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rate and the resultant spectral efficiency compared to OOK systems.

Additionally, Polarization Division Multiplexing (PM) is generally used in conjunction with high
order PSK or QAM to double the transmitted data by carrying different information in two or-
thogonal light polarization modes independently, allowing the development of 100 Gb/s in the ITU
DWDM standard 50 GHz grid using 25 Gbaud PM-QPSK which has been the preferred format for
100 Gb/s applications by the industry. The major problems with the practical use of PM are con-
tinuous drifts and dispersion in the polarization states during fibre-optic transmission. As a result,
PM requires digital signal processing at the coherent receiver to estimate and decode the signal,

eliminating polarization-related artefacts [36].

The symbol size, and thereby the spectral efficiency, of m-QAM systems can be further increased
by using a larger number of amplitude and phase levels, as 32-QAM (5 bits per symbol), 64-QAM
(6 bits per symbol) or higher m [37], [38]. However, as the order of modulation continuously in-
creases, the requirement for higher Optical Signal-to-Noise Ratio (OSNR) becomes more stringent
and the transmission reach may get limited, which can be prohibitive for some communication

systems [39].

The constellations in Figure 1.6 show a black circle that exemplifies the maximum peak power
that can be launched into a fibre before optical non-linearities, taking place in the fibre, appear and
distort the signal. Therefore, as the modulation order increases, the constellation points are situ-
ated closer, making them less distinguishable and hence, more susceptible to noise in transmission
systems [40]. This has a direct impact in the reachable transmission distance before dispersion and
added noise in the system create interferences that make the symbols non recognizable and decoded
erroneously at the receiver. As such, the noise purity of the transmitter optical source (in terms of in-
tensity and phase noise) becomes crucial and a major limiting factor in spectrally efficient coherent

systems [36]. This will be further detailed later in this thesis.

In conclusion, advanced modulation formats offer a significant enhancement of the spectral effi-
ciency of optical transmission systems. As such, in some scenarios the signal spectral width is
notably reduced, resulting in an inefficient use of the ITU 50 GHz grid. Furthermore, when channel
rates above 100 Gb/s are considered, a continual increase of the modulation order might not suffice
as the noise requirements and transmission distance penalties may be impracticable. In pursuance
of better utilisation of the available bandwidth of a fibre, advanced modulation formats can be com-
bined with the use of superchannels and multicarrier techniques, explained in section 1.4. These

methods aim to fit more optical sub-channels and decrease channel spacings and guard bands for
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higher performance and throughput.

The following subsections describe in detail the various processes to generate and detect these

advanced modulation formats over optical signals.

1.3.1 External modulation

In external modulation, the laser diode bias current is kept constant and thereby, the laser is on a
Continuous Wave (CW) operation where its emitting output power is constant. The laser light is
then passed through a modulator that manipulates amplitude and/or phase of the light according
to an electrical data drive signal, also applied to the modulator. This modulation is isolated from
the driving conditions of the laser and thus, the performance, noise properties and behaviour of the
laser remain constant. Furthermore, the use of external modulation enables complex modulation

formats, such as QPSK or QAM, to be imposed on an optical carrier.

Two main optical modulators are here revised due to their relevance in optical fibre transmission

systems: Mach-Zehnder Modulator (MZM) and 1Q MZM.

1.3.1.1 Mach-Zehnder Modulator

The schematic of a MZM structure is shown in Figure 1.7. It comprises two couplers and two
electro-optic modulators placed in the MZM arms (some MZMs may have only one electro-optic
modulator in one arm). The principle of operation of an electro-optic modulator is based on the
electro-optic effect, also known as Pockels effect. It consists of a linear variation in the refractive
index of a waveguide according to the strength of an applied electric field [45]. As a consequence,
the propagation speed of the light travelling through the waveguide is affected and phase delays,
proportional to the electric signal, are induced. By controlling the external voltages applied, the
phase of the incoming optical field can be modulated and so, such electro-optic modulators are

sometimes referred to as phase modulators.

The incoming beam light from a laser diode operating in CW mode is equally divided into the two
arms. An independent drive voltage is applied across each phase modulator and so the optical sig-
nals in either path are subjected to different changes in phase. The two signals are then recombined.
By controlling the relative phase shift between the two arms, the interference between the two sig-

nal varies from constructive to destructive and so the output signal can be also modulated in terms
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of amplitude. Different configurations of optical modulators exist, but in general they all can be re-

duced to a combination of phase modulators and/or MZMs. Considering a dual-drive MZM, where

Vi(t)

—-

LiNbO,
[ ]

Ein Eout
—- —-

—

—--

V,(t)

Figure 1.7: Mach-Zehnder Modulator structure.

there is a phase modulator in each arm that can be controlled independently, the optical output is

mathematically described as [45]:

E,(t) = = - <€j¢1(t) + ej¢z(t)) - Bi(t) (1.3)

1
2
where E;(t) is the input optical field, E,(t) is the output optical field and ¢ (¢) and ¢o(t) are the
phase shifts applied to the upper and lower paths of the modulator. Manipulating this equation, it
can be observed that the transfer characteristic of a MZM allows amplitude and phase modulation

of the input electric field according to ¢1(t) and ¢ (t):

Eo(t) = Ez(t) oS (W) ) ej<¢1(i)—;¢2(i)> _ A(¢1 (t), (;52(15)) ) ej(¢>1(t),¢2(t)) (1.4)

The voltage difference needed to create a relative phase shift between the two optical paths equal to

 is called the half-wave voltage V: and thus, the phase shifts can be defined as:

- Via(t)

$1,2(t) =~ %

(1.5)

where V; 2(t) is the applied voltage composed of a DC voltage, V}, corresponding to the operating
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bias of the device, and the AC signal s(¢) with the data information to transmit [13]:

V() = Vi + s(t) (1.6)

In the ideal case, a shift of V. in the voltage difference AV between the two arms of the modulator
is capable of changing the output optical power from minimum to maximum, as illustrated in Figure
1.8 where the transfer function for the electric field and optical power of the MZM are illustrated.
In order to obtain intensity modulation, the operating bias point is set to be in the linear region be-
tween minimum and maximum transmission points to achieve a linear relationship between driving

voltages and optical output power. This is known as the quadrature bias point. Phase modulation
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Figure 1.8: Normalised field (blue) and power (red) transfer functions of a dual-drive Mach-Zehnder
modulator. Operation bias points for amplitude (quadrature) and phase (null) modulation are also
shown. After: [2]

can also be achieved when the operating bias is set to the minimum transmission point, known as the
null point. This can be observed visually in Figure 1.8. In this case, a more complicated receiver,

capable of detecting phase change, is required as it will be later shown.

Although a single MZM can generate amplitude and phase modulation of the input light by choosing

V1 2 appropriately, it does not have the capability of modulating I and Q independently.
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1.3.1.2 1Q Mach-Zehnder Modulator

An optical complex field modulator, also known as IQ modulator, consists of two nested MZMs
with an additional 90° phase shifter in one of the arms as illustrated in Figure 1.9. By choosing
the applied voltages appropriately, one can cover the entire complex 1Q plane in the constellation
diagram and generate higher order modulation formats such as QPSK and 16-QAM that require

independent modulation of I and Q components.

Ei (t)

V2N
N

Figure 1.9: Schematic of an IQ MZM. An example of QPSK modulation with the correspondent
constellation diagrams is also shown.

As an example, consider a QPSK modulation. Each MZM should be biased at null to generate a
binary phase modulation in each of the arms, corresponding to phase shifts of O and 7. The signal
in the lower arm is then phase shifted by 5 relative to the other arm. As a result, the two I and Q

components are gener ated.

1.3.2 Direct detection

After fibre transmission, the optical signal needs to be detected and the electrical data information

extracted, or de-modulated, from the optical carrier in an optical receiver.

As explained in section 1.3.1 the optical power of a laser lightwave can be modulated to carry infor-
mation. In a direct detection receiver, the optical signal is detected by a photodiode that generates
a photocurrent, proportional to the power of the optical incident signal. Hence, the induced electric

current variations correspond to the recovered modulating data [13].
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The performance of direct-detection receivers is predominantly affected by intensity noise.

1.3.3 Coherent detection

Direct detection is a simple and cost-efficient optical receiver, however, it allows only ampli-
tude modulated formats to be recovered as the detected average optical power is phase indepen-

dent.

Modulation formats that use the optical carrier phase to transmit information require more com-
plicated receivers, called coherent detectors. In these, phase variations are converted into intensity
changes by coupling the modulated optical signal with a reference signal, known as Local Os-
cillator (LO), creating constructive or destructive interferences depending on the relative phase

differences.

The phase diversity quadrature frontend, depicted in Figure 1.10, comprises a 90° hybrid and a pair
of balanced photodetectors allows the amplitude and phase de-modulation of both IQ components

[46]. The generated photocurrents are mathematically expressed as [36], [46]:

li (t)
Ei (t)
LO
la (t)

Figure 1.10: Schematic of a phase diversity coherent receiver, formed by a 90° hybrid and two of
balanced photodetectors.

I(t) ~ %EMELO\ cos (wl-(t) —wro(t) + ¢i(t) — quo(t)) (1.7)

IQ(t) = §|E7,||ELO| sin <wi(t) — wLo(t) + (bz(t) — ¢L0(t)) (1.8)
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where I;(t) and I (t) represent the photocurrents for the I and Q components respectively, R is the
responsivity of the photodetector, | E;(t)|, w; and ¢; are the electric field amplitude, frequency and

phase of the modulated optical signal and |E7o(t)

, wro and ¢ are the electric field amplitude,
frequency and phase of the local oscillator reference. The signal phase ¢; contains the phase of
the optical carrier and the phase of the encoded data. Therefore, phase modulation and coherent
receivers are sensitive to phase noise so future high capacity transmitters and require low noise
optical transmitters. Additionally, low phase noise LOs and high-speed digital signal processing

are required to perform phase and frequency tracking [46].

1.4 Superchannel

Superchannels have been considered as key enablers for high capacity next generation optical trans-

port networks by both the research community and industry [47]- [53].

Superchannels are formed by multiple combined optical carriers, or sub-channels, typically en-
coded with high order modulation formats and spectrally close-spaced thereby, fulfilling the band-
width demands with transmissions of >100 Gb/s per channel while keeping pace with the spectral

efficiency.

The motivation behind superchannels comes as an evolution of DWDM after the employment of
advanced modulation formats. As previously explained, combinations of amplitude, phase and po-
larization modulations can dramatically increase the network capacity. However, by employing
optical carriers spaced by the current DWDM 50 GHz grid, the spectrum is not efficiently used as
these high order modulations schemes occupy narrower bandwidths. Superchannels seek to alle-
viate this spectrum waste and further increase the throughput by decreasing the channel spacings,
allowing more channels to be fitted, and by using in conjunction, multicarrier modulation trans-
mission techniques that allow the reduction and even elimination of guard bands, as explained in

subsection 1.4.2.

In Figure 1.11 an example of the potential spectrum savings is illustrated. Figure 1.11 (a) shows a
1 Tb/s superchannel formed by using ten optical carriers at 100 Gb/s each employing 12.5 Gbaud
polarization multiplexed 16-QAM. The sub-channels are separated by the fixed 50 GHz grid and as a
result, the superchannel occupies a bandwidth of 500 GHz. On the other hand, Figure 1.11 (b) shows
a spectrally efficient 1 Tb/s superchannel comprised of ten optical carriers with the same modulation

format and baud rate, polarization multiplexed 16-QAM. In this case, the sub-channels are placed
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contiguously, using a multiplexing technique named Nyquist WDM that allows the reduction of the
bandwidth of each sub-channel to 12.5 GHz, and 500 MHz guard bands are in place. Hence, a total
bandwidth of 129.5 GHz is needed, obtaining a 74.1 % in spectral usage.

ANARANANANANANANANA}

| |
&>

50 GHz

Saved spectrum

< >

Figure 1.11: 1 Tb/s superchannel illustration. Upper, superchannel in existing 50 GHz grid. Lower,
same superchannel employing Nyquist WDM, with 13 GHz of frequency spacing between sub-
channels.

Superchannels were first demonstrated by S. Chandrasekhar [47] in 2009. The superchannel con-
sisted on 24 optical carriers with PM-QPSK spaced by 12.5 GHz, where an overall transmission of
1.2-Tb/s over 7200 km was obtained. Numerous research works and field trials by companies such
as NEC, Infinera and Alcatel-Lucent soon followed with early commercially available products by
2012. NEC first demonstrated the transmission of 1.15 Tb/s superchannels over 10,000 kilome-
tres of existing transoceanic fibres with 23 optical carriers, each with 12.5 Gbaud PM-QPSK [50]
and the first Infinera 500 Gb/s superchannel was brought into market, comprising ten optical car-
riers modulated with PM-QPSK, in 2012. Since then, superchannels gained a lot of attention and
numerous works have successfully proved their suitability for high performance and capacity trans-
missions [51]- [52]. Currently, Infinera offers commercial products for superchannel transmissions
of up to 1.2 Tb/s employing PM-16-QAM [53]. Remarkable recent achievements include a super-
channel transmission with 8.67 (bit/s/Hz) of spectral efficiency [32], and the late field trial demon-
strations of real-time superchannels of 5.6 Tb/s over 359 km and 2 Tb/s over a live 727 km network

by British Telecommunications and Huawei Technologies [33].
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1.4.1 Flexible Networks

The fibre bandwidth is currently divided in a 50 GHz grid defined by the ITU standards that, al-
though successfully allowed 100 Gb/s to be commercially deployed, will have difficulties allocating
higher bit rates (400 Gb/s, 1Tb/s, etc.). Furthermore, an arbitrary number of smaller frequency slots
could allow the creation of bandwidth-fitted superchannels avoiding misuse of the available spec-
trum, as illustrated by Figure 1.11. Thus, there is a necessity for the grid to evolve towards finer
granularities or even gridless [54] and new standards as the Flexible grid defined by the ITU-T in
the G.694.1 recommendation [55] are emerging to support their deployment. The new flexible grid
defines channels having a granularity of 12.5 GHz, combined with the ability to define an aggregate

superchannel spectral width of 12.5 GHz multiples.

Flexible optical networks, also referred as elastic networks, make use of these flexible grids and are
gaining a lot of attention to allow 400 Gb/s and 1Tb/s superchannels as they additionally enable a
superb efficient usage of the available spectrum by dynamically allocating the bandwidth (elastic
spectrum allocation) according to temporal traffic demands. Furthermore, an optimized spectral
efficiency and performance can be achieved by dynamically adjusting transmission parameters such
as sub-channel bandwidths, information rates and modulation formats depending on the unoccupied

bandwidth, required capacity, optical link reach or other operating specifications.

1.4.2 Enabling Multicarrier modulation techniques

As previously mentioned, superchannels utilize multicarrier modulation techniques that allow the
multiple sub-channels to be closely frequency spaced and reduce the overall transmitted bandwidth.
These techniques rely on spectral and temporal shaping of the pulses that carry the data. The initial
use of signal shaping techniques [56] in optical communications was motivated by the reduction
of inter-symbol interference (ISI), a form of distortion of a signal in which one symbol interferes
with subsequent symbols, and improvement of the transmission performance of the signal [40],

[49].

In this work, we focus on two specific techniques: Nyquist WDM and all-optical Orthogonal Fre-

quency Division Multiplexing (OFDM).
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1.4.2.1 Nyquist WDM

In Nyquist WDM each sub-channel is spectrally shaped to occupy the minimum bandwidth that
ensures ISI-free transmission, defined by the Nyquist ISI criterion and coincides with the baud
rate [57]. Such narrow sub-channels can then be multiplexed very tightly, with minimum guard
bands that ensure sub-channel filtering at the receiver without incurring in crosstalk (inter-channel

interferences) [58], as observed in the ideal spectrum in Figure 1.12 (a).

These ideal non-overlapping rectangular-shaped sub-channel spectra correspond to an overlapped

sinc-shaped response in the time domain [59], as observed in Figure 1.12 (b).
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Figure 1.12: Left, a typical spectrum of a Nyquist WDM multicarrier signal. Right, time response
of the Nyquist WDM multicarrier signal, with QPSK modulation and where the period corresponds
to the baud rate used.

Nyquist WDM, therefore, requires a specific optical spectral rectangular shaping which can be per-
formed at the transmitter using digital, analog electrical or optical filtering. However, perfect rectan-
gular signals (sinc pulses) are not physically realisable and alternatively, practical implementations
widely use raised-cosine pulses, illustrated in Figure 1.13, for Nyquist pulse shaping. The sharpness

of the spectral filtering is determined by the roll-off factor, 3, where 0 < 8 < 1 [60].

Hence, Nyquist WDM reduces the total superchannel bandwidth allowing a better spectral effi-
ciency by tightly packing the sub-channels and minimizing their bandwidth. This poses wavelength
stability and low phase noise (that translates into frequency noise) requirements on the optical sub-

carriers to avoid drift and interference.

1.4.2.2 All optical OFDM

All optical OFDM transmits data on many sub-channels that are spectrally overlapped [57]. Anal-
ogous to Nyquist WDM, all optical OFDM involves temporal shaping of the signal and thus, the
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Figure 1.13: (a) Raised-cosine pulse in the time domain (b) Frequency response of raised-cosine
pulse. After: [61]

transmitted pulses are ideal rectangular pulses. Therefore, the spectrum of the sub-channels corre-
spond to sinc-shaped functions precisely spaced at multiples of the inverse of the symbol periods.
These shaped spectra strongly overlap but are mathematically orthogonal with the peaks of the
sub-channel spectra coinciding with the nulls of the spectra from neighbouring sub-channels, as

illustrated in Figure 1.14.

In all optical OFDM crosstalk is clearly presented in the spectrum but it can be eliminated at the
receiver if the sub-carriers have a strong phase correlation [57], [62], i.e. their phase noises are cor-
related and can be cancelled out. If, on the contrary, the sub-carriers present arbitrary phase noises

that translates into frequency noise, the sub-channels will interfere in an unpredictable way.
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Figure 1.14: All optical OFDM ideal spectrum with overlapped sinc sub-carriers.
1.5 Optical Multicarrier Sources

The generation of superchannels that uses advanced modulation formats and multicarrier mod-
ulation techniques, require an optical multi-wavelength transmitter capable of creating multiple,

closely frequency spaced and stable optical carriers.

1.5.1 Bank of lasers

A conventional approach to generate optical multicarrier sources is to use a bank of single mode
lasers, which can be implemented with discrete lasers or with an integrated laser array [63], [64].

Each laser is adequately set to a certain wavelength to create the desired frequency spacing.

A single Photonic Integrated Circuit (PIC) can host numerous lasers allowing a large number of
optical carriers from a single chip. Nevertheless, laser banks struggle to provide a constant fre-
quency spacing between the carriers as each laser emission wavelength can arbitrarily drift over
time. Clearly, as the spacing between sub-channels is reduced and guard bands omitted or become
very small, this wavelength drift becomes problematic, causing undesired interference between ad-
jacent sub-channels, and therefore, their use limit the achievable spectral efficiency. In order to
maintain an acceptable stability each laser needs additional complicated control mechanisms [65],
as well as independent biasing circuits which increases the complexity, cost and power consump-
tion. Moreover, modifying the frequency spacing requires all lasers to be precisely tuned individu-

ally.

Finally, the independent lasers are not phase correlated to each other, which is an enabling con-
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dition for all-optical OFDM modulation technique and an indispensable requirement to reverse
the non-linear distortions through fibre transmission, which also enables power above the non-
linear barrier to be launched into fibres and consequently, longer record-breaking transmission dis-

tances [606].

1.5.2 Optical Frequency Comb Source (OFCS)

OFCSs have shown significant promise for use in wide ranging applications among numerous disci-
plines, such as millimetre wave and THz signal generation [67], microwave photonics, spectroscopy

[68] and, particularly, next generation spectrally efficient optical transceivers [69], [70].

An OFCS simultaneously generates, from a single device or subsystem, a number of precisely
spaced and equidistant spectral carriers that share a strong phase correlation. Hence, OFCSs have
attracted much interest and have proven to be key components in spectrally-efficient advanced mul-
ticarrier modulation techniques, thanks to their inherently precise and stable frequency spacing
which enables the reduction or elimination of guard bands. Moreover, a single OFCS can replace

multiple independent lasers reducing the power consumption and complexity.

OFCSs may also offer tunable frequency spacing and wavelength that allows a single source to
be dynamically and easily adapted to suit the chosen symbol rate and to allocate a superchannel
simultaneously to a specific wavelength band, according to traffic demands [70]. Finally, recent
research studies have demonstrated that the phase correlation between the optical carriers presented
in OFCSs is essential to push the fibre transmission capacity and distance over previous estimated
limits [66]. The input power to a fibre is typically limited to a certain power level, beyond that
threshold, additional power irreparably creates non-linearities that distort the information travelling
through the fibre. The phase correlation between the multiple optical carriers, can be used to cancel
these non-linearities and substantially recover the transmitted information. Consequently, the study

demonstrated a record 12,000 km transmission [66].

Due to these beneficial characteristics, this thesis is focused on OFCS for next generation optical

transmission applications.

The advanced modulation techniques that have been discussed in this Chapter offer a large fibre ca-
pacity and throughput enhancement by dramatically improving the spectral efficiency. Depending
on the network topology and application, diverse requirements and specifications (such as transmis-

sion lengths, overall superchannel bandwidth, modulation formats and complexity) are stipulated.
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Additionally, at the time of writing, there are no defined standards for the implementation of these
emerging technologies. Therefore, a single compact OFCS with the potential to meet the stringent
requirements of various optical networking scenarios, from intra-datacentre to long-haul optical

transport, would be highly desirable.

