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Abstract

Optical network technologies employed in access networks, metro networks and mobile
fronthaul and backhaul must support the unyielding exponential growth in user bandwidth
requirements whilst also providing adaptive connectivity solutions to meet the rapid
evolution in the diversity of data traffic patterns and characteristics. Furthermore, it is
essential that future optical networks support converged fixed and mobile data to leverage
the associated cost advantages.. The three distinct 5G services to be supported are, enhanced
mobile broadband (eMBB), massive machine type communication (mMTC) and ultra-
reliable, low latency communications (URLLC). As a consequence of the heterogeneous
requirements, network slicing is a critical feature for 5G, this allows various services to be
provisioned in independent logical channels on the same physical network infrastructure,
with different quality of service (QoS) levels. To meet the abovementioned challenges in a
cost effective way, the next generation of optical networks have to evolve to be extremely
agile, offer highly elastic bandwidth provision and possess a highly reconfigurable network
architecture supporting network sliceabilty and software defined networking (SDN), this
will allow dynamic adaptation to the changing traffic patterns and enable use of network
resources in a highly efficient manner, thus realising commercially viable solutions for
network operators. To meet the aforementioned challenges cloud access networks (CANS)
have been proposed as a cost effective solution for future optical networks which support
converged access/metro networks and mobile fronthaul/backhaul networks. The CANSs
employ digital signal processing (DSP) to enable various dynamically reconfigurable
network devices, network architectures and embedded algorithms for signal impairment
mitigation. The fundamental concept of the CAN is built upon digital orthogonal filter-based
channel multiplexing, implemented in DSP to achieve highly flexible physical layer

connectivity at multi-sub-wavelength levels.

The main objective of this dissertation research is to comprehensively investigate
fundamental technical concepts that enable the realisation of the CANs. Using both off-line
processing-based experiments and fully real-time DSP-based experiments the technical
feasibility of the following CAN technologies and techniques are investigated, i) a cross-
channel interference cancellation (CCIC) technique to mitigate physical channel frequency
response-induced interference between orthogonal channels, the technique is demonstrated



in 2 channel IMDD point-to-point (PTP) SMF-links and implemented with an offline
receiver, ii) a real-time, intensity-modulation and direct-detection (IMDD) multipoint-to-
point (MPTP)- digital filter multiple access (DFMA) passive optical networks (PONSs) with
four independent channels, incorporating a real-time ultra-low complexity CCIC technique
embedded in a real-time optical line terminal (OLT) in a 26km SMF, IMDD DFMA PON
consisting of two real-time ONUSs and iii) a fully real-time soft reconfigurable optical add
drop multiplexer (soft-ROADM) providing channel add/drop functions for channel
switching within the CAN. The soft-ROADM is constructed with commercially-available
low-cost electrical/optical components. In summary, this PhD thesis experimentally
validates, performs detailed performance analyses and demonstrates the practical feasibility
of various fundamental technologies required for the realisation of CANs, which are

proposed as a cost effective solution for future optical networks.
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CHAPTER 1. INTRODUCTION

1. Introduction

1.1 Future Network Challenges and Cloud Access Networks

The advent of modern communication technologies has revolutionized the way people
communicate [1]. In particular, the mobile communication revolution transformed the initial
basic services from basic voice calls and text messaging, to advanced mobile applications
such as video calling, web browsing, on-demand video, on-line gaming and navigation.
Mobile technologies are continuing to evolve to support a new generation of services in
diverse fields of our lives, including health, entertainment, industrial and home automation
and vehicular communication, etc. A significant factor influencing the rapid growth of
mobile applications is that people and organizations continually leverage the
communications technologies for purposes very different of those initially conceived by the
designers of the technology [2]. A clear example is the use of mobile communications to
link autonomous devices such as sensors and machines in the emerging Internet of Things
(IoT). Another factor influencing the growth in communications is that nowadays, the
worldwide spread of social media networking means that users do not just consume content
but have become avid content generators themselves. Statistics in July 2019 showed that for
example, Facebook has more than 2.375 billion active users, whereas YouTube has more
than 2 billion active users [3]. Moreover, recent statistics [4] show the number of

smartphones in the US is predicted to increase approximately four fold from 2010 to 2023.

As a direct result of the aforementioned facts, the rapid increase in mobile network traffic
has continued in recent years and this trend is predicted to continue in the foreseeable future.
Fig 1.1 illustrates the overall mobile data traffic growth, predicted until 2022, there is an
approximate seven-fold increase due to an annual growth rate of 46 percent from 2017 to
2022 [5]. Consequently, to support the growth in mobile traffic, ongoing improvements to
the associated optical network’s capabilities and performance are therefore undeniably

critical.
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Fig. 1.1 Forecast of global volume of mobile data traffic per month.[5]

Apart from the capacity increase, the newly emerging applications are also posing
unprecedented challenges in terms of latency, reliability and scalability on the future
networks. Other factors are also exacerbating the challenges to the future networks, such as
the vast heterogeneity of the applications, network functions and mobile devices [6]. To meet
the aforementioned challenges the 5th generation (5G) mobile network will become widely
adopted worldwide, to accommodate the trend of explosive mobile traffic and achieve the
necessary improvements in the network performance. 5G is planned to provide all types of
connectivity to any type of device with different quality of services (QoS) requirements. 5G
thus aims to support a vast array of services with enormously heterogeneous requirements.
Enhanced mobile broadband (eMBB) is one of the main characteristics of 5G [6, 7].
Technically speaking, in terms of signal bitrate, 5G aims to provide a 10-100 times increase
in comparison to 4G. While in terms of traffic density, in 2020, the volume of mobile data
per geographical area is predicted to increase 1000 times compared to that in 2010 [8, 9] .

In addition to the improved network transmission capacity, 5G should also offer ultra-
reliable low-latency communications (URLLC) for real-time, safety-critical systems. From
the network’s physical-layer perspective, the URLLC requirement imposes strict conditions
on its latency and reliability [10]. Generally speaking, network latency simply refers to the
time taken for a packet of data to travel between two points in the network [11]. While the
end-to-end (E2E) latency of a complete network connection, contains the over-the-air
transmission delay, queuing delay, processing/computing delay and retransmissions (when
needed). 1ms is the target E2E latency required for 5G mobile systems and it is interesting
to note that, due to speed of light restrictions, ~150 km is the maximum transmission distance
over which this can be achieved [6]. Whereas, reliability refers to the probability that a given

amount of the data will be transferred in a given time period. Industrial automation is an

3
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example application where high reliability levels are critical. For example, time-critical
processes such as real-time, closed loop, robotic control can required reliability levels of
99.9999% [12]. Another clear example of a URLLC safety-critical application requiring
ultra-reliability, is remote surgical operations involving real-time sensors with the use of
haptic feedback thus enabling the concept of a remote operating theatre [13]. URLLC can
also serve sport fans by realising a virtual reality (VR) headset with a 360-degree courtside

view to give a fully immersive crowd experience from the comfort of the home[14].

Another key feature supported by 5G is massive machine-type communications (MMTCSs),
which is defined as an immense number of machine-type devices simultaneously connected
through wireless internet technologies to allow automated data generation, processing,
transfer and exchange amongst them with minimum human interaction. In general, mMMTC
has to support a wide range of applications, spanning from low-complexity devices, such as
simple sensors, to highly complex and advanced devices such as used in the automotive
industry, transportation, public safety and healthcare. Moreover, it is expected that [6] there
would be tens of billions of connected devices, which would surpass the number of the
connected human user devices by 2020 [15, 16] . In 2020, the device density which 5G aims
to support is 1 million/km?[4,11].

