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Characterisation of optimum devices and parameters
for enhanced optical frequency comb generation

By Mohab Nabil Mohamed Fathy Hammad

Abstract

The Internet has become an irreplaceable aspect of our daily life. It is used every day by
billions of people around the world for various functions such as business, study, and
entertainment. Hence, an unabated rise in the demand for higher and faster data traffic has
been experienced through the last few decades. This demand for bandwidth is further fuelled
by the introduction of bandwidth intensive applications such as ultra-high-definition video
streaming, real time online gaming and cloud services making the realization of higher
capacity and performance optical networks a necessity.

Today’s telecommunication systems are static, with pre-provisioned links requiring an
expensive and time-consuming reconfiguration process. The state-of-the-art approach
(wavelength division multiplexing - WDM), entailing multiple lasers emitting differing
wavelengths (each modulated) multiplexed together (on a 50 GHz grid), cannot meet the
growing demands. Hence, future networks need to be flexible and programmable, allowing
for resources to be directed, where the demand exists, thus improving network efficiency. A
cost-effective solution is to utilise the legacy fibre infrastructure more efficiently by reducing
the size of the guard bands and allowing closer optical carrier spacing, thereby increasing the
overall spectral efficiency. However, such a scheme imposes a stringent transmitter
requirement in terms of wavelength stability, noise properties and cost-efficiency, which
would not be met with the incumbent laser-array based transmitters. An attractive
alternative would be to employ an optical frequency comb (OFC), which generates multiple
phase-correlated optical carriers with a precise frequency separation. The reconfigurability
of such a multi-carrier transmitter would enable tuning of channel spacing, number of
carriers and emission wavelengths, according to the dynamic network demands.

This thesis focusses on the externally injected gain-switched laser-based OFC (GSL-OFC)
technique. Advances to the state of the art are achieved via a detailed static and dynamic
characterisation of lasers, which is then used for enhancing the comb generation process.
Specifically, initial efforts are devoted to the use of different laser structures for OFC
generation. This aspect is then furthered by incorporating the concept of photonic
integration to reduce the cost, power consumption and footprint of the multi-carrier
transmitter. Self and externally seeded photonic integrated circuits are used to generate
combs that are then fully characterized to verify their employability in optical networks.
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Motivation and main
contributions

Digitalisation has become a global trend and a growth factor of the modern societies. The
integration of digital technologies in almost all aspects of our daily life has created an ever-
increasing demand for high-speed internet. The introduction of bandwidth hungry
applications such as high-quality video streaming and conferencing, real time online gaming
and video calls and high-speed cloud services has even put more pressure on currently

deployed optical networks to evolve towards higher speeds and bandwidth.

Wavelength division multiplexing (WDM) has enabled the transmission of multiple
wavelengths using a single fibre, which opened the door for implementation of higher
capacity transmission systems. WDM has been successfully implemented in commercial
optical networks during the last 30 years. However, with the development and wide spread
of internet services all over the world, not only there exists an ever-increasing demand for
higher bandwidth but also this traffic demand is very dynamic. This is due to the reason that
there are multiple users with diverse needs that also changes over time. In order to cater for
this, the introduction of more advanced solutions is required allowing more flexibility and
reconfigurability. Some of the proposed techniques are the utilisation of higher order
modulation formats, that provides multi-level encoding of data onto the optical carriers and
the employment of multicarrier modulation techniques in which the spectral efficiency is
enhanced as a result of the bandwidth usage minimisation by the usage of tightly packed

optical channels.

Advanced modulation formats are prevalent in today’s networks. However, to further
enhance the spectral efficiency, the usage of proposed techniques a reliable optical carrier
source that generates multiple stable and closely spaced optical carriers is required.
Multicarrier optical sources enable denser channel spacing and potentially the technology of
super channels. Optical frequency combs (OFCs) can be considered as an attractive solution
for the generation of multiple phase-correlated optical carriers. It has attracted a lot of
attention recently as an appealing replacement for a bank of semiconductor lasers, providing
a more compact and a simpler solution. Furthermore, it provides a stable and a fixed spacing
among the multiple carriers, that overcomes the drift and interference between the different

optical channels over time. This results in the reduction or the elimination of the guard bands
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between these channels, enhancing the overall spectral efficiency of the communication

system.

Next generation optical networks would favour an OFC that provides good inherent spectral
characteristics such as narrow linewidth, low relative intensity noise (RIN), high optical carrier
to noise ratio (OCNR) and wide bandwidth. Furthermore, it should provide tunability in terms
of free spectral range (FSR) and emission wavelength to allow dynamic spectrum allocation
and bit rate variation according to the variable traffic demand of the network. Finally, it
should be as compact as possible or even integrated thus providing a lower footprint

solution.

There exist various techniques for generating an OFC. Gain switching technique is one of the
attractive generation techniques, which provides simplicity, cost efficiency and the prospect
for photonic integration. Thus, the focus of this thesis is to identify the optimum laser
parameters and operating conditions for generation of an enhanced OFC using this
technique. In this thesis, investigation of the various laser parameters that have an impact
on the quality of the generated gain switched OFC is shown. This is carried out for different
types of laser structures using simulation models and mostly via experimental

characterisation.

Main contributions

The main contributions of this work can be outlined as below:

e Investigation of laser parameters influence on the laser output. This is done using a
simulation model based on the rate equations to study the semiconductor laser
dynamics and give optimum laser parameters. Experimental full characterisation of
different laser structures that can be effectively used for gain switching were carried
out to support the simulated results.

e Demonstration of a gain switched externally injected vertical cavity surface emission
laser (VCSEL) based OFC that exhibits remarkable spectral properties such as high
OCNR, low phase noise and low relative intensity noise (RIN). The positive impact of
the external injection on the OFC spectral properties is clearly highlighted.

e Introduction of a novel multi-section photonically integrated device to realise optical
injection locking (OIL) which addresses problems with direct modulation. Detailed
static and dynamic characterisation of the device were carried out and the results

were shared with the device manufacturer to serve as feedback for an improved
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design. A simulation model backing up the experimental results was constructed,
which also gave an insight on the device physical parameters and how to optimise it.

e Demonstration of a simple, cost-effective method for expansion of the generated
OFC by gain switching an integrated two section passive feedback laser (PFL).
Optimisation of the operating parameters of the PFL two sections results in an
outstanding enhancement of the modulation bandwidth of the laser as a result of
the photon-photon resonance (PPR) effect. Hence, a remarkable expansion in the
gain switched OFC bandwidth and number of tones is demonstrated.

e Report of an integrated multi-section semiconductor optical amplifier (SOA) as a
compact, simple solution for optical signal amplification applications for short reach
optical networks. The device is demonstrated to give flexibility to dynamically
achieve either a low noise figure or a high saturation power according to the required

application by simply tuning the bias of the different sections.

Thesis structure

This thesis is structured as follows:

Chapter 1 describes the evolution of optical communications during the different stages of
its development with a particular attention to the introduction of WDM. The different
challenges, because of the ever-increasing demand for bandwidth, are highlighted and
different capacity scaling solutions to overcome this need are discussed. The main techniques
discussed are the usage of advanced modulation formats and multicarrier modulation
techniques to improve the spectral efficiency of the network. Eventually, OFCs are proposed
as an attractive solution for generation of multiple optical carriers in a simple and easy
manner, which qualify it to be a key enabling technology for next generation optical networks

employing super channels.

Chapter 2 provides a literature review of the popular techniques of OFCs generation,
highlighting the main merits and drawbacks of each technique. Subsequently, a special focus
on gain switching technique is drawn due to its simplicity, cost effectiveness and the prospect
for photonic integration. A Matlab model is presented based on rate equation to study the
semiconductor laser dynamics, in order to tweak different laser parameters for generating

an OFC using gain switching technique.

Chapter 3 presents a static and dynamic characterisation of different laser structures with a

primary aim to identify optimised driving parameters for gain switching technique to
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generate an enhanced OFC. A full study of two different VCSEL devices is shown. The full
study resulted in the generation of (to the best of our knowledge, for the first time) an
externally injected gain switched VCSEL based OFC, that demonstrates high OCNR, low phase
noise and low RIN. Furthermore, a brief study of the VCSEL polarization dynamics and how it

can be used to further enhance the generated OFC is also shown.

Chapter 4 introduces a novel photonic integrated multi-section laser device that realises OIL
to tackle problems associated with direct modulation. The master-slave configuration of the
device allows the in-chip optical injection to improve various spectral characteristics of the
device such as linewidth, RIN and modulation bandwidth. This leads to generation of an
enhanced OFC in terms of number of lines and bandwidth. A VPI simulation model is
presented to support the experimental results and to study the effect of variation of the
different laser parameters on the output. Providing these results to the company who
fabricated the first device for feedback on an upgraded design has resulted in the production
of an updated version of the device. The new device is characterized and demonstrated to
have more accurate control on the injection parameters, resulting in an enhancement in the

injection locking procedure of the device.

Chapter 5 shows the detailed characterisation of another two-section integrated device. It is
a PFL that allows for on-chip optical feedback (self-seeding). The accurate optimisation of the
bias configurations applied to both sections result in an outstanding enhancement of the
modulation bandwidth of the device. The latter allows for the generation of an OFC with an
expanded bandwidth and higher number of comb tones under the influence of optimised on-
chip optical feedback. A VPI simulation model is introduced and provides similar results,

which supports the output of the experimental characterisation.

Chapter 6 proposes a multi-section integrated SOA for amplification purposes in short reach
optical networks. The device is characterised and demonstrated to generate either a low
noise figure or a high saturation power according to the bias configuration applied to its
different sections. This allows for adaptation of the device to a specified application.
Moreover, the device was shown to be implemented successfully in a system experiment
employing OOK and PAM-4 modulation formats. The potential of the device to be integrated
with a gain switched OFC in a single chip provides a potentially exceptional multi-carrier

transmitter solution with a high output power.
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Chapter 7 provides a brief summary of the research highlighting some important output

results. Moreover, it gives a summary of the future prospects of the same research line.
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Chapter 1

Optical fibre communication

1.1 Introduction

Since the beginning of civilisations, communication has always played a crucial part in shaping the
history and culture of humankind. It all started with basic communication methods such as
rudimentary hand movements or simple verbal expressions and evolving towards more advanced
techniques with the invention of languages and written scripts. Communication methods have evolved
at a fast pace in order to keep track of the developments in the civilizations. In a typical modern
communication system, transfer of data is accomplished by modulation (superimposing) of the
desired information onto a carrier. A transmission medium is then used as a mean of transporting the
modulated carrier to its eventual destination. The original data is recovered by being processed and
demodulated at the destination. Co-axial cables were used initially as a transfer medium where
electromagnetic waves were employed as a carrier of data. Several efforts were exerted to improve
the system capacity. However, the amount of transferred data was still limited by the carrier
frequency. Nowadays, a massive amount of data is transferred between various parts of the world
with rapid speeds and very low latency, thanks to the invention of optical fibres [1]. Optical networks
have become a crucial part of our daily life, since internet and data transfer are used in almost all
aspects of life. The ever-increasing demand for faster and cheaper data traffic has led to an urgent
need for improvements in the currently existing optical networks. With the current optical networks
experiencing a capacity crunch due to the exponential growth of data traffic and the introduction of
several advanced bandwidth-intensive applications, the need for more advanced and efficient optical

networks that can cater for such high bandwidth demands has become unavoidable.



1.2 Evolution of optical fibre communication

Optical fibre communication has been introduced in the second half of the twentieth century to cater
for the need for a quicker and more reliable technique to transfer large amounts of data all over the
world [2]. The introduction of optical fibres in 1966, preceded by the invention of semiconductor laser
diodes in 1960 laid the foundation for the development of today’s optical networks [3]. However, the
main breakthrough was achieved in 1970 [4], when Corning Glass Works designed and manufactured
the first optical fibre that was capable of maintaining the strength of laser light signals over significant
distances with relatively low transmission loss (attenuation of 17 dB/km). This opened the door for
optical fibres to be implemented as a real-life technology, which is able to increase the capacity of the
transmission systems by several times. Early optical networks operated at a very low data rates (45
Mb/s in the 1980s) [5]. The continuous efforts in technological developments led to a moderate rate
of increase of bit rate in the single optical channel supported on these systems. One of the other
changes that supported the bit rate increment is the change of the optical frequency transmission
window from 800 nm to 1300 nm and finally to 1550 nm [6]. However, it was not until the late 1980s
when Erbium doped fibre amplifiers (EDFA) were introduced to optical networks that led to the rapid

growth in the capacity of the data transfer rate [7].

Evolution of optical fibre communication over time can be split into several discernible phases as
shown in Figure 1.1(a,b). The main criterion of the evolution is the bit rate distance product (BL), where
B is the bit rate achieved and L is the achievable distance. This product is a count for the number of
repeaters required for a given transmission [8]. The first generation of optical fibre communication
used graded-index multimode fibre (MMF) and GaAs semiconductor materials at an operating
wavelength of 800 nm as optical sources to achieve a bit rate of 45 Mb/s as previously mentioned [9].
It had a repeater spacing of only 10 km. As per the figure, the BL product for the first generation is in
the order of less than 10 Gb/s.km. Shifting the operation lower loss wavelength (with respect to 800
nm) of 1300 nm opened the door for implementation of the second generation of optical fibre
communication. Semiconductor laser sources and detectors were developed to operate in the 1300
nm region, where both fibre loss (1 dB/km) and dispersion are low. For further improvement of the
BL product and reduction of dispersion, the attention was targeted towards the single mode fibre

(SMF) to replace the MMF. SMF provides much lower dispersion compared to MMF.

Both low transmission loss and low dispersion figures resulted in the achievement of systems
operating at bit rates up to 2 Gb/s with an extended repeater spacing of 50 km [11], leading to an

improvement of the BL product to approach 100 Gb/s.km.
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Figure 1.1: (a) Evolution of BL product over the period between 1975 and 2000 through distinct generations of
optical fibre communications. Source: [8], (b) Evolution of fibre-optic transmission capacity through the period
between 2000 and 2032 [10].

Further advancements took place to achieve better BL product for the third generation (in the order
of 1000 Gb/s.km). The operating wavelength shifted again to a lower loss window (at 1.55 um). This
was mainly driven by the leap forward of achieving a much lower fibre transmission loss (0.2 dB/km)
at 1.55 um in 1979 [12]. However, another issue emerged as the SMF suffers from higher dispersion
values at 1550 nm. Several efforts were devoted to counter this issue, which led to the introduction
of dispersion-shifted fibre (DSF) [13], designed to have lower dispersion at 1.55 um
operating wavelength in the link. Successful implementation of this solution has resulted in the
achievement of a transmission with a bit rate of 4 Gb/s for a distance exceeding 100 km in 1985
[14]. Dispersion compensating fibres (DCFs) were also introduced as an alternative lower
cost solution for compensating the dispersion of the existing SMFs. Replacing millions of
kilometres of the conventional SMFs with DSFs would involve huge costs. DCFs have a very large
negative dispersion coefficients that can compensate for the positive dispersion coefficients of the
SMFs. Introduction of a few hundred meters to a kilometre of DCFs, can compensate for
dispersion over tens of kilometres of the conventional SMFs, which provides a more economical

solution.

The advent of both EDFAs and the wavelength division multiplexing (WDM) [15] has marked the
revolutionary start of the fourth generation of optical fibre communication. WDM has allowed the
explosive increase in the transmission capacity, which resulted in the doubling of the BL product
each year as shown in Figure 1.1, to approach a BL product in the order of 1 x 10 7 by the 2000s.
WDM is a technique that allows the transmission of multiple optical channels on different carrier
wavelengths over a single optical fibre. EDFAs are used to extend the distance between the different
regenerators by amplifying the optical signal to compensate for the signal attenuation occurring
during propagation through the optical fibre [7]. The emergence of internet and the exponential

growth in demand for transmission of a massive amount of data over long-haul distances have
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promoted and pushed the development of WDM systems forward. This has resulted in the
introduction of the fifth generation of optical fibre communication by introduction of both dense
wavelength division multiplexing (DWDM) (which will be explained in detail later in this chapter) and
space division multiplexing (SDM) in order to make WDM system more efficient spectrally. In
this generation, a bit rate of 40 Gb/s and a repeater spacing of more than 100 km can be
achieved. Moreover, the concept of optical solitons, which are pulses that can preserve their
shape by counteracting the negative effects of dispersion [16] is being explored as a part of this
generation to further enhance the efficiency of the optical networks. Figure 1.1(b) gives a more-in
depth analysis of the currently used technologies with a future forecast of both the transmission
rate and the channel count. Coherent receivers (which will be explained later in details) that
are capable of detecting both the amplitude and phase of an optical signal were developed
soon after the year 2000. Their commercial availability has allowed system designers to employ
advanced modulation formats in which information is encoded using both the amplitude and
phase of an optical carrier [10]. The development efforts have resulted in achieving bit
rates up to 10 Tb/s and a regenerating spacing of more than 100,000 km, announcing
the beginning of a new era for optical fibre communication. Being currently in the fifth
generation of the optical fibre communication, the increasing development in enhancing the
transmission capacity is faced by the ever-increasing demand for internet bandwidth. As
the capacity of WDM systems approached 10 Th/s, researchers have begun to think about
the ultimate information capacity of a single-mode fibre. Shannon limit first introduced in 1948,
shows that the optical signal to noise ratio (OSNR) sets the fundamental limit for any linear
communication channel. The latter in principle, can be increased indefinitely by sending more
and more powerful signals over the channel to increase the OSNR. Unfortunately, this
conclusion does not hold for optical fibres that are inherently nonlinear and affect the bit
stream propagating through them in a nonlinear fashion [3]. For the future, Next-generation
fibre-optic communication systems bit rate is expected to exceed 1 (Tb/s) per wavelength. An
ultrahigh-capacity transmission system exceeding petabits-per-second (Pb/s) will comprise a vast
number of wavelength-spatial channels on the 10,000 scale (e.g., 100+ wavelengths times 10+
spatial paths as shown in Figure 1.1(b)) [10]. This will result in a huge increase in the complexity
that cannot be obtained using discrete optical components [10]. Photonic integrated circuits (which
will be discussed in detail in this thesis) provide a promising solution to resolve the dilemma of

scaling system complexity while reducing the cost per bit.

In the next section, WDM technique is investigated as one of the main techniques currently

applied for improving the transmission capacity of the optical network.
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1.3 Transmission capacity enhancement (Information

age)

1.3.1 Wavelength division multiplexing

The internet evolution and the start of alteration of the transmitted data types from plain text to
videos and multimedia contents have urged the need for a higher transmission capacity. Multiplexing
has been developed as a mean of sending multiple data streams using a common medium at the same
time. In case of optical communications, multiple optical signals are multiplexed into a single signal
that is transmitted through one optical fibre. The signal is then demodulated at the receiver, where
the original data are recovered from it and is available for processing. There exist different types of
multiplexing that employs several degrees of freedom such as frequency division multiplexing (FDM)
[17], time division multiplexing (TDM) [18], SDM [19], polarisation division multiplexing (PDM) [20]

and WDM. The latter is the multiplexing technique that will be adopted and discussed in this work.

For example, enhancement of the transmission capacity can be achieved employing PDM, where
different chunks of data can be conveyed within the two orthogonal polarisation modes. This results
in doubling of the transmission capacity leading to an overall improvement in the spectral efficiency
(which will be defined later in Section 1.3.3.1). All modulation formats can be incorporated with PDM
to enhance the spectral efficiency and the aggregate data rate. PDM has been used in conjunction
with higher order modulation formats (which will be discussed in more detail in the next section) such
as differential quadrature phase shift keying (DQPSK) and quadrature amplitude modulation (QAM)
to push the achieved single channel bit rate to higher values reaching 100 Gb/s [21] and even 400 Gb/s
[22].

The technology of WDM has catered for the early part of the exponential increase in the demand for
bandwidth. It entails the employment of multiple carrier wavelengths for the transmission of data in
which each wavelength can be considered as an individual channel. This results in maximising the
usage of available resources, as the multiple wavelengths (channels) can be transmitted through a

single optical fibre where they are separated by a specific frequency spacing.

Figure 1.2 shows a schematic of a generic WDM architecture. At the transmitter side, each
transmission channel incorporates a single mode laser source which emits a light signal that can be

considered as an optical carrier. Each laser emits at a specific wavelength, and it can be modulated



(with data) either directly (as shown in Figure 1.2) or externally. All the channels are then combined
together using a multiplexer to be transmitted through a single optical fibre. At intermediate points
in the transmission stage, the optical signal can be amplified using EDFAs to compensate for the
attenuation. Moreover, specific channels can be added or removed according to need through an
optical add/drop multiplexer. On the receiver side, the different channels are separated using a
demultiplexer to be routed to the desired destinations, where they are detected using a
photodetector and demodulated. The original transmitted data can then be recovered from the

demodulated data.
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Figure 1.2: Generic WDM architecture.

In an WDM architecture, the transmitted carriers are typically separated by an allocated amount of
frequency bandwidth called channel spacing. The used frequency grid for fibre-optic communication
for channel spacing at wavelengths around 1550 nm is defined by International Telecommunication
Union (ITU) G.694.1 standard [23]. The grid was previously defined relative to 193.1 THz and extends
from 191.7 THz to 196.1 THz (1528.77 nm to 1563.86 nm) with a channel spacing of 100 GHz (~0.8
nm). In the meantime, ITU has standardised a 50 GHz reduced grid channel spacing, which is used by
the currently deployed optical networks, and is referred to as DWDM [23]. Furthermore, ultra-dense
wavelength division multiplexing (UDWDM) was introduced by ITU-T recommendation [23] to
accommodate even lower grid channel spacing of 25 and 12.5 GHz. The channel spacing typically
comprises both the bandwidth of the encoded data to be transmitted and the guard bands. Although
not carrying any kind of transmissible data, it is crucial to insert the latter between adjacent channels
to avoid any kind of undesired interference among them. Cross-channel interference among
neighbouring channels can occur due to various reasons such as wavelength drift of the laser devices

and non-ideal response of the demultiplexer [24]. Despite their importance, the guard bands are



generically considered a waste of the network resources (the available bandwidth) as they do not
carry transmitted data. Several efforts have been devoted towards decreasing the size of the

implemented guard bands or alleviating it, which will be discussed in detail later in this chapter.

The number of channels that can be implemented in an optical network is governed by several factors
that can be classified into three main categories (spectral efficiency, multiplexing/demultiplexing

optical components bandwidth limitations and amplifiers):

1) Spectral efficiency:
The primary factor is the capacity and the bit rates that each channel can achieve. This can be
guantitatively measured using the spectral efficiency, which is defined as the ratio of an
individual channel bit rate to the frequency spacing between the WDM channels [25]. In a
typical short reach network employing basic modulation formats such as on-off keying (O0OK),
a 100 GHz grid channel spacing is required to avoid any cross-channel interference among
channels employing a bit rate of 40 Gb/s each to generate a spectral efficiency of 0.4 (bit/s)/Hz
[26]. Further enhancement of spectral efficiency can be achieved by employing advanced
modulation formats, in which transmitted data can be encoded in both the amplitude and the
phase of the optical carrier, resulting in multiplication of the transmission capacity [27].
Furthermore, spectral efficiency enhancement can also be achieved by employing much lower
required channel spacing, that is as low as 12.5 GHz [23]. Lower channel spacing maximises
the benefit of the available bandwidth by using more individual wavelengths for transmission,

which in turn facilitates the accommodation of a higher number of end users of the network.

2) Multiplexing/demultiplexing  optical components bandwidth limitations:
The bandwidth limitation of the optical components used in the multiplexing and the
demultiplexing processes is also an important factor in defining the lowest achievable channel
spacing. An array waveguide grating (AWG) is a typical component used for these functions.
For demultiplexing, it works on the principle of multi-mode interference in a free-space
propagation region, which induces different phase shifts in each channel, leading to the
separation of the channels at different output ports, thus performing the demultiplexing
operation [28]. Moreover, it can be used in a reverse manner to achieve multiplexing.
However, the precise need of a specific channel spacing of an AWG-based
multiplexer/demultiplexer means that the AWG has to be tailor made to operate on a given
WDM grid [29]. This results in an additional cost for fabrication and implementation. The
currently deployed AWGs typically operate with a spacing of 100GHz and 50GHz

contributing to an opposing force towards movements to smaller grid sizes (25 and


Mohab
Highlight

Mohab
Highlight


12.5GHz). Research efforts are Jooking for alternative technologies allowing for more
reconfigurability such as wavelength selective switch (WSS), which have been proposed to

tackle the lower bandwidth limitation issue [30].

3) Amplifiers:
They represent a crucial part of a WDM system. As previously mentioned, they are used to
amplify the signal propagating through the fibre, compensating for any attenuation or losses
occurring during the transmission process. EDFAs are the most commonly used amplifiers in
fibre optic links, ensuring sufficient power for each channel to be transmitted. Despite this
important function, the EDFAs impose a limitation on the system, as each EDFA operates over
a specified limited wavelength range, around the conventional band (C—band) (1525nm—
1565nm) or the long band (L—band) (1570nm—-1610nm), which results in the limitation of the
WDM system to that specific operation wavelength range. In recent years, the focus has been
on enhancing the transmission capacity of the WDM systems. One of the main methods of
achieving this is through extending the operational wavelength of WDM beyond the C-band
to both L-band and short- band (S-band) (1460 nm- 1525 nm) in order to accommodate a
larger number of optical channels. Raman amplification [31] can be used as an alternative

technique to EDFA, as the former can operate in all the three mentioned wavelength bands.
1.3.1.1 Development of WDM systems

Figure 1.3 shows the estimation and the prediction of the global internet traffic by connected devices
through the period of years (2017- 2022) [32]. Despite considering only a span of five years, the global
internet traffic by 2022 is expected to be approximately four times (= 400 Exabytes per month) of
what it was in 2017 (=110 Exabytes per month). This is primarily driven by the massive increase in
number of users of smart internet-connected devices and gadgets such as smartphones and tablets.
Furthermore, the introduction of bandwidth-hungry applications such as real-time online gaming,
high-definition video and cloud services has contributed to a remarkable increase in the required
bandwidth for internet traffic. The unabating increase in demand for bandwidth and internet traffic,
and with the optical communication technologies reaching their maturity stages in the last decade,
fears are growing of the occurrence of a capacity crunch. The latter means that the technology will
not be able to be ahead of the required internet traffic usage and it will reach its limits, which will
result in the optical networks not being able to respond to the required bandwidth demand leading
to poor service to the end user [33] [34]. To avoid this, more creative solutions have to be introduced

to provide the optical networks with a better performance and a higher spectral efficiency [35].
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Figure 1.3: Global Internet traffic growth by year through the period (2017-2022). Source: [32].

There exist several methods that aim towards achieving higher spectral efficiency such as the usage
of efficient advanced modulation techniques and enhancing the occupied bandwidth. However, in this

section, the focus will be about two main methods:

e Increasing the modulation order (number of bits per transmitted symbol) which enhances the
usage of the available spectrum. This requires the usage of advanced modulation formats
which make use of the phase. Phase noise is an important aspect that will be discussed later
in details in this thesis.

e Increasing the number of optical channels through reduction of the size of the guard bands

among them, allowing for the implementation of densely packed optical channels.

Since their first implementation, WDM systems have had great breakthroughs which allowed for a
massive increase in the achievable transmission capacity to be able to counter the ever-increasing
demand for bandwidth. In [36], the authors demonstrate transmission capacities of 34.9 Tb/s over
6375 km based on Gaussian-like dual polarisation amplitude phase shift keying (DP-64APSK) and 33.3
Tb/s over 6800 km using DP-32 QAM modulation formats. The technological breakthroughs of the
various aspects of the WDM systems, have resulted in a massive boost of the BL product, opening new
horizons for optical fibre communications to establish itself as the primary method of transferring data

all over the world.

Early commercial WDM systems employed a simple 2-level amplitude modulation format (OOK) which
encodes one bit per symbol. In 1995, the first commercial WDM system was introduced to transmit
data with a total bit rate of 340 Gb/s (17 communication channels with a bit rate of 20 Gb/s each) over
150 km fibre with an amplifier spacing of 50 km [37]. Over time, channel bit rates improved up to 40
Gb/s employing OOK modulation [38]. Nevertheless, basic amplitude formats such as OOK has their

own limitations in terms of achievable bit rate and transmission distance [39]. On the other hand,



advanced modulation formats can be utilised to encode information in both the phase and the
amplitude of an optical carrier (coherent communication) [27]. Additionally, lasers emitting in dual
polarisation modes offer the possibility of utilising the two polarisation modes for encoding the data
[40]. The usage of advanced modulation formats has allowed the emergence of coherent optical
networks [41]. In the early stage of the development of coherent communications, a channel bit rate
of 40 Gb/s was achievable using DQPSK, leading to a doubling in the spectral efficiency compared to
the conventional OOK [42]. Soon after that, a higher channel bit rate of 100 Gb/s was introduced
employing advanced modulation formats with a channel spacing of 50 GHz to achieve a high spectral
efficiency of 2 (bit/s)/Hz [43] which is 10 times the initial spectral efficiency provided by the early
WDM systems. Continuous research efforts were exerted to push the channel bit rate to even higher
values up to 400 Gb/s and 1 Tb/s (namely coherent super-channel) to be used with next generation

optical networks [44].

1.3.2 Role of optical amplifiers

The invention and implementation of optical amplifiers had revolutionised the fibre optic
communication systems a few decades ago. Since then, optical amplifiers have become crucial and
indispensable components of fibre optic communication systems. Currently deployed optical
networks consist of lossy elements such as SMF, connectors/adapters, modulators, splitters etc.
Hence, amplification of the optical signal at intermittent points of the optical network, depending on
its topology, is vital. The essential properties of amplifiers, apart from amplification and power scaling,
are bandwidth of operation, noise figure (NF), energy efficiency, and integrability. Several kinds of
optical amplifiers have been implemented, as discussed below. The choice of the optimum-performing
amplifier is made based on the above-mentioned parameters, which are imposed by the system

requirements.

The placement of the amplifier in the network defines its specific function. If it is placed directly after
the transmitter, it is called “booster amplifier”. Placing it between the SMF spans makes it an “in-line
amplifier”, while if placed before the receiver, it is referred to as “pre-amplifier”. An amplifier is
expected to have a high gain and a low NF when employed as a pre-amplifier, but it typically generates
a low output power as the input optical signal is already low in power, distorted, and noisy. On the
other hand, boosters, and in-line amplifiers generate a higher output power and have a high saturation

power, but at the expense of having a higher NF.

There exist different types of optical amplifiers. However, the focus on this work will be on three main

types that have attracted more attention due to their advantageous properties such as ease of
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implementation, cost efficiency and extended wavelength region. The three types are: Raman

amplifiers, EDFA and semiconductor optical amplifier (SOA).

Raman amplifiers: The main advantage of Raman amplifiers is their extended wavelength operation
range, as they exhibit a wide gain bandwidth of ~100 nm around the 1550 nm wavelength [45]. The
Raman amplification process utilises the transmission fibres themselves as a gain medium. Its
operation is based on the transfer of energy between the pump and the optical signal through the
inelastic scattering process of the pump photon in the non-linear regime of the medium [46]. Raman
gain arises from the transfer of power from one optical carrier to another that is downshifted in
frequency by an amount corresponding to the energy of an optical phonon [45]. However, Raman
amplifiers require a high-power laser pump, which is a limiting factor. Hence, they are usually

employed in long haul core networks as an in-line amplifier.

EDFA: Is the most commonly used type of amplifiers in optical networks due to its outstanding
inherent characteristics in terms of gain due to the usage of a rare earth element [47]. According to
the optical network requirements, an EDFA can be employed as either a booster, in-line or pre-
amplifier, with the respective gain and noise characteristics [48]. As previously stated, the operating
wavelength of EDFAs are one of their limitations, EDFAs employed as preamplifiers use pump lasers
at a wavelength of 980 nm, while booster and in-line EDFAs usually use pumps at 1480 nm [7] [49].
Even though EDFAs are the most commonly used optical amplifier type, they suffer from some
drawbacks such as: possessing a bulky structure and being costly to manufacture. Additionally, due to
the optical pumping of the gain medium, EDFAs have low energy efficiency [50]. Finally, they do not

have the capability of being photonically integrated, unlike SOAs.

SOA: Another alternative to the EDFAs is the SOA which provides several advantages over the former.
It has a similar structure to that of the semiconductor laser except that it does not have a laser cavity
where the amplification of the optical signal is achieved through stimulated emission [51]. SOAs are
typically utilised as booster amplifiers or pre-amplifiers but rarely used as an-inline amplifier, as they
have a lower gain, lower output saturation power and a higher NF compared to EDFAs. However,
SOAs possess an attractive property, which is their ability to be integrated with other optical
components such as lasers, modulators and optical detectors on the same chip, providing a lower cost
and footprint solution. SOA also provides a simple mean of analysing dynamics in semiconductor
materials. Chapter 6 in this thesis will be dedicated to a detailed characterisation of an integrated
multi-section SOA which has the potential to provide low NF or high saturation power depending on

the bias configuration applied to its different sections.
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1.3.3 Modulation of an optical carrier

As aforementioned, the most basic transmission scenario is modulating a single optical carrier with
data and transmit it through a single channel.

Modulation of an optical carrier is the process of imposing the desired data on the laser light signal.
As previously mentioned, several laser signal characteristics can be employed for that purpose such

as amplitude, phase, and polarisation.

The electric field of the output signal of a typical laser diode can be described using the following

equation:
E(t) = A(t). e/ (@ot+e(®) (1.1)

where E(t) is the electric field, A(t) is the amplitude, w, is the angular frequency and ¢ is the phase
of the generated electric field. It is evident from the equation, that the output represents both the
amplitude and phase of the laser signal and can be resolved into real and imaginary components.
These two components can be represented as In-phase (I) and quadrature (Q) components
correspondingly. Figure 1.4 shows several examples of I-Q constellations representing different types
of modulation formats. The amplitude is depicted by the length between the origin point and each
point of the constellation diagram (blue circles) while the phase is represented by the angular

component.

The optical signal needs to be detected after being transmitted through the optical fibre, and the
transmitted data needs to be demodulated to recover the desired information from the optical carrier.
There exist two main methods for detection, direct detection, and coherent detection. In the direct
detection, a photodiode is employed to detect the optical signal and generate an output photocurrent,
which is directly proportional to the power of the received optical signal. Direct detection receivers
are mainly affected by the intensity noise of the optical signal [52]. Despite being a simple and a cost-
effective technique, direct detection is limited to recovering of intensity modulated signals as it is

phase independent.

For phase modulated optical signals, more complex detectors are required which are called coherent
detectors. The phase variations of the incident modulated signal are converted into intensity changes
by coupling the modulated optical signal with a reference signal, known as local oscillator (LO),

creating constructive or destructive interferences depending on the relative phase differences [53].
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Figure 1.4: Constellation diagrams for the following modulation formats: (a) OOK, (b) PAM-4, (c) QPSK and (d)
16-QAM.

The simplest modulation format to be used with WDM systems is the OOK format, depicted by the
constellation in Figure 1.4(a). It is a 2-level intensity modulation format. The laser diode is simply
turned on and off to represent levels ‘1’ and ‘0’ respectively. In the constellation diagram, the ‘0’ (first)
symbol is represented by the symbol at the axes’ origin. On the other hand, the ‘1’ (second) symbol is
represented by the amplitude of the electric field vector at the I-axis. There is no angular component
entailing there is no phase modulation. In OOK, one bit is represented by one symbol. Hence, the bit

rate and symbol rate (baud rate) are equal to each other.

1.3.3.1 Advanced modulation formats

In order to respond to the unabating demand for transmission capacity growth, it was crucial to look
into improving the spectral efficiency. Hence, the advanced modulation formats were introduced to
be used with WDM systems, where number of encoded bits per symbol could be increased. This entails
the transmission of a larger amount of data using the same symbol rate resulting in an overall
enhancement of the spectral efficiency. The latter is defined as the total data rate that can be
transmitted over a given bandwidth. Its unit is (bit/s)/Hz and can be calculated using the following

formula:
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Data rate

Spectral ef ficiency = (1.2)

channel bandwidth

The introduction of multi-level amplitude modulation allowed the transfer of a higher number of bits
per symbol. The simplest form of applying this technique is the pulse amplitude modulation (PAM).
PAM-4 entails the usage of four different pulse amplitude levels to encode the transmitted data. The
usage of the four levels results in the possibility of enhancing the spectral efficiency by transmitting
two bits per symbol. In comparison with OOK, PAM-4 provides double the transmission capacity. The
constellation diagram showing the four different amplitude levels of PAM-4 is shown in Figure 1.4(b).
The current research interest for PAM-4 is focused on implementation in short reach networks and

data centres [54].

The relationship between the number of optical symbols and optical bits is portrayed by the following

equation [55]:
M = log,(m) (1.3)

where m is the number of the available symbols in the modulation format, and M is the number of
bits per symbol. The modulation order can be defined as the number of the different symbols that a

modulation format is capable of transmitting.

Employing phase modulation is another technique to extend the transmission capacity of the network.
QPSK is a form of phase modulation with the constellation diagram shown in Figure 1.4(c), in which,
the amplitude is kept constant, and each symbol corresponds to a different phase value that is
imposed on the optical carrier. QPSK provides a symbol rate of 2 bits per symbol, as four different
phase values can be transmitted. This once again results in doubling of the transmission capacity

obtained in comparison with the OOK format.

A further advanced step is employing the encoding of the data in both amplitude and phase of the
laser in order to provide a better transmission capacity. QAM is another modulation format, that
embeds transmitted data within both the laser amplitude and phase. Such modulation formats are
referred to as m-QAM where m is the total number of symbols. The constellation diagram for 16-QAM
format is shown in Figure 1.4(d). Each symbol represents a distinctive state of amplitude and phase
values. 16-QAM provides the prospect of transmitting four different bits per symbol, resulting in
multiplying the system transmission capacity by 4 times compared to the OOK on the same time
interval [56]. Higher order QAM such as 32-QAM [57] and 64-QAM [58] have been introduced to

further improve the transmission capacity and the spectral efficiency of the network.
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Despite the fact that augmenting the symbol size by introducing higher order advanced modulation
formats that allow the inclusion of higher number of bits per symbol has a positive impact on the
transmission capacity and the spectral efficiency of the network [59], it also introduces more stringent
requirements on the optical carrier. An optical carrier with a higher OSNR and a much lower phase
noise/optical linewidth is required for such implementations [60]. In such regard, usage of 64-QAM in
place of 16-QAM would facilitate the encoding of two more bits per symbol, thus improving the

spectral efficiency. However, it would require an optical carrier with an OSNR higher by ~6 dB [60].

The most straightforward method to improve the OSNR values is to increase the optical power
launched from the laser into the optical fibre. However, there exist limitations on the maximum peak
power that can be launched into the fibre to avoid the manifestation of optical nonlinearities in fibre

which can cause distortion of the transmitted optical signal [61].

Another consequence of increasing the modulation order is the augmented sensitivity of the system
to the noise. It is due to the fact that including more symbols in the modulation format populates the
constellation diagram more densely, thus resulting in a significant challenge in distinguishing the
adjacent symbols in the receiver after the transmission [60]. The usage of an optical source with lower
intensity noise and phase noise can be considered as a critical solution to tackle this issue and to

extend the reach of optical networks employing coherent solutions [62].

To conclude, advanced modulation formats can be considered as one of the essential means of
achieving a better spectral efficiency. However, for high bit rates (> 100 Gb/s), the increase in the
modulation order is limited by the achievable transmission distance due to the introduced noise and
distortion effects in the fibre. Furthermore, the usage of narrow spectral width optical sources with
advanced modulation formats would result in an unnecessary waste and ineffective usage of the
available bandwidth of the ITU-50 GHz grid due to the necessity of implementation of guard bands.
As previously mentioned, the bandwidth demand keeps increasing. Hence, the usage of single carrier
transmitters with advanced modulation formats will struggle to satisfy this demand. This is because
of the wavelength instability suffered by lasers which makes the use of guard bands mandatory. The
usage of reliable multi-carrier transmitter sources in conjunction with advanced modulation formats
has gained a lot of attention recently to mitigate these drawbacks by further enhancement of
utilisation of the available bandwidth. Employing multi-carrier transmitter sources results in
decreasing the size of guard bands, allowing the fitting of more optical channels in the same spectral
bandwidth, and hence, further improving the overall spectral efficiency of the system [63]. To further
enhance the spectral efficiency, flexible grid and gridless technologies are introduced. Flexible grid

employs much lower granularity frequency grid, while gridless cross out the use of any specified grids
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which results in an enhanced usage of the available bandwidth. This will be discussed in more detail

in the Section 1.4 below.