Large number of carriers capable of allocating a superchannel, with good spectral flatness, stabil-
ity, frequency spacing and wavelength flexibility, low Relative Intensity Noise (RIN), high Optical
Carrier to Noise Ratio (OCNR), low phase noise and strong phase correlation between the carriers
are all advisable qualities for versatile OFCSs that successfully allow the deployment of advanced
modulation formats and superchannels. Furthermore, optical comb sources are expected to reduce
component count and power consumption at the optical transmitters, so in order to yield further
compactness and cost-efficiency, the photonic integration of these sources has lately become cru-

cial.

A number of OFCS have been proposed, such as Mode-locked lasers (MLLs), electro-optic modu-

lator based, parametric and gain-switched OFCSs that will be reviewed in Chapter 2.

1.6 Conclusions

From the first fibre optic link at Mb/s over several kilometres, optical communications have trans-
formed to a complex high-capacity network spanning the globe that has facilitated the evolution
of the Information Age. Modern society relies on inter-connected mobile devices and fast data
exchange for communication, entertainment, mobility, education, business operations and health.
Numerous emerging services and bandwidth-hungry applications are further contributing to the

incessant and relentless traffic growth.

As such, various capacity scaling and spectrally efficient methods have been proposed recently to
cope with bandwidth demands. High-order modulation formats, such as QPSK and QAM, improve
the spectral efficiency by multi-level encoding of the information in the optical carrier amplitude,
phase and polarization while maintaining the bandwidth. Simultaneously, the multicarrier modula-
tion techniques presented, Nyquist WDM and all optical OFDM, reduce the frequency spacing and
guard bands between adjacent optical channels, optimizing the bandwidth usage. In conjunction,
these techniques will enable spectrally efficient optical superchannels to reach data rates beyond
Tb/s. The implementation of these technologies require compact multi-carrier optical sources in the

transmitter with wavelength stability, good spectral and noise properties as well as cost efficiency.
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Optical frequency comb sources are key candidates that simultaneously generate multiple phase

correlated optical carriers with an outstanding stable and equidistant frequency separation.

This work is focused on a specific kind of optical frequency comb sources: externally injected gain
switched optical frequency comb sources (GS-OFCS). This thesis investigates novel experimental
configurations to enhance their potential for network deployment, with improved flexibility and
expanded bandwidth coverage. This work also studies the need for de-multiplexing of these comb
sources and, in order to yield further compactness and cost-efficiency, a detailed characterization of
two photonic integrated devices for GS-OFCS generation and de-multiplexing is reported. Finally,
the integrated GS-OFCS is implemented into two spectrally efficient transmission systems that

denote the quality and relevancy of these devices for future optical networks.
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Chapter 2

Generation of Optical Frequency Comb

Sources

Research into Optical Frequency Comb Sources (OFCSs) experienced a major breakthrough in
2005, when John L. Hall and Theodor W. Hinsch were jointly awarded the Nobel Prize in physics
for their pioneering work into optical frequency combs for spectroscopy applications. Since then,
OFCSs have proved to be versatile optical devices with significant promise for use in wide ranging
applications among numerous disciplines, such as millimetre wave and terahertz signal generation
[1], microwave photonics, spectroscopy [2] and, particularly, next generation spectrally efficient

optical transceivers [3], [4].

As introduced in the previous chapter, OFCSs are a key technology in the milestone to high spec-
trally efficient superchannels and Flexible Networks by ensuring constant and stable frequency
spacing between the carriers, which enables the reduction or elimination of guard bands in ad-
vanced multicarrier modulation techniques and supports fibre non-linearity compensation. Addi-
tionally, OFCSs may also offer free spectral range (FSR) flexibility that allows a single source to be

easily adapted to suit different modulation formats and symbol rates [4].

In this chapter, a general review on the key parameters that define the quality of an Optical Fre-
quency Comb Source (OFCS) is first presented. Then, several selected comb generation techniques
are described, and their basic characteristics are discussed. The comb generation technologies
analysed include mode-locking, Kerr-effect in microresonators, parametric processes, electro-optic
modulation and gain switching. The latter technique is explained in more detail as it is the OFCS

configuration utilized in the rest of this work.
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2.1 Optical Frequency Comb Source Properties

An optical frequency comb provides a number of precisely spaced and equidistant spectral carriers
generated by a single device or subsystem. These optical carriers, usually referred to as comb lines,
share a strong phase correlation. Therefore, an ideal optical frequency comb spectrum consists of
a periodic impulse train in the frequency domain which corresponds to a regular train of impulses
in the time domain (through a Fourier transform), where the fixed comb frequency spacing is the
inverse of the pulse repetition rate. However, real implementations of pulse trains are not ideal
impulse responses but ultrashort pulses with a certain pulse width and thus, the equivalent optical
frequency combs are not infinite, but limited in bandwidth, as shown in Figure 2.1 (c). The temporal
pulse width is inversely proportional to the comb optical bandwidth and thus, the narrower the pulse,

the wider the comb spectrum.

An OFCS should satisfy certain requirements and is generally expected to deliver diverse spectral
properties that determine the flexibility, modulation formats and baud rates that can be employed.
These parameters will have an impact on the quality and performance over the network and are

outlined as follows:

* Optical bandwidth. It is the total width of the optical spectrum obtained from the OFCS, also
known as frequency span. It can be measured as the number of comb tones for a specific frequency
spacing, or by the overall width in frequency (or wavelength) specified at 10 dB or 20 dB from the
peak comb tone. This parameter indicates the maximum number of comb tones that can be used,

and thus, it determines the transmission capabilities.

* Spectrum flatness. The optical power level may differ between comb tones. The spectrum flat-
ness refers to the amplitude deviation of this power distribution. Flat-top optical power distribution
among comb lines is desirable in communication applications to avoid equalisation and ensure sim-

ilar performance between channels.

* Frequency spacing. Also known as Free Spectral Range (FSR), refers to the frequency distance
between comb lines. Some approaches for comb generation present fixed FSR which may hinder
their applicability. A multipurpose OFCS for future high capacity and Flexible Networks would
advantageously present FSR tunability to adapt the frequency spacing for different baud rates, al-

lowing reconfigurability, and compatibility with existent networks.

* Central wavelength refers to the wavelength of the central comb tone in the OFCS spectrum.

Central wavelength tunability is beneficial in terms of network flexibility and desirable for dynamic
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spectrum allocation and efficient use of unused bandwidth slots.

* Relative Intensity Noise (RIN) is the intensity noise (optical power fluctuations), normalized to
the average power level. The optical output of a laser presents fluctuations in its intensity, phase and
frequency caused by spontaneous emission in the cavity. Each spontaneously emitted photon adds
to the coherent field (established by stimulated emission) a small component with random phase
that randomly perturbs both the amplitude and phase, resulting in intensity and phase noise [5]. The
relative intensity noise can be statistically described with a power spectral density which depends
on the noise frequency. This RIN power spectral density is typically represented in logarithm scale,

with units of dB/Hz.

* Phase Noise and Optical Linewidth. Phase noise is crucial for advanced modulation formats
that convey information in the carrier phase. As previously mentioned, spontaneous emission also
produces random phase fluctuations and thus, phase noise. These phase fluctuations are equivalent
to frequency variations. Consequently, the spectrum exhibits frequency fluctuations that produce
a broadening of the spectral tone. This spectral width is referred to as the optical linewidth. The
phase noise can also be statistically described as a power spectral density of the frequency fluctu-
ations, known as the Frequency Modulated (FM)-noise spectrum. In this work, the phase noise is

characterized by measuring both linewidth and FM-noise spectrum.

* Phase Correlation. It is a signature of how well the phase noise of the comb lines correlate to
each other. It is typically measured by detecting the optical comb with a high speed photodiode and
observing the linewidth of the obtained Radio frequency (RF) beat tone, which is generated at the
frequency that corresponds to the distance between the comb tones. The spectral linewidth of the
RF beat tone is composed by the combination of the phase noises of the detected comb tones. If
a strong phase correlation exists, these phase noises cancel each other out. Therefore, the spectral
linewidth of the RF beat tone reduces as the phase correlation between the tones improves, and

ideally a Dirac delta function would be observed.

* Optical Power per Comb Line. High power per comb tone eliminates the need for bulky and
costly optical amplifiers in transmitters, enabling longer reach without amplification and thus, cost

and power consumption reduction.

* Optical Carrier to Noise Ratio (OCNR) is the difference between the power and noise level of
a comb tone. In this work, it is measured in dB with a high resolution Optical Spectrum Analyser

(OSA). The OCNR is a limiting parameter in advanced intensity modulated systems and can be
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degraded along system transmission through inclusion of attenuation, losses and optical amplifiers

that increase the system noise level.

* Stability, compactness and manufacturing costs and reproducibility. These are obvious
drivers for commercial deployment. OFCS are required to present long term stability in wave-

length, frequency spacing and optical power.

In summary, a large number of carriers with good spectral flatness, FSR and wavelength flexibility,
low RIN, high OCNR, narrow optical linewidth, and strong phase correlation are all desirable qual-
ities of a versatile OFCS. Furthermore, optical comb sources are expected to exhibit good stability

and reduce component count at the optical transmitters.

2.2 Mode-locked lasers

Mode-locking is a technique, proposed in 1964 [6], that introduces phase correlation between the
longitudinal modes in a semiconductor laser cavity [7]. In a conventional semiconductor laser,
where no fixed phase relationship exists, each longitudinal mode oscillates independently and
phases may vary randomly, as illustrated in Figure 2.1 (a). These longitudinal modes interfere
in the cavity and tend to average to a near-constant intensity power, similar to a combined set of
independent lasers emitting at different frequencies. When a fixed phase relationship is induced
amongst the optical longitudinal modes, they will constructively and periodically interfere, result-
ing in the emission of a train of ultrashort pulses, as represented in Figure 2.1 (b). The laser is then
said to be phase-locked or mode-locked. Therefore, the optical spectrum of Mode-locked lasers
(MLLs) consists of an optical frequency comb with comb tones equally spaced by the frequency

spacing between the longitudinal modes, which is determined by the laser cavity length.

Mode-locking can be achieved using lasers with different structures [8] and mode-locking meth-
ods can be classified into active, passive and hybrid mode-locking [9], [10]. Active mode-locking
may involve using a modulator placed in the laser cavity and driven by an external signal to induce
modulation of the optical longitudinal modes in the cavity. The modulating signal frequency must
match the frequency spacing between modes (fixed by the laser cavity length) or a multiple of it to
achieve stable operation [7]. Due to this modulation, each longitudinal mode will present sidebands
that will coincide with adjacent longitudinal modes. These generated sidebands seed the neighbour-
ing modes and act as optical injection locking signals which leads to mutual synchronisation and

phase correlation [11], [12]. Passive mode-locking does not require an external modulating signal.
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Figure 2.1: Illustration of MLL principle of operation. (a) Oscillating modes without phase corre-
lation (b) Oscillating modes that are mode-locked (i.e. there is a fixed phase correlation) (c) Optical
spectrum of a MLL.

It relies on non-linear optical effects in the device by employing unbiased saturable absorbers in the
cavity [7] or specific quantum structure designs of the active region that increase non-linear cou-
pling and beatings between longitudinal modes to provoke phase correlation [13], [14]. Saturable
absorbers are optical intensity dependent components, whose absorption profile decreases with in-
creasing incident light until a certain value, where it saturates and becomes completely transparent,
transmitting the high intensity incident light. When placed in a laser cavity, a saturable absorber will
selectively pass light with sufficient energy to saturate the absorber, which then reduces the losses
(absorption) for a small period of time, allowing a pulse peak to travel through. As the light in
the cavity oscillates, this process repeats, leading to the selective amplification of the high-intensity
spikes, and the absorption of the low-intensity light. After many round trips, this leads to a train of
short pulses and mode-locking of the laser. Hybrid-mode locking occurs when active and passive

mode-locking are present simultaneously in the same laser.
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MLL OFCS characteristics

A typical MLL spectrum is presented in Figure 2.1 (c). As observed, MLLs can generate broadband
comb generation spanning over tens of nanometres with good spectral flatness from a single device.
Their compactness and low power consumption resulting from monolithic integration is outstand-
ing. However, the primary handicaps of MLLs for network deployment are the fixed frequency

spacing, their noise properties and stability.

The frequency spacing is inherently determined by the cleaved cavity length and, thereby, the FSR
cannot be flexibly tuned to adjust to different network systems, baud rates or traffic conditions,
hindering its versatility and use in Flexible Networks. Furthermore, the individual comb tones
have typically relatively large optical linewidth (~ 10 MHz) [15] which is prohibitive for advanced
modulation formats that encode information in the carrier phase. Low linewidth MLLs and coher-
ent system transmissions have been demonstrated by employing complicated phase noise reduction
techniques based on external optical injection [16], [17], in contrast, the advantageous MLL broad-
band spectrum notably reduces. Additionally, the individual comb tones present an acceptable
averaged RIN (below -120 dB/Hz) [18], [19] but exhibit increased RIN at low frequencies of the
RIN power spectral density, which is detrimental for direct detected systems [20]. This elevated
RIN is caused by mode partition noise in the laser, which is related to fluctuations of the power
distribution amongst the modes that constitute the overall MLL spectrum competing for a common
injected-carrier population [21]. Finally, from a practical perspective, MLLs may have control diffi-
culties in starting and maintaining mode locking which directly affects the stability of the resultant

OFCS [22].

2.3 Microresonator based Kerr OFCS

Kerr OFCS in compact integrated microresonators have recently gained attention due to the possi-
bility of generating ultra-broadband coherent combs while conserving a low linewidth [23]- [25].
The underlying generation process is the non-linear Kerr effect in the microresonator [26] that takes
place when a high-power optical signal (known as pump) is launched, as illustrated in Figure 2.2
(a). The optical Kerr effect consists of a variation in the refractive index of the resonator mate-
rial proportional to the confined pump intensity [27] and enables the formation of new frequency
components. As a result, the pump signal can generate two side-modes through Four-Wave Mixing

(FWM), a non-linear process which is a consequence of the Kerr effect [27], [28] where two pump
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photons are converted into a pair of photons that are up- and downshifted in frequency [23]. When
optimal conditions are met (i.e. the optimization of pump polarization, pump power and wavelength
into resonance), these newly generated modes coincide with the microresonator cavity modes and
this non-linear process gets enhanced, leading to efficient cascaded FWM where the initially gener-
ated side modes interact with the original pump light and among themselves, producing new optical

comb tones as depicted in Figure 2.2 (b).
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Figure 2.2: (a) Experimental set up for Microresonator based Kerr comb generation, (b) Rep-
resentation of cascaded FWM processes in microresonator. Deg: degenerated FWM, Non-deg:
Non-degenerated FWM. (c) Optical spectrum of a Microresonator based Kerr comb. Adapted
from: [23], [25], [28]

Microresonator based Kerr OFCS characteristics

The optical spectrum of a microresonator based Kerr OFCS, illustrated in Figure 2.2 (c), expands
over hundreds of nanometres, covering multiple telecommunication bands (such as the C and L)
[29]. Kerr combs exhibit good OCNR, phase correlation [30] and low phase noise that matches
the pump laser phase noise [31] which have enabled experimental coherent transmissions of up to

1.44 Tb/s [23]. Nevertheless, the obtained comb spectrum and phase noise depend precisely on
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the pump power, polarization and wavelength detuning with respect to the cavity resonance, which
have to be carefully and finely adjusted [24] to obtain maximum frequency conversion efficiency
and optimum phase correlation. Moreover, stable long-term operation requires feedback control
loops that locks the wavelength of the pump laser and maintain the microresonator power coupling

efficiency stabilized [23].

Although microresonator based Kerr combs are very compact integrated devices, the strong op-
tical pump power (>30 dBm [23]- [25], [29]) hamper the co-integration of the pump laser and
microresonator on a single chip. Therefore, due to the intricate tuning process, difficulties for sta-
ble operation and integration, and fixed FSR determined by the resonator cavity, Kerr combs are

currently far from commercial network deployment.

2.4 Parametric OFCS

A versatile OFCS intended for optical networks requires FSR and central wavelength adjustment,
especially in future Flexible Networks, features not presented in MLLs and Kerr combs where the

FSR is fixed by the cavity length.

Parametric OFCS generation is obtained from efficient cascaded FWM processes, also known as
parametric mixing, in Highly Non-Linear Fibre (HNLF). In the simplest configuration, two free-
running Continuous Wave (CW) pumps are used to seed a multi-stage parametric mixer formed by
spans of HNLF and Standard Single Mode Fibre (SSMF) [32]. This cavity-less OFCS technique of-
fers intrinsic FSR flexibility defined by the frequency spacing between the pump lasers. Numerous
research studies have proposed various configurations for parametric OFCS generation [33]- [37]
with focus on broad bandwidth [33], reduced pumping power [34], enhanced flatness [35], flexibil-
ity [36], and phase noise and correlation [32], [37]. The technique considered as the most suitable
and that accomplishes the majority of desired requirements for optical networks is presented in

Figure 2.3 (a).

A low linewidth CW master laser is phase modulated to obtain phase-correlated sidebands. Two
slave lasers, that will act as the two CW comb seeds, are then each locked to a master sideband in-
heriting the master laser phase and thus, guaranteeing a high degree of phase correlation. In contrast
to using free-running pumps, this approach with phase-correlated seeds ensures that the linewidth
will be preserved and avoids linewidth broadening through phase-matched FWM processes [32].

In addition, locking of these slave lasers also provides improved OCNR, higher output power and
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reduced RIN [32], [38] dictated by the slave lasers. Subsequently, the slave signals are further am-
plified, coupled and launched into the parametric mixer, consisting of multiple stages, with three

HNLF and two SSMF. The obtained optical comb spectrum is shown in Figure 2.3 (b).
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Figure 2.3: (a) Experimental set up for parametric comb generation. PM: phase modulator, A1, A2:
amplifiers. (b) Optical spectrum of a parametric comb. After: [37]

Parametric OFCS characteristics

Parametric OFCS are capable of spanning hundreds of nanometres while offering tuneable FSR,
overcoming the main limitation of MLLs and Kerr combs. Furthermore, the comb tones also present
high power per line, good OCNR (> 40 dB), low RIN and low phase noise transferred from the
seeding laser. Due to these advantages, a commercial bench-top parametric OFCS has been recently

developed by the company RAM Photonics.

However, this technology is costly and presents some associated implementation challenges, such
as high component count, complexity, precise dispersion engineered fibres, and the inability for full
chip scale integration which may prevent their adoption in communication systems, particularly in

the future datacentre sector.
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2.5 Electro-optic Modulator based OFCS

Electro-optic modulator based OFCS configurations comprise a laser in CW operation passed
through one or multiple electro-optic modulators non-linearly driven by large amplitude sinusoidal
RF signals. This large signal modulation (multiples of V), which requires the use of high-power
RF amplifiers, introduces higher-order modulation harmonics of the driving RF signal around the
optical frequency defined by the input laser. Hence, the resultant OFCS properties are dictated by
the tunability and noise characteristics of the laser used, RF sinusoidal signal, modulators, and RF

amplifiers.

However, electro-optic modulator based comb generation does not typically present broad band-
width and good flatness, as the generated harmonics present irregular amplitude distribution con-
forming to Bessel functions. This can be explained and demonstrated considering the case of a
single phase modulator driven by a large sinusoidal signal where the output signal can be expressed

as: Eo(t) = A(t) - eJ (wot+¢(t)+p sin Q1) 2.1

where A(t) - e/ (wot+6(1)) is the electric field of the input laser with A, wg and ¢ being the amplitude,
angular frequency and phase, respectively. 5 and € are the amplitude and angular frequency of the

large phase modulating sinusoidal signal.
Using the following Jacobi-Anger expansion [39]:

e*5ml = N (2)el™ (2.2)

where .J,, is the nyj, order first kind Bessel function:

Eo(t) = Y A(t)Jn(B)el worrnai+elt)) (2.3)

As observed, the output signal demonstrates that multiple harmonics (comb tones) appear centred

around the optical carrier with amplitudes dictated by Bessel functions.

Numerous electro-optic modulators configurations have been reported in the literature for comb

flattening and expansion [40]- [45], as shown in Figure 2.4.

Better OFCS spectral flatness can be obtained by employing a single phase modulator driven with
combined RF signals with different amplitudes and frequencies [40], as shown in Figure 2.4 (a) or
by cascading several phase modulators, as in Figure 2.4 (b) [39], [41]. Dual drive MZM allows the
optical non-flat spectra obtained from each phase modulator in the interferometric arms to become

complementary by adjustment of amplitudes, frequencies and phases of the modulating signal ap-
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Figure 2.4: Electro-optic modulator based comb generation configurations and spectra: (a) Using
a single phase modulator with combined RF signals [40], (b) cascaded phase modulators [39], (c)
dual-drive Mach-Zehnder Modulator (MZM) [43] and (d) combination of cascaded intensity and
phase modulators [45]. PM: phase modulator, Amp: RF amplifier, PS:phase shifter, IM: intensity
modulator, Att: attenuator. Adapted from: [46]

plied, resulting in a combined flat optical comb spectrum illustrated in Figure 2.4 (c) [42], [43].
Cascading several MZMs presents similar performance to the case of phase modulators in tandem.
Among all the different proposed configurations, a combination of intensity modulators and phase
modulators probably is the most balanced configuration in terms of complexity, flatness, and tuning

flexibility [44], [45] as illustrated in Figure 2.4 (d).

Electro-optic Modulator based OFCS characteristics

These OFCSs, although significantly bandwidth limited compared to previous presented techniques,
are particularly flexible, present good noise properties and proved potential for integration which
are all key features for network deployment. The central wavelength tunability, and RIN and phase
noise of the resultant comb are determined exclusively by the external seeding CW laser. The FSR
is also adjustable via the modulation frequency, and only limited by the maximum bandwidth of

modulators and RF amplifiers used.