A wide range of technologies are being utilised to achieve the practical implementation of
5G networks. Firstly, the use of the millimetre wave spectrum (30-300 GHz) is proposed to
leverage the unused wide spectral bands available at these frequencies, thus permitting
greatly increased signal bit rates. It should be noted however that the adopted RF carrier
frequencies themselves do not directly impact the capacity requirements of the underlying
radio access network (RAN). Secondly, massive multiple input multiple output (MIMO)
antenna arrays with steerable beam forming capability are a key technology to be adopted in
5G to enhance the signal transmission capacity by improving spectral efficiency and also
reducing radio interference across the cell. Thirdly, small-cell networks (SCNs) are also
widely adopted where the cells use low power transmitters to provide coverage of ~10 meters
to a few kilometres, compared to up to ~35km for conventional macro-cells. The SCNs thus
fully exploit the frequency reuse principle of cellular networks to provide increased mobile
device density through increased spectrum utilisation. The peak mobile devise density in an

area must therefore be predicated in order to deploy a sufficiently high density of small cells.
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The combination of increased user bandwidths, multiple antenna techniques and high density
SCNs leads to a vast increase in the required capacity of the underlying 5G RAN, compared
to the existing 4G RANSs, particularly as the 5G RAN capacity is directly dependent on the

user bit rates, number of antennas and number of cells.

_~ Microwave link

—— Mobile Backhaul
- — Mobile Fronthaul
=== Optical Fiber Cable

Core
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/% Base Station(BTS)/
+ NodB/EnodB (ENB)
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&> Add/Drop MUX e 8
8

Q User Equipment(UE)

Fig. 1.2 The mobile backhaul and fronthaul network infrastructure for Centralised-RAN

5G networks will adopt the centralised radio access network (C-RAN) architecture as
depicted in Fig 1.2, which is a centralised RAN architecture now being deployed in 4G to
replace the traditional distributed RAN architecture. This is necessary in order to leverage
the associated cost benefits and increased operational flexibility of the C-RAN. In the C-
RAN, remote radio heads (RRH) connect via mobile fronthaul (MFH) links to a centralised
pool of baseband units (BBUs) which in turn connect via mobile backhaul (MBH) links to
the mobile switching centre in the core network. The RRH performs functions of, digital-to-
analogue and analogue-to-digital conversions (DAC/ADC), frequency up and down
conversions, power and low-noise amplification and antenna interfacing. Whereas the pool
of BBUs at the centralised site, perform physical layer processing of the baseband radio
signals such as digital processing to modulate/demodulate the baseband radio signals
according to the employed radio access technology and the BBUs include all functions of

the upper layers and traffic management.
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As the mobile device density and distribution exhibits highly temporal variation across the
cells within a C-RAN and as the instantaneous capacity requirements of individual mobile
devices is also continually changing, the co-located pool of BBUs can dynamically allocate
and share their resources amongst the RRHs based on the current network traffic
requirements. Thus the BBU processing functions are utilised in a highly efficient manner.
The traditional C-RAN employs point-to-point (PTP) links for the MFH between the RRHs
and centralised BBUs, however the PTP architecture can be highly inefficient when
supporting dynamically allocated network capacity.

For an optical network architecture where multiple end nodes connect to a single centralised
node (or nodes) and where cost-effectiveness is paramount, as in the 5G C-RAN, passive
optical networks (PONSs) have become a highly popular technical solution. PONs that
employ intensity-modulation and direct-detection (IMDD) transmission systems are
particularly cost effective as they employ simple optical transceiver front-ends in
comparison to other optical transmission techniques such as coherent systems. Thus IMDD-
based PONSs offer low power consumption and minimal maintenance as there are no active
devices deployed in the outside plant. In 2018, Nx25Gb/s Wavelength division multiplexing
(WDM) PON-based 5G fronthaul was successfully validated in a live demonstration on
China Telecomm’s network [17], where the data rate and end-to-end latency was shown to
be equal to that of PTP-based fibre connections. The WDM-PON-based 5G C-RAN however
still suffers from limited flexibility as capacity cannot be shared between wavelengths. Thus,
to deal with the aforementioned dynamic traffic patterns associated with the 5G C-RAN, it
is highly advantageous if the PON is equipped with sufficient flexibility, elasticity and
dynamic reconfigurability. Furthermore, if the PON is to support multiple mobile
generations (e.g. 3G, 4G, 5G) for backwards compatibility, or even multiple network
operators, the PON must have not only strong adaptability to highly dynamic traffic with
arbitrary signal bandwidth granularity, but also excellent transparency to various traffic
characteristics including signal modulation format, signal bit rate, different signal detection
schemes, flexible WDM-grids, diversified network topologies and various multiple access
techniques. Furthermore, it is crucial that the PON supports network slicing, which is a
technique that splits the physical infrastructure into multiple logical slices (sub-networks),
each one specified for a different QoS requirement, thus each mobile generation and/or
network operator can be allocated a dedicated network slice acting as an independent
network. The network slicing feature is also highly applicable to 5G in order to support the
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highly heterogeneous applications as previously stated. As dynamic provision of fast on-
demand network connections and slices is required with fine granularity and high
connection/slice count, it is essential that a single optical wavelength can be subdivided into
multiple logical connections at the subwavelength and sub-band levels. WDM can, however,
still be employed, as necessary, to increase the aggregate capacity in the PON. To achieve
effective delivery of the aforementioned PON network features, the implementation of
software-defined networking (SDN) down to the physical layer, is also critical [18, 19] , as
SDN makes use of centralized network resource abstraction and network infrastructure

virtualization to easily and dynamically reconfigure the networks.

Fixed optical fibre-based access networks are almost exclusively based on IMDD PONs due
to the aforementioned advantages of low deployment and operational costs. The latest PON
standards support multi-10Gb/s aggregate bit rates, however there is continuing demand for
higher and higher end-user capacity in the fixed access networks and it is expected that in
the near future operators need to offer 1-10 Gb/s peak connection speeds to individual
subscribers [20]. Provision of such high connection speeds based on an essentially static
network architecture with limited flexibility in capacity allocation amongst users is highly
challenging due to the associated high costs and as the users are not ready to pay significantly
more for the increased internet speeds. Operators are therefore facing the dilemma of the
decoupling effect between increased bit rate and revenue growth. High costs are associated
with increased bit rates as it is technically challenging to implement low cost, high speed
networks because the physical impairments of both electrical/optical components and the
fibre transmission have significant impact on signal quality at higher bit rates when
traditional on-off keying modulation is used, thus advanced and therefore costly components
and/or techniques are needed to mitigate the physical impairments. Alternatively, WDM is
a mature technology capable of increasing PON capacity, but this is a costly solution due to
the need for expensive tuneable lasers, arrayed wave guides (AWGSs) and/or tuneable optical
filters. The future PONs for fixed data access networks must therefore incorporate advanced
modulation techniques for increased bit rates, but importantly, must possess the features of
flexibility, elasticity and dynamic reconfigurability down to the physical layer to use the
available PON capacity in a highly efficient manner and support features such as network
sliceabilty and signal modulation transparency for highly versatile service delivery. The
statistical characteristics of the user capacity requirements over time can be exploited, as the
capacity requirements of each user are highly dynamic, therefore dynamic bandwidth
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allocation (DBA) with arbitrary and fine granularity allows the PON to adapt to the
prevailing traffic conditions and share the available PON capacity in a highly efficient
manner. The fixed access PONs can also utilise SDN as an effective control system for
dynamic PON reconfiguration. To achieve flexibility in the currently deployed time division
multiple access (TDMA)-based PONs, many techniques have been proposed to achieve
DBA based on the dynamic allocation of timeslots to ONUs based on traffic loading.
Interleaved Polling with Adaptive Cycle Time (IPACT) [21] is an algorithm developed for
use with Ethernet PONs (EPON), where the OLT distributes timeslots with dynamic window
size according to the instantaneous number of packets buffered in the ONUSs and reported by
the ONU request messages. The DBA algorithms based on dynamic timeslot allocation
operate at the medium access control (MAC) layer and so cannot achieve the same level of
PON flexibility and reconfigurability possible by physical layer reconfigurability. It is
important to highlight that the recent NG-PON2 ITU-T standard is essentially targeted at
providing higher PON aggregate capacity (40Gb/s or more) and is still effectively a static
architecture, thus NG-PON2 cannot solve the abovementioned challenges.

