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Abstract 

With the exponential data traffic growth associated with unprecedented emerging 

bandwidth-hungry network applications and services, the  fifth generation (5G) of mobile 

networks is currently being adopted worldwide, which is targeted to provide significant 

increased signal transmission capacities, massive machine-type communications (MTC), 

and ultra-reliable low-latency (URLL) real-time services. The 5G network architecture that 

aims to support these targets adopts the cloud radio access network (C-RAN) where mobile 

fronthaul connects remote units (RUs) and virtual baseband units (vBBUs), whilst mobile 

backhaul connects a pool of vBBUs and data centre. To further increase the signal 

transmission bandwidth of mobile fronthaul/backhaul links in a cost-effective manner, 

passive optical networks (PONs) are considered as one of the most important candidates. 

Moreover, intensity-modulation and direct-detection (IMDD) is preferred in these 

networks to improve its cost-effectiveness and lower the transceiver architecture 

complexity. From the signal transmission technique point-of-view, the initial stage of 5G 

should have sufficient transparency to 4G. Since orthogonal frequency division 

multiplexing (OFDM) is widely used in 4G, thus OFDM is still a promising signal 

modulation technique for 5G. As such, this dissertation research aims to explore the 

feasibility of utilising digital signal processing (DSP)-enabled multiple information-

carrying dimensions to improve the performance of optical OFDM (OOFDM) IMDD PON 

systems in terms of signal transmission capacity, system power budget, transceiver design 

flexibility and system performance adaptability. 

 

A subcarrier index-power (SIP) information-bearing dimension is introduced into 

conventional OOFDM by setting the subcarrier power level at either low or high according 

to an incoming data sequence in order to convey an extra information bit per subcarrier. As 

a result, a novel signal transmission technique termed subcarrier index-power modulated 

optical OFDM (SIPM-OOFDM) is proposed for the first time. Compared with 

conventional OOFDM adopting similar signal modulation formats, this technique offers an 

increase of 17% in signal bit rate without compromising the minimum required optical 

signal-to-noise ratio (OSNR) for achieving a specific bit error rate (BER). Moreover, such 

improvement does not degrade the performance tolerance to both chromatic dispersion and 

fiber nonlinearity. As the usage efficiency of high power level subcarriers is not fully 
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maximised in SIPM-OOFDM, a technique termed SIPM-OOFDM with superposition 

multiplexing (SIPM-OOFDM-SPM) is proposed by applying the superposition 

multiplexing (SPM) operation for high power subcarriers. SPM passively adds different 

signal modulation format-encoded complex numbers and assigns the sum to a high power 

subcarrier. As a direct result, compared to SIPM-OOFDM, SIPM-OOFDM-SPM increases 

the signal bit rate by 28.6% without increasing the signal modulation formats. To further 

enhance the power usage efficiency of both high and low power subcarriers, an improved 

version of SIPM-OOFDM-SPM, termed SIPM-OOFDM with dual superposition 

multiplexing (SIPM-OOFDM-DSPM) is proposed. Compared to SIPM-OOFDM-SPM, 

SIPM-OOFDM-DSPM increases the signal bit rate by approximately 11% while using 

lower signal modulation formats. It should be noted that both SIPM-OOFDM-SPM and 

SIPM-OOFDM-DSPM are capable of improving the system power budget and 

performance tolerance to both chromatic dispersion and fiber nonlinearity compared to the 

SIPM-OOFDM technique operating at the same signal bit rate. To further increase the 

number of information bits conveyed per subcarrier in the above-mentioned techniques, 

multi-level SIPM-OOFDM (ML-SIPM-OOFDM) is proposed and investigated, in which 

the number of subcarrier power levels can be increased to a predefined multilevel (ML). 

As a direct result, compared to SIPM-OOFDM, ML-SIPM-OOFDM improves the signal 

bit rate by approximately 30%. Moreover, in terms of transceiver design, ML could be 

applied easily in SIPM-OOFDM, SIPM-OOFDM-SPM and SIPM-OOFDM-DSPM as the 

ML-associated operating principles, their DSP implementation procedures and 

corresponding performance advantages are very similar for these transmission techniques. 

 

In all the above outlined signal transmission techniques, each individual subcarrier is 

regarded as a separate unit to carry extra information bits. To enable a group of subcarriers 

of various power levels to carry extra information bits, SIPM-OOFDM with subcarrier 

grouping (SIPM-SG-OOFDM) is proposed, where each symbol is divided into multiple 

subcarrier groups to bear extra user information bits in the subcarrier group (SG) 

information-bearing dimension. In addition, SIPM-SG-OOFDM is equipped with an 

additional capability of automatically detecting and subsequently correcting errors at the 

receiver without consuming any valuable transmission bandwidth. As a direct result, 

compared to SIPM-OOFDM, SIPM-SG-OOFDM not only increases the signal bit rate by 

11%, but also improves the system power budget by 1.0dB. This implies SIPM-SG-

OOFDM can improve performance capacity, adaptability and flexibility. Moreover, the 



 

 

VI 

 

performances can also be further enhanced by combining the ML and SG operating 

principles in each of the above-mentioned signal transmission techniques which 

considerably increases the information-carrying dimension. 

 

The above descriptions indicates that, compared to conventional OOFDM employing 

similar signal modulation formats, the proposed techniques are capable of providing cost-

sensitive IMDD PON systems with improved signal transmission capacities and system 

power budgets. In terms of the transceiver architecture, the proposed techniques still 

maintain the exact same transceiver design as conventional OOFDM, except that slight 

modifications in the encoding/decoding DSP elements occur in each of these techniques. 

These different DSP elements can be implemented in the digital domain in parallel in the 

transceivers, thus depending upon the traffic requirements and network status, a suitable 

technique and/or their combination can be selected to improve both the transceiver 

performance flexibility and adaptability. 
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1. Introduction 
 

 

1.1 Future  Network Challenges 
 

Over the past  few decades, mobile communications has undergone a vast and rapid evolution 

to the point where it has become essential in our daily lives, as millions of people worldwide 

own mobile devices that support a wide range of applications and services such as image 

transfer, video call, video-on-demand, online banking, as well as cloud-based services 

including data storage/recovery and remote access.  Users constantly use their mobile devices 

to post and share their everyday-activities via global multimedia social networking services 

such as Facebook, Twitter and Instagram. For example, as of January 2018, Facebook has 

more than 2.2 billion active users while WhatsApp, a worldwide dominant voice over IP 

(VoIP) service, supports more than 1.5 billion subscribers [1]. Moreover, a case study [2] 

shows that, compared to the number of smartphone in the United States in 2015, an 

approximately 40% increase to that is expected by 2021.  It is also predicted [3] that an 

average smartphone user will download approximately one terabyte of data annually by 2020, 

leading to an over 30 times growth in current mobile data traffic. This trend will persist and 

become even more pronounced in the near future as it has to satisfy the users’ needs at 

anytime, anywhere and through any method of connectivity.  

 

To accommodate the trend of explosive mobile traffic, fifth generation (5G) of mobile 

networks is currently being adopted globally, which has the overall goal of ubiquitous 

connectivity for any kind of device and any kind of application that may benefit from being 

connected. In parallel with the escalated development of the Internet of Things (IoT), 5G will 

ultimately transform communications, drive efficiency and productivity, and it also create 

rich 5G ecosystems, thus enabling the 4
th
 industrial revolution. Technically speaking, 5G 

needs to offer an increase of approximately 10-100 times in signal bit rate compared to 4G. In 

terms of traffic density, which is the signal bit rate times the number of users per km
2
, 5G 

should deliver a 1000 times increase around 2020 compared to that in 2010 [4, 5], as well as 

an improved quality of experience (QoE) for users compared with long-term evolution (LTE) 

[6]. Apart from the significantly improved signal transmission capacity, 5G must also provide 

ultra-reliable low-latency (URLL) real-time services. Such requirement is highly important 

for providing services including public safety sensors, devices monitoring patients and 

https://en.wikipedia.org/wiki/List_of_virtual_communities_with_more_than_100_million_active_users
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connected transportation systems. In general, latency is the time duration between making a 

request for data at the transmitter and detecting it at the receiver [7]. Factors affecting latency 

includes transmission delay, queuing delay, processing/computing delay and re-transmissions 

(if required). Whereas, reliability refers to the ability of a system to perform its required 

functions under a stated condition within the required latency bound [5]. Specifically 

speaking, 5G aims to support an end-to-end latency within 1ms compared to 4G’s 5ms 

latency and 5G reliability requirement should be as high as 99.99999% in terms of packet 

error rate [4, 8]. Another major target for 5G is massive machine-type communication (MTC) 

in which a massive number of machine-type devices are simultaneously connected to allow  

automated data generation, processing, transfer and exchange  amongst them with minimum 

human interaction [4, 5]. In general, MTC has to support a wide range of applications, 

including automotive industry, transportation, public safety and healthcare [9, 10]. Moreover, 

with 50 billion connected devices expected by 2020 that need to access and share data 

anywhere and anytime, 5G aims to support a density of devices as high as 1 million/km
2
 and 

10 times extended battery life for low-powered massive MTC devices [11].  

 

The 5G network architecture that aims to support the above-mentioned targets is presented in 

Fig.1.1 [12]. As shown in this figure, the 5G network adopts the cloud radio access network 

     

                 
 

Fig. 1.1. 5G Network Architecture [12] 
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(C-RAN) where mobile fronthaul connects remote units (RUs) and virtual baseband units 

(vBBUs), whilst mobile backhaul connects a pool of vBBUs and data centre. The RUs 

perform radio functions such as power amplification, digital processing, analogue-to-digital 

conversion (ADC), digital-to-analogue conversion (DAC) etc. Whereas, the pool of vBBUs, 

located at a protected centralized site such as cloud or data centers, comprises of multiple 

vBBU nodes that have high computational and storage capabilities and are responsible for 

processing resources and dynamically allocating them to the corresponding RUs based on the 

current network requirements [13]. In typical existing mobile fronthaul/backhaul links, 

copper cables and millimetre wave (mmWave) [14] are often utilized.  

  

To further increase the signal transmission bandwidth of mobile fronthaul/backhaul links in a 

cost-effective manner, passive optical networks (PONs) are considered as one of the most 

important candidates [15]. Not only do PONs provide low power consumption where the 

links between RUs and vBBUs avoid the need to install and maintain any additional power-

driven devices, PONs also offer high reliability where a malfunction of one link does not 

affect the rest. Moreover, intensity-modulation and direct-detection (IMDD) transmission 

systems can be adopted in these networks as such systems have improved cost-effectiveness 

and offer a lower transceiver architecture complexity compared to other transmission systems 

e.g., coherent transmission systems [16]. In addition, it is also highly desirable to realize the 

fronthaul/backhaul links using wavelength division multiplexing PONs (WDM-PONs), 

which also provide more versatility and flexibility since each wavelength in a WDM-PON is 

effectively a point-to-point link, thus allowing each link to run at a different speed and with a 

different protocol [15].  

 

Firstly, from the signal transmission technique point-of-view, the initial stage of 5G should 

have sufficient transparency to 4G. Since orthogonal frequency division multiplexing 

(OFDM) is widely used in 4G because of its unique features including high signal bit rate and 

spectral efficiency and excellent performance adaptability [17-20], thus OFDM is still a 

promising signal modulation technique for 5G. To further enhance the signal bit rates of 

OFDM transmission systems, a large number of technical approaches have been proposed by 

exploiting numerous signal multiplexing schemes, high-order signal modulation formats, and 

an appropriate combination of both. Sophisticated signal multiplexing schemes such as 

polarization division multiplexing (PDM) [21], code division multiplexing (CDM) [22, 23] 

and space division multiplexing (SDM) [24, 25] often require expensive optical components 
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and/or highly complex transceiver architectures. On the other hand, the utilisation of high-

order signal modulation formats escalates the demand for optical signal-to-noise ratio 

(OSNR). Therefore, it is extremely beneficial if an energy-free extra information-bearing 

dimension is introduced into OFDM to considerably enhance both signal bit rate and spectral 

efficiency while avoiding the usage of high signal modulation formats and without increasing 

the OSNR and transceiver digital signal processing (DSP)/architecture complexity. 

 

Secondly, from the network implementation point-of-view, numerous existent techniques 

have also been proposed to deliver the 5G targets, most notably, small-cell network (SCN) 

[26-28] and massive multiple-input/multiple-output (MIMO) [29, 30]. In SCNs, very dense 

low-powered RUs that have a smaller coverage range of approximately 10 meters to a few 

kilometers, compared to the conventional macro-cell (range up to 35 km), are considered and 

are located at typical outdoor hotspot locations. By shrinking the cell size, SCNs maximize 

the spectrum utilization efficiency by using the same frequency bands multiple times, thus 

improving the user signal bit rate per cell [26]. Compared to 4G-associated MIMO, massive 

MIMO is expected to be implemented to allow an increased number of antennas in both RUs 

and user devices resulting in further improved user signal bit rates [30].  

 

Thirdly, in terms of massive MTC, to support high traffic density, both SCNs and massive 

MIMO are essential [11, 26], which require a large number of RUs to be deployed. For cost-

sensitive 5G application scenarios, this imposes strong restrictions in terms of maintenance 

and overall system cost. Moreover, the large number of deployed RUs also causes 

interferences such as inter-cell interference that affects network users especially users located 

at the edges of the networks. To address such a technical problem, coordinated multi-point 

(CoMP) transmission can be employed, which uses dynamic sharing of data and channel state 

information (CSI) between the RUs to ensure that different cell-edge users can be assigned 

within the same cell rather than different cells [32, 33]. On the other hand, in these cells, 

different users may require different transmission performance characteristics e.g. signal bit 

rate and system power budget, therefore, to satisfy each user’s particular need in a cost-

effective manner, it is greatly advantageous to implement transceivers in the RUs that have 

flexible and versatile design architectures capable of dynamically accommodating different 

system performance requirements while avoiding any expensive and complicated DSP 

components. 

 



CHAPTER 1. INTRODUCTION 

5 

 

1.2 Major Achievements of the Dissertation Research 

 

Aimed at addressing all the bottleneck technical challenges outlined above, the dissertation 

research work has been carried out to investigate the performance of OFDM-based signal 

transmission techniques over standard single-mode fibre (SSMF) IMDD PON systems. Here, 

it should be noted that each of these signal transmission techniques supports an energy-free 

extra information-bearing dimension to improve the signal transmission capacity, transceiver 

flexibility and cost-effectiveness. The major achievements are summarized below: 

 

 Subcarrier index-power modulated optical OFDM (OOFDM) [34, 35]. 

 

A subcarrier index-power (SIP) information-bearing dimension is introduced into 

conventional OOFDM by setting the subcarrier power level at either low or high 

according to the incoming data sequence in order to convey an extra information bit 

per subcarrier. As a result, a novel signal transmission technique termed subcarrier 

index-power modulated optical OFDM (SIPM-OOFDM) is proposed for the first 

time. Compared with conventional OFDM adopting similar signal modulation 

formats, this technique offers an increase of 17% in signal bit rate without increasing 

the minimum required OSNRs for achieving a specific bit error rate (BER). In terms 

of the transceiver architecture, SIPM-OOFDM still maintains the exact same 

transceiver design as conventional OFDM, except that SIPM-OOFDM introduces an 

extra DSP element in the transmitter and in the receiver. Although these extra DSP 

elements need additional logic resources, compared to the core DSP logic resource 

requirements, are, however, marginal and these additional elements can be easily 

switched on (when SIPM-OFDM is used) or off (when conventional OOFDM is used) 

depending on system performance requirements. This implies that SIPM-OOFDM can 

improve both the transceiver design flexibility and performance adaptability. 

 

 Subcarrier index-power modulated optical OFDM with superposition 

multiplexing [36]. 

 

As the usage efficiency of high power level subcarriers is not fully maximised in 

SIPM-OOFDM, a technique termed SIPM-OOFDM with superposition multiplexing 

(SIPM-OOFDM-SPM) is proposed by applying the superposition multiplexing (SPM) 

operation for high power subcarriers. SPM passively adds different signal modulation 
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format-encoded complex numbers and assigns the sum to a high power subcarrier. As 

a direct result, SIPM-OOFDM-SPM considerably increases the SIPM-OOFDM signal 

bit rate without increasing the signal modulation formats. Moreover, the introduction 

of the SPM operation adds another dimension that can dynamically vary in the 

encoded signal constellation map compared with SIPM-OOFDM, thus further 

improving the transceiver design flexibility and system performance adaptability.  

 

 Subcarrier index-power modulated optical OFDM with dual superposition 

multiplexing [37, 38]. 

 

To further enhance the power usage efficiency of both subcarrier power levels, an 

improved version of SIPM-OOFDM-SPM, termed SIPM-OOFDM with dual 

superposition multiplexing (SIPM-OOFDM-DSPM) is proposed, which not only 

inherits all the above-mentioned benefits associated with SIPM-OOFDM-SPM in 

terms of DSP and hardware system complexity, but also improves the signal bit rate 

by adopting even lower signal modulation formats.  

 

 Multilevel subcarrier index-power modulated optical OFDM [39].  

  

All the above-mentioned techniques utilise just two subcarrier power levels. To 

further increase the number of information bits conveyed per subcarrier, multi-level 

SIPM-OOFDM (ML-SIPM-OOFDM) is proposed and investigated, in which the 

number of subcarrier power levels can be increased to a predefined multilevel (ML). 

In terms of transceiver design, ML could be applied easily in SIPM-OOFDM, SIPM-

OOFDM-SPM and SIPM-OOFDM-DSPM as the ML-associated operating principles, 

their DSP implementation procedures and corresponding performance advantages are 

very similar for these transmission techniques. 

 

 Subcarrier index power modulated with subcarrier grouping optical OFDM 

[40]. 

 

In all the above outlined SIPM-based OOFDM signal transmission techniques, each 

individual subcarrier is regarded as a separate unit to carry extra information bits. To 

enable a group of subcarriers of various power levels to carry the extra information 

bits, SIPM-OOFDM with subcarrier grouping (SIPM-SG-OOFDM) is proposed, 



CHAPTER 1. INTRODUCTION 

7 

 

where each symbol is divided into multiple subcarrier groups to bear extra user 

information bits in the subcarrier group (SG) information-bearing dimension. In 

addition, subcarrier grouping provides SIPM-SG-OOFDM with an additional 

capability of automatically detecting and subsequently correcting errors at the receiver 

without consuming any valuable transmission bandwidth. As a direct result, compared 

with SIPM-OOFDM, an increase in signal bit rate is obtainable together with an 

enhanced system power budget. This implies that subcarrier grouping can improve the 

SIPM-SG-OOFDM performance capacity, adaptability and flexibility. Moreover, the 

performances can also be further enhanced by combining the ML and SG operating 

principles in each SIPM-based OOFDM signal transmission technique, this 

considerably increases the information-carrying dimension.  

 

As a first author, the above-mentioned work has resulted in the publication of four journal 

papers, two of them have been published in Journal of Lightwave Technology [34, 40], while 

the remaining two have been published in Optics Communication [38] and Photonics Journal 

[39]. In addition, one conference paper has also been presented at the Optical Fiber 

Conference in 2016 [34]. As a second author, two journal papers have been published in 

Journal of Lightwave Technology [36] and Photonics Journal [37]. 

 

 

1.3 Thesis Structure  

 

This thesis consists of seven chapters. This chapter presents the targets and challenges facing 

future 5G networks to show the motivation behind the dissertation research. To provide an 

understanding of the work presented in this thesis, Chapter 2 presents the basic principles of 

OOFDM by describing each DSP block in detail. Chapter 2 explores the basic concepts 

involved in optical transceivers, which includes SSMF and IMDD OOFDM transmission 

systems. Chapter 2 also describes the fundamental concepts behind PONs and presents 

examples of current and advanced PON technologies. 

 

Chapter 3: This chapter covers the SIPM-OOFDM technique where, by introducing the 

additional SIP dimension into OFDM, the high and low power subcarriers that convey an 

extra information bit are encoded with 8-phase shift keying (8-PSK) and quadrature-phase 

shift keying (QPSK) respectively according to an incoming data sequence. Full details of the 
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SIPM-OOFDM signal encoding/decoding procedure are presented. In addition, the 

transceiver architecture is also provided, based on which, numerical simulations are 

undertaken to identify the optimum transceiver parameters affecting the maximum achievable 

performance. Over cost-sensitive IMDD PON systems, the results show that compared with 

conventional OOFDM using the same modulation formats, SIPM-OOFDM offers a 17% 

increase in signal bit rate without increasing the OSNR and the transceiver DSP/architecture 

complexity as well as while preserving transmission performance tolerances to channel 

characteristics including chromatic dispersion and fiber nonlinearity.  

 

Chapter 4: This chapter is divided into two parts; the first part addresses SIPM-OOFDM-

SPM, an improved variant of the SIPM-OOFDM technique described in Chapter 3, whilst the 

second part addresses SIPM-OOFDM-DSPM, an improved variant of SIPM-OOFDM-SPM. 

In the first part, the SPM-based mapping and demapping procedures are discussed in detail. 

Following the optimization of key transceiver parameters affecting the SIPM-OOFDM-SPM 

performance over SSMF IMDD PON systems, numerical simulations shows a significant 

increase of 28.6% in signal bit rate compared with SIPM-OOFDM. Moreover, compared with 

the 32-PSK/QPSK-encoded SIPM-OOFDM technique capable of achieving the same signal 

bit rate as SIPM-OOFDM-SPM, the latter technique improves the system power budget and 

performance tolerance to both chromatic dispersion and fiber nonlinearity. In the second part, 

the SIPM-OOFDM-DSPM technique uses the SPM operation on both high and low power 

subcarriers. Based on the identified optimum transceiver parameters, the SIPM-OOFDM-

DSPM performance characteristics are explored. Over SSMF IMDD PON systems, it is 

shown that compared to SIPM-OOFDM-SPM, SIPM-OOFDM-DSPM enables an 11% 

increase in signal bit rate compared with SIPM-OOFDM-SPM with the transceiver 

DSP/hardware complexity still preserved. Similar to SIPM-OOFDM-SPM, the improvements 

in system power budget and fiber performance tolerances are also achievable in SIPM-

OOFDM-DSPM when compared with 32-PSK/8-PSK-encoded SIPM-OOFDM technique 

operating at the same signal bit rate. 

 

Chapter 5: This chapter introduces ML-SIPM-OOFDM where four predefined subcarrier 

power levels are employed to enable each subcarrier to carry two extra information bits in the 

SIP information-carrying dimension. According to an incoming data sequence, the 

corresponding subcarrier is encoded using one of the following four signal modulation 

formats: binary phase shift keying (BPSK), QPSK, 8-PSK and 16-phase shift keying (16-
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PSK). Extensive explorations of ML-SIPM-OOFDM transmission performance 

characteristics are undertaken, based on which, optimum key transceiver parameters are 

identified. Over SSMF IMDD PON systems, the results show that this technique enables a 

significant increase of 30% in signal bit rate compared with SIPM-OOFDM. Moreover, 

further 9% and 10% ML-SIPM-OOFDM signal bit rate enhancements are also feasible when 

use is made of adaptive bit loading and subcarrier count doubling, respectively. 

 

Chapter 6: This chapter exploits the subcarrier-grouping scheme in order to introduce a 

technique termed SIPM-SG-OOFDM where a group of subcarriers convey the extra bits in 

the SG information-bearing dimension, i.e., each subcarrier group is specifically assigned 

with a predefined subcarrier power pattern according to an incoming data sequence. Full 

details of the grouping mapping/de-mapping procedures are discussed and theoretical 

analysis is provided to highlight the impact of subcarrier grouping on the overall system 

performance. In addition, extensive numerical simulations are computed to identify key 

grouping parameters affecting the maximum achievable signal bit rate. This chapter also 

proposes and explores an effective SG-associated automatic error detection and correction 

technique with zero-overhead and low DSP complexity at the receiver. As a direct result, an 

optimum trade-off among system performance characteristics such as signal bit rate and 

system power budget is achieved by simply varying the grouping parameters. In fact, 

numerical simulations show that SIPM-SG-OOFDM, offers an OSNR gain of approximately 

1.0dB while simultaneously enabling an 11% improvement in signal bit rate compared to 

SIPM-OOFDM. 

 

Finally, Chapter 7 summarizes the thesis and suggests future research work. 
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2. Fundamental Concept 

2.1   Introduction 

This chapter covers the fundamentals of OFDM and its applications in optical transmission 

systems. The chapter starts with a brief history of OFDM, and then major DSP components 

that form an OFDM transceiver are described in detail. After that, the principles of adaptively 

modulated OFDM techniques are provided. Moreover, the subcarrier index modulated 

OFDM principle is extensively covered in this chapter as it is the basis of the dissertation 

research. 

 

In addition, to provide an in-depth understanding of the work undertaken in this thesis, 

optical transceivers, fiber channel characteristics (including both linear and nonlinear effects) 

and the OOFDM IMDD transmission systems are also described in detail. Finally, the last 

section of this chapter covers the fundamental concepts associated with passive optical 

networks (PONs). 

