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Development of high capacity transmission systems for future optical
access networks

Paul D. Sheridan

Abstract

The cost-sensitivity of NG-PON2 and future optical access networks, employing wavelength division
multiplexing (WDM) technology, may preclude the use of conventional LiNbOs-based intensity and I/Q
modulators, as they are currently too expensive for use in the access domain. Cost-effective directly
modulated lasers (DMLs) and electro-absorption modulated lasers (EMLs) will need to be employed
and, thus, are expected to be integral components in the realisation of tunable laser sources for future
optical access networks. The limitations of DMLs and EMLs as transmitters merit thorough
investigation to further understand how these devices can be adapted or optimised for use as tunable

laser sources in future optical access networks.

In this thesis, the transmission performance of a directly modulated DFB laser (DML) and an externally
modulated DFB laser monolithically integrated with an EAM (EML), are investigated. The performance
of both devices under 12.5 Gbit/s NRZ-OOK modulation are evaluated for transmission over standard
single-mode fibre (SSMF) in an IM/DD test-bed, with a view to further understanding the limitations
of DMLs and EMLs in 10 Gbit/s IM/DD systems. Particular attention is given to the frequency chirp of
the devices and how the chirp affects the performances of the devices for transmission over SSMF up
to 50 km in length. Numerical models, which were developed in MATLAB, are utilised to simulate the
characteristics and transmission performances of both the DML and EML. The latter half of this thesis
is focused on the development of a self-seeded Fabry-Pérot (SS-FP) laser. The SS-FP laser is optimised
and characterised, and the transmission performance of the directly modulated SS-FP laser over SSMF
is evaluated in an IM/DD test-bed. Two intensity modulation (IM) formats are assessed, 12.5 Gbit/s
NRZ-OOK and 12.5 Gbaud/s (25 Gbit/s) multilevel PAM-4, both IM formats are compatible with 10G
class optical components and legacy PON deployments. The SS-FP laser holds potential for photonic
integration, justifying its consideration as a candidate tunable laser source for next generation PONs

and future optical access networks.



Introduction

The last decade has seen an incessant growth in data traffic and bandwidth demands. This growth has
largely been driven by the rise of the ‘Internet of Things’ era, which has heralded unprecedented levels
of device connectivity. It has also been driven by the continuous evolution of multimedia services such
as high-definition video, online gaming and virtual and augmented reality applications. Fibre-to-the-
Home (FTTH) has been deemed a future-proof optical access solution to meet the projected data rate
and bandwidth requirements of end-users and the ever-increasing global data traffic demand. Passive
optical networks (PONs) are considered to be the most cost-efficient and reliable network architecture
for the delivery of FTTH and ubiquitous fibre-based connectivity. The introduction of a hybrid of time
and wavelength division multiplexing (TWDM) technology to PONs, reflected in the recent NG-PON2
standard, will see future PONs exploit both the time and wavelength domains in order to deliver the
capacity required to support the relentless growth in global traffic. However, with the introduction of
WDM technology to NG-PON2, the wide scale deployment of these networks will require substantial
financial investment and, thus, will be a highly cost-sensitive undertaking. As a result, the realisation
of NG-PON2 and future WDM access networks presents significant challenges, particularly with regard
to the development of cost-effective tunable optical sources, which must also meet stringent
performance requirements. Hence, reducing the cost and complexity of tunable optical sources for
NG-PON2 and future WDM access networks, while meeting the specified performance requirements,

has been the focus of considerable research efforts in recent years.

Directly modulated lasers (DMLs) are attractive candidates for tunable optical sources in NG-PON2
and future WDM access networks, employing intensity modulation and direct detection (IM/DD), due
to their cost-effectiveness and ability to achieve 12.5 Gbit/s data rates. However, DMLs produce
instantaneous frequency chirp and when an optical signal that is transmitted from a DML propagates
in optical fibre, the phase to intensity modulation (PM-IM) conversion of the signal, which occurs as a
result of the interaction between the intrinsic chirp of the laser and the chromatic dispersion in the
optical fibre, can severely degrade the signal quality. Consequently, this imposes significant limitations
on the modulation rates that can be applied to DMLs and the transmission distances that they can
achieve. External modulators offer an alternative solution for intensity modulation of lightwaves and
can be relatively chirp free. However, traditional LiNbOs-based intensity and I/Q modulators, which
are employed extensively in core and metro transport networks, are currently too expensive to be
employed in the access domain. Electro-absorption modulators (EAMs) are a cost-effective external

intensity modulation solution. Moreover, EAMs can be monolithically integrated with lasers and



packaged in a single device to produce electro-absorption modulated lasers (EMLs) or integrated laser
modulators (ILMs), which are compact and cost-effective. EAMs are not entirely free of chirp,
however, through careful optimisation of the bias voltage applied to the EAM it can exhibit zero or
even negative chirp, which can actually aid signal transmission over optical fibre and extend
transmission distances. Furthermore, EAMs tend to suffer from high insertion losses, leading to a
significant reduction in the transmitted signal optical power when compared with DMLs. Considering
the cost-sensitivity of NG-PON2 and future WDM optical access networks, DMLs and EMLs will be
integral components in the realisation of cost-effective tunable laser sources (TLSs) for future
networks. Thus, the limitations of DMLs and EMLs warrant thorough investigation to understand how

these sources may be adapted or optimised for future tunable laser developments.

Wavelength locked Fabry-Pérot (FP) lasers could potentially be used to realise a cost-effective tunable
laser source (TLS) for future ‘colourless’” WDM PONs and optical access networks. Self-seeded Fabry-
Pérot (SS-FP) lasers are capable of producing a widely tunable, single-wavelength source exhibiting a
high side-mode suppression ratio (SMSR) of >40 dB. Furthermore, when the FP laser is directly
modulated, it can achieve multi-gigabit optical signal transmission over standard single-mode fibre
(SSMF) distances which meet the requirements specified in recent PON standards. Moreover, SS-FP
lasers hold potential for photonic integration. Indeed, for their practical and cost-effective wide scale
deployment in PONs, the development of an SS-FP laser photonic integrated circuit (PIC) would be
more of a necessity than a convenience. This justifies the consideration of SS-FP lasers as candidate
tunable optical sources for future optical access networks and, hence, further study of SS-FP lasers is

warranted.

Main Contributions

The main contributions of this work are:

= An experimental demonstration of error-free 12.5 Gbit/s NRZ-OOK optical transmission over 50
km of standard single-mode fibre (SSMF) with a directly modulated DFB laser (DML), without the
use of optical or electronic dispersion compensation, is presented. The transmission performance
of the DML is numerically modelled and the simulated results obtained from the model agree well
with the experimental results. From the numerical model of the DML, key device parameters, such
as the chirp or alpha parameter, a, and gain compression factor, €, of the DFB laser, which enabled
the enhanced transmission performance of the DML for transmission over 50 km of SSMF, are
estimated. Furthermore, the magnitude and characteristics of the DML chirp are determined from

the model. The transmission performance of an EML modulated with a 12.5 Gbit/s NRZ-OOK signal



is also experimentally evaluated, and the results obtained are compared with the results of the
DML transmission experiments. The EML is also numerically modelled, and from the model the
range of alpha parameter, ag,y, values exhibited by the EML are estimated. Furthermore, the
magnitude and characteristics of the EML chirp are determined from the model.

= The first successful demonstration of error-free 12.5 Gbit/s NRZ-OOK optical signal transmission
over 25 km of SSMF with a directly modulated (DM) self-seeded FP (SS-FP) laser in an IM/DD test-
bed, without optical or electronic dispersion compensation, is presented. Furthermore, error-free
12.5 Gbit/s NRZ-OOK signal transmission over 25 km of SSMF with the DM SS-FP laser operating
at different wavelengths is experimentally demonstrated. To the best of the author’s knowledge,
this work represents (at the publication date) the highest reported transmission rate and distance
attained with a directly modulated self-seeded FP laser source. Moreover, 25 Gbit/s 4- level Pulse
Amplitude Modulation (PAM-4) optical signal transmission in a back-to-back (b2b) configuration
is experimentally demonstrated with the DM SS-FP laser with the aid of adaptive equalisation. The
adaptive equalisation is employed in the offline digital processing of the received signal to produce

a transmission performance below the 7% Forward Error Correction (FEC) limit.

Thesis structure

This thesis is structured as follows:

Chapter 1 describes the evolution of optical access networks. The different access network topologies
are introduced and a description of the topologies is provided. Passive optical networks (PONs) are
given particular attention, along with the technologies used to increase the capacity of PONs, including
time division multiplexing (TDM) and wavelength division multiplexing (WDM), as the next generation
of passive optical networks (NG-PON2) will employ a hybrid of the two multiplexing technologies. The
roadmap towards the realisation of next-generation PONs, and the challenges that this presents, are

also discussed.

Chapter 2 examines the characteristics and transmission performances of a directly modulated DFB
laser (DML) and an electro-absorption modulated laser (EML). The performances of both transmitters
under 12.5 Gbit/s NRZ-OOK modulation, transmitting over SSMF in an IM/DD test-bed are evaluated,
with a view to better understanding the limitations of DMLs and EMLs in 10G IM/DD links. Particular
attention is given to the frequency chirp of the devices and how the chirp affects the transmission
performance of the devices over different SSMF distances. Numerical models are utilised to simulate

the characteristics and transmission performances of both devices.



Chapter 3 is focused on the development of a tunable self-seeded Fabry-Pérot (SS-FP) laser. The SS-
FP laser is optimised and characterised. The optimisation is performed by measuring the SMSR of the
directly modulated (DM) SS-FP laser and the BER performance of the DM SS-FP laser for back-to-back
(b2b) transmission. The characterisation includes large-signal modulation analysis (extinction ratio, ER
power penalty, Q-factor), analysis of the influence of the seed signal optical power on the SMSR of the
SS-FP laser and classification of the feedback regime, relative intensity noise (RIN) measurements and
an evaluation of the performance of the different wavelength channels of the DM SS-FP laser and its
tuning range. The experimental implementation of the DM SS-FP laser in a 12.5 Gbit/s NRZ-OOK and
a 25 Gbit/s PAM-4 IM/DD transmission system is also demonstrated, to analyse the influence of the
extinction ratio (ER), ER power penalty and Q-factor of the signal transmitted from the DM SS-FP laser

on the transmission performance.

Chapter 4 concludes the thesis with a summary of the research and highlights the main contributions

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



Chapter 1 Optical Access Networks

1.1 Introduction

The demand for high speed communications and media-rich applications and services, by residential
and business consumers alike, continues to grow year on year. As shown in Figure 1.1, global IP traffic
will increase at a Compound Annual Growth Rate (CAGR) of 26% from 2017 to 2022 and has been
forecasted to reach 4.8 ZB per year by 2022, which will be a threefold increase on the 2017 annual run
rate of 1.5 ZB per year [1]. The number of devices connected to IP networks globally is expected to be
more than three times the global population by 2022 at 28.5 billion, having increased by over 10 billion
from 2017 [1]. In the era of the so called “Internet of Things” (IoT), the relentless growth in global IP
traffic shows no sign of abating and network providers are continuously being forced to increase the

bandwidth provision of optical transport networks.
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Figure 1.1: Cisco VNI monthly IP traffic forecast up to 2022 [1].

The transmission speed and throughput “bottleneck” of the internet is currently the access network,
which covers the last span of the communications network between subscribers and the central office
node. Access networks, and intra-data centre networks, typically fall under the “short-haul” networks
category. The term “last mile” is often used when referring to access networks. In reality, several tens
of kilometres of optical fibre can be deployed in optical access networks to connect subscribers to the
optical line terminal (OLT) at the interface to the “long-haul” core and metro transport networks, as
shown in Figure 1.2, which span transmission distances of hundreds or thousands of kilometres. In
recent years, access networks have seen significant adoption of optical networking technologies in
place of electrical as a means to increasing capacity and throughput. However, access networks, at
present, still rely largely on copper-based communications. This presents a major obstacle considering

that digital subscriber line (DSL) technologies are fast approaching their capacity limit and soon will



not be capable of meeting the predicted bandwidth and data rate demands of end-users. Optical fibre
communication is the obvious solution to the bottleneck problem. Broadband optical access networks,
and Fibre-to-the-Home (FTTH) networks in particular, have been deemed a “future-proof” solution to
meet the projected increase in bandwidth and data rate demands of end-users. In the next generation
of fibre-based access networks, the optical transmission will be terminated closer than ever before to

the subscriber premises, thus, exploiting the superior performance of optical fibre communications.
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Figure 1.2: Illlustration of network topologies which includes core, metropolitan and access networks [2].

Future access networks will need to be capable of offering Internet-Protocol-TV, Video-on-Demand,
Voice-over-IP and High-Speed Internet Access, combined with guaranteed Quality of Service. Yet in
order for an end-to-end solution for ubiquitous high-speed broadband optical access to be realised,
cost-effective components and technologies for use in the optical access network physical layer must
be made readily available to service providers. Passive optical networks (PONs) have been deemed
the most cost effective architecture for future optical access networks and have become the preferred

solution for network providers due to the potential bandwidth they can provide and their scalability.

This chapter explores the current state of optical access networks and the future of optical access. In

section 1.2 an overview of optical access networks is provided. In section 1.3, passive optical networks

(PONs) are discussed, including different PON multiplexing technologies and the recent PON standard

NG-PON2. Finally, a summary of the chapter is presented in section 1.4, which addresses some of the

challenges facing the realisation of NG-PON2 and future optical access networks.



1.2 Optical Access Networks Overview

Optical access networks are categorised based on the proximity of the fibre termination point to the
end-user or subscriber. The “Fibre-to-the-x” or FTTX designation is typically used to indicate the fibre
termination point, where “X” can signify either “Home”, “Buildling” or ”"Curb”. Fibre-to-the-Home or
Building (FTTH or FTTB) are considered the most future-proof solutions because they connect the end-
users as close as possible to the fibre network. In the case of FTTH or FTTB, the fibre is terminated at
the optical network unit (ONU), which is located at the dwelling or premises. With FTTB, the ONU is
located at the building and coaxial or copper (e.g. twisted copper pair) cables are employed to connect
multiple end-users in the building to the fibre terminal or ONU. In the case of Fibre-to-the-Curb (FTTC),
the fibre network or optical distribution network (ODN) will extend from the central office (CO), where
the optical line terminal (OLT) is located, to a point typically within 300 metres of the subscribers and,
as in the case of FTTB, copper or coaxial cables will form the remainder of the connection from the
ONU to the subscribers. Fibre-to-the-Node is similar to FTTC, however, the ONU can be situated at a
distance greater than 1 km from the subscribers. Figure 1.3 illustrates the main network architectures
used in fibre-based access to date including Point-to-Point (PtP) networks, Active Optical Networks

(AONSs) and Passive Optical Networks (PONs) [3].

ONU

ONU Central
Ethernet Office Power

Sitch a o @ () spn% ons

ONU

Central
Office

Central
Office

a) PtP b) AON c) PON

Figure 1.3: Basic FTTH access network architectures: a) point-to-point (P2P); b) active optical network (AON); c) passive
optical network (PON) [3].

The point-to-point (PtP) architecture is the most straightforward deployment for fibre-based access.
In a PtP system, as shown in Figure 1.3 (a), each subscriber ONU has a dedicated fibre connection to
the OLT located at the CO and there are no additional components in the ODN between the OLT and
ONU. Typically, only one fibre link is used to connect the OLT to the ONU, which utilises bi-directional
downstream and upstream transmission, where transmission downstream and upstream is over the
same fibre using two different wavelengths. In some cases, two separate fibre links are employed for
downstream and upstream transmission. The advantage of the PtP architecture is that operators can
expand the network as the number of subscribers increases and, as each subscriber link is independent
of one another, any repair or maintenance work required on one subscriber’s link will not affect other
subscribers in the network. This also makes it easy to upgrade the transmission speed line by line or

perform component upgrades on a per-user basis [4]. Although it is the simplest architecture of the
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three, it is also the least cost efficient. PtP deployments require a high number of fibres and, more
importantly, a high number of transceivers, as each subscriber in the network requires their own
dedicated transceiver at the OLT [5]. As thousands of subscribers can be connected to an OLT, this can
lead to significant issues regarding power consumption and space to house the components, coupled
with the initial costs for deployment and the cost for maintenance and repairs, the running costs over
the lifetime of a PtP access network can be considerable. Despite the cost factor, PtP architectures

have been used in many fibre-based access deployments, particularly in Europe.

Active optical networks (AONs), shown in Figure 1.3 (b), are the second type of optical access network
architecture. In AONs, a single feeder fibre connects the OLT to an active electrical switch in the ODN
located at a remote node (RN), which is situated in close proximity to the ONUs. Distribution fibres
are employed to connect the ONUs to the active switch at the RN and all of the ONUs are connected
to the OLT through the feeder fibre. As active components are used at the RN, AON architectures can
provide greater transmission distance than PtP [5]. Furthermore, the use of multiplexing at the RN
allows for a single feeder fibre to be employed in this architecture, thus, reducing the amount of fibre
required when compared with PtP. The number of transceivers required at the OLT is also reduced,
however, transceivers are required for the active Ethernet switch at the RN. At the RN the incoming
optical signal from the OLT is converted to the electrical domain and the Ethernet switch forwards the
electrical signal to a transceiver where electro-optical conversion takes place and the optical signal is
then transmitted through the distribution fibre to the subscribers ONU. Due to the active Ethernet
switch element at the RN, a greater number of transceivers may be required in an AON than in a PtP
network having the same number of end users [5]. Further costs are incurred in AONs due to the
expensive housing required for the Ethernet switch, as the components need to withstand a wider
range of temperatures than in-door equipment, consequently, if the RN is not temperature controlled,
it can result in a higher rate of component failures [6]. The electrical power consumption at the RN is
also considerable and the supply and maintenance of power is considered one of the main operational

costs contributing to the high operating expenditure (OPEX) over the lifetime of an AON [7].

Passive optical networks (PONs), illustrated in Figure 1.4, historically have been the most widely
deployed fibre-based access networks globally. Current growth in FTTH connections in Europe is
running close to 20% annually [9]. Ultimately, FTTH is the end goal for service providers and given the
cost sensitivity of new optical access deployments, PONs, employing a point-to-multipoint topology,

have been deemed the most cost effective architecture to realise FTTH.
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1.3 Passive Optical Networks (PONs)

PONs typically employ a tree-like, point-to-multipoint topology, where only the OLT, located in the
central office (CO), and the ONUs require active components and passive optical components are used
at the remote node (RN) in the ODN to connect each subscriber ONU to the OLT. The passive optical
components can include power or wavelength splitters/combiners, which interconnect the different
fibre sections from each subscriber ONU to the remote node (RN). The fact that the components used
in the ODN are passive results in a more cost effective network when compared with AONs. The initial
cost for deployment of PONs is lower than AONs, and given the lower energy consumption and
improved reliability of PONs, the costs for running and maintaining the network over its lifetime are
considerably lower. The key elements of a PON are displayed in Figure 1.5. It shows the optical line
terminal (OLT) located in the central office (CO), which serves as the interface between the access
network and the metropolitan and core networks, the optical network unit (ONU), which, in the case
of FTTH or FTTB, is located at the subscriber’s premises and connects to the PON equipment at the
subscriber side. Also shown is the optical distribution network (ODN), which connects the OLT to the

ONU and comprises the fibres and the passive optical power splitter in the remote node [10].

The operation of a typical PON may be described as follows. For downstream transmissions, multiple
data streams, each of which are assigned to a subscriber, are encoded and multiplexed in an optical
signal that is transmitted from the OLT through the feeder fibre down to the passive splitter located
in the ODN. The passive splitter produces replicas of the multiplexed signal and each replica is then
transmitted to the different ONUs. When the optical signal is detected by the photo-receiver at the
subscriber’s ONU, the data that was destined for the subscriber is extracted from the multiplexed data

stream and sent to the subscriber.
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Figure 1.5: PON Architecture and Terminology [10].

For upstream transmissions, each ONU encodes the subscriber’s information in an optical signal which
is then transmitted to the passive component at the RN in the ODN and transmitted upstream through
the feeder fibre to the receiver at the OLT [11]. As shown in Figure 1.5, multiple subscriber ONUs are
connected to the same OLT via the feeder fibre, which is shared among all of the subscribers. The
number of ONUs serviced per OLT, is defined by the splitting ratio, typically 1:32 (15-dB loss) or 1:64
(18-dB loss). In typical PONs, the standardised distance between the ONU and OLT is 20 or 40 km.
Given that there is no amplification or dispersion compensation between the multiple ONUs and OLT,
the PON requires high optical power budgets, between 20 to 40 dB. In order to meet the power budget
requirements, PONs require high power transmitters and very sensitive receivers, such as avalanche
photodiodes (APDs). Forward error correction (FEC) codes can be employed to enhance receiver
sensitivity, where a pre-FEC bit-error ratio (BER) of 1073 is generally sufficient to obtain error-free
transmission. The pre-FEC back-to-back (b2b) receiver sensitivity, Ppre.—rgec, is defined as the optical
power on the receiver for a BER of 1x1073 when the transmitter is connected directly to the receiver
(b2b). The transmission power penalty, Ppgy, is the difference in power between the b2b receiver
sensitivity and the sensitivity after transmission. The power budget, PB, of a PON may be defined by

equation 1.1, where Py, is the fibre coupled transmitted signal optical power.

PB = Pry — Ppre—_pec — Ppen 11

Through the implementation of an appropriate multiplexing technology, or a combination of different

multiplexing technologies, and the use of statistical aggregation of the data traffic based on end-user
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requirements, various types of PONs can be realised. Current PON standards, Ethernet PON (EPON)
IEEE 802.3ah and Gigabit PON (GPON) ITU-T G.984, both employ time division multiplexing or multiple
access (TDM/TDMA) technology, which allows the communications channel to be shared among all of
the subscriber ONUs and a single wavelength channel is employed for both downstream and upstream
transmissions. The majority of currently deployed PONs are G-PON systems with asymmetric speeds
of 2.5 Gbit/s and 1.25 Gbit/s in the downstream and the upstream respectively. The next-generation
ITU-T PON standard (NG-PON2) will be a time and wavelength division multiplexed (TWDM) PON. The
NG-PON2 standard was finalised in 2015 in the ITU-T G.989 series of recommendations [12]. NG-PON2
will stack multiple TDM-PONSs on a dense wavelength division multiplexed (DWDM) wavelength grid.
The initial implementations of NG-PON2 will employ four wavelength channels with a fixed 100 GHz
spacing between 1596 and 1603 nm and utilise standard on-off-Keying (OOK) modulation to achieve
an aggregated capacity of 40 Gbit/s (4x10 Gbit/s) in the downstream direction. For transmission in the
upstream direction, four wavelengths, each with a bit rate of 2.5 Gbit/s, will be employed to achieve

an aggregated capacity of 10 Gbit/s with channel spacings of 200, 100 and 50 GHz.

Various multiplexing technologies were considered [10] prior to finalisation of the NG-PON2 standard,
including time division multiplexing (TDM-PON), wavelength division multiplexing (WDM-PON) and
orthogonal frequency division multiplexing (OFDM-PON), however, as previously mentioned, it was a
hybrid of time and wavelength division multiplexing (TWDM-PON) technology that was finally chosen
[10]. The different multiplexing technologies considered for NG-PON2 and the TWDM technology,

which was finally chosen, are discussed in the following sections.

1.3.1 Time Division Multiplexed PON (TDM-PON)

As previously mentioned, the method by which the communications channel is shared among end-
user ONUs in existing PON deployments is based on time division multiplexing (TDM) technology. This
is reflected by the previous PON standards, Ethernet PON (EPON) IEEE 802.3ah and Gigabit PON
(GPON) ITU-T G.984, both of which use Time Division Multiple Access (TDMA) as a means for channel
sharing. With TDMA, each subscriber is allocated a time slot in which they can access the available
bandwidth. The allocation of time slots is carried out in the medium access control or MAC layer which
schedules what ONU has access to the network at any given time and dynamic bandwidth allocation
algorithms at the OLT determine the amount of bandwidth that is made available to each ONU [6]. A
passive power splitter is used to split the multiplexed signal transmitted from the OLT downstream to
the ONUs, while also serving as a means to couple the upstream data from the subscribers into the
feeder fibre back to the OLT. For downstream transmission, the multiplexed signal is transmitted to

all of the subscribers and each subscriber ONU decodes only the data received within the timeslot that
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has been allocated to it by the OLT. For upstream transmission, the OLT assigns the time slots used by
each subscriber to transmit their data in such a way so that there is no overlap of the data streams.
As previously mentioned, typical downstream and upstream data rates for existing PON deployments
are 2.5 Gbit/s and 1.25 Gbit/s, respectively. As an upgrade to EPON and GPON, 10 gigabit PON
solutions are now available providing 10 Gbit/s aggregate data rates and symmetric transmission
downstream and upstream over a single wavelength or channel. These 10 gigabit PON networks have
been standardised by the IEEE and the ITU-T in 10G-EPON and XG-PON/XGS-PON, respectively. Both
10G-EPON and XG-PON/XGS-PON are also TDMA-based standards. A typical TDM-PON system is

shown in Figure 1.6.
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Figure 1.6: Typical TDM PON system configuration with power splitter as a passive remote terminal [13].

The time division multiplexing technology proposed for NG-PON2 was very similar to what is used in
existing PON systems which employ a single wavelength for downstream transmission and a single
wavelength for upstream transmission. To increase the downstream line rate of the PON to 40 Gbit/s
the use of duobinary modulation was proposed, this would have also allowed 20 GHz bandwidth
receivers to be used at the ONUs, while simultaneously reducing the dispersion power penalty [10].
To provide sufficient link budget, strong forward error correction (FEC) from low density parity check
codes was also suggested, and the use of a bit-interleaving protocol was proposed in the downstream
to reduce power consumption and the processing burden at the ONU [10]. In TDM-PON, the signals
from the OLT incur high insertion losses at the passive power splitters located in the ODN. Ultimately,
this sets a limit on the power budget of the link, and, consequently, a limit on the reach or transmission
distance. As the number of ONUs which the OLT serves increases, it only further exacerbates the
problem of limited optical power budget of the link. Additionally, as there are only two separate single

wavelength channels used for both downstream and upstream transmission, which are shared among
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all of the ONUs, using this proposed technology would make it difficult to scale the network to higher

line rates and bandwidths which will no doubt be a requirement in the near future.

It is universally recognised that TDM technology exploits only a small fraction of the huge potential
that fibre optic communications can offer access networks and PONs. As a result, wavelength division
multiplexed (WDM) technology was also proposed for NG-PON2 as a means to enhance the available
bandwidth and improve the quality of service, as WDM is generally considered to be a more efficient

way of utilising the available spectrum and the large bandwidth offered by the fibre channel.

1.3.2 Wavelength Division Multiplexed PON (WDM-PON)

In wavelength division multiplexed (WDM) PONs, either one or two wavelength channels may be
assigned to each individual end-user for downstream and upstream transmission, however, if
wavelength reuse is implemented, only one wavelength channel is assigned to each subscriber for
both downstream and upstream transmission [10]. The passive power splitter located at the RN in the
ODN used in TDM-PONs is replaced with a passive wavelength division multiplexing and de-
multiplexing component, typically an AWG (arrayed waveguide grating) based router [14]. The WDM-
PON architecture is similar to the PtP architecture in that it can provide a PtP logical (virtual) link to
each subscriber [15], that is, independent connections can be created between the OLT and each
individual subscriber ONU. This means that in WDM-PONs there is no competition for bandwidth
between individual subscribers and each ONU has its own dedicated bandwidth. It also results in the
WDM-PON being transparent to modulation formats and bit rates and the data rate and bandwidth
which the network operator can provide each subscriber is limited only by the data rate supported by
the transceiver [15]. Additionally, the limits imposed on the optical power budget in WDM-PON are
less strict than that of TDM-PON, as the AWG that replaces the passive power splitter introduces less
losses (2.5-6 dB) and is independent of the number of channels or ONUs [15]. The basic architecture

of a WDM-PON is shown in Figure 1.7.

ulit

Figure 1.7: Basic WDM-PON system configuration with AWG at remote node [13].
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One of the drawbacks of WDM-PONSs is the necessity for either wavelength-selective or wavelength-
specific (“coloured”) components at customer ONUs. The wavelength-specific or “coloured” operation
is difficult for network operators to implement as it creates inventory management issues, and the
wavelength selective operation is too expensive, considering the current state-of-the-art of available
technology [15]. An alternative to this is to develop WDM-PONs using “colourless” components at the
ONUs. In order to facilitate colourless operation, wavelength tunable transmitters and receivers are
necessary and the use of colourless solutions, such as tunable transceivers, would increase capital
expenditure [10]. The scaling of the number of end-users on a network could also pose problems in
the future for WDM-PONs, as it would require dense wavelength division multiplexing (DWDM)
technologies. Up until now DWDM has only been used in backbone and transport networks and the
technology required to implement DWDM in optical access would be, at present, cost prohibitive [15].
Also, considering that each subscriber ONU has its own dedicated bandwidth, this means that it is not
possible to utilise dynamic bandwidth allocation and statistical multiplexing. Another drawback of
WDM-PONSs is that a transceiver is required at the OLT for every subscriber ONU, similar to PtP fibre-
based access, and this has associated issues regarding capital cost, power consumption and space to
house the components. A future solution to this lies in silicon photonics or photonic integration,
whereby multiple transceivers can be monolithically integrated providing a single packaged
transceiver array [10], [15]. Field trials of WDM-PON systems are limited but some have been carried

out in South Korea [16], Taiwan [17] and Austria [18].

A number of concepts regarding how WDM-PON could be implemented in NG-PON2 were studied
including; externally seeded WDM-PON, wavelength re-use WDM-PON, tunable WDM-PON, ultra-
dense coherent WDM-PON and self-seeded WDM-PON [10].

1.3.3 Hybrid TWDM-PON and NG-PON?2

A number of technologies were considered for the next generation PON standard NG-PON2. The
continuing use of TDM-PON was considered, which would require the replacement of old technologies
with more advanced equipment and the implementation of complex modulation formats with digital
signal processing techniques to replace the simple on-off keying (OOK) scheme. A number of WDM
concepts were also considered, based on extensive academic research carried out in the community,
as were OFDM PONs [15], [19]. However, it was a hybrid of time and wavelength division multiplexing
(TWDM-PON) that was finally chosen for NG-PON2 and was first standardised by the ITU-T in 2013 in
G.989.1 [20] — [22]. NG-PON?2 is the first standard to be developed that provides transmission rates
beyond 10 Gbit/s operation and was a big evolutionary jump from the previous PON standards, as it

introduced multi-wavelength operation and WDM technology to increase the aggregate bandwidth to

14



40 Gbit/s. TWDM-PON was chosen for NG-PON2 primarily for its compatibility with pre-existing PON
deployments, specifically in terms of the ODN equipment. Two other major factors which determined
TDWM-PON being chosen were the relative complexity of the components that would be required in
the systems and the industry wide support from major players. Figure 1.8 shows a basic schematic of
the ITU-T standardised TWDM system architecture of NG-PON2 with high level features. NG-PON2 will
stack multiple TDM-PONs, as per existing TDM-PONs, on a dense wavelength division multiplexed
(DWDM) wavelength grid. For downstream transmission, initial implementations of NG-PON2 systems
will use four wavelength channels, between 1596 and 1603 nm, with a channel spacing of 100 GHz
and each wavelength capable of transmitting at 10 Gbit/s, using standard OOK modulation, to achieve

an aggregated data rate of 40 Gbit/s.