The flexible, adaptive and elastic PONSs are therefore highly suitable for application in both
MFH/MBH networks and fixed optical access networks, consequently it can be highly
beneficial if the flexible PON simultaneously supports both mobile and optical access
networks, thus forming a converged fixed-mobile network to replace the traditional
independently developed and deployed networks. The seamless convergence of fixed optical
access and mobile data networks in a single PON allows network resources to be shared
between the fixed access and mobile data traffic thus increasing network flexibility and
allowing for more efficient use of network resources, which reduces the overall cost of
network ownership. The benefit of a converged network is clear if the end users’ usage
patterns are considered. In general, users typically connect to the internet either via fixed
optical access or mobile connections at certain times of the day, thus network resources can
be switched between fixed optical access and mobile data connections to match the usage
patterns of the end users. SDN control can be fully exploited to effectively manage the
allocation of PON resources between the fixed access and mobile data connections and
furthermore, such SDN-based network operations will also allow network operators to
change their business model from fixed bandwidth provision, to a more on-demand real-time

bandwidth provision-based model with on-demand “pay as you grow” services.
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A significantly increased level of flexibility in the PON-based converged optical network
can be achieved if multiple PONs are interconnected via reconfigurable switching elements
which can dynamically distribute the total network capacity between the PONs and the
operator’s central office, thus providing inter-PON bandwidth allocation for greatly
enhanced network flexibility and efficiency. The switching elements could also provide
flexible interconnections between the PONSs for highly flexible network deployment. Being
one of the most important network switching devices offering connectivity between an large
number of individual optical networks, reconfigurable optical add/drop multiplexers
(ROADMs) with advanced configurations and flexible functionalities are thus expected to
play a vital role in ensuring the achievement of the aforementioned highly flexible converged
networks [22, 23] , however ROADMs with low implementation and operational costs are

critical for the cost sensitive converged network scenario.

METRO and CORE
NETWORK

Fronthaul
Vla PON

Served by BBU
fronthaul via CAN

TL

Fig. 1.3 Cloud Access Network (CAN) Architecture

Fig. 1.3 shows an example converged network consisting of a ring of ROADMs which
connect to various network end points via flexible PONs and PTP links. This newly proposed
network has been termed a cloud access network (CAN) [24] as it offers a highly

configurable network architecture, enabling dynamic and flexible connectivity between the
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connected network devices. The CAN thus flexibly connects multiple end-points to an
optical line terminal (OLT) in the operator’s central office (CO), where the connectivity to
the core network is provisioned. The dynamically reconfigurable data connections within
the CAN thus support connectivity to optical network units (ONUSs) for fixed access data
links, BBUs for backhaul links and RRHSs for fronthaul links. The CAN also supports direct
connectivity between end-points within the CAN, thus completely bypassing the OLT. For
example, fronthaul links can be established between BBUs and RRHs at different locations
in the CAN and dedicated fixed data links can be established between two end users

connected to the CAN, such as a private network between two different offices of a business.

Considering the commercially available ROADMs widely deployed today, they typically
employ expensive wavelength selective switches (WSSs), with the required number of
WSSs depending on the degree of the ROADM. Furthermore, complex architectures are
necessary to avoid any restrictions on wavelength/direction assignments and to prevent
wavelength-contention conflicts [25]. The latest generation of ROADMSs [25, 26] are also
developed to possess advanced features including colourlessness, directionlessness,
contentionlessness and gridlessness [27, 28]. All of the ROADM technologies however
employ hard-wired switching elements [29] operating at the wavelength level only, as they
are target long-haul optical metro and core networks. These ROADM’s are therefore not
suited to application in CANs as they do not support channel switching at subwavelength or
sub-band levels and have prohibitively high deployment and operational costs. The
ROADMs for application in CANs must therefore achieve switching at subwavelength and
sub-band levels, with low end-to-end latency in a cost-effective manner. Conventional
subwavelength switching involves O-E-O conversions and complex electrical domain
processing, resulting in high latency, high-power and large footprint devices, making them
unsuitable for application in CANs. Therefore, O-E-O free, SDN-controllable, highly
versatile “soft-ROADMSs” are essential for the realisation of CANs [27, 28].

The CAN-enabled converged fixed-mobile networks suffer from the high cost sensitivity
associated with aggregation networks, therefore, it is necessary to use low complexity and
low-cost network elements. One attractive approach is to use digital signal processing (DSP)
to implement advanced modulation formats and advanced networking features, whilst using
low-cost, low complexity IMDD-based optical transceiver front-ends. As DSP-based
transceivers require DACs and ADCs it is beneficial if low resolution converters are used to
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minimise cost. The IMDD optical transmission together with the non-ideal characteristics of
the low-cost hardware will induce signal impairments which can considerably degrade
transmission performance and also introduce significant cross channel interference in multi-
channel application scenarios. Thus, modulation formats are required that are tolerant to, or
can adapt to, the transmission impairments and furthermore, an effective interference
cancellation scheme is required to maintain the relaxed component requirements and avoid
the need for a less efficient network architecture with low cross channel interference, e.g. by
avoiding spectrum sharing orthogonal channels and introducing large frequency guard

bands.

To realise the aforementioned CANSs, optical transceiver-embedded DSP has been utilised
to implement a digital orthogonal filter-based multiplexing technique, to achieve
multiplexed, independent optical channels at the wavelength, sub-wavelength and
orthogonal sub-band levels [30, 31] , thus enabling CAN networks with the following salient

features:

o Seamless convergence of fixed optical access networks, Metro-networks and 4G/5G
fronthaul and backhaul networks.

o Provision of a sliceable and dynamically reconfigurable network which can
efficiently support virtualised networks at multiple sub-wavelength connectivity
levels with elastic bandwidth provision.

o Full support of SDN for efficient control and management of the network
configuration, with control extended to the physical layer.

o Support of DSP-based advanced modulation formats to achieve spectrally efficient
high-speed interconnections.

o Channel transparency to underlying signal characteristics, such as bandwidth and
modulation format.

o Excellent backwards compatibility with existing optical transmission technologies as
the baseband region in the optical domain can be allocated to existing TDM-based
optical signals.

o Dynamically reconfigurable and highly flexible network elements.

o Exploitation of existing passive optical network (PON) infrastructures by the use of

advanced multiple access techniques.
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o By completely eliminating O/E and E/O conversions within the network switching
elements, the network’s latency and power consumption efficiency are drastically
improved.

o Enhanced physical layer data security as the full details of the channel multiplexing
parameters are required to perform data recovery.

o Aninherent “pay as you grow” network operation model, as the growing demand for
aggregate capacity can be met by adding additional channels to the network as
required.

To meet the challenges associated with the practical implementation of CANs this
dissertation research experimentally demonstrates and thus technically verifies various
critical CAN technologies. The verified CAN technologies are i) a newly proposed cross-
channel interference cancellation (CCIC) technique to mitigate physical channel frequency
response induced interference between orthogonal channels sharing the same spectral region,
an offline CCIC technique is validated in a digital orthogonal filter (DOF) multiplexed two
channel, PTP, IMDD, SMF-based link of various lengths and is shown to achieve significant
improvements in various transmission parameters including as bit error rate (BER), capacity
and power budget, demonstrating its great potential for improving the performance of CANS,
i) for the first time a fully real-time DSP-based digital filter multiple access (DFMA) PON
is demonstrated which employs transceiver embeddedDOF-based multiplexing to
dynamically share the PON capacity, 4 channels are successfully multiplexed in a two ONU
DFMA PON, the OLT also incorporates a fully real-time low complexity CCIC function
which is shown to drastically improve the transmission performance and robustness of all
DFMA PON channels, iii) a soft-ROADM is demonstrated for the first time in a fully real-
time 4 channel DFMA system, the soft-ROADM successfully adds various combinations of
channels and drops any of the 4 channels from an aggregated signal with low power penalties
and high robustness to variations in operating conditions and parameters. Overall, the
research work technically validates various fundamental CAN techniques, demonstrating
that CANSs can be practically realised.

