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Abstract 

To meet the stringent 5G network requirements, passive optical networks (PONs) are 

considered as one of the most promising strategies for seamlessly converging independently 

developed optical access/metro networks and mobile fronthauls (MFHs)/backhauls (MBHs). 

To enable PON-based converged 5G networks to offer various on-demand services, apart 

from the implementation of software defined networking (SDN), it is greatly advantageous 

if the PONs can provide sufficiently high flexibility, elasticity, reconfigurability and 

adaptability, as well as transparency to major network design characteristics. In addition, 

advanced reconfigurable optical add/drop multiplexers (ROADMs) are also envisaged to 

play a vital role in delivering dynamic and transparent connectivity between an expanded 

number of individual network nodes over various networks with diversified design/traffic 

characteristics. 

To address all the aforementioned challenges, in this thesis, four advanced techniques 

targeting the future converged 5G networks are proposed and explored, including: i) multiple 

channel interference cancellation of digital filter multiple access (DFMA) PONs based on 

intensity modulation and direct detection (IMDD), ii) hybrid orthogonal frequency division 

multiplexing (OFDM)-DFMA PONs, iii) hybrid discrete Fourier transform (DFT)-spread 

OFDM-DFMA PONs, and iv) digital signal processing (DSP)-enabled optical-electrical-

optical (O-E-O) conversion-free ROADMs without incorporating optical filters. 

The previously reported DFMA PONs utilise SDN controller-managed, DSP-based digital 

orthogonal filters to perform channel multiplexing/demultiplexing. For the cost-sensitive 5G 

application scenarios, the degradation of digital filtering-based channel orthogonality 

introduces significant cross-channel interferences. To effectively reduce the cross-channel 

interference effect, a DFMA channel interference cancellation (DCIC) technique is proposed 

and investigated, and a comprehensive DCIC theoretical model is developed. Through 

extensive numerical fitting with experimental measurements, the developed theoretical 

model is rigorously verified, and a set of accurate transceiver/system parameters are also 

identified. Detailed numerical simulations show that the DCIC technique increases the 

aggregated upstream signal transmission capacity by a factor of >2 and extends the 

differential optical network unit (ONU) launch power dynamic range by >14 dB. The 

aforementioned performance improvements are ONU-count independent and just require 
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one DSP iteration stage. Other salient DCIC advantages include low DSP complexity, 

negligible latency and excellent transparency to signal modulation format, signal bit rate and 

initial system operation conditions. 

In the IMDD DFMA PONs, the required parallel digital filters implemented in the optical 

line terminal (OLT) is proportional to ONU count, thus the corresponding DSP complexity 

increases with ONU count. To further improve the PON performance and simultaneously 

reduce its hardware/software complexity and installation/operation expenditure, a hybrid 

OFDM-DFMA PON is proposed and investigated, where multiple independent OFDM 

channels are multiplexed using ONU-embedded dynamically reconfigurable and adaptive 

digital filters, and simultaneously recovered in the OLT by a single fast Fourier transform 

(FFT) operation. The proposed hybrid OFDM-DFMA PONs have all the desired advantages 

of the DFMA PONs including: i) DSP-enabled dynamic network reconfigurability, 

flexibility and elasticity, ii) inherent transparency to signal modulation format, signal bit rate 

and network topologies, and iii) capability of SDN-based network abstraction and 

virtualization. An analytical theoretical hybrid OFDM-DFMA PON model is developed, 

based on which extensive numerical simulations of upstream performances are undertaken. 

It is shown that the proposed PON offers additional unique features including greatly relaxed 

digital filter DSP complexity and further improved performance flexibility and robustness. 

Moreover, numerical results also show that the hybrid PONs can increase the differential 

ONU launch power dynamic range by 16 dB compared to the DFMA PONs. 

To overcome high peak-to-average power ratios (PAPRs) of OFDM signals, an advanced 

variant of hybrid OFDM-DFMA PON, termed hybrid DFT-spread OFDM-DFMA PON, is 

proposed, which offers all the salient features associated with the hybrid OFDM-DFMA 

PONs. More importantly, it additionally reduces the upstream signal PAPRs by ≥2 dB. As a 

direct result, in comparison with the hybrid OFDM-DFMA PON, the hybrid DFT-spread 

OFDM-DFMA PON can increase the upstream system power budget by ≥3 dB and reduce 

the minimum required digital-to-analogue converter (DAC)/analogue-to-digital converter 

(ADC) quantization bits by at least 1 bit. 

To cost-effectively provide dynamic and flexible network connectivity with reduced latency, 

optical filter- and optical-electrical-optical (O-E-O)-free ROADMs with excellent 

flexibility, adaptability and transparency to physical-layer network characteristics are 

investigated, which perform DSP-enabled dynamic add/drop operations at wavelength, sub-
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wavelength and orthogonal sub-band levels. In IMDD-based network nodes, detailed 

investigations show that: i) the add/drop operation is digital filtering space location-

independent; ii) the add and drop operations introduce around 3 dB power penalties, and iii) 

for distances of <40 km, the ROADM drop operation is robust to transmission system 

impairments. 

In summary, this PhD dissertation research presents a wide range of major elements required 

for realising the converged 5G networks. The work paves a solid platform leading to 

practical implementation of the converged 5G networks in a cost-effective manner.
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1.1 Future Network Challenges 

Since the commercialization of 4G wireless networks, 4G end-users have been enjoying a 

wide diversity of broadband services with their mobile devices. As a direct result of the 

proliferation of smartphone ownership, vast adoptions of mobile video, augmented reality 

(AR) and virtual reality (VR), as shown in Fig. 1.1, mobile data traffic has been predicted to 

increase seven-fold from 2017 to 2022, reaching 77 exabyte per month by 2022 [1]. 

Unavoidably, such a huge amount of mobile data consumption puts great pressure on current 

mobile networks in terms of bandwidth, flexibility and latency. Furthermore, a growing 

number of emerging applications, such as machine to machine (M2M) communication 

utilized in industrial automation, Internet of things (IoT) in intelligent demand/supply 

control, cloud services in smart cities are also enriching the network connectivity and usage 

scenarios [2], which also impose additional stringent new requirements on future wireless 

networks with regard to cost-effectiveness and connection density [3]. 

To enable the wireless networks to provide various end-users with high quality of service 

(QoS) for different usage scenarios, the fifth-generation mobile communication (5G) has 

been proposed [4]. In early 2012, ITU-R embarked on a programme to define “IMT for 2020 

and beyond”, and to set a roadmap for 5G research activities that would be emerging 

worldwide. In IMT-2020, there are three representative usage scenarios [4, 5], including: 1) 

Enhanced mobile broadband (eMBB), targeting the peak data rate as high as 20 Gb/s for a 

single mobile station [6]; 2) Ultra-reliable and low latency communications (uRLLC), 

aiming at decreasing the end-to-end latency below 1 millisecond and increasing the 

Fig. 1.1 Cisco VNI global mobile data traffic forecast, 2017–2022.[1] 
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reliability level above 99.999% [5]. uRLLC is crucial for automatic industrial 

manufacturing, remote medical surgery and transportation safety; and 3) Massive machine 

type communications (mMTC), meeting the requirements of increased connection density 

and scaling up the networks to support billions of connected devices, with a connection 

density of up to 1000,000 units per square kilometre [6]. In practice, the exact requirements 

on data rate, latency and connection density may vary from time to time for different 

applications.  

To practically implement 5G networks, a wide range of technologies have been proposed, 

for example, to offer gigabit transmission data rates to end users, millimetre wave 

(mmWave) has been proposed to make use of the radio frequency (RF) spectrum 

approximately between 30 and 300 GHz [7-12]. On the other hand, massive multiple input 

multiple output (MIMO) has also been widely investigated to enhance the signal 

transmission capacity by improving the spectral efficiency [7-10]. Apart from the 

aforementioned two technical strategies, deploying an increased number of small cells 

including femto/pico/micro cells [13, 14] is also widely considered to be vital solution for 

not only providing multigigabit bit rates but also significantly enhancing the connection 

density. Each of the abovementioned individual technologies and/or their combinations can 

address, to some extent, the stringent requirements associated with specific 5G usage 

scenarios, however, their implementations also impose unprecedented new technical 

challenges across all layers of 5G networks. For example, the current interface adopted in 

MFHs is primarily based on the common public radio interface (CPRI) [15], and the CPRI-

associated bandwidth scales linearly with system bandwidth, antenna ports and sampling 

rate [7]. Unavoidably, the implementation of the newly defined mmWave RF spectrum [14] 

and/or massive-MIMO in an increased number of small cells greatly increases the involved 

antenna ports and the required sampling rate, thus leading to the CPRI bit rates well beyond 

the level that the current MFHs can cope with [7, 16]. Therefore, flexible MFHs capable of 

transparently supporting various data rates at arbitrary bandwidth granularity is vital for 

satisfying highly dynamic mobile traffic demands [17]. In addition, the low end-to-end 

latency required by 5G determines the maximum allowable MFH latency to be in the range 

of 250 µs [18]. For a 20 km MFH link, its corresponding signal propagation time takes up 

the majority of the MFH-induced latency, this means that the latency induced by the user 

equipment, base station signal processing and signal aggregation/deaggregation needs to be 

just a small fraction of the total MFH latency. To achieve such an objective, the use of 
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advanced DSP in transceivers, networking devices and network control is greatly 

advantageous. For example, DSP-based transceivers have been shown to have a round-trip 

processing latency of several microseconds [16]. On the other hand, the seamless 

convergence between independently developed/operated mobile networks and optical 

networks is also an effective way to reduce the end-to-end latency. Apart from the reduced 

latency, the convergence between MFHs/MBHs with optical access/metro networks further 

simplifies the overall network architecture, offers dynamic and wide bandwidth connectivity 

in a cost-effective manner [16, 19, 20], and also further improves the network flexbility [16].  

Fig. 1.2 (a) and Fig. 1.2 (b) are the examples of current mobile and fixed network 

configurations, where MFH/MBH and optical access/metro networks are independently 

developed [21]. In 4G mobile networks, cloud radio access networks (C-RANs) [18, 22] are 

widely adopted, where a MFH connects remote radio heads (RRHs) and baseband units 

(BBUs), while a MBH links BBUs with the core network. To improve the signal processing 

centralization and traffic/network management efficiency, a BBU pool collocates BBUs by 

extracting baseband signal processing functions from distributed base stations (BSs) [23] 

while RRHs encompass the basic radio front-end functions such as MIMO precoding and 

Fig. 1.2 An example of (a) mobile network architecture;(b) fixed network 

architecture. 
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resource mapping/demapping [24]. To cost-effectively realise the highly desirable optical 

access/metro network and MFH/MBH convergence, PONs have been considered as one of 

the most promising solutions [16, 19-25]. Generally speaking, a PON consists of an OLT at 

a service provider’s central office and a number of ONUs connecting to end-users sharing 

the same fibre link by an optical splitter/coupler. To illustrate the utilization of the PON 

architecture to converge fixed-mobile networks, an example of a PON-based MFH [16, 19, 

26] is presented in Fig. 1.3, where the OLT and the BBU can be integrated together to realise 

the joint signal processing procedures from the high layers down to the physical layer, whilst 

the ONUs connect the RRHs to transmit/receive signals from different end-users. Such a 

converged network helps to minimize the end-to-end latency by a number of ways, such as 

through the OLT and BBU collocation, which allows the synchronization of OLT and BBU 

scheduling mechanisms [19]. 

To deal with the dynamic traffic pattern associated with a large number of antenna sites in 

the converged networks, it is highly advantageous if the PON is equipped with sufficient 

flexibility, elasticity and dynamic reconfigurability. In particular, the PON must have not 

only strong adaptability to highly dynamic traffic with arbitrary signal bandwidth 

Fig.1.3 An example of the converged fixed-mobile network 
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granularity, but also excellent transparency to various traffic characteristics including signal 

modulation format and signal bit rate. To furthermore enhance and effectively deliver the 

desirable PON features, the implementation of software-defined networking (SDN) in PONs 

is also critical [27, 28], as SDN makes use of centralized network resource abstraction and 

network infrastructure virtualization to easily and dynamically reconfigure the networks 

across all the layers, thus improving network control functionalities and providing 

connection reconfigurations [29]. In addition, such SDN-based network operations are also 

capable of providing end-users with on-demand broadband connections/services each 

tailored to a specific application or service requirement [30]. Furthermore, the PON-based 

converged networks should also offer good backward compatibility with existing networks, 

such as OFDM-based 4G networks [30, 31]. Finally, to enhance the signal transmission 

capacity and compatibility to conventional optical access networks, it is envisaged that the 

PON-based converged networks may adopt wavelength division multiplexing (WDM) [33-

34] in an approach recommended in NG-PON2 [35, 36]. 

From the practical implementation point of view, to enable the PON-based converged 

networks to simultaneously process the dynamic data traffic with variable signal bandwidths 

adopted in the mobile standards, the converged networks should be capable of not only 

dealing with highly dynamic traffic at wavelength, subwavelength, and sub-band levels, but 

also simultaneously accommodating a wide diversity of key network design features 

including, for example, various signal modulation formats, different signal detection 

schemes, flexible WDM-grids, diversified network topologies, and various multiple access 

techniques. As such, the dynamic provision of fast on-demand connections/services at 

wavelength, subwavelength, and sub-band levels is essential. Being one of the most 

important networking devices offering connectivity between an expanded number of 

individual optical networks, ROADMs with advanced configurations and flexible 

functionalities are thus expected to play a vital role in ensuring the achievement of the 

aforementioned networking features required by the converged networks [19, 32], while still 

satisfying reduced CapEx and OpEx. As an example shown in Fig. 1.3, multiple ROADMs 

can be interconnected in a ring network architecture to dynamically distribute the required 

network resources to various end-points [37].  

In terms of the ROADM configurations, today, wavelength selective switch (WSS)-based 

ROADMs are widely deployed, which include a single WSS for each direction at a node. 
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This may limit wavelength/direction assignments and cause wavelength-contention conflicts 

[38]. And the new generation ROADMs have been developed with novel features in terms 

of colourlessness, directionlessness, contentionlessness and gridlessness [38-41]. However, 

all of these ROADMs utilise hard-wired switching element [42] operating at the wavelength 

level only, and they mainly target long-haul optical backbone networks. The above facts 

significantly limit the ROADM’s upgradability, flexibility, cost-effectiveness and 

adaptability for use in the converged networks. On the other hand, to achieve the end-to-end 

low latency in a cost-effective manner, O-E-O free ROADM configurations are essential [40, 

41]. Since conventional switches always involve O-E-O conversions and sophisticated data 

processing in the electrical domain, they are bulky, low speed, and high-power consumption, 

thus well beyond the acceptable level suitable for future converged networks. Therefore, O-

E-O free, SDN-controllable ROADM configurations are highly desirable in implementing 

the converged networks. 

Apart from the advanced network architecture and networking devices, as a direct result of 

the cost-sensitive scenario, the converged fixed-mobile networks also prefer the utilization 

of low-cost and low-complexity transceivers. One attractive approach is to use advanced 

modulation enabled by DSP to support high-speed transmissions with low-cost narrow-

bandwidth optics [45]. In addition, the utilization of low-cost DACs/ADCs with low 

resolution are also preferred to reduce the total transceiver cost, but the effect of hardware 

impairments may result in transmission performance degradation [46]. In addition to that, to 

reduce the overall cost and transceivers complexity, IMDD is a preferred option compared 

to other electrical-to-optical/optical-to-electrical (E-O/O-E) conversions such as coherent 

modulation. However, the IMDD system nonlinearity [47-49] not only considerably degrade 

the transmission performance but also introduce significant cross channel interferences for 

multiple channel application scenarios. Thus, either an effective interference cancellation 

scheme or a new network architecture is required to relax the requirements on the hardware 

design. 

To meet these challenges and fulfil the converged fixed-mobile networks for 5G scenario, 

this dissertation research proposes, for the first time, a series of novel techniques with 

potential for implementing the future converged 5G network: i) To improve the PON’s 

reconfigurability, flexibility and elasticity, DFMA PONs have been proposed previously 

[50], however in practice, IMDD-based DFMA PONs suffer from cross-channel interference 
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induced by the signal generation, transmission, routing, traffic aggregation/de-aggregation 

and detection. In this thesis, a multiple channel interference cancellation technique in the 

IMDD DFMA PONs is thus proposed to improve the transmission performance [51]; ii) A 

low-cost flexible PON architecture termed hybrid OFDM-DFMA PON is proposed and 

explored [52], which can maintain highly desirable features associated with the DFMA 

PONs such as full support of SDN solution, high flexibility and transparency to underlying 

transmission technologies. More importantly, the proposed hybrid OFDM-DFMA PONs can 

improve the transmission performance and reduce the digital filter DSP complexity, thus 

leading a reduction in the transceiver cost; iii) As the hybrid OFDM-DFMA PONs suffer 

from OFDM-induced high PAPR, hybrid DFT-spread OFDM-DFMA PONs is proposed 

[53], which compared to hybrid OFDM-DFMA PONs, not only improves the transmission 

performance, but also relaxes the hardware requirements on DAC/ADC resolution bits; iv) 

To offer the seamless convergence of the fixed-mobile networks, DSP-enabled O-E-O free 

ROADMs [54, 55] are proposed and explored to provide dynamic connectivity at 

wavelength, sub-wavelength and sub-band levels. The proposed ROADMs have excellent 

transparency to a wide diversity of key network operation features. This dissertation work 

indicates that the abovementioned four techniques are promising for converged fixed-mobile 

5G networks. 

1.2 Major Achievements of the Dissertation Research 

To address the technical challenges mentioned in subsection 1.1, this dissertation has 

proposed and explored the following novel techniques: the multiple channel interference 

cancellation of the IMDD-based DFMA PONs, low-cost flexible PONs termed hybrid 

OFDM-DFMA PONs and hybrid DFT-spread OFDM-DFMA PONs, as well as O-E-O free 

and SDN-controllable ROADMs. 

 Multiple Channel Interference Cancellation of Digital Filter Multiple Access PONs 

[51] 

To realise the seamless convergence of optical access/metro networks with MFHs/MBHs 

for 5G scenario, and also provide sufficient flexibility, elasticity, reconfigurability, DFMA 

PONs have been proposed [50], which utilise centralized SDN controller-managed, DSP-

based, dynamic software-reconfigurable digital orthogonal filters to perform channel 
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multiplexing/demultiplexing. For the cost-sensitive IMDD DFMA PON application 

scenario, the involved digital orthogonal filters are embedded, in the digital domain, in each 

individual ONU and OLT without requiring any extra electrical and optical components. 

Thus, DFMA PONs allow multiple independent channels of arbitrary bandwidth granularity 

to dynamically share a common fibre transmission medium and other relevant network 

resources. In addition, DFMA PONs also possess the following salient operation features 

including, for example, i) DSP-enabled dynamic network reconfigurability, flexibility and 

elasticity, ii) inherent transparency to signal modulation format, signal bit rate, existing PON 

access techniques and network topologies, and iii) capability of SDN-based network 

abstraction and virtualization for all the layers including the physical layer. Therefore, the 

reported DFMA PONs not only offer excellent backward compatibility with existing PONs, 

but also have great potential for supporting converged networks.  

However, the DFMA technique relies on maintaining a relatively high level of orthogonality 

between digital filters employed by various channels. For the IMDD DFMA PONs, the 

degradation of digital filtering-based channel orthogonality is unavoidable because of 

nonlinearities that may be encountered in signal generation, transmission, routing, traffic 

aggregation/de-aggregation and detection. Thus, the resulting imperfect channel 

orthogonality results in the IMDD DFMA PONs suffering from cross-channel interference, 

therefore the maximum achievable DFMA PON transmission performance is degraded. To 

address this challenge, a DCIC technique is proposed and extensively investigated to 

significantly improve the downstream and upstream performance of the IMDD DFMA 

PONs. The proposed DCIC technique utilises DSP-based and transceiver-embedded digital 

orthogonal filters to simultaneously receive various signals from different ONUs, based on 

which the interference experienced by each individual ONU is estimated and subsequently 

subtracted from the initially received signal of the same ONU. Finally, each individual signal 

with improved quality is demodulated in the receiver. This technique possesses advantages 

in transparency to modulation formats, signal bit rate and system/network initial conditions, 

thus giving rise to the improved DFMA PON’s reconfigurability, flexibility and elasticity, 

the DCIC technique also has the unique features of ONU count-independent low DSP 

complexity and low-latency. As such the DCIC technique offers a promising solution for 

significantly reducing the DFMA PON interference for its applications in fixed-mobile 

network convergence. 
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 Hybrid OFDM-Digital Filter Multiple Access PONs [52] 

In the IMDD DFMA PONs accommodating a large number of ONUs, the required parallel 

digital filters implemented in the OLT is proportional to ONU count, as a dedicated pair of 

a shaping filter (SF) and a matching filter (MF) is needed for each connection. Thus, the 

corresponding DSP implementation complexity and the network operational expenditure 

may have to increase with ONU count, this is highly undesirable for cost-sensitive PONs. 

To solve such a technical challenge, hybrid OFDM-DFMA PONs are proposed and 

investigated, where DSP-based software-reconfigurable digital filtering is employed for 

each individual OFDM signal from various ONUs, and a single FFT operation and its 

following data recovery processes are implemented in a pipelined approach in the OLT. As 

a direct result of combining both orthogonal frequency division multiple access (OFDMA) 

and DFMA PON characteristics, the proposed hybrid OFDM-DFMA PONs maintain highly 

desirable features associated with the DFMA PONs. More importantly, it offers a number of 

unique advantages including great relaxation of digital filter DSP complexity and 

considerable reduction in transceiver cost, significantly enhanced upstream PON 

performance and its robustness and flexibility, as well as excellent backward compatibility 

with existing OFDM-based 4G networks. 

 Hybrid DFT-spread OFDM-DFMA PONs [53] 

As the hybrid OFDM-DFMA PONs suffer from the OFDM-induced high PAPR. To mitigate 

this problem and relax the requirements on dynamic variation ranges of low-cost 

optical/electrical devices, hybrid DFT-spread OFDM-DFMA PONs are proposed, where 

DSP-based digital filtering is employed for individual DFT-spread OFDM signals from 

various ONUs, and a single FFT operation and its following data recovery processes are 

implemented in a pipelined approach in the OLT. As DFT-spread OFDM is utilized in 4G-

based Long-Term Evolution (LTE) standards, it gives improved backward compatibility to 

the existing 4G networks. More importantly, in comparison to hybrid OFDM-DFMA PONs, 

the proposed PONs not only significantly improve the transmission performance but also 

reduce the transceiver DSP complexity because of the reduction in minimum required 

DAC/ADC bit resolution. 

 DSP-Enabled Flexible ROADMs Free from Optical Filters and O-E-O 

Conversions [54, 55] 
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As wavelength-level switching adopted in conventional ROADMs has limitations on 

ROADM’s upgradability and flexibility for providing dynamic connectivity for cost-

sensitive converged 5G networks, a DSP-based flexible ROADM free from optical filters 

and O-E-O conversion with excellent adaptability and transparency to physical-layer 

network characteristics are proposed and evaluated. By utilizing Hilbert-pair-based digital 

filtering, the proposed flexible ROADMs not only is capable of dynamically and flexibly 

performing add/drop operations at wavelength, subwavelength, and spectrally overlapped 

orthogonal sub-band levels, but also has robustness against variations in modulation formats, 

transmission system characteristics/impairments. 

The above dissertation research work has produced a total of 10 papers, of which as the first 

author, two papers have been published in Journal of Lightwave Technology, one paper in 

Journal of Optical Communications and Networking and one conference paper in 

CLEO/Europe of 2019. The remaining six papers are co-authored, including two in Journal 

of Lightwave Technology, two in Journal of Optical Communications and Networking, one 

in Photonics Journal and one conference paper in Optical Fiber Communications Conference 

and Exhibition of 2015. 

1.3 Thesis Structure  

This thesis is organized into seven chapters. The fundamental optical communication 

knowledge and a review of PONs/ROADMs are briefly introduced in chapter 2, and the 

work performed solely as part of this research is presented in chapters 3-6. These chapters 

are outlined as follows: 

In chapter 2, the optical communications fundamentals including IMDD-based point-to-

point transmission systems, various multiple access techniques, the PON architectures and 

ROADMs are reviewed, together with optical OFDM fundamentals for gaining a better 

understanding of the research work presented in the thesis. 

Chapter 3 describes the multiple channel interference cancellation technique for the IMDD 

DFMA PONs. As IMDD-based DFMA PONs suffer from imperfect channel orthogonality-

induced cross-channel interference, the DCIC technique is extensively investigated. A 

comprehensive DCIC theoretical model is developed, and through fitting with experimental 

measurements, the developed theoretical model is rigorously verified, and a set of accurate 
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transceiver/system parameters is identified. It is shown that DCIC increases the aggregated 

upstream signal transmission capacity by a factor of >2 and extends the differential ONU 

launch power dynamic range by approximately 14 dB. Such significant performance 

improvements are achieved after just one iteration. Other salient DCIC advantages include 

ONU count-independent low DSP complexity, small latency and transparency to signal 

modulation format, signal bit rate and initial system operation conditions. 

Chapter 4 presents the hybrid OFDM-DFMA PONs, where DSP-based software-

reconfigurable digital filtering is employed for each individual OFDM signal from various 

ONUs, and a single FFT operation and its following data recovery processes are 

implemented in a pipelined approach in the OLT. In this chapter, an analytical hybrid 

OFDM-DFMA PON model is developed, and numerical simulations are performed to verify 

the validity of the proposed technique and also to examine the upstream hybrid OFDM-

DFMA PON performance characteristics over representative 25 km standard single mode 

fibre (SSMF) IMDD PON systems. It is shown that in comparison with the DFMA PONs, 

the hybrid OFDM-DFMA PON can improve the upstream ONU error vector magnitude 

(EVM) performance by >10 dB for relatively large received optical powers, and also 

increases the differential ONU launch power dynamic range by as much as 16 dB. 

Chapter 5 introduces the hybrid DFT-spread OFDM-DFMA PONs, where DSP-based digital 

filtering is employed for individual DFT-spread OFDM signals from various ONUs, and a 

single FFT operation and its following data recovery processes are implemented in a 

pipelined approach in the OLT. A full theoretical analysis is undertaken with the differences 

between this technique and the hybrid OFDM-DFMA PONs being highlighted. The 

proposed networks maintain all salient features associated with previously reported hybrid 

OFDM-DFMA PONs, more importantly, they reduce the upstream signal PAPRs by ≥2 dB. 

As a direct result, in comparison with the hybrid OFDM-DFMA PONs, the proposed PONs 

increases the upstream system power budget by ≥3 dB and simultaneously reduce the 

minimum required DAC/ADC quantization bits by at least 1 bit. 