Nevertheless, a number of cascaded modulators are required to obtain a spectrally broad and flat
comb, which translates into increased overall power consumption, elevated insertion losses that

degrade the comb tones OCNR and poor stability. Feedback control loops can be created to com-
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pensate for stability issues, such as bias drifts [47], but the extra complexity and power consumption
may hinder their implementation in real systems. Recent research efforts on the photonic integra-
tion of electro-optic modulators have proved that Indium Phosphide (InP) [48] and Silicon-Organic
Hybrid (SOH) based modulators can be used for comb generation [49]. A single SOH modulator
driven with two large RF signals (23 dBm and 28 dBm) has shown 7 comb lines in a 3 dB spectral
flatness with 40 GHz frequency spacing [50]. The large 21 dB insertion loss of the device is a major
practical impediment, resulting in limited OCNR and low output powers between -27 dBm and -17

dBm per comb line.

2.6 Gain Switched OFCS

Gain switching is a technique that produces optical pulses, and consequently optical frequency
combs, by directly modulating a semiconductor laser with a large amplitude RF signal [51]- [53].
This technique emerged in 1980 with the observation of the relaxation oscillation phenomenon [54],
which is a dynamic process occurring in a semiconductor laser when biased abruptly. As a result,
carrier and photon densities present a transient response with damped oscillations before reaching a
steady state with continuous emission of light, as depicted in Figure 2.5 (a). Gain switching consists
of forcing the laser to work in this non-linear regime continuously, switching it quickly from below
to above threshold. The large RF signal is deliberately truncated before the second oscillation spike
of the photon density appears, and only enabling the first spike of the relaxation oscillation to be
excited. By repeating this process periodically, an optical pulse train is generated at the rate of
the RF signal, as illustrated in Figure 2.5 (b). As observed, the injection current initially builds
up the carrier density. The photon density does not start to grow until the carrier density reaches
its threshold value, where lasing occurs. Then, the photon population rapidly increases through
recombination, and thus, the carrier density starts to deplete which consequently reduces the photon
density and leads to an optical pulse emission. The delay before the photon density builds up is
known as turn-on delay, (t;), which favourably impacts pulse generation, as the obtained optical

pulse is considerably shorter than the half-period of the RF electrical signal applied.

Gain switching initially stirred a substantial attention for pulse generation. Due to the extensive
increase of Internet data traffic and the relevance of multicarrier transmitters for better spectral ef-
ficiency, gain switching has been recently proposed as a comb generation scheme with first notable

demonstrations reported in 2009 [55], [56]. Figure 2.6 (a) illustrates the experimental set up for
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Figure 2.5: (a) Illustration of relaxation oscillation phenomenon in semiconductor lasers, (b) Gain
switching principle of operation. ¢4 is the turn-on delay, w, is the relaxation oscillation frequency.

Gain Switched Optical Frequency Comb Source (GS-OFCS) generation where a single mode semi-
conductor laser is driven by an amplified RF sinewave in conjunction with a dc bias current. The
obtained OFCS is observed in Figure 2.6 (b) and presents eight comb tones in a 3 dB spectral ripple

flatness where the FSR is determined by the frequency of the RF sinewave.
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Figure 2.6: (a) Experimental set up for gain switched comb generation, (b) Optical spectrum of a
gain-switched OFCS. SM: single mode. After: [61]

2.6.1 Principle of operation

Gain switching is the chosen technology for comb generation in this thesis. This section presents a
basic theoretical analysis of the transient response of semiconductor lasers which serves as a basis

for understanding the principle of operation of gain switching.

The dynamic behaviour of a semiconductor laser is given by a set of non-linear rate equations,
which define the relationship between carrier and photon densities inside a laser cavity. The basic

rate equations for a single mode laser can be written as [57]:
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where NN is the carrier density, I(¢) is the time dependent injected bias current which consists of
I(t) = Ipjqs + Irp sin(27 frpt) to account for the gain switching signal, e is the electron charge,
V is the volume of the laser active region, 7., denotes the carrier lifetime, g is the gain constant, Ny
is the carrier density at transparency, S is the photon density, 7, is the photon lifetime and /3 is the

spontaneous emission coupling factor.
The physical meaning of these rate equations are intuitively explained:

» Equation 2.4 describes the carrier density evolution with time. The first term refers to the
contribution of carriers by the injected bias current applied to the laser, the second term
defines the losses in the carrier density (as it is a negative term) due to spontaneous emission

and the last term denotes the decay of carriers by recombination due to stimulated emission.

* Equation 2.5 describes the photon density evolution with time. The first term corresponds
to the number of photons created by stimulated emission depending directly on the carrier
density that induce them and the decay of photons from losses in the cavity. The last term

refers to the spontaneously emitted photons that are coupled to the laser output.

The dynamics involved during the turn-on of a semiconductor laser diode are now considered, where

a step current [ (¢) is applied and, consequently, the carrier and photon densities can be considered to
be disturbed around their steady state value [5], [58], which is mathematically described as:

N =N +6N (2.6)

S=8+4S (2.7)

where N and S are the steady state values, and SN and 65 are the transient perturbations around the
steady states for the carrier and photon densities, respectively. A detailed mathematical derivation

of these equations is presented in Appendix B.

Substituting these expressions in the rate equations 2.4 and 2.5, neglecting second order terms (ie.

0N §S) and assuming that the spontaneous emission is negligible:

a(giV) = —6N(gS + Ti) — i—s (2.8)
e j2
9(0.5) _ -
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The transient response of the photon density can be obtained by differentiating 2.9 with respect to

time, and substituting (3 : ) with the expression in 2.8 and I N with 6N = ( 5) 1 75 —= from 2.9.

0%6S  96S - 1 oS
i T W5 )+ 95 =0 210

Equation 2.10 corresponds to a second order homogeneous differential equation that resembles the

equation of the transient response of a second order system:

82(5S) 8(5S)
ot ot

+ 28w, + w265 =0 (2.11)

where w, is the undamped natural frequency, or relaxation oscillation frequency, and £ is the damp-
ing ratio. An analogous expression can be obtained for the carrier density. The solution for the

differential equation 2.11 can be expressed as [59]:

6S(t) = Ce ¥t sin([w, /1 — £2]t) (2.12)
where C is a constant that can be chosen to satisfy the initial conditions. Therefore, the photon

density exhibits oscillations during the laser turn-on that decay accordingly until the steady state is

achieved, as it was represented in Figure 2.5.

Comparing equations 2.11 and 2.12, the relaxation oscillation frequency can be expressed as 2.13.
Additionally, the relaxation oscillation directly depends on the steady state of the photon density S
which is proportional to the bias current applied to the laser Ip;,s [S]. As such, higher relaxation
oscillation frequencies and thereby, higher range of FSR can be obtained by maximizing the relative
bias current to the threshold current I;; and by decreasing the photon lifetime which is viable by

using short cavity length laser diodes [5], [60].

w, = / /9 Ibzas - Ith (213)

GS-OFCS characteristics

Compared to previous comb schemes discussed in this chapter, the most significant advantages of
GS-OFCS are the outstanding simplicity, cost efficiency, and stability while keeping FSR tunability
[61]. The obtained number of comb tones from a GS-OFCS is comparable to cascaded electro-
optic modulator based combs while the possible power per comb tone is still high (>0 dBm) as
the gain switched laser power gets distributed between the comb tones without requiring additional
lossy components. The frequency spacing is set by the RF signal frequency and therefore, precise

and flexible FSR is easily achieved, but limited by the modulation frequency response of the gain
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switched laser which dictates the maximum FSR range. The central wavelength of the comb is
defined by the fixed laser emission wavelength, although restricted wavelength tunability (~ 2 nm)

can be obtained through temperature or bias current tuning.

However, the major shortcomings with this proposed direct modulation technique are the large pulse
temporal jitter and large phase noise of the comb lines, in excess of that of the CW laser [62], as
a result of bringing the laser below threshold on every cycle of the gain switching process. These
flaws limit its employability in systems employing advanced modulation formats but have been
solved by employing optical external injection, which further improves the feasibility and quality
of this comb generation technique by decreasing noise properties and enhancing flexibility with

substantial potential for integrability and network deployment.

2.6.2 Optical external injection

Optical external injection [63]- [65] consists in coupling light from an optically isolated external
laser source, usually named as master laser, into the cavity of a laser known as slave to improve its
performance, typically in terms of modulation response enhancement [66]- [69], mode selectivity
[70], and noise and frequency chirp reduction [71]- [73]. Thus, optical external injection disturbs the
operating characteristics of the slave by introducing the master oscillating field into its cavity where
these two fields may couple, producing a variety of interactions from non-linear processes that
include beatings and FWM to an injection locking state. Under injection locking, the master lasing
mode dominates and forces the slave to oscillate at the master laser frequency and phase, inheriting

its noise properties. It is then said that the slave is injection locked to the master laser.

These non-linear interactions are determined by the used optical detuning Aw, defined as the fre-
quency difference between master and slave lasing fields, and by the injected power ratio R which
is the ratio of master (injected) and CW slave lasing powers. As such, if a low injected power or an
excessive detuning is used, both lasers may interact and various parametric processes may appear,
resulting in an un-locking state. Under a certain range of detuning and injected power ratio, known
as the injection locking range, the stable injection locking state is achieved where a synchronization
of both lasers is reached and master noise properties are transferred to the slave laser, which is of

interest in this work.

Externally injected GS-OFCS can be mathematically described by the following modified rate equa-

tions that include the injection terms and where I(t) = Ip;s + IrF sin(2w frrt) to account for the
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gain switching signal [64], [65], [74].

ON I(t N
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where the new terms are: k. is the injection coupling coefficient, S;;; denotes the injected photon
density, « is the linewidth enhancement factor, the detuning Aw is the frequency difference between
the CW master and CW slave lasers, and ¢ and ¢;,,; are the phase of the slave and master injected
optical fields, respectively. Clearly, by simply setting the injection terms to zero the equations revert

back to 2.4 and 2.5.

Optical external injection is an extensive area of study with complex non-linear processes, widely
investigated theoretically and experimentally over the last three decades [63]- [73]. A detailed
analysis of this phenomenon is out of scope of this research. In this work, optical external injection
is solely used empirically to enhance gain switched comb generation parameters, as illustrated in
the experimental set up in Figure 2.7 (a) where a master tunable laser with low RIN and linewidth
is externally injected into a gain switched slave laser, specifically a short cavity multimode Fabry-
Pérot (FP) laser diode. Then, the comb tones inherit the low noise properties from the master

laser.

In gain switching without optical injection, each pulse builds up from random spontaneous emission
[62] and thereby, there is an arbitrary delay between pulses which is observed as a large amount
of temporal jitter. In addition, due to the laser being driven below threshold on each cycle, and the
pulses building up from spontaneous emission, the optical comb lines generated have excess phase
noise. However, during optical external injection, a continuous rate of photons much larger than the
spontaneously emitted photons are injected into the slave cavity and then, each pulse builds up from
the injected photons through stimulated emission. Therefore, the successive pulses have a constant

delay and are phase-locked to the master laser, ensuring pulse-to-pulse coherence [62].

If the FP slave laser is externally injected at an appropriate wavelength that matches one of the
longitudinal modes, the mode subjected to the injection dominates over the others longitudinal
modes which get suppressed [70]. Therefore, the FP laser is in a single mode operation at the same

frequency of the injected signal. Simultaneous gain switching results in comb generation around
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Figure 2.7: (a) Experimental set up for externally injected GS-OFCS with wavelength tunability,
by using a FP laser a slave. (b) and (c) Optical spectra of externally injected GS-OFCS at central
wavelengths of 1532.5 nm and 1558 nm. After: [75]

the injection locked single longitudinal mode. As a result, central wavelength tunability can be
obtained by tuning the injection into different FP longitudinal modes [75], as illustrated in Figures
2.7 (b) and (c). Nevertheless, this achievable wavelength tunability would be discrete and localized

at those wavelengths were the FP laser exhibits a longitudinal mode limiting the flexibility.

Finally, optical injection has been proven to provide an enhancement of the relaxation oscillation
frequency [66]- [69] by up to three times. As previously presented, the relaxation oscillation fre-
quency originates from the laser dynamic intrinsic interplay between carrier and photon densities.
Strong optical injection can push the relaxation oscillation frequency towards high values way be-
yond the intrinsic capability of the slave laser. Therefore, externally injected gain switched combs
exhibit highly increased FSR tunability range, demonstrated up to 33 GHz [76], overcoming the

slave modulation response limitation.

2.6.3 Externally injected GS-OFCS characteristics

Externally injected GS-OFCSs offer flexible FSR (up to 33 GHz [76]) determined by the frequency
of the sinusoidal modulation, discrete central wavelength tunability [75], and low RIN and phase
noise transferred from the external injection [77]. The comb tones present excellent phase correla-
tion and high OCNR >35 dB with an optical power per comb tone >0 dBm. This simple technique
requires low component count and no sophisticated devices or fabrication process. It relies on the
direct modulation and external injection of any commercially available laser diode, employing ma-
ture and well-established technologies. Furthermore, this master-slave configuration lends itself
to monolithic integration which would further reduce the device footprint and increase the comb

source cost-efficiency. As such, externally injected GS-OFCSs significantly meet the majority of
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appealing requirements for future multicarrier sources, and could be deployed throughout the net-

work in high capacity and also in flexible communication systems due to their versatility.

However, remaining constraints of this comb generation technique are: localized wavelength tun-
ability, non-reconfigurability and performance inconsistency due to required manual optimizations
that ensure injection locking and synchronization between the two lasers involved, and substantially
reduced number of comb tones (optical bandwidth). All these issues are the focus of this thesis, in
conjunction with an investigation of the de-multiplexing of the comb lines for modulation, resultant
features and noise properties after photonic integration and performance in transmission system
implementations. These objectives will be experimentally addressed in the following chapters to
further enhance the usefulness and potential of these comb sources for imminent network deploy-

ment.

2.7 Conclusions

This chapter has reviewed several comb generation techniques and identified their main features for

their use in high capacity, spectrally efficient and flexible optical networks.

Each technique offers its own desirable qualities and constraints. MLLs, microresonator based
Kerr combs and parametric combs successfully generate large optical bandwidths, composed of
hundreds of comb tones. However, MLLs typically suffer from fixed FSR, and large phase noise
and RIN at low frequencies. Kerr combs that also present fixed FSR, and parametric combs over-
come these significant noise limitations, but on the contrary, they exhibit current implementation
challenges such as complexity, elevated pumping powers, difficulties for stable operation and in-
ability of full chip integration. Electro-optic based combs and externally injected gain-switched
combs, although unable to generate comparable number of carriers, provide remarkable flexibility,
noise properties and potential for photonic integration, with the latter technique showing superior
simplicity and stability. This makes comb generation based on gain switching an attractive and

competitive technology for communication systems.
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Chapter 3

Software Reconfigurable Gain Switched

Optical Frequency Comb Source

Further to the discussions in the previous chapter, where several types of optical comb generation
techniques have been presented and analysed, externally injected gain switched optical frequency

combs have been selected as the focus of this thesis.

Depending on the network topology and application, diverse requirements and specifications (such
as transmission lengths, modulation formats and complexity) are stipulated. Furthermore, flexible
optical networks are attracting significant attention due to their potential to dynamically reconfigure
transmission parameters (as baud rate, modulation format and bandwidth occupancy) according to
traffic conditions and network resources, providing optimized spectral efficiency and transmission
performance. These network applications pose stringent requirements on a prospective versatile
multicarrier transmitter, in terms of flexibility, automation, and intensity and phase noise. As such,
a Gain Switched Optical Frequency Comb Source (GS-OFCS) would substantially benefit from
extended flexibility and reconfigurability, while ensuring low intensity and phase noise that allow

the employment of numerous advanced modulation formats.

Hence, this chapter presents experimental work entailing the design, generation and detailed char-
acterisation of a stand-alone software reconfigurable GS-OFCS. This can be viewed as one of the
novel contributions of this thesis. The developed GS-OFCS, based on the external injection of
a temperature tuned Fabry-Pérot (FP) laser diode, enables automatic setting of the parameters to
obtain an optimum comb (in terms of flatness and noise properties) targeting various flexible net-

work applications. The source is demonstrated to avail from wide Free Spectral Range (FSR) and

65



continuous wavelength tunability across the telecommunications C-band, with consistent and ex-
cellent spectral quality, low noise properties and long term stability, highlighting its suitability for

employment in next generation flexible optical transmission networks.

3.1 Introduction

Flexible optical networks, also referred to as elastic networks [1], are gaining a lot of attention
thanks to their potential to provide enhanced spectral efficiency and improved flexibility to meet the
incessant exponential growth of global data traffic [2]. Flexible networks enable an efficient usage
of the available spectrum by dynamically allocating the bandwidth (elastic spectrum allocation) [3],
[4] according to the traffic demands. Moreover, an optimized spectral efficiency and performance
is offered by adjusting transmission parameters such as sub-channel bandwidths, information rates
and modulation formats depending on the unoccupied bandwidth, required capacity and optical

reach.

These networks require the spectral grid to evolve towards finer granularities or operate on a grid-
less architecture [5], [6] that allows the combination of an arbitrary number of small frequency
slots to create bandwidth-fitted superchannels. This maximizes the use of the available spectrum
and enables the transmission of high bit rate superchannels (400 Gb/s, 1 Tb/s, etc.) [7], [8] with-
out increasing the order of the modulation format, which would impact the maximum transmission
distance [1]. Thus, new standards such as the Flexible grid defined by the International Telecommu-
nication Union (ITU) in the G.694.1 recommendation [9] are emerging to support their deployment.
This Flexible grid defines channels with a granularity of 12.5 GHz, combined with the ability to de-
fine an aggregate superchannel spectral width of V-12.5 GHz.

To support the aforementioned developments, flexible networks require innovative components such
as spectrum selective switches (SSSs) and flexible transponders for switching, transmission and
reception [10]. A key component in the transponders of these flexible optical systems may be an
Optical Frequency Comb Source (OFCS) [11], [12], which enables the reduction or elimination
of guard bands by ensuring constant frequency spacing between the carriers. Particularly, flexible
networks would certainly benefit from an OFCS that offers reconfigurable and continuous FSR
and wavelength tunability. These capabilities allow a single source to be easily adapted to suit
the chosen symbol rate and to allocate a superchannel simultaneously to a specific wavelength

band.
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Externally injected GS-OFCS have been demonstrated to offer beneficial properties such as limited
wavelength tunability [13], effective transference of the narrow linewidth of the master laser to the
slave comb lines and improvement in the number of comb tones, making such comb sources par-
ticularly attractive for coherent superchannel applications [14]. However, these OFCSs lack recon-
figurability and are far from network deployment as they require an accurate manual re-adjustment
and optimization of the injection parameters (injected power and wavelength detuning) to success-
fully generate a flat comb with low noise when varying the FSR or operating wavelength [13], [15].
Moreover, the wavelength tunability demonstrated in [13] is discrete and localized at those wave-
lengths where the slave laser exhibits a longitudinal mode. Hence, these factors are potentially
limiting the flexibility of the transmitter and its reconfiguration, thus, making it less attractive in the

emerging flexible grid networks.

3.2 Reconfigurable Gain Switched Optical Frequency Comb Source

Architecture

The reconfigurable GS-OFCS developed in this work is presented and schematically illustrated in
Figure 3.1. The source comprises a commercially available FP laser which is encased in an optically
un-isolated and temperature controlled high-speed butterfly package, with an internal bias tee and
a Radio frequency (RF) connector to enable direct modulation. The package contains a thermistor
with a nominal value of 10 k€2 around room temperature that senses the actual temperature of the
laser and a Thermoelectric Cooler (TEC) that controls and stabilizes the temperature. The FP laser
emits in the 1.55 um window, and exhibited a threshold current (1) of 8 mA at room temperature
and a small signal 3-dB modulation bandwidth of 11 GHz when biased at 45 mA (=51;,), as
depicted in Figure 3.2.

A semiconductor based Tunable Laser (TL), acting as a master, externally injects light into the
cavity of the FP laser via a polarization-maintaining circulator. Polarization-maintaining fibres are
used throughout the source, avoiding the use of polarization controllers to align the polarization
state of the injected light with the optical waveguide of the FP laser. This alignment is subjected
to environmental variations such as temperature, mechanical vibrations, pressure, etc. which could

cause instabilities and hinder an automated control of reconfigurable features.

The TL presents a low linewidth of 300 kHz, Relative Intensity Noise (RIN) of -130 dB/Hz and

wavelength tunability of 30 nm with a minimum resolution of 1 pm. The wavelength and power

67



USB port

e ——

Electrical ‘ Optical
input i output

"""""" Electrical Path
ol ectical Pa

S5 OSA — Optical Path
0

Figure 3.1: (a) Prototype and (b) Layout of the Reconfigurable Gain Switched Optical Frequency
Comb

0

[Eny
N
w

— <10 —_
c 204 ; g o
QA 4! E S -3
) T 5
o 601 UL g 4 (1;)_15
2 0] o 2 5
g Oy 25
10530 1520 1850 1560 0 20 40 60 0 4 8 12 16 20
Wavelength (nm) Bias Current (mA) Frequency (GHz)
(a) (b) (©)

Figure 3.2: Slave FP laser basic characterisation: (a) Spectrum at 45 mA bias, (b) P-I curve, (c)
Modulation Response at bias current of 45 mA

of the TL, which determine the detuning and injected power ratio respectively, are carefully chosen
to ensure injection locking on a particular longitudinal mode of the FP laser. Then, the mode
subjected to the injection dominates over the other longitudinal modes which get suppressed [17],
and single mode operation at the selected wavelength is achieved. Consequently, gain switching of
the externally injected FP laser results in an optical frequency comb generated around the injection
locked single longitudinal mode. Gain switching is obtained by direct modulation with an amplified

sinusoidal RF signal (~24 dBm) from an external synthesizer, in conjunction with a fixed dc bias

of 45 mA.