Major Achievements of the Dissertation Research

To tackle the aforementioned future network challenges the CAN has thus been proposed as
a cost-effective solution, this dissertation research work has therefore been undertaken to
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technically verify key CAN technologies to confirm the technical feasibility of the CAN
concept. Experimental and/or numerical investigations of DSP-based fundamental CAN
technologies are undertaken in terms of networks architectures, devices and functional
elements, required to enable the SDN-controlled, reconfigurable, flexible and dynamically

adaptive CANs. The major achievements of the research work are summarized as follows:

Experimental demonstration of a DSP-based cross-channel interference cancellation
technique for application in digital filter multiple access PONs [32]

Practical optical transmission links employing IMDD and electrical/optical components with
non-ideal characteristics, as used in cost sensitive CANSs, will consequently suffer from a
non-flat physical channel frequency response which typically has increasing attenuation with
frequency. This effect can lead to severe cross channel interface (CCI) in the DOF
multiplexed channels of the DFMA PON and CAN, the interference being the most severe
between orthogonal spectrum sharing channels and so can drastically reduce the
performance of the orthogonal channels. To address this problem and achieve channels with
high transmission performance, for the first time, a cross-channel interference cancellation
(CCIC) technique has been proposed, experimentally demonstrated and verified in a two-
channel point-to-point (PTP) optical link, employing DOF-based channel multiplexing. The
proposed DSP-based CCIC technique has a number of salient features, including, no
dependency on the underlying signal modulation formats, fast convergence as only one
iteration is sufficient, system performance is not dependent on initial system conditions and
it requires low DSP complexity compared to other techniques such as successive interference

cancellation (SIC).

The OLT-embedded CCIC function was experimentally demonstrated using a real-time
transmitter (ONU) and offline processing-based receiver (OLT), in a PTP IMDD-based
SMF-link of various lengths. OFDM modulated signals were employed in each channel. The
offline receiver consisted of a real-time oscilloscope running MatLab-based code for the
CCIC algorithm and OFDM signal detection. The CCIC technique achieved considerable
improvement in network operation performance by mitigating the CCI effect under various
system conditions. The CCIC technique was shown to improve the DOF-based optical
transmission performance as follows; i) significant reduction in individual OFDM subcarrier
BERs, ii) a substantial increase in transmission capacity which is independent to the fibre

length and iii) considerable increase in the optical power budget in comparison with the case
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of CCIC disable. This work thus shows that a low-cost DSP technique can be employedto
overcome the non-ideal physical channel frequency responses-induced impairments
associated with practical low-cost optical links and achieve high performance optical links
application in CANs and DFMA PON:Ss..

Experimental Demonstration of a Real-Time Digital Filter Multiple Access PON with
Low Complexity DSP-Based Interference Cancellation [33]

As IMDD DFMA PONs are essential elements for realising reconfigurable CANSs, the
operation of the proposed DFMA PON and the associated DOF-based multiplexing
technique must be practically verified, thus it is essential to experimentally demonstrate a
fully operational multi-ONU and multi-channel DFMA PON exclusively employing real-
time DSP Therefore, for the first time, a DFMA PON is experimentally demonstrated
incorporating two real-time ONUSs and a real-time OLT, with four independent channels. To
combat physical channel frequency response-induced CCI, the offline verified, low
complexity DSP-based CCIC function is incorporated in the real-time OLT receiver. The
fully real-time DFMA-PON implementation, is dynamically reconfigurable in terms of

channel spectral locations and signal modulation parameters.

The performance of the real-time DSP-based-low complexity CCIC function embedded in
the OLT receiver is fully explored and optimised experimentally, it is shown to considerably
improve the 26km SMF, IMDD-based, DFMA PON performance and robustness in terms
of significant reductions in individual subcarrier BERs and total channel BERSs, resulting in
a significant increase in the capacity of each channel when CCIC is enabled. It is also clearly
shown that the CCIC function reduces sensitivity to ONU synchronisation as the inter-ONU
sample timing offset (STO) range is considerably increased. The real-time implementation
also fully validates the abovementioned offline CCIC performance. The optimization of the
CCIC function’s filter, in terms of tap count and the DFMA PONs performance is explored
to identify the optimum trade-off. In addition to full optimisation of the digital filter-based
CCIC function’s complexity a comprehensive analysis is undertaken of the DSP complexity
of the associated shaping and matching DFMA filters and the CCIC filters for varying
DFMA PON channel counts. It was shown that as the number of channels employed in the
DFMA PON increases, the complexity of the shaping and matching filters does not change.
Whereas, the complexity for the CCIC filter decreases to a fixed value of only 10 scalar

multipliers per parallel signal sample.
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Real-time experimental demonstration of DSP-enabled soft-ROADMSs with multi-level

flexible add/drop functions for cloud access networks [34][35] .

As low-cost channel switching elements are essential for realising reconfigurable CANs
[36], soft-ROADMSs have been proposed and their performance has been comprehensively
investigated using numerical simulations [37, 38], 38]and its drop operation has also been
experimentally demonstrated using an off-line DSP receiver [39], however to
comprehensively and technically verify the practical operation and robustness of the soft-
ROADMs, experimental demonstrations with multiple channels generated exclusively with
real-time DSP are essential. Therefore, in this dissertation research, for the first time, a fully
real-time soft-ROADM has been demonstrated in a 4 channel DOF-multiplexed system,
employing commercially-available low-cost electrical/optical components. Drop elements
are based on drop RF signal-driven intensity modulators and add elements are based on
passive optical couplers (OC). The soft-ROADM implementation is free from both optical
filters and O-E-O conversions and is inherently transparent to major network design
characteristics. A fully real-time soft-ROADM was used to dynamically add/drop individual
channels from a four channel, IMDD-based optical network, enabled by digital orthogonal

filters embedded in real-time DSP-based transceivers.

The demonstration achieved highly flexible dynamic channel switching operations at sub-
wavelength and sub-band levels in the physical layer. Extensive experimental work was also
undertaken, to explore the performance robustness of the soft-ROADM add/drop operation
characteristics against operating condition variations associated with practical networks. The
soft-ROADM successfully demonstrated excellent performance and robustness as it was
shown that relatively low power penalties are introduced for both add and drop operations
and it was demonstrated that the soft-ROADM add operation achieves a high tolerance to
differential optical input power for various add operation combinations. Furthermore, the
soft-ROADM drop operation showed excellent robustness to variations in the drop RF signal
characteristics. This work is a significant milestone, as it verifies the technical feasibility of
employing the soft-ROADM to create a programmable networking environment capable of

addressing elastic 5G slicing and the supporting the SDN paradigm.
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1.3 Thesis Structure

This thesis consists of eight chapters. This chapter presents an introduction to the challenges
facing optical networks required to support future fixed access networks and future mobile
networks such as 5G, the chapter discusses the main requirements for next generation optical
networks required to effectively support the various new emerging services and to meet the
rapidly growing end-user demands. Also presented is an overview of the motivation for
adopting CANs and the associated network architectures, elements and DSP functions,
including DFMA PONs, soft-ROADMs and the CCIC technique. Also, the significance of

the research work with regard to supporting 5G requirements is discussed.

Chapter 2 presents PON and MBH/MFH technologies in two subsections, in the first part of
the chapter, an overview of the basic operating principle of the PON is introduced. Then an
introduction is presented, to the current and the proposed multiplexing and multiple access
technologies used in passive optical network (PON) systems, with the pros and the cons for
each discussed. Details of the current PON and the next generation PON (NGPON) standards
are also presented. The second part of chapter 2 discusses fixed optical networks for mobile
systems. A brief introduction to the evolution of the radio access network and its main
elements and architecture are presented. The main advantages and disadvantages of
employing the emerging C-RAN architecture based on point-to-point and various PON
architectures are also discussed. The evolution of MBH and MFH technologies are
discussed, with focus on the adopted interface protocols and physical transport standards
adopted in current networks. In addition, and most importantly, next generation MFH/MBH
and emerging midhaul technologies under consideration for supporting 5G are presented.
The great challenges for these next generation technologies to meet the ambitious 5G
requirements are outlined. Finally, the application of the CAN for next generation
MFH/MBH/midhaul is discussed and the associated salient advantages are clearly
highlighted.