In chapter 6, by utilizing Hilbert-pair-based digital filtering, intensity modulation and 

passive optical coupling, optical filter- and O-E-O conversion-free ROADMs with excellent 

flexibility, colourlessness, gridlessness, contentionlessness, adaptability, and transparency 

to physical-layer network characteristics are proposed and evaluated. Extensive numerical 

simulations are undertaken to explore the operation characteristics of the proposed 
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ROADMs in IMDD-based optical network nodes. It is shown that the add/drop operation 

performance is independent of the signal’s location in the digital filtering space. In addition, 

the results also indicate that the drop operation introduces 3 dB optical power penalties, 

while the optical power penalties induced by the add operation can be 3.5 dB. Furthermore, 

the results show that the proposed flexible ROADMs not only enable to dynamically and 

flexibly perform add/drop operations at wavelength, subwavelength, and spectrally 

overlapped orthogonal sub-band levels, but also have excellent robustness against variations 

in modulation formats, transmission system characteristics/impairments. 

Chapter 7 summarizes the thesis and possible future research topics are also suggested. 
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This chapter provides the fundamental elements involved in the converged fixed-mobile 

networks, including IMDD-based point-to-point optical transmission systems, PONs and 

ROADMs, as well as optical OFDM principles. 

2.1 IMDD-based Point-to-Point Transmission Systems 

A typical PON transmission system consists of an optical transmitter, an optical receiver, 

and optical fibres as a communication channel. The role of the optical transmitter is to 

modulate an electrical signal into an optical signal, and the optical receiver converts the 

transmitted optical signal into an electrical signal. There are mainly two schemes of optical 

modulation (detection), i.e. intensity modulation and coherent modulation (direct detection 

and coherent detection). Since coherent modulation/detection requires expensive and 

complex optical modulators/detectors, for the cost-effective scenarios of interest of the thesis, 

IMDD is thus considered throughout this work. 

2.1.1 Optical Transmitter 

The general principle of optical intensity modulation is that the intensity or the power of a 

laser light source is modulated by the amplitude of an electrical signal without taking into 

account the phase information. Considering 𝐴 (𝑡) is the electrical signal biased with the 

direct current, 𝐴 (𝑡) > 0, the optical signal produced by an ideal intensity modulator (IM) 

can be expressed as: 

                                             𝐸 (𝑡)  = 𝑒 ∙ 𝐴 (𝑡)                                      (2.1) 

where 𝑓  is the optical carrier frequency. Two techniques including direct modulation and 

external modulation can be used to generate the optical signal, as discussed below. 

2.1.1.1 Direct Modulation 

Semiconductor lasers are utilized in the direct optical modulation, where the laser driving 

current originated from an electrical signal changes the intensity of the emitted optical wave. 

An example of output power of directly modulated distributed feedback laser (DFB) laser 

(DML) versus the driving current is shown in Fig. 2.1 [1]. In a DML, the optical signal 

generation and modulation are functionally undertaken within a single device, thus yielding 
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the simplest and most compact transmitter, as such DMLs are the most commonly used  

devices in optical transmission systems for the cost-effective scenarios. One of the main 

operation characteristics of a DML is its 3-dB modulation bandwidth, which is defined as 

the frequency range over which the power of the transfer function |𝐻(𝜔)| is reduced by 3 

dB compared with its direct-current (DC) value [2]. Nowadays DMLs with modulation 

bandwidths of up to 18 GHz are commercially available and modulation bandwidths as high 

as 59 GHz have also been experimentally demonstrated in research labs [3, 4]. The main 

drawback of DMLs for high bit rate intensity-modulated transmission over long distances is 

their inherent frequency chirp, i.e., a residual unwanted data-dependent phase modulation 

accompanying the desired intensity modulation. Laser chirp broadens the optical signal 

spectrum, thus leading to increased signal distortions caused by the interaction with fibre 

chromatic dispersion (CD) and/or fibre nonlinearity [5-7]. 

2.1.1.2 External Modulation 

For high bit rates and long fibre transmission distances, frequency chirps imposed by direct 

modulation become too large, thus DMLs are not commonly used. For high-speed 

transmitters, the laser is biased at a constant current to provide the continuous wave (CW) 

output, and an optical modulator placed next to the laser converts the CW light into a data-

coded optical signal [2]. There are two types of external modulator, one is the 

electroabsorption-modulated laser (EML) formed by an electroabsorption modulator 

(EAM). Similar to DFBs, EAMs produce some residual and component-specific chirp, 

which can be used to increases the uncompensated reach of EAM-based transmitters through 

Fig. 2.1 Output power versus the driving current of DML 
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counteract with CD [8]. EAMs are attractive because of their small size and integration 

capabilities with lasers to form EMLs. Another type is the Mach-Zehnder modulator (MZM), 

using two-branch Mach-Zehnder interferometer to modulate the phase of the optical signal 

passing through each individual branch [9]. An MZM is able to produce pure amplitude 

modulation without residual chirp if its two branches are driven with opposite-sign 

(“differential”) driving signals, typically referred to as the “push-pull” operation. The MZMs 

offer better modulation performance with negligible chirp compared with the DMLs and 

EMLs, but MZMs have higher device/system complexity and cost, thus it may not be the 

optimum option for cost-sensitive application scenarios. 

2.1.2 Optical Fibre 

Optical fibre is a physical media for optical transmission, where the light transmits along its 

axis due to the total internal reflection between the core and cladding, as the refractive index 

of the core is greater than that of the cladding. In a single-mode fibre (SMF), which has a 

small core diameter typically around 8.2-10 µm [10], light can only propagate in one mode,  

while in a multi-mode fibre (MMF), which has a large core diameter such as 50 µm or 62.5 

µm, light can propagate in multiple modes. Since multiple modes will introduce mode delay, 

resulting in limitations on transmission bandwidth, capacity and distances. Thus SMF is 

considered throughout the thesis. 

2.1.2.1 Fibre Loss 

When transmitted through SMFs, the optical signal power is attenuated by fibre loss, which 

can be described by Eq. (2.2): 

                                  𝑃 = 𝑃 − 𝛼𝐿                                                (2.2) 

where 𝛼 is the attenuation coefficient and expressed in a unit of dB/km, 𝑃𝑖𝑛 is the fibre input 

optical power while 𝑃𝑜𝑢𝑡 is the fibre output optical power, and 𝐿 is the fibre length. Rayleigh 

scattering and material absorption are the main physical mechanisms causing fibre 

attenuation, and such mechanisms are dependent on the optical wavelength. For the 

commercially available SMFs, the fibre loss occurs in the C-band (1.53 μm-1.565 μm) with 

typical value of 0.2 dB/km, an example of wavelength-dependent attenuation coefficient of 

commercial available SSMF is shown in Fig. 2.2 [10]. 
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2.1.2.2 Chromatic Dispersion 

CD is caused by frequency dependence of the refractive index of an optical fibre, and the 

different frequency components within an optical signal travel at different velocities, 

resulting in optical signal broadening. When the neighbouring signals cross their allocated 

time slots, inter-symbol interference (ISI) occurs, therefore limiting the maximum 

achievable signal transmission bit rates [11]. Assuming Δ𝜆 is the frequency difference of an 

optical signal, the resulting time delay Δ𝑇 for a SMF of length 𝐿 is given by: 

  Δ𝑇 = 𝐷𝐿Δ𝜆                                                         (2.3) 

where 𝐷 is the dispersion parameter, defined as 𝐷 = 𝑑𝛽 𝑑𝜆⁄ , 𝛽 = 𝑐/𝑛  representing the 

group velocity, with 𝑐 being the light speed in vacuum and 𝑛  being the group index [12]. 

The dispersion parameter 𝐷  is also used in practise and related to the group-velocity 

dispersion (GVD) parameter 𝛽 , which satisfies Eq. (2.4) 

       𝐷 = = − 𝛽 = −                                          (2.4) 

Fig. 2.3 shows the dispersion parameter of the commercially available SSMF [10], where 

the zero-dispersion wavelength is around 1310 nm, and in C-band at 1550 nm the 

corresponding dispersion parameter is around 17 ps/km/nm, which is located in the 

Fig. 2.2 Corning SMF-28 spectral attenuation [10] 
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anomalous dispersion regime (𝛽 < 0). Although different types of fibres can have different  

dispersion parameters, such as dispersion shifted fibre and flat dispersion fibre [13], and they 

can be used to reduce the dispersion-induced transmission performance degradation, and 

such fibres are not considered in this thesis. It is noted that in IMDD transmission system, 

the CD will induce channel fading effect [14]. If only CD effect with the dispersion 

parameter of 17 ps/km/nm at 1550 nm is considered, for a typical transmission distance of 

25 km in optical networks, the first frequency null occurs around 12 GHz [14], and such 

frequency null may limit the transmission performance of IMDD system. 

2.1.2.3 Fibre Nonlinearity 

When light propagates through an optical fibre, the electric field of the light can modify the 

physical properties of the medium. The effect gives rise to fibre nonlinearity, which affects 

the power and phase of the optical signal when traveling through the SMF. There are two 

major groups of fibre nonlinearity related either to nonlinear refractive index (Kerr effect) 

or nonlinear optical scattering. 

The category that transfer energy from the optical field to the medium via stimulated inelastic 

scattering, includes stimulated Brillouin scattering (SBS) and stimulated Raman scattering 

(SRS). The main difference between these two is that optical phonons participate in SRS 

while acoustic phonons participate in SBS, both of which result in optical signal power loss 

and frequency shifts. In SMF transmissions SBS produces back-scattered light downshifted 

Fig. 2.3 A typical SSMF dispersion parameter 
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frequency around 11 GHz, whereas SRS produces both forward and back propagating light  

as wide as 15 THz [12]. And in SMF transmissions the threshold optical power of SBS is 

around a few dBm while the threshold value of SRS is around 27 dBm. Therefore, for 

transmission systems studied in this thesis, SBS may be a detrimental under the condition of 

a high optical launch power while SRS can be negligible under the typical incident power 

level. 

The Kerr effect occurs due to the dependence of the refractive index on light intensity, and 

fibre nonlinearities belonging to this category are self-phase modulation (SPM), cross-phase 

modulation (XPM) and four-wave mixing (FWM). SPM refers to the self-induced phase 

shift experienced by an optical field during its propagation in an optical fibre, and the 

nonlinear phase shift imposed on the optical field is proportional to optical intensity, 

resulting in SPM-induced optical frequency chirp. This increases the spectral width of the 

pulse [13]. When the normal dispersion of a SMF interacts with the SPM-induced chirp, the 

optical pulse is broadened as it propagates along the fibre, thus leading to signal distortions. 

Therefore, SPM is undesirable and needs to be taken into account in the dispersion 

management of the fibre link. It is also worth mentioning that in IMDD transmission systems, 

the channel fading effect induced by CD, as mentioned in subsection 2.1.2.2, can be relaxed 

by SPM when high optical power levels (6 dBm≤ Poptical power ≤18 dBm) [14] are applied, 

Fig. 2.4 The theory analysis of channel frequency responses of a 25 
km SSMF IMDD PON system for various optical launch powers. 
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this is because SPM shifts the system frequency response null towards the high frequency 

side (beyond the signal spectral region), as shown in Fig. 2.4. 

XPM is generated by the same physical mechanism as SPM, in which the refractive index 

changes due to variations in power not only in the observed channel but also due to variation 

in powers of other wavelength channels, thus leading to signal distortions. Similar to SPM, 

XPM also causes great temporal broadening as the signal propagates along the fibre due to 

the effect of CD. FWM is another phenomenon caused by Kerr effect, in which multiple 

signals at different wavelengths interfere and generate refractive index gratings, such 

gratings interact with the signals and produce new frequencies. This effect occurs only when 

phase matching between propagating signals is achieved, thus FWM can be reduced either 

by reducing the power per channel or by preventing the perfect phase matching through 

increasing the CD or increasing the channel spacing.  

For the transmission systems considered in this dissertation research, the XPM and FWM 

effects are negligible due to relatively small optical launch power levels. 

2.1.3 Optical Receiver 

In the optical receiver, the transmitted optical signal is detected by a photodetector, which 

converts the optical signal into the electrical domain. The commercially available 

photodetectors are PIN photodiode and avalanche photodiode (APD), both of them utilize 

photodiode to convert the incident optical power 𝑃  into the electric current 𝐼 , based on 

square-law detection as shown in Eq. (2.5) 

𝐼 = 𝑅𝑃 = 𝑅 ∙ 𝐸𝐸∗                                                    (2.5) 

where 𝑅(𝐴/𝑊)  refers to the photodiode responsivity, which is related to the quantum 

efficiency, 𝐸 is the received optical signal. Such detection is also called direct detection. In 

practise, two fundamental noise mechanisms including shot noise and thermal noise, cause 

fluctuations in the generated current 𝐼  even when 𝑃  is constant. Thus, the total current 𝐼  

can be modified to Eq. (2.6) 

                                                  𝐼 = 𝐼 + 𝐼 + 𝐼                                                       (2.6) 
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where 𝐼  and 𝐼  are the are the current fluctuation induced by shot noise and thermal noise 

respectively, and they are independent random processes with approximately Gaussian 

statistics. 

2.1.3.1 Shot Noise 

Shot noise accompanies any generated current within a photodetector and is related to the 

statistical nature of the carrier transport and the photon detection process. The mean square 

noise current of shot noise for a photodiode is given by [11]  

〈𝐼 〉 = 2𝑞𝐼 ∆𝑓                                                       (2.7) 

where 〈∙〉 refers to mean operator, 𝑞 is the electron charge, ∆𝑓 is the signal bandwidth. 

2.1.3.2 Thermal Noise 

The thermal noise is due to the thermal motion of electrons in conductors and is generated 

in all resistances of the photodiode. The mean square thermal noise current of a resistor R 

for a given bandwidth ∆𝑓 is given by [11] 

〈𝐼 〉 =
4𝑘𝑇∆𝑓

𝑅                                                    (2.8) 

where 𝑘 is Boltzmann’s constant and 𝑇 is the temperature. It is worth noting that 〈𝐼 〉 does 

not depend on the photocurrent whereas 〈𝐼 〉 does. When the injected optical power is small, 

the thermal noise effect is dominant. The receiver sensitivity 𝑃 ,  for a PIN photodiode 

can be expressed as [11]: 

𝑃 , ≈
𝐼 𝑄

𝑅 =
𝑄 4𝑘𝑇∆𝑓

√𝑅
                            (2.9) 

where 𝑄 is the Q-factor corresponding to bit error rate (BER).  

2.2 Passive Optical Networks 

Passive Optical Networks (PONs) is a type of point-to-multipoint network standardised by 

ITU-T and IEEE. From the architecture point of view, a PON consists of three main parts: 
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 Optical Line Terminal (OLT): The OLT is located at the service provider’s central 

office, providing the interface between the access network and the metro/core 

network. The OLT is also responsible for the enforcement of any media access 

control (MAC) protocols for upstream bandwidth arbitration. 

 Optical Network Unit (ONU): The ONUs are located near end-users, providing the 

service interface to the end-users through cooperating with the OLT in order to 

control and monitor all transmissions. 

 Optical Distribution Network (ODN): The ODN consists of feeder, distribution 

fibres and passive optical distribution elements such as splitters/couplers, and the 

splitting ratio in most cases is between 1:8 and 1:128. 

A typical PON architecture is shown in Fig. 2.5 [15], which support bidirectional  

transmission with downstream and upstream traffic. Since active equipments are eliminated 

in this architecture, the impact of active equipment failures on the entire network, the total 

electrical consumption and storage space are reduced, thus the PON provides a cost-effective 

solution for the optical networks. In addition, the power splitter can be placed anywhere 

along the fibre link, bringing more topological flexibility. In the downstream direction, the 

OLT transmits data frames to all connected ONUs over a shared optical fibre network. While 

in the upstream direction, the OLT schedules ONU transmissions to avoid collisions between 

ONUs through different access technologies, which include time division multiple access 

(TDMA), wavelength division multiple access (WDMA), frequency division multiple access 

Fig. 2.5 General PON architecture. SNI: service node interface (interface to the 
metro/core network); UNI: user network interface (interface to the user network) [15] 
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(FDMA). The PON’s efficient use of fibre resources and central office equipment, space and 

power lead to its large-scale deployment worldwide [16]. In the vast majority of deployed 

PONs, TDMA is widely implemented, which will be introduced in detail in the following 

subsection. 

2.2.1 PON Technology 

In this subsection, different access technology-based PON architectures are presented, 

including TDMA PONs and WDMA PONs, hybrid TDMA/WDMA PONs, and OFDMA 

PONs, as well as DFMA PONs. 

2.2.1.1 TDMA PONs 

Fig. 2.6 illustrates a typical TDMA PON, where different time slots are utilized to 

multiplex/demultiplex signal channels to/from different ONUs. The downstream 

transmission is point to multipoint, where the traffic is continuously broadcast to all ONUs, 

and each ONU selects the packets addressed to it and discards the packets addressed to other 

ONUs. In the upstream link, the bandwidth is shared by various ONUs through TDMA, 

where each ONU transmits data only during the time slots that are allocated by the OLT. 

Normally, separate wavelength bands are utilized to carry downstream and upstream traffic, 

respectively. Such PON architecture has been widely deployed, and the corresponding 

standards at the gigabit rates are ITU’s Gigabit PON (GPON), and the IEEE’s Ethernet PON 

(EPON) or GEPON, which is Gigabit Ethernet over PONs [19-21]. 

Fig. 2.6 A typical structure of a TDMA PON 
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2.2.1.2 WDMA PONs 

Fig. 2.7 shows an example of a WDMA PON architecture, where different wavelengths are 

utilized to multiplex/demultiplex signal channels to/from different ONUs. In the 

downstream direction, the signals in OLT are individually modulated onto different 

wavelengths before being multiplexed with an arrayed waveguide grating (AWG) to form a  

combined WDM signal. And at the remote node another AWG is also employed to separate 

each individual wavelength, which can be directed to corresponding ONU. In the upstream, 

each individual ONU generates different wavelength to carry its signal, and these signals 

from different ONUs are aggregated into WDM signals by the AWG located at the remote 

node. The receiver in the OLT demultiplexes the received WDM signal using the OLT-

embedded AWG and a photodetector array. Due to multiple wavelengths utilized in WDMA 

PONs, the capacity and flexibility can be increased compared to TDMA PONs. However, 

their high costs are the major obstacle limiting their practical application in PONs, as either 

an expensive tuneable laser with a wide detuning range is needed for each ONU, or a 

broadband optical source array is required at the OLT and/or ONU [22,23]. 

2.2.1.3 Hybrid TDMA/WDMA PONs 

The combination of TDMA and WDMA in a hybrid TDMA/WDMA PON or hybrid TWDM 

PON could be a cost-effective way of introducing both TDMA and WDMA into an access 

network. In the hybrid TDMA/WDMA PON shown in Fig. 2.8 [22], one individual 

wavelength is used in each direction for communications between the OLT and ONU, and 

each wavelength can also be shared among several ONUs by using TDMA, thus the ONU 

Fig. 2.7 A general WDMA PON architecture 
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count can be increased. Since hybrid TDMA/WDMA PONs make use of the bandwidth of 

each wavelength efficiently and provide services to more subscribers, it has been selected as  

the base technology for NG-PON2 by the Full Services Access Network (FSAN) group [23, 

24]. 

2.2.1.4 OFDMA PONs 

OFDM is widely used in both wired and wireless access technologies [11], not only because 

OFDM provides high spectral efficiency, but also due to its high flexibility on both multiple 

services provisioning and dynamic bandwidth allocation (DBA). Fig. 2.9 shows an example 

of an OFDMA PON architecture [25], where different subcarriers and time slots are 

Fig. 2.9 OFDMA PON architecture [25] 

Fig. 2.8 Architecture of the hybrid TDMA/WDMA PON [22] 
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allocated to different ONUs for various application scenarios. Taking the cost-effective 

IMDD OFDMA PON as an example, in the upstream transmission, each ONU maps its 

signal onto the allocated subcarrier(s) and/or time slot(s) and sets all other subcarriers to 

zeros and completes the OFDM modulation to generate an electrical OFDM frame. 

Afterwards, the generated OFDM frame is converted into optical OFDM (OOFDM) signal 

by an optical intensity modulator, and after coupling at the optical coupler from different 

ONUs, the coupled OOFDM signal is produced for the fibre transmission. After transmission 

through the ODN, the OOFDM signal is detected by a single photodetector at the OLT 

receiver. For the downstream transmission, when the OOFDM signal reach the ONUs, each 

ONU selects its own data from the pre-allocated subcarrier(s) and/or timeslot(s). 

OFDMA PONs have enormous advantages including high spectral efficiency, adaptive 

signal modulation according to channel characteristics, DBA with fine bandwidth 

granularity, trivial equalization through simple complex multiplication per subcarrier, as 

well as excellent tolerance to CD. In terms of implementation of the OFDMA PON, DSP 

can be utilized to realise highly cost-effective and flexible OFDM transceivers. Furthermore, 

OFDMA PONs can coexisted with legacy optical networks [25]. For example, 1510nm-

1540nm downstream and 1340nm-1360nm upstream OFDMA PON operations can enable 

its coexistence with GPON, XG/10 G-EPON, and legacy RF video overlays [25]. The 

OFDMA PON also has good compatibility with OFDM-based 4G networks and future 5G 

networks. As such, the OFDMA PON is promising for converged fixed-mobile networks.  

2.2.1.5 DFMA PONs 

Recently, a novel DFMA PON [26] has been proposed, where DSP-enabled, software 

reconfigurable, digital orthogonal filtering is employed in each individual ONU and the OLT 

to enable all ONUs to dynamically share the transmission medium under the control of the 

centralized software-defined controller and the transceiver-embedded DSP controllers. As 

the digital filtering in the proposed DFMA PONs is DSP controlled, enabling the DFMA 

PONs to fully support the SDN solution with the network control further extended to the 

physical layer, this greatly eases the transparent abstraction and virtualization processes 

because of inherent rich DSP-enabled network intelligence. The diagram of the DSP-enabled 
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software reconfigurable DFMA PONs based on IMDD is illustrated in Fig. 2.10, where  

digital orthogonal filters are employed for multiplexing/demultiplexing various 

downstream/upstream encoded signals in the digital domain. 

Taking the upstream operation for example, the i-th ONU data digitally encoded by an 

arbitrary signal modulation format is up-sampled (M↑) by a factor of M via inserting M-1 

zeroes between two consecutive original data samples. The up-sampled data sequence is 

subsequently passed through a digital SF. According to the prevailing services and dynamic 

network characteristics including total number of ONUs accommodated, by working 

together with both the centralised SDN controller and the OLT DSP controller, the ONU-

embedded DSP controller computes a set of shaping filter coefficients to perform the 

filtering process required by the ONU. This leads to the on-line establishment of software 

reconfigurable connections in the physical layer. Having been digitally filtered, the resulting 

data sequence is passed through a DAC. The generated analogue electrical signal is then fed 

to an optical intensity modulator to perform the electrical-to-optical (E-O) conversion. 

Different optical signals from various ONUs attached to the DFMA PON are finally 

passively combined by a coupler in the remote node and propagated through the fibre 

transmission link to the OLT. 

In the OLT, the optical signal is electrically converted by a photodetector and digitalized by 

an ADC. After that, the data stream corresponding to the i-th ONU is demultiplexed by the 

corresponding MF, whose coefficients are computed by the OLT-embedded DSP controller 

following a procedure similar to its’ ONU counterpart. In addition, via periodically 

communicating with each ONU DSP controller, the OLT-embedded DSP controller also 

takes full responsibility of maintaining the orthogonality among all the filters employed in 

Fig. 2.10 DFMA PON architecture [26] 
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the DFMA PON. After digital filtering, the demultiplexed signal is then down-sampled (M↓) 

by selecting every M-th sample, and finally the i-th ONU data is recovered after decoding. 

Thus, a DSP-enabled dedicated physical connection between the i-th ONU and the OLT is 

established, which is on-line software reconfigurable. Of course, such a connection can be 

further extended to link any users inside and/or outside the network if these users are served 

by the same centralized software-defined controller.  

In the DFMA PONs, use can be made of the Hilbert-pair approach [27] to construct required 

digital orthogonal filters. The impulse responses of the i-th Hilbert-pair, ℎ (𝑡), can be written 

as: 

            
ℎ (𝑡) = 𝑝(𝑡) cos(2𝜋𝑓 𝑡)

ℎ (𝑡) = 𝑝(𝑡) sin(2𝜋𝑓 𝑡)
                                               (2.10) 

where 𝑓  corresponds to the central frequency of the i-th Hilbert-pair and 𝑝(𝑡)  is the 

baseband pulse having a square-root raised-cosine form expressed as:  

𝑝(𝑡) =  
𝑠𝑖𝑛[𝜋(1 − 𝛼)𝑡′] + 4𝛼𝑡′𝑐𝑜𝑠[𝜋(1 + 𝛼)𝑡′]

𝜋𝑡′[1 − (4𝛼𝑡′) ]
 

            𝑡 = 𝑡
𝑇                                     (2.11) 

where T is the sampling period prior to oversampling and the α parameter controls the excess 

of bandwidth of the square-root raised-cosine function. The superscripts “I” and “Q” indicate 

the in-phase and quadrature-phase filter components of the Hilbert-pair, respectively. Each 

of these components can be independently utilised to convey an individual signal channel. 

The impulse responses of the OLT filters are written as a matched version of the 

corresponding ONU Hilbert-pair, 𝑔 (𝑡), 

                       
𝑔 (𝑡) = ℎ (−𝑡)

 𝑔 (𝑡) = ℎ (−𝑡)
                                               (2.12) 

with 

𝑔 (𝑡) ⊗ ℎ (𝑡) =
𝛿(𝑡 − 𝑡 ) 𝐴 = 𝐵 𝑎𝑛𝑑 𝑖 = 𝑗

         0        𝐴 ≠ 𝐵 𝑜𝑟 𝑖 ≠ 𝑗 
                    (2.13) 
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where the subscripts A and B each denote I or Q, respectively. 𝑡  corresponds to the time 

delay induced by the filtering process. For supporting N independent ONU channels, the 

minimum oversampling factor, M, satisfies M = N. In addition, the central frequencies, 𝑓 , 

of the i-th Hilbert-pair is given by: 

      𝑓 = (2𝑖 − 1) /
    𝑖 = 1,2,3 ∙∙∙                            (2.14) 

where 𝑓 /  is the DAC/ADC sampling speed. Here the central frequency of the Hilbert-

pair is chosen to uniformly distribute the filter frequency responses within the available 

spectral region determined by the DAC/ADC. 

An example of how different orthogonal filters are dynamically assigned to individual ONUs 

is illustrated in Fig. 2.11 [26], where the frequency responses of both the in-phase and 

quadrature-phase components of these Hilbert-pairs at different central frequencies are 

plotted. In Fig. 2.11, each ONU can be assigned independently to a filter component, for 

instance, ONU 1, ONU 3 and ONU 5 employ filter 1 ( the I component of the first Hilbert-

pair), filter 6 (the Q component of the third Hilbert-pair) and filter 5 (the I component of the 

third Hilbert-pair), respectively. Different filters can also be assigned to the same ONU when 

the ONU requires higher transmission bandwidth, as illustrated in Fig. 2.11 for ONU 2. 