Precise injection locking into the different longitudinal modes of the FP laser, by modifying the
wavelength of the TL appropriately, results in a GS-OFCS with central wavelength tunability over
20 individual operating points within the C-band (ranging from 1535nm-1565nm) [13]. However,

this tunability is strictly limited by the wavelengths where the FP laser exhibits a longitudinal mode.
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In order to achieve greater flexibility with continuous tunability and not only localized to a set of
discrete wavelengths, the FP laser temperature could be also varied accordingly using the internal

TEC in the butterfly module, to induce a wavelength shift in the longitudinal modes.

Accurate and fine tuning of the wavelength is required for network deployment and could prove
complex, especially when synchronization between several parameters must be ensured, i.e. the
temperature tuning and injection locking. This injection locking range is determined by the in-
jected power ratio and wavelength detuning, as explained in Chapter 2. Furthermore, there are
some trade-offs between the injection parameters and the number of comb tones, flatness and noise
properties of the generated comb. Therefore, we automate this process with the aid of a micro-
controller (uc) and a software program to control the parameters of the reconfigurable GS-OFCS
without requiring manual calibration or optimization. The parameter setting algorithm calculates,
according to the linear dependence of the wavelength with the temperature of AN/AT(s¢) of 0.1
nm/°C (characterized from 0°C to 85°C) [18] and the Steinhart-Hart equations [19], the proper ther-
mal tuning of the FP laser needed to obtain a longitudinal mode at the required wavelength. The
temperature and current controller used provides two suitable analog inputs that can modify the set
temperature and bias current of the laser by adding a dc component. Hence, the microcontroller
controls a 12 bit Digital-to-Analog-Converter (DAC) that varies the FP set temperature by applying
a determined analog voltage to the controller. Simultaneously, the software program communicates
with the TL, through a USB port, to set a certain detuning and injected power that accomplishes the
optimum injection locking on that specific longitudinal mode. Finally, in this experimental set up
the software program also controls a synthesizer to set the GS-OFCS FSR. Obviously, an internal
synthesizer could be also aggregated to the source. The resultant comb is then observed with a high

resolution (0.16 pm) Optical Spectrum Analyser (OSA).

3.3 Experimental Characterisation

In this section, the aspects of GS-OFCS reconfigurability are analysed in detail starting with the
flexible FSR and subsequently the widely and continuous tunable operating wavelength. The final
aspect of the characterization includes RIN, phase noise and long term stability measurements on
the reconfigurable GS-OFCS, as these parameters will determine the system performance that can
be achieved when employing these comb sources in communication systems employing advanced

modulation formats.

69



3.3.1 FSR Tunability

Figures 3.3 (a)-(h) illustrate the OFCS generated with repetition rates spanning a range of 6.25- 14
GHz. These results are achieved by externally injecting the FP laser with an injected power of -3
dBm to obtain single mode operation. Gain switching at these frequencies results in the generation
of 4-14 clearly resolved and phase correlated optical comb tones within 3 dB of the spectral en-
velope peak, spaced by the drive frequency, with an Optical Carrier to Noise Ratio (OCNR) of 50
dB and a power per line of ~2 dBm. It is important to notice that the flexible FSR is obtained by

simply modifying the gain switching signal frequency.
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Figure 3.3: Optical spectra of the reconfigurable GS-OFCS generated with different FSRs: (a) 6.25
GHz; (b) 12.5 GHz; (c) 7 GHz; (d) 8 GHz; (e) 9 GHz; (f) 10 GHz; (g) 11 GHz; (h) 14 GHz. OSA
resolution is 0.16 pm

The variation in the number of comb tones at different FSRs is a restraint dictated by the linewidth
enhancement factor, «, the induced frequency chirp in the laser, and the inherent frequency response

of the slave laser. The comb spectral envelop bandwidth is fixed and determined by the frequency
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chirp produced in the pulse, the pulse shape and width, and the linewidth enhancement factor by

the following relationship [20]:

tov = kvV1+ a? 3.1

where dtdv is known as the time-bandwidth product of a pulse which is the product of its temporal
duration 0t and spectral width in frequency domain dv, and & is a constant which depends on the
pulse shape (~ 0.44 for Gaussian-shaped pulses, ~ 0.315 for sech?-shaped pulses). From this
equation, it can be observed that shorter pulses and higher linewidth enhancement factors result in
broader gain switched combs. Additionally, the obtained spectral broadening dv is directly related
to the frequency chirp that the pulse suffers due to the large variations in the carrier density during
gain-switching, which affect the refractive index and thus, the instantaneous emission frequency.

The frequency chirp is defined as:

Av(t) = L [g(N — Np) — ~] (3.2)

47 Tp

where Av(t) is the frequency chirp, « is the linewidth enhancement factor, g is the material gain,

N — Ny is the carrier density swing, and 7, is the photon lifetime.

Hence, as the overall spectral width is fixed, lower FSR will yield a larger number of comb tones,
as observed in Figure 3.3 where an FSR of 6.25 GHz presents 14 comb tones (corresponding to
a total optical bandwidth of 87.5 GHz) and 9 GHz FSR exhibits 9 comb tones (optical bandwidth
of 81 GHz). On the other hand, at higher FSRs (>12 GHz) the limitation comes from the slave
frequency response bandwidth that, as explained in Chapter 2, depends directly on the relaxation
oscillation frequency. Figure 3.2 (¢) illustrates the frequency response of the laser, which is limited
to 11 GHz. At higher FSRs the gain-switching signal effect will be degraded, causing a reduced
swing of the carrier density and thus, an increased pulse width and reduced chirp [21]. As a result,
the optical bandwidth reduces and fewer comb tones are observed, as low as 4 comb tones at 14

GHz, corresponding to a total bandwidth of 56 GHz.

It should be noted that the source presented here could also avail from expansion techniques that
will be studied and presented in Chapter 4, to further enhance the practicality and potential for

network deployment.

The 6.25 GHz and 12.5 GHz FSRs, with 14 and 6 comb lines within a 3 dB flatness window
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respectively, are highlighted here due to their direct compatibility with the proposed ITU-T flexible
grid recommendation in G.694.1 [9]. Furthermore, the high degree of flexibility will allow the use
of this comb source in future flexible networks where the frequency slot might be further reduced
[S], [6]. Even though these results focus on a narrow band of FSR tunability, limited by the slave
laser in use, the technique offers itself for continuous broadband FSR tunability ranging from 5 to

40 GHz [11].

3.3.2 Central Wavelength Tunability

The developed reconfigurable comb source also presents full and continuous central wavelength
tunability in the telecommunications C-band. Figure 3.4 presents the spectra of the FP slave
laser, free-running and injection locked at 1539.623, 1549.343 and 1557.025 nm. Injection lock-
ing at specific longitudinal modes enhances the optical gain in that mode and significantly sup-
presses other modes. The performance of the single mode operation is often characterized by the
Side-Mode-Suppression Ratio (SMSR) that should exceed 30 dB [22], defined as the difference
Py (dB) — Py, (dB) where Py, (dB) is the power of the main mode and P, (dB) is the power
of the most dominant side mode in dB. The SMSR of the obtained injection locked FP is higher

than 45 dB.
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Figure 3.4: Optical spectra of the injection locked FP laser showing single mode operation at dif-
ferent wavelengths across the C-band: (a) 1539.623 nm, (b) 1549.343 nm and (c) 1557.025 nm.

In the same manner, the wavelength tunability of the comb source over the C-band is demonstrated,
when the slave laser is also gain switched. The TL is tuned in wavelength to a detuning, A\, of -0.16
nm to inject -3 dBm into different longitudinal modes of the FP laser. This precise injection results,
as presented before, in a single mode operation of the FP which is subsequently gain switched with

an amplified 10 GHz sinewave to generate an optical frequency comb.
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Figures 3.5 (a)-(c) present the resultant reconfigurable GS-OFCS at three representative central
wavelengths, at the edges and middle of the C-band: 1535 nm, 1550 nm and 1565 nm, respectively.
The generated combs exhibit ~7 clearly resolved comb lines within a 3 dB of the spectral flatness,

OCNR larger than 50 dB and more than 60 dB of SMSR.
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Figure 3.5: Optical spectra of the 10 GHz spaced, reconfigurable GS-OFCS generated at three
different operating wavelengths over the C-band: (a) 1535 nm (b) 1550 nm and (c) 1565 nm.

Precise wavelength tunability between the discrete longitudinal modes can be achieved by a fine
thermal tuning of the FP slave laser which produces a shift of its gain curve. The wavelength shift
of the longitudinal modes due to temperature variation is dictated by a linear relation AN/AT o)
of 0.1nm/°C [18], [23]. In this reconfigurable GS-OFCS the temperature is controlled by interro-
gating a thermistor inside the FP package, which serves as an inexpensive and accurate temperature
monitor [23]. The values of a thermistor resistance (in Ohms) are related to the actual temperature
through a non-linear characteristic that can be modelled to a high degree of accuracy using the em-
pirical Steinhart-Hart equation. The equation is named after John S. Steinhart and Stanley R. Hart

who first published the relationship in 1968 [19]:

L A4 BW®R) + C(n(R) (33)
Tix)

where T{ ) is the temperature of the laser (in Kelvins), R is the correspondent resistance of the
thermistor (in Ohms) at a temperature 7 (), and A, B and C are the Steinhart-Hart coefficients
which vary depending on the type and nominal resistance of the thermistor. In our experiment, the

nominal resistance of the thermistor was 10 k{2 at 25°C and therefore, the Steinhart-Hart coefficients

are [23]:
A =1.125308 x 1073

B =2.347118 x 1074 (3.4)
C = 8.566351 x 1078

Given the temperature tuning needed to produce a specific wavelength shift of the longitudinal
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modes (calculated through AN/AT (°C) =0.1nm/°C), the new tuned slave laser temperature, T(’O )
will be:

T(ocy = Tinitiaicc) + AT (o) (3.5)
with T5;,i45q1(c ) being the initial and default slave laser temperature in Celsius degrees.

As such, the required thermistor resistance for that specific temperature, T(’o oy that produces the

desired wavelength shift, is obtained using the inverse of the Steinhart-Hart equation:

R=e(Vy=3- V%) (3.6)

where:
1 1
v=—(A- 37
C’( T(K)>

=)+ (5’ 68

and T(’ K) is the laser temperature in Kelvin degrees that can be calculated as:

T(xy = T(ocy + 273.15 = Tinigiacc) + AT(ecy + 273.15 (3.9)

Once the required temperature resistance, R, is calculated using 3.6, the microcontroller applies the
corresponding voltage, through a 12-bit DAC, to the temperature controller which varies the tem-
perature by 16 k{2 per voltage applied and produces the fine thermal tuning. Then, the wavelength
of the TL is detuned accordingly to ensure injection locking and single mode operation on the spe-
cific longitudinal mode. In Figure 3.6, the central wavelength of a 10 GHz spaced comb is being
tuned by 0.48 nm at a time, which corresponds to variations of 4.8 °C in the FP laser temperature,
covering a full 5 nm span as a proof-of-concept demonstration. The illustrated spectra consistently
exhibit 7 clearly resolved comb tones in a 3 dB spectral flatness and OCNR of 55 dB. This wave-
length tunability is continuous and covers the span between FP longitudinal modes (1.37 nm) with
a minimum wavelength step of 1 pm (~125 MHz), limited by the wavelength setting resolution
of the TL being used. The fine thermal tuning resolution is, in this case, 0.34 pm (~ 42.5 MHz)
dictated by the FP longitudinal mode spacing and the DAC resolution (12-bit).

The coarse central wavelength tuning time (between any longitudinal modes) across the C-band
would be determined by the fast switching speed of the TL used, which could typically be in the

nanoseconds range. On the other hand, the continuous wavelength tuning time depends on thermal
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Figure 3.6: Continuous central wavelength tunability of the 10 GHz spaced reconfigurable GS-
OFCS demonstrated around 1550 nm.

tuning, a slower process determined by the settling time of the slave laser to a new temperature,
which is in the milliseconds range. Consequently, the thermal tuning would be used for fine wave-
length tuning and could be employed for applications in flexible networks where millisecond-level
reconfiguration times are suitable, such as the allocation of new connections to the network, re-
allocation of the spectrum for a more efficient usage and to avoid fragmentation, and management
and restoration schemes [1], [24]. Thus, the wavelength tuning time here presented is not expected

to reduce the practicability of the source in many flexible network applications.

3.3.3 RIN

The RIN is an important parameter to characterize as it is an indicator of the noise properties
of the transmitter [25], specifically when using modulation formats that convey information in the
intensity. Future optical transmission systems will potentially adopt the IEEE 802.3 GBase standard
which defines minimum RIN requirements specified for Gigabit Ethernet, according to the data
rate employed. As such, this standard tolerates RINs of -128 dB/Hz for 40 Gbit/s transmissions
(40GBase-ER4 interface), while slightly more stringent RIN requirements below -130 dB/Hz are
expected for commercial 100 Gbit/s systems (100GBase-ER4 interface) [26].

The optical power of a laser can be considered to be power fluctuations, d P(t), caused by sponta-

neous emission with an average value, Fy:

P(t) = Py +6P(t) (3.10)
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Then, the RIN describes the relative intensity noise (optical power fluctuations), normalized to the
average power level. The RIN is mathematically defined as the ratio of the mean-squared power
fluctuations to the squared average optical power Py [27]:

< 6P(t)* >

Py?

RIN = 3.11)

It can be observed that the RIN is, in fact, proportional to the ratio of the corresponding photode-
tected electrical powers (i.e. the square of the optical power) when employing a fast photodetector.
Then, the photocurrent, I, is proportional to the responsitivity of the photodetector, R, and the

optical power by: I(t) = RP(t). And thus, the RIN can be ideally expressed as [28]:

< R}WI)? >  <6I(t)*> < 6Ppi(t) >

RIN = =
R212 I2 Popr

(3.12)

where d Pp;(t) and Pypy are the associated power fluctuations of the photocurrent (ac component),

and the average power (dc component) of the photocurrent.

RIN is usually presented in the frequency domain as a power spectral density (through a Fourier
transform) over a certain noise frequency range. As a result, RIN is typically obtained by analysing
the spectrum of the photodetected ac signal using an Electrical Spectrum Analyzer (ESA). This RIN

power spectral density is commonly represented in a logarithm scale, with units of dB/Hz.

The RIN measurements are carried out using the experimental set up illustrated in Figure 3.7. The
optical output of the device is passed through an isolator (ISO) which suppresses any unsought feed-
back reflections. The optical output is then filtered using a narrow Optical Band Pass Filter (OBPF)
to select specific comb tones, amplified with an Erbium Doped Fibre Amplifier (EDFA) to compen-
sate for the loss and detected using a 50-GHz Photodetector (PD) from U2T. The output of the PD

is passed through a bias tee that separates the dc and ac component of the photocurrent.
Comb source ISO OBPF EDFA PD Bias RFAMP
e tee
BB

Figure 3.7: Experimental set up for RIN measurements. ISO: isolator, OBPF: optical band pass
filter, VOA: variable optical attenuator, EDFA: erbium doped fibre amplifier, PD: photodiode, RF
AMP: RF amplifier, ESA: electrical spectrum analyser.
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The ac signal is amplified and characterized with the aid of an ESA while the dc component is
acquired with a multimeter [28]. The Amplified Spontaneous Emission (ASE) noise generated by
the EDFA varies depending on the input power launched into it which influences the RIN measured.
Therefore, a Variable Optical Attenuator (VOA) is placed in line between the filter and EDFA to
ensure constant power at its input, and thereby similar ASE for all measurements, allowing an
objective relative comparison of the RIN results. A VOA is also used to keep the power launched

to the PD constant, at 1 dBm.

For clarity of demonstration, the RIN was measured at three selected operating wavelengths (1535,
1550 and 1565 nm) across the C-band. For each operating wavelength the RIN of the overall
unfiltered comb and the RIN of three individually filtered comb lines are analysed. The three
filtered comb lines are indicated by arrows in Figures 3.5 (a)-(c) at the left edge, central and right
edge of the 3-dB spectral flatness window. These RIN measurements are then compared to the
RIN of the TL master laser in Continuous Wave (CW) operation. The achieved results are shown
in Figure 3.8. The noise floor is the minimum perceivable noise level of the equipment used in
these measurements and is presented as a reference (-140 dB/Hz). The averaged RIN (from dc to
10 GHz) is -130 dB/Hz for all the measurements, which is the same as the RIN of the master TL.
The low RIN of the comb tones (transferred from the TL) is a beneficial outcome of the external
injection which reduces the spontaneous emission in the slave laser and thus, the RIN associated
with each of the comb tones [29]. Moreover, these results demonstrate that, even though the source
relies on a multimode FP laser, the reconfigurable OFCS is not affected by mode partition noise

unlike mode-locked laser based comb sources [30], due to proper injection locking.
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Figure 3.8: Measured RIN power spectral density at different operating central wavelengths across
the C-band: (a) 1535 nm; (b) 1550 nm; (c¢) 1565 nm. Measurements were carried out for three comb
tones at each wavelength (left comb tone in blue, right comb tone in red and central comb tone in

green), for the overall unfiltered comb in black and for the Master CW in yellow.

It is important to note that the measured RIN is also consistent for the three different operating wave-
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lengths, hence, similar system performance should be expected across the whole C-band.

3.3.4 Phase Noise

The phase noise of an optical transmitter is a crucial parameter when advanced modulation formats
are employed for coherent superchannel applications [14]. The phase noise requirements for system
transmissions depends on the modulation format and baud rate employed, as well as the phase re-
covery algorithms implemented at the receiver. For example, the linewidth requirements according
to [31] for 10 Gbaud are 10 MHz for QPSK and 500 kHz for 16-QAM using a decision-directed
phase-locked loop. In [32], the linewidth requirements for 10 Gbaud QPSK and 16-QAM are 4.1

MHz and 1.4 MHz, respectively, employing a digital feedforward carrier recovery algorithm.

The optical linewidth value is considered an important criterion indicating the phase noise. How-
ever, previous studies have pointed out that the observed optical linewidth can appear signifi-
cantly broadened using conventional measurements techniques as the Delayed Self-Heterodyne
(DSH) [33]- [35], due to excess low frequency noise which masks the intrinsic linewidth caused
by spontaneous emission in the laser. The low frequency noise is commonly referred to as //f noise
as it presents a power spectral density inversely proportional to the noise frequency, and thus has a
slope of 1/f. In this reconfigurable GS-OFCS, the observed optical linewidth could potentially be af-
fected by excess low frequency noise from the electronics used (switchable power supply, ordinary
laser bias current sources, microcontroller, etc.) that transfers to the lasers through fluctuations in
their carrier density. Therefore, the phase noise of the comb source is here characterized by carrying
out a detailed analysis of the Frequency Modulated (FM)-noise spectrum, which fully describes the
noise processes contributing to the overall phase noise as well as their origin [16], [33]. The FM-
noise spectrum is a power spectral density of the instantaneous frequency fluctuations originated

from the phase noise [16], [33]- [35].

The experimental characterisation of the FM-noise spectrum is performed via a phase noise mea-
surement method previously developed [33], whose set up is observed in Figure 3.9. The recon-
figurable comb is followed by an EDFA before being passed to a narrow OBPF that selects the
individual comb lines for phase characterisation. The phase noise measurement technique consists
of a modified DSH method [33]. The signal is split into two arms by a coupler, where one arm is
delayed by a 12 km of Standard Single Mode Fibre (SSMF) to de-correlate the signal respectively

to the other arm. The signal in the second arm is phase modulated, with a phase modulator driven
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Figure 3.9: Experimental set up for phase noise measurements using the modified delay self-
heterodyne detection method. ISO: isolator, OBPF: optical band pass filter, EDFA: erbium doped
fibre amplifier, SSMF: standard single mode fibre; PC: polarization controller; SG: signal generator;
RF AMP: RF amplifier; Phase mod: phase modulator; PD: photodiode, RTO: real time oscilloscope.

by a high power 2 GHz signal to achieve second order harmonics. The light from the delayed and
phase modulated arms are recombined via a second coupler and photodetected. The detected het-
erodyne signal will present copies of the doubled-linewidth at 2 GHz harmonics, which are captured
with a real time oscilloscope and sent for offline digital processing to recover the differential phase

error [33].

The phase noise measurements were carried out on the same comb lines and wavelengths previously
mentioned in the RIN measurement, marked in Figures 3.5 (a)-(c). These measurements are then
compared with the phase noise characteristic of the TL (master) at those specific wavelengths over
a frequency range up to 1 GHz. As illustrated in Figures 3.10 (a)-(c), the FM-noise spectrum
of the master is dominated by a flat white FM-noise component, Sy = 1.75x10° Hz%/Hz, which

corresponds to an intrinsic linewidth, § f, of 300 kHz (0 f = .Sp - T = 300 kHz [34], where the factor

3
2 is due to the nature of the self-heterodyne method, where these measurements are twice the actual
values). As observed, the master FM-noise does not present a low frequency, //f, noise component
at the frequencies measured using our set up (which measures down to 2 MHz), thus, the observed

optical linewidth would not be affected.

The filtered comb lines at each wavelength have identical FM-noise spectrum as the master at lower
frequencies (below 200 MHz). Therefore, the optical linewidth of the comb tones follows that of the
master, 300 kHz [13], [16]. At high frequencies the phase noise of the filtered comb lines presents
an acceptable deviation from the master. This deviation was studied in [16] and is a consequence of
residual phase noise from the slave laser, which depends on the injection parameters used (injected
power and wavelength detuning). A trade-off was clearly identified where the deviation could be

reduced if the flatness of the obtained comb is sacrificed.
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Figure 3.10: Measured FM-noise spectrum at different operating central wavelengths across the
C-band: (a) 1535 nm; (b) 1550 nm; and (c) 1565 nm. Measurements were carried out for three
comb tones at each wavelength (right comb tone in brown, right comb tone in red and central comb
tone in blue), and for the Master CW at each wavelength in green.