CT = Channel Termination
WM = Wavelength Multiplexer
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NG-PON2 = 40 Gigabit Capable Multi-Wavelength PON System
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*PtP WDM (Ch. # 8)

*TWDM Ch. Rates = Base = 10/2.5G and Options =10/10G and 2.5/2.5G
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*ONUs are colourless and can tune to any assigned Channel

Figure 1.8: NG-PON2 system architecture and high level features. Note that the internal configuration of the WDM is just
for illustration and is not defined by ITU-T recommendations [10].

In the upstream direction, four wavelengths with a bit rate of 2.5 or 10 Gbit/s can be used to establish
an aggregated capacity of 10 or 40 Gbit/s, respectively. To account for the variation in the wavelength
control capabilities of the different ONU transceiver technologies available, the upstream wavelength
channels can be chosen in the narrow (1532-1540 nm), reduced (1528-1540 nm) or wide (1524-1544
nm) wavelength bands. The channel spacings will be 50, 100 and 200 GHz, as in dense WDM metro
systems where volume manufactured C and L band multiplexers are utilised. NG-PON2 will be capable
of serving multiple subscribers in homes, offices or via RF antennas from the same ODN. Subscribers
will need to be able to receive information on any of the incoming wavelengths and will also need to
be capable of transmitting their upstream bursts on one of the assigned wavelengths, thus, dynamic
allocation of wavelength channels and time slots will be required. Fixed wavelength receivers and
transmitters will be employed in the OLTs, as with legacy PONs, and passive power splitters will be

utilised in the ODNSs.
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The most radical change to NG-PON2, when compared with legacy PONs, will be to the transceiver
technologies employed at the ONUs. The ONUs will require tunable transceivers so that they can
selectively transmit and receive in upstream and downstream wavelength channels, that is, the ONUs
will need to be colourless, in order to avoid ONU inventory issues for network operators [10]. Tunable
optical filters will need to be employed for wavelength selectivity at the ONUs, while tunable ‘burst-
mode’ transmitters will also be required at the ONUs for selective upstream transmission to the OLT.
Several technology options exist as possible solutions for implementation in the ONUs to achieve the
required wavelength tunability, however, the availability of cost-effective tunable devices will most

certainly be the driver for the successful and timely deployment of NG-PON2 networks.

FTTH
PtP WDM FTTH
OLT
TWDM
OoLT FTTH

Power Split

FTTH

Wireless access point

Figure 1.9: NG-PON2 architectural approach with TWDM-PON overlaid with PtP WDM PON to meet the diverse service
requirements of FTTH and Wireless Backhaul [10].

An addition to the TWDM-PON technology in NG-PON2 is the Point-to-Point WDM Overlay (PtP WDM),
which will serve as a dedicated wavelength channel provided to each ONU that will be directly linked
to a single OLT. This will support potential high demand business and backhaul services, where TDM
sharing is not desirable [10]. Figure 1.9 illustrates the NG-PON2 architectural approach with TWDM-
PON overlaid with PtP WDM PON. As with TWDM-PON, cost effective tunable transceivers are also
required for PtP WDM PON. The main difference between the PtP WDM and TWDM PON is that the
transceivers in PtP WDM are operated in continuous mode, as opposed to burst mode operation for

TWDM-PON. Bit-rate classes have been defined for PtP WDM spanning 1-10 Gbit/s [10].

Several technologies have the potential to impact the development of future high data rate single-
wavelength channel PONs that could also serve as a per-wavelength upgrade for NG-PON2 [23], [24].
The technologies include advanced multi-level modulation formats beyond NRZ-OOK such as PAM
formats [25] and optical duobinary format [26], [27], DSPs [28], multicarrier modulation techniques
such as OFDM [29] and discrete multi-tone (DMT) modulation [30] and coherent detection [31], which

would enable the use of higher-order modulation formats such as QAM [32], and DP-QPSK [33].
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1.4 Summary

This chapter provided an overview of optical access networks and the evolution of PON architectures,
from the widely deployed single channel E-PON and G-PON systems, to the migration towards 10G
capable 10G-EPON and XG-PON, and the recently standardised NG-PON2. The ultimate goal for
network operators is to have each end-user as close to the optical network as possible, thus, realising
Fibre-to-the-Home or Premises (FTTH/-P) and this is reflected by the gradual replacement of copper
cables in the access network domain with the superior performing and cost-comparable fibre-based
PON technologies. Prior to the introduction of NG-PON2, legacy PON standards and deployments have
been based on bi-directional TDM/TDMA technologies, where a single wavelength or channel is used
to transmit data with the standard NRZ-OOK modulation format. To date, the transmission speeds and
bandwidth that the legacy optical access technologies and TDM-based PONs provide have been
sufficient. However, with the bandwidth and data rates that these legacy networks can provide fast
approaching their limit, next generation PONs are required, which provide increased throughput and

greater bandwidth flexibility.

The evolution of optical access networks and PONs has been predominantly driven by the cost of the
optical networking components and the performance enhancement of legacy PONs has been largely
limited by the availability of cost-effective optical components capable of operating beyond 10 Gbit/s.
To overcome the bandwidth limitations of current 10G class optical components, wavelength division
multiplexing (WDM) technology and more spectrally efficient modulation formats have been included
in the recent NG-PON2 standardisation [12]. Thus, allowing the large bandwidth offered by the single-
mode fibre to be further exploited. However, with the introduction of WDM technology to the recent
NG-PON2 standard, and its anticipated implementation in future PONs and optical access networks,
the availability of cost-effective “colourless” optical components and tunable transmitters that enable
the realisation of wavelength agile, adaptive and reconfigurable PONs, which can support dynamic
bandwidth allocation and network provisioning based on traffic and end-user demands, has never

been more crucial.
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Chapter 2 Direct vs External Modulation of Lasers for Next Generation

PONs

2.1 Introduction

Current TDMA PONs employ direct modulation of single mode devices at 2.5 Gbit/s as this is the lowest
cost option for a cost sensitive market such as access networks. For core and metropolitan networks,
where per channel data rates are 10 Gbit/s and beyond, external modulation is typically employed, as
the frequency chirp associated with direct laser modulation severely limits the transmission distances
and data rates that can be achieved in the 1.55 um window over standard single-mode fibre (SSMF)
[1]. Moreover, external modulation, using IQ modulators, are required to generate spectrally efficient
modulation formats, such as DP-QPSK, which are widely utilised in high capacity transmission systems.
As optical access networks migrate towards higher data rates and potentially increased transmission
distances [2], it is likely that external modulation will need to be considered and compared with direct

modulation (DM) solutions in terms of system performance, complexity and cost.

Directly modulated tunable lasers, such as the thermally tunable DFB laser, are, at present, the most
cost-effective tunable laser solution for NG-PON2 and IM/DD access networks. Furthermore, by
employing DMLs, the insertion losses of external modulators can be avoided, thus, allowing the power
budget of the access network to be maximised. However, it is difficult for standard DM DFB lasers to
transmit beyond distances of ~15 km, due to the frequency chirp of DMLs, and the interplay between
the chirp and the chromatic dispersion in standard single-mode fibre (SSMF) in the C-band. Techniques
to overcome the transmission distance limitations, due to the chirp-dispersion interaction, have been
developed [3] —[13], yet the majority of the techniques are too impractical or complex to be employed
in the field. The limited extinction ratios (~8-10 dB) and modulation bandwidths (~10 GHz) of DMLs
pose additional challenges for optical access networks, however, solutions to enhance data rates using
advanced modulation formats can overcome the bandwidth limitation [14]. A cost-effective DML that
achieves 12.5 Gbit/s C-band transmission over SSMF distances >15 km remains challenging, as the

intrinsic chirp of DMLs ultimately limits the reach of the link and the data rates that can be employed.

Currently, the most promising alternatives to the cost-effective directly modulated (DM) thermally
tunable DFB laser are the tunable externally modulated laser (EML) [15] — [17], which comprise an
electro-absorption modulator (EAM) monolithically integrated with a thermally tunable DFB laser.
Thus, tunable EMLs seem to be the most viable near-term alternative to DM thermally tunable DFB

lasers. The implementation of tunable EMLs in future optical access will significantly enhance the data
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rate and reach that can be achieved due to the reduced frequency chirp of EMLs. Key considerations
for tunable EMLs in future PONs will be the footprint of the devices, the cost and power consumption,
hence, photonic integration will be imperative [18]. Nonetheless, the frequency chirp of EMLs, albeit
greatly reduced when compared to DMLs, can also limit the transmission distances that these optical
sources can achieve. More importantly, the limited optical power of EMLs, due to insertion or coupling

losses (in the range of 3-5 dB power loss), is an additional disadvantage.

In this chapter, two single-channel C-band transmitters, a directly modulated multiple quantum well
(MQW) DFB laser (DML) and an electro-absorption modulated (EAM) laser (EML), are experimentally
characterised and the transmission performances of both devices modulated with standard NRZ-OOK
modulation at a rate of 12.5 Gbit/s in an IM/DD test-bed are evaluated. The transmission
performances of the DML and EML are evaluated for back-to-back (b2b) transmission and SSMF
transmission. Measurements of the bit-error ratio (BER) performance as a function of received signal
optical power and eye diagrams of the received signals are used to assess the transmission
performance. Numerical models developed in MATLAB are employed to simulate the characteristics
and transmission performances of both devices in the IM/DD test-bed. The numerical models are
employed to estimate the chirp or alpha parameters, a, of the DML and EML, along with the
magnitude of the frequency chirp exhibited by the devices under large signal 12.5 Gbit/s NRZ-OOK
modulation. Particular attention is given to the frequency chirp of the DML and EML, as the interplay
between the chirp of transmitted optical signals and the chromatic dispersion in optical fibre results
in dispersive optical pulse broadening and inter-symbol interference (ISI), which can severely limit the

transmission performance of PON links.

2.2 Direct Modulation of DFB Laser (DML)

This section presents the experimental characterisation and transmission performance evaluation of
the DML, as well as the numerical modelling that was carried out to assess the chirp characteristics of
the DML. The DML is a C-band (1537-1565 nm) InGaAsP/InP multi-quantum well (MQW) distributed
feedback (DFB) laser with a 3-dB electrical bandwidth rating of 10 GHz, a typical linewidth rating of 1
MHz and an average relative intensity noise (RIN) of -150 dBc/Hz. Figure 2.1 shows an image of the
DFB laser. The device is housed within a 7 pin butterfly package and contains a thermo-electric cooler

(TEC), thermistor, back facet monitor detector, bias tee and an internal optical isolator.
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Figure 2.1: (a) Image of InGaAsP/InP multi-quantum well (MQW) DFB laser diode housed in a 7 pin butterfly package and
(b) schematic of laser.

A polarization maintaining (PM) pigtailed fibre provided the output from the laser. The RF input to the
device was a K-type connector, which enabled the direct modulation of the laser. The DFB laser was

mounted on a printed circuit board for safety and ease of use.

2.2.1 Device Characterisation

Experimental characterisation of the MQW DFB laser was carried out to determine the optimal drive
settings to directly modulate the laser with the 12.5 Gbit/s NRZ-OOK signal before its implementation
in the IM/DD test-bed. It allowed for important parameters, such as the laser threshold current, I,
and the modulation bandwidth, f; 45, to be ascertained. It also allowed the extinction ratios, ER, and
the 3-dB bandwidths, Av;,p, of the optical signals transmitted from the DFB laser under large-signal
modulation, to be determined. The static characterisation of the MQW DFB laser was performed with
the laser dc biased. Static characterisation includes measurement of the optical power output from
the laser as a function of varying dc bias current and capturing the optical spectrum of the lightwave
output from the laser during continuous wave (CW) operation. The P-I curve of the DFB laser and the

optical spectrum captured from the laser are shown in Figure 2.2 and Figure 2.3, respectively.
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Figure 2.2: P-I curves for 15°C (blue curve), 25°C (red curve) and 35°C (yellow curve) TEC temperatures.
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Figure 2.3: Optical spectra captured from DFB laser at 35 mA bias (blue spectrum) and 80 mA bias (red spectrum).

It may be observed in the P-I curve shown in Figure 2.2 that the threshold currents, I;j, for the DFB

laser at 15, 25 and 35°C thermoelectric cooler (TEC) temperatures are 11, 13 and 15 mA respectively,
indicating a ~0.2 mA variation in I;; per 1 degree change in temperature. The slope efficiencies, Z—f,

extracted from the P-I curves for the DFB laser operating at 15, 25 and 35°C TEC temperatures are
0.21, 0.216 and 0.202 mW/mA, respectively. The optical spectra shown in Figure 2.3 were captured
with the Yokogawa OSA using a 0.02 nm/~3 GHz spectral resolution. In the spectra captured from the
DFB laser biased at 35 and 80 mA, side modes appear ~1.5 nm from the main lasing mode. However,
the modes are supressed significantly and the side-mode suppression ratio (SMSR), which provides an
indication of the degree of single-mode operation of the laser, is ~60 dB. In general, an SMSR of >30
dB is required for optimal single-mode laser operation. For fibre optic communications, single-mode
lasers typically require SMSR values of 40 dB or higher for optimal signal transmission. The peak
wavelengths, A,¢4, Of the spectra for the DFB laser biased at 35 and 80 mA are 1549.97 and 1550.29
nm, respectively, and this corresponds to a wavelength shift of ~7 pm per 1 mA change in the dc bias
current. The wavelength shift is essentially due to heating of the device with increasing bias current.
Varying the dc bias current to the laser enables the wavelength to be detuned. However, a more
efficient method of wavelength detuning is achieved through variation of the device temperature,
which is the detuning method employed with thermally tunable DFB lasers. Typically, a ~0.1 nm

change in the 4,04 of the lasing mode is observed for a 1°C change in temperature.

Small-signal analysis of the MQW DFB laser was also performed to determine the 3-dB modulation
bandwidth, f345. The results of the small-signal analysis are shown in Figure 2.4. From Figure 2.4, the

measured values of f3 ;5 for the DFB laser biased at 30, 40, 50 and 60 mA are ~8, 10, 12 and 14 GHz,
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respectively, and the corresponding relaxation oscillation frequencies, fz, occur at ~6, 8,9 and 11 GHz,

respectively.
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Figure 2.4: DFB laser IM frequency response for 30 mA (blue), 40 mA (purple), 50 mA (green) and 60 mA (red) bias currents.

For the small-signal modulation response of a DFB laser, the relaxation oscillation frequency, fz, and
the modulation bandwidth, f3 45, increases with increasing photon density or output optical power
due to the increase in the dc bias current applied to the laser. The flattening of the response and the
reduction in the amplitude of the RO peak is a result of the increase in the damping rate and the K-

. . . . . . d .
factor, which can be attributed to the decrease in the differential gain, ﬁ, occurring as a result of

increasing gain compression. The increased damping of the RO frequency, and the flattening of the
modulation response at higher laser bias currents and output optical power, ultimately imposes a limit

on the modulation bandwidth of the laser.
2.2.1.1 Large-signal intensity modulation (IM) analysis

Optical waveform analysis

The large-signal analysis of the DFB laser involved directly modulating the laser with a 12.5 Gbit/s NRZ-
OOK signal and capturing optical eye diagrams and spectra at the output of the DML for different laser
bias currents, I;,, and modulating signal amplitudes, I,,,. From the captured eye diagrams and spectra,
the extinction ratios, ER, ER power penalties, 6z, and the optical bandwidths, Avs 5, of the signals
transmitted from the DML, were determined. A detailed qualitative analysis of the optical spectra was
also carried out. The experimental setup employed to perform the large-signal modulation analysis is
shown in Figure 2.5. The baseband 12.5 Gbit/s NRZ-OOK signal used to directly modulate the laser was
generated using a pulse pattern generator (PPG) employing a pseudo random binary sequence (PRBS)
of word length 2>-1. A dc block was employed at the RF input to the laser via the bias tee to remove

any parasitic dc signal that may have been present in the modulating signal output from the PPG.
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Figure 2.5: Schematic of experimental set up for large-signal modulation analysis of laser, inset (a) showing eye diagram of
12.5 Gbit/s NRZ modulating signal.

The optical eye diagrams were captured with the dc coupled photodetector integrated in the sampling
oscilloscope. Three different modulating signal amplitudes, 2 V,, (40 mA), 1 Vg, (20 mA) and 0.5 Vi,
(10 mA), were evaluated with laser bias currents ranging from 20 to 90 mA. The laser bias current was
swept from 20 to 90 mA in increments ranging from 2.5 to 10 mA for the three different modulating
signal amplitudes. Eye diagrams were captured at each incremental change to the laser bias current.
Considering that the photodetector (PD) employed to detect the optical signals was dc coupled and
the measurement was limited only by the intrinsic thermal noise of the PD, the extinction ratio, ER,

in decibels, and the ER power penalty, §gr, could be calculated using equations 2.1 and 2.2 [19] —[21]

P
ER (dB) = 10 logy, (171) 2.1 Spr (dB) = 10 1og10(

ER + 1) 2.2
0

ER -1

where P; and P, are the average optical powers of the “1” and “0” binary levels of the transmitted
signal waveform, respectively. Following analysis of the data extracted from the eye diagrams, the
extinction ratios, ER, and ER power penalties, §gg, of the transmitted optical signals, were calculated.
Figure 2.6 shows the measured extinction ratios, ER, (blue curves) and ER power penalties, dgg, (red
curves) of the optical signals transmitted from the DML as a function of laser bias current for the 2 V,
(magenta dots), 1 Vp, (cyan dots) and 0.5 V,, (yellow dots) modulating signal amplitudes. From Figure
2.6, it can be observed that the 35 mA laser bias and the 2 V,, modulating signal amplitude produce
the optical signal transmitted from the DML exhibiting the highest ER and lowest ER power penalty,
Oggr. This is due to the DML being driven with the largest modulating signal amplitude as close as
possible to the threshold of 13 mA without the optical signal being affected by the spontaneous
emission noise of the laser below threshold. As a result, the lowest possible optical power is being
transmitted in the “0” or “off” level of the signal waveform for the 2 V,, modulating signal amplitude.
It may also be observed that the ER and ER power penalty, dzr, decreases and increases for increasing

laser bias current and decreasing modulating signal amplitude, respectively.
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Figure 2.6: DFB laser optical extinction ratio, ER, (blue curves) and ER power penalty, 6z, (red curves) as a function of dc
laser bias for 0.5 V,, (yellow dots), 1 V,, (cyan dots), 2 V,, (magenta dots), modulating signal amplitudes. Insets (a) and (b)
show the optical eye diagrams captured from the DML for the 2 V,,, modulating signal amplitude when biased at 35 and 80
mA, respectively. The “1” and “0” binary levels, P; and P,, of the transmitted signal waveforms, which were used in the
calculations of the extinction ratios, are illustrated in insets (a) and (b).

The ER measurements of the transmitted signals provide an indication as to which DML bias current
and modulating signal amplitude would yield the highest SNR at the photodetector in the IM/DD test-
bed and, consequently, produce the lowest BER for b2b transmission. Following the time-domain
analysis of the optical signal waveforms transmitted from the DML under large-signal modulation,
optical spectral analysis of the signals was carried out. Analysis of the optical spectrum of a signal

transmitted from a DML provides an insight into the frequency chirp properties of the signal.
DML frequency chirp

When a laser is directly modulated, the time-varying injection current modulates the carrier density,
which, in turn, modulates the gain of the laser resulting in the intensity modulation of the optical signal
output from the DML. However, variations in the carrier density also causes variations in the refractive
index of the active region, An. As a result, the instantaneous phase of the optical signal output from
the DML will also be modulated, following the profile of the carrier density variation. The variation in

the instantaneous phase of the optical signal, A¢(t), causes changes in the instantaneous frequency

1 do(®)

of the signal, Av(t) = !

about the unmodulated carrier, which is known as frequency chirp.

The frequency chirp causes the instantaneous frequency of the optical pulses, which represent the
bits or symbols in the transmitted signal, to vary in time over the duration of each pulse. In IM/DD
links employing DMLs, the frequency chirp leads to undesirable spectral components in the modulated
optical signal which broadens the width of the optical signal spectrum. The spectral broadening can
severely degrade the transmission performance of high-speed fibre optic communications links due
to the temporal broadening of the transmitted optical pulses, which occurs as a result of the interplay

of the DML chirp and the chromatic dispersion in standard single-mode fibre (SSMF). The broadened
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spectrum of the transmitted optical signal also reduces the bandwidth efficiency of the optical fibre
link when wavelength division multiplexing (WDM) is employed. Therefore, the frequency chirp of a
DML is an extremely important laser parameter in fibre optic communications. From the single-mode
laser rate equations A.2 and A.3, shown in Appendix A [22], and the expression for the steady-state
output optical power equation A.4, an equation for the frequency chirp, or the instantaneous
frequency deviation, Av, of a directly modulated single-mode laser can be derived, and is given as [23]

—[26]

1o _ad
Bv(D) = - = (dt [lnP(t)]+rcP(t)> 23

Equation 2.3 provides the large-signal expression for the frequency chirp in relation to the DML output
optical power. The first term in equation 2.3, % [InP(t)], represents the device structure-independent

transient or derivative chirp. The transient chirp is proportional to the derivative of the logarithm of
the optical power output from the DML and leads to frequency excursions at the transitions between
the “low” and “high” power levels of the optical signal waveform, or at the rising and falling edges of
the optical pulses that comprise the transmitted signal. The second term in the equation, i.e. kP(t),
represents the structure-dependent and frequency-independent adiabatic chirp. The parameter k in

equation 2.3 is the adiabatic chirp coefficient and it is related to the gain compression factor, &, the

laser active layer volume, V, and the confinement factor, I, by k = mzl%s [27]. The adiabatic chirp is

directly proportional to the optical signal power output from the DML and generates a frequency or
wavelength shift (offset) between the steady-state “high” and “low” power levels of the optical signal
waveform. Both the transient and adiabatic chirp are a result of variations in the refractive index of
the active region of the laser due to the injection current, which produces a variation in the optical
path length of the laser cavity. It is clear from equation 2.3 that both the transient and adiabatic chirp
components are scaled by the parameter, a, which is known as the linewidth enhancement factor, or
the Henry alpha factor. The magnitude of the chirp exhibited by a DML is largely dependent on the
linewidth enhancement factor, a, which provides a measure of the coupling strength between the
intensity and frequency modulation (FM) of the laser. The linewidth enhancement factor, «, relates
the real part of the refractive index, n’, of the laser active region, to the imaginary part of the refractive
index, n'’, as shown in equation 2.4 [28], [29]. Through the Kramers-Kronig relation, any variation in
the gain (or absorption) of the laser active region, due to variations in the imaginary part of the

refractive index, An"’, resulting from changes to the carrier density, will be accompanied by variations
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in the real part of the refractive index, An’, or the real part of the refractive index, n’, undergoing

some modulation.

An" 1

An’ dn /dN 4t dn /dN
a= =~dw - \dg
/dN /dN

Variation in the refractive index, An, where An = An' + iAn", of the active region alters the phase of

the frequency components of the optical pulse and hence results in frequency chirp.

Optical spectrum analysis

To perform the large-signal optical spectral analysis of the DML, the output of the DML was connected
to the Apex OSA, which was set to its highest resolution of 0.16 pm, corresponding to a bandwidth of
~20 MHz. As the 2 Vy, 12.5 Gbit/s NRZ-OOK modulating signal yielded the highest extinction ratio for
the 35 mA laser bias current, optical spectra were only captured from the DML for the 2 Vp,, modulating
signal amplitude when biased at 35, 50, 65 and 80 mA. Figure 2.7 shows the optical spectra captured
from the large-signal analysis of the DML. Figure 2.7 insets (b) and (c) show the optical eye diagrams
of the signals transmitted from the DML modulated with the 2 V, signal and biased near threshold at
35 mA (~3x I;5,) and well above threshold at 80 mA (~6x I, ), respectively. The overshoot following the
“0” to “1” bit transitions in the eye diagram shown in Figure 2.7 inset (b) is indicative of a DML that is
being driven near threshold, where the transient chirp is large and the damping of the relaxation
oscillation, y, is low. The ER measured from the eye diagram of the signal transmitted from the DML
biased at 35 mAis 12.6 dB, and was the highest ER obtained. In contrast, the eye diagram of the signal
transmitted from the DML biased at 80 mA exhibits no overshoot and the upper and lower levels of
the eye are more defined and the crossings are more symmetrical than in the eye captured from the
DML biased at 35 mA. The considerable reduction in the overshoot is a result of the increase in bias
current, the increase in output optical power (photon number) and the increase in the damping of the
relaxation oscillations. The ER of the signal transmitted from the DML biased at 80 mA is 2.7 dB, and
the ~10 dB reduction in ER is due to the large increase in the optical power being transmitted in the
“0” or “off” level of the signal waveform, which is a consequence of the DML being driven well above

threshold.

Figure 2.7 inset (a) shows the electrical spectrum of a 12.5 Gbit/s NRZ-OOK signal simulated in MATLAB
using a 2'°-1 PRBS pattern length. A 2" order Butterworth low pass filter (LPF) was employed to reduce

the bandwidth of the electrical signal. Thus, the simulated electrical signal essentially represents an
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ideal spectrum of a 12.5 Gbit/s NRZ-OOK data signal. The envelope of the double sideband spectrum
approximates a sinc?(f) function and the spectral nulls that occur at intervals of 12.5 GHz are
characteristic of the NRZ data format. The 3, 10 and 20 dB electrical bandwidths of the NRZ-OOK signal
spectrum are ~10, 15 and 20 GHz, respectively. For an EML that is modulated with a 12.5 Gbit/s NRZ-
OOK signal, the optical spectrum of the signal transmitted from the EML would exhibit similar
bandwidths as the spectrum of the electrical modulating signal. However, the bandwidths of the
optical spectrum captured from a DML that is modulated with a 12.5 Gbit/s NRZ-OOK signal can vary
significantly to the bandwidths of the spectrum of the electrical modulating signal, depending on the
bias current applied to the DML, the modulating signal amplitude and the large-signal modulation

dynamics of the DML.
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Figure 2.7: Optical spectra captured from the DFB laser for the 2 V,, modulating signal amplitude and 35 mA (blue
spectrum), 50 mA (red spectrum), 65 mA (yellow spectrum) and 80 mA (purple spectrum) laser bias currents, inset (a) shows
the double sided spectrum of an simulated (ideal) 12.5 Gbit/s ZRZ modulating signal and insets (b) and (c) show the optical
eye diagrams captured from the DML for the 2 V,, modulating signal amplitude and biased at 35 and 80 mA, respectively.

The optical bandwidths of the spectra shown in Figure 2.7, captured from the DML biased at 35 mA
(blue spectrum), 50 mA (red spectrum), 65 mA (yellow spectrum) and 80 mA (purple spectrum) when
modulated with the 2 Vp, 12.5 Gbit/s NRZ-OOK signal, were measured at 3, 10 and 20-dB down from
the spectral peaks to determine the degree of spectral broadening due to the direct modulation. To
estimate the optical bandwidths of the spectrum captured from the DML biased at 35 mA, a peak
finding and curve fitting algorithm was employed in MATLAB to approximate the spectral envelope.
The 3, 10 and 20-dB optical bandwidths (blue curves), measured from the spectra, and the extinction
ratios ER (red curve), measured from the optical eye diagrams, of the signals transmitted from the
DML for the 2 V,, modulating signal amplitude, are displayed in the graph shown in Figure 2.8 as a

function of laser bias current. Analysis of the optical spectra shown in Figure 2.7 reveals further
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insights into the properties of the signals transmitted from the DML as the bias current to the laser
was increased. The following analysis of the spectra is similar to the method of analysis employed in
previous work [30], [31]. The optical power of the spectra have been normalised and the peak
frequencies of each of the spectra have been normalised with respect to their nominal zero
frequencies, which corresponds to the peak or centre frequency of the spectrum during continuous

wave (CW) operation of the laser.
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Figure 2.8: Graph of 3-dB (solid blue curve with dots), 10-dB (dashed blue curve with triangles) and 20-dB (dashed blue
curve with asterisks) optical bandwidths and ERs (red curve) of transmitted optical signals from DML as a function of laser
bias current for 2 V,,, modulating signal amplitude.

The peak wavelengths of the four modulated signal spectra in nanometres (nm), prior to being centred
at their respective nominal zero frequencies, are shown in the legend in Figure 2.7. The peaks of the
modulated signal spectra were normalised with respect to their nominal zero frequencies so that the
relative spectral bandwidth variation of the four spectra with increasing laser bias could be
determined. Furthermore, this allowed any discernible offset of the peak frequencies of the
modulated signal spectra from their respective nominal zero frequencies to be identified, as an offset
would indicate the presence of adiabatic chirp in the transmitted signal [31]. Numerical modelling of
the spectra of optical signals transmitted from adiabatic chirp dominated DMLs in previous work [31],
displayed two distinct peaks corresponding to the frequencies of the “1” and “0” bits, which,

consequently, allowed the magnitude of the adiabatic chirp to be quantified.

For the optical spectrum captured from the DML biased at 35 mA, the estimated optical bandwidths
of the signal 3, 10 and 20-dB down from the spectral peak are ~18, 36.5 and 66 GHz, respectively. The
3-dB bandwidth, Avs g, is ~8 GHz higher than the 10 GHz electrical bandwidth of the 12.5 Gbit/s NRZ-
OOK modulating signal. Thus, indicating significant broadening of the optical spectrum due to the high

frequency content of the signal, which may be attributed to frequency chirp as a result of the direct
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modulation. Based on the appearance of the spectrum, the frequency chirp is predominantly transient
in nature, which is due to the laser being driven near threshold. The peaks and dips that appear in the
spectrum on the higher frequency side of the peak from ~+10 to +30 GHz are indicative of transient
chirp. The peaks and dips represent the average of many brief, high-power, high-frequency, excursions
that occur during the under-damped transition between the “0” and “1” binary levels [32], which
correlates with the overshoot observed in the eye diagram captured from the DML biased at 35 mA
shown in Figure 2.7 inset (b). There is no measureable offset of the peak of the spectrum from the
nominal zero frequency, which is typical of DMLs that are transient chirp dominated [31]. Moreover,
two distinct peaks corresponding to the frequencies of the “1” and “0” bit levels cannot be discerned.
Thus, any adiabatic chirp in the signal spectrum is masked by the transient chirp and, hence, the
magnitude of the adiabatic chirp cannot be ascertained. In view of the eye diagram of the transmitted
signal and the width and characteristics of the optical spectrum, it may be concluded that the optical
signal output from the DML when biased at 35 mA and modulated with the 2 V,, 12.5 Gbit/s NRZ-OOK

signal, is transient chirp dominated.