From the above description it can be seen that: 1) both digital filtering and adaptive signal 

encoding/decoding are undertaken using DSPs in hardware; 2) via the DSP controllers 

embedded in both the ONUs and OLTs, digital filter parameters can be  adjusted dynamically 

and adaptively according to traffic and transmission characteristics, 3) one or more signal 

Fig. 2.11 Frequency responses of the shaping filters and corresponding ONU 
channel allocations. [26] 
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channels can be assigned to a single high-speed ONU, and a single channel can also be 

shared among different low-speed ONUs via TDMA, and 4) standard synchronization [17, 

21] is still applicable in the DFMA PONs. In summary, the DFMA PON’s advantages are: 

1) offering a useful framework for developing universal optical transceivers for cost-

sensitive ONUs, 2) providing good backward compatibility with all existing PONs, 3) 

transparent to both underlying transmission technologies and network topologies, such as 

modulation formats and signal bit rates, 4) enhanced data security in the physical layer as 

received data cannot be decoded without the full perception of filter design parameters, 5) 

compatibility with the preferred “pay as you grow” network operation model. 

2.2.2 Evolution of PON Standards 

There are two standardisation bodies that have created PON standards, as shown in Table 

2.1, the ITU-T develops standards for the GPON family, while the IEEE develops standards 

for the EPON family, both of them have enjoyed widespread implementation and 

deployment. 

2.2.2.1 APON/BPON 

APON is an abbreviation for Asynchronous Transfer Mode (ATM)-PON, while BPON 

refers to Broadband PON, and both of them utilise TDM technology. The standardization of 

APON was finished by ITU-T G.983.1 in 1998 [30], whilst BPON is a higher speed version 

of APON and was specified in G.983.3 in 2001 [31], and we usually use BPON to refer to 

this class of PONs subject to G.983 series. APON can provide signal bit rates of 155 Mb/s 

in both upstream and downstream over 20 km, with the bandwidth shared by 32~64 ONUs, 

and ONU can only obtain 5 to 20 Mb/s [30]. BPON can support signal bit rates of 155 Mb/s 

upstream and 622 Mb/s downstream over 20 km [31]. As specified in the standards, BPON 

use 1260-1360 nm for upstream and 1480-1500 nm for downstream, with 1550-1560 nm 

Table 2.1 PON International Standards 
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used for video overlay services [31]. As the limited performance, BPON has already been 

replaced by EPON/GPON worldwide. 

2.2.2.2 EPON/GPON 

Gigabit-capable PON (GPON) is an evolution of BPON with a high data rate, its standard is 

G.984 series [32], inherited many ideas covered in the G.983 standards, such as utilizing 

ATM cells [33]. While EPON uses Ethernet packets and has been developed by the IEEE 

802.3ah study group at the same time of GPON around 2004 [34]. Both of them support 

gigabits level data rate, with GPON supporting 1244.16 Mbps/ 2488.32 Mbps for 

downstream and 155.52 Mbps/ 622.08 Mbps/ 1244.16 Mbps/ 2488.32 Mbps for upstream, 

while EPON offering symmetrical 1.25 Gb/s transmission speed for both uplink and 

downlink. At the physical layer both standards adopted the same wavelength plan at 

1310/1490 nm wavelength for upstream/downstream direction, respectively. In GPON, the 

split ratio can be up to 1:128, supporting transmission reach of at least 20 km, which is the 

same reach supported by EPON, but the corresponding split ratio of EPON is normally from 

1:16 to 1:64, this is because GPON adopted an additional ODN class (ODN class C) resulting 

in 5 dB higher maximum signal losses, with the maximum power loss at 25dB [35]. There 

is no denying that EPON and GPON are the most popular versions of PONs used today. In 

comparison, there are many aspects to be compared between EPON and GPON including 

data rates, QoS and costs, and it would be fair to conclude that GPON performs better than 

EPON overall, however EPON would be preferable in terms of cost and time saving [36]. 

GPON is the most popular in the U.S., such as Verizon’s Foist system, while EPON are more 

prevalent in Asia and Europe [37]. 

2.2.2.3 10 Gigabit Capable PON 

IEEE and ITU-T along with the FSAN group have defined 10 Gbit/s solutions, in an effort 

to support the ever-increasing bandwidth demand, and the solutions are XG-PON 

standardized by ITU-T (G.987) in 2010 [38] and 10G-EPON defined by IEEE 802.3av in 

2009 [39], respectively. And both of them use TDMA.  

XG-PON is generally known as NG-PON1, and it is a smooth evolution of ITU-T G.984 

GPON as XG-PON inherits all the requirements of GPON with a few new additions such as 

higher bit rate for downlink transmission. To achieve the backward compatibility and co-
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existence of GPON, the optical wavelengths that have been selected for XG-PON are the 

“O-band” (for the upstream ranging from 1260 to 1280 nm) and the “1577 nm” (for the 

downstream ranging from 1575 to 1580 nm) [40]. And a total power budget of approximately 

28.5 dB to 31 dB is also defined in XG-PON, supporting a minimum power split ratio of 

1:64 and a minimum physical reach of 20 km. And the asymmetrical bit rates of 10 Gb/s for 

downstream and 2.5 Gb/s for upstream are defined in XG-PON.  

For 10G-EPON, in the downlink, the 1 Gbit/s and 10 Gbit/s channels are divided based on 

their wavelengths, with the 1 Gbit/s transmission using the 1480 to 1500 nm band and 10 

Gbit/s spreads from 1575 to 1580 nm. In the uplink, there is an overlap between them, i.e., 

1 Gbit/s uses the 1260 to 1360 nm band, whereas 10 Gbit/s spread from 1260 to 1280 nm. 

The deployment of 10 Gb/s class PONs is currently ramping up. 

2.2.2.4 Next-Generation PON Stage 2 (NG-PON2) 

Based on the current application demands and technological maturity, FSAN divides NG-

PONs into two phases shown in Fig. 2.12 [41], including NG-PON1 and NG-PON2. NG-

PON1 is a mid-term upgrade, which is compatible with legacy GPON, as mentioned above, 

and NG-PON2 is a long-term solution in PON evolution that can be deployed independent 

of GPON standards. In 2010, FSAN started deliberations on the 40-Gigabit capacity PON 

called NG-PON2 which was standardized in the framework of ITU-T G.989 series [42] in 

2015. NG-PON2 exploits both the time and wavelength domains, it contains wavelength 

channel pairs of two types known as TWDM channels and Point-to-Point WDM channels. 

Fig. 2.12 NG-PON roadmap by FSAN [41] 
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The former provides point-to-multipoint connectivity using conventional TDMA 

technology. The latter provides point-to-point connectivity using some externally specified  

synchronous or asynchronous mechanisms, such as Gigabit or 10 Gigabit Ethernet [43]. For 

uplink transmissions, wavelengths between 1524-1544 nm are selected to provide maximum 

40 Gb/s with four wavelengths. 

With the up-coming 5G, some of the key features of 5G are expected to be up to 10 Gb/s 

capacity on the air interface, including massive MIMO, dense small cells, and a new 

functional split for fronthaul. With such features in scope, future fronthaul may be expected 

to be transported over a hybrid TWDM PON as defined in NG-PON2 [15, 33]. 

2.2.2.5 100G-EPON 

To meet the increasing bandwidth demands induced by IoT, IP video and mobile broadband, 

the IEEE 100G-EPON Task Force [45] is targeting a 100 Gb/s capacity PON (4 × 25 Gb/s). 

And very recently, the joint ITU-T and IEEE 802 Study Group 15 workshop met as part of 

the processes to finalize IEEE 802.3ca [46]. The working group proposed three level of target 

rates such as 25 Gb/s, 50 Gb/s and even 100 Gb/s, targeting using single-wavelength 25Gb/s 

PON as the mainstream technology, and providing 4x25 Gb/s (100 Gb/s) to users through 

wavelength multiplexing. To boost the single-wavelength rate from 10 Gbit/s to 25 Gbit/s 

while achieving the coexistence with the incumbent network technologies, a number of 

technological challenges in single-wavelength 25 Gb/s transmissions need to be overcome, 

such as dispersion penalties and nonlinear effects [47]. OFDM is a promising technology for 

100 Gb/s while still using low bandwidth optical components in cost-effective IMDD 

scenario [48].  

2.3 ROADM Fundaments 

Today’s optical networks have developed from simple point-to-point connections, to multi-

node rings, to all-optical interconnected mesh topologies, and it connects the long-haul 

backbone through regional, metro networks and the access networks. To allow wavelengths 

to added/dropped in the nodes, ROADMs are utilized in the WDM optical networks to 

multiplex and route different wavelength into or out of the optical networks. The traditional 

ROADM used the fixed lasers/filters for fixed wavelengths, but now it cannot meet the 
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increasing use of bandwidth, thus driving the improvement from the classic ROADMs to 

new generation of ROADMs.  

2.3.1 Classical ROADMs  

 A classic ROADM [49] consists of optical amplifiers, optical switching, 

multiplexer/demultiplexer, transponder, and muxponder cards, thus enabling a complete 

optical transport node. Such ROADMs can add or drop a certain set of wavelengths 

dedicated to specific WDM channels. Through the add and drop operations, ROADMs not 

only provide flexibility to the WDM networks, but also alleviate data traffic disruptions in 

the WDM channels, thus ROADMs can reduce OpEx. A typical ROADM is shown in Fig. 

2.13 [50], where the multiplexer/demultiplexer is a passive device implemented with AWG, 

which separates each wavelength into individual input and output ports, but only pre-defined 

fixed wavelengths can be added/dropped. As the bandwidth utilization efficiency and 

dynamic traffic demand are increasing, new ROADM generations are thus required.  

2.3.2 CDC/G ROADMs 

Fig. 2.13 A classic ROADM architecture [50] 

Fig. 2.14 CDG versus CDC/G ROADM [50] 
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The new generation ROADMs have been developed with novel features in terms of 

colourlessness, directionlessness, contentionlessness and gridlessness (CDC/G). Colourless 

ROADMs [55-57] can remotely assign any wavelength to a particular multiplex port by 

involving additional WSSs in place of different multiplexers and demultiplexers. And 

broadcasting and selecting function of spectrum selective switches (SSSs) and multicast 

switches (MCSs) are utilized to realise directionless ROADMs [55-58], allowing any 

wavelength to be routed to any direction. And SSSs can also be used to provide finer 

spectrum switching granularity to realise the gridlessness function [59-63]. In addition, to 

implement contentionless ROADMs, redundant components are pre-installed to enable 

different coloured wavelengths to be associated with different structures [62,63]. 

An example of CDC ROADMs is shown in Fig. 2.14 (a) [50], where the broadcast and select 

architecture used on classic ROADM is replaced with a route-and-select architecture based 

WSS modules. In addition, the fixed port AWG multiplexer/demultiplexer are replaced with 

flexible drop-side architectures that allow any transponder or muxponder to be assigned to 

any wavelength and sent to any WDM degree. Another example of a CDC/G ROADM is 

shown in Fig. 2.14 (b) [50], and the drop side is implemented using multicast switch 

modules, enabling any wavelength from any degree to be dropped to any client port. 

All the proposed ROADM technologies only work at the wavelength level, and they are also 

expensive and bulky due to the utilisation of hard-wired switching elements, which 

significantly limits the ROADM’s flexibility, upgradability, as well as its adaptability and 

cost-effectiveness in converged 5G networks. To satisfy the stringent requirements of optical 

access/metro network converging with mobile fronthaul/backhaul, new features should be 

added to the ROADMs, including high flexibility and add/drop operations at wavelength, 

subwavelength and sub-band levels, as well as low-cost and low energy consumption 

characteristics. 

2.4 OFDM Fundamentals 

OFDM has been studied for a couple of decades, and now it is widely used in 4G LTE 

standards, and it is also widely envisaged that the initial stage of 5G should also have 

sufficient transparency to OFDM-based 4G networks [60]. As OFDM can offer a number of 

well-documented salient advantages as mentioned in subsection 2.2.1.4, it is expected to 

play a crucial role for converged 5G networks.  
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2.4.1 OFDM Basics 

OFDM is a special class of FDM in which the data information is carried over many lower  

rate subcarriers, and a typical FDM diagram is shown in Fig. 2.15. In the transmitter, a serial 

of bit stream is converted into parallel bit streams, which are encoded by classical 

modulation formats such as M-ary quadrature amplitude modulation (QAM). And each of 

these encoded data stream is simultaneously modulated onto different subcarriers operating 

at different RF, and the frequency guardband between two adjacent subcarrier frequencies 

is sufficiently wide as illustrated in Fig. 2.16 (a). Before transmission in the channel the 

different modulated subcarriers are multiplexed together. In the receiver, the parallel data  

streams are recovered by demodulating each subcarriers with an identical RF frequency of 

the transmitter, followed by the low pass filtering and decoding process. Compared with 

FDM, OFDM precisely chooses the inter-subcarrier RF spacing such that all RF frequencies 

are harmonically related and thus ensure orthogonality between subcarriers. The 

Fig. 2.15 Block diagram of a typical FDM. S/P: Serial-to-Parallel, P/S: Parallel-to-
Serial, LPF: Low-pass Filter, En: Encoder, De: Decoder. 

 

Fig. 2.16 Spectra of (a) FDM, (b) OFDM. 
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orthogonality allows spectral overlap between subcarriers without interference and this 

results in significant enhancement in spectral efficiency, as shown in Fig. 2.16 (b). 

In the time domain, the n-th OFDM symbol with 𝑁 subcarriers has a form of 

𝑥 (𝑡) = ∑ 𝑑 , 𝑒                                       (2.15) 

where 𝑑 ,  is k-th subcarrier in the n-th OFDM symbol in a form of  

   𝑑 , = 𝑅 𝑒  ℎ(𝑡)                                            (2.16) 

where ℎ(𝑡) is a rectangular pulse of unity amplitude and duration of one symbol period. 𝑅  

is the k-th subcarrier’s amplitude and 𝜃  is its phase. And the central frequency 𝑓  of each 

OFDM subcarrier satisfies: 

    𝑓 = 𝑓 +  , 𝑘 = 1,2, … . , 𝑁                                              (2.17) 

where 𝑓  is a frequency offset common to all subcarriers, generally set to zero. 𝑇  is the 

symbol period, and in this case each subcarrier has exactly an integer number of oscillating 

cycles in the time interval 𝑇 , and the number of oscillating cycles between adjacent 

subcarriers differs exactly by one. This property accounts for the orthogonality between 

different subcarriers [61]. 

A fundamental challenge with OFDM is that, if a large number of subcarriers are needed, an 

extremely complex architecture is required, which involves many oscillators and filters at 

both the transmit and receive ends. Weinsten and Ebert first revealed that OFDM 

modulation/demodulation can be implemented by using the inverse discrete Fourier 

transform (IDFT)/DFT [11]. Assuming 𝑥 (𝑡) is sampled at an interval of 𝑇 /𝑁, then the 𝑚-

th sampled 𝑥 (𝑚) can be written, in a discrete form, as: 

               𝑥 (𝑚) = ∑ 𝑑 , 𝑒 = ∑ 𝑑 , 𝑒                        (2.18) 

where 𝑚 = 1, … , 𝑁. Since Eq. (2.18) is identical to IDFT, thus the OFDM signal can be 

directly produced by the IDFT operation. Similarly, the k-th subcarrier 𝑑 ,  can be recovered 

by the DFT: 
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                                               𝑑 , = ∑ 𝑥 (𝑚)𝑒                                           (2.19) 

To implement the IDFT and DFT efficiently with hardware-based DSP algorithms, the 

inverse fast Fourier transform (IFFT) and FFT are used as they considerably reduce the 

number of complex computations required. 

2.4.2 Cyclic Prefix of OFDM 

For a practical transmission channel with CD, different subcarriers locating at different RFs 

in an OFDM signal will have different delays. If the maximum differential delay between 

the slow subcarrier and fast subcarrier is td, and the DFT window containing a complete 

OFDM symbol is assumed for the fast subcarrier, as shown in Fig. 2.17. It is apparent that 

the slow subcarrier has crossed the symbol boundary, thus leading to ISI between the 

neighbouring OFDM symbols. Furthermore, because the OFDM waveform in the DFT 

window for the slow subcarrier is incomplete, the critical orthogonality condition for the  

subcarriers is imperfect, resulting in an inter-carrier interference (ICI) penalty. Cyclic prefix 

(CP) was proposed to resolve the channel dispersion-induced ISI and ICI [11]. CP is a copy 

of the last fraction of each OFDM symbol and inserted at the beginning of each OFDM 

Fig.2.17 ISI and ICI caused by a dispersive channel. [11] 

Fig. 2.18. OFDM symbol with CP 
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symbol, as shown in Fig. 2.18. If the time duration of the CP is 𝑇 , the real information 

occupies a time period of 𝑇 − 𝑇  in each OFDM symbol, thus CP will reduce the overall 

data rate as it does not carry any useful information. Throughout the thesis, the CP parameter 

is defined as 

𝜂 =                                                       (2.20) 

To maintain the ISI-free OFDM transmission, the CP time duration should be longer than 

the maximum delay spread of the transmission link [11]. 

2.4.3 ADC/DAC, Quantization and Clipping 

The generated digital OFDM signal in the transmitter must be converted into an analogue 

form for transmission, and must be converted back to the digital domain for data recovery 

in the receiver. The digital-to-analogue conversion in the transmitter and analogue-to-digital 

conversion in the receiver are performed by a DAC and ADC respectively. As the 

DAC/ADC has limited bit resolution of b, the OFDM signal samples can only by represented 

by 2 − 1 discreet levels, thus quantization noise is present. In addition, when generating 

the OFDM signal, the independently modulated subcarriers are added coherently, resulting 

in the signal’s envelope exhibiting high peaks, which leads to high PAPR of OFDM signal 

[62]. Considering an OFDM symbol 𝑥(𝑚) from Eq. (2.18), where N subcarriers are added 

together, the PAPR is defined as the ratio of the maximum instantaneous power to the 

average power, which can be expressed as: 

PAPR(𝑥[𝑚]) = max
| [ ]|

[| [ ]| ]
                                 (2.21) 

Where 𝐸[∙] is the expectation operator. High PAPR not only produces signal excursions into 

nonlinear operation region of electrical/optical devices, thereby leading to nonlinear 

distortions and spectral spreading [62], but also produces high quantization noise for fixed 

quantization bits induced by the resolution-limited ADC/DAC. Therefore, as one of the 

simplest way to reduce the PAPR, clipping is applied to the OFDM signal. For a given 

clipping level of ±𝛬, and assuming 𝐴(𝑡) is real, the clipped signal is given by: 
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𝐴 (𝑡) =

𝐴(𝑡) ,       − 𝛬 ≤ 𝐴(𝑡) ≤ 𝛬

𝛬,                  𝐴(𝑡) > 𝛬

−𝛬,             𝐴(𝑡) < −𝛬

                                   (2.22) 

The clipping ratio (peak power / average power) ξ (in dB) is defined as 

ξ =                                                          (2.23) 

with 𝑃  being the normalised average signal power. Fig. 2.19 clearly shows the OFDM 

signals before and after clipping, where the PAPR is reduced. An optimum clipping ratio 

exists as excessive clipping will cause the signal distortion, while insufficient clipping will 

leave the signal with high PAPR which may result in an increased quantization noise effect. 

After clipping, 𝐴 (𝑡) is linearly quantized into a set of equally distributed quantization 

levels within a range of [-𝛬, 𝛬]. The quantization process can be described as follows: 

𝐴 = ∑
 
𝑔(𝐴 , 𝐴 , 𝐴 )                             (2.24) 

where 𝐴  is the quantized value, 𝐴  is the sampled OFDM values, 𝐴 , 𝐴 are the 𝑖-th and 

(𝑖-1)-th the quantization levels, 𝐿 is the number of quantization levels given by 𝐿 = 2  with 

𝑏 being the quantization bits, 𝑔 is the rectangular function defined as:  

𝑔(𝑥, 𝑥 , 𝑥 ) = {
1, 𝑥 ≤ 𝑥 ≤ 𝑥
0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

                                   (2.25) 

Fig. 2.19 OFDM signal before and after clipping. 
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Based on the above analyses, it can be seen that quantization noise is introduced by the 

quantization process, as the continuous amplitude waveform of 𝐴  is mapped onto a set of 

discrete values within the dynamic range of [-𝛬, 𝛬 ]. Therefore, the quantization bit is 

required to be sufficiently high for reducing the quantization noise. However, the higher 

quantization bit can increase the DAC/ADC complexity and cost for specific sampling 

speeds, thus, it is vital to identify the optimum quantization bit by exploring the trade-off 

between the transmission performance and DAC/ADC characteristics. 

2.4.4 Channel Estimation and Equalization for OFDM 

When OFDM signals transmit over an optical channel, the channel frequency response will 

introduce rotations and size-variations of the received OFDM constellation, and such an 

issue can be compensated by channel estimation and equalization in the receiver. Channel 

estimation and equalization can be realised by pilot-assisted approach [11], and it is utilized 

throughout the thesis. 

In the time domain, assuming the 𝑘-th subcarrier channel impulse response is ℎ (𝑡), the 

corresponding noise is 𝑤 (𝑡), and the transmitted OFDM signal for the 𝑘-th subcarrier is 

𝑥 (𝑡), after transmission the received 𝑘-th subcarrier 𝑦 (𝑡) is: 

𝑦 (𝑡) = 𝑥 (𝑡) ⊗ ℎ (𝑡) + 𝑤 (𝑡)                                 (2.26) 

The time domain convolution between the transmitted OFDM signal and the channel 

response is equivalent to the multiplication of the OFDM signal spectrum 𝑋  with the 

channel frequency response 𝐻 . Thus the 𝑘-th subcarrier 𝑦 (𝑡) in the frequency domain is: 

𝑌 = 𝑋 𝐻 + 𝑊                                                 (2.27) 

To perform channel estimation, a number of pilots that are known are interspersed with the 

user data and transmitted. From Eq. (2.27), the channel response of 𝑘-th subcarrier based on 

the pilots can be obtained by: 

𝐻 = 𝑌 , /𝑋 ,                                                  (2.28) 

where noise is ignored, 𝑋 ,  and 𝑌 ,  are transmitted and received pilots of the 𝑘 -th 

subcarrier before IFFT in the transmitter and after FFT in the receiver, respectively. To 
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realise the channel equalization, the OFDM receiver restores the transmitted signal by 

multiplying the received signal with the inverse of the estimated subcarrier channel 

response 𝐻 , which is given by 

𝑋  = 𝑌 𝐻 = 𝑋 +                                               (2.29) 

where 𝑋  is the recovered complex data and 𝑊  is the complex channel noise for the 𝑘-th 

subcarrier. Eq. (2.29) represents a simple “one-tap” OFDM equalizer, and it can be seen that 

the channel noise cannot be removed, which distorts the signal significantly when the 

received OFDM signal has a low power. For AWGN-limited channels, such an issue can be 

efficiently solved by averaging the estimated subcarrier channel frequency response over a 

long time duration.  

2.4.5 IMDD Optical OFDM Transceiver 

As an OFDM signal can be generated and recovered by IFFT/FFT, the OFDM 

modulation/demodulation can be easily implemented through DSP, and the DSP-based 

OFDM modem is inserted in Fig. 2.20. For a cost-effective IMDD transmission system of 

interest of the thesis, the optical modulator is low-complexity and low-cost intensity 

modulator, and the detection is carried out with square-law photodetector. 

In the IMDD OOFDM transmission system shown in Fig. 2.20, an incoming binary data 

sequence is encoded to a serial of complex numbers by using various modulation formats. 

A serial-to-parallel converter truncates the encoded complex data sequence into a set of 

subcarriers. Meanwhile, to generate real-valued OFDM signal to directly drive an intensity 

modulator, the truncated original complex parallel subcarriers and corresponding complex 

conjugated subcarriers are arranged to satisfy Hermitian symmetry, which is expressed as, 

𝑋 =

⎩
⎪
⎨

⎪
⎧

0                                                  𝑘 = 0 

𝑋                               𝑘 = 1,2, … − 1

0                                                    𝑘 =

𝑋∗                     𝑘 = + 1, … , 𝑁 − 1

                                   (2.30) 

All the subcarriers 𝑋  are input to the transmitter IFFT, thus the parallel real-valued OFDM 

signals can be generated [61]. According to the selected CP length, CP samples can be 
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inserted in the way as mentioned in subsection 2.4.2. Afterwards, the parallel-to-serial 

conversion is performed to generate the data sequence, which is fed into a DAC to produce 

analog electrical signal at a given sampling speed of the DAC. After the E-O conversion in 

the optical modulator, the OOFDM signal is injected into the fibre link. In the receiver, after 

the square-law photodetection, the OFDM signal demodulation are following the reverse 

procedures as in the transmitter, which include serial-to-parallel conversion, CP samples 

removal, FFT, and the one-tap equalization before de-mapping to recover a desired data bit 

stream. 

   

Fig. 2.20 System diagram of IMDD Optical OFDM. Conj.: conjugated 
subcarriers; IM: intensity modulator; PD: photodetector. 
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3.1 Introduction 

Driven by the increasing bandwidth requirements, PONs have become a technical necessity 

for providing end-users with unprecedented emerging bandwidth-hungry Internet 

applications and services [1-4]. As such, recent years have seen PON architectures quickly 

evolving from traditional TDMA PONs [5], to WDMA PONs [6], to hybrid TDMA/WDMA 

PONs [6], to FDMA PONs [7], and to optical OFDMA PONs [8]. On the other hand, to 

accommodate highly dynamic traffic patterns, significant improvements should also be 

made in PON reconfigurability, flexibility and elasticity. In practically realising these 

desired PON networking functionalities in a cost-effective manner, SDN has to be 

implemented, which makes use of centralized network resource abstraction and network 

infrastructure virtualization to easily and dynamically reconfigure the networks across all 

the layers down to the physical layer. Such network operations are capable of providing end-

users with on-demand broadband connection/services each tailored to a specific application 

or service requirement. Furthermore, from the PON backward compatibility point of view, 

it is also greatly advantageous if a universal PON access technique is developed to ensure 

that various existing PON access techniques can operate simultaneously over already 

installed PON architectures. 

To address the aforementioned challenging objectives, DFMA [9] has been proposed 

recently, which utilises centralized SDN controller-managed, DSP-based, dynamic 

software-reconfigurable digital orthogonal filters to perform channel multiplexing/ 

demultiplexing. DFMA allows multiple independent channels of arbitrary bandwidth 

granularity to dynamically share a common fibre transmission medium and other relevant 

network resources. For the cost-sensitive IMDD DFMA PON application scenario of interest 

of the thesis, the involved digital orthogonal filters can be embedded, in the digital domain, 

in each individual ONU and OLT without requiring any extra electrical and optical 

components. It has been shown [9] that DFMA PONs possess the following salient operation 

features including, for example, i) DSP-enabled dynamic network reconfigurability, 

flexibility and elasticity, ii) inherent transparency to signal modulation format, signal bit 

rate, existing PON access techniques and network topologies, and iii) capability of SDN-

based network abstraction and virtualization for all the layers including the physical layer. 

Therefore, DFMA PONs not only offers excellent backward compatibility, but also have 

great potential for supporting future C-RANs, which are capable of seamlessly integrating 
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traditional optical access networks, metropolitan optical networks and MFH/MBH networks 

when combined with DFMA compatible ROADMs [10, 11]. 