 

 

2.2   History of OFDM 

 

OFDM was firstly proposed by R.W. Chang in the mid-60s [1] in order to achieve a highly 

efficient usage of the transmission bandwidth by partially overlapping individual subcarriers, 

but without causing inter-channel interference (ICI) and inter-symbol interference (ISI), 

under the condition they are all mutually orthogonal, i.e., a precise mathematical relationship 

between the subcarrier frequencies has to be satisfied as detailed in the following section. To 

maintain the orthogonality, not only set of mixers and filters were needed but also each 

subcarrier required an individual stable oscillator that was constantly maintained in an 

extreme stable manner. As a result, the early OFDM transceivers were highly complex and 

therefore not feasible from a technical or economic perspective for wide deployment and so 

initially OFDM was limited to military applications for many years.  
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In 1971, the use of the inverse discrete Fourier transform (IDFT) was proposed by Weinsten 

and Elbert [2] to maintain the subcarrier orthogonality. This was a key step in making OFDM 

a more realistic proposition. Moreover, full digital implementations could be built around 

special-purpose hardware performing the fast Fourier transform (FFT) and inverse fast 

Fourier transform (IFFT), which are the efficient implementations of the discrete Fourier 

transform (DFT) and IDFT, respectively. Recent advances in DSP technology make high-

speed, large-size IFFT/FFT chips commercially affordable. Furthermore, to improve the 

OFDM’s effectiveness in reducing the ISI and ICI effects, Peled and Ruiz introduced the 

concept of cyclic prefix (CP) in 1983 [3]. As such, in the 1980s, OFDM was studied for high-

speed modems, digital mobile communications and high density recording. In the 1990s, 

OFDM was exploited for wideband data communication over copper pairs in digital 

subscriber lines (DSLs), very-high-speed digital subscriber lines (VDSLs), digital audio 

broadcasting (DAB), digital video broadcasting (DVB), and high-definition television 

(HDTV) terrestrial broadcasting [4, 5]. In 2000s, a remarkable number of wireless standards 

adopted OFDM as a signal modulation technique such as wireless local area networks 

(LANs) i.e., WiFi, wireless metropolitan area networks (MANs) i.e., WiMAX as well as in 

4G LTE mobile networks [7].  

 

 
 

Fig. 2.1. Diagram for a generic FDM system 
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Following the significant success of OFDM in wireless systems, the emergence of OFDM in 

optical communication system started in 2005 [8]. Since then, optical OFDM (OOFDM) has 

been widely used in the optical communication community leading to extensive simulation 

and experimental demonstrations of OOFDM transmission systems for a wide range of 

application scenarios. Furthermore, as discussed in Chapter 1, OFDM is considered as a 

promising signal modulation technique for future 5G networks seamlessly converging legacy 

optical and wireless networks. 

 

 

2.3   OFDM Fundamentals  

 

2.3.1 OFDM Basic Concepts 

As OFDM is a special type of the frequency division multiplexing (FDM) technique, 

descriptions of FDM are thus first provided. The basic idea of FDM is to transmit multiple 

signals simultaneously over a wideband channel by modulating each signal onto a dedicated 

subcarrier and multiplexing the modulated subcarriers, as shown in Fig. 2.1. More 

 

(a) 
 

 
(b) 

 

Fig. 2.2. Spectrum of (a) FDM and (b) OFDM 
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specifically, the FDM transmitter uses an oscillator array operating at different radio 

frequencies (RFs) with a sufficiently wide inter-channel guard between two adjacent 

subcarrier frequencies, as illustrated in Fig. 2.2(a). Each subcarrier is modulated separately by 

a classical modulation format such as M-ary Quadrature Amplitude Modulation (QAM) or 

PSK. In the receiver, each of these subcarriers are filtered by a bandpass filter (BPF) and 

demodulated with an identical RF frequency by an oscillator. 

 

Compared with FDM, OFDM precisely chooses the inter-subcarrier RF frequency spacing 

such that all RF frequencies are harmonically related and thus ensuring orthogonality 

between the subcarriers. The orthogonality allows spectral overlap between them but without 

interference, this result in significant enhancement in spectral efficiency compared to FDM, 

as shown in Fig. 2.2 (b). 

 

To explain the principle of orthogonality between OFDM subcarriers, the k-th subcarrier in 

the n-th OFDM symbol can be written as: 

 

                                                𝑠𝑘,𝑛(𝑡) = 𝑋𝑘,𝑛𝑒
𝑗2𝜋𝑓𝑘𝑡∏(𝑡 − 𝑛𝑇𝑠)                                       (2.1) 

where  

                                                        𝑋𝑘,𝑛 = 𝐴𝑘,𝑛𝑒
𝑗Ɵ𝑘,𝑛                                                        (2.2) 

and 

                                                   ∏(𝑡) = {
1,     0 ≤ 𝑡 ≤ 𝑇𝑠
 0,      𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

                                                 (2.3) 

 

In Eq. (2.2), 𝐴𝑘,𝑛 and Ɵ𝑘,𝑛 are the amplitude and phase of the encoded data 𝑋𝑘,𝑛, respectively. 

In Eq. (2.3), 𝑇𝑠 is the OFDM symbol period and ∏(𝑡) has a rectangular pulse shape of unity 

magnitude over the time duration of 𝑇𝑠 which indicates that each subcarrier’ spectrum has a 

sinc shape as described later on. To achieve subcarrier orthogonality, the subcarrier 

frequencies are arranged to satisfy the following condition:    

      

                                                    𝑓𝑘 = 𝑓𝑐 +
𝑘

𝑇𝑠
              k=0,1,2,…, 𝑁𝑠 − 1                          (2.4) 

 

where 𝑁𝑠 is the total number of subcarriers, 𝑓𝑐  is the central frequency, 𝑓𝑘 is the frequency of 

the k-th subcarrier. Here, it should also be noted the phase of each subcarrier has to be 

constant before modulation. In order to examine the subcarriers’ orthogonality, a correlation 

between any two subcarriers within the n-th symbol period is given by: 
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1

𝑇𝑠
∫ 𝑠𝑘,𝑛(𝑡) 𝑠𝑙,𝑛(𝑡)

∗𝑛𝑇𝑠
(𝑛−1)𝑇𝑠

𝑑𝑡                                      (2.5) 

 

Using Eq. (2.1)-Eq.(2.4), Eq. (2.5) can be further expressed as: 

 

                     
1

𝑇𝑠
∫ 𝑋𝑘,𝑛(𝑡) 𝑋𝑙,𝑛(𝑡)

∗ 𝑒𝑗2𝜋(𝑓𝑘−𝑓𝑙)𝑡
𝑛𝑇𝑠
(𝑛−1)𝑇𝑠

𝑑𝑡 =  {
= 0,       𝑘 ≠ 𝑙

 ≠ 0,       𝑘 = 𝑙
                  (2.6) 

 

Eq. (2.6) confirms that mutual orthogonality between subcarriers is achieved when Eq.(2.4) is 

met. The orthogonality principle means that when an OFDM symbol containing multiple 

subcarriers, is correlated with a single complex valued, reference subcarrier with a fixed 

frequency, only the subcarrier at the same frequency will contribute to a non-zero correlation 

output while all other subcarriers at different frequencies result in zero-valued correlation 

outputs. The correlation output thus reveals the amplitude and phase of the subcarrier at the 

correlated frequency.  

 

The orthogonality principle is also illustrated in Fig.2.3 where a subcarrier frequency 

difference, ∆f, is considered. It is shown that each subcarrier has a spectrum with a zero value 

at the center frequencies of other subcarriers’ spectrums as such for ideal cases no ICI occurs 

between different subcarriers even when their spectrums are overlapping. 

 

 

 
 

Fig. 2.3. OFDM signal spectrum 
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2.3.2 OFDM Transceivers 

This section explores the architecture behind a representative OFDM transceiver, which is 

illustrated in Fig.2.4. In the transmitter, the major DSP functions consists of training 

sequence insertion, encoder, IFFT, CP insertion, parallel-to-serial (P/S) converter and a 

digital-to-analogue converter (DAC). After the analogue signal is transmitted through the 

transmission channel, the signal is converted back to the digital domain through an analogue-

to-digital converter (ADC) in the receiver, where the digital signal is processed by the 

following DSP functions such as, serial-to-parallel (S/P) converter, CP removal, FFT, 

channel estimation equalization and finally the data is recovered by the decoder.  

 

 

 

 

 

 
 

 

Fig. 2.4. Block diagram of an OFDM transmission system 
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2.3.3 IFFT/FFT 

As the work presented in this thesis is based on IMDD transmission systems, the output of 

the IFFT has to be real-valued [4]. To achieve such a requirement, the N point IFFT inputs 

are arranged to satisfy the Hermitian symmetry [9] as illustrated in Fig.2.6. In this figure, Xk,n 

is the encoded complex data defined in Eq.(2.2) (k=N-1,…,(N/2)+1, N/2, (N/2)-1,…,0). Its 

conjugate is denoted as X 
*
k,n where X-k,n = X 

*
k,n. As shown in Fig.2.6, such symmetry also 

requires X0=XN/2=0 and those zero frequency subcarriers cannot transmit any data. This 

implies that the total number of data-carrying subcarriers are Ns=(N/2)-1. 

 

Following the Hermitian arrangement, the resulting time-domain n-th OFDM symbol 

waveform within [(n-1) 𝑇𝑠, n𝑇𝑠], can be written as: 

 

                                       𝑠𝑛(𝑡) =
1

𝑵𝒔
∑  𝑋𝑘,𝑛
𝑵𝒔−1
𝑘=0 𝑒𝑗2𝜋𝑡𝑓𝑘                                      (2.7) 

When 𝑠𝑛 (𝑡) is sampled at a speed of 𝑓S = Ns/𝑇𝑠, then the m-th sample within [(n-1) 𝑇𝑠, n𝑇𝑠], 

can be expressed as: 

 

                          𝑠𝑛(𝑚) =
1

𝑵𝒔
∑  𝑋𝑘,𝑛
𝑵𝒔−1
𝑘=0 𝑒

𝑗2𝜋𝑓𝑘
𝑚𝑇𝑠

𝑁𝑠 =
1

𝑵𝒔
∑  𝑋𝑘,𝑛
𝑵𝒔−1
𝑘=0 𝑒

𝑗
2𝜋𝑚𝑘

𝑁𝑠                   (2.8) 

 

where m=0, 1, 2, …, Ns-1. It is interesting to note that if Eq. (2.1) is rewritten to consider a 

single OFDM symbol, it is equivalent to Eq. (2.8) which means that IFFT can be used in the 

transmitter to maintain orthogonality between different subcarriers and, similarly, FFT can be 

                       
 

Fig. 2.6. Generation of real-valued OFDM symbol 
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used in the receiver to select any individual subcarrier. The output discrete frequency domain 

complex numbers of the FFT, 𝑌𝑘, can be expressed as:  

 

                             𝑌𝑘 = ∑  𝑦𝑖
𝑵𝒔−1
𝑖=0 𝑒

𝑗
−2𝜋

𝑁𝑠
𝑘𝑖

             k= 0,1,2…𝑁𝑠 − 1                     (2.9) 

 

where 𝑦𝑖 is the sampled time domain signal at the input of the FFT with all 𝑦𝑖 samples 

originating from the same OFDM symbol. 𝑌𝑘 is the frequency domain sample for the k-th 

subcarrier at the output of the FFT. It should also be noted that only the positive frequency 

bins are needed as the negative frequency bins contain the same data. 

 

2.3.4 Cyclic Prefix 

OFDM is highly tolerant to signal dispersion, which causes signal spread and ISI, and the 

interference is localized mainly at the edges of the OFDM symbols. Therefore, to reduce the 

effect of ISI, in the transmitter, a CP is employed by copying some samples from the end of 

an OFDM symbol and placing them at the beginning of the same symbol. After transmission, 

the distorted CP is removed in the receiver, thus the OFDM symbol carrying useful 

information can be recovered without significant interference between adjacent symbols. In 

addition to the ISI reduction, CP is also employed to reduce ICI. Here, it should be noted that 

the IFFT process used to maintain the subcarrier orthogonality described in the previous 

section is not ideal. This is because, at the output of the IFFT, no periodic structure exists. 

Therefore, the utilization of CP partially produces a quasi-periodically extended time domain 

OFDM symbol, this leads to improved orthogonality between subcarriers within the symbol. 

 

  

             

Fig. 2.7. OFDM symbols with cyclic prefix 
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As an example of the CP insertion procedure, Fig.2.7 is presented which shows that the 

original samples, NSP, are increased by an amount of NCP samples hence the new OFDM 

symbol length is NSP +NCP. Therefore, if the time duration of CP is TCP then the new symbol 

time duration is TS and the duration of the OFDM symbol carrying real user information is 

TS−TCP. The CP parameter used throughout this thesis is defined as: 
 

        𝜂 =
𝑇𝐶𝑃

𝑇𝑆 − 𝑇𝐶𝑃
                                                            (2.10) 

 

 

From the above description, it is clear that, if a CP time duration is smaller than the 

maximum dispersion-induced time delay, the imperfectly compensated dispersion effect 

limits considerably the maximum achievable OFDM transmission performance. On the other 

hand, if the CP is longer than the maximum dispersion-induced time delay, the dispersion 

effect is localized within the CP region only. However, for a fixed signal sampling speed, the 

CP wastes the transmitted signal power, giving rise to a degraded effective signal SNR. 

Furthermore, an excessive length of CP also prevents the full utilization of available system 

bandwidth. Adaptive CPs [10] can be used to maximize the CP’s advantages and 

simultaneously minimize its disadvantages.  

 

2.3.5 DAC/ADC 

As an OFDM signal consists of independently modulated subcarriers, these subcarriers can 

give a high peak-to-average power ratio (PAPR) when added up coherently. An example of 

an OFDM signal is shown in Fig. 2.8(a).  

                       

 
(a)                                                                                    (b) 

 

Fig. 2.8. (a) OFDM signal with high PAPR prior clipping and (b) the resulted clipped OFDM signal 
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As explained later in this section, a high PAPR requires a wide dynamic operation range of 

components involved in the transmitter and receiver, thus inducing large quantization noise 

for fixed quantization bits. Therefore, in the DAC/ADC, clipping is applied to the OFDM 

signal to reduce its PAPR. For a given clipping level of ±𝛬, and assuming X(𝑡)is real, the 

clipped signal is given by: 

 

 

                                        Xclip(t)={
𝑋(𝑡) ,       −𝛬 ≤ 𝑋(𝑡) ≤ 𝛬 
𝛬,                      𝑋(𝑡) > 𝛬
−𝛬,                     𝑋(𝑡) < −𝛬

                            (2.11) 

 

 

The clipping ratio ξ is defined as ξ=𝛬2/𝑃𝑚 with 𝑃𝑚 being the average signal power [9]. As 

an example, the impact of clipping on an OFDM signal is shown in Fig.2.8 where the same 

OFDM signal is generated before (Fig.2.8(a)) and after the clipping process (Fig.2.8(b)).  

 

The clipped signal is then linearly quantized into a set of equally distributed quantization 

levels within the entire range of [-Λ, Λ]. The quantisation process can be described as 

follows: 

 

                                 𝑄(𝑋𝑞) = ∑
𝑋𝑖+𝑋𝑖−1

2
𝑔(𝑋𝑞 , 𝑋𝑖 , 𝑋𝑖−1)

𝐿

2

𝑖=−
𝐿

2
+1

                         (2.12) 

 

where 𝑋𝑖  and 𝑋𝑖−1 represent the i-th and (i-1)-th quantization threshold value. L represents 

the quantization levels given by L=2
b
 where b is the number of quantization bits. g is the 

rectangular function defined as: 

 

                                        g (𝑋,𝑋1 ,𝑋2){
1,        𝑋1 ≤ 𝑋 ˂ 𝑋2
 0,              𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

                                           (2.13)   

 

From the above analysis, is it easy to understand the following physical mechanism behind 

the clipping ratio and the quantization bits; when the clipping ratio is increased, the dynamic 

range (-Λ, Λ) is increased as well, on one hand, the clipping-induced distortion is decreased, 

on the other hand, for a fixed quantization bits, strong quantization noise occurs since the 

difference between the quantization levels increases, i.e., the signal is stretched. In practice, 

these two effects always co-exist. Therefore, for a given transmission system, an optimum 

clipping ratio exists which ensures that the quantization noise is minimized.  
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2.3.6 Training Sequence-based Equalization 

The frequency response of a practical transmission channel introduces some variations to the 

subcarrier’s amplitude and phase. To overcome such subcarrier distortion, channel 

equalization, located directly after FFT, is used. Such procedure can be achieved by inserting 

a random training sequence (TS) within the user data in the transmitter. Specifically 

speaking, after inserting the first TS at the beginning of the OFDM signal, the following TSs 

are periodically inserted after each n symbols. In the receiver, the estimated system frequency 

response of the k-subcarrier can be expressed as  

                                                    αs,k = 
𝑌𝑠,𝑘

𝑋𝑠,𝑘
                          (2.14) 

where 𝑋𝑠,𝑘  and 𝑌𝑠,𝑘  are the corresponding transmitted and received TSs respectively of the k-

th subcarrier and αs,k is also termed as the equalization coefficient. The equalization 

procedure corrects the received data of the k-subcarrier, yk, by dividing it by its 

corresponding equalization coefficient: 

 

                                                           𝑦𝑘
′ =  

𝑦𝑘

𝛼𝑠,𝑘
                                             (2.15) 

where 𝑦𝑘
′  is the equalized complex data. To further reduce the effects of channel noise, the 

estimated system frequency response can be averaged over many TSs as long as the channel 

is considered to be static over the averaging period. It should be mentioned that this is one-

tap equalization as each subcarrier is multiplied by a single complex coefficient. 

 

2.4   Adaptively Modulated OFDM  

A key advantage associated with OFDM is its capability of using the available channel 

spectra in an effective manner. This is achieved by applying adaptive loading algorithms 

(ALAs) such as adaptive power loading (APL) and adaptive bit loading (ABL), i.e., adaptive 

allocation of bit and/or power on each individual subcarrier. Such adaptive allocations require 

the knowledge of the system frequency response of each subcarrier, which can be easily 

obtained by using the corresponding TSs described in the previous section. For a specific 

application scenario, through negotiations between the transmitter and the receiver, each 

ALA can thus be applied according to the total channel BERT and each individual subcarrier 

BER. The total channel BERT is defined as 
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                                                   𝐵𝐸𝑅𝑇 =
1

𝑁𝑆−1
∑ 𝐵𝐸𝑅𝑘
𝑁𝑆−1
𝑘=1                                                     (2.16) 

 

where BERk is the BER corresponding to the k-th subcarrier. Ns is the total number of data-

carrying subcarriers within an OFDM symbol [11]. In addition, subcarriers suffering a very 

low SNR may be dropped completely (set to zero) in order to maintain a BERT of 1.0×10
-3

.  

 

 In APL, according the channel frequency response, the power of each individual subcarrier 

within an OFDM symbol varies. Generally speaking, higher (lower) power is allocated to a 

subcarrier with low (high) SNR, with the total electrical signal power kept fixed, to ensure 

that the individual subcarrier BERs detected in the receiver are almost uniformly distributed 

among all the subcarriers and that the corresponding total channel BERT is ≤ 1.0×10
-3

. Fig.2.9 

shows an example of the use of such technique where the assigned subcarrier powers in the 

transmitter compensates the estimated system frequency response occurring for an OFDM 

transmission system [12]. In ABL, according the channel frequency response, the signal 

modulation format taken on each individual subcarrier within an OFDM symbol varies. 

Generally speaking, a high (low) signal modulation format is used on a subcarrier 

experiencing a high (low) SNR [13]. The modulation formats may vary from quadrature 

binary PSK (QPSK) to 256-QAM. As an example of this ALA, Fig.2.10 is illustrated.  

                      

             Fig. 2.9. Adaptive power loading technique 
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Based on the above description, depending on the transmission system requirements, these 

ALAs are utilized to maximize the signal bit rate for a given BER and a fixed power 

constraint, or to minimize the BER for a given signal bit rate in order to increase the system 

power budget. Specifically speaking, it is easy to understand that, for power budget-limited 

transmission systems, APL are preferred whilst for bandwidth-hungry transmission systems 

with sufficiently large power budgets, ABL are preferred. 

 

It is worth mentioning that these two techniques can be combined together resulting in 

adaptive bit and power loading (BPL) where both the electrical power and signal modulation 

format taken on each individual subcarrier are adjusted independently [11]. Although this 

ALA enhances the system flexibility and transmission performance, such enhancement is at 

the expense of increasing the system complexity [12, 13].  

 

In this thesis, APL and ABL are utilized in Chapter 3 and Chapter 5 respectively, where it is 

shown that these ALAs improve not only the flexibility and performance robustness of  

OFDM transmission systems but also overall transmission performance. 

 

2.5 Subcarrier Index Modulation 

 

This section provides an insight into some variants of the OFDM transmission technique 

based on subcarrier index modulation (SIM). Three fundamental SIM techniques are 

described including SIM-OFDM, enhanced SIM-OFDM (ESIM-OFDM) and OFDM with 

                      

      Fig. 2.10. Adaptive bit loading technique 
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index modulation (OFDM-IM). These techniques have rapidly gained huge attention and 

interest in the communication R&D community and have led to the emergence of numerous 

SIM-based OFDM variants. 

 

2.5.1 Subcarrier Index Modulated OFDM 

To reduce the multipath propagation-induced fast channel spectral variation effect associated 

with wireless transmission systems, SIM-OFDM has been proposed in 2009, where an 

additional information-carrying dimension is introduced into conventional OFDM [14].  

 

The main concept of SIM-OFDM is illustrated in Fig.2.11, in which, the incoming bit stream 

is divided into blocks of bits, each having a length of N(1+ 𝑙𝑜𝑔2𝑀
2

) with N being the number of 

subcarriers, and M being the constellation size of the respective M-QAM modulation format. 

Each of these blocks consists of two parts: the first N bits of the block form a sub-block, 

referred to as BOOK, and the remaining N 
𝑙𝑜𝑔2𝑀

2
 bits form a second sub-block, referred to as 

BQAM. The operating principle of this technique can be summarized below: Before 

transmission, the BOOK sub-block is inspected in order to detect which bit (1 or 0) has the 

most occurrences, in other words, “majority bit-value”.  Each bit in BOOK is mapped a 

subcarrier by activating or deactivating the subcarrier. To maximize BQAM, all the subcarriers 

associated with the subset of the majority bit value (ones in Fig.2.11) are activated and 

subsequently modulated utilizing the second bit stream BQAM, while the remaining subcarriers 

are deactivated. 

 
Fig. 2.11. SIM-OFDM encoding procedure [14] 
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Based on the above analysis, it can be understood that in SIM-OFDM the subcarrier index is 

utilized as an extra dimension to carry user information i.e., a specific subcarrier is activated 

or deactivated according to an incoming data sequence, thus the resulting on and off 

subcarrier pattern within an OFDM symbol also bears user information. Compared to 

conventional OFDM, SIM-OFDM improves the system BER performance due to the 

subcarrier power reallocation, i.e., the power originally allocated to inactive subcarriers is 

equally redistributed among the active ones. Therefore, when the total signal power is fixed, 

the power allocated to each active subcarrier is increased, thus resulting in a better BER 

performance. 

 

At the receiver, to reconstruct the sub-block BOOK, use is made of an on-off keying (OOK) 

detector to determine the power status of each individual subcarrier. In this process, when a 

subcarrier power is above (below) a certain threshold, the subcarrier is marked as active 

(inactive), based on this pattern the sub-block BOOK is reconstructed and subsequently the 

active subcarriers are demodulated according to the respective M-QAM modulation format 

adopted, and finally, this leads to the recovery of the BQAM  sub-block.  

 

 
 

Fig. 2.12. ESIM-OFDM Encoding Procedure [15] 
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From the above description, it is clear that, an incorrect detection of a subcarrier power status 

not only leads to incorrect detection of the bits it encodes, but also, it misplaces all 

subsequent bits in the BQAM  sub-block giving rise to strong error propagation. 

 

2.5.2 Enhanced SIM-OFDM 

To address the error propagation effect associated with SIM-OFDM, ESIM-OFDM was 

proposed in [15]. In this technique, a slight modification is made to the way active subcarriers 

are encoded. As shown in Fig.2.12, instead of each bit in BOOK being conveyed using the 

power status of a single subcarrier, it is conveyed using the power status of two consecutive 

subcarriers: whenever a ‘‘1’’ is encountered in BOOK, the first subcarrier of a pair is set as 

active and the second one as inactive. On the other hand, a ‘‘0’’ in BOOK implies that the first 

subcarrier of a pair is set as inactive and the second one as active. In each pair, it is certain 

that just one of the two subcarriers is active. 