As the bias current to the DML is increased from 35 mA to 50, 65 and 80 mA, the 3-dB bandwidth,
Avs 45, of the optical signal spectrum reduced from ~18 GHz to 8.5, 6.9 and 6.6 GHz, respectively. The
3-dB bandwidth of the spectrum captured from the DML biased at 80 mA is approximately half the
data rate of the 12.5 Gbit/s NRZ-OOK modulating signal and the significant reduction in the 3-dB
bandwidth, by ~3.4 GHz below the ~10 GHz bandwidth of the 12.5 Gbit/s NRZ-OOK modulating signal,
can be attributed to the enhancement of the non-linear gain compression due to gain saturation that
occurs with increasing bias current to the laser well above threshold. This leads to a reduction in the
differential gain and, consequently, an increase in the damping. The most notable difference between
the spectra captured from the DML biased at 80 mA and 35 mA, is that the peaks and dips that were
observed in the spectrum captured from the DML biased at 35 mA, which appeared on the higher
frequency side of the peak from ~10 to 30 GHz, are no longer visible. Thus, indicating a reduction in
the transient chirp as the bias current to the laser is increased. The reduction in the overshoot
observed in the eye diagram captured from the DML biased at 80 mA, shown in Figure 2.7 inset (c), is
further indication of the reduction in the transient chirp. This can be attributed to saturation in the

optical power output from the laser as the bias current is increased above threshold, which results in

the % [InP(t)] term in equation 2.3 approaching zero.

As before with the spectrum captured from the DML biased at 35 mA, there is no measureable offset
of the peak of the spectra captured from the DML biased at 50, 65 and 80 mA from their respective

nominal zero frequencies. Moreover, peaks corresponding to the “1” and “0” bits cannot be discerned,
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as the adiabatic chirp is still being masked by the transient chirp, thus, the magnitude of the adiabatic
chirp of the transmitted signal cannot be established. A final observation of note in the spectrum
captured from the DML biased at 80 mA, is that there is an asymmetry between the upper and lower
side-bands (UPS and LPS) of the two sided signal spectrum. This asymmetry, or partial suppression of
the shorter wavelength (higher frequency) side-band, in the spectrum of a signal transmitted from a
DML has been reported in previous work [33], [34]. It suggests mixed frequency modulation and
amplitude or intensity modulation (FM and IM) of the DML, as opposed to pure IM. For full suppression
or cancellation of one of the side-bands to occur, it would require a particular balance between the
IM and FM and for the IM and FM to be in phase, furthermore, the peak-to-peak chirp would need to

be less than half the bitrate [34].

2.2.2 Transmission Performance Evaluation of DML

This section details the experimental work carried out to evaluate the transmission performance of
the DML under 12.5 Gbit/s NRZ-OOK modulation in an IM/DD test-bed. The results obtained from the
transmission experiments are analysed and discussed. The experimental setup of the IM/DD test-bed
is shown in Figure 2.9. The transmission performance of the DML was evaluated for back-to-back (b2b)
transmission initially to establish a performance baseline and to allow the minimum receiver
sensitivies for error-free transmission, i.e. for a 10*° BER, to be ascertained, where the transmission
performance of the link is limited only by the performance of the transmitter and the photodetector.
Having ascertained the minimum receiver sensitivities attainable for b2b transmission, various lengths
of standard single-mode fibre (SSMF) were added to the link, to evaluate the effects of the interplay
between the frequency chirp of the DML and the chromatic dispersion (CD) in the optical fibre on the
link performance. To evaluate the transmission performance of the DML in the IM/DD test-bed, the
12.5 Gbit/s NRZ-OOK signal with a PRBS of word length 2%°-1, which was employed in the large-signal
analysis, was again generated using the PPG and used to directly modulate the DFB laser via the bias

tee. A dc block was also employed at the RF input to the laser via the bias tee.
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Figure 2.9: Experimental setup of IM/DD test-bed, inset (a) shows the eye diagram of the modulating signal from PPG.
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Path (a) in the experimental setup of the IM/DD test-bed in Figure 2.9 indicates the optical path taken
by the transmitted signal for b2b transmission. The APD and trans-impedance amplifier were operated
at the recommended settings to minimise the shot noise. For a fixed DML bias and modulating signal
amplitude, the optical signal output from the laser was transmitted to a variable optical attenuator
(VOA), which allowed the optical power of the signal incident on the APD to be measured and varied.
Following opto-electrical conversion of the signal by the APD, the electrical signal was amplified by a
10G class RF amplifier. The amplified electrical signal was then split using a 3-dB RF splitter, where one
output of the splitter diverted half of the signal to the sampling scope for eye diagram generation and
the second output of the RF splitter directed the other half of the signal to the BERT for bit-error ratio
(BER) detection and counting. To generate the characteristic BER curves, the received optical power
at which the BER result began to increase above error-free performance, i.e. >1x10%°, was recorded
along with the BER result. The received optical power was then reduced in increments of 1 dB and for
each incremental reduction in the received power both the BER result and the corresponding received
power were recorded. The BER measured as a function of received optical power for b2b transmission

for different DML bias currents and modulating signal amplitudes, are shown in Figure 2.10.
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Figure 2.10: BER results for DML for b2b transmission in IM/DD test-bed using 12.5 Gbit/s NRZ-OOK modulation and various
DML bias currents and modulating signal amplitudes, inset (a) shows the eye diagram of the electrical signal captured at
the receiver for error-free transmission for the a DML bias of 35 mA and 2 V,,, modulating signal amplitude.

It can be observed in the BER results shown in Figure 2.10 that the DML for the 35 mA bias and 2 V,,
modulating signal amplitude, which also yielded the transmitted signal exhibiting the highest ER and
lowest ER power penalty, 6gr , produced the best b2b transmission performance. The received signal
eye diagram shown in Figure 2.10 inset (a) was captured for error-free transmission with the DML for
the 35 mA bias and 2 V,, sighal amplitude. The overshoot observed in the eye diagram of the optical

signal transmitted from the DML, shown in Figure 2.7 inset (b), for the 35 bias and 2 V,, modulating
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signal amplitude has been removed from the received signal eye diagram due to the low-pass filtering
(LPF) effect of the APD. It may also be observed in the BER results that the receiver sensitivity degrades
with decreasing transmitted optical signal ER, due to either the increasing laser bias or the decreasing
amplitude of the modulating signal. The calculated transmitted signal ER power penalties, §zg , shown
in the graph in Figure 2.6, correlate well with the reduction in receiver sensitivities observed in Figure
2.10. The poor transmission performance of the DML, when biased at 33 mA and modulated with the
2 V,p signal (blue solid BER curve), is due to the DML being modulated near threshold and the resultant

spontaneous emission noise of the laser destroying the quality of the transmitted signal.

Following the b2b transmission experiments, the transmission performance of the DML, biased at 35
mA and modulated with the 2 V,, 12.5 Gbit/s NRZ-OOK signal, for transmission over 12.5, 25 and 37.5
km of SSMF, was evaluated. For the fibre transmission experiments, a second VOA was added to the
experimental setup, as shown in Figure 2.9, to limit the optical power of the signal input to the fibre
to <5 dBm. The second VOA was added to ensure that non-linear fibre effects would not affect the
optical signal transmission [35]. Fibre attenuation was not considered an issue considering the high
optical power of the signal transmitted from the DML and the transmission distances concerned. Path
(b) in the experimental setup of the IM/DD test-bed shown in Figure 2.9 indicates the optical path
taken by the signal transmitted from the DML for transmission over the SSMF. Using the BER
measurement process that was employed before with the b2b transmission experiments, the BER was
measured as a function of received optical power for transmission over 12.5 and 25 km of SSMF. The
BER results for 12.5 km (red curve) and 25 km (yellow curve) SSMF transmission are shown in the

graph displayed in Figure 2.11, along with the BER curve for b2b transmission (blue curve).
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Figure 2.11: BER results for DML biased at 35 mA and modulated with the 2 V,, 12.5 Gbit/s NRZ-OOK signal for b2b
transmission (blue curve) and transmission over 12.5 km (red curve) and 25 km (yellow curve) of SSMF in IM/DD test-bed,
inset (a) and (b) show the eye diagrams of the electrical signals captured at the receiver for error-free transmission for b2b
transmission and transmission over 25 km of SSMF, respectively.
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The effect of the chromatic dispersion (CD) in the SSMF on the transmission performance of the DML
is evident from the BER results shown in Figure 2.11 and manifests as a receiver sensitivity penalty. A
0.5 dB receiver sensitivity penalty is incurred for transmission over 12.5 km of SSMF relative to b2b
transmission at a BER of 107°. This is typical for a DML, as the accumulated CD over the 12.5 km of
SSMF is low enough such that dispersive pulse broadening is negligible and significant ISI does not
occur. However, for 25 km SSMF transmission, the accumulated CD increased such that the dispersive
pulse broadening was no longer negligible, thus, a receiver sensitivity penalty, or dispersion power
penalty, of 3.5 dB is incurred. The dispersive pulse broadening may be attributed to the interplay
between the transient chirp dominated signal transmitted from the DML modulated near threshold
and the CD in the fibre. The transient chirp of the optical pulses, which comprise the transmitted
signal, exhibit blue- and red-shifted chirp at the rising and falling edges of the optical pulses
respectively. The frequency dependent CD of the SSMF causes the rising edges of the pulses to travel
faster in the fibre than the falling edges, hence, results in dispersive pulse broadening, which causes
the energy of the “1” bits to spread into adjacent “0” bits and, in turn, produces ISl and closure of the
eye diagram of the received signal. The effect of the dispersive pulse broadening and ISl on the
transmission performance of the DML over 25 km of SSMF can be observed in the received signal eye
diagram shown in Figure 2.11 inset (b) captured for error-free transmission. The multiple traces, or
rising and falling double edges, are indication of dispersive pulse broadening, which results in the eye
exhibiting a number of different traces for the “1” and “0” bits. The eye also appears asymmetric,
further indication of dispersive pulse broadening. Furthermore, the eye does not appear to exhibit
more noise than the eye diagram of the electrical signal captured for b2b transmission, shown in
Figure 2.10 inset (a). Thus, the eye closure may be attributed entirely to dispersive pulse broadening

and ISl due to the interplay between the transient chirp dominated DML and the CD in the SSMF.

Considering that 25 km SSMF transmission was achieved with the DML modulated near threshold, it
indicates that the DML exhibits relatively low transient chirp, which can sometimes be the case with

strained MQW DFB lasers [33], [36] — [40]. The low transient chirp of the strained MQW DFB laser may
be attributed to an enhanced differential gain, Z—fl, and low differential index, Z—;, and, given equation

2.4, results in a reduced phase-amplitude coupling coefficient or alpha parameter, «, value. Alpha
parameter, a, values as low as 1 can be realised with strained MQW DFB laser diode designs. Hence,
despite being modulated near threshold, a MQW DFB laser, such as the DML evaluated in this study,
can exhibit relatively low transient chirp, and, as per equation 2.3, is due to the dependence of the
magnitude of the transient chirp on the alpha parameter, a. Transmission over 37.5 km of SSMF was
also attempted, however, the degree of dispersive pulse broadening and ISl was too great and signal

transmission was not possible due to severe distortion of the received signal. Consequently, a BER
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measurement could not be acquired with the BERT, as it was unable to detect a signal. The electrical
signal captured at the receiver for optical signal transmission over 37.5 km of SSMF, with the DML

biased at 35 mA and modulated with the 2 V,, 12.5 Gbit/s NRZ-OOK signal, is shown Figure 2.12 inset
(a).

To ensure that a more suitable bias current for the DML when modulated with the 2 V,, 12.5 Gbit/s
NRZ-OOK signal was not being overlooked for transmission over 37.5 km of SSMF, a sweep of the laser
bias current was performed for transmission over the 37.5 km of SSMF. To perform the bias current
sweep, the amplitude of the modulating signal applied to the DML was maintained at 2 V,, and the
optical power of the signal at the receiver was kept constant at -14.5 dBm using the VOA at the input
to the photodetector. The DML bias current was increased from 35 to 80 mA in 5 mA increments and
at each incremental step in the bias current the BER was measured. BER results could not be acquired
for the 35 and 40 mA DML bias current settings due to the degree of signal distortion, hence, the BER
measurements begin at a laser bias of 45 mA. The results of the DML bias sweep are shown in Figure

2.12.
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Figure 2.12: BER as a function of laser bias current for transmission over 37.5 km of SSMF at a fixed received optical power
of -14.5 dBm for the DML modulated with a 2 V,, 12.5 Gbit/s NRZ signal.

It can be observed in the results shown in Figure 2.12 that the BER reduces as the DML bias is increased
to 80 mA bias. For transmission over 37.5 km of SSMF, the DML biased at 80 mA and modulated with
the 2 V,, signal produces the lowest BER of 4.50 x 10”7 at a fixed received optical power of -14.5 dBm.
As the DML bias current was increased from 45 to 80 mA, the ER of the transmitted signal reduces
from 6.3 to 2.7 dB and the 3-dB bandwidth of the signal spectrum, Af;,5, also reduces as shown in
Figure 2.8. Having ascertained that 12.5 Gbit/s NRZ-OOK optical signal transmission over 37.5 km of

SSMF could be achieved with the DML, BER measurements as a function of received optical power
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were acquired for transmission over 37.5 km of SSMF with the DML biased at 80 mA and modulated
with the 2 V,, 12.5 Gbit/s NRZ-OOK signal. Transmission experiments for 12.5, 25 and 50 km of SSMF
transmission were also carried out. The BER results for transmission over 12.5 km (blue curve), 25 km
(yellow curve), 37.5 km (purple curve) and 50 km (green curve) of SSMF, along with the BER results
for b2b transmission (red curve), are shown in Figure 2.13. BER results were obtained for transmission
over second SSMF reels of 37.5 km (dashed purple curve) and 50 km (dashed green curve) lengths,
and these results are also shown in Figure 2.13. Furthermore, BER measurements were acquired for
transmission over 50 km of SSMF with the DML biased at 80 mA, however, a 1 V,, modulating signal
amplitude was employed (dashed magenta curve). For all of the transmission experiments performed
with the DML biased at 80 mA, the optical power of the signal input to the fibre was maintained below

5 mW using the VOA at the input to the fibre.
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Figure 2.13: BER results for DML biased at 80 mA and modulated with the 2 V,, 12.5 Gbit/s NRZ-OOK signal for b2b
transmission (red curve) and transmission over 12.5 km (blue curve), 25 km (yellow curve), 37.5 km (purple curve), 37.5 km
Reel 2 (dashed purple curve), 50 km (green curve) and 50 km Reel 2 (dashed green curve), and also for the DML modulated
with the 1 V,, 12.5 Gbit/s NRZ-OOK signal over 50 km of SSMF (dashed magenta curve), inset (a) shows the eye diagram of

the electrical signal captured at the receiver for error-free transmission for transmission over 50 km Reel 1 of SSMF.

From the BER results shown in Figure 2.13, acquired with the DML biased at 80 mA and modulated
with the 2 V,, 12.5 Gbit/s NRZ-OOK signal, it can be observed that a dispersion power penalty of 1.5
and 6 dB is incurred for DML transmission over 12.5 and 25 km of SSMF, respectively. However, for
transmission over 37.5 and 50 km of SSMF, there is an improvement in receiver sensitivity, relative to
b2b transmission, of 2 and 3.5 dB, respectively. Figure 2.13 inset (a) shows the eye diagram of the
received signal captured for error-free transmission over 50 km of SSMF at a received power of -13.5
dBm. The eye is open, however, it exhibits significant timing jitter and the crossings of the eye are not
well defined. The enhanced transmission performance of the DML biased at 80 mA and modulated

well above threshold, and the improvement in receiver sensitivities for transmission over 37.5 and 50
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km of SSMF relative to the b2b transmission performance, may be attributed to the change in the
frequency chirp characteristics of the DML at the higher bias current and the subsequent favourable
interplay between the DML chirp and the accumulated CD of the fibre over the 37.5 and 50 km

distances.

When the DML is biased at 80 mA and modulated well above threshold, the transient chirp of the
transmitted signal reduces considerably and this was demonstrated in the spectra shown in Figure 2.7
and in the optical bandwidth measurements displayed in the graph in Figure 2.8. Thus, the adiabatic
chirp becomes the dominant chirp component in the transmitted signal [27], [41]. Assuming that the
signal transmitted from the DML biased at 80 mA and modulated well above threshold is adiabatic
chirp dominated, then the optical frequency of the “1” bit or “high” binary level of the signal waveform
output from the DML will be blue-shifted relative to the “0” bit or “low” binary level. Considering the
~6.6 GHz bandwidth measured 3-dB down on the optical spectrum of the signal transmitted from the
DML biased at 80 mA and the enhanced transmission performance for transmission over 37.5 and 50
km of SSMF, it may be inferred that the frequency modulation of the DML, or the optical frequency
difference between the “0” and “1” binary levels of the signal waveform transmitted from the DML,
is approximately half the bandwidth of the modulating signal. This mode of operation of the DML
creates what is known as the minimum shift keying (MSK) condition [38], [42] — [45], which results in
a continuous phase shift, A@, that occurs during each “0” bit in the transmitted signal waveform.
Considering that a 12.5 Gbit/s NRZ-OOK modulating signal is being employed, where the bit period, T},

of the signal waveform is 80 ps, then the total phase shift or slip that occurs during each “0” bit is [45]

AP = Aw.T, =2n X6 GHz X 80 ps=m 25

Thus, the phase varies slowly with a total shift of m during each “0” bit that is transmitted due to the
frequency modulation (FM) of the DML and the output optical signal becomes line-coded, similar to
optical duobinary (DB) modulation format [46]. When the mixed IM and FM optical signal output from
the DML biased at 80 mA is transmitted over the 37.5 and 50 km of SSMF, the accumulated CD in the
fibre over these distances results in the “1” bits overlapping and interfering destructively in the “0”
bit slots separating them due to the m phase shift and because the blue-shifted “1” bits travel faster
in SSMF than the red-shifted “0” bits. This FM to AM conversion results in optical pulse compression
and produces an open received signal eye diagram and error-free transmission for transmission over
37.5 and 50 km of SSMF. Furthermore, it allows transmission beyond the dispersion limited link length
of a DML, which is typically transient chirp dominated, to be achieved without the use of optical or

electrical dispersion compensation. The 1 dB improvement in the receiver sensitivity observed as the
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transmission distance is extended from 37.5 to 50 km of SSMF may be attributed to the increase in
the accumulated CD over the 50 km of SSMF, which, consequently, produces more favourable FM to
AM conversion. Figure 2.14 shows the best BER results achieved with the DML for b2b transmission

and for transmission over 12.5, 25, 37.5 and 50 km of SSMF.
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Figure 2.14: Best BER results obtained for DML modulated with the 2 V,, 12.5 Gbit/s NRZ-OOK signal for b2b transmission
(blue curve) and for transmission over 12.5 km (red curve), 25 km (yellow curve), 37.5 km (purple curve) and 50 km (green
curve), insets (a) and (b) show the eye diagrams of the electrical signals captured at the receiver for error-free transmission
for transmission over 50 and 25 km of SSMF, respectively.

The DML biased at 35 mA and modulated with the 2 V,, 12.5 Gbit/s NRZ-OOK signal yielded the best
transmission performance for b2b transmission and for transmission over 12.5 km and 25 km of SSMF.
When biased at 35 mA and modulated near threshold, the signal transmitted from the DML exhibited
the highest ER of 12.6 dB, however, at this bias the DML is transient chirp dominated, evidenced by
the large overshoot observed in the eye diagram of the transmitted optical signal [47] and by the ~18
GHz 3-dB bandwidth of the optical spectrum. Transmission over 37.5 km of SSMF was not possible
with the DML biased at 35 mA, as the received signal was too severely distorted due to the dispersive
pulse broadening and ISI. When the DML was biased at 80 mA and modulated well above threshold
with the 2 V,, 12.5 Gbit/s NRZ-OOK signal, error-free transmission over 37.5 and 50 km of SSMF was
achieved. From the BER results shown in Figure 2.14, it can be observed that for transmission over
37.5 and 50 km of SSMF with the DML biased at 80 mA, a 0.5 dB and 1 dB improvement in the receiver
sensitivity was attained when compared with transmission over 25 km of SSMF with the DML biased
at 35 mA. Despite the 2.7 dB ER of the signal transmitted from the DML biased at 80 mA, which was
~10 dB lower than the ER of the signal transmitted from the DML biased at 35 mA, the FM-AM
conversion that occurred for the adiabatic chirp dominated signal transmitted from the DML biased
at 80 mA for transmission over 37.5 and 50 km of SSMF, resulted in the enhanced transmission

performance of the DML. The enhanced transmission performance can be attributed, in part, to the
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minimum shift keying (MSK) condition, which was established as a result of the mixed FM and IM of
the DML when biased at 80 mA and modulated well above threshold, where the adiabatic chirp and
optical frequency difference between the transmitted “1” and “0” bits is approximately half the rate
of the modulating data signal [48], [49]. The enhanced transmission performance of the DML biased
at 80 mA is only made possible by the accumulated CD of the SSMF over the 37.5 and 50 km distances,

which enables the FM to AM conversion and the opening of the received signal eye diagram.
2.2.3 Numerical Modelling and Simulation of DML IM/DD Transmission

In order to estimate the linewidth enhancement factor or alpha parameter, a, of the MQW DFB laser,
and estimate the magnitude of the frequency chirp exhibited by the DML when biased at 35 and 80
mA, and modulated with the 2 V,, 12.5 Gbit/s NRZ-OOK signal, a numerical model was developed in
MATLAB to simulate the transmission performance of the DML. The single-mode laser rate equations,
equations A.1 — A.3, were solved numerically using the MATLAB ODE45 solver. The static and small-
signal modulation characteristics of the MQW DFB laser were first modelled by appropriately varying
typical DFB laser parameters. The P-I curve and small-signal intensity modulation response simulation
results generated by the model are shown in Figure 2.15 and Figure 2.16, respectively. The small-signal

response was determined for laser bias currents ranging from 30 to 80 mA in 10 mA increments.
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Figure 2.15: Simulated P-I curve of DFB laser.

The simulated P-I curve and small-signal modulation response agree well with the experimental results
displayed in Figure 2.2 and Figure 2.4, respectively. The model parameters employed to generate the
simulated results are provided in Table B.1 shown in Appendix B. Having yielded accurate simulated
results for the P-I curve and small-signal modulation response of the MQW DFB laser, the parameter
values were employed to simulate the transmission performance of the MQW DFB laser in a numerical
model of the IM/DD transmission link. A description of the numerical model of the IM/DD transmission

link is provided in Appendix C.
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Figure 2.16: Simulated small-signal intensity modulation response of DFB laser.

To estimate the alpha parameter, a, of the MQW DFB laser that was experimentally evaluated, and to
estimate the magnitude of the frequency chirp exhibited by the DML when biased at 35 and 80 mA
and modulated with the 2 V,, 12.5 Gbit/s NRZ-OOK signal, the DFB laser parameters listed in Table B.1
shown in Appendix B were utilised in the IM/DD transmission system model. The alpha parameter, «,
and gain compression factor, €, values were varied for transmission over 12.5, 25, 37.5 and 50 km of
SSMF until the simulated BER results matched the BER results obtained experimentally. When varying
the value of the alpha parameter, it was found that a low alpha parameter, a, value of 1.6 was required
to simulate the transmission performance of the DML biased at 35 mA and modulated near threshold.
Moreover, with the alpha parameter, a, value fixed at 1.6, a high gain compression factor, €, value of
10x102 m3 was required to simulate the transmission performance of the DML biased at 80 mA and
modulated well above threshold. An alpha parameter, «, value of 1.6 and a gain compression factor,
€, value of 10x102® m?, produced the simulated BER results and the received signal eye diagrams
shown in Figure 2.17. The simulated results shown in Figure 2.17 agree well with the BER results
obtained experimentally, shown in Figure 2.13 and Figure 2.14. Furthermore, it can be observed that
the enhanced transmission performance of the DML biased at 80 mA was attained and the 3 dB
improvement in receiver sensitivity for transmission over 50 km of SSMF, relative to the b2b
transmission performance, demonstrates this. The enhanced transmission performance of the DML
biased at 80 mA is further evidenced by the simulated received signal eye diagrams obtained for error-
free transmission over 50 and 25 km of SSMF shown in Figure 2.17 insets (a) and (c), respectively. The
eye diagram obtained for transmission over 50 km of SSMF with the DML biased at 80 mA shown in
Figure 2.17 inset (a), is more open and less distorted than the eye diagram obtained for transmission

over 25 km of SSMF shown in Figure 2.17 inset (c).
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Figure 2.17: Simulated BER results for transmission over 0, 12.5, 25, 37.5 and 50 km of SSMF with the DML modulated with
a 2 Vyp 12.5 Gbit/s NRZ-OOK signal when biased at 35 mA (solid curves) and 80 mA (dashed curves). Insets (a) and (c) show
received signal eye diagrams for error-free transmission over 50 and 25 km of SSMF, respectively, with the DML biased at
80 mA and inset (b) shows the received signal eye diagram for error-free transmission over 25 km of SSMF with the DML

biased at 35 mA.

The simulated received signal eye diagram obtained for error-free transmission over 25 km of SSMF

with the DML biased at 35 mA, shown in Figure 2.17 inset (b), also appears less open than the eye

obtained for transmission over 50 km of SSMF with the DML biased at 80 mA. Figure 2.18 shows the

simulated optical spectra and eye diagrams of the signals transmitted from the DML biased at 35 mA

and 80 mA and modulated with the 2 Vy, 12.5 Gbit/s NRZ-OOK signal.
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Figure 2.18: Simulated optical spectra generated for DML modulated with the 2 V,, 12.5 Gbit/s NRZ-OOK signal when
biased at 35 mA (blue spectrum) and 80 mA (brown spectrum), insets (a) and (b) show the transmitted signal eye diagrams
obtained for the DML biased at 35 and 80 mA, respectively.

The simulated eye diagrams of the signals transmitted from the DML biased at 35 and 80 mA agree

well with the experimental results shown in Figure 2.7 insets (b) and (c) in terms of overshoot and ER.

The ER calculated from the simulated eye diagrams of the signals transmitted from the DML biased
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at 35 and 80 mA are 12.55 and 2.65 dB, respectively. The similated optical spectrum generated for the
DML biased at 35 mA (blue spectrum) exhibits a similar 3-dB bandwidth (~18 GHz) as the spectrum
obtained experimentally and shown in Figure 2.7. However, the simulated optical spectrum generated
for the DML biased at 80 mA (brown spectrum) has a slightly larger 3-dB bandwidth (~9 GHz) than the
experimentally measured spectrum, which was ~6.6 GHz, also shown in Figure 2.7. This discrepancy
between the 3-dB bandwidths of the spectrum obtained experimentally and the spectrum obtained
from the numerical model for the DML biased at 80 mA, may be attributed to the fact that the mixed
frequency and intensity modulation (FM/IM) of the DML [33], [34], which induced partial suppression
of the USB, was not reproducible in the simulated spectrum. It must be stated that the partial side-
band suppression was reproducible when an alpha parameter with a negative value was employed,
i.e. a =-1.6. However, it is well known that negative alpha parameter values are not considered in the
context of MQW DFB lasers, as quantum well semiconductor materials have a large density of states
at high energy and, as a result, the maximum gain incurs a blue shift with increasing carrier density
[50]. Figure 2.19 and Figure 2.20 show the simulated chirp and optical power waveforms output from
the DML modulated with the 2 Vp, 12.5 Gbit/s NRZ-OOK signal when biased at 35 and 80 maA,

respectively.
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Figure 2.19: Simulated chirp and optical power waveform for DML modulated with a 2 V,, 12.5 Gbit/s NRZ-OOK signal and
biased at 35 mA.

In the simulated frequency chirp and power waveforms of the signal transmitted from the DML biased
at 35 mA shown in Figure 2.19, it can be observed that the overshoot in the rising edge follows the
frequency chirp. The peak-to-peak magnitude of the transient chirp is ~11 GHz, which comprises the
~9 GHz and 2 GHz blue- and red-shifted transient chirp in the rising and falling edges of the signal
waveform, respectively. When biased at 35 mA and modulated near threshold, the DML is said to be

transient chirp dominated.
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Figure 2.20: Simulated chirp and optical power waveform for DML modulated with a 2 V,,, 12.5 Gbit/s NRZ-OOK signal and
biased at 80 mA.

In contrast to the DML biased at 35 mA, the chirp waveform of the DML biased at 80 mA exhibits only
a small transient chirp of ~0.5 GHz at turn-on (blue-shifted) and turn-off (red-shifted). However, there
is a well defined blue-shifted and red-shifted adiabatic chirp in the steady-state “1” and “0” levels of
the signal waveform, respectively, exhibiting a peak-to-peak magnitude of 4 GHz. Therefore, the DML
biased at 80 mA is said to be operating in an adiabatic chirp dominated regime and the adiabatic chirp
is effectively the frequency modulation (FM) of the DML. The effects of the DML chirp on optical pulse
propagation in 50 km of SSMF in both the transient and adiabatic chirp dominated DML regimes can

be observed in Figure 2.21 and Figure 2.22, respectively.
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Figure 2.21: Simulated optical pulse propagation over 50 km of SSMF, signal transmitted from transient chirp dominated
DML biased at 35 mA and modulated with 2 V,,12.5 Gbit/s NRZ-OOK signal. Inset (a) shows the eye diagram of the received
signal.

In Figure 2.21, the chromatic dispersion (CD) accumulated over the 50 km SSMF distance causes the

optical pulses that comprise the transient chirp dominated signal to be broadened in time, resulting
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in ISI. The ISl is depicted in the simulated received signal eye diagram displayed in Figure 2.21 inset
(a). In contrast to the optical pulse broadening that was observed for signal transmission with the
transient chirp dominated DML biased at 35 mA, pulse compression was observed for optical signal
transmission over 50 km of SSMF with the adiabatic chirp dominated DML biased at 80 mA, as shown

in Figure 2.22, where the optical pulse width of ~80 ps was effectively halved.
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Figure 2.22: Simulated optical pulse propagation over 50 km of SSMF, signal transmitted from adiabatic chirp dominated
DML biased at 80 mA and modulated with 2 V,,12.5 Gbit/s NRZ-OOK signal. Inset (a) shows the eye diagram of the received
signal.

As previously mentioned, the origin of the pulse compression is in the minimum shift keying (MSK)
condition, which is established as a result of the mixed FM and IM of the DML when biased at 80 mA
and modulated well above threshold. When the adiabatic chirp dominated signal is transmitted over
50 km of SSMF, the accumulated CD in the fibre interacts favourably with the optical signal, resulting
in FM to AM conversion of the signal. The CD causes the “1” bits to travel faster in SSMF than the “0”
bits and, in the region where the “1” and “0” bit signal levels with different optical frequencies overlap,
the “1” bits interfere destructively in the middle of the “0” bit slots. Hence, the optical fibre converts
the frequency modulation (FM) of the optical signal into amplitude or intensity modulation (AM/IM),

resulting in an open received signal eye diagram, which can be observed in Figure 2.22 inset (a).