It has been shown [9] that the DFMA technique relies on maintaining a relatively high level 

of orthogonality between digital filters employed by various channels. However, for 

practical transmission systems, the degradation of digital filtering-based channel 

orthogonality is unavoidable because of nonlinearities that may be encountered in signal 

generation, transmission, routing, traffic aggregation/de-aggregation and detection. Thus, 

the resulting imperfect channel orthogonality results in the DFMA PONs suffering from 

cross-channel interference, therefore the maximum achievable DFMA PON transmission 

performance is degraded. 

Generally speaking, to alleviate cross-channel interference in various modern 

communications systems, over the past few decades, various DSP-based techniques have 

been proposed, which can be broadly classified into two main categories: indirect 

interference cancellation (IIC) and direct interference cancellation (DIC) [12]. The 

representative examples of the IIC category techniques are minimum mean-square error 

(MMSE) detection [13, 14] and maximum likelihood (ML) detection [15]. As the DSP 

complexity of the IIC category techniques increases exponentially with increasing user count 

[16], thus this category is not practically feasible for use in a DFMA PON accommodating 

a large number of ONUs. 

On the other hand, the DIC category can be further divided into two subcategories, i.e., serial 

interference cancellation and parallel interference cancellation [16]. The serial scheme [17, 

18] is multi-user detection-based, in which various signals from different users are firstly 

detected, and subsequently the interferences among them are cancelled serially in the order 

of perceived reliability. Whilst the parallel scheme [19, 20] collectively cancels the 

interferences induced by all other users from the received signal of a targeted user. Clearly, 

the serial scheme is simple and relatively accurate, but it yields significantly high DSP-

induced latency. Whilst the parallel scheme has relatively low latency, but it suffers high 

overall DSP complexity because the interferences from all users have to be estimated in 

parallel within each individual iteration stage, and the total number of iteration stages 

required for achieving an acceptable performance accuracy is relatively large [16, 21]. Apart 

from the abovementioned drawbacks, the performances of all techniques in the IIC and DIC 

categories are also very sensitive to initial operation conditions, and also dependent upon 
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signal modulation format. Obviously, all these disadvantages associated with the available 

techniques in both categories considerably restrict their applicability in the DFMA PONs. 

More recently, by making use of DSPs similar to the parallel scheme of the DIC category, a 

very simple but effective cross-channel interference cancellation (CCIC) technique has been 

proposed and experimentally demonstrated for point-to-point IMDD DFMA PON systems 

[22]. The CCIC’s unique features include the independence of both initial condition setting 

and signal modulation format, as well as extremely fast convergence. In addition, the CCIC 

technique also has the potential not only to drastically improve the transmission performance 

of point-to-point DFMA PON systems, but also to significantly reduce the latency and DSP 

implementation complexity. 

In this chapter, by significantly extending the previously reported CCIC technique from 

point-to-point DFMA PON systems to multipoint-to-point DFMA PON architectures, a 

more general and comprehensive multi-channel interference cancellation technique, termed 

DCIC, is proposed and extensively investigated, for the first time, for applications in IMDD 

DFMA PON architectures. As a variant of the parallel scheme in the DIC category, the 

proposed DCIC technique utilises DSP-based and transceiver-embedded digital orthogonal 

filters to simultaneously receive various signals from different ONUs, based on which the 

interference experienced by each individual ONU is estimated and subsequently subtracted 

from the initially received signal of the same ONU. Finally, each individual signal with 

improved quality is demodulated in the receiver. Our investigations show that, for 

multipoint-to-point upstream IMDD DFMA PONs conveying OOFDM signals, with one 

iteration only the DCIC technique can achieve a reduction in individual OOFDM subcarrier 

BER of more than 1000 times, an increase in signal transmission capacity by as much as 2 

times and an increase in differential ONU launch power dynamic range by as much as 14 

dB. In addition to the aforementioned excellent operation performance, other major 

advantages associated with the proposed DCIC technique are summarized below: 

 Transparency to both signal modulation format and signal bit rate, and independence 

to initial system operation condition setting. These features ensure the DCIC’s 

compatibility to DFMA PONs, equally important, further improve DFMA PON’s 

reconfigurability, flexibility and elasticity. 
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 Low latency, as for the vast majority cases, only one iteration is sufficient for 

improving the DFMA PON performance to acceptable BER levels. From the 

practical implementation point of view, as the DCIC technique is application specific 

integrated circuit (ASIC)-based, one iteration is estimated to take a few microseconds 

only. Thus the DCIC-induced latency is at least several times faster than the 

aforementioned techniques of the DIC category. For future 5G networks, low latency 

communications are crucial for applications such as automotive, medical and other 

types of tactile internet applications requiring real-time user feedback mechanisms. 

On the other hand, for PON application scenarios, low latency communications are 

also vital for maintaining the performances of active ONUs when new ONUs are 

introduced. 

 Low DSP complexity. Compared to existing techniques of the DIC category, the 

DCIC DSP complexity is extremely low, especially for DFMA PONs 

accommodating a large number of ONUs. This arises due to ONU count-independent 

operation performance, as discussed in detail in subsection 3.4.2.  

As already stated above, the DFMA PONs are inherently transparent to various signal 

modulation formats including, for example, non-return-to-zero (NRZ) and four-level pulse-

amplitude modulation (PAM-4). In this chapter, special attention is focused on OOFDM, as 

OOFDM is regarded as a promising candidate for 5G networks because of its high spectral 

efficiency and DSP richness.  

This chapter is organised as following: In subsection 3.2, a theoretical DCIC model is 

established to offer an in-depth understanding of the operating principles of the proposed 

DCIC technique. In subsection 3.3, the validity of the theoretical model is rigorously 

examined via numerical fitting with experimental measurements for various DFMA PON 

systems. For upstream IMDD DFMA PONs, subsection 3.4.1 extensively explores the 

DCIC-induced performance improvements in terms of aggregated upstream transmission 

capacity and differential ONU launch power dynamic range. In addition, the impact of ONU 

count on the DCIC performance is also investigated in subsection 3.4.2. Finally, the chapter 

is concluded in subsection 3.5. 

3.2 Theoretical Model 
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Fig. 3.1 (a) illustrates a diagram of the considered DSP-enabled software reconfigurable 

upstream DFMA PON based on IMDD. As the downstream operating principle of the 

DFMA PON is very similar to point-to-point DFMA PON transmission systems [22], here 

special attention is, therefore, given to the multipoint-to-point upstream operation and the 

operating principle of the proposed DCIC technique. For the upstream DFMA PON, the 

DCIC technique is just applied before signal demodulation in the OLT, as shown in Fig. 

3.1(a). 

3.2.1 Upstream DFMA PONs 

Considering an upstream DFMA PON conveying N different ONU channels, the i-th ONU 

channel digitally encoded by an arbitrary signal modulation format is first up-sampled by a 

factor of M, and then passed through a digital orthogonal SF [9]. The digitally filtered data 

sequence is fed to a DAC to generate an analogue electrical signal, which is utilized to drive 

an optical IM, as seen in Fig. 3.1 (a). Finally, different optical signals from various ONUs 

are passively combined by an optical coupler, and the generated optical signal can be 

expressed as 

𝑆 (𝑡)  = ∑ 𝜎 (𝑡)𝑒 ( ) ∙ 𝑦 (𝑡) ∙ 𝑒                             (3.1) 

Fig. 3.1 (a) DFMA PON diagram. For upstream, DCIC is applied in the OLT. (b) 

Example of channel allocation of multiple ONUs involved in the DFMA PON. 
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with 

𝑦 (𝑡) = 𝑎 (𝑡)⨂𝑠 (𝑡)                                                            (3.2) 

where 𝑓  is the optical carrier frequency, 𝜎 (𝑡)𝑒 ( ) takes into account the optical intensity 

modulation impacts on the amplitude 𝜎 (𝑡)  and phase 𝛽 (𝑡)  of the i-th optical signal, 

𝑦 (𝑡) > 0 is the optimum DC current biased, real-valued i-th ONU electrical signal fed to 

the optical IM, 𝑎 (𝑡)  is the up-sampled digital data sequence and 𝑠 (𝑡)  is the impulse 

response of the SF occupied by the i-th ONU. The generated optical signals propagate 

through the fibre transmission link to the OLT.  

In the OLT, the received optical signal is firstly converted to the electrical domain via square-

law photo detection and subsequently digitised by an ADC. After that, the digital data stream 

corresponding to the i-th ONU is demultiplexed by applying a corresponding digital 

orthogonal MF. After digital filtering, the demultiplexed signal is down-sampled by 

selecting every M-th sample from the synchronised data sequence, and then the DCIC 

technique is applied and the i-th ONU data is finally decoded. 

The construction of various digital orthogonal SF and MF filters employed in the ONUs and 

OLT is undertaken using the Hilbert-pair approach [9], as described in subsection 2.2.1.5 

from Eq. (2.10) to Eq. (2.14). An example of how different orthogonal filters are assigned 

to individual ONUs is illustrated in Fig. 3.1 (b), where the gapless frequency responses of 

both I and Q components of these Hilbert-pairs at different central frequencies are plotted. 

The allocation of individual ONUs to available orthogonal filters is completely flexible and 

dynamic as this is achieved by simply reconfiguring the digital filter parameters in the digital 

domain. In addition to the case discussed above, several DFMA channels can also be 

assigned simultaneously to a single ONU, and a single DFMA channel can also be shared 

by two or more ONUs using a multiple access method such as TDMA. Here it is also worth 

emphasizing that the digital filtering is undertaken using DSP controllers embedded in both 

the ONUs and the OLT. As shown in Fig. 3.1(a), to establish a connection, by working 

together with the centralized SDN controller, the digital filter parameters can be adjusted 

dynamically and adaptively according to transmission system spectral characteristics and 

network traffic status, once a SF filter and the corresponding MF filter are chosen, a DSP-

enabled dedicated physical connection between an ONU and the OLT is thus established, 

which is online software-reconfigurable.  
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3.2.2 DCIC Operating Principle 

In the OLT, the transmitted optical signal is directly detected by a square-law photo detector. 

Let 𝑟(𝑡) denote the detected signal, which is given by 

𝑟(𝑡) = ∑ 𝜌 (𝑡) ∙ 𝑦 (𝑡) ⨂ℎ (𝑡) + 𝜈(𝑡)                                        (3.3) 

where ℎ (𝑡) is the electrical-domain i-th channel impulse response taking into account all 

the electrical/optical effects related to DAC/ADC and fibre transmission, and 𝜈(𝑡) 

represents all optical and electrical noise associated with the entire channel. 𝜌 (𝑡) represents 

the E-O/O-E conversion-induced impacts on the i-th channel signal. Before down-sampling, 

the corresponding MF (𝑚 (𝑡)) de-multiplexed i-th ONU signal is given by 

𝑎 (𝑡) = ∑ 𝜌 (𝑡) ∙ 𝑦 (𝑡) ⨂ℎ (𝑡)⨂𝑚 (𝑡) + 𝜈 (𝑡)⨂𝑚 (𝑡)                      (3.4) 

where 𝜈 (𝑡) is the noise associated with the i-th channel,ℎ (𝑡) leads to the generation of 

interference from the n-th ONU to the i-th ONU, which cannot be removed by the selective 

MF in the OLT. By further expanding Eq. (3.4), we have 

𝑎 (𝑡) =   𝜌 (𝑡) ∙ 𝑎 (𝑡)⨂ℎ (𝑡)⨂𝛿(𝑡 − 𝑡 ) + ∑ 𝜌 (𝑡) ∙,

                                                 𝑎 (𝑡)⨂𝑠 (𝑡)⨂ℎ (𝑡)⨂𝑚 (𝑡) + 𝜈 (𝑡)                                 (3.5) 

where 𝑡  is the signal propagation time delay. The first term of the right side of Eq. (3.5) 

contains the desired i-th ONU signal, which is affected only by the corresponding channel 

impulse response; the second term represents the sum of all interference components from 

all the other ONUs, and the last term is the received noise component. By making use of 

Eq.(3.5), a conventional interference cancellation-free receiver is not capable of recovering 

the first term. As the practical channel impulse response is non-ideal, the interference term 

may seriously degrade the system performance. 

When the most significant first-order interference components are considered only, these 

interference components are linearly combined with the wanted signal received, thus the 

received signal quality can be improved by subtracting the corresponding interference 

components using the formula below  

𝑎 (𝑡) = 𝑎 (𝑡) − ∑ 𝐿 →, (𝑡)                                     (3.6) 
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where 𝑎 (𝑡)  is the interference-subtracted i-th ONU signal after the first iteration. 

∑ 𝐿 →, (𝑡) is the sum of the interference components induced by all the other N-1 

ONUs. From Eq. (3.5), 𝐿 → (𝑡) can be expressed as 

𝐿 → (𝑡) = 𝜌 (𝑡) ∙ 𝑎 (𝑡)⨂𝑠 (𝑡)⨂ℎ (𝑡)⨂𝑚 (𝑡)                        (3.7) 

From the discussions in subsection 3.2.1, it is easy to understand that the SF and MF impulse 

responses, 𝑠 (𝑡)  and 𝑚 (𝑡) , are made known to the DSP controller, and the channel 

frequency response representing the entire transmission system of the n-th channel from the 

DAC input in the transmitter to the ADC output in the receiver, can also be measured easily 

by a training sequence-based channel estimation function. As the exact n-th signal is not 

available at the receiver, the signal, 𝑎 (𝑡), received before signal demodulation, is thus used 

as the best estimation of the n-th ONU signal. In addition, to take into account the effect 

arising from 𝜌 (𝑡), each individual interference component should be scaled appropriately. 

Thus Eq.(3.6) can be rewritten as 

𝑎 (𝑡) = 𝑎 (𝑡) − ∑ 𝐶 (𝑡) ∙ 𝐿 → (𝑡),                             (3.8) 

with 

𝐿 → (𝑡) = 𝑎 (𝑡)⨂𝑠 (𝑡)⨂ℎ (𝑡)⨂𝑚 (𝑡)                           (3.9) 

and 

𝐶 (𝑡) = 𝐴 (𝑡) ∙ 𝑒 ( )                                      (3.10) 

where 𝐶 (𝑡) is the scaling factor representing the interference from the n-th ONU to the 

i-th ONU in the first iteration stage. To further improve the accuracy of the received signal, 

more iteration stages can be applied successively as follows 

𝑎 (𝑡) = 𝑎 (𝑡) − ∑ 𝐶 (𝑡)𝐿 → (𝑡),                         (3.11) 

where 𝐿 → (𝑡) is generated by using the corrected signal after the first iteration. It should be 

noted that multiple DCIC iteration stages not only prolong the latency but also increase the 
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DSP implementation complexity.  

To improve the DCIC operation accuracy and simultaneously reduce the iteration stages 

required, full use can be made of the essential scaling process. In practice, for each individual 

ONU, the frequency-dependent scaling is undertaken in the frequency domain by utilising a 

training sequence inserted in the corresponding data sequence. The interference between 

different training sequences from different ONUs can be calculated in the same way as 

described above. For a specific ONU, with an initially selected scaling factor applied, the 

interference-subtracted training sequence is then compared with the known training 

sequence to obtain a corresponding BER of the training sequence for the ONU. Based on the 

BER, a fine adjustment of the scaling factor can be made. As a result, an optimum frequency 

dependent scaling factor for the ONU is obtained when the corresponding BER is minimised. 

Such an optimum scaling factor identification process results in that only one iteration stage 

is sufficient for achieving acceptable BERs for different ONUs. This greatly reduces not 

only the latency and DCIC DSP complexity but also the error propagation effect, thus the 

effectiveness of the DCIC technique is improved enormously. It is also important to note 

that, except Fig. 3.11, all results presented in this chapter are obtained with one iteration 

only. 

The above-mentioned DCIC operating principle is illustrated in Fig.3.2, where the ‘i-ONU 

received signal’ is referred to as  𝑎 (𝑡). Firstly, the interferences from all other ONUs to the 

i-th ONU (𝐿 → (𝑡)) are estimated, such a procedure is repeated by N-1 times. Then the 

scaling factor is applied, and finally the combined interference estimate is subtracted from 

Fig. 3.2 DCIC operating principle. (a) Scaling and summing interference from all other 

channels; (b) Subtracting the interference. ‘L’ refers to interference. 
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𝑎 (𝑡). For the upstream DFMA PONs, the received signals from different ONUs are made 

known to the OLT, thus all the interference estimations from different ONUs can be 

produced in parallel.  

3.3 Model Evaluation and Parameter Identification 

In order to numerically explore the feasibility of utilizing the proposed DCIC technique to 

improve the upstream performance of the multipoint-to-point DFMA PONs, it is vital to 

rigorously evaluate the validity of the digital orthogonal filtering process, as such process is 

the heart of both point-to-point and multipoint-to-point DFMA PON architectures. In 

addition, to ensure that the theoretical predictions are practically achievable, it is also 

important to identify a set of accurate system parameters representing the E-O/O-E impacts 

and DAC/ADC-induced frequency response roll-off. To achieve these two objectives, in this 

subsection, extensive comparisons are made between numerical simulations and 

experimental measurements.  

3.3.1 Simulation Models and Numerical Fitting Procedure 

The two-channel point-to-point IMDD DFMA PON system adopted in the numerical fitting 

is illustrated in Fig. 3.3, which is identical to that employed in our experimental 

measurements [22], except that an electrical low pass filter (LPF) is introduced in the 

transmitter in this chapter to collectively take into account the effects that are not directly 

measurable in the experiments. These effects include, for example, i) nonlinear effects 

associated with the EML adopted in the experiments [22]; ii) the EML-induced frequency 

chirp effect, and iii) the overall frequency response associated with all electrical/optical 

components. The introduction of such an LPF in the transmitter also allows the utilisation of 

Fig. 3.3 Two-channel DFMA PON system diagram adopted in both experiments and 

numerical fitting. 
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an ideal optical intensity modulator in the numerical simulations instead of a complicated 

EML model. This speeds up the simulation process. 

In numerical fitting, the digital orthogonal filters, SF and MF, are constructed following the 

procedures previously described in subsection 3.2. An OOFDM signal is considered for each 

channel to be consistent with the experimental measurements [22]. In addition, a number of 

other theoretical models developed and verified in [23] are also adopted in the numerical 

simulations, which include: i) an electrical OFDM transceiver with adaptive subcarrier bit 

loading; ii) a standard SSMF transmission model incorporating the effects of loss, chromatic 

dispersion, and various Kerr effect-induced fibre nonlinearities, and iii) a square-law photo 

detection model with both shot and thermal noise being present.  

All the transceiver and transmission system parameters reported in [22] are adopted here and 

kept as constants in the numerical simulations. A summary of those parameters are listed in 

Table 3.1, where typical SSMF parameters are also presented. In particular, the adopted key 

SF and MF filter parameters are: the total number of filter taps of 32 and an excess of 

bandwidth of α=0, which are also identical to those adopted in the experiments [22]. 

Theoretically speaking, the impulse response function of a baseband digital filter constructed 

using the Hilbert-pair approach is the sinc function when α = 0, with its side lobes decreasing 

rapidly over time. From the implementation point of view, a practical digital filter always 

has a limited number of taps, and the corresponding impulse response function can be 

considered to be a truncated version of the sinc function. As such the practical digital filter 

can result in signal distortions, which, however, decrease with increasing tap count (DSP 

complexity). Therefore, it is vital to identify an optimum trade-off between the digital filter 

DSP complexity and its corresponding system transmission performance for a specific 

application scenario. Our FPGA-based real-time experimental results [24] have shown that, 

for the DFMA PONs, when the digital filter tap count is ≥ 32, the system BER performance 

becomes stable, this indicates tap counts as small as 32 can be a practical choice for 

constructing practically acceptable digital filters with α = 0. 

By expanding Eq.(3.10), the frequency dependent scaling factors corresponding to 

individual OFDM subcarriers can be written in a form of 
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𝐶 =

𝐴 , ∙ 𝑒 ,

⋮

𝐴 , ∙ 𝑒 ,

                                                  (3.12) 

where 𝐴 , ∙ 𝑒 ,  is the scaling factor for the k-th subcarrier in the first iteration, k is the 

subcarrier index. In numerical simulations, the scaling factor for each subcarrier is finely 

adjusted according to the method mentioned previously. 

In the process of numerical fitting with the experimental results, the magnitude and phase 

response of the introduced LPF are finely adjusted to provide the best fit with all the 

experimental results in terms of both individual subcarrier BER performances and system 

transmission BER performances. The resulting optimum LPF frequency response are plotted 

in Fig. 3.4. The observed frequency response roll-off of 5 dB within a 0~1 GHz spectral 

range is mainly contributed by the inherent sin(x)/x response of the DAC/ADC, the effects 

of various low pass filters employed in the experimental setup, and also the EML   

nonlinearities. Due to the abovementioned effects, Fig. 3.4 also shows almost linear 

frequency dependent phase variations of 0.97 ns (1.10 ns) at 200 MHz (900 MHz). 

 

Table 3.1 List of Parameters 
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3.3.2 Experimental and Theoretical Results Comparison 

 

By making use of the obtained LPF frequency response presented in Fig. 3.4, as well as the 

transceiver and transmission system parameters summarised in Table 3.1, in this subsection, 

for two cases of including and excluding the proposed DCIC technique, detailed 

comparisons between numerical simulations and corresponding experimental measurements 

are made for different experimental system configurations. 

After 26 km SSMF transmissions of an optical signal consisting of two spectrally overlapped 

I and Q channels, here referred to as Channel 1 and Channel 2, respectively, numerically 

simulated BER performances of 15 data-bearing subcarriers of each channel are plotted in 

Fig. 3.5, where their corresponding experimentally measured BER performances are also  

given. It can be seen in Fig. 3.5 that, for both cases where the DCIC technique is included 

and excluded, the simulated BER performances nearly perfectly overlap with the 

corresponding experimental results across all the subcarriers for both channels. 

It should be noted that relatively low DCIC performances for the low frequency subcarriers 

are seen in Fig. 3.5. This is because the signal spectrum after up-sampling in the transmitter 

consists of two mirrored spectral images, and each subcarrier imagine is mapped to both the 

upper sideband and the lower sideband. Thus the lower frequency subcarriers have greater 

frequency separation than the higher frequency subcarriers, as a direct result, they suffer 

greater amplitude variations at the receiver due to the system frequency response roll-off 

effect. As the interference cancellation relies on 𝑎 (𝑡) , which includes the frequency 

Fig. 3.4 Frequency response of the low pass filter introduced in the transmitter. 
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components from each sideband, the larger the amplitude variation between the two 

sidebands, the more the error in 𝑎 (𝑡), thus the weaker the DCIC operation effectiveness. 

To further examine the validity of the theoretical model and the accuracy of the identified 

parameters, for both Channel 1 and Channel 2, total channel BER versus received optical  

power (ROP) performance comparisons between numerical simulations and experimental 

measurements are also made in Fig. 3.6, where the transmission system configuration and 

its relevant parameters are identical to those adopted in Fig. 3.5. For the case excluding 

DCIC, the curves obtained in simulations and experiments show an almost identical 

performance for both channels, the similar behaviours also hold for the case including DCIC, 

especially in the vicinity of a BER = 1.0×10-3.  

Fig. 3.5 Comparison of the BER distribution across all the subcarriers between 

numerical simulations and experimental measurements. (a) I channel referred to as 

Channel 1, (b) Q channel referred to as Channel 2. ‘w DCIC’ refers to as system with 

DCIC, ‘w/o DCIC’ refers to as system without DCIC 
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The excellent agreements between numerical simulations and experimental measurements 

in Fig. 3.5 and Fig. 3.6 in terms of subcarrier BER performance and total channel BER versus 

ROP system performance strongly confirm not only the validity of the developed DCIC 

theoretical model, but also the accuracy of the transceiver/transmission system parameters. 

As such, unless stated explicitly in relevant texts, both the LPF frequency response and the 

parameters listed in Table 3.1 are adopted as default throughout this chapter. 

3.4 DCIC-enabled Improvement of DFMA PON Performance 

Based on the verified theoretical model and by making use of the parameters identified in 

subsection 3.3, DCIC-enabled maximum achievable performances of multipoint-to-point 

upstream DFMA PONs are extensively explored numerically in this subsection. To highlight 

the DCIC effectiveness for various DFMA PON architectures, performance comparisons are 

also made between the cases of including and excluding DCIC. 

3.4.1 DCIC-enabled Performance Improvement of Two ONU DFMA 

PONs 

Here a multipoint-to-point upstream DFMA PON accommodating only two ONUs is 

considered, in which ONU1 and ONU2 utilise the ‘I’ and ‘Q’ components of a single Hilbert-

pair at the same central RF frequency, respectively, thus these two ONUs occupy the same 

spectral region, as shown in Fig. 3.1 (b). To explore the impact of DCIC on the upstream 

Fig. 3.6 Comparison of the BER versus receive optical power between numerical 

simulations and experimental measurements. ‘CH1’ refers to the I channel while ‘CH2’ 

refers to the Q channel. 
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performance of the DFMA PONs operating at widely adopted DAC/ADC sampling rates of 

fDAC/ADC=12.5 GS/s, the frequency response of the LPF introduced in the transmitter in Fig. 

3.3 is linearly scaled to ensure that the previously identified amplitude roll-off and phase 

profiles are still maintained over the extended signal spectral region. Such linear frequency 

scaling process is conducted using the formula below: 

𝑓 → ( )𝑓                                                      (3.13) 

where 𝑓 =1 GHz and 𝑓 =6.25 GHz are the previous and new signal bandwidths, respectively. 

All other simulation parameters that are adopted in the simulations but not explicitly 

mentioned above are identical to those listed in Table 3.1. 

For a specific transmission distance, to explore the maximum achievable aggregated 

upstream signal transmission capacity, adaptive bit loading is employed on each individual 

subcarrier conveyed by each channel, a signal modulation format is selected from 256-QAM, 

128-QAM, 64-QAM, 32-QAM, 16-QAM, DQPSK and DBPSK. In implementing adaptive 

bit loading, a highest possible signal modulation format is always chosen to ensure the 

achievement of a maximum transmission capacity under the condition that the total BER of 

a targeted channel is still below the forward error correction (FEC) limit of 1.0×10-3. A 

subcarrier is dropped completely if excessive errors occur when the lowest signal modulation 

format is taken. The signal transmission capacity, 𝑅 , of each channel is calculated by 

𝑅 =
∑

( )( )
                                                   (3.14) 

Where 𝑛  is the number of binary information bits conveyed by the 𝑘-th subcarrier within 

one OFDM symbol period, 𝑁  is the total number of data-bearing subcarriers and 𝐶 is the 

overhead parameter associated with the cyclic prefix and training sequence, and 𝑀 is the up-

sampling factor.  