In chapter 3, the CAN concept is presented in detail. In the first part of the chapter, an
introduction to the need for the CANs to support the flexible, converged fixed-mobile
networks is presented. The main network elements of a CAN are briefly discussed along
with how these network elements are used to build a CAN. The challenges and the
requirements of future PONs are also explained. For the next generation PONs, the
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importance of the reconfigurable optical transceivers to achieve a flexible network
architecture to support 5G requirements is discussed in detail. The DOF multiplexing
principle, which is fundamental to CAN operation, is also explained. Subsequently, the
operating principle of the DOF-based DFMA PON is explained. In the third section of
chapter 3, an overview of the evolution of network switching technologies is presented,
including a brief introduction to the legacy OEO-based add drop multiplexers (ADM) and
their limitations are considered. A detailed explanation of optical ADMs (OADMS) and their
associated main architectures is also included, followed by a detailed discussion of
reconfigurable OADMSs (ROADMs) as they are key network elements providing full optical
wavelength switching in combination with WDM technology. The two common types of
ROADM architectures are explained in detail, as well as how more advanced ROADM
features can be achieved. Finally, the motivation for the need of the soft-ROADM in CAN
applications is discussed. The top-level architecture of the soft-ROADM is explained in

detail, along with a detailed theory of operation of the associated add/drop elements.

In chapter 4, firstly an overview of the multiple access interference (MAI) problem in a
shared transmission medium is presented, with an explanation of its effects in a
communication system employing orthogonal channels. Then, complementary to the
detailed explanation in chapter 3 of the orthogonal channel multiplexing principle, the
associated cross-channel interference mechanism, due to a non-ideal physical channel
frequency responses, is explained in depth. In addition, detailed explanations of some
currently adopted techniques in the post interference cancellation category, are presented.
Finally, the mathematical theory and a detailed explanation of the adopted CCIC technique
for application in DFMA-based PONs and CANS is presented.

In chapter 5, the proposed CCIC technique is experimentally demonstrated using a field
programmable gate array (FPGA)-based real-time transmitter (see Appendix A) and a digital
storage oscilloscope (DSO), running MatLab, as an offline receiver. The employed
experimental system is a two-channel PTP, IMDD, SMF-link of various lengths.
Experimental investigations are undertaken to verify the basic operation of the technique and
also evaluate the resulting improvements in subcarrier and channel BERs, capacity and
power budget. The measured channel frequency response of the PTP, IMDD, optical link
shows a significant roll-off of 10.5dB, this high roll-off value having a direct impact on
channel orthogonality and the resulting CClI severely limits system performance. The offline
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CCIC technigue achieves significant improvements in the DOF-based transmission link
performance. The measured BERs of each individual OFDM subcarrier, over a 26 km SSMF
link at a received optical power (ROP) of —14dBm, show that the total average BER of the
last 10 subcarriers in the 1 (Q) channel are as low as 1.0x10#(6x107°)() with CCIC enabled,
compared to achieving only 3 (0) operational subcarriers in the I (Q) channel with CCIC
disabled. The experiment shows that only one CCIC iteration is enough to effectively
minimize the roll-off effect and that it can reduce the BER of individual subcarriers by more
than 1000 times. The second investigation in the CCIC PTP offline demonstration examines
the impact of the adopted technique on the maximum signal transmission capacity for
various fibre lengths of 10, 26 and 36 km for the cases of CCIC enabled and disabled at an
ROP of —16.6dBm. The experimental demonstration shows that I (Q) channels can only
support 0.2 (0) Gb/s respectively for a fibre length of 10km SMF in case of the CCIC
disabled. Whilst, with CCIC enabled, it is shown that the net signal transmission capacity is
drastically increased to 1 (0.9) Gb/s for I (Q) channels respectively. In addition, the total
signal capacity increase due to CCIC, over a 36km SMF, is from 0.1Gb/s to 1.9Gb/s, to
achieve a 19 times improvement. The last part of chapter 5 investigates the CCIC-induced
power budget improvements. The adopted measurements show that the CCIC can give ~3.5
dB power budget improvement for both I and Q channels under the condition of using a

fixed aggregated signal transmission capacity of 1.2Gb/s at 36km SMF.

Chapter 6 presents the first experimental demonstration of a real-time 4-channel, DFMA-
PON incorporating the demonstration of a real-time DSP-based, OLT-embedded CCIC
function. The number of taps in the CCIC filter are designed to be dynamically adjusted to
explore the trade-off between CCIC filter complexity and system performance, thus the
optimum CCIC filter tap count is determined. The obtained results verified the effectiveness
of the CCIC technique in a fully real-time system, as it achieves significant improvements
in transmission performance and robustness of the IMDD DFMA PON as follows: The first
part of the result verifies the operation of the real-time CCIC function in a PTP link, where
the number of the operational subcarriers is 11 and 14 out of 15 for the baseband (BB) and
passband (PB) sub-wavelength bands, respectively. With CCIC enabled, total BER
performance can reach below the FEC limit at a specific ROP, whereas with CCIC disabled,
the system cannot achieve the required BER below the FEC limit at any ROP. It is
determined that the optimum tap count for the CCIC filter is 42 taps, as it provides a good
trade-off between the CCIC filter complexity and the channel performances. This tap count
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thus being adopted for all subsequent measurements. The second part of the results validates
the CCIC technique for the case of a two ONU DFMA PON. For the PON case, the real-
time CCIC technique also gives significant improvements in the BER of individual
subcarriers, by approximately as much as 100-300 times. The results also show that the total
channel capacity is significant increased, by a factor of the order of >12 times. In addition,
for the DFMA PON, real-time exploration of total channel BER versus ROP was undertaken
for the PB channels each with 13 subcarriers enabled. With CCIC enabled, the total BER
performance could reach acceptable levels, below the adopted FEC limit, whilst with CCIC
off, neither of the PB channels can achieve total BERs below the FEC limit at any ROP

level.

Furthermore, the measurement of the inter-ONU STO tolerance is explored to evaluate the
impact of timing synchronization between ONUs occupying the same signal spectral region.
The adopted ROP is -9 dBm and only the 6 highest frequency subcarriers are employed. The
results show the BB in-phase channel exhibits an increase of approximately 5 times in the
inter-STO timing range from 0.04ns for CCIC off to 0.2ns for CCIC on. Whereas the BB
quadrature channel exhibits an increase of approximately 15 times in the inter-STO timing
range from ~0.01ns for CCIC off to 0.15ns for CCIC on. In addition, the transparency of the
CCIC function to the interfering channel’s modulation format is also examined, it is shown
that the CCIC operation has no dependency on the modulation format, as there is negligible
change in the observed subcarrier BERs when applying either 16QAM or 32QAM
modulation formats on the interfering orthogonal channel’s subcarriers. The final part of the
chapter mathematically examines the DSP complexity of the required CCIC, shaping and
matching filters in terms of the required digital multipliers. It is shown, crucially, that the
complexity of the shaping and matching does not scale with the implemented channel count.
Furthermore, for the implemented CCIC filter, the results show a 73% reduction in optimised
filter complexity in comparison to the non-optimised full-length CCIC filter. The complexity
of the CCIC filter for varying channel counts is also investigated, it is shown that, if the
number of employed channels is > 4, the CCIC filter only needs to process ~10 interference-
inducing samples per wanted signal sample, resulting in only ~10 multipliers per parallel

filter in the CCIC filter, thus achieving an ultra-low complexity implementation.