2.3 External Modulation of EML

This section presents the experimental characterisation and transmission performance evaluation of
the EML, as well as the numerical modelling that was carried out to assess the chirp characteristics of
the EML. Figure 2.23 (a) and (b) shows an image and a schematic of the EML, respectively. The EML

was mounted on a printed circuit board (PCB) for safety.
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Figure 2.23: (a) Image of EML transmitter and (b) schematic of EML.

The EML is a C-band transmitter and comprised a DFB laser monolithically integrated with an MQW
electro-absorption modulator (EAM). The EML is housed within a 7 pin butterfly package and contains
a thermo-electric cooler (TEC), thermistor, back facet monitor detector, a bias tee and an internal
optical isolator. A polarization maintaining (PM) pigtailed fibre provided the output from the laser.

The EML was rated for 40 Gbit/s operation with a 3-dB electrical bandwidth of > 32 GHz.
2.3.1 Device Characterisation

Experimental characterisation of the EML was carried out to establish the performance of the device
under various operating parameters and, furthermore, to determine the operating parameters that
should be employed to optimise the b2b transmission performance of the EML in the IM/DD test-bed.
Static characterisation includes measurements of the P-I curve, optical spectrum and the continuous
wave (CW) optical power transmitted from the DFB laser in isolation under dc bias. The static power
transfer characteristics of the EML, with the DFB laser and EAM dc biased, are measured to determine
the static extinction ratio (SER) of the EAM and the sensitivity of the EAM to variations in the EML TEC
temperature and in the wavelength of the lightwave input to the EAM. Dynamic characterisation of
the EML includes a large-signal analysis using a 2 Vp, 12.5 Gbit/s NRZ-OOK signal to modulate the EAM.
Eye diagrams and spectra of the transmitted optical sighals are used to qualitatively and quantitatively
analyse the large-signal modulation characteristics of the EML. The extinction ratio, ER, the ER power
penalty, gz , and Q-factor, Q, of the signals transmitted from the EML under large-signal modulation
for different EAM bias voltages are calculated from the captured eye diagrams. The optical spectrum
and the 3-dB optical bandwidth, Av;,5, of the signals transmitted from the EML at various EAM bias
voltages are also presented and analysed. Due to the EML being rated for 40 Gbit/s operation, a small-
signal analysis of the EML was not carried out considering that only 12.5 Gbit/s modulation was being
employed. The results of the static characterisation of the isolated DFB laser in the EML are shown in
Figure 2.24, Figure 2.25 and Figure 2.26, which include the P-I curve, optical spectra for a fixed device
TEC temperature and varying laser bias current, and optical spectra for a fixed laser bias current and

varying device TEC termperature, respectively.
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Figure 2.24: P-1 curve for DFB laser in EML at 25°C TEC temperature.
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Figure 2.25: Optical spectra captured from EML for DFB laser in isolation using a fixed TEC temperature of 25 °C while
sweeping the laser bias from 30 mA to 80 mA.
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Figure 2.26: Optical spectra captured from EML for DFB laser in isolation for a fixed laser bias of 80 mA while sweeping the
TEC temperature from 15°C to 35°C.
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Figure 2.24 displays the P-1 curve of the isolated DFB laser, that is, with no reverse voltage applied to
the EAM. The threshold current of the DFB laser is 13 mA and the slope efficiency is ~0.052 mW/mA.
At the maximum applied bias current of 80 mA, the optical power of the CW signal output from the
DFB laser in the EML is ~3.4 mW. Figure 2.25 shows the spectra recorded for a fixed TEC temperature
of 25°C while sweeping the DFB laser bias from 30 to 80 mA in 10 mA increments. The wavelengths
range from 1542.14 nm (at 30 mA) to 1542.77 nm (at 80 mA) with an average shift in peak wavelength
of 0.013 nm per 1 mA change in bias current. As the laser bias is increased from 30 to 80 mA, a ~7 dB
increase in the optical power of the mode is observed. Side-modes appear at the shorter and longer
wavelength sides of the main lasing mode ~1.75 nm and 0.65 nm away from the main mode,
respectively, the SMSR is ~50 dB. Figure 2.26 shows the spectra recorded for a fixed DFB laser bias of
80 mA and the device TEC temperature was varied from 15 to 35°C in 2°C incremental steps. The peak
wavelengths range from 1541.77 nm (at 15°C) to 1543.75 nm (at 35°C), with an average change in
wavelength of 0.09 nm per 1°C change in TEC temperature, resulting in a tuning range of 1.98 nm. The
tuning range achieved by varying the TEC temperature, while maintaining the DFB laser bias at 80 mA,
is 1.26 nm larger than the tuning range observed when varying the DFB laser bias from 20 to 80 mA
while keeping the TEC temperature fixed at 25°C. A ~2 dB reduction in the optical power of the CW

signal output from the EML was observed when the TEC temperature was raised from 15 to 35°C.
2.3.1.1 EAM transfer function and SER

The principle of operation of an EAM is based on the optical absorption properties of semiconductor
materials, specifically the fact that the effective bandgap, Ej, energy of the material can be reduced
with an external electric field induced by an applied voltage. The degree of absorption that an EAM
exhibits is dependent on the structure of the semiconductor device, the magnitude of the electric field
or applied voltage, and the wavelength of the lightwave input to the device. The absorption of an EAM
is, in part, due to the absorption edge of the semiconductor material being shifted or broadened to
lower energies (longer wavelengths) when an electric field is applied. As a result, EAMs are inherently
wavelength dependent and the wavelength of the input lightwave must be carefully chosen so that
the lightwave will incur adequate absorption when an external electric field is applied. Since an EAM’s
absorption properties can be varied with an external electric field, it enables the device to be used as
an intensity modulator (IM). When an EAM is modulated with a voltage signal, the optical absorption
of the EAM varies in accordance with the applied time varying voltage and this allows the continuous
wave (CW) optical field that is Input to the device to be intensity modulated. The transfer function of
an EAM determines the optical power output from the device as a function of applied dc voltage.

Furthermore, it indicates the modulation efficiency or the static “on-off” extinction and the linearity
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of the EAM. The EAM power transfer function may be represented in terms of the bias-dependent

absorption coefficient as [51], [52]

Pout(V) = Piy. el7MabsWLl = £(17) 2.6
where P;, represents the optical power input to the EAM, P, is the optical power output from the
EAM, a,ps is the voltage dependent absorption coefficient, I is the optical confinement factor and L

is the length of the EAM. The static “on-off” extinction ratio (ER) as a function of the reverse voltage

applied to the EAM may be defined as [53]
ER = Pon - Pout (V = 0) _ Pm e[_raabS(O)L] 57
Posy Pyt (V) P;,. el-Taaps(V)L]

where P,,;(V) represents the transmitted optical power at the output of the EAM for a given bias

voltage and P,,,;(V = 0) represents the maximum transmitted optical power at zero bias. The static

“on-off” extinction ratio in dB is expressed in equation 2.8.
ER4p = 10log,o(ER) = 4.343[agps (V) — agps(0)]TL = 4.343[T'AaypsL] 2.8

The absorption coefficient, a,ps, is a function of the wavelength and the applied voltage and may be

expressed as [54], [55]

a, (V) x [AA(V)/2]*

QAaps V)= 2
[2—2,]" + [a2(V)/2]?

2.9

where a, (V) is the peak absorption coefficient, 4,(V) is the wavelength with the peak absorption

coefficient and AA(V) represents the spectral broadening.

Static power transfer characterisation

Static power transfer characterisation of the EAM was carried out to establish the static extinction
ratio (SER) of the EAM for various DFB laser bias currents and TEC temperatures. Unlike the previous
characterisation of the isolated DFB laser within the EML, the static power transfer characterisation
of the EAM, within the EML, involved having both the DFB laser and the EAM dc biased. A reverse

voltage was applied to the EAM via a bias tee as shown in Figure 2.23 (b). While maintaining the device
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TEC temperature at 25°C and for a fixed DFB laser bias, the reverse voltage to the EAM was varied
from 0 to 3 V and the optical power of the CW signal output from the EML was measured. This was
performed for different DFB laser bias currents ranging from 30 to 80 mA in 10 mA increments. The

resultant absorption curves that were generated are shown in Figure 2.27.
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Figure 2.27: EAM absorption profile for a fixed TEC temperature of 25°C and DFB bias currents ranging from 30 to 80 mA.

It can be observed in Figure 2.27 that as the DFB laser bias current was increased from 30 to 80 maA,
the absorption efficiency of the EAM also increased with increasing EAM reverse voltage. This can be
attributed to the wavelength of the input lightwave shifting to longer wavelengths with increasing DFB
laser bias and to the absorption edge of the EAM shifting to longer wavelengths as the EAM reverse
voltage was increased. Thus, the EAM absorption increases at higher EAM reverse voltages when the
wavelength of the input lightwave is higher and, hence, produces a greater SER. For a fixed 25°C TEC
temperature, the highest SER of 22 dB is achieved at a DFB laser bias of 80 mA and an input wavelength
of 1542.77 nm. The linear region of the absorption curve attained for the 80 mA DFB laser bias, ranges
from ~-1.1 to -2.1 EAM bias voltage and corresponds to an SER of 12.8 dB. Having established that the
80 mA DFB laser bias yielded the highest SER, a sweep of the device TEC temperature from 15 to 35°C
in 2°Cincrements was performed while maintaining the laser bias at 80 mA. For each TEC temperature
setting, the optical power of the lightwave output from the EML was measured as a function of EAM
reverse voltage. The resultant absorption curves are shown in Figure 2.28. It can be observed in Figure
2.28 that a ~2 dB increase and decrease in the SER of the EAM occurs with a 10°C increase and
decrease of the device TEC temperature, respectively. Although the EML exhibited a ~2 dB higher SER
when operated at the 35°C TEC temperature, it was decided that the EML would be operated at room

temperature, i.e., 25 °C, for the remainder of the experiments.
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Figure 2.28: EAM absorption profile for a fixed DFB laser bias of 80 mA and TEC temperatures ranging from 15°C to 35°C.

Furthermore, it was decided that the 80 mA DFB laser bias would be employed for the remainder of
the experiments, since the 80 mA DFB laser bias yielded the highest output optical power and highest
SER for the 25°C device TEC temperature, thus, would be the optimal DFB laser bias current to operate

the EML in order to achieve the best possible b2b transmission performance.
2.3.1.2 Frequency chirp of electro-absorption modulated laser (EML)

A consequence of the change in the EAM’s absorption, resulting from the modulating voltage signal,
is the variation in the refractive index (RI) of the semiconductor material, and the variation in the Rl
introduces a frequency chirp to the transmitted optical signal. Similar to DMLs, the EAM chirp is due
to the variation in the imaginary part of the refractive index, An’’, which is accompanied by a variation
in the real part of the refractive index, An’, and is described by the Kramers-Kronig relations [56]. The
variation in the Rl causes the phase variation or frequency chirp of the transmitted optical signal. Like
DMLs, the chirp or alpha parameter of an EAM, ag4,, determines the magnitude of the frequency

chirp exhibited by the modulator and is given by [57], [58]

An’  4m An' (44, AV)

- 2.10
A"~ Ag Adgps (A, AV)

apam(A, V) =

The numerator in equation 2.10, which denotes the change in the real part of the refractive index,
An', as a function of the input wavelength of the lightwave and the applied voltage, can be ascertained
from measurements of the change in the absorption coefficient, Aa,;s, through the Kramers—Kronig

relation and can be expressed as [59] — [61]
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where A, is the free-space wavelength of the input lightwave and PV represents the Cauchy principal
value. For an MQW EAM, the absorption coefficient, a,js, for an input lightwave with wavelength A,
increases with increasing electric field magnitude as the exciton peak shifts to longer wavelengths. As
agps increases, An' increases initially and then decreases. Eventually, An’ becomes negative for high
electric field magnitudes, which is what produces the negative chirp or alpha parameter, ag;,, of an
MQW EAM. The frequency chirp of EAMs has been shown to be primarily transient in nature [62] that
is, the rising and falling edges of the optical pulses that are transmitted from an EAM exhibit frequency
excursions and the magnitude of the excursions are dependent on the alpha parameter value, @z .-
However, when an EAM is integrated with a laser diode to form an integrated laser modulator (ILM)
or EML, an adiabatic chirp component may also be introduced to the transmitted optical signal. The
adiabatic chirp of an EML has been attributed to carrier density fluctuations, resulting from optical
feedback into the laser cavity, and electrical crosstalk due to the integration of the laser and modulator

sections on the same chip [63], [64].

Wavelength variation as a function of EAM reverse voltage

Optical spectra were captured from the EML for the 80 mA DFB laser bias, the 25°C TEC temperature
and for EAM bias voltages of 0, -1.5 and -3 V. The spectra, captured with the Yokogawa AQ6370 OSA
using a resolution of 0.02 nm, are shown in Figure 2.29. This was carried out to gain an insight into the
degree of wavelength variation in the CW signal output from the EAM resulting from the variation in

EAM bias voltage.
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Figure 2.29: Optical spectra recorded for a fixed DFB laser bias of 80 mA and TEC temperature of 25°C for EAM reverse
voltages of 0 V (blue spectrum), 1.5 V (red spectrum) and 3 V (yellow spectrum).
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It can be observed in Figure 2.29 that the wavelength of the lightwave output from the EML varies
from 1542.81 to 1542.77 nm as the bias voltage to the EAM is increased from -1.5 to 0 V, which
corresponds to a blue-shift in the peak wavelength of 0.04 nm. However, when the bias voltage to the
EAM is lowered from -1.5 to -3 V, the wavelength of the lightwave output from the EML experiences
a red-shift of ~0.08 nm, which corresponds to a wavelength excursion that is a factor of two times
greater than what is observed when the EAM bias voltage is increased from -1.5 to 0 V. The wavelength
excursion of the lightwave output from the EML, due to the variation in the bias voltage applied to the
EAM, is the origin of the transient chirp of the EML. Thus, the voltage applied to the EAM, and the

wavelength of the input lightwave, influences both the SER and the frequency chirp of the EML.

2.3.1.1 Dynamic characterisation

Optical waveform analysis

For the large-signal modulation analysis of the EML, the experimental procedure, described in section
2.2.1.2, and setup, shown in Figure 2.5, which was used in the large-signal modulation analysis of the
DML, was employed. To optimise the extinction ratio, ER, of the optical signals transmitted from the
EML, the maximum amplitude of 2 Vp, for the 12.5 Gbit/s NRZ-OOK modulation signal was employed.
With the modulating signal applied to the EAM and the DFB laser bias and the device TEC temperature
set to 80 mA and 25°C, respectively, optical eye diagrams and spectra were captured at the output of
the EML for EAM reverse voltages ranging from 1to 2 Vin 0.1 V increments. The extinction ratio, ER,
and power penalty, 6z , of the optical signals transmitted from the EML for the different EAM reverse
voltages were calculated from the captured eye diagrams. In addition to the ER and ER power penalty,
Ogr , the Q-factor, Q, of the signals transmitted from the EML was also ascertained. The Q-factor takes
into account the average noise in both the “on” and “off” binary levels and combines the two signal-
to-noise ratios (SNRs) of the two possible signal levels into a single quantity. The Q-factor, Q, may be

expressed as [20], [21], [65]

PP
Q=2 2.12
o1 + oy

where P; and P, is the average optical power in the upper and lower rails or in the“on” and “off” state
levels of the signal, respectively, and g; and g, are the standard deviations of the noise in the “on”
and “off” state levels of the signal, respectively. Figure 2.30 shows the ER, &gg, and the Q of the

optical signals transmitted from the EML as a function of EAM bias voltage.
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Figure 2.30: ER, 6gg, and Q of the signals transmitted from the EML as a function of EAM bias voltage. Insets (a) and (b)
show the captured transmitted signal eye diagrams for EAM bias voltages of -1.4 and -1.8 V, respectively.

The relevance of evaluating both the ER and Q-factor metrics to ascertain the optimum EML operating
parameters, which would yield the best b2b transmission performance, can be observed in the results
shown in Figure 2.30. As the EAM reverse voltage is increased from 1 to 2 V, the ER of the transmitted
signal increases before peaking at 10.3 dB for an EAM reverse voltage of 1.8 V, it then decreases to
8.1 dB for the EAM reverse voltage of 2 V. It may also be observed that the ER power penalty, g,
decreases and increases in accordance with increasing and decreasing ER. However, as the EAM
reverse voltage is increased, the signal level in the “on” and “off” state power levels decreases due to
the increase in the absorption of the EAM at the higher reverse voltage. From the graph shown in
Figure 2.30, and the eye diagrams shown in Figure 2.30 insets (a) and (b), the reduction in the SNR in
the “on” and “off” state power levels results in the closure of the eye diagram and a gradual reduction
in the Q-factor, of the transmitted signal. With increasing EAM reverse voltage up to 1.8V, the increase
in the ER is offset by a decrease in the Q-factor, which is a result of the steeper gradient of the
absorption curve shown in Figure 2.27. Thus, there is a trade-off between the ER and the Q-factor, Q,
of the signals transmitted from the EML with increasing EAM reverse voltage, and a combination of
both the ER and Q-factor, Q, of the transmitted optical signal will influence the transmission
performance of the EML. The variation in the ER, gg , and Q, of the signals transmitted from the EML

is a result of the EAM power transfer curve and the absorption characteristics of the EAM.

Optical spectrum analysis

The optical spectra captured from the EML modulated with the 2 V,, 12.5 Gbit/s NRZ-OOK signal for
EAM reverse voltages ranging from 1 to 2 Vin 0.1 V incremental steps are shown in Figure 2.31. The

frequency axis has been normalised to determine if there is any bandwidth variation with increasing
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EAM reverse voltage. It can be observed from the spectra shown in Figure 2.31 that the eleven spectra

of the transmitted signals exhibit a similar 3-dB optical bandwidth, Avs,g, of ~12 GHz.
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Figure 2.31: Optical spectra captured from the EML for a 12.5 Gbit/s NRZ-OOK modulating signal with a 2 V,,, modulating
signal amplitude, a fixed DFB laser bias current of 80 mA and a fixed device TEC temperature of 25°C. The eleven different
spectra correspond to EAM bias voltage settings ranging from -1 to -2 V increasing in increments of 0.1 V.

Unlike the optical spectra captured from the DML shown in Figure 2.7, the spectra captured from the
EML resemble a typical double sideband NRZ-OOK spectrum with an envelope approximating a sinc(f)
function. The sinc?(f) shape of the spectra is due to the rectangular pulses that were used to modulate
the EML. The spectral nulls, which occur at intervals of ~12.5 GHz, are characteristic of the NRZ data
format. The tones, which occur at the null points, are due to the large carrier signal as a result of the
high DFB laser bias employed. The ripples in the spectra are a result of the repetitive nature of the
PRBS pattern, i.e. PRBS 2%°-1. While the spectra captured from the EML exhibit very little distortion,
there is a small frequency chirp present in the signals, as evidenced by the asymmetry between the
upper and lower sidebands about the carrier. As the EAM reverse voltage increases from 1 to 2 V the

asymmetry shifts, which indicates that the alpha parameter, ag 4y, is changing.

2.3.2 Transmission Performance Evaluation of EML

This section deals with the experimental work carried out to evaluate the transmission performance
of the EML in the IM/DD test-bed shown in Figure 2.9, when modulated with the 2 V,, 12.5 Gbit/s
NRZ-OOK signal with a PRBS of word length 2°-1. The BER results obtained from the EML transmission
experiments are presented, analysed and discussed. The experiments were carried out with the EML
DFB laser bias current fixed at 80 mA, the device TEC temperature set at 25°C and for different EAM
bias voltages ranging from -1 to -2 V. Similar to the DML transmission experiments in section 2.2.2,
the b2b transmission performance of the EML was evaluated first to establish the minimum receiver
sensitivities attainable for error-free transmission, i.e. for a 10° BER, where the performance of the

link is limited only by the ER and Q of the transmitted signal and the SNR of the photodetector (PD).
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Following the b2b transmission experiments, transmission experiments over 25 and 50 km of SSMF
were performed to determine the effect of the frequency chirp of the EML and the CD in the fibre on
the transmission performance. The experimental procedure, described in section 3.2.2, and setup,
shown in Figure 2.9, which were utilised to acquire the BER results in the transmission experiments
with the DML, were used to evaluate the transmission performance of the EML. Figure 2.32, Figure
2.33 and Figure 2.34 display the BER results of the transmission experiments with the EML for b2b
transmission and transmission over 25 km and 50 km of SSMF, respectively. For the b2b transmission,
the transmission performance of the EML was evaluated for EAM reverse voltages ranging from 1 to
2 Vincreasing in 0.2 V increments. For transmission over 25 and 50 km of SSMF, the performance of

the EML was evaluated for 1.4, 1.6, 1.8 and 2 V EAM reverse voltages.
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Figure 2.32: BER results for b2b transmission with EML (EML) in IM/DD test-bed using 12.5 Gbit/s NRZ-OOK modulation,
inset (a) shows the eye diagram of the received signal captured for error-free transmission at a received power of -16.5 dBm
with the EML for -1.8 V EAM bias voltage.
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Figure 2.33: BER results for 25 km SSMF transmission with EML in IM/DD test-bed using 12.5 Gbit/s NRZ-OOK modulation,
inset (a) shows the eye diagram of the received signal captured for error-free transmission at a received power of -16 dBm
with the EML for -1.8 V EAM bias voltage.
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Figure 2.34: BER results for 50 km SSMF transmission with EML (EML) in IM/DD test-bed using 12.5 Gbit/s NRZ-OOK
modulation. Inset (a) shows the eye diagram of the received signal captured for error-free 50 km SSMF transmission at a
received power of -13.5 dBm, with the EML for -2 VV EAM reverse voltage. Inset (b) shows the eye diagram of the received
signal captured for error-free b2b transmission at a received power of -15.5 dBm with the EML for -2 V EAM bias voltage.

It can be observed in Figure 2.32 that the EAM bias voltage of -1.8 V yields the best b2b transmission
performance with the EML in the IM/DD test-bed. For the -1.8V EAM bias voltage, the signal output
from the EML exhibited the highest ER of 10.3 dB and a moderate Q-factor, @, of 7.7 dB. It may also
be observed that as the ER of the transmitted signal decreases, with increasing or decreasing EAM
bias voltage, a receiver sensitivity penalty is incurred. The dependence of the EML b2b transmission
performance on both the ER and the Q-factor, Q, of the transmitted signal is apparent when the
performance of the EML for the EAM bias voltages of -1.4 and -2 V are compared. Although the ER of
the signal transmitted from the EML for the -2 V EAM bias voltage is ~0.5 dB higher than the ER of the
signal transmitted from the EML for the -1.4 V EAM bias voltage, the EML at the -1.4 V EAM bias
voltage provides a ~0.5 dB improvement in receiver sensitivity. This may be attributed to the 3.2 dB
higher Q-factor, Q, of the signal transmitted from the EML for the -1.4 V EAM bias voltage compared
to the signal transmitted from for the -2 V EAM bias voltage. The received signal eye diagram shown
in Figure 2.32 inset (a), captured for error-free transmission at a received optical power of -16.5 dBm
with the EML for the -1.8 V EAM bias voltage, is a clear and open eye. However, there is a slight closure
of the eye in the upper level due to amplitude variations or incomplete extinctions and the crossing
point is slightly below 50%. This may be attributed to the asymmetric bias point of the EAM or the
nonlinear EAM power transfer function, shown in Figure 2.27, and also to the internal capacitance of
the EML. It may be concluded from the evaluation of the b2b transmission performance of the EML
that a combination of both the ER and the Q-factor, Q, of the transmitted signal influences the b2b

transmission performance.
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From the BER results displayed in Figure 2.33, attained for transmission over 25 km of SSMF with the
EML, it can be observed that the -1.8 V EAM bias voltage again produces the best BER performance,
with error-free transmission achieved at a receiver sensitivity of -16 dBm. The eye diagram of the
received signal captured for error-free transmission over 25 km of SSMF with the EML for the -1.8 V
EAM bias voltage is shown in Figure 2.33 inset (a). The eye is relatively unchanged from the eye
obtained for b2b transmission shown in Figure 2.32 inset (a). Relative to the b2b transmission
performance of the EML for the -1.8 V EAM bias voltage, only a 0.5 dB receiver sensitivity penalty is
incurred following transmission over 25 km of SSMF. Furthermore, a 0.5 and 1 dB receiver sensitivity
penalty is incurred for 25 km SSMF transmission with the EML for the EAM bias voltages of -1.6 and -
1.4V, respectively. However, for transmission over 25 km of SSMF with the EML for the -2 V EAM bias
voltage, no receiver sensitivity penalty is incurred relative to the b2b transmission performance. Thus,
indicating that that the frequency chirp of the EML at the -2 V EAM bias voltage interacts favourably
with the accumulated chromatic dispersion (CD) of the SSMF over the 25 km distance, unlike what is

observed for 25km SSMF transmission with the EML for the -1.4, -1.6 and -1.8 V EAM bias voltages.

The favourable interaction of the CD in the optical fibre with the frequency chirp of the EML at the -2
V EAM bias voltage is more apparent for EML transmission over 50 km of SSMF. Figure 2.34 shows the
BER results obtained from the 50 km SSMF transmission experiments with the EML. It can be observed
in Figure 2.34 that the best transmission performance was attained with the EML for the -2 V EAM
bias voltage, with error-free transmission achieved at a receiver sensitivity of -13.5 dBm. The eye
diagram of the received signal captured for error-free transmission over 50 km of SSMF with the EML
for the -2 V EAM bias voltage is shown in Figure 2.34 inset (a). Also shown in Figure 2.34 inset (b) is
the received signal eye diagram for b2b transmission with the EML for the -2 V EAM bias voltage. On
comparison of the two eye diagrams, the effect of the chromatic dispersion (CD) in the fibre can be
observed in the apparent closure of the eye shown in Figure 2.34 inset (a), captured following 50 km
SSMF transmission, and the reduction in the amplitude of the upper level eye component exhibiting
incomplete extinction. Nonetheless, a clear and open received signal eye diagram was captured for 50
km SSMF transmission with the EML for the -2 V EAM bias voltage. Relative to b2b transmission, the
receiver sensitivity penalty incurred for 50 km SSMF transmission with the EML for the -2 V EAM bias
voltage was 2 dB. The receiver sensitivity penalties incurred for 50 km SSMF transmission with the
EML for -1.8, -1.6 and -1.4 V EAM bias voltages were 3.5, 4 and 5 dB, respectively. It is clear from the
BER results shown in Figure 2.34 that the frequency chirp generated by the EML for the -2 V EAM bias
voltage interacts favourably with the accumulated chromatic dispersion (CD) in the SSMF over the 50

km distance. This resulted in the EML for the -2 V EAM bias voltage outperforming the EML for the -
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1.8 V EAM bias voltage for transmission over 50 km of SSMF, unlike what was observed previously for

b2b transmission and for transmission over 25 km of SSMF.
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Figure 2.35: Best transmission performance achieved with EML (EML) in IM/DD test-bed using 12.5 Gbit/s NRZ-OOK
modulation for b2b transmission and transmission over 25 and 50 km of SSMF.

Figure 2.35 shows the best BER results and transmission performances achieved with the EML for b2b

transmission and for transmission over 25 and 50 km of SSMF.

2.3.3 Numerical Modelling and Simulation of EML IM/DD Transmission

This section discusses the numerical modelling that was carried out to simulate the performance of
the EML transmitter externally modulated with a 2 Vy, 12.5 Gbit/s NRZ-OOK signal in the IM/DD test-
bed. The purpose of the numerical model was to estimate the alpha parameter, ag4y, values of the
EAM integrated in the EML that was experimentally evaluated and, moreover, to determine the type
of transient chirp and to estimate the peak-to-peak magnitude of the chirp exhibited by the EML. The
EML numerical model was developed in MATLAB and is based on models described in previous studies
[54], [60], [66] — [68]. Previous studies have shown that there can be an adiabatic chirp component in
the overall chirp of EMLs [60], [64], however, the magnitude of the adiabatic chirp is typically quite
small in comparison to the transient chirp. Thus, only the transient chirp was considered in the model
employed in this study. To model the modulated optical signal output from the EML, the EAM power
transfer curve shown in Figure 2.36, which was obtained experimentally for an 80 mA DFB laser bias
current and a 25°C device TEC temperature over a 0 to -3 V EAM bias voltage range, was utilised. EAM
alpha parameter, ag 4, values were extracted from previous work [66] and the values were used to
generate an EAM alpha parameter, ag4;,, function (red), which was fitted to the graph of the EAM

power transfer function (blue) over the 0 to -3 V EAM bias voltage range, as shown in Figure 2.36.
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Figure 2.36: EAM power transfer curve and alpha parameter, ag 4y, curve used to model the signal transmitted from EML.

The optical power of the CW field input to the EAM was set to 3.3 mW in the model, as this was the
experimentally measured optical power output from the EML for the 80 mA DFB laser bias and the
25°C device TEC temperature when no bias voltage was applied to the EAM. By applying polynomial
interpolation to both the EAM power transfer and alpha parameter functions, the optical field, E,y;,

of the modulated signal output from the EML could be modelled using equation 2.13 [60], [66]

2.14

Eoue (V) = Poye(V)H*e8aM/2 223 v 1 dP(®) _ @ran ( d NP, ( t)])
2 dt 4 \dt

where P,,; is the voltage-dependent optical power of the signal transmitted from the EML and a g4,

is the alpha parameter. Using the IM/DD model described in section 2.2.3, the additive white Gaussian

noise (AWGN) and the range of EAM alpha parameter, ag 45, values were varied until the transmission

performance and BER results generated by the model agreed with the experimental results attained

for b2b transmission and transmission over 25 and 50 km of SSMF.

Figure 2.37, Figure 2.38 and Figure 2.39 show the simulated BER results generated by the model for
b2b transmission and transmission over 25 and 50 km of SSMF, respectively, for EML EAM bias
voltages of -1.4, -1.6, -1.8 and -2 V. The modified EAM alpha parameter, ag4y, curve, which shows
the range of alpha parameter, ag 4, values that yielded the simulated BER results obtained from the
model for EML transmission over 25 and 50 km of SSMF, is displayed in Figure 2.40. The alpha
parameter values shown in Figure 2.40 were generated by multiplying the alpha parameter values
shown in Figure 2.36 by 0.42. Also shown in Figure 2.40 insets (a) and (b) are the simulated eye
diagrams of the optical signals transmitted from the modelled EML for EAM bias voltages of -1.4 and

-2V, respectively.
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Figure 2.37: Simulated EML transmission performance for b2b transmission for EAM bias voltages of -1.4 V (blue), -1.6
(green), -1.8 (red) and -2 V (magenta). Inset (a) shows the received signal eye diagram for the -1.8 V EAM bias voltage.
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Figure 2.38: Simulated EML transmission performance for 25 km SSMF transmission for EAM bias voltages of -1.4 V (blue), -
1.6 (green), -1.8 (red) and -2 V (magenta). Inset (a) shows the received signal eye diagram for the -1.8 VV EAM bias voltage.
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Figure 2.39: Simulated EML transmission performance for 50 km SSMF transmission for EAM bias voltages of -1.4 V (blue), -
1.6 (green), -1.8 (red) and -2 V (magenta). Inset (a) shows the received signal eye diagram for the -2 V EAM bias voltage.
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It can be observed in Figure 2.40 that the alpha parameter, ag 4y, values of the EAM, integrated in the
EML that was experimentally evaluated, estimated from the model, range from 0.7 to -0.7 over the 0

to 3 V EAM reverse voltage range.
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Figure 2.40: EAM power transfer curve and modified alpha parameter, a4, curve used to model the signal field
transmitted from the EML. Insets (a) and (b) show the simulated optical eye diagrams of the signals transmitted from the
EML for EAM bias voltages of -1.4 and -2, respectively.