The simulated performance of maximum achievable aggregated upstream transmission 

capacity versus reach is shown in Fig. 3.7, where the total optical launch power is kept at 2 

dBm. It is shown in Fig. 3.7 that, for a transmission distance of 5 km, DCIC gives rise to an 

aggregated maximum transmission capacity as large as 32.5 Gb/s, which is >2.5 times higher 

than that obtained without DCIC. In addition, the DCIC-induced transmission capacity 

improvement is also feasible cross a wide transmission distance range varying from 5 km to 
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60 km. Furthermore, it is also seen in Fig. 3.7 that the effectiveness of DCIC increases with 

decreasing transmission distance. This is because for relatively short transmission distances, 

the effective optical signal-to-noise ratio (OSNR) is relatively high, thus the channel 

interference plays a dominant role in determining the maximum achievable transmission 

performance. As the transmission distance increases, the effective OSNR decreases, thus 

both the reduced OSNR and long transmission distance-enhanced channel interference 

become important. As a direct result, the DCIC-induced improvement in signal transmission 

capacity for long transmission distances is not as pronounced as those for shorter 

transmission distances. Here it is also worth mentioning that when the number of ONUs 

increases, the above-discussed DCIC-enabled improvement in aggregated upstream 

transmission capacity still holds, because the aggregated upstream transmission capacity is 

ONU-count independent [9]. 

Given the fact that a practical PON may have >15 dB differential losses on the fibre plant  

and also requires >3 dB launch power tolerances, to explore the DFMA PON’s capability of 

satisfying such requirements, the performance robustness of the two ONU DFMA PON to 

differential ONU launch power is examined in Fig. 3.8, where the total channel BER 

performance of a power-varying ONU is plotted as a function of its optical launch power, 

whilst the other power-fixed ONU launch power is set at -1 dBm. The ROP in the OLT is 

always fixed at -3 dBm. All other system parameters are identical to those employed in Fig. 

3.7, except that a 26 km SSMF is chosen here to be consistent with the previously discussed 

experimental case. Moreover, as shown in Fig. 3.7, as the DCIC-free 26 km PON system 

Fig. 3.7 Aggregated upstream transmission capacity versus transmission distance for the 

IMDD DFMA PONs with two ONUs. 
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corresponds to a maximum aggregated signal transmission capacity of 11.9 Gb/s, the 

corresponding signal modulation format profile is thus employed in Fig. 3.8 for fair 

comparison. As expected, it can be seen in Fig. 3.8 that an increase in optical launch power 

from one ONU improves its own BER performance, but simultaneously degrades the BER 

performance of the other ONU. This mainly results from the opposite changes in effective 

OSNR experienced by different ONUs. 

In this context, the differential ONU launch power dynamic range is defined, for a fixed 

ROP in the OLT, as the maximum allowable variation range of the optical launch power 

from a specific ONU, over which the total BERs of all individual ONU signals 

simultaneously transmitted over the system are still less than the adopted FEC limit. As the 

signal transmission capacity is the maximum value for the DCIC-free 26 km DFMA PON 

system, a very narrow differential launch power dynamic range is thus observed for both 

ONU1 and ONU2 in Fig. 3.8 (a) and (b). However, after applying DCIC, the differential 

launch power dynamic range of ONU1 (ONU2) significantly increases from 0.3 dB (0.4 dB) 

to 14.7 dB (14.8 dB), indicating that the effectiveness of DCIC in enhancing the differential 

ONU launch power dynamic range. As a representative PON can be largely regarded as a 

linear system, the aforementioned differential ONU launch power dynamic range can also 

be considered as the ROP dynamic variation range of an ONU. The above discussions imply 

that DCIC can considerably enhance the robustness of the DFMA PONs. 

Fig. 3.8 BER performance versus ONU optical launch power. (a) power-varying 

ONU1 employing the “I” component, (b) power-varying ONU2 employing the 

“Q” component. Dashed blue curves refer to the cases without DCIC, solid red 

curves refer to the cases with DCIC. 
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The ROP-dependent differential launch power dynamic range characteristics are explored in 

Fig. 3.9, where ONU1 is power-varying with all other parameters kept identical to those 

adopted in Fig. 3.8 (a). It is shown in Fig. 3.9 that for the case of excluding DCIC, the 

differential launch power dynamic range of around 0.3 dB is almost ROP-independent, 

whilst when DCIC is included, the dynamic range increases almost linearly from 4 dB to 15 

dB with increasing the ROP from -11 dBm to -3 dBm, beyond which the differential launch 

power dynamic range is flatten at around 15 dB. The flatten maximum differential launch 

power dynamic range is mainly attributed to nonlinearities and noise associated with the 

transmission channel. As expected from Fig. 3.8, the same ROP-dependent differential 

launch power dynamic range characteristics also hold when ONU2 power varies. 

3.4.2 DCIC-enabled DSP Complexity Reduction in Multiple ONU DFMA 

PONs 

Having studied the effectiveness of DCIC in remarkably improving both the aggregated 

upstream signal transmission capacity and the differential launch power dynamic range in 

two ONU DFMA PONs, this subsection further extends the DCIC’s application scenario to 

multiple ONU DFMA PONs. Apart from the DCIC-enabled performance improvement, here 

special attention is given to DCIC’s another unique feature, i.e., significant reductions in 

both DSP complexity and latency. As the ONU count grows, the number of interference 

components increases very rapidly, this may lead to expansions in DCIC DSP complexity 

and latency. 

Fig. 3.9 Optical launch power dynamic range of ONU1 as a function of received 

optical power. 
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In order to identify how the DCIC DSP complexity and relevant latency can be reduced 

without affecting the DCIC effectiveness in enhancing the upstream DFMA PON 

performance, the interferences from different ONUs to a specific ONU are estimated 

separately for comparison. For simplicity but without losing generality, 8 ONUs are 

considered here, and the corresponding up-sampling factor M is chosen to be equal to the 

total number of ONUs simultaneously accommodated, i.e., M=8 [25]. The channel allocation 

is as labelled in Fig. 3.1 (b). To make the following comparisons fair, 16-QAM is applied in 

each individual subcarrier for all these ONUs, and the total optical launch power is still fixed 

at 2 dBm. All other parameters including the digital orthogonal filters, the LPF and the 

transmission distance are kept consistent with those employed in Fig. 3.8. 

The BER performances of ONU1 and ONU2 versus subcarrier index are plotted in Fig. 3.10 

(a) and Fig. 3.10 (b), respectively. In each figure, eight different cases are presented, which 

include one DCIC-free case, and seven DCIC-related cases each just removing the 

interference from one ONU only. The inserted legend of ‘ONU2’-‘ONU8’ refers to which 

ONU the removed interference comes from. Fig. 3.10 (a) shows that the ONU1’s subcarrier 

BER performance in the case of just removing the interference from ONU2 agrees very well 

with those observed in Fig. 3.5, and, more importantly, is approximately 10000 times lower 

than other six cases that remove the interferences from ONU3-ONU8. The subcarrier BERs 

of these six other cases overlap with that corresponding to the DCIC-free case. Very similar 

subcarrier BER performances are also observed in Fig. 3.10 (b). Furthermore, the subcarrier 

BER performances of the other 6 ONUs are also numerically examined in the 

aforementioned eight different cases, as their performances are virtually identical to those in 

Fig. 3.10 (a) and Fig. 3.10 (b), the results are not displayed. 

As seen in Fig. 3.1 (b), ONU1 and ONU2 occupy two digital orthogonal filters forming a 

single Hilbert-pair, thus they share an identical signal spectral region. This indicates that, for 

any targeted ONU, the cancellation of the interference caused by the spectrum-sharing ONU 

is sufficient, and the interferences contributed from all the remaining ONUs are negligible. 

This contrasts sharply to the conventional multi-channel transmission cases, where the 

combined interference contributed by all the channels are typically Gaussian noise-like, as a 

direct result, such Gaussian noise-like channel interferences invalidates available channel 

interference cancellation techniques when the number of channels are large [12, 16, 20]. 
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To further validate the simplified interference cancellation approach, all ONU subcarrier 

BER performances involved in the eight ONU DFMA PONs are investigated in Fig. 3.10 

(c) and Fig. 3.10 (d), where only one interference from the spectrum-sharing ONU is 

removed. The comparisons of BER performance versus subcarrier index between the cases 

of excluding and including DCIC are presented, of which ONU1-4 and ONU5-8 are plotted 

in Fig. 3.10 (c) and Fig. 3.10 (d), respectively. It is clear that without DCIC, all eight ONUs’ 

initially received signals are destroyed, but after applying DCIC, the BERs of the vast 

majority of subcarriers are reduced far below the adopted FEC limit of 1.0×10-3.  

Based on the above discussions, it is concluded that for any targeted ONU, the cancellation 

of the interference caused by the spectrum-sharing ONU only is sufficient to significantly 

 Fig.3.10 (a) BER performance of ONU1 versus subcarrier index in an 8-ONU 

DFMA PONs; (b) BER performance of ONU2 versus subcarrier index in an 8-ONU 

DFMA PON; In (a) the inserted legend of ‘ONU2’- ‘ONU8’ refers to which ONU 

the removed interference comes from, in (b) the inserted legend of ‘ONU1’- ‘ONU8’ 

refers to which ONU the removed interference comes from. (c) (d) BER comparison 

between including DCIC and excluding DCIC of all eight-involved ONUs with the 

cancellation of the interference caused by the spectrum-sharing ONU only. ONU1-4 

and ONU5-8 are plotted in (c) and (d) respectively. 
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enhance the multiple ONU DFMA PON performance to a level similar to two ONU DFMA 

PONs. Clearly, such an ONU count-independent interference cancellation feature 

considerably reduce its DSP implementation complexity and operation latency without 

affecting the maximum achievable DFMA PON performance. 

A reduction in the minimum required number of iteration stages can further lower the DCIC 

DSP implementation complexity and corresponding latency, thus reducing its cost and 

power consumption. The iteration stage-dependent DCIC performance is explored in Fig. 

3.11, where the total channel BER comparisons are made between one iteration and two 

iterations for the eight ONU DFMA PONs. In obtaining Fig. 3.11, only the interference 

caused by the spectrum-sharing ONU is cancelled, and the second subcarrier used by each 

ONU is dropped as this subcarrier fails to work in all cases. Fig. 3.11 shows that only one  

iteration is sufficient for greatly improving the DFMA PON performance, and that a second 

iteration offers little improvement. This suggests that, regardless the ONU count, sufficiently 

accurate signal estimations are obtainable after just one iteration stage. 

3.5 Conclusions 

The DCIC technique has been proposed and investigated, for the first time, to effectively 

cancel the imperfect channel orthogonality-induced cross-channel interference in both 

Fig. 3 11 Total BER performance of 8 ONUs, ‘w/o DCIC’ refer to case without 

DCIC, “w DCIC(1)” refer to the case with DCIC after one iteration, “w DCIC(2)” 

refer to the case with DCIC after two iterations. 
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downstream and upstream DFMA PONs based on IMDD. A comprehensive DCIC 

theoretical model has been developed, and through extensive numerical fitting with 

experimental measurements, the developed theoretical model has been rigorously verified 

and a set of accurate transceiver/system parameters has also been identified. Detailed 

numerical simulations have shown that the proposed DCIC technique can increase the 

aggregated upstream signal transmission capacity by a factor of >2 and extends the 

differential ONU launch power dynamic range by >14 dB. The aforementioned performance 

improvements are ONU-count independent and just requires one iteration stage. Other 

salient DCIC advantages include low DSP complexity, small latency and transparency to 

signal modulation format, signal bit rate and initial operation conditions.  
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4.1 Introduction 

The exponential growth in Internet traffic has significantly increased the demand for high 

bandwidth connectivity in both business and residential premises. The current global 

overwhelming 5G network development not only further intensifies such a tendency but also 

brings a number of other formidable technical challenges including dynamic 

reconfigurability, flexible and elastic functionality, significantly reduced system/network 

simplicity, as well as improved installation/operation cost-effectiveness [1]. To provide a 

dynamically reconfigurable, flexible, reliable, secure, transparent, smart and high-

performance environment to meet these stringent requirements [1-4], it is essential to 

seamlessly converge traditional optical access networks, metropolitan area networks and 

mobile fronthaul/backhaul networks, which have been separately developed and 

independently operated over the past a couple of decades [5,6]. PONs are considered 

worldwide as one of the most promising candidates for realizing the highly desired network 

convergence [2,7]. On the other hand, it is also widely envisaged that the initial stage of 5G 

should also have sufficient transparency to OFDM-based 4G [8,9]. As such, optical OFDMA 

PONs are expected to play a crucial role in future converged networks, as they can offer a 

number of well-documented salient advantages including high spectral efficiency, adaptive 

signal modulation according to channel characteristics, DBA with fine bandwidth 

granularity, trivial equalization through simple complex multiplication per subcarrier, as 

well as excellent tolerance to chromatic dispersion. For the network convergence, studies 

have shown that OFDMA PONs can provide high-capacity and long-reach operation [10-

14]. Moreover, their performances can be further improved by non-optical carrier single-

sideband modulation [15], and their physical-layer security enhancement is also achievable 

when use is made of chaotic constellation transformation and pilot-aided secure key 

agreement [16] or three-dimension Brownian motion and chaos in cell [17]. 

However, OFDMA PONs have the following three major drawbacks: a) a typical OFDM 

signal has relatively large side lobes that result in the leakage of signal powers among 

different channels; b) FFTs and IFFTs implemented in very cost-sensitive ONUs are 

required to support the full subcarrier count even though individual ONUs would only be 

assigned a sub-set of the available subcarriers; and c) additional DSP is necessary to 

minimise the ICI effect between different upstream signals from various ONUs sharing 
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different subcarrier subsets of an OFDM channel. Unavoidably these drawbacks 

considerably add the DSP complexity to ONU transceivers. 

To address these technical challenges, DFMA PONs [18] have recently been proposed for 

applications in cost-effective, SDN scenarios, which make use of DSP-based dynamic 

software-reconfigurable digital orthogonal filters to perform channel 

multiplexing/demultiplexing. Recent numerical simulations and experimental 

demonstrations [18, 19] have shown the feasibility of utilising the technique in cost-sensitive 

IMDD DFMA PON application scenarios. In addition, the physical-layer security 

improvement of the DFMA PONs can also be achieved by phase masking and hybrid time-

frequency domain chaotic scrambling [20]. 

However, for an IMDD DFMA PON consisting of a larger number of ONUs, the 

unavoidable problem is that the number of required parallel digital filters implemented in 

the OLT is proportional to ONU count, as a dedicated pair of SF and MF are needed for each 

connection. This suggests that the corresponding DSP implementation complexity and 

operational expenditure may have to increase with ONU count, which is highly undesirable 

for cost-sensitive PONs. Moreover, in practical transmission systems, digital filtering-

associated signal distortions are unavoidable due to non-perfect digital filter implementation 

and transmission system nonlinearity-induced imperfect digital filter orthogonality. In 

addition, the finite out-of-band attenuation of the digital filters also results in DFMA PONs 

suffering from adjacent channel interference (ACI). All the abovementioned unwanted 

effects constrict the practically achievable DFMA PON transmission performance. 

To effectively address the abovementioned challenges associated with the IMDD DFMA 

PONs, in this chapter, a novel technique termed hybrid OFDM-DFMA is proposed and 

extensively investigated, for the first time, for IMDD PONs. In an upstream hybrid OFDM-

DFMA PON, regardless of the number of ONUs each having an embedded dynamic digital 

filter, in the OLT a single FFT operation and its following data recovery DSP processes are 

implemented in a pipelined way, instead of repeating these DSP functions in a parallel way 

for each ONU. Apart from the above unique aspects, the proposed hybrid OFDM-DFMA 

PONs still follow the same operating principle of the previously reported DFMA PONs in 

the ONU transmitter, in which the generated OFDM signals are firstly filtered by individual 

SFs in the digital domain, after DAC and electrical-to-optical (EO) conversion, the passively 

coupled optical signal then propagates through the fibre transmission link to the OLT. In the 
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OLT, without utilising parallel MFs, the signals from various ONUs are demultiplexed and 

recovered simultaneously in the digital domain by a sequence of pipelined DSP procedures 

described in subsection 4.2. As a direct result of combining both OFDMA and DFMA 

characteristics, the proposed hybrid OFDM-DFMA technique still maintains the capability 

of dynamic and transparent channel reconfiguration and control via the centralised SDN 

controller in association with the OLT/ONU-embedded DSP controllers. 

More importantly, our investigations show that in comparison with the IMDD DFMA PON, 

the IMDD hybrid OFDM-DFMA PON can considerably improve the upstream transmission 

performance and differential ONU launch power dynamic range. In addition, the hybrid 

OFDM-DFMA PON still offers a number of salient advantages associated with the DFMA 

PON in terms of: a) full support of the SDN solution with network control further extended 

to the physical layer; b) great ease in transparent abstraction and virtualization; c) high 

flexibility via centralized control to dynamically realise network reconfiguration and 

management, and d) inherent transparency to both underlying transmission technologies and 

network topologies. In particular, the hybrid OFDM-DFMA PON has the unique advantages 

summarised below:  

 Great relaxation of ONU-embedded SF DSP complexity requirement. For achieving 

a targeted upstream performance, the proposed technique is insensitive to SF-

induced signal distortions, as discussed in subsection 4.3. This allows low 

complexity SFs to be implemented, thus significantly reducing the ONU cost.  

 Significant simplification of the OLT DSP complexity and considerable reductions 

in the OLT cost. As discussed in subsection 4.2, in the upstream operation, various 

independent signals from different ONUs are simultaneously demultiplexed and 

recovered with a pipelined approach. This eliminates the implementation of 

numerous parallel MFs and their corresponding data recovery DSP functions in the 

OLT. The complexity reduction is evident from the fact that, the required MF taps 

(multiplier count) is proportional to channel count, thus total MF complexity 

increases in proportion to the square of channel count, whereas in the L-point FFT-

based hybrid OFDM-DFMA case, multiplier count is L/2(log2L) with L proportional 

to channel count. Thus for increasing channel count the DFMA complexity will 

rapidly exceed the complexity in the hybrid OFDM-DFMA case. 
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 Significantly enhanced upstream PON performance and its robustness and flexibility 

because of the proposed technique’s unique feature of excellent tolerance to signal 

distortions and the ACI effect. 

 Excellent backward compatibility with existing OFDM-based 4G networks. 

In this chapter, an analytical model of the hybrid OFDM-DFMA PON is developed in 

subsection 4.2, which offers an in-depth understanding of the operating principles of the 

proposed technique. In subsection 4.3, upstream transmission performances of the proposed 

OFDM-DFMA PON over a representative 25km SSMF IMDD PON are numerically 

explored for different application scenarios subject to various levels of signal distortion and 

interference. Subsection 4.4 further explores other performance characteristics of the hybrid 

OFDM-DFMA PON in terms of differential optical launch power dynamic range and ONU 

count-dependent upstream performance. Finally, the chapter is concluded in subsection 4.5. 

4.2 Hybrid OFDM-DFMA Operating Principle and 

Theoretical Model Development 

The system diagram of the proposed hybrid OFDM-DFMA PON is depicted in Fig. 4.1, here 

special attention is given to the multipoint-to-point upstream operation principle only. As 

shown in Fig. 4.1, the hybrid OFDM-DFMA PON conveys B channels each occupied by a 

single ONU, labelled as the 0th, 1st, 2nd… 𝑏-th… (𝐵-1)-th ONU, and each ONU signal is 

OFDM modulated. The k-th subcarrier of the m-th OFDM symbol of each channel is given 

by: 

Fig. 4.1 Schematic diagram of the proposed hybrid OFDM-DFMA PONs simultaneously 

transmitting B ONUs over IMDD SSMFs. DAC: digital-to-analog conversion; ADC: 

analog-to-digital conversion; IM: intensity modulation; PD: photodetector; S/P: serial-

to-parallel conversion; CP: cyclic prefix. 
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𝑑 , = 𝑅 , 𝑒 ,  ℎ(𝑡)                                                      (4.1) 

where ℎ(𝑡) is a rectangular pulse of unity amplitude and duration of one symbol period. 𝑅 ,   

is the k-th subcarrier’s amplitude and 𝜃 ,  is its phase. The m-th OFDM symbol is generated 

by the N-point IFFT of the set of N subcarriers, given by: 

𝑥 (𝑛) = ∑ 𝑑 , 𝑒
( )

, 𝑘 = − , … , − 1, 𝑚 = 0,1,2, …             (4.2) 

where L is the symbol length in samples. For conventional OFDM we have L=N. To generate 

real-valued OFDM signals, the following conditions have to be satisfied: 

𝑑 , = 𝑑 ,
∗  ,  𝑑 , = 𝑑

,
= 0                                  (4.3) 

Thus there are 
 

− 1  data-carrying subcarriers for each ONU channel. As illustrated in Fig. 

4.1, for each ONU channel, prior to digital filtering, the process of up-sampling by a factor 

of M needs to be applied, which can be considered as M× over-sampling followed by 

multiplication by a sequence of impulses. Firstly, over-sampling by a factor of M increases 

the OFDM symbol length to 𝐿 = 𝑀𝑁 samples. The m-th over-sampled OFDM symbol is: 

𝑥′ (𝑛) = ∑ 𝑑 , 𝑒
( )

/
                            (4.4) 

which can be rewritten as: 

𝑥′ (𝑛) = ∑ 𝑑 , 𝑒
/

, 𝑛 = 𝑚𝐿, 𝑚𝐿 + 1, … , 𝑚𝐿 + (𝐿 − 1)         (4.5) 

Secondly, the sequence of impulses, s(n), must be spaced at M sample intervals, which is 

given by: 

𝑠(𝑛) = ∑ 𝜕(𝑛 − 𝜏𝑀)                                        (4.6) 

𝑠(𝑛) can also be expressed as a Fourier series as: 

𝑠′(𝑛) =  ∑ 𝑒                                           (4.7) 
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where 1/M is the normalized fundamental frequency of the Fourier series. The up-sampled 

signal is therefore: 

𝑥 (𝑛) = 𝑠′(𝑛)𝑥 (𝑛) = 𝑠′(𝑛) 𝑑 , 𝑒  

=
1

𝑀
𝑑 , 𝑒 𝑒  

=
1

𝑀
𝑑 , 𝑒 ( ) 

(4.8) 

From Eq. (4.8), it can be seen that the up-sampled signal consists of multiple images where 

the β-th image is centred at a frequency of  with 𝛽 being an integer number. As an image 

has a bandwidth of N/L and the centre frequency spacing between two neighbour images 

is = , the images are thus contiguous with no spectral gaps. Digital filters can therefore 

be used to select any image located at a desired spectral region. 

As shown in Fig. 4.1, after performing the M× up-sampling, digital filtering is then applied 

to the up-sampled signal. Assuming an ideal shaping filter, the b-th shaping filter selects the 

b-th image with its corresponding subcarriers referred to as 𝑑 , and its copy referred to as 

𝑑 . Defining 𝑑 , ,  as the k-th subcarrier of the up-sampled m-th OFDM symbol after 

applying the b-th shaping filter, we have: 

∑ 𝑑 , , = 𝑑 , 𝑑 , 𝑘 ∈ [−𝑁, 𝑁 − 1], 𝑚 ∈ [1, ∞), 𝑏 ∈ [0, 𝐵 − 1]      (4.9) 

where B is the maximum number of shaping filters that can be uniformly distributed within 

the available spectral region, thus 𝐵 = . The first half of the subcarriers (𝑘 ∈ (−𝑁, −1)) 
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are located in the negative frequency bins, which is an exact copy of the subcarriers (𝑘 ∈

(1, 𝑁 − 1)) in the positive bins: 

𝑑 = 𝑑 , , , … 𝑑 , , , … 𝑑 , ,  = 𝑑                      (4.10) 

The subcarriers in the positive bins include the data-bearing subcarriers and their conjugates, 

which are: 

𝑑 =  0, 𝑑 , , , … 𝑑 , , , … , 𝑑 , ,  

= 0 , 𝑑 , ,  , … , 𝑑
, ,  

, 0, 𝑑
, ,  

∗ , … , 𝑑 , ,
∗     (4.11) 

Based on the above discussion, to locate the digitally filtered signal in a desired spectral 

region, from Eq. (4.8) the filtered signal can be written as: 

𝑥 , (𝑛) =
1

𝑀
𝑑 𝑒 + 𝑑 𝑒  

=
1

𝑀
𝑑 , , 𝑒

| |

 

=
1

𝑀
𝑑 , , 𝑒

| |

 

(4.12) 

As seen in Fig. 4.1, the digitally filtered data sequence 𝑥 , (𝑛) is then fed to a DAC to 

generate an analogue electrical signal. The generated electrical signal is combined with an 

optimum DC bias current to drive an optical intensity modulator. After that, different optical 

signals from various ONUs are passively combined in an optical coupler located at the 

remote node to generate an aggregated upstream optical signal that propagates to the OLT.  

To obtain a simple analytical solution capable of offering an overall view of the proposed 

hybrid OFDM-DFMA technique, linear transmission systems are assumed in this subsection, 
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and numerical simulations are performed in subsection 4.3 to examine the feasibility of the 

proposed technique in practical non-linear PON transmission systems. As a direct result of 

the linear system assumption, the passively coupled signal from B ONUs can be expressed 

as: 

𝑦(𝑛) = 𝑥 , (𝑛) 

=

⎝

⎜
⎛ 1

𝑀
𝑑 , , 𝑒

| |

⎠

⎟
⎞

 

=
1

𝑀
𝑑 , , 𝑒

| |

 

 (4.13) 

Let 𝜌 = 𝑘 + 𝑏𝑁
| |

, 𝑘 ∈ [−𝑁, 𝑁 − 1], 𝑏 ∈ [0, 𝐵 − 1], 𝜌 ∈ [−𝐵𝑁, 𝐵𝑁 − 1],  so the above 

combined signal becomes: 

𝑦(𝑛) =  ∑ 𝑑 , 𝑒 , 𝑑 , = 𝑑 , ,                     (4.14) 

Eq. (4.14) indicates that the combined signal can be considered to be produced by the L-

point IFFT operation with L= 2BN. As such, in the OLT, the L-point FFT can be applied to 

𝑦(𝑛) to recover the sequence 𝑑 , , , which can be expressed as: 

𝑑 , , = ∑ 𝑟(𝑛)𝑒 , 𝑘 ∈ [−𝑁, 𝑁 − 1]                      (4.15) 

where 𝑟(𝑛) is the received signal after the ADC in the OLT, as seen in Fig. 4.1, and 𝑟(𝑛) is 

given by: 

 𝑟(𝑛) = 𝐶𝑦(𝑛)                                                            (4.16) 
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 where C is the scale factor accounting for the signal power variation in the linear system. 

Here it is also worth noting that the DC component is not included in the analysis, as such a 

component is removed completely and immediately after O-E conversion. 

The signal emerging from the ADC passes through a deserialiser to provide parallel signal 

samples corresponding in length to one symbol period, but arbitrarily located and so not 

aligned to the symbol boundaries. A symbol alignment block is employed to achieve symbol 

alignment and compensate for any possible symbol offset. This can be undertaken using 

synchronisation techniques similar to OFDMA-PONs [14, 21]. As shown in Fig. 4.2, after 

the symbol alignment and S/P conversion of the received signal  𝑟(𝑛) , the sample 

sequence {𝑟 (𝑛)} is obtained. The CP can then be removed as it has no useful data, thus the 

remaining L time-domain samples are obtained for each symbol, which is expressed as 

𝑢 [𝑚], 𝑢 [𝑚] … 𝑢 [𝑚] in Fig. 4.2. After performing the L-point FFT operation, the output 

sample sequence 𝑢 [𝑚], 𝑢 [𝑚], … , 𝑢 [𝑚], … , 𝑢 [𝑚], 𝑧 ∈ [0, 𝐿 − 1] is obtained, which is 

exactly the reverse replica of Eq. (4.15).  