Chapter 7 presents the experimental demonstration of a soft-ROADM using real-time DSP-

based transceivers for signal generation and detection. A 4-channel, DFMA system based on
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two independent ONUSs, a passive OC -based add element and an intensity modulator-based
drop element are employed to implement a cost effective soft-ROADM which is free from
both optical filters and O-E-O conversions. Real-time experimental investigations are
undertaken to evaluate the add/drop operations’ characteristics and exploration their
performance robustness to real-time operating condition variations. The obtained results
verify the technical feasibility of the soft-ROADM for CAN application, as follows: The
first part of the results assesses the soft-ROADM add operation by measuring BER curves
for various channel add combinations. The results showed the soft-ROADM add operation
induces a considerably low power penalty at a FEC limit of 1.0x103 of < 1dB for sub-
wavelength add and < 1.4dB for sub-band add operations. While there is less than 2dB power
penalty for the drop operation case at a FEC limit of 1.0x1073,

The second part of the experimental investigation evaluates the soft-ROADM add operation
performance robustness to differential optical input power variation. The results verify the
soft-ROADM add operations can tolerate a large differential optical power range of 6dB and
1.5dB for sub-wavelength add and sub-band add respectively, where the ROP is -10dBm at
a FEC limit of 1.0x103, The last part of the experimental investigation evaluates the soft-
ROADM drop operation tolerance to variations in the drop RF signal characteristics. The
results measure the BER variation whilst varying the drop RF signal amplitude and phase
for both PB sub-band channels. The results showed that the drop operation can tolerate an
amplitude (phase) variation of 1.4Vpp (16°) of the drop RF signal as it varied about the
optimum value of ~3Vpp (0°) at a FEC limit 1.0x107,

A conclusion of the whole thesis and areas of future research work are presented in chapter
8 and finally an appendix provides details of the employed DSP design environment and the
FPGA-based DSP logic designs.
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2.1 Introduction

This chapter provides an introduction to the essential aspects of the current multiplexing
technologies used in PON systems and the details of current and future PON standards are
presented, in addition an overview is given, of fixed optical networks employed in the
evolution of the mobile radio access network.

It is worth noting that although optical fibre based access networks are the most popular type
of deployed access network today, other technologies are used for fixed access where fibre
deployment is challenging or prohibitively expensive, such as WiMAX which is based on
wireless RF links. Also other new access technologies are being researched such as optical

wireless communications (OWC) which uses free space optical (FSO) links.

2.2 PON Technologies for Fixed Data Networks
2.2.1 PON Concept and Categories

Using optical fiber instead of twisted pair copper cable as a transmission media in the access
network is considered an essential solution to meet the requirements of long distance reach
and high data rate [1]. Fiber access networks are generally referred to as Fiber-to-the-
Home/Building/Curb/Neighbourhood (FTTH/B/C/N), etc., depending on the fiber
termination point, a universal term for these networks is FTTx. FTTH strictly refers to the
case where the fiber goes all the way to the end users’ premises. FTTH can be classified as
PTP or PTMP. A PTP network architecture provides individual fiber links from the central
office (CO) to the end users and is therefore the most expensive architecture due to the high
cost of optical fiber installation. Alternately, to serve a large number of subscribers using a
single fiber link, the PON with multiple access functionality leverages PTMP networks to
reduce the total fiber deployed in the field [2]. In the PON, no active power components are
employed in the path between the source and destination. Typical PONSs, as shown in Fig.
2.1, consist of several main parts: an (OLT at the service provider’s CO, a number of ONUs
near or at the end users’ premises and a passive optical splitter/combiner located at a remote
node (RN) near to ONUSs. The optical distribution network (ODN) refers to the passive
network portion between the OLT and the ONUs. The ODN consists of a feeder fiber
between the OLT and RN and distribution fibers between the RN and ONUSs.
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Fig. 2.1 Typical PON architecture

The PON architecture generally supports in the region of 16 to 32 ONUs with a covered
transmission distance of typically 10 to 60 kilometres [2]. The CO contains multiple OLTs,
which connect to the backbone network as shown in Fig. 2.1, each OLT connects with its
own ONUs through the ODN wusing its own dedicated PON. For bidirectional
communication, two-separate fibers, or one fiber with two different wavelengths, is used to
support both the upstream direction (from ONUs to OLT) and the downstream direction
(from OLT to ONUSs). An active optical network (AON) employs an active network node at
the RN, however, the PON out performs the AON as follow:

1. The employment of widespread passive optical devices instead of active
optoelectronic and electronic devices located at the RN, results in lower capital
expenditure costs and significantly reduced maintenance costs.

2. The power splitter/combiner can be easily located anywhere along the fibre link as
to provide great flexibility in the network topology.

3. There is no power source required at the RN, which is beneficial for both operator

energy saving and global energy saving.

A key draw back of the PON, in comparison to the AON, is a reduced transmission reach
due to the inherent power loss of the passive splitter at the RN, however despite this, PON
deployment is highly prevalent due to the aforementioned advantages. Traditional PON
multiplexing techniques include: time division multiplexing-PON (TDM-PON), wavelength
division multiplexing-PON (WDM-PON). In addition, optical OFDMA-PON (OOFDMA-
PON) and Code-Division Multiple Access-PON (CDMA-PON) havealso been widely
researched as a future PON candidate technology.
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2211 TDM-PON

TDM PONs use different time slots to multiplex/demultiplex individual ONU channels
to/from the aggregated PON signal, as shown in Fig. 2.2. Thus, in TDM, multiple users
access and share the available bandwidth in the time domain. To share a common optical
fiber the upstream (downstream) traffic is carried on a dedicated wavelength of 1310 nm
(1490 nm), for example. For downstream traffic, the OLT continuously broadcasts timeslots
to all ONUSs, and each ONU selects the timeslots allocated to it and discards the timeslots
allocated to other ONUs. For the upstream direction, as there is a common fibre and a shared
optical receiver, the synchronisation of transmissions from the ONUs is critical to avoid
contention between ONUSs, Therefore, a TDMA scheme such as Ethernet PON (EPON) or
Gigabit PON (GPON) is adopted. The OLT performs the scheduling of the connected ONUs
to ensure they transmit their own data in the allocated timeslots only. Furthermore, an
ONU’s transmission time should be adjusted to take into account of the varying ONU
transmission delays in the upstream direction [3], the OLT thus adopts a ranging process to
synchronise the timings between the ONUs and the OLT, this is typically based on the timed
ONU responses to OLT-range requests. The OLT then instructs the ONUSs to adjust their
timing to allow them to send their data at exactly the right moment to avoid collision between
timeslots at the OLT. The TDMA schemes commonly adopt equal timeslot assignment
amongst users for fixed bandwidth allocation, although adaptive algorithms have been
adopted, such as Interleaved Polling with Adaptive Cycle Time (IPACT) [4],for more
efficient timeslot assignment and thus allowing dynamic bandwidth allocation. The
modulation format that has been adopted in all standardised TDM access network

architectures is Non-Return-to-Zero (NRZ).

The first TDM PONSs standardised 1:16 or 1:32 as the typical maximum splitting ratio. A
higher splitting ratio would let a higher number of ONUs share the OLT bandwidth,
however, as the splitting ratio increases, the optical transceiver requirements also increase,
such as the need for high transmitter optical power and/or higher receiver sensitivity as the
higher loss associated with a higher splitting ratio directly affects the system power budget.

Various TDM PON standards are discussed in detail in section 2.2.2.1.
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Fig. 2.2 A typical structure of a TDM-PON

2.2.1.2 WDM-PON

WDM is a multiplexing technique which can also be used to share a common optical fibre
between multiple ONUs in a PON. In a WDM-PON, a pair of dedicated wavelengths are
assigned to carry transmitted data to/from a particular ONU, one wavelength provides the
upstream transmission and the other wavelength the downstream transmission. Thus in each
direction an ONU as can utilise the full bandwidth provisioned by the dedicated

wavelength[5].

ONU

o |[T*/Rx|

Al — .