The optical power and frequency chirp waveforms of the signals transmitted from the EML for the -
1.4 and -2 V EAM bias voltages are shown in Figure 2.41 and Figure 2.42, respectively. The frequency
chirp waveforms, shown in Figure 2.41 and Figure 2.42, were generated using equation 2.14, which
describes the transient chirp of an EAM. The output power, P,,;, and alpha parameter, ag4y, values

were obtained from polynomial interpolation of the curves shown in Figure 2.40.
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Figure 2.41: Optical power and frequency chirp waveforms of signal transmitted from EML for -1.4 EAM bias voltage.

From the optical power and chirp waveforms displayed in Figure 2.41, which were generated from the
modelled EML for the -1.4 EAM bias voltage, it can be observed that the rising and falling edges of the

optical pulses exhibited blue- and red-shifted chirp, respectively. This is due to the alpha parameter,
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agap, Values, shown in Figure 2.40, being primarily positive within the on/off EAM modulation voltage
swing. At the rising edge of the pulse, the magnitude of the blue-shifted chirp was ~1.1 GHz, while at
the falling edge, the magnitude of the red-shifted chirp was ~0.6 GHz. Thus, the EML exhibited a peak-

to-peak transient chirp of ~1.7 GHz when the EAM was biased at -1.4 V.
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Figure 2.42: Optical power and frequency chirp waveforms of signal transmitted from EML for -2 EAM bias voltage.

In the optical power and chirp waveforms displayed in Figure 2.42, generated from the EML model for
the -2 V EAM bias, the inverse was observed in the chirp waveform, where the rising and falling edges
of the optical pulses exhibited red-shifted and blue-shifted chirp, respectively. This is due to the alpha
parameter, ag a4y, values being primarily negative within the on/off EAM modulation voltage swing.
At the rising edge of the optical pulse, the magnitude of the red-shifted chirp was ~0.5 GHz, while at
the falling edge, the magnitude of the blue-shifted chirp was ~1.1 GHz. Thus, the EML exhibited a peak-

to-peak transient chirp of ~1.6 GHz when the EAM was biased at -2 V.

From the simulated results, when the EAM exhibited positive alpha parameter values, the rising edge
of the transmitted optical pulses experienced a blue-shift or positive chirp and the falling edge of the
pulses experienced a red-shift or negative chirp, thus, the output of the EML is said to be positively
chirped. Similar to what is observed with transient chirp dominated DMLs, when the EML is positively
chirped, the optical pulses, which comprise the signal transmitted from the EML, will experience
dispersive pulse broadening when propagating over SSMF at 1.55 um. The pulse broadening can lead
to a reduction in the pulse peak power, deformation of the pulse and ISI, which subsequently leads to
a reduction in the receiver sensitivity and errors in the received signal. However, as the EAM bias
voltage is reduced, and the absorption of the EAM increases, the alpha parameter, ag,y, values
decrease to low positive values or negative values. For high EAM reverse voltages, where the optical
absorption is high and the alpha parameter values are negative, the EML becomes negatively chirped.

When negatively chirped, the rising and falling edges of the optical pulses, which comprise the signal
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transmitted from the EML, are red-shifted and blue-shifted, respectively. For transmission over SSMF
at 1.55 um, the favourable interaction of the negatively chirped optical pulses with the CD in the fibre
can result in pulse compression, therefore, extending the transmission distance of the EML, which is
what was observed in this study for transmission over 50 km of SSMF with the EML for the -2 V EAM
bias voltage. In general, EAM alpha parameter, ag4y,, values are small and positive (~0.5-2) for low
EAM bias voltages (high reverse voltages), particularly when the detuning energy is large [57], [69].
The alpha parameter, ag4y, value decreases with increasing EAM reverse voltage, or as the
wavelength of the input lightwave decreases, both of which results in larger “on” state optical loss
[57], [69]. Hence, for EAM-based EMLs, there is a trade-off between the optical loss or transmitted
signal power and the alpha parameter value, agay, of the EAM, which determines the type of
transient chirp and the magnitude of the frequency chirp exhibited by the EML. Typically, after
compromising ~3 dB of the transmitted signal optical power, a small positive to negative alpha

parameter, ag 4y, Value may be achieved within the on/off EAM modulation voltage swing [57], [69].

2.4 Conclusions

This chapter has experimentally investigated the characteristics and transmission performances of a
directly modulated MQW DFB laser (DML) and an electo-absorption modulated laser (EML). Error-free
12.5 Gbit/s NRZ-OOK optical signal transmission is achieved with the DML and EML for transmission
over 25 and 50 km of SSMF. A receiver sensitivity of -16 dBm is attained with the EML for 25 km SSMF
transmission, which is 3 dB better than the receiver sensitivity attained with the DML, due to the
additional chirp in the DML resulting in more broadening in the dispersive fibre. A receiver sensitivity
of -13.5 dBm can be attained with both the DML and EML for transmission over 50 km of SSMF. The
enhanced performance of the DML modulated well above threshold for transmission over 50 km of
SSMF, may be attributed, in part, to the minimum shift keying (MSK) condition, which is established
as a result of the mixed FM and AM of the DML. The favourable interaction of the adiabatic chirp
dominated optical signal output from the DML with the accumulated chromatic dispersion in the SSMF
over the 50 km distance, results in FM to AM conversion of the optical signal and in an open received
signal eye diagram. Considering the cost-sensitivity of access networks, the DML would be the ideal
choice over the EML. However, the ERs of the signals transmitted from the DML modulated well
above threshold and the EML for the -2 V EAM bias voltage are 2.7 and 8.1 dB, respectively. In NG-
PON2, a minimum ER of 6 dB has been specified for transmitters employed at the ONUs for upstream
transmission [70], hence, would preclude the use of the DFB laser evaluated in this study, as a tunable
DML in NG-PON2. Thus, a technique that increases the ER of the signal transmitted from the DML,

which also maintains the chirp characteristics and transmission performance of the laser, is necessary.
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Chapter 3 Self-Seeded Fabry-Pérot (SS-FP) Laser as a Tunable Laser

Source (TLS) for Next Generation PONs

3.1 Introduction

The introduction of wavelength division multiplexing (WDM) technology to NG-PON2 heralds in a new
era for optical access, and will serve to increase the transmission capacity and bandwidth efficiency of
future access networks. However, the introduction of WDM technology to the access domain places
greater demands on the tunable transmitters and the optical components that are required to realise
these new networks. Tunable lasers are considered the most logical choice of transmitter for NG-PON2
and future optical access networks employing WDM, as they exhibit wideband wavelength tunability,
fast switching times between wavelength channels, fine tuning granularity and excellent wavelength
stability. Considering the potentially large numbers of subscriber ONUs in the NG-PON2 architecture,
illustrated in Figure 3.1, cost-effective tunable lasers will be necessary. Not only will the tunable laser
sources need to be cost-effective for wide-scale and mass deployment, they will also be required to
meet certain performance parameters so that the technical requirements laid down in the NG-PON2

standard [1] are met.

Thus, the development of novel and cost-effective tunable lasers for future optical access networks is
vitally important to support the ever growing data rate and bandwidth demands of end-users globally.
The ‘colourless’ transmitters that are needed to realise these future networks must demonstrate the
capability to operate at high bit rates (10+ Gbit/s per A channel) and, moreover, exhibit low chirp, high
output optical power (>+3 dBm), wide wavelength tuning ranges (>20 nm), fine wavelength granularity
and fast switching speeds between stable wavelength channels. Furthermore, the tunable lasers that
are proposed will need to exhibit low relative intensity noise (RIN), as the RIN of transmitters is one
of the main limiting factors in the transmission performance of IM/DD links. Additionally, these novel

tunable lasers will need to exhibit low power consumption and a small foot print.

Considering the number of wavelength channels (4-8) and channel spacing (50/100/200 GHz) specified
for NG-PON2, directly modulated thermally tunable DFB lasers [2] have been identified as potential
candidate transmitters for initial NG-PON2 deployments due to the relatively low cost of DFB lasers
and their reasonable wavelength tuning range. However, the transmission distances and modulation
rates that directly modulated (DM) DFB lasers can achieve are severely limited by the intrinsic chirp of
the devices. Furthermore, as the number of subscribers and network capacity requirements increases,

tunable lasers that exhibit wider tuning ranges and finer tuning granularity will be necessary. Vertical-
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cavity surface-emitting lasers (VCSELs), which use micro electro-mechanical mirror systems (MEMs)
to achieve wavelength tuning, offer an alternative to DM thermally tunable DFB lasers and have been
successfully demonstrated for WDM-PON [3], [4]. However, there are concerns with VCSELs regarding
their wavelength stability, switching time, reliability, cost-effectiveness and scalability. Other tunable
laser technologies currently being considered for use in NG-PON2 and future optical access networks
include directly modulated DBR lasers [5], [6], and DBR lasers without cooling, i.e. with no integrated
TEC [7], and externally modulated lasers (EMLs) that comprise electro-absorption modulators (EAMs)
monolithically integrated with laser arrays [8]. Similar to VCSELs, questions remain regarding the cost-

effectiveness of DBR lasers and EMLs for optical access network applications.

CT = Channel Termination
WM = Wavelength Multiplexer

TWDM ONU
3 TWDM CT2 Magr Tus hays Mgy TWDM ONU
< —_—
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NG-PON2 = 40 Gigabit Capable Multi-Wavelength PON System

*Ch. # = Base = 1 -4 TWDM (TDM/WDM) and Option = up to 8
*PtP WDM (Ch. # 8)

*TWDM Ch. Rates = Base = 10/2.5G and Options =10/10G and 2.5/2.5G
*PtP WDM Ch. Rates = 1G, 2.5G and 10G classes

*ONUs are colourless and can tune to any assigned Channel

Figure 3.1: NG-PON2 system architecture and high level features. Note that the internal configuration of the WDM is just
for illustration and is not defined by ITU-T recommendations [9].

This chapter presents an experimental characterization of a self-seeded Fabry-Pérot (SS-FP) laser. The
transmission performance of the directly modulated (DM) SS-FP laser is experimentally evaluated in
an IM/DD test-bed, as NG-PON2 will utilise IM/DD transmission. The transmission performance of the
DM SS-FP laser is evaluated with two intensity modulation formats, 12.5 Gbit/s NRZ-OOK modulation
and 12.5 Gbaud/s (25 Gbit/s) 4-level pulse amplitude modulation (PAM-4), as the PAM-4 format will
most likely replace the NRZ-OOK format to increase the capacity of future PONs. The proposed self-
seeded Fabry-Pérot (SS-FP) laser could be a very promising candidate for cost-effective colourless

ONUs in future bandwidth symmetric TWDM-PON.

3.2 Fabry-Pérot (FP) Laser as a Tunable Laser Source (TLS)

The wide multi-longitudinal mode (MLM) spectrum of a Fabry-Pérot (FP) laser makes it unsuitable for

optical fibore communications, unless the FP laser is utilised in single-channel transmission systems
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over short distances (~500 m). This is due to the wavelength dependent chromatic dispersion of
standard single-mode fibre (SSMF), which results in the optical signals transmitted from an FP laser
becoming severely distorted when propagating in SSMF and, ultimately, destroys the received signal.
Moreover, the wide multimode spectrum of an FP laser would preclude its use in NG-PON2 and optical
access networks employing WDM, due to the specified wavelength channel spacing of 50, 100 or 200
GHz, where each channel requires its own assigned wavelength channel. However, it is the wide multi-
mode spectrum, high output optical power, low power consumption and the cost-effectiveness of FP
lasers which make them ideal components to help realise colourless PONs and future optical access
networks. When an FP laser is injection-locked (IL) [10], self-seeded (SS) [11], or subjected to external
injection with spectrally-sliced broadband light [12], single-mode operation with the FP laser can be
achieved. Furthermore, the wavelength-locking (WL) techniques allow any of the longitudinal modes
in the MLM spectrum of the FP laser to be accessed dynamically. When the wavelength locking
techniques are employed to achieve single-mode (SM) operation with an FP laser, the main factor
limiting the realisation of stable single-mode operation, and successful signal transmission, is the

mode partition noise (MPN) and MPN-induced relative intensity noise (RIN) of the FP laser.

3.2.1 Mode Partition Noise (MPN) of an FP Laser

When multiple wavelengths satisfy the phase condition of an FP laser cavity, the number of
longitudinal modes that lase is largely dependent on the length of the cavity and, furthermore, on the
width of the semiconductor material gain curve. The longitudinal modes supported by the cavity will
compete for the shared carrier density and the modes near the peak of the gain curve will consume
the majority of the carriers, hence, will exhibit the highest optical powers. Although the carrier density
along the cavity is non-uniform, the difference in the optical gain experienced by the modes at the
peak of the gain curve is quite small. However, mode competition and random perturbations to the
optical gain in the cavity, due to spontaneous emission, external reflections or temperature variations,
results in random fluctuations in the instantaneous optical power distribution among the multiple
longitudinal modes, which is known as mode partition noise (MPN) [13]. Under dc bias conditions the
optical power output from an FP laser remains relatively constant, as the total photon number is
stabilised due to the carrier-gain dynamic reaching an equilibrium. However, since there is only one
carrier pool from which all of the lasing modes consume carriers, this stabilisation process is effective
only for the total photon number, and the stabilisation process, via the carrier density, does not hold
for a single longitudinal mode within the multimode spectrum [14]. Therefore, the relative intensity
noise (RIN), which describes the fluctuations in the CW output optical power of a laser, is much higher

for a single longitudinal mode within the multi-longitudinal laser spectrum when compared to the full

74



spectrum, particularly at low frequencies. The MPN, 0;,,,,, imposes a limit on the transmission
performance of an FP laser in an IM/DD link through an MPN-induced power penalty, @,y [15] -

[17].
3.2.2 FP Laser Characterisation and Directly Modulated (DM) Transmission Performance

The FP laser used in this work was packaged in a 7-pin butterfly package, which included an integrated
thermo-electric cooler (TEC), a thermistor, a back facet monitor detector and an internal bias tee. The
7-pin butterfly package also comprised an integrated optical isolator and a polarization maintaining
(PM) pigtailed fibre, which provided the optical output of the laser. The RF input to the laser was a k-
type connector, which allowed it to be directly modulated via an external dc block. Before developing
the self-seeded FP (SS-FP) laser scheme, basic static and dynamic characterisation of the FP laser was
performed and the transmission performance of the directly modulated (DM) FP laser, for both b2b
transmission and transmission over 1 km of SSMF, was evaluated. The P-| curve of the FP laser is shown

in Figure 3.2. The P-I curve was produced from data acquired with the FP laser device TEC temperature

o
set at 25°C.
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Figure 3.2: P-I, V-1 and dynamic impedance curves for FP laser for a device TEC temperature of 25°C.

It can be observed from Figure 3.2 that the threshold current, /i, of the FP laser is 8 mA and, at the

maximum current rating of 120 mA, the output optical power from the laser is 31.5 mW. The slope

efficiency, Z—I;, and the differential quantum efficiency, n4, calculated from the P-I curve, are 0.2849
mW/mA (~28%) and ~72%. The MLM spectra captured from the FP laser for a 30 mA laser bias current
and 15°C (red spectrum), 25°C (blue spectrum), and 35°C (yellow spectrum) device TEC temperatures,

are shown in Figure 3.3.
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Figure 3.3: Free-running multimode FP laser spectrum biased at 30 mA and a device TEC temperature of 15°C (red), 25°C
(blue) and 35°C (orange).

From the spectrum captured for the 25°C device TEC temperature, it can be observed that the
spectrum is centred at 1553.1 nm and the spectral envelope, which exhibits 16 longitudinal modes
above -60 dBm, spans ~21 nm. The free spectral range (FSR) of the multimode spectrum is 1.39 nm,
which corresponds to 173.38 GHz. The 3-dB spectral width of the envelope is ~¥4 nm, which is a typical
width for an FP laser [18]. Within the 3-dB spectral width of the envelope of the FP laser there are
three modes with peak powers of ~-5 dBm. When the device TEC temperature is increased and
decreased by 10°C, it results in a ~4.8 nm red- and blue-shift of the MLM spectrum, respectively, which
corresponds to a 0.48 nm shift in wavelength per 1°C variation in the TEC temperature. The spectra
captured for the 15 and 35°C TEC temperatures exhibit essentially the same span, FSR, number of
modes and mode peak powers as the spectrum captured for the 25°C device TEC temperature. It can
be observed in Figure 3.3 that by varying the TEC temperature of the FP laser, the multi-longitudinal

mode spectrum of the CW optical field output from the laser covers virtually the entire C-band.

Av = FSR = 3.1

2nglL
Using the measured FSR value of 1.39 nm, and a typical value of 3.6 for the group refractive index, ng,
[18], [19], the cavity length of the FP laser, estimated using equation 3.1, is ~240 um. The small-signal

modulation response of the FP laser is displayed in Figure 3.4 inset (a), and the experimental setup

that was employed to obtain the results is shown in Figure 3.4 inset (b).
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Figure 3.4: Inset (a) IM response of free-running FP laser for a device TEC temperature of 25°C and bias currents of 30 mA
(blue), 60 mA (red), 90 mA (yellow), and for a 90 mA bias current when temperature controlled to 15°C (purple) and 35°C
(green). Inset (b) Experimental setup for small-signal modulation response measurement.

It can be observed in Figure 3.4. that the 3-dB electrical bandwidths, f345, of the FP laser for the 25°C
device TEC temperature setting and with the FP laser biased at 30, 60, and 90 mA are ~12.5, 15.5 and
16 GHz, respectively, with the corresponding relaxation oscillation frequencies, fz, occurring at ~9, 12
and 15 GHz, respectively. It can also be observed that the relaxation oscillation frequencies are pushed
out to higher frequencies and the 3-dB bandwidth increases, with increasing dc bias current, I, to the
FP laser. The results of the large-signal modulation analysis of the directly modulated free-running FP

laser are shown in Figure 3.5.
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Figure 3.5: Extinction ratio, ER, ER power penalty, 8, and Q-factor, Q, of optical signals transmitted from free-running FP
laser directly modulated with a 2 V,, 12.5 Gbit/s NRZ-OOK signal, as a function of laser dc bias current. Insets (a) and (b)
show the eye diagrams of the optical signals captured for FP laser bias currents of 30 mA and 70 mA respectively.

The extinction ratio, ER, ER power penalty, 6gg, and Q-factor, Q, of the signals transmitted from the
free-running FP laser directly modulated with a 2 V,, 12.5 Gbit/s NRZ-OOK signal with a PRBS word
length of 2°-1, as a function of FP laser bias current are displayed in Figure 3.5.The experimental

procedure described in section 2.2.1.2 and setup shown in Figure 2.5, was employed to measure the
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large-signal modulation response of the FP laser. The FP laser device TEC temperature was maintained

at 25°C.
3.2.2.1 Transmission performance evaluation of the directly modulated free-running FP laser

Following characterisation of the FP laser, an evaluation of its transmission performance under direct
modulation was carried out. The experimental procedure described in section 2.2.2 and the setup of
the IM/DD test-bed shown in Figure 2.9 was employed in the transmission experiments. The FP laser
device TEC temperature was set at 25°C. A baseband 12.5 Gb/s NRZ-OOK signal, with a peak-to-peak
modulation voltage swing of 2 V,, and a PRBS word length of 2°-1, was generated with the PPG to
directly modulate the laser. The transmission performance of the directly modulated (DM) free-
running FP laser for back-to-back (b2b) transmission and for transmission over 1 km of SSMF, was
evaluated. The transmission performance of a single longitudinal mode, filtered from the multimode
spectrum of the signal transmitted from the DM FP laser using a tunable optical bandpass filter (TBPF),
was also evaluated for 1 km SSMF transmission. This was performed to demonstrate the effect of the
mode partition noise (MPN) of the FP laser on its transmission performance over SSMF. The TBPF that
was used exhibited a minimum 3-dB bandwidth of ~0.02 nm, an insertion loss of ~5 dB, a wavelength
tuning range of 1450 to 1650 nm and a resolution of 5 pm. The spectrum of the single longitudinal
mode at 1553.1 nm, filtered from the MLM spectrum of the DM FP laser biased at 30 mA (yellow
spectrum), is displayed in Figure 3.6. A TBPF 3-dB bandwidth of 50 GHz was employed to filter the
single longitudinal mode and a spectrum of the filter response (red spectrum), which was measured

using the amplified spontaneous emission (ASE) output from an EDFA, is also shown in Figure 3.6.
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Figure 3.6: Directly modulated free-running FP laser spectrum (blue spectrum) at 30 mA FP laser bias, filter response (red
spectrum) and filtered FP laser mode (yellow spectrum). Inset (a) shows an enhanced view of the longitudinal mode at
1553.1 nm, the filter response for a 3-dB bandwidth of 50 GHz and centred at 1553.1 nm, and the filtered longitudinal mode
at 1553.1 nm.
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Figure 3.7: BER performance of directly modulated FP laser in IM/DD test-bed for b2b transmission and transmission over 1
km of SSMFF. Inset (a) shows the eye diagram of the received electrical signal captured for error-free transmission in the b2b
case at a received optical power of -20 dBm for the directly modulated free-running FP laser biased at 30 mA.

Figure 3.7 displays the bit-error ratio (BER) performance of the DM FP laser. It can be observed in the
BER results shown in Figure 3.7 that the DM free-running FP laser biased at 30 mA produced the best
transmission performance and the lowest receiver sensitivity of -20 dBm for error-free transmission
in the IM/DD test-bed. This correlates well with the results obtained from the large-signal modulation
analysis of the DM free-running FP laser shown in Figure 3.5, where the DM free-running FP laser
biased at 30 mA exhibits the highest ER and the lowest ER power penalty, §gg, of 9.9 dB and 0.88 dB,
respectively. It can be observed in the BER results displayed in Figure 3.7 that as the FP laser bias is
increased, there is a degradation in the b2b transmission performance and in the receiver sensitivity
attained, due to the decreasing ER and increasing ER power penalty, 8z, of the signal transmitted
from the DM free-running FP laser. Considering that the DM free-running FP laser biased at 30 mA
produced the best b2b transmission performance, the 30 mA FP laser bias was employed for optical
signal transmission over 1 km of SSMF. The resultant BER curve (green curve) is displayed in Figure
3.7, it can be observed that a BER floor occurs at ~1x103. The poor performance of the DM free-
running FP laser for transmission over 1 km of SSMF, can be attributed to the MPN of the FP laser and
the wide MLM spectrum of the transmitted signal, which experiences dispersive pulse broadening and
signal waveform distortion when transmitted over SSMF due to the wavelength-dependent chromatic

dispersion (CD) and attenuation of the optical fibre.

When a free-running FP laser is directly modulated, the total optical power of the signal transmitted
from the laser remains relatively constant from pulse to pulse [20] — [22]. However, when the signal
is transmitted over SSMF, the MPN of the FP laser, or the fluctuation in the instantaneous optical
power distribution among the longitudinal modes within the MLM spectrum of the transmitted signal,

causes the longitudinal modes from pulse to pulse to have different group velocities and group delays
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due to the CD of the optical fibre. Furthermore, the amplitudes from pulse to pulse will vary due to
the wavelength-dependent attenuation of the optical fibre. Accordingly, the effects of the MPN of a
multimode laser can manifest in the received electrical signal, having been transmitted over SSMF, in
two ways [23]. The first is a result of the CD of the optical fibre, which transforms the spectral
fluctuations into signal variations in line in time. If the fluctuations occur slower than the bit rate, this
will be observed as timing jitter in the signal. This type of received signal distortion is dependent on
the bit rate of the transmission system and the accumulated CD in the fibre channel. The second way
in which the MPN of the FP laser can manifest in the received electrical signal is as variations in the
signalling levels. This is due to the wavelength-dependent attenuation of the fibre, which exacerbates
the intensity noise of the transmitted signal due to the fluctuating intensity of the longitudinal modes,
thus, giving rise to variations in the received signal levels. This type of MPN-induced received signal

distortion is independent of the bit rate and is effectively the intensity noise of the signal.

In the absence of the wavelength-dependent CD and attenuation of SSMF in the 1.5 um window, the
MPN would not pose a problem, as all of the modes would propagate at the same speed in the fibre
and the fluctuation in the optical power distribution among the longitudinal modes would remain anti-
correlated. Therefore, the resulting pulse-to-pulse noise would be zero and, in effect, the longitudinal
modes would remain synchronized during transmission and detection. However, due to the CD and
the wavelength-dependent attenuation of optical fibre, this is not the case, and for links that employ
multimode lasers, such as FP lasers, the MPN causes the different modes to become desynchronized
resulting in significant pulse distortions that produce fluctuations in the receiver photocurrent. The
fluctuations in the receiver photocurrent reduces the signal-to-noise ratio (SNR) at the decision circuit
resulting in noise penalties and errors at the receiver decision instant [24], which ultimately introduces
an error floor [25]. Once an MPN-induced bit-error rate (BER) floor has been reached, the system SNR
becomes independent of the received signal optical power. Hence, any increase in the signal optical

power at the receiver will not improve the transmission performance or the receiver sensitivty [26].

In the absence of the MPN of the FP laser, where the optical power distribution among the longitudinal
modes in the MLM spectrum of the transmitted optical signal remained constant, any power penalties
incurred for signal transmission over SSMF with a DM free-running FP laser would be due to dispersive
pulse broadening and inter-symbol interference (ISl), occurring as a result of the interplay of the chirp
of the transmitted signal and the CD of the fibre. Previous studies [27], [28], have shown that even in
transmission links where directly modulated single-mode DFB lasers with insufficient SMSR (</=30 dB)
are employed, the main effect leading to power penalties or to the introduction of a BER floor is the

MPN. Thus, in fibre optic communications links where directly modulated multimode lasers, such as
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FP lasers, are employed, the power penalties incurred due to the signal-dependent MPN are more
detrimental to the transmission performance of the link than the power penalties resulting from the

interplay between the frequency chirp of the DM laser and the CD of the fibre.

The effect of the MPN of the FP laser on the transmission performance of the link is further evidenced
by the BER results (light blue curve) shown in Figure 3.7, which were obtained from the transmission
experiment with the single longitudinal mode filtered from the MLM spectrum of the DM FP laser.
Transmission of the single longitudinal mode produced a marginal improvement in the performance
of the link, which is demonstrated by the slight reduction in the BER floor to ~1x10™. By transmitting
the filtered single longitudinal mode, the power penalty introduced by dispersive pulse broadening
and the signal distortion occurring due to the combination of the MPN of the MLM spectrum of the
transmitted signal and the wavelength-dependent CD and attenuation of the fibre, is negated. Thus,
the intensity noise of the DM FP laser, due to the MPN, is the main factor limiting the transmission

performance of the filtered single longitudinal mode [29] — [31].

It is evident from the results obtained from the transmission performance evaluation of the DM free-
running FP laser that the MLM spectrum, and the MPN which is intrinsic to FP lasers, limits their use
to transmission over very short-range SSMF links (<1 km). A more effective method to suppress all but
one of the longitudinal modes of the MLM spectrum of an FP laser, reduce the MPN-induced RIN of

the single longitudinal mode and attain stable single-mode operation, is self-seeding [11].

3.3 Self-Seeded FP Laser Optimisation, Characterisation and Transmission Performance

Evaluation

As a means to extending the transmission distance of the DM FP laser, and exploit its MLM spectrum,
a self-seeding scheme was developed, with a view to realising a cost-effective tunable laser source for
NG-PON2 and future optical access networks. Unlike typical injection-locking (IL) schemes that require
external injection from a ‘master’ laser into the gain section of a free-running ‘slave’ laser [32], [33],
or external injection schemes that require a spectrally sliced broadband light source [34], self-seeding
(SS), or self-injection locking (SIL), is achieved by feeding a portion of the optical carrier transmitted
from the laser, called the ‘seed signal’, back into the gain section of the laser by employing an external
cavity, which contains a reflective element or feedback loop [35], [36]. Thus, the self-seeding approach
does not require an additional optical source or a ‘master’ laser to achieve wavelength-locking and,
by implementing a self-seeding scheme, a single longitudinal mode (SLM) within the MLM spectrum
of an FP laser can be wavelength-locked. Hence, stable single-mode operation of an FP laser can be

achieved. Self-seeding results in the enhancement of the optical gain in the single longitudinal mode,
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while concurrently suppresses all other modes in the MLM spectrum, which is quantified by the side-
mode suppression (SMSR) of the laser [37], [38]. As previously mentioned, the self-seeding scheme
requires an external cavity to enable the portion of the optical carrier output from the laser, or seed
signal, to be filtered or reflected and reinjected back into the gain section of the laser cavity. A number
of different external cavity configurations can be implemented to achieve the seed signal feedback,
including a simple Sagnac fibre loop [11], a fibre reflective mirror (FRM) [39], or a fibre Bragg grating
(FBG) [40]. A directly modulated (DM) self-seeding FP laser transmitting 10 Gbit/s NRZ-OOK optical
signals in the C-band over 20 km of SSMF was demonstrated in [40], and in [41], a DM self-seeding FP

laser transmitting 2.5 Gbit/s NRZ-OOK signals in the C-band over 85 km of SSMF was demonstrated.

This section describes the experimental work performed to establish and optimise the operation of
the directly modulated (DM) self-seeded FP (SS-FP) laser, which includes large-signal modulation
analysis of the DM SS-FP laser. Furthermore, the dependence of the SMSR of the SS-FP laser on the
seed signal optical power is investigated. The relative intensity noise (RIN) of the SS-FP laser is also
characterised and compared with the RIN of the free-running FP laser and a single longitudinal mode
filtered from the MLM spectrum of the FP laser. The different wavelength channels of the DM SS-FP
laser are then characterised and the wavelength tuning range potential of the transmitter is evaluated.
Finally, the transmission performance of the DM SS-FP laser is evaluated in IM/DD test-beds with two
different IM formats, which include 12.5 Gbit/s NRZ-OOK format and 12.5 Gbaud/s (25 Gbit/s) PAM-4

format.