1.4 Towards flexible and elastic networks

The unpreceded acceleration in demand for higher bandwidth of data transfer has put a lot of pressure
on optical networks to evolve towards higher transmission capacities. However, this capacity
improvement needs to be met with improved use of the available spectrum (enhanced spectral
efficiency). Figure 1.5 shows a comparison of three different suggested scenarios for transmitting 1
terabit of data in a single cycle [64]. In “option 1”, a single carrier operating at 1 Tpbs is employed,
here the optical transmitter is operating at a really high bit rate. However, electronics that operate at

320 Gbaud rate will be required which is not currently available in the market.

C-band

1 Tbps (PM-QPSK)

Option 1 Option 2 Option 3
375 GHz 375 GHz 375 GHz
1 Laser 2 Lasers 10 Lasers
320 Gbaud electronics 160 Gbaud electronics 32 Gbaud electronics

Figure 1.5: Spectral efficiency comparison for a single carrier, two carriers super-channel and 10 carriers super-
channel.

In “option 2”, a super-channel (which will be defined later) of two 500 Gb/s optical carriers is
employed. Although the electronics rate is now halved to 160 Gbaud, it is still not available in the
market for usage. The third scenario “option 3” uses also super-channel concept, but this time with
10 different carriers each operating at 37.5 Gb/s. This requires electronics operating at 32 Gbaud,
which is already available in the market. However, implementing 10 different channels in compliance
with the ITU-T G.694.1 recommendation, which forces a fixed grid spacing (several spacing including
25 and 50 GHz) would mean an inefficient use of the available spectrum leading to a decrease in the
spectral efficiency. In the presented scenario (Option 3), assuming the usage of a 10-carrier super-

channel of 100G per subcarrier, using polarisation multiplexed (PM)-QPSK, then the carrier width is

16



about 37 GHz. On one hand, the carrier width will be too wide and will not fit in a 25 GHz fixed grid.
On the other hand, using of a fixed 50 GHz grid will mean wasting of around 13 GHz (>25%) of the

available spectrum. Flexible grids with a lower granularity are needed to tackle this issue.

The development of more flexible and elastic networks has become a necessity for enhancing the
spectral efficiency. The optical networks have to employ grids with lower frequency granularities or
even to go beyond that to a more flexible solution that does not use any specified grids (gridless) [65].
For this purpose, ITU-T has also proposed the implementation of a much lower granularity frequency
grid (12.5 GHz) in their G.694.1 recommendation [23]. This gives the ability to define super-channels
(defined as an advanced evolution of the DWDM where multiple coherent optical carriers are
combined to create a unified channel of a higher data rate which leads to the achievement of higher
bit rates) with a spectral width that is equal to multiples of 12.5 GHz. It improves the spectral efficiency
of the installed optical fibres by reducing the frequency spacing between the adjacent optical channels
through the usage of a finer granularities. Combining this with technologies that allow reduction of
the size of the guard bands (discussed in detail in Section 1.4.3) results in an enhancement of the usage

of the available optical bandwidth and an overall improved spectral efficiency [83].

Elastic optical network (EON) is a term that is used to refer to a flexible network, employing the 12.5
GHz flexible grid [66]. Typical 50 GHz grid can satisfy the requirement for transmission systems using
100 Gb/s bit rates. However, there is a rising interest in moving towards higher bit rates beyond the
100 Gb/s and reaching 400 Gb/s or even 1 Th/s. Fitting the broad spectral width of a 400 Gb/s signal
into the 50 GHz grid is a challenging task and a higher modulation format (with enhanced spectral
efficiency) would be required. However, it is well known, that the higher order formats place a
stringent requirement on the linewidth and OSNR, thereby limiting the reach of the system [66]. On
the other hand, EONs can provide a better solution by flexible allocation of different grid sizes
according to the need for transmission at a particular instant. An optimised spectral efficiency and
network performance can be achieved through the dynamic adjustment of several transmission
parameters such as information rates, channel bandwidths, and modulation formats depending on

the available bandwidth, required capacity, optical link reach or any other required specifications [67].

Figure 1.6 shows a schematic example of the aggregate spectral saving that the system can benefit of
when employing the concept of 12.5 GHz flexible grid and gridless technologies in place of the typical
50 GHz grid. It is important to note that the grid-less technologies are still futuristic and research
efforts are being conducted to overcome the different challenges facing it such as inter channel

interference [68].

17



Fixed grid

Iml I.I

Flexible grid

Saved Spectrum
[@l@].l‘lml.l.lllllllllll ,
<>

12.5 GHz

<

v

v

Grid-less

Saved Spectrum

Figure 1.6: Comparison of the spectral occupancy of 50 GHz fixed grid, 12.5 GHz flexible grid and gridless
configurations.

1.4.1 Signal shaping enabling technologies

Signal shaping is a term that refers to the modification of the spectral and temporal shape of the pulses
carrying the transmitted data. This helps in allowing the dense packing of optical channels together in
the available frequency spectrum, hence improving the overall spectral efficiency. The main
motivation for the introduction of signal shaping in optical communications systems was to reduce
the amount of inter-symbol interference (ISI) [69], where the transmitted signal is distorted due to
the interference of adjacent symbols. ISl is caused as a result of reduction of the channel spacing,
which also results in inter-carrier interference (ICl) or crosstalk between the adjacent communication
channels, thus reducing the transmission capacity of the system [70]. In this work, orthogonal
frequency division multiplexing (OFDM) and Nyquist WDM are the two used signal shaping techniques

for reduction of ISI and ICl and to enhance the spectral efficiency of the network.
1.4.1.1  Orthogonal frequency division multiplexing

OFDM can be considered as a derivative of FDM where an optical channel uses multiple sub-carriers
located at adjacent frequencies [71]. Furthermore, it comprises spectrally overlapped optical channels
to maximise the usage of the available spectrum. Typically, the overlapped channels would have
interference with each other due to the crosstalk occurring among them. However, using OFDM, the

adjacent sub-carriers (channels) are ensured to be precisely orthogonal to each other [17]. This
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ensures that the channels may overlap together without interfering with each other. Hence, OFDM
offers the capability of enhancing spectral efficiency without causing interference. Figure 1.7(a) shows
a frequency domain schematic representation of an OFDM system. It clearly shows the size of spectral

saving that OFDM systems can achieve in comparison with the traditional 50 GHz fixed grid.

OFDM technique entails the temporal shaping of the transmitted signal. The transmitted pulses in
time domain are ideal rectangular pulses. This corresponds to a sinc shaped spectral functions in the
frequency domain. These shaped spectra are precisely spaced at multiples of the inverse of the pulse
period. The neighbouring spectra strongly overlap in the frequency domain. However, their
orthogonalisation prevents the interference among them. The peak of each sub-carrier coincides with

the null of adjacent sub-channels as shown in Figure 1.8.
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Figure 1.7: lllustration of the schematic architecture for: (a) OFDM, (b) Nyquist WDM.
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Figure 1.8: OFDM spectrum with overlapped sinc functions. source: [72].

OFDM systems suffer from crosstalk effects among its channels due to them being
overlapped together. To mitigate and eliminate these effects, the different sub-carriers should
have a strong phase correlation, which allows the phase noise to be cancelled out at the receiver
[73]. Conversely, the arbitrary phase noise of the sub carriers would translate into frequency

noise, causing the subchannels to interfere together [74].
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1.4.1.2 Nyquist WDM

Nyquist pulse shaping is another well-established spectral shaping technique, where each sub-channel
is spectrally shaped to a rectangular shape to occupy the minimum possible spectral width or
bandwidth that ensures that ICI does not occur. This process is decided by the Nyquist-ISI criterion
and coincides with the symbol rate [75]. Nyquist shaping allows the sub-channels to be placed in a
very compact manner, which allows the reduction of the size of channel spacing and guard bands

without having ISI effects at the receiver [76].

Figure 1.7(b) shows an ideal spectrum of optical channels employing Nyquist WDM. The various
channels are rectangular shaped and densely packed but do not overlap. This optical spectrum

corresponds to a series of sinc pulses in the time domain.

To implement the ideal shape of Nyquist WDM signals, a precise rectangular shape filter is needed at
the transmitter. Nonetheless, it is hard to realise perfect sinc pulses physically in the time domain. An
alternative solution is to use a root raised cosine (RRC) filter for Nyquist pulse shaping in addition to
matched filters at the receiver to reduce the ISl effects due to the implemented narrow filtering. After
shaping the sub-channels individually, they are multiplexed to realise a super-channel with reduced
guard bands. For successful employment of Nyquist WDM, the used sub-carriers should offer a good
level of wavelength stability and low phase noise in order to avoid drift, fluctuations and interference

between the different sub channels.

Spectral efficiency enhancement can be achieved using Nyquist WDM, due to the minimisation of the
sub-channel spectral occupancy and reduction of the size of guard bands between the different sub-

channels.

Multiple optical carriers are an attractive solution for implementing super-channels. As is the case
with the rest of WDM systems, to generate super-channels employing advanced modulation formats,
a reliable optical source with the capability of producing a stable and closely frequency-spaced optical
carrier is desired. The latter can be sourced either from an array of lasers or an OFC. In the next section,
a discussion about an array of lasers which is the currently employed multi-carrier optical sources in
WDM networks, will be presented showing their limitations and relevant challenges. Furthermore, a
more promising alternative to achieve super-channels, which is the optical frequency combs (OFCs),
will be introduced. The latter is the focus of this thesis and will be discussed in full detail in the next

chapter.
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1.4.2 Bank of lasers

The current technology used to realise multiple optical carriers entails the employment of a bank or
an array of single mode lasers [77]. Each laser is designed to emit at a certain wavelength to maintain

the desired frequency spacing and to satisfy the requirements of the ITU-T 50 GHz grid.

Figure 1.9(a) shows an illustration of an array of single mode lasers. One of the main challenges faced
by the use of a bank of single mode lasers, is to keep the frequency spacing between the optical
carriers constant. Normally, a drift of the emission wavelength of the laser is expected over time. This
wavelength drift can cause a serious problem when the frequency spacing between the adjacent

channels is small, or even worse if the guard-bands are eliminated.

11 11ty Lt it
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Guard bands

(a) (b)
Figure 1.9: lllustration of: (a) Fixed grid with an array of lasers, (b) Flexible grid with an optical frequency comb.

In such cases, an undesired interference between adjacent channels can take place. Control
mechanisms such as the use of an optical interferometer or a digital feedback loop have been
proposed to stabilise the emission wavelengths of multiple laser sources at the same time [78] [79].
However, usage of such methods increases the complexity, cost, and power consumption of the

optical network.

Another drawback of usage of bank of lasers as a multi-carrier optical source is the lack of phase
correlation among the optical carriers as they are generated from different laser sources. As
mentioned before, phase correlation is a desired property for optical systems employing OFDM.
Furthermore, having phase correlation relaxes the digital signal processing (DSP) requirements,

resulting in lower complexity and a reduction of the power consumption [80].
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1.4.3 Optical frequency combs

An OFC can be considered to be a ruler of equidistant spectral lines, each of which can be used as a
distinct sub-carrier [81]. OFC offers a precise free spectral range (FSR) amongst its lines. In [82],
the authors show that the individual lines of the OFC can be quantum-mechanically entangled
to form complex optical states. Energy-time entangled quantum OFCs is considered as an
attractive source to enable a unique, practical and scalable framework for quantum signal and

information processing [83].

The merits of OFCs have led to a wide variety of applications such as THz and millimetre
wave generation [84], spectroscopy [85], and most importantly as an efficient optical source

for next generation optical network [86] [87], which is the main focus of this thesis.

An OFC can be used as an efficient replacement of the bank of semiconductor lasers currently used
as a transmitter in optical networks. It offers a simpler, more compact, cheaper, and lower
power consumption solution when compared to an array of traditional lasers. Figure
1.9(b) shows an illustration of an OFC and its spectral occupancy compared to the traditional laser
array. The inherent precise and stable frequency spacing between the different OFC

spectral lines (tones) allows the reduction or even the elimination of guard bands between them.

The tunability in both the frequency spacing and emission wavelength is another
attractive feature that OFCs offer. This allows the OFC to be used as a flexible optical source for
EONs that can be simply tuned to meet the requirements of the traffic demands in terms

of symbol rate and range of wavelength operation [88].

Advanced modulation formats, discussed earlier in this chapter, have shown their potential
to increase the optical network capacities by substantially increasing spectral efficiency
and maximising the benefits of usage of the existing resources. At the same time, the usage
of a reliable multi-carrier optical source that can accommodate these advanced modulation
formats while increasing the spectral efficiency is crucial. OFC is an attractive candidate for this
due to its precise FSR which results in the decrease of the guard bands size and improving
the spectral efficiency. An optimum OFC is expected to give a high number of optical carriers with
good spectral flatness (in terms of peak power difference among its tones) and a precise and
stable frequency spacing among them. Furthermore, the OFC tones should possess low phase
noise, low relative intensity noise (RIN) and a strong phase correlation among them. An OFC
with these spectral characteristics has the potential to be an attractive optical multicarrier source

that can be used in an optical network that employs DWDM and super-channels.
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In the next chapter, a detailed study of an OFC is presented. This includes definition and explanation
of the various spectral characteristics that are used to describe the OFC. Furthermore, a study of the
different semiconductor laser-based OFC generation techniques such as mode locked lasers
(MLL), electro-optic modulator-based combs, micro-ring resonators (MRR) and gain switching will be
given. The advantages and disadvantages of each technique will be illustrated. A special focus will
be placed on the gain switching as it the main OFC generation technique that will be used in this

thesis.

1.5 Conclusions

The last decades have witnessed a revolutionary development of optical communication networks,
as it has evolved from bit rates of “Mb/s” to “Tb/s” thanks to a series of technological
breakthroughs improving different components and parts of the network. However, the
introduction of bandwidth-hungry applications such as real-time online gaming and ultra-high-
definition video streaming has resulted in a persistent demand for more bandwidth and

transmission capacity putting more pressure on the currently deployed networks.

As an immediate response to these challenges, advanced modulation formats and multi-
carrier modulation have been proposed to tackle the increasing bandwidth demands.
Higher order modulation formats such as QPSK and QAM imply multi-level data encoding in the
amplitude, phase and even polarisation state of the carrier to increase the spectral efficiency
and the transmission capacity of the network. At the same time, the multi-carrier modulation
techniques such as OFDM and Nyquist WDM result in the reduction of the size of guard bands
inserted between the adjacent channels, reducing the channel spacing which enhances the usage
of the available bandwidth. Using these technologies in conjunction with the concept of WDM
super-channels allows the achievement of higher data rate going beyond Tb/s. To achieve super-
channels with an optimum use of the available spectrum, a migration from the fixed 50 GHz grid
to a flexible 12.5 GHz grid is discussed. An OFC instead of an array of lasers as a source of
multiple optical carriers is then discussed as a perfect candidate to be used with next generation
optical networks employing the flexible 12.5 GHz gird. It provides efficiency, stability, flexibility, and
cost-efficiency. It is used for generation of multiple stable optical carriers that are phase correlated

from asingle laser source. It also offers a precise FSR amongst its lines.
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Chapter 2

Generation of optical
frequency combs

2.1 Introduction

An OFC source is considered to be a highly promising alternative to the bank of lasers that is currently
employed in optical networks. As previously mentioned, such a source can generate multiple phase
coherent optical tones/carriers with a highly stable frequency spacing. Hence, it can be considered as
one of the key technologies to achieve spectrally efficient optical networks employing super-channels
and multi-carrier modulation techniques. The precise and stable frequency spacing between the OFC-
generated tones allows the reduction or even the elimination of guard bands between the
communication channels. In addition, the OFC can offer the tunability of the FSR leading to simple

adaptation of the individual OFC tones to different modulation formats and bit rates [1].

This chapter gives a general discussion about OFCs and the key parameters that define their quality
and suitability for implementation in next generation optical networks. Following that, various OFC
generation techniques are discussed, and their characteristics and advantages are discussed. In
addition, a detailed comparison of the techniques is provided. The selected generation techniques for
discussion in this work are as follow: MLL, opto-electric modulators, Kerr effects in MRR, parametric
techniques and finally gain switching. The scope of this work is limited to semiconductor based OFCs,
as they can be photonically integrated. Photonic integration (which will be discussed in detail in the
next chapters) can provide major advantages for next-generation optical networks in terms of

compactness, low power consumption and low footprint.

32



2.2 Optical frequency combs

2.2.1 OFC history and definition

While OFCs were first introduced in the 60s and 70s [2], it was not until 2005 and after John L. Hall
and Theodor W. Hansch were jointly awarded the Nobel Prize in physics for their pioneering work on
OFCs for spectroscopy applications [3], that the research community realised the potential of the OFC.
Currently, OFCs are used in a wide variety of applications such as millimetre wave and terahertz signal
generation [4], spectroscopy [5], metrology [6], Light detection and ranging (LIDAR) [7] and next next-

generation spectrally efficient optical networks [8].

Several techniques have been proposed to generate OFCs. The choice of the suitable generation
technique depends mainly on the desired application that the OFC will be used for. There is no single
technique that can be labelled as the ‘optimum’ one. Depending on the required applications, the
desired comb characteristics would be defined and then the most suitable generation technique
would be chosen. Gain switched laser based OFCs portray attractive advantages compared to the
other generation techniques. It is a simple and a cost-effective technique, that can be used with any
traditional off-the shelf semiconductor laser. Moreover, it provides simple FSR tunability. Hence, this
technique has been chosen to be the main cornerstone of my study and is the generation technique

that is used in the different results presented later in this work.

2.2.2 OFC characteristics

As previously described, an OFC consists of comb tones or lines with equal and precise frequency
spacing. Since the comb lines are generated from the same laser source, they are phase correlated.
To implement an OFC as a multicarrier transmitter within an optical network, it has to satisfy a series
of requirements. Figure 2.1 shows an illustration of an OFC spectrum depicting some of its important
characteristics. OFCs are characterised using various parameters such as the generated number of
tones, FSR and its tunability, tunability of the central emission wavelength, optical linewidth, optical
carrier to noise ratio (OCNR), and amplitude stability and flatness of the optical OFC lines. A detailed

discussion of each of these parameters characterising an OFC is itemised below.
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Figure 2.1: Schematic diagram of a typical OFC spectrum.

Spectral flatness: The spectral flatness (amplitude ripple) describes the power variation
between several contiguous comb tones around the tone with the highest power. A flat comb
is expected to possess tones that have almost the same level of power. Typically, the power
of the individual comb lines is not constant across the comb spectrum. A flat power
distribution across the comb tones is important to ensure a similar level of performance
between the various channels and avoids the need for utilization of equalisation techniques.
When the comb tones are used as individual carriers, they should exhibit similar or the same
levels of power. The biggest deviation acceptable is a power level that is no more than 3 dB

lower than the power of the highest single peak.

Frequency spectral range: It is the frequency difference/spacing between two adjacent OFC
tones. OFC tones are usually equidistant i.e., have a constant frequency spacing between
them. Some OFCs (based on the generation technique) also provide the advantage of
tunability of the FSR, which is considered as a crucial parameter for next generation flexible
optical networks. The tunability allows one to dynamically adapt the frequency spacing to

different bit/baud rates and modulation formats according to the need of the network.

Occupied optical bandwidth: It can be defined as the total optical spectral width that the OFC
occupies. It is usually defined in terms of the number of comb tones with power within a
certain threshold power level relative (in dB, i.e., 3 dB or 20 dB) to the peak power of the
comb. The OFC bandwidth is an important parameter for optical communications as it
determines the number of comb tones that can be utilised as optical carriers to carry

information through the network.
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RIN: It is defined as the laser intensity noise normalised to the average power level. The RIN
refers to the fluctuations in the optical power of a laser. This is mainly caused by the
spontaneous emission which produces fluctuations of amplitude, frequency, and phase in the
laser output. Each photon emitted due to the spontaneous emission process adds a small
component with random phase that can causes perturbation in the amplitude of the laser,
leading to intensity noise in the output spectrum of the laser. The RIN is usually described
using a power spectral density function which depends on the noise amplitude. It is usually
represented in a logarithmic scale and its unit is dB/Hz. It is also important to note that extra
care should be taken while measuring RIN as the measured RIN value depends strongly on the

current noise and the quality of the measurement setup.

Optical linewidth: As mentioned before, the spontaneous emission of the laser produces
random phase fluctuations, which corresponds to frequency variations. These frequency
fluctuations prevent the comb tones to be strictly monochromatic, thus resulting in spectral
width broadening. This spectral width is usually called the optical linewidth. Thus, the
linewidth of a comb tone is directly related to the phase noise. It is considered as a vital

parameter for advanced modulation formats that modulate the carrier phase.

Phase correlation: It is an indication of the quality of phase relationship between the different
tones of an OFC. It can be measured through the observation of the linewidth of the radio
frequency (RF) beat tone produced from the detection of an OFC using a high-speed
photodiode. This RF tone is generated at the frequency that corresponds to the frequency
spacing between the adjacent OFC tones. It consists of the combination of the phase noise of
the detected comb tones. So, in the presence of a strong phase correlation, the optical phase
noise should be cancelled out [9]. In other words, the linewidth of the RF-tone generated is

low when the phase correlation between the measured comb tones is high.

Optical carrier to noise ratio: This parameter can be defined as the ratio between the power
of a given comb tone and the noise level surrounding that comb tone, measured at a given
spectral resolution. The OCNR is crucial for next generation optical networks, as a high OCNR
would mean increase in the information rate that can be transmitted in an optical network,

which allows the use of higher order advanced modulation formats [10].

Optical power: The optical power of an OFC is usually represented by the optical power per
comb line. It is important to note that a higher optical power will alleviate the need for
amplification. In general, the power from an OFC source is low. This is due to the fact that all

the OFC tones are generated from a single laser source, and the total optical power is
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distributed over several tones. The relatively low power of the individual OFC tones is a major
challenge that needs to be overcome before OFCs are adopted as transmitters to be used in
next generation optical networks. A high optical power at the transmitter would enable longer
reach transmission whilst achieving a relatively lower cost and power consumption in
comparison to an amplified system. As it is well known that the commonly used optical
amplifiers (EDFAs) are usually bulky and costly and contribute to the degradation of the OSNR
or the OCNR (in the case of an OFC). As previously mentioned, SOAs can be integrated with
other optical components in a single chip which can assist with a reduced footprint and power
consumption. However, the challenge of reducing the NF of such amplifiers needs to be
tackled (usually SOAs portray a higher NF than EDFAs). In chapter 6 of this thesis, an integrated
multi-section SOA, which reduces the NF) is introduced and characterised in the context of

short reach optical networks.

To conclude, an ideal OFC would need to portray good spectral flatness (low spectral ripple), a high
number of usable OFC tones that can be employed as carriers, FSR and wavelength tunability, a wide
bandwidth, a high OCNR (>40 dB), a low RIN (<-120 dB/Hz) and a narrow linewidth (~ 100’s of kHz),
and a strong phase correlation. Moreover, it should be stable in terms of wavelength, amplitude,
frequency spacing and optical power. An OFC which presents such optimum spectral characteristics

can be a strong potential candidate, to replace an array of lasers.

2.3 Semiconductor based OFC generation techniques

Micro-ring
Mode - Resonators
Locked (Kerr

Lasers effects)
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Generation
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Electro- Gain
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Figure 2.2: Different OFC generation techniques.

There exists a wide range of semiconductor device-based OFC generation techniques. In order
to choose the most suitable one, the strengths and weaknesses of each technique, and its suitability
for employment in different applications is studied. Although an extensive variety of
generation techniques exists, this section will focus on ones that have a high potential of being
employed in
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optical communications networks. Figure 2.2 highlights the selected OFC generation techniques to be
discussed in the upcoming sections. A comparative study between these techniques will also be

presented.

2.3.1 Mode locked lasers

Mode locking of semiconductor lasers is one of the well-known OFC generation techniques. Previous
reports have shown that MLL based OFCs can be used in optical networks employing WDM
technologies [8] [11].

Mode locking can be defined as the process of generation of pulsed radiation through the locking of
multiple axial modes in a laser cavity, which enforces the coherence between the phases of the
different modes of the laser cavity [12]. Typically, in a conventional semiconductor laser cavity, no
fixed phase relationship exists between the various modes resulting in the different longitudinal
modes oscillating independently. This causes a random variation of their phases. These modes
interfere in the cavity and averages to a near-constant intensity power, similar to a combined set of
independent lasers emitting at different frequencies. Inducing a fixed phase relationship between
these various modes, results in a constructive and periodic interference inside the cavity which
produces a train of pulses as the laser output. At this stage, the laser is considered to be mode locked.
Using a relatively weak modulation synchronous with the roundtrip time of radiation circulating in the
laser, the pulse can be made shorter on every pass through the resonator. The shortening process
continues until the pulse becomes very short and its spectrum so wide that pulse lengthening
mechanisms or spectrum narrowing processes spring into action, such as finite bandwidth of the gain
[12]. The resultant train of pulses in the temporal domain is translated to the frequency domain as an
OFC with equidistant tones, the spacing of which is determined by the spacing between the
longitudinal modes of the laser cavity. The latter is determined originally by the length of the laser

cavity.

Figure 2.3 shows the temporal and spectral output of a laser that is mode locked. Figure 2.3(a) shows
the spectral output while Figure 2.3(b) shows the corresponding train of short pulses in the time
domain. Typically, mode locking technique allows the generation of pulses with a duration between

nano- and pico-seconds [13].

MLLs can be based on either semiconductor [15] or fibre laser sources [16]. Within the context of this
thesis, the focus will be on the semiconductor lasers, due to their potential for use in next generation
optical networks. The mode locking of semiconductor lasers can be classified into 3 major categories:

passive mode locking [17], active mode-locking [18] and hybrid mode-locking [14].
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Figure 2.3: MLL based OFC output in: (a) Optical comb in the frequency domain, (b) Pulse train in the time
domain. [14].

Active mode locking implies the utilisation of a modulator placed in the laser cavity that is driven by
an external signal. This is used for the periodic modulation of the round-trip phase change [19]. The
modulation can be realised with the use of a semiconductor electro-absorption modulator (EAM), an
acousto-optic modulator or a Mach-Zehnder modulator (MZM) [20] or with the modulating signal
applied directly to a custom designed semiconductor laser [18]. The modulating frequency has to be
synchronised with the round-trip time of the resonator (the spacing between the longitudinal modes)
in order to establish a fixed phase relationship among the modes of the laser [12]. The modulation
signal would result in each longitudinal mode producing side bands that coincide with the adjacent
modes. The side bands then act as phase locking signals for the adjacent modes of the cavity, thereby
leading to mutual synchronisation and phase correlation [21]. The process then repeats itself in each
round-trip, resulting in the emission of a train of short pulses in the time domain which corresponds

to an OFC in the spectral domain.

The passive mode locking technique does not involve the use of a modulator inside the laser cavity.
Instead, it employs nonlinear optical effects [17]. In this technique, the laser device is usually
composed of two different sections, an SOA as the gain section, and the other laser section has to act
as a saturable absorber (SA) [22]. In the SA section, the light is absorbed until a saturation point is
reached, beyond which the SA allows the light to pass through and provides high transparency,
resulting in the transmission of a high-intensity incident light. It is simple to understand the pulse-
formation mechanism due to saturable absorption. The generated light (noise due to ASE) inside the
cavity undergoes amplification over several roundtrips in the cavity until its power reaches the
saturation point of the SA. The SA, having intensity-dependent transmission, offers a higher
attenuation to the lower intensity regions of the noise waveform, and vice versa, thus acting as a gate

for the peaks of noise waveforms and suppressing the low-intensity regions. The process repeats itself
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over several roundtrips, eventually leading to a train of ultrashort pulses being produced, and in turn
the laser getting mode locked. One of the main advantages of this method is that it does not require
an external RF source which leads to a lower power consumption. Passive mode locking can be
attributed to the nonlinearities in the semiconductor active region, mainly sustained by four wave

mixing processes [23].

Hybrid mode locking techniques employs both the passive and active mode locking methods in the
same system [24]. The pulses are generated the same way as the passive mode locking method, and
they are synchronised using an external electrical signal, that is similar to the same technique

implemented in the active mode locking.

MLL based OFC characteristics

One of the main strengths of mode locking technique is their capability to generate an OFC with a
broad spectrum that spans over tens of nanometres with a reasonably good spectral flatness from a
single laser source [25]. Furthermore, it can lend itself to monolithic integration which results in a
lower power consumption and a smaller footprint [26]. On the other hand, a main drawback of the
MLL-based OFCs is the lack of tunability of its FSR. This is due to the reason that the frequency spacing
between the adjacent comb tones depends on the cavity length which cannot be tuned easily. This
limits the application of MLL based OFCs in next generation networks, where the flexibility of the
comb source is crucial as previously explained. Piezoelectric effects [27] can be employed as a
potential solution for cavity length tuning. A certain value of voltage is imposed to cause a small
alternation on the cavity length. However, this technique requires the application of a high voltage
resulting in higher energy consumption. Moreover, the applied high voltage would result in a raise
in the temperature of the device leading to instabilities. The piezoelectric effect may result in
mechanical changes causing defects in the laser structure [28]. In addition to that, achieving an
accurate very small variation in the laser cavity length is not an easy task. Another disadvantage of
passively mode locked lasers is that the comb tones typically have a relatively large optical
linewidth (in the range of several MHz) [29]. External optical injection can be used to improve the
spectral characteristics of MLL based OFCs. A significant linewidth narrowing and a phase locking of
the injected quantum dash-MLL slave laser to the master laser was shown in [30]. Another technique
for achieving a narrow linewidth OFC tone with a wide frequency tuning within the locking range for
a single and a two-section 21 GHz quantum dash MLLs was shown in [31] , where a dual-mode
optical injection locking (OIL) of the device was employed. However, using OIL results in

narrowing the advantageous emission span of the MLLs.

Another disadvantage with MLLs is mode partition noise (MPN), which is generated by the power
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fluctuations among the different longitudinal modes forming the overall MLL spectrum while
competing for a common injected-carrier population [32]. MPN can degrade the RIN of

individual tones of the MLL.

2.3.2 Electro-optic modulators

The employment of EOMs that are driven by a large amplitude RF signal to generate multi-carrier laser
sources was introduced in 1972 [33]. The developments achieved over time in improving the EOMs
characteristics such as, reduction of the required driving voltage and improvement of bandwidth have
enabled the generation of an OFC using a single or multiple modulators [34]. Moreover, the
advancements in the performance of RF amplifiers have enabled the simple generation of a large
amplitude RF signal that is used to drive the EOMs. One of the attractive selling points of this
generation technique is that the phase noise properties of the generated OFC is determined by the
laser feeding light and operating in continuous wave (CW). Hence, the use of a narrow linewidth input

seed laser would result in the generation an OFC with narrow linewidth tones.

OFC generation using this method is driven mainly by the nonlinear properties of the EOMs, where
the large signal modulation caused by the RF signal introduces higher order modulation harmonics of
the driving RF signal which is centred around the emission optical wavelength of the input laser [35].
Hence, the various spectral properties of the tones of generated OFC such as the output power, OCNR,
intensity and phase noise are governed by the characteristics of the several components used in the

system such as the input laser, the modulators, the sinusoidal RF signal and the RF amplifier.

Various EOMs configurations utilising a single modulator [36] [37] or a series of cascaded modulators
[38] [39] can be employed to generate an OFC. Figure 2.4 shows different configurations of employing
MZMs for generation of an OFC. Figure 2.4(a) shows the use of a single MZM, which will introduce the
advantage of simplicity and cost-effectiveness, but it does not produce a satisfactory level of spectral
flatness across the generated comb. This happens because the generated higher order harmonics do
not usually have a regular amplitude distribution among them, since the variation of the amplitude is
governed by the Bessel functions [34]. Another downside to using a single modulator is that it does
not result in the generation of a wide bandwidth OFC. According to S. Ozharar et al. [40], the flatness
can be improved by using a single-phase modulator which is driven by combined RF signals with

different amplitudes and frequencies.

Figure 2.4(b) shows a dual drive (DD) MZM configuration. By careful adjustment of amplitudes,
frequencies, and phases of the modulating signal, it allows the optical non-flat spectra obtained from
each phase modulator in the interferometric arms inside the MZM to combine together and form a

combined flat optical comb spectrum as shown in [41].
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Figure 2.4: Different configurations for electro-optic modulators-based OFC generation: (a) Single MZM, (b)
Dual drive MZM, and (c) Cascaded MZM:s.

By cascading multiple MZMs as shown in Figure 2.4(c), an OFC with a better flatness and a
higher number of comb tones can be generated [42]. Using a series of cascaded phase
modulators would introduce more complexity to the system but will generate a larger number of
OFC spectral tones with an improved flatness [38]. A hybrid combination of both intensity and
phase modulators can be considered as the most balanced solution in terms of the output OFC
flatness, complexity, and tuning flexibility [43] [44]. IQ modulators can also be employed to

generate an EO-based OFC [45] [46].

EOM based OFC characteristics

The EOM based OFCs give a high degree of tunability and flexibility, as the central wavelength, the
phase noise and the RIN of the generated OFC depend mainly on the properties of the input seed
laser. Furthermore, the FSR can be easily tuned by changing the modulation frequency of the RF
signal(s) applied to the modulator(s). The FSR is only limited by the maximum electrical bandwidth
of the EOMs, and the RF amplifiers used for the generation process. Recent research efforts have
shown the potential of integration of EOM based OFCs by using Indium Phosphide (InP) [47] [48] and
silicon organic hybrid (SOH) based modulators [49] [50]. The limited bandwidth of the generated
OFC is one of the downsides of this generation technique. To generate a wide bandwidth OFC with
good spectral flatness, a series of cascaded modulators must be used. However, this results in a
higher complexity and insertion loss (for example =21 dB for SOH based modulators in [51]). Several
techniques have been proposed to improve the stability of the EO based OFCs such as feedback

control loops [52]. However, this again results in an additional complexity.
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2.3.3 Micro-ring resonators

OFC generation using an MRR has attracted a lot of attention recently since it can generate ultra-
broadband coherent OFCs with comb tones of low linewidth [53]. OFC generation in the MRR relies
on the optical Kerr non-linear effect when a high-power optical signal is launched into it [54]. When
this optical signal is confined inside the MRR, it leads to the generation of a multi-carrier optical signal.
This takes place because the optical signal is trapped in a tiny volume, which in turn leads to an
enhancement in the intensity of light and consequently non-linear interactions. The optical Kerr effect
consists of a variation in the refractive index of the resonator material proportional to the confined

pump intensity [55].
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Figure 2.5: (a) Experimental setup diagram for generation of micro resonator-based Kerr OFC, (b)
Demonstration of cascaded FWM phenomenon in the micro resonator [53].

This allows the optical signal to generate side modes through the four-wave mixing
(FWM) phenomena [56] [57] where a pump photon at the original frequency is scattered elastically
into a pair of photons that are up and downshifted in frequency [58]. This results in what can be
called cascaded FWM, where the generated side modes interact with the original MRR cavity
modes and among themselves to produce new optical tones, enhancing the nonlinear process,
which eventually leads to the generation of an ultra-wide OFC. Figure 2.5(a) shows a schematic that
could be used to generate an OFC using the MRR Kerr effect-based technique. Figure 2.5(b)
illustrates the non-linear process that takes place inside the MRR to produce a series of side bands

that interact with the cavity modes to generate an OFC.
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MRR based OFC characteristics

The MRR based OFC generates a large number of tones that can cover multiple telecommunication
bands [C and L bands], which is considered to be one of major attributes. In [56], the authors
demonstrate the data transmission of 50 Th/s over 75 km enabled by the utilisation of a single MRR
based OFC. The MRR based OFCs possess good OCNR, phase correlation [59] and offers low phase

noise inherited from the input laser used [57].

One of the main challenges facing this technique is the generated OFC characteristics and phase noise
depend mainly on the pump conditions, i.e., on polarisation and power of the pump laser, and on its
wavelength detuning with respect to the pumped resonance, which have to be carefully adjusted to
obtain maximum frequency conversion efficiency and optimum phase correlation [60]. The
wavelength tuning has to be finely adjusted in order to obtain the maximum frequency conversion
efficiency [60]. Therefore, sophisticated pumping schemes are required to obtain the optimum phase

correlation and frequency conversion.

Another downside associated with this technique is that the generated OFC FSR is fixed (not tunable),
as it is determined by the length of the resonator cavity. It is also quite challenging to integrate OFC
sources based on MRR. Although the microresonators are compact tiny components, the strong
optical input pump power required for generating the OFC (>30 dBm) presents a serious challenge for

monolithic integration of the optical pump laser and the microresonator on the same single chip.

2.3.4 Gain switching

Gain switching is a simple and cost-effective technique that can be used for the generation of OFCs. It
entails the generation of periodic optical pulses, by directly modulating a commercially available off-
the-shelf standard semiconductor laser with a large amplitude RF signal at the desired frequency [61]
[62]. The most attractive features of the gain switching technique is its outstanding simplicity, stability
and cost-efficiency while providing FSR tunability. Hence, the work on the thesis will be focused on
this technique. The next sections below will initially give a detailed explanation of the operating
principle of the gain switching. After that, a simulation model will be presented providing a theoretical
and simulation analysis of a semiconductor laser. This model can be used to have more understanding
about the different laser parameters, which can be then later used to enhance the operating
parameters of the laser during the gain switching process. Eventually, optical injection is presented
and explained in detail as a complementary process to the gain switching, which improves different

spectral properties of the generated OFC such as the RIN and the phase noise of the OFC tones.
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2.34.1 Operating principle
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Figure 2.6: lllustration of time evolution of: (a) Applied bias, (b) Carrier density, and (c) Optical power of a gain
switched semiconductor laser.

In this technique, the laser is forced to work in a non-linear regime continuously, where it is switched
below and above threshold in a fast manner. In this case, the laser is usually driven around the
relaxation oscillation frequency (ROF) [63] (frequency when the laser relaxes to its stable state), where
the large modulating RF signal is cut before the second oscillation spike of the laser emission appears,
enabling only the first spike of the relaxation oscillation to be excited [64]. Repeating this process leads
to the generation of a train of periodic optical pulses at the rate of the modulating RF signal frequency

with a short pulse width.

Figure 2.6 illustrates in detail the operating principle of the gain switching technique. A large RF-signal
is applied to a semiconductor laser which is biased above threshold (/1) as shown in Figure 2.6(a). The
increase in the sine wave amplitude (from the trough to the crest) applied to the laser leads to a
sudden rise in the carrier density within the laser cavity above the carrier density threshold (N;y)
where lasing occurs, as shown in Figure 2.6(b). When N, is reached, the photon density starts to
increase. The rapid increase in the photon density population through recombination, results in the
depletion of the carrier density. This in turn causes a reduction of the photon density leading to the

emission of a short optical pulse. The duration of the modulation applied to the laser, where it is
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operated below threshold results in preventing the excitation of the second and the subsequent spikes
of the ROF. The repetition of this process leads eventually to the generation of a train of periodic

optical pulses at the laser output shown in Figure 2.6(c).

Gain switching was initially considered as a technique for optical pulse generation. However, the
increasing demand for spectral efficiency enhancement due to the vast increase in the data traffic has
fuelled the extensive need for low-cost multi-carrier transmitters. This has led to the proposal of gain
switching as an OFC generation technique. The first report of a gain switched OFC was in 2009 [65],
where it was successfully implemented in a return to zero differential phase shift keyed (RZ-DPSK)
system through fine filtering of individual comb tones and encoding them with DPSK for transmission

over standard SMF.

Figure 2.7(a) shows a typical experimental setup for gain switching a single-longitudinal mode laser to
generate an OFC. The laser is driven by an amplified 6.25 GHz RF-signal in conjunction with a DC bias
through a bias tee. This generates an OFC with a corresponding FSR of 6.25 GHz whose optical
spectrum is shown in Figure 2.7(b). The generated OFC has 5 different comb tones within 3 dB from
the spectral peak and a free spectral range (same as the repetition rate of the optical pulses) that

depends on the frequency of the modulating amplified RF-signal.
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Figure 2.7: (a) Setup diagram for gain switching a semiconductor laser diode, (b) An example of an output OFC
optical spectrum.