 

 The above description indicates that those bits in BQAM can no longer be misplaced due to a 

wrong detection of the previous subcarrier power status. As a direct result, ESIM-OFDM 

offers a significant error propagation reduction compared to SIM-OFDM. This encoding 

procedure also indicates that there is no longer a need to define a majority-bit value in the 

BOOK sub-block, and the total number of active carriers is always the same (N/2).  The major 

downside of this modified scheme compared with the original one is the slightly reduced 

spectral efficiency, because ESIM-OFDM suffers the loss of half of the subcarrier-index-

carried bits.  

 
 

Fig. 2.13. OFDM-IM Encoding Procedure [16] 
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2.5.3 OFDM with Index Modulation 

To overcome the spectral efficiency shortage of ESIM-OFDM, OFDM-IM was proposed in 

[16] where subcarriers are split into OFDM sub-blocks and the sub-block size is no longer 

constrained to only two as in ESIM-OFDM. In fact, as shown in Fig.2.13, the incoming m 

information bits are firstly split into g groups each containing p bits, i.e., m=pg. Each group 

of p-bits is of length n, where n=N/g. For each sub-block, k out of n available subcarriers are 

activated, where k ≤ n, while the remaining subcarriers are deactivated. To do so, the 

incoming p bits are divided into two parts as seen in Fig.2.14. The first part has p1 bits and 

second part has p2 bits, i.e., p=p1 + p2. The p1 bits are fed to the index selector and depend on 

the number of activated subcarriers within a set of n subcarriers such that, p1 =⌊𝑙𝑜𝑔2(𝐶𝑛
𝑘)⌋ 

where ⌊. ⌋ denotes the floor function. Whilst, p2 = k𝑙𝑜𝑔2(𝑀), represent the bits of the g-th 

OFDM sub-block fed through the mapper block to be mapped to the k signal constellation 

symbols. As a direct result, the total number of bits that can be transmitted by a single block 

of OFDM-IM scheme is B = (p1 + p2)g. 

 

The above encoding procedure implies that a simple look-up table is needed in the transmitter 

to map the incoming information bits to subcarrier indices. As an example, Table 2.1 is 

presented in which Si1 and Si2 are arbitrary user data. It is seen that for each OFDM sub-block, 

the indices of the modulated subcarriers are determined by the two index bits, with the bit 

streams [0,0], [0,1], [1,0] and [1,1] corresponding to the index patterns [1,2], [2,3], [3,4] and 

[1,4], respectively. At the receiver, a maximum likelihood (ML) detector based on a log-

likelihood ratio (LLR) is employed to determine the most likely active subcarriers. Based on 

this mapping/demapping procedure, unlike the ESIM-OFDM in which the number of active 

subcarriers is fixed, OFDM-IM provides an optimum trade-off between complexity and 

spectral efficiency by simply altering the number of active subcarriers [16] for a given 

application scenario.  

 

Table 2.1. A Look-up Table Example for p1=2, n=4 and k=2 
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It should be noted, in particular, that, all three above-outlined signal transmission techniques 

almost halve the achievable signal bit rate and spectral efficiency, in comparison with 

conventional OFDM encoded using identical signal modulation formats since nearly half of 

those subcarriers are deactivated. 

 

2.6 Optical Transmission Systems  

 

Having described the basic concept behind the OFDM transceivers, the next step is to discuss 

optical OFDM transceivers. Firstly this section provides a general description of optical 

fibers and optical transceivers. Secondly, key fiber transmission effects such as fiber loss, 

chromatic dispersion (CD) and fiber nonlinearity are described in detail. In addition, to 

describe optical OFDM (OOFDM) IMDD transmission systems, intensity modulator and 

photodetector are presented in this section. 

 

2.6.1 Fundamentals of Optical Fibers 

 

2.6.1.1 Optical Fiber Transmission 

The role of optical fibers in optical transmission systems is to transport optical signals from a 

transmitter to a receiver. Generally speaking, an optical fiber consists of a cylindrical core of 

silica glass surrounded by a cladding whose refractive index is lower than that of the core. 

The optical fiber can be commonly classified into two categories including multi-mode fibers 

(MMFs) and single mode fibers (SMFs). A MMF has a large core diameter (∼50-62.5μm) 

which enables multiple light modes to propagate. In MMFs, different modes propagate at 

different speeds, this result in mode delay. Such dispersive effect is called modal dispersion 

which narrows the transmission system bandwidth and limits the maximum length of 

transmission distance. As a result, MMFs are often installed in LANs. On the other hand, 

SMF have a smaller core diameter (∼8-10.5μm) and it is typically designed to operate at 

1310nm and 1550nm wavelength. Compared with a MMF, light can only propagate in one 

mode thus eliminating modal dispersion, however, the SMF still suffers from the dispersive 

effect caused by chromatic dispersion as discussed in the following section. In terms of fiber 

cost, SMFs are relatively cheaper than MMFs, but MMF-based transmission systems are 

considerably cheaper than those based on SMFs.  [17]. 
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2.6.1.2 Chromatic Dispersion 

Chromatic dispersion is caused by frequency dependence of the refractive index of an optical 

fiber. As a result, different spectral components of an optical signal travel at slightly different 

group velocities for a SMF of length L and the resulting time delay ∆T, which is by 

 

                                                            ∆T = L𝐷Δλ                                                         (2.17) 

where D is the dispersion parameter and expressed in units of ps/(km·nm). Δλ is the signal 

bandwidth in nm. In practice, D, is expressed as 

 

                                                            D =−
2πc

λ2
𝛽2                                                   (2.18) 

 

where 𝛽2  is the Group-Velocity Dispersion (GVD) parameter, c is the velocity of light in 

vacuum and λ is the central wavelength. D is wavelength dependent and for standard SMF 

(SSMF), D is zero near 1310nm and around 17 ps/(km·nm) at 1550nm, as shown in Fig.2.15. 

 

The chromatic dispersion-induced time delay brings about ISI in the received signal and thus 

imposes limitations for maximum achievable performance of optical communication systems. 

In OOFDM transmission systems, the chromatic dispersion-induced ISI can be compensated 

by using CP and by channel equalization which automatically compensates linear effects. CP 

and channel equalization are discussed in Section 2.3.4 and Section 2.3.6 respectively. 

 

 

 

 
Fig. 2.15. Dispersion versus wavelength for SSMF 
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2.6.1.3 Fiber Loss 

When transmitted through the SMFs, the signal power is attenuated due to fiber loss. The 

fiber loss can be described by 

                                                           Pout = Pin10
−𝛼𝐿

10                                                                                    (2.19) 

 

where 𝛼  is the attenuation coefficient and expressed in units of dB/km, Pin is the power 

launched at the input end of a fiber with length L and Pout is the power at the output end of the 

fiber. Several factors contribute to overall losses and the two most important factors are 

material absorption and Rayleigh scattering. The detailed descriptions of these factors can be 

found in [18]. 

 

2.6.1.4 Fiber Nonlinearity 

Under an intense electromagnetic field, the response of optical fiber to light becomes 

nonlinear. In general, the origin of such nonlinear response is related to the random motion of 

bound electrons under the influence of an applied field. As a result, fiber nonlinearities affect 

both power and phase of optical signals propagating through the SSMF. 

 

The fiber nonlinear effects are generally divided into two types. The first type involves 

energy exchange from the optical field to the medium by inelastic scattering. Such scattering 

effects include stimulated Brillouin scattering (SBS) and stimulated Raman scattering (SRS). 

In both SBS and SRS, the frequency of the scattering light is shifted downward and its 

intensity grows exponentially once the launch power exceeds a certain threshold, which is 

usually ≈30dBm for SRS and ≈10dBm for SBS [18]. In this thesis, the optical launch powers 

employed in all simulations are well below such values so the impact of SBS and SRS is 

negligible. As such, this section focuses on the second type of fiber nonlinearities, which is 

related to the fact that, at high intensities, the refractive index of silica increases with the 

intensity of the propagating optical signal. The three most important effects are self-phase 

modulation, cross-phase modulation (XPM) and four-wave mixing (FWM). 

 

 

Self-Phase Modulation 

SPM refers to the self-induced phase shift experienced by an optical field [18]. Due to the 

optical intensity dependence of refractive index in an optical fiber, the nonlinear phase shift 
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ΦNL imposed on the optical field is proportional to the optical intensity which can be 

expressed as: 

 

                                                           ΦNL = n2k0L|E|
2
                                                        (2.20) 

 

where n2 is the nonlinear refractive coefficient, throughout the thesis, is referred to as the Kerr 

coefficient. k0 = 2π/λ and λ is the carrier wavelength and |E|
2
 is the optical intensity inside the 

fiber. The self-phase modulation affects the pulse shape and often leads to additional pulse 

broadening.  

 

Cross-Phase Modulation 

XPM refers to the nonlinear phase change of an optical field induced by a co-propagating 

field at a different wavelength. Its origin can be understood by noting that when two optical 

fields, E1 and E2 at frequencies ω1 and ω2 respectively, propagate simultaneously inside the 

fiber. The induced nonlinear phase change for the field at ω1 is then given by: 

 

                                               ΦNL = n2k0L(|E1|
2
 + 2|E2|

2
)                                                  (2.21) 

 

It can be found from Eq.(2.20) and (2.21) that, for optical fields with identical power, the 

contribution of XPM to the nonlinear phase shift is twice that of self-phase modulation for 

the case of co-polarized channels. Similar to self-phase modulation, XPM also causes a 

greater temporal broadening as signal propagates along the fiber due to the effect of CD. 

 

Four-Wave Mixing 

When three optical fields with carrier frequency ω1, ω2 and ω3 respectively co-propagate 

simultaneously inside the fiber, a fourth optical field is generated whose frequency is related 

to the others by: 

 

                                                   ω4 = ω1 ± ω2 ± ω3                                         (2.22) 

 

FWM occurs only when phase-matching condition between the propagating signals is 

achieved, that is, for energy to flow effectively from one frequency to another, this condition 

must remain satisfied. 

 

FWM often occur in WDM systems where the multiple channel wavelengths are equally 

spaced resulting in crosstalk between different frequency channels. The effects of FWM 

become more severe with decreased channel spacing such as in Dense WDM (DWDM) 
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systems and/or at high signal power levels. FWM is dependent on the channel spacing thus 

one efficient way to suppress this effect is to use uneven WDM channel spacing. 

 

For the scenarios considered in this thesis, the influences of self-phase modulation, XPM and 

FWM are not significant because the transmission distance is often short and the optical 

launch power is low. 

 

2.6.2 Photodetector  

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

the incident optical power Pin into an electrical current.The generated photocurrent, Ip, is 

given by: 

                                                                   Ip = RPin                                                           (2.23) 

 

where R (in A/W) is the photodetector responsivity. In practice, two fundamental noise 

mechanisms associated with the photodetector exists: shot noise and thermal noise, which 

lead to fluctuations in the current even when the incident optical signal has a constant power 

[18]. In optical transmission systems, the commonly used photodetectors are p-i-n and 

avalanche photodiode (APD). Throughout this thesis a p-i-n is considered. Both shot and 

thermal noise associated with p-i-n photodetectors are analysed below. 

 

Shot noise arises from the statistical nature of the generation of photo-electrons when an 

optical signal is incident on a photodetector. The noise variance is proportional to the 

photocurrent, which is given by [18]   

                 𝜎𝑠
₂

 = 2qIp ∆f                                                                (2.24) 

 

where q is the charge of electron and ∆f is the receiver bandwidth. 

 

Thermal noise, however, is due to another mechanism detailed as follows: at a finite 

temperature, electrons move randomly in any conductor; random thermal motion of electrons 

manifests as a fluctuating current and adds such fluctuation to the photocurrent. The noise 

variance is given by [18] 

                                                𝜎𝑇
₂
 = 

4𝑇𝑘𝐵

𝑅𝐿
∆𝑓                                                        (2.25) 

where kB is the Boltzmann constant with a value of 1.38×10
-23

 J/K, T is the absolute 

temperature and RL is the load resistor. 



CHAPTER 2.FUNDAMENTAL CONCEPT 

36 

 

 

If Is and It are used to express the current fluctuation induced by shot noise and thermal noise 

respectively, the total current resulted from the photodetector expressed in Eq. (2.23) is 

modified:  

 

                         I= Ip + Is + It                                                         (2.26) 

 

Both Is and It are independent random processes with Gaussian statistics [18]. Eq.(2.26) 

clearly indicates that the noise lowers the received SNR and thus worsens the BERs in the 

receiver.  

 

2.6.3 IMDD OOFDM Transmission Systems 

In the IMDD OOFDM transmission systems, the electrical-to-optical (E/O) block converts 

the electrical OFDM signal to an optical signal by intensity-modulation (IM), whilst, the 

optical-to-electrical (O/E) block converts the optical OFDM to an electrical signal through a 

direct-detection (DD) process. 

 

Fig.2.16 describes the IMDD OOFDM transmission system. In the transmitter, the electrical 

driving current of the OFDM signal, s(t), is given by: 

 

                                                          i(t) = Idc + s(t)                                                          (2.27) 
 

where Idc is the added DC bias to ensure that the driving current is non-negative. In the E/O, 

assuming an ideal intensity modulation, the optical intensity modulator generates an optical 

power p(t) =i(t). Then the optical field, E(t), can be expressed as 

                                            E(t)=√𝑝(𝑡) = √𝐼𝑑𝑐 + 𝑠(𝑡)𝑒
𝑗𝜙𝑡                                             (2.28) 

where ϕ is the phase of the diode laser which serves as an optical source.  

 

 

 
Fig. 2.16. IMDD OOFDM transmission system 
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After the SSMF transmission, the detected optical signal undergoes direct detection by a 

square-law PIN photodetector in the receiver and is given by: 

 

                                      y(t) = | (√𝐼𝑑𝑐 + 𝑠(𝑡)𝑒
𝑗𝜙𝑡 ) ⊗ h(t) + w(t) |

2
                                   (2.29) 

 

where h(t) and w(t) are the channel impulse response and channel noise respectively. By 

using Taylor series expansion on the square root term in Eq.(2.29) and ignoring the channel 

noise for simplicity, the detected signal is expressed as: 

 

 

       y(t) = [ (√𝐼𝑑𝑐+(
𝑠(𝑡)

2√𝐼𝑑𝑐
) − (

𝑠(𝑡)
2

8𝐼𝑑𝑐
3/2) + ⋯)𝑒

𝑗𝜙𝑡
⊗ h(t) ] 

× [(√𝐼𝑑𝑐+(
𝑠(𝑡)

2√𝐼𝑑𝑐
) − (

𝑠(𝑡)
2

8𝐼𝑑𝑐
3/2) +⋯)  𝑒𝑗𝜙𝑡⊗ h(t)]

*
                (2.30) 

   = Idc + 
𝑠(𝑡)⊗(ℎ(𝑡)+ℎ(𝑡)

∗ )

2
 −  

𝑠(𝑡)
₂
⊗(ℎ(𝑡)+ℎ(𝑡)

∗ )

8𝐼𝑑𝑐
 +⋯ 

 

In the above equation, the first term on the right hand side is the DC component whilst the 

second term represents the OFDM signal required for recovery. The following terms 

represent the unwanted subcarrier intermixing products resulted from the square-law 

detection procedure. After the O/E converter, the electrical signal is fed into the OFDM 

receiver where the transmitted OFDM signal, s(t), is then recovered using the receiver 

functions described in Section 2.3.2.  

 

 
 

Fig. 2.17. General architecture of PON [19] 
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2.7 Passive Optical Networks  

 

2.7.1 Basic Concept of PON 

Optical access networks have evolved to achieve high signal transmission capacity and good 

scalability in terms of link range and number of users.  

 

The general architecture of PON is shown in Fig. 2.16. A PON basically comprises an optical 

line terminal (OLT) at the central office (CO), an optical fiber, an optical distribution node 

(ODD), and multiple optical network units (ONUs) close to users’ premises. The OLT 

assigns the downlink wavelength (λd), modulates the downstream data on this wavelength 

and then propagates it into the optical fiber. The ODD (or remote node (RN)) de-multiplexes 

the downstream data to multiple ONUs and also multiplexes the upstream traffic from the 

ONUs to the optical fiber. The ONUs receive the downstream traffic from the RN and 

generate the upstream traffic to the optical link on the uplink wavelength (λu) [19]. 

 

There are two traditional types of PONs: time division multiplexing-PON (TDM-PON) and 

WDM-PON. In addition, orthogonal frequency division multiplexing-PON (OFDM-PON) 

has also been widely researched as a future PON candidate technology.  

2.7.2 TDM-PON 

The architecture of TDM-PON is shown in Fig.2.18. The OLT dedicates timeslots to N 

subscribers (ONU1, ONU2, …,ONUN). A 1×N passive optical power splitter/combiner (PS/C) 

 
 

Fig. 2.18. Network architecture of TDM PON [19] 
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is used to distribute the optical signal to/from multiple ONUs. For bidirectional TDM-PONs, 

optical circulators are used to separate the upstream and downstream signals at the CO and 

the ONUs. One downlink wavelength (λd) is used to transport the downstream data from OLT 

to ONUs. The downstream data is broadcast to all the connected ONUs. Each ONU selects 

the stream slot allocated to it and discards the slots directed to other ONUs. Another uplink 

wavelength (λu) transports the upstream data from ONUs to OLT. As there is only one 

receiver in the OLT and a single feeder fibre, ONUs take turns to send their data in a TDM 

schedule. Moreover, when an ONU is not sending data, it has to turn off its laser to avoid 

interference with other ONUs’ upstream transmission. As a result, the use of burst mode 

ONU transmitters is critical in TDM-PONs. 

2.7.3 WDM-PON  

It is widely agreed that PONs based on pure TDM cannot cope with the requirements of 

future networks with a large aggregated bandwidth and a high power budget. A promising 

solution to address this challenge is to adopt WDM-PONs. The WDM-PON also provides 

excellent scalability and flexibility because it can support multiple wavelengths over the same 

fiber infrastructure as detailed below. The WDM-PON also has good protocol transparency 

and security [21].  

 

 

 
 

Fig. 2.19. Network architecture of WDM-PON [19] 
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The architecture of a WDM-PON is shown in Fig.2.19 where a wavelength division 

multiplexer/demultiplexer (WDM MUX/DEMUX) is used at the OLT and the RN. The 

WDM-PON is designed to appoint N separate wavelength channels from the CO to the ONUs 

in the downstream direction called downlink wavelengths (λd1; λd2;…; λdN). At the CO, a 

WDM MUX/DEMUX is used to multiplex the downstream data before transmission. At the 

RN, the WDM MUX/DEMUX distributes the downstream optical signals to the dedicated 

ONU (ONU1, ONU2… ONUN) according to the downlink wavelengths. In the upstream 

direction, the uplink wavelengths (λu1; λu2;…; λuN) pass from the ONUs to the OLT. At the 

RN, WDM MUX/DEMUX combines the upstream data to send them along the optical fiber 

to the OLT. At the CO, a WDM MUX/DEMUX is also used demultiplex the ONU signals.  

 

Although WDM-PON assigns a dedicated wavelength for each user to exploit the full 

bandwidth, OLT has to allocate N wavelengths for N ONUs, and each of which requires a 

tunable laser resulting in high-cost transmission systems [22].  

 

 

 
 

Fig. 2.20. Network architecture of the WDM/TDM PON [19] 
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In practice, a WDM-PON can also be combined with a TDM-PON to increase ONU count, 

transmission distance and system scalability. A hybrid WDM/TDM-PON is a PON in which 

more than one wavelength is used in each direction for communications between an OLT and 

a number of ONUs and each wavelength is shared among several ONUs by using the TDM 

technique as illustrated in Fig.2.20. The WDM/TDM-PON possesses a number of advantages 

over both WDM and TDM such as the ability to decrease costs by sharing wavelengths 

between users. In addition, with the increased number of customers enabled by the 

WDM/TDM-PON, the number of COs can also be reduced leading to considerable power and 

maintenance cost savings [23]. 

 

2.7.4 Optical OFDM-PONs  

In optical OFDM-PONs, different OFDM subcarriers are dynamically assigned to different 

customers/services in different TDM timeslots [24]. Fig.2.21 shows typical network 

architecture and multiple access strategy of optical OFDM-PONs. For downstream traffic, 

different services per ONU share the same laser and the downstream wavelength. The 

downstream signal is broadcast to all ONUs by using an optical splitter. Each ONU recovers 

its signal from its allocated subcarriers and timeslots. For upstream traffic, each ONU maps 

its data to its allocated subcarriers, sets all the other subcarriers to zero and generate electrical 

OFDM symbols. The signals are then converted to optical signals with optical intensity 

modulators such as directly modulated lasers (DMLs) for transmission over the fibre. The 

OOFDM symbols from multiple ONUs will be combined at the optical coupler (OC) in the 

RN, and detected by a single photodetector at the OLT receiver. To avoid collisions in the 

 

 
 

Fig. 2.21. Network architecture of OOFDM-PON [24] 
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upstream, synchronisation is highly critical. ONUs must be timeslot synchronized so that the 

OFDM symbols are aligned correctly at the OLT [25]. 

 

Compared to conventional TDM-PON technologies, the optical OFDM-PONs has a number 

of salient advantages such as high spectral efficiency, high chromatic dispersion tolerance, 

excellent system scalability and fine granularity bandwidth control [26, 27]. 
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3. Subcarrier Index-Power Modulated OOFDM 
 

 

3.1 Introduction 

 
Having described the motivation behind employing OFDM for future access networks in 

Section 1.1, and inspired by the subcarrier index modulation (SIM) approach [1-3] discussed 

in Section 2.5, this chapter presents a novel signal transmission technique called subcarrier 

index-power modulated optical OFDM (SIPM-OOFDM) [4, 5] for use in cost-sensitive 

IMDD PON systems. In SIPM-OOFDM, the combined subcarrier index and subcarrier power 

acts as an extra information-carrying dimension, here referred to as subcarrier index-power 

(SIP) information bearing dimension, i.e., a specific subcarrier is set at a low or high power 

according to an incoming data sequence. Hence, the resulting high and low subcarrier power 

levels within an OFDM symbol enables not only extra information bits to be conveyed but 

also all the subcarriers to be activated all the time. Therefore, compared with both 

conventional OFDM and previously discussed SIM-OFDM-based techniques, SIPM-

OOFDM enables a significant increase in signal bit rate without increasing the signal 

modulation formats and without compromising the minimum required OSNR for achieving a 

specific BER. In addition, SIPM-OOFDM offers improved transceiver design flexibility and 

system performance adaptability since it maintains the exact hardware design of conventional 

OOFDM. The only difference is that additional encoding/decoding DSP elements have been 

digitally introduced that avoid any complicated and sophisticated algorithms.   

 

This chapter explores the proposed SIPM-OOFDM technique in terms of the following three 

important aspects: 1) Fundamental operating principles. 2) Optimizations of key transceiver 

parameters affecting the maximum achievable SIPM-OOFDM transmission performances. 3) 

Explorations of practically obtainable SIPM-OOFDM transmission performances when 

simple signal modulation formats such as quadrature phase shift keying (QPSK) and eight-

phase shift keying (8-PSK) are considered for low and high power subcarriers, respectively. 

Moreover, compared to conventional OOFDM, similar SIPM-OOFDM tolerances to both 

fibre chromatic dispersion and Kerr-related fibre nonlinearity are confirmed in this chapter. 
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3.2 Operating Principle 
 

In general, the operating principle of the proposed SIPM-OOFDM technique is similar to 

conventional OOFDM [6], except that the SIPM-OOFDM transmitter (receiver) data-

encoding (decoding) DSP functions are modified as explained below in detail. In addition, 

new DSP functions for detecting the subcarrier power status and calculating the subcarrier 

power threshold are also introduced prior to equalization in the receiver. To encode an 

incoming pseudo-random binary sequence (PRBS) in the transmitter, as illustrated in Fig. 

3.1(a), when a ‘‘1(0)’’ bit is encountered, the corresponding subcarrier power is set high 

(low) as shown in Fig.3.1(b), and the following 3(2) bits of the PRBS data sequence are then 

encoded using 8-PSK (QPSK). The resulting overall SIPM-OOFDM constellations are 

presented in Fig.3.1(c). After 8-PSK (QPSK)-encoding, the resulting complex number is 

finally assigned to the subcarrier. Such a data-encoding procedure ensures that all the 

subcarriers are always active, and equally important, setting each individual subcarrier at a 

specific power level enables each subcarrier to carry an extra information bit.  

 

 
                                     (a)                        (b) 

 
(c) 

 

Fig.3.1. (a) SIPM-OOFDM encoding process. (b) Schematic diagram showing how a subcarrier of 

a specific power level is encoded using QPSK and 8-PSK. A subcarrier power threshold is 
represented using a line that lies between these two distinct QPSK and 8-PSK-encoded subcarrier 

power levels. (c) Overall QPSK- and 8-PSK-encoded SIPM-OOFDM constellations. 