3.3.1 SS-FP Laser Design and Operation

A number of different external cavity (EC) configurations were investigated and evaluated during the
process of establishing self-seeded FP laser operation. The EC configuration that was finally chosen
for implementation in the self-seeded FP (SS-FP) laser scheme was a circulator-based fibre loop, which
is essentially a passive optical circuit that enables the necessary filtering of a single longitudinal mode
selected from the MLM spectrum of the free-running FP laser, and the reinjection of the filtered mode,
or seed signal, back into the FP laser cavity. In the self-seeding scheme developed in this study, the
selected single longitudinal mode was filtered with a tunable optical bandpass filter (TBPF), which was
installed in the EC feedback loop. The TBPF used in the EC exhibited a minimum 3-dB bandwidth of
~0.02 nm and a ~5 dB insertion loss. A schematic of the SS-FP laser is shown in Figure 3.8. The length
of the external cavity employed in the setup was ~10 m. A VOA was used initially in the setup to control
the optical power of the reinjected seed signal, however, it was ultimately removed, as the insertion
loss of the VOA was too large and when the VOA was used it resulted in poor self-seeding performance

of the SS-FP laser.
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The EC feedback loop comprises a polarisation controller (PC), a 3-port 3-dB (50:50) coupler, the TBPF
and a 3-port circulator (CIRC). The polarisation controller is employed in the external cavity to enable
the polarisation state of the reinjected seed signal to be adjusted to the TE mode of the FP laser for
optimal self-seeding [42], [43]. The signal transmitted from the MLM FP laser propagates through the
PC, which maintains a fixed polarisation state for the signal transmitted from the FP laser and the
reinjected seed signal. The signal then travels through the first arm of the 3-dB coupler which is input
to the TBPF. Through appropriate detuning of the centre frequency of the TBPF passband and
adjustment of the TBPF 3-dB bandwidth, a single longitudinal mode can be filtered from the MLM
spectrum of the signal transmitted from the FP laser. The filtered single longitudinal mode, or seed
signal, then travels to port 1 of the circulator, which redirects or reinjects the seed signal back into the
FP laser cavity via port 2 of the circulator, the second arm of the 3-dB coupler and the PC. The circulator
supports optical signal transmission in one direction only, which is indicated by the curved arrow
within the circulator in the schematic shown in Figure 3.8. The reinjection of the filtered single
longitudinal mode back into the FP laser cavity enables self-seeding of a selected FP laser longitudinal
mode, thus, resulting in single-mode operation. When single-mode operation is established, the self-
seeded mode is transmitted from the FP laser back through the external cavity and is output from port
3 of the circulator. When the FP laser is directly modulated, an intensity modulated (IM) signal that
exhibits stable single-mode operation can be realised. Through appropriate detuning of the centre
frequency of the TBPF passband and adjustment of the 3-dB bandwidth of the TBPF, any longitudinal
mode within the MLM spectrum of the signal output from the FP laser, shown in Figure 3.3 can be

accessed dynamically and self-seeded.

3.3.2 Optimising the Directly Modulated SS-FP Laser

To determine the directly modulated (DM) SS-FP laser operating parameters that would produce the
best transmission performance with the SS-FP laser in the IM/DD test-bed, a number of experiments
were performed to optimise and characterise the DM SS-FP laser. The experiments that were carried

out are described in this section, including an analysis and discussion of the results obtained. Figure
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3.9 shows the experimental setup employed to establish the optimal operating parameters of the DM
SS-FP laser and to assess the large-signal modulation characteristics of the transmitter. The FP laser

device TEC temperature was maintained at 25°C throughout the experiments.
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Figure 3.9: Experimental setup used to establish optimal operating parameters of SS-FP laser and characterise the laser.

The side-mode suppression ratio (SMSR) of the directly modulated (DM) SS-FP laser and bit-error ratio
(BER) performance for back-to-back (b2b) transmission of 12.5 Gbit/s NRZ-OOK optical signals were
the metrics employed to ascertain the optimal operating parameters of the DM SS-FP laser. Measuring
the SMSR provided an indication of the degree of single-mode operation that had been established
with the DM SS-FP laser and the effectiveness of the self-seeding of the selected mode. Two different
OSAs were employed in the experimental setup shown in Figure 3.9. The Yokogawa AQ 6370 OSA,
with a spectral resolution setting of 0.5 nm/62.4 GHz, was used during the optimisation of the SMSR
and the BER performance of the DM SS-FP laser. The Yokogawa OSA allowed for the SMSR of the DM
SS-FP laser to be monitored in real-time during optimisation. The second type of OSA employed was
the high resolution Apex OSA with a resolution setting of 0.16 pm/20 MHz. The Apex OSA was used to
further investigate the spectral properties of the signals transmitted from the optimised DM SS-FP
laser. The 3-dB bandwidth of the TBPF and the centre frequency of the TBPF passband were adjusted
and tuned to maximise the SMSR and minimise the BER, which was measured with the BERT. This was
carried out for various FP laser bias currents and modulating signal amplitudes. The eye diagram of
the received electrical signal for b2b transmission was observed on the sampling oscilloscope and
provided an indication of the quality of the signal transmitted from the DM SS-FP laser in real-time.
By adjusting the 3-dB bandwidth of the TBPF and detuning the centre frequency of the TBPF passband
appropriately, the quality of the signal transmitted from the DM SS-FP laser could be optimised. The
bandwidth of the TBPF and the centre frequency of the TBPF passband were measured at different
stages during the experiments by observing the optical response of the TBPF on the OSA using the ASE
output from an EDFA. The optical power of the signal incident on the APD receiver was maintained at
-14 dBm throughout the experiments using the VOA at the input to the APD, shown in Figure 3.9. The
optical extinction ratio, ER, ER power penalty, 6z, and Q-factor, Q, of the signals transmitted from

the DM SS-FP laser were measured for various FP laser bias currents and modulating signal amplitudes.
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The 3-dB bandwidths of the optical spectra, Avs,p, of the signals transmitted from the DM SS-FP laser

for the optimised operating parameters were also measured.

The operating parameters that produced the best b2b transmission performance and BER results with
the DM free-running FP laser, shown in Figure 3.7, were evaluated first, that is, the 30 mA FP laser bias
and the 2 Vp, modulating signal amplitude. A baseband 12.5 Gbit/s NRZ-OOK signal with a PRBS word
length of 2°-1 was generated with the PPG and used to directly modulate the FP laser. With the FP
laser biased at 30 mA and modulated with a 2 Vp, 12.5 Gbit/s NRZ-OOK signal, the mode at 1553.1 nm
was selected for self-seeding. The PC in the external cavity of the SS-FP laser was adjusted to maximise
the SMSR and optical power of the signal output from port 3 of the circulator. Figure 3.10 shows the
spectrum of the signal transmitted from the DM SS-FP laser for the 30 mA FP laser bias and the 2 V,
modulating signal amplitude, having optimised the bandwidth of the TBPF and the centre frequency
of the TBPF passband. Figure 3.10 insets (a) and (b) show the eye diagrams of the transmitted optical
signal and the received electrical signal for b2b transmission, respectively, captured with the sampling
scope. The transmitted optical signal was detected using the dc coupled photodiode integrated in the
sampling scope. The eye diagram of the transmitted optical signal is the time-domain representation
of the spectrum shown in Figure 3.10. The maximum SMSR and minimum BER result, attainable with
the DM SS-FP laser for the 30 mA FP laser bias and 2 V,, modulating signal amplitude, are 21.2 dB and
2.14x10°, respectively. The ER and Q-factor, Q, of the signal transmitted from the DM SS-FP laser for

the 30 mA FP laser bias and 2 Vp, modulating signal amplitude, are 7.8 and 1.6 dB, respectively.
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Figure 3.10: DM SS-FP laser spectrum for the 30 mA FP laser bias and the 2 V,,, modulating signal amplitude, exhibiting an
SMSR of 21.2 dB and an OSNR of 43.9. Insets (a) and (b) show the eye diagrams of the transmitted optical and received
electrical signals, respectively.

Comparing the eye patterns of the signals transmitted from the DM SS-FP laser and the DM free-

running FP laser, shown in Figure 3.10 inset (a) and Figure 3.5 inset (a), respectively, it can be observed
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that through self-seeding the ER and Q of the signal transmitted from the DM SS-FP laser decreased
by 2.1 and 6.6 dB, respectively. The reduction in the ER and the Q of the self-seeded signal can be
attributed to the low SMSR and the sub-optimal self-seeding that was established. To investigate if a
more suitable FP laser bias current and modulating signal amplitude could yield a higher SMSR and
lower BER result for b2b transmission with the DM SS-FP laser, the SMSR of the DM SS-FP laser and
the BER performance of the DM SS-FP laser for b2b transmission of 12.5 Gbit/s NRZ-OOK optical signals
were measured for different FP laser bias currents and modulating signal amplitudes. The SMSR and
BER results obtained from the sweeps of the FP laser bias, with a fixed modulating signal amplitude,
and the sweeps of the modulating signal amplitude, with a fixed FP laser bias, are shown in Figure

3.11, Figure 3.12, Figure 3.13 and Figure 3.14.
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Figure 3.11: BER performance of DM SS-FP laser for b2b transmission, as a function of FP laser bias current for a fixed
modulating signal amplitude of 2 V,, (blue plot) and as a function of modulating signal amplitude for a fixed FP laser bias of
72.5 mA (red plot).
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Figure 3.12: SMSR of DM SS-FP laser as a function of FP laser bias current for a fixed modulating signal amplitude of 2 V,,
(blue plot) and as a function of modulating signal amplitude for a fixed FP laser bias of 72.5 mA (red plot).
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Figure 3.13: BER performance of DM SS-FP laser for b2b transmission, as a function of modulating signal amplitude for a
fixed FP laser bias of 30 mA (red plot) and as a function of FP laser bias current for a fixed modulating signal amplitude of
0.7 Vpp (blue plot).
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Figure 3.14: SMSR of DM SS-FP laser as a function of FP laser bias current for a fixed modulating signal amplitude of 0.7 V,,
(blue plot) and as a function of modulating signal amplitude for a fixed FP laser bias of 30 mA (red plot).

When the FP laser is directly modulated with a 2 Vp, 12.5 Gbit/s NRZ-OOK signal, an FP laser bias
current of 72.5 mA yields the lowest BER of 3.28x107° for b2b transmission, and the DM SS-FP laser
exhibits an SMSR of 42.1 dB. When the FP laser is directly modulated with a 0.7 Vp, 12.5 Gbit/s NRZ-
OOK signal, an FP laser bias current of 30 mA yields the lowest BER of 1.60x10%° for b2b transmission,
and the DM SS-FP laser exhibits an SMSR of 41.1 dB. Furthermore, from the FP laser bias current and
modulating signal amplitude sweeps, it can be concluded that there is a direct correlation between
the SMSR of the DM SS-FP laser and the b2b transmission performance of the transmitter. Moreover,
it appears that an SMSR of ~40 dB is necessary for useful optical signal transmission with the DM SS-
FP laser. Further sweeps of the FP laser bias current, with the modulating signal amplitude fixed, and
sweeps of the modulating signal amplitude, with the FP laser bias current fixed, could potentially allow
an FP laser bias and modulating signal amplitude combination, which yields better b2b transmission

performance, to be identified. Figure 3.15 displays the optical spectrum of the signal transmitted from
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the DM SS-FP laser for the 72.5 mA FP laser bias and 2 Vy, modulating signal amplitude, which yields

the lowest BER result shown in the graph displayed in Figure 3.11.

As shown in Figure 3.15, the longitudinal mode selected for self-seeding occurs at 1559.6 nm. The eye
diagram of the optical signal transmitted from the DM SS-FP laser for the 72.5 mA FP laser bias and
the 2 V,, modulating signal amplitude is shown in Figure 3.15 inset (a). Figure 3.15 inset (b) displays
the eye diagram of the received electrical signal following b2b transmission captured at a received
power of -14 dBm. The ER and the Q-factor, Q, of the signal transmitted from the DM SS-FP laser for
the 72.5 mA FP laser bias and the 2 V,, modulating signal amplitude, were 2.8 and 7.4 dB, respectively.
Thus, the increase in the FP laser bias from 30 to 72.5 mA results in a 5 dB reduction in the ER and a
5.8 dB increase in the Q-factor, Q, of the signal transmitted from the DM SS-FP laser when the 2 V,,

modulating signal amplitude is employed.
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Figure 3.15: Spectrum of mode at 1559.6 nm captured from DM SS-FP laser for 72.5 mA FP laser bias and 2 V,, modulating
signal amplitude, exhibiting an SMSR of 42.1 dB and an OSNR of 62.1 dB. Insets (a) and (b) show the eye diagrams of the
transmitted optical and received electrical signals, respectively.

Figure 3.16 shows the high resolution spectrum of the signal transmitted from the DM SS-FP laser for
the optimal FP laser bias of 72.5 mA with the 2 Vy, modulating signal amplitude (purple spectrum),
showing the self-seeded mode at 1559.6 nm/192.218 THz, and was captured with the Apex OSA. Also
shown in Figure 3.16 are the spectra of the mode at 1559.6 nm captured from the free-running FP
laser biased at 72.5 mA in CW operation (blue spectrum) and directly modulated with the 2 Vp, 12.5
Gbit/s NRZ-OOK signal (red spectrum). The spectrum of the optical response of the TBPF for the
optimised filter settings, which yielded the lowest BER result attainable for b2b transmission with the
DM SS-FP laser for the 2 V,, modulating signal amplitude, was also captured and is shown in Figure
3.16 (yellow spectrum). Figure 3.16 insets (a) and (b) display the eye diagrams of the optical signals

transmitted from the DM SS-FP laser and the DM free-running FP laser, respectively, for the 72.5 mA
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FP laser bias and 2 V,, modulating signal amplitude. The 3-dB bandwidths of the optical spectra shown
in Figure 3.16 captured from the DM SS-FP laser and the DM free-running FP laser mode at 1559.6 nm
are 11.8 and 8.4 GHz, respectively, and the bandwidths measured 20-dB down from the peaks are
21.3 and 13.4 GHz, respectively. Thus, through self-seeding, the 3-dB bandwidth, Av;,5, of the signal
transmitted from the DM SS-FP laser increases by ~3.4 GHz, and the 20-dB bandwidth increases by ~8
GHz. The increased bandwidth at the base of the DM SS-FP laser spectrum can be attributed to the
additional spectral content introduced by the modes that form in the external cavity of the SS-FP laser,
and the tones that appear at the peak of the spectrum, and at the peaks of both of the side modes,

are a manifestation of the external cavity side modes.
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Figure 3.16: Spectra captured of the mode at 1559.6 nm, for the 72.5 mA FP laser bias, from the DM SS-FP laser (purple
spectrum), the DM free-running FP laser (red spectrum) and the free-running FP laser during CW operation (blue spectrum).
Also shown is the spectrum of the optimised TBPF optical response (yellow spectrum). Insets (a) and (b) show the eye
patterns of the optical signals transmitted from the DM SS-FP laser and the DM free-running FP laser, respectively.

The 3-dB bandwidth of the TBPF and the centre frequency of the TBPF passband, having optimised
the TBPF to yield the highest BER result attainable for b2b transmission with the DM SS-FP laser for
the 72.5 mA FP laser bias and 2 Vp, modulating signal amplitude, are 4.5 GHz/0.035 nm and 192.2185
THz/1559.645 nm, respectively. It can be observed in Figure 3.16 that the centre frequency of the
TBPF passband is negatively detuned by ~5 GHz with respect to the peak frequency of the DM free-
running FP laser spectrum. The ~5 GHz red-shift in the peak frequency of the spectrum of the signal
transmitted from the DM SS-FP laser observed in Figure 3.16, is due to the self-seeding [44] — [47].
Comparing the eye diagrams of the signals transmitted from the DM SS-FP laser and the DM free-
running FP laser, shown in Figure 3.16 insets (a) and (b), respectively, it can be observed that through
self-seeding the ER of the signal transmitted from the DM SS-FP laser increases by 0.3 dB, however,
the Q reduces by 5.5 dB.
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Optical Eye diagrams of the self-seeded signals output from the SS-FP laser under direct modulation
with the 2 V,, 12.5 Gbit/s NRZ-OOK signal were captured for FP laser bias currents ranging from 40 to
90 mA, in increments ranging from 2.5 to 10 mA. The extinction ratios, ER, ER power penalties, égg,
and Q-factors, Q, of the transmitted signals were calculated from the data extracted from the captured
eyes. Figure 3.17 shows the results of the eye diagram analysis. It can be observed in Figure 3.17 that
the 72.5 mA FP laser bias, which produced the best b2b transmission performance with the DM SS-FP

laser using the 2 V,, modulating signal amplitude, also yielded the highest transmitted signal Q of 7.4
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Figure 3.17: Extinction ratio, ER, ER power penalty, 8z, and Q-factor, Q, of optical signals transmitted from DM SS-FP laser
as a function of FP laser bias current. Insets (a) and (b) show the eye diagrams of the optical signals transmitted from the
DM SS-FP laser for FP laser bias currents of 72.5 mA and 40 mA respectively.

Based on the results shown in Figure 3.17, and the BER results obtained from the b2b transmission
experiments with the DM SS-FP laser shown in Figure 3.11, the Q of the transmitted signal is the
characteristic that determines the transmission performance of the DM SS-FP laser when modulated
with the 2 V,, signal. However, it must be stated that the low ER (2.8 dB) and the high power penalty,
Ogr, (5.1 dB) of the signal transmitted from the DM SS-FP laser for the 72.5 mA FP laser bias and 2 V,
modulating signal amplitude, would preclude the use of the SS-FP laser in NG-PON2 applications based

on current standards [1].

Figure 3.18 shows the spectrum of the self-seeded signal transmitted from the DM SS-FP laser for the
optimal FP laser bias of 30 mA when employing the 0.7 V,, modulating signal amplitude, which yields
the lowest BER result and error-free transmission for b2b transmission at a received optical power of
-14 dBm. The spectrum was captured with the Yokogawa OSA. The longitudinal mode at 1553.1 nm
was selected for self-seeding. Figure 3.18 insets (a) and (b) show the eye diagrams of the transmitted

optical signal and the received electrical signal for b2b transmission, respectively, captured when the
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30 mA FP laser bias and 0.7 V, modulating signal amplitude were employed to operate the DM SS-FP
laser. The ER, ER power penalty, §zr, and the Q-factor, Q, of the signal transmitted from the DM SS-
FP laser for the 30 mA FP laser bias current and 0.7 Vy, modulating signal amplitude, are 3.9, 3.8 and
5.3 dB, respectively. The eye diagram of the received signal was captured for b2b transmission at the
fixed received optical power of -14 dBm and for a BER of 1.60x107°. As previously mentioned, the
maximum SMSR and minimum BER result for b2b transmission attained with the DM SS-FP laser for
the 30 mA FP laser bias and 0.7 Vp, modulating signal amplitude, having optimised the 3-dB bandwidth
of the TBPF and the centre frequency of the TBPF passband, are 41.1 dB and 1.6x107°, respectively.
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Figure 3.18: Spectrum of mode at 1553.1 nm captured from DM SS-FP laser for 30 mA FP laser bias and 0.7 V,, modulating
signal amplitude, exhibiting an SMSR of 41.1 dB and an OSNR of 56.5 dB. Insets (a) and (b) show the eye diagrams of the
transmitted optical and received electrical signals, respectively.

Decreasing the FP laser bias from 72.5 to 30 mA and reducing the modulating signal amplitude from 2
to 0.7 Vpp, increases the ER of the signal transmitted from the DM SS-FP laser from 2.8 to 3.9 dB and
decreases the BER for b2b transmission from 3.28x10° to 1.6x107'°, however, the Q-factor, Q, of the
transmitted signal decreases slightly from 7.4 to 5.3 dB. The increase in the ER of the transmitted
signal, coupled with only a slight decrease in the Q-factor, Q, results in the DM SS-FP laser, for the 30
mA FP laser bias and 0.7 V,, modulating signal amplitude, yielding better transmission performance

than the DM SS-FP laser for the 72.5 mA FP laser bias and 2 V,, modulating signal amplitude.

Figure 3.19 shows the high resolution optical spectrum of the signal transmitted from the DM SS-FP
laser for the 30 mA FP laser bias and 0.7 Vp, modulating signal amplitude (purple spectrum), showing
the self-seeded mode at 1553.1 nm/193.023 THz, and was captured with the Apex OSA. Also displayed
in Figure 3.19 are the spectra of the mode at 1553.1 nm captured from the free-running FP laser biased
at 30 mA in CW operation (blue spectrum) and under direct modulation with the 0.7 V,, 12.5 Gbit/s

NRZ-OOK signal (red spectrum). The spectrum of the optical response of the TBPF for the optimised
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filter settings, which yields the lowest BER result for b2b transmission with the DM SS-FP laser for the
30 mA FP laser bias and 0.7 Vy, modulating signal amplitude, is also shown (yellow spectrum). Figure
3.19 inset (a) shows the eye diagram of the optical signal transmitted from the DM SS-FP laser for the
30 mA FP laser bias and 0.7 Vp, modulating signal amplitude, which was shown previously in Figure

3.18 inset (a) and corresponds to the DM SS-FP laser spectrum (purple spectrum).
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Figure 3.19: Spectra captured of the mode at 1553.1 nm, for the 30 mA FP laser bias, from the DM SS-FP laser (purple
spectrum), the DM free-running FP laser (red spectrum) and the free-running FP laser during CW operation (blue spectrum).
Also shown is the spectrum of the optimised TBPF optical response (yellow spectrum). Insets (a) shows the eye pattern of
the optical signal transmitted from the DM SS-FP laser.

The 3-dB bandwidths, Avs 45, of the optical spectra of the signals transmitted from the DM SS-FP laser
and the DM free-running FP laser mode at 1553.1 nm, for the 30 mA FP laser bias current and 0.7 V,
modulating signal amplitude, are ~8 GHz and the 20-dB bandwidths of both spectra are ~20 GHz.
Therefore, self-seeding results in no significant broadening or reduction in the optical bandwidth of
the DM SS-FP laser spectrum when compared with the DM free-running FP laser mode spectrum. The
tones observed in the spectrum of the signal transmitted from the DM SS-FP laser for the 72.5 mA FP
laser bias and 2 V,, modulating signal amplitude shown in Figure 3.16, which are a manifestation of
the external cavity side modes, are still visible in the spectrum of the signal transmitted from the DM
SS-FP laser for the 30 mA FP laser bias and 0.7 V,, modulating signal amplitude. The 3-dB bandwidth
of the TBPF and the centre frequency of the TBPF passband, having optimised the TBPF to yield the
lowest BER result and error-free transmission for b2b transmission with the DM SS-FP laser for the 30
mA FP laser bias current and 0.7 Vy, modulating signal amplitude, are ~0.02 nm/3 GHz and ~1553.14
nm/193.023 THz, respectively. The centre frequency of the TBPF passband is negatively detuned by
~4 GHz with respect to the peak of the spectrum of the signal transmitted from the DM free-running

FP laser. The peak of the DD SS-FP laser spectrum is red-shifted by ~4 GHz with respect to the peak of
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the DM free-running FP laser spectrum, thus, indicating that optimal self-seeding was successfully

established.

During the optimisation and characterisation of the SS-FP laser under direct modulation with the 12.5
Gbit/s NRZ-OOK signal, the FP laser bias current that yielded the best b2b transmission performance
with the DM SS-FP laser, when the 0.7 V,, modulating signal amplitude was employed, was 30mA. For
the 30 mA FP laser bias and 0.7 Vp, modulating signal amplitude, the DM SS-FP laser also exhibits a
high SMSR of 41.1 dB. Furthermore, the signal transmitted from the DM SS-FP laser for the 30 mA FP
laser bias and the 0.7 Vp, signal amplitude exhibits the highest ER of 3.9 dB, the lowest ER power
penalty, gr, of 3.8 dB and a moderate Q-factor, @, of 5.3 dB. The 3-dB bandwidth, Avs,p, of the
spectrum of the optical signal transmitted from the DM SS-FP laser for the 30 mA FP laser bias and 0.7
Vpp modulating signal amplitude is ~¥8 GHz and is similar to the 3-dB bandwidth, Av;,p, of the spectrum
of the DM free-running FP laser mode at 1553.1 nm for the same FP laser bias and modulating signal
amplitude. The TBPF 3-dB bandwidth and passband centre frequency for the optimised DM SS-FP
laser, using the 30 mA FP laser bias and 0.7 V,, signal amplitude, are ~0.02 nm/3 GHz and ~1553.14
nm/193.023 THz, respectively.

3.3.3 Dependence of SS-FP Laser SMSR on Seed Signal Optical Power

To investigate the dependence of the SMSR of the SS-FP laser on the optical power of the seed signal
reinjected back into the FP laser cavity, the optical power of the seed light was reduced using different
optical attenuators at the output of the TBPF and the SMSR of the SS-FP laser was measured with the
FP laser in continuous wave operation. The FP laser was biased at 30 mA, the device TEC temperature
set at 25°C and the 3-dB bandwidth of the TBPF and the centre frequency of the TBPF passband were
set to ~0.02 nm/3 GHz and ~1553.14 nm/193.023 THz, respectively. Thus, the FP laser longitudinal
mode selected for self-seeding was the mode at 1553.1 nm. Optical spectra of the lightwaves output
from the SS-FP laser were captured with the Yokogawa OSA for 0, 1 and 5-dB attenuation of the optical
power of the reinjected seed signal. Figure 3.20 displays a blue spectrum, a red spectrum and a yellow
spectrum, which correspond to the reinjected seed signal attenuated by 0, 1 and 5 dB, respectively.
Figure 3.20 inset (a) displays the external cavity (EC) of the SS-FP laser and also shows the optical
power of the FP laser longitudinal mode at 1553.1 nm, which was measured at various points in the
passive optical circuit that forms the EC. The optical power of the longitudinal mode, within the MLM
spectrum of the CW free-running laser, was measured at three points before input to the TBPF. The
optical power of the filtered single longitudinal mode, or seed signal, was measured at the output of
the TBPF. Assuming the same loss in optical power is incurred for the reinjected seed signal, when

transmitted through the 3-dB coupler, the PC and back into the FP laser cavity, as is incurred by the
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optical signal initially transmitted from the free-running FP laser (~3.8-dB), then the estimated optical
powers of the seed signals reinjected back into the FP laser cavity for 0, 1 and 5-dB attenuation are -

20.4 dBm (9.1 uW), -21.4 dBm (7.2 uW) and -25.4 dBm (2.9 uW), respectively.
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Figure 3.20: Spectra of the CW output from the SS-FP laser showing SMSR for 0 dB (blue spectrum), 1 dB (red spectrum) and
5 dB (yellow spectrum) attenuation of the optical power of the seed signal. Inset (a) shows the external cavity (EC) of the SS-
FP laser and the optical power of the mode at 1553.1 nm measured at different stages throughout the EC. Inset (b) shows
the SMSR of the SS-FP laser as a function of seed signal injection power ratio (IPR).

Using the estimated optical powers of the seed signals, the injection power ratios (IPRs) can be
calculated. In the case of the self-seeded regime, the IPR can be defined as the ratio of the power of
the reinjected mode or seed signal, to the power of the same longitudinal mode in the MLM spectrum
of the optical signal initially transmitted from the free-running FP laser into the EC of the SS-FP laser
[48]. From the estimated optical powers of the reinjected seed signals attenuated by 0, 1 and 5 dB,
the corresponding injection power ratios are 1.43%, 1.15% and 0.46%, respectively. Thus, the self-
seeded regime implemented in this study, where the CW SS-FP laser for the 30 mA FP laser bias
exhibits an SMSR of 42.9 dB, can be categorised as a ‘weak’ feedback regime [45]. The graph displayed
in Figure 3.20 inset (b) shows the exponential-like increase in the SMSR of the SS-FP laser with
increasing IPR. As shown in Figure 3.20 inset (b), in order to achieve an SMSR of ~40 dB, which is
necessary to achieve error-free 12.5 Gbit/s NRZ-OOK signal transmission with the DM SS-FP laser for

b2b transmission, an IPR of >-43 dB is required.

3.3.4 Relative Intensity Noise (RIN) of the SS-FP Laser

The intensity noise of a semiconductor laser is due to the random spontaneous emission of photons

that occurs in the cavity when the laser is biased above threshold. When carriers randomly recombine
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in the cavity of the laser to generate photons, it results in instantaneous time variations in the carrier
and photon densities described by Langevin noise [49], [50]. During lasing, the photons that originate
from stochastic spontaneous emission each adds a small field component with a random phase to the
coherent field that has been established through stimulated emission, which randomly perturbs the
amplitude of the coherent field resulting in intensity noise. This occurs even when the laser is biased
above threshold with a constant dc current that exhibits negligible current fluctuations. The random
fluctuations in the intensity or amplitude of the laser output optical power at a specific frequency is
quantified by the relative intensity noise or RIN, which is a measure of the intensity noise of the laser
normalised to the average output power level or, a measure of the fluctuation in the optical power
output from the laser about its mean steady-state value. The RIN can be statistically described with a
power spectral density which depends on the noise frequency. It is typically analysed and presented
in the frequency domain as a PSD over a specific noise frequency range and the RIN PSD is represented
in logarithmic scale with units of dBc/Hz. The RIN may be described as an inverse carrier-to-noise-ratio
relationship. It is defined mathematically as the ratio of the mean-square optical power fluctuations,
or the intensity noise, (AP(t)?), of the lightwave output from the laser diode with respect to time (ac
component), to the square of the average optical power, Pg, of the lightwave output from the laser

(dc component) and is given as [14], [51] — [53]

(AP(£)?)

3.2
P?

RIN =
The laser RIN is an important parameter to characterise, particularly when intensity modulation (IM)
formats are being employed with lasers for signal transmission in optical fibre communications links.
It is most likely that the IEEE 802.3 GBase standard will be adopted In NG-PON2, in which case the
upper limit of the allowable transmitter RIN is determined by the data rate employed. In the current
standards, the maximum permissible transmitter RIN in Gigabit Ethernet ranges from -128 to -132
dBc/Hz, depending on the IEEE 802.3 Physical Layer specification [54], [55]. Therefore, it is necessary
to characterise the RIN of a laser diode prior to its implementation in an IM/DD link, particularly if the

laser is being directly modulated.

Characterisation of the RIN can be performed by detecting the CW laser output optical power with a
high-speed, wide bandwidth, photodiode (PD) and then capturing the spectrum of the signal output
from the PD with an electrical spectrum analyser (ESA). The RIN measurement can then be extracted
from the electrical spectrum of the optical power fluctuations, which is the frequency noise spectrum
associated with the total power. Through the square-law relationship, the photocurrent generated by

the PD is proportional to the incident optical power, and the electrical power generated at the output
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of the PD is proportional to the square of the photocurrent and, thus, to the square of the incident
optical power. The Fourier transform (FT) of the term (AP(t)?) in equation 3.2 is the electrical noise
power spectral density (PSD), or the PSD of the frequency noise, in units of W/Hz, and the FT of P¢ is
proportional to the average electrical power generated at the output of the PD corresponding to the
PSD of the dc photocurrent in Watts. The RIN can be expressed in terms of power in dBc as a function

of frequency in Hz through equation 3.3 [51] — [53].