In the sequence of {𝑢 [𝑚]}, 𝑧 ∈ [0, 𝐿 − 1], the first half of the sequence (𝑧 ∈ [0, − 1]) 

corresponds to the positive frequency bin 𝑑 , and the lowest frequency starts from 𝑧 = 0. 

Whilst the second half (𝑧 ∈ [ , 𝐿 − 1])) corresponds to the negative frequency bin 𝑑 , 

which is the copy of 𝑑 . Theoretically speaking, the subcarriers located in either 𝑑 or 

𝑑  can be selected to recover the targeted signal in the b-th ONU channel 𝑎 (𝑚). To 

obtain the best results from {𝑢 [𝑚]}, Eq.(4.17) is utilized, which presents the rules of the 

subcarrier selection, and the corresponding subcarrier index 𝑧 is given in Eq.(4.18): 

Fig. 4.2 Signal recovery block diagram of the hybrid OFDM-DMFA PONs. 
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 𝑎 (𝑚) =

⎣
⎢
⎢
⎢
⎢
⎡

𝑢 [𝑚], 𝑢 [𝑚] … , 𝑢 [𝑚]

       

,

𝑢 [𝑚], 𝑢 [𝑚], … , 𝑢 [𝑚]

   ⎦
⎥
⎥
⎥
⎥
⎤

, 

𝑏 = 0,1, … , 𝐵 − 1                                                              (4.17) 

𝑧 =
0,                            𝑏 = 0

+ (𝐵 − 𝑏 − 1) ∙ 𝑁, 𝑏 ≥ 1
                                          (4.18) 

where 𝑏 is the channel index for the b-th ONU channel and 𝐵 is the total number of ONU 

channels. Thus the recovered signal from the b-th channel is identified, which is then 

followed by further equalization and decoding operations. The equalization process is the 

standard OFDM equalization as reported in [14,18]. For simplicity without losing any 

generality, the ideal shaping filters are applied in the above described mathematical 

derivations, though other non-ideal shaping filters mentioned below are also applicable, and 

their distortions can be recovered by the following equalization process. Filter parameters 

optimizations are discussed in subsection 4.3. 

From the above analysis, it can be seen that without implementing numerous parallel MFs, 

the OLT simultaneously recovers the signals from different ONUs utilizing a single L-point 

FFT operation. Here it is also worth emphasizing the following two aspects: 1) Any 

orthogonal digital filter construction approaches such as the Hilbert-pair approach [18] and 

the Gaussian approach [22] are applicable for the hybrid OFDM-DFMA PONs. When the 

Hilbert-pair approach is adopted, from the transceiver complexity point of view, the same 

type (either quadrature-phase or in-phase) of the digital filters at different RF central 

frequencies are preferable, which, however, halves the maximum achievable signal 

transmission capacity for a fixed DAC/ADC sampling speed. Such a technical problem can 

be solved when use is made of the Gaussian approach [22]. 2) The digital filtering and the 

FFT operation are controlled and managed using DSP controllers embedded in the ONUs 

and the OLT, respectively, as shown in Fig. 4.1. To establish a reconfigurable and elastic 

connection, according to transmission system frequency response characteristics and 

network traffic status, the centralized SDN controller works together with the embedded 
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DSP controllers to dynamically set optimum digital filter coefficients and map each 

individual channel with its corresponding subcarriers of the L-point FFT operation. 

4.3 Hybrid OFDM-DFMA PON Verification and Optimum 

Filter Design 

To evaluate the validity of the theoretical model derived in subsection 4.2, and to explore 

the performance characteristics of the proposed hybrid OFDM-DFMA PON, numerical 

simulations of the upstream performances of 25 km SSMF IMDD hybrid OFDM-DFMA 

PON (abbreviated as ‘hybrid’ case) are undertaken in this subsection. Signal generation and 

detection are simulated using MATLAB and the optical fibre transmission is simulated using 

VPI Transmission maker. To highlight the upstream hybrid OFDM-DFMA PON 

performance, comparisons are also made to the DFMA PON with corresponding MFs in the 

OLT (abbreviated as ‘DFMA’ case). It is worth mentioning that the channel interference 

cancellation technique presented in chapter 3 is not considered in the hybrid OFDM-DFMA 

PON systems proposed in this chapter. 

To simulate OFDM signal generation and detection, the approach reported in [23] is adapted. 

Throughout the chapter, each ONU is assigned a whole OFDM channel, with each channel 

consisting of fifteen, 16-QAM modulated, data-bearing subcarriers (N=32). In each ONU, 

an ideal optical intensity modulator is utilised, which produces an optical field signal 𝑆 (𝑛), 

having a waveform governed by 𝑆 (𝑛) = 𝑦′(𝑛) , here 𝑦 (𝑛) > 0 is the electrical driving 

current of the signal with an optimum DC bias current being added. Apart from simplicity, 

the utilisation of the ideal optical intensity modulator can also completely eliminate the 

optical beat interference (OBI) effect [24]. For practical upstream IMDD PON systems, the 

OBI effect is negligible when the optical wavelength spacing between adjacent ONUs is 

larger than the threshold experimentally identified in [24]. 

For simplicity, here two ONUs are considered in the adopted multipoint-to-point upstream 

PONs. The construction of the digital filters in the ONUs is undertaken using the Hilbert-

pair approach described in subsection 2.2.1.5 [18]. Each Hilbert-pair includes both in-phase 

and quadrature-phase filter components to support two spectrally-overlapped orthogonal 

channels. In this chapter, for both ONU1 and ONU2, only the in-phase filters are utilised at 

different RF central frequencies governed by Eq. (4.19):  
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 𝑓 = (2𝑏 + 1) , 𝑏 = 0,1, … , 𝐵 − 1                                     (4.19) 

where 𝑓  is the DAC/ADC sampling speed. The central frequencies are chosen to uniformly 

distribute the filter frequency responses within the available spectral region determined by 

the DAC/ADC sampling speeds. To accommodate the two ONUs in the entire spectral 

region, the up-sampling factor M is taken to be 4, 𝑓 = 𝑓 /8, 𝑓 = 3 × 𝑓 /8, and all other  

simulation parameters are listed in Table 4.1, and the corresponding SSMF and PIN 

parameters are the same as in Table 3.1. For each case considered, identical parameters are 

applied to both the hybrid OFDM-DFMA PON and the DFMA PON. For each ONU, the 

achievable signal bit rate 𝑅  can be calculated using Eq. (3.14). By utilising the parameters 

listed in Table 4.1, a signal bit rate of 4.7 Gb/s can be easily calculated for each ONU. 

From Table 4.1, it can be seen that the IFFT size for generating the OFDM signal by each 

ONU is N=32, and the up-sampling factor M is 4, thus in the OLT of the hybrid OFDM-

DFMA PON, there are L=128 samples per symbol applied to the FFT operation after the S/P 

conversion. From Eq. (4.17) and Eq. (4.18) it can also be seen that the samples of subcarrier 

index 1-16 (the first and 15th data-bearing subcarriers) from ONU 1 are located in the 

sequence 𝑢 , 𝑢 . . , 𝑢 , and the sequence  𝑢 , 𝑢 . . , 𝑢  is selected to construct the data-

bearing subcarriers for ONU2. Thus, after equalization and decoding, the two signals from 

Table 4.1 List of Parameters 

PARAMETER VALUE PARAMETER VALUE 

DAC/ADC 

sample rate 
12.5 GS/s 

DAC/ADC 

resolution 
8 bits 

Clipping ratio 13 dB Cyclic Prefix 25% 

Modulation 

formats 
16 QAM 

Total number of 

IFFT points of each 

channel 

32 

Transmitted 

optical power 
0 dBm 

Received optical 

power 

-2 dBm (if 

unstated) 

SSMF length 25 km 
Up sampling factor 

M 
4 

SF/MF filter 

length range 
2/8/16/32 

Hybrid OFDM-

DFMA FFT size 
128 
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both ONUs are recovered.  

 

Under the above numerical simulation conditions, the ONU1 EVM versus ROP 

performances of both the hybrid OFDM-DFMA and DFMA PONs are presented in Fig. 4.3 

for different digital filter tap counts. The FEC limit of 1.0×10-3 is considered, which 

corresponds to -17 dB (or 14%) of EVM [25]. Fig. 4.3 shows that the proposed hybrid 

OFDM-DFMA PON can reach EVMs of -17 dB when ROPs are higher than -12 dBm. This 

indicates that the proposed technique works well for both linear and non-linear IMDD PON 

systems, thus the feasibility of the proposed hybrid OFDM-DFMA technique is confirmed. 

Moreover, when varying digital filter tap counts between 16, 32, 64 and 128, the proposed 

hybrid OFDM-DFMA PON performances are very robust to the variations in filter tap count. 

On the contrary, the DFMA PON performances significantly depend on filter tap count, 

especially over the noise floor region. This is because the finite tap count-induced non-flat 

frequency response of the digital filter leads to signal distortions: the filter frequency 

response ripple variation range and associated signal distortions increase with decreasing the 

number of taps. The DFMA PONs suffer stronger imperfect filter impairments as both the 

SFs and MFs are implemented in the ONUs and OLTs respectively, whilst the hybrid 

OFDM-DFMA PONs are free from the OLT-embedded MFs, thus introducing less signal 

distortions. This results in the hybrid OFDM-DFMA EVM curves almost perfectly 

overlapping for different tap counts, as shown in Fig. 4.3. 
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 (32)DFMA
 (32)hybrid
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 (64)hybrid
 (128)DFMA
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Fig.4.3 EVM of ONU 1 versus received optical power with different digital filter 

tap-counts for both the hybrid OFDM case and DFMA case. 
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Such a feature reveals that in comparison with the DFMA PON, the proposed hybrid OFDM-

DFMA PON is less sensitive to imperfect digital filter-induced signal distortions. For  

achieving the same transmission performance, the proposed technique not only permits 

lower digital filter complexity but also significantly enhances the PON robustness and 

flexibility. Such a statement is further signified by the performance for the 16 tap count case, 

where the noise floor in the hybrid OFDM-DFMA PON is significantly lower than the 

DFMA PON with the filter taps as large as 64. In addition, for a specific filter tap count and 

over relatively low ROPs, the DFMA PON performance is slightly better than the hybrid 

OFDM-DFMA PON, the ROP corresponding to such performance cross-point between two 

PON technologies increases with increasing filter count, as shown in Fig. 4.3. This is because 

the DFMA-associated MFs can reduce the system noise effect. In Fig.4.3, only ONU1 

performance is presented, because ONU2 employs the identical digital filter parameters,  

except that ONU2 operates at a higher RF frequency. Our numerical simulations show that 

for the same simulation conditions, the performance of ONU2 is very similar to ONU1. This 

suggests that the hybrid OFDM-DFMA PON performance is independent of ONU spectral 

allocation.  

 

Fig. 4. 4 presents the ONU1 EVM versus ROP for different levels of ACI. Here the different 

ACI levels are introduced by varying the filter’s alpha parameter [18], which controls the 

excess of bandwidth with respect to the minimum bandwidth determined by the symbol 

period. Generally speaking, for a given filter tap count, a larger alpha value produces lower 

in-band frequency response ripples, but gives rise to larger filter response side lobes, thus 
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 (0.4)DFMA

Fig.4.4 EVM of ONU 1 versus received optical power with different excess of 

bandwidth parameters (alpha value) for hybrid OFDM case and DFMA case. 
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leading to greater ACI. When numerically simulating Fig. 4.4, the alpha parameter values 

are taken to be 0, 0.1, 0.2 and 0.4, and the tap counts are fixed at 128 to minimise the finite 

tap count-induced signal distortions. All other simulation parameters are kept the same as 

those adopted in Fig. 4.3. 

It can be seen in Fig. 4.4 that the proposed hybrid OFDM-DFMA PON performances are 

almost independent of ACI level. In sharp contrast, the performance of the DFMA PON 

varies considerably with ACI level, in particular over the noise floor region. The physical 

mechanism underlying such observed behaviour is the system nonlinearity-induced 

imperfect orthogonality between the SFs and MFs, which means that the DFMA-embedded 

MFs cannot fully reject the leaked signal power from its adjacent channels, and due to the 

filter’s excess of bandwidth some adjacent channel power aliases into the wanted signal after 

down-sampling. However, for the hybrid OFDM-DFMA PON, the system nonlinearity gives 

each SF the same effect, thus the power leakage from the adjacent channels is largely rejected 

by the single FFT operation and its following data recovery process. As such the hybrid 

OFDM-DFMA PON mainly suffers from out-of-band channel leakage due to the finite out-

of-band attenuation of the SFs. These behaviours clearly demonstrate that the proposed 

technique is highly tolerant to ACI. The existence of the performance cross-points between 

the hybrid OFDM-DFMA PON and the DFMA PON is very similar to that observed in Fig. 

4.3. 

To further explore the proposed technique’s robustness against the ACI effect, the overlaid 

and equalised combined constellations and subcarrier EVM distributions for both ONUs are 

plotted in Fig. 4.5 (a) and (b) for the DFMA PON and the hybrid OFDM-DFMA PON, 

respectively. Here the ROPs are fixed at -10 dBm, and the tap count and the alpha parameter 

value are taken to be 128 and 0.2 respectively. These parameters give rise to the FEC limit 

of EVM at -17 dB or 14% [25] for the DFMA PON, as shown in Fig. 4.4. As a direct result 

of the large alpha parameter value-induced enhancement in the ACI effect, and given the 

fact that lower frequency subcarriers are located at the edges of the frequency band, the first 

two subcarriers of both ONU channels are almost destroyed in the DFMA PON, as seen in 

Fig. 4.5 (a). However, in the hybrid OFDM-DFMA PON, shown in Fig. 4.5 (b), these two 

low frequency subcarriers are hardly affected by the ACI effect, leading to almost flat EVM 

distributions across all the subcarriers. In comparison with the DFMA PON, the superior 

ACI rejection capability associated with the hybrid OFDM-DFMA PON is further evidenced  
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by its corresponding clear constellations, illustrated in Fig. 4.5 (a) and Fig. 4.5 (b). 

 

In summary, the excellent performance of the hybrid OFDM-DFMA PONs not only 

validates the proposed technique for use in the application scenarios of interest of the thesis, 

but also demonstrates the hybrid OFDM-DFMA PON’s unique advantages over the DFMA 

PONs in terms of upstream transmission performance improvement, digital filter complexity 

reduction and increased tolerance to signal distortions and ACI caused by the finite tap 

count-induced digital filter imperfection and system nonlinearity.   

4.4 Hybrid OFDM-DFMA-induced DSP Complexity 
Reductions 

This subsection evaluates in detail the claimed advantage of the proposed hybrid OFDM-

DFMA PONs in terms of DSP complexity reduction compared with the DFMA PONs. 

As discussed in subsection 4.2, for the upstream operation, various independent signals from 

different ONUs are simultaneously de-multiplexed and subsequently recovered with a single 

FFT in a pipelined approach. The non-necessity of employing parallel signal processing 

functions in the OLT greatly reduces the overall OLT hardware and software complexity.  

Fig. 4.5 Constellations and EVM distribution among all subcarriers, (a) DFMA 

case, (b) hybrid OFDM case. (Note: subcarrier index=1 corresponds to the 

unused DC frequency) 
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For example, from the DSP complexity reduction point of view, for simplicity, if the DSP 

complexity is measured by the minimum required multiplier elements only (the number of 

taps), to support maximum B ONU channels in the hybrid OFDM-DFMA PONs, the up-

sampling factor M satisfies M=2×B, and the multiplier count required by the L-point FFT is 

L/2(log2L) with L=M×N proportional to the channel count B. On the other hand, for the 

DFMA PONs supporting B ONU channels, the required corresponding MF multiplier count 

T is proportional to channel count, satisfying T=L×M’ [18], where M’=B, and L is the digital 

filter length, thus the total MF DSP complexity of the B ONU channels increases to B×T×N 

[26]. In addition, after the matching filtering processes, each channel also requires a separate 

OFDM signal demodulation process, which additionally increases the DSP complexity by 

B×N/2(log2N). Based on the above analyses, the overall DSP complexities 𝒞 of the hybrid 

case and the DFMA case can be expressed as: 

𝒞 =  (log 𝐿) = 𝐵𝑁(log 2𝐵𝑁)                                             

𝒞 =  𝐵 × 𝑇 × 𝑁 + 𝐵 × (log 𝑁) = 𝐵 𝑁𝐿 + (log 𝑁)
                (4.20) 

By making use of Eq. (4.20), the calculated OLT DSP complexity as a function of channel 

count is plotted in Fig. 4.6, in which the IFFT size N for each OFDM signal is 32 and the 

digital filter length is fixed at 16. It is clear from Fig. 4.6 that for channel counts of ≥ 32, the 

overall OLT DSP complexity can be reduced by a factor of more than 100 when adopting 

the hybrid OFDM-DFMA technique.  

In addition to the OLT DSP complexity reduction, subsection 4.3 also indicates that 

considerable DSP complexity reductions can also be achieved in ONUs as a direct result of 

Fig. 4.6 DSP complexity comparison between the hybrid OFDM-DFMA PONs 

and the DFMA PONs as a function of channel count. 
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the relaxation of the ONU-embedded SF DSP complexity requirements for achieving an 

acceptable BER performance. 

4.5 Hybrid OFDM-DFMA PON Upstream Performance 

Characteristics 

4.5.1 Differential ONU Launch Power Dynamic Range  

 

The hybrid OFDM-DFMA performance robustness to differential ONU launch power is 

examined in Fig. 4.7, where the BER performance of a power-varying ONU is plotted as a 

function of its optical launch power, whilst the other fixed-power ONU’s launch power is 

kept constant at -1 dBm. For simplicity but without losing generality, here just two ONUs 

are considered and the ROP in the OLT is fixed at -2 dBm. The digital filters have 32 taps,  

Fig.4.7 BER performance versus ONU optical launch power. (a) power-varying 

ONU1, (b) power-varying ONU2. The black curves refer to the DFMA PON, the 

red curves refer to the hybrid OFDM-DFMA PON. 
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and the alpha parameters are set at 0 to allow fair comparison with the previous performances 

presented in Fig. 4.3. All other parameters are identical to those listed in Table 4.1. 

As expected, an increase in optical launch power from one ONU improves its own BER 

performance, but simultaneously degrades the BER performance of the other ONU, as 

shown in Fig. 4.7 (a) and (b). This mainly results from the opposite changes in effective 

OSNR experienced by these ONUs. In this context, the differential ONU launch power 

dynamic range is defined as the same in subsection 3.4.1. At an ROP of -2 dBm, the 

differential launch power dynamic range of the DMFA PON is virtually 0 dB, however for 

the hybrid OFDM-DFMA PON, the differential launch power dynamic range of both ONU1 

and ONU2 significantly increases to 16 dB. Such a huge improvement mainly results from  

the excellent tolerance of hybrid OFDM-DFMA to the low filter tap count-based imperfect  

filter-induced signal distortions. The hybrid OFDM-DFMA-enhanced differential ONU 

dynamic range also brings improved PON performance robustness. 

 

The ROP-dependent differential launch power dynamic range characteristics are explored in 

Fig. 4.8, where ONU1 is power-varying with all other parameters kept identical to those 

adopted in Fig. 4.7. It is shown in Fig. 4.8 that for the DFMA PON, the differential launch 

power dynamic range is always around 0 dB, whilst for the hybrid OFDM-DFMA PON, the 

dynamic range increases almost linearly from 0 dB to 16 dB when ROPs increasing from -

12 dBm to 1 dBm, beyond which the differential launch power dynamic range plateaued at 

around 16 dB. The flattening of the differential launch power dynamic range to a maximum 
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Fig.4.8 Optical launch power dynamic range of ONU1 as a function of received 

optical power. 
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value is mainly attributed to nonlinearities and noise associated with the transmission 

channel. As expected from Fig. 4.7, the same ROP-dependent differential launch power 

dynamic range characteristics also hold when ONU2 power varies. In addition, at an ROP 

of around -11.5 dBm, the hybrid OFDM-DFMA dynamic range is 0 dB, indicating that both 

channels reach the FEC limit at the same time, which is in agreement with that in Fig. 4.3, 

where the corresponding EVM is -17 dB for the 32-tap case. Meanwhile for the DFMA PON, 

the corresponding dynamic range value is negative when ROPs are lower than -1 dBm, this 

means both of the two channels fail to operate below the FEC limit. 

4.5.2 ONU Count-Dependent Performance 

 

Having demonstrated the effectiveness of the hybrid OFDM-DFMA PON in improving 

differential launch power dynamic range for the two ONU case, this subsection further 

extends the application scenario to multi-ONU hybrid OFDM-DFMA PONs.  

Fig.4.9 BER versus received optical power in multiple ONU cases when filter tap 

count is 32, (a) channel 1; (b) channel 2. 
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The ONU count-dependent hybrid OFDM-DFMA PON performance is examined in Fig. 

4.9, where for each case considered, equal ONU launch powers and a constant total optical 

launch power of 0 dBm are always used at the remote node, and the up-sampling factors are 

twice the total number of ONUs simultaneously accommodated, i.e., M=2B. Here the tap 

count is fixed at 32 and the alpha parameter is set at 0.1 to provide a practically achievable 

trade-off between side lobes and in-band frequency response ripples. Each ONU is located 

at a dedicated RF central frequency governed by Eq. (4.19). Other adopted simulation 

parameters are identical to those utilised in previous subsections.  

The BER performances of ONU1 and ONU2 as a function of ROP are plotted in Fig. 4.9 (a) 

and Fig. 4.9 (b) respectively, where the total number of ONUs varies from 2 to 8. It can be 

seen in Fig. 4.9 (a) that in the DFMA PON, both ONU1 and ONU2 fail to reach the FEC 

limit of 1.0×10-3 over the entire ROP variation range. However, in the hybrid OFDM-DFMA 

PON incorporating 2/4/8 ONUs, ONU1 reaches the FEC limit at -12/-10/-8dBm 

respectively. Furthermore, for each case considered, the hybrid OFDM-DFMA PON has a 

significantly lower noise floor than the corresponding DFMA PON. This manifests from the 

fact that ONU1 suffers smaller interference from other ONUs. Here it is also worth 

mentioning that when the number of ONUs is doubled, as observed in Fig. 4.9 (a), the 

effective signal power from each ONU is decreased by 1.5 dB (half of 3 dB in the electrical 

domain) rather than the value of 2 dB. The 0.5 dB difference is mainly contributed by the 

multiple access interference (MAI) effect [27].  

It is observed in Fig. 4.9 (b) that ONU2 in the hybrid OFDM-DFMA PONs incorporating 4 

and 8 ONUs fail to reach the adopted FEC limit and tend to have similar performances 

compared to the corresponding DFMA PONs. This is because the crosstalk effects from 

other ONUs are extremely large for the adopted digital filter parameters. The fixed filter tap 

count of 32 gives rise to a filter length of 4 (2) for the 4-ONU (8-ONU) case. As the filter 

length corresponds to the number of non-zero samples that a SF processes at any time, for 

multiple ONU cases, such short filter lengths thus result in the extremely strong crosstalk 

effect experienced by ONU2. It has been shown [18] that for multiple ONU cases, spectral 

location-independent ONU performance is still obtainable when filter lengths (filter length 

= (tap count) ⁄M) are >8 and the alpha parameter values are <0.05. 

4.6 Conclusions 
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A novel hybrid OFDM-DFMA PON has been proposed and investigated, for the first time, 

where multiple independent OFDM channels are multiplexed using ONU-embedded 

dynamically reconfigurable and adaptive digital filters, and simultaneously recovered in the 

OLT by a single FFT operation. An analytical theoretical hybrid OFDM-DFMA PON model 

has been developed to give an in-depth understanding of the proposed technique, and 

extensive numerical simulations of upstream hybrid OFDM-DFMA transmission 

performances have been investigated in representative 25km SSMF IMDD PON systems. It 

has been shown that the proposed technique greatly relaxes filter DSP complexity and 

improves PON performance flexibility and robustness because of its insensitivity to filter-

induced signal distortions and system nonlinearity. Moreover, the numerical results have 

also demonstrated that the hybrid OFDM-DFMA PON can increase the differential ONU 

launch power dynamic range by 16 dB compared to the DFMA PONs.  
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5.1 Introduction 

To achieve the targeted 5G performances specifications including significantly increased 

signal transmission capacities, massive machine-type communications as well as ultra-

reliable low-latency real-time services [1, 2], a wide diversity of unprecedented technical 

challenges across all layers must be addressed, among which non-incremental solutions 

should be developed to seamlessly converge, in a cost-effective manner, the separately 

implemented and operated legacy optical and wireless networks [3]. To deliver such an 

objective, PONs are widely considered as one of the most promising solutions [4]. To enable 

the PON-based converged 5G networks to offer on-demand heterogeneous services in a 

multiple virtual operator-shared environment, SDN is vital to transfer the present inflexible 

and vendor-locked network infrastructure into an agile and flexible platform [5, 6]. 

Furthermore, it is also greatly advantageous if the abovementioned flexible networks have 

good backward compatibility to existing OFDM-based 4G networks [7]. 

To address the abovementioned challenges, recently novel hybrid OFDM-DFMA PONs [8] 

capable of providing excellent transparency to OFDM-based 4G networks have been 

proposed, where DSP-based software-reconfigurable digital filtering is applied to individual 

OFDM signals produced by each ONU, while in the corresponding OLT, a single FFT 

operation and its following data recovery processes are implemented in a pipelined approach, 

regardless of the ONU count accommodated by the network. Compared to the conventional 

OFDM PONs, such a network not only extends the highly desirable SDN network control 

functions to the physical layer, but also considerably enhances the upstream performance 

robustness to practical transceiver/system impairments. In addition, compared to the DFMA 

PONs, the hybrid OFDM-DFMA PONs also greatly relax the stringent requirements on the 

high DSP complexity of SFs in the ONUs, and more importantly, they completely eliminate 

the matching filtering operations in the OLT, thus resulting in greatly reduced OLT DSP 

complexity and considerably enhanced flexibility [8]. 

It is well known that OFDM’s inherent multi-subcarrier modulation feature can cause the 

time-domain waveforms associated with various subcarriers to be added up coherently after 

the IFFT operation. This gives an OFDM signal a high PAPR [9]. A high PAPR not only 

requires large dynamic operation ranges of electrical/optical devices but also produces high 

quantization noise for fixed quantization bits. The quantization noise effect is particularly 
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strong when current market-available high-speed DACs/ADCs are implemented, as their 

performances are bit resolution-limited. In addition, when transmitting over fibre systems, a 

high PAPR signals may also impose enhanced system performance sensitivity to fibre 

nonlinearities. Therefore, from the cost-effective transceiver design point of view, it is 

greatly beneficial if the generated OFDM signals have relatively low PAPRs. 