From the results presented in Figures 3.10 (a)-(c), the deviation in the FM-noise spectrum is ac-
ceptable hence suggesting optimum injection parameters for the reconfigurable GS-OFCS. These
results indicate that the comb tones would impose zero or minimum penalties (compared to the
master) when being employed in a coherent communication system [16]. Finally, we point out that
the three operating wavelengths present a similar FM-noise spectrum. It could be expected that
as we inject into the extreme longitudinal modes in the gain curve of the FP laser (1535 nm and
1565 nm), the injection locking could be more challenging to achieve than in the centre of the FP
gain curve (1552 nm), where the longitudinal modes have more power concentrated. These re-
sults highlight that proper chosen injection parameters (injected power and detuning) can guarantee

consistent performance and phase noise properties across the C-band.

3.3.5 Long Term Stability

Other FSR and wavelength flexible OFCS configurations with potential for network deployment
include the use of strongly driven electro-optic modulators, which suffer from bias drifts over long
periods of time [12] and may require a feedback based dc bias control to maintain stable opera-
tion [37]. In comparison, externally injected gain switched OFCSs have been presented as a more
stable alternative. However, this superior stability has never been fully characterized in the litera-

ture.

The two main parameters governing the overall stability of an OFCS are the optical power and

wavelength variations of individual comb tones over time. Hence, these two parameters are mea-
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sured in this reconfigurable GS-OFCS by monitoring the optical spectrum of the comb source at
ambient temperature with a high resolution OSA (0.16 pm). Traces were captured every 30 seconds
over a total period of 24 hours. The comb monitored was generated with an FSR of 12.5 GHz and
at a central wavelength of 1550.5 nm. For that, the temperature of the FP laser was tuned to 25°C
(thermistor value of 10 k{2) while being injection locked by the TL into that particular longitudi-
nal mode of the FP laser. Figure 3.11 illustrates the power fluctuations over time of the 6 clearly
resolved comb lines within a spectral ripple of 3 dB, depicted in Figure 3.11 (b). The maximum
fluctuation in optical power over 24 hours was found to be 0.5 dB for the worst case, and limited by
a power repeatability of 0.2 dB of the OSA in use [36]. It can be observed that not all the comb tones
present the same level of power variation. The smallest deviation is only 0.2 dB for the strongest
comb tone in power. In comparison to electro-optic modulators based comb generation techniques
that have shown up to 1.9 dB power fluctuations in a three-hour measurement after implementing
an auto-bias control circuit [37], this small deviation proves that comb generation by gain switching
an externally injected laser is a simple and robust technique that offers excellent stability suitable

for network deployment without any additional stabilization circuity.
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Figure 3.11: Power stability measurement of the individual comb tones of the 12.5 GHz reconfig-
urable GS-OFCS over a period of 24 hours.

Figure 3.12 shows a simultaneous measurement carried out where the wavelengths of the same in-
dividual comb tones were monitored. In this case, the wavelength deviation of any comb line is no
more than 5 pm. It has to be mentioned that the wavelength deviation for each comb tone is the
same at any time, as the comb tones are phase locked and the frequency spacing between the comb

tones is fixed. Thus, all comb tones experience the same wavelength variation and drift together,
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avoiding inter-channel interferences when using high spectrally efficient multi-carrier modulation
techniques as Nyquist-Wavelength Division Multiplexing (WDM) and all-optical Orthogonal Fre-
quency Division Multiplexing (OFDM).
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Figure 3.12: Wavelength stability measurement of the individual comb tones of the 12.5 GHz re-
configurable GS-OFCS over a period of 24 hours.

As such, these stability measurements highlight the robustness of the proposed reconfigurable GS-
OFCS which offers long-term operational stability without requiring automated feedback control

or manual adjustments.

3.4 Conclusions

Flexible networks have recently stirred a lot of attention due to their capabilities to maximize spec-
tral efficiency by adapting to the actual conditions of the network and data rates for variable traffic
demands. These networks, however, pose challenges on the multicarrier transmitters that are re-

quired to provide a new degree of flexibility, automation and control of their characteristics.

This chapter has presented a highly flexible software reconfigurable gain switched optical comb
source and provided detailed characterization of all of the major parameters of interest for the flex-
ible optical networks. The software which allows the reconfigurability and selection of the comb
parameters could be applied to an elastic optical network for dynamic spectrum allocation and ad-
justment of transmission parameters. The source offers wide FSR and central wavelength tunability
over the C-band, generated by seeding a thermally tuned gain switched FP laser with a tunable

laser. These flexible features, in conjunction with a demonstrated exceptional long term stability
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and consistent low RIN and low phase noise performance for any operating wavelength, prove the
suitability of this source for next generation flexible optical transmission networks. Moreover, the
externally injected gain switched scheme intrinsically offers key parameters for network deploy-
ment such as simplicity, cost-efficiency and potential for monolithic integration that would further

reduce the footprint of the source.

The practicability of gain switched comb sources is further enhanced in the next chapter, where
several techniques for comb expansion are studied, while maintaining flexibility and low noise

properties.
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Chapter 4

Coherent Expansion Techniques for
Reconfigurable Gain Switched
Combs

A Gain Switched Optical Frequency Comb Source (GS-OFCS) offers substantial advantages for
practical implementation in future optical networks that may be highly demanding in flexibility and
throughput. The previous chapter presented and investigated a simple and cost-efficient reconfig-
urable GS-OFCS offering flexible Free Spectral Range (FSR) and central wavelength tunability,

while ensuring low noise properties as Relative Intensity Noise (RIN) and phase noise [1].

However, a key issue still to be considered when compared to other comb generation techniques
such as Mode-locked lasers (MLLs), Kerr based combs or parametric combs, is the restricted num-
ber of comb tones that can be achieved in reconfigurable GS-OFCSs. This is a major restraint that

may reduce the practicability of GS-OFCSs in some communication applications.

As such, this chapter proposes two novel techniques for bandwidth coverage expansion of GS-
OFCSs. The expansion methods are first experimentally demonstrated and the resultant expanded
combs are subsequently characterised in detail. Both configurations offer flexible features with
central wavelength tunability within the C-band, low optical linewidth, high phase correlation and
good Optical Carrier to Noise Ratio (OCNR). Furthermore, these expansion techniques are simple

and potentially integrable, yielding further footprint reduction and improved cost-efficiency.
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4.1 Introduction

Numerous communication applications may benefit from OFCSs, which are generally expected
to deliver diverse spectral properties. OFCSs that offer large number of carriers [2] with strong
phase correlation [3], central wavelength and FSR flexibility [4], good OCNR and low optical
linewidth are usually desired in flexible superchannel transmission systems [5] and millimetre wave
generation/radio-over-fibre (RoF) applications [6]. Other qualities of an Optical Frequency Comb
Source (OFCS) that would be favourable for multiple applications include configuration simplicity,

potential for photonic integration, and stability.

Fulfilling all the aforementioned comb properties simultaneously has proven to be difficult. A
conventional MLL based comb source provides a large number of comb tones yet suffers from
relatively large optical linewidth (normally in MHz range) [7], which is not a favourable property
for their use with high order modulation formats. Kerr combs may overcome this significant noise
limitation but also present lack of tunability, with a fixed FSR, unsuitable for flexible networks. On
the other hand, parametric combs and cascaded strongly-driven modulators offer tuning flexibilities
and low noise properties, but both schemes exhibit complicated configuration arrangements and
implementation challenges such as large component count, elevated power consumption (due to the

use of high pumping powers or multiple high power amplifiers), and difficulties for stable operation
[8].

GS-OFCSs provide excellent noise properties, flexibility and reconfigurability while keeping a re-
markable simplicity and stability. However, gain switching is unable to generate a large number of

carriers and, thus, several expansion techniques have been investigated.

Expansion of gain switched comb sources has been demonstrated by using electro-optic phase mod-
ulators [9]. The gain switched comb is launched into a phase modulator, driven by an amplified
sinewave (several orders of V) drawn from the same signal generator used for gain switching.
The phase modulation proves to be an effective way of improving the comb line number and flat-
ness, while keeping the central wavelength tunability across the C-band. However, high insertion
losses and instabilities in the modulators are still problematic and jeopardize the practicality of the

expanded GS-OFCS.

Another gain switched comb expansion approach entails the use of dispersion compensating fibre
followed by Highly Non-Linear Fibre (HNLF) [10] which is difficult to control and increases the

complexity, footprint and power consumption (due to the need of elevated launched powers which
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require Erbium Doped Fibre Amplifier (EDFA)). Moreover, the resultant wavelength tunability is
limited, as the dispersion coefficient of the fibres are highly dependent on the wavelength and thus,

limit the flexibility of the expanded GS-OFCS.

As such, expansion and broadband generation of gain switched combs with a simplified and cost-
efficient set up, that could be integrated while low noise properties and extended flexibility are
preserved, would be highly attractive and would enhance the viability and potential of GS-OFCSs

for network deployment.

4.2 Gain Switched Comb Expansion by Cascading Fabry-Pérot (FP)

Lasers

The first technique proposed for coherent expansion of reconfigurable GS-OFCSs is based on cas-
cading multiple injected gain switched FP lasers with matched cavity lengths. The conceptual

schematic illustrating the operating principle is shown in Figure 4.1.

> Expanded
FP1 FP2 FP3 coherent comb FPn-1 FPn
comb comb comb comb comb

Intensity (a.u.)

ﬁi?‘\r&\: _XY“\
i

I |

Wavelength

Figure 4.1: Schematic illustrating the principle of operation of the proposed technique for expand-
ing an externally injected, gain switched comb source.

One of the longitudinal modes of the first FP laser (FP1) is injection locked with the aid of a low
linewidth Tunable Laser (TL) thereby achieving single mode operation, as explained in Chapter
3. All FP lasers are then gain switched. The gain switching of FP1 results in a frequency comb
generated around the injection locked single longitudinal mode, which can be tunable in FSR and
central wavelength, as demonstrated in Chapter 3. Each of the FP lasers is then temperature tuned
to ensure partial overlap of their gain switched comb spectra envelope with the adjacent FP. This
ensures that the outer comb lines from FP1 externally inject the subsequent gain switched FP laser
(FP2) and so on. This gain switched and now injection locked FP2 emits a frequency comb around
its injected single longitudinal mode, merging into the previous FP1 comb thereby achieving coher-

ent expansion. This configuration can be scaled by subsequently cascading more lasers and thereby

90



increasing the number of tones, hence providing a low loss and scalable technique for comb ex-
pansion. Moreover, this method lends itself to photonic integration [11], thereby enhancing its

compactness, cost-efficiency and ease of manufacture.
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Figure 4.2: Experimental set up for the proposed expansion technique of GS-OFCS consisting of
two cascaded gain switched FP lasers. SG: signal generator; RF AMP: RF amplifier; PC: polariza-
tion controller; TL: tunable laser; OSA: optical spectrum analyser.

The experimental setup for the expanded reconfigurable GS-OFCS generation is illustrated in Fig-
ure 4.2. The two FP lasers used (FP1 and FP2) are individually encased in a temperature controlled
high-speed butterfly package and emit in the 1.5 um window. Both FPs exhibited a threshold cur-
rent (/y,) of 8 mA at room temperature and a small signal modulation bandwidth of 11 GHz when
biased at 40 mA (51;,). Gain switching of both lasers is achieved by applying an amplified 10 GHz
sinusoidal Radio frequency (RF) signal (24 dBm) in conjunction with a dc bias of 45 mA and 40
mA, respectively, through bias tees. A semiconductor based TL with low linewidth (~80 kHz) is
used as the master laser. The TL injects light into FP1 via a circulator. The wavelength of the TL
is tuned to overlap one of the longitudinal modes of FP1 with an injected incident power of about 6
dBm to injection lock, thereby forcing it into single mode emission at the injected wavelength. The
gain switched optical comb obtained from FP1 is subsequently injected into FP2 through another
circulator. The polarization controllers (PC1 and PC2) are used to align the polarization state of the
injected light with the optical waveguides of the two FP lasers. The expanded reconfigurable gain

switched comb is then observed with a high resolution Optical Spectrum Analyser (OSA).

4.2.1 Experimental Results

Figure 4.3 presents the spectra at the output of each FP, at the points A and B marked in Figure

4.2. The spectrum in Figure 4.3 (a) corresponds to the resultant comb from the gain switched
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FP1 externally injected by the TL, which is represented by a blue circle. As observed, the TL is
injection locking the FP1 forcing it into single mode operation and the generated comb exhibits 6
comb tones within 3 dB of spectral flatness, spaced by 10 GHz. This gain switched comb from FP1
will subsequently inject into FP2. Figure 4.3 (b) shows the spectrum of the gain switched FP2, at

point B, which results in the gain switching of all the FP longitudinal modes.
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Figure 4.3: (a) Resultant externally injected and gain switched comb generated from FP1, at point
A in Figure 4.2. TL is positioned at the comb tone marked with a blue dot. (b) Gain switched FP2,
at point B in Figure 4.2, where all longitudinal modes are gain switched.

Figure 4.4 (a) illustrates the two previous independent spectra overlaid. As observed, the TL, indi-
cated by the blue circle, will inject exclusively into FP1. Furthermore, it can be clearly seen that the
initial gain switched comb from FP1 and one of the gain switched longitudinal modes of FP2 are
partially overlapped. Therefore, the comb tones at the long wavelength edge are positioned such

that they will injection lock FP2, leading to comb generation around the injection locked mode of

FP2.
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Figure 4.4: (a) Superimposition of gain switched comb from FP1 with TL injection, and FP2 gain
switched with no injection. (b) Resultant expanded GS-OFCS presenting 13 comb tones in a 3 dB
spectral flatness.
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The optical spectrum of the resultant expanded comb, depicted in Figure 4.4 (b), comprises 13
clearly resolved comb tones within a spectral ripple of 3 dB at 10 GHz FSR, an optical power per
comb tone of ~ -5 dBm and an OCNR of 25 dB. As such, this proposed expansion technique has

successfully almost doubled the bandwidth of the initial comb source (from FP1).

4.2.1.1 Central Wavelength Tunability

The experimentally demonstrated expansion technique permits wavelength tunability over the C-
band. The TL is tuned in wavelength to inject into a different longitudinal mode of FP1. This precise
injection results in a single mode operation at the injected wavelength of FP1, which is subsequently
gain switched with an amplified 10 GHz sinewave to generate the comb. By subsequent injection
of the spectrally adjacent longitudinal mode of FP2, the resultant expanded comb can be achieved

at different wavelengths.

Figure 4.5 (b) and (c) present the expanded reconfigurable GS-OFCS at two representative central
wavelengths 20 nm apart, at 1542 nm and 1563.5 nm respectively as a proof-of-concept of the wave-
length tunability. Both generated combs offer similar characteristics, with 13 clearly resolved comb
tones within a 3 dB spectral envelope, optical power per comb tone of ~ -5 dBm and an OCNR of
25 dB. The Side-Mode-Suppression Ratio (SMSR) with respect to suppressed longitudinal modes
is larger than 45 dB.
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Figure 4.5: Central Wavelength Tunability: Resultant expanded comb at central wavelengths of (a)
1542 nm, and (b) 1563.8 nm.

Precise continuous wavelength tunability can be achieved by fine temperature tuning of both lasers

accordingly, through the same procedure explained in Chapter 3. Furthermore, it is important to

mention that this expansion technique offers tunable FSR by modifying the gain switching signal
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frequency.

4.2.1.2 Phase Noise

The obtained phase noise is characterized by measuring the optical linewidth. External injection
locking ensures an effective transfer of the narrow emission linewidth from the master to the slave
comb tones. As such, the optical linewidth of the individual comb tones is measured to determine
the level of phase noise and, additionally, to corroborate the locking of both FP lasers to the master

TL laser.

The optical linewidth is characterized using the Delayed Self-Heterodyne (DSH) technique [12],
illustrated in Figure 4.6. A tunable Optical Band Pass Filter (OBPF) is used to select out individual
comb lines which are then amplified with an EDFA. The signal is then equally split with a coupler
into two paths. In one arm, the signal is phase modulated at 2 GHz while in the second arm, the
signal is delayed by a 12 km of Standard Single Mode Fibre (SSMF) to de-correlate both arms
and thus, when both beams are mixed with a photodetector, they combine as if they are from two
independent lasers. The linewidth is then retrieved from the observed beat signal at 2 GHz in an

Electrical Spectrum Analyzer (ESA).

12 km SSMF PC

Expanded Comb |SO OBPF EDFA —%—&)— PD
‘ %_» 50:50 [ pC Phase M 50:50 —@ ESA

mod
00O ;l—
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2 GHz@

Figure 4.6: Delayed Self-Heterodyne experimental set up for optical linewidth measurement. ISO:
isolator; OBPF: optical band pass filter; EDFA: Erbium doped fibre amplifier; SSMF: standard
single mode fibre; PC: polarization controller; SG: signal generator; PD: photodetector; ESA: elec-
trical spectrum analyser.

For the case of a Lorentzian lineshape, the occupied bandwidth measured at full width at -20 dB of

the power spectrum of the superimposed beams is related to the original linewidth as, ¢ f [13]:

. OCCBW,QOdB

of 21/99

4.1
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The optical linewidths of the FP longitudinal modes without external injection are around 3 MHz.
However, due to external optical injection locking, the optical linewidth from the master effectively
transfers to the comb lines. As such, the optical linewidths of three individually filtered comb lines,
indicated in Figure 4.7 (a) at the left edge (-6), central (0) and right edge (6) of the 3 dB window,
were measured and found to be approximately 80 kHz (based on full width at -20 dB measurement

of 1.5 MHz) following that of the master laser as presented in Figure 4.7 (b).
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Figure 4.7: (a) Resultant expanded GS-OFCS with marked comb tones for optical linewidth mea-
surement and phase correlation. (b) Measured optical linewidth for Left comb tone (-6) in black,
Central comb tone (0) in red, Right comb tone (6) in blue and Master TL in green.

The required length of fibre that produces enough delay to de-correlate the signal in the DSH tech-
nique needs to be longer than the so-called coherence length of the laser, L., which is defined
as:

c

Lcoh = W (42)

where c is the speed of light, d f is the laser linewidth, and n refers to the refractive index of the
fibre. According to this equation, the experimental measurement set up presented in Figure 4.6

allows linewidth measurements down to ~ 17 kHz [12], [14].

4.2.1.3 Phase Correlation

In order to ensure that the expanded comb lines exhibit a high degree of phase correlation with each
other, the RF beat tone linewidth is characterised. The spectral linewidth of the RF beat tone, which
is generated at the frequency that corresponds to the spectral separation between the comb tones,

is determined by the phase noise of the comb tones and the level of correlation between them. If
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there is no correlation between the comb tones, the beat signal has a linewidth equal to the sum of
the optical linewidths of the optical tones. If a strong phase correlation exists, these phase noises
cancel each other out. Therefore, the spectral linewidth of the RF beat tone reduces as the phase

correlation between the tones improves [16].

The RF beat tone linewidth is then characterised using the experimental set up illustrated in Figure
4.8 (a) [15]. The expanded gain switched comb is followed by an EDFA before being passed to a
programmable Wavelength Selective Switch (WSS). The WSS selects pair of comb lines, in steps of
10 GHz, to be analysed. Subsequently, the filtered tones are detected with a 70 GHz Photodetector
(PD) and the obtained RF beat tone linewidth is observed with a 40 GHz ESA. An external harmonic
mixer is also employed when the frequency spacing of the filtered comb lines is in the range of 40

GHz to 60 GHz (outside the bandwidth of the ESA) for down conversion.

(@) 7] ®
Expanded Comb EDFA WSS PD MIXER £ 1
> 2 50{.1,0 2,0 3,0 4,0 5,0 6,0
_»_‘ _@® EsaA| © 101 02 03 04 05 06
M\- 5 f3 s 5 8 ®w ¥ g
- ' LO ? 1
% 10 |
S 10 20 30 40 50 60

Frequency (GHz)

Figure 4.8: (a) Experimental set up for RF beat tone linewidth measurement for phase correlation.
(b) RF beat tone linewidth measured between the comb tone 0 and the consecutive tones. WSS:
wavelength selective switch; PD: photodetector; LO: local oscillator.

The results of the linewidth measurement of the RF beat tone of the expanded GS-OFCS lines are
given in Figure 4.8 (b). The measurements when beating the comb tone 0 (as marked in Figure
4.7 (a)) and the consecutive tones to each side up to a separation of 60 GHz (tone -6 and 6) are

illustrated with squares and circles representing the negative and positive sides respectively.

The 3 dB linewidth of the RF beat tone measured is found to be constant at around 30 Hz in all
cases (limited by the resolution of the ESA), thus proving the excellent correlation between the

comb lines of the expanded GS-OFCS.
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4.3 Broadband Combs by Dual Mode Injection Locking of FPs

The second technique proposed for broadband and reconfigurable GS-OFCS generation comprises
an externally injected and gain switched FP, where the optical injection takes place between two
neighbouring FP longitudinal modes. As a result comb generation happens simultaneously at both
gain switched FP modes and an expanded OFCS is achieved. The technique requires a small com-
ponent count and provides low complexity and power consumption, while delivering high spectral
purity, flexibility and broadband comb spectrum. Moreover, this simple technique is suitable for

photonic integration, yielding further footprint and power consumption reduction.