3.3

AP(f)?
RINgp:(f) = 10log;, (M)

()

The experimental setup used for the RIN measurement is shown in Figure 3.21. For a fixed laser bias,
the CW optical signal output from the laser under test (LUT) was passed through the optical isolator,
which limited any optical feedback into the laser cavity that may have occurred due to back reflections.
The VOA at the input to the PD ensured that a fixed optical power of 1 dBm was incident on the PD
throughout the experiment and also ensured that saturation of the PD was avoided. It was necessary
to employ a wide bandwidth PD (~20 GHz), as the RIN is typically measured from dc up to 20 GHz. The
PD employed also displayed the generated photocurrent, therefore, it was not necessary to separate
the dc and ac components of the generated photocurrent with a bias tee. The electrical RF amplifier
employed exhibited low noise, a known high gain and a passband spectrum which covered the spectral
range of interest. The high bandwidth ESA was used to capture the noise spectrum of the RF amplified
photocurrent. The dc blocks employed at the input to, and output from, the RF amplifier ensured that
only the amplified AC component of the electrical signal was captured by the ESA. When measuring
the RIN, the noise power spectrum captured by the ESA is the total noise power of the experimental
setup used to characterise the RIN, which comprises noise contributions from three different sources,
including the shot, thermal and laser intensity noise. Thus, in order to extract the laser intensity noise
or RIN from the total frequency noise spectrum, the thermal noise contribution from the PD and the
RF amplifier combination, and the shot noise contribution due to the average optical power incident

on the PD, must be determined and subtracted from the total noise power [51] — [53].
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Figure 3.21: Experimental setup for RIN measurement.
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The RIN of the SS-FP laser was measured for the 30 mA FP laser bias and 25°C device TEC temperature,
with the mode at 1553.1 nm self-seeded. The RIN of the SS-FP laser was measured for 0, 1 and 5 dB
attenuation of the optical power of the seed signal. The spectra of the lightwaves output from the SS-
FP laser for the 0, 1 and 5 dB attenuation of the seed signal power, or the 1.45%, 1.15% and 0.46%
injection power ratios (IPRs), were shown in Figure 3.20. The SMSR of the SS-FP laser corresponding
to the 0, 1 and 5 dB attenuation of the seed signal power were 42.9, 34.9 and 32.4 dB, respectively.
The RIN of the full MLM spectrum of the free-running FP laser and the RIN of the single longitudinal
mode at 1553.1 nm filtered from the MLM spectrum of the free-running FP laser, were also measured
for comparison with the RIN of the SS-FP laser for the 0, 1 and 5 dB attenuation of the seed signal
optical power. For the characterisation of the RIN of the filtered single longitudinal mode at 1553.1
nm, the VOA was removed from the setup and a TBPF was inserted between the ISO and PD in order
to filter the single longitudinal mode from the MLM of the free-running FP laser. An EDFA was initially
employed at the output of the TBPF to amplify the power of the filtered mode prior to detection with
the PD. However, when the EDFA was employed to amplify the filtered mode, the relaxation oscillation
(RO) peak of the resultant RIN spectrum was obscured by the ASE noise of the EDFA. Subsequently, it
was discovered that the filtered longitudinal mode had sufficient optical power to measure the noise
spectrum without requiring the EDFA. Figure 3.22 displays the results obtained from the experimental

characterisation of the RIN.
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Figure 3.22: RIN PSD for SS-FP laser for 0 dB (yellow), 1 dB (purple) and 5 dB (green) attenuation of the seed signal optical
power and the RIN PSD of the full multi-longitudinal mode spectrum of the free-running FP laser (blue) and the RIN PSD of
the filtered single longitudinal mode at 1553.1 nm (brown). Inset (a) shows an enhanced view of the selected area.

Through self-seeding of the selected FP laser mode, the RIN observed in the single longitudinal mode
filtered from the MLM spectrum of the free-running FP laser (red RIN spectrum), particularly at low
frequencies, has been significantly reduced. The averaged RIN of the SS-FP laser for the 1.45% (yellow

RIN spectrum), 1.15% (purple RIN spectrum) and 0.46% (green RIN spectrum) injection power ratios
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(IPRs), are -146.5, -145.5 and -145 dBc/Hz, respectively, which are on par with the averaged RIN of the
full MLM spectrum free-running FP laser. Furthermore, the RO frequency peak of the RIN spectra of
the SS-FP laser is also ~9 GHz. Although the low frequency RIN of the SS-FP laser and the full spectrum
free-running FP laser is similar, the RIN spectra of the SS-FP laser exhibit sharp noise peaks from dc to
~2 GHz. As the IPR or seed signal optical power of the SS-FP laser decreases, the baseline RIN of the
SS-FP laser over the 0 to ~3 GHz range increases and the magnitude and frequency of the sharp noise
peaks also increase. The sharp noise peaks observed at low frequencies in the RIN spectra captured

from the SS-FP laser, shown in Figure 3.22 inset (a), can be attributed to the external cavity modes.

The formation of the external cavity modes is due to the excessive length of the external cavity of the
SS-FP laser, which was calculated to be ~10 m, and was unavoidable considering off-the-shelf optical
components were employed to construct the cavity. The RIN of semiconductor lasers subjected to
optical feedback from external cavities and the beating among longitudinal external cavity modes.
that occurs in self-seeding lasers, which are particularly sensitive to RIN at low frequencies, has been
studied extensively [56] — [72]. The low frequency RIN observed in self-seeding lasers employing
external cavities, ocurring as a result of the presence of the external cavity modes, can be exacerbated
by fluctuations in the optical power of the reinjected seed light. Thus, the optical path of the feedback
loop, which forms the external cavity and enables the self-seeding, must be stable so that the low
frequency RIN, due to the external cavity modes, is minimised. In the self-seeding scheme developed
in this study, it is suspected that the external cavity of the SS-FP laser was adversely affected by
environmental noise. Variations in the refractive index of the SSMF in the external cavity, due to
temperature and acoustic fluctuations, causes perturbations in the optical phase, frequency and
power of the reinjected seed light and the external cavity modes, thus, resulting in the the sharp noise

peaks observed at low frequencies in the RIN spectrum of the SS-FP laser.

3.3.5 SS-FP Laser Channel Characterisation and Wavelength Tuning Range

Before evaluating the transmission performance of the directly modulated (DM) SS-FP laser over SSMF
in an IM/DD test-bed, the transmission performance of 18 SS-FP laser modes or wavelength channels,
spanning 23 nm (1537.99 to 1561.59 nm), were evaluated for b2b transmission. The b2b transmission
performance analysis of the 18 channels of the SS-FP laser, was performed with the FP laser biased at
30 mA, the laser TEC temperature set at 25°C and the FP laser directly modulated with the 12.5 Gbit/s
NRZ-OOK signal using the 0.7 V,, signal amplitude. The experimental setup shown in Figure 3.9 was
employed for the analysis. Each of the 18 SS-FP laser channels was accessed by manually detuning the
TBPF passband centre wavelength, while the TBPF bandwidth was maintained at ~0.02 nm/3 GHz and

the SS-FP laser was directly modulated. A tuning step of ~1.39 nm/173.38 GHz, which is the FSR of the
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MLM spectrum of the FP laser measured in section 3.2.2, was employed to access each of the SS-FP
laser channels. The BER measurements were acquired for a fixed received optical power of -14 dBm,
which was maintained at -14 dBm using the VOA at the input to the APD receiver. The BER result for
each of the 18 DM SS-FP laser channels was recorded as well as the SMSR of the DM SS-FP laser, which
was measured with the Yokogawa OSA using a spectral resolution setting of 0.5 nm. The spectra of
the optical signals output from the DM SS-FP laser at each of the 18 operating wavelengths or channels
were captured with the Yokogawa OSA. Figure 3.23 displays the SMSR and BER performance for b2b

transmission of the 18 channels of the directly modulated SS-FP laser.
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Figure 3.23: BER measurements for b2b transmission and SMSR of 18 SS-FP IL modes or wavelength channels, with the SS-
FP laser directly modulated with the 12.5 Gbit/s NRZ-OOK signal using the 0.7 V,p, signal amplitude.

It can be observed in Figure 3.23 that 12 of the 18 DM SS-FP laser channels produce error-free, or near
error-free, transmission performance for b2b transmission at a fixed received power of -14 dBm. The
12 channels span ~15 nm from 1542.07 to 1557.35 nm with SMSRs ranging from 37.2 to 42.5 dB.
Further to what was observed previously in section 3.3.2, as the SMSR decreases, the b2b transmission
performance degrades. Figure 3.24 displays the spectra of the 12 optical signals transmitted from the
DM SS-FP laser, which all produce near error-free b2b transmission performance at a received optical
power of -14 dBm. The 12 channels span a wavelength range of 15 nm, from 1542.07 to 1557.35 nm,
and the corresponding SMSR of the different DM SS-FP laser channels are also shown. To optimise the
SMSR and the BER performance for b2b transmission of all 12 channels of the DM SS-FP laser, the
centre frequency of the TBPF passband was negatively detuned by ~4 GHz with respect to the peak of
the spectrum of the mode transmitted from the DM free-running FP laser, and this was consistent for

all 12 channels.
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Figure 3.24: Spectra of the optical signals transmitted from the DM SS-FP laser at the 12 different operating wavelengths or
channels spanning a wavelength range of 15 nm.

The ~4 GHz negative detuning, or the detuning of the centre frequency of the TBPF passband, is
necessary in order to compensate for the shifting of the cavity resonances of the FP laser towards
lower frequencies, which occurs as a result of the refractive index variation within the active region of
the FP laser due to the seed signal being re-injected back into the laser cavity. The reinjection of the
seed signal back into the FP laser cavity reduces the threshold carrier density in the gain section of the
laser which, as a result, reduces the threshold gain in the cavity. The reduction in the threshold gain
results in an increase in the refractive index of the gain section and this causes the red-shift in the
operating frequency or increase in the lasing wavelength [44]. The red-shift in the operating frequency
is accompanied by a reduction in the lasing threshold, which compensates for the gain reduction to
some extent [44] — [46]. Moreover, the red-shift is an indication that wavelength-locking through self-
seeding is successfully established [47]. In the experiments, when no detuning of the TBPF centre
frequency was performed, the quality of the resulting eye diagrams of both the transmitted optical
signal and received electrical signal that were observed degraded significantly. The eye diagrams
exhibited more distortion, noise and timing jitter and, consequently, the resultant BER for b2b
transmission increased by over two orders of magnitude to >1x107. Thus, the detuning of the centre
frequency of the TBPF passband with respect to the peak frequency of the spectrum of the signal
transmitted from the DM free-running FP laser, is necessary to establish optimal self-seeding and to
optimise the quality of the signal transmitted from the DM SS-FP laser. Figure 3.25 displays a graph
showing the peak optical powers and the SMSRs of the 12 DM SS-FP laser modes or channels displayed

in Figure 3.24.
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Figure 3.25: Peak optical power and SMSR of DM SS-FP laser IL modes or wavelength channels in the wavelength range of
1542.07 to 1557.35 nm with a tuning step of ~1.39 nm.

From analysis of the results shown in Figure 3.23 and Figure 3.25, it is clear that the b2b transmission
performance of the DM SS-FP laser is, in part, dependent on the SMSR, as degradation in the BER
performance of the laser is observed as the SMSR decreases. This is particularly evident in the poor
performance of the channels at both ends of the spectrum, since the output power and, hence, the
SMSR of the DM SS-FP laser is influenced by the gain profile of the FP laser. Output optical power and
wavelength stability analysis of the 12 different DM SS-FP laser modes or channels was not performed.
However, a short-term stability analysis of the SS-FP laser channel at 1553.14 nm was performed for
an observation time of 30 minutes. The variation in the wavelength, optical power and SMSR of the
channel at 1553.14 nm observed during the 30 minute time frame were 0.01 nm, 0.67 dB, and 1.2 dB

respectively.

Considering that the minimum FWHM or 3-dB bandwidth of the TBPF is ~0.02 nm/3 GHz and the FSR
of the MLM spectrum of the FP laser is 1.39 nm/173.38 GHz, the tuning range of the SS-FP laser, in its
current form, is therefore dependent on the wavelength range and resolution of the TBPF, and the
gain profile and the operating temperature range of the FP laser. The wavelength range of the TBPF is
1450 to 1650 nm and the resolution is 5 pm, hence, the gain profile and operating temperature range
of the FP laser are the factors currently limiting the tuning range of the SS-FP laser. The gain profile of
the FP laser is such that 12 DM SS-FP laser operating wavelengths or channels produce near error-free
transmission performance for b2b transmission at a received optical power of -14 dBm, with the SMSR
of the DM SS-FP laser ranging from 37.2 dB to 42.53 dB. From Figure 3.3 it can be observed that up to
30 SS-FP laser channels, over a wavelength tuning range of ~27 nm, could potentially be exploited for
signal transmission by varying the temperature of the FP laser device TEC temperature by +/- 10°C.
The wavelength shift of the longitudinal modes of the MLM spectrum of the FP laser, as a result of

temperature variation, is determined by the linear relation A/’l/AT(oC), which, from section 3.2.2, is
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0.48 nm/1°C. Figure 3.26, shows the full MLM spectra of the FP laser biased at 30 mA and directly
modulated with the 0.7 Vp, 12.5 Gbit/s NRZ-OOK signal, for 24, 25 and 26°C device TEC temperatures,
respectively. The spectra were captured with the Apex OSA using a spectral resolution setting of 0.16
pm/20 MHz. Figure 3.26 inset (a) shows an enhanced view of 3 adjacent modes or channels within the
DM free-running FP laser spectrum centred at 1551.7 nm, which exhibit a channel spacing of 1.39
nm/173 GHz. Figure 3.26 inset (b) displays an enhanced view of 3 adjacent modes or channels in the
DM free-running FP laser spectra centred at 1553.1 nm for 24, 25 and 26°C device TEC temperatures,

respectively.
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Figure 3.26: full multi-longitudinal mode spectra of the FP laser biased at 30 mA and directly modulated with the 0.7 V,,
12.5 Gbit/s NRZ-OOK signal, for 24°C, 25°C and 26°C device TEC temperatures, respectively.

If the 12 SS-FP laser channels that produced error-free transmission for b2b transmission at a received
optical power of -14 dBm are considered, then up to 50 SS-FP laser channels, spanning a wavelength
tuning range of ~20 nm, could potentially be utilised for signal transmission through variation of the
FP laser device TEC temperature by +/-1°C. Moreover, variation in the FP laser device TEC temperature
by 1°C corresponds to a wavelength shift of the longitudinal modes by ~0.3 nm/50 GHz, which is one
of the channel spacings requirements that tunable laser sources must meet to be suitable for use at

the ONUs in NG-PON2, which has been specified in the recent ITU-T G989.2 recommendations [1].

3.3.6 Transmission Performance Evaluation of the Directly Modulated SS-FP Laser

To assess the suitability of the proposed SS-FP laser for potential use as a tunable laser source (TLS) in
NG-PON?2 or future IM/DD-based optical access networks, the transmission performance of the SS-FP
laser under direct modulation (DM) is experimentally evaluated. The transmission performance of the
DM SS-FP laser is assessed with two different intensity modulation (IM) formats, NRZ-OOK and PAM-
4. The SS-FP laser is directly modulated with a 12.5 Gbit/s NRZ-OOK signal and the performance for
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transmission over 25 km of SSMF is assessed. Furthermore, the performances of 4 different SS-FP laser
channels are evaluated. The performance of the SS-FP laser directly modulated with a 12.5 Gbaud/s
(25 Gbit/s) PAM-4 signal is assessed for b2b transmission. In the PAM-4 transmission experiment, an
adaptive equaliser is utilised in the offline digital processing of the received signal to compensate for
the ISl resulting from the bandwidth limit and non-ideal channel frequency response characteristics
of the transmission system. Error-free 12.5 Gbit/s NRZ-OOK optical signal transmission over 25 km of
SSMF is attained with the DM SS-FP laser without electronic or optical dispersion compensation. For
b2b transmission of the PAM-4 signal, performance below the 7% forward error correction (FEC) limit
is attained. These experiments demonstrate that the SS-FP laser, with appropriate modifications and
optimisation, could potentially be employed as a directly modulated tunable laser source (TLS) in NG-

PON2 or IM/DD-based future optical access networks utilising WDM technologies.

3.3.6.1 12.5 Gbit/s NRZ-OOK transmission

The experimental setup employed to evaluate the transmission performance of the SS-FP laser directly
modulated with the 12.5 Gbit/s NRZ-OOK signal is illustrated in Figure 3.27. With the FP laser device
TEC temperature maintained at 25°C, the BER performance of the DM SS-FP laser is evaluated for the
30 and 72.5 mA FP laser biases with the 0.7 and 2 V,, modulating signal amplitudes, respectively. For
transmission with the DM SS-FP laser for the 30 mA FP laser bias and the 0.7 V,, modulating signal
amplitude, the lasing mode or wavelength channel at 1553.14 nm is utilised and for the 72.5 mA FP
laser bias and the 2 V,, modulating signal amplitude, the lasing mode or wavelength channel at 1559.6

nm is employed.
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Figure 3.27: Experimental setup for 12.5 Gbit/s NRZ-OOK signal transmission with the DM SS-FP laser.

The TBPF 3-dB bandwidth and passband centre frequency utilised for the transmission experiments
with the DM SS-FP laser for the 30 mA FP laser bias and the 0.7 V,, modulating signal amplitude, were
0.02 nm/3 GHz and 1553.14 nm/193.023 THz, respectively. For the transmission experiments with the
DM SS-FP laser for the 72.5 mA FP laser bias and 2 V,, modulating signal amplitude, the TBPF 3-dB
bandwidth and passband centre frequency were 4.5 GHz/0.035 nm and 192.2185 THz/1559.645 nm,

respectively. The experimental procedure that was followed to acquire the BER measurements in the
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transmission experiments with the DML, which is described in section 2.2.2, is followed to acquire the
BER results in the transmission experiments with the DM SS-FP laser. The transmission performance
of the DM free-running FP laser for the 30 and 72.5 mA FP laser bias currents with the 0.7 and 2 V,,,
modulating signal amplitudes, respectively, is also evaluated for b2b transmission. Figure 3.28 shows
the BER results obtained from the transmission performance evaluation of the DM SS-FP laser and the
DM free-running FP laser. Figure 3.28 inset (a) shows the eye diagram of the received signal captured
following error-free transmission over 25 km SSMF attained with the DM SS-FP laser for the 30 mA FP

laser bias and 0.7 V,, modulating signal amplitude.
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Figure 3.28: BER performance of DM SS-FP laser and DM free-running FP laser for 30 mA FP laser bias and 0.7 V,p
modulating signal amplitude, and for 72.5 mA FP laser bias and 2 V,, modulating signal amplitude, for b2b transmission
and transmission over 25 km of SSMF.

It can be observed in the BER results displayed in Figure 3.28 that the 30 mA FP laser bias and 0.7 V,
modulating signal amplitude produce the best transmission performance with the DM SS-FP laser for
b2b transmission and for transmission over 25 km of SSMF. Relative to the BER performance for b2b
transmission with the DM free-running FP laser biased at 30 mA and modulated with the 0.7 Vp,, signal
amplitude, only a 1 dB power penalty is observed for transmission with the DM SS-FP laser operated
at the same laser bias and modulating signal amplitude. For transmission over 25 km of SSMF with the
DM SS-FP laser for the 30 mA FP laser bias and 0.7 Vp, modulating signal amplitude, a 3.5 dB power
penalty is observed relative to b2b transmission. The receiver sensitivity penalty that is observed for
transmission with the DM SS-FP laser for the 72.5 mA laser bias and 2 Vy, modulating signal amplitude
operating parameters relative to the DM SS-FP laser for the 30 mA laser bias and 0.7 V,, modulating
signal amplitude parameters, may be attributed to the ER and ER power penalty, 8¢, of the signal
transmitted from the DM SS-FP laser for the higher bias and modulating signal amplitude, which were

1.1 dB lower and 1.3 dB higher, respectively. It is noteworthy that the DM SS-FP laser and the free-
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running FP laser for the 72.5 mA laser bias and 2 V,, modulating signal amplitude produced very similar
b2b transmission performance, this can be attributed to the signals transmitted from the DM SS-FP
laser and the free-running laser exhibiting similar ER and ER power penalty, §zr, metrics. However,
the Q-factor, Q, of the signal transmitted from the DM free-running FP laser for the 72.5 mA bias and
2 Vpp signal amplitude of 13 dB, was 5.6 dB higher than the Q of the signal transmitted from the DM
SS-FP laser for the same bias current and modulating signal amplitude. Therefore, it may be inferred
that once the Q-factor of the transmitted signal exceeds a certain threshold, the factors influencing

the b2b transmission performance is the ER and ER power penalty, 6z of the transmitted signal.

To determine the variability in the BER performances of the different SS-FP laser modes or wavelength
channels, 4 of the 12 wavelength channels that produced error-free transmission for b2b transmission
with the DM SS-FP laser for the 30 mA FP laser bias and the 0.7 V,, modulating signal amplitude, shown
in Figure 3.23 in section 3.3.5, were selected and the BER performance of each of the 4 channels were
experimentally evaluated. With the FP laser biased at 30 mA and directly modulated with the 0.7 V,
12.5 Ghit/s NRZ-OOK signal, the BER performance of the DM SS-FP operating at 1543.4 nm (4,), 1547.5
nm (Ag), 1553.1 nm (4g) and 1557.3 nm (A,,) were individually assessed for b2b transmission and for

transmission over 25 km of SSMF.
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Figure 3.29: BER performance of DM SS-FP laser for 30 mA FP laser bias and 0.7 V,, modulating signal amplitude, operating

at 1543.4 nm (Ag), 1547.5 nm (A5), 1553.1 nm (Ag) and 1557.3 nm (A,,) channels, for b2b transmission and transmission
over 25 km of SSMF.

Each of the 4 SS-FP laser wavelength channels were accessed by varying the TBPF passband centre
frequency and the BER was measured as a function of received signal optical power. The BER results
obtained from the experiments are shown in Figure 3.29. It can be observed in Figure 3.29 that the 4
channels of the DM SS-FP laser exhibit similar BER performance and the same receiver sensitivities are

attained for both b2b transmission and for transmission over 25 km of SSMF without any dispersion
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compensation. Moreover, given that similar BER performance and receiver sensitivities are attained
for b2b transmission with all 4 SS-FP laser channels, it suggests that the different channels exhibit

similar levels of RIN.

3.3.6.2 12.5 Gbaud/s (25 Gbit/s) PAM-4 transmission

The experimental setup employed to evaluate the transmission performance of the SS-FP laser directly
modulated with a 12.5 Gbaud/s (25 Gbit/s) PAM-4 signal is shown in Figure 3.30. Due to the reduced
noise tolerance, increased SNR requirements and reduced optical power efficiency of PAM-4 optical
signal transmission systems [73], the decision was made to employ the 72.5 mA FP laser bias and 2 V,,
modulating signal amplitude operating parameters when directly modulating the SS-FP laser in order
to attain the highest receiver sensitivity. This decision was taken because the signal transmitted from
the DM SS-FP laser with the FP laser biased at 72.5 mA and modulated with the 2 V,, 12.5 Gbit/s NRZ-
OOK signal exhibited the highest Q-factor of 7.4 dB observed in section 3.3.2. Furthermore, when the
FP laser was biased at 72.5 mA and directly modulated with the 2 Vy, 12.5 Gbaud/s PAM-4 signal, the
average optical power output from the DM SS-FP laser was +3.8 dBm, which was 4.3 dBm higher than
the average power output from the DM SS-FP laser when the FP laser was biased at 30 mA and directly

modulated with the 0.7 V,, PAM-4 signal.
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Figure 3.30: Experimental setup for 12.5 Gbaud/s PAM-4 signal transmission with the DM SS-FP laser. Insets (a) and (b)
show the eye diagram of the amplified PAM-4 modulating signal output from the AWG and the electrical signal output from
the APD following detection of the transmitted 12.5 Gbaud/s PAM-4 optical signal, both signals were captured with the
sampling oscilloscope.

The maximum peak-to-peak (Vpp) amplitude of the PAM-4 modulating signal output from the arbitrary
waveform generator (AWG, Tektronix AWG70002A) was 0.5 V,,, thus, to generate the 2 and 0.7 Vy,
modulating signals, the PAM-4 electrical signal output from the AWG needed to be amplified with an
RF amplifier. With the FP laser was biased at 72.5 mA and the device TEC temperature set to 25°C. The
wavelength channel at 1559.6 nm was selected for self-seeding, thus, the centre frequency of the
TBPF passband was detuned to 192.2185 THz/1559.645 nm and the 3-dB bandwidth of the TBPF was
adjusted to 4.5 GHz/0.035 nm. The 12.5 Gbaud/s PAM-4 signal used to directly modulate the SS-FP

laser was produced by mapping a PRBS, or bit stream, to the PAM-4 symbols by means of Gray coding
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[73] — [74][75] and then upsampling the resultant signal by a factor of 2. The PAM-4 electrical signal
waveform, with a sequence length of 2'* symbols long and an amplitude of 0.3 V,,, output from the
AWG operating at 25 GSa/s was amplified to 2 V,, with the RF amplifier and the amplified signal was
used to directly modulate the SS-FP laser. During the experiment, the SMSR of the DM SS-FP laser was
monitored with the Yokogawa OSA and was maintained above 40 dB throughout. The resultant PAM-
4 optical signal transmitted from the DM SS-FP laser was detected with a 10G class APD photodetector
(PD) with an integrated trans-impedance amplifier. The VOA at the input to the PD enabled the optical
power of the received signal incident on the PD to be varied, which allowed the BER results to be
measured as a function of the received optical power. The electrical signal output from the PD was

captured with a real-time oscilloscope (RTO) operating at 100 Ga/s.

Digital processing of the received signal (downsampling, normalisation, adaptive equalisation, symbol
synchronization, decoding), and BER calculations were performed offline using MATLAB. The symbol
synchronization was realised with the aid of a 2°7 symbols long training sequence. The adaptive filter
employed for channel equalisation was a 21 tap FIR (feed-forward) filter using a least-mean square
(LMS) algorithm for tap weights adaptation. The feed-forward equalizer (FFE) was used to compensate
for linear impairments and ISl induced by the limited bandwidth of the PD and, consequently, reduce
the number of errors in the received signal. Figure 3.31 shows the BER results obtained from the b2b
transmission experiment with the SS-FP laser directly modulated with the 12.5 Gbaud/s (25 Gbit/s)
PAM-4 signal. Figure 3.31 inset (a) displays the eye diagram of the PAM-4 optical signal transmitted
from the DM SS-FP laser which was captured with the dc-coupled photodetector integrated in the
sampling oscilloscope. Also shown in Figure 3.31 insets (b) and (c) are the spectrum and eye diagram

of the received electrical signal, respectively, generated following offline DSP in MATLAB.

It can be observed in Figure 3.31 that b2b transmission with the SS-FP laser directly modulated with
the 12.5 Gbaud PAM-4 signal, yielded a BER of 3x10° for a received signal optical power of -7 dBm and
the BER of 3x1073 s slightly below the 7% FEC (BER = 3.8x1073 [76]) limit. The extinction ratio, ER, of
the transmitted PAM-4 optical signal, calculated with data extracted from the eye diagram shown in
Figure 3.31 inset (a), is 2.65 dB. This is comparable to the 2.8 dB ER of the optical signal transmitted
from the SS-FP laser with the laser biased at 72.5 mA and directly modulated with the 2 Vp, 12.5 Gbit/s
NRZ-OOK signal, which was measured in section 3.3.2. The 3-dB bandwidth of the PAM-4 spectrum
shown in Figure 3.31 inset (b) is ~11 GHz. Similarly, this is comparable to the 3-dB bandwidth of the
optical spectrum of the signal transmitted from the SS-FP laser with the FP laser biased at 72.5 mA
and directly modulated with the 2 V,, 12.5 Gbit/s NRZ-OOK signal, which was also measured in section

3.3.2 and found to be 11.8 GHz. It is clear from the eye diagram shown in Figure 3.31 inset (c) that the
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received signal is heavily filtered by the APD at ~7 GHz, which negatively impacts the transmission

performance.
10" g T T T T T T T T I :
= N SO EOE NSO M R 333‘*b2b,12.5Gbaud/s(25GbiUs)PAM-4,SS-FPLaserE
L e .
102 * 2
0 D0 U SO
R =L e e e o "
e e e e
o Eo RN 3
wd ER-2.8dB [z °|(b)
107 ;
10° E
13.7 ps/div § -15 -1 0.5 0 0.5 1 19 “0 50 100 150 200 250
— Frequency (Hz) x10° Time (ps)
10 1 1 1 1 1 1 1 1 1
-1 -10.5 -10 9.5 9 -8.5 -8 -7.5 -7 6.5 -6

Total Rx Power (dBm)

Figure 3.31: BER performance for b2b transmission of SS-FP laser for 72.5 mA FP laser bias and directly modulated with a 2

Vpp 12.5 Gbaud/s PAM-4 signal, inset (a) shows the eye diagram of the PAM-4 optical signal transmitted from the DM SS-FP

laser and insets (b) and (c) display the spectrum and eye diagram of the transmitted optical and received electrical signals,
respectively.

Figure 3.30 (b) shows the electrical signal output from the APD receiver following detection of the 12.5
Gbaud/s PAM-4 optical signal. The electrical signal was captured with the sampling oscilloscope having
disconnected the RTO. It can be observed in Figure 3.30 (b) that the three eye diagrams and multiple
symbol levels of the PAM-4 signal cannot be distinguished. This is due to the limited bandwidth of the
APD employed, which was ~7 GHz. Although the ~7 GHz bandwidth of the APD was sufficient to detect
12.5 Gbit/s NRZ-OOK optical signal, a larger bandwidth is required to detect the 12.5 Gbaud/s PAM-4
optical signal to generate a clear and open eye diagram with the sampling scope. Nevertheless, some
level of transmission performance is achieved when the APD is used for detection of the PAM-4 optical
signal and adaptive equalisation is applied to the signal captured with the RTO offline, as evidenced

by the BER results shown in Figure 3.30.

To investigate the detector bandwidth and electrical modulating signal noise limitations of the PAM-
4 optical transmission system, the APD was removed from the setup and replaced with a 20 GHz PIN
photodiode. Figure 3.32 (a), (b) and (c), display the eye diagrams of the 12.5 Gbaud/s PAM-4 electrical
signal output from the AWG and amplified to 2 V,, with the RF amplifier, the resultant PAM-4 optical
signal transmitted from the DM SS-FP laser for the 72.5 mA FP laser bias, and the resultant electrical
signal output from the 20 GHz PIN photodiode following detection of the PAM-4 optical signal at a

received optical power of +3.8 dBm, all captured with the sampling oscilloscope.
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Figure 3.32: Eye diagrams of (a) 12.5 Gbaud/s PAM-4 electrical signal output from the AWG and amplified to 2 V,,, with the
RF amplifier, (b) PAM-4 optical signal output from the DM SS-FP laser for 72.5 mA FP laser bias, (c) electrical signal output
from the 20 GHz PIN photodiode following detection of PAM-4 optical signal at a received optical power of +3.8 dBm.

Figure 3.33 (a), (b) and (c) show the eye diagrams of the 0.5 V,, 12.5 Gbaud/s PAM-4 electrical signal
directly from the AWG with no amplification of the electrical signal with the RF amplifier, the resultant
PAM-4 optical signal transmitted from the DM SS-FP laser for the 30 mA FP laser bias, and the resultant
electrical signal output from the 20 GHz PIN photodiode following detection of the PAM-4 optical
signal at a received signal optical power of -0.5 dBm, similarly, all eye diagrams were captured with

the sampling scope.