To reduce the PAPR of an OFDM signal, apart from the widely adopted simple clipping 

technique, several other techniques have also been reported including selective mapping 

(SLM) and partial transmit sequences (PTS) [10, 11], both of which, however, suffer from 

high computational complexity. Apart from that, the SLM-induced PAPR reduction strongly 

depends upon the total number of employed IDFT blocks, whilst the PTS requires a large 

bandwidth overhead. Given the fact that the DFT can spread the spectrum of the subcarriers 

and subsequently decrease the probability of independently modulated subcarrier’s 

waveforms being added up coherently by the IFFT operation, the PAPRs of the produced 

signals can thus be reduced considerably [12, 13]. In the LTE mobile standards, DFT-spread 

OFDM is adopted due to its effectiveness in reducing the PAPRs and relatively low DSP 

complexity [12-14]. 

To effectively address the PAPR challenge associated with the hybrid OFDM-DFMA PON 

and further enhance its compatibility to existing 4G network, it is great beneficial if the DFT-

spread technique is utilized in the hybrid OFDM-DFMA PON. In this chapter, hybrid DFT-

spread OFDM-DFMA PONs are proposed and numerically explored for the first time. The 

proposed PONs are shown to maintain all the features of the hybrid OFDM-DFMA PONs 

and further improve system transmission performance flexibility. We show that for upstream 

13.125 Gb/s signals transmitted over 25 km SSMF PON systems based on IMDD, the 

proposed technique saves one quantization resolution bit and increases the system power 

budget by 3 dB, compared to the previously published hybrid OFDM-DFMA PONs [8].  

This chapter is organized as following: in subsection 5.2, a detailed theoretical model of the 

proposed hybrid DFT-spread OFDM-DFMA PONs is developed, which considerably 

extends the previously reported hybrid OFDM-DFMA PON model [8]. From the physical 

PON operation point of view, the hybrid DFT-spread OFDM-DFMA PON model confirms 

the feasibility of utilizing DFT-spread OFDM in hybrid OFDM-DFMA PONs. Subsection 

5.3 presents numerically simulated upstream transmission performances of the proposed 

PONs and their corresponding optimum transceiver designs. It is shown that, apart from the 
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aforementioned ≥3 dB increase in upstream system power budget and ≥1 bit reduction in 

minimum required DAC/ADC quantization bits, the proposed PON also gives rise to a ≥2 

dB reduction in upstream signal PAPR. Moreover, in this subsection, detailed explorations 

of the impact of DAC/ADC quantization bit and clipping ratio on the upstream transmission 

performance are also undertaken for optimum transceiver designs. The results presented in 

this chapter indicate that the proposed PONs not only enhances the upstream transmission 

performance but also reduces the hardware/DSP complexity. Finally, the chapter is 

summarized in subsection 5.4. 

5.2 Principle of Hybrid DFT-Spread OFDM-DFMA PONs 

Fig. 5.1 depicts the diagram of the proposed hybrid DFT-spread OFDM-DFMA IMDD 

PONs. Here special attention is focused on the more challenging multipoint-to-point 

upstream transmission only. As illustrated in Fig. 5.1, the upstream optical signals from B 

ONUs, labelled as 1st, 2nd … B-th ONU, are passively combined for upstream transmission. 

At each ONU arbitrarily encoded samples are converted from serial to parallel, and a K-point 

DFT operation is then applied to produce K spectrum spread samples. The obtained K-point 

DFT-spread signal 𝑎(𝑘 ) is expressed as: 

𝑎(𝑘 ) = ∑ 𝑑(𝑘 )𝑒 , 𝑘 = 0,1, … , 𝐾 − 1                                    (5.1) 

Fig. 5.1 Proposed hybrid DFT-spread OFDM-DFMA IMDD PONs simultaneously 

accommodating B ONUs. 
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where 𝑑(𝑘 ) is the time-domain sample sequence. 

In the subsequent IFFT operation, the first subcarrier is set at zero, and the K spectrum spread 

samples are mapped onto the K respective subcarriers, while all the remaining unused 

subcarriers are set to be zeros to produce  subcarriers in total, here 𝐾 ≤ − 1, the parallel 

sample sequence 𝑐(𝑘) can be expressed as: 

𝑐(𝑘) =
𝑎(𝑘 ), 𝑓𝑜𝑟 𝐾 𝑠𝑢𝑏𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠
0, 𝑓𝑜𝑟 𝑜𝑡ℎ𝑒𝑟 𝑠𝑢𝑏𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠

, 𝑘 = 0,1, … . , − 1                (5.2) 

After that, the Hermitian symmetry is applied to generate a real-valued DFT-spread OFDM 

signal after the N-point IFFT operation. The m-th OFDM symbol generated by the N-point 

IFFT of the set of N subcarriers can be written as: 

𝑥 (𝑛) = 𝑐 (𝑘)𝑒
( )

 , 

 𝑛 = 0, … , 𝐿 − 1; 𝑚 = 0,1,2 …                    (5.3) 

where 𝑐 (𝑘)is the m-th data block of 𝑐(𝑘) after enforcing Hermitian symmetry, L is the 

symbol length in samples. For conventional OFDM without any up-sampling, we have L=N. 

As these subcarriers are localized mapping [12], for a given N, a large K gives rise to an 

enhanced PAPR reduction. Following the IFFT operation, the DFT-spread OFDM signal is 

up-sampled by a factor of M, thus an up-sampled OFDM symbol contains 𝐿 = 𝑀𝑁 samples, 

which then passes through a digital orthogonal SF to locate the signal at a desired spectral 

region. Using an ideal shaping filter that has a rectangle-shaped frequency response, the 

filtered signal in the b-th channel can be expressed as [8]: 

𝑥 , (𝑛) =
1

𝑀
𝑐 , (𝑘)𝑒

| |

 

𝑐 , (𝑘) = {𝑐 , (𝑘) , 𝑐 , (𝑘) }                       (5.4) 

where 𝑐 , (𝑘)  represents the m-th data block of 𝑐(𝑘)  in the b-th channel, 𝑐 , (𝑘)  

(𝑐 , (𝑘) ) refers to the subcarriers located at positive (negative) bin, which satisfies [8]: 
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𝑐 , (𝑘) = 𝑐 , (𝑘) = 𝑐 , (𝑘)                            (5.5) 

Finally, the digitally filtered signal samples 𝑥 , (𝑛)  are fed to a DAC to generate an 

analogue electrical signal 𝑥 (𝑡). After that, optical intensity modulation can be performed, 

as seen in Fig. 5.1. The coupled optical field from a total number of B ONUs can be 

expressed as: 

𝑆 (𝑡) = ∑ 𝜎 (𝑡)𝑒 ( ) ∙ 1 + 𝜁 ∗ 𝑥 (𝑡) 𝑒                     (5.6) 

where 𝑓  is the optical carrier frequency and 𝜁  is the optical intensity modulation index 

of the b-th channel , 𝜎 (𝑡) and 𝛽 (𝑡) take into account the optical intensity modulation 

impacts on the amplitude and phase of the b-th optical signal. 

To simplify the theoretical analyses for the proposed hybrid DFT-spread OFDM-DFMA 

PONs, similar to the treatments reported in [8], linear transmission systems are assumed in 

this subsection only and numerical simulations are performed in subsection 5.3 to examine 

the feasibility of the proposed technique in practical non-linear PON transmission systems. 

Under these assumptions, in the OLT, after optical-electrical conversion and an ADC, the 

received signals emitted from a total number of B ONUs can be expressed as: 

𝑦(𝑛) = 𝑥 , (𝑛) =
1

𝑀
𝑐 , (𝑘)𝑒

| |

 

(5.7) 

Let 𝜌 = 𝑘 + 𝑏𝑁
| |

 , the following expressions can then be satisfied: 

 

𝑘 ∈ [−𝑁, 𝑁 − 1]

𝑏 ∈ [0, 𝐵 − 1]

𝜌 ∈ [−𝐵𝑁, 𝐵𝑁 − 1]
                                                      (5.8) 

Thus the received signal 𝑦(𝑛) can be rewritten as: 

𝑦(𝑛) =  
1

𝑀
𝑐 (𝜌)𝑒  
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𝑐 (𝜌) = 𝑐 , (𝑘)                                                   (5.9) 

Eq. (5.9) indicates that the received signal can be processed by the L-point IFFT operation 

with L= 2BN. As such, in the OLT, the L-point FFT can be applied to 𝑦(𝑛) to recover the 

data sequence 𝑐 , (𝑘)  without implementing the digital filtering process required by 

conventional DFMA systems. The elimination of the OLT-embedded digital filtering 

process significantly reduces the OLT DSP complexity [8]. After the FFT operation, the 

obtained data sequence can be expressed as: 

𝑐 (𝜌) = ∑ 𝑦(𝑛)𝑒                                     (5.10) 

In the OLT, as shown in Fig. 5.1, after the photodetector, LPF and ADC, the obtained digital 

samples are firstly converted into parallel samples corresponding in length to one symbol 

period by a deserialiser. Similar to conventional OFDMA PONs [15], a symbol alignment 

block is employed to achieve symbol alignment and compensate for any possible symbol 

offset. The CP can then be removed, thus the remaining L time-domain samples are obtained 

for each symbol. After the following L-point FFT operation, the FFT-output sample 

sequence {𝑐 (𝜌)} = {𝑐 (0), 𝑐 (1), … , 𝑐 (𝐿 − 1)} is obtained [8]. To identify the 

corresponding spectrum spread subcarriers {𝑎 } from {𝑐 (𝜌)} for a targeted ONU b, Eq. 

(5.11) is utilized, which presents the rules of the spread-subcarrier selection, and the 

corresponding spread-subcarrier index 𝑧 is given in Eq.(5.12): 

{𝑎 } = 

⎣
⎢
⎢
⎢
⎢
⎡

𝑐 (𝑧), 𝑐 (𝑧 + 1) … , 𝑐 (𝑧 + − 1) 

       

,

𝑐 (𝑧 + 𝑁 − 1), 𝑐 (𝑧 + 𝑁 − 2), … , , 𝑐 𝑧 +

   ⎦
⎥
⎥
⎥
⎥
⎤

, 𝑏 = 0,1, … , 𝐵 − 1  (5.11) 

𝑧 =
0,                            𝑏 = 0

+ (𝐵 − 𝑏 − 1) ∙ 𝑁, 𝑏 ≥ 1
               (5.12) 

After having identified the spectrum spread subcarriers from the b-th ONU, standard OFDM 

equalization [15] can be utilized for signal recovery, followed by the K-point IDFT in Eq. 

(5.13): 
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𝑑(𝑘 ) = ∑ 𝑎(𝑘 )𝑒                                      (5.13) 

where 𝑎(𝑘 )  is the parallel samples selected from {𝑎 }  through the corresponding K 

subcarrier positions, and the IDFT-operation generated data 𝑑(𝑘 ) is ready for the further 

decoding operations to recovery the transmitted information. 

From the above-described digital signal processing procedures in both the ONU and the 

OLT, it is easy to understand the following aspects: 1) the hybrid DFT-spread OFDM-

DFMA PONs retain the advantages of previously-reported hybrid OFDM-DFMA PONs, 

such as reduced OLT DSP complexity; 2) as will be demonstrated in subsection 5.3, for 

practical implementation in 5G networks, the proposed hybrid DFT-spread OFDM-DFMA 

PONs further improve transmission system performance and reduce overall network 

installation expenditures, and 3) the downlink operation of the proposed hybrid DFT-spread 

OFDM-DFMA PONs is identical to those associated with DFMA PONs and OFDMA PONs 

when the corresponding digital filtering processes in both the OLT and ONUs are switched 

on and off respectively. This statement also holds true for the hybrid OFDM-DFMA PON 

downlink operation. Clearly, such a PON operation feature further enhances the network 

flexibility and adaptability to practical hardware impairments and/or dynamic network 

traffic status. As detailed downlink operation characteristics of DFMA PONs and OFDMA 

PONs have already been reported in [9] and [15] respectively, only the more challenging 

upstream operation of the proposed PONs is thus explored in the chapter. 

5.3 Hybrid DFT-Spread OFDM-DFMA PONs Performance 

In this subsection, numerical simulations of the upstream performances of 25 km SSMF 

IMDD hybrid DFT-spread OFDM-DFMA PONs (abbreviated as ‘DFT-hybrid’ case) are 

undertaken, and performance comparisons are made with the previously reported hybrid 

OFDM-DFMA PONs (abbreviated as ‘hybrid’ case) to highlight the unique advantages 

associated with the proposed technique. The approach reported in chapter 4 is adopted for 

OFDM signal generation/detection and the digital filter construction in the ONUs, and 

optical fibre transmission is simulated using VPI Transmission Maker. Given the fact that, 

according to our numerical results, the ONU-count dependent upstream performance of the 

proposed hybrid DFT-spread OFDM-DFMA PONs is very similar to the previously 
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published hybrid OFDM-DFMA PONs [8], for simplicity but without losing generality, two 

ONUs are considered throughout this chapter. Each ONU employs an ideal optical intensity 

modulator for E-O conversion as reported in [8], thus the parameters of 𝜎  and 𝛽  included 

in Eq. (5.6) are taken to be 1 and 0 respectively, and the intensity modulation index is set to 

0.99. In addition, as ideal intensity modulation does not introduce the optical beat 

interference effect, no optical frequency offset and polarization mismatch between ONU 

carriers are considered, as these effects are not significant over typical operation conditions 

for the application scenarios of interest of this chapter [16]. In implementing the digital 

filtering process in the considered ONUs, only in-phase filters [8] are utilised at different RF 

central frequencies governed by Eq. (4.19). The locations of the in-phase filters assigned to 

individual ONUs are illustrated at the bottom left of Fig. 5.1. To enable the considered two 

ONUs to occupy the entire spectral region, an up-sampling factor M is taken to be 4, thus 

the involved digital filter central frequencies satisfy:  𝑓 = 𝑓 /8  and  𝑓 = 3 × 𝑓 /8 . 

Generally speaking, the minimum M factor for supporting a total B ONUs should be 2B [9].  

In generating the required real-valued OFDM signals, a 32-point IFFT (N=32) is used, thus 

the maximum usable data-bearing subcarriers in each ONU is 15. To reduce the channel 

interferences between the two ONUs channels and maximise their signal transmission 

capacity, ONU1(ONU2) has fourteen 64-QAM encoded data-bearing subcarriers, i.e., from 

subcarrier index 2 to 15(3 to 16), thus the DFT block size is K=14. For both the hybrid and 

Table 5.1 List of Parameters 

PARAMETER VALUE PARAMETER VALUE 

DAC/ADC 

sample rate 

12.5 GS/s 

DAC/ADC 

resolution 

7 bits 

Clipping ratio 11 dB 
Cyclic Prefix per 

channel 
25% 

Modulation 

formats 
64 QAM 

Total number of IFFT 

points of each channel 
32 

Transmitted 

optical power 
0 dBm Received optical power -8 dBm 

SSMF length 25 km Up sampling factor M 4 

SF filter length/ 

alpha factor 
64/0 

Hybrid OFDM-DFMA 

FFT size 
128 
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DFT-hybrid cases, their PAPR developing trends are almost independent of signal  

modulation format, as seen in Fig. 5.2(a). In this figure, their complementary cumulative 

distribution function (CCDF) curves for various modulation formats varying from 16-QAM 

to 256-QAM are presented for channel 1, channel 2’s PAPR curves are not plotted in the 

figure as they are similar to channel 1. As such, for all numerical simulations, the signal 

modulation format of 64-QAM is adopted in exploring the upstream performances of the 

proposed PONs. All other parameters are listed in Table 5.1 and the SSMF and PIN 

parameters are the same as listed in Table 3.1, and the total aggregated signal transmission 

capacity of 13.125 Gb/s can be calculated from Eq. (3.14) for both the hybrid case and the 

DFT-hybrid case. After up-sampling, the signal bandwidth of each ONU is 𝑓 /𝑀. At the 

Fig. 5.2 CCDF curves of channel 1: (a) for different QAM modulation formats and fixed 

filter lengths of 64; (b) for different filter lengths from 4 to 128 and adopted signal 

modulation formats of 64-QAM. 
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OLT side, to avoid the aliasing effect, an ideal electrical filter with a bandwidth of 6.25 GHz 

is utilized to remove unwanted high frequency out-of-band noise before the ADC. 

The PAPR performances of the hybrid OFDM-DFMA PONs with and without DFT-spread 

are respectively explored utilizing the parameters described above, and their CCDF curves  

are plotted in Fig. 5.2. It shows that at the adopted 11 dB clipping ratio region, DFT-spread 

gives rise to a PAPR reduction as large as ≥ 2 dB. In addition, as expected, such DFT-spread 

induced PAPR reductions are independent of both signal modulation format and digital filter 

length, as shown in Fig. 5.2 (a) and Fig. 5.2 (b) respectively. As a direct result of the digital 

filter length-independent PAPR reductions, the DFT-hybrid case also demonstrates almost 

identical upstream transmission performances over a large digital filter length variation 

range, similar to those reported in [8]. Since the performances of the typical hybrid OFDM-

DFMA PONs are mainly limited by digital filter-induced signal distortions [8], to highlight 

the effectiveness of the DFT-spread technique by effectively minimizing the digital filter 

impairments, in this chapter a fixed digital filter length of 64 is adopted, as listed in Table 

5.1. 

The abovementioned considerable PAPR reduction not only improves the fibre transmission 

performance, but also increases the performance robustness to quantization noise caused by 

the bit resolution-limited DAC/ADC, as well as relaxing the stringent requirements on linear 

dynamic operation ranges of transceiver-embedded optical/electrical devices. This statement 

is confirmed in Fig. 5.3 (a), where BERs versus DAC/ADC quantization bits are illustrated  

utilizing the parameters in Table 5.1. It is clear that the DFT-hybrid case can reach BERs 

below the FEC limit of 1.0×10-3 when the resolution bits are as small as 6, while for the 

hybrid case, the minimum DAC/ADC resolution bits required for achieving the similar 

performance are increased to 7. Therefore, the performance tolerance to the quantization 

noise is improved by the DFT-spread technique. Such improvement is highly preferable for 

cost-sensitive application scenarios where low-cost DAC/ADCs with relatively low 

resolution bits and power consumptions can be applied. In addition, for a specific DAC/ADC  

resolution of 7 bits, the improved transmission performance by the DFT-spread technique is 

presented in Fig. 5.3 (b). It can be seen that the DFT-hybrid case can improve the system 

power budget by 3 dB compared to the hybrid case. Such improvement is mainly due to the 
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fact that the quantization noise is considerably decreased for the DFT-spread OFDM signals.  

In addition, this power budget improvement further enhances the network capability of 

accommodating higher traffic load and/or increasing the network coverage. 

To extensively explore the dynamics between bit resolution and clipping ratio for the 

optimum design of transceivers incorporated in the hybrid DFT-spread OFDM-DFMA 

PONs, Fig. 5.4 is presented where the obtained BER contours are plotted against clipping 

ratio and quantization bit. It can be seen that for quantization bits ranging from 7 to 8, to 

maintain the BERs < 1.0×10-3, clipping ratios should always be ≥11 dB for the hybrid case, 

while for the DFT-hybrid case, such a clipping ratio value is decreased to 10 dB over the 

same quantization bit variation region. The results in Fig. 5.3 and Fig. 5.4 also imply that: 

1) the similar transmission performance of the considered ONUs with/without incorporating 

the DFT-spread technique indicates that the performance improvements induced by the  

Fig. 5.3 (a) BER versus quantization bits; (b) BER versus received optical 

power when resolution bits are 7. 
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DFT-spread technique is independent of channel frequency locations, which are valuable for 

practical multi-channel applications; 2) the DFT-spread technique allows the transceivers to 

adopt even smaller clipping ratios to further reduce PAPRs, but without compromising the 

BER performances; 3) the DFT-hybrid case can save at least one quantization bit in 

comparison with the hybrid case; 4) the hybrid DFT-spread OFDM-DFMA PONs are 

promising for implementation in cost-sensitive 5G networks; and 5) The proposed PON can 

reduce the transceiver DSP complexity because of the reduction in minimum required 

DAC/ADC bit resolution. This enables the decrease in data processing-induced latency at 

physical layer (the effect of the additional K-point DFT and IDFTs on latency is negligible). 

As a direct result, the proposed PON is expected to reduce the overall latency between the 

OLT and ONUs in comparison with the hybrid OFDM-DFMA PONs under the same 

network operation conditions. 

 

Fig. 5.4 BER contour versus quantization bit resolution and clipping ratio, (a) 

channel 1 in hybrid case; (b) channel 1 in DFT-hybrid case; (c) channel 2 in hybrid 

case; (d) channel 2 in DFT-hybrid case. 
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5.4 Conclusions 

The novel hybrid DFT-spread OFDM-DFMA PONs have been proposed and numerically 

investigated for the first time, and performance comparisons have been made for 

representative 25km SSMF IMDD hybrid OFDM-DFMA PONs with and without 

incorporating the DFT-spread technique. The proposed network maintains all the salient 

features associated with the hybrid OFDM-DFMA PONs, in particular, they additionally 

reduce the upstream signal PAPRs by more than 2 dB. As a direct result, in comparison with 

the hybrid OFDM-DFMA PONs, the proposed PONs increase the upstream system power 

budget by more than 3 dB and reduce the minimum required DAC/ADC quantization bits 

by at least 1 bit.  
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6.1 Introduction 

In the previous chapters, various new cost-effective PONs have been proposed and 

investigated for seamlessly integrating traditional optical access networks, metropolitan 

optical networks and mobile front-haul/back-haul networks [1, 2]. From practical application 

point of view, it is greatly advantageous if the converged network has separate the dropped 

signal from the destroyed and unrecoverable not only strong adaptability to highly dynamic 

traffic with arbitrary bandwidth granularity, but also desirable performance capability of 

simultaneously accommodating a wide diversity of key network operation features 

including, for example, various signal modulation formats, different signal detection 

schemes, flexible WDM grids, diversified network topologies and various multiple access 

techniques. In addition, it is also preferable to equip the converged networks with a diversity 

of SDN functionalities [3, 4] to dynamically provide fast on-demand connections/services at 

wavelength, sub-wavelength and sub-band levels. As one of the most important networking 

devices offering fast connectivity between an expanded number of individual optical 

networks, ROADMs [5, 6] with advanced architectures and flexible functionalities are 

expected to play a vital role in ensuring the achievement of all the aforementioned 

networking features required by converged networks, whilst still allowing a technical 

strategy of significantly reducing both the CapEx and the OpEx. 

Recently, a number of new ROADM architectures have been reported with advanced 

functionalities in terms of colourlessness, directionlessness, contentionlessness and WDM-

gridlessness [7-14]. However, all those complicated ROADMs are not capable of fully 

offering, in a cost-effective manner, the above-mentioned networking functions required by 

the fixed-mobile converged networks, because of their hard-wired switching element-

induced operation limitations on ROADMs’ upgradability, adaptability and flexibility [15]. 

On the other hand, given the fact that the converged networks are very cost-sensitive and 

dynamic, O-E-O-free, SDN-controllable ROADM configurations are also highly desirable. 

To overcome this drawback and further enhance the ROADM practicability, utilizing 

Hilbert-pair-based digital filtering, intensity modulation, and passive optical coupling, DSP-

enabled flexible ROADMs are reported [16, 17], which are free from optical filters and O-

E-O conversions and offer excellent flexibility, colourlessness, gridlessness, 

contentionlessness, adaptability, and transparency to physical-layer network characteristics. 
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Making use of Hilbert-pair-based digital filtering, for each specific wavelength, the proposed 

ROADM incorporates an intensity modulator driven by an SDN-controllable drop RF signal 

to perform the drop operation. Whilst the add operation is performed by passive optical 

coupling in an optical coupler (OC). Extensive numerical simulations are undertaken to 

evaluate the add/drop operation characteristics of the proposed ROADMs in IMDD-based 

optical network nodes. It is shown that the proposed ROADMs can dynamically and flexibly 

perform add/drop operations at wavelength, subwavelength, and spectrally overlapped 

orthogonal sub-band levels. The drop operation introduces optical power penalty of 3 dB, 

whilst the optical power penalty associated with the add operation can be 3.5 dB. In addition, 

the ROADM performance robustness against variations in digital filter lengths and 

transmission system characteristics/impairments is explored. 

The main advantages of the ROADMs presented include: a) optical-domain colourless and 

contentionless add/drop operations at wavelength, sub-wavelength and orthogonal sub-band 

levels; b) DSP-enabled ROADM operation tunability, adaptability and scalability; c) 

inherent transparency to physical-layer network characteristics including signal modulation 

formats, signal detection schemes, multiple access techniques and network topologies; d) 

high spectral efficiency; e) flexible granularity at wavelength, sub-wavelength and sub-band 

levels; f) applicability in IMDD optical network nodes, and g) potentially low-cost, high 

energy consumption efficiency and small footprint. 

6.2 Proposed ROADM Architectures and Operating Principles 

Fig. 6.1 (a) shows the schematic diagram of the proposed ROADM architecture fully 

supporting the SDN solution, and the involved drop and add function elements are also 

illustrated in Fig. 6.1 (b) and Fig. 6.1 (c), respectively. The input and output optical signals 

of each wavelength consist of multiple sub-wavelength bands at different RFs. Each 

individual sub-wavelength band can have either two digital filtering-enabled spectral-

overlapped orthogonal sub-bands (an in-phase sub-band “I” and a quadrature-phase sub-

band “Q”) or a single sub-band (I or Q) [18, 19]. For a specific optical carrier frequency, 𝑓 , 

the optical signal containing n sub-wavelength bands can be expressed as: 

𝑠(𝑡) = ∑ ∑ 𝑦{ , } (𝑡)𝑒                                         (6.1) 

 where 𝑦 (𝑡), (𝑤 = 𝐼 or 𝑄) is the sub-band signal that is up-sampled and subsequently 
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filtered by the corresponding I or Q component of the i-th orthogonal digital filters in the  

terminal equipment transceivers (TETs). These digital filters’ central frequencies are located 

at 𝑓  (i=1,2,3,4 ….n). 

As shown in Fig. 6.1 (a) and Fig. 6.1 (b), in each drop function element, the input signal of 

a specific wavelength is firstly split into two portions: the first portion is directly delivered 

to the add function element, whilst the second portion passes through a drop RF signal 

driven-IM to drop a targeted sub-band. The SDN-controllable drop RF signal for the w-th 

sub-band of the i-th sub-wavelength can be expressed as: 

𝑅𝐹 (𝑡) =

⎩
⎨

⎧ 𝑅𝑒        , w = I

𝑅𝑒  , w = Q
                                   (6.2) 

where k (0<k<1) is introduced to ensure that the drop RF signal amplitude varies within a 

dynamic range from 0 to 1. At the IM output, the dropped sub-band with a reversed spectrum 

is shifted to the baseband spectral region, while all other sub-bands of the same wavelength 

are destroyed and unrecoverable. As detailed in subsection 6.3.2, after the direct detection 

of the dropped optical signal in a TET, a simple baseband digital filter suitable for 

performing all the drop operations can be utilized to separate the dropped signal from and 

 

Fig. 6.1. (a) Schematic diagram of the proposed ROADM architecture supporting the 

SDN solution; (b) drop function element; (c) add function element. IM: intensity 

modulator; OC: optical coupler. 
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simultaneously destroyed all other sub-bands destroyed and unrecoverable sub-bands. A 

relatively large k in Eq. (6.2) increases the optical signal power of the dropped sub-band [17]. 