The experimental set up for the proposed technique is illustrated in Figure 4.9 (a). The lasers
employed in this experiment are the same used in Chapter 3. The FP laser is encased in an op-
tically un-isolated and temperature controlled high-speed butterfly package, emits in the 1.5 um
window and exhibits a threshold current (I;;) of 8 mA and a small signal modulation bandwidth
of 11 GHz when biased at 40 mA (51;;). Gain switching of all the longitudinal modes is ob-
tained by direct modulation with an amplified sinusoidal RF signal (24 dBm) in conjunction with
a dc bias of 45 mA. A semiconductor based TL with a low linewidth of 300 kHz, acting as a
master, was used in this configuration to inject light into the cavity of the FP laser (slave) via a
polarization-maintaining circulator. All optical components in the experimental set up are pigtailed

with polarization-maintaining fibres to maintain the state of polarization.
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Figure 4.9: (a) Experimental set up for broadband gain switched comb generation; (b) Modulated
TL through the gain switched FP cavity. SG: signal generator; RF AMP: RF amplifier

The light injected from the TL, on its pass through the FP cavity is also modulated by the large
RF signal applied to the FP laser. This large modulation generates harmonic sidebands around the
TL wavelength spaced exactly by the gain switching signal frequency, fj, as observed in Figure

4.9 (b). The spectrum in this figure was observed by applying a substantially low RF power signal.

97



As a consequence, the FP longitudinal modes present some level of spectral broadening that is

insufficient to overlap with the modulation sidebands around the external injection.

The optical injection power ratio (P;n.j(dBm) — Ppp(dBm) = 10 dB), with an injected power of
15 dBm, and the wavelength detuning (AsravE — AmasTer) are carefully chosen to ensure that
these master sidebands overlap partially with two adjacent gain switched FP longitudinal modes,
marked as FP mode 1 and FP mode 2 respectively in Figure 4.9 (b). As the RF power is increased,
the spectral width of the FP modes broaden and more harmonic sidebands are generated around
the TL.In this case, instead of ensuring single mode operation of the FP, high power is injected to
produce sidebands with enough power to inject into two FP modes. Simultaneous injection locking
of these two neighbouring modes is then achieved, thereby forcing the FP into dual mode emission
at the selected longitudinal mode wavelengths. This results in a broadened gain switched comb
generation around the wavelengths of the dual injection locked FP, observed with a high resolution

(0.16 pm) OSA.

4.3.1 Experimental Results

The optical spectrum of the resultant broadband GS-OFCS, when gain switching the FP at 6.25
GHz, is depicted in Figure 4.10 (a). This FSR is chosen due to the direct compatibility with the
proposed International Telecommunication Union (ITU) flexible grid recommendation in G.694.1
[17]. The generated broadband comb exhibits some comb tones dropping in power between the
two FP modes. Nevertheless, the extreme comb tones within 3 dB of the spectral envelope peak
are separated by 275 GHz and comprise 44 clearly resolved highly coherent comb tones at 6.25
GHz FSR with an OCNR of 35 dB. The overall 3 dB bandwidth achieved (275 GHz) and the
remarkable simplicity of the technique clearly highlight its potential for millimetre and sub-THz

wave generation.

To further enhance the practical viability of this configuration for coherent superchannel transmis-
sion where the spectral flatness is a crucial requirement, the broadband GS-OFCS is passed through
a programmable gain flattening filter. The optical spectrum of the resultant flattened comb presents
52 clearly resolved comb tones (overall bandwidth of 325 GHz) within a 6 dB spectral ripple while
still preserving a good OCNR of 30 dB, as illustrated in Figure 4.10 (b).

Figure 4.10 (c) shows the spectrum of the conventional gain switched FP laser, with low power

external injection into a singular longitudinal mode. As observed, the comb exhibits 11 comb tones
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Figure 4.10: (a) Resultant broadband comb by dual mode injection locked of a gain switched FP
laser (b) Flattened broadband comb after a programmable gain flattening filter. The spectrum was
amplified to overcome the insertion losses of the filter and (c) Gain switched single mode injection
locked FP laser.

in a 3 dB spectral flatness with an OCNR of 45 dB. Consequently, the proposed expansion technique
based on the simultaneous injection locking of two FP modes, has successfully quadrupled the
overall 3 dB bandwidth compared to the case where injection locking only takes place in a single

longitudinal mode. However, the flatness and OCNR are compromised.
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4.3.1.1 Central Wavelength Tunability

This scheme offers continuous wavelength tunability over 30 nm, as presented in Figure 4.11 (a)
and (b) where the broadband gain switched comb is generated at central wavelengths of 1536.5 nm
and at 1565.8 nm, respectively. These results are obtained by tuning the wavelength of the TL to

inject into a different pair of longitudinal modes of the FP slave laser.

6dBy 3dBy
____I___'__+___

15335 15345 15355 15365 15375 1538.5
Wavelength (nm)

£l

1563.8 1564.8 15658 1566.8 1567.8
Wavelength (nm)

Figure 4.11: Central Wavelength Tunability: Broadband comb generation at central wavelengths of
(a) 1536.5 nm, and (b) 1565.8 nm;

Therefore, broadband comb generation by dual mode injection locking is successfully obtained
consistently within the C-band. The extreme comb tones within a 3 dB of spectral flatness are

separated by 275 GHz, comprising 44 clearly resolved highly coherent comb tones with an OCNR
of 45 dB.
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4.3.1.2 Phase Noise

The optical linewidth of the comb lines was measured using the DSH technique, illustrated in Figure
4.6. The optical linewidth of the master TL used in this experimental set up exhibits a linewidth
of 300 kHz which is effectively transferred to the comb tones as depicted in the measured optical
linewidth of the comb lines in Figure 4.12, due to external injection locking. This linewidth was
obtained by measuring a full width at -20 dB of 5.8 MHz, that corresponds to approximately 300

kHz using equation 4.1.
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Figure 4.12: Measured optical linewidth

4.3.1.3 Phase Correlation

The high quality of phase correlation is confirmed by characterising the RF beat tone linewidth,
using the experimental set up depicted in Figure 4.8. In these measurements, the WSS selects a pair
of comb lines separated by 62.5 GHz and after detection, the beat signal is down converted using a

mixer with a Local Oscillator (LO) at 63.5 GHz and observed with a 3 GHz bandwidth ESA.

The measurement when beating the comb tones across the two locked FP longitudinal modes,
marked in Figure 4.10 (a) with arrows, is compared with beating tones along the individual FP
modes to prove simultaneous injection locking. The comb tones to be analysed in the FP mode
1 and FP mode 2 are marked in Figure 4.10 (a) with grey and black triangles, respectively. Fi-
nally, the RF beat tone linewidth of a comb generated around a single injection locked longitudinal
mode is also measured as a reference of the ideal phase correlation. The pair of comb tones se-

lected, illustrated by grey circles in Figure 4.10 (c), are also separated by 62.5 GHz for adequate
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Figure 4.13: RF beat tone linewidth measured on different scenarios to prove phase correlation and
simultaneous injection locking of two FP longitudinal modes.

comparison.

The RF beat tone linewidths are measured by observing the occupied bandwidth full width at -20
dB. The RF beat tone linewidth for all scenarios were found to be around 60 Hz, with a resolution
bandwidth of 30 Hz from the ESA and limited by the noise of the RF source used to gain switch.
These measurements prove an exceptional high phase correlation between the comb tones and thus,
additionally confirming that the two longitudinal FP modes are simultaneously injection locked to

the same master laser.

4.4 Conclusions

This chapter has proposed two novel techniques for bandwidth expansion of reconfigurable gain
switched OFCS. Both configurations present low optical linewidth, excellent phase correlation and
continuous central wavelength tunability within the C-band, targeting numerous applications in next

generation optical transmission networks.

The first configuration consists of the expansion of GS-OFCS by seeding a gain switched FP laser
with a comb from another gain switched, and injection locked, FP laser. The resultant expanded
comb presents a doubling in bandwidth of the initial source and exhibits a remarkable spectral
flatness. This technique can be escalated which is subject for further study and simulation work,
and is potentially integrable but the component count is high and power consuming (due to the use

of multiple high power amplifiers).
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The second configuration comprises an externally injected and gain switched FP laser, where the
optical injection takes place between two neighbouring FP longitudinal modes. As a result, comb
generation happens simultaneously at both gain switched FP modes. This proposed method is
exceptionally simple but effective for broadband comb generation (hundreds of GHz). It requires a
small component count, is suitable for photonic integration and provides low complexity and power
consumption. However, the flatness is degraded and equalisation techniques may be needed for

coherent superchannel applications.

These features will make each of these expansion techniques more suitable for employment in a va-
riety of communication applications, including next generation flexible superchannel transmission

and millimetre wave generation.
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Chapter 5

Photonic Integrated Gain Switched
Comb and its De-multiplexing for
Spectrally Efficient Optical

Transmission Systems

Previous chapters have proposed experimental approaches to enhance the practicality of a Gain
Switched Optical Frequency Comb Source (GS-OFCS) in terms of reconfigurability, and bandwidth
coverage expansion. As such, externally injected GS-OFCSs are able to generate multiple equally
spaced optical carriers that may span over large bandwidths (hundreds of GHz) with excellent phase
correlation, low Relative Intensity Noise (RIN) and narrow optical linewidth transferred from the
optical external injection, high Optical Carrier to Noise Ratio (OCNR) and flexible features that in-
clude central wavelength and Free Spectral Range (FSR) tunability, which are all desirable qualities

for multi-carrier sources.

Nevertheless, commercial networks benefit from photonic integrated circuits where optical com-
ponents can be combined in a single chip, reducing fabrication processes, footprint and associ-
ated costs in assembly, packaging and testing. Thus, the photonic integration of GS-OFCSs is of
paramount interest to further enhance its usefulness and viability in optical networks. Additionally,
an extended issue among multi-carrier sources is the necessity of de-multiplexing the carriers for

independent modulation which typically requires the use of optical amplifiers which are costly and
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enlarge the transmitter footprint.

This chapter presents a detailed experimental characterization of two novel Indium Phosphide (InP)
integrated circuits for the generation of an externally injected GS-OFCS and comb de-multiplexing
based on injection locking. Finally, this thesis investigates the performance of the integrated GS-
OFCS in two different data transmission systems that employ advanced modulation formats to
study the influence of the device noise properties and to validate the versatility of the GS-OFCS for

diverse systems throughout the network.

The functionality, performance and compactness of these devices further improve the potential and

quality of GS-OFCSs for future optical networks deployment.

5.1 Introduction

Data traffic has experienced incessant exponential growth over the last decade due to the appear-
ance of new cloud services and web applications [1], [2]. In order to keep meeting the demand
for bandwidth, optical networks must evolve towards higher performance and throughput, spec-
tral efficiency, and reduced power consumption [3], [4]. This significant transformation is required
throughout the network, from communications links within datacentres, in metro and into the back-

bone [5]- [7].

Depending on the network topology and application, diverse requirements and specifications (such
as transmission lengths, modulation formats and complexity) are stipulated. Transmission links
within datacentres are expected to be shorter than 3 km, and while several potential modulation
formats have been considered [8]- [10], 4-level Pulse Amplitude Modulation (PAM) has gained
remarkable attention [11], [12]. In metro and long-reach links, however, coherent communications
are used due to the high receiver sensitivity, frequency selectivity and superiority of digital signal
processing for compensation of transmission impairments with transmissions lengths over 50 km

[13]- [15].

Optical frequency comb sources have proven to be key components in spectrally-efficient optical
transmission systems [14]- [19], thanks to their low complexity, and precise and stable frequency
spacing between the carriers enabling the reduction or elimination of guard bands in advanced
multicarrier modulation techniques. Additionally, an Optical Frequency Comb Source (OFCS) may

also offer FSR flexibility that allows a single source to be easily adapted to suit different modulation
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formats and symbol rates [20].

Optical comb generation by gain switching of an externally injected semiconductor laser diode is a
remarkably simple and flexible technique that relies on the direct modulation of the current injected
to any commercial off-the-shelf laser [21]- [24]. It inherently offers FSR tunability and strong
phase correlation between the optical carriers. Moreover, low RIN unaffected by mode partition
noise [17], [19], and narrow emission linewidth from the external injected light can be effectively
transferred to the comb lines [22], [25]. As such, the GS-OFCS presents desirable qualities and
offers itself as a single versatile source with potential to meet the requirements of various optical

networking scenarios from intra-datacentre, to long-haul optical transport.

Nevertheless, in order to yield further compactness, cost-efficiency and ease of fabrication, the
photonic integration of injected GS-OFCSs and active comb de-multiplexers are crucial for viable

network deployment.

5.1.1 Photonic Integration

Photonic integrated circuits are miniaturised circuits that operate at optical frequencies and consist
on a number of individual inter-connected components fabricated in a common substrate. Photonic
integration offers numerous advantages to next generation optical networks as compact footprint of
devices, realization of complex systems in a single chip, energy efficiency, reliability, reduced costs

and large scale manufacturing [26].

Photonic integrated circuits are being developed in parallel in two main substrate materials, InP and

Silicon, each offering different merits according to its material properties [27]:

Indium Phosphide (InP): InP is a direct bandgap III-V compound semiconductor material that
supports the integration of active components as efficient lasers, optical amplifiers and also mani-
fest good electro-optical properties for sensitive photodetection and fast modulators [27], [28]. The
InP technology beneficially allows the integration on a single platform of passive and active com-
ponents, however, passive sections exhibit high losses and require current injection for transparent

transmission.

Silicon (Si): Silicon is an indirect bandgap semiconductor material [27] and, consequently, is very
inefficient in generating or detecting optical signals. Therefore, waveguides in this platform present
very low optical losses, ideal for passive components. Additionally, silicon material is abundant

on the Earth surface and compatible with CMOS technology. Thus, silicon photonic devices can
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be made in standard CMOS processes, and allow the attractive potential for integrating photonic
and electronic components on a single chip [28]. However, the indirect bandgap nature of the
silicon platform prevents effective amplification and laser generation which have been the main

impediments for this technology to succeed.

In monolithic integration, the different compound materials are fabricated on the same wafer sub-
strate (InP or Si) allowing simpler manufacturing processes and, thus, cost effectiveness and ease of
fabrication. However, the devices and their performance are limited to the substrate material used.
Alternatively, a lot of research is focusing in hybrid integration, where different components are
fabricated in separated wafer substrates with the most suitable material, which are then combined

to obtain the final device.

5.2 Photonic Integrated Gain Switched Comb

The fabricated Photonic Integrated Circuit (PIC) for comb generation is schematically represented
in Figure 5.1 (a). The overall length of the device is ~1.5 mm, consisting of four electrically
independent sections. The material structure of the device is standard 1550 nm laser material with
five strained AlGalnAs quantum-wells in the active region, on an n-doped InP substrate. The comb
generator comprises two integrated Discrete Mode Laser Diodes (DMLD) [29] in a master-slave

configuration, where the light generated from the master is injected into the slave cavity.
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Figure 5.1: (a) Schematic of the photonic integrated device and experimental set up for the gain
switched comb generation (b) Continuous Wave (CW) optical spectrum of the two integrated lasers,
Master section biased at 40 mA, Slave section biased at 70 mA.

These lasers are regrowth free Fabry-Pérot (FP) lasers that include a mirror section consisting of a

number of slots, with different grating periods, that have been etched close to the active region to
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provide a regular refractive index perturbation and thus, optical feedback that ensures single mode
operation. These slots are defined by standard electron-beam lithography allowing precise control

of the slot width and slot periods with nm resolution.

The master laser is formed by a long gain section and two reflector sections at each side to provide
enough reflection to create a lasing cavity and single mode emission, as depicted in Figure 5.1 (b).
Both reflector sections are 215 um long and consist of 22 slots etched 1.395 um deep into the ridge
waveguide. Because the lasing does not require a cleaved facet, this laser is suitable for monolithic
integration with other photonic components in a single epitaxial growth. The reflector on the right
end of the master gain section is shared by the slave cavity, effectively reducing the overall length
of the PIC. Thus, the slave laser cavity is formed by a shorter gain section to allow high speed
modulation, enclosed by the shared reflector section and the cleaved facet on the right end of the
gain section. The master and slave sections are 711 um and 355 um long, respectively. As shown

in Figure 5.1 (b), two independent single mode emissions can be achieved.

Transmission Line

Figure 5.2: (a) Fabricated PIC for gain switched GS-OFCS, mounted on a high speed subcarrier
that includes an Radio frequency (RF) connector and terminating resistor for gain switching and (b)
Fabricated PIC under test in a probe station

Four independent metal contacts were deposited to allow independent bias of the sections. Gain
switching is achieved by applying an amplified sinusoidal RF signal (24 dBm) to the slave sec-
tion in conjunction with a dc bias through a bias tee. In order to enable gain switching with high
speed signals, the PIC was subsequently mounted onto a subcarrier that includes an RF connector,

a Conductor-Backed Coplanar Waveguide (CBCPW) transmission line, and a terminating 47 2
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resistor ball bonded to the slave section for matching impedance, as shown in Figure 5.2 (a). The
subcarrier was then placed on a temperature-controlled copper block for probe testing, as illustrated
in Figure 5.2 (b). The device temperature was maintained at 20 °C using a Thermoelectric Cooler
(TEC) module and coupling was achieved using lensed fibres on piezoelectric actuated stages. The
resultant comb generated is then observed with a high resolution (0.16 pm) Optical Spectrum Anal-

yser (OSA).

Before demonstrating the comb generation results and the enhancement on the obtained comb band-
width due to the use of external optical injection, shown in Figures 5.3 (a) and (b) are the normalised
frequency response of the device with the master section turned off (i.e. without external injection)
and on (i.e. with external injection), characterised by performing small signal modulation analysis

with the aid of a network analyser.
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Figure 5.3: Modulation Response of device when (a) Master is OFF (without external injection)
and (b) Master is ON, biased at 80 mA (with external injection). Resultant comb generated with an
FSR of 6.25 GHz for: (a) No injection with Master section switched off and (b) External injection
optimized with Master section biased to 80 mA.

A 3-dB modulation response bandwidth of approximately 5.5 GHz for the CW slave section is
noticed. However, it can be also seen that the inherent bandwidth of this device could be improved

up to around 9 GHz by properly biasing the master section (to 80 mA), therefore injecting into the
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slave section.

The spectra illustrated in Figure 5.3 (¢) and (d) demonstrate the obtained comb at the output of the
device when the slave section is being gain switched at 6.25 GHz. In Figure 5.3 (c) the master
section is turned off while the slave gain and the reflector sections are biased at 70 mA and 55
mA, respectively. As a result, 10 clearly resolved comb tones are observed within 20 dB of the
spectral envelope peak, corresponding to a 20 dB bandwidth of 62.5 GHz. The comb tones present
an OCNR of around 45 dB but the resultant flatness consists of only 2 comb tones within a 3
dB spectral window. In comparison, Figure 5.3 (d) illustrates the case when the master section
current is turned on and the slave section current is kept to the same value. In this case, the master
bias current is set to 80 mA for optimum modulation response enhancement and thereby, comb
generation. It can be clearly seen that with optical injection from the master section, the resultant
comb presents an improved flatness and bandwidth. The overall 20 dB bandwidth increases to 94
GHz, comprising 15 clearly resolved comb tones. These results agree with the improvement of the
modulation bandwidth of the slave section due to external optical injection [24], [30]. Additionally,
the flatness of the comb has been greatly enhanced with a total of 8 comb tones within a 3 dB

spectral window with an OCNR in excess of 45 dB.

5.2.1 FSR Tunability

The FSR tunability of the comb is a key feature of gain switched OFCSs for numerous applications
[25], [31]- [33], especially for future flexible optical transport solutions allowing the adjustment
of the frequency spacing between the carriers to accommodate different modulation formats and
baud rates. Figures 5.4 (a)-(d) illustrate the resultant GS-OFCS spectra generated with frequency

spacings between the optical carriers spanning a range of 7-10 GHz.

Gain switching at these FSRs results in the generation of coherent frequency combs consisting of
4-8 clearly resolved comb tones within 3 dB of the spectral envelope peak, with a power per comb
tone of ~ -10 dBm and OCNR > 35 dB. These results are achieved by changing the modulation
frequency of the synthesizer used to gain switch. It is important to mention that the FSR can
be continuously tuned and the minimum resolution is dictated by the electrical RF synthesizer
although for simplicity, only four frequency spacings are shown. The restricted upper FSR and
overall bandwidth can be attributed to the limited inherent bandwidth of the device, shown in Figure

5.3 (b). The frequency response could be improved in next iterations by decreasing the length of
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Figure 5.4: Resultant photonic integrated GS-OFCS at different FSRs: (a) 7 GHz with 8 comb tones
in 3 dB window, (b) 8 GHz with 7 comb tones in 3 dB window, (c) 9 GHz with 5 comb tones in 3
dB window and (d) 10 GHz with 4 comb tones in 3 dB window.

the wire bond and size of the metal contact pads to reduce the device parasitics.

5.2.2 RIN

The RIN of the generated comb with an FSR of 6.25 GHz is then characterized, as an important
indicator of the noise properties of the transmitter for data transmission. The RIN measurements

were carried out using the experimental set up explained in Chapter 3 [35].

Due to the low power per comb tone after filtering (~ -24 dBm), an Erbium Doped Fibre Amplifier
(EDFA) is required to measure the RIN [35]. Therefore, these measurements are influenced by
Amplified Spontaneous Emission (ASE) and the actual RIN values for each comb tone are expected
to be probably lower than presented here. The ASE generated by the EDFA varies depending on
the input power launched into it which influences the RIN measured. Therefore, a Variable Optical
Attenuator (VOA) is placed in line between the filter and EDFA to ensure constant power at its input,
and thereby similar ASE for all measurements, allowing an objective relative comparison of the

RIN results. Comb tone number 6 presents the lowest optical power after filtering (corresponding
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to -24 dBm) and, therefore, dictates the optical power set at the input of the EDFA (through the
VOA).
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Figure 5.5: Relative intensity noise measurements: (a) Comb spectrum obtained with an FSR of
6.25 GHz, with comb tones marked with numbers, and (b) Measured relative intensity noise for 4
selected comb tones, and master CW over 10 GHz bandwidth.

The RIN of the master and the selected comb tones (marked with arrows and numbers in Figure
5.5 (a)) used for data transmission has been measured over a 10 GHz bandwidth, although only
five measurements are shown in Figure 5.5 (b) for clarity of presentation. These measurements

correspond to four representative comb tones and the master in CW operation.