2.3.4.1.1 Theoretical and simulation analysis of a semiconductor laser

As the gain switching technique is the main focus of this thesis, a basic theoretical analysis of the
transient response of semiconductor lasers is presented in the following section. This will give a

deeper insight into the operational principle of the laser being gain switched.
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This section will provide a semiconductor laser simulation model based on rate equations and will give
an insight on the different physical parameters that affects the laser performance. Moreover, a study
of the laser emission stability around the steady state is presented using Jacobian matrix. Eventually,
the effect of different parameters on the power spectral density (PSD) of the frequency noise is shown
and explained. These theoretical study serves as an important mean of understanding the
semiconductor laser dynamics and their operation, which have a positive impact on having deeper
understanding of the laser gain switching process. The latter, as aforementioned, is the focus of this

thesis.

As is well known, the semiconductor laser dynamics can be described using a set of non-linear rate
equations that describe the creation and the transformation (time evolution of the carrier and photon
densities and the modal phase inside the laser cavity. The three basic rate equations can be defined

as follows in the next page [66]:

dN I
E=W—Ve(N)—GN(N—No)P+ Fy (2.1)
dP P

14
d _ 4@ (I Gy (N — Np) 1)+F (2.3)
7 =5 - Urply —WNoJ) T :
dt 2 Tp ¢

Ye (N) = AN + BN? 4+ CN?3 where A is the non-linear recombination coefficient due to defects in

the active material, B is the radiative recombination coefficient and C is the Auger recombination

coefficient.

Ry, = BBN? where f3 is the fraction of spontaneous emission coupled to the mode.

Fy, Fp and F¢ are the noise sources added to the carrier density, photon density and modal phase
respectively. They are represented by Langevin forces (defined as complementary forces
pushing the Brownian particle around in the velocity space). Langevin equations are used as
stochastic motion differential equations to describe the time evolution of a subset of degrees of
freedom for slowly relaxing (macroscopic) variables and the rapidly relaxing (microscopic) variables.

This results in an equation with a stochastic nature.
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The different symbols are defined as follows:

Symbol Definition
N Carrier density
P Photon density
¢ Phase of the lasing mode
V Volume of the active layer
e Elementary charge
Ye Carrier recombination rate (lifetime)
Gy Differential gain
No Carrier density at transparency
Ie Confinement factor
Tp Photon lifetime
Rsp Spontaneous emission rate
a Linewidth enhancement factor

Table 2.1: Rate equations simulation parameter definitions.

Equations 2.1,2.2 and 2.3 represent the set of rate equation, and can be explained physically in the

following way:

Equation 2.1 determines the time evolution of the carrier density. The first term on the right-
hand side (RHS) describes the injection of carriers by the current into the volume of interest.
The second term shows the decay of carriers (carrier depletion rate) due to the different
recombination process mechanisms as a result of the spontaneous emission. The third term
(-ve sign) defines the losses of the carrier density as a result of the stimulated emission and
absorption and the last term represents the added noise to the carrier density represented by

the Langevin force Fy .

Equation 2.2 defines the time evolution of the photon density. The first term on the RHS
defines the photon density generated by the stimulated emission process while the second
term shows the losses of the photon density due to the losses in the cavity (including the
output coupling losses). The third term dictates the portion of the spontaneously emitted
photons that are coupled to the laser output. The last term represents the added noise to the
photon density represented by the Langevin force Fp and associated with spontaneous

emission.
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e Equation 2.3 defines the time evolution of the modal phase. The first term indicates the
influence of the stimulated emission process on the time evolution of the laser phase while
the second term indicates the influence of the spontaneous emission on the same. The last
term again represents the Langevin force F¢ generated as a result of the spontaneous

emission.

To study the stability around the steady state, the set of the rate equations can be analysed in the
stationary case where the equations can be converted into the following Jacobian matrix with the
Eigen value (A). Please note that the Langevin forces are neglected at this time for simplicity.

—(Ye +GyP+2) -G O

T GyP+2[BBN —A 0 (2.4)
ngGN 0 -2

This matrix implies that there is no fluctuations and N, P and @ have reached a steady state. The

determinant is calculated to be A2 + (P+P,) Gy A + GGy (P + ng, ) =0

Ve __2BBN
where P; = o Ng, = G "

If we consider that 2 I. = (P+P, )Gy and A%= I;G(Gy P+2 BBN?), then the equation can be

written as:
M+2LA+4%2=0 (2.5)

The solution for A can be written as A = —I.+ (2, where [. is the damping factor and (2, is the term

for the relaxation oscillation frequency.

Figure 2.8 shows the generated plot for the time evolution of A where the envelope of the generated

~Irt It can be concluded that as we move on time, the oscillation is damped where in

oscillation is e
the end it reaches a steady-state, and the system is considered to be stable. This means that if the
laser goes into instability state, it will eventually return to the stable steady state. The speed of this

process depends on the damping factor value.

To confirm the stability of the system, small signal analysis around the steady state is carried out. The
perturbations are limited to first order only which means that 6N, P, 5® are added to N, P,
¢ respectively.
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Figure 2.8: Jacobian stability of a single mode laser.

The temporal dependence of N, P and §¢ can then be given by the following set of equations:

== —(v,(N) + Gy P)SN — GSP + Fy
dépP 1
— = (I;GyP +2 B BN)SN + (I GIN — Ny) — ;)6P + Fp (2.6)
dép a
\=F = ~I;Gy 8N + Fy
with y,(N) = A+ 2BN + 3CN?2.
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Figure 2.9: Time evolution of: (a) Carrier perturbation, (b) Photon perturbation, and (c) Phase perturbation

around steady state.

These equations can be solved using the Runge-Kutta method in Matlab to give the time evolution

of the different perturbations.
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Figure 2.9(a, b & c) show the time evolution of the carrier density, photon density and modal phase
respectively. The figures confirm that even with small-signal perturbation, the laser tends to return to
the steady-state after a short time, which confirms the stability of the laser. As mentioned before this

mainly depends on the value of the damping factor and ROF.

By performing a Fourier transform of the set of equations of the small-signal analysis, the following

set of equations can be derived:

N8N = —~@o(N)+GyP)6N -GS P+ Fy

jo&§P= (I;GyP+2BBN)SN+ (rFG(N—NO)—Ti)§P+F? (2.7)
14

AT a I T~

eé&e = ~[;Gy SN+ Fy

Set of equations (2.7) can be expressed as a matrix equation considering that the gain will be equal to

the losses as follows in the next page:

jQ+y.(N)+GyP G O

. 5 Fy
_(I}GNP +2p0 BN) Q 0 \x (5:1;):(1:% > (2.8)
—%I}GN 0 jQ §¢/ \Fg

Fy,E,, F¢ are the Langevin forces of the carrier, photon number and phase respectively and can be

calculated using the following set of equations:

<Fy (t)Fy (£)> = 2(Rsp,P+Y.(N)/V) 5(t — t) (2.9)
<F,(t) Ey(£)>=2(Rs,P) 8(t — £) (2.10)
<Fy(t) Fy (£)>= 2(%) S(t—1t) (2.11)

For easier representation, this set of equations can then be transformed into matrix form with the

a b 0 5N P
(d e 0) X (gp> - <F~’;V; ) (2.12)
g 0 i 5o/ \ry

S(l) can then be expressed as a function of the Langevin forces by inverting the matrix where it will

following labels:

be equal to:

ae—bd

Fy (2.13)

5 =9 4 L9E
5¢_detFN +detFP+ det
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With det = a(ei) — b(di)

By solving this while considering
det = jR(R(2L+v. (N) + Gy P) + G(I; Gy P + 2 BN)) (2.14)

Then Sd) can be expressed as:

~ jnngGN Fn %FFGN GFp  (jo(jo+y. (N)+Gy P)+G(Ir Gy P+2B BN))Fg

op = - + (2.15)
det det det

In this case, this equation is a sum of F'; , F"; and ﬁ; Then Sy which is the power spectral density

of the phase noise can be considered as a contribution of three sources of noise expressed by Fg If

we can consider the contribution of Fy, and Fpas negligible, then the PSD of the frequency

modulation noise Sfm can be calculated according to the following equation and by using Fourier

transform properties:

Sfm = Q%S (2.16)
Sp=<8¢,5¢° > (2.17)
R (aG_N)Z
— _Sb. 2 2
Srm =2t (22-0,2)"+(2r0)? (20%(Rsy P+ ¥e N) + 2Rsy PG) (2.18)

where the first term is a result of the phase noise, second term is a result of the carrier noise, and the
last term is a result of the photon noise.

Figure 2.10 shows the PSD of the small signal analysis of the frequency modulation noise. Using this
plot, it is possible to extract the value of the linewidth of the laser using the flat part. Moreover, the

small peak after the flat region is considered as the ROF of the laser.
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Figure 2.10: Power spectral density of frequency noise.
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Similarly, to S¢, the dominant contribution to Sfm is from the phase noise as depicted in Figure

2.11(a). The phase noise is independent of the observation frequency, while the photon noise and

carrier noise peak at the ROF.

At =0, S¢,, can be approximated by% (1+a?) (2.19)
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Figure 2.11: (a) Dependence of PSD of frequency noise on different parameters, (b) S¢r, for different bias
currents.

Figure 2.11(b) shows the dependence of Sfm on the bias current applied to the laser at a device
length

of 450 um. It can be observed that the ROF is directly proportional to the applied bias current.
Moreover, the linewidth of the mode defined by Sr,, (0) decreases as the current increases due to

the increase in the photon density.

It is worth noting that this model can be expanded to include the case of injection into one mode of
the laser. This can be done by including injection terms in the rate equations and then solving these
equations according to the previously explained methods in this section which will be discussed later

in this chapter.

2.3.4.2 OFC characteristics

The most attractive characteristic of a gain-switched OFC is the ultimate simplicity, stability, and cost

effectiveness it offers. Furthermore, it provides simple tuning of FSR.

Unlike the EOM technique, gain switching eliminates the need for bulky, lossy, and expensive optical
components required for the generation of OFCs. At the same time, it generates a comparable number
of comb tones with high power per comb tone (>0 dBm), as the gain-switched laser power gets

distributed between the different comb tones without the need of use of any lossy components.
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The central wavelength of the comb is determined by the central emission wavelength of the gain-
switched laser source and a limited tunability of around 2 nm can be achieved through fine control of
DC bias and temperature of the laser source. In addition to that, the gain switched OFCs provide

inherent stability without the need for any complicated bias control or feedback loops [67].

On the other hand, there are some major shortcomings with the gain switching technique. As it is a
technique based on the direct modulation of laser, the gain-switched pulses suffer from frequency
chirp caused by the time-varying carrier density (hence refractive index) in the laser active region [68].
Furthermore, the generated pulses are also penalised with a large timing jitter caused by the random
spontaneous emission contribution as a result of the laser turn-on (switching of the gain) event [69].
Specifically, bringing the laser below threshold during each cycle of the gain switching process
increases the phase noise and broadens the linewidth of the generated OFC tones to levels that are
higher than the CW laser case [70]. Another limitation that the gain switched OFC sources possess, is
its dependence on the intrinsic modulation bandwidth (MBW) of the laser. Most commercially
available semiconductor lasers exhibit a MBW of 15 GHz and lower, which limits the maximum FSR of
the gain switched comb to a maximum of such a frequency. Finally, if a single mode semiconductor
laser is used tunability of the OFC’s central wavelength is limited to about 1-2 nm (temperature tuning
of the laser). However, all these shortcomings can be overcome by applying optical injection to the
gain switched laser [71]. It offers many benefits to the generated OFC, which will be discussed in detail

in the next section.
2.3.4.3  Optical injection

Optical injection [72] can be considered as a complementary yet essential part of the gain switching
OFC generation technique. It can enhance the MBW of the gain switched laser leading to the
generation of an OFC with a larger span or overall bandwidth [73], decrease the noise (amplitude and
phase), reduce the frequency chirp [71] and offer centre wavelength tunability (when a Fabry Pérot
(FP) laser is used) [74]. Optical injection can be achieved in two different ways, external optical

injection, and self-optical injection. Both techniques are discussed in detail below.
2.3.4.3.1  External optical injection

External optical injection process entails coupling the light coming out of an external laser source
(master laser) into the cavity of another laser (slave laser), which improves the performance of the
slave laser. The injected light from the master laser oscillates inside the cavity of the slave laser leading

to interaction between both laser’s fields. These interactions vary based on the wavelength difference
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between the master and the slave lasers, and the level of injected power. It starts with nonlinear
processes such as FWM, and then leads to an OIL state, where the master laser field takes control and
locks the slave laser mode to its central emission wavelength. At this state, the slave laser inherits the
frequency and phase of the master laser. Moreover, the slave laser inherits the noise properties of
the master laser when it is injection locked to it. This can help in improving the noise properties of the
slave laser by using a master laser with high spectral (phase noise) and amplitude purity, which will be

in turn transferred to the slave laser via OIL.

Figure 2.12 shows the setup diagram of a typical optical injection process into a gain switched
semiconductor laser. A wavelength tunable (master) laser is used to inject light into the cavity of

another laser diode (slave) through a passive optical circulator.
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Figure 2.12: Setup diagram of gain switching an externally injected semiconductor laser diode.

The main parameters that control the different interactions between the master and slave laser
fields inside the slave laser cavity are, the injection ratio (R) and the detuning range (Aw). R can be
defined as the power ratio between the injection master laser and the injected slave laser, while Aw
is the difference between the emission frequencies of the master and slave lasers. An OIL range can
be defined as the zone where both the injection ratio and the detuning range satisfy a stable
injection locking state condition, at which the slave laser frequency tracks that of the master laser
and locks to it [75] [76]. In the injection locking range, the slave laser inherits the master noise
properties, and its emission frequency shifts to the master laser emission frequency. Injection power
and detuning frequency are interlinked, as the injection power determines the detuning frequency
and vice versa. Decreasing the injection power or increasing the detuning range would mean going
out of the injection locking range to the region where several non-linear processes such as FWM

take place as a result of the interaction between the two lasers [77].

The traditional method of achieving OIL via external injection, entails using a setup that comprises

various discrete passive and active optical components, such as circulators, polarisation controllers,
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isolators, master, and slave lasers. Such a setup suffers from instabilities due to polarisation
dependence in case of employing SMF and temperature variation in the injection path. One method
to overcome the polarisation dependence problem is to use polarisation-maintaining fibre (PMF)
based components. Even though this solves the problem with polarisation, the external passive
components introduce insertion losses and may still suffer from temperature variations. An on-chip
(integrated) optical injection solution can provide the same advantages as the discrete setup, whilst
offering a simpler, cheaper, smaller footprint, and polarisation independent operation which results

in better overall efficiency of the system [78].

Different research reports have shown the possibility of achieving an on-chip optical injection locking
resulting in improving the various spectral characteristics of the slave laser. In [78], the authors show
that the on-chip internal injection (without the need of an external source), from the master laser to
the slave laser, enhances the slave's side-mode suppression ratio (SMSR) from 30 dB to over 50 dB
and reduces its RIN from about -129.3 dB/Hz to -142.6 dB/Hz. Subsequent dynamic characterisation
also shows that the MBW of the slave laser is improved via injection to about three times the inherent
free-running bandwidth. Another report [79] demonstrates by showing the frequency response curve
that on-chip optical injection can result in the expansion of the 3-dB MBW of a discrete mode (DM)
laser. This improves the performance of the integrated device when employed in a direct modulation
OFDM system due to the capability of handling higher bit rates. In [80], the authors demonstrate that
optical injection locking of an integrated distributed feedback (DFB) laser results in the enhancement
of the laser ROF to 23 GHz from an initial value of 11 GHz, and the suppression of nonlinear distortions

by more than 15 dB.

A photonically integrated laser device employing optical injection will be characterised and presented
in detail in chapter 4 of this thesis. This device makes use of the master-slave configuration to improve
the different parameters of the slave laser such as the linewidth, RIN and MBW. The injection also
results in a reduction of the chirp value when the device is employed as a directly modulated

transmitter, leading to a better transmission performance in terms of bit error rate (BER) [81].
2.3.4.3.2  Self optical injection

Self-optical injection entails the use of a wavelength selective external cavity, to inject a selected
fraction of the laser output light back into its own cavity. The optical self-feedback delay has to be
adjusted so that the re-injected optical signal arrives at the same time of the build up of an optical
pulse inside the laser cavity. This synchronisation would result in the generation of an optimum optical

pulse with enhanced spectral characteristics. Large SMSR value can be also obtained if the reflected
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pulse is fed back to the laser cavity during a narrow time window (between the time the electrical
pulse is initiated but before the carrier density reaches threshold). A single mode output with a high
SMSR value is obtained as a result of this optimised feedback causing the dominant mode to be initially
well excited above the spontaneous emission noise level [82]. Typically, a small amount (0.2 — 6 %) of
the optical output power of the laser is being fed back into the active layer of the laser diode to

improve the spectral characteristics of the generated OFC.

Self-seeding can be considered as one of the simplest and most reliable techniques available to
generate enhanced gain switched based OFCs. In a typical FP laser cavity, self-seeding can be used to
obtain lasing on a single longitudinal cavity mode [83]. Moreover, self-seeding provides reduction in

timing jitter for both DFB and FP gain-switched systems [84].
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Figure 2.13: Schematic setup diagram of self-seeding of a semiconductor laser.

Figure 2.13 shows a setup diagram of a typical self-seeding of a semiconductor laser process.
The laser output signal is injected into one arm on the RHS of a 2 X 1 splitter. On the left-hand
side of the coupler, there exists two paths for the optical signal, either through an OBPF to
filter a specific desired part of the signal or directly through a connector to allow the path of all
the signal without any filtering. After that, the signal passes through a tunable optical delay line. The
latter is used for accurate control and tuning of the delay that the optical signal experiences during
its self-injection path to the laser. The delay is needed to synchronise the phase of the
feedback signal with that of the main laser signal in order to have a constructive interference,
which leads to improvement in the spectral characteristics of the laser. The other arm on the
right-hand side (which serves as both input and output as shown in the figure) is connected to the

laser to complete the self-injection path.

A photonically integrated laser device employing self-optical injection will be characterised and
presented in detail in chapter 5 of this thesis. This device employs an on-chip self-feedback injection
to improve the slave laser characteristics and to have an expansion in the bandwidth of the

generated OFC when applying the gain switching technique.
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2.3.4.3.3  Optical injection advantages

As mentioned before, optical injection can offer many advantages to the gain switched OFC by

enhancing several parameters of the utilised laser such as the following:

MBW and resonance frequency enhancement: The relaxation oscillation takes place during
the turn-on action of a laser, where interactions between the carrier and photon densities
take place. The resonance frequency and strength of oscillation are determined using various
basic parameters of the laser device such as intracavity power, resonator losses and the
round-trip time of the resonator [85]. Depending on these parameters, the peak of the ROF
can be either suppressed or enhanced. Both cases can be useful for different applications. For
example, the gain switching technique favours a high ROF peak [86], while for broadband
digital modulation, the ROF peak can degrade the system performance and a flat frequency
response (3-dB MBW) is more important [87]. Optical injection with high powers has been
shown to be capable of pushing the ROF and the MBW to much higher values compared to
the original values of the free-running laser. Resonance frequency enhancement in excess of
100 GHz in semiconductor lasers and intrinsic 3-dB MBW improvement up to 80 GHz as a
result of optical injection has been shown in [86]. Research work in [87] has also shown MBW

enhancement as high as 3.7 times the original value as a result of the strong optical injection.

Phase noise reduction: The main source of noise in a semiconductor laser source is the
random spontaneous emission process [88], which leads to intensity noise and phase noise.
When a laser is gain switched, it is turned “ON” and “OFF” at each cycle. When the laser is
turning ON from the OFF state, the optical pulses build up from the random spontaneous
emission, which reduces the correlation between each pulse and thereby increases the phase
noise. In external optical injection, a large number of photons are continuously injected from
the master laser into the cavity of the slave laser which keeps the photon density within the
cavity high. Hence, in an externally injected gain switched laser, the pulses are built up from
the stimulated emission process. This ensures the coherence between the successive pulses,
as they now are phase locked to the master laser and have a constant delay between them
[89]. This leads eventually to a reduction in phase noise levels of the generated OFC. These
results have been proven experimentally in some research work where the external optical

injection has resulted in the reduction of phase noise and the emission linewidth [90] [91].

Intensity noise reduction: One of the main parameters of the intensity noise of

semiconductor lasers is the RIN. External OIL (from a low RIN master) can reduce the carrier
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and photon densities fluctuations, hence reducing the level of RIN [92]. Another source of
intensity noise in lasers is the MPN which is caused by the competition of the several modes
inside the laser cavity for the gain [93]. The continuous competition for gain inside the laser
cavity can cause fluctuations in the power level of each comb tone, which affects the stability

of the OFC. OIL has been shown to reduce MPN level [94].

e  Wavelength tunability: Optical injection can provide central wavelength tunability for gain
switched OFCs (when an FP laser is used). This can be achieved when the wavelength of the
light injected by the master laser coincides with one of the longitudinal modes of the slave
laser. The injected mode dominates by taking all the gain and suppressing all the other
longitudinal modes in the cavity [95]. This results in a single mode operation of the slave laser.
By tuning the wavelength of the master laser to coincide with different longitudinal modes of
the slave laser, discrete wavelength tunability of the slave can be achieved. It is worth noting
that this tuning is only limited to the wavelengths of the slave laser longitudinal modes and
the small locking range around it. However, by temperature tuning the slave laser, quasi-

continuous wavelength tunability can be achieved.

In order to understand more about the optical injection process and its influence on the
semiconductor laser parameters, the MATLAB simulation model will be enhanced to include injection

into the slave laser and will be discussed in detail in the next section
2.3.4.3.4 Theoretical and simulation analysis of a semiconductor laser

Using the same simulation model presented previously in Section 2.3.4.1.1 and with adding some
additional terms to the rate equations, the model can be upgraded to represent a semiconductor laser

subjected to optical injection. The rate equations are updated to be as follow:

dN I

— = =~ Ye(N) = Gy (N = No)P + Fy (2.20)

dP P

== (T Gy (N = No )P = —+ Iy R, + 21 [P;P cos(8) + Fp (2.21)
14

9 _ (I Gy (N=Ny) ! P"'(e) dw — dw,) + Fp (2.22

kdt_ 2-(F N 0 Tp) K POSl" (dw W) o (2.22)

Where dw, = (pp — w), dw = (w; —w) and 0 = (¢ — Pin;).

The additional terms of the injection are bolded in the rate equations definition above and are defined

below:
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Symbol Definition

K Coupling coefficient
Qpp Laser FP resonances
w Lasing angular frequency
dw, Detuning between the laser FP
resonances and the lasing angular
frequency
dw Detuning between the angular

frequency of the injected mode and the
lasing angular frequency

P; Injected photon density

0 Phase difference between ¢ and the
phase of the injected mode

Table 2.2: Injected mode rate equations simulation parameters definitions.

The locking range can be obtained by assuming a first approximation that the laser reaches a steady
. d . .
state which means pri 0. Moreover, the spontaneous emission terms can be neglected. The locking

range can then be defined as the maximum value of the detuning range (dw — dw,.) and will be

called Aw; where

Aw, = — K /g—i V1+ asin(6 + arctan(a)) (2.23)

This shows that the injection locking range increases with the increase in the square root of the

injected power. Moreover, it is also directly proportional to the linewidth enhancement factor.

To study the effect of applying injection on the slave laser phase noise, a comparison between the
slave and master phase noises is shown in Figure 2.14. It shows the injection locking case where the
injected slave laser phase is following the master laser phase. This means that the slave is injection

locked to the master and inherits its noise properties.

As aforementioned, use of a pure master laser would mean an enhancement of the spectral properties
of the slave laser. Furthermore, it shows that by the time when the detuning between both lasers
exceeds the locking range, the slave starts to retain its own phase and get out of the injection locking
regime to be a free running laser again. This proves that optical injection with a pure master laser can

play an important role in enhancing the phase noise (linewidth) of the gain switched based OFC tones.
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As aforementioned, OFC tones with narrower linewidth are a desired property that allows the OFC to

be used as a multi-carrier source in coherent optical networks.

Siava
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Figure 2.14: Evolution of slave and master lasers phase with time showing the injection locking regime.
Figure 2.15(a)&(b) show the output optical spectra of a simulated gain switched semiconductor laser
generating an OFC for the cases without and with optical injection respectively. It is clear that the
optical injection has improved different parameters of the generated OFC such as the OCNR and the
number of lines within a given power bandwidth. Before injection, the gain switched OFC tones have
an OCNR of ~35 dB, which improves to be ~65 dB after applying injection. Within 3-dB power
bandwidth, the number of OFC tones increases to be 8 with applying injection, in place of only 3 lines

when the laser is only gain switched without injection.
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Figure 2.15: Simulated optical spectrum: (a) Non-injected gain switched OFC, (b) Injected gain switched OFC.

2.4 Conclusion

This chapter has introduced the OFC as an attractive transmitter solution for next generation optical

networks. The various characteristics that are used to define and determine the quality of an OFC such
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as the number of generated comb tones and the total OFC bandwidth have been introduced and
explained in detail. These characteristics are important as an indicator parameter for the capability of

implementation of OFC in different next generation optical networks.

Furthermore, a comparative review of various OFC generation techniques has been introduced, by
highlighting the merits and drawbacks of each technique, and their different features that are crucial
for their employment in spectrally efficient flexible optical networks. Depending on the network
requirement, the most suited technique can be chosen according to its own characteristics and

limitations.

MLLs and Kerr MRR based combs have the ability to generate an OFC with large number of tones that
extends over a large wavelength span. On the other hand, MLLs and micro resonator based OFCs do
not offer FSR tunability. Moreover, passively mode locked MLLs suffer from large levels of phase noise
and RIN. EO modulators based OFCs present more flexibility, but still suffers from high cost and power
consumption due to the use of cascaded modulators in order to achieve a wide bandwidth OFC. Gain
switching, which is proven to be a simple and a cost-effective technique is the focus of this thesis. It
provides FSR tunability, strong phase correlation among the different OFC tones and lends itself to
photonic integration. Furthermore, optical injection can be used as a complementary technique to
overcome the limitations of gain switching and generate a wider bandwidth OFC with better noise

characteristics.

In the next chapter, gain switching of various laser structures such as FP, DFB and Vertical cavity
surface emission laser (VCSEL) will be presented highlighting the positive influence of optical injection
on the spectral characteristics of the generated OFC experimentally. The subsequent chapters will
present two different photonically integrated devices that can also be gain switched to generate an
OFC providing a lower cost, power consumption and footprint which are all desirable requirements
for next generation optical networks. The focus of all the next chapters will be upon studying and
identifying the optimum laser parameters and operating conditions for generation of an enhanced
OFC using gain switching technique. This will be carried out for various types of laser structures using

simulation models and mostly via experimental characterisation.
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Chapter 3

Optimum operating
parameters for generation of
optical frequency combs

3.1 Introduction

In the previous chapter, various techniques for OFC generation were introduced, showing the
strengths and the weakness of each technique and the applications they are suited for. As previously
mentioned, focus will be directed towards the gain switching technique due to its simplicity and cost-
effectiveness. It was already stated that gain switching can be applied to any commercially available
off-the-shelf semiconductor laser. At the same time, it is crucial to pick the most suitable laser type
for the desired application. Different applications impose diverse requirements and specifications
according to the network topology that it will be used in. Access and short-reach networks, for

example, have stringent requirements on cost.

This chapter presents the static and dynamic characterisations of various traditional laser structures.
The primary goal is to identify the optimised driving parameters for each different laser structure to
be used with the gain-switching technique in order to generate an enhanced OFC in terms of larger
optical bandwidth, optical flatness and OCNR. Both FP and DFB laser structures are characterised for
the generation of an OFC. External optical injection is also presented as an essential technique that is
complementary to the gain switching process to improve the spectral characteristics of the generated
OFC. As previously explained, this is achieved by locking the frequency, phase, and polarization of the

slave laser to the spectrally purer master laser. A full study of two different VCSEL devices is presented
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where the motivation and several advantages over the traditional edge-emitting laser structures are
explained. The VCSEL device parameters are also examined and optimised to generate an enhanced
OFC. In addition, the positive impact of external optical injection on the characteristics of the
generated OFC is highlighted through a series of different characterisations. Eventually, the
polarisation dynamics of VCSEL structures are explained and discussed. Finally, a discussion on how

the polarisation dynamics could be utilised (expand the generated OFC) is included.

In summary, this chapter provides a gateway to characterisation and optimisation of different laser
structures driving parameters to be gain-switched to generate an OFC with enhanced spectral

parameters.

3.2 Fabry Pérot laser diodes

FP lasers are one of the well-known semiconductor laser structures [1], that were typically used for
short-distance light wave telecommunication systems [2]. Their popularity stems from the simplicity
and cost-effectiveness of their manufacturing process. An FP laser is an edge-emitting laser, where
two flat cleaved surfaces are placed at either side of the gain medium as reflectors [3]. A resonator
cavity is formed by these reflectors, where light reflections take place only at the end of the cavity and
not within the gain medium as opposed to a DFB laser. In the resonator cavity, the light reinforces
itself at only the frequencies satisfying the condition for which the distance between the two ends is
an integral multiple of half wavelengths. Such frequencies are supported by the cavity, since they
undergo constructive interference over one round-trip, and are referred to as the resonant
frequencies (or wavelengths) of the cavity. However, the non-resonant wavelengths suffer from
destructive interference over one round-trip in the cavity and are not supported. The two reflectors
cause the light inside the cavity to propagate back and forth in the active region forming a standing
wave. Thus, the two reflecting surfaces are responsible for creating the suitable condition for the
lasing to happen, by supporting only specific wavelengths that undergo constructive interference to
form standing waves. These wavelengths or frequencies supported by the cavity are called the

longitudinal modes of the FP laser diode.

The longitudinal mode separation is dependent on the length of the laser cavity according to the

following equation [4]:

AV = £ (3.1)

2nL

Where AV is the FSR between the laser longitudinal modes, C is the speed of light, n is the refractive

index and L is the laser cavity length. The frequency selectivity is decided by the FSR which in turn sets
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the cavity length. Consequently, FP lasers have a relatively short cavity length to the filter and select
a specific range of wavelengths. A long laser cavity would correspond to a smaller FSR and would result
in a large number of longitudinal modes in a given wavelength range, thereby compromising the
wavelength selectivity of the laser cavity. However, selective filtering of a single longitudinal mode is
not possible due to restrictions on the laser cavity length. Sufficient laser cavity length is required for
stimulated emission to occur and to amplify the light wave signal, as we are limited by the amount of
power that we can be delivered to a small area. A tunable single-mode operation of the FP cavity can
be achieved by coupling it with a very-short cavity with selective optical feedback as shown in [5]. The
short cavity length of the FP structures also results in the widening of the generated linewidth [6], as
the linewidth is directly proportional to the square of the resonator bandwidth. The latter in turn is
inversely proportional to the length of the laser cavity. The laser cavity length is inversely proportional

to the mode spacing.

3.2.1 FP laser structure

As mentioned before, the FP laser is an edge-emitting laser. A typical structure of an FP laser is shown
in Figure 3.1. The two main elements forming the structure are the gain element, which is the active
region that provides optical gain [7], and the two cleaved surfaces at the end of the laser forming a
cavity. The resonator is formed as a consequence of the discrepancy between refractive indices that
occurs at the interface between the semiconductor device structure and air, resulting in reflectance

without the need of any additional measures.

The active gain region is formed by applying current to a lower band gap active layer that is surrounded
by higher bandgap materials, which confines the electron and holes into a small volume. The injected
current causes the movement of electrons from the lower energy valence band (energy state) to the
higher energy conduction band. As electrons from the conduction band fall back to the valence band,

they lose energy in the form of photons (emitted light) as shown by Figure 3.2(a).

The frequency of the emitted photon f depends on the the difference in energy E between the higher
energy level E, and the lower energy state E; and can be calculated according to the following

equation:
E = EZ - E1 = hf (3.2)
Where h is the Planck’s constant.

The emission process can take place in two different ways, the first by spontaneous emission in which

the electron returns to the lower energy state in a random manner.
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Figure 3.1: Schematic structure of an FP laser.

The second case is by stimulated emission, when a photon having an energy that is equal to the
energy difference between two energy states (E, — E;) interacts with an electron in the higher
energy state, leading to its return to the lower energy state with the creation of a second photon.
Having this process repeating itself would result in the photons generated by the stimulated
emission having an identical energy to the one which caused it, which results in the light signal
associated with them generated at the same frequency. Moreover, the light signal is in phase and

has the same polarisation [8].
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Figure 3.2: (a) FP laser emission mechanism, (b) FP packaged laser on a mount.
In the next section, a brief static characterisation of an FP device is presented. Moreover,

gain switching with external injection of the device results are shown.
3.2.2 FP static characterisation

The FP laser is packaged into a 7-pin butterfly package that has an integrated TEC for ease of use and
handling and an integrated lens for providing an optimised coupling between the laser and the output
fibre as shown in Figure 3.2(b). The laser package is placed on a laser mount which facilitates the

control of the bias current and the temperature of the laser using an LD driver and TEC controller.
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The generated L-I curves of the laser for different temperatures (16, 21, 25, and 30 °C) is shown in
Figure 3.3(a). It shows that at all temperatures, the optical output power increases with the increase
of the bias current. This is due to the fact that increasing the bias current results in the injection of a
larger number of free carriers inside the laser cavity which increases the gain. The increase of the
latter results in the increase of number of photons inside the cavity, and thus, increasing the output
power. This dependence has been explained in more details using the semiconductor laser rate
equations in Section 2.3.4.1.1 in Chapter 2. With low values of bias, the generated gain cannot
overcome the losses inside the cavity where the spontaneous emission is dominating. This happens
until we reach a bias point, where the gain inside the cavity is equal to the losses. At this point, the
laser threshold is reached, beyond which the stimulated emission dominates the spontaneous one
and keeps increasing the laser output power with the increase in the bias supplied [9]. At 16 °C, the
laser yields a threshold current of 6.5 mA. The laser threshold bias value has a direct proportional
relationship with the temperature of the laser. When the temperature increases inside the laser
cavity, the intrinsic losses (mainly recombination rates due to defects in the active region material)
increase due to shifting of the exponential absorption edge to lower energies faster than the emission
peak [10]. The difference between the two shifts is nearly linear with temperature. Moreover, the
gain also decreases as increasing the temperature can lead to narrowness of the laser bandgap. It is
known that the motion of carriers (electrons and holes) becomes intensive in the region of PN junction
of laser diode with increase of working temperature, which results in more remarkable non-irradiative
recombination process. Therefore, the outer quantum efficiency decreases rapidly. As a result, the
output power inevitably decreases [11]. Hence, more carriers are needed to reach the
threshold condition, as the gain is less efficient. It is important also to note that there is no exciton

at room temperature for this laser.

Figure 3.3(b) shows the dependence of central emission wavelength of the device on the
temperature. Using an optical spectrum analyser (OSA), the central emission wavelength at
different values of temperature is recorded. At this point, the laser bias is kept constant at 17 mA.
The figure shows that increasing the temperature results in the central emission wavelength
experiencing a red shift where it moves to a higher wavelength. The wavelength of the laser diode
shifts about 1.5 nm with every 10 degrees rise in temperature which agrees with the direct
proportionality relationship between the temperature and the central emission wavelength of the
laser, as the emission wavelength of the laser depends on its refractive index, which in turn is

dependent on the temperature [12].
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Figure 3.3: (a) L-I curve of the FP laser at different temperatures, (b) Wavelength temperature dependence
curve of the FP laser.

3.2.3 FP Gain switching

Being one of the most common types of semiconductor laser structures used with short-reach optical
networks, the FP laser can be gain-switched to generate an OFC. However, one of the initial steps in
the generation of an OFC using FP lasers entails the use of external optical injection. This results in
concentrating all the gain in a single longitudinal mode, after which gain switching is achieved by
directly modulating the injected FP laser using an amplified RF signal. Figure 3.4(a) shows the setup
diagram of gain switching an externally injected temperature controlled (20°C) FP laser. The laser is
initially DC biased to set the operating point of the laser at about 35 mA, which is almost 5 times the
threshold value. Gain-switching is achieved by directly modulating the optically injected FP laser with
an amplified 6.25 GHz (corresponding to ITU.T definition of flexible grid granularity) sinusoidal RF
signal using the integrated RF connector in the laser package. A signal generator is used to generate a
pure 6.25 GHz sinusoidal RF signal, which is then amplified using an RF amplifier to have an amplitude
of 24 dBm. The RF signal is then combined with the DC bias using a bias tee. The combined signal is
then used to directly modulate the injection locked FP laser, that is locked using a tunable continuous
wave master laser at a wavelength of 1545.4 nm for locking the FP mode at this particular wavelength.
The optical output of the laser is then connected to a high resolution OSA (20 MHz) in order to capture
the optical spectrum.

The optical spectrum of the free running (DC biased without optical injection) FP laser is shown in
Figure 3.4(b). The FP centre emission wavelength is around 1545 nm and the several FP longitudinal
modes with mode spacing of 1.37 nm (corresponding to frequency separation of approximately 175
GHz) can be seen. Figure 3.4(c) shows the optical spectrum of the injection locked FP using a tunable
master laser emitting at 1545.4 nm. The central emission wavelength can be tuned by tuning the

master (external) laser to coincide with one of the FP modes. Thus, this particular mode dominates
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over all the other longitudinal modes in the cavity by suppressing the gain in them [13]. Figure 3.4(d)
shows the spectrum of the generated OFC which exhibits 15 OFC tones within 3-dB from the spectral
peak and an OCNR of around 50 dB. Choosing a multimode laser over a single mode laser would be

based on the wavelength tunability that can be achieved [14].
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Figure 3.4: (a) Setup diagram for gain switching an externally injected FP laser, (b) Optical spectrum of free
running FP laser, (c) Optical spectrum of injection locked FP laser, and (d) Optical spectrum of the gain-switched
FP laser.

There have been previous demonstrations of FSR and wavelength tunability of externally
injection-locked FP lasers, where quasi-continuous wavelength tunability over the C-band (30
nm) and FSR tunability ranging from 6 GHz to 14 GHz have been demonstrated [15]. Moreover, an
OFC based on gain switching of an externally injected FP laser has been used as a transmitter in a
simple and low-cost uplink transmission scheme for coherent optical code-division multiple access
(OCDMA) passive optical networks (PONs) as shown in [16], where the authors demonstrate the
simplicity and the cost-effectiveness of their scheme compared with a transmitter based on a
conventional MLL. In addition to that, a broadband OFC has been shown based on simultaneous
injection locking of two longitudinal modes of a gain-switched FP laser [17]. The generated OFC
exhibits an overall width of 325 GHz within 6 dB occupied optical bandwidth and offers tunability of
both wavelength and FSR. The demonstrated results show the potential of FP based gain-
switched OFC to be employed in several telecommunication applications such as next-

generation elastic optical networks and millimetre/THz wave generation [18].
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3.3 DFBlasers

3.3.1 DFB laser structure
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Figure 3.5: Schematic structure of a DFB laser.

A DFB is another well-known type of semiconductor laser. Its structure is very similar to that of an
FP laser with the addition of a Bragg reflector that is placed near the active region [19] as shown in
Figure 3.5. The main function of this Bragg reflector is to select a single longitudinal mode in the
laser output as it provides periodic variation in the refractive index along the laser waveguide in the
direction of the light wave propagation [8]. In a FP laser cavity, the feedback is the same for all
modes, while in a DFB laser, the feedback is frequency dependant. This results in the cavity losses
not being the same for all the longitudinal modes leading eventually to emission of a single
longitudinal mode that is supported by both the cavity and the Bragg reflector. The latter is used to
select the desired output mode. The other longitudinal modes experiencing higher losses are
suppressed from oscillation inside the cavity. Using long cavity DFBs that have high coupling

coefficients results in achieving narrow linewidths (less than 1 MHz) [20].