As indicated in Eq. (6.2), by simultaneously using I and Q drop RF signals in two parallel 

drop function elements, the drop operation can also be conducted at sub-wavelength level. 

Moreover, to perform the drop operation at entire wavelength level, k=0 can be taken to 

enable the IM to simply act as an optical passway. On the other hand, in the add function 

element, similar to the procedure reported in [19], the add operation at a specific wavelength 

can be performed by passive optical coupling in an OC, as illustrated in Fig. 6.1 (c). Such an 

operation can be expressed as: 

|𝑠 (t)| = |𝑠 (𝑡)| + |𝑠 (𝑡)|                                     (6.3) 

where 𝑆 (𝑡)  and 𝑆 (𝑡)  are the input and output optical signals of the add function 

element, and 𝑆 (𝑡) is the optical sub-band/sub-wavelength signal to be added. To achieve 

the contention-free add operation, 𝑆 (𝑡) has to be located in a free location within the 

digital filtering space. This can be easily realised by selecting a free digital filter type (I 

and/or Q) for a given central RF frequency and/or shifting the central RF frequency of a 

digital filter having a specific type in the digital domain prior to performing the E-O 

conversion in  the corresponding TET [19]. Moreover, the desired directionless operation is 

also achievable if conventional broadcasting and selecting techniques are incorporated in the 

proposed ROADMs. 

As shown in Fig. 6.1 (a), the ROADM operations described above are fully controlled by a 

ROADM-embedded DSP controller, which automatically produces a dynamic parameter set 

through periodically communicating with the centralised SDN controller via extended 

OpenFlow [21, 22]. The dynamic parameter set may include digital filter characteristics 

employed by the targeted sub-bands/sub-wavelengths, drop RF signal characteristics when 

the drop operation is required, and free filters in the digital filtering space when the add 

operation is required. As the parameter set can be dynamically generated and finely adjusted 

using DSP algorithms according to the prevailing tasks, traffic status and network 

characteristics, the operations of the proposed ROADMs are thus flexible, scalable, adaptive 

and physical-layer network characteristic-transparent. 
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6.3 ROADM Performances  

In this chapter, for each sub-wavelength, use is made of Hilbert-pair-based digital filtering 

[18,19] to generate two spectral-overlapped orthogonal sub-band signals encoded using any 

modulation formats. For simplicity without loss of generality, OFDM is considered 

throughout this chapter. In a TET, an OFDM signal, 𝑠 (𝑡), is firstly up-sampled to 

generate  𝑠 (𝑡), and then digitally filtered using a Hilbert-pair-based filter ℎ (𝑡) 

as described in subsection 2.2.1.5. After digital filtering, the sub-band signal can be written 

as: 

𝑦 (𝑡) = 𝑠 ⊗ ℎ (𝑡)                                  (6.4) 

To support N independent sub-wavelengths for a specific wavelength, 𝑓  is governed by 
[19]: 

𝑓 = (2𝑖 − 1) /
    𝑖 = 1,2,3,∙∙∙, 𝑁                     (6.5) 

where 𝑓 /  is the sampling speed of the DAC/ADC,  𝑖  represents the i-th sub-

wavelength. 

Each electrical OFDM sub-band is generated using adaptively power- and bit-loaded 15 

data-bearing subcarriers with various signal modulation formats ranging from DBPSK, 

DQPSK, 16-QAM to 256-QAM. A cyclic prefix is taken to be 1/8. The DAC/ADC operates 

at 15 GS/s at 7-bit. The electrical OFDM signal clipping level is fixed at 14 dB. The digital 

filter length of L=32 and the excess of bandwidth of α =0 are also considered. Here the choice 

of α=0 is to reduce the overlapping regions between the frequency responses of the same 

type filters (I or Q), thus resulting in a reduced add operation penalty. To considerably 

simplify numerical simulations without loss of generality, throughout the chapter, the signal 

up-sampling factor, M, is fixed at 8, and the digital filter’s central frequencies satisfying Eq. 

(6.5) with i = 2, 3 and 4 are adopted, for a given optical wavelength and after intensity 

modulation, this results in three sub-wavelengths, each of which has two orthogonal OFDM 

sub-bands (I and Q). For the considered transmission system consisting of six data-

conveying sub-bands and two empty basebands for performing the drop operation, the 

minimum up-sampling factor is M=8 [19]. The selection of such a factor in the chapter not 

only maximizes the aggregated signal transmission capacity but also improves the spectral 
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efficiency when the DAC/ADC sampling speeds are fixed. For such a transmission system,  

a further increase in up-sampling factor lowers the maximum achievable aggregated 

transmission capacity, but it reduces the channel cross-talk effect, which subsequently results 

in a decreased add operation penalty. To highlight the impact of the add/drop operation on 

the signal quality, ideal intensity modulators are considered. As an example of illustrating 

the ROADM performance characteristics, a representative 1550 nm optical carrier is used 

Table 6.1 Bit rate of each sub-band 

Sub-band Signal Bit Rate (Gb/s) 

I/Q, i=2 2.9 

I/Q, i=3 2.9 

I/Q, i=4 2.9 

Total 17.4 

Fig. 6.2. In-phase “I” and quadrature-phase “Q” spectra of OFDM sub-bands. (a) 

overlapped I and Q sub-band spectra before the add operation for i=2. (b) 

overlapped I and Q sub-band spectra before the add operation for i=3. (c) 

overlapped I and Q sub-band spectra before the add operation for i=4. (d) 

combined six OFDM sub-band spectra after the add operation. 



CHAPTER 6. DSP-ENABLED FLEXIBLE ROADMS WITHOUT OPTICAL FILTERS AND O-E-O 
CONVERSIONS 

 134

here to convey sub-wavelength/sub-band signals. Unless explicitly stated, the total 

transmitted optical power is fixed at -2 dBm. To directly detect an optical signal in a TET, 

an APD is employed with a quantum efficiency of 0.8 and a power sensitivity of -26 dBm. 

Based on the above-mentioned parameters, the maximum achievable signal bit rates of these 

six OFDM sub-bands contained in these three sub-wavelengths are summarised in Table 6.1. 

6.3.1 Add Operation Performance  

 Before performing the add operation at a specific wavelength, each individual optical carrier 

of the same wavelength is assumed to contain only one of these six OFDM sub-bands, and 

each individual sub-band is allocated at a free location of the digital filtering space assigned 

to the wavelength, as illustrated in Fig. 6.2 (a)-(c). Having performed the add operation, the 

signal spectra of the passively combined six sub-bands are shown in Fig. 6.2 (d). After the 

square-law detection of the combined optical signals in a TET, making use of the DSP 

procedure presented in [19], the BER performances of these six OFDM sub-bands are 

calculated individually, which are plotted as a function of received sub-band optical power 

in Fig. 6.3. To identify the ROADM add operation impairments, for each sub-band, Fig. 6.3 

shows two BER curves corresponding to the cases of before and after the add operation. 

Fig. 6.3. BER versus received optical power of each OFDM sub-band before and 

after performing the add operation. SB: sub-band. 
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As expected from theoretical [19] and experimental [20] results, it can be seen in Fig.6.3 that 

the add operation gives rise to very similar BER performances for all these six OFDM sub-  

bands. This indicates that the add operation is independent of the sub-band’s location in the  

digital filtering space. In addition, the add operation brings about a 3.5 dB power sensitivity  

degradation. The major physical mechanisms underpinning the observed add operation 

penalty are: a) the reduction in effective OSNR after the add operation, as the total optical 

signal power launched into the APD is fixed; b) the add operation-enlarged cross-talk effect 

occurring because of the overlaps among the frequency responses of the same types of digital 

filters located in neighbour sub-wavelengths. From the above analysis, it can be understood 

that the add operation penalty can be reduced, to some extent, when the digital filter 

associated with the added signal is orthogonal with respect to other digital filters associated 

with the signals located at its neighbour sub-wavelengths. 

6.3.2 Drop Operation Performance 

In numerically simulating the drop operation performance of the proposed ROADM, an 

input optical signal of a representative wavelength is assumed to consist of six individual 

OFDM sub-bands distributed at three RF frequencies satisfying Eq. (6.5) with i=2,3,4. For 

each filter type (I or Q), three different drop RF signals are utilised, which have different RF 

frequencies and optimum k parameters of k=0.99. As already stated in subsection 6.2, the 

drop operations undertaken in six parallel IMs produce six dropped optical signals at the 

same wavelengths, as shown in Fig. 6.4 (a)-(f). In performing the drop operation for each 

sub-band, the drop operation shifts the targeted sub-band to the baseband spectral region, 

and simultaneously destroyed all other sub-bands contained in the same wavelength, thus 

causing those destroyed sub-bands unrecoverable. 

After the direct detection of the dropped optical signal in a TET, a simple baseband digital 

filter having a form ℎ(𝑡) = 𝑝(−𝑡), can be employed in the digital domain to separate the 

dropped signal from all the destroyed and unrecoverable sub-bands. This implies that, in the 

TET end, a universal baseband digital filter is capable of recovering all dropped sub-bands, 

regardless of their locations in the digital filtering space prior to the drop operation. In 

addition, the feature of automatically locating the dropped sub-band at the baseband spectral 

region can also relax significantly the requirement on high-speed ADCs in the TET end. 

These abovementioned two ROADM features are valuable for cost-sensitive application 
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scenarios such as ONUs, since these features simplify significantly the TET architecture, 

reduce the digital filter DSP complexity, and subsequently lower the TET cost and power 

consumption. 

The drop operation performance of the proposed ROADM is examined in Fig. 6.5, where 

the BER performances of each OFDM sub-band before and after performing the drop 

operation are plotted against received sub-band optical power, here the BER performance of 

 

Fig. 6.4. Sub-band signal spectra after the drop operation. (a) Dropped sub-band, I, 

for i=2. (b) Dropped sub-band, I, for i=3. (c) Dropped sub-band, I, for i=4. (d) 

Dropped sub-band, Q, for i=2. (e) Dropped sub-band, Q, for i=3. (f) Dropped sub-

band, Q, for i=4. TSB: targeted sub-band, which is shifted to the baseband spectral 

region after the drop operation. RUSB: ruined and unrecoverable sub-bands of the 

same wavelength after the drop operation. 
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after add operation is similar to that of before drop operation for each corresponding sub-

bands. In Fig. 6.5, for different sub-bands before and after the drop operation, very similar 

BER developing trends are observed, indicating, once again, the sub-band digital filtering 

space location-independent ROADM operation. It is also note that the drop operation give 

rise to around 3 dB power penalty at the FEC limit, as seen in Fig. 6.5, which is due to the 

ROADM drop operation-induced nonlinearities. 

6.3.3 Robustness to Digital Filter Length Variations 

From the analysis undertaken in subsections 6.3.1 and 6.3.2, it is easy to understand that 

digital filters are critical in determining the ROADM operation characteristics. The main 

objectives of this subsection are therefore to explore the trade-offs between the ROADM 

performance and digital filter design, based on which optimum filter design criteria are 

identified to effectively reduce the digital filter DSP complexity and simultaneously improve 

the ROADM performance. 

To explore the impact of digital filter length on the ROADM add operation performance, 

different digital filter lengths varying from 8, 16, 32, 64 to 128 are adopted in digitally 

generating and recovering each individual sub-band. The same ROADM operation 

conditions adopted in computing Fig. 6.3 are still considered here, i.e., before the add 

 

Fig. 6.5. BER versus received optical power of each OFDM sub-band before and 

after the drop operation. SB: sub-band. 
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operation, each individual optical carrier contains only one OFDM sub-band allocated at a  

free location in the digital filtering space. Before directly detecting the combined six OFDM 

sub-band signal, its optical power is adjusted to -11.2 dBm, which is equivalent to an optical 

power of -19 dBm for each individual OFDM sub-band before the add operation. After the 

add operation, Fig. 6.6 shows the digital filter length-dependent receiver sensitivity of all the 

involved six OFDM sub-bands. It can be seen in Fig. 6.6 that, a long filter length improves 

the add operation performance for all the sub-bands, however for the digital filter lengths of 

L ≥ 32, such performance improvement becomes small. Here only the curve of sub-band Q 

in the 2nd sub-wavelength (i = 2) before the add operation is plotted in Fig. 6.6, as all the 

curves of other sub-bands before the add operation are similar. 

Furthermore, making use of numerical simulation conditions similar to those adopted in 

producing Fig. 6.4, the filter length-dependent drop operation performances are also 

explored in Fig. 6.6, where the receiver sensitivity of each dropped OFDM sub-band is 

plotted against digital filter length. In obtaining Fig. 6.6, the k parameters for all the drop RF 

signals are set at k=0.99, and the total optical power of the optical signal after the drop 

operation is set to be -12.2 dBm, which corresponds to an optical power of -20 dBm for each 

individual OFDM sub-band before the drop operation. The results show that similar to the 

add operation performance, the adoption of a relatively long digital filter length enhances 

 

Fig. 6.6. Digital filter length-dependent receiver sensitivity of each OFDM sub-

band before/after the add/drop operation.  
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the drop operation performance for all involved sub-bands, and such performance 

improvement becomes smaller when the digital filter lengths L≥32. 

Generally speaking, a long filter length flattens the digital filter frequency response at its top 

region [19], as a direct result, the long filter length-induced ROADM operation 

improvements occur in Fig. 6.6. Considering the fact that an increase in digital filter length 

requires a large number of DSP logical blocks, thus enlarging the digital filter DSP 

complexity and power consumption, the results shown in Fig. 6.6 indicate that an optimum 

filter length of L=32 should be chosen for practical implementation. 

6.3.4 Robustness to Transmission System Characteristics/Impairments 

Given the fact that the ROADM add operation is very similar to the passive optical coupling-  

based combination of various optical upstream signals in the remote node of a PON network, 

and that the upstream signal transmission performances have been reported in [19], thus 

special attention in this subsection is mainly focused on the ROADM drop performance 

robustness to fibre chromatic dispersion. 

Using digital filter lengths of L=64, the receiver sensitivity variations against different fibre 

transmission distance for OFDM signals are shown in Fig. 6.7, in obtaining which only the 

chromatic dispersion effect with a parameter of 16 ps/(km∙nm) is considered. After the fibre 

transmission, each of the OFDM sub-bands is dropped using a parameter k of 0.99. It can be 

Fig. 6.7 ROADM drop performance robustness to fibre chromatic dispersion. 
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seen in Fig. 6.7 that for higher frequency sub-bands, the receiver sensitivity is higher than 

those for lower frequency sub-bands, this is because the cumulated chromatic dispersion 

effect induces the channel fading effect, as described in chapter 2. For transmission distances 

less than 40 km, the ROADM drop operation is robust to chromatic dispersion-induced 

channel impairments. 

6.4 Conclusions 

Making use of Hilbert-pair-based digital filtering, SDN-controllable drop RF signal-driven 

intensity modulation and passive optical coupling, optical filter- and O-E-O conversion-free 

ROADMs with excellent flexibility, colourlessness, contentionlessness, gridlessness, 

adaptability and transparency to physical-layer network characteristics have been proposed 

and examined, which offer DSP-enabled dynamic add/drop operations at wavelength, sub-

wavelength and orthogonal sub-band levels. To evaluate the operation characteristics of the 

proposed ROADMs in IMDD-based optical network nodes, detailed numerical simulations 

have been undertaken, which show: i) the add/drop operation is digital filtering space 

location-independent; ii) the drop operation introduces around 3 dB power penalties, and iii) 

power penalties induced by the add operation can be 3.5 dB. Furthermore, the impacts of 

key digital filter parameters on the add/drop performance have also been explored, based on 

which optimum ROADM design criteria have been identified for not only effectively 

reducing the digital filter DSP complexity but also simultaneously improving the ROADM 

performance. iv) the ROADM drop performance robustness to fibre chromatic dispersion is 

also explored, which shows for a distance less than 40 km, the ROADM drop operation is 

robust to CD-induced transmission impairments.  
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7.1 Conclusions 

To satisfy the ever-increasing data traffic growth and greatly diversified emerging network 

applications and services, 5G has been proposed with three representative usage scenarios 

including eMBB, uRLLC and mMTC. To meet these usage scenario-associated stringent 

requirements on data rate, configurability, end-to-end latency and connection density, a wide 

range of technique challenges across all the 5G network layers have to be addressed, among 

which the seamless convergence of independently developed and operated optical 

access/metro networks and mobile fronthaul/backhaul networks is greatly desirable. To cost-

effectively achieve such an objective, PONs have been considered as one of the most 

promising technical strategies. To enable PON-based converged 5G networks to offer 

various on-demand services to end-users, it is advantageous if the PONs can provide 

sufficiently high flexibility, elasticity, reconfigurability, and adaptability to arbitrary signal 

bandwidth, as well as transparency to signal modulation format and signal bit rate. In 

addition, the implementation of SDN solutions operating from the high layers down to the 

physical layer is also preferable in the future PONs. On the other hands, to offer the dynamic 

connectivity between an expanded number of individual network nodes, advanced 

ROADMs are expected to play a vital role. The new ROADMs should not only operate at 

wavelength, sub-wavelength and sub-band levels, but also transparently accommodate 

various signal modulation formats, different signal detection schemes, flexible WDM-grids, 

diversified network topologies, and various multiple access techniques. To address all the 

aforementioned challenges, in this thesis, four advanced techniques targeting the future 

converged 5G networks have been proposed and explored, including: i) multiple channel 

interference cancellation of DFMA PONs; ii) hybrid OFDM-DFMA PONs; iii) hybrid DFT-

spread OFDM-DFMA PONs; iv) DSP-based optical filter- and O-E-O conversion-free 

ROADMs. 

It is well known that the previously published DFMA PONs can provide sufficient flexibility 

and reconfigurability for the converged 5G networks. However, in the low-cost IMDD-based 

DFMA PONs, the degradation of digital filtering-based channel orthogonality introduces 

significant cross-channel interferences for multiple channel application scenarios. In chapter 

3, the DCIC technique has been proposed and investigated to effectively reduce the cross-

channel interference in both downstream and upstream IMDD DFMA PONs. A 

comprehensive DCIC theoretical model has been developed, and through extensive 
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numerical fitting with experimental measurements, the developed theoretical model has been 

rigorously verified and a set of accurate transceiver/system parameters has also been 

identified. Detailed numerical simulations have shown that the proposed DCIC technique  

increases the aggregated upstream signal transmission capacity by a factor of >2 and extends 

the differential ONU launch power dynamic range by >14 dB. The aforementioned 

performance improvements are ONU-count independent and just require one DSP iteration 

stage. Other salient DCIC advantages include low DSP complexity, negligible latency and 

excellent transparency to signal modulation format, signal bit rate and initial operation 

conditions. 

To further improve the PON performance and simultaneously reduce its hardware/software 

complexity and installation/operation expenditure, the hybrid OFDM-DFMA PON has been 

proposed and investigated in chapter 4. In the proposed new PONs, multiple independent 

OFDM channels are multiplexed using ONU-embedded dynamically reconfigurable and 

adaptive digital filters, and simultaneously recovered in the OLT by a single FFT operation. 

The proposed PONs have all the desired advantages of the DFMA PONs including: i) DSP-

enabled dynamic network reconfigurability, flexibility and elasticity, ii) inherent 

transparency to signal modulation format, signal bit rate, existing PON access techniques 

and network topologies, iii) capability of SDN-based network abstraction and virtualization 

across all the layers including the physical layer. In chapter 4, an analytical theoretical hybrid 

OFDM-DFMA PON model has been developed to give an in-depth understanding of the 

proposed technique, and extensive simulations of upstream hybrid OFDM-DFMA 

transmission performances have been numerically explored in representative 25km SSMF 

IMDD PON systems. It has been shown that apart from the advantages listed above, the 

proposed PON offers additional new salient features including greatly relaxing digital filter 

DSP complexity and further improving PON performance flexibility and robustness because 

of its insensitivity to digital filter-induced signal distortions and system nonlinearity. 

Moreover, the numerical results have also demonstrated that the hybrid OFDM-DFMA PON 

can increase the differential ONU launch power dynamic range by 16 dB compared to the 

previously reported DFMA PONs. 

To overcome the OFDM-induced high signal PAPRs, the hybrid DFT-spread OFDM-

DFMA PONs have been explored in chapter 5. The performance comparisons have been 

made for the representative 25km SSMF IMDD hybrid OFDM-DFMA PONs with and 
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without incorporating DFT-spreading. As expected, the proposed network architecture 

maintains all the salient features associated with the hybrid OFDM-DFMA PONs, more 

importantly, they additionally reduce the upstream signal PAPRs by ≥2 dB. As a direct 

result, in comparison with the hybrid OFDM-DFMA PONs, the proposed PONs have been 

shown to increase the upstream system power budget by ≥3 dB and reduce the minimum 

required DAC/ADC quantization bits by at least 1 bit. 

To cost-effectively provide dynamic and flexible network connectivity with reduced latency, 

in chapter 6, the DSP-based optical filter- and O-E-O conversion-free ROADMs with 

excellent flexibility, adaptability and transparency to physical-layer network characteristics 

have been investigated, which offer DSP-enabled dynamic add/drop operations at 

wavelength, sub-wavelength and orthogonal sub-band levels. To evaluate the add/drop 

operation characteristics of the proposed ROADMs, detailed numerical simulations have 

been undertaken in IMDD-based network nodes, and the results have shown that: i) the 

add/drop operation is digital filtering space location-independent; ii) the drop operation 

introduces around 3 dB power penalties, iii) power penalties induced by the add operation 

can be 3.5 dB, and iv) for distances less than 40 km, the ROADM drop operation is robust 

to chromatic dispersion-induced transmission impairments. 

In summary, this PhD dissertation research has proposed and extensively explored a number 

of key elements required for forming, in a cost-effective manner, the converged 5G networks 

capable of satisfying the major 5G network requirements. These elements range from novel 

transparent network architectures with excellent forward and backward compatibility, to 

versatile low-cost networking devices capable of performing on-line RF channel 

manipulations in the optical domain, and to a range of advanced DSP approaches for further 

improving the network performance, robustness, functionalities and cost-effectiveness. The 

converged fixed-mobile 5G networks incorporating the dissertation research-developed 

technologies are envisaged to offer sufficient flexibility, dynamic reconfigurability and low 

end-to-end latency. In addition, such converged networks are also capable of supporting not 

only various data rates at arbitrary bandwidth granularity but also excellent transparency to 

various network design characteristics namely signal modulation format, signal bit rate and 

network topology. As such, the dissertation research work has paved a solid path leading to 

practical implementation of the converged 5G networks. 
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7.2 Future Work 

Although extensive research for the future converged 5G networks have been conducted 

successfully, in this thesis, a number of technical challenges, however, still need to be solved 

in order to further confirm the feasibility of practically implementing these techniques in the 

converged 5G networks. Three major technical challenges are listed below, each of which 

can be regarded as a future research topic: 

1) Spectral efficiency improvement of the hybrid OFDM-DFMA PONs 

The hybrid OFDM-DFMA PON presented in chapter 4 utilises a double sideband (DSB) to 

transmit each individual ONU signal in both the lower sideband (LSB) and the upper 

sideband (USB), and each ONU is only located at a RF central frequency with a single in-

phase filter, this leads to a halved spectral efficiency and transmission capacity compared to 

the DFMA PONs [1]. Therefore, it is highly desirable if the spectral efficiency of the hybrid 

OFDM-DFMA PONs can be improved. Technically speaking, two approaches may be 

adopted: one is to use single sideband (SSB) (either the LSB or the USB) for each ONU 

channel; and the other one is to introduce an extra DSP operation in the receiver to allow the 

simultaneous utilisation of both in-phase digital filters and quadrature-phase filters to carry 

data independently. For the first approach, to produce SSB signals, the Hilbert transform can 

be used in each ONU in the digital domain [2], whist for the second approach, extra DSP 

algorithms in the OLT receiver need to be developed for recovering the signals at each 

orthogonal sub-bands. For IMDD PON systems suffering the negligible channel fading 

effect, it is expected that these two approaches will double the signal transmission capacity 

and spectral efficiency compared to the DSB case presented in chapter 4. On the other hand,  

for long IMDD PON systems suffering the strong channel fading effect, the improvement 

factor is envisaged to be <2. As such, for each approach, detailed explorations of the trade-

off between its performance and hardware/software complexity should be conducted to 

identify optimum transceiver/network designs for targeted application scenarios. 

2) Experimental demonstration of the hybrid OFDM-DFMA PONs 

Chapter 4 has conducted the proof-of concept investigations of the hybrid OFDM-DFMA 

PON. To further evaluate its feasibility for practical implementation in the converged 5G 

networks, conducting experimental investigations of the proposed PON is vital. In the initial 
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experimental investigation stage, off-line experimental demonstrations of the hybrid OFDM-

DFMA PON consisting of two ONUs should be undertaken first to: a) identify optimum 

transceiver/system parameters such as the digital filter parameters in the ONUs; and b) 

explore its maximum achievable downstream/upstream performance and corresponding 

robustness to practical channel impairments such as chromatic dispersion. In particular, for 

the upstream operation, various fibre distances and signal processing procedures between 

different ONUs may introduce a time delay, which could cause symbol timing offset (STO) 

in the OLT receiver [3]. As the STO effect plays an important role in determining the 

achievable upstream performance, it is thus necessary to investigate and develop DSP 

algorithms capable of automatically estimating the STO and subsequently compensating for 

the STO effect. The effectiveness of using DFT-spread and DCIC in further improving the 

PON performances should also be studied in the considered PONs. Of course, the 

exploration of ONU-count dependent performance is of another important task for the 

feasibility study. After the off-line experimental investigation stage, real-time experimental 

demonstrations of the PON should be carried out by using FPGA-based real-time DSP 

platforms available in Bangor. During this stage, special attention will be focused on real-

time implementations of relevant DSP algorithms in terms of their performances, complexity, 

latency and power consumption.  

3) Demonstrations of converged 5G networks incorporating the proposed PONs and 

ROADMs 

The overall objective of this future work is to incorporate all major technical solutions 

achieved in the previous tasks to establish and rigorously verify a cutting-edge converged 

5G network with SDN-enabled network control for specific use cases. More specifically, in 

this stage, the following technical aspects will be pursued: 

 Utilise the procedure of establishing the converged 5G network as a unique opportunity 

to comprehensively evaluate and further optimise each individual technical solution at 

different levels; 

 Extensively evaluate the established converged 5G network in a comprehensive carrier-

like lab environment. If necessary, field trials may also be undertaken in existing 

networks carrying live end-users’ traffic to test the compatibility of the developed DSP 

solutions with other commercial networks; 
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 Explore innovative technical solutions addressing various 5G ecosystems. Along with 

the field trials, these activities are valuable for accelerating the process of transferring 

academic research to practical applications. 
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