The RIN of the master CW (dc to 6 GHz) is -129 dB/Hz. The obtained averaged RIN (dc-6 GHz) of
the selected comb tones vary in the range of -122.5 to -129.3 dB/Hz with the highest averaged RIN
(-122.5 dB/Hz) corresponding to comb tone 6 that also presents the lowest power and OCNR and
thereby, is most influenced by ASE noise. This variation in RIN levels can also lead to a degradation

of the system performance as it will be presented later in this Chapter.

Nevertheless, these results demonstrate that this type of integrated GS-OFCS presents satisfactory
low RIN values suitable for advanced modulation formats with a relatively uniform distribution
over the frequency span, and thereby, it is not affected by mode partition noise unlike some mode-
locked lasers comb sources where high RIN is observed at low frequencies which may hinder their
use in some optical systems [17], [19]. In order to provide a sufficient power per comb line af-
ter filtering/demultiplexing for practical systems, an integrated injection locked de-multiplexer is
proposed in the Section 5.3, which provides simultaneous de-multiplexing and amplification of the

comb tones while keeping their phase correlation.
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5.2.3 OCNR

OCNR has also been recognized as a limiting parameter for the performance of advanced intensity
modulated systems [36] and thus, it is subsequently characterized. Figure 5.6 presents the averaged
RIN (from dc to 6 GHz, and marked in black circles) and the OCNR (in blue squares) for the 8
selected comb tones. The OCNR ranges from 46 to 51 dB and presents a trend of reduced OCNR
when moving from lower wavelength comb tones towards higher ones in accordance with the shape
of the optical spectrum envelope. Comb tone 6 exhibits the lowest OCNR caused by its reduced
optical power that can be observed as a marked dip in the optical spectrum in Figure 5.3 (d). The
system performance will significantly depend on the OCNR and RIN levels of the optical comb
tones employed [17], [36] and consequently, it can be noted that comb tone 6 will reveal the worst
performance as it possesses the lowest OCNR of 46 dB and highest RIN of —122.5 dB/Hz. On the
contrary, comb tone 1 exhibits high OCNR levels of 51 dB and low RIN of -128.6 dB/Hz which can

ensure very good performance of the system.
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Figure 5.6: RIN (black circles) and OCNR (blue squares) of the comb tones.

5.2.4 Phase Noise and Phase Correlation

The phase noise was characterized by measuring the Frequency Modulated (FM)-noise spectrum
using an optical quadrature receiver front end as in [37], [38]. The comb tones were filtered and
coherently detected with the aid of a low linewidth local oscillator (linewidth < 80 kHz). The two
optical fields are superposed in a 2x4 90° hybrid whose output signals are detected by two balanced
photodetectors for offline phase noise analysis. The receiver detects a beat between the signal
under test (comb tone) and the local oscillator. Therefore, the obtained linewidth is the sum of the

linewidth of the comb tone and the local oscillator, as both optical fields are de-correlated.
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The FM-noise spectrum was analysed for the 8 selected comb tones within the 3 dB of spectral
ripple, although only four representative measurements are shown in Figure 5.7 (a). These results
are compared to the phase noise of the CW master laser (when the slave section is biased at trans-
parency current, which allows the master signal to pass through without giving enough gain to the

slave laser to emit).

The FM-noise spectra demonstrate similar levels of phase noise, presenting a //f noise component at
low frequencies (below 20 MHz), a clearly dominant white FM noise, and a small high-frequency
component region above 1 GHz related to the relaxation oscillation of the injection-locked slave
laser. The intrinsic optical linewidth of each comb tone can be obtained from the white FM-noise
component, which corresponds to 1.5 MHz [37] (6f = .Sy - 7 =~ 5x10° - 7 ~ 1.5 MHz). Since the
phase noise of the comb tones are much larger (1.5 MHz) than that of the local oscillator used (80
kHz), the phase noise of the beat can be consider almost identical with that of the comb tones.
As illustrated, the FM-noise spectra of each comb tone demonstrate similar levels of phase noise,
thereby, following the optical linewidth of the master [25], [39], due to the external injection lock-
ing.

The excess //fnoise and relatively high intrinsic optical linewidth will potentially impact the perfor-

mance in optical coherent communication systems that will be further investigated in this Chapter.
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Figure 5.7: Phase noise properties: (a) FM-noise spectra for four representative comb tones and
free-running master laser. (b) FM-noise spectra of Gain Switched Slave section without external in-
jection (Master section switched off) for two representative comb tones. (c) RF beat tone linewidth
measured.

In comparison, Figure 5.7 (b) presents the FM-noise spectrum of the comb tones obtained from the

gain switched slave section when the master is turned off. As observed, the obtained linewidth is
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approximately 19 MHz (Sy ~ 6x106, 12 times the linewidth of the externally injected GS-OFCS),
as a result of the excess random spontaneous emission from bringing the laser below threshold on

every cycle of the gain switching process.

In order to ensure that the comb tones exhibit a high degree of phase correlation with each other, the
RF beat tone linewidth at 6.25 GHz (which corresponds to the FSR) is finally evaluated by detecting
the whole GS-OFCS with a high speed photodiode. In Figure 5.7 (c), the observed 6.25 GHz RF
beat tone measured at -20 dB from the peak is 40 Hz, with a 10 Hz resolution bandwidth of the
Electrical Spectrum Analyzer (ESA), confirming the high quality of phase correlation of the comb

tones limited by the noise of the RF source used to gain switch.

5.3 Photonic Integrated Comb De-multiplexer Based on Injection

Locking

A critical problem relating to the usefulness of optical combs in network equipment is the necessity
of separation (de-multiplexing) of the individual comb tones for independent data modulation be-
fore being coupled back together for transmission. Conventional approaches comprise an Arrayed
Waveguide Grating (AWG), or passive optical filtering with narrow band optical band pass filters
or wavelength selective switches. However, with these techniques it can be difficult to achieve the
required suppression of adjacent wavelengths with narrow sub-channel spacing. Furthermore, they
usually present substantial insertion losses, and thus, require the use of an EDFA which adds noise,
tends to be costly and bulky, reducing the suitability of comb sources for practical implementation

in transceivers.

De-multiplexing based on optical injection locking [40]- [42] has been proposed as an active comb
tone selection method that retains the phase correlation of the comb lines, does not require optical
amplification and causes less OCNR degradation when compared with conventional passive optical
filtering [43]. In de-multiplexers based on injection locking, whose schematic is presented in Figure
5.8, the optical frequency comb at the input is passively split between N number of lanes. On the
output side of the de-multiplexer there is an array of N single mode lasers. Each of these lasers is
tuned by current to modify its emission wavelength to enable locking to a specific comb tone. Thus,
each de-multiplexer laser is injection-locked to one particular comb tone which gets selected at the
corresponding de-multiplexer output. As a result, the output from the de-multiplexer consists of

N separated optical carriers (at each of the selected comb wavelengths), which are still frequency
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Figure 5.8: Schematic of the optical comb de-multiplexer based on injection locking

locked and have excellent phase correlation (transferred from the input comb) [44]. Furthermore,
the high output power of each de-multiplexer laser is sufficiently large for driving the modulators

in high spectrally efficient transceivers to encode high-order modulation formats.

A potential solution to achieve the benefits of OFCS within network equipment would see the mono-
lithic photonic integration of the demultiplexer with the OFCS to further enhance the compactness,
cost-efficiency, ease of manufacture and viability of the transceiver. As such, a four-output mono-
lithically integrated de-multiplexer using optical injection locked semiconductor lasers for coherent

comb tone separation is experimentally characterized in this thesis.

aveguides |

[siotted region contacts |

MMI Coupler gain

Figure 5.9: Illustration of the photonic integrated 1x4 comb de-multiplexer based on injection-
locked lasers. It comprises a Multi-Mode Interference (MMI) section for passive splitting of
the input comb into four copies, and four slave DMLDs that select a specific comb tone for de-
multiplexing.
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The device, schematically illustrated in Figure 5.9, comprises a 1x4 MMI coupler based on the
self-imaging phenomenon, which is the replication of the input signal in multiple copies at periodic
intervals along the waveguide, as illustrated in Figure 5.10. As such, the length of the MMI is
designed for optimal splitting into four identical copies of an input comb. The four outputs of
the MMI are followed by output linear tapers and curvature s-bends that couple the light into four
individual single facet DMLDs [29]. These lasers, as previously explained, comprise a gain section
and a mirror section consisting of a number of slots that have been etched close to the active region
to provide a regular refractive index perturbation and create a single mode emission. These lasers,
acting as slave lasers, are then tuned in wavelength such that they will each be injection locked to
different comb lines (which may not necessarily be adjacent or equally spaced [42]). This results

in the selective de-multiplexing of those comb lines, in what is effectively an active optical filter.

L
CHEEE 00 . °

Figure 5.10: Example of the 2D propagation profile from a 1x4 multimode interference coupler.
After: [45]

In order to demonstrate the de-multiplexer performance, an externally injected and 10 GHz gain-
switched FP laser is used as an input OFCS for the de-multiplexer, as illustrated in Figure 5.11.
The GS-OFCS spectrum, depicted in the inset of Figure 5.11, presents four comb tones within a
3 dB spectral ripple with an OCNR of 55 dB, optical power per comb tone of -2 dBm and optical
linewidth of 300 kHz.

Figure 5.12 (a) shows the de-multiplexer PIC under test, which is approximately 3.2 mm long and
2 mm wide. The material structure is standard 1550 nm laser material on an InP substrate with five

strained AlGalnAs quantum-wells in the active region. Individual metal contacts were deposited
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Figure 5.11: Experimental set up for comb de-multiplexing based on injection-locked lasers. Inset
illustrates the GS-OFCS spectrum launched at the input of the 1x4 comb de-multiplexer. SG: Signal
Generator; RF AMP: RF amplifier; FP: Fabry-Perot laser; TL: Tunable Laser; EDFA: Erbium
Doped Fibre Amplifier; OBPF: Optical Band Pass Filter; MMI: Multimode interference coupler;
OSA: Optical Spectrum Analyser.

for independent current injection to each section, which allows the MMI and s-bends sections to be
biased to transparency and output wavelength and power tuning of each slave laser. The device was
placed on a temperature-controlled copper block for probe testing, as illustrated in Figure 5.12 (b).
The device temperature was maintained at 20 °C using a TEC module and coupling at input and
output were achieved using lensed fibres on piezoelectric actuated stages. A high resolution (0.16

pm) OSA is used to observed the resultant spectra.

(@)

MIRROR  GAIN LASERS

Figure 5.12: (a) Top view of the fabricated PIC for comb de-multiplexing based on injection locking
observed with a microscope. (b) 1x4 comb de-multiplexer PIC under test in a probe station.

The individual selected comb tones at each output of the de-multiplexer are presented in Figures
5.13 (a)-(d). The mirror section of each de-multiplexer slave laser is biased in current accordingly
to produce a wavelength tuning that ensures locking to a specific comb tone, while the gain section

of each de-multiplexer laser is set to obtain a similar optical power in all the de-multiplexed comb
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tones (3 dBm).
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Figure 5.13: Spectrum at each output of the integrated 1x4 comb de-multiplexer: (a) De-multiplexed
Comb Tone 1 with a suppression ratio of 50 dB, (b) De-multiplexed Comb Tone 2 with a suppression
ratio of 47 dB, (c) De-multiplexed Comb Tone 3 with a suppression ratio of 45 dB, and (d) De-
multiplexed Comb Tone 4 with a suppression ratio of 37 dB.

The locking of the de-multiplexer slave laser to specific comb tones is confirmed by observing a
narrowing of the optical lineshape of the de-multiplexer outputs, matching with the lineshape of the
input comb tones [35], [46] as depicted in Figure 5.14. Consequently, each of the lasers acts as a
narrow filter that conserves the phase correlation between the de-multiplexed comb tones from the
input comb, and an OCNR of 55 dB as shown in Figure 5.13. The other comb tones are still present
at each de-multiplexer output, albeit having experienced some attenuation. The power difference
between the selected comb tone and the strongest residual tone is defined as suppression ratio,

which corresponds to 37 dB in the worst case, Figure 5.13 (d).

Therefore, salient features of this de-multiplexer have been experimentally demonstrated which in-
clude successful comb tone separation with suppression ratio larger than 37 dB, high output power
per de-multiplexed comb tone without requiring additional EDFAs, and OCNR, and linewidth

preservation from the input OFCS.
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Figure 5.14: Optical lineshape spectrum of a de-multiplexer single mode slave laser (in green),
optical lineshape spectrum an input comb tone (in purple), and optical lineshape of a de-multiplexer
slave laser locked to the input comb tone (in orange) acquiring the same lineshape of the comb tone.

5.4 Optical Transmission Experiments

The potential of the InP photonic integrated, externally injected GS-OFCS device for spectrally
efficient data transmission systems is demonstrated as follows. The GS-OFCS with a 6.25 GHz
frequency spacing, 8 comb spectral lines within 3 dB of spectral ripple, and OCNR > 45 dB is
employed in these experiments. The influence of the device noise properties (RIN and phase noise)
is assessed in two optical transmission systems that employ multi-level amplitude and phase mod-
ulation formats. Hence, the integrated GS-OFCS is used in a PAM-4 and in a Nyquist coherent
Quadrature Phase Shift Keying (PSK) (QPSK) system transmitting over 3 km and 50 km of Stan-
dard Single Mode Fibre (SSMF), respectively. Both systems performed below 7% Forward Error
Correction (FEC) limit for all the channels. These experiments highlight the suitability of this

integrated device for future communications links that use advanced modulation formats.

5.4.1 PAM-4 System based on the Photonic Integrated GS-OFCS

The experimental set up for the PAM-4 system is illustrated in Figure 5.15. The photonic integrated
GS-OFCS was used to generate 8 optical carriers within 3 dB of spectral flatness. As mentioned ear-
lier, all the sections were dc biased accordingly while the slave gain section was also gain switched
by employing an amplified RF sinewave (24 dBm). The GS-OFCS was filtered to select the cen-
tral 8 optical carriers and suppress the outer side comb tones. All the filtered comb tones were

subsequently amplified with an EDFA and sent to a single-drive Mach-Zehnder Modulator (MZM)
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(SD-MZM) via a Polarization Controller (PC). The SD-MZM was biased at the quadrature point
and then used to modulate the filtered comb with an amplified 3.125 GBaud PAM-4 signal wave-
form. An arbitrary waveform generator (AWG, Tektronix AWG70002A) operating at 6.25 GSa/s
was employed to generate the PAM-4 signal which was then amplified and sent through a Low-Pass
Filter (LPF) with a passband of 2.5 GHz. The PAM-4 signal waveform was 2'6 bits long, and

pre-distorted to compensate for non-linearities of the data driver and the SD-MZM.
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Figure 5.15: Experimental set up schematic of the Nyquist PAM-4 transmission system. FSR:
Free spectral range; OBPF: Optical Band-Pass Filter; EDFA: Erbium Doped Fibre Amplifier; PC:
Polarization Controller; SD-MZM: Single-drive Mach Zehnder Modulator; AWG: Arbitrary Wave-
form Generator; Data Amp: Data Amplifier; LPF: Low Pass Filter; AMZI: Asymmetric Mach-
Zehnder interferometer; SSMF: Standard Single Mode Fibre; VOA: Variable Optical Attenuator;
APD: Avalanche Photodetector; RTO: Real Time Oscilloscope.

Therefore, the bandwidth of the optical 3.125 GBaud PAM-4 signal was 5 GHz and there is a 1.25
GHz guard band between adjacent optical channels. The modulated 8 channel PAM-4 at point A in
Figure 5.15, with an aggregated data of 50 Gbit/s, is illustrated in Figure 5.16 (a). The 8 channel
PAM-4 signal was de-correlated by passing through a 2-stage dis-interleaver based on Asymmetric
Mach-Zehnder interferometers (AMZI), with an FSR of 12.5 GHz to separate the comb into odd
(Figure 5.16 (b)) and even channels (Figure 5.16 (c)) with an extinction ratio of 30 dB. The even
channels were passed through a 5 m fibre patch cord for de-correlation and then, passively combined

with the odd channels for transmission over 3 km of SSMF.

At the receiver side, the desired channel was selected with a narrowband tunable Optical Band Pass
Filter (OBPF) Yenista STM-50 with an approximate 3 dB bandwidth of 6 GHz. The optical spec-
trum of a filtered modulated comb tone, at point B of Figure 5.15, is shown in Figure 5.16 (d). The
filtered channel was detected using a 10 GHz receiver that consists of an avalanche photodetec-
tor (APD) and an integrated trans-impedance amplifier. A VOA was used to vary the input power
falling on the APD to measure Bit Error Rate (BER) as a function of the received optical power. The
detected signal was filtered using a 5 GHz LPF (LPF 2) and captured with a Real Time Oscilloscope

(RTO) operating at 25 GSa/s. Digital processing of the received signal (resampling, normalization,
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Figure 5.16: (a) Optical spectrum of the 50 Gbit/s PAM-4 signal (b) optical spectrum of odd chan-
nels filtered for de-correlation, (c) optical spectrum of even channels filtered for de-correlation and
(d) optical spectrum of a filtered channel at the receiver.

adaptive equalization, symbol synchronization, decoding), and BER calculations were performed
offline using Matlab. The symbol synchronization was performed with the aid of a 2° symbols long

training sequence.

5.4.1.1 Results and Discussion

The performance of the 50 Gbit/s PAM-4 system after 3 km SSMF transmission was verified by
carrying out BER measurements. Figure 5.17 (a) illustrates the BER achieved (black squares) for a
received optical power of ~ —18 dBm, and the corresponding RIN for each channel (blue circles).
The performance for all the received filtered channels are below the 7% FEC (BER = 3.8x1072 [47])
limit. It can be observed that the performance tends to degrade for higher channel number due to
the reduction of OCNR and increase of the RIN, which are key performance limiting factors of
multi-level amplitude modulation formats [17], [19] such as PAM-4. Hence, the best performance
with a BER of 1.3x10™* corresponds to Channel 1 that exhibits a low RIN of —128.6 dB/Hz. On
the contrary, the worst BER of 2.3x107% is incurred by Channel 6 that presents the lowest OCNR
and highest RIN of —122.5 dB/Hz.

We then analyse the BER as a function of received power for three representative channels. An
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Figure 5.17: (a) Measured BER for selected channels after transmission over 3 km (b) BER as a
function of received power after 3 km transmission.

External Cavity Laser (ECL) was used to set a benchmark performance of the system, as shown in
Figure 5.17 (b) with blue triangles. The ECL has an average RIN (dc-6 GHz) of ~ —145 dB/Hz, and
OCNR in excess of 65 dB (RBW =0.16 pm). Consequently, the penalty in performance for the GS-
OFCS channels is caused by elevated RIN (ranging —122.5 to —129.3 dB/Hz) and inferior OCNR
compared to the ECL. Channel 1 to 5 exhibit a similar level of performance yielding a receiver
sensitivity of —23 dBm, corresponding to 2 dB power penalty at 7% FEC limit compared to the
ECL. Channel 6 to 8 present a receiver sensitivity of —21 dBm at the 7% FEC limit. The additional
2 dB penalty incurred by these channels are mainly attributed to the degradation in RIN values and
OCNR of these channels. This is also illustrated in Figure 5.18 where the eye-diagrams detected
after transmission for CH1 and the ECL can be observed. Nevertheless, these results have clearly
illustrated the feasibility of a PAM-4 system utilizing the proposed photonic integrated GS-OFCS

device.

(b)

Figure 5.18: (a) Eye-diagram of CHI after 3 km of transmission and a received power of -18 dBm
(b) Eye-diagram of ECL after 3 km of transmission and a received power of - 18 dBm.
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5.4.2 Coherent Nyquist-QPSK System based on the Photonic Integrated GS-
OFCS

Figure 5.19 illustrates the experimental set up for the Nyquist-QPSK system. The photonic inte-
grated GS-OFCS was used as the multicarrier source. An OBPF and an EDFA were employed to
select and amplify the central 8 optical carriers with a 3 dB spectral flatness. All the filtered comb
tones were sent to a single IQ MZM (IQ-mod) via a polarization controller (PC). The 1Q-mod was
biased at null and driven by a 5 GBaud Nyquist-QPSK signal waveform. The waveform was 2'6
bits long and derived from the same AWG used previously, operating at 25 GSa/s. A digital root
raised cosine filter with a roll-off factor of 0.1% was applied to the QPSK signal.
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Figure 5.19: Schematic of the Nyquist-QPSK system experimental set up. Inset shows optical
spectrum of the modulated superchannel prior transmission. IQ-mod: 1Q Mach-Zehnder modulator;
LO: Local Oscillator.