3.3.2 DFB static characterisation

In our work, we have used an InGaAsP/InP multi-quantum well DFB laser diode that is manufactured

by Gooch&Housego (G&H). The device is mounted in a 7-pin k-package where it contains a TEC,
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thermistor, back facet monitor detector, and a bias tee as specified by the manufacturer. Figure 3.6(a)
shows a picture of the physical packaged device, while the measured L-I curve at 20°C temperature is
shown in Figure 3.6(b). The threshold current is measured to be 12 mA. The direct proportional
relationship between the threshold value and the laser package temperature shown previously for the

FP laser applies to the DFB lasers also.
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Figure 3.6: (a) 7-pin packaged DFB laser, (b) L-I curve of the DFB laser.

333 DFB gain switching

To gain switch the DFB laser, the same setup diagram as Figure 3.4(a) is used (FP laser replaced by the
G&H DFB laser). Figure 3.7(a) shows the optical spectrum of the free running DFB laser when biased
at47.78 mA (around 4 times the threshold current). Different bias current values result in the variation
of the OFC characteristics due to variations in the gain inside the laser cavity [21]. Relating to the
simulation analysis conducted in Section 2.3.4.1.1 in Chapter 2, the increase in bias value would result
in the increase in the laser MBW value due to the decrease in the carrier lifetime [22]. The increase in
the laser MBW leads to generation of a wide bandwidth OFC that accommodates a greater number of
comb lines depending on the driving RF signal frequency. Moreover, since for gain switching, the laser
needs to be driven by a large sinusoidal RF signal, the laser bias needs to be optimised that the RF
signal results in the laser being turned off for only a short period of time. This is to avoid coupling of
more spontaneous emission noise to the laser output and to protect it from damage. Hence, the
mentioned bias is chosen for the generation of an optimised OFC. The spectrum of the DFB laser is
single moded and centred at 1550 nm as shown by the figure. A 6.25 GHz amplified sinusoidal signal
is then applied to the DFB laser in conjunction with the DC bias which results in gain switching the
device and generating the output shown in Figure 3.7(b). However, the generated output shows a
clear broadening in the output of the laser and an absence of discernible OFC tones. The overlapping
of the broadened modes prevents the side mode being distinguished from the main mode [23]. The

broadening is due to two main reasons, firstly the large timing jitter induced in the pulses of gain
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switched DFB laser [24]. This is related to the gain switching process explained in Section 2.3.4.1 in
Chapter 2, Applying an amplified sinusoidal modulation to a laser causes the carrier concentration to
increase rapidly. Once the carrier concentration reaches the threshold condition, the photon
population also rises rapidly and depletes the carrier concentration. If the laser gain is cut off
(alternate half cycle of the modulation sinusoid) is applied at the appropriate time, as the photon and
electron densities are decreasing from their peak values, there would not be sufficient gain for the
second oscillation peak to form. This results in the photon density decaying to zero leading to the
creation of a short optical pulse. The increase in the injected current results in recovering the laser
gain and formation of a successive pulse is formed. The process repeats resulting in a train of short
optical pulses. The large timing jitter stems from the random delay in the build-up of successive pulses
caused by the fluctuation in the photon density during the build-up of the optical pulse [25]. the
fluctuation in photon density is caused by random spontaneous emission [26]. Secondly, the time
variation of the carrier density in the active region of the device due to the direct modulation applied
on the laser, resulting in the variation of the laser output signal wavelength which causes the
broadening [25]. The absence of the discernible OFC tones is due to the absence of the pulse-to-pulse
phase coherence, as the previous pulses do not seed the successive pulses [27]. External injection (El)
is then introduced to the setup as shown in Figure 3.7(c) where the output of a master tunable laser
emitting at 1549.7 nm is injected into the cavity of the DFB slave laser through a circulator to injection
lock it. Injection locking results in the generation of the OFC shown in Figure 3.7(d), where clear
discrete OFC tones can be observed. With El, the pulse-to-pulse phase coherence is established, as
the El from a master laser stabilises the phase of the slave laser thereby allowing for an OFC to be
created [27]. Furthermore, El leads to reduction in the timing jitter of the gain switched pulses.
applying El leads to a constant rate of photons much larger than the number of spontaneously emitted
photons to be injected into the cavity. This leads to each pulse being built up from a constant number
of photons each time, resulting in timing jitter reduction because of the constant delay between the
creation of each pulse [27]. Moreover, El results in the phase of the successive pulses to be locked to
the master laser thus ensuring pulse-to-pulse phase coherence. Also, the master laser wavelength
should be tuned in order to injection lock the higher power OFC tones (the ones that are near to the
central emission wavelength of the OFC). An injection into the lower power OFC tones would result in
not achieving a proper injection locking. This is due to the reason that the beating between the low
power comb tones and the nearest modulated fields (due to gain switching) of the injected master
being insufficient to lock the OFC [28]. The generated injection locked OFC exhibits 14 lines within 3-
dB from the spectral peak (as indicated by the dotted lines) and an OCNR of =49 dB.
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Figure 3.7: Optical spectrum of: (a) Free-running DFB laser, (b) Gain-switched DFB laser, (c) Master laser output
emission with the gain-switched DFB laser, and (d) Externally injected gain-switched DFB laser.

OFCs based on gain-switched DFB lasers have shown the potential to be used in a wide variety
of applications. In [29], the authors demonstrate a high stability 100 Gb/s multicarrier THz
wireless transmission system based on an externally injected gain-switched DFB laser source.
Another 25-Gb/s OFDM 60-GHz radio over fibre transmission system employing a gain-
switched DFB laser for millimetre-wave generation is demonstrated [30]. The authors achieve a
transmission performance below the 7% forward error correction (FEC) limit over 25 km of SMF.
Moreover, gain-switched DFB based OFCs have shown the capability of achieving a 10 Gb/s all-
optical 3R regeneration and format conversion as shown in [31] where the authors show the
reamplification, retiming and reshaping of a poor-quality non-return to zero (NRZ) data signal at 10

Gb/s.

3.4 VCSEL devices

VCSELs were originally developed as a low-cost alternative to FP and DFB lasers [32]. The VCSELs are
somehow different from the traditional edge-emitting lasers [33]. Unlike edge-emitting lasers,
in which the light propagates in a direction along the axis of the laser waveguide and is emitted out
at the edge, VCSELs emit coherent light in a direction perpendicular to the top plane of

the semiconductor substrate [34].
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3.4.1 VCSEL device structure and advantages

As a vertical short cavity laser, the VCSEL has a different physical structure than the traditional edge-
emitting lasers. The VCSEL is formed by the surfaces of epitaxial layers and the optical output is taken
from one of the mirror surfaces [35]. Compared to the average length of FP or DFB laser cavities (in
the range of 300 um), the VCSEL cavity is shorter (typically A/3 of the emitted electromagnetic wave)

[36]. The short cavity length limits the value of the gain that can be generated out of the active region.

Figure 3.8 shows a schematic diagram of a VCSEL structure, where the active region is sandwiched
between two highly reflective mirrors formed of distributed Bragg reflectors (DBRs) [37]. The main
purpose of the high reflectivity of the mirrors order is to allow the short and low gain cavity to achieve
threshold [38]. It is important to note that the cavity emits only a single longitudinal mode, because

of the short distance between the two mirrors inherited from the overall short length of the laser
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Figure 3.8: Schematic structure of a VCSEL device.

One of the major advantages of VCSELs is its lower overall cost of fabrication compared to
the traditional edge-emitting lasers, due to its ease of fabrication and simpler packaging
[39]. Furthermore, VCSELs offers the advantage of testing capability on the wafer itself
before implementation into manufactured devices saving time and cost [40]. This is possible
because of the special nature of VCSELs, where it emits from the top surface of the chip. In addition
to that, ease of coupling into fibres and higher coupling efficiencies can be achieved with VCSELs, as
the divergence angle of their output light beam is lower owing to the larger output apertures

compared to the edge-emitting lasers [41].

Another major advantage is the relatively low threshold bias values of VCSELs compared to the typical
threshold values of the edge-emitting lasers. This is mainly due to the high reflectivity of the mirrors

[42]. Lower threshold values translate into lower power consumption, which is a very attractive
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feature for next generation optical networks [43], especially with the current interest in greener
optical networks [44]. In addition, the lower power consumption leads to a lower operational

expenditure (OPEX).

The most common emission wavelength of VCSELs is in the range of 750-980 nm (often around 850
nm). However, longer wavelengths of 1300 nm - 1550 nm (most widely used for optical
communications due to the absorption characteristics of the glass material used in fibres [45]) or even

beyond 2000 nm can be obtained using devices based on Indium Phosphide (InAlGaAsP on InP) [46].

Different tuning mechanisms can be used to select a particular wavelength within the gain band of the
active region. One of the most common techniques is through using a Bragg grating [47]. It is a
temperature dependent structure, where the change in temperature would cause a change in the
refractive index of the material. Hence, by varying the temperature, the transmission wavelength of

the VCSEL can be tuned [48].

3.4.2 VCSEL static characterisation

In this work, characterisation of two different VCSEL devices that emit in the range of 1550 nm are
presented. VCSEL devices emitting at that wavelength range are still at a relatively early development
stage. However, they provide an attractive alternative to the traditional edge-emitting lasers due to

the several advantages (mentioned above) they offer [49] [50].

The first VCSEL device to be characterised for generation of an OFC using the gain switching
technique, is a VCSEL from VERTILAS that emits around the 1550 nm window. The device is custom
packaged to have an integrated optical isolator that prevents backwards reflection to the
cavity. Absence of backward reflections is beneficial for the stability of the device output. On the
other hand, it prevents the implementation of external optical injection. Several attempts to
inject the device with high optical power were carried out in vain as the isolation seemed to be
as high as 50 dB. For ease of reference, the VERTILAS VCSEL will be hereinafter referred to as
“VCSEL_1”. VCSEL_1 L-I curve at 20 °C is shown in Figure 3.9(a) where the device exhibits a
threshold current of around 6 mA. The corresponding output optical spectrum of VCSEL_1 where
the device is biased at 12.5 mA and its temperature is kept constant at 20 °C is presented in

Figure 3.9(b). It generates a single mode output with a central emission wavelength of 1548.75 nm.

The second device presented in this work is a VCSEL that also emits around the 1550 nm window. It
is a single mode semiconductor laser supplied by VIS photonics. The laser does not have an
integrated optical isolator which allows external optical injection. This device will be hereinafter

referred to as “VCSEL_2".
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Figure 3.9: (a) L-I curve of VCSEL_1, (b) Optical spectrum of free-running VCSEL_1 biased at 12.5 mA.

VCSEL_2 has an RF connector which can be used to supply the laser with both the DC bias current
and the RF modulation signal. On the other hand, the package does not have an integrated
temperature controller. In order to tackle this, a specifically designed aluminium plate was used
to mount the device, where a thermoelectric cooler (TEC) (the feedback loop is controlled in a
PID configuration) and a thermistor is used underneath the laser package (as shown in Figure
3.10(a)). This is to ensure the stable operation of the device (minimise the temperature

induced wavelength drift) and tolimit the operating temperatures within its safety limits.
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Figure 3.10: (a) Packaged VCSEL_2 device with a custom almunium mount, (b) L-I curve of VCSEL_2 at different
values of temperature.

Figure 3.10(b) shows the L-I curve of VCSEL 2 recorded at different values of temperature (10°C, 16°C,
20°C, 25°C). The laser threshold is almost the same for the different temperature values and is equal
to 1.35 mA. Although the value of the threshold does not change with varying the temperature, the L-

| curve slope varies slightly, and the laser gives a slightly enhanced optical output power at a
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temperature of ~16.1 °C. The threshold value of VCSEL_2 is much lower than that of VCSEL_1

indicating lower resonator losses and higher gain efficiency for this device [51].

Figure 3.11(a) & (b) show the output optical spectrum (resolution bandwidth: 312.5 MHz) of VCSEL_2
recorded for different values of bias currents and temperatures of 10°C and 25°C, respectively. From
the figures, it can be observed that increasing the bias value results in a redshift in the emission
wavelength of the VCSEL device. This is expected as in typical semiconductor lasers, the wavelength
increases when the bias current increases [52]. Moreover, by observing both plots, it can be concluded
that there is a blue shift of about 1.5 nm when decreasing the temperature of the laser package from
25 °Cto 10 °C which corresponds to a typical blue shift of 0.1 nm for each 1 °C reduction. This again
confirms the relationship between the temperature and the central emission wavelength (directly

proportional) of a laser as discussed previously in the FP laser section.
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Figure 3.11: Optical output spectrum of VCSEL_2 at different bias values and at a temperature of: (a) 10 °C, and
(b) 25 °C.

3.4.2.1 Linewidth characterisation

In the previous chapter, narrow optical linewidth of the generated tones was identified as a desired
property of an optimised OFC. The linewidth is a critical parameter for VCSELs to be employed in next-
generation coherent optical networks [53]. The phase noise of the laser results in a finite linewidth,

hence the linewidth characterisation is an indication about the laser phase noise.

The delayed self-heterodyne (DSH) technique [54] with a resolution of 30 kHz is used to measure the
linewidth values of the free running VCSEL_2 under different bias scenarios. The temperature of the
VCSEL is kept constant at 20 °C throughout these measurements. The DSH setup diagram is shown in
Figure 3.12 where the laser output signal is injected into a 50-50 coupler, which is used to split the
signal into two different paths. The first half of the signal (top path) is sent through a phase modulator

that is driven by a 2 GHz RF signal. The main purpose of this is to have all the signal components shifted
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away from DC by 2 GHz. In the lower path, the second half of the signal passes through a 25 km
standard single mode fibre which serves as a delay that decorrelates the two signals. Polarisation
controllers are used in the two paths for matching the polarisation state of both signals. The two
signals are then recombined using a 50-50 coupler in a single path and sent to a 20 GHz photodiode,
where they beat together. The signal is offset at 2 GHz by the modulation in one arm. The RF (beat)
signal is then observed using an electrical spectrum analyser (ESA), where it can be analysed to

measure the value of the linewidth.
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Figure 3.12: Setup diagram of the delayed self-hetrodyne technique for measuring the linewidth of a laser.
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Figure 3.13: Electrical spectrum of measured linewidths of VCSEL_2 at 20°C for different bias values (6,10,14
mA).

Figure 3.13 shows the output electrical spectrum of the DSH setup when VCSEL_2 was used as
the source under characterisation. Table 3.1 shows the measured 3-dB linewidth values at different
bias current values of 6, 10, and 14 mA. The linewidth of the device gets narrower for lower bias
values. This is contrary to theory [55] , as in semiconductor lasers, the linewidth should get
narrower with higher bias values due to the increase in stimulated emission rate and the decrease in
the frequency fluctuations caused by the spontaneous emission of the laser. This unexpected result

is attributed to
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the presence of reflections that are sent back to the laser cavity, causing instability in the emission of

the laser [56]. This is one of the disadvantages of not having an optical isolator inside the laser package.

The 3-dB linewidth values shown in the table were measured using a Lorentzian fit on the generated
spectrum and are found to be in the range of ~100-200 kHz. Same linewidth measurements were
repeated at different values of temperatures where no remarkable change in the values obtained was

noticed.
3.4.2.2 RIN characterisation

RIN is another important parameter of an optical transmitter. It quantifies the intensity fluctuations
in the laser output signal [57], which in turn determines the potential of the device to be used in
intensity modulated systems especially those employing multi-level intensity modulation formats such

as PAMA4/8 [58]. Typically, a low RIN (<-120 dB/Hz) is required.

Figure 3.14 shows the setup used for the RIN measurement. The optical output signal of the laser is
passed through a variable optical attenuator (VOA) in order to control the power injected into a 20
GHz photodiode. The signal with both AC and DC components is then sent to a bias tee (through the
RF+DC port). The DC signal is connected to a multimeter to measure the output voltage while the AC

signal is amplified using an RF amplifier and sent to an ESA for capturing the spectrum of the intensity
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Figure 3.14: Schematic of the setup diagram used to measure RIN.

Offline processing is then used to compute the RIN values. The RIN value can be computed using
both the AC spectrum obtained from the ESA and the voltage value obtained from the multimetre,

using the equation below [59]:

RIN = 2£E (3.3)

PEo
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where APz is the overall noise of the laser (AC component) while Py is the average electrical power

(DC component). AP; can be computed using the following equation:
APE = NL _Nth - Nq (34)

where N} is the noise of the laser itself, Ny, is the thermal noise of the photodiode, and N, is the shot
noise also of the photodiode. The thermal noise Ny, can be measured using the ESA spectrum showing
the fluctuations of different components in the setup diagram when there is no optical signal from the

laser going into the setup. The shot noise N,can be computed using the following equation:
Nq =2 *q *IDC *RL (35)

where q is the elementary charge, Ip( is the photocurrent at the load resistance R; . This can be

measured from the voltage value obtained from the multimetre.

Figure 3.15 shows the electrical spectrum of intensity fluctuation of VCSEL 1 biased at 12 mA and
VCSEL_2 biased at the same bias values used in the linewidth measurements shown in Section 3.4.2.1.
The measurements are taken at a constant laser temperature of 20°C. Table 3.2 shows the computed

value of the averaged RIN (DC to 10 GHz) for all the cases.
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Figure 3.15: Electrical spectrum of measured VCSEL_1 and VCSEL_2 RIN.

For VCSEL_1, the obtained averaged RIN value is -138.33 dB/Hz, while for VCSEL_2, the obtained
averaged RIN value is around the -130 dB/Hz range. Both VCSELs generate low enough RIN values. The
same measurements were repeated for different values of laser temperatures, and there was no

remarkable difference reported.
3.4.2.3  External optical injection

The next aspect of the VCSEL static characterisation is to study the external optical injection to the
device with different cases of positive and negative detuning. The detuning is defined as the difference

in frequency between the injection master laser and injected slave laser modes. The main aim is to
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identify various locking regimes, and to show the effect of using injection at different detuning on the
output of the laser. This part of the characterisation was conducted only with VCSEL_2 and not

VCSEL_1 due to the presence of an isolator on the latter as discussed before.

A tunable master laser is used to inject light into VCSEL_2 via a 3-port circulator. A polarisation
controller is placed on the injection path for aligning the polarisation of the master laser signal with

that of the VCSEL.

Figure 3.16(a) shows the case of positive detuning. At a detuning of +10 GHz and +30 GHz, injection
locking [60] is not achieved despite several attempts of polarisation optimisation and variation of
injection power. While for +20 GHz detuning case, where the slave laser (VCSEL_2) central emission
frequency is at 192.135 THz and the tunable master laser emission frequency is at 192.155 THz
(marked by the green dotted line in Figure 3.16(a)), a single mode emission is achieved after very
careful optimisation of the polarisation. This result does not follow typical behaviour as injection
locking is likely to occur at a lower detuning (+10 GHz) where the master laser would have a stronger
influence on the slave laser. Hence, a more detailed and thorough investigation was carried out by
zooming (smaller span) into the optical spectrum. This led to the observation of multiple modes being
emitted by the VCSEL contrary to the previous result in Figure 3.11. Hence, in the case of +20 GHz
detuning, the master laser emission frequency actually coincides with the frequency of one of the
weaker side modes of the slave (VCSEL). Injection locking of this particular mode causes it to draw all
the gain and be more prominent than the main mode in the free running case. A confirmation of this
case can also be seen from the figure, where the emission frequency of the injection-locked laser

changes by approximately 21 GHz when injecting at this detuning value.

The case shown in Figure 3.16(b) indicates the negative detuning (master laser injection frequency is
lower than that of the main mode of the slave) experiment. At a detuning of -10 GHz, the slave central
emission frequency is at 192.135 THz and the master laser central emission frequency is at 192.125
THz (marked by dotted yellow line), injection locking is achieved. Although using the same value of
detuning as before but with a different sign, the injection locked is achieved only for the negative
detuning which can be attributed to the asymmetry of the locking range. This is due to the slave laser
having to reduce its gain (or carrier number) to achieve a steady state that locks to the master laser.
The nonzero linewidth enhancement factor a, which describes the amplitude phase coupling (i.e.,
phase change due to the change of carrier density dependent refractive index) leads to the cavity
mode being red shifted (negative frequency detuning), which causes the asymmetry of the locking

range [61]. For the two other cases of detuning (-20 GHz, -30 GHz), injection locking is not achieved
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despite efforts of polarisation optimisation. This follows the same expected behaviour of the injection

locking process as explained in the case of positive detuning.
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Figure 3.16: Optical spectrum of external injection of VCSEL_2 with : (a) +ve detuning values, (b) -ve detuning
values. ML: master laser.

Linewidth and RIN measurements are conducted again to see the influence of injection locking
on both parameters. The goal would be to achieve a transfer of the pure spectral characteristics

from the master laser to the slave [62] [63].

Figure 3.17(a) shows the linewidth measurement conducted using the DSH technique for both the
positive and negative detuning cases of injection locking. The injection locked slave laser shows a
narrower linewidth (around 30 kHz for the negative detuning and 45 kHz for the positive detuning
cases). The difference between the obtained values in this case can be considered within the
measurement setup error tolerance. However, generally, the difference in linewidth between the
positive and negative detunings cases can be attributed to the difference in phase noise transfer
efficiency. The results show that the master tunable laser has transferred its better spectral
characteristics to the slave laser, which confirms the importance of the injection locking and its
capability to improve the transmitter performance resulting in a better performance of the whole
system. It should also be mentioned that when OIL is achieved, the RF beat tone (from the DSH) is
purer and does not show the repetitive ripples. All other measurements, with and without injection,
exhibited ripples in the electrical spectrum of the RF beat tone. This behaviour can be attributed to
the back reflections (shown in Figure 3.13).

RIN measurements for the injection locked cases are shown in Figure 3.17(b). Firstly, the averaged RIN
value (DC to 10 GHz) of the master laser is measured to be -132.5 dB/Hz. This measurement was
carried out at different emission wavelengths and at an output power of 5.5 dBm. The injection locked
VCSEL biased at 6 mA shows an averaged RIN value of -132.49 dB/Hz. As previously mentioned in
Section 3.4.2.2, free running VCSEL_2 has an averaged RIN value of -127.52 dB/Hz when biased at 6
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mA. The decrease in the RIN value after applying injection suggests that the injection locked slave laser

has inherited the RIN characteristics of the master laser.
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Figure 3.17: Electrical spectrum of (a) Measured linewidth of master laser and injection locked VCSEL_2 with
different detunings, (b) RIN of master laser and injection locked VCSEL_2.
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Figure 3.18: Setup diagram used for the frequency response measurement.

One of the main dynamic measurements to be conducted on a laser for it to be used as a
directly modulated laser or be gain switched, is the frequency response measurement [64]. The

setup diagram to measure frequency response of VCSEL device is shown in Figure 3.18.

A 50 GHz vector network analyser (VNA) is used to directly modulate the VCSEL with a small signal
that sweeps from 0 to 10 GHz in conjunction with a DC bias via a bias tee through the RF connector
attached to the device. The optical output of the laser is then detected by a high-speed photodiode of
bandwidth 20 GHz. The electrical signal then directed back to the second port of the VNA, so that the

S parameters (S,1) can be measured.

We start off by measuring the free running VCSEL_2 frequency response when it is biased at different

current values.
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Figure 3.19 and Table 3.3 show the dependence of the 3-dB MBW and the ROF peak power on the
applied bias. The 3-dB MBW is enhanced with the bias increase. This follows the analytical analysis
presented in [65] showing that the MBW is determined by the relaxation frequency and damping rate
of laser oscillation and increases with the bias current. Moreover, there is no clear occurrence of ROF
peaks. This can be attributed to the presence of back reflections that affects the emission of the laser
as a result of absence of an optical isolator as explained before. Furthermore, the ROF frequency value
and peak is directly related to the optical injection as shown in [66] and in this case, there is absence
of optical injection. The next step is to study the effect of optical injection on the frequency response
of VCSEL_2. This study is carried out by varying two different injection parameters (injection power
and the detuning parameters). Two parameters of interest to extract from the frequency response
curves in this case, are the laser 3- dB MBW and the ROF dependency on the injection parameters
(power and detuning). For ease of representation, the bias scenarios and the obtained 3-dB MBW and
ROF values will be presented in a table that will accompany the resultant plots.
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Figure 3.19: Measured small signal frequency response (S,,) of free running VCSEL_2 dc biased at 6,10 and 14
mA.

Slave bias 3-dB MBW
6 mA 5.33 GHz
10 mA 5.95 GHz
14 mA 6.23 GHz

Table 3.3: Measured 3-dB MBW for free running VCSEL_2 at bias currents of 6, 10, 14 mA.
Next step is to keep VCSEL_2 bias constant at 6 mA while varying the injection conditions as per Figure
3.20. Table 3.4 show the obtained 3-dB MBW and ROF peak values for the same bias and injection
conditions. The blue plot in Figure 3.20 shows the frequency response of VCSEL_2 biased at 6 mA and
without any optical injection applied to it. In this case, the laser shows a 3-dB MBW of 5.33 GHz, and
it does not show a prominent ROF peak due to the reasons explained earlier in this section. After that,
optical injection is applied to the device with an injection power of -3 dBm and detuning value of +2

GHz as shown in the red plot of Figure 3.20. The 3-dB MBW is enhanced to be 9.72 GHz in this case
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(almost double the initial value in the case of no injection. Moreover, due to the presence of injection,
there is a pronounced ROF peak at -19.86 dB. Next, the injection power in increased to be 1 dBm. The
frequency response in this case is demonstrated by the green plot in Figure 3.20, where the 3-dB MBW
is now enhanced to be 11.52 GHz. The results prove that an optimised external optical injection results

in the enhancement of the frequency response of the laser extending its 3-dB MBW.
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Figure 3.20: Measured small signal frequency response (S,1) of VCSEL_2 dc biased at 6mA using different
injection powers and detuning.

Slave bias Injection power Detuning 3-dB MBW ROF peak
6 mA No Injection - 5.33 GHz -
6 mA -3 dBm +2 GHz 9.72 GHz -19.86 dB
6 mA 1 dBm -3 GHz 11.52 GHz -14.35dB

Table 3.4: Measured 3-dB MBW and ROF peak values for VCSEL_2 bias of 6mA, with different injection powers
and detuning.

Furthermore, in this VCSEL_2 bias case, increasing the injection power from -3 dBm to 1 dBm also
results in the enhancement of the 3-dB MBW by approximately 2 GHz. It is important to note that

some of the more interesting injection conditions were chosen to be displayed and discussed here.

Next, VCSEL_2 DC bias was increased and sweep of a couple of injection conditions were examined in
order to study the influence of VCSEL_2 DC bias on the measured frequency response curve. Figure
3.21 shows the small signal response of VCSEL_2 when it is DC biased at 10 mA for the free running

case and for two different injection conditions.

A 5.95 GHz 3-dB MBW is obtained with no ROF peak. As explained earlier in this section, enhancement
of the 3-dB MBW value is expected with increasing the laser bias. Next, a -3 dBm external injection is
applied to the laser with a detuning of +2 GHz. This results in the enhancement of the 3-dB MBW to
be 9.42 GHz as shown by the red plot in Figure 3.21 as a direct result of applying injection. This has

been explained in detail in Chapter 2 in Section 2.3.4.3. The green plot in Figure 3.21 shows another
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injection condition, where the injection power is increased to be 0 dBm and with a detuning of +3
GHz. In this case, a 3-dB MBW of 8.73 GHz is obtained with the presence of an ROF peak of -11.96 dB.
The measured results show that both injection cases have resulted in the enhancement of the 3-dB
MBW and occurrence of a pronounced ROF peak. However, in the case of VCSEL_2 biased at 10mA,
the injection power is not directly proportional to the enhancement of the 3-dB MBW. This can be
attributed to having a better injection locking conditions in terms of injection power and detuning for

the first case (-3 dBm, +2 GHz) than the second case (0 dBm, +3 GHz) [67].
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Figure 3.21: Measured small signal frequency response (S,;) of VCSEL_2 dc biased at 10mA using different
injection powers and detuning.

Slave bias Injection power Detuning 3-dB MBW ROF peak
10 mA No injection - 5.95 GHz -
10 mA -3 dBm +2 GHz 9.42 GHz -19.63 dB
10 mA 0 dBm +3 GHz 8.73 GHz -11.96 dB

Table 3.5: Measured 3-dB MBW and ROF peak values for VCSEL_2 bias of 10mA, with different injection
powers and detuning.

The blue plot in Figure 3.21 shows the case where there is no injection applied to VCSEL_2. Again, the
effect of varying VCSEL_2 bias on the MBW and ROF values is being examined. Figure 3.22 shows the

small signal response of the VCSEL laser when the VCSEL bias is set to 14 mA.

The blue plot in the figures show the free running case, where the 3-dB MBW is measured to be 6.23
GHz. This value is higher than the free running case when the VCSEL_2 is biased at 6 mA and 10 mA.
It is an expected behaviour as explained earlier in this section due to enhancement of relaxation
frequency and damping rate of laser oscillation leading to an increase in the MBW. The red plot in
Figure 3.22 shows the case when VCSEL_2 is injected with a -2 dBm signal and a detuning of -15 GHz.
The 3-dB MBW slightly decrease compared to the free running case to be 5.83 Ghz. This decrease can

be attributed to the non-achievement of the injection locking case using these particular values of
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injection power and detuning. However, for the green plot where VCSEL_2 is injected by a higher
power signal of 0 dBm and detuning of -18 GHz, the 3-dB MBW is enhanced to be 8.92 GHz. This

enhancement is expected and following the same behaviour of the previously shown results.
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Figure 3.22: Measured small signal frequency response (S,;) of VCSEL_2 dc biased at 14mA using different
injection powers and detuning.

Slave bias Injection power Detuning 3-dB MBW ROF peak
14 mA No injection - 6.23 GHz -
14 mA -2 dBm -15 GHz 5.83 GHz -16.4 dB
14 mA 0dBm -18 GHz 8.92 GHz -21.73 dB

Table 3.6: Measured 3-dB MBW and ROF peak values for VCSEL 2 bias of 14mA, with different injection
powers and detuning.

Having shown the main highlights of the dynamic characterisation of VCSEL_2, several findings can be
extracted from the obtained results. Firstly, following the typical behaviour of semiconductor lasers,
increasing VCSEL_2 laser bias results in the enhancement of the 3-dB MBW. This follows the expected
behaviour of semiconductor laser as explained in detail by the analytical analysis in [65]. Secondly,
applying an external injection with optimised conditions (in terms of power and detuning) results in
the enhancement of the 3-dB MBW of VCSEL_2. Several reports have shown the positive influence of
an optimised optical injection on the enhancement of the MBW [68] [69]. Finally, the injection
conditions have to be carefully optimised to achieve an injection locking case that results in the
enhancement of the MBW. Otherwise, the injection (if not properly optimised in terms of power and
detuning ) can result in deterioration of the 3-dB MBW as shown by the first injection case in Figure
3.22 where the laser is injected by a -2 dBm signal and a detuning of -15 GHz, which results in a slight

decrease of the laser MBW.

For gain switching, the laser bias, injection power and detuning should be adjusted in order to obtain

a high ROF peak at the largest frequency possible. Biasing VCSEL_2 at 14 mA and injecting it with a -2
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dBm signal and a detuning of -15 GHz results in the generation of an ROF peak at -16.4 dB and at a
frequency of 13.46 GHz. The obtained results show that VCSEL_2 can be gain switched using this bias
point and injection condition to generate an enhanced OFC. In the next sub-section, gain switching of
both VCSEL devices will be presented for both cases of injection and without injection. Furthermore,

the characterisation of the generated comb tones in terms of linewidth and RIN will be presented.

343.1 VCSEL Gain switching

As discussed before, the VCSEL is an attractive alternative to edge-emitting lasers when used as a gain
switched OFC source. The main advantage is the low threshold values of VCSELs due to its short cavity.

This typically results in a power saving in the gain switching process [70].

First, VCSEL_1 is gain-switched to generate an OFC. Optimisation of several parameters such as the
VCSEL bias and temperature and the RF signal frequency and amplitude is carried out in order to

enhance the generated OFC in terms of the number of comb tones generated and its spectral flatness.

Figure 3.23(a) & (b) show the output optical spectra of the generated OFC with two different FSRs of
7.5 and 10 GHz respectively. For the first case shown in Figure 3.23(a), the VCSEL is biased at 13.77
mA at a constant temperature of 20 °C. The RF signal used for direct modulation of the laser has an
amplitude of 3.4 dBm and a frequency of 7.5 GHz. The generated OFC has 8 comb tones within a 3-dB
spectral window (referenced from the peak) and an OCNR of ~25 dB. This OCNR value does not qualify
the generated OFC for use in coherent optical communication networks employing WDM due to

performance reach limitation [71].
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Figure 3.23: Optical spectrum of gain-switched VCSEL_1 at an FSR of: (a) 7.5 GHz, (b) 10 GHz.

Figure 3.23(b) shows the second case, where the VCSEL is biased at 12.81 mA (almost the double of
its threshold) while keeping its temperature constant at 19 °C. The RF signal used for modulation has

an amplitude of 8.4 dBm and a frequency of 10 GHz. It can be noticed that the total number of
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generated comb tones has decreased. Moreover, the number of comb tones within the 3-dB window
is now only 2. As shown in the previous section, the modulation bandwidth of the VCSEL is limited to
6 GHz in the free running case without applying injection. This limited MBW leads to decrease of the

number of generated OFC tones with higher FSR values.

The generated OFC in Figure 3.23(a) is further characterised in terms of linewidth and RIN of the
individual comb tones. The DSH technique is used for computing the linewidths of the tones. The same
setup shown in Figure 3.12 is used, with the only addition of inserting a narrow optical band-pass filter

(OBPF) at the input of the setup, which is used to filter the desired comb tone.

Figure 3.24 shows the Lorentzian fit of the obtained linewidth for 4 different OFC tones (taken at the
middle and the two sides of the OFC and marked by the numbers in red font in Figure 3.23(a)). Each
tone is filtered and sent through the DSH setup and detected using a 3 GHz ESA. Table 3.7 states the

3-dB linewidth measured values.
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Table 3.7: Measured 3-dB linewidth values of
filtered OFC tones of gain switched VCSEL 1.

-80 T T T
1.0 1.5 2.0 25 3.0

Frequency (GHz)

Figure 3.24: Lorentzian fit of electrical spectrum of measured linewidth of filtered OFC tones of gain-switched
VCSEL_1.

The generated comb tones have 3-dB linewidth varying from 184 to 240 MHz. The huge increase in
the linewidth values can be related to the gain switching process. As previously explained in Section
3.3.3in this chapter, the laser is forced to be switched off as a part of the gain switching process which
leads to an increase in the phase noise due to the spontaneous emission being coupled into the main
mode. Furthermore, at this case there is no external optical injection from a pure master laser. The
presence of external optical injection would force the OFC tones to inherit the narrow linewidth [72].

The variation in the measured linewidth values can be related to the absence of the optical injection.

RIN is the next aspect of characterisation of the generated OFC tones. The main sources of RIN in lasers
are the intrinsic optical phase and frequency fluctuations caused by spontaneous emission. RIN is
characterised using the same setup shown in Figure 3.14, with the addition of OBPF which is used to

filter out a single tone.
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Figure 3.25: Electrical spectrum of measured RIN of filtered OFC tones of gain-switched VCSEL_1.

Figure 3.25 shows the generated RIN plots of the same OFC tones that were filtered out for the
linewidth measurement. Table 3.8 states the measured averaged RIN values (DC-10 GHz) for the same.
The averaged RIN values are approximately equal to -135 dB/Hz, which lies within the typical RIN
values expected for semiconductor lasers. Although the OFC tones have a large linewidth, the
relatively low RIN values make it an attractive multicarrier source. VCSEL_2 is also gain-switched to
generate an OFC. In the case of this VCSEL, the positive impact of external optical injection on the
characteristics of the generated OFC can be highlighted. Figure 3.4(a) shows the setup used for gain
switching the externally injected VCSEL_2. It is important to note that an RF amplifier is not required
here, unlike the case where a DFB or an FP is gain switched. This is due to the low threshold of the

VCSEL, which results in a much lower power sinusoidal signal that is needed to gain switch the device.
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Figure 3.26: Optical spectrum of gain-switched VCSEL_2 : (a) Without injection, (b) With injection.
Several trials of directly modulating the VCSEL_2 device were carried out with different values of
gain switching frequency and power, and injection power and detuning. This was done to obtain the
optimum parameters for the generation of an enhanced OFC. Figure 3.26(a) shows the generated OFC
without applying external injection. The RF modulating frequency is 6.25 GHz which is translated into
a 6.25 GHz FSR based OFC. The generated OFC has only 3 tones, within a 9-dB spectral range (due to
the reduced spectral flatness as a result of the limited MBW of the laser), each with an OCNR of ~40

dB. When applying external optical injection from a tunable master laser, the generated OFC spectrum
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presented in Figure 3.26(b) now clearly shows an improvement in the number of OFC tones (6 tones,
within a 9-dB spectral range) and an improvement of OCNR which is now ~55 dB. Furthermore, the
generated OFC in case of injection has a much wider bandwidth than the non-injection case. These
two plots confirm the enhancements that external optical injection can offer to the gain-switched
OFC, as it can increase the number of comb tones generated due to the increase in the MBW as
explained in detail in the dynamic characterisation of the device. The MBW is originally limited by the
laser modulation bandwidth in case of gain switching without injection. Moreover, external optical
injection enhances the bandwidth of the generated OFC. As previously shown in the various frequency
response plots in Section 3.4.3, the external injection has a positive impact on enhancing the laser
MBW. In this case, an injection power of 0 dBm was applied to the laser resulting in MBW

enhancement, which clearly agrees with the previously presented frequency response curves.

The influence of the external injection on the characteristics of the generated OFC tones is then
examined in terms of both the phase noise and the RIN. Even though linewidth measurement can give
an indication about the phase noise, the measurement of FM-noise spectrum can give more detailed
information about the different sources contributing to the phase noise. The phase noise
measurement is conducted using a modified DSH method setup. Full details of the measurement can
be obtained from [73]. The setup is similar to Figure 3.12, with the main difference being the use of a
real-time scope (RTS) in place of the ESA. Offline DSP is done using the data obtained from the RTS to
generate the frequency-modulated (FM) noise spectra shown below in Figure 3.27(a)&(b) which
represents the frequency noise of the OFC tones. The 3-dB linewidth can be obtained from the same

spectra.

The FM-noise spectrum of the master laser used to inject the VCSEL is shown in Figure 3.27(a). The
latter is divided into 3 main parts which represents the three main regions of phase noise [74]. The
first region is the 1/f region which can be considered as the flicker noise coming from active devices
and electronics in the system due to the thermal noise at lower offsets. The second region is called
the white noise region in which the noise is expected to be broad and flat. This region is important for
studying the laser phase noise, as the 3-dB linewidth can be calculated from the average straight line
in this region. These two kinds of noise cannot be avoided as they come from different sources in the
system such as the laser diode under test, the measuring instrument (the RTS) and the different active
components placed in the setup between the laser under test and the measuring instrument. The
third part of the plot is referred to as high-frequency noise. It is also worth noting that the sharp cut-
off of the plot at high frequencies is due to a digital filter implemented in the offline DSP code used
for extracting the FM noise spectral plot. Figure 3.27(b) shows the comparison between the measured

FM noise spectra for the master tunable laser, the injected comb tone, and the non-injected comb
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tone. It is clear that the master tunable laser has a much lower phase noise than the non-injected
comb tone. The tunable master laser should have good spectral characteristics so that it can pass it to
the injected laser diode or comb tone when OIL takes place. This result is shown in the figure where
the injected comb tone now has inherited the phase noise of the tunable master laser and is much

lower than the initial noise value before injection.

As mentioned previously the 3-dB linewidth value can be extracted from the FM noise spectrum. It
can be determined from the white noise region using the equation:
Av = 11(52—0) where S, represents the averaged value of the white noise marked by the dotted line in
Figure 3.27(a).
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Figure 3.27: (a) FM noise spectrum different characterisation regions, (b) FM spectrum of the phase noise of
master laser, injected and non -injected comb tones.

The measured 3-dB linewidths of the tunable master laser, non-injected comb tone, injected comb
tone is ~15 kHz, ~234 kHz, ~14 kHz respectively. This result confirms the fact that the master laser

has passed on its spectral properties to the injected comb tone.
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Figure 3.28: Electrical spectrum of measured RIN of master laser and three different filtered OFC tones.