 

 

 
 

 

 

 

 

 

 

 

 

 
 

Fig.1. (a) SIPM-OOFDM data-encoding process in the transmitter. (b) Schematic diagram showing how a subcarrier of a specific power 

level in the transmitter is encoded using QPSK and 8-PSK. A subcarrier power threshold is also represented using a line that lies 

between these two distinct QPSK and 8-PSK-encoded subcarrier power levels. (c) Overall  QPSK- and 8-PSK-encoded  SIPM-OOFDM 

constellations. 
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As seen in Fig.3.1(c), the overall QPSK/8-PSK-encoded SIPM-OOFDM signal constellation 

is very similar to a conventional 16-QAM-encoded OOFDM signal constellation with its four 

corner points being removed. The similar minimum Euclidian distances between these two 

constellations lead to some transmission performance similarities between these two signals 

over various transmission systems. However, as each individual SIPM-OOFDM subcarrier is 

encoded (decoded) separately in the transmitter (receiver) utilizing a single modulation 

format at a time, SIPM-OOFDM is thus expected to have stronger immunity to various 

transmission system-induced noise in comparison with 16-QAM-encoded OOFDM. The 

aforementioned performance behaviours are confirmed in Section 3.4. 

 

To decode the received signal in the receiver, the subcarrier power detection and threshold 

decision DSP functions located between the FFT and channel estimation and equalization 

first calculate the optimum power threshold for the subcarrier, by making use of a training 

sequence that is periodically inserted into the user data sequence in the transmitter. The 

subcarrier power threshold, 𝑃𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑  is defined as: 
 

                                                  𝑃𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 =
𝑃8𝑃𝑆𝐾 + 𝑃𝑄𝑃𝑆𝐾

2
                                                        (3.1) 

 

where 𝑃8𝑃𝑆𝐾  and  𝑃𝑄𝑃𝑆𝐾   are the received powers of the same subcarrier encoded using 8-

PSK and QPSK, respectively. The threshold obtained for each subcarrier of the same 

frequency, is averaged over time, and utilized to recover the information bit carried in the SIP 

 

 

Fig.3.2. Schematic setup diagram of the considered SIPM-OOFDM IMDD PON transmission 

system 
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information-bearing dimension. In addition, the subcarrier power threshold is also employed 

to subsequently determine the signal modulation format taken on the subcarrier. After the 

subcarrier power decision is made, use is made of the same received training sequence to 

perform channel estimation and equalization before decoding the information bits taken on 

the subcarriers [7]. 

 

From the above description, it is easy to understand the following four aspects: a) SIPM-

OOFDM does not require complicated and bandwidth-hungry transceiver negotiations to 

recover the information associated with the extra SIP dimension. b) For a representative 

system frequency response with a typical roll-off, the optimum subcarrier power threshold 

varies considerably with subcarrier index. c) For a given transmission system, there exists an 

optimum subcarrier power ratio between the 8-PSK-encoded subcarrier and the QPSK-

encoded subcarrier of the same frequency. Such power ratio is independent of subcarrier 

index. Finally, d) similar to conventional OOFDM, both adaptive subcarrier power loading 

and standard OOFDM symbol synchronization [7] are still applicable and effective for SIPM-

OOFDM.  

 

 

3.3 Transceiver Parameter Optimization 
 

The objective of this section is to identify the optimum SIPM-OOFDM transceiver 

parameters to maximize the transmission performance of the SIPM-OOFDM IMDD PON 

transmission system illustrated in Fig.3.2. As shown in this figure, the considered SIPM-

OOFDM transceiver architecture is similar to that corresponding to conventional OOFDM [6, 

7]. The signal generation procedure consists of the following major DSP functions: PRBS 

data generation, training sequence insertion, SIPM encoding, adaptive power loading, 

arrangement of all information-bearing subcarriers to satisfy the Hermitian symmetry with 

respect to their conjugate counterparts to ensure the generation of real-valued OFDM 

symbols after performing the IFFT, signal clipping, sample quantization and addition of 

cyclic prefix to each symbol. The corresponding receiver DSP functions includes: detection 

of the training sequence, cyclic prefix removal, FFT for generating complex-valued 

frequency domain subcarriers utilizing the  received real-valued time domain symbols, 

subcarrier power detection, subcarrier power threshold calculation, demodulation of the 

information carried by the extra subcarrier index-power dimension, channel estimation and 
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equalization, demodulation of  data-carrying subcarriers, and analysis of  individual  

subcarrier  BERs and overall channel BERs. 

 

The widely adopted split-step Fourier method is used to model the propagation of optical 

signals over a SSMF. It is well known that for a sufficiently small fibre step length, this 

treatment yields an accurate approximation to the real fibre transmission effects. In 

simulations, the effects of linear loss, chromatic dispersion, and Kerr effect-induced optical 

power dependence of the refractive index are included [8].  

 

To highlight the SIPM-OOFDM transmission performance over the IMDD PON systems, in 

the transmitter an ideal intensity modulator is adopted, which produces an optical field output 

signal,  𝑆𝑂(𝑡) , having a waveform governed by:  

                                                                 𝑆𝑂(𝑡) = √ 𝑆𝑒(𝑡)                                                           (3.2) 

where  𝑆𝑒(𝑡)  is the electrical driving current of the SIPM-OFDM signal with an optimum DC 

bias current being added. In the receiver, a PIN with a receiver sensitivity of -19dBm is also 

employed. Both shot noise and thermal noise are considered, which are simulated utilizing 

the procedures discussed previously in Section 2.6.2. 

 

Fig.3.3. Overall BER performance against major transceiver parameters over 25km SSMF IMDD 

transmission systems when the optical launch power is fixed at -10dBm. (a) Representative 
spectrum of an electrical SIPM-OOFDM. (b) Overall BER versus power threshold. (c) Overall 

BER versus quantization bit. (d) Overall BER versus clipping ratio. 
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Over a 25km SSMF IMDD system with an optical launch power of -10dBm, numerical 

simulations are first undertaken to identify optimum SIPM-OOFDM transceiver parameters 

including clipping ratio, quantization bits and power ratio between the 8-PSK-encoded high 

power subcarrier and the QPSK-encoded low power subcarrier of the same frequency. In 

addition, a representative spectrum of an electrical SIPM-OOFDM signal prior to driving the 

ideal intensity modulator is also given in Fig.3.3(a). As a 12.5GS/s digital-to-analogue 

convertor (DAC)/analogue-to-digital convertor (ADC) is employed, the signal spectral 

bandwidth is thus 6.25GHz, and the subcarrier frequency spacing is approximately 195MHz. 

The simulated results are shown in Fig. 3.3(b), (c), and (d). In obtaining Fig.3.3(b), the power 

ratio is varied whilst the quantization bits and the clipping ratio are fixed at 9 bits and 12dB, 

respectively. In obtaining Fig.3.3(c), the quantization bits are varied, whilst the clipping ratio 

and power ratio are fixed at 12dB and 2.5, respectively. Finally, in obtaining Fig.3.3(d), the 

clipping ratio is varied whilst 9 quantization bits and a 2.5 power ratio are considered. The 

power ratio dependent BER performance is shown in Fig.3.3(b). When the power ratio is 

very low, QPSK and 8-PSK constellation points are too close to detect. This causes a high 

BER to occur. However, when the power ratio is very high, the 8-PSK constellation points 

are largely separated from the QPSK constellation points, this reduces the QPSK 

constellation sizes because the total electrical signal power is fixed. This causes a BER 

increase with increasing power ratio. As a direct result, as clearly seen in Fig.3.3(b), an 

optimum power ratio of 2.5 produces the lowest overall channel BER as the minimum 

Euclidian distance between two arbitrary points within each constellation are maximized.  

 

Fig.3.4. Cumulative distribution functions for SIPM-OOFDM and conventional OFDM using 8-
PSK and 16-QAM  
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It is seen in Fig.3.3(c) that a low quantization bit increases the quantization noise effect, thus 

leading to an increase in BER. Beyond the quantization bits of 9, the BER performance 

reaches its lowest value and remains at that value as expected. Similar to Fig.3.3(c), in 

Fig.3.3(d), a low clipping ratio leads to a high overall channel BER since the signal 

waveform is significantly clipped. The BER reaches its lowest value for a clipping ratio of 

12dB, beyond which the BER increases with increasing clipping ratio because of the 

increased quantization noise effect. Furthermore, as shown in Fig.3.4, compared to both 8-

PSK-encoded OFDM and 16-QAM-encoded OFDM cumulative distribution function (CDF) 

curves, SIPM-OOFDM’ CDF curve exhibit an almost identical performance in terms of peak-

to-average power ratio (PAPR). This indicates that the proposed technique does not alter the 

conventional OFDM tolerance in terms of PAPR. 

Table 3.1. Transceiver and Transmission System Parameters 

Parameter                                   Value 

     Total number of IFFT/FFT points      64 
     Data-carrying subcarriers                  31 

     Modulation formats for SIPM-OOFDM    QPSK or 8-PSK 

     PRBS data sequence length                                          400,000 bits          

     Cyclic prefix                                                                    25% 
DAC & ADC sample rate                                           12.5GS/s 

 DAC & ADC bit resolution                                            9 bits 

Clipping ratio                                                                  12 dB        
     Subcarrier power level ratio                                           2.5 

PIN detector sensitivity                                                  -19 dBm* 

PIN responsivity                                           0.8 A/W 
Effective noise bandwidth       6.25GHz 

Q parameter         6 

Boltzmann constant       1.38×10
-23

 J/K 

Shot noise contribution      33% 
Thermal noise contribution      66% 

     Fiber length                                                         25km 

SSMF dispersion parameter at 1550 nm                16 ps/(nm.km) 
SSMF dispersion slope at 1550 nm                             0.07 ps/nm/nm/km 

Linear fiber attenuation                                          0.2 dB/km 

Kerr coefficient                                                       2.35×10
-20

 m²/W 

*Corresponding to 10Gb/s non-return-to-zero data at a BER of 1.0 × 10-9 
 

 

 

 

 

 

 

 

 

 

 

Table 3.2. Signal Bit Rate Comparisons 

Modulation Format Signal Bit Rate (Gb/s) 

QPSK 11.87 

8-PSK 17.80 

SIPM 20.77 
16-QAM 23.73 

  

 

 

 

 

 

 

 

 

 



CHAPTER 3. SUBCARRIER INDEX-POWER MODULATED OOFDM 

53 

 

 

The major transceiver and transmission system parameters adopted in this chapter are listed 

in Table 3.1, where the 12dB signal clipping ratio, the DAC/ADC resolution of 9 bits and the 

2.5 power ratio are also presented. Unless stated explicitly in the corresponding text, these 

parameters are adopted throughout this chapter. As seen in Table 3.2, these adopted 

transceiver and system parameters give rise to a SIPM-OOFDM signal bit rate of 20.77Gb/s, 

which significantly exceeds the 8-PSK-encoded OOFDM signal bit rate by approximately 

17%, and almost doubles the signal bit rate of the 8-PSK-encoded SIM-OFDM (ESIM-

OFDM and OFDM-IM) signal. This confirms the SIPM-OOFDM’s ability of outperforming 

conventional SIM-OFDM, ESIM-OFDM, OFDM-IM and OOFDM. 

 

Finally, it is also worth mentioning that, similar to conventional OOFDM, the utilization of 

APL in SIPM-OOFDM is also very effective in combating the channel fading effect 

associated with the IMDD transmission system, as presented in Fig.3.5(a). In obtaining this 

figure, an 80km SSMF IMDD transmission system is considered. As seen from the optical 

signal spectrum in Fig.3.5(b) after transmitting over the transmission conditions of Fig.3.5(b), 

the channel fading effect introduces a high transmission loss to a high frequency subcarrier. 

This brings about a reduced OSNR and subsequently a high BER for a high frequency 

subcarrier when APL is excluded. Whilst the adoption of APL enables the power of each 

individual subcarrier to be adaptively varied in the transmitter, i.e., a higher (lower) power is 

allocated to a higher (lower) frequency subcarrier with the total electrical signal power kept 

consistent. The APL-enabled excellent compensation of the channel fading effect not only 

considerably enhances the BER performances for the high frequency subcarriers but also 

simultaneously maintains the low frequency subcarrier BERs below an acceptable value. As a 

 

Fig.3.5. (a) SIPM-OOFDM subcarrier BER versus subcarrier index for including and excluding 

APL. (b) Optical SIPM-OOFDM signal spectrum excluding APL. In simulating (a) and (b), an 

80km SSMF IMDD transmission system is considered and the optical launched power is fixed at -
10dBm.    
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direct result, the overall BER performance of the transmission system is considerably 

improved, as seen in Fig.3.5(a). 

 

 

3.4 Transmission Performance 

 
In this section, detailed numerical simulations are undertaken to investigate SIPM-OOFDM 

transmission performances over both additive white Gaussian noise (AWGN) channels and 

SSMF IMDD PON systems. In addition, performance comparisons between SIPM-OOFDM 

and conventional OOFDM using various signal modulation formats are also made to 

demonstrate the unique advantages associated with SIPM-OOFDM.   

 

 
3.4.1 Performance over AWGN Channels 

 

The impacts of subcarrier index-power modulation on minimum required electrical signal 

SNR over AWGN channels for achieving a specific BER are presented in Fig.3.6, where the 

BER performance comparisons are made between QPSK/8-PSK-encoded SIPM-OOFDM 

and conventional OFDM using QPSK, 8-PSK and 16-QAM. Fig.3.6 shows that SIPM-

OOFDM has a BER developing trend very similar to 8-PSK-encoded conventional OFDM, 

and that, for achieving a BER of 1.0×10
-3

, there exists a small SNR difference of 

 

Fig.3.6. Overall channel BER versus electrical signal SNR over AWGN channels for conventional 

OFDM using QPSK, 8-PSK and 16-QAM, and SIPM-OOFDM for the cases of including and 

excluding the subcarrier-power error propagation.  
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approximately 0.9dB between SIPM-OOFDM and 8-PSK-encoded OFDM. This occurs 

mainly because of the combined effects of the SIPM-induced SNR gain and error propagation 

induced by wrong subcarrier power detections.  

 

To distinguish the impact of the error propagation effect on the BER performance, a BER 

curve obtained by excluding the error propagation effect is also illustrated in Fig.3.6, in 

computing this curve, signal modulation formats taken on the subcarriers are first compared 

between the transmitter and receiver. A difference in signal modulation format indicates the 

occurrence of an error during subcarrier-power detection. When such error occurs, the 

corresponding bit conveyed by the extra subcarrier index-power dimension is removed, and 

also a random bit is added (removed) when a lower (higher) signal modulation format is 

detected in the receiver compared to the transmitter.  It is shown in Fig.3.6 that, in 

comparison to conventional 8-PSK OFDM at a BER of 1.0×10
-3

, the error propagation effect 

introduces an approximately 1.5dB SNR penalty, which is, however, offset by a 0.6dB SNR 

gain induced by SIPM, thus giving rise to an overall SNR penalty of 0.9dB. In addition, 

Fig.3.6 implies that the introduction of the extra SIP information-bearing dimension into 

OOFDM does not considerably compromise the signal SNR for AWGN channels. 

 

 

3.4.2 Performance over SSMF IMDD PON Systems 

 

In this subsection, we investigate the BER performance of 20.77Gb/s SIPM-OOFDM 

transmissions over 25km SSMF IMDD PON systems, the simulated results are shown in 

 

                                                                 (a)                                                                         (b) 

Fig.3.7. (a) Overall channel BER versus received optical power after transmitting through 25km 

SSMF IMDD PON systems for SIPM-OOFDM and conventional OOFDM using QPSK, 8-PSK and 
16-QAM. (b) SIPM-OOFDM constellation. 
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Fig.3.7(a), where BER performances are also plotted for 17.8Gb/s 8-PSK OOFDM signals, 

23.73Gb/s 16-QAM OOFDM signals and 11.87Gb/s QPSK OOFDM signals. In obtaining 

Fig.3.7(a), adaptive subcarrier power loading is applied and an optical power launched into 

the SSMF transmission system is fixed at -10dBm. As expected from Fig.3.6, Fig.3.7(a) 

shows that SIPM-OOFDM has an almost identical BER performance compared to 8-PSK 

OOFDM. This indicates that the extra information-bearing dimension-introduced 17% 

increase in signal bit rate does not alter the BER performance. Under the same transmission 

conditions of Fig.3.7(a), Fig3.7(b) illustrates representative SIPM-OOFDM constellations 

obtained after equalization at a BER of 1.0×10
-3

. 

 

From the discussions made in Fig.3.1(c), it is easy to understand that the minimum Euclidian 

distances for 8-PSK and squared 16-QAM constellations are similar. As a direct result, small 

differences in the BER curves occur between 8-PSK OOFDM and 16-QAM OOFDM, as 

seen in Fig.3.7. In addition, similar BER curves for SIPM-OOFDM and 16-QAM OOFDM 

are also observed in Fig.3.7. This, however, does not imply that 16-QAM OOFDM is 

preferable to SIPM-OOFDM because of the following three reasons: a) as presented in 

Fig.3.6, compared to 16-QAM OOFDM, SIPM-OOFDM introduces an approximately 2.4dB 

SNR gain at a BER of 1.0×10
-3

 when the error propagation effect is excluded. This indicates 

that SIPM-OOFDM can considerably improve the system power budget if the employed 

simple functions, for both subcarrier power detection and threshold calculation, are 

substituted by advanced ones. b) In SIPM-OOFDM, the subcarrier powers vary quickly from 

symbol to symbol. Based on discussions undertaken in wireless signal transmission systems 

in terms of utilizing SIM-OFDM to reduce the fast channel spectral variation effect [9-11], it 

is envisaged that SIPM may offer an effective approach in reducing modal noise associated 

with MMF transmission systems. Finally, c) the thrust of the chapter is to propose a novel 

technique utilizing the subcarrier index and power as an extra information-carrying 

dimension for OOFDM.  

 

In addition to the present case where each individual subcarrier is just capable of carrying one 

extra information bit, the proposed technique can also be further extended by allocating 

multiple power levels to each individual subcarrier. Such extension results in not only each 

subcarrier conveying more extra information bits (>1), but also, multiple high signal 

modulation formats to be used simultaneously, thus significantly improved SIPM-OOFDM 
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signal bit rates are feasible. This approach is extensively explored in Chapter 5 in terms of 

signal transmission capacity and spectral efficiency.              

  

 

 

 

3.4.3 Chromatic Dispersion Tolerance 

 

Fig.3.8 demonstrates the fibre chromatic dispersion impact on the SIPM-OOFDM BER 

performance over SSMF IMDD PON systems. In simulating Fig.3.8, the Kerr-related fibre 

non-linearity and linear attenuation are disabled, and the optimum optical launch power is 

fixed at 5dBm. The adopted fibre dispersion parameters are -16 ps/(nm.km) and 16 

ps/(nm.km) for the negative dispersion region and the positive dispersion region, 

respectively, whilst the transmission distance varies from 10km to 150km in each of the 

aforementioned regions. In addition, adaptive subcarrier power loading is also applied for all 

the cases considered. As expected, it is shown in Fig.3.8 that compared to conventional 

OOFDM using various signal modulation formats; SIPM-OOFDM does not considerably 

degrade the system tolerance to fibre chromatic dispersion since all these BER curves behave 

in a similar fashion. 

 

3.4.4 Kerr-Related Fiber Nonlinearities Tolerance 

 

The Kerr-related fibre nonlinearity impact on the SIPM-OOFDM transmission performance 

is investigated in Fig.3.9, where the transmission distance is fixed at 25km with all the fibre 

linear and Kerr-related non-linear effects being present. Once again, adaptive subcarrier 

 
 

            Fig.3.8. SIPM-OOFDM chromatic dispersion tolerance 
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power loading is applied in the numerical simulations. It is shown in Fig.3.9 that for 

achieving a BER of 1.0×10
-3

, almost identical optical launch power variation dynamic ranges 

of approximately 32dB are observed for both SIPM-OOFDM and conventional OOFDM 

using various signal modulation formats. This indicates that, compared to conventional 

OOFDM, SIPM-OOFDM does not degrade the system tolerance to Kerr-related fibre 

nonlinearity. 

 

 

3.5 Conclusion 

 
In this chapter, SIPM-OOFDM with an extra SIP information-bearing dimension has been 

proposed and investigated for the first time. Over SSMF IMDD PON systems, extensive 

numerical simulations have been undertaken of the SIPM-OOFDM performance 

characteristics to identify optimum values of key transceiver parameters affecting the 

maximum achievable SIPM-OOFDM performance, and to explore practically obtainable 

maximum transmission performances when QPSK (8-PSK) is considered for a low (high) 

power subcarrier. Results have shown that, compared to both conventional OOFDM and 

SIM-based OFDM techniques, SIPM-OOFDM offers an approximately 17% signal bit rate 

improvement over 25km SSMF IMDD PON systems without compromising minimum 

required OSNRs for achieving a specific BER and dispersion/nonlinearity tolerances as well 

as without increasing the transceiver DSP/architecture complexity.  

 

 

 

 
Fig.3.9. SIPM-OOFDM Kerr-related fibre nonlinearity tolerance 
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4. SIPM-OOFDM with Superposition Multiplexing 

 
4.1 Introduction 

 
To improve the signal power usage efficiency of high level subcarriers in SIPM-OOFDM, 

this chapter introduces, for the first time, superposition multiplexing (SPM) in radio access 

networks [1] into SIPM-OOFDM leading to the proposition of a novel transmission 

technique, referred to as SIPM-OOFDM with SPM (SIPM-OOFDM-SPM) [2]. Compared to 

SIPM-OOFDM, for a high power subcarrier, SPM is employed to passively add two 8-PSK- 

and QPSK-encoded complex numbers, and the resulting sum is assigned to the high power 

subcarrier. Whilst for a low power subcarrier, similar to SIPM-OOFDM, only a single QPSK-

encoded complex number is assigned to the subcarrier. Clearly, SIPM-OOFDM-SPM enables 

a more effective usage of high power subcarriers. In the SIPM-OOFDM-SPM receiver, 

instead of utilizing a sophisticated decoding algorithm [3, 4], a simple DSP algorithm is 

presented in Section 4.2.1, which is sufficient to recover the information conveyed by SPM-

based high power subcarriers. For IMDD PON systems, it is shown that SIPM-OOFDM-SPM 

enables a 28.6% signal bit rate improvement compared to SIPM-OOFDM using the same 

signal modulation formats. In addition, in comparison with 32-PSK/QPSK-encoded SIPM-

OOFDM capable of offering a signal bit rate identical to (8-PSK+QPSK)/QPSK-encoded 

SIPM-OOFDM-SPM, the proposed technique reduces the minimum required signal OSNR 

for achieving a specific BER and simultaneously improves the system tolerance to both 

chromatic dispersion and Kerr-related fiber nonlinearity. 

 

Based on both SIPM-OOFDM and SIPM-OOFDM-SPM, a very interesting open question 

can be raised, as to whether SPM can also be employed in both low and high power 

subcarriers to further improve the signal power usage efficiency and the signal bit rate. As a 

direct result, an improved variant of SIPM-OOFDM-SPM known as SIPM-OOFDM with 

dual superposition multiplexing (SIPM-OOFDM-DSPM) is also proposed in this chapter [5, 

6]. Compared with SIPM-OOFDM-SPM, the SIPM-OOFDM-DSPM encoding procedure on 

high power subcarriers remains unchanged, whereas SPM is applied on low power 

subcarriers as well by assigning the sum of BPSK- and QPSK-encoded complex numbers. 

Therefore, compared with both SIPM-OOFDM and SIPM-OOFDM-SPM, using similar 

signal modulation formats, the proposed technique enables an additional 43% and 11% 

increase in signal bit rate respectively with the transceiver DSP/hardware complexity still 
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preserved. Similar to SIPM-OOFDM-SPM, SIPM-OOFDM-DSPM also enhances the system 

power budget and simultaneously improves the system tolerance to both chromatic dispersion 

and Kerr-related fiber nonlinearity, compared with 32-PSK/8-PSK SIPM-OOFDM operating 

at the same signal bit rate. As these two techniques are technically very similar, this chapter is 

divided into two sections. Section 4.2 (Section 4.3) explores the SIPM-OOFDM-SPM 

(SIPM-OOFDM-DSPM) technique in terms of operating principle, identification of optimum 

transceiver design parameters and overall transmission performance over SSMF IMDD PON 

systems.    

 

 

4.2 SIPM-OOFDM-SPM 
 

 

4.2.1 Operating Principle  

 

As illustrated in Fig.4.1, the SIPM-OOFDM-SPM operating principle is similar SIPM-

OOFDM [7, 8], except that, modifications should be made to relevant transceiver DSP 

 
                                       (a)                                                                   (b) 

 
                                                                      (c) 
 

Fig.4.1. Bit allocations in the SIP dimension and corresponding bit-encoding for both low and 
high power subcarriers in the conventional subcarrier-information-carrying dimension, (b) 

Subcarrier power allocations and 8-PSK- and QPSK-encoding-based SPM operation for high 

power subcarriers, and (c) overall SIPM-OOFDM-SPM constellations for high and low power 

subcarriers. 
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functions that deal with bit allocation/recovery in both the SIP information-bearing 

dimension and the conventional subcarrier-information-carrying dimension. 