A2 —»

A3— RS A2—> [ONU

Ad <— A5 < |[TX/Rx|
<C

AS5 -

ABG «+— =

Remote

node ‘{6\ \
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Fig. 2.3 A Typical WDM-PON architecture

Instead of using an optical power splitter, as ina TDM-PON, an AWG operates as the passive
WDM routing component to multiplex/demultiplex different ONU transmissions at the
remote node, as shown in Fig. 2.3. In the upstream direction, an individual wavelength is
dedicated to each ONU to carry its own signal, and the AWG at the remote node, is used to
combine different ONUs’ signals on to the common feeder fiber link. Another AWG located
in the OLT is used to demultiplex the received WDM signals and multiple photodetectors
are used to detect the different wavelength signals. In the downstream direction, a mixed
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wavelength laser array or a Multi-Frequency Laser (MFL) is used to generate the
downstream optical signals, which are individually modulated before being multiplexed via
the AWG in the OLT to form the downstream WDM signal. The generated downstream
WDM signal is separated into individual wavelengths by the AWG in the RN, and the
individual wavelengths are routed via the distribution fibres to the various ONUs. WDM-
PONSs have the key advantages of providing, i) high bandwidth per ONU as the capacity of
a single wavelength is not shared by multiple users, ii) increased reach due to lower losses
of the AWG compared to a passive splitter, iii) transparency to underlying signal modulation
formats and iv) can be easily overlaid onto a legacy PON infrastructure. However, in
comparison to the TDM PON, it requires dedicated optical hardware for each user at the
OLT and tuneable laser sources are required to achieve colourless transceivers, these factors
result in high deployment costs, which has restricted the widespread deployment of WDM-
PONs [6].

2.2.1.3 TWDM-PONs

To alleviate the disadvantages of WDM PONSs, a new technique has been proposed which
combines the both TDM and WDM technology and uses them in a single network called a
hybrid TDM/WDM-PON (TWDM-PON)[7], this PON architecture has been adopted for the
ITU-T NG-PON2 standard, as described in section 2.2.2.3. The architecture of a typical
TWDM-PON is shown in Fig. 2.4.

TWDM-PONSs help to increase ONU count, transmission distance, system scalability and
capacity[8]. TWDM consists of multiple wavelengths assigned in the up/down stream
directions for communications between an OLT and a number of ONUSs to serve multiple
users in a single PON by using the TDM technique, thus multiple TDM PONs are combined
together using WDM to form TWDM. The TWDM-PON possesses a number of advantages
from both WDM and TDM such as the ability to increase total PON capacity and to keep
costs down by still sharing wavelengths between users. In addition, with the increased
number of customers and transmission distance enabled by the TWDM PON, the number of

COs can also be reduced leading to considerable power and maintenance cost savings.
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Fig. 2.4 A Typical TWDM-PON architecture [41]

2.2.1.4 OOFDM-PONSs

OFDM is a multi-carrier modulation, where each orthogonal subcarrier is modulated
independently. OFDM is employed in a variety of communication standards such as 802.11b
wireless Ethernet (Wi-Fi), digital video broadcast (DVB) and Worldwide Interoperability
for Microwave Access (WiMAX)[9]. The OFDM working principle relies on quadrature
amplitude modulation (QAM) modulation, where both the amplitude and phase of a
sinusoidal subcarrier are modulated in comparison to traditional amplitude only or phase
only modulation techniques, thus considerably increasing data rate and spectral efficiency.
QAM is represented by a constellation diagram with different symbols represented by
different points, typically arranged in a square grid with equal horizontal and vertical
spacing. A group of data bits are mapped into a single information symbol hence encoding
multiple bits simultaneously. Thus a QAM symbol can encode different numbers of bits to
create varying forms of constellation diagram. For example; each symbol in 16-QAM (32-
QAM) contain 4 (5) bits, in general 2N QAM will encode N bits at a time. Fig. 2.5 (a, b and
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c¢) shows examples of constellations for 16-QAM, 32-QAM and 64-QAM respectively.
Using higher QAM levels means more bits will be encoded in one QAM symbol, thus for a
fixed peak signal power, the constellation points get closer together so there is consequently
less resilience to noise and distortion. QAM modulation of a single carrier can be
implemented by amplitude and phase control of a single local oscillator, however OFDM
requires precise synchronisation of subcarrier frequencies so can only be implemented by a
DSP-based IFFT/FFT and DAC/ADC.

18QAM Constellation 32QAM Constellation 64QAM Constellation
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Fig. 2.5 Example constellation diagrams. a) 16-QAM, b) 32-QAM, c) 64-QAM

The optical OFDM (OOFDM) PON combines OFDM modulation together with TDM in a

PON architecture as shown in Fig. 2.6.
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Fig. 2.6 A typical structure of an OOFDM-PON system [42]

In an OOFDM PON [10] the overall bandwidth is divided into orthogonal subcarriers and
one or more subcarriers are allocated to each ONU, this bandwidth can be further shared
among different applications/users via different time slots. In the OOFDM PON, the traffic
is carried in the OFDM frames, where one frame contains all subcarriers and multiple
timeslots, it should be noted that OOFDM PONs have not been standardised, so there is not
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a standardised framing structure. However, a suitably designed framing structure can be used
to allocate varying capacity to different ONUs in terms of both subcarrier and timeslot
allocation. In the OOFDM transceivers, use can be made of low-cost optical devices for 1M,
such as directly modulated lasers (DMLSs), to generate the optical OFDM signals [11] for
transmission over the fibre, andDD via PIN detectors can be used for signal recovery, thus
low-cost IM-DD links can be exploited. It is important to mention that OFDM s of great
interest, due to its high spectral efficiency which can increase the capacity of a single
wavelength in a highly cost effective way. Currently, the performance of OOFDM PONSs is
mainly limited by the bandwidth of the available DACs/ADCs [8-10]and the required system
power budgets. However, it should be noted that DAC/ADC technologies are developing
rapidly and sample rates are now starting to exceed 100GS/s [12,13].

For downstream traffic, according to the frequency/time domain scheduling process at the
OLT, the data for all ONUs will be encapsulated into the subcarriers and timeslots to create
the complete OFDM frame. The OFDM frames are broadcast to all ONUs via the passive
optical splitter at the remote node. When the frames reach the ONUs, each ONU recovers
the OFDM frame and picks out its own data from its allocated subcarriers and timeslots[14].
For the upstream traffic, within its allocated timeslots, each ONU maps data to one or more
subcarriers and the remaining subcarriers are set to zero. After the OC, one single OFDM
frame will be generated that contains a combination of optical OFDM subcarriers and
timeslots from multiple ONUSs. In the OLT receiver a single photo-detector is then used to
detect the optical OFDM signal. To maintain subcarrier orthogonality and symbol alignment
at the OLT, stringent synchronization of the OFDM signals generated at the ONUs is needed,
which is fully controlled by the OLT in order to minimise interference between ONUSs in the
upstream direction[15]. Furthermore, as in the TDMA PON, upstream timeslots must also
be synchronised to avoid data collisions at the OLT. It should also be noted that a slightly
different wavelength is required for each ONU to avoid the optical beat interference (OBI)
noise effect [10,11], in practice wavelength control can be achieved by laser thermal
detuning [17, 18] or alternative OBI mitigation methods [19,20] may be incorporated into
the OFDM transceivers. It is of course feasible to also combine OFDM modulation with a
WDM architecture which will produce a hybrid OOFDM-WDM PON. Therefore, OOFDM-
WDM allows for further increases in both signal transmission capacity and flexibility. For
example if one wavelength can support 25Gb/s using OFDM, 4 wavelengths would provide
a 100Gb/s PONJ[11].
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2.2.2 Current PON standards

In 1995, several of the global telecommunication operators and equipment vendors agreed
to form the full service access network (FSAN) group. One of the main goals of this group
IS to promote common PON standards to reduce the cost of the fiber-optic access
systems[21]. The International Telecommunication Union (ITU) is a European
standardisation body that has worked with FSAN to introduce PON standards[22, 23].