The bandwidth of the resulting Nyquist-QPSK signal was 5 GHz with a 1.25 GHz guard band be-
tween adjacent optical channels. The 8 channel Nyquist-QPSK signal with an aggregated data rate
of 80 Gbit/s was then passed through the de-correlation stage, as explained in detail previously, and
transmitted Back-To-Back (B2B) and over 50 km of SSMF. At the receiver side, a phase diversity
coherent receiver was used to perform coherent detection. The optical Local Oscillator (LO) was
provided by an ECL that had 13 dBm output power and 25 kHz optical linewidth. The LO was tuned
to each of the 8 channels for detection. The received signal was captured with a RTO operating at
25 GSa/s. Digital processing of the received signal was performed offline using Matlab. A 2"¢
order Phase-Locked Loop (PLL) [48], [49] was used for phase recovery and phase tracking. Chan-
nel performance was determined using Error-Vector Magnitude (EVM) calculation of the measured
constellation diagrams, which defines the distance in the 1Q plane between the ideal constellation

point and the points received, and also error counting to establish a bit error rate.
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5.4.2.1 Results and Discussion

The experimental results obtained are shown in Figure 5.20 (a) and (b), for the total received optical
power (received power of the entire 8 channel Nyquist-QPSK signal) of ~ —25 dBm. Figure 5.20
(a) shows the BER measurements for each channel and for B2B (black squares) and for transmis-
sion over 50 km of SSMF (magenta circles). We evaluate 2 million samples for each channel to
accurately estimate the BER. Channel performance was also analysed through EVM measurements
for each channel for B2B case and for transmission over 50 km of SSMF, as illustrated in Figure
5.20 (b). In both cases, all 8 channels exhibit a similar performance far below the 7% FEC limit
(BER=4x10"3 and EVM=38% [50]). Channels 3 and 4 had the best performance in B2B and 50
km transmission without any errors recorded in the bit length analysed. Rather than omit the cor-
responding entry on Figure 5.20, these channels have been included at a nominal level of 5x10~°
which is intended to represent that no errors were detected. An indicative measured constellation
diagram for Channel 7 is shown in Figure 5.20 (c). The constellation diagrams of all channels
present a slightly angular spread of the constellation points which is a distinct signature of phase
noise. Despite the relatively large linewidth (relative to the employed baud rate), these experimental
results demonstrate that this integrated comb source can be used in coherent systems, even at low

baud rates where the linewidth requirement is more stringent.
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Figure 5.20: (a) Measured BER for selected channels back-to-back (black squares) and after trans-
mission over 50km of SSMF (magenta circles) (b) Measured EVM for selected channels back-to-
back (black squares) and after transmission over 3km of SSMF (magenta circles) and (c) QPSK
constellation diagram for Channel 7.

5.5 Conclusions

Photonic integrated circuits are key for the development of compact, robust and cost efficient optical

devices and systems. Photonic integration provides a perfect platform for mass production as well
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as the realization of complex systems, combining otherwise discrete components in a single device
and thus, providing reliability, power consumption and cost reductions, low footprint and ease of

fabrication.

This chapter has experimentally investigated the operation and presented a detailed characteriza-
tion of two photonic integrated devices for gain switched comb source generation, and comb de-

multiplexing prior to modulation.

The InP photonic integrated externally injected gain switched comb is composed of two lasers with
different cavity lengths integrated in a master-slave configuration. The comb spectral enhancement
due to optimum external optical injection is first demonstrated, with an increase in the 20 dB band-
width from 62.5 to 94 GHz caused by an enhancement of the relaxation oscillation frequency. As
a result, the generated comb exhibits 8 clearly resolved and highly coherent optical tones within a
3 dB spectral flatness at 6.25 GHz spacing and an OCNR of at least 45 dB. The FSR can be easily
adapted from 6 to 10 GHz and the comb noise properties are analysed by characterizing the RIN
and phase noise which are key parameters of interest for advanced modulation formats. Average
RIN is found to be ~ -125 dB/Hz, an intrinsic optical linewidth of 1.5 MHz is demonstrated and
a high degree of phase correlation characterized by a low 10 Hz RF beat tone linewidth. Hence,
this GS-OFCS presents exceptional features which clearly highlight its merit for use in numerous

applications, including spectrally efficient transmission systems.

The photonic integrated 4-output comb de-multiplexer based on optical injection locking is subse-
quently characterized. Through experimental results, active comb tone separation (de-multiplexing)
with adjacent tone suppression larger than 37 dB is demonstrated which is sufficient to guarantee
reliable system operation [42]. The presented de-multiplexer PIC allows selective and power equal-
ized de-multiplexing of the comb tones without OCNR degradation, while maintaining the optical
linewidth and strong phase correlation from the input comb source, which is crucial for compen-
sation of non-linear distortion through fibre transmission. Additionally, the de-multiplexed comb
tones can be adjacent or separated by multiples of the input FSR, but also equally or unequally
spaced, thus allowing for a variety of spectral bandwidth and modulation format arrangements. It is
important to note that this 1x4 de-multiplexer PIC could be also used with other comb source tech-
niques, and could be monolithically integrated on a single chip with the comb source for further

viability of multicarrier based optical transceivers.

Finally, the photonic integrated GS-OFCS is implemented in two different spectrally efficient opti-

cal transmission systems. First, it is employed in a PAM-4 system, where 8 comb tones obtained
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from the gain switched device are modulated with a 3.125 Gbaud signal that is subsequently trans-
mitted over 3 km of SSMF. The performance for all the received channels is below the 7% FEC
limit but it tends to degrade for high channel number due to inferior OCNR and RIN characteris-
tics, with a 2 dB receiver sensitivity penalty between best and worst performing channels. In the
Nyquist-QPSK system, the device phase noise influence is also studied. In the same manner, 8
comb tones are modulated with a 5 GBaud Nyquist-QPSK signal and transmitted over 50 km of
SSMF. Successful transmission is achieved with all 8 channels exhibiting a similar performance far

below the 7% FEC limit.

The experimental results presented in this Chapter, in conjunction with the compactness and ease
of manufacture of the InP monolithically integrated devices, denote the relevance and versatility
of the resultant GS-OFCS as a promising multicarrier source for a large variety of future spectrally

efficient transmission systems that use advanced modulation formats throughout the network.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

Externally injected gain switched optical frequency comb sources have been recognised as promis-
ing candidates for next generation, flexible and high capacity optical networks due to their spectral
efficiency, stability and flexibility while offering simplicity and good noise characteristics for the

employment of advanced modulation formats.

As aresult, in this thesis, an extensive experimental development and investigation of these sources
has been presented with special focus on their enhancement and feasibility for practical applications,
as well as the examination of their implementation in transmission systems. The main results are

outlined below.

Gain Switched Comb Generation and Development

In Chapter 3, the generation of a software reconfigurable optical frequency comb has been demon-
strated, based on the external injection of a temperature tuned and gain switched Fabry-Pérot (FP)
laser. The source presents automatic setting of the various parameters required for optimum, low
noise comb generation, and allows us to dynamically reconfigure the Free Spectral Range (FSR)
and central wavelength, according to traffic conditions and network resources. Furthermore, the
performance and noise properties of the software reconfigurable source are examined in detail and
presented, highlighting its suitability for employment in next generation flexible optical transmis-

sion networks. As a result, a highly coherent optical comb source consisting of 6 clearly resolved
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12.5 GHz tones delivering ~ 2 dBm output power per comb line with an Optical Carrier to Noise
Ratio (OCNR) in excess of 50 dB is achieved. The FSR can be software reconfigured from 6 to 14
GHz while the wavelength can be continuously tuned along the whole C-band (1535-1565 nm = 30
nm). A stability characterization demonstrates the source robustness over 24 hours with fluctuations
of the individual comb tones of less than 0.5dB in power and Spm in wavelength. Finally, exper-
imental measurements highlight the excellent spectral quality of the comb tones and performance
consistency, with Relative Intensity Noise (RIN) of ~ -130 dB/Hz and low phase noise (estimated
linewidth of 300 kHz transferred from the master laser), at any operating wavelength across the

C-band.

This source has served as a prototype demo unit for the company Pilot Photonics and has been
implemented in several research studies, including transmissions of 12 Gbaud Nyquist Polarization
Division Multiplexing (PM) Quadrature Phase Shift Keying (PSK) (QPSK) signals over 100 km [1]
and the investigation of superchannel switching over the C-band with a micro-ring resonator switch,
where 6 comb tones were modulated with 10 Gbaud Nyquist QPSK signals and transmitted over
50 km [2]. Additionally, a second iteration of this prototype which included a simultaneous fine
tuning of the FSR with the same microcontroller through a voltage controlled oscillator, has been
used as a multiple local oscillator for parallel detection at the receiver [3] as part of an EU FP 7
Project. This is achieved by synchronizing the reconfigurable Gain Switched Optical Frequency
Comb Source (GS-OFCS) centre wavelength and FSR with the corresponding parameters of the
free-running transmitter comb to compensate for environmental drifts, which allows simultaneous
detection of superchannels. The source has also been employed in a spectroscopy application [4]
where the comb signal is passed through the gas hydrogen sulphide. The comb tones that overlap
with the gas spectral components are absorbed by the gas, and thus the comb tone power gets

attenuated and an absorption profile of the target gas can be deduced.

In Chapter 4, two novel techniques for bandwidth expansion of gain switched comb sources are
investigated and experimentally demonstrated. Both configurations present expanded gain switched
combs with low optical linewidth, excellent phase correlation and continuous central wavelength

tunability within the C-band.

The first technique proposed entails the cascading of gain switched FP lasers externally injected by
a single low linewidth Tunable Laser (TL). The expansion obtained using this scheme, with two
cascaded FP laser diodes, results in 13 clearly resolved comb lines (doubling the bandwidth of the

initial source) with a remarkable flatness of 3 dB. The comb tones exhibit strong phase correlation
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and low optical linewidth of 80 kHz, transferred from the master laser. Continuous wavelength
tunability within a range of 20 nm is also demonstrated. Moreover, the proposed method can be
escalated, by cascading more FP lasers, and exhibits potential for integration which would reduce

the footprint and power consumption.

The second technique developed stands out due to its simplicity but effective expansion. The con-
figuration provides low complexity, with a low component count and power consumption, while
delivering high spectral purity, flexibility, and a broadband comb spectrum. It comprises an ex-
ternally injected and gain switched FP laser, where the optical injection takes place between two
neighbouring FP longitudinal modes. The obtained expanded gain switched comb exhibits 6.25
GHz spaced comb tones spanning over 325 GHz with an OCNR exceeding 30 dB. This corre-
sponds to 52 highly coherent comb tones (in a 6 dB spectral flatness) with good phase correlation
and low optical linewidth of 300 kHz, transferred and only limited by the external injection em-
ployed. Moreover, continuous wavelength tunability over 30 nm is also demonstrated. However,
the irregular flatness obtained may require equalisation techniques for coherent superchannel trans-

mission.

Hence, these two expansion techniques clearly show a trade-off between complexity/power con-

sumption and the obtained spectral flatness.

Photonic Integrated Circuits Testing and Characterization

A Indium Phosphide (InP) photonic integrated device for the generation of externally injected gain
switched optical frequency combs is tested and characterized in detail in Chapter 5. The device
is composed of two slotted single mode laser diodes with different cavity lengths and integrated
in a master-slave configuration. The slave section is optically injected by the master section and
simultaneously gain switched. The comb spectral enhancement due to the external optical injection
is first demonstrated, with an increase in the 3 dB spectral flatness from 2 to 8 comb tones and 20 dB
bandwidth from 62.5 to 94 GHz caused by an enhancement of the relaxation oscillation frequency.
Thus, the generated 6.25 GHz gain switched comb presents 8 clearly resolved and highly coherent
optical tones within 3 dB of spectral ripple, with an OCNR larger than 45 dB. The FSR tunability is
ranging from 6 to 10 GHz by simply changing the Radio frequency (RF) sinewave frequency used
to gain switch. The comb noise properties of the individual comb tones are also characterized. The
measured averaged RIN (dc-6 GHz) of the selected comb tones was found to vary in the range of

-122.5 to -129.3 dB/Hz. The phase noise is characterized by carrying out a detailed analysis of the
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Frequency Modulated (FM)-noise spectrum. This analysis can provide more thorough information
and understanding of the different noise processes contributing to the overall phase noise. The
intrinsic optical linewidth of each comb tone was found to be 1.5 MHz and a significant excess I/f
noise component at low frequencies (below 20 MHz) was presented. Finally, a high degree of phase

correlation is characterized by a low 10 Hz RF beat tone linewidth.

A novel four-output monolithically integrated comb de-multiplexer has also been tested and its
performance characterized in Chapter 5. The comb de-multiplexer is based on the optical injection
locking of single mode lasers by individual comb tones. As such, each injection locked single mode
laser selects an individual comb line and suppresses other comb tones by more than 37 dB. The
four outputs are all mutually frequency locked and possess the same OCNR, phase noise properties
and correlation as the input comb. Furthermore, the use of this de-multiplexer does not induce
insertion losses that reduce the de-multiplexed comb tone power, avoiding the need for optical

amplifiers.

Optical Transmission Systems Application

Finally, Chapter 5 verifies the feasibility of employing the integrated gain switched comb source in
network scenarios through experimental transmissions. These entail, at the time of writing, the first
demonstrations of a photonic integrated gain switched comb source in a four-level Pulse Amplitude

Modulation (PAM), and in a Nyquist-QPSK optical transmission systems.

An experimental transmission of a 50 Gbit/s PAM-4 signal operating at 3.125-GBaud per channel
and over 3 km of Standard Single Mode Fibre (SSMF) employing the integrated device is presented,
for short-reach application as intra-datacentre links. The effect of RIN and OCNR on the system
performance is investigated by examining the Bit Error Rate (BER) and receiver sensitivity of all
channels, and compared to the performance of a low noise benchmark External Cavity Laser (ECL).
All channels successfully performed below the 7% Forward Error Correction (FEC) limit and RIN
and OCNR have been recognised as limiting parameters for the system performance as the measured
BER tends to degrade for high channel number due to inferior OCNR and RIN. A 2 dB receiver

sensitivity penalty between best and worst performing channels is found.

The integrated gain switched comb is also implemented in a Nyquist-QPSK system operating at 5-
Gbaud per channel, with a total data rate of 80 Gbit/s and transmitted over 50 km of SSMF, suitable
for medium-haul or inter-datacentre optical transmissions. The system performance was examined

by measuring BER, and Error-Vector Magnitude (EVM) to study the influence of the device phase
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noise. The constellation diagrams of all channels presented a slightly angular spread of the con-
stellation points which is a distinct signature of phase noise. All received channels successfully

exhibited a similar performance well below the 7% FEC limit.

The development and investigation presented in this thesis has successfully proved and strengthened
the potential of gain switched comb sources to play a key role in future optical communication

systems.

6.2 Future Work

The research in this thesis has shown the potential of gain switched comb sources for next generation

optical networks. Potential future work in need of further investigation is now described:

* As discussed in Chapter 3, future networks may incorporate flexible features that facilitate network
adaptability according to dynamic traffic conditions. This thesis has presented a software reconfig-
urable gain switched optical frequency comb that could be used in future flexible transponders
thanks to its continuous flexibility in FSR and central wavelength that can be software controlled
with system demand, and to the low RIN and phase noise that allows the encoding of amplitude
and phase modulation formats alike. Future work would see a further development of this source
towards a general sliceable bandwidth variable transponder architecture, which is a transponder
able to dynamically tune the required optical bandwidth occupancy and slice it in a number of

independent superchannels with different destinations.

A proposed architecture is illustrated in Figure 6.1. A similar software reconfigurable source as the
one presented in Chapter 3 would form the main block in the multicarrier source. Additionally, an
optional expansion block, which could consist of a phase modulator or cascaded lasers as proposed
in Chapter 4, could be selected depending on the required number of carriers and the specification
for power consumption. A filtering stage would follow to slice the overall bandwidth and to filter the
individual carriers for independent modulation, which could be implemented by injection-locked
de-multiplexers, proposed in Chapter 5, programmable filters, or micro-ring resonators. Finally,
an array of I-Q modulators would need to be incorporated to allow various complex modulation

formats to be encoded.

* Chapter 4 presented two techniques for expansion of GS-OFCS, while offering good flexibility and

low noise properties. Future work could look at the study of these techniques through modelling in
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Figure 6.1: Proposed architecture for sliceable bandwidth variable transponder

VPI Transmission Maker and simulation of analytic/numerical modelling against which the output
of the experiments could be compared. These simulations could study the cascading of more lasers,
for the first technique, and the investigation of its limitations in terms of number of cascaded lasers,
overall power consumption and achievable number of comb tones. For the second technique, further
increment of the injected power and chirp in the laser to achieve injection in more than two FP
longitudinal modes would be of interest as well as the increase of the cavity length which would
result in a reduced spacing between longitudinal modes and better overlapping of the generated

comb tones with enhanced flatness.

* Future design iterations of the integrated gain switched comb source presented in Chapter 5 could
strive to achieve higher FSRs that would be more suitable for future optical transmission systems
(i.e. 12.5 to 28 GHz). This could be accomplished through increasing the bandwidth of the slave
section with a shorter slave gain cavity design, by reducing the wire-bond length and device para-
sitics, and improving the high speed submount while also increasing the number of lines through

the monolithic integration of phase modulators or cascaded lasers.

Furthermore, wavelength tunability across the C-band would certainly improve the viability of this
integrated source in practical systems. The current design allows a narrow-band wavelength tunabil-
ity (of approximately 1 nm) that can be tuned with the bias in the slotted sections. The development
of an integrated gain switched comb capable of full C-band wavelength tunability could be imple-
mented using an array of Discrete Mode Laser Diodes (DMLD) that act as master tunable laser to
injection lock a slave FP cavity, identical to the discrete component version presented in Chapter

3.

* In Chapter 5, two integrated devices have been characterized in detail for gain switched comb
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generation and de-multiplexing. The logical next step is then the monolithic integration of both
devices in a single chip to be employed in next generation optical transceivers. The device could
also include electro-absorption modulators after each de-multiplexed carrier for independent data
modulation. Another approach could entail hybrid integration to combine the InP integrated comb
and de-multiplexer with Silicon-Organic Hybrid (SOH) modulators, which show ultra-low volt-
age drive requirements. These two integrated components could be then connected on-chip level,

through photonic wirebonds to keep compactness.

* Potential future work could also be focused in other disciplines, that could benefit from the use
of optical frequency combs and particularly, from the simplicity, compactness and ease and precise

control of FSR of the gain switching technology, such as gas spectroscopy or sensing.

Dual optical frequency comb (Dual-OFC) architectures have recently attracted attention due to their
wide broadband range, stability and measurement times. In Dual-OFC spectroscopy, two optical
combs with slightly different FSRs are down converted (i.e. mapped) into the RF domain where

they are detected and the information is quickly processed.

As illustrated in Figure 6.2, a single master laser could be used to injection lock two gain-switched
lasers. As such, mutual phase correlation and frequency locking is achieved, and the mapped RF
comb presents a frequency spacing corresponding to the optical FSRs difference. The combined

optical frequency combs can traverse a gas cell filled with a specific target gas.

SG fo

Gas Acquisiti
cell —Q\ — Acquisition

Slave 2

Figure 6.2: Dual optical frequency comb spectroscopy employing external injection and gain
switching technologies

The absorption spectral profile caused by the gas is obtained by processing the amplitude of the
data in the RF domain. Therefore, externally injected gain switched combs could bring significant

advantages to this scheme, such as low component count and possibility of gas detection in a broad-
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band wavelength range of the electromagnetic spectrum by selecting lasers to gain switch at the

desired wavelengths.

The wavelength range around 2 um is particularly attractive for gas sensing due to presence of
strong absorption lines of many gas species, including atmospheric gases, e.g. nitrous oxide, carbon
dioxide, acetone, and ammonia. Furthermore, this wavelength range is called “eye safe”, since laser
radiation does not reach the retina, showing great potential for applications in free space. Hence,
dual-OFC with gain switched comb sources around the 2 um wavelength range could be investigated
and examined in terms of accuracy, resolution, and measurement time. Furthermore, a prototype

could be manufactured, characterised and tested.
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Appendix B

Turn-on dynamics of semiconductor

lasers

The dynamic behaviour of a semiconductor laser is given by a set of non-linear rate equations,
which define the relationship between carrier and photon densities inside a laser cavity. The basic

rate equations for a single mode laser can be written as:

ON _I(t) N
W_W_E_Q(N_NO)S (B.1)
oS 1 N

o = oV = No) - Tp]s B (B.2)

where N is the carrier density, I(t) is the time dependent injected bias current, e is the electron
charge, V' is the volume of the laser active region, 7., denotes the carrier lifetime, g is the gain
constant, Ny is the carrier density at transparency, S is the photon density, 7, is the photon lifetime

and [ is the spontaneous emission coupling factor.

The dynamics involved during the turn-on of a semiconductor laser diode are here considered,
where a step current I(¢) is applied and, consequently, the carrier and photon densities can be
considered to be disturbed around their steady state value, which is mathematically described as:
N =N +6N (B.3)

S=5+46S (B.4)

where NV and S are the steady state values, and /N and 6.5 are the transient perturbations around
the steady states for the carrier and photon densities, respectively. Substituting these expressions

in the rate equations B.1 and B.2, neglecting second order terms (ie. dN4.5) and assuming that the

151



spontaneous emission is negligible:

ML) _ L g5+ 68 () - No)(S +55(e) — (o)

0(5 +05(1)) +8f5 1) _ (8 1 6N(t) — No)(5 + 85(t)) — (305 +;ss ®)

) (BS)
) (B.6)

As the semiconductor laser is turned on, biased above threshold reaches the steady state with a

small perturbation around it:

ON I(t) N . _
E*W_E_Q(N_NO)S*O (B.7)

oS _ 17~
= - g(N—No)—Tp]S—O (B.8)

Taking into account equations B.7, B.8, and neglecting the second order terms (i.e.

SN (H)3S(1)):

dON) _ _5n(g8+ Ly = g(N — No)sS (B.9)
dt Te
dos) _ g(N — No)dS — 05 +g6NS (B.10)
dt Tp

Additionally, the threshold condition can be obtained from equation B.2:

oS - 17
=gV - Ny - —|5=0 B.11
ot 9 0) Tp ( )
1 =
g(N —Ny)S——S5=0 (B.12)
Tp
- 1
g(N — No) = — (B.13)
Tp
By substituting B.13 in B.9 and B.10:
O(ON = 1 08
(ON) =—0N(gS+ —) — — (B.14)
ot Te Tp
0(05) -
——— =0NgS B.15
o g (B.15)
The transient response of the photon density can be obtained by differentiating B.15 with re-
spect to time, and substituting 8(2?7) with the expression in 2.8 and 6N with 6N = 8(35 ) g% from
B.15.
0%6S 988, . 1 08
—_— + = — )+ —gS = B.16
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