 

Fig. 4.1(a) shows the SIPM-OOFDM-SPM transmitter DSP procedures of how to allocate an 

information bit in the SIP dimension and how to subsequently encode information bits in the 

conventional subcarrier-information-carrying dimension. As an example, for an incoming 

PRBS stream, when a “1” bit is encountered, firstly the corresponding subcarrier is set at a 

high power level, and then further 5 bits from the PRBS stream are truncated, of which the 

first 3 bits are encoded using 8-PSK, and the remaining 2 bits are encoded using QPSK. After 

that, these two 8-PSK- and QPSK-encoded complex numbers are passively added together. 

Such an addition operation is referred to as SPM. Finally the resulting complex number is 

assigned to the high power subcarrier, as seen in Fig.4.1(b). Whilst when a “0” bit is 

encountered, the corresponding subcarrier is taken at a low power level, and further 2 bits 

following the “0” bit of the PRBS stream are encoded using QPSK. The QPSK-encoded 

complex number is assigned to the low power subcarrier, as shown in Fig.4.1(a) and 

Fig.4.1(b). 

 

From the above description, it is easy to understand the following two aspects: i) a high (low) 

power subcarrier is capable of conveying 6(3) information bits in total; and ii) for a high 

power subcarrier, 8-PSK- and QPSK-encoding-based SPM operation produces four 

information-carrying satellite constellation points surrounding each virtual 8-PSK 

constellation point, as shown in Fig.4.1(c). This gives rise to total 32 information-carrying 

satellite constellation points, each of which represents a specific combination of a virtual 8-

PSK constellation point and a virtual QPSK constellation point. These two aspects imply that 

8-PSK- and QPSK-encoded SIPM-OOFDM-SPM supports a signal bit rate identical to 

SIPM-OOFDM encoded using 32-PSK and QPSK. The low-order signal modulation formats 

employed in SIPM-OOFDM-SPM increase the minimum Euclidean distance, thus resulting 

in a number of performance advantages over 32-PSK/QPSK-encoded SIPM-OOFDM, as 

discussed in detail in Section 4.2.2. 

 

In the receiver, after FFT and standard training sequence-based channel estimation and 

channel equalization, the subcarrier power threshold, 𝑃𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 , which distinguishes the 

received power of each individual subcarrier between the low level and high level, can be 

calculated using the formula expressed below:  
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                                                     𝑃𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 =
𝑚𝑖𝑛(𝑃8𝑃𝑆𝐾+𝑄𝑃𝑆𝐾) + 𝑃𝑄𝑃𝑆𝐾

2
                                 (4.1) 

 

where 𝑃8𝑃𝑆𝐾+𝑄𝑃𝑆𝐾  and 𝑃𝑄𝑃𝑆𝐾   are the received high and low subcarrier powers after 

equalization, respectively. It can be seen in Fig.4.1(c) that, as a direct result of SPM 

operation, 𝑃8𝑃𝑆𝐾+𝑄𝑃𝑆𝐾  varies slightly from subcarrier (symbol) to subcarrier (symbol). To 

sufficiently enlarge the difference between 𝑃8𝑃𝑆𝐾+𝑄𝑃𝑆𝐾  and  𝑃𝑄𝑃𝑆𝐾 , minimum 

𝑃8𝑃𝑆𝐾+𝑄𝑃𝑆𝐾 values are thus considered in Eq.(4.1). In addition, to effectively reduce the 

impact of random noises on 𝑃𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 , the subcarrier power threshold is averaged 

periodically over many different training sequences. If the received power level of an 

information-bearing subcarrier is above (below),  𝑃𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 , a “1” (“0”) information bit 

carried in the SIP dimension is thus recovered, and the information conveyed in the 

conventional subcarrier-information-carrying dimension can also be decoded using the 

approach presented below. It should also be noted that an incorrect subcarrier power decision 

causes errors to occur in both the SIP dimension and the conventional subcarrier-information-

carrying dimension. Such errors, however, do not propagate across different subcarriers and 

symbols. 

 

As the DSP process adopted for decoding low power subcarriers is identical to that used in 

SIPM-OOFDM [7, 8], here attention is thus focused on the high power subcarrier decoding 

process. For a high power subcarrier, the received complex value after equalization can be 

written as:  

                                          𝐶𝑅
𝐸 = 𝐶4

∗ + 𝐶8
∗ + ∆𝐶4 + ∆𝐶8                                                     (4.2) 

 

where 𝐶4
∗ and 𝐶8

∗ represent the ideal “to be recovered” constellation points for QPSK and 8-

PSK, respectively. ∆𝐶4  and ∆𝐶8  represent the differences between their actual received 

constellation point and their ideal constellation point. ∆𝐶4 and ∆𝐶8 arise due to the following 

three physical mechanisms including channel noise, nonlinear coupling, and nonlinear 

channel frequency response. To recover the information carried by each high power 

subcarrier, 32 comparisons between 𝐶𝑅
𝐸  and all 32 possible combinations of ideal “to be 

recovered” 𝐶4𝑖
∗   (i=1,2,3,4) and ideal “to be recovered” 𝐶8𝑗

∗  (j=1,2,…,8) are made, of which 

the combination gives rise to a minimum |∆𝐶4|
2 

+ |∆𝐶8|
2
 is used to recover the information 

conveyed by the high power subcarrier. 
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By making use of the above-discussed SIPM-OOFDM-SPM operating principle, the relevant 

transceiver DSP architecture can be produced, which is schematically shown in Fig.4.2. Due 

to the DSP transceiver architecture similarity between SIPM-OOFDM-SPM, SIPM-OOFDM 

and conventional OOFDM [9], the general DSP procedures implemented in the SIPM-

OOFDM-SPM are the same as SIPM-OOFDM except for the encoding and decoding DSP 

functions. Also similar to SIPM-OOFDM, an ideal intensity modulator, based on Eq. (3.2), is 

adopted in the transmitter. In addition, the SSMF simulation model based on the widely 

adopted split-step Fourier method is also used to model the propagation of an optical signal 

over IMDD PON systems where the effects of linear loss, chromatic dispersion and Kerr 

effect-induced optical power dependence of the refractive index are included [10]. 

 

4.2.2 Transceiver Parameter Optimization 

 

Having discussed the general SIPM-OOFDM-SPM operating principle in the previous 

section, in this section, detailed numerical simulations are undertaken to identify optimum 

key transceiver design parameters. Throughout this chapter, the default transceiver 

parameters undertaken are listed in Table 4.1. Moreover, to clearly distinguish the advantages 

associated with the proposed technique, comparisons are always made between SIPM-

OOFDM-SPM, 8-PSK/QPSK-encoded SIPM-OOFDM [7, 8] and 32-PSK/QPSK-encoded 

SIPM-OOFDM for all cases presented in both Section 4.2.2 and Section 4.2.3. 

 
 

Fig.4.2. Schematic illustration of the SIPM-OOFDM-SPM transceiver architecture and the 

considered IMDD PON system. 
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Fig.4.3 explores the optimum transceiver operation parameters closely related to two salient 

features of the proposed technique, i.e., subcarrier index-power modulation (SIPM) and SPM 

operation. As the power ratio, which is defined as the ratio between the high power subcarrier 

and the low power subcarrier in the transmitter, plays a key role in the SIPM operation, Fig. 

4.3(a) explores its impact on the transceiver BER performance to identify its optimum value. 

Whilst Fig. 4.3(b) reveals the optimum QPSK initial phase setting with respect to 8-PSK 

prior to the SPM operation. In obtaining Fig.4.3, AWGN channels are considered and the 

SNR values are fixed at 19dB. To highlight the impact of these inherent SIPM-OOFDM-SPM 

 
                                         (a)                                                                              (b)                                                       
 

Fig.4.3. Optimum transceiver operation-parameter identifications for different transmission 

techniques. (a) Optimum power ratio. (b) Optimum initial QPSK phase setting with respect to 8-
PSK. The AWGN channels are considered. The signal clipping ratio and quantization bits are fixed 

at 12dB and 9 bits, respectively. 
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Table 4.1. Transceiver and Transmission System Parameters 

Parameter                                   Value 

     Total number of IFFT/FFT points      64 

     Data-carrying subcarriers                  31 

     Modulation formats for SIPM-OOFDM    QPSK or 8-PSK 
     PRBS data sequence length                                          400,000 bits          

     Cyclic prefix                                                                    25% 

DAC & ADC sample rate                                           12.5GS/s 

DAC & ADC bit resolution                                            9 bits 
Clipping ratio                                                                  12 dB        

PIN detector sensitivity                                                  -19 dBm* 

PIN responsivity                                           0.8 A/W 
Fiber length                                                         25km 

SSMF dispersion parameter at 1550 nm                16 ps/(nm.km) 

SSMF dispersion slope at 1550 nm                             0.07 ps/nm/nm/km 
Linear fiber attenuation                                          0.2 dB/km 

Kerr coefficient                                                       2.35×10
-20

 m²/W 

*Corresponding to 10Gb/s non-return-to-zero data at a BER of 1.0 × 10-9 
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features on the transceiver BER performance. The signal clipping ratio and DAC/ADC 

quantization bits are fixed at 12dB and 9 bits, respectively.  

 

It is shown in Fig. 4.3(a) that SIPM-OOFDM-SPM has an optimum power ratio of 3.4, which 

is similar to those corresponding to other two transmission techniques. For power ratios lower 

than 3.4, the BER shoots up with decreasing power ratio, mainly resulting from the fast 

reduction in the minimum Euclidean distance of the SPM-generated 32-point constellation 

carried by the high power subcarriers. On the other hand, for power ratios larger than 3.4, the 

BER grows relatively slowly with increasing power ratio, this is because the fixed electrical 

power-induced slow reduction in the minimum Euclidean distance of the 4-points QPSK 

constellation carried by the low power subcarriers. It is easy to understand from Fig.4.1(c) 

that a phase rotation of QPSK with respect to 8-PSK alters the SPM-generated 32-point 

constellation and thus its minimum Euclidean distance. Such statement is verified in Fig.4.3 

(b), where a periodic BER developing curve occurs for SIPM-OOFDM-SPM only, and the 

BER curves for the other two SPM-free transmission techniques remain almost constant. In 

Fig. 4.3(b), with respect to 8-PSK, an optimum initial QPSK phase setting of 34º is observed, 

corresponding to which the minimum Euclidean distance of the SPM-generated 32-point 

constellation is maximized. The observed difference of 45º between two consecutive 

optimum QPSK phase settings is determined by the phase difference between two 

consecutive 8-PSK constellation points. Fig.4.3(b) suggests that the SPM operation may offer 

a simple and effective approach of independently manipulating a feature of a signal 

constellation to satisfy a specific application without affecting the overall signal performance. 

  
                                         (a)                                                                              (b)                                                       
Fig.4.4. Overall BER performances against major DAC/ADC parameters over AWGN channels for 

three different transmission techniques. (a) BER versus clipping ratio where the quantization bits 

are fixed at 9. (b) BER versus quantization bit where the clipping ratio is fixed at 12dB. 
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To identify the optimum transceiver design parameters closely related to the most critical 

components, i.e., DACs/ADCs, Fig.4.4 is presented. The impacts of clipping ratio and 

quantization bit on the transceiver BER performance over AWGN channels are plotted in Fig. 

4.4(a), with fixed quantization bits of 9, and in Fig. 4.4(b), with fixed clipping ratios of 12dB, 

respectively. In simulating Fig.4.4, use is also made of simulation parameters similar to those 

adopted in Fig.4.3. In particular, an SNR value of 19dB is considered and the optimum power 

ratio of 3.4 is taken along with an optimum initial QPSK phase setting of 34º. It can be seen 

in Fig. 4.4(a) that, for all the considered transmission techniques, their BERs reach the lowest 

values at clipping ratios of 12dB. For clipping ratios of lower than 12dB, the considerable 

BER growth with decreasing clipping ratio is due to strong clipping-induced serious 

distortions to signal waveforms. Whilst for clipping ratios beyond 12dB, the increase in BER 

is because of the enhanced quantization noise effect associated with increased dynamic 

ranges. Based on Fig.4.4(a), it is easy to understand the existence of minimum quantization 

bits of 9 for all transmission techniques in Fig. 4.4(b). It is shown in Fig. 4.4(b) that, for low 

quantization bits of <9, the BER increases quickly due to the low quantization bit-induced 

enhancement in the quantization noise effect. Whilst for quantization bits of >9, the 

quantization noise effect is almost negligible, thus giving rise to almost flattened BER 

developing trends in Fig.4.4(b).  

 

 
4.2.3 Transmission Performance 

 

The thrust of this section is to utilize the optimum transceiver parameters identified in Section 

4.2.2 to explore achievable SIPM-OOFDM-SPM transmission performances over both 

AWGN and IMDD PON systems. For computing the performance characteristics of these 

three techniques, the same default parameters listed in Table 4.1 are also considered in this 

section. 

 

Table 4.2. Signal Bit Rate Comparisons 

Modulation Format Signal Bit Rate (Gb/s) 

SIPM (8-PSK/QPSK) 20.77 
SIPM-SPM 

SIPM (32-PSK/QPSK) 

26.71 

26.71 
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4.2.3.1 Signal Bit Rate  

 

The signal bit rates of SIPM-OOFDM-SPM, 8-PSK/QPSK-encoded SIPM-OOFDM and 32-

PSK/QPSK-encoded SIPM-OOFDM are summarized in Table 4.2. It can be seen in this table 

that SIPM-OOFDM-SPM supports a signal bit rate of 26.71Gb/s, which exceeds 8-

PSK/QPSK-encoded SIPM-OOFDM by 28.6%. Although 32-PSK/QPSK-encoded SIPM-

OOFDM is capable of offering the same signal bit rate of 26.71Gb/s, it, however, suffers high 

OSNR and degraded tolerance to both chromatic dispersion and fiber nonlinearity, as 

analysed below in detail. 

 

Based on the above-discussed SIPM-OOFDM-SPM operating principle, the SIPM-OOFDM-

SPM signal bit rate, Rb, can be expressed as: 
 

                         𝑅𝑏 = 
𝑓𝑠[⍴𝐻(b𝐻+1)+⍴𝐿(b𝐿+1)]((𝑁 2)−1⁄ )

𝑁(1+σ)
                               (4.3) 

where fs is the DAC/ADC sampling rate, ⍴𝐻  and ⍴𝐿  ( ⍴𝐻 + ⍴𝐿 =1), are the occurrence 

probabilities of high and low power subcarriers within a symbol. bH and bL are the number of 

information bits carried by the high and low power subcarriers, respectively. N is the total 

number of subcarrier per symbol, and σ is the coefficient introduced to take into account 

signal bit rate reductions due to cyclic prefix and training sequence. Eq.(4.3) implies that the 

SIPM-OOFDM-SPM signal bit is subcarrier count-dependent. 

 

 
 

Fig.4.5. Subcarrier count-dependent signal bit rates for three transmission techniques considered. 

The AWGN channels are considered and the SNRs of all signals are fixed at 19dB. 
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The above analytical prediction is confirmed by numerically simulated results presented in 

Fig.4.5, where the signal bit rates of these three transmission techniques are plotted as a 

function of subcarrier count per symbol. Once again, in obtaining Fig.4.5, AWGN channels 

are considered and the SNRs of three corresponding signals are fixed at 19dB. Fig.4.5 shows 

the predicted subcarrier count-dependent behaviours, which become more pronounced when 

the total number of subcarriers is less than 64. In addition, an almost perfect signal bit rate 

overlap between SIPM-OOFDM-SPM and 32-PSK/QPSK-encoded SIPM-OOFDM is also 

observed in this figure, indicating that, instead of SPM, SIPM is the major physical 

mechanism underpinning such behaviour. It should be noted that the subcarrier count-

dependent signal bit rate is in sharp contrast to conventional OOFDM. 

 

4.2.3.2 Performance over AWGN Channels 

 

The BER versus electrical SNR performances of the three considered transmission techniques 

over AWGN channels are presented in Fig.4.6. To explicitly distinguish the influence of the 

error propagation effect on signal SNR, an error propagation-free SIPM-OOFDM-SPM BER 

curve is also computed and subsequently plotted in Fig.4.6 by employing the error 

propagation removal approach described in the previous chapter. By comparing the BER 

curves between SIPM-OOFDM-SPM, 32-PSK/QPSK-encoded SIPM-OOFDM and error 

propagation-free SIPM-OOFDM-SPM it is very interesting to note that SPM gives rise to an 

approximately 3dB SNR gain at a BER of 1.0×10
−3

, which is, however, offset by an 

 
 

Fig.4.6. BER versus electrical SNR performances of three transmission techniques over AWGN 

channels. An error propagation-free SIPM-OOFDM-SPM BER curve is also shown. 
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proximately 1dB SNR penalty introduced by the error propagation effect, thus leading to an 

overall SNR gain of 2dB. The physical origin of the SNR gain is mainly due to the SPM-

induced increase in the minimum Euclidean distance of the SPM-generated 32-point 

constellation. In addition, the 1dB error propagation-induced SNR penalty for SIPM-

OOFDM-SPM is almost identical to that corresponding to 8-PSK/QPSK-encoded SIPM-

OOFDM observed in the previous chapter at Section 3.4.1, this suggests that SPM does not 

contribute to the error propagation effect, and that the error propagation effect is independent 

of signal modulation formats taken on the subcarriers. This conclusion is valuable when more 

sophisticated SPM operations employing high-order signal modulation formats are applied to 

provide desired performances for specific application scenarios. 

4.2.3.3 Performance over SSMF IMDD PON Systems 

  

The BER versus received optical power performances of the considered three transmission 

techniques are given in Fig.4.7(a) after transmitting through 25km SSMF IMDD PON 

systems. For all the cases, the optical launch powers are taken to be 5dBm. As expected from 

Fig.4.6, Fig.4.7(a) shows that SIPM-OOFDM-SPM can support 26.71Gb/s signal bit rates 

over 25km SSMF IMDD PON systems. On the contrary, when SIPM-OOFDM is applied, to 

achieve the same signal bit rate, high-order signal modulation formats such as 32-PSK/QPSK 

have to be adopted, which, however, cause an approximately 1dB optical power penalty at a 

BER of 1.0×10
-3

, as seen in Fig.4.7(a). Such an optical power penalty agrees very well with 

the corresponding electrical SNR penalty observed in Fig.4.6. Given the fact that SSMF 

IMDD systems suffer from the channel fading effect, thus it is envisaged that a considerable 

improvement in SIPM-OOFDM-SPM transmission performance is achievable when use is 

  
                                         (a)                                                                           (b)                                                       

Fig.4.7. (a) BER as a function of received optical power of the three transmission techniques after 

transmitting through 25km SSMF IMDD PON. (b) SIPM-OOFDM-SPM Constellation. 
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made of the well-known adaptive subcarrier power loading technique as discussed in Chapter 

3 [7]. Under the same transmission conditions of Fig.4.7(a), Fig.4.7(b) illustrates 

representative SIPM-OOFDM-SPM constellations obtained after equalization at a BER of 

1.0×10
-3

. 

 

The reduction in received optical power can be directly transferred to the optical link power 

budget improvement. Such improvement can also be utilized to improve the SIPM-OOFDM-

SPM transmission tolerance to both chromatic dispersion and fiber nonlinearity associated 

with the IMDD PON systems. This is numerically verified in Fig.4.8(a) and Fig.4.8(b). In 

Fig.4.8(a), the BERs of these three considered transmission techniques are plotted as a 

function of chromatic dispersion of the IMDD PON systems. In simulating this figure, 

various SSMF lengths ranging from 10km to 125km are taken, and the optical launch powers 

are fixed at 5dBm. In addition, the Kerr-related fiber nonlinearity and fiber linear attenuation 

are disabled. The fiber dispersion parameters of -16.0ps/(km·nm) and 16.0ps/(km·nm) are 

used to represent the negative and positive chromatic dispersion regions, respectively. As 

shown in Fig.4.8(a), in comparison with the 26.71Gb/s 32-PSK/QPSK-encoded SIPM-

OOFDM signal, an increase in dispersion tolerance range of approximately 130ps/nm at a 

BER of 1.0×10
-3

 is feasible for the SIPM-OOFDM-SPM signal operating at the same signal 

bit rate. 

 

   
                                         (a)                                                                           (b)                                                       

Fig.4.8. Performance tolerance of the three transmission techniques after transmitting through 

SSMF IMDD PON towards (a) chromatic dispersion and (b) fiber nonlinearity.  
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For the 26.71Gb/s SIPM-OOFDM-SPM signal, 20.77Gb/s 8-PSK/QPSK-encoded SIPM-

OOFDM signal and 26.71Gb/s 32-PSK/QPSK-encoded SIPM-OOFDM signal, their 

performance tolerances to fiber nonlinearity of the 25km SSMF IMDD PON systems are 

explored in Fig.4.8(b). In this figure, the BERs of these signals are plotted as a function of 

optical launch power, by taking into account simulation parameters identical to Fig.4.7(a). 

Here all the fiber linear and nonlinear effects are present. As expected, Fig.4.8(b) shows that, 

compared to 32-PSK/QPSK-encoded SIPM-OOFDM, SIPM-OOFDM-SPM enhances the 

optical launch power dynamic range by approximately 3dB at a BER of 1.0×10
-3

. This 

indicates that SIPM-OOFDM-SPM improves system performance tolerance to fiber 

nonlinearity. 

 

 

4.3 SIPM-OOFDM-DSPM 

 
Having extensively investigated the SIPM-OOFDM-SPM transmission technique, in this 

section attention is shifted towards SIPM-OOFDM-DSPM where detailed description and 

numerical simulations are provided to show the key differences and unique benefits of SIPM-

OOFDM-DSPM over SIPM-OOFDM-SPM. 

 

 

4.3.1 Operating Principle and Transceiver Architecture 

 

In SIPM-OOFDM-DSPM, the encoding process is similar to SIPMOOFDM-SPM, where for 

an incoming PRBS, when a ‘‘1’’ bit is encountered, the SPM operation is applied and the 

corresponding subcarrier is set at a high power level, as illustrated in Fig.4.9, and the 

following 5 bits from the PRBS are truncated, of which 3 are encoded using 8-PSK and the 

remaining 2 bits are encoded using QPSK. Afterwards, these two 8-PSK- and QPSK-encoded 

complex numbers are added together. On the other hand, when a ‘‘0’’ bit is encountered, the 

   

 
Fig.4.9. SIPM-OOFDM-DSPM data encoding in the transmitter 
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corresponding subcarrier is set at a low power level and the following 3 bits from the 

sequence are truncated, of which 2 bits are encoded using QPSK, and the remaining bit is 

encoded using BPSK. The SPM operation is then performed again by adding these two 

QPSK- and BPSK-encoded complex numbers together; the resulting sum is subsequently 

assigned to the low power subcarrier, as illustrated in Fig.4.9. The ideal SIPM-OOFDM-

DSPM constellation is presented in Fig. 4.10(a) in which, for high (low) power subcarriers 

encoded using 8-PSK- (QPSK) and QPSK (BPSK), DSPM produces four (two) information-

carrying satellite constellation points surrounding each virtual 8-PSK (QPSK) point as in 

SIPM-OOFDM-SPM. This gives rise to a total of 32 (8) information-carrying satellite 

constellation points for high (low) power subcarriers. This indicates that SIPM-OOFDM-

DSPM uses low signal modulation formats including 8-PSK, QPSK and BPSK to achieve a 

signal bit rate identical to SIPM-OOFDM encoded using higher signal modulation formats 

such as 32-PSK and 8-PSK. It is worth mentioning that SIPM-OOFDM-DSPM can be 

implemented using any signal modulation formats with circular constellations. 

 

It should be noted that since the QPSK modulation format is used on two subcarrier power 

levels, the optimum 34
◦
 QPSK (BPSK) initial phase setting with respect to 8-PSK (QPSK) 

described in Section 4.2.2 is still applicable in SIPM-OOFDM-DSPM for all subcarriers. 