Vpp =0.5Vpp || | ER=16d6 | - Rx Power = -0.5 dBm

(@)  1m33ps/div (b) 12.9 ps/div (c) 13.7 ps/div

Figure 3.33: Eye diagrams of (a) 0.5 V,, 12.5 Gbaud/s PAM-4 electrical signal direct from the AWG, (b) PAM-4 optical signal
output from the DM SS-FP laser for 30 mA FP laser bias, (c) electrical signal output from the 20 GHz PIN photodiode
following detection of PAM-4 optical signal at a received optical power of -0.5 dBm.

It is evident from Figure 3.32 (c) and Figure 3.33 (c) that employing a larger bandwidth photodetector
for optical signal detection allows for the eye diagrams of the received 12.5 Gbaud/s PAM-4 signals to
be captured with the sampling scope. Comparing the eye diagrams of the PAM-4 electrical modulating
signals shown in Figure 3.32 (a) and Figure 3.33 (a), it is clear that the RF amplifier distorts the signal
output from the AWG and adds considerable noise to the signal when amplifying it from 0.3 to 2 V.
Figure 3.32 (b) and Figure 3.33 (b) show the eye diagrams of the resultant optical signals transmitted
from the DM SS-FP laser with the FP laser biased at 72.5 and 30 mA, respectively. It can be observed
that the extinction ratio, ER, of the optical signal transmitted from the DM SS-FP laser for the 72.5 mA
FP laser bias is 1.2 dB higher than the ER of the signal transmitted from the DM SS-FP laser for the 30
mA FP laser bias. Furthermore, the Q-factor, Q, of the three eyes of the optical signal transmitted from
the DM SS-FP laser for the 72.5 mA FP laser bias is clearly higher than the signal transmitted from the
DM SS-FP laser for the 30 mA FP laser bias. The higher ER and Q of the signal transmitted from the

DM SS-FP laser for the 72.5 mA FP laser bias would suggest that the b2b transmission performance of
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the signal would be better than the signal transmitted from the DM SS-FP laser for the 30 mA FP laser
bias. However, this is not the case, as demonstrated by the eye diagrams of the received signals

detected with the 20 GHz PIN photodiode shown in Figure 3.32 (c) and Figure 3.33 (c).

The eye shown in Figure 3.33 (c), resulting from transmission with the DM SS-FP laser for the 30 mA
FP laser bias and the 0.5 V,, modulating signal direct from the AWG, i.e., with no amplification of the
modulating signal with the RF amplifier, was captured at a received optical power of -0.5 dBm and
exhibits a BER between ~1x102 and 1x10™. However, the eye shown in Figure 3.32 (c), resulting from
transmission with the DM SS-FP laser for the 72.5 mA FP laser bias and the 2 V,, signal amplitude, was
captured at a received optical power of +3.8 dBm and exhibits a BER between ~1x10! and 1x102. Thus,
the DM SS-FP laser for the 30 mA FP laser bias and 0.5 V,, modulating signal amplitude provides better
transmission performance. This may be attributed to the noise in the 2 V,, 12.5 Gbaud/s PAM-4 signal
used to directly modulate the SS-FP laser with the FP laser biased at 72.5 mA, which is due to the noise
contribution from the RF amplifier employed to increase the amplitude of the signal output from the
AWG from 0.3 to 2 V,,. Moreover, the received signal eye diagram shown in Figure 3.33 (c), resulting
from optical transmission with the DM SS-FP laser for the 30 mA FP laser bias and the 0.5 V,, signal
amplitude, was generated without the use of offline digital processing and adaptive equalisation. This
demonstrates that the DM SS-FP laser, for the 30 mA FP laser bias and 0.5 Vy, modulating signal
amplitude, could produce better transmission performance than that attained with the DM SS-FP laser
for the 72.5 mA FP laser bias and 2 Vy, modulating signal amplitude, which yielded a minimum BER of

3x107 at a received signal optical power of -7 dBm.

When compared with NRZ-OOK optical transmission, higher signal to noise ratio (SNR) is required for
PAM-4 optical transmission to obtain the same performance due to the smaller difference in the
amplitude levels of the symbols. Thus, the noise levels of the optical transmission system, which
includes the noise of the transmitter and receiver, have a greater negative effect on PAM-4 optical
transmission and reception. Consequently, the noise in the electrical drive signal, the RIN of the
transmitter [77] and the timing jitter of the transmitted optical signal, all need to be minimised to

ensure the optimal performance of IM/DD optical links utilising multilevel PAM signalling.

3.4 Conclusions

This chapter described the development and operation of a self-seeded Fabry-Pérot (SS-FP) laser, and
has presented a detailed experimental characterisation of the SS-FP laser prior to an evaluation of its
direct modulation transmission performance in a IM/DD test-bed. The SS-FP laser comprises a Fabry-

Pérot (FP) laser, with a cavity length of ~240 m, and an external cavity based on a passive circulating
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fibre loop, which consists of a polarisation controller, a 3-port 3-dB (50:50) coupler, a tunable optical
bandpass filter (TBPF) and a 3-port circulator. The optimal FP laser bias currents to operate the SS-FP
laser directly modulated with a 12.5 Gbit/s NRZ-OOK signal are 30 and 72.5 mA for modulating signal
amplitudes of 0.7 and 2 V,,, respectively. The extinction ratio, ER, ER power penalty, gz, and Q-
factor, Q, of the signal transmitted from the DM SS-FP laser for the 30 mA FP laser bias and 0.7 Vy,
modulating signal amplitude, are 3.9, 3.8 and 5.3 dB, respectively. The ER, 6gg, and Q, of the signal
transmitted from the DM SS-FP laser for the 72.5 mA FP laser bias and 2 V,, modulating signal
amplitude, are 2.8, 5.1 and 7.4 dB, respectively. The 3-dB optical bandwidths of the signals transmitted
from the DM SS-FP laser for the 30 mA FP laser bias and 0.7 V,, modulating signal amplitude, and the

72.5 mA FP laser bias and 2 V,, modulating signal amplitude are 8 and 11.8 GHz, respectively.

The averaged RIN of the SS-FP laser is -146.5 dBc/Hz (dc-12 GHz), however, sharp noise peaks occur in
the RIN spectrum at low frequencies (dc to ~1.6 GHz), which can be attributed to the beating of the
longitudinal external cavity modes of the SS-FP laser. In the evaluation of the different wavelength
channels of the SS-FP laser, 12 of the 18 channels of the SS-FP laser directly modulated with a 12.5
Gbit/s NRZ-OOK signal produced error-free b2b transmission performance. Furthermore, the 12
channels of the DM SS-FP laser exhibited only a slight variation in BER performance for b2b
transmission, suggesting that the 12 channels exhibit similar levels of RIN. Moreover, the 12 channels
of the DM SS-FP laser exhibit optical powers of ~-15.5 dBm, along with SMSRs ranging from 37.2 to
42.53 dB. The wavelength tuning range of the SS-FP laser, in its current form, is limited only by the
wavelength range and resolution of the TBPF, and the gain profile and rated operating temperature
range of the FP laser. The potential tuning range of future iterations of a practical tunable SS-FP laser
was demonstrated to be ~27 nm, which could be achieved through variation of the FP laser device TEC
temperature by +/-10°C and would allow for up to 30 wavelength channels to be accessed dynamically
and employed for signal transmission. Furthermore, it was shown that up to 36 channels, spanning a
wavelength range of ~20 nm, could potentially be exploited for signal transmission by varying the FP
laser device TEC temperature by +/-1°C, which would result in a more efficient use of the available

spectrum.

Finally, the transmission performance of the directly modulated SS-FP laser is evaluated in an IM/DD
test-bed with two different intensity modulation (IM) formats. First, the SS-FP is directly modulated
with a 12.5 Gbit/s NRZ-OOK signal and error-free transmission over 25 km of SSMF at a received optical
power of -10.5 dBm is demonstrated with the SS-FP laser channel at 1553.1 nm for the 30 mA FP laser
bias. The transmission performances of 3 additional channels of the SS-FP laser directly modulated

with the 12.5 Gbit/s NRZ-OOK signal are then evaluated for transmission over 25 km of SSMF and
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error-free transmission is demonstrated with all 3 channels. Furthermore, the 4 channels of the SS-FP
laser are shown to exhibit virtually no variability in transmission performance. The SS-FP laser is then
directly modulated with a 12.5 Gbaud/s (25 Gbit/s) PAM-4 signal and the transmission performance
for b2b transmission in an IM/DD test-bed is evaluated. The PAM-4 signal transmission experiments
were performed with the DM SS-FP laser for an FP laser bias of 72.5 mA, as the 72.5 mA FP laser bias
produced the highest, measureable, PAM-4 transmitted optical signal extinction ratio, ER, and Q-
factor, Q. For b2b transmission, and with the aid of channel equalisation, the directly modulated SS-

FP laser is shown to perform below the 7% FEC limit at a received power of -7 dBm.

The experimental results presented in this chapter clearly demonstrates that the proposed SS-FP laser,
with the necessary and appropriate modifications and optimisation to increase the ER and reduce the
beating among the external cavity modes of the SS-FP laser, has the potential to be employed as a
directly modulated tunable laser source (TLS) for 12.5 Gbit/s NRZ-OOK and 25 Gbit/s PAM-4 optical

signal transmission in NG-PON2 or future optical access networks employing WDM.
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Chapter 4 Final Conclusions and Future Work

4.1 Final Conclusion

The principal challenge in realising NG-PON2 and future optical access networks utilising wavelength
division multiplexing (WDM) technology is the development of innovative tunable laser technologies
aimed at mass deployment in subscriber ONUs. Due to the highly cost-sensitive nature of the access
domain, directly modulated tunable lasers are the ideal solution. However, the transmission distances
(~15 km) and data rates (10 Gbit/s) achievable with directly modulated lasers (DMLs) are inhibited by
the intrinsic frequency chirp of the devices and the interplay of the chirp with the chromatic dispersion
(CD) in optical fibre. The directly modulated tunable lasers that have been identified thus far as being
the most suitable to NG-PON2 are thermally tunable DFB lasers and DBR lasers without active cooling.
However, the former are limited in their tuning range (~¥4nm) and the latter are still considered to be

too expensive for access networks.

In this thesis, an in-depth experimental investigation of a directly modulated DFB laser (DML) and an
electro-absorption modulated laser (EML) has been presented, with a special focus on the frequency
chirp of both transmitters and the effects of the chirp on the transmission performance. Furthermore,
an extensive experimental development and investigation of a self-seeded Fabry-Pérot (SS-FP) Laser
has been presented, along with an examination of the transmission performance of the SS-FP laser in

IM/DD transmission systems. The main results are outlined below.

In Chapter 2, the characteristics and transmission performances of a directly modulated MQW DFB
laser (DML) and an electo-absorption modulated laser (EML) have been demonstrated. Error-free 12.5
Gbit/s NRZ-OOK optical signal transmission was achieved with the DML and EML for transmission over
25 and 50 km of SSMF. Although the ER of the optical signal transmitted from the DML modulated
near threshold was 12.6 dB, which was 2.3 dB higher than the signal transmitted from the EML, a
receiver sensitivity of -16 dBm was attained with the EML for 25 km SSMF transmission, which was 3
dB higher than the receiver sensitivity attained with the DML. This can be attributed to the transient
chirp of the optical signal transmitted from the DML modulated near threshold. Considering that
transmission over 25 km of SSMF was attained with the DML modulated near threshold, indicated that
the MQW DFB laser was highly damped and exhibited a relatively low linewidth enhancement factor
or alpha parameter, «, value. Error-free 12.5 Gbit/s NRZ-OOK optical transmission was also achieved
with the DML and the EML for transmission over 50 km of SSMF and a receiver sensitivity of -13.5 dBm

was attained with both the DML and EML. Transmission over 50 km of SSMF was achieved with the
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DML only when it was modulated well above threshold and was not possible with the DML modulated
near threshold, as the received signal was too distorted due to the dispersive pulse broadening and
ISI resulting from the interplay of the transient chirp dominated signal and the chromatic dispersion
in the optical fibre. Moreover, a 1 dB improvement in receiver sensitivity was attained for transmission
over 50 km of SSMF with the DML modulated well above threshold when compared to transmission
over 25 km SSMF with the DML modulated near threshold. From numerical modelling of the DML, the
alpha parameter, a, and gain compression factor, €, of the DML were estimated to be 1.6 and 10x10
23

m3, respectively. From the numerical model of the EML, the estimated alpha parameter, agay,

values ranged from 0.8 to -0.8.

When modulated well above threshold, the 3-dB bandwidth of the spectrum of the optical signal
transmitted from the DML was 6.6 GHz and the upper side-band (UPS) was partially supressed, which
suggested mixed frequency and amplitude modulation (FM and AM) of the DML modulated well above
threshold with the 2 V,, 12.5 Gbit/s NRZ-OOK signal. The enhanced transmission performance of the
DML, which allowed error-free transmission over 50 km of SSMF to be achieved without the use of
electronic or optical dispersion compensation, may be attributed, in part, to the mixed FM and AM of
the DML, as it enabled the minimum shift keying (MSK) condition to be established. The MSK condition
of the DML, coupled with the favourable interaction of the adiabatic chirp dominated optical signal
transmitted from the DML modulated well above threshold with the chromatic dispersion in the SSMF
over the 50 km distance, resulted in FM to AM conversion of the optical signal and in an open received
signal eye diagram and error-free signal transmission. However, the ER of the signal transmitted from
the DML modulated well above threshold, which achieved error-free transmission over 50 km of SSMF,

was 2.7 dB, which would preclude the use of the DFB laser in NG-PON2.

In Chapter 3 of this thesis, the development and operation of a self-seeded Fabry-Pérot (SS-FP) laser
has been presented. Furthermore, an extensive experimental characterisation of the SS-FP laser, along
with an evaluation of the transmission performance of the directly modulated SS-FP laser in an IM/DD
test-bed, was demonstrated. Through large-signal modulation analysis of the SS-FP laser, two FP laser
bias currents of 30 and 72.5 mA were found to produce the best b2b transmission performance with
the SS-FP laser when directly modulated with the 12.5 Gbit/s NRZ-OOK signal using 0.7 and 2 V,, signal
amplitudes, respectively. The extinction ratio, ER, power penalty, gz, and Q-factor, Q, of the signal
transmitted from the directly modulated (DM) SS-FP laser for the 30 mA FP laser bias and 0.7 Vy,
modulating signal amplitude, were 3.9, 3.8 and 5.3 dB, respectively. The ER, &g, and Q, of the signal
transmitted from the DM SS-FP laser for the 72.5 mA FP laser bias and the 2 V,, modulating signal

amplitude, were 2.8, 5.1 and 7.4 dB, respectively. The 3-dB optical bandwidths of the signals
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transmitted from the DM SS-FP laser for the 30 mA FP laser bias and 0.7 Vp, modulating signal
amplitude, and the 72.5 mA FP laser bias and 2 V,, modulating signal amplitude, were ~8 and 11.8
GHz, respectively. Through self-seeding, the 3-dB optical bandwidth, Avs,g, of the signal transmitted
from the DM SS-FP laser for the 72.5 mA mA FP laser bias reduced by ~1 GHz, when compared with
the DM free-running FP laser spectrum. The 3-dB optical bandwidth, Av; 45, of the signal transmitted
from the DM SS-FP laser for the 30 mA mA FP laser bias was similar to the 3-dB optical bandwidth of

the signal transmitted from the DM free-running FP laser when biased at 30 mA.

When the FP laser was biased at 30 mA, the averaged RIN of the SS-FP laser mode at 1553.14 nm was
-146.5 dBc/Hz (dc-12 GHz). However, sharp noise peaks were observed in the RIN spectrum at low
frequencies (dc to ~1.6 GHz), and this low frequency RIN can be attributed to the presence of the
longitudinal modes that form within the external cavity of the SS-FP laser. When the FP laser was
biased at 30 mA and directly modulated with the 0.7 Vp, 12.5 Gbit/s NRZ-OOK signal, 12 self-seeded
modes or wavelengths channels of the SS-FP laser produced error-free b2b transmission performance
and it may be inferred that the different channels exhibited similar RIN considering that there was
only slight variation in the BER performance of the 12 channels for b2b transmission. Furthermore,
the 12 channels exhibited similar peak optical powers (~-15.5 dBm) and SMSR (~40 dB) when the FP
laser was directly modulated. The potential wavelength tuning range of future iterations of a practical
tunable SS-FP laser could be up to ~27 nm, depending on the mechanism employed for filtering the
single longitudinal mode from the MLM spectrum of the free-running FP laser before reinjection of

the filtered mode back into the FP laser cavity.

Error-free 12.5 Gbit/s NRZ-OOK optical signal transmission over 25 km of SSMF in an IM/DD test-bed
was experimentally demonstrated with the SS-FP laser under direct modulation. Of the 12 channels
that produced error-free b2b transmission with the directly modulated SS-FP laser for the 30 mA FP
laser bias, 4 were evaluated for transmission over 25 km of SSMF and all channels produced similar
BER performance and receiver sensitivities (-10.5 dBm). When directly modulated with a 12.5 Gbaud/s
PAM-4 signal, the SS-FP laser performed below the 7% FEC limit at a received optical power of -7 dBm
for b2b transmission, with the aid of channel equalisation. However, the PAM-4 optical transmission
experiments were carried out with the SS-FP laser for the 72.5 mA FP laser bias and a 2 V,, modulating
signal amplitude which had been amplified with an RF amplifier. It was further demonstrated that the
SS-FP laser for the 30 mA FP laser bias and directly modulated with the 0.5 V,, 12.5 Gbaud/s PAM-4
signal could potentially produce better b2b transmission performance than the SS-FP laser when the

72.5 mA FP laser bias and the amplified 2 V,, modulating signal is employed.
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The development and investigation presented in this thesis has successfully demonstrated that simple
DFB lasers, with appropriate optimisation, can be employed for optical signal transmission beyond the
dispersion limited distances typically attained with DMLs, without any optical or electrical dispersion
compensation. Furthermore, a self-seeded Fabry-Pérot (SS-FP) laser, has the potential to be utilised
as a cost-effective directly modulated (DM) tunable laser source (TLS) for 12.5 Gbit/s NRZ-OOK and 25
Gbit/s PAM-4 optical signal transmission in NG-PON2 or future optical access networks employing

WDM technology.

4.2 Future Work

The research in this thesis has shown the potential of simple directly modulated DFB lasers for long-
reach PONs and the self-seeded Fabry-Pérot (SS-FP) laser as a cost-effective tunable laser source for

subscriber ONUs in NG-PON2. Potential future work in need of further investigation is now described:

= As discussed in Chapter 2, the 2.7 dB extinction ratio, ER, of the signal transmitted from the MQW
DFB laser (DML) modulated well above threshold, which achieved error-free transmission over 50 km
of SSMF at a receiver sensitivity of -13.5 dBm without the use of optical or electronic dispersion
compensation, would preclude the DML from NG-PON2, as a minimum ER of 6 dB is specified for NG-
PON2 transmitters [1]. Future work would see the application of an optical filtering technique to
increase the ER of the signal transmitted from the DML modulated well above threshold, while
maintaining the adiabatic chirp properties of the signal, thus, enabling the enhanced transmission
performance and extended transmission distance of the DML. A narrow optical filter could be used to
selectively suppress the adiabatically chirped, or the red- or blue-shifted, “high” or “low” bit or symbol
levels of the signal waveform, hence, increasing the intensity level separation. Alignment of the filter
such that the linear region of the rising or falling edge of the filter is overlapped with the signal, results
in the bit or symbol levels of the two- or multi-level constellation are attenuated, while the original
relative level spacing is maintained [2]. The degree to which the ER of the optical signal transmitted
from the DML is increased is the difference of the filter insertion-loss between the “high” and “low”
symbols of the constellation, where the gain in the ER attained in the output signal is determined by
the slope of the filter edge and the magnitude of the adiabatic chirp. In a previous study [3], the filter
slope was aligned such that the attenuation introduced enhanced the ER of the signal by attenuating
the “low” or “0” levels of the NRZ-OOK transmitted optical signal waveform. Thus, through optical
filtering of the adiabatically chirped signal transmitted from the DML, the ER of the transmitted signal
can be increased from 2.7 dB to >6 dB, while the dispersion tolerance and the extended transmission

distance in the C-band is maintained.
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An array of DFB lasers exhibiting similar device parameters (a, €... etc.) and chirp properties, each with
a narrowband optical filter, could be employed to demonstrate a directly modulated (DM) tunable
chirped managed laser (CML) source. Moreover, the DFB lasers could be thermally tuned to realise a
multichannel and wideband directly modulated (DM) tunable laser source (TLS). Both 12.5 Gbit/s NRZ-
OOK and 25 Gbit/s PAM-4 formats could be employed with the DM tunable CML, which could produce
aggregate line rates of 40 to 100 Gbit/s in the C-band, assuming 4x DFB lasers are utilised, and cover
transmission distances of up to 50 km in SSMF. Regarding direct modulation of the chirp-managed
DFB laser with the PAM-4 format, the optical filter could also be employed to counteract the eye
diagram skewing resulting from direct modulation of the DFB laser, which would pre-compensate the
transmitted signal, thus, mitigating the eye diagram skewing due to the effect of the CD in the optical

fibre.

= In Chapter 3, a self-seeding Fabry-Pérot (SS-FP) laser has been developed and characterised and,
furthermore, error-free 12.5 Gbit/s NRZ-OOK optical signal transmission over 25 km of SSMF has been
demonstrated with the directly modulated (DM) SS-FP laser. Future work would see the use of a
programmable tunable optical bandpass filter (TBPF) to evaluate the practical wavelength tunability
of the directly modulated SS-FP laser. The switching time between wavelength channels and switch
latency could be assessed, and the performance and wavelength drift of the SS-FP laser during burst
mode operation could be investigated. Moreover, the length of the external cavity (EC) of the SS-FP
laser, which, in its current form, is estimated to be ~10 m, could be reduced and the SSMF used in the
EC could be replaced with polarisation maintaining (PM) fibre. Considering the inverse correlation
between the FSR and the EC length, this would increase the separation, or FSR, between the external
cavity modes and, moreover, would reduce the variation in the phase and optical power of the seed
signal. It is envisioned that the combination of the reduction in the path length of the external cavity
and the increased stability of the reinjected seed signal would reduce the beating of the longitudinal
external cavity modes of the SS-FP laserand, consequently, reduce the low frequency (1/f) noise of
the laser. This could be done initially using a custom built PM fibre planar optical waveguide assembly,

exhibiting the shortest EC path length achieveable with optical fibre assemblies.

I/P o/pP
to from
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Figure 4.1: Schematic of custom built PM fibre planar optical waveguide assembly.
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A schematic of the proposed optical waveguide assembly is shown in Figure 4.1. The logical next step
is then the monolithic integration of the FP laser and the external cavity or optical waveguide, shown
in Figure 4.1, in a single chip to be employed in next generation optical transmitters [4], [5]. The device
could also include an electro-absorption modulator (EAM) and a semiconductor optical amplifier
(SOA) to enable external modulation of the SS-FP laser, in order to increase the data rates and extend
the transmission distances achieveable with the transmitter. Future design iterations of the SS-FP laser

could also look to monolithically integrating the tunable filter on the same chip [6], [7].
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Appendix A

A.1 Single-mode Laser Rate Equations

Single-mode semiconductor laser dynamics and operating characteristics can be described with a set
of coupled ordinary differential equations, or rate equations, which govern the recombination effects
of the carriers, and the dynamics of the photons and carriers, within the laser cavity. The single-mode
laser rate equations, describing the time evolution of, and the interaction between, the carrier density

N, the photon density S, and the optical phase ¢ of the photons in the lasing mode, are given as [1]

dN(@) 1) N(©) N(t) — N,
dt  qV - Tn _‘901+65‘(t)

S(t) Al

as(e) N(t) — N, S(t) N(t)
a9 Trese BT, TR A2
dp(t) « 1
=5 (rgo(zv(t) — Np) — 5) A3

Equation A.1 is the carrier density rate equation, it describes the generation and depletion of carriers
within the active layer volume, V, with respect to time. The rate of change of the carriers or electrons
is equal to the difference between the total number of electrons injected into the active region and
the number of electrons used for the generation of photons via stimulated and spontaneous emission.
The effects of non-radiative carrier recombination processes are assumed to be small in comparison
to the spontaneous emission. Equation A.2 is the photon density rate equation, which describes the
change of the photon density in the active region with respect to time as a result of both spontaneous
and stimulated emission processes. It also accounts for the depletion of photons within the active
layer due to absorption and scattering losses, as well as facet coupling with external media. In addition

to the stimulated emission, the spontaneous emission also contributes to the lasing mode. The term

N(t)-Ng . . . . . .
0 N(®)—No in the photon and carrier rate equations, represents the non-linear optical gain of the laser.
1+€eS(t)

Of particular importance is the term 1 + €S(t), which includes the gain compression, €, and accounts
for the non-linear behaviour of the optical gain of the laser above threshold due to the carrier and

photon densities.
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The third rate equation, equation A.3, is the optical phase rate equation and it describes the rate of
change of the phase of the photons in the laser cavity with respect to time. The alpha parameter, «,
or linewidth enhancement factor describes the amplitude-phase coupling effect and how fluctuations
in the carrier density affects both the real and imaginary parts of the complex refractive index. Any
carrier-induced variations in the refractive index of the active region of the laser results in variations

in the phase of the photons.

The rate equations can be used to model the steady-state characteristics of a single-mode laser. By
obtaining the steady state solution to the rate equations, an expression for the optical power output

from the laser, P, can be determined and is given by

Vnhv
S(t) A4

P(t) =
(©) 2F7:p

where 7 is the differential quantum efficiency, h is Planck’s constant, and v is the optical frequency of

the lasing mode. The rate equations may also be used to model the small and large signal modulation

dynamics of single-mode lasers, as well as the noise performance of lasers.
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Appendix B

B.1 MQW DFB Laser Numerical Model Parameters

Symbol Quantity Value Unit
A Wavelength of laser emission 1550 x 10°° m

L Length of the active region 300 x 10°® m

1% Volume of the active region 3.7x 10" m?3
Ar Area of the active region 1.23x 10" m?
r Optical confinement factor 0.13 -

Ja Differential gain coefficient 9.9x10% m?
N, Carrier density at transparency 1.7 x102%* m-3
Ay Non-radiative recombination coefficient 1x10% st
B, Radiative recombination coefficient 4.6x 101 m3/s
Cpr Auger recombination coefficient 3x10% m®/s
Tn Carrier lifetime 1.03 x 10° s

ng Group refractive index 3.2 -

(7] Waveguide group velocity 9.3685x 10’ ms™
Jo Linear gain coefficient 9.2748x 10 m?3/s
Ry Facet 1 reflectivity 0.2744 -

R, Facet 2 reflectivity 0.2744 -
Xint Internal cavity loss 550 m*
Tn Photon lifetime 2.1959x 10" s
Bsp Spontaneous emission factor 2.5x10°

a Linewidth enhancement factor TBD -

€ Gain compression factor TBD m?3

Table B.1: MQW DFB Laser Numerical Model Parameters.
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Appendix C

C.1 IM/DD Numerical Model Description

A flow chart showing the different functional elements of the model of the IM/DD transmission link is
shown in Figure C.1.

L NDEER Laser Model Tx Signal Eye

Modulation Tx Pulse Shaping (Rate Equation Diagram &
Signal Filter & AWGN Solver/ODE45 Spectrum

Generation Solver) Generation

APD Pre-rx VOA Optical Fibre

Photodetector Model Pre-Fibre VOA

Rx Signal Eye
Diagram
Generation

Rx Pulse Shaping DSP/
Filter & AWGN Downsampling

Figure C.1: DML and IM/DD system simulation flow chart.

The optical fibre model was developed based on a low power linear model, where the optical power
of the signal input to the fibre was assumed to be well below 10 mW and only short-range and single
channel transmission was considered. Thus, only the linear effects of the fibre, i.e. the optical loss and
chromatic dispersion (CD), were accounted for in the fibre model and the power dependent non-linear
Kerr effects (SPM, XPM, FWM) were not accounted for. The optical field of the signal output from the
DML model is input to the optical fibre model having been attenuated by the pre-fibre VOA shown in
Figure C.1. The fibre model firstly calculates the group velocity dispersion (GVD) parameter, f3,, using
equation C.1. The GVD parameter 3, describes the chromatic dispersion (CD), or the dispersion of the

group velocity, and is responsible for optical pulse broadening [1].

_dp; _d do  2mc Ad?*n

1
D= = @<E>ﬁ_ —/1—2[32 =—TaR ps/(nm. km) C1

A typical value of 17 ps/nm.km was used for the SSMF dispersion parameter, D. The fibre model then
determines the effects of the CD and attenuation on the complex amplitude of the input optical field
for a given fibre length by utilising equation C.2 and the Fast Fourier Transform (FFT) and Inverse Fast
Fourier Transform (IFFT) functions, which are built-in functions in MATLAB. Equation C.2 is the slowly
varying envelope equation for linear optical pulse propagation in optical fiber, which can be derived

from Maxwell’s equations [1], [2].
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The first term on the right hand side of equation C.2, which contains the fibre attenuation parameter,
g, represents the linear attenuation of the optical pulse. The second term on the RHS of equation
C.2, containing the second order mode propagation constant, or GVD parameter, f3,, corresponds to
second order dispersion and is the most significant term in relation to PONs and optical access links.
An outline of the method for simulating linear optical pulse propagation in optical fibre using Fourier
methods is provided in [2]. The complex amplitude of the optical signal output from the fibre model,
having been modified by the effects of the fibre CD and attenuation, is then sent to a pre-receiver
VOA, which is used to control the optical power of the lightwave incident on the photodetector (PD).
The modelled PD comprised a 10 GHz bandwidth APD with an integrated trans-impedance amplifier
(TIA). The square law operation converts the optical field of the signal incident on the APD into optical
power and, using appropriate values for the APD responsivity and the multiplication factor, Mpp, the

model calculates the photocurrent, I,,, generated by the APD, using equation C.3.

Naq
L,(t) = (ﬁ) Mypp. |Es(D)]? Cc3

The total noise current variance, 6?2, in the modelled photodector comprises the shot noise current

variance, 052, and the thermal noise current variance, a%.
0% =02+ o? Cc.4

Expressions for the APD shot and thermal noise current variances are given in equations C.5 and C.6,
respectively.

o2 = 4kpTE,Af  C5 C6

1
0 = 2qMjpp |kaMapp + (1 — kn) (2 -
Mupp

)| RaPopesf

The shot and thermal noise currents are then added to the APD signal photocurrent, I, and, following
current to voltage conversion, the signal is output from the PD model, where it is filtered by a 2" order
Butterworth low pass filter (LPF) with a 3-dB cut-off frequency of ~10 GHz. The filtered signal is then
downsampled for subsequent bit-error ratio (BER) counting and used to generate the received signal

eye diagram.
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