In 1998, the FSAN/ITU-T approved the Asynchronous Transfer Mode (ATM) PON (APON)
as the ITU-T G983 standard. Then in approximately 2001, a higher speed version of APON
was standardized, which was known as Broadband PON (BPON). Both APON and BPON
employ ATM cells for data framing and TDMA (TDM) for access in the upstream
(downstream) direction. 155Mb/s is the signal line rates in the upstream direction for both
APON and BPON with this same data rate in the APON downstream direction, while BPON
downstream direction achieves approximately 4 times higher speed to reach to 622Mb/s.
Both APON and BPON supports a maximum physical transmission distance of up 20km
[10-12]. APON and BPONSs are essentially now obsolete as they are not commonly used
nowadays and have been superseded by more advanced PON technologies, the following
discussion will therefore focus on the commercially deployed PON standards in use today.
The ITU-T standards, developed in collaboration with FSAN, include the GPON and X-
GPON standards. The IEEE has also developed the Ethernet-based PON standards of EPON
and 10G-EPON[24].

2221 ITU-T GPON and IEEE EPON

The ITU-T G.984 series is an evolution of the ITU-T G.983 BPON standard, and is called
Gigabit PON (GPON) due to supporting bit rates of ~1-2 Gb/s. GPON was selected in 2003
by many telecommunication operators to deliver the triple-play (video, voice, and data)
services [25]. In GPON, the transmission speed increases 4 times compared with BPON to
reach to 2.488 Gb/s downstream and 1.244 Gb/s or 2.488 Gb/s upstream [16]. GPON
supports a maximum physical transmission distance of up to 60km and split ratios up to
1:128. GPON also defines different sets of wavelengths used in the transmission depending
on whether single fiber or dual fiber is used in the ODN. An example wavelength plan is
1260-1360nm for upstream and 1480-1500nm for downstream in a single fiber, and the use
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of 1260-1360nm for both up and down stream used in dual fiber, with 1550nm reserved for

video broadcasting for both cases.

Approximately at the same time as GPON emerged, a new PON specification was adopted
by the Ethernet in the first mile (EFM) group and established as a standard by IEEE. This
new 802.3ah standard was ratified in June 2004 and called Ethernet PON (EPON)[24].
Ethernet is used for data networking due to high bandwidth, low cost, and ease of use and
installation, which made it a logical choice for adaptation into a PON standard. The EPON
architecture implements the transmission of data via the transport of Ethernet frames. The
EPON’s transmission speed is 1.25 Gbps for both upstream and downstream with a
transmission distance of up to 20 km and supports split ratios of up to 128. It uses the same
wavelength plan as GPON and can support a video broadcast in a similar manner. Data
transmission via Ethernet frames is gradually becoming more and more popular in
telecommunication networks and is penetrating further into the core network, mainly due to
the ease with which higher layer protocols can be encapsulated, thus EPONs are ideally
placed to enable the creation of end-to-end cohesive networks. EPON has become

particularly widely spread in East Asian countries, especially Japan and Korea[26].
2.2.2.2 ITU-T XG-PON and IEEE 10G-EPON (NG-PON1):

To meet the ever increasing demand of future high bandwidth applications and services such
as video on demand, voice over IP (VolP), video conferencing, online gaming and peer to
peer networking it was essential to develop new PON standards with increased performance.
Therefore 10G PON standards, supporting 10Gb/s transmission rates, were developed which
include ITU-T XG-PON and IEEE 10G-EPON[27]. These 10G PONs are commonly
referred to as the first next generation PONs (NG-PONL1). There are no significant changes
in both 10G-EPON and 10G-PON architectures compared with EPON and GPON
respectively, both new standards also support TDM/TDMA PON systems as in the GPON
and EPON architectures but operate at higher data-rates[28]. 10G-PON (ITU-T G.987) series
is an evolution of the ITU-T G.984 GPON standard, and is also called XG-PON. The XG-
PON standard was approved in 2010 and is an extension of current GPON. The customer
can be seamlessly upgraded from the current GPON to the new XG-PON on the same ODN
without affecting or disrupting the existing services for customers served by GPONJ[28].

ITU-T defines asymmetrical bit rates of 10Gb/s for downstream and 2.5Gb/s for upstream
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under the name of XG-PON, and symmetrical bit rates of 10Gb/s for both downstream and
upstream under the name of XGS-PON. For XG-PON, the set of wavelengths are 1260-
1280nm allocated for upstream and of 1575-1580nm specified for downstream with a
physical transmission distance of at least 20 km and a splitting ratio of at least 1:64 (scalable
to 1:256).

In the IEEE standards, as mentioned previously, the EPON’s bit rate with IEEE 802.3ah
standard reached up to approximately 1Gbps for both upstream and downstream directions.
Therefore, to increase the transmission capacity of EPONSs, the IEEE 802.3av standard,
known as 10G-EPON, was ratified in 2009. The 10G-EPON supports two configurations, in
the asymmetric configuration, the PON would operate at 10 Gbps in the downstream
direction and 1 Gbhps in the upstream direction. Whereas for symmetric configuration, the
transmission speed will reach up to 10 Gbps in both upstream and downstream directions.
10G-EPON adopts the same wavelength plan as used in 10G-PON. In the downstream
direction, the 1480-1500 nm band is specified for 1 Gbps transmission and the 1575-1580
nm band for 10 Gbps transmission. However, in the upstream direction side, 1 Gbps band
extends from 1260-1360 nm and 10 Gbps span from 1260 to 1280 nm band[29]. The
supported splitting ratios forLOG-EPON are 1:16 to 1:32, with up to 20km maximum reach.

2.2.2.3 NG-PON?2

Fig. 2.7 shows the evolution roadmap of PON technologies, showing it is essential to further
upgrade the PON networks in order to meet the rapidly growing bandwidth requirements for
ultra-high data speed transmission[30]. The FSAN groups and ITU- T defined the next-
generation PON stage 2 (NG-PON2) in 2011. In FSAN, from the network operators’
prospective, NG PONZ2 is required to be compatible with the previously deployed systems
i.e., G-PON and XG-PON without disrupting services for customers on the legacy PON
systems[31]. Time and wavelength-division multiplexed (TWDM) PON (4 wavelengths
with 10Gbps each) was the selected technology to implement the 40 Gb/s architecture
required by NG-PONZ2[32], this selection was essentially due to the maturity of the
technology. However, from an economic prospective, TWDM is not very cost effective, for
example, the provision of four tuneable lasers in the OLT and one in each ONU and the
corresponding tuneable optical filters to achieve 4x 10GPON (40 Gb/s), is currently an
expensive solution. Therefore, utilizing OOFDM technology when it is sufficiently mature,

could be a considerably more cost effective solution to achieve 40Gb/s or more on a single
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wavelength due to the utilization of low-cost mass produced electronics for implementing
the required DSP and avoiding the need for multiple tuneable lasers and optical filters, thus
OOFDM-PON:Ss are a potential candidate for future third generation PON (NG-PON3)[33].

In addition, the IEEE P802.3ca standard or so called 100G-EPON (25Gb/s per wavelength)
is currently under consideration by the IEEE P802.3ca 100G-EPON task force. The 100G-
EPON is based on 25Gh/s per channel providing 25, 50 and 100G PON. In 100G-EPON, the
taskforce also take into consideration the requirement to maintain coexistence with 10G

EPON, thus avoiding disruption of services for customers on the legacy PON systems[34].
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Fig. 2.7 NG-PON evolution roadmap from ITU-T [35]

2.3 Backhaul and Fronthaul for Mobile Networks

An overview of the evolution of the radio access network (RAN) architecture and the

associated fronthaul/backhaul network links are presented in this section.
2.3.1 Evolution of the Radio Access Network Architecture

In the traditional radio access network architecture (RAN), the radio unit (RU) and theBBU
are integrated into an all-in-one solution in the same physical unit, known as the base station
(BS), which is located at the cell site. The physical transmission lines in the RAN between

the BS and the mobile switching centre (MSC) in the core network