Moreover, as illustrated in Fig. 4.10(a), a phase rotation of ±90
◦
 should be applied to the 

BPSK constellation points which are superposed with either the ‘01’ or ‘10’ encoded-QPSK 

point in order to maximize the difference between two subcarrier power levels. As a result, 

   
 

                                 (a)                                                                           (b)    

                                                    

Fig.4.10. (a) Ideal SIPM-OOFDM-DSPM constellation. (b) Overall channel BER versus 𝛼 over 

AWGN channels with the SNR values varying from 20dB to 24dB. 
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the overall constellation for low power level subcarriers is very similar to 8-PSK, but this 

offers additional transmission performance advantages, as discussed later in Section 4.3.2. To 

optimize the SIPM-OOFDM-DSPM transceiver parameters, a parameter 𝛼 is introduced, 

which represents the ratio between high subcarrier powers and low subcarrier powers. For a 

fixed total electrical signal power, Fig.4.10(b) is plotted to investigate the 𝛼-impact on the 

system BER performance. In simulating this figure, AWGN channels are considered with 

three SNR values varying from 20dB to 24dB. It is shown in Fig.4.10(b) that the lowest BER 

is obtainable when 𝛼 is approximately 8, and that the optimum 𝛼 value is SNR-independent. 

For 𝛼 values lower than 8, the BER rises sharply, this results from the fast decrease in the 

subcarrier power difference between the high and low power subcarriers, whereas, when 𝛼 

exceeds 8, a relatively slow rise in BER is observed due to the reduction in the minimum 

Euclidean distance of the 8-point constellation taken on the low power subcarriers. 

 

To decode the received signal in the receiver, the subcarrier power detection and threshold 

decision DSP functions detailed in Section 4.2.1 are still employable for this technique 

where, after the FFT and standard training sequence-based channel estimation and 

equalization, a threshold decision DSP function is introduced to differentiate between the 

received high and low power subcarriers. The subcarrier power threshold,  𝑃𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 , is 

defined as 
 

                           𝑃𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 =
(𝑃8𝑃𝑆𝐾+𝑄𝑃𝑆𝐾) + (𝑃𝑄𝑃𝑆𝐾+𝐵𝑃𝑆𝐾)

2
                                       (4.4) 

 
 

where P8-PSK+QPSK  (PQPSK+BPSK) is the lowest (highest) subcarrier power of the high (low) 

power subcarriers. In the SIPM-OOFDM-DSPM decoder, the decoding approach used in 

SIPM-OOFDM-SPM is also applicable here. As such, in order to recover the information 

carried by each high (low) power subcarrier, 32 (8) comparisons between the received 

complex value 𝐶𝑅
𝐻 (𝐶𝑅

𝐿) and all the possible 32 (8) ideal complex values 𝐶𝐼𝑖
𝐻 (i=1,2,...,32) (𝐶𝐼𝑗

𝐿  

(j=1,2,...,8))  are made. The received complex value which corresponds to the minimum of 

|𝐶𝑅
𝐻−𝐶𝐼𝑖

𝐻|
2
 (|𝐶𝑅

𝐿−𝐶𝐼𝑗
𝐿 |

2
) is used to recover the information conveyed by the high (low) power 

subcarrier. 

 

The SIPM-OOFDM-DSPM transceiver architecture and the IMDD PON transmission system 

considered in this section are illustrated in Fig.4.11. As seen in this figure, major DSP 

functions involved in the SIPM-OOFDM-DSPM transmitter are almost identical to those 

employed in SIPM-OOFDM-SPM. Based on the transceiver architecture and the above-
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Fig.4.11. Schematic illustration of the SIPM-OOFDM-DSPM transceiver architecture and the 

considered IMDD PON system. 

discussed SIPM-OOFDM-DSPM transceiver design principle, it is easy to understand the 

following unique features associated with the proposed SIPM-OOFDM-DSPM technique. 

These features are summarized below: 

 

 High signal bit rate enabled by low signal modulation formats;   

 Enhanced transceiver flexibility because DSP logic resources remain almost 

constant for various transmission techniques including SIPM-OOFDM, SIPM-

OOFDM-SPM and SIPM-OOFDM-DSPM; 

 Improved performance adaptability. For different transmission system 

requirements, simple DSP modifications result in dynamic variations in system 

transmission performance characteristics (signal bit rate and system power budget) 

to ensure that the optimum system performance is always delivered regardless of 

traffic/network status.  

 Low DSP and hardware transceiver complexity. For specific transceiver 

architecture, an increase in signal bit rate does not require any significant increase 

in DSP complexity. In terms of hardware, the transceiver design identical to SIPM-

OOFDM-SPM is still applicable here. On the other hand, in terms of DSP 

complexity, the same simple DSP functions used in the SIPM-OOFDM-SPM 

transmitter and receiver are also used in this technique. 
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                                            (a)                                                                        (b) 

Fig.4.12. (a) Cumulative distribution functions for SIPM-OOFDM, SIPM-OOFDM-SPM and 
SIPM-OOFDM-DSPM. (b) BER performance versus clipping ratio over AWGN channels with a 

SNR value fixed at 22dB.  
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4.3.2 Transmission Performance 

 

Based on the SIPM-OOFDM-DSPM transceiver architecture shown in Fig.4.11, the optimum 

parameters identified in Section 4.3.1, and the operation parameters listed in Table 4.3, the 

transmission performance of the proposed technique is investigated in this subsection. 

Throughout this subsection, the optimum clipping ratio, quantization bits and DAC/ADC 

sampling rates are fixed at 12dB, 9 bits and 12.5GS/s, respectively. In particular, it is shown 

in Fig.4.12(a) that, compared to both SIPM-OOFDM and SIPM-OOFDM-SPM’ CDF curves, 

SIPM-OOFDM-DSPM’s CDF curve has an almost identical performance in terms of PAPR. 

Table 4.3. Transceiver and Transmission System Parameters 

Parameter                                   Value 

     Total number of IFFT/FFT points      64 

     Data-carrying subcarriers                  31 

     Modulation formats for SIPM-OOFDM    BPSK or QPSK or 8-PSK 
     PRBS data sequence length                                          400,000 bits          

     Cyclic prefix                                                                    25% 

DAC & ADC sample rate                                           12.5GS/s 
DAC & ADC bit resolution                                            9 bits 

Clipping ratio                                                                  12 dB        

PIN detector sensitivity                                                  -19 dBm* 

PIN responsivity                                           0.8 A/W 
Fiber length                                                         25km 

SSMF dispersion parameter at 1550 nm                16 ps/(nm.km) 

SSMF dispersion slope at 1550 nm                             0.07 ps/nm/nm/km 
Linear fiber attenuation                                          0.2 dB/km 

Kerr coefficient                                                       2.35×10
-20

 m²/W 

*Corresponding to 10Gb/s non-return-to-zero data at a BER of 1.0×10-9 
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Fig.4.13. BER performance versus signal SNR over AWGN channels for various transmission 

techniques. 
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As a direct result, the same optimum clipping ratios between these three techniques are 

observed in Fig.4.12(b) where the optimum clipping ratios of 12dB give rise to minimum 

BERs. In calculating Fig.4.12(b), an AWGN channels with a SNR value of 22dB is 

considered.  

 

 

4.3.2.1 Signal Bit Rate 

 

By making use of Eq.(4.3), the SIPM-OOFDM-DSPM signal bit rate can be easily computed 

and compared with other transmission techniques of similar nature, as summarized in Table 

4.4. In this table, it is shown that the proposed technique gives rise to a signal bit rate of 

29.73Gb/s, which outperforms (8-PSK+QPSK)/QPSK-encoded SIPM-OOFDM-SPM by 

11%. Table 4.4 also indicates that SIPM-OOFDM-DSPM can provide the same signal bit rate 

of 29.73Gb/s, compared to 32-PSK/8-PSK-encoded SIPM-OOFDM where higher signal 

modulation formats are adopted. As a direct result, in comparison with 32-PSK/8-PSK-

encoded SIPM-OOFDM, the SIPM-OOFDM-DSPM technique gives rise to a minimum 

received optical power and improved performance tolerance to both chromatic dispersion and 

Table 4.4. Signal Bit Rate Comparisons 

Modulation Format Signal Bit Rate (Gb/s) 

SIPM-SPM 26.71 
SIPM-DSPM 

SIPM (32-PSK/8-PSK) 

29.73 

29.73 
  

 

 

 

 

 

 

 

 

 



CHAPTER 4. SIPM-OOFDM WITH SUPERPOSITION MULTIPLEXING  

78 

 

         
(a)  (b) 

 

Fig.4.14. (a) Overall channel BER versus received optical power for various transmission 

techniques. (b) SIPM-OOFDM-DSPM constellation. 
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fiber nonlinearity, as discussed in the following subsections. 

 

4.3.2.2 Performance over AWGN Channels 

 

The impacts of DSPM on minimum required electrical SNR over AWGN channels are 

presented in Fig.4.13. It is shown that the 29.73Gb/s SIPM-OOFDM-DSPM signal introduces 

an SNR penalty of approximately 1.9dB at a BER of 1.0×10
-3 

in comparison with the 

26.71Gb/s (8-PSK+QPSK)/QPSK-encoded SIPM-OOFDM-SPM signal. More importantly, 

the proposed technique offers almost 2.5dB gain at a BER of 1.0×10
-3

 when compared with 

both the 29.73Gb/s 32-PSK/8-PSK-encoded SIPM-OOFDM and (8-PSK+QPSK)/8-PSK-

encoded SIPM-OOFDM-SPM signals. Such SNR gains confirm that the DSPM operation 

offers a considerable performance improvement compared with the use of only 8-PSK in low 

power subcarriers. The error propagation-free approach described in Section 3.4.1 is also 

applicable in this technique. As shown in Fig.4.13, when applying such an approach in SIPM-

OOFDM-DSPM, the same impact resulting from excluding error propagation in SIPM-

OOFDM-SPM is also observed here where an SNR gain of approximately 1.0dB is achieved. 

For fair performance comparisons, in the remaining parts of this section, error propagation is 

excluded in both SIPM-OOFDM-SPM and SIPM-OOFDM-DSPM. 

 

4.3.2.3 Performance over SSMF IMDD PON Systems  
 

Based on the same fiber transmission model used in Chapter 3, the 29.73Gb/s SIPM-

OOFDM-DSPM transmission performances over 25km SSMF IMDD PON systems are 

investigated in this subsection.  
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In simulating Fig.4.14(a) an optical launch power of 5dBm is considered. In this figure, the 

BER performance comparison of the 29.73Gb/s SIPM-OOFDM-DSPM signal with  both the 

26.71Gb/s (8-PSK+QPSK)/QPSK-encoded SIPM-OOFDM-SPM signal and the 29.73Gb/s 

32-PSK/8-PSK-encoded SIPM-OOFDM signal shows that there exists a 0.9dB power penalty 

and a 1.0dB received optical power gain respectively at a BER of 1.0×10
-3

. In addition, when 

compared with a 23.73Gb/s 16-PSK-encoded conventional OOFDM signal, a 0.9dB received 

optical power gain is achieved at a BER of 1.0×10
-3

. Under the same transmission conditions 

of Fig.4.14(a), the representative SIPM-OOFDM-SPM constellations obtained after 

equalization at a BER of 1.0×10
-3

 are illustrated in Fig.4.14(b). It is shown in this figure that 

the sizes of the inner constellation points are relatively larger than the outer constellation 

points. This is because the inner (outer) constellation points are associated with low (high) 

signal modulation formats. Assuming that each signal modulation format is encoded at an 

equal probability, thus the occurrence probability of a specific constellation point of the low 

signal modulation format is higher than that corresponding to the high signal modulation 

format. 

At a specific BER, the reduction in received optical power means an improvement in system 

optical power budget, this results in an improved SIPM-OOFDM-DSPM performance 

tolerance to both chromatic dispersion and fiber nonlinearity for the considered IMDD PON 

systems. Such a statement is verified in Fig.4.15(a) and Fig.4.15(b). For the 29.73Gb/s 32-

PSK/8-PSK-encoded SIPM-OOFDM, 29.73Gb/s SIPM-OOFDM-DSPM and 26.71Gb/s 

SIPM-OOFDM-SPM techniques, the BER against chromatic dispersion is explored in 

Fig.4.15(a). In simulating this figure, the same system conditions as those described in 

   
                                         (a)                                                                           (b)                                                       
Fig.4.15. Performance tolerance of three transmission techniques after transmitting through 

SSMF IMDD PON systems (a) chromatic dispersion and (b) fiber nonlinearity.  
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Fig.4.8(a) (Section 4.2.2.3) are also adopted here. As expected, it is shown in Fig.4.15(a) that, 

the 29.73Gb/s SIPM-OOFDM-DSM signal improves the dispersion tolerance range by 

almost 75ps/nm at a BER of 1.0×10
-3

, compared to the 32-PSK/8-PSK-encoded SIPM-

OOFDM signal operating at the same signal bit rate. The physical origin of such an 

improvement is mainly due to the use of low signal modulation formats in low power 

subcarriers. As a direct result of the physical mechanism, it is also shown in 4.15(b) that, to 

achieve a BER of 1.0×10
-3

, the proposed technique can improve the optical launch power 

dynamic range by 2dB compared to the 29.73Gb/s 32-PSK/8-PSK-encoded SIPM-OOFDM-

SPM signal.  

 

The above discussions indicate that, for practical applications, the signal modulation format 

selection can be adaptive and flexible: for power budget-limited transmission systems, 

relatively low signal modulation formats are preferred to increase the system power budget. 

On the other hand, for bandwidth-hungry transmission systems with sufficiently large power 

budgets, relatively high signal modulation formats are preferred to maximise the signal bit 

rate. Furthermore, as seen in Table 4.5, the DSPM-introduced 11% increase in signal bit rate 

causes only 0.9dB changes to the system power budget for a specific BER. This table also 

shows that, in comparison with the 32-PSK/8-PSK-encoded SIPM-OOFDM technique 

capable of offering a signal bit rate identical to SIPM-OOFDM-DSPM, the proposed 

technique improves the system power budget by 1.8dB. Table 4.5 also shows that, in 

comparison with 16-PSK-encoded conventional OOFDM, a 25% increase in signal bit rate as 

well as a 1.7dB gain in system power budget is achieved.  

 

4.4 Conclusion 

 
This chapter has proposed and investigated two signal transmission techniques namely SIPM-

OOFDM-SPM and SIPM-OOFDM-DSPM. SIPM-OOFDM-SPM, an improved variant of the 

SIPM-OOFDM transmission technique proposed in Chapter 3 is explored, for the first time, 

Table 4.5. SIPM-OOFDM-DSPM Performance Comparisons 

Modulation Format Signal Bit Rate (Gb/s) Power Penalty (dB) 

16-PSK-OOFDM 25% Increase              -1.7 

SIPM-SPM 

SIPM(32-PSK/8-PSK) 

11% Increase 

Identical 

             0.9 

             -1.8 
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over IMDD PON systems. Based on the identified optimum key transceiver design 

parameters, the SIPM-OOFDM-SPM transmission characteristics have been numerically 

investigated. It has been shown that the (8-PSK+QPSK)/QPSK encoded-SIPM-OOFDM-

SPM signal supports 26.71Gb/s signal transmissions over 25km SSMF IMDD PON systems, 

and that a 28.6% signal bit rate improvement is achievable compared to the 8-PSK/QPSK-

encoded SIPM-OOFDM without increasing the DSP and hardware complexity. In addition, 

the research work has also indicated that, in comparison with the 32-PSK/QPSK-encoded 

SIPM-OOFDM technique capable of offering a signal bit rate identical to SIPM-OOFDM-

SPM, the proposed technique improves the system power budget and performance tolerance 

to both chromatic dispersion and fiber nonlinearity. To further improve transmission 

performance of SIPM-OOFDM-SPM, SIPM-OOFDM-DSPM has been investigated over 

SSMF IMDD PON systems. Optimum key transceiver parameters have been identified, based 

on which, the SIPM-OOFDM-DSPM transmission performance characteristics have been 

explored. It is shown that, with preserved DSP and hardware complexity, (8-

PSK+QPSK)/(BPSK+QPSK) SIPM-OOFDM-DSPM offers an 11% improvement in signal 

bit rate compared to (8-PSK+QPSK)/QPSK-encoded SIPM-OOFDM-SPM, and a 1.8dB 

received optical power gain compared to 32-PSK/8-PSK-encoded SIPM-OOFDM operating 

at the same signal bit rate.  
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5. Multilevel SIPM-OOFDM 

 

 

5.1 Introduction 

 
To further increase the number of information bits conveyed per subcarrier compared with all 

the previously proposed techniques [1-4], this chapter introduces a novel signal transmission 

technique called multilevel SIPM-OOFDM (ML-SIPM-OOFDM) [5]. In this technique, the 

SIP dimension is expanded by increasing the number of subcarrier power levels to allow 

more information bits to be conveyed per subcarrier and, thus, improving the signal bit rate of 

SIPM-OOFDM. It should be noted that, multi-level (ML) could also be applied easily in both 

SIPM-OOFDM-SPM [2] and SIPM-OOFDM-DSPM [3, 4] as the ML-associated operating 

principles, their DSP elements and corresponding performance advantages are very similar 

for these transmission techniques. For simplicity but without losing any generality, in this 

chapter special attention is therefore focused on ML-SIPM-OOFDM only.  

 

In ML-SIPM-OOFDM, within an OFDM symbol, each subcarrier is set at one of the four 

predefined power levels according to an incoming data sequence. Following that, the 

corresponding subcarrier is encoded using one of the following four signal modulation 

formats: BPSK, QPSK, 8-PSK and 16-PSK. Generally speaking, a high (low) signal 

modulation format is taken on a high (low) power subcarrier. To further improve the signal 

bit rate and system adaptability, adaptive bit loading (ABL) [6, 7] is also applicable in ML-

SIPM-OOFDM. For typical SSMF IMDD PON systems, it is shown that ML-SIPM-OOFDM 

enables a 30% improvement in signal bit rate compared to QPSK/8-PSK-encoded SIPM-

OOFDM. In addition, in comparison with 16-PSK-encoded conventional OOFDM, ML-

SIPM-OOFDM enhances the signal bit rate by 13% without degrading the minimum received 

optical power required at a BER of 1.0×10
-3

. Finally, further 9% and 10% ML-SIPM-

OOFDM transmission bit rate enhancements are also feasible when use is made of ABL and 

subcarrier count doubling, respectively.  
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                          (a) 

                  
                                    (b)                                                                          (c)    

                                                               
Fig.5.1. (a) ML-SIPM-OOFDM data-encoding process in the transmitter. (b) Schematic diagram 

showing how a subcarrier of different power levels in the transmitter is encoded using BPSK, 

QPSK, 8-PSK, or 16-PSK.  Three subcarrier power thresholds are also represented using lines 
that lie between each two distinct subcarrier power levels. (c) Overall ML-SIPM-OOFDM 

constellation. 

 

 

Table 5.1. ML-SIPM-OOFDM Encoding Process 

   SIP Dimension 

PRBS Stream 

Subcarrier 

Power Level 

Modulation 

Format* 

0 0 First P1           BPSK 

0 1     Second P2           QPSK 

1 0  Third P3           8-PSK 

1 1     Fourth P4 16-PSK 
*without adaptive bit loading 

 

 

 

 

 

 

 

 

 

5.2 Operating Principle  

 

The ML-SIPM-OOFDM operating principle is similar to the previously reported SIPM-

OOFDM technique [1], except that the DSP functions for data encoding (decoding) in the 

ML-SIPM-OOFDM transmitter (receiver) are considerably modified as detailed below. In 

addition, to distinguish the received power level of each individual subcarrier in the ML-

SIPM-OOFDM receiver, training sequence-based new DSP functions are also developed to 

detect the subcarrier power status and subsequently calculate three corresponding subcarrier 

power thresholds for each subcarrier. 

 

In the ML-SIPM-OOFDM transmitter, the four subcarrier power levels are referred to as P1, 

P2, P3 and P4 to represent the first, second, third and fourth subcarrier power level, 
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respectively. For simplicity, these subcarrier power levels are assumed to satisfy Pj+1>Pj with 

j=1,2,3. To encode an incoming PRBS stream, when ‘’00 (01)’’ bits are encountered, the 

corresponding subcarrier power is set at P1 (P2), and the following 1(2) bits of the PRBS 

stream are truncated and subsequently encoded using BPSK (QPSK), as presented in Table 

5.1.  The resulting BPSK (QPSK)-encoded complex number is finally assigned to the 

subcarrier. On the other hand, when ‘’10 (11)’’ bits are encountered in the PRBS stream, the 

corresponding subcarrier power is set at P3 (P4), and the following 3(4) bits of the PRBS 

stream are truncated and subsequently encoded using 8-PSK (16-PSK). The resulting 8-PSK 

(16-PSK)-encoded complex number is assigned to the subcarrier. Such data-encoding 

procedures ensure that all the information-bearing subcarriers are always active, and more 

importantly, each information-bearing subcarrier is capable of carrying not only two extra 

bits per subcarrier in the SIP information-bearing dimension but also relevant information 

bit(s) in the conventional subcarrier-information-bearing dimension. Examples concerning 

the above-described encoding procedures are illustrated in Fig.5.1(a) and Fig.5.1(b), and the 

overall ML-SIPM-OOFDM constellation is also presented in Fig.5.1(c). Here it is worth 

mentioning the following two aspects: i) a specific subcarrier contained in an individual ML-

SIPM-OOFDM symbol is encoded by randomly utilising one of these four signal modulation 

formats. For a long PRBS stream, the probability of encoding a specific signal modulation 

format on any subcarrier is 0.25. This implies that the occurrence probability of a particular 

constellation point presented in Fig.5.1(c) is different for different signal modulation format. 

This is verified in Fig.5.7.(b); ii) apart from the 30 constellation points, each of these four 

subcarrier power levels in Fig.5.1(c) can also be regarded as “a constellation point”, as it is 

capable of carrying two extra information bits in the SIP information-bearing dimension.    

 

In the ML-SIPM-OOFDM receiver, to distinguish the received power level of each individual 

subcarrier, DSP functions for performing both subcarrier power level detection and subcarrier 

threshold calculation are implemented by making use of a training sequence that is 

periodically inserted into the PRBS stream in the transmitter. These DSP functions are 

located between the FFT and channel estimation/equalization. For a specific subcarrier, its j-

th subcarrier power threshold, PT-j, is calculated using the formula expressed below 

                                            
3,2,1

2

1

_ 





j
PP

P
jj

jT

                                                            (5.1) 
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For each subcarrier of the same frequency, PT-j is averaged over time to reduce the channel 

noise effect. These three subcarrier power thresholds are utilized to recover the extra 

information bits conveyed in the SIP information-bearing dimension. Furthermore, these 

subcarrier power thresholds are also employed to determine the signal modulation format 

taken on the subcarrier in the conventional subcarrier information-bearing dimension, as 

shown in Table 5.1. Prior to decoding and recovering the information bits conveyed by the 

subcarrier in the conventional subcarrier-information-bearing dimension, channel estimation 

and equalization [8] are also performed using the same received training sequence. As a 

direct result of the system frequency response roll-off effect associated with typical IMDD 

PON systems, both Pj and PT-j are subcarrier index-dependent. 

     

From the above-described ML-SIPM-OOFDM operating principle and as discussed in 

Chapter 4, it is easy to understand that the maximum ML-SIPM-OOFDM signal bit rate is 

also subcarrier count-dependent. For an IMDD transmission system, the ML-SIPM-OOFDM 

signal bit rate, Rb, can be mathematically expressed as:  

 

 

 
 

Fig.5.2. ML-SIPM-OOFDM signal encoding and decoding processes and major DSP functions 

incorporated in the receiver.  
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Fig.5.3. Schematic illustrations of the ML-SIPM-OOFDM transceiver architecture and the 

considered IMDD PON transmission system. 
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                                                            (5.2)     

where fs is the sampling rate of the DAC/ADC, bi represents the number of bits conveyed by 

the i-th subcarrier in the conventional subcarrier information-bearing dimension, 2 reflects 

the extra 2 information bits carried by the subcarrier in the SIP information-bearing 

dimension. N is the total number of subcarriers per symbol, and α is the coefficient 

introduced to take into account the signal transmission bit rate reduction due to cyclic prefix 

and training sequence.  

 

To summarize the above-described ML-SIPM-OOFDM operating principle, Fig.5.2 is 

presented, where the signal encoding and decoding processes in both the SIP information-

bearing dimension and the conventional subcarrier information-bearing dimension are 

illustrated using two decision-tree-like diagrams. In addition, major DSP functions 

incorporated in the receiver are also included in the same figure. To effectively combat the 

IMDD-induced channel fading effect in a cost-effective manner, ABL widely adopted in 

conventional OOFDM [6, 7] is also applicable in ML-SIPM-OOFDM IMDD PON systems. 

To apply ABL in ML-SIPM-OOFDM, the subcarrier power level to be selected still depends 

on the incoming data sequence, and the aforementioned data coding and decoding procedures 

in the SIP information-bearing dimension remain unchanged. Whilst, in the conventional 
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subcarrier information-bearing dimension, use can be made of an approach almost identical 

to conventional OOFDM [8, 9]. As mentioned in Section 2.4, in this approach, according to 

transmission channel spectral characteristics, negotiations between the transmitter and the 

receiver are undertaken to determine the highest signal modulation format that can be taken 

on each subcarrier in order to maximize the signal bit rate at an overall channel BER of 

1.0×10
-3

.  As a direct result, each subcarrier at a specific power level no longer corresponds 

to only a single fixed modulation format specified in Table 5.1, instead, for a subcarrier at a 

specific power level, the corresponding signal modulation format may vary from BPSK, 

QPSK, 8-PSK, to 16-PSK, depending upon the channel spectral characteristics. Here, an 

important exception worth mentioning is that, for the vast majority of cases, high-order signal 

modulation formats such as 8-PSK and 16-PSK cannot be taken on subcarriers having the 

first and second power levels, since these relatively low subcarrier power levels considerably 

reduce the minimum Euclidean distances of these signal modulation formats. 

 

5.3 Optimization of Key Transceiver Parameters  

 

5.3.1 Transceiver Architecture and IMDD PON System  

The ML-SIPM-OOFDM transceiver architecture and the IMDD PON transmission system 

considered in this chapter are illustrated in Fig.5.3. As seen in this figure, the ML-SIPM-

OOFDM transmitter consists of several DSP functions that are identical to those employed in 

Table 5.2. Transceiver and Transmission System Parameters 

Parameter                            Value 

     Total number of IFFT/FFT points      64 
     Data-carrying subcarriers                  31 

     Modulation formats for SIPM-OOFDM    BPSK or QPSK or 8-PSK or 16-PSK 

     PRBS data sequence length                                          400,000 bits          

     Cyclic prefix                                                                    25% 
DAC & ADC sample rate                                           12.5GS/s 

DAC & ADC bit resolution                                            9 bits 

Clipping ratio                                                                  12 dB        
PIN detector sensitivity                                                  -19 dBm* 

PIN responsivity                                           0.8 A/W 

Fiber length                                                         25km 
SSMF dispersion parameter at 1550 nm                16 ps/(nm.km) 

SSMF dispersion slope at 1550 nm                             0.07 ps/nm/nm/km 

Linear fiber attenuation                                          0.2 dB/km 

Kerr coefficient                                                       2.35×10
-20

 m²/W 

*Corresponding to 10Gb/s non-return-to-zero data at a BER of 1.0×10-9 
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SIPM-OOFDM [1], SIPM-OOFDM-SPM [2], SIPM-OOFDM-DSPM [3, 4] and conventional 

OOFDM [8]. In particular, new DSP functions are also included to perform the ML-SIPM-

OOFDM data-encoding operations described in Section 5.2. In addition, for a specific 

transmission system, an ABL DSP function is also implemented to ensure the adaptation of 

highest possible signal modulation formats on any subcarriers in the conventional subcarrier 

information-carrying dimension. At the output of the IFFT, cyclic prefix addition and DAC 

are undertaken to produce a final electrical signal, which is then utilised to drive an optical 

intensity modulator to perform the E/O conversion. To explicitly highlight the salient 

performance features of the proposed technique, throughout this chapter, an ideal optical 

intensity modulator based on Eq. (3.2) is also considered. In addition, similar to all previous 

chapters, a SSMF simulation model based on the widely adopted split-step Fourier method is 

adopted to model the propagation of optical signals over the IMDD PON systems where the 

effects of linear loss, chromatic dispersion and fiber nonlinearities are also included. After 

fibre transmissions, the optical signal is converted to the electrical domain by a square-law 

photodetector subject to both shot and thermal noise [10]. 

 

To numerically simulate the ML-SIPM-OOFDM transmission performance over the IMDD 

PON system, the adopted key transceiver and system parameters are listed in Table 5.2. 

Unless stated explicitly in the corresponding text, these parameters are utilised as default 

throughout this chapter. Similar to SIPM-OOFDM, it is shown in this table that a 12dB 

clipping ratio is also adopted in ML-SIPM-OOFDM. The use of such a clipping value is 

verified in Fig.5.4 where both techniques’ CDF curves exhibit an almost identical 

performance in terms of PAPR (Fig. 5.4(a)) and, as a direct result, the same optimum 

clipping ratios between these two techniques are observed (Fig.5.4(b)). In calculating 

Fig.5.4(b), AWGN channels with SNR value of 22dB are considered. 
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                                        (a)                                                                              (b) 
 

Fig.5.4. (a) Cumulative distribution functions for SIPM-OOFDM, and ML-SIPM-OOFDM. (b) 

BER performance versus clipping ratio over AWGN channels with SNRs fixed at 22dB.  
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5.3.2 Optimizations of Subcarrier Power Levels 

Due to the fact that each information-bearing subcarrier contains one of the four predefined 

different power levels, it is therefore envisaged that the adaptation of optimum subcarrier 

power levels plays a vital role in determining the maximum achievable ML-SIPM-OOFDM 

transmission performance. As such, special attention in this subsection is first given to 

optimizing these subcarrier power levels. It is easy to understand that the received absolute 

optimum subcarrier power at the j-th level, Pj, varies with subcarrier index because of the 

channel fading effect. To take into account such an effect, in the following optimisation 

process, instead of employing an absolute subcarrier power level, use is made of a subcarrier 

power level ratio, PRj, defined as 

                                                     𝑃𝑅𝑗 =
𝑃𝑗

𝑃1
    𝑗 =2,3,4                                                     (5.3) 

For simplicity, in the transmitter P1=1 is assumed regardless of subcarrier index. Such 

treatment is valid because channel equalization in the receiver is always conducted on 

subcarrier basis. In addition, for simplicity without loss of generality, in the optimisation 

process, AWGN channels are also considered and ABL is excluded.   

 

The adopted numerical optimization procedures are outlined as follows: 

1. A subcarrier power level ratio parameter set, {bU} = {PR2, PR3, PR4} = {3, 5, 7}, is 

adopted as the initial input parameter values. 
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                               (a)                                                      (b)                                                    (c)                                                                                                                         
 

Fig.5.5. Overall channel BER as a function of subcarrier power level ratio. (a) Overall BER versus PR2 

with PR3 and PR4 fixed at their optimum values; (b) Overall BER versus PR3 with PR2 and PR4 fixed at 
their optimum values; (c) Overall BER versus PR4 with PR2 and PR3 fixed at their optimum values. 

Here, AWGN channels with input ML-SIPM-OOFDM signal SNRs fixed at 18dB are considered in all 

simulations.  

 

2. Numerical simulations are undertaken with the first element, PR2, varying within a 

reasonable range, and all other parameters fixed at their original values. An optimum 

PR2 is obtained when a minimum overall channel BER is reached. 

3. Numerical simulations are then performed by simultaneously considering the 

following two conditions: a) the next element in {bU} is selected to vary within a 

reasonable range, and b) all the previously adopted elements in {bU} remain 

unchanged except that the elements optimised in this iteration are fixed at their 

optimum values. An optimum value of the selected element is obtained when a 

minimum overall channel BER is reached. 

4. Step 3 repeats until all the elements contained in {bU} are optimised.  

5. By making use of the newly generated parameter set {bU}, Step 2, Step 3 and Step 4 

are repeated to produce a further updated version of {bU}. Such iterative procedure 

continues until <2% variations of all the elements in {bU} are reached with respect to 

their corresponding values obtained in last iteration.  

 

Based on the above-mentioned optimisation procedure, after just 3 iterations, the final 

optimum subcarrier power level ratios are identified, which are PR2 = 2.79, PR3 = 4.66 and 

PR4 = 6.64.  Furthermore, by making use of Eq.(5.1) and P1=1, the three optimum subcarrier 

power thresholds can also be deduced easily, which are PT-1 = 1.90, PT-2 = 3.73, and PT-3 = 

5.65. These six optimum parameters are taken as default values throughout the chapter.  

 

To explicitly demonstrate how the overall channel BER performance varies as a function of 

individual subcarrier power level ratio, Fig.5.5 is plotted where the electrical AWGN 
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channels are considered and the input ML-SIPM-OOFDM signal SNRs are fixed at 18dB. In 

obtaining each of these three figures, except for the variable subcarrier power level ratio, all 

other two remaining subcarrier power level ratios are fixed at their optimum values.  It is 

shown in Fig.5.5 that for all the cases considered, the overall channel BERs grow with 

increasing offsets from their optimum values. The occurrence of these optimum subcarrier 

power level ratios is mainly due to the combined effects of the following three physical 

mechanisms:  

 

 A variation in the power difference between two adjacent subcarrier power levels 

alters the accuracy in detecting the received subcarrier power status. This directly 

affects the BERs corresponding to both the SIP information-bearing dimension and 

the conventional subcarrier information-bearing dimension via error propagation. 

 A variation in the subcarrier power level alters the minimum Euclidean distance of 

the corresponding signal modulation format taken on the subcarrier. This directly 

affects BERs because of errors occurring in the conventional subcarrier 

information-bearing dimension.    

 A change to one subcarrier power level causes relevant alterations to all other 

subcarrier power levels across all subcarriers, as the total ML-SIPM-OOFDM 

signal power always remains constant.  

 

By making use of the abovementioned physical mechanisms, it is very easy to understand the 

occurrence of optimum subcarrier power level ratios in both Fig.5.5(a) and Fig.5.5(b). In 

Fig.5.5(c), for subcarrier power level ratios lower than 6.64, the BER grows with decreasing 

subcarrier power level ratio, this mainly results from the fast reduction in the minimum 

Euclidean distance of the 16-PSK constellation. Whilst for subcarrier power level ratios 

larger than 6.64, the observed BER increase with increasing subcarrier power level ratio 

occurs because of the fixed electrical signal power-induced reductions in minimum Euclidean 

distance for the BPSK, QPSK and 8-PSK constellations.   

 

5.4 Transmission Performance 

After having completed the optimisations of key transceiver parameters in Section 5.3, the 

thrust of this section is to explore the maximum achievable ML-SIPM-OOFDM transmission 

performance over various transmission systems. In addition, the impacts of subcarrier count 
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Table 5.3. Signal Bit Rate Comparisons 

Modulation  

 Format 

Signal Bit  

Rate (Gb/s)* 

Average Bits per 

Subcarrier 

    QPSK                              11.87                                       2  

    8-PSK                               17.80                                       3 

    SIPM                              20.77                                       3.5 

    16-PSK                              23.73                            4   

 ML-SIPM                              26.80                                      4.5                                        

              *31 data-carrying subcarriers are used 
 

 

 

 

 

 

 

 

 

and ABL are also investigated on the achievable ML-SIPM-OOFDM signal bit rate versus 

reach performances. 

 

By making use of the transceiver parameters listed in Table 5.2 and the optimum parameters 

identified in Section 5.3, the signal bit rates of SIPM-OOFDM, conventional OOFDM 

encoded with QPSK, 8-PSK and 16-PSK, as well as ML-SIPM-OOFDM can be calculated 

very easily, which are summarized in Table 5.3. In this table, the average number of bits 

transmitted per subcarrier is also listed for each transmission technique considered. It can be 

seen in Table 5.3 that the proposed technique gives rise to a signal bit rate of 26.80Gb/s, 

which significantly exceeds 16-PSK-encoded OOFDM and QPSK/8-PSK-encoded SIPM-

OOFDM by approximately 13% and 30%, respectively. The fact that ML-SIPM-OOFDM has 

the ability of significantly outperforming any of these previously proposed transmission 

 
Fig.5.6. Overall channel BER performance versus signal SNR over AWGN channels for ML-

SIPM-OOFDM, SIPM-OOFDM and conventional OOFDM encoded using QPSK, 8-PSK and 
16-PSK.    
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techniques encoded using similar signal modulation formats implies that for a specific 

transmission system, the ML-SIPM-OOFDM-induced improvement in signal bit rate does not 

compromise considerably the system power budget, as discussed in the following section.   

 

5.4.1 Performance over AWGN Channels and IMDD PON Systems  
 

For achieving specific BERs, the impacts of ML-SIPM-OOFDM on minimum required 

electrical signal SNR over AWGN channels are presented in Fig.5.6, where BER 

performance comparisons are made between QPSK/8-PSK-encoded SIPM-OOFDM, 

conventional OOFDM uniformly encoded with QPSK, 8-PSK and 16-PSK, as well as ML-

SIPM-OOFDM. To clearly distinguish the influence of the error propagation effect on 

minimum required signal SNR at a BER of 1.0×10
-3

, an error propagation-free ML-SIPM-

OOFDM BER curve is also computed and subsequently plotted in Fig.5.6 based on the same 

approach discussed in Chapter 3. To highlight the ML-SIPM-associated impacts, ABL is 

excluded for all the cases presented in Fig.5.6. As expected, it is very interesting to note in 

Fig.5.6 that the 26.80Gb/s ML-SIPM-OOFDM signal has an overall BER developing trend 

very similar to a 23.73Gb/s 16-PSK-encoded conventional OOFDM signal, and between 

these two signals, there exists a SNR difference as small as 1.0dB at a BER of 1.0×10
-3

. This 

difference is also mirrored between the 20.77Gb/s 8-PSK/QPSK SIPM-OOFDM signal and 

the 17.80Gb/s 8-PSK-encoded conventional OOFDM signal. 

 

Furthermore, by comparing the ML-SIPM-OOFDM BER curves between the cases of 

including and excluding the error propagation effect, it is easy to find in Fig.5.6 that the error 

propagation effect introduces an approximately 2.6dB SNR penalty. More importantly, 

compared to conventional OOFDM encoded using 16-PSK, error propagation-free ML-

SIPM-OOFDM gives rise to a SNR gain as large as 1.7dB. The physical origin of the 1.7dB 

SNR gain is mainly due to the fact that 16-PSK is just taken randomly on a relatively small 

portion of the information-carrying subcarriers in ML-SIPM-OOFDM, thus resulting in an 

increase in the overall minimum Euclidean distances of all signal modulation formats taken 

on other subcarriers because of the constant signal power employed.  
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The above results suggest that ML-SIPM-OOFDM has great potential of not only 

considerably improving the signal bit rate, but also significantly decreasing the minimum 

required signal SNR, when the present simple subcarrier power-detection algorithms are 

modified to effectively minimise the error propagation effect. It is also worth mentioning that 

such error correction algorithms are proposed and extensively investigated in the following 

chapter. 

The BER performance of 26.80Gb/s ML-SIPM-OOFDM signal transmission over 25km 

SSMF IMDD PON systems is presented in Fig.5.7.(a), where the BER performances are also 

shown for 20.77Gb/s QPSK/8-PSK-encoded SIPM-OOFDM signals, 23.73Gb/s 16-PSK 

OOFDM signals, 17.80Gb/s 8-PSK OOFDM signals, as well as 11.87Gb/s QPSK-OOFDM 

signals. In numerically simulating Fig.5.7(a), the optical launch powers are taken to be -

9dBm and once again ABL is excluded. Fig.5.7(a) shows that ML-SIPM-OOFDM has a very 

similar BER performance to 16-PSK OOFDM, and between these two transmission 

techniques there exists a received optical power difference of approximately 0.5dB at a BER 

of 1.0×10
-3

.  This agrees very well with the corresponding electrical SNR difference observed 

in Fig.5.6. Such phenomenon implies that the ML-SIPM-introduced 13% increase in signal 

bit rate just causes approximately 0.5dB changes to both the received optical power and 

optical power budget at a BER of 1.0×10
-3

. Under the same transmission conditions of 

Fig.5.7(a), the representative ML-SIPM-OOFDM constellations obtained after equalization at 

a BER of 1.0×10
-3

 are illustrated in Fig.5.7(b). For the same reason discussed in Chapter 4 

when describing the SIPM-OOFDM-DSPM constellations, it is noticed in this figure that, the 

       
                                                    (a)                                                                     (b) 
 

Fig.5.7. (a) Overall channel BER versus received optical power after transmitting through 25km 
SSMF IMDD PON systems for various transmission techniques. (b) ML-SIPM-OOFDM 

constellation. 
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Fig.5.9. Maximum achievable ML-SIPM-OOFDM transmission bit rate as a function of 
transmission distance over IMDD SSMF PON system. Optical launch powers are fixed at -9dBm. 

ABL: adaptive bit loading. 
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sizes of the constellation points associated with relatively low signal modulation formats are 

also larger than those corresponding to relatively high signal modulation formats. In addition, 

Fig.5.8(a) and Fig.8(b) show that, compared to 16-PSK OOFDM, ML-SIPM-OOFDM does 

not degrade the system performance tolerances to chromatic dispersion and fiber nonlinearity. 

In Fig.5.8, the same system conditions used in previous chapters are considered while 

simulating both chromatic dispersion and fiber nonlinearity. 

 

5.4.2 Impact of ABL and Subcarrier Count 
 

The effectiveness of utilising ABL in improving the ML-SIPM-OOFDM transmission data 

rate is explored in Fig.5.9 where maximum achievable ML-SIPM-OOFDM transmission bit 

   
                                            (a)                                                                           (b)                                                       
Fig.5.8. Performance tolerance of various transmission techniques after transmitting through 

SSMF IMDD PON systems (a) chromatic dispersion and (b) fiber nonlinearity.  
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rate versus reach performances for fixed optical launch powers of -9dBm are presented for 

two cases of including and excluding ABL. In implementing ABL, for a given transmission 

distance, negotiations between the transmitter and the receiver take place to determine the 

highest signal modulation format that can be taken on each individual subcarrier under the 

condition that the overall channel BER of ≤1.0×10
-3

 is still satisfied. As already stated in 

Section 5.2, depending upon the channel spectral response experienced by a subcarrier, any 

power level of a subcarrier may be encoded using signal modulation formats varying from 

BPSK, to QPSK, to 8-PSK and to 16-PSK. Furthermore, for long transmission distances, the 

strong channel fading effect may cause high frequency subcarriers to suffer from excessive 

errors even if the lowest signal modulation formats are taken on them. When such situation 

occurs, those high frequency subcarriers are dropped completely.  

 

It is shown in Fig.5.9 that for IMDD PON transmission distances up to 100km, ABL is 

capable of improving the ML-SIPM-OOFDM transmission bit rate by approximately 9% and 

such improvement is transmission distance-independent. These simulated behaviours agree 

extremely well with OOFDM experimental measurements reported in [7]. The agreements 

not only confirm the validity and accuracy of the numerical simulations presented here, but 

also imply the ML-SIPM-OOFDM capability of perfectly preserving the effectiveness of 

ABL regardless of transmission distance. On the other hand, very similar to ABL, APL also 

results in almost identical signal transmission bit rate improvements for ML-SIPM-OOFDM, 

SIPM-OOFDM and conventional OOFDM. The impact of APL is, however, not shown in 

this chapter as detailed discussions have already been made in Chapter 3 (Section 3.3). 

 

As discussed in Section 5.2, the achievable ML-SIPM-OOFDM transmission bit rate is a 

function of subcarrier count. To gain an in-depth understanding of the subcarrier count-

dependent ML-SIPM-OOFDM transmission bit rate for various transmission distances, 

Fig.5.10 is presented, in which the optical launch powers are fixed at -9dBm and ABL is also 

applied for all the cases.  It can be seen in Fig.5.10 that an approximately 10% transmission 

bit rate enhancement is feasible when the subcarrier count is doubled. As an example, for any 

transmission distances in this figure, an increase of almost 30% in ML-SIPM-OOFDM 

transmission bit rate is achievable when increasing the subcarrier count from 16 to 128. In 

addition, the large subcarrier count-induced transmission bit rate improvement is also 

independent of transmission distance, as the transmission bit rate curves for different 

transmission distances exhibit parallel developing trends, as seen in Fig.5.10. Very similar to 
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both ABL and APL, the large subcarrier count-enabled enhancement in ML-SIPM-OOFDM 

transmission bit rate does not comprise the system power budget. In practical transmission 

system design, the management of ML-SIPM-OOFDM subcarrier count may provide an 

effective means to dynamically and adaptively trade the achievable signal transmission bit 

rate with available transceiver DSP logic resources. 

 

5.5 Conclusion  

As a significantly improved variant of the SIPM-OOFDM, SIPM-OOFDM-SPM and SIPM-

OOFDM-DSPM techniques that are capable of just carrying one extra information bit per 

subcarrier in the SIP information-bearing dimension, ML-SIPM-OOFDM has been proposed 

in this chapter and numerically investigated for the first time. The proposed technique 

simultaneously conveys four subcarrier power level-supported two extra information bits in 

the SIP information-bearing dimension. Extensive explorations of ML-SIPM-OOFDM 

performance characteristics have been undertaken based on which optimum key transceiver 

parameters are identified.  For cost-sensitive IMDD SSMF PON systems, it has been shown 

that, compared to QPSK/8-PSK-encoded SIPM-OOFDM, ML-SIPM-OOFDM improves the 

signal transmission bit rate by 30% without increasing the transceiver DSP/architecture 

complexity. In addition, in comparison with conventional OOFDM encoded using 16-PSK, a 

13% increase in ML-SIPM-OOFDM signal bit rate is also feasible without degrading the 

minimum required received optical power at a BER of 1.0×10
-3

 and also without 

compromising the transmission performance tolerance towards chromatic dispersion and 

fiber nonlinearity. Moreover, our results have also indicated that further 9% and 10% ML-

SIPM-OOFDM transmission bit rate enhancements are also achievable when use is made of 

ABL and subcarrier count doubling, respectively.  

 
 

Fig.5.10. Subcarrier count-dependent ML-SIPM-OOFDM transmission bit rate for different 

transmission distances. Optical powers fixed at -9dBm. ABL is applied for all cases considered. 
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6. SIPM-OOFDM with Subcarrier Grouping 
 

 

6.1 Introduction 

 
In all the four previously proposed four transmission techniques, namely SIPM-OOFDM, 

SIPM-OOFDM-SPM, SIPM-OOFDM-DSPM and ML-SIPM-OOFDM [1-5], each individual 

subcarrier is used to carry the extra information bit(s). To enable a group of subcarriers to 

carry the extra information bits instead, this chapter proposes a significantly improved variant 

of SIPM-OOFDM, termed SIPM-OOFDM with subcarrier grouping (SIPM-SG-OOFDM) 

[6]. As detailed throughout this chapter, subcarrier grouping enhances the SIPM-OOFDM 

performance adaptability as it offers improvements in both signal transmission capacity and 

system power budget.   

 

Similar to SIPM-OOFDM, in this technique all the 8-PSK/QPSK-encoded subcarriers of the 

two power levels are kept active and, based on the subcarrier-grouping approach discussed in 

Section 2.5.3, each OOFDM symbol is divided into multiple subcarrier groups. According to 

an incoming data sequence, the subcarrier power pattern within each subcarrier group is 

selected from a predefined subcarrier power pattern set. This allows each subcarrier group to 

bear extra user information bits. For simplicity, throughout this chapter we refer to this 

dimension as subcarrier group (SG) information-bearing dimension. Compared to SIPM-

OOFDM, SIPM-SG-OOFDM offers an increase in signal bit rate by approximately 11%. 

More importantly, subcarrier grouping also provides SIPM-SG-OOFDM with an additional 

capability of automatically detecting and subsequently correcting SG information-bearing 

dimension errors at the receiver without consuming any valuable transmission bandwidth. As 

a direct result of the zero-overhead error correction capability, the above mentioned signal bit 

rate improvement is also companied with a 1dB gain in OSNR over 25km IMDD SSMF PON 

systems, as detailed in Section 6.4.  

 

The major contributions presented in this chapter are summarized as follows: i) exploration 

and identification of optimum SIPM-SG-OOFDM transceiver design parameters that 

maximize the signal bit rate for arbitrary subcarrier group sizes, and ii) proposition and 

exploration of an effective SG-associated automatic error detection and correction technique 

with zero-overhead and low DSP complexity. Similar to the statement made in Chapter 5, 
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given that the SG-associated DSP functions could also be applied easily in SIPM-OOFDM-

SPM, SIPM-OOFDM-DSPM and ML-SIPMOOFDM, in this chapter, special attention is 

focused on SIPM-SG-OOFDM only.  

 

 

6.2 Operating Principle  

 

In general, the operating principles of the proposed SIPM-SG-OOFDM technique are very 

similar to SIPM-OOFDM [1], except that the SIPM-SG-OOFDM data-encoding (data-

decoding) DSP algorithms in the transmitter (receiver) are modified; in the SIPM-SG-

OOFDM transmitter, each symbol consisting of a total number of N subcarriers is split into G 

groups and each group contains n subcarriers, i.e., N=nG. To minimise the DSP complexity, 

simple predefined lookup tables (LUTs) embedded in the transceiver map the incoming data 

sequence to a specific subcarrier power pattern for each subcarrier group, thus enabling extra 

information bits to be carried in the SG information-bearing dimension. The total number of 

bits conveyed by the i-th subcarrier group, Bi, is formulated as 𝐵𝑖 = 𝐵1𝑖 + 𝐵2𝑖  with B1i 

representing the bits carried by the conventional subcarrier information-bearing dimension, 

and B2i representing the extra bits carried in the SG information-bearing dimension. For the 

conventional subcarrier information-bearing dimension, B1i is given by 
 

                                                   𝐵1𝑖 = 𝑛𝐻𝑖𝑏𝐻 +  𝑛𝐿𝑖𝑏𝐿                                                              (6.1) 
 

where nHi (nLi) are the number of high (low) power subcarriers within the i-th subcarrier 

group, and satisfy  𝑛 = 𝑛𝐻𝑖 + 𝑛𝐿𝑖. bH and bL are the number of information bits carried by 

individual high and low power subcarriers, respectively, in the conventional information-

bearing domain.    It is well known that, in the SG information-bearing dimension, the total 

number of bits that can be carried by the i-th subcarrier group, B2i, depend on the total 

number of possible subcarrier power patterns available in the group. B2i can be expressed as                                  

                                          B2i = ⌊𝑙𝑜𝑔2(𝐶𝑛
𝑛𝐻𝑖)⌋, where  𝑛𝐻𝑖˂ 𝑛                                           (6.2) 

 

where 𝐶𝑛
𝑛𝐻𝑖  denotes the total number of possible subcarrier power patterns and  ⌊. ⌋ denotes 

the floor function. Clearly, the total number of information-carrying subcarrier power 

patterns is 2𝐵2𝑖  . When 𝐶𝑛
𝑛𝐻𝑖=2𝐵2𝑖 , each possible subcarrier power pattern of the 𝐶𝑛

𝑛𝐻𝑖  set can 

be used to map B2i information bits, whilst when 𝐶𝑛
𝑛𝐻𝑖>2𝐵2𝑖 , redundant subcarrier power 

patterns occur.  
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Table 6.1. Example SIPM-SG-OOFDM Lookup Tables for n=2, 4, and 8 

n=2 (nH =1, nL=1)   n=4 (nH =3, nL=1)       n=8 (nH=7, nL=1) 

SG bits    Pattern   SG bits   Pattern SG bits            Pattern 

  0           L H                       00        H H H L           000      H H H H H H H L 

  1           H L                       01        H H L H           001      H H H H H H L H 

                                            10        H L H H           010      H H H H H L H H 

                                            11        L H H H           011      H H H H L H H H 

                                                                                 100      H H H L H H H H  

                                                                                 101      H H L H H H H H 

                                                                                 110      H L H H H H H H 

                                                                                 111      L H H H H H H H  

 
 

 

 

 

 

 

 

 

Table 6.1 illustrates the information-carrying subcarrier power-pattern examples for three 

subcarrier group sizes. For the simplest case of n=2, to encode an incoming PRBS stream, 

when ‘‘1(0)’’ bit is encountered, the corresponding subcarrier power pattern within a given 

subcarrier group is set high-low (low-high). This enables one extra information bit per group 

carried in the SG information-bearing dimension. On the other hand, in the conventional 

information-bearing dimension, further 5 bits from the PRBS stream are truncated, of which 

the first 3(2) are encoded using 8-PSK (QPSK) and the remaining 2(3) are encoded using 

QPSK (8-PSK).  

 

At the receiver, to determine the received subcarrier power level, the subcarrier power 

detection and threshold decision DSP functions are employed, which are identical to those 

mentioned in Section 3.2. These DSP functions, which are located between the FFT and 

channel estimation and equalization, first calculate the optimum power threshold for the 

subcarrier, by making use of a training sequence that is periodically inserted into the user data 

sequence in the transmitter [1]. The subcarrier power threshold, Pthreshold , is defined as 

                                             𝑃𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 =
𝑃8𝑃𝑆𝐾 + 𝑃𝑄𝑃𝑆𝐾

2
                                                (6.3) 

where P8-PSK and PQPSK are the received powers of the same subcarrier encoded using 8-PSK 

and QPSK, respectively. The DSP function of the zero-overhead automatic error correction is 

described below, and its procedures are illustrated in Fig.6.1. By making use of the identified 

frequency-dependent  subcarrier power threshold, the subcarrier power pattern of a targeted 

subcarrier group is firstly determined, which is then compared with the predefined subcarrier 

power pattern set stored in the group associated LUT at the receiver. If the detected subcarrier 

power pattern belongs to the predefined set, then the group-conveyed information bits are 

decoded accordingly in both the SG information-bearing dimension and the conventional 
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Fig.6.1. Zero-overhead automatic error correction procedure adopted in the SIPM-SG-OOFDM 

receiver. 

information-bearing dimension. On the other hand, if the detected subcarrier power pattern of 

the group does not belong to the predefined subcarrier power pattern set, calculations of the 

total number of high power subcarriers occurring in the group are then performed based on 

which two different cases may occur:  

 

 Case I, where the calculated high power subcarrier number matches the adopted 

value, i.e., the detected subcarrier power pattern is one of the redundant subcarrier 

power patterns. For specific n and nHi, each individual redundant subcarrier power 

pattern can be made known easily, together with its similarity with respect to each of 

the predefined subcarrier power pattern. Here the subcarrier power pattern similarity 

is defined as the minimum number of necessary subcarrier power status changes 

required to convert the present subcarrier power pattern to a targeted predefined one. 

For this case, the predefined subcarrier power pattern with the highest similarity with 

respect to the detected pattern is selected to replace the detected one. Whilst there 

exist more than one predefined subcarrier power patterns with the same highest 

similarity with respect to the detected pattern, then a random selection is made from 

the predefined subcarrier power patterns with the same similarity. Mapping between 
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the detected subcarrier power pattern and the best matching predefined subcarrier 

power pattern can be implemented with simple LUTs.   

 

 Case II, where the calculated number of high power subcarriers of the detected group 

does not match the adopted value, and their difference is assumed to be x. When x≥0, 

x high power subcarriers with lowest subcarrier powers are converted to low power 

subcarriers; whilst when x≤0, |x| low power subcarriers with highest subcarrier 

powers are converted to high power subcarriers. After that, the aforementioned DSP 

procedures can be applied to process the subcarrier group with converted subcarrier 

power status. The required DSP for Case II can be implemented with simple logic 

functions such as comparators, multiplexers and combinational logic, thus the 

increase in overall receiver DSP complexity is minimal. Furthermore, when 

comparing complexity to OFDM-based wireless systems involving subcarrier index 

modulation, low complexity is achieved as the wireless systems [7-10] are based on 

schemes that require complex functions, for example maximum likelihood detectors 

(complex multiplications), log-likelihood ratio detectors (multiplications, divisions, 

logarithms and exponentials) and energy-detection (multiplications and divisions). 

 

Based on above discussions, it is easy to understand the following three points:  

 For a specific hardware transceiver design, variations in subcarrier grouping can be 

easily conducted dynamically in the digital domain. As discussed in Section 6.4, such 

operation alters, to some extent, the transceiver performance in terms of both signal 

bit rate and system power budget. This implies that subcarrier grouping can improve 

the transceiver adaptability and performance flexibility.  

 The abovementioned SG-induced performance characteristics can be further 

enhanced when variations in encoding/decoding schemes are also made in the digital 

domain, which leads to the transmission technique alterations among SIPM-

OOFDM, SIPM-OOFDM-SPM, SIPM-OOFDM-DSPM, ML-SIPM-OOFDM and 

SIPM-SG-OOFDM. Thus, it is practically feasible to design a versatile and elastic 

transceiver capable of dynamically varying its performance characteristics to always 

provide optimum performances for different system/traffic status.   

 Errors do not propagate across different subcarrier groups and different symbols, as 

each subcarrier group is treated separately in coding/decoding. 
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Fig.6.2. Schematic illustration of the SIPM-SG-OOFDM transceiver model 

To summarize the above-described SIPM-SG-OOFDM operating principle, Fig.6.2 is 

presented, where major subcarrier grouping DSP functions incorporated in the transmitter and 

receiver are illustrated.  

 

 

6.3 Transceiver Parameter Optimization  

 

The main objective of this section is to identify optimum subcarrier grouping parameters 

capable of maximizing the SIPM-SG-OOFDM transmission capacity. Based on Eq.(6.1) and 

Eq.(6.2), the total number of bits that can be transmitted by the i-th symbol is   

                                      

                                    Bi =∑ [𝑛𝐻𝑖𝑏𝐻  +   𝑛𝐿𝑖𝑏𝐿 + ⌊log2(Cn
nHi)⌋𝐺

𝑖=1 ]                                    (6.4) 
 

From Eq.(6.4),  it is easy to understand that  𝐵1𝑖  reaches its maximum when  𝑛𝐻𝑖 = 𝑛 , 

however, this results in B2i=0. On the other hand, 𝐵2𝑖, is maximised  when 𝑛𝐻𝑖 = 𝑛/2, under 

which 𝐵1𝑖  can, however, only reach half of its full potential. To explore the information 

carrying capacity trade-off between these two information-bearing dimensions, the number of 

information bits carried by each subcarrier group is plotted in Fig.6.3 for the following 
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Fig.6.3. Number of bits per group versus nH when N=32, n=8, and G=4. 
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Fig.6.4. Number of bits per symbol versus α for (a) N=32 (b) N=64 (c) N=128. 
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parameters: N=32, n=8, and G=4. Fig.6.3 indicates that Bi is maximized at an optimum 𝑛𝐻𝑖, 

termed, nHopt. To eliminate the impact of subcarrier group size on the performance of 

different subcarrier grouping schemes, a parameter α is introduced here, which represents the 

ratio between the total number of high power subcarriers and the total number of subcarriers 

within a group.   

 

Fig.6.4 is plotted to investigate the α-dependent information bits per symbol. This figure also 

investigates the α-impact when higher modulation formats are considered on SIPM-SG-

OOFDM such as 8-PSK (16-PSK) as low (high) power encoded subcarriers. It can be seen in 

Fig.6.4(a) that, for different subcarrier group sizes, the maximum information bits per symbol 

are achieved when α is approximately 0.7. Comparisons between Fig.6.4(a), Fig.6.4(b) and 

Fig.6.4(c) also indicate that the optimum α remains almost constant regardless of variations in 

N, n, and the modulation formats used in SIPM-SG-OOFDM. Thus α =0.7 can be regarded as 

an optimum grouping parameter, which will be considered in all the following numerical 

simulations. It is also shown in Fig.6.4 that the total number of bits per symbol increases with 
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Fig.6.5. Signal bit rate performance of both (QPSK/8-PSK) SIPM-SG and (8-PSK/16-PSK) SIPM-
SG versus subcarrier count. 
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n, this, however, does not affect the overall achievable SIPM-SG-OOFDM signal bit rate as 

shown in Fig.6.5 which explores the signal bit rate performance of both QPSK/8-PSK SIPM-

SG-OOFDM and 8-PSK/16-PSK SIPM-SG-OOFDM while increasing N. For both cases, 

Fig.6.5 shows a flat signal bit rate developing trend. More importantly, a 27% increase in 

signal bit rate is achieved when 8-PSK and 16-PSK are used instead of QPSK and 8-PSK, 

respectively. For simplicity but without losing any generality, QPSK/8-PSK SIPM-SG-

OOFDM is considered in the following parts of this chapter. 

 

 

 

Table 6.2. Transceiver and Transmission System Parameters 

Parameter                                   Value 

     Total number of IFFT/FFT points      64 

     Data-carrying subcarriers                  31 
     Modulation formats for SIPM-OOFDM    QPSK or 8-PSK 

     PRBS data sequence length                                          400,000 bits          

     Cyclic prefix                                                                    25% 

DAC & ADC sample rate                                           12.5GS/s 
DAC & ADC bit resolution                                            9 bits 

Clipping ratio                                                                  12 dB        

PIN detector sensitivity                                                  -19 dBm* 
PIN responsivity                                           0.8 A/W 

Fiber length                                                         25km 

SSMF dispersion parameter at 1550 nm                16 ps/(nm.km) 

SSMF dispersion slope at 1550 nm                             0.07 ps/nm/nm/km 
Linear fiber attenuation                                          0.2 dB/km 

Kerr coefficient                                                       2.35×10
-20

 m²/W 

*Corresponding to 10Gb/s non-return-to-zero data at a BER of 1.0×10-9 
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                                             (a)                                                                       (b) 
 

Fig.6.6. (a) Cumulative distribution functions for SIPM-OOFDM, and SIPM-SG-OOFDM. (b) 

Overall BER versus clipping ratio over 25km SSMF IMDD transmission systems with the optical 

launch power fixed at -9dBm. 
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6.4 Transmission Performance 

 

Having discussed the general SIPM-OOFDM-SPM operating principle and based on the 

identified optimum subcarrier grouping parameters of the previous section, this section 

detailed numerical simulations are presented. In these simulations, the default transceiver 

parameters undertaken are listed in Table 6.2. As shown in this table, a clipping ratio of 12dB 

is used which is the optimum value for SIPM-OOFDM transceivers identified in Chapter 3. 

The same value is adopted here since, SIPM-SG-OOFDM and SIPM-OOFDM’ CDF curves 

exhibit an almost identical performance in terms of PAPR as shown in Fig.6.6(a). This is also 

confirmed in Fig.6.6(b), which investigates the impact of the clipping ratio on both SIPM-

OOFDM and SIPM-SG-OOFDM transmission performance over 25km SSMF IMDD with an 

optical launch power of -9dBm. Fig.6.6(b) also implies that the clipping ratio is subcarrier 

grouping-independent.  

 

 

6.4.1 Signal Bit Rate 
 

By making use of the transceiver architecture identical to SIPM-OOFDM [1], the SIPM-SG-

OOFDM signal bit rate, R, is given by 

 

                        𝑅 =
(∑ (𝑛𝑏𝐻α+𝑛𝑏𝐿(1−𝛼𝑜𝑝𝑡)+⌊𝑙𝑜𝑔2(𝐶𝑛

𝑛𝐻𝑖𝑜𝑝𝑡
)⌋)+𝛽)𝐺−1

𝑖=1 𝑓𝑠 

2𝑁(1+𝜎)
                          (6.5) 
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Fig.6.7. Overall channel BER versus received optical power after transmitting through 25 km 
SSMF IMDD PON systems for SIPM-OOFDM and  SIPM-SG-OOFDM for the cases of n=2,4, and 

8 (nH=5, 6, and 7). 
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where β = ((𝑛 − 1)𝑏𝐻α + (𝑛 − 1)𝑏𝐿(1 − 𝛼𝑜𝑝𝑡) + ⌊𝑙𝑜𝑔2(𝐶𝑛
𝑛𝐻𝑜𝑝𝑡)⌋)  accounts for the 

information bits conveyed in the final group of a symbol due to 31 data-carrying subcarriers; 

fs is the sampling rates of the DAC and ADC, and 𝜎 is the coefficient introduced to take into 

account the signal transmission bit rate reduction due to cyclic prefix and training sequence. 

By making use of Eq.(6.5), the SIPM-SG-OOFDM signal bit rate can be easily computed and 

compared with other transmission techniques as summarized in Table 6.3. In this table, it is 

shown that the proposed technique gives rise to a maximum signal bit rate of 23.125Gb/s 

(n=4), which exceeds the 8-PSK-encoded OOFDM and the QPSK/8-PSK-encoded SIPM-

OOFDM by approximately 30% and 11%, respectively. Moreover, the 8-PSK/QPSK-

encoded SIPM-SG-OOFDM signal bit rate is very similar to the 16-PSK/16-QAM-endoded 

OOFDM signal bit rate, which, however, corresponds to a high minimum received optical 

power required for achieving a BER of 1.0×10
-3

 [1, 5]. Such an improvement in signal bit 

rate also indicates that based on identical transceiver architecture, at least >30% variations in 

Table 6.3. Signal Bit Rate Comparisons 

Modulation Format Signal Bit Rate (Gb/s) 

8-PSK 17.80 

(QPSK/8-PSK) SIPM 
(QPSK/8-PSK) SIPM-SG  

20.77 
23.125 

16-PSK 23.73 
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                                             (a)                                                                       (b) 
 

Fig.6.8. (a) OSNR gain for the cases of n=2,4, and 8 (nH=5, 6, and 7) and (b) their signal bit 
rates. 
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signal bit rate are achievable by just altering DSP design configuration. In particular, this 

signal bit rate dynamic range can also be further increased when use is made of the adaptive 

group power loading technique. 

 

6.4.2 Performance over SSMF IMDD PON Systems  

In this subsection, a VPIphotonics SSMF simulation model is used to explore the 23.125Gb/s 

SIPM-SG-OOFDM transmission performances over 25km SSMF IMDD PON systems 

subject to the transceiver/system parameters listed in Table 6.2. Similar to all previous 

chapters, in all numerical simulations, an ideal intensity modulator based on Eq. (3.2) is used 

in the transmitter and a PIN is used in the receiver [1]. For fixed optical launch powers of -

9dBm, Fig.6.7 shows BER performances of the proposed technique and the SIPM-OOFDM 

technique. In Fig.6.7, five subcarrier grouping schemes for N=32 are considered, which are: 

n=2 (nH=1), 4 (nH=3), and 8 (nH=5, 6, and 7), each of these nH values is close to the 

identified optimum α value for the corresponding n parameter. It is shown in Fig.6.7 that, 

compared with 20.177Gb/s SIPM-OOFDM signal, a maximum received optical power gain 

of approximately 1.0dB is achieved at a BER of 1.0×10
-3

 for the 23.125Gb/s SIPM-SG-

OOFDM signal.  

 

To further explore the relationships between the OSNR gain and various subcarrier grouping 

schemes, Fig.6.8(a) is plotted, which shows a reduction in OSNR gain with increasing n. This 

is because of the occurrence of an increased redundant pattern status as n increases. As 

evidenced in Fig.6.8(a), for n=8 with various nH parameters, the lowest OSNR gain is 

observed when the redundant pattern status are maximum.  This indicates that the maximum 
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1dB OSNR gain is achievable regardless of the grouping size n, as long as necessary 

improvements are made in the encoder/decoder algorithm procedure. For these five cases, 

Fig.6.8(b) summarizes their corresponding signal bit rate performances. Fig.6.8(b) shows a 

slight group size-dependent signal bit rate as predicted in both Chapter 4 and Chapter 5.     

 

 

6.5 Conclusion  

 

This chapter has proposed and numerically investigated an improved variant of SIPM-

OOFDM, called SIPM-SG-OOFDM for signal transmissions over 25km SSMF IMDD PON 

systems. Numerical explorations have been undertaken in the optimum SIPM-SG-OOFDM 

transceiver design and its corresponding maximum achievable transmission performance over 

the considered PON systems. Moreover, this chapter has exploited the subcarrier-grouping 

approach not only to increase the SIPM-OOFDM signal bit rate by 11%, but also, to 

automatically correct errors at the receiver, which resulted in an OSNR gain of approximately 

1.0dB without increasing the transceiver DSP/architecture complexity. 
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7. Conclusions and Future Work 
 

 

7.1 Conclusions  

 

As an attempt to satisfy the requirements of future 5G mobile networks, this dissertation 

research has introduced multiple information-carrying dimensions into conventional OOFDM 

by proposing the following signal transmission techniques: SIPM-OOFDM, SIPM-OOFDM-

SPM, SIPM-OOFDM-DSPM, ML-SIPM-OOFDM, and SIPM-SG-OOFDM. 

 

In SIPM-OOFDM, it has been shown that the combined subcarrier index and subcarrier 

power acts as an extra information-carrying dimension, thus the resulting high and low 

subcarrier power pattern within an OFDM symbol enables extra user information to be 

conveyed per subcarrier. As a direct result, compared to conventional OOFDM adopting 

similar signal modulation formats, SIPM-OOFDM improves the signal bit rate performance 

without compromising the system power budget and without degrading the performance 

tolerance to both chromatic dispersion and fiber nonlinearity. In SIPM-OOFDM-SPM, the 

SPM operation is used to maximise the power usage efficiency of high power subcarriers thus 

improving the SIPM-OOFDM signal bit rate while avoiding any increase in the signal 

modulation formats. Whereas, in SIPM-OOFDM-DSPM, the SPM operation is used to 

maximise the power usage efficiency of both high and low power subcarriers thus increasing 

the SIPM-OOFDM-SPM signal bit rate by adopting even lower signal modulation formats. In 

ML-SIPM-OOFDM, compared with SIPM-OOFDM, more information bits are conveyed per 

subcarrier since the number of subcarrier power level can be increased to a predefined ML. 

As such, ML-SIPM-OOFDM considerably improves the SIPM-OOFDM signal bit rate 

without increasing the transceiver DSP/architecture complexity. Finally, in SIPM-SG-

OOFDM, the subcarrier-grouping scheme is used to allow a group of subcarriers of various 

power levels to carry extra information bits in the SG information-bearing dimension. 

Furthermore, SIPM-SG-OOFDM is equipped with an additional capability of automatically 

detecting and subsequently correcting errors at the receiver. As a direct result, compared with 

SIPM-OOFDM, SIPM-SG-OOFDM not only improves the signal bit rate but also the system 

power budget. 
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More importantly, it has also been shown that all of these techniques share the same 

transceiver and hardware design except that slight modifications in the encoding/decoding 

DSP elements exist in the digital domain. Hence, to accommodate dynamically varying 

transmission performance characteristics such as signal bit rate and system power budget, an 

appropriate combination of the ML and SG operating principles in each of the above-

mentioned signal transmission techniques is applicable. Clearly, this also implies that a 

further increase in transceiver design flexibility and system performance adaptability is 

feasible. Over 25km SSMF IMDD PON systems, results have shown that the proposed signal 

transmission techniques offer a dynamic range of at least 30% variations in signal bit rate and 

at least 1.0dB OSNR gain, compared with conventional OFDM, employing similar signal 

modulation formats, without increasing the transceiver DSP/architecture complexity. 

 

 

7.2 Future Work 

 

The work presented in this thesis has shown that the proposed signal transmission techniques 

are promising for IMDD PON systems. To rigorously verify these techniques and 

subsequently fully explore their potential for practical implementation in future 5G networks 

capable of providing services for a specific use case, further research is still essential, some 

of which is summarised below: 

 

1) Real-time experimental demonstrations of adaptive and flexible multi information-

carrying dimension OOFDM transceiver  

 

As discussed in the previous sections, the proposed signal transmission techniques 

share the same hardware design and only differ in the encoding/decoding DSP 

elements. Nevertheless, these DSP elements, each corresponding to a technique, can 

be implemented in transceiver FPGAs in parallel, as their DSP logic resource usages 

are marginal compared to other functions such as IFFT/FFT. Therefore, depending on 

the dynamic traffic status and network requirements, such a transceiver is capable to 

not only dynamically switch from one technique to another but also combine different 

techniques to satisfy the requirements for a particular scenario. For instance, for 

power budget-limited transmission systems, the encoding/decoding DSP elements of 

SIPM-SG-OOFDM can be switched on, which can even be combined with SIPM-
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OOFDM-SPM or SIPM-OOFDM-DSPM to further improve the system power budget 

by enhancing the subcarrier power utilisation efficiency. Whilst for bandwidth-hungry 

transmission systems with sufficiently large power budgets, the encoding/decoding 

DSP elements of ML-SIPM-OOFDM can be  switched on, which can, once again, be 

combined with SIPM-OOFDM-SPM, SIPM-OOFDM-DSPM or SIPM-SG-OOFDM 

to further improve the signal bit rate by maximising the information-carrying 

dimensions. Offline experimental demonstrations of these transceivers should be 

conducted to verify the transceiver designs for various application scenarios. After 

that, real-time transceivers should be experimentally demonstrated because such 

demonstrations are critical for not only evaluating the true potential of the 

transceivers, but also for identifying the limitations set by practical hardware that 

numerical simulations and offline demonstrations may not be able to cover. 

 

2) Experimental demonstrations of 50Gb/s/λ 25km SSMF IMDD PON systems using 

10G-class optics 

 

As discussed in Chapter 1, 5G fronthaul/backhaul links may have a very large 

dynamic variation range in terms of signal bandwidth and system power budget. 

Moreover, such 5G links also impose strong restrictions in overall system cost. The 

unique features associated with the transceivers presented in the thesis, including, for 

example, flexible performances, versatile architectures and excellent cost-

effectiveness suggest that the transceivers may be able to address the above 

challenges faced by 5G fronthaul/backhaul links. As such, the next step in the future 

work is to explore the feasibility of utilising  the abovementioned transceivers in 5G 

fronthaul/backhaul links with particular focus on experimental demonstrations of 

50Gb/s/λ 25km SSMF IMDD PON systems using 10G-class optics. Given the fact 

that the present market-available low-cost 10G-class optics are bandwidth limited,  

achieving the targeted 50Gb/s/λ signal transmission over 25km SSMFs is technically 

challenging, as it requires highly spectral efficient signal transmission techniques and 

advanced DSP techniques to solve the linear and nonlinear effects associated with the 

systems.  To improve the signal spectral efficiency while maintaining sufficient 

system power budget, further explorations of extra information-carrying dimensions 

may be necessary to enable a further reduction in the adopted signal modulation 

formats while still attaining high signal transmission capacity. To effectively 
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compensate for various system linear and nonlinearities effects, advanced DSP 

algorithms should be developed, verified and optimised.   
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