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Abstract  

Orthogonal Frequency Division Multiplexing (OFDM) is a modulation 

scheme with numerous advantages that has for years been employed as the leading 

physical interface in many wired and wireless communication systems. Recently, 

with advancements made in digital signal processing, there has been a surge of 

interest in applying OFDM techniques for optical communications.  

This thesis presents extensive research on optical OFDM and how it is being 

applied in access networks. With the aid of theoretical analysis, simulations and 

experiments, it is shown that the system performance of direct-detection optical 

OFDM (DD-OOFDM) in the presence of MZM non-linear distortion can be 

improved by proper biasing and selection of appropriate drive to the MZM. 

Investigations are conducted to illustrate how a variation in the number of subcarriers 

and the modulation format influences the sensitivity of the DD-OOFDM system to 

the MZM non-linear distortion. The possibility of improving the spectral efficiency 

by reduction of the width of the guard band is also investigated. 

This thesis also looks into the radio-over-fibre (RoF) transmission of 

Multiband OFDM UWB as a transparent and low-cost solution for distributing multi-

Gbit/s data to end-users in FTTH networks. Due to relaxed regulatory requirements 

and the wide bandwidth available, UWB operation in the 60-GHz band is also 

considered for this FTTH application scenario. Four techniques for enabling MB-

OFDM UWB RoF operation in the 60-GHz band are experimentally demonstrated. 

The impacts of various parameters on the performance of the techniques as well as 

the limitations imposed by fibre distribution are illustrated.  

Finally, a digital pre-distorter is proposed for compensating for the MZM 

non-linearity. Experimental demonstration of this digital pre-distortion in an UWB 



4 

over fibre transmission system shows an increased tolerance to the amplitude of the 

driving OFDM signal as well as an increase in the optimum modulation index of the 

OFDM signal. 
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Division Multiplexing 

DE-MZM  - Dual-Electrode Mach-Zehnder Modulator 

DFB   - Distributed Feedback 

DFT   - Discrete Fourier Transform 

DP   - Distribution Point 

DSB-C  - Double Sideband with Carrier 

DSB-SC  - Double Sideband Suppressed Carrier  

DSL   - Digital Subscriber Line 

DSP   - Digital Signal Processing 

DVB   - Digital Video Broadcast 

DWDM  - Dense Wavelength Division Multiplexing 

ECMA  - European Computer Manufacturers Association 

EDFA  - Erbium-Doped Fibre Amplifier 

EIRP   - Equivalent Isotropic Radiated Power 

EMI   - Electromagnetic Interference 

EVM   - Error Vector Magnitude 
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FBG   - Fibre Bragg Grating 

FCC   - Federal Communications Commission 

FDM    - Frequency Division Multiplexing 

FEC   - Forward Error Correction 

FFI   - Fixed Frequency Interleaving 

FFT   - Fast Fourier Transform 

FSPL   - Free-Space Path Loss 

FTTB  - Fibre-To-The-Building 

FTTCab   - Fibre-To-The-Cabinet 

FTTH  - Fibre-To-The-Home 

FWM   - Four-Wave Mixing 

GEM   - GPON Encapsulation Method 

GVD   - Group Velocity Dispersion 

HD   - High-Definition 

HDMI  - High-Definition Multimedia Interface 

HDTV  - High-Definition Television 

HFC   - Hybrid Fibre Coaxial 

HIPERLAN/2 - High Performance Radio Local Area Network Version 2 

HPA   - High-Power Amplifier 

I/Q   - In-Phase/Quadrature-Phase 

ICI   - Inter-Carrier Interference 

IDFT   - Inverse Discrete Fourier Transform 

IEEE   - Institute of Electrical and Electronics Engineers 
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IF   - Intermediate Frequency 

IFFT   - Inverse Fast Fourier Transform 

IM-DD  - Intensity Modulation with Direct Detection 

ION   - Intelligent Optical Network 

IR-UWB  - Impulse-Radio Ultra Wideband 

ISI   - Inter-Symbol Interference 

ITU-T  - International Telecommunication Union ï 

Telecommunications Unit 

LAN   - Local Area Network 

,É.Â/   - Lithium Niobate 

LNA   - Low-Noise Amplifier 

LO   - Local Oscillator 

LPF   - Low-Pass Filter 

LSB   - Lower Sideband 

LTE   - Long-Term Evolution 

MAC   - Media Access Control 

MB-OFDM  - Multi Band Orthogonal Frequency Division 

Multiplexing 

MIMO  - Multiple-Input Multiple-Output 

MTU   - Mobile Terminal Unit 

MZM   - Mach-Zehnder Modulator 

NLOS  - Non-Line-Of-Sight  

OBPF  - Optical Band-Pass Filter 
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OCDMA  - Optical Code Division Multiple Access 

OFDM  - Orthogonal Frequency Division Multiplexing 

OFDMA  - Orthogonal Frequency Division Multiple Access  

OHD   - Optical Heterodyne Detection 

OIDFT  - Optical Inverse Discrete Fourier Transform 

OLT   - Optical Line Terminal 

ONT   - Optical Network Terminal 

ONU   - Optical Network Unit 

OSNR  - Optical Signal-to-Noise Ratio 

OSSB  - Optical Single Sideband 

OTDM  - Optical Time-Division Multiplexing 

PAN   - Personal Area Network 

PAPR  - Peak-to-Average Power Ratio 

PDA   - Personal Digital Assistant 

PIN   - Positive-Intrinsic-Negative  

PMD   - Polarisation Mode Dispersion 

PON   - Passive Optical Network 

PSK   - Phase Shift Keying 

QAM   - Quadrature Amplitude Modulation 

RAU   - Remote Antenna Unit 

RF   - Radio Frequency 

RGI   - Reduced-Guard-Interval 

RIN   - Relative Intensity Noise 
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R.M.S  - Root Mean Square 

RoF   - Radio-over-Fibre 

RTT   - Round-Trip Time 

RVA   - Radio Frequency Variable Attenuator 

SCM   - Subcarrier Multiplexing 

SCMA  - Subcarrier Multiple Access 

SDH   - Synchronous Digital Hierarchy 

SLM   - Selected Mapping  

SNR   - Signal-to-Noise Ratio 

SONET  - Synchronous Optical Networking 

SSMF  - Standard Single-Mode Fibre 

TDMA  - Time Division Multiple Access  

TEC   - Thermo-Electric Cooler 

TFC   - Time-Frequency Code 

TFI   - Time-Frequency Interleaving 

USB   - Upper Sideband 

UWB   - Ultra-Wideband 

VCSEL  - Vertical-Cavity Surface-Emitting Laser 

VDSL  - Very-high-bit-rate Digital Subscriber Line 

VISA-GPIB  - Virtual Instrument Standard Architecture - General 

Purpose Interface Bus 

VOA   - Variable Optical Attenuator  

VoD   - Video on Demand 
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WDM  - Wavelength-Division Multiplexing 