For further characterisation of the generated comb tones, the RIN of three different OFC tones
(centre and two sides of the OFC) is measured. RIN measurements were done using the same setup

explained
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previously in Section 3.4.2.2 in this chapter. Figure 3.28 shows the RIN measurements of the tunable

master laser and three different injected comb tones.

The measured RIN values for the tunable master laser, and three different injected comb tones (1, 2
and 3) are -133.72 dB/Hz, -131.59 dB/Hz, -128.252 dB/Hz, -130.515 dB/Hz respectively. The results
show that the injected comb tones have similar RIN values to the tunable master laser used for the
injection, which also confirms that external optical injection has resulted in improving the RIN
properties of the injected OFC through transferring the RIN characteristics of the master laser to the

different comb tones.
344 VCSEL polarisation dynamics

One of the special characteristics of VCSELs is their ability to emit light at two different polarisations
modes (X and Y). VCSELs are should ideally be single-longitudinal-mode devices and their output
usually is divided into two linearly polarized modes with orthogonal polarisations [75]. Normally, the
VCSELs are designed to minimise this polarisation duality by suppressing one of the polarisation modes
to present a device with an SMSR of more than 30 dB. Hence, the device can be considered as a single
mode one [76]. However, studies of polarisation dynamics of VCSELs under gain switching regime have
shown that this dual mode property can be used to generate a wider span OFC. In [77], the authors
show that the OFC generated using a gain switched VCSEL consists of two sub-combs with orthogonal
polarisations, where the first OFC is generated from the main VCSEL mode, while the other is
generated from the suppressed mode in the opposite polarisation. Moreover, it has been observed
that these two orthogonally polarised combs are strongly phase correlated due to the gain switching
process involving optical injection a master laser [77]. In another report [78], the authors make use of
this property to demonstrate the generation of a wide bandwidth OFC of 70 GHz within a 10 dB
spectral ripple (with reference to the spectral peak). The authors also show that the generated OFC

tones possess a low single-sideband phase noise below -120.6 dBc/Hz at 10 kHz.
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Figure 3.29: Setup diagram for examining the polarisation dynamics of VCSEL devices.
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An experiment is conducted to characterise the polarisation dynamics of VCSEL_2 under the influence
of gain switching and optical injection. The setup diagram used for this purpose is shown in Figure
3.29. VCSEL_2 is gain-switched using a sinusoidal signal at a frequency of 8.25 GHz and a power of 10
dBm in conjunction with a DC bias of 3 mA. Also, the device is externally injected using a master

tunable laser source at 192.0099 THz and an injection power of 13 dBm.
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Figure 3.30: Optical spectrum of Gain swtiched VCSEL_2: (a) in both polarisation (Pol.) directions (X&Y), (b) In
pol. Y, (c) In pol. X, (d) Filtered OFC tone of Pol. Y, (e) Filtered OFC tones of Pol. X, and (f) Combined filtered
tones in both Pol. X & Y.

The generated OFC is shown in Figure 3.30(a). The generated OFC is then split into two OFCs in the
two different polarisation directions using a polarisation splitter. Figure 3.30(b) shows the first sub-
comb in polarisation Y, while Figure 3.30(c) shows the second sub-comb in polarisation X. This shows
that the two sub-combs in both polarisations can be combined to form an expanded OFC simply by
gain switching the VCSEL. A 6.25 GHz Yenista narrowband tunable optical filter is used in the top path
to filter a single OFC tone out of the first sub-comb (polarisation Y) as shown in Figure 3.30(d). In the
lower path, a reconfigurable wave shaper (WSS) is used to filter a single OFC tone out of the second
sub-comb (polarisation X). It is important to note that due to the resolution limit of the WSS, it is not
possible to filter just a single OFC tone. Instead, the lowest number of tones that could be filtered is
three as shown in Figure 3.30(e). The filtered OFC tones from both paths are then combined as shown
in Figure 3.30(f) and amplified using an EDFA. A 2 nm filter is then used to filter out the out of band
ASE noise generated by the EDFA. The filtered output is then sent to a photodiode, where the different
comb tones beat together. The RF output of the photodiode is then sent to an ESA for examination.
As can be seen from Figure 3.30 (d)&(e), the frequency difference between the filtered OFC tones

from the two sub-combs is approximately 24.75 GHz. The centre frequency of the ESA is set at the
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same value. It is worth noting that in our case, it is not possible to combine tones from far sides of the

two OFCs due to bandwidth limitations on the ESA.

—— Orthogonal polarisation

—— Hybrid polarisation

Parallel polarisation
484

52
-564
-60

-a8
52
-56 4
60
-64
68
724
764

-64
-68
724
76

Output power (dBm)
Output power (dBm)
Output power (dBm)

24.749988 24.749992 24 749996 24.749988 ; 24,74999‘§H 24.749996 24.749988 . 24,74999éH 24749996
Frequency (GHz) requency (GHz) requency (GHz)

(a) (b) (c)

Figure 3.31: Electrical spectrum of the beat tone of filtered OFC tones in: (a) Orthognal Pol. case (b) Hybrid Pol.
case, and (d) Parallel Pol. case.

Figure 3.31(a) shows the beat tone spectrum on the ESA, for the case when the two sub-combs are
set to be orthogonal to each other. Hence, the filtered tones of the two sub-combs do not beat
together to generate a beat tone as shown in the same figure. Figure 3.31(b) shows the case when the
polarisation direction of a sub-comb is changed slightly using a polarisation controller placed in the
top path. There is a slight beating between the filtered OFC tones, which results in the beat tone
shown in the figure. A further variation of the polarisation direction of the top-path sub comb results
in retaining a parallel polarisation between the two sub-combs, which in turn results in a relatively
stronger beating of the filtered comb tones, to generate the beat tone shown in Figure 3.31(c). The
results show that gain switching the VCSEL can generate two sub-combs in different polarisation
states. Combining these two sub-combs would result in an expanded overall OFC. This OFC can find
applications in various fields such as being employed in optical network using polarisation division

multiplexing [79] and ultrafast laser dynamics [80].

3.5 Conclusions

Gain switching as a method of optical frequency comb generation has attracted a lot of attention
recently due to its simplicity and the advantages it provides in terms of lower power consumption and
cost. Compared to other generation techniques, gain switching can be used with any available
traditional semiconductor laser source without any stringent or complicated requirements. Moreover,
optical injection can be considered as a complementary part of the gain switching technique that
further enhances the spectral characteristics of the generated OFC by transferring the better spectral

characteristics from the purer master laser to the slave laser.

This chapter has started with the presentation of a gain switched FP at 6.25 GHz that generates an
enhanced OFC that exhibits 15 OFC tones within 3-dB from the spectral peak and an OCNR of around
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50 dB. The FP laser was characterised to optimise its operating parameters. Next, a DFB laser was
characterised and had its operating parameters optimised to generate an enhanced OFC. The results
show that with injection locking, the gain switched DFB at 6.25 GHz generates an OFC, which exhibits
14 lines within 3-dB from the spectral peak and an OCNR of =49 dB. A special focus was directed
towards the characterisation of two different VCSEL devices for the generation of an OFC. VCSELs
provide an attractive solution compared to edge emitting lasers in terms of cost efficiency, lower
power consumption and simple manufacturing. Gain switching the first VCSEL device at 7.5 GHz while
optimising its operating parameters results in the generation of an enhanced OFC of 8 tones within a
3-dB spectral window (referenced from the peak) and an OCNR of =25 dB. For the second VCSEL
device, characterising the device (static and dynamic) in terms of linewidth, RIN and frequency
response has resulted in obtaining the optimum operating parameters for generation of an enhanced
OFC. Furthermore, injection has resulted in the generation of an OFC of 6 tones, within a 9-dB spectral
range and also an OCNR of around 55 dB in place of an initial 3 tones with an OCNR of 40 dB. This
clearly highlights the positive impact of optical injection in generating an enhanced OFC. Moreover,
phase noise measurements of the filtered OFC tones have shown that they have inherited the superior
phase noise characteristics of the purer master laser to possess a linewidth in the kHz range.
Eventually, the polarisation dynamics of VCSEL_2 were characterised to show that the VCSEL emits at
two different polarisation directions. The OFCs generated from gain switching the VCSEL results in the
generation of two sub-combs, each in a different polarisation direction. The two sub-combs are then

combined to generate an expanded overall OFC.

Further compactness and simplicity for gain-switched devices will be introduced in the next chapter,
where a photonically integrated device consisting of two lasers to realise a master-slave configuration
will be fully characterised for the generation of an OFC using the gain switching technique. Photonic
integration provides a means for compact, lower power consumption and lower cost laser sources for

next-generation optical networks.
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Chapter 4

Photonic integrated devices
for generation of optical
frequency combs

4.1 Introduction

The introduction of several bandwidth-hungry applications such as high-definition video streaming,
real-time online gaming and cloud services has resulted in an ever-increasing demand for higher speed
optical networks [1]. Advancements in the optical networks should include the different segments of
the networks, which includes the core, metro, and the short-reach (access and data centre) networks
[2]. Hence, the development of such high-capacity optical networks needs to be realised at a lower

cost and power consumption [3].

The need for optical frequency combs and its effective generation was discussed in detail in the last
Chapter (Chapter 3). It was established that gain switching in conjunction with external optical
injection was an optimum way to realise a multi-carrier transmitter. Several semiconductor laser
devices were experimentally characterised for the generation of a GS-OFC. The externally injected GS-
OFC inherits the lower RIN and narrower linewidth from the purer master laser used for injection.
Moreover, optical external injection results in the enhancement of the MBW, allowing the

implementation of higher bit rates.

However, the implementation of external injection with the aid of discrete components can be
cumbersome, bulky (occupy a large footprint), and non-ideal in terms of stability. The combination of

several optical components in a single chip would offer a compact, lower cost, stable, and more
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efficient solution. One way to achieve this systematic result is via photonic integration [5]. Integrating
the externally injected GS-OFC can open the door for more potential applications due to the

compactness and cost-effectiveness that photonic integration offers.

In this chapter, a systematic detailed experimental characterisation of a multi-section photonic
integrated circuit (PIC) is introduced. The capability of this four-section device to be used as a compact
externally injected gain switched OFC (multi-carrier) transmitter is demonstrated. Furthermore, the
performance of this PIC as a directly modulated transmitter in an OOK communication system is
investigated. Some of the learning from the experiments performed on the 4-section PIC is then fed
back to an industrial collaborator, which aided them in designing an improved six-section device. The

6-section PIC is characterised and employed as a directly modulated transmitter in an access network.

4.2 Photonic integration

Photonic integration refers to the combination of several optical components on a single chip. A PIC
can be defined as a miniaturised photonic circuit that consists of a large number of individual optical
components, fabricated side-by-side on a common substrate and wired together to perform a
particular function [3]. Miniaturization, higher speed, low thermal effects are typical advantages that
PICs offer. In addition, compatibility with existing processing flows allow for high yield, volume
manufacturing, and thereby lower prices. Currently, the applications of PICs are quite broad including
classical optical communications, sensing, atomic clocks, and quantum networks [4]. It also offers
better optical alignment between the components as they are implemented on a single chip [5].
Furthermore, they introduce lower power consumption which contributes to a better overall energy

efficiency of the system.

4.2.1 Photonic integrated circuits

Two of the main substrate materials that are used for the fabrication of photonic integrated circuits
are InP and Silicon (Si) [6]. Each material has its own distinct properties, qualifying it to be used in a

set of desired functions.

Siis an indirect bandgap semiconductor material and a part of the group IV materials [7]. This group
of materials are easy to obtain. This allows the mass production of functionally advanced and relatively
cheap PICs using it [8]. Furthermore, this group of materials offers low optical loss, which makes it
ideal for passive devices such as optoelectronic devices that require special characteristics such as

polarization splitting/combining [7].
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On the other hand, indium phosphide (InP) is a direct bandgap semiconductor material that belongs
to the group IlI-V materials. It supports the integration of active materials such as lasers and optical
amplifiers. Thanks to the direct bandgap, InP manifests excellent electro-optical properties, that

allows efficient light generation and detection, light guiding and fast phase modulation [8].

In this work, the focus is on an InP PIC consisting of four electrically insulated sections. The four
sections allow us to realise a master-slave configuration that enables optical injection from the master
to the slave. As highlighted in Chapter 3, the light emitted by the master laser is injected into the cavity
of the slave laser to achieve injection locking. OIL provides various improvements for the slave laser
characteristics such as a lower RIN value [9], a narrower linewidth [10], a reduced chirp [11] and an

enhanced modulation bandwidth [12].

4.3 Integrated four-section PIC

43.1 Device structure

The schematic of the multi-section PIC is shown in Figure 4.1(a). The regrowth-free device is designed
and fabricated (by Pilot Photonics Ltd.) using InP as a standard 1550 nm laser. Five strained
((Alo.23Ga)o.3lno.7As) quantum wells of 5 nm thickness form the active region. This active region is placed
on an n-doped InP substrate. The active region is an intrinsic region that contributes to lasing and
optical confinement. ((Alo23Ga)oslno7As) makes an intrinsic semiconductor. An active region with a
guantum well increases the quantum efficiency. The thickness of the quantum well is always much
lower than the operating wavelength. The number of quantum wells is always in odd multiples (1,3,5).
The stress-strain situation caused by variation in doping changes the energy gap of the material and
hence varies the emission spectrum. There are in total 22 slots with a depth of 1.395 pum, as shown by
the side view of the device in Figure 4.1(b). These slots are used to control the longitudinal mode
spectrum to ensure single moded emission. Standard electron beam lithography is used in the
fabrication of the slots to provide precise control of the slots’ dimensions (width, depth) and location
[13]. The total length of the device is ~1.5 mm.

As highlighted earlier, the 4-section PIC makes up two FP lasers, integrated together in a master-slave
configuration. Each of the two FP lasers, consists of two electrically isolated sections, with different
cavity lengths named gain and reflector sections, as shown in Figure 4.1(c). Both sections of the laser
(gain and reflector) share the same active layer and InP substrate. The gain section of each laser is a
FP structure that generates and amplifies the light inside the cavity and has an anti-reflection (AR)-

coated facet. The reflector section of the laser consists of distributed slots that can be considered as
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an active distributed Bragg grating [14]. The multiple uniformly distributed slots in the reflector
section act as a filter that enhances one of the longitudinal FP modes and suppresses the other modes
of the FP resonance. Hence, it restricts the FP laser to a single mode of the allowed FP cavity modes
thereby achieving single longitudinal mode emission [15]. The left facet at the end of the slot’s region
(reflector section) is high-reflection (HR)-coated. Both reflector sections of the two lasers are etched
into the surface ridge waveguide, close to the active region, to provide internal reflections and enable
a high SMSR of ~50 dB [13]. Furthermore, they provide improved control of the emission wavelength
and the injection power inside the PIC due to the presence of the reflector (grating) section. A 2-

section PIC comprising a master and a slave laser was reported in [16].

HR coated

InP substrate

AlGalnAs

/’I‘/ca/ Quantum wells
oa%uz Cladding
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—- A l
NI
- — reflection'\ Output
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InP substrate Reflector section Gain section

(b) (c)

Figure 4.1: (a) InP multi-section photonic integrated device schematic diagram, (b) 2D front (emission) side
view of the waveguide structure, (c) 2D view of the waveguide structure of a one FP laser made up of two-
sections (gain & reflector) of the 4-section laser, and (d) 7-pin high speed butterfly package of the multi-section.

Although providing enhanced performance in terms of RIN and MBW under the influence of optical
injection locking, the device suffers from difficulty of controlling the emission wavelengths of the two
lasers. Hence, achieving an injection locking case is hard. By providing input about this issue to the 4-
section device designers and manufacturers, the 4-section device was implemented where the
reflector (grating) section of each laser provides a better control of the emission wavelength. Hence,
achieving an injection locking case becomes a simpler task. Even though the master laser is made up

of the master reflector (MR) and the master gain (MG), it is important to point out that the master
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laser shares the slave reflector (SR) with the slave laser. This enables a reduction of the overall length
of the device, providing better confinement of the total temperature of the PIC as the TEC stabilises
the temperature of a smaller area. The length of each section is optimised for its specific functions.
The master gain is designed to be the longest of all sections (712 um), to achieve a low linewidth
emission [17]. The slave gain section, on the other hand, is much shorter (355 um), to ensure a high
modulation bandwidth (for direct modulation) [18]. The two reflector sections have an equal length
of 215 um. The electrical isolation between the sections is achieved by separating them with a 2 um
wide etched trench, whose impedance is measured at 2.29 k). The trench is not etched down the InP
substrate. The trade-off between optical loss and impedance depends on the etch depth and width of
the slot. The doping in the InP substrate only contributes to lowering down the resistance of the laser
diode. Too much doping would result in many default which affects the quantum efficiency. On the
other hand, not enough doping would result in more losses lowering the output power of the
laser.

For ease of use and experimentation, the PIC is encased in a 7-pin, temperature-controlled, fibre
pigtailed high-speed butterfly package, as shown in Figure 4.1(d). An RF connector, attached to the
SG section, allows for high-speed direct modulation of the device. This package contains a TEC to
accurately control the device temperature to ensure stable operation of the device and a 10 kQ
thermistor for monitoring the temperature. The device temperature is maintained at 20°C
throughout all the experimental measurements performed in this chapter to ensure that uniformity
and consistency are maintained. As the PIC consists of two distinct lasers, two independent spectral
modes, corresponding to each laser, can be generated by the device. A CW spectrum of the master
(biased at 35 mA) and slave (biased at 90 mA), operating in single-mode regime, is shown in Figure
4.2(a) (with an OSA resolution of 20 pm). It can be seen that the master laser power is lower than the
slave one, this can be attributed to the master laser signal getting lower as it passes through two
sections (SG, SR) in its way to be emitted from the output facet. When these two sections are
detuned, they do not provide any gain to the master laser. Biasing the device at “bias point 1” listed
in Table 4.1 results in achieving the injection locking spectrum shown in Figure 4.2(b). To further
confirm the independence of the two lasers, the two independent spectral modes are shown again in
Figure 4.2(c), where the OSA is set to a finer resolution of 0.04 pm. The master laser and slave lasers
are biased at 40 and 60 mA, respectively. OIL is achieved again at “bias point 2” listed in Table 4.1 and
its spectrum is shown in Figure 4.2(d). It is important to note that OIL could be achieved at several
other bias points, but only the two listed bias points are highlighted for brevity. The independence of
the two spectral modes and the fact that each of the distinct modes originates from a different
laser source can be confirmed by calculating the wavelength/frequency difference between the

cavity modes.
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Figure 4.3(a)&(b) show the optical spectra of the two distinct laser outputs measured using an OSA
with a 20 pm resolution (Yokogawa AQ6370). The attenuators are placed on the input of the two

different OSAs as a mean of protection from any high-power optical signals.
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Figure 4.2: (a) Continuous-wave (CW) spectrum of the master (biased at 35 mA) and slave (biased at 90 mA)
lasers operating in single-mode operation, (b) PIC output spectrum after OIL is achieved (bias point 1 in Table
4.1). A 20 dB optical attenuator is placed at the input of the OSA (OSA resolution: 20 pm), (c) CW spectrum of
the master (biased at 40 mA) and slave (biased at 60 mA) lasers operating in single-mode operation, and (d)
PIC output spectrum after OIL is achieved (bias point 2 in Table 4.1). A 30 dB optical attenuator is placed at the
input of the OSA for both optical spectra, (OSA resolution: 0.04 pm).

Section Slave gain Slave reflector Master gain Master reflector
Bias point 1 (mA) 93.7 65.15 34.67 67.65
Bias point 2 (mA) 65 39 54 49

Table 4.1: Bias points for injection locked spectra.

Figure 4.3(a) shows the CW optical spectrum of the slave laser (SG = 80 mA, SR = 40 mA) taken when
the master laser is turned off (MG, MR = 0 mA). Within the given OSA resolution, the obtained FSR
between the modes ranges between 85 and 100 GHz. A frequency difference of 85 GHz corresponds
to a cavity length of 550 um, which is approximately equal to the length of the slave laser cavity (SG +

SR sections) (570 um). This is calculated using the following formula: Av = c¢/2nL, where Av is the
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FSR, with a refractive index n of 3.2 and a cavity length of L. Figure 4.3(b) shows the CW optical
spectrum of the master laser (MG = 80 mA, MR = 8 mA), when the slave laser is biased at transparency
(SG = 20 mA, SR = 5 mA). Here, the mode spacing is around 50 GHz, thus corresponding to a cavity
length of 937 um—approximately equal to the master laser cavity length (MG + MR sections) (927
pum). The minor difference between the calculated and given values can be attributed to a small error

margin in the measurement.
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Figure 4.3: (a) Slave laser CW spectrum (master laser is turned off), (b) Master laser CW spectrum (slave laser is
biased at transparency). A 20 dB optical attenuator is placed at the input of the OSA for both optical spectra.

Bias condition Frequency Calculated cavity | Actual cavity length
spacing length
SG=80 mA, SR=40 mA, 85 GHz 550 um SG + SR =570 um
MG=0 mA, MR=0 mA
SG=20 mA, SR=5 mA, 50 GHz 937 um MG + MR =927 pm
MG= 80 mA, MR=8 mA

Table 4.2: Cavity length correspondence calculation.
These results confirm the possibility of achieving independent single-mode emission from each
distinct laser. The master laser emission wavelength can then be controlled by varying its bias, and
hence can be tuned to achieve OIL. The results obtained are summarized in Table 4.2 below for clarity.
The PIC can be operated in an OIL regime by fine-tuning the DC bias applied to the different sections.
However, it is important to note that under certain bias points, the PIC portrays operation in a coupled
cavity regime. The latter leads to multiple spacings between the modes. It also influences the other
sections through a carrier density variation and thereby the refractive index. The presence of the
coupled cavity regime is mainly because the two lasers share the same optical waveguide, which leads
to multi-cavity effects [19]. The presence of finite electrical isolation between the different sections
suggests the possibility of some current leakage between the device sections. This current leakage,
even if small, would mean that variation of the bias applied to one section would affect the other one.
Increasing the resistance between the section would lower the value of current leakage. However, it
would also lead to decreasing of the device quantum efficiency as previously mentioned in this

section. Moreover, deep etching can result in a potential damage in the laser waveguide.
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4.3.2 Static characterisation

The capability of a laser device to be considered for deployment in next-generation optical networks
is determined by the quality of its different characterisation parameters such as the emission
wavelength, RIN, SMSR, output optical power, and optical linewidth. A set of various static
characterisation procedures is conducted on the PIC to quantify these parameters and to identify the
stable regions of operation. In the next section, the dependency of the output spectra of the PIC on

the bias values of the different sections is investigated and depicted using contour plots.

4.3.2.1 DC characterisation

Different combinations of DC biases are applied to each of the four different sections of the PIC using
a multi-channel current controller (LDC-3900). The output light of the device (emitted by the SG
section) is recorded using an OSA with a 20-pm spectral resolution. This allows the extraction of
various important parameters such as the power, SMSR and wavelength of the main emission mode.
Due to the large number of bias combinations involved, both the current controller and the OSA are
driven by an automated Python script, which varies the bias of a specific section for each sweep. The

contour plots are generated for both the slave and master lasers of the device.

The first step is to characterise the free-running slave laser. Figure 4.4(a—c) show the power, SMSR,
and emission wavelength of the slave laser (main emission mode), as a function of the SG and SR bias
currents, respectively. For this test, the master laser is turned off (MG and MR biased at 0 mA) to
ignore any of its influence. At these bias configurations, there is no internal optical injection applied
to the slave laser. The SG section bias current is varied from 0 to 150 mA, while the SR section bias is
varied from 0 to 100 mA. The current limits were chosen from the safe operating conditions of the PIC

(specified by the manufacturer).

From Figure 4.4(a), it can be observed that the SG has an average threshold of around 32 mA, when
the SR is biased over 20 mA. This threshold value decreases with the increase of the SR bias. In
addition, it can be noted that lasing from the SR section can be observed when the SG is biased at

values greater than 30 mA and the SR is biased at values greater than 65 mA.

From Figure 4.4(a)&(b), it can be seen that for a single-mode operation (high SMSR > 40 dB), the power
of the slave reaches a maximum of 9 dBm. The SMSR contour plot in Figure 4.4(b) allows one to
identify the bias currents that result in a high SMSR (dark red regions) as well as the currents at which

the device shows multi-mode behaviour (blue and cyan regions). The latter has been confirmed by

120



observing a bi-modal operation of the slave laser on the OSA. A high SMSR of around ~ 55 — 60 dB

can be achieved for several bias points.
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Figure 4.4: Contour plots of varying SG, SR bias currents and observing the following slave laser parameters: (a)
Main mode power, (b) SMSR of the output modes of the PIC, and (c) Emission wavelength of the main mode.

Figure 4.4(c) shows the emission wavelength of the slave laser main mode. From the plot, it can be
observed that by varying the currents, the wavelength of the slave laser can be tuned gradually over
~2 nm before a mode hop occurs (marked by an abrupt change in colour). The multi-coloured region
on the left of the plot corresponds to noise (as captured by the OSA), since for those currents, the
laser is biased below the threshold. The gradual variation in the emission wavelength (between the
mode hops) is caused by temperature changes due to the Joule effect [20] occurring with the increase
in the bias of the SG and SR sections. When the temperature increases, the central emission

wavelength of the laser experiences a redshift [21].

The same DC characterisation procedure is applied to the master laser. Here, the slave laser is biased
just above transparency (SG = 10 mA, SR =5 mA) to minimise any interaction between the master and
slave lasers. Again, the MG section bias is varied from 0 to 150 mA, while the MR section bias is varied
from 0 to 100 mA as per the safe operating conditions of the PIC specified by the manufacturer. The
master laser characterisation shows that the MG has an average threshold of ~45 mA (around 13 mA
higher than SG threshold), when the MR is biased higher than 20 mA, as depicted in Figure 4.5(a). The
higher threshold value can be attributed to the master laser having a longer cavity length. Again, it
can be seen that the MR lases only when the MG is biased above 40 mA, as illustrated in the same
figure. The master laser SMSR contour plot shown in Figure 4.5(b) manifests a comparable behaviour
with that of the slave laser. By careful control of the biases applied to the two sections of the master

laser, a SMSR as high as 50 dB can be achieved.
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Figure 4.5: Contour plots of varying MG, MR bias currents and observing the following master laser
parameters: (a) Power of the main mode, (b) SMSR of the output modes of the PIC, and (c) Emission
wavelength of the main mode.

Figure 4.5(c) shows the capability of the master laser wavelength to be gradually tuned over ~1.5 nm,
through variation of the bias currents. Mode hopping only takes place for a few points of bias currents
where we experience low SMSR. This is due to the two modes having an approximately similar values
of gain, which gives a higher probability of transition between different modes in the resonator.
Overall, it can be concluded from the different contour plots that a similar behaviour of the master
laser and slave laser is obtained with slight variations of power, SMSR, and emission wavelengths
values. These plots provide a good understanding of the device behaviour and a means to determine
the optimum bias points that will ensure a single-mode emission with high SMSR and high output
power. Having carried out a detailed characterization of the operating bias currents, a set of optimum

ones are chosen to carry out measurements of the optical linewidth and RIN.
4.3.2.2  Linewidth and RIN measurements

The ever-growing demand for bandwidth is pushing future short-reach networks towards the
employment of coherent modulation schemes that combine both amplitude and phase modulation
to increase the amount of data being transferred [22]. In such networks employing higher-order
modulation formats, optical transmitter parameters such as the linewidth and RIN play an important
role in determining the overall system performance. Hence, the linewidth and RIN are characterised
to determine the suitability of the proposed PIC to be used in next-generation coherent short-reach
networks. In general, characterisation results show that applying on-chip injection from the master

laser into the slave laser improves both the linewidth and RIN of the slave laser, as long as the device
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is operating at a single-mode regime. This characterisation test has been conducted for many injection
locking bias points. However, for the sake of clarity and brevity, the results of only two bias points are

shown in this thesis. The two bias points are listed in Table 4.3 below.
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Figure 4.6: Electrical spectra of the measured linewidth of master laser, slave laser and injection-locked (IL)
slave laser for (a) Bias point 1 in Table 4.3, (b) Bias point 2 in Table 4.3, and (c) RIN values for bias points 1,2 in
Table 4.4 with (red, orange) and without injection (blue, green) from the master laser.

Section Slave gain Slave reflector Master gain Master reflector
Bias point 1 (mA) 45 58 112 74
Bias point 2 (mA) 97.9 50.98 98 92

Table 4.3: Bias points for linewidth measurements.

The DSH technique with a resolution of 50 kHz, previously explained in detail in Chapter 3 (Section
3.4.2.1) of this thesis, is used to measure the linewidth of the device at these two operating bias points.
The linewidth measurements results are presented in Figure 4.6(a)& (b) where the PIC is biased at bias
points 1 & 2 respectively. The blue trace shows the master laser linewidth on its own, the red trace
shows the slave laser linewidth on its own, and the green trace shows the linewidth of the slave laser

injection-locked by the master laser.

From Figure 4.6(a), it is evident that the free-running slave laser has a large linewidth of 8 MHz, which
can be ascribed to its short cavity. The long cavity master laser at bias current of 112 mA has a much
lower linewidth of 2 MHz. The optical linewidth of the slave laser can be significantly reduced by
employing OIL from the lower linewidth master laser. As OIL allows for the transfer of the phase noise
characteristics from the master to the slave laser [23], the linewidth of the latter is reduced to 2 MHz,
as shown in the same figure. Similar behaviour is shown in Figure 4.6(b), where again the lower
linewidth of the master laser (2.7 MHz) was imposed onto the slave laser through OIL. This results in
decreasing the large linewidth of the slave laser from 5 MHz to 2.7 MHz. It is important to note that
this PICis a proof-of-concept device and the potential for further improvement exists. Having a shared
reflector in the device results in the presence of coupled cavity effects in some bias cases as explained
before. Hence, there is a difficulty in tuning of the wavelength of the two different lasers thus

obtaining OIL points. Moreover, the master laser possesses a relatively high linewidth which is
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inherited by the slave laser in case of OIL. In the later part of this chapter, the second generation of
this device will be introduced, which is expected to give an overall improved performance by
overcoming some of the challenges encountered in the older PIC. The work on the 4-section PIC
presented in this report, has been given as feedback to the manufacturing company in order to be

taken in consideration when designing the new PIC.

RIN is another important parameter of an optical transmitter, quantifying the intensity fluctuations of
the laser output power. High RIN values (>-120 dB/Hz) can be a limiting factor for the employment of
a laser in systems employing intensity modulation schemes especially multi-level formats such as PAM
4/8. The RIN characterisation of the proposed PIC has been carried out using the same method
explained previously in detail in Chapter 3 (Section 3.4.2.2). The measurement is conducted for two

different bias points listed in Table 4.4 below.

Section Slave gain Slave reflector Master gain Master reflector
Bias point 1 (mA) 45 58 112 74
Bias point 2 (mA) 100.16 69.7 45.3 87.19

Table 4.4: Bias points for RIN measurements.

Figure 4.6(c) shows the obtained RIN values for bias points “1 and 2” listed in Table 4.4 with and
without injection. The obtained averaged value of RIN (DC to 6 GHz) of “bias point 1” in Table 4.4
without injection (blue trace) (both MG and MR biases are set to zero) is —143.4 dB/Hz. Turning the
master laser sections on (MG = 112 mA, MR = 74 mA) (red trace) decreases the average RIN to -146.1
dB/Hz. The reduction of RIN value for the injection-locked case can be attributed to the reduction of
cavity gain by the injected signal. This reduction also causes the carrier density to deplete, resulting in
a decrease in the overall spontaneous emission rate, which in turn reduces the overall RIN of the PIC
[24]. A similar reduction in the RIN value is shown also for “bias point 2” listed in Table 4.4 in the same
figure. The RIN value obtained without injection (green trace) is -151.6 dB/Hz. This value decreases to
-154.3 dB/Hz by turning the master laser on (MG =45 mA, MR = 87 mA) and applying optical injection
(orange trace). The obtained results demonstrate that the integrated device has a relatively low RIN
value qualifying it as a potential candidate to be used in direct intensity-modulated short-reach

communication networks [25].

Having provided the static characterisation results of the PIC, showing that on-chip optical injection
can provide an improvement on both the linewidth and RIN values, the next step is to investigate the
dynamic performance of the PIC to determine its usefulness as a directly modulated transmitter and

to examine the on-chip optical injection influence on the dynamic characteristics of the device.
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4.3.3 Simulation model to support the experimental

results

A VPItransmissionMaker™ simulation model, that mimics the InP photonic device, has been built to
get a deeper understanding of the behaviour of this complex integrated device.
VPItransmissionMaker™ is software that comprises the design, analysis and optimisation of photonic
components, systems, and networks. To start with a model that is similar to the device structure, has
been established. In this model, the different parameters of each section can be controlled and
specified individually. The four different sections were designed to be electrically insulated which is
the ideal expected case. Figure 4.7(a) shows the schematic diagram of the simulated device, where
the DC bias of each section can be tuned individually. The modelled device length was set to 1.5 mm
(imitating the physical device). Moreover, two sections were implemented with gratings to mimic the

reflector sections and the other two without gratings to resemble the gain sections.

Figure 4.7(b) shows the simulated output optical spectrum of the device. Two different laser modes
are generated when the MR, MG, SR and SG sections are biased at 30, 80, 30 and 60 mA respectively.
This clearly shows that there are two different modes, each of them belongs to one laser section. The
same behaviour has been demonstrated by the physical device in Figure 4.2(a-c). For further
confirmation of partial independence of the two modes, the master section bias was set to zero (MG,
MR=0) and one of the modes just disappeared. OIL is achieved through fine tuning of the bias values

of the four different, where the master laser drags the slave laser to its wavelength.
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Figure 4.7: (a) VPI schematic structure of the integrated 4-section device, (b) Output optical spectrum of the
simulated integrated device.
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This is demonstrated in Figure 4.8(a) where the laser is injection locked and single moded. The
injection locking of the slave laser is further confirmed by measuring the 3-dB linewidth of the signal

to examine the influence of OIL.
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Figure 4.8: (a) Optical spectrum of the simulated device when injection locked, (b) Corresponding RF spectrum
of the measured linewidth.

A DSH modelled setup that is similar to the experimental one was employed to measure the
linewidth of the laser after applying the injection from the master laser. Figure 4.8(b) shows the
generated RF-spectrum where the 3-dB linewidth was found to be 8 MHz when injection locking is
achieved. This is the same value specified initially as the master laser linewidth in the device
parameters, which proves the transfer of the phase noise characteristics from the master laser into
the slave laser by applying

OIL.
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Figure 4.9: (a) Schematic setup diagram for the VPI RIN measurement, (b) Measured RIN (0-20 GHz) for the
simulated integrated laser device with and without injection for two different bias points.

Bias point Condition Averaged RIN value (0-20 GHz)
Point 1 Without Injection -151.96 dB/Hz
Point 1 With Injection -157.38 dB/Hz
Point 2 Without Injection -154.803 dB/Hz
Point 2 With Injection -158.21 dB/Hz

Table 4.5: Averaged measured RIN values (0-20 GHz) for two different bias points with and without injection.

RIN measurements are also carried out using the VPI software to examine the impact of the OIL.
Figure 4.9(a) shows the setup diagram used to conduct the RIN measurements. It follows the same

principle
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that has been explained previously in this thesis. The optical output of the integrated laser device is
amplified and sent to a photodiode and then the electrical output of the photodiode is amplified again

and finally, the output is shown on an ESA.

Figure 4.9(b) shows the electrical spectra of the RIN (0-20 GHz) for two different OIL bias points with
and without injection from the master laser. The corresponding table (Table 4.5) shows the averaged
RIN values (0-20 GHz) ranging between -151.9 and -158.2 dB/Hz. The results show that the averaged
RIN values (0-20 GHz) decreases slightly for both bias points when applying injection from the master
laser. This proves that the slave laser inherits the better spectral characteristics (in this case the lower

RIN values) from the purer master laser.

The simulated model shows relatively similar characterisation results to the experimental work. This
verifies the convenience of this model to be used for further complicated characterisation in the

future, which is hard to achieve using the physical device and experimental test beds.

4.3.4 Dynamic characterisation

Direct modulation is a simple and cost-effective technique, where data modulation can be
accomplished simply by adding the information signal to the bias current of the laser [26]. One of its
main drawbacks is the limited laser bandwidth, which restricts the maximum modulation data rate.
Another disadvantage with direct modulation is frequency chirp, where the broadened optical
spectrum in conjunction with fibre dispersion, limits the transmission distance [27]. OIL can be
implemented to overcome both of these drawbacks, thus increasing the data rates and extending the
transmission distances achievable in systems employing direct modulation. As previously discussed in
Section 3.4.3 in Chapter 3, Previous reports have shown that external injection can enhance the
intrinsic MBW of the laser up to about three times [28]. There are also some studies on how injection

locking can be used to significantly reduce the chirp of a directly modulated laser [29].

Hence, any laser transmitter to be used in a direct modulation-based system should be thoroughly
characterised to evaluate its dynamic characteristics. The following section focusses on this aspect, in
order to evaluate the PIC potential to be used as a transmitter in a short reach OOK system and as an

OFC generator.

434.1 Modulation response measurement

As highlighted above, to evaluate the performance of a PIC as a directly modulated transmitter, its

frequency response at different bias conditions should be characterised. We start by measuring the
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small-signal frequency response of the PIC as shown in the setup diagram in Figure 4.10. Two

measurement scenarios are implemented: with and without optical injection from the master laser.
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Figure 4.10: Schematic of the setup used for the small signal frequency response measurement.

The master laser is turned off (MG, MR=0) to realise the first scenario where there is no
injection. Subsequently, the second scenario (with injection) is carried out experimentally for several
injection locking points. However, for the sake of brevity again, we chose two of the optimum bias

points for illustration in this report. The two bias points are listed in Table 4.6 below.
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Figure 4.11: Frequency response of the slave laser for the two bias points of the PIC listed in Table 4.6 without
(blue, green) and with (red, orange) injection from the master laser.

Section Slave gain Slave reflector Master gain Master reflector
Bias point 1 (mA) 100.18 69.7 45.35 85.15
Bias point 2 (mA) 98.68 56.15 65.62 87.56

Table 4.6: Bias points for frequency response measurements.

For this measurement, a 50 GHz vector network analyser (HP 8517B) is used to directly modulate the
SG section of the device. The frequency of the modulated RF signal is swept from 0.05 to 20 GHz. The
optical output of the PIC is split using a 90:10 coupler, where the 90% branch is detected by a 20 GHz
photodiode (Discovery DSC30S) and then sent back to port 2 of the network analyser. The other 10%
branch is used to monitor the optical spectrum (ensuring single-mode operation) of the device. The

measured "S,," parameter (i.e., the frequency response) of the slave laser is shown in Figure 4.11.
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The measurement is first carried out for the free-running slave laser biased at “bias point 1”
referenced in Table 4.6 without injection (MG, MR = 0) (blue trace) and subsequently for the OIL case
(red trace). Figure 4.11 shows that by employing OIL, the 3 dB MBW of the slave can be increased from
9.5 to 14 GHz (45% enhancement). The same measurement is conducted for “bias point 2” in Table
4.6. The slave laser without injection (green trace) shows a MBW (3 dB) of 9.2 GHz. Injection from the
master laser improves the modulation bandwidth to 12.1 GHz. The improvement as a result of
injection from the master laser enables higher direct modulation rates of the device as well as extends
the linearity of the slave laser frequency response. The reduction in non-linearity, as a result of the
external optical injection, is important for employment of the device in subcarrier multiplexed, ROF,

and/or OFDM systems [30] [16].

4.3.4.2 Direct data modulation and transmission
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Figure 4.12: Setup used of the PIC employed in a short reach transmission system.

The frequency response measurements have proven the capability of the PIC to handle higher direct
modulation rates thanks to the improvement in the 3-dB MBW influenced by the on-chip optical
injection. However further validation of this concept is carried out with the aid of a system experiment.
Here, the SG section of the PIC is directly modulated with a 10.7 Gb/s OOK data signal after which the
modulated signal is transmitted over SMF. Apart from the frequency response enhancement
validation, this experiment also highlights the potential of employing such a PIC as a transmitter in a
short reach network. The schematic of the experimental setup used is shown in Figure 4.12. A pulse
pattern generator (PPG) is used to generate a 10.7 Gb/s pseudo random bit sequence (PRBS) with a
length of 21°-1. The data signal is combined with a DC bias of 72.8 mA using an internal bias-tee
contained within the device package. The optical output of the device is split using a 90%-10% coupler.
The 10% path is connected to a 20 MHz high-resolution OSA, while the 90% path is launched into a 20
GHz PIN photodiode (DSC30S) either back-to-back (B2B) or after transmission over 25 km of SSMF. A

VOA is used to vary the received optical power. The photodiode output is connected either to a digital
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sampling oscilloscope, to generate eye diagrams (qualitative measurement), or to an error detector,

to measure BER of the system (quantitative measurement).

BER results as a function of the received optical power are presented in Figure 4.13(a). The
measurements are taken for both the cases when the master laser was turned off (circles) and on
(triangles). For the B2B transmission, the injected case has a power penalty of 2 dB with respect to the
non-injected one at BER = 4 x 107°. This penalty can be attributed to the fact that the optical
injection reduces the threshold current of a laser, resulting in a degraded extinction ratio (ER) [31]
[32]. The reduction in the threshold current of the laser is associated with an increase in the laser
slope efficiency. Hence, given that the modulation current is kept constant, the differentiation
between the “1” and “0” levels is reduced. Hence, ER is reduced. However, after transmission over 25
km of SSMF, the optically injected laser performs significantly better. The received optical power
required to achieve the FEC limit for the injection case is 2 dB lower than that without injection. This
can be mainly attributed to a reduction of the chirp due to the applied OIL [33]. For both cases, a BER
below the hard decision FEC limit (BER = 3.8 x 1073) is achieved.
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Figure 4.13: (a) BER results for back-to-back (B2B) (blue) and 25 km SSMF transmission distances (black) with

and without injection, (b) Optical spectra of the PIC under modulation with injection (blue) and without injection
(red); inset: obtained eye diagrams after 25 km SSMF transmission and 0.5 dBm received optical power.
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The achieved BER values compare to the current state of art for the short reach networks as
even with 25 km SMF transmission, the device hits the 7% FEC limit, that satisfies the
requirements of the latest ITU-T recommendation for passive optical networks (ITU-G987). The
optical spectra recorded using a 0.04 pm resolution OSA (APEX AP2433B)in Figure 4.13(b) verify
the reduction in frequency chirp. The OIL case is represented by the blue line and the non-
injected case by the red line. It can be seen that the spectral width of the modulated laser
without OIL is significantly broader than the case where is OIL is achieved. The
interplay between the fibre chromatic dispersion and this large spectral width (due to higher
value of chirp) causes pulse spreading, leading to ISI and resulting in a degraded performance
(worse BER). The insets in Figure 4.13(b) shows the recorded eye diagrams at a received
optical power of 0.5 dBm for both cases.
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The reduced eye-opening for the laser without injection is visible and validates the results of the
BER measurements. This experiment clearly shows the positive effect of the optical injection in
the performance of the device when employed in a short reach transmission system. The laser
MBW is enhanced as an effect of optical injection, allowing the PIC to achieve better BER
results when the optical signal is transmitted for 25 km of SMF. Furthermore, the results show a
clear reduction in the chirp value as a result of applying optical injection. This reduction also

contributes to achieving a better BER.

4.3.5 OFC generation by gain switching the PIC
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Figure 4.14: (a) Schematic setup diagram of gain switching of the integrated 4-section device, (b) Optical
spectrum of the gain switching based OFC of the device with and without injection.

The detailed static characterisation of the PIC has demonstrated its ability to achieve OIL by fine
tuning of the bias values of the different sections. Moreover, the dynamic characterisation has
shown a sufficient laser MBW, that allows the device to be gain switched at FSR values that follows

the ITU-T recommendation (i.e., 6.25 GHz).

Figure 4.14(a) shows the experimental setup diagram used for the gain switching of PIC for the
generation of an OFC. Gain switching of the device is achieved by applying an amplified sinusoidal RF
signal of ~24 dBm in conjunction with a DC bias, to the SG section. The frequency of the applied RF
signal is 6.25 GHz. As aforementioned in Chapter 2, gain switching technique provide simple FSR
tunability by varying the frequency of the RF signal from the signal generator. However, in this report,
only this FSR is shown for sake of clarity. Initially, the slave laser is biased at (SG =61.31 mA, SR =53.32
mA), and the master laser is turned off. This results in the generation of an OFC exhibiting four comb
lines within 3 dB from the spectral peak and an OCNR of 45 dB, as illustrated by the blue plot in Figure
4.14(b). As previously shown in the dynamic characterisation, on-chip OIL results in the expansion of

the MBW of the device, which in turn results in an enhancement of the spectral characteristics of the
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generated OFC. So subsequently, the master laser is turned on in order to examine the effects of OIL.
The slave laser bias is kept at the same optimised values, and the master laser bias is optimised to
achieve the maximum number of OFC tones at (MG = 74.62 mA, MR = 74.34 mA). Thanks to OIL, the
generated OFC now exhibits nine comb lines within 3 dB from the spectral peak and an OCNR of 46
dB as shown by the red plot in Figure 4.14(b). The latter demonstrates that the on-chip OIL results in
more than doubling of the number of the OFC lines within 3 dB from the spectral peak. As each of
these lines can potentially be used as data carriers, OIL enables an increase of the aggregate data rate
that can be carried by a single OFC. However, as the applicability of any laser as a transmitter in a
system employing advanced modulation formats depends on its linewidth and RIN, the performance

of the generated OFC in terms of these two parameters, needs to be investigated.
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Figure 4.15: (a) RF spectrum of the linewidth of a filtered comb tone (CT) of the case of: the free running gain
switched slave (blue) and, injection locked (IL) slave (red), (b) RIN measurement electrical spectra (0-6 GHz) for
the filtered comb tone (CT) without (blue) and with (red) injection and the whole optical frequency comb (OFC)
without (green) and with (orange) injection.

First, the optical linewidth is characterised, using the DSH technique, with a resolution of 50 kHz. To
this effect, the middle comb line (labelled by the black arrow in Figure 4.14(b) is filtered using a
bandwidth tunable OBPF (with the minimum achievable bandwidth of 4 GHz) and sent to the DSH
setup. The measurement is conducted for two different scenarios: (i) no injection from the master
laser (blue plot in Figure 4.15(a), (ii) the OIL case (red plot in the same figure). In the case of no
injection, the filtered comb tone exhibits a linewidth of 22 MHz. In the second case, the phase noise
characteristics of the master laser are transferred to the slave laser, resulting in narrowing of the
linewidth to 13 MHz. Despite this significant linewidth narrowing, the measured linewidth value is still
too high for the device to be used with higher-order modulation formats at low baud rates [34]. The
OFC tones linewidth broadening compared to the CW laser case is a result of the gain switching

process, which brings the laser below threshold and introduces more spontaneous emission noise. An
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improvement in the device design is required in order to achieve a master laser linewidth much lower

than the current MHz linewidths displayed.

Next, RIN measurements are conducted for a filtered OFC tone and the whole OFC generated by the
4-section device using the same method explained previously in detail in Chapter 3 (Section 3.4.2.2).
The RIN measurements (0-6 GHz) of the filtered comb tone for both cases, with and without injection,
is demonstrated in Figure 4.15(b). Without injection, the filtered middle OFC tone has an averaged
RIN value of -130.5 dB/Hz, as shown by the blue plot in Figure 4.15(b). Applying the OIL (MG = 74.62
mA, MR = 74.34 mA) results in a slight reduction of the RIN of the filtered comb tone to - 131 dB/ Hz,

represented by the red plot in the same figure.

4.4 Six-section PIC in a master slave configuration

As mentioned in the previous section, the integrated four section PIC suffers from some drawbacks
which may restrain its employment in specific functions. The presence of a shared reflector results in
difficulties in the fine control of the emission wavelengths of each individual laser due to the absence
of individual Bragg gratings. Moreover, the current leakage between the different sections presents a
challenge in the accurate control of bias applied to each section. The obtained results from the 4-
section device were fedback to the manufacturing company, which in turn initiated an improvement
in the design by introducing a middle VOA section. The latter provides better control of the injection
power from the master laser, hence provides a better injection locking conditions and reduction of

chirp Hence, the upgraded version of the PIC is introduced and characterised in this section.

441 Device structure

The schematic diagram of the six-section PIC is shown in Figure 4.16(a). Based on the same general
design of the legacy device, the six-section device is fabricated using a standard InP 1550 nm material
and it has 5 strained Al 24y Ga — In(g 71y As quantum wells in the active region on an n-doped In-P
substrate. However, it consists of six different sections as opposed to only four sections in the legacy
device. The master laser now consists of a long MG section of length 790 um that is sandwiched
between two reflector sections (MR1, MR2) with an equal length of 220 um. In this case, none of the
reflectors are shared among the two lasers. An intermediate VOA section is placed between the slave
and the master lasers and has an approximate length of 130 um. The slave then consists of two
different sections, a SG section that can be modulated and has a short length of 215 um to allow high

speed modulation and a SR section of a length of 210 um. The total length of the device is
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approximately 1.78 mm. The main advantage of the new device over the previous 4-section PIC, is the
presence of the VOA section. It acts as a means for varying the level of injection from the master laser
into the slave laser offering better control of the injection parameters, which is quite crucial. The level
of injection can be controlled easily by tuning the bias applied to the VOA section. Furthermore, it acts
as an isolation between both lasers, resulting in lowering the level of the current leakage among them.
This leads to the achievement of independent control of the master and slave sections, resulting in a
better overall enhancement of the performance of the integrated device. In addition to that, the
presence of a separate (not shared) two reflector sections belonging to the master laser provides a
better control of the master emission wavelength. Hence, easier achievement of injection locking

conditions.

HR coated

InP substrate

AlGalnAs
Quantum wells
Cladding

Figure 4.16: (a) Schematic diagram of the InP six-section photonic integrated device, (b) microscopic image of
the physical chip with DC probes on each section.
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It is important to note that the device tested is a bare chip that is mounted on an RF subcarrier. It is
designed with a 50 Q coplanar waveguide to support high-speed modulation. Preliminary static
characterisation of the slave section shows that it demonstrates a 162 dynamic resistance. In order
to match the 50Q matched RF waveguide of the subcarrier, a 34Q linear surface mount device

matching resistance is wire-bonded to the SG section.

For characterisation and testing purposes, the sub-mounted chip is placed on a probe station, where
several probes are used to bias each section independently. The temperature of the device is
maintained, using a TEC placed under the subcarrier, at 18°C for the characterisation and tests. An AR
coated optical lensed fibre is used to couple the light from the output facet of the PIC. The SG section
is biased via a high-speed bias tee while the other five sections are DC-biased using a low noise current
source. Figure 4.16(b) shows a microscopic photograph of the fabricated chip with each DC probe

placed at different sections to allow the individual tuning of each section bias.

4472 Static characterisation

In order to identify the stable regions of operation of the device, L-I curves of the slave laser at
different bias values of the reflector section (0, 10, 20, 30, 40, and 50 mA) is shown in Figure 4.17. The

SG section bias is varied from 0 to 80 mA in steps of 2 mA.
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Figure 4.17: L-1 curve of the slave laser at different bias values of the SR section.
From the plot, it can be concluded that the slave section only lases when the SR section is biased

above 20 mA. When the reflector section is biased below this point, the loss inside the cavity

surpasses the
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gain and the device is not able to lase. Increasing the slave reflector sections bias results in increasing
the value of the bias where the laser curve rolls off as shown in Figure 4.17. At SR bias values of 20
and 30 mA, the device needs a high bias SG value to start lasing. After reaching the 30mA bias level,
increasing the reflector section bias results in the increase of the value of the threshold current of the
slave laser. The threshold current of the slave laser is 22 and 24 mA for reflectors bias currents of 40

and 50 mA respectively.

Having identified the L-I curve of the device showing the stable operating regions, the next step is to
show the independence of the master and slave lasers, and to show the capability of the device to

achieve OIL.

Figure 4.18(a) shows the output optical spectrum of both the slave and master lasers of the PIC. It
demonstrates the independent lasing of both lasers. The slave laser emits at 1544.5 nm (when it is
biased at SR=70 mA, SG=55 mA), while the master lases at 1545.4 nm (when it is biased at MR1=25
mA, MG=45 mA, and MR2=25 mA). The VOA is biased at 10 mA to be in a transparency condition. The
emission wavelength of each laser can be tuned by varying the bias current applied to the reflector
sections of the corresponding laser. Fine tuning of these bias values leads to the OIL of the device.
Figure 4.18(b) demonstrates the OIL condition of the device when the MR1, MG, MR2, VOA, SR, and
SG sections are biased at 45, 20, 8.8, 15, 35, and 30 mA, respectively. As previously mentioned, on-
chip optical injection provides several enhancements in the laser properties. One of the main
advantages of optical injection is enhancement of the MBW of the laser and reduction of the chirp.
This will be demonstrated in the next sections, where the frequency response of the device will be
measured for both cases, with and without injection. Moreover, the device will be implemented in a
short reach transmission system in order to examine the influence of the optical injection on the chirp

levels of the device.
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Figure 4.18: (a) CW spectrum of the master (biased at MR1=25 mA, MG=45 mA, MR2=25 mA) and slave (biased
at SR=70 mA, SG=55 mA) lasers operating in single-mode operation, (b) Output spectrum after OIL is achieved.
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A detailed characterisation of the linewidth and RIN of the device under different bias scenarios is

expected to be carried out as a part of the future work on this device.

4.4.3 Dynamic characterisation

4431 Modulation response measurement

The frequency response of the integrated laser is measured using different bias configurations to
examine the influence of injection from the master laser on the MBW of the slave laser. The same
setup as previously shown in Figure 4.10 is used for this purpose, where the small signal modulation
signal from the VNA is injected into the SG section of the PIC in conjunction with its DC bias. The first
step is to measure the frequency response of the slave laser on its own, using different bias
configurations. The SR bias is kept constant at 30 mA, while the SG bias is tuned to 35, 40, 45, and 50
mA respectively. Both the master laser and the VOA sections bias are set to zero. Figure 4.19(a) shows

the frequency response of the slave laser of the PIC biased at the aforementioned values.

From Figure 4.19(a), it can be noticed that the slave laser has a limited MBW. The best possible 3-dB
MBW that was achieved in this measurement is 2 GHz when the SG is biased at 45 mA. The
measurements were conducted for different bias values of the SG and SR sections and no

improvements in the 3-dB MBW were achieved.
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Figure 4.19: (a) Frequency response of the free running slave laser without injection from the master laser at
different bias points and (b) Frequency response of the injection locked slave laser for different bias values of
the VOA section.

The next step is to turn both the master and VOA sections on, and to examine their influence on the
MBW of the slave laser. Figure 4.19(b) shows the laser frequency response at different bias values

applied to the VOA section, while keeping the bias values to the other sections constant. The SG, SR,
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MR1, MG and MR2 are biased at 35, 30, 44, 60 and 52 mA respectively. The positive influence of the
on-chip injection on the frequency response of the laser can be easily noticed from the figure, where
a steady increase in the 3-dB MBW is experienced when the VOA bias is increased gradually. Increasing
the VOA bias results in lowering of the attenuation of the light injected from the master laser into the
slave laser, which thereby improves the MBW of the slave laser. The 3-dB MBW is improved up to ~
7.5 GHz when the VOA is biased at 17 mA. These results show the importance of having an accurate

control on the injection levels from the master laser on enhancing the device performance.
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Figure 4.20: Optical spectrum of the injection locked slave laser for different bias values of the VOA section.
This is achieved by the introduction of the new VOA section, in which the injection level can be
easily tuned by varying the bias applied to this section. Varying the VOA bias results in a change
in the injection level from the master laser. However, it does not affect the emission wavelengths of
neither the slave nor the master laser, as was the case in the 4-section PIC. This results in simpler
achievement of injection locking. Furthermore, in order to confirm that the PIC was injection
locked at different steps of the characterisation process, high resolution (0.2 pm) optical spectra
of the different bias configurations were recorded and is shown in Figure 4.20 demonstrating that
the PIC has been in OIL condition at different bias values used for the frequency response

characterisation.

Having characterised the frequency response and the potential of the device to handle high
speed modulation, a short reach transmission system experiment is conducted. The PIC (slave
section) is directly modulated with an OOK signal and the modulated signal is transmitted over 25
and 50 kms of SSMF. The positive influence of the on-chip injection on improving the transmission

reach (reduction of chirp) and the BER is highlighted.
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4.43.2 Direct data modulation and transmission

A transmission experiment, mimicking a short reach system, is conducted using the same setup as
shown in Figure 4.12, with the only exception that an avalanche photo diode (APD) is now used instead
of a pin photodiode. This is mainly due to the nature of the experimental device being a bare chip,
which results in high coupling losses leading to lower output levels of power that favours the APD as
a photodetector which is able to detect lower power optical signals [35]. A 10.7 Gbit/s NRZ PRBS
(215 — 1) signal with a peak-to-peak amplitude of 2V is used to modulate the SG section of the device
using the AC input of a broadband bias-tee. Simultaneously, a DC-bias of 35 mA is applied via the DC
input of the bias tee. The OIL bias point used in this system experiment is extracted from the frequency

response measurements and is listed in Table 4.7 below.

Section SG SR VOA MR1 MG MR2

Bias value 35 mA 30 mA 17 mA 44 mA 60 mA 52 mA

Table 4.7: Six section PIC OIL bias point for system experiment.

The experiment is carried out for three different transmission distances as follow: B2B, 25 and 50 km
of SMF. The output results are demonstrated using eye diagrams generated from an oscilloscope, and

BER curves calculated using an error detector.
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Figure 4.21: (a) BER vs. ROP curves for B2B (red) and after transmission over 25 (black) and 50 km (blue), (b)
Corresponding eye diagrams at a BER of 1x1e~° for the three different transmission scenarios.

Figure 4.21(a) shows the BER curve versus the received optical power (ROP) falling on the APD. The

plot demonstrates that an error free performance (1 X 10~°) for the B2B case can be achieved at an
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ROP of -13 dBm. For the case of transmission over 25 km of SMF, the best achievable BER is 4 X 10~°
for an ROP of -11 dBm, while for the 50 km SMF transmission case, the lowest BER achievedis 1 x 10~
at an ROP of -12.5 dBm. In the latter case, this output power is the maximum achievable unamplified
value from the device after experiencing approximately 10 dB attenuation due to transmission for 50
km of SMF. The coupled power is limited due to the free space coupling arrangement used in the
experiment. It is anticipated that a packaged device would deliver error free performance through the
improved coupling and thereby a higher power. It is expected that with higher ROP falling on the APD,
the device can achieve an error free transmission even after transmission for 50 km of SMF. However,
even at the current output power levels, error free performance at the FEC limit is achieved for the
three different transmission scenarios. The power penalty at the FEC limit, with respect to the B2B
case, for the 25 and 50 km SMF transmission is 1 dB and 2 dB respectively. Figure 4.21(b) shows three
different eye diagrams illustrating the eye openings at different ROPs for the three different
transmission scenarios. From the eye diagrams, it can be concluded that as expected, transmission
over longer distances causes the eye opening to be smaller due to pulse broadening caused by the
chromatic dispersion. However, as mentioned before, in this new PIC, the VOA section is implemented
to control the injection levels from the master into the slave laser, which in turn results in a reduction
of the introduced chirp levels. An increased chirp would result in a degradation in the achieved BER
values [36]. On the other hand, there is a trade-off between chirp and ER. Injecting the slave laser
would result in reduction of chirp, but on the same time in a reduction in the extinction ratio due to
increase of average optical energy in logic “0”. Decreased ER results in receiver sensitivity degradation
due to SNR degradation. Otherwise, decreased chirp improves the transmission distance by reducing
the pulse broadening. So, a trade-off exists between increased chirp at higher ER and reduced SNR at
lower ER [37]. To further confirm this matter, Figure 4.22 shows a high-resolution optical spectrum of
the modulated PIC biased at the bias point listed in Table 4.7, but with varying bias values of the VOA
section. The blue plot shows the case when the VOA section is biased at 2 mA, while the red plot shows

the case when it is biased at 17 mA (the optimum point for enhancement of the PIC MBW).

It is clear that optimising the VOA bias results in a reduction of the chirp, as a direct result of the on-

chip optical injection from the master laser.

The dynamic characterisation and the system experiment conducted using the improved six-section
PIC clearly demonstrates the merits of introducing the middle VOA section that is sandwiched
between the master and slave lasers. It provides a means of accurate control of the on-chip injection
power levels, which with fine optimising, can result in improving the laser MBW and reducing the chirp

levels. Furthermore, it balances the trade-off between the reduced chirp and reduced ER. In addition
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to that, it provides a way of controlling the injection power without altering the wavelengths of the
master or the slave lasers, which enhances the independence of both master and slave lasers. It is
important to note that the device used in this work is a proof-of-concept device and was tested as a
bare chip that caused some limitations in the nature of tests that could be carried out. A packaged PIC

is expected to give a more stable and a better overall performance.
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Figure 4.22: Optical spectrum of the modulated injection locked slave laser after transmission for 50 km at VOA
section bias value of 2 mA (blue), 17 mA (dark orange).

4.5 Conclusions

Photonic integration provides a more compact, lower power consumption and footprint solution for
next generation optical networks. PICs are expected to play an integral role in the development of
next generation optical networks. Furthermore, photonic integration facilitates the mass production
of various optical components in a single, simple platform, resulting in a decrease in the complexity of

optical systems.

In this chapter, two different photonically integrated devices were presented, characterised and
investigated to be employed as a transmitter in short reach transmission systems. Furthermore, the
4-section device were gain switched to generate a 6.25 GHz FSR OFC that exhibits 9 comb lines within

3 dB from the spectral peak and an OCNR of 46 dB.

The first device is an InP based PIC which comprises two lasers with different cavity lengths, that are
integrated in a master-slave configuration, where the master laser injects its output light into the
cavity of the slave laser to improve its characteristics. Different characterisation tests demonstrate
the positive influence of the on-chip injection on the slave laser parameters such as the linewidth and
RIN. Furthermore, the dynamic characterisation carried out shows that the OIL results in an

enhancement of the laser MBW allowing the device to be used as a directly modulated transmitter.
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Subsequently, the device is employed as a transmitter in a short reach transmission scenario, where
it is directly modulated with a 10.7 Gb/s signal. The signal is transmitted for 25 kms of SSMF, and the
positive influence of the on-chip OIL on the BER and the opening of eye diagrams is demonstrated.
Subsequently, the device is gain switched to generate an OFC. Again, it is shown that the on-chip OIL

results in expansion of the generated comb and an enhancement of its spectral properties.

The second device is an updated version of the 4-section device, where a VOA section is placed
between the master and slave lasers to perform several functions. Varying the VOA bias results in a
change in the injection level from the master laser. However, it does not affect the emission
wavelengths of neither the slave nor the master laser, as was the case in the 4-section PIC. This results
in better independence of the two different lasers (master and slave), which leads to simpler
achievement of injection locking. Moreover, it acts as an isolation between the two lasers which
reduces the coupled cavity effects. The influence of varying the VOA bias on the resultant MBW of the
device is investigated, and it is shown that the fine optimising of this bias value can result in
enhancement in the 3-dB MBW of the PIC. Again, the PIC is used a directly modulated transmitter in
a short reach transmission scenario. It shows an error free performance (below the FEC limit) for a
transmission distance of 50 km as a result of the reduction of chirp induced by achievement of better
optical injection conditions from the master laser. The latter is achieved due to the presence of the
VOA section which allows the accurate control of the injection power without having an influence on

the emission wavelengths of the master and slave lasers.

The attractive features of photonic integration in terms of cost and power consumption, supported
by the experimental characterisation results presented in this chapter qualifies the two multi-section
PICs to be employed as a standalone directly modulated transmitter in next-generation optical short-
reach networks. Moreover, it can be employed as a source of OFC generation that can be used also as

a multicarrier transmitter for short reach networks applications.

As a next step, it would be great to have the six-section device packaged, to facilitate conducting a full
characterisation in terms of linewidth and RIN. Moreover, it would be interesting to gain switch the
device to generate an OFC. A detailed comparison between the two different OFCs generated from
the two PICs can be compared in terms of bandwidth, flatness, phase noise and RIN of the generated

tones.
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Chapter 5

Gain switching of passive
feedback laser for

generation of an expanded
OFC

5.1 Introduction

Further to the detailed discussion on optical frequency combs and its generation using
externally injected gain switched lasers, chapters 3 and 4 focused on the merits of employing
photonic integrated circuits to realise the master slave configuration (required to realise
external optical injection). In the previous chapter, two different PICs in a master-slave
configuration were proposed to be utilised as directly modulated (multi-carrier and short
reach) transmitters. The discussion was expanded to include many advantages that such PICs
could offer, which included compactness, low cost, and low power consumption. Moreover,
the capability of such devices to achieve OIL, to improve the different laser characteristics

such as the linewidth, RIN, and frequency response was proved.

In this chapter, another multi-section photonically integrated device is presented. The
passive feedback laser (PFL) [1] comprises an active and a passive section, each of which can
be biased separately. The passive section reflects a portion of the light emitted by the active
section. The power and the phase of the feedback are controlled by the bias of the passive
section. As aforementioned in Section 2.3.4.3.2 in Chapter 2, self-seeding provides a simple

method to achieve the generation of optimum optical pulse with enhanced spectral
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properties. As opposed to the external injection, there is no need for the usage of an external
source of injection. A typical external optical injection setup comprises several discrete
passive and active components. For the successful realisation of a master-slave
configuration, different components such as circulators, polarisation controllers, fibre patch
cords, master, and slave lasers are required. Such a setup arrangement consisting of these
components would potentially suffer from different sources of instabilities, mainly due to
polarisation dependence in case of usage of SMF. PMF based components could have the
potential to avoid the polarisation dependence issue. However, the setup will still suffer from
temperature variation in the injection path. Moreover, the usage of several discrete
components would result in a higher values of insertion loss and an elevated implementation

cost.

An alternative solution is the usage of the self-injection technique, where there is no need
for an external master laser source. In addition to the aforementioned enhancements in the
spectral properties of the laser as a result of the optical injection, self-injection provides more

merits in terms of robustness, lower cost and lower footprint.

Experimental and computational results of static and dynamic characterisation of the PFL
are highlighted in order to show the influence of the self-seeding signal on different laser
characteristics. As the focus of the work proposed is on using such devices for optical
frequency comb generation, the device is subsequently gain switched. The generated OFC

under different bias and feedback configurations is characterised.

5.2 Self-seeding concept

In Chapter 2, optical injection has been demonstrated to provide enhancement to the
spectral properties of the semiconductor lasers. The injected laser would inherit the superior
spectral properties of the purer master laser. Using the same general concept, the
semiconductor laser can be injected/seeded using its own signal in place of an external laser
source. In this case, the laser can be referred to as “self-injected or self-seeded”. Several
reports have demonstrated the capability of self-injection to improve the laser spectral
properties such as achieving a narrower linewidth or a reduced phase noise [2]. Thus, self-
injection can provide the same merits of traditional optical injection employing an external
laser source in addition to improving the associated cost and footprint due to the elimination
of the external seeding source. Photonic integration of a self-seeding setup in a single chip

would provide even a more compact solution. An integrated self-seeding device is a
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promising alternative to the Ol discrete setup, providing a simpler and cheaper solution that
is polarisation independent and has a lower footprint [3]. Previous reports have shown the
capability of improving semiconductor lasers intrinsic performance by utilising self-seeding
feedback. In [1], the authors demonstrate a significant improvement of the MBW at low-
injection currents in a PFL device under the influence of optimised feedback. Furthermore,
this improvement allows the achievement of a 40 Gbit/s open eye transmission with an
extinction ratio of 6 dB [4]. In [5], the authors demonstrated an enhancement of 57% in the
MBW and 9 times reduction in the laser linewidth as a result of an optimised self-optical

injection locking.

The operation principle of self seeding has been explained in details in Section 2.3.4.3.2 in

Chapter 2

5.3 Passive feedback laser

5.3.1 Device structure

A schematic of the fully integrated PFL is shown in Figure 5.1(a). It is a two-section device
comprising a DFB laser and an integrated feedback (IFB) segment. Each of the sections have
an independent bias. The IFB section is terminated by a high reflectivity coated facet, which
provides a strong feedback signal. Hence, the amplitude and phase of the feedback signal is
controlled by the IFB bias current. The DFB section facet is AR coated, which results in the
laser power being emitted only from that end as shown in Figure 5.1(a). The total length of
the integrated device is 330 um, with the length of the DFB section being 150 um and the IFB

section being 180 um.

Figure 5.1(b) shows a photograph of the physical device. It is custom packaged in a 7-pin
temperature-controlled butterfly encasing with a high-speed RF connector attached to
the active DFB section that allows direct modulation of the device. As in the Figure 5.1,
the package is placed on an aluminium mount for ease of handling and experimental

characterisation.
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Figure 5.1: (a) Schematic diagram of the PFL, (b) Photograph of the packaged PFL.

5.3.2 Static characterisation

5.3.2.1 Basic characterisation

The initial characterisation, in this section, shows the L-I curve of the device at two different
bias scenarios as shown in Figure 5.2(a). When the IFB section is turned off (IFB bias=0 mA),
the device exhibits a threshold current of 4.5 mA. Biasing the IFB section at 4.25 mA results
in the increase in the threshold value to be 6 mA. The sudden drop in the red plot (IFB biased
at 4.25 mA) can be attributed to the low-frequency fluctuation (LFF), in the LFF region, the
laser output intensity displays irregular, apparently random, and sudden dropouts as
described in [6]. Also, the Figure 5.2(b) shows the output optical spectra of the device
obtained when the DFB section is DC biased at 50.3 mA and IFB section current is swept. The
device temperature is kept constant at 20°C throughout the different measurements for

consistency. The spectra are recorded using a high resolution (20 MHz) OSA. The plot shows
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that by varying the IFB section current, there is a change in both the emission wavelength
and the output power of the device. As per the analytical analysis in [1], there exist different
regions of resonance frequency depending on the phase of the feedback signal. Varying the
bias applied to the IFB section would result in variation of the phase. Hence, the resonance
frequency is varied causing a change in the emission wavelength. When the IFB section is
turned off, the carrier photon resonance (CPR) is dominant. Increasing the bias of the IFB
section would result in variation of the signal phase leading to the photon photon resonance
(PPR) becoming dominant. The latter causes the variation in the resonance frequency and
the emission wavelength. The IFB section bias variation results in moving the DFB mode to
a lower wavelength. This behaviour can be compared to the external injection case, where
the master laser emission wavelength is detuned from the free-running slave laser
wavelength [7]. In that sense, the variation of the bias of the IFB section results in a change
in a phase change of the feedback signal. This phase variation causes a variation in the
resonance frequency due to the laser entering a region where the PPR is dominant over the
CPR causing a frequency detuning of the feedback injection coming from the passive section.
This detuning can also be considered as the predominant reason for the improvement in
MBW as will be discussed in the device dynamic characterisation section in the latter part of
this chapter. The position of the lasing wavelength relative to the feedback spectrum of the
reflector section depends on the refractive index difference between both sections, which

changes if the carrier densities vary [8].
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Figure 5.2: (a) L-I curve of the PFL device with the IFB section turned off and biased at 4.25 mA, (b)
Optical spectra of the PFL device with the DFB section biased at 50.3 mA while the IFB section bias is
tuned from 0 to 5 mA.

The phase and the power of the feedback signal can be easily controlled through varying
the bias applied to the IFB section. Depending on the bias applied to the section, the
carrier density is varied. Hence, the phase and the strength of the feedback section is
varied [9].
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Tuning the phase (via varying the bias applied to the passive section can result in a phase that
matches the phase of the signal being emitted by the DFB section. This scenario would result
in constructive interference with the DFB laser signal [1] improving different intrinsic laser

parameters such as laser linewidth, RIN and MBW.

In order to gain a deeper understanding of the behaviour of the device, contour plots of the
main mode peak power and emission wavelength versus bias currents of the DFB and IFB
sections are generated. A python script is used to automate control on the bias and

temperature controller, and the OSA.
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Figure 5.3: Varying DFB and IFB bias values with the resultant contour plots of (a) Peak power of the
main mode, (b) Wavelength of the main mode.

Figure 5.3(a)&(b) show the contour plots of the peak power and wavelength of the main
mode, as a function of the DFB and IFB bias currents. The presented contour plots provide a
clear roadmap for determining the optimum operating bias points for both sections of the
device. For the DFB, the bias current is varied from 7 to 65 mA, while for the IFB, it is varied
from 0 to 25 mA. The maximum bias limits are as per the recommendations of the
manufacturer. In Figure 5.4(a), it can be observed that the DFB has a threshold of ~7 mA,
when the IFB bias is set to 0 mA. The threshold value decreases with an increase of the IFB
section bias. This can be related to the larger absorption that the light experiences passing
through the passive section when it is biased at lower values. This behaviour can be seen
across different areas of the contour plot, except for the areas that have an abrupt step

change of colour, where two different modes are competing for power.

Figure 5.3(b) allows the identification of three different wavelength regions of the device
(marked as R1, R2, and R3 in the plot). The wavelength of the device can be tuned gradually
over a ~3.5 nm range (1534 to 1537.5 nm), by varying the bias currents of both sections. In
R2, there is a gradual change in the wavelength of the main mode as a result of the
temperature changes due to the Joule effect caused by the increase of the bias currents

supplied to both sections [10]. On one hand, the increase in bias currents raises the
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temperature of the active layer of the laser, which leads to a redshift in the device
wavelength [11]. On the other hand, at the region of low currents of DFB (<20 mA) and IFB
(<5 mA), increasing the bias on the IFB section results in a raise in the bandgap energy leading
to a carrier induced effect on the refractive index of the laser causing a slight blue shift of the
wavelength [12]. The temperature effect on the refractive index supersedes the carrier
induced effect, which eventually results in a red shift. Mode hopping defined as the temporal
variations of the mode powers exhibiting random switching by nonlinear coupling among
them [13], occurs in two different regions (R1 and R3) and is marked by the abrupt step
change of the colour. In a WDM communication system, the mode hopping can cause power
fluctuations and transmission on a different wavelength, which may lead to undesired
interference among the different channels, eventually causing a deterioration of the system
performance [13]. Hence, the device should not be operated at bias points where mode
hopping is experienced. The presented contour plots provide a clear roadmap for
determining the optimum operating bias points for both sections of the device, ensuring a

single-mode emission, with a high output power and no mode hops.
5.3.2.2 Linewidth and RIN experimental characterisation

Linewidth measurements

Linewidth measurements are conducted on the PFL using the same DSH technique

mentioned in Section (3.4.2.1) in Chapter 3 with a 50 kHz resolution.

The first step is to examine the PFL linewidth with the DFB biased using an ITC 502 benchtop
laser driver (LD) (with an RMS noise of <1.5pA according to the specifications) and the IFB
biased using Thorlabs LDC205C LD (with an RMS noise of <3pA according to the
specifications). In Figure 5.4(a), the blue plot represents the case with no feedback (IFB bias
= 0 mA) while the red plot represents the case when the IFB is biased at 0.7 mA. With the
current controllers / laser drivers used, 0.7 mA is found to be the optimum IFB bias point for
obtaining the lowest linewidth relative to any other IFB current. The low output power can
be attributed to the low power in the beat tone sent to the photodiode. This is because of
the different losses incurred in the different parts of the DSH setup, and it is not relevant to
the integrity of the measurements. For the first case where the IFB is biased at 0 mA, the
laser has an 8.45 MHz linewidth. For the second case where the IFB is biased at 0.7 mA, the
laser linewidth increases to be 21.45 MHz. This result is opposite to what is expected, as the
optimised feedback (where there is a phase match between the feedback signal and the laser

main signal) should result in the reduction of the laser linewidth as reported by various
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research efforts previously conducted [14], [15], [16]. The wider optical linewidth can be
attributed to the noise of the LD used to bias the IFB section. It is well known that the noise
of the current source contributes to a wider optical linewidth. According to [17] [18], as the
current fluctuations are increased, the linewidth shape should tend from the standard
Lorentzian to a Gaussian. The rate at which the linewidth increases is according to the square
of the fluctuations for low values of standard deviation of the current noise, but as the noise
becomes larger, the dependence becomes linear. Hence, this current source (Thorlabs
LDC205C) (RMS noise of <3uA) is replaced by an ultra-low noise LD (Koheron DRV110-A-375),

with a much lower RMS noise of ~ 265 nA.
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Figure 5.4: (a) PFL linewidth for the DFB biased at 55 mA using ITC 502 laser driver (LD) with the IFB
turned off (blue) and biased at 0.7 mA using Thorlabs LDC205C LD (red), (b) PFL linewidth for the DFB
biased at 55 mA using ITC 502 laser driver, IFB biased at 0.7 mA using Thorlabs LDC205C laser driver
(blue) and Koheron DRV110-A-375 LD (red), and (c) Normalised 0.1 nm span optical spectra for the
without (blue) and with feedback (red) cases.

Figure 5.4(b) shows a comparison of the generated linewidth using the two different current
sources (LDC205C & DRV110-A-375) on the IFB section while the DFB section uses the ITC
502 LD. The two sections are biased at the same point (DFB =55 mA, IFB = 0.7 mA). The ultra-
low noise LD (DRV110-A-375) generates a much narrower linewidth, of 4.35 MHz as denoted
by the red plot in Figure 5.4(b), in comparison to the blue plot in the same figure which shows
the 21.45 MHz linewidth due to the other current source (LDC205C). It is evident that there
is a significant reduction in the linewidth when the ultra-low noise LD is used. The reason for
this is that beside the typical factors determining the linewidth of the laser such as the
fraction of the spontaneous emission coupled into the lasing mode, the phase-amplitude
coupling factor and the carrier density fluctuations in the cavity, there exists another
important factor which is the current noise of the LD. The bias current supplied by this driver
is responsible for changing the laser refractive index [19] and consequently, the wavelength
of the laser. The noise component of this current translates into lasing frequency fluctuations
contributing to the overall measured linewidth [20]. Moreover, the IFB passive section has a

higher sensitivity to low frequency noise than the active section, which results in the
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broadening of the laser linewidth. This is because there are two main sources of the low-
frequency noise: the 1/f noise [20] and the injection recombination shot noise (IRSN) that is
particularly present in the passive tuning sections of the laser [21]. In the active sections, the
IRSN is usually suppressed by the gain saturation [22]. However, the passive laser sections
suffer from refractive index fluctuations, that are generated as a result of the carrier
fluctuations not being damped by the radiation carrier interaction [23]. This effect then
results in a widening of the laser linewidth that is not dependant on the optical power of the
laser [23]. Hence, this is considered as the limiting reason for not achieving a narrow
linewidth in the order of kHz using the feedback from the integrated passive section.
Moreover, the obtained results suggest that the low frequency noise generated from the
laser driver has more impact on the phase noise generated by the IFB section than the photon
noise. According to that, we proceed with our measurements, using the ultra-low noise
current source to bias the passive section. Figure 5.4(c) shows the output optical spectra of
the PFL with the DFB biased at 55.55 mA and the IFB biased at 0 mA (blue) and 0.7 mA (red)
plotted on a normalised wavelength axis, with the emission wavelength of the laser, for each
biasing point, corresponding to 0 nm. The resulting spectra shown in the figure, clearly show
the reductionin the laser linewidth due to feedback. However, the measured linewidth (MHz)
is still higher than the expected linewidth (kHz). To have more clarification on this issue and
to confirm the possibility of achieving a narrow kHz order linewidth experimentally, we
conduct another linewidth measurement of the PFL device using an external loop to affect
the self-seeding as shown previously in Figure 5.1. The filter shown in the diagram was not

used as the PFL consists of a DFB (single mode) laser.
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Figure 5.5: (a) PFL linewidth when the device is self-seeded with the aid of an external cavity, (b) RIN
values (0-6 GHz) of the PFL with DFB biased at 55.5 mA and IFB biased at 0, 0.7,5,15 and 25 mA.

A tunable optical delay is inserted in the path to optimise the phase of the feedback. The
DFB bias is kept constant at 55.55 mA and the IFB is turned off to minimise its influence on

the
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laser linewidth. Again, the measurements are carried out using the DSH technique, with a
resolution of 50 kHz. This time, the measured linewidth of the PFL device under the influence
of external self-seeding is 65 kHz as shown in Figure 5.5(a). This value is similar in order of
magnitude to what is expected and have been shown in previous reports applying a similar
external loop/cavity technique. This result highlights on one hand, the effectiveness of self-
seeding in reducing the linewidth of the PFL laser to kHz order, on the other, the significant
difference between the feedback from an external cavity and that provided by the integrated
passive section. The internal noise generated in the passive section can be considered as the
limitation, that is preventing the PFL to have much lower linewidth values (kHz order) when

applying the integrated feedback.

RIN measurements

The next step is to measure the RIN of the PFL at different bias scenarios.

IFB Bias point (DFB biased at 55.55 mA) Obtained Averaged RIN value (0-6 GHz)
(dB/Hz)
0 mA -159.281
0.7 mA -157.44
5mA -158.596
15 mA -159.798
25 mA -159.021

Table 5.1: Measured averaged RIN values for the PFL (DFB biased at 55.5 mA and IFB bias is varied
from 0 to 25 mA).

The RIN is measured using the same setup diagrams and equations, that is previously
described in Section 3.4.2.2 in Chapter 3. Figure 5.5(b) shows the obtained RIN of the PFL for
the DFB biased at 55.55 mA and the IFB bias at 0, 0.7, 5, 15, and 25 mA respectively. The
obtained averaged RIN values (0-6 GHz) for the different bias scenarios are listed in Table 5.1.
There is no direct influence of the feedback on the RIN, whose value remains similar except
for the lower frequency region (<1 GHz). This can be attributed to the noise of the electronics
used in the measuring setup. In all bias scenarios presented, the device generates a low RIN
value (<-150 dB/Hz) at frequencies > 1 GHz that qualifies it as a potential candidate to be
used in systems employing multilevel intensity schemes [24]. It is important to note that ROF
of the laser is higher than the bandwidth of the ESA used. As a result, the noise peak

corresponding to ROF does not appear in the RIN measurements plots shown in Figure 5.5(b).

Having examined the effect of the integrated feedback on the generated linewidth and RIN

values of the PFL device, the next step entailed the examination of the influence of the
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feedback on the frequency response and MBW of the device by conducting a series of

dynamic characterisations.

5.3.3 Dynamic characterisation

Direct modulation presents a simpler, lower-cost alternative solution to external modulators
which are both bulky, have a high insertion loss, and can lead to a higher cost. Direct
modaulation is achieved by adding the data signal to the bias current of the laser [25] resulting
in an intensity modulation of the laser output power. However, the achievable data rates are
limited, due to the intrinsic MBW of the laser which is restricted by the conventional CPR
phenomenon [26]. There have been several techniques proposed for extending the MBW.
Amongst them, external optical injection has been reported to extend the laser modulation
bandwidth by up to three times [27] [28]. PICs implementing on-chip injection through an
integrated master-slave configuration have also been reported to extend the MBW of the

slave laser [3].

The frequency response of the PFL is measured using the same setup diagram shown in
Figure 4.10 in Chapter 4. A RF signal at a power of -10 dBm, with a frequency that is swept
between 0.045 to 40 GHz, is generated using a vector network analyser (Agilent Technologies
E8363A) and applied to the PFL through the RF connector attached to the DFB section. The
output of the laser is then detected using a 50 GHz photodetector (Finisar XPDV21x0R) and

connected to port 2 of the VNA to measure the S21 parameter (i.e., the frequency response)

of the PFL.
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Figure 5.6: Measurements of the PFL’s frequency response with the following bias conditions: (a) DFB
=25mA, IFB=0, 5.31, 13.02, and 21.98 mA, (b) DFB =45 mA, IFB =0, 3.67, 12.27, and 23.32 mA, and
(c) DFB=55mA, IFB=0, 2.23, 8.13, and 17.38 mA.

The measurement is performed for three different DFB bias currents: 25, 45 and 55 mA whilst
varying the IFB bias at each of the DFB bias currents. Figure 5.6(a-c) show the results together
with the values of the IFB currents used. For the DFB bias of 25 mA, the best frequency

response featuring a wide ROF peak around 31 GHz, is obtained for an IFB current of 5.31
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mA. Beyond that value this peak diminishes, however there is a moderate improvement in
the 3-dB MBW of the laser, from 8.2 GHz (minimal feedback with IFB at 0 mA) to 13.9 GHz at
IFB of 21.98 mA. For higher DFB biases, the enhancement in the frequency response becomes
more pronounced and occurs at higher frequencies (35 GHz for DFB section biased at 45 mA
and 36.4 GHz for DFB section biased at 55 mA). The plots also show that as the DBF current
is increased, the bias of the IFB section that provides the peak at the higher frequency
reduces. This suggests that the peak happens at a certain feedback level: as the bias to DFB
section increases so does the output power of the laser. Thus, the same feedback level is
obtained at a lower IFB bias. While a laser with such a peaky frequency response is not ideal
for application as a directly modulated transmitter, however it is ideally suited for the
generation of OFCs using gain switching, which will be investigated in the next sections of
this chapter. Gain switching favours the high response (peak) at a given frequency value. On
the other hand, direct modulation favours a more linear frequency response curve. Prior to
showing the results of gain switching the PFL, a simulation model will be presented to explain

and understand the operation of such a laser in more detail.

534 Simulation model

To gain a better understanding of the impact of the power level and phase shift of
the feedback on the performance of the PFL, a simulation model is constructed
using VPItransmissionMaker™ software. It consists of an active DFB laser, a reflective
coupler and a delay signal link component. The latter is a VPltransmissionMaker™
module (an optical fibre) that controls the time delay, over the feedback path, as shown in

Figure 5.7(a).

The value of the phase shift can also be varied through the phase shift
parameter implemented in the same component. The simulation parameters used for
this model are listed in Table 5.2. They correspond to the physical parameters of the
physical device that has been used in the experimental characterisations highlighted earlier
in this chapter. The carrier capture time constant and linewidth enhancement factor values

were obtained from [1].

First, we measure the L-I curve of the DFB laser, with no feedback. As can be seen from
the blue plot in Figure 5.7(b), the stand-alone DFB laser has a threshold of 15 mA. Next
step is to apply the feedback signal and to optimise its level (by changing thereflectivity

of the coupler) to achieve a reduction in the threshold value [29] [30].
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The reduction in the threshold can be attributed to re-injection of optical signal from the
feedback path. The red plot in Figure 5.7(b) shows that the minimum threshold of 5 mA is
obtained for a feedback level of -10 dBm. Finally, the optical delay in the feedback path is
varied and the corresponding effect on the laser LI curve is observed. Setting the delay to
1.15 ps does not cause a change in the threshold current value. However, it slightly
increases the slope of the LI curve, as shown by the green plot in Figure 5.7(b). The
calculated slopes for the L-I curves of the three cases (no feedback, -10 dBm feedback
without and with 1.15 ps delay) are 0.4, 0.38 and 0.42 mW/mA respectively. The 1.15 ps

delay corresponds to a cavity length of 175 um according to the following

2L
equation t = - where t is the time delay that the signal experiences inside the cavity, L is

the cavity length and C is the speed of light in the semiconductor material. This particular
length is chosen as it corresponds to the length of the IFB section of the physical device used
in the experiment. Having decided about the optimum parameters for the simulated model,
we now move to measure the linewidth of the simulated model with and without the

influence of the feedback.
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Figure 5.7: (a) Schematic diagram of a PFL VPItransmissionMaker™ simulation, (b) L-I curves of the
PFL for: no delay and no feedback (blue), no delay and -10 dBm feedback level (red) and 1.15 ps delay
and -10 dBm feedback level (green).

Parameter Value
DFB section length 160 pm
Active region width 2.5 um
Carrier capture time constant 20 ps
Linewidth enhancement factor -4

Table 5.2: Simulation parameters used for the PFL model.
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5.3.4.1 Linewidth characterisation using the simulation

model

Linewidth measurements, employing the simulation model built, are conducted to examine
the effect of varying the delay and phase shift of the feedback on the optical linewidth of the
laser. One of the main goals is to calculate the linewidth value for 1.15 ps delay and to check

if varying the delay and phase shift will result in obtaining a narrower optical linewidth.

Figure 5.8(a) shows the measured linewidths of the simulated model at different bias values
of the DFB, with a -10 dBm feedback signal and without any delay or phase shift applied to it.
The linewidths of the laser are measured to be 14.48 MHz, 9.57 MHz, 677.5 kHz for bias

values of 25, 50, 75 mA respectively.
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Figure 5.8: Linewidth measurements using the simulation model for: (a) Bias values of 25, 50, and 75
mA of the DFB (inset: optical spectra for the same), (b) Phase shifts of 0°, 60°, 90° and 180° applied to
the feedback (inset: corresponding optical spectra).

The linewidth reduction with an increase of bias current is as expected and results from the
fact that increasing the gain value leads to a decrease of the linewidth enhancement factor,
hence the spectral linewidth [31]. The insets show the corresponding optical spectra for the
same bias values. Increasing the bias results in a redshift of the laser emission. This behaviour
is similar to the one observed with the physical device as shown previously by the contour
plot in Figure 5.3(b). The increase in bias currents raises the temperature of the active layer
of the laser, which leads to a redshift in the device wavelength. Next, the impact of varying
the delay and phase shift of the feedback on the laser linewidth is investigated. To this effect,
the bias current of the DFB is set to 75 mA and the linewidth measurements are conducted
again. A narrow linewidth of 35.68 kHz is obtained for a delay varying between 0.98 and 1.2

ps, corresponding to an external cavity of a length between 147-180 um. The delay is set to

160



an intermediate value of 1.15 ps which corresponds to the length of the IFB section in the
physical device. The linewidth is measured at this particular delay value while varying the
phase shift of the feedback. Figure 5.8(b) shows the linewidth results for phase shift values
of 0°, 60°, 90° and 180°, giving a linewidth of 31.6 kHz, 120 kHz, 1.82 MHz, and 2 MHz
respectively. Increasing the value of the phase shift results in the widening of the laser
linewidth. This can be attributed to the phase mismatch between the feedback signal and
the laser main signal resulting in the generation of more phase noise and widening of the
linewidth. The inset in the figure presents the optical spectra of the laser corresponding to
the same values of phase shift. It shows that in addition to degrading the linewidth, the
increase in the phase shift value also results in a redshift of the wavelength of the laser. The
simulation results show that the optimum parameters to obtain the narrowest linewidth are

a 1.15 ps delay and 0° phase shift on the feedback signal.

To conclude, the L-1 curves show that with applying feedback, the threshold value decreases
due to the re-injection of optical signal to the laser. This is contrary to the results shown in
the experimental section. The difference maybe attributed to the fact that the simulation
model considers a simple external cavity, while for the experimental case, it is an integrated
device with both sections having cavity effects on each other. For the emission wavelength,
there is a good agreement between the simulation and experimental results as there is a red
shift in wavelength with the increase in bias. Moreover, variation of the laser output

linewidth shows a good agreement between the simulation and the experimental cases.

5.3.4.2 Frequency response characterisation using the

simulation model
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Figure 5.9: Frequency response measurements of the simulated PFL without feedback (blue), -10 dBm
feedback (red) and -40 dBm feedback (green).
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As previously mentioned, the optical feedback has been shown to have a positive influence
on extending the laser MBW [32]. The PFL makes use of the self-seeding technique to benefit
from a highly extended MBW stemming from the PPR phenomenon which will be discussed

in more detail in the next paragraph [33] [34].

The first step is to examine the effect of the feedback on the MBW of the simulated model
of the laser. Without applying any feedback, the DFB section biased at 50 mA has a 3-dB
MBW of 16.5 GHz, as shown by the blue plotin Figure 5.9. Applying the feedback with a delay
of 1.15ps, 0° phase shift and an initial value of -10 dBm while keeping the DFB section bias at
the same value, extends the 3-dB MBW to 32.5 GHz as shown in the red plot in Figure 5.9.
Decreasing the feedback power to -40 dBm, further improves the frequency response of the
device, with the 3-dB bandwidth exceeding 40 GHz. This can be related to variation of the
PPR with varying the optical power that is fedback to the laser. The appearance of this peak
is owed to the PPR phenomenon which results in the expansion of the laser MBW to higher
values beyond the conventional limits set by the traditional CPR limited by the laser intrinsic
MBW [26]. The PPR peak is located at a higher frequency value [35], which is equal to the

frequency difference between the two dominant longitudinal modes of the laser [36].

In summary, the simulated frequency response results have a good agreement with the
previously shown experimental results. Careful optimisation of the phase shift, delay that the
feedback signal experiences during its path in the passive section results in the introduction
of the PPR peak in the frequency response curves at values much higher than the traditional
CPR peaks. This has a direct influence on extending the laser MBW to a higher value allowing

the usage of the laser with much higher data bit rates.

5.35 Experimental gain switching of the PFL laser

One of the main challenges facing the gain switching technique is the limited number of the
generated OFC tones, as the latter mainly depends on the MBW of the laser. Several
techniques have been proposed for the expansion of the gain switching based OFC. In [37],
the authors combine two gain switched OFCs and expand them using a phase modulator.
This results in the generation of 42 highly correlated OFC lines separated by 6.25 GHz, with
an OCNR of over 50 dB. While such a scheme generates a relatively high number of OFC lines,
it suffers from high insertion loss and cost due to the employment of a number of lasers and
optical components including polarisation controllers, optical delay lines and a phase
modulator. Another OFC expansion technique using self-phase modulation effects is shown

in [38]. However, this technique also suffers from additional complexity and cost.
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Another simple, compact, and cost-effective method for OFC expansion is the use of a
photonic integrated device that comprises two lasers, applying in-chip optical feedback

technique.

As shown previously, the feedback signal can improve the frequency response of the laser.
In this section, the influence of self-seeding on an OFC generated by gain-switching the PFL
is examined. The DFB section is gain-switched using a 6.25 GHz sinusoidal RF signal, with an
RF power of 23.78 dBm. At first, the DFB section is biased at 50.3 mA and the IFB section is
turned off. The generated OFC, shown by the blue plot in Figure 5.10, exhibits 5 lines, within
a 4 dB from the spectral peak, with an OCNR of 47 dB (measured at the middle tone). Next,
the feedback section bias is turned on and adjusted to achieve an optimum OFC (in terms of
best spectral flatness and the largest number of OFC tones).
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Figure 5.10: Optical spectra of generated OFC from the PFL device, with the IFB turned off (blue), with
the IFB biased at 2.87 mA (red).
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Figure 5.11: (a) Measured linewidth of the middle-filtered OFC tone with the IFB turned off (blue),
with the IFB biased at 2.87 mA (red), (b) Measured RIN of the middle filtered OFC tone for the same.

The result, for an IFB current of 2.87 mA, is portrayed by the red plot in Figure 5.10.
The expanded OFC exhibits 12 lines within the same 4 dB optical power range (from the

peak). The OCNR is measured to be 47 dB. This increased number of tones can be used as

163



additional data channels from the same device, improving the energy efficiency and

reducing the footprint of the multicarrier transmitter.

Next, we examine the effect of the expansion on the quality of the generated comb, by
measuring the linewidth and RIN of the individual (filtered) OFC tones. Figure 5.11(a) shows
the measured linewidth for the cases of no feedback (IFB bias = 0 mA) (blue plot) and with
the IFB section biased at 2.87 mA (red plot). The respective linewidths of the middle OFC
tones (tone 0 in both OFCs) for no feedback and with IFB biased at 2.87 mA cases are 21.29
and 22.5 MHz respectively. This shows as a proof of concept that the linewidth of the OFC
tone is not affected by the expansion due to the feedback. High linewidth values can be

attributed to the LD based noise as previously explained.

RIN measurements are conducted for the same OFC tone and shown in Figure 5.11(b). In this
case, applying the feedback does a slight improvement in the RIN value from an original value
of -127.4 dB/Hz to be -130 dB/Hz. As mentioned before, the obtained RIN values for both
bias scenarios are satisfactory (<-120 dB/Hz) for using the expanded OFC in optical networks

employing multi-level intensity modulation schemes.

5.4 Conclusions

In this chapter, a detailed characterisation of a PFL is carried out prior to it being used for the
generation of an expanded OFC. A VPItransmissionMaker™ simulation model was presented
to give a detailed analysis of the device behaviour under different conditions of the feedback
signal. The results show that applying the feedback results in enhancement of the 3-dB MBW
values to exceed 40 GHz. Moreover, the feedback results in narrowing the laser linewidth up
to 31.6 kHz. Experimentally, by using on-chip optical feedback, a narrow linewidth in order
of kHz is not achieved, due to the noise generated from the current source used to bias the
passive section. Nevertheless, a linewidth reduction from 8.45 to 4.35 MHz as a result of
applying feedback is demonstrated. Moreover, RIN measurements of the device show values
as low as -159.7 dB/Hz. Experimental dynamic characterisation of the device demonstrates a
remarkable enhancement in the MBW resulting from the PPR phenomenon, which improves
the frequency response at certain frequency values due to applying feedback by biasing the
IFB section. The experimental results show a general good agreement with the simulation
ones. The enhanced MBW results in achieving an expanded gain switched OFC. By careful
optimisation of the bias of the two sections, a discernible enhancement of the number of

OFC tones within the 4-dB optical power range from 5 to 12 tones is demonstrated. linewidth
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measurements of the additional comb tones show no widening due to the expansion and
stays almost the same value at 22.5 MHz, while the RIN measurements show a slight

improvement in the RIN value from an original value of -127.4 dB/Hz to be -130 dB/Hz.

The improved spectral characteristics as of the optimised in-chip feedback, accompanied by
the attractive features of photonic integration such as compactness, cost-effectiveness,
lower footprint, and power consumption qualify the device to be used in the next-generation

of short-reach optical networks.
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Chapter 6

Noise figure and saturation
characteristics of multi-
section semiconductor
optical amplifier

6.1 Introduction

The massive increase in demand for higher internet speed and bandwidth has ignited a
tremendous development of the field of optical communications in the last few decades. The
growing demand for bandwidth makes the optimum utilisation of the legacy optical fibre
infrastructure essential. A possible solution to maximize the use of the existing network
resources, is the employment of flexible super channel based optical networks [1]. In such
networks, improved spectral efficiency can be achieved by using densely packed channels
where the channel spacing could be reduced to 6.25 GHz or even lower. Such a close/tight
channel spacing imposes a strict and challenging requirement on the frequency stability of
the laser transmitter [2]. An attractive solution that meets these demands, entails the use of
an OFC, which has been the major focus of this work. OFCs provide multiple carriers that are
intrinsically equidistant in frequency. The precise FSR of a comb enables the reduction of the
size of guard bands between data channels, thereby significantly enhancing the spectral

efficiency of a network.

While OFCs provide several advantages, they suffer from low comb line power (CLP). This is

mainly due to the output power of the laser being shared amongst all the generated comb
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tones. This means that the larger number of comb tones that are typically sought after, for
employment in optical fibore communication systems, leads to an even lower CLP. It is also
important to note that the CLP is worsened by the insertion loss of a passive demultiplexer,
required to separate the carriers/comb tones prior to data modulation. As a result, an
external optical amplifier is required to enhance the CLP. As aforementioned in Section 1.3.2
in Chapter 1, there exist different types of optical amplifiers. EDFAs is the most commonly
used amplifier in optical networks due to their outstanding inherent characteristics in terms
of gain. SOAs are an attractive alternative to EDFAs, as they provide several advantages such
as their susceptibility for integration, which in turn provides a simpler, lower cost and lower

footprint solution.

With the current trend of expanding the optical networks bit rates up to 100 Gbit/s, optical
fibre cables are deployed closer and closer to the end user [3]. Thus, low cost and flexible
optical components are needed now more than ever for implementation in the optical
networks, especially in short reach access networks, where there are more stringent
requirements on cost (CAPEX and OPEX). In such scenarios, SOAs offers a versatile, low cost
and flexible solution for optical amplification [4]. It possesses two main advantages over
other optical amplifiers as discussed previously in chapter 1. Having a similar general
structure as a semiconductor laser allows SOAs to lend themselves to photonic integration
[5]. Furthermore, they can be used to perform signal processing due to the non-linear effects

in the semiconductor medium, which can be availed of if required [6].

The compactness and relatively low fabrication costs of SOAs qualify them as a strong
candidate for amplification and transmission extension in short reach optical networks (such
as PONs and data centre networks). However, one of the main reasons for SOAs not being

used widely is the high NF and the effects of gain saturation at high input optical powers [7].

In this chapter, a photonically integrated multi-section SOA is introduced for tackling the
issues of high NF and/or the low saturation power. Depending on the bias configuration
applied to the different sections of the device, the carrier density inside the cavity can be
tuned which allows the device to be flexible for various functions requiring different
specifications. In addition, the proposed SOA can be photonically integrated with other
devices. As mentioned above, one of the mains challenges facing gain switched OFCs is the
low CLP. An SOA can be used to solve this issue, as it can provide amplification and be
integrated with the PICs used for the OFC generation (such as the ones presented earlier in

Chapters 4 and 5 of this thesis). Such integrated devices containing both the laser (OFC
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generator) and SOA can serve as a reliable transmitter in next-generation short reach optical

networks.

6.2 Semiconductor optical amplifiers (SOAs)

6.2.1 Historical development and Operational

concept

The historical development of SOA has been closely connected with the development of
semiconductor lasers, as both share almost the same structure. The first SOAs were
demonstrated in 1964 [8]. Having a very similar structure to the semiconductor FP lasers,
SOAs benefited from major improvements when the double heterostructure idea was
proposed [9]. The first transmission experiment employing an SOA was conducted in the
1980s [10]. However, the EDFA introduction in the late 80s as a strong competitor for the
SOA for in-line amplification have affected the research society interest in the SOAs
development [11]. In the 1990s, an SOA that can offer high gain and high saturation power
was demonstrated [12]. Since then, SOAs have passed through different phases of
development. Like semiconductor lasers, SOAs are mainly based on IlI-V group
semiconductor materials. Starting from the 1990s, the focus was to manufacture SOAs based
on InP with InGaAsP active regions [13]. This was mainly driven by the fact that these
materials can amplify optical signals in the 1300-1600 nm wavelength range, which is the
operation region of choice for optical fibre communications as previously mentioned.
Different types of SOAs are currently available in the market as commercial products.
Depending on their operation regime, SOAs can be broadly classified into two main
categories: FP SOAs, where a semiconductor laser is biased slightly below threshold and used
as an SOA in an FP cavity, where the FP cavity is characterised by multiple reflections at the
facets with reflectivities [14]. The latter results in the observation of a cavity resonance,
leading to undesired large gain ripples in the output gain spectrum. The second category is
the travelling wave (TW) SOA, where the oscillations are relatively prevented to create a
single pass gain [14]. TW-SOAs have reduced facet reflectivities due to dielectric coatings at
the air-semiconductor interface [15]. This results in an output gain spectrum that is both
broad and relatively flat. However, the imperfection in the facet coating for some values of

wavelengths results in the existence of some cavity resonance.
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Figure 6.1 shows a typical structure of an SOA. An electrical bias is injected into the device to
achieve optical gain for the injected optical signal. The injected signal is trapped in the active

region through the refractive index guiding, where the optical gain occurs [15].

The different characteristics of an SOA depends on various parameters such as the bias
current, the injected optical signal level, and the temperature of the device. Moreover, one
of the main parameters affecting the properties of the SOA is the structure and dimensions
of the active region. SOAs active regions are classified into three main categories: bulk,
guantum wells (QWs) and quantum dots (QDs). Bulk SOAs employs a symmetrical waveguide,
where a square shaped sub-micron bulk active region is placed in a regrown buried structure
[16]. This allows both TE and TM polarisation to have the same confinement factor, due to

the rotation symmetry of the active region. An SOA with an active region whose dimensions
are significantly greater than the De Broglie wavelength (15) where (A5 = g, h is Planck’s

constant and p is the carrier momentum) can be considered as a bulk SOA [15]. This

technology provides a large confinement factor and amongst the rest is quite mature.
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Figure 6.1: Schematic diagram of a typical SOA structure.

A QW SOA has a relatively similar structure to the bulk SOAs, except that the active layer
thickness of the former is reduced to the order of 10nm where quantum effects play an
essential role [14]. This is done to confine the carriers to two dimensions only, while the third
dimension has a scale in the order of A5. In QWs SOAs, the profile of the electron density of
states is a step function, rather than a random continuous spread of the possible states [17].
This results in the QW SOAs having a broad gain spectrum due to the reduction in the
dependency of the gain on the photon energy [18]. The small dimensions of the QW SOAs

result in them having a smaller confinement factor than the bulk SOAs. Furthermore, the
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threshold current of them is also much lower than that of the bulk SOAs. On the other hand,
the saturation output power of the QW-SOA is improved compared to the bulk-SOA as a

result of the lower differential gain coefficient.

QD SOAs are tiny semiconductor materials with dimensions in the nm region/order. They
provide better gain bandwidth and higher saturation power compared to the QW SOAs [19].
Moreover, they possess a much faster gain dynamics than other types of SOAs [20]. However,
QD SOAs are still in the development stages. Improvements in both the quality of the material
used and the modal gain of the device would be an important step for consideration of QD
SOAs in future applications [21]. In [22], authors demonstrated an ultra-fast QD-SOA- Mach-
Zehnder interferometer (MZl)-based XOR gate operating under 1, 2, and 2.5 Tb/s input bit

sequences with Q factors of 28.4, 8.8, and 4.9, respectively.

6.2.2 SOA parameters

There exist some main parameters that are used to define the SOA performance and its
potential to be used in current optical networks. These parameters depend on different
factors such as the SOA structure, fabrication materials used, length of the device etc. This

section provides a brief explanation of these parameters.

Optical gain: It can be considered as one of the most important operational parameters of
optical amplifiers in general. A typical SOA generates an optical gain, in the active region,
when population inversion is reached. The gain parameter can be simply defined as the ratio
between the output signal power and the input signal power when it passes through the SOA.
The gain in SOAs depends on both the injected signal level and wavelength (related to the
gain curve) and can be calculated using the following formula:

Go

B 1+G)

(6.1)

where G, is the small signal gain, P is the input optical power and Ps is the saturation input
power (input power at which the gain of the SOA is reduced to half its maximum value). The
small signal gain (SSG) can be defined as the highest achievable gain in an optical amplifier.
Typically, optical amplifiers can handle a maximum input signal level. When the input signal

level is too high and exceeds that maximum value, the amplifier saturates.

Figure 6.2 shows a theoretical representation of a typical gain curve of an SOA versus its
output power. At low input levels, the output power is almost equal to the SSG. Increasing

the input power would result in depleting the carrier density inside the SOA leading to a
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reduction in the gain value. When the gain decreases by 3 dB (half of its maximum value),
the corresponding output power value is called the output saturation power (Psat,,;). The

relative input power will be called the input saturation power (Psat;y,).

The Psat,,,; is an indicator of the upper limit of an SOA linear operation region. An ideal SOA
would have a Psat,,; value that is as high as possible. Different device parameters define
the Psat,,; value such as the confinement factor, saturation energy and loss coefficient

[23].
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Figure 6.2: Output power of an SOA versus its gain showing the 3 dB saturation point.

Noise figure (NF): Introduction of noise to the input signal during the amplification process
is a typical behaviour and portrayed by all amplifiers. The NF is a parameter used to quantify
the noise characteristics of an amplifier. The noise in an SOA is mainly contributed by the
amplified spontaneous emission (ASE). The NF can be defined as the measure of degradation
of the signal to noise ratio (SNR) in a device. It is the ratio of the SNR at the input to the SNR
at the output. The degradation of the SNR is because of the amplification process and can be

calculated using the following equation:

NF = 10 * logy, (SNRin) (6.2)

SNRoyt

There exist other different sources of noise contributing to the overall NF of the SOA such as
signal-spontaneous beat noise and spontaneous- spontaneous beat noise and multi-path
interference noise (MPI). The signal-spontaneous beat noise arises from the beating between
the signal photons and spontaneously emitted photons in the same polarisation as the signal
when both are incident on a photodiode. This type of noise depends mainly on the incident
signal photon density, which means that it increases at high input signal powers to the SOA.

On the other hand, spontaneous-spontaneous beat noise is caused by the beating among the
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different frequency components of the spontaneous emission within the same state of
polarisation. It also manifests itself during the detection process in the photodiode. Finally,
MPI is caused by multiple reflections during the input signal path in the SOA cavity. With the
lack of an optical isolator at the output of the SOA, ASE can be reflected back into the cavity
of the SOA, which can in turn causes an increase in both signal-spontaneous and
spontaneous- spontaneous beat noises. Thus, an optical isolator can be used to prevent back
reflections into the SOA cavity. In this case, the source of MPI would be the reflectivity of the

cavity facets, which is typically low in the case of TW- SOAs and can be neglected.

The NF is known to be one of the main limiting factors of the wide use of SOA especially in
comparison to EDFAs. The latter can have NFs as close as possible to the quantum limit of
3 dB. One of the main contributions, listed later in this chapter, is the use of a multi-section
(MS) SOA. Such an MS-SOA, where the NF can be enhanced by the accurate control of the
bias applied to each SOA section, is characterised and shown to be capable of operating with
reduced NFs or increased saturation powers. Such operation is achieved through better

control of the carrier density distribution along the amplification medium.

Non-linear effects: It starts to arise when the SOA is in the saturation regime and the input
signal power is high. It causes a deterioration of the linear signal transmission and
amplification. There exist different types of non-linear effects in an SOA such as patterning
effect and channel cross talk. Patterning effects are a direct result of the finite gain recovery
time, and they can result in difficulties related to differentiation between the transmitted
bits. Channel cross talk, on the other hand is a limitation of the number of the transmitted
channels that can be amplified simultaneously in WDM applications. Channel cross talk can
be defined as the phenomenon when a signal in a single transmission channel has an
undesired effect or interference on another transmission channel [24]. Although these non-
linear effects are undesirable for linear transmission systems, they can be advantages for
specific functions. The SOA can be used in different applications of wavelength conversion
[25] [26] and optical switching [27] [28] when it is forced to operate in the saturation regime.
These applications include and are not limited to cross and self-phase modulation, and four
wave mixing. The SOAs implemented for these functions should be designed to have a low

saturation power to enhance the functionality of non-linear effects.

Polarisation sensitivity: The inherent polarisation sensitivity is considered as one of the
major limiting factors of the SOAs when compared to EDFAs [29]. This is due to the fact that
the SOA is made of a polarisation sensitive waveguide structure while the EDFA is an optical

fibre-based system which is polarisation insensitive. Depending on the dimensions of the SOA
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waveguide, the confinement factors for the TE and TM modes are not equal, thus they
experience different values of gain. Furthermore, the antireflective coatings used to suppress
the resonance in the cavity can also result in more polarisation sensitivity. To solve this, the
SOA cavity can be designed and manufactured to have a symmetrical waveguide and
eliminate most of the differences in the confinement factor values. The introduction of a
strain in the active region during the fabrication process is another well-known method of
reduction of polarisation sensitivity. This is mainly done by creating a lattice mismatch
between the semiconductor layers which can be used to favour one polarisation mode over
the other, resulting in an overall balanced gain over the two polarisation modes. Another
method that can be used to overcome the polarisation sensitivity issue is to use ridge
waveguides. The main advantage here is that it does not require epitaxial regrowth which
makes it simple to realise. Moreover, the control of the waveguide width is not as critical as
for a square-shaped active region. The presence of the ridge above the active region guides
the signal in the horizontal direction, while in the vertical direction, the signal is directed by

the double hetero layers structure [30].

6.2.3 Comparison with other optical amplifiers

Optical amplifiers can be divided into two main categories. Firstly, the fibre amplifiers, which
are typically based on doping of rare earth materials such as Erbium, Praseodymium and
Thulium or to make use of the stimulated Raman or Brillouin scattering. The second category

is the amplifiers based on the non-fibre waveguides such as SOAs.

The main advantages of the first category are the polarisation insensitivity, the low
reflectivities at interfaces, high gain and output power, slow gain dynamics (allowing the
amplification of multiple channels without the occurrence of crosstalk effects), and low NF.
On the other hand, their operation requires the presence of a pump laser, which results in a
larger footprint and a higher cost. Furthermore, fibre based optical amplifiers do not lend

themselves to photonic integration.

SOAs on the other hand provide the cost efficiency, versatility, and the possibility of photonic
integrability with other optical components to form a PIC. Moreover, they are compact and
electrically pumped which alleviates the need for the use of a large size laser pump.
Furthermore, they can provide a broad optical bandwidth and can operate in multiple bands.
The latter allows the amplification of optical signals outside the C-band. This is due to the
reason that the SOA active material can be optimised to provide gain in a wide variety of

bands. When used in the nonlinear regime, SOAs can perform functional applications such as
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all-optical signal processing because of their strong nonlinearities and their fast gain
dynamics. However, for linear amplification functions SOAs show worse performance than

EDFAs in terms of NF and saturation power [31].

Generally, for long haul optical networks, where a high gain, low NF amplifiers are required,
fibre amplifiers are widely employed. However, for access and short reach networks, the
requirements are more relaxed on the optical amplifier performance and the cost becomes
one of the most critical features. Such a requirement makes the SOAs an attractive candidate.
However, the high NF and the low saturation power of SOAs needs to be tackled prior to their
employment in short reach networks. This work examines the reduction of the NF and
increment in the saturation power by using a MS-SOA. The MS-SOA is fully characterised and
employed in a short reach system. The system experiment conducted mimics the use of a
single comb tone (using a semiconductor tunable laser) that is intensity modulated. The work
reported in this chapter shows that a PIC comprising a comb source and an MS-SOA would
be an attractive transmitter source that can deliver high power multi-carrier tones for

employment in short reach networks.

6.3 Multi-section SOA

As mentioned above, two main limitations of SOAs preventing them from being widely used
in optical fibre communications systems are the (relatively) high NF and low output
saturation power. The MS-SOA is introduced to overcome both limitations. In an MS-SOA,
the carrier density distribution within the device active region can be controlled easily by the
shaping of the carrier density profile [32]. An MS-SOA typically comprises electrically isolated
semiconductor-based gain sections, which can be DC biased independently, allowing for the
individual control of the carrier density within each of those sections. The most attractive
feature of the MS-SOA is its ability to cater for different applications by allowing dynamic
change of the device parameters by simply changing the bias configurations applied to its
different sections. Hence, the MS-SOAs can be implemented for different applications. Some
demonstrations that use the MS-SOA include an ultrafast pico-second all optical signal
processing in an MZI based on an MS-SOA [33] and a remote modulator that enables a 36-dB
optical budget for colorless operation at 2.5 Gb/s over 45-km SSMF for Hybrid WDM/TDM-
PON Architecture [34].
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6.3.1 Control of noise figure in an MS-SOA

In a standard (single section) SOA cavity, the carrier density within the active region can vary
even when the device is supplied with a constant bias. This is due to the influence of the ASE
or the input optical signal which result in the depletion of the carriers. The NF at any pointin
the active region can vary as a result of the local carrier density distribution affecting the total
NF of the SOA. However, if one were to take advantage of this concept by building a MS-SOA
and controlling the bias on each section (carrier density distribution), to take advantage of

each section’s NF.

An abstraction of an MS-SOA entails it to be considered as a chain of amplifiers stacked
together (continuous chain of different optical amplifiers) in a single device. This abstraction

then makes the calculation of the total NF much easier.

Consider a chain of four different amplifiers as shown in Figure 6.3. Each amplifier has its own

different gain and noise resulting in a different NF value for each of the amplifiers.

Input Output

NF1 NF2 NF3 NF4

Figure 6.3: Chain of four amplifiers showing their respective gain and noise figures.

The following equation can be used to calculate the total NF of the whole amplifier

chain [35]:

NFiprqy = NFy + 52 + % 4 200

(6.3)
Gy G1Gy = G1G3Gs

where G, is the gain of the amplifier “n”. From the equation, it is clear that the amplifier
placed as the first one in the chain is the one that contributes the majority of the noise to the
system. This concept can be explained easily, as the noise generated by the first amplifier will
go through the other amplifiers in the chain and get amplified by each one of them. Each
successive term in the equation is divided by an additional factor G, where G is the
multiplication of the gain of each of the previous amplifiers in the chain. Hence, by using this
concept in a cascaded system, one can place a low noise amplifier first. It isimportant to note
that all the terms used in the equation are linear and not logarithmic. If this same concept is
applied to the MS-SOA, where each section can be considered as a discrete amplifier in the

chain, then an accurate control of the total NF of the device can be achieved by controlling
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the NF to each section. The overall NF of the MS-SOA device can be reduced by creating a

carrier density profile where the input section of the MS-SOA has a low NF.

The NF of an amplifier is directly proportional to the population inversion factor, which in
turn is inversely proportional to the level of the carrier density in the active region [36]

according to the following equations:

NF =2ng, &2 42 (6.4)
N¢
Ng, = — (6.5)

where ng, is the population inversion factor, G is the gain, N, is the active region carrier

density and N, is the carrier density at transparency.

Hence, to achieve a low NF in a particular section, the carrier density (the electric bias
applied) in that section should be kept at a high level. On the other hand, if the bias applied
is constant and limited to a given value, the output section should be kept at a low level of
current. Firstly, the ASE generated from the input sections would experience lower
amplifications as they go through the different sections of the MS-SOA on their path to the
output section. This would mean that the portion of the ASE reflected from the output facet
back into the SOA would be very little and can be neglected. Finally, and most importantly,
the level of the ASE generated from the output sections would be reduced with a lower bias
value due to the lower carrier density value. Both factors result in the generation of an overall

lower ASE level on the output signal.

6.3.2 Control of output saturation power in an MS-

SOA

The saturation intensity (intensity where saturation occurs) in an SOA is inversely
proportional to the spontaneous carrier lifetime “z” [37] [38]. Hence, to increase the output
saturation power of the SOA, the value of the spontaneous carrier lifetime has to be reduced.
The latter is defined as the average time it takes carriers in the conduction band to recombine
with holes in the valence band through a spontaneous process [36]. It is well known thatin a
semiconductor device, the total recombination rate is directly proportional with the carrier
density [39]. Hence, the spontaneous carrier lifetime is inversely proportional to the carrier

density as indicated by the following equation [39]:
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N 1
R(N)  A+BN+CN?2

(6.6)

where R(N) is the total recombination rate, N is the carrier density, A, B and C are the non-

radiative, radiative, Auger recombination coefficients respectively.

Increasing the supplied bias results in increasing the carrier density, which in turn results in
an indirect increase in the saturation power as a result of improving the saturation intensity.
Nevertheless, in physical devices, the current supplied to the SOA is typically limited by the
manufacturer’s specifications. In this case, the bias configuration for achieving a higher
output saturation power should be opposite to that of achieving a low NF. This is due to the
input optical signal being increased exponentially in magnitude as it passes through the SOA
because of the amplification process. input optical signal keeps increasing until it converges
to the saturation intensity value. The saturation intensity at any one point in the SOA
waveguide, therefore, needs to be tailored to reflect the intensity of the signal being
amplified at that point [36]. As previously demonstrated, to increase the saturation intensity,
the carrier lifetime needs to be reduced by increasing the carrier density. This means that a
higher carrier density (higher applied bias) will be needed at the output facets of the SOA,
where the input optical signal has experienced more amplification. It is important to note
that the decrease of the spontaneous carrier lifetime along the propagation direction is the
key to keeping the saturation intensity higher than the intensity of the propagating signal

ensuring a higher output saturation power.

The following sections in this chapter will be dedicated to experimental demonstrations of
reducing the NF and subsequently increasing the output saturation power, using an
integrated MS-SOA. This demonstration is achieved by employing the MS-SOA in a short

reach communication system experiment employing OOK and PAM-4 modulation formats.

6.3.3 Device structure

The schematic of the MS-SOA is shown in Figure 6.4(a). The device is a prototype and custom
designed by IlI-V lab. It consists of four equal length sections (S1, S2, S3 and S4). Note that
the concept could be demonstrated with the aid of two or more sections. The MS-SOA is a
bulk InP/InGaAsP SOA, angled and AR coated, with a length of approximately 1Imm. It has an

angled facet to prevent back reflections into the device.

Four different electrodes are used for current injection into the four sections. Each section

has an approximate length of 250 um. The chip can be accessed (optically) from both sides
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(51 and S4) which allows the injection of the optical signal into it and the extraction of the
amplified output signal from the other side. A 10 um slot in the ridge provides electrical
isolation between the different contacts. The resistance between the different sections is
measured to be 355 Q between S1 and S2, 365 Q between S2 and S3, and 355 Q between S3
and S4. The large resistance leads to a reduction in the carrier diffusion. The waveguide is
slightly flared at the facets such that an area of the facet is increased. As per the
manufacturer’s recommendation, the bias supplied to each section should be limited to
100 mA and the total current supplied for the whole device should not exceed 300 mA at a
given instant. This prevents the overheating of the device that could lead to the deterioration

in its performance (faster ageing).

P11 7T

Output <= < Input
S1 S2 S3 S4

250pum 250um 250pum 250um
Imm

(b)

Figure 6.4: (a) schematic diagram of the 4-section MS-SOA, (b) a photograph of the chip under the
microscope showing how it is wire bonded to gold contact plates and mounted on a sub carrier.

Figure 6.4(b) shows a microscopic photograph of the MS-SOA chip. As can be seen from the
picture, the device has four different sections where each section is wire bonded to a
separate gold contact for ease of use and experimentation. A common ground pad is shared
by the four sections. Having a separate electric contact on each section allows them to be DC
biased independently. All experiments described in the next few sections of this chapter had
the 4 sections biased by a multi-channel current controller which allowed the independent
biasing of each section. As discussed before, the multi-contact design of this MS-SOA
provides a high degree of flexibility. The MS-SOA can generate a lower NF if the input sections
are biased higher than the output sections as discussed before in Section 6.3.1. On the other

hand, a higher output saturation power can be achieved from the device using the same total
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DC bias value, but by inverting the DC bias condition to have the output sections supplied by

a higher DC bias than the input sections.

To allow access from both of sides of the chip, the device is placed on a bespoke printed
circuit board (PCB). The four contacts are wire bonded to connection points on the PCB to
permit simple connectivity to the bias sources. Figure 6.5(a) shows a microscopic photograph
of the chip glued to the top of the PCB. The PCB is then placed on an Aluminum plate, which
is placed on another copper plate that has a TEC beneath it to ensure that the temperature
is kept stable while operating the device. Figure 6.5(b) shows a photograph of the
experimental setup used for characterising the MS-SOA chip. The plates holding the PCB and
the MS-SOA chip are screwed to a big Aluminum block, which has two heat sinks, on both
sides, glued to it using thermal paste. The function of the heat sinks is to increase the heat
flow away from the device during its operation. Two tapered v-groove fibre holders are each
placed on a 3-axis manual precision stage for accurate control of the fibre alignment with the
MS-SOA chip. As shown in Figure 6.5(b), two lensed ended fibres are used on both sides of
the chip to inject the input optical signal into the MS-SOA and to retrieve the amplified output
signal from the output facet. All the components are placed on a honeycomb optical
breadboard in order to reduce the vibration, which affects the coupling of the fibres at both

ends of the chip.

(a) (b)

Figure 6.5: (a) A photograph of the MS-SOA mounted on a specially designed PCB, (b) a photograph
of the setup used for the static characterisation of the device.

6.3.4 Static characterisation

The experimental characterisation is conducted to examine the performance of the SOA

under the influence of different bias configurations.
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The first step in the static characterisation is to look at the ASE noise curve of the MS-SOA at
different bias configurations. This test is conducted to see the effect of varying the bias
configuration supplied to the different sections of the MS-SOA on the output ASE noise.
Figure 6.6(a) shows the optical spectrum of the output of the MS-SOA under three different
bias configurations without applying an input signal to it. The first bias configuration is when
all the sections are biased at 70 mA, in this case the MS-SOA can be considered to act as a
single section SOA as the same bias is supplied to all the four sections. The second bias
configuration entails biasing the input sections higher than the output sections at the
following values: (S1 = 40, S2 = 60, S3 = 80, and S4 = 100 mA) where S4 is the input section
while S1 is the output section. Finally, the third bias configuration is opposite to the second
one (output sections biased higher than the input sections) at the following values (S1 = 100,
S2 =80, S3 = 60, and S4 = 40 mA). It is important to note that the total bias of the MS-SOA is
kept constant at 280 mA for all of the three bias configurations in order to ensure
consistency. As can be seen from the figure, there is a slight change in the shape of the ASE

spectrum for the different bias configurations especially for the region that lies between 1450

and 1525 nm.
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Figure 6.6: (a) Optical spectrum of the ASE noise curve of the MS-SOA biased at three different
conditions, (b) Zoomed in optical spectrum (30 nm) of the ASE noise curve of the MS-SOA showing the
FP ripples.

The second bias configuration (input sections bias > output sections bias) show a relatively
lower ASE noise at this region. This follows the analysis shown previously in Section 6.3.1
where a lower NF should be expected when the output sections are biased higher than the
input ones. Figure 6.6(b) shows a zoomed-in version of the ASE noise curve on a 30 nm span
for the three bias configurations. The ripples in the figure for the different bias configurations

do not exceed 4 dB peak to peak. These FP ripples are caused by the residual facet reflectivity.
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The next step is to examine the behaviour of the MS-SOA when injected with an optical signal.
For that purpose, a wavelength tunable laser is used, where both the emission power and
wavelength can be varied. The first phase entailed studying the effect of varying the injection
power while keeping the injected laser wavelength constant at 1527.6 nm. This particular
wavelength has been chosen as the difference in the ASE noise curve for the different bias
configuration is more obvious for the lower wavelength region. Also, the lowest wavelength
that the used tunable laser can reach is 1527.6 nm. It is important to note that for all the
upcoming measurement, a 3-dB fixed optical attenuator has been placed at the input port of
the OSA (for protection). Moreover, the coupling losses between the device facets and the
lensed fibres from both sides are estimated to be 6 dB. This will be taken account of in the

different calculations of power and NF.

OSA
90%
»—QO00——
7 Polarisation LVOA
controller MS-SOA 10%
Tunable laser Power meter

Figure 6.7: Experimental setup of light injection from a tunable laser into the MS-SOA.

Figure 6.7 shows the experimental setup used to realise the injection of an optical signal
into the MS-SOA. The output of a wavelength tunable laser is fed to a PC, which has a vital
role in synchronising the injection signal polarisation with that of the SOA cavity. A VOA is
placed after the PC to control the injected power level into the MS-SOA. The output of the
MS-SOA is then fed to a 90%-10% coupler where the 90% is sent to a 20 pm high resolution

OSA and the 10% is fed to an optical power meter for power monitoring purposes.
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Figure 6.8: Optical spectra of the MS-SOA output when injected with a CW optical signal at different
injection levels and biased in: (a) First condition, (b) Second condition, and (c) Third condition.

Figure 6.8(a) shows the MS-SOA output spectrum, when it is biased with the first bias

condition (all sections are biased at 70 mA) and injected with a CW optical signal at different
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optical power levels ranging from -25 to 10 dBm. From Figure 6.8(a), it can be seen that when
the injected optical signal power is increased, the output noise level decreases and the peak
power increases, which result in an increase of the output OSNR value. Furthermore, the FP
ripples are being suppressed with higher injection powers due to the carriers being
consumed by the amplification process. Table 6.1 below gives the exact measured values of
the output peak power, noise level and NF for different injection power levels when applying

the first bias condition.

Input Power (dBm) | Output peak power (dBm) Noise level (dBm) NF (dB)

-25 -20.45 -39.85 13.03

-15 -6.85 -39.88 9.73

-10 -2.66 -41.35 8.88

-5 0.01 -44.22 8.25

1.57 -48.17 7.61

5 2.89 -48.95 7.15

10 3.56 -53.43 6.76

Table 6.1: Measured output peak power, noise level and NF for different input power levels when the
MS-SOA is biased at the first condition.

Figure 6.8(b) shows the MS-SOA output spectrum when the MS-SOA is biased in the second
bias configuration (the input sections bias > the output sections bias with a total SOA bias
value of 280 mA). Table 6.2 indicates measured values of the different parameters mentioned
previously when the MS-SOA is biased at the second bias condition. Figure 6.8(b) and Table

6.2 demonstrate a similar trend to the first bias conditions.

Input Power (dBm) | Output peak power (dBm) Noise level (dBm) NF (dB)
-15 -6.61 -40.78 9.55
-10 -2.7 -42.49 8.73
-5 -0.45 -45.13 8.13
0.67 -49.04 7.59
5 1.1 -53.01 7.17
10 1.51 -56.51 6.81

Table 6.2: Measured output peak power, noise level and NF for different input power levels when the
MS-SOA is biased at the second bias condition.

Figure 6.8(c) and Table 6.3 show the same characterisation procedure as the two previous
cases but for the third bias condition (output sections bias > input sections bias). Again, the
same overall behaviour is demonstrated with a slight difference in the value of the

parameters.
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Input Power (dBm) | Output peak power (dBm) Noise level (dBm) NF (dB)
-10 -3.32 -41.76 8.9
-5 -0.29 -43.74 8.27
1.38 -47.99 7.62
5 1.77 -51.97 7.19
10 2.18 -55.79 6.82

Table 6.3: Measured output peak power, noise level and NF for different input power levels when the
MS-SOA is biased at the third bias condition.

Table 6.4 gives a direct comparison of the output values of the three parameters (output
peak power, noise level and NF) for the three different bias configurations when the MS-SOA

is injected with an optical signal at powers of -5 and -10 dBm respectively.

Injection Bias condition Output peak power Noise level NF (dB)
power (dBm) (dBm) (dBm)
1 -2.66 -41.35 8.88
10 2 -2.7 -42.49 8.73
3 -3.23 -41.76 8.9
1 0.01 -44.22 8.25
5 2 -0.45 -45.14 8.13
3 -0.29 -43.74 8.27

Table 6.4: Comparison of the measured output peak power, noise level and NF for an optical signal
input at powers of -5 and -10 dBm input power levels under the three different bias

From the results shown in the table, it can be concluded that the second bias condition yields
the lowest NF at both optical injection powers of -10 and -5 dBm. Considering that the input
signal OSNR is constant for the three different bias conditions (as the injection level is the
same), the second bias condition can be interpreted to be delivering the best NF relative to
the other two bias conditions. On the other hand, the third bias condition gives a slightly
worse NF than the first bias condition, where the device is considered as a single section one.
These findings agree with the analysis done before and proves that optimisation of the bias

applied to the different section of the MS-SOA would give a better NF.

The next step involved measuring the NF when injecting the MS-SOA with an optical signal at
different wavelengths. Figure 6.9 shows the measured NF at different injection wavelengths
starting from 1530 to 1560 nm (tuning step of 5 nm) for the three different bias
configurations. The input signal level is kept constant -5 dBm for all the cases. It is clear that
at the second bias condition (input section bias > output section bias), the NF is lower than
the two other bias conditions at the different values of injection wavelengths. This again

confirms that the accurate control of the bias applied to the different sections of the MS-SOA
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can result in reducing the generated NF figures. It is important to note that this experiment
is a proof of concept. The generated NF are relatively high due to different experimental
reasons. The device is not packaged which results in occurrence of fluctuations. Moreover,
the temperature control of a bare chip is more complicated than a packaged device which. It
is important to note that these issues contribute to resultant fluctuations and difficulties in

the stable performance of the device as a direct result of the fluctuations.

The second static characterisation carried out is the output saturation power of the MS-SOA
when DC biased at the three different bias conditions mentioned above. The same setup
diagram shown in Figure 6.7 is used to extract required data from the generated optical

spectra.

—— First bias config.
—— Second bias config.
—e— Third bias config.

Noise Figure (dB)
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Figure 6.9: Noise figure values of the MS-SOA when injected with an optical signal at different
wavelengths and biased in the three different bias configurations.

Figure 6.10(a) shows the injected optical power into the SOA versus the generated gain. Bias
configurations 1, 2 and 3 are presented using black, blue, and red colours respectively in the
plot. The coupling losses are considered in the calculation of the injected power into the SOA.

The gain is calculated in linear scale using the following formula:

G = % (6.7)
in

In the logarithmic scale, this translates to
Gag = Pyt (dBm) — P, (dBm) (6.8)

The input saturation power is defined as the injection power where the gain goes 3 dB below
its initial maximum value. At this level, the MS-SOA gain is half its maximum value. As per

Figure 6.10(a), the three bias configurations (1, 2, and 3) have an input saturation power of -
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9.5 dBm, -12.5 dBm and -8 dBm. The third bias configuration (output sections bias > input
sections bias) has the highest input saturation power. This result agrees with the analysis

presented earlier in Section 6.3.2.

Figure 6.10(b) shows the output amplified optical power from the SOA versus the generated
gain. Again, bias configurations 1, 2 and 3 are presented using black, blue, and red colours
respectively in the plot. The output saturation power is defined as the output power where
the gain goes 3 dB below its initial maximum value. First, second and third bias configurations
have an output saturation power of 2.52 dBm, 0.7 dBm and 3.25 dBm respectively. Here
again, the third bias configuration gives a higher output saturation power confirming the

validity of the previous analysis.

24 - —=— First bias Config. 24 - —=— First bias config_
22 —— Second bias config. 9o ] —— Second bias config.
20 —e— Third bias config. 0 ‘_H_*NH‘—-— Third bias config.
=18+ ]
o = 18
T.164 T 161
£ 14 c
= 144 & 141
© 121 © 12
10+ 10
8 8-
6 T T T T T 1 6 T T T T T T T T T 1
25 20 -15  -10 -5 0 5 -0 8 6 4 -2 0 2 4 6 8 10
Input power (dBm) Output power (dBm)
(a) (b)

Figure 6.10: (a) Input power injected into the MS-SOA versus its gain for the three different bias
configurations, (b) Output power of the MS-SOA versus its gain for the three different bias
configurations.

In this section, the accurate control of the bias supplied to each section of the MS-SOA has
been shown to enhance the MS-SOA performance according to the required function. The
NF can be reduced when the input sections are biased higher than the output sections.
Conversely, when the output sections are biased higher than the input sections, a bigger
output saturation power value is obtained. This proves the functionality and the flexibility

that the MS-SOA can provide.

Having demonstrated the capability of the MS-SOA to be operated in a low NF or high output
saturation power mode, the next step involves validating this behaviour of the MS-SOA in a
short reach transmission system. Two different experiments were performed for this
validation: i) the MS-SOA used as an optical amplifier in a system where an OOK signal is
transmitted over 25 km of SMF and ii) the MS-SOA used as an optical amplifier in a system

where a PAM-4 signal is transmitted over 10 km of SMF.
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It is important to note that these experimental demonstrations were carried out using a
wavelength tunable laser as the light source. The single tone (CW light) was used to mimic a
tone filtered from an OFC. The main reason was due to the lack of an appropriate (bandwidth
and spectral resolution) filter that could filter out a single tone from the OFC with an
adequate suppression of the other tones. In addition, the filters available were all passive,
which would have made it quite difficult to control the temperature and thereby maintain

the stability.

6.3.5 OOK system experiment

Transmitter

/‘;OOOQ /@'{> ------ A
PC

Z:S Vbias} S5 VOA iMS-SOA Photodiode
5 MzMm | 25km

i Tunablefaser | i ;
[ RF amplifier RF amplifier ‘7
PPG/ED

Figure 6.11: Experimental setup where the MS-SOA is used as a pre-amplifier in an OOK system.

Depending on the required function in the optical network, the SOA can be employed
either as a booster, in-line or a pre-amplifier. In this system experiment, the MS-SOA
will be employed as a pre-amplifier, where it will be placed directly before the PD in the
receiver part of the system. This is to make sure maximum possible power is
falling on the photodetector and to amplify the signal after the attenuation it experiences
during its path through the 25 km SMF. Figure 6.11 shows the experimental setup used. A
semiconductor wavelength tunable laser (ID photonics Cobrite DX-1) is used to generate
a 7 dBm single moded optical signal at a wavelength of 1527.6 nm. This signal passes
through a PC before being sent to a MZM that is biased at 2.35 V (corresponds to the
quadrature point of the MZM). The PC function is to adjust the polarisation of the laser
signal before going through the MZM. A 10 Gb/s NRZ signal with PRBS length of 215-1,
generated by a PPG, is amplified by a data driver and used to drive the MZM. The
modulated optical signal is then transmitted directly (B2B) and subsequently over a 25 km
long link of SMF. A VOA is used to control the optical power falling on the receiver (ROP).
The receiver consists of the MS-SOA and a 20 GHz PD. The output from the PD is then

amplified and sent to an error detector (ED) to measure the BER as a function of the ROP.
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Figure 6.12(a-c) show the BER as a function of the ROP for the three different bias cases in
the two scenarios: B2B and transmission over 25 km SSMF. For the B2B scenario (shown
separately in Figure 6.12(a) for sake of clarity), it is clear that the second bias configuration
gives better figures of BER. The first and the third bias configurations have a power penalty
of 0.5 dB, 1 dB respectively at a BER of 1x10~°in comparison with the second bias

configuration.
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Figure 6.12: BER results for: (a) B2B for the three different bias configurations (magenta, green,
navy), (b) 25 km transmission for the three different bias configurations (black, red, blue), and (c)
combined B2B for the three different bias configurations (magenta, green, navy) and 25 km
transmission for the three different bias configurations (black, red, blue).

This corresponds to the earlier finding (in the characterisation section), where the
second bias configuration has been shown to have the lowest NF with respect to the two
other bias configurations. This same behaviour is observed in the case of the 25 km
transmission (shown in Figure 6.12(b) for sake of clarity), where the second bias
configuration gives the best BER in comparison to the other two bias configurations. The
performance of the system when the MS-SOA is biased in third bias configuration is

degraded and suffers a power penalty of 1.5 dB in comparison with the second bias
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configuration (referenced at a BER of 1 x 10~°). For the first bias configuration case, a BER

of 1x 1072 is not achieved and the trend line indicates a bigger penalty.
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Figure 6.13: Eye diagrams for: (a) B2B case for the three different bias conditions, (b) 25 km
transmission case for the three different bias conditions.

In order to visualise the difference in the MS-SOA performance in the transmission system
for the three different bias configurations qualitatively, eye diagrams are taken for each bias
condition at different BER values. For sake of brevity, only two sets of eye diagrams are
shown. Figure 6.13(a) shows a comparison between the B2B eye diagrams for the three
different bias cases at a BER of 1 x 10™°. Figure 6.13(b) shows the eye diagrams for the same
bias conditions at a BER of 1 x 10~8 after being transmitted over 25 km of SMF. For the B2B
case (shown in Figure 6.13(a)), It is clear that the eye for the second bias condition is better
than the eyes corresponding to the other bias conditions in terms of eye opening and the eye
tilt. For the 25 km SMF transmission case (shown in Figure 6.13(b)), again the eye diagram of
the second bias configuration is better than the other eyes corresponding to the two other

bias conditions in terms of the tilt and the noise generated in the “0“ and “1“ levels.
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This system experiment has confirmed that the bias configuration with the output sections
of the MS-SOA biased higher than the input sections gives a better BER performance than
the two other bias configurations. Hence, this result validates the findings from the initial
discussion in Section 6.3.1. This proves that an MS-SOA with an optimised bias would deliver
better performance than a single-section SOA in terms of low NF. Hence, it can be concluded
that such MS-SOAs, in comparison to single section SOAs, could be used to boost the power
of filtered tones from an OFC with less degradation in the performance of the system

(generating an overall lower NF).

For further investigation of the MS-SOA performance as an amplifier in a short reach optical
network, a PAM-4 system experiment is conducted. The main motivation for this experiment,
is to highlight the bigger penalty with the use of an SOA that exhibits a high NF. In other
words, one expects an SOA with a higher NF to incur a bigger penalty with PAM-4 (multi-

level) modulation format than in the OOK format.

6.3.6 PAM-4 system experiment

Growth in video delivery and other high bandwidth services, especially between data centres
continue, to increase. In long haul networks, coherent transmitters and receivers are used to
support transmitting modulation formats such as QPSK and 16-QAM in conjunction with
polarisation multiplexing. However, such transceivers are costly, relatively bulky, and
consume higher amounts of power. A major motivation of operators looking to cater for the
high-capacity demand in and out of the data centres, is to keep the cost-per-bit low while
reducing the power and space requirements. Hence, in order to increase the capacities of
data centre interconnects/networks (DCI/Ns) at the cost, module footprints and power
necessary, direct-detection formats such as PAM-4 and discrete multi-tone (DMT) have been

extensively studied and employed [40] [41] [42].

Transmitter B2B Receiver
000> f D [E
. PC "8-' VOA ' .
- i Photodiode
Tunable laser MS-SOA !
10 km L — -
...... Signal generator =
RF amplifier
a1
18

Figure 6.14: Schematic of the experimental setup of a PAM-4 experiment employing the MS-SOA as a
booster amplifier.

194



Figure 6.14 shows the experimental setup used for the PAM-4 system experiment involving
the MS-SOA. A 5 GHz sinusoidal signal generated by a signal generator is used to clock an
FPGA based AWG (Micram VEGA AWG). The PAM4 signal is synthesised offline in Matlab and
generated using the AWG operating at 20 GSa/s. The signal is occupying a bandwidth of 5
GHz, thus giving a data rate of 10 Gbps. The signal is then amplified using a 12 GHz data driver
and sent through a low pass filter (LPF) with a 3-dB bandwidth of 7.46 GHz that smooth the
sharp edges created by the discrete levels in the output of the digital to analog (DAC)
system. These sharp edges imply the presence of high frequency components
superimposed on the fundamental. The high frequency components account for the
guantization distortion. In the frequency domain, quantization distortion errors are aliased
within the Nyquist band and appear as discrete spurs in the DAC output spectrum
[43]. Moreover, the LPF is used to block the noise generated by the RF amplifier. Moreover,
the LPF removes the clock leakage or harmonics at higher frequencies greater than 5 GHz.
The amplified and filtered PAM-4 signal is then sent into the MZM (biased at 2.62V) to be
used as a modulation signal for the optical carrier. The optical carrier is provided by a single
mode tunable laser with a 7.5 dBm output power and emission wavelength of 1530 nm.
The CW signal passes through a PC before being injected to the MZM for polarization
optimization (as highlighted in the OOK experiment). The optical output of the MZM is
then sent through a polarization controller before being coupled into the MS-SOA. In this
setup, the latter is employed as a booster amplifier. In the OOK system experiment
presented in Section 6.3.5, the MS-SOA was employed as a pre-amplifier. For the PAM-4
experiment, it was decided that the MS-SOA would be employed as a booster
amplifier in order to test it in a new configuration. In this case, the MS-SOA is part of
the transmitter section and is expected to boost the optical signal before transmission

through the SMF.

The modulated and amplified optical signal is then transmitted directly (B2B)
and subsequently over a 10 km long link of SSMF. A VOA is used to control the optical
power falling on the receiver (ROP). The receiver consists of a 20 GHz PD. The RF output of
the PD is then amplified and filtered by passing the received signal through a data driver
(bandwidth of 12 GHz) and a LPF (3-dB bandwidth of 7.46 GHz). The signal is then sent
either to a scope to capture the eye diagrams or to an RTS for measuring the BER
(performed offline in Matlab (the code was developed by a postdoctoral member of PSSL).
Figure 6.15(a) shows the BER versus the ROP for the B2B case. In all of the three different
bias configurations, the MS-SOA portrays a BER that is better than the hard-decision FEC
limit (3.8 x 1073) (portrayed by the golden horizontal line in Figure 6.15(a) and Figure

6.16(a)). ot
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Figure 6.15: Experimental results for the B2B scenario of the: (a) BER versus ROP for the three
different bias conditions, (b) Corresponding PAM-4 eye diagrams at the output of the MS-SOA for the
three different bias conditions.

The second bias configuration has a relatively better BER performance than the first and
third bias configurations (at a reference BER of 2 x 1073). This implies that the device is
showing a similar performance to the OOK transmission case where the second bias
configuration shows a better BER than the two other bias conditions due to the reduced
NF. This again follows the findings of the discussion shown in Section 6.3.1. Figure 6.15(b)
shows the corresponding eye diagrams at the output of the MS-SOA for the three bias
configurations. For the different bias configurations, the optical signal injected into the SOA
power is kept constant at 7.5 dBm and the wavelength constant at 1530 nm. The eye
diagrams also show that the second bias configuration has a slightly wider eye opening
than the two other bias conditions, which confirms the better BER performance shown in
Figure 6.15(a) confirming the validity of the previous findings in the BER of both the OOK
and the PAM-4 experiments. Having completed the B2B scenario, the next step entailed
carrying out a system performance measurement after transmitting the modulated signal

over a 10 km SSMF span.

Figure 6.16(a) demonstrates the measured BER versus the ROP for the 10 km transmission
case. Again, the three different bias configurations portray a BER that is better than the FEC
limit. As in the B2B case, the second bias configuration shows a slightly better performance
than the first and third bias configurations (at a reference BER of 2 x 1073). The

corresponding eye diagrams for the three bias configurations are shown in Figure 6.16(b).
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Here again, the second bias configuration gives a slightly wider open eye than the other two
bias configurations confirming that the NF generated by the MS-SOA when biased at the

second configuration would translate to a better performance.
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Figure 6.16: Experimental results for the 10 km transmission scenario (a) BER results of the three
different bias conditions, (b) corresponding PAM-4 eye diagrams at the output of the MS-SOA.

80 mV/div

120 ps/div

Figure 6.17: AWG output eye diagram.

It is important to note again that the device is a proof-of-concept, and the
experimental environment was not ideal as the device is not packaged. Moreover, there
was an issue with the AWG used in the experiment, as the generated PAM-4 signal had a

poor quality in terms of noise and distortion due to a problem in the input clock causing a
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poor input OSNR which in turn affected the quality of the measurements. The distorted
output eye diagram from the AWG is shown in Figure 6.17. The eye opening is not
symmetrical on the left and right sides. Moreover, noise is affecting the rising edge in the
eye. Unfortunately, due to the limited time frame, this issue was not resolved as the
AWG has to be sent to the manufacturer for inspection and repair in order to have a
symmetrical eye opening in the output of the AWG. It is anticipated that with a better-
quality PAM-4 signal, the generated results of the MS-SOA would be better.

6.4 Conclusions

In this chapter, a photonically integrated MS-SOA device is proposed, which offers a flexible
control of different parameters such as the NF and the output saturation power. The device
consists of four different electrically isolated sections, where each section can be biased
individually. By varying the bias configuration applied to the device, the NF can be reduced
or conversely the output saturation power increased. The experimental characterisation of
the device revealed that biasing the output sections higher than the input section would
result in achieving a lower NF. Furthermore, the device is implemented in two different short
reach transmission scenarios employing OOK and PAM-4 modulation formats. The
experimental results of these two experiments show that the lower NF achieved by
optimising the bias configuration of the device would result in achieving a better BER
performance. It is expected that the device can even give better performance when it is

packaged.

Being manufactured of semiconductor materials, the MS-SOA provides the capability of
photonic integration with other optical components. Hence, an MS-SOA can be integrated
with the multicarrier transmitter to amplify the generated OFC tones. This would result in
overcoming the low output power issue of the gain switched OFCs in a simple and a cost-
effective method. Having an integrated device that can generate high quality and high-power
multi-carriers would serve as an attractive candidate for transmitters in next-generation

short reach optical networks.
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Chapter 7

Conclusions and future
work

7.1 Conclusions

The increasing demand for new services and the growth of broadband applications (video on
demand, interactive multimedia, teleconferencing etc.) has fuelled a great interest and a
colossal amount of research effort into high-capacity transmission systems. How service
providers can be assured of being able to process and transport an increasing volume of
traffic with this unprecedented growth in data and internet traffic is a commonly asked
question. Currently there are a few choices available. One would be to install more fibre
although this proves to be very expensive. Furthermore, this idea brings out a lot of
redundancy regarding the available bandwidth offered by optical fibres. Another solution to
the question raised above, is to use higher speed electronic devices, which means that one
has to use the most advanced technologies that is neither established nor cost efficient. A

potential solution that is attractive entails the use of optical multicarrier transmitters.

Next generation optical networks that will offer flexibility and high capacity would benefit
from a reliable, high quality multi-carrier optical transmitter. Gain switched OFCs that are
injected either externally injected or self-seeded can be considered as attractive and
promising candidates for this purpose. This versatile multi-carrier optical source provides

several advantages such as flexibility, and cost efficiency.

In this thesis, a detailed computational and experimental investigation of characterising

different laser structures to generate gain switched OFCs with enhanced spectral properties
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is presented. This is done with a distinctive focus on enhancing the operating parameters of
the lasers which influence the generated gain switched OFC. The main parameters of interest
that have been focussed on are the OFC bandwidth, spectral flatness, phase noise and
intensity noise. Several laser structures and the variation of some laser parameters have
been characterised using simulation models and experimental work. The experimental work
was extended in verification of employing these optical sources in next generation short

reach optical networks.

The following section highlights the main computational and experimental contributions that

this thesis offers.

Study and characterisation of the effects of some vital laser parameters and operating

conditions for the generation of a gain switched OFC with enhanced spectral characteristics

In chapter 2, an OFC has been presented as an attractive transmitter solution for next
generation optical networks. Different parameters that determine the quality of the
generated OFC are discussed in detail. A comparative study showing the pros and cons of the
different OFC generation techniques are presented, which then leads to the motivation
behind the choosing of the technique of gain switching. Hence, special focus and a discussion
on the operating principles of gain switching is included. Subsequently, optical injection is
shown to be a complementary process to gain switching. Simulations results are provided to
demonstrate the enhancement that optical injection has on the properties of the generated
gain switched OFC. Moreover, the simulation model serves as a mean of understanding and
investigating the influence of different physical laser parameters on the laser output. This
contributes to improving the overall performance of the laser by optimising some of the vital

laser parameters.

In chapter 3, the theoretical and computational findings are verified experimentally. Several
types of lasers such as an FP, DFB, and VCSEL are gain switched to generate an OFC. The
operating parameters of these lasers are characterised and optimised in order to generate a
gain switched based OFC with enhanced characteristics such as larger bandwidth, flatness
and low phase noise and RIN of the generated tones. As with the simulation model, external
optical injection (with a low noise and spectrally pure master laser) of the gain switched lasers
is shown to result in the enhancement of different spectral properties of the OFC. These OFC
enhancements include larger bandwidth, flatness, higher OCNR, lower phase noise, and
lower RIN. Then, two different VCSELs are characterised, and their operation parameters are

optimised in order to generate an OFC. Applying external optical injection to the gain
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switched VCSEL has been shown to double the number of generated OFC tones (3 to 6 tones).
Moreover, it shows an enhancement of the OCNR value of these tones (~40 dB to ~55 dB).
The phase noise investigation on the OFC tones after applying external injection
demonstrates that there is a reduction of the linewidth of the tones (~234 kHz reduced to
14 kHz) inherited from the lower phase noise of the master laser. In addition to that, the OFC
tones have been shown to have a relatively low averaged RIN value of -130 dB/Hz. In the
same chapter, the VCSEL polarisation dynamics are investigated and utilised to generate two
OFCs in the two orthogonal polarisations. The experimental results presented in this chapter
supports the simulation results reported in the previous chapter. Both the experimental and
the simulation results reported in this work contributes to optimising the laser operating
conditions to generate a gain switched OFC with enhanced spectral characteristics (larger

bandwidth, better flatness and lower phase noise and RIN).
Photonic integrated circuits

With the advent of next-generation optical networks, optical sources that provide lower cost,
lower footprint and lower power consumption are required. In chapter 4, a novel PIC
structure that realises on-chip OIL is presented. It is a four-section device that comprises two
lasers and arranged in a master-slave configuration allowing for the achievement of simple
OIL through injection from the master laser into the slave laser. Static and dynamic
characterisation of the device are conducted and presented in detail. The OIL is shown to
improve various parameters of the device including the linewidth, RIN, and MBW. Applying
on-chip OIL while the device is gain switched results in the expected increase in the number
of generated OFC tones (4 lines to 9 lines within a 3-dB spectral window). The integrated chip
is then employed as a directly modulated transmitter in a 10.7 Gb/s OOK system.
Improvement of all the above-mentioned parameters accompanied by reduction of the
generated chirp leads to an improvement in the system performance. Specifically, the ROP
required to achieve the FEC limit is 2 dB lower (reduction in power penalty) for the injection
case in comparison to the one without injection. A VPltransmissionMaker™ simulation
model has been developed, and its results are presented to back up the findings of the
experimental work. A good degree of resemblance between both the experimental and

simulation findings is shown.

Based on the studies and characterisation, an upgraded version of the 4-section PIC is
designed and fabricated. This 6-section PIC also comprises two lasers arranged in a master-
slave configuration but with the addition of a VOA section and independent reflector

sections. The six electrically insulated section PIC addresses some of the issues associated
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with the 4-section device. This includes difficulties in the control of the injection power from

the master laser and the independence of the two laser sections.

Experimental results show that optimisation of the VOA section bias can improve the 3-dB
MBW of the slave section. The improvement in all the previously mentioned parameters and
the MBW is verified by employing the device as a directly modulated transmitter in a 10.7
Gb/s NRZ OOK system. The modulated signal is transmitted over 25 and 50 km of SSMF to
show that the injection can be used to reduce the deleterious effects of direct modulation
induced chirp. With reduction of chirp, the device achieves a BER of 4 X 10~° for an ROP of
-11 dBm for 25 km SSMF transmission, while for 50 km transmission case, the lowest BER
achieved is 1 X 107° at a ROP of -12.5 dBm. The main contribution in this chapter was to
fully understand the behaviour of this particular type of PICs employing in-chip injection to
achieve OIL. The results reported as a result of characterisation of the 4-section device has
opened the road for development of the next generation (6 section device) which tackles
some of the main issues that were facing the initial version such as the accurate control of

the injection power and the individual emission wavelengths of the two lasers.

In chapter 5, an integrated PFL is presented, which introduces another type of on-chip optical
injection. In this case, the device comprises individually biased active and passive sections.
Depending on the bias of the latter, the phase of the feedback signal is controlled. A feedback
signal that is synchronised in phase with the original signal results in the improvement of the
laser spectral properties. A VPIltransmissionMaker™ simulation model is built to study the
effect of varying the feedback level and phase on the laser output. Optimising the feedback
signal phase and power led to the reduction of the linewidth (677.5 kHz reduced to 31.6 kHz).
Furthermore, it results in the improvement of the 3-dB MBW to exceed 40 GHz which is more
than double the initial value obtained with no optimisation of the feedback signal. Similar
findings are reported experimentally, where the linewidth of the laser decreases to be 4.35
MHz (almost half its initial value) with the optimised feedback. The decrease in the linewidth
value is proved to be limited by the low noise generated from the current controller used to
bias the passive section. Moreover, the experimental dynamic characterisation of the device
shows the enhancement in the values of the 3-dB MBW up to 32.5 GHz and the ROF peak
frequency values as a result of the PPR effect. Finally, gain switching the device shows a
discernible enhancement of the number of OFC tones within the 4-dB spectral window from
5 to 12 tones in case of applying optimised feedback from the passive section. This chapter
contributes to characterisation of an integrated PFL to generate an expanded gain switched

OFC through optimising the bias of the feedback section in order to adjust the phase delay
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of the feedback signal to be synchronised constructively with the phase of the laser main

signal.

In chapter 6, a four-section SOA is presented as a simple cost-effective solution for amplifying
optical signals that lends itself to photonic integration. One of the main challenges facing gain
switched based OFC is the relatively low power of its tones. MS-SOA can be used as an
attractive solution to tackle this issue and to amplify the low powered OFC tones.
Furthermore, MS-SOA susceptibility for integration provides more advantages in terms of
lower power consumption, lower footprint, and cost efficiency. In the MS-SOA characterised
in this work, the four sections can be biased separately, which allows the flexible
configuration of the device to achieve either a low NF or a high output saturation power.
Experimental work is conducted where the modulation of an OFC tone is mimicked. The
experiment is carried out using a tunable laser output as the optical source to be amplified.
Experimental results show that biasing the output sections higher than the input sections
would result in achieving a lower NF. An opposite bias configuration would result in a higher
output saturation power. These experimental findings agree with the theoretical and
analytical explanation presented earlier in Chapter 6. Eventually, the device is employed to
amplify the tunable laser optical signal in two different short reach transmission scenarios
employing OOK and PAM-4 modulation formats. The multifunctionality of the device
accompanied by its permissiveness to photonic integration qualifies it to be implemented as

an attractive optical component for next-generation short reach optical networks.

7.2 Future work

The research in this thesis has presented a detailed overview of the characterisation of
different laser structures and the optimisation of their operating parameters for the
generation of OFCs (gain switched). Taking into consideration my contributions to the field
presented in this work and the current state of the art, there could be additional avenues

that could be exploited and can be detailed as follow:

e Inchapter 2, a Matlab model describing the semiconductor laser dynamics based on
rate equation was introduced with an emphasis on phase noise by including the
Langevin force term. The model can be customised to have the capability of being
easily integrated VPItransmissionMaker™. The model can be then used to construct
different types of optical systems and sub-systems in VPItransmissionMaker™, which

gives the ability to study the direct effect of different laser parameters on the
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performance of the optical source being implemented in a simulation of a real-life
scenario of an optical system.

In Chapter 3, two different VCSEL structure were introduced for generation of an OFC
through gain switching. Moreover, external optical injection has been shown to
improve the different OFC parameters generated through gain switching VCSEL 2
device. The device can be further improved by having the TEC integrated in the laser
package, which will give better control on the device temperature ensuring more
stability on the device temperature. Furthermore, a PIC that contains both the VCSEL
and another VCSEL acting as a master laser and used as an optical injection source
can be designed and manufactured, which will give many advantages in terms of
functionality, practicality, cost-effectiveness. The polarisation dynamics of VCSEL_2
device can be further studied by characterising the influence of varying the
polarisation direction of the applied optical injection on the generated OFC
parameters. It is expected that with careful optimisation of the direction of the
polarisation of the injection signal and trying to match it with the polarisation of the
main VCSEL signal, the generated OFC can be further expanded.

In chapter 4, two multi-section PICs were introduced. The 4-section device has been
fully characterised, used as an optical transmitter in a 25 km OOK transmission
experiment and gain switched to generate an OFC. The influence of the additional
VOA section has been studied for the 6-section device. After that, the latter has been
used in a 50 km OOK transmission experiment. Both devices can benefit from better
packaging which is expected to deliver overall better performance when the devices
are employed as directly modulated optical transmitters. It would be interesting to
conduct a fully detailed characterisation of the 6-section device under the influence
of different bias scenarios. Moreover, another interesting study will be to gain switch
the device and characterise the generated OFC. A direct comparison between the
generated OFCs out of the two different devices would be an attractive study case.
In chapter 5, a PFL was introduced, which is another integrated device. The device
was fully characterised and its operating parameters optimised to generate an
expanded OFC. The future work can entail integrating the PFL device with a
demultiplexer, where an OFC can be generated and its tones demultiplexed using the
same integrated device. This would result in providing a much simpler, more cost-
effective solution for next-generation short reach optical networks. Furthermore, the

device can also comprise electro-absorption modulators after each de-multiplexed
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tone to provide independent data modulation. Moreover, the PFL based gain
switched OFC can be employed in an elastic optical network with coherent detection.
e In chapter 6, a multi section SOA was introduced for optical amplification
applications in short reach optical networks. The device has been characterised using
an optical signal from a tunable laser. As a next step, it would be interesting to
characterise the performance of the SOA to amplify the various tones of a gain
switched OFC. Moreover, as the SOA lends itself to photonic integration, a new
integrated device that comprises both the OFC source and the multi-section SOA
would be an attractive multi-functional compact device that can be used in short
reach and data centre networks. Finally, it would be great to get the multi-section
SOA packaged to improve its coupling and overall performance and compare it with

a typical single section SOA in order to benchmark it.

Eventually, | would like to conclude that | believe that the contributions presented in this
work is beneficial to both the gain switching and OFCs research fields and there is a lot of
promise in it. Even though, the work is not exhaustive, there is novelty. A wide array of
devices has been covered in this work going through parameters, characterisation techniques
and reporting interesting results to be used for the optimisation of OFCs to be used in next

generation networks.
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