WDMA  - Wavelength-Division Multiple Access 

WiMax  - Worldwide Interoperability for Microwave Access 

WLAN  - Wireless Local Area Network 

WPAN  - Wireless Personal Area Network 
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Chapter 1. Introduction  

Orthogonal frequency division multiplexing (OFDM), an efficient multi-carrier 

modulation scheme with numerous advantages, has for years been employed in a 

wide variety of wired and wireless communication standards including wireless LAN 

networks (HIPERLAN/2, IEEE 802.11a, IEEE 802.11g); Worldwide Interoperability 

for Microwave Access (WiMax - IEEE 802.16); Digital Subscriber Line (DSL) and 

Digital Audio and Video Broadcast (DAB, DVB). 

OFDM, having been established as the physical interface of choice for these 

communication standards, has only recently made a transition to the optical 

communications community [1], [2]. A major hindrance to this transition has been 

the differences between conventional OFDM systems and conventional optical 

systems. In conventional OFDM systems, the signal is bipolar and the information is 

carried on the electrical field while in a typical optical system, the signal is unipolar 

and the information is carried on the intensity of the optical signal.  

However, advancements in silicon technology supported by Mooreôs law, 

together with increased demand for higher data rates across long fibre distances have 

facilitated the emergence of OFDM in optical communications [3].  

 For optical communications, OFDM has demonstrated resilience to 

transmission impairments arising from fibre polarisation mode dispersion and 

chromatic dispersion. It has been shown that provided the delay spread caused by 

chromatic dispersion is less than the cyclic prefix interval, OFDM can easily 

compensate for dispersion-induced impairments [4]. This is no trivial advantage 

when one considers the fact that as data rates increase, chromatic dispersion 

increases with the square of the data rate while polarisation mode dispersion (PMD) 
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increases linearly with the data rate [5]. Consequently, at such high data rates, the 

computational requirements involved in electronic dispersion compensation for serial 

modulation formats may become impractical, particularly in access networks [6]. 

Another important advantage of OFDM worthy of note is the increase in spectral 

efficiency that can be obtained from using higher modulation formats [7]. 

By being able to apply the afore-mentioned advantages of OFDM into the 

optical domain, OFDM has demonstrated research potential for a wide variety of 

applications in the core, metro and access networks.   

There are two types of existing optical OFDM systems. The first type typically 

requires electronic fast Fourier Transform (FFT) processors and digital-to-analogue 

converters (DACs) to generate an electrical OFDM signal. This electrical OFDM 

signal is then converted into an optical signal by either by direct modulation of a 

laser or by using an external modulator [1]-[4]. Despite these systems being 

disadvantaged by the transmission data rate limitations set by the throughput of 

electronics, there is a lot of flexibility in the generation and detection of the OFDM 

signal. In particular, functions like advanced modulation formats, subcarrier 

equalisation and adaptive filtering can be implemented [8]. Throughout this work, 

the term ñoptical OFDMò specifically refers to these type of optical OFDM systems. 

In the second type of optical OFDM systems, the OFDM subcarriers are 

generated optically and modulated as single-carrier signals. These systems are the so-

called all-optical OFDM (AO-OFDM) systems. Various variants of AO-OFDM 

systems have been proposed. In the scheme proposed by Yonenaga et al. [9], an 

optical subcarrier generator is used to generate OFDM subcarriers which are then 

simultaneously fed into an integrated optical modulator. Each subcarrier is 

modulated by a duobinary signal and each modulated subcarrier is coupled and the 
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output transmitted over fibre. Another variant of AO-OFDM systems utilises optical 

Inverse Discrete Fourier Transforms (OIDFTs) [10]-[13]. In these systems, the 

OIDFTs are designed using phase modulators and optical delay lines. Yet another 

AO-OFDM variant utilises a multiple subcarrier laser source with a carrier separation 

equal to the baud rate of the signal [14], [15]. Each laser output is then optically 

demultiplexed using an arrayed waveguide grating (AWG), with an array of I/Q 

optical modulators used to individually modulate and each subcarrier. After the 

parallel modulation, the subcarriers are multiplexed using another AWG and then 

transmitted over fibre. While AO-OFDM systems typically avoid the transmission 

data rate limitations suffered by the first type of optical OFDM systems, their overall 

complexity, especially on the receiver side, is currently prohibitive for optical access 

[16]. 

For access network applications, optical OFDM has been applied in ultra-

wideband (UWB) systems for the distribution of high-definition (HD) multimedia 

content [17]. UWB, or multiband-OFDM UWB (MB-OFDM UWB) as it is often 

referred to, is a radio technology occupying regulated spectrum from 3.1 to 10.6 GHz 

[18]. Applications of UWB include short-range, high-throughput indoor data 

communications with the potential to exceed 1 Gbit/s [19], radar sensors [20] and 

automobile short-range communications [21]. Current interest in UWB, both from 

industry and academia, is fuelled by its intrinsic properties including its ability to co-

exist with other systems, low power consumption, wide bandwidth, low latency, low 

probability of interception and high data rate.  

However, a combination of the fundamental limits of thermal noise and 

Shannon limits, together with the restrictions placed by the FCC on the maximum 

UWB equivalent isotropic radiated power (EIRP) spectral density restricts the 



24 

wireless range of UWB systems to a few meters. Since the broad bandwidth limits 

coaxial cable distribution [22], a transparent and low-cost solution is to employ 

transmission over fibre. This enables the advantages of UWB to be combined with 

the advantages optical fibre offers in terms of wide bandwidth and low attenuation 

loss to increase the wireless coverage of UWB systems to hundreds of meters, 

distributing UWB signals to multiple simplified remote antenna units (RAUs).  

Although UWB systems are capable of supporting multi-Gbit/s 

communications, the UWB capacity is restricted worldwide, with different 

regulations in different countries. This makes it difficult to support bandwidth-

intensive applications that require multi-Gbit/s data rates such as uncompressed HD 

video streaming, video-on-demand and wireless high-speed file transfer. This 

regulation constraint makes the 60-GHz band quite interesting for UWB operation 

because of the huge bandwidth and relaxed regulation requirements. Furthermore, 

60-GHz regulation permits much higher EIRP than existing wireless local area 

network (WLAN) and wireless personal area network (WPAN) systems [23]. In 

addition, the small size of 60-GHz antennas permits multiple-antenna solutions at the 

user terminal that would have been near-impossible at lower frequencies. This 

permits UWB to be introduced in devices like mobile phones which have space 

restrictions. Because of the high density of RAUs required for 60-GHz operation, 

using RoF technology for distribution of the 60-GHz MB-OFDM UWB signals 

would result in simplified operation and maintenance which would eventually 

translate to cost savings. 

The main technical objective of this thesis is the proposal, analysis, simulation 

and experimental demonstration of various OFDM-based radio-over-fibre (RoF) 

architectures in different frequency bands, ranging from baseband to millimetre-
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wave systems for multi-Gbit/s communications. In this work, the term ñRoFò refers 

to the transport and distribution of analogue electrical signals (which could be at 

baseband, intermediate-frequency (IF) or RF frequencies) over an optical fibre link; 

with the electrical signal used to modulate the lightwave.  

 For the various architectures, our investigations are concerned with, but not 

limited to, proof-of-concept demonstrations and evaluation of the effect of 

parameters such as modulator non-linearity, drive power, bias current, fibre 

dispersion and the received optical power on the system performance. 

For majority of the experimental work considered in this thesis, the OFDM 

signals modulate the lightwave using Mach-Zehnder modulators (MZMs) which are 

inherently non-linear devices. In this thesis, we also carry out MZM non-linearity 

impairment compensation by digital pre-distortion to improve the system 

performance of the optical OFDM systems at high modulation indexes. 

The details of the thesis structure and the contributions of this work are 

presented in the following sub-sections. 

  

1.1 Thesis organisation  

A common structure is used throughout this thesis. Each chapter begins with 

an introduction where the aims and contents of the chapter are highlighted, and is 

concluded with a summary of the main contributions of the chapter. The thesis is 

organised as follows: 

Chapter 2 provides an overview of optical access networks, covering state-of-

the-art technologies, principles, recent progress and different application scenarios. 

In this chapter, various optical fibre topologies and technologies for shared fibre 

multiple are first discussed. RoF is then introduced as a hybrid technology that 
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combines the advantages of optical fibre and wireless access. The benefits, 

limitations and latest applications of RoF technology are also discussed. Next, 

OFDM is introduced as a solution to chromatic dispersion compensation in optical 

communication networks. In order to provide fundamental understanding of how an 

OFDM system works, we talk about the background, history, basic mathematical 

principles, system implementations, advantages and disadvantages of OFDM. We 

also briefly review some important optical communication concepts. The two broad 

flavours of optical OFDM that are currently in use ï coherent optical OFDM (CO-

OFDM) and direct-detection optical OFDM (DD-OOFDM) are discussed. Then, we 

illustrate how OFDM has been used in PONs and UWB communications for optical 

access applications. Finally, a brief introduction of the OptSimÊ simulation platform 

is given.  

Chapter 3 focuses on how the non-linearity of the MZM affects the 

performance of the DD-OOFDM system. This chapter shows how, because of the 

MZM non-linearity, system performance is dependent on the MZM drive and bias 

levels. The chapter follows this up with an investigation into how a variation in 

system parameters such as the modulation format and number of subcarriers 

influences the MZM non-linear distortion and consequently, the system performance. 

Finally, the possibility of optimising the spectral efficiency of the DD-OOFDM 

system by employing a reduced frequency guard band is investigated by simulation. 

Chapter 4 looks at MB-OFDM UWB transmission over standard single mode 

fibre (SSMF) in fibre-to-the-home (FTTH) access networks. In particular, we 

demonstrate with the aid of simulations and experiments, how the UWB range can be 

extended by using SSMF to optically distribute the MB-OFDM UWB signal in its 

native format from a central office to the customerôs premises. This access technique 
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is a flexible, transparent and low-cost solution, permitting the delivery of multi-

Gbit/s UWB signals for HD audio and video contents. To prevent chromatic 

dispersion-induced fading, optical single sideband (OSSB) architectures are 

employed. Using error vector magnitude (EVM) and bit error rate (BER) 

measurements as figures of merit, we carry out investigations into how the 

transmission performance is affected by various impairments including the MZM 

non-linearity, fibre transmission and received optical power variation.  

Chapter 5 explores MB-OFDM UWB operation in the 60-GHz radio band as a 

means to further improving the range and flexibility of UWB. This chapter illustrates 

and experimentally demonstrates four techniques for enabling MB-OFDM UWB 

RoF operation in the 60-GHz band. These techniques are classified in terms of the 

underlying modulation/detection principles employed, namely Intensity Modulation 

with Direct Detection (IM-DD) and optical heterodyne detection (OHD). For the first 

three techniques (based on IM-DD), we experimentally demonstrate that the system 

performance of the various techniques is limited by the first major non-linear 

component encountered by the driving UWB signal. We also illustrate the limitations 

imposed on the three techniques by fibre distribution. We then demonstrate 

analytically and experimentally that the OHD technique is robust to laser phase 

noise. The final part of Chapter 5 is concerned with applying digital pre-distortion as 

a linearisation technique to compensate for the MZM non-linearity and improve 

system performance at high modulation indexes. In this regard, a digital pre-distorter 

with a transfer function which is the inverse of the MZM power transfer function is 

proposed and experimentally demonstrated. The proposed digital pre-distortion 

technique is valid for any single-electrode MZM. EVM results are presented in this 

chapter to evaluate the performance improvement brought about by pre-distortion. 
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Chapter 6 concludes the thesis and proposes potential future work planned for 

further research. 

 

1.2 Contributions and publications  

The major contributions of the work herein presented can be summarised as 

follows: 

¶ Proposed a simple 60-GHz radio-over-fibre system employing a combination 

of uncorrelated optical heterodyning and envelope detection. Analytically 

demonstrated that the proposed system is capable of avoiding the laser phase 

noise effects at baseband. Carried out proof-of-concept experimental 

demonstration of the proposed system for the successful transmission of a 3.84 

Gbit/s, 16-QAM MB-OFDM UWB signal over up to 48-km standard single-

mode fibre and a further 4-m wireless channel. The experimental results 

therefore confirm that photonic millimetre-wave signal generation and 

detection can be achieved without the need for complex optical phase-locked 

loops and high-frequency microwave sources.  

¶ Carried out comprehensive analytical studies and experimental demonstrations 

of three techniques for millimetre-wave MB-OFDM UWB generation. In each 

of these three techniques, the modulating MB-OFDM UWB signal drives a 

different type of non-linear component ï a laser, a MZM and a mixer. 

Experimentally demonstrated that the system performance of the various 

techniques is limited by the first major non-linear component encountered by 

the driving UWB signal. The three techniques are also compared in terms of 

transmission performance, fibre distribution, cost and complexity.  

¶ Proposed a novel digital pre-distortion technique to compensate for the MZM 

non-linearity in DD-OOFDM systems and improve system performance at high 

modulation indexes. The proposed digital pre-distorter has a transfer 

characteristic which is the inverse of the MZM power transfer characteristic. 

The digital pre-distortion function is also valid for any single-electrode MZM. 

Carried out proof-of-concept experimental demonstration of the proposed pre-
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distortion technique in an MB-OFDM UWB RoF system where performance 

analysis showed an increased tolerance to the amplitude of the applied UWB 

signal as well as increase in the optimum drive power when pre-distortion is 

employed. For drive powers up to 18 dBm, the EVM is still less than -15 dB 

when digital pre-distortion is applied, almost a 9 dB improvement when 

compared to the uncompensated case. 

¶ Demonstrated, with the aid of experiments and simulations, the performance of 

a DD-OOFDM system with respect to the non-linearity of the MZM. Clearly 

illustrated that the system performance can be improved by proper selection of 

the bias point and appropriate drive to the MZM. Showed that to obtain an 

EVM penalty (due to the MZM non-linear distortion) of  2 dB, the 

normalised MZM drive level has to be   0.11; and the normalised MZM bias 

needs to be within 0.06 of the normalised quadrature bias voltage value of 0.5. 

¶ Demonstrated how a variation in system parameters such as the number of 

subcarriers and the modulation format influenced the non-linear distortion 

caused by the MZM and consequently, the performance of the DD-OOFDM 

system. Showed that the impact of the MZM non-linearity on the system 

performance can be reduced by reducing the number of subcarriers. This 

improvement is however, only seen for short fibre lengths (<50 km). Also 

experimentally demonstrated that as higher level modulation formats are 

employed, the system performance gets more affected by the MZM non-

linearity because the interference due to the MZM non-linear distortion 

becomes more severe. 

¶ Demonstrated that with a quadrature bias to the MZM, a very low level of 

intermodulation distortion products is obtained which results in the system 

BER remaining largely unchanged for at least a 50% reduction in the guard 

band. For a quadrature bias, a system BER of ςȢφ ρπ is obtained when the 

width of the guard band is 80% of the OFDM bandwidth. When the guard band 

is reduced to 50% of the OFDM bandwidth, the BER is still around   ςȢφ

ρπ. Thus, the spectral efficiency in DD-OOFDM systems can be improved 

by reduction of the width of the guard band by at least 50% if a quadrature bias 

is used. 
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The research work has resulted in the following publications listed below: 

¶ O. Omomukuyo, M. P. Thakur and J. E. Mitchell, "Simple 60-GHz MB-

OFDM ultra-wideband RoF system based on remote heterodyning," IEEE 

Photon. Technol. Lett., vol. 25, no. 3, pp. 268-271, Feb. 2013.  

¶ O. Omomukuyo, M. P. Thakur and J. E. Mitchell, "Experimental 

demonstration of digital predistortion for linearisation of Mach-Zehnder 

modulators in direct-detection MB-OFDM ultra-wideband over fiber systems," 

in Proc. Asia Communications and Photonics Conference (ACPô12), Nov. 7ï

10, 2012, paper ATh1C.4. 

¶ O. Omomukuyo, M. P. Thakur and J. E. Mitchell, "Experimental performance 

analysis of MB-OFDM ultra-wideband radio-over-fiber signals in the 60-GHz 

band using a commercially-available DFB laser," in Proc. International 

Conference on Transparent Optical Networks (ICTONô12), July. 2ï5, 2012, 

paper Mo.C3.4. 

¶ O. Omomukuyo, M. P. Thakur and J. E. Mitchell, ñExperimental 

demonstration of the impact of MZM non-linearity on direct-detection optical 

OFDM,ò in Proc. IEEE International Wireless Communications and 

Networking Conference Workshop on Hybrid Optical Wireless Access 

Networks (WCNC/HOWANô12), pp. 419-423, Apr. 1-4, 2012. 

¶ O. Omomukuyo and J. E. Mitchell, ñPerformance evaluation of a 60-GHz 

multi-band OFDM (MB-OFDM) ultra-wideband radio-over-fibre system,ò in 

Proc. London Communications Symposium (LCSô11), London, UK, Sep. 8, 

2011. 

¶ O. Omomukuyo and J. E. Mitchell, ñImpact of Mach-Zehnder non-linearity on 

the receiver sensitivity of direct-detection optical OFDMò, in Proc. London 

Communications Symposium (LCSô10), London, UK, Sep. 10, 2010. 
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Chapter 2. Optical OFDM-based access 

networks  

2.1 Introduction  

As stated in Chapter 1, an increase in demand for high data rates has been an 

important factor in the emergence of OFDM in the optical domain, with a wide 

variety of solutions developed for different applications both in the core and access 

networks. This emergence has been facilitated by the intrinsic advantages of OFDM 

such as its high spectral efficiency, ease of channel and phase estimation; and 

robustness against delay. In this chapter, an overview of optical access networks is 

presented, covering state-of-the-art technologies, principles, recent progress and 

different application scenarios. We also present OFDM as an effective solution to the 

major problems of todayôs optical access networks and describe how OFDM has 

been applied in the access network in the form of passive optical networks (PONs) 

and through UWB systems.  

The structure of this chapter is as follows: section 2.2 provides an overview 

of next-generation broadband access networks. In this section, we highlight optical 

fibre as probably the most viable means of meeting the ever-increasing bandwidth 

demand of subscribers. Various optical fibre topologies such as point-to-point and 

point-to-multipoint are illustrated, together with their respective advantages and 

disadvantages. The various state-of-the-art optical technologies currently being 

deployed for shared fibre multiple access such as time division multiple access 

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

(SCMA), and optical code division multiple access (OCDMA) are also briefly 

discussed. 
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In section 2.3, RoF is introduced as a hybrid access technology that combines 

the wide bandwidth and low loss merits of optical fibre with the mobility advantages 

of radio access. In this section, the key optical components used in contemporary 

RoF systems, as well as some basic RoF concepts are described in order to provide a 

foundation on which the simulations and experiments in the succeeding chapters are 

built on. This will also make it easier to understand the results presented in those 

chapters. The latest RoF applications are also presented in this section.  

Section 2.4 introduces OFDM as a candidate technology for next-generation, 

high-speed optical access networks. This section provides a review of some 

fundamental OFDM principles including the background, basic mathematical 

representation, system implementations, cyclic prefix use, advantages and 

disadvantages of OFDM. This literature review is essential in order to appreciate the 

motivation behind applying OFDM techniques in optical communication systems.  

In section 2.5, the two optical OFDM variants that have been introduced ï 

coherent optical OFDM (CO-OFDM) and direct-detection optical OFDM (DD-

OOFDM) are examined with a focus on their corresponding transmitter and receiver 

side architectures. The respective advantages and disadvantages of these two variants 

are also highlighted, with emphasis placed on implementation aspects that are of 

importance in optical access networks.  

Section 2.6 looks at how OFDM has been applied in access networks in 

PONs and for UWB systems communications. We briefly look at the multi-user 

version of OFDM i.e. orthogonal frequency division multiple access (OFDMA), and 

review the reasons why it has been advocated for application in next-generation 

PONs. The principles and latest advances of OFDMA-PONs are also discussed. 

Next, the motivation behind the transition to RoF for the distribution of MB-OFDM 
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UWB signals for home networks is discussed. The final part of section 2.6 talks 

about the feasibility of utilising the 60-GHz band for MB-OFDM UWB RoF 

operation. 

In section 2.7, the OptSimÊ platform which is the software package used 

throughout this thesis for design and simulation of the different optical OFDM 

systems is introduced. Finally, the conclusions are drawn in section 2.8. 

 

 

2.2 Next-generation broadband access networks and technologies  

The access network is the link between the service providerôs central office 

and the customerôs premises. It is also called the last mile (from the service 

providerôs perspective), or the first mile (from the customerôs perspective) and 

provides the connection to and from the user network as shown in Figure 2.1. In the 

core network, optical fibre is used, with technologies such as synchronous optical 

networking (SONET)/synchronous digital hierarchy (SDH) employed.  

Typical data rates in the core network are between 10 Gbit/s and 1 Tbit/s over 

long distances. However, these high data rates are not available to end users in many 

of todayôs networks because of what is referred to as the ñlast-mile bottleneckò. This 

bottleneck arises because access networks based on legacy infrastructure like twisted 

pair were never intended to carry data and are now reaching their capacity limits. 
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Figure 2.1. The access network.  

 

In recent years, the demand of customers has evolved from simply voice and 

broadcast services to bandwidth-intensive applications such as Video on Demand 

(VoD), HD multimedia, online gaming, peer-to-peer file sharing, teleworking, and 

cloud storage. Consequently, the existing access infrastructures based on copper and 

coaxial cable are seriously struggling with the pressure of the bandwidth 

provisioning and cannot keep up.  

For instance, xDSL technologies which utilise the existing copper telephone 

infrastructure to transmit data are distance-sensitive. Hence, the longer the distance 

from the local exchange to the subscriber is, the lower the available downstream data 

rate. In the same vein, coaxial cable is disadvantaged by its huge loss and limited 

bandwidth. Since VoD requires at least 3 Mbit/s of downstream bandwidth while 

High-definition television (HDTV) alone requires around 20 Mbit/s of downstream 

bandwidth, it is obvious that the capabilities of these legacy infrastructures are being 

tested to their limits. 

As a result of this, some of the afore-mentioned technologies, typically the 

xDSL family, have evolved to accommodate higher bitrates for larger number of 

users. However, these modifications have come at the cost of a shorter reach.  
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For example, as shown in Table 2.1, asymmetric digital subscriber line 

(ADSL) typically has a maximum downstream data rate of around 12 Mbit/s at 0.3 

km from the local exchange, with a maximum reach of 5.4 km. ADSL 2+ which 

extends the capability of basic ADSL by doubling the number of downstream 

channels has a maximum downstream data rate of around 26 Mbit/s at 0.3 km but has 

a reduced maximum reach of 3.6 km. On the other hand, very-high-bit-rate digital 

subscriber line (VDSL) can support downstream data rates of up to 52 Mbit/s at a 

distance of 0.3 km but has a much shorter maximum reach of 1.3 km, where the 

downstream capacity has degraded to 13 Mbit/s. This implies that for VDSL, the data 

has to be carried from the local exchange to a point closer to the customer. 

As a result of the capacity challenges encountered by legacy infrastructure, 

optical fibre with its wide bandwidth and low-loss advantages, having already been 

adopted in core networks, has been seen as a suitable alternative and is now being 

increasingly deployed in access networks. 

 

 

Technology Max. 

Upstream 

Capacity 

(Mbit/s)  

Max. 

Downstream 

Capacity 

Max. 

Distance 

(km) 

Downstream 

Capacity at 

Max. 

Distance 

(Mbit/s)  

ADSL 0.64 12 (0.3 km) 5.4 1.5 

ADSL 2+ 1 26 (0.3 km) 3.6 4 

VDSL 16 52 (0.3 km) 1.3 13 

 

Table 2.1. xDSL bandwidth vs. distance capability [24]. ADSL: Asymmetric digital subscriber line. VDSL: 

(Very high bit rate digital subscriber line). 
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2.2.1 Fibre access network architectures  

There are three fibre access network architectures that may be deployed. 

These are shown in Figure 2.2 and explained below: 

i). Point-to-point (home-run) architecture: In this architecture, individual fibres 

are run from the local exchange to each subscriberôs premises.  The advantage of this 

architecture is that it provides high bandwidth to each subscriber, together with high 

flexibility in upgrading that particular subscriber. However, since individual fibres 

need to be connected for each subscriber, both high installation and termination 

costs, as well as limited floor space in the local exchange to house large amount of 

equipment are disadvantages for deployment of this architecture.  

ii).  Active star architecture: In this architecture, a single fibre is run from the local 

exchange to an active node near the subscribers. From this active node, the 

connection to the subscriberôs premises could be made through a variety of ways as 

shown in Figure 2.2 (b). In fibre-to-the-cabinet (FTTCab) architecture, short spans of 

optical fibre are run from the active node to cabinets in the street. From these 

cabinets, the connection to the subscriberôs premises can be made using twisted pair 

cables or coaxial cable lines. In the fibre-to-the-building (FTTB) architecture, optical 

fibre is run from the active node to an optical network terminal (ONT) usually 

located in the basement of a large building e.g. a block of flats. From this ONT, the 

communication traffic can be run throughout the building to various subscribers 

using coaxial cable or twisted pair cables. In the case of the FTTH architecture, 

optical fibre is run from the active node to an ONT located at a subscriberôs home. 

The advantage of the active star architecture is that it requires only a single feeder 

fibre from the local exchange which helps reduce costs in comparison with the point-

to-point architecture. However, it is disadvantaged by the need for appropriate power 
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supply to, and proper maintenance of the active node. Since the active node is placed 

outside on the street, it also needs to be able to withstand a wider range of 

temperature variation than in-door equipment. 

 

 

 

Figure 2.2. Fibre access network architectures: (a) Point-to-point. (b) Active star. (c) Passive star. SSMF: 

Standard single-mode fibre. AN: Active node. FTTCab: Fibre-to-the-cabinet. FTTB: Fibre-to-the-building. 

FTTH: Fibre -to-the-home.  
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iii).  Passive star architecture: This architecture is essentially the same as the active 

star architecture with the active node replaced by a passive node (typically a passive 

optical splitter/combiner), and is the architecture employed in PONs. As a result of 

having no active electronics on the field, the maintenance and powering requirements 

of the active star architecture are avoided. However since in this architecture, the 

traffic multiplexing in the upstream direction is achieved optically by combining the 

individual data streams at the passive optical combiner, adequate multiple access 

techniques are required in order to avoid collision of the individual data streams. 

 

2.2.2 Passive optical networks  

As stated in the previous sub-section, in a PON architecture, a single fibre 

originates from a central location, typically an optical line terminal (OLT) in a local 

exchange as shown in Figure 2.3. At a point close to the customers, a passive optical 

splitter on the street divides the fibre between a number of optical network units 

(ONUs), where there is usually one ONU per customer premises.   

 

 

Figure 2.3. PON architecture. OLT: Optical line terminal. SSMF: Standard single-mode fibre. POS: 

Passive optical splitter. ONU: Optical network unit.  
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In order for the individual ONUs to be able to send traffic upstream to the 

OLT without collisions, it is necessary to have an appropriate multiple access 

scheme. In this regard, several multiple access techniques have been developed for 

PON operation. These include TDMA, WDMA, SCMA, and OCDMA. 

 

2.2.2.1 TDMA-PONs  

In TDMA-PONs, a round-robin time-domain algorithm is utilised which 

ensures that during each time slot, only one ONU can transmit or receive. Since the 

ONUs are typically at different distances from the OLT, ranging protocols are used 

to ensure that each ONU sends its data at the right time instant. These ranging 

protocols measure the round-trip time (RTT) from each ONU to the OLT and then 

offset each RTT to the highest RTT. For TDMA-PONs, a burst mode receiver which 

can handle different amplitude levels of packets is also needed at the OLT.  

Initially with TDMA -PONs, the bandwidth of each ONU was assigned during 

ranging. This implies that the capacity of each ONU would decrease with an increase 

in the number of ONUs. However, TDMA-PONs can now dynamically adjust the 

bandwidth of each ONU depending on customer need. 

Several TMDA-PONs have been standardised. These include broadband PON 

(BPON) defined by the ITU-T G.983 standard, the gigabit PON (GPON) defined by 

the ITU-T G.984 standard, and the Ethernet PON (EPON) defined by the IEEE 

802.3ah standard.  

BPON uses only asynchronous transfer mode (ATM) cells to carry data. It 

also uses a maximum of 32 ONUs with a maximum reach of 20 km. Data rates of 

155/622 Mbit/s (up- and downstream) are achievable. GPON can use ATM cells, 

GPON encapsulation method (GEM) frames, or a mixture of both to carry data. In 
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GPON, the maximum ONU split size is 64 with a maximum reach of 20 km, while 

data rates as high as 1.244/2.488 Gbit/s (up-and downstream) are achievable. GPON 

also uses reed-Solomon (255,239) forward error correction (FEC). EPONs carry 

variable-length packets up to 1518 bytes in length, which are transported at 1.25 

Gbit/s using the IEEE 802.3 Ethernet protocol [25]. The maximum ONU split size 

for EPON is 32; with a maximum reach of 20 km. FEC is also included as an option 

in the EPON standard. 

 

2.2.2.2 WDMA-PONs  

Typically in WDMA-PONs, each ONU uses a dedicated wavelength to 

transmit data to the OLT, implying there is no need for time synchronisation. This 

multiple wavelength arrangement requires multiple transceivers; hence AWGs or 

optical filters are needed to correctly distribute the wavelengths. Moreover, having 

each ONU operating at a dedicated wavelength might be impractical because of the 

cost and complexity involved for network operators in managing the inventory of 

lasers. To avoid this, colourless ONUs such as those utilising reflective modulators 

[26], spectral slicing approaches [27], or FabryïPérot lasers [28] have been 

developed and can bring down the cost of WDMA-PONs.  

 

2.2.2.3 SCMA-PONs  

In the upstream direction in SCMA-PONs, each ONU uses a different 

electrical frequency to modulate its data. Since each ONU data stream is in a 

different frequency band, no time synchronisation is needed. However, the need for 

different frequency bands puts high requirement on the frequency range of the user 
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equipment. In addition, if the wavelengths of the lasers used at the ONUs are very 

close to each other, optical beat interference products at the receiver could arise.  

 

2.2.2.4 OCDMA-PONs  

In OCDMA-PONs, different ONUs are assigned unique orthogonal optical 

codes. Each ONU could use a different sequence of short optical pulses which are 

on-off modulated with the data to be transmitted (time-slicing) or different 

combination of spectral slices from a broadband optical source (spectral-slicing). The 

disadvantage of OCDMA-PONs is that they require expensive optical encoders and 

decoders, limiting their use to special applications for e.g. where network security is 

a major concern. 

 

2.3 Radio-over -fibre techniques  

Although FTTH access technologies can provide huge bandwidth to 

subscribers, they are not flexible enough to permit user mobility. On the other hand, 

while wireless networks are typically quick and easy to deploy, and also permit user 

mobility, they require increased cell density to provide Gbit/s data rates. 

Consequently, in order to support multi-Gbit/s communications, next-generation 

access networks are featuring the integration of optical fibre and wireless networks in 

the form of RoF architectures so as to harness the respective advantages of both 

propagation media. Such a convergence of the two networks will enable network 

penetration to be boosted and will result in capital and operational cost savings. 

RoF techniques are involved with transmitting RF signals from a central 

station, via optical fibre, to multiple remote antenna units. Out of the different 
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methods used to achieve this, in this work we are most concerned with intensity 

modulation with direct detection (IM-DD).  

In IM-DD, an intensity-modulated optical signal is obtained either by directly 

applying a real-valued RF signal to a laser diode to manipulate its bias current (direct 

modulation) as shown in Figure 2.4 (a); or indirectly, by using an external modulator 

like a Mach-Zehnder modulator (MZM) to modulate the intensity of light from the 

laser diode operating in continuous wave mode as shown in Figure 2.4 (b).  

The resulting optical signal travels along the fibre where it is directly detected 

by a photodetector and converted back to an electrical signal for onward wireless 

transmission to mobile terminal units (MTUs). 

 

 

Figure 2.4. Transmitting RF Signals by IM-DD using: (a) Direct modulation of a laser (b) External 

Modulation using an MZM. CW: Continuous-wave. MZM: Mach-Zehnder modulator. MTU: Mobile 

Terminal Unit  
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2.3.1 Direct modulation  

A laser diode can easily be modulated by controlling its current. The degree 

to which the laser emits light when current is injected into it is aptly illustrated on its 

L-I curve, as shown in Figure 2.5. As the injected current is increased, the laser emits 

spontaneously, until it gets to the threshold current Ὅȟ where stimulated emission 

starts. The slope 
Ў

Ў
 of the linear portion of this L-I curve is an indication of the 

efficiency of the laser diode in carrying out electro-optical conversion. The lower the 

value of  Ὅ , the more efficient the laser is. 

In directly modulated lasers, the modulation current causes transient 

fluctuations in the laser wavelength. This is because the frequency of the laser output 

changes in response to the modulation current (about 100 MHz frequency shift per 

mA of drive current [5]), effectively adding some frequency modulation to the 

signal. This phenomenon is referred to as laser chirp. 

 

 

 

Figure 2.5. Laser diode L-I curve. 
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The output pulse of the laser is made of different optical wavelengths, and 

since the refractive index of the fibre is dependent on the wavelength, different 

wavelengths of the pulse propagate at different speeds. Typically, longer 

wavelengths travel faster than shorter wavelengths. This effect is referred to as group 

velocity dispersion (GVD) and results in a spreading out of the pulse as it propagates 

along the fibre. The variation of dispersion with wavelength is not linear so the 

wavelength fluctuations caused by laser chirp result in a change in the dispersion 

level. The effect of this interaction of the laser chirp with dispersion is more pulse 

broadening.  

The transfer function of the fibre, Ὄ:in the presence of GVD is given by   

                                                  Ὄ Ὡ                                                               ςȢρ 

where  and ὒ represent the fibre GVD parameter and fibre length respectively. 

The GVD parameter can also be related to the chromatic dispersion 

parameter,  Ὀ  of the optical fibre by [29]:  

                                                        
‗

ς“ὧ
Ὀ                                                               ςȢς 

where ὧ is the speed of light and ‗ is the corresponding wavelength. 

If the modulating RF signal has amplitude ὃ and angular frequency   , 

ignoring the chirp of the laser, the output optical field of the laser, Ὁ ὸ  can be 

expressed as: 

                           Ὁ ὸ ςὖ ρ άὃίὭὲ ὸ  ȢὩ                           ςȢσ 

where ὖȟ  , ÁÎÄ  ά are the optical power of the laser, the centre emission 

wavelength of the laser, and the modulation index respectively.  

Expanding (2.3) into a Taylor series yields: 
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Ignoring the higher-order terms in (2.4), the output optical field can be 

approximated as: 
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Equation (2.7) shows that the optical spectrum at the output of the directly-

modulated laser is composed of an optical carrier at a frequency of  , and several 

sidebands; each sideband separated at a distance of   from the next sideband as 

shown in Figure 2.6 (a). This optical signal is called a double-sideband with carrier 

(DSB-C) signal.  

Equation (2.7) also shows that since ά is generally less than 1, the 

amplitudes of the sidebands of the DSB-C signal decrease with increase in the 

harmonic order. 
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Figure 2.6. (a) Optical spectrum at output of directly-modulated laser. (b) Photodetected electrical 

spectrum.     

 

Considering only the optical carrier and the first-order optical sidebands as 

shown in Figure 2.6 (a), and neglecting the fibre channel, the photocurrent,  Ὅὸȟ 

generated when the optical DSB-C signal impinges on a photodetector is given by: 

                                                               Ὅὸ ȿὉ ὸȿ                                            ςȢψ  

where  is the responsivity of the photodetector. It is easy to show, after some 

algebraic manipulation, that (2.8) can be expressed as: 
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The first term in (2.9) is a D.C. component; the second term, centred at   is 

formed from the superimposition of the mixing products arising from the beating of 

each first-order optical sideband with the optical carrier. The last term, centred at 

ς  is obtained from the beating of the first-order optical sidebands with 
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themselves. These terms are all depicted in the photodetected electrical spectrum 

shown in Figure 2.6 (b). 

 

2.3.2 External modulation  

For high transmission data rates, external modulation provides a better optical 

modulation solution than direct modulation. This is because as data rates increase, 

the bit durations become smaller and the impact of the pulse broadening caused by 

laser chirp becomes more severe. 

The external modulator used for all simulations and experiments in this thesis 

is the MZM. A typical dual-electrode MZM (DE-MZM), as shown schematically in 

Figure 2.7, is made of Lithium Niobate ὒὭὔὦὕ  and comprises two Y-junctions. 

Light in the waveguide on getting to the first Y-junction is split into two halves. The 

electro-optical properties of ὒὭὔὦὕ  enable a phase modulation of the light in both 

arms depending on whether or not an electrical field is applied to the electrodes.  

 

 

Figure 2.7. Dual-electrode MZM 
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With no electrical field applied, there is no phase difference between the two 

arms and the light combines to give an intensity maximum at the output of the DE-

MZM. An application of an electrical field results in a phase difference, which could 

result in constructive or destructive interference.  

If the phase difference is  “, thereôs total destructive interference, 

corresponding to the ñoffò state for the DE-MZM. An MZM where only one of the 

arms is modulated with a voltage is referred to as a single-electrode MZM.  

With an ideal extinction ratio assumed, and ignoring the insertion loss of the 

MZM; if the D.C. offset voltage at which maximum transmission is obtained is 

assumed to be 0, the output and input optical fields of the MZM are related by the 

following equation: 

                                     Ὁ ὸ
Ὁὸ

ς
ȢὩ Ὡ                                             ςȢρπ 

where Ὁ ὸ, Ὁ ὸ, • ὸ  and • ὸ are the MZM output and input optical fields, 

and the phase shifts in the upper and lower MZM arms respectively. The drive 

voltages ὠ ὸ and ὠ ὸ applied to the top and bottom electrodes are related 

to the phase shifts by: 

                                   • ὸ
“ὠ Ô

ὠ
ȟ• ὸ

“ὠ Ô

ὠ
                                 ςȢρρ 

Using ςȢρρ in ςȢρπ, the output optical field becomes: 

                                   Ὁ ὸ
Ὁὸ

ς
ȢὩ Ὡ                              ςȢρς 

where  ὠ is the voltage at which thereôs complete suppression of the MZM output.  

If a D.C. bias voltage is applied to one of the electrodes of the MZM while 

the other D.C. terminal is grounded, the drive voltages can be expressed as: 

                                          ὠ Ô ὠ ὸ ὠ                                                      ςȢρσ 
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                                           ὠ Ô ὠ ὸ                                                                ςȢρτ 

where  ὠ ὸ and ὠ ὸ are the two outputs of the electrical hybrid coupler used to 

split the modulating sinusoidal RF signal with amplitude ὃ and angular frequency 

 .  

ὠ ὸ and ὠ ὸ are applied to the top and bottom electrode respectively 

and are given by:  

                                               ὠ Ô ὃίὭὲ ὸ                                                       ςȢρυ 

                                                ὠ Ô ὃίὭὲ ὸ —                                              ςȢρφ 

where — is the phase angle of the electrical hybrid coupler.  

Making use of (2.13) ï (2.16), (2.12) can be re-written as: 

                      Ὁ ὸ
Ὁὸ

ς
ȢὩ  Ὡ                      ςȢρχ 

where ʀ  ÁÎÄ    are the normalised bias and drive levels respectively. If 

we take Ὁ ὸ to be a CW signal from a laser with amplitude ὄ and centre emission 

frequency Ὢȟ  (2.17) reduces to: 

                      Ὁ ὸ
 ὄ

ς
Ὡ Ὡ ȢὩ ȢὩ                  ςȢρψ 

Equation (2.18) can be further expanded using Bessel functions as: 

Ὁ ὸ
 ὄ

ς
ὐ“ȢὩ                       

                                              Ὡ Ȣ ὐ“ȢὩ                        ςȢρω 

         Ὁ ὸ
 ὄ

ς
ὐ“Ὡ Ὡ Ὡ          ςȢςπ 

where ὐὼ is the Bessel function of the first kind of order ὲ. Equation (2.20) 

indicates that the optical signal at the output of the MZM is also a DSB-C signal, 
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made up of the optical carrier at the laser centre emission frequency   , and several 

sidebands, located at multiples of the frequency of the modulating RF signal    as 

shown in Figure 2.8 (a). To generate this DSB-C signal, the two arms of the MZM 

are driven by two RF signals with equal amplitude but out of phase by  “. 

The MZM also has to be biased at its most linear point, the quadrature point 

as shown in Figure 2.8 (b). At the quadrature point, the value of the D.C. bias voltage 

to the MZM is  . However, it is important to note that depending on the value of the 

D.C. bias voltage, we can end up suppressing the optical carrier and the even-order 

optical sidebands, or the odd-order optical sidebands. 

If the MZM is biased at the maximum point of the optical intensity transfer 

function (0 in this case), and the two arms of the MZM are driven by two RF signals 

with equal amplitude and out of phase by “, we obtain a special case of a DSB-C 

signal with its odd-order optical sidebands suppressed as shown in Figure 2.9 (a).  

For this DSB-C scheme, — “ ÁÎÄ ʀ π. Consequently, (2.20) reduces to: 

            Ὁͺ ὸ ὄ ὐ“Ὡ ÃÏÓ
ὲ“

ς
                 ςȢςρ 

 

 

 

Figure 2.8. (a) DSB-C signal at output of DE-MZM showing optical carrier with even-order and odd-order 

sidebands (b) System configuration for generating DSB-C signals. CW: Continuous wave. DE-MZM: Dual -

electrode Mach-Zehnder modulator  



51 

 
Figure 2.9. Optical spectrum of and system configuration for generating: (a) DSB-C signals (odd-order 

optical sidebands suppressed). (b) DSB-SC signals. (c) OSSB signals (lower first-order optical sideband 

suppressed). (d) OSSB signals (upper first -order optical sideband suppressed). CW: Continuous wave. DE-

MZM: Dual -electrode Mach-Zehnder modulator.  
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A close inspection of (2.21) shows that because ÃÏÓ π for all odd 

values of  ὲ, with this DSB-C scheme, all the odd-order optical sidebands are 

eliminated, leaving the optical carrier and the even-order optical sidebands. 

In a similar vein as in (2.8), considering only the optical carrier and the 

second-order optical sidebands, and neglecting the fibre channel, the generated 

photocurrent for this optical DSB-C signal is: 

                      Ὅͅ ὸ Ὁͺ ὸ                                                               ςȢςς 

Equation (2.22) can be simplified as: 

 Ὅͅ ὸ ὄ ὐ “ ςὐ “                                  

                              τὐ“ὐ“ὧέίς ὸ “  

                                
                                                     

                                                           ςὐ“ὐ“ὧέίτ ὸ ς“             ςȢςσ 

It is obvious from (2.23) that for this DSB-C scheme, the output photocurrent 

contains the D.C. component (the first term in (2.23)), a component at ς  (the second 

term in (2.23)) which is formed from the beating of the second-order optical 

sidebands with the optical carrier, and a component at τ  (the last term in in 

(2.23)) which is formed from the beating of the second-order optical sidebands with 

themselves. All these terms are depicted in the photodetected spectrum shown in 

Figure 2.10 (a). 

If the D.C bias voltage is set at  ὠ, and the two arms of the MZM are driven 

by two RF signals with equal amplitude and out of phase by “, we end up 

suppressing the optical carrier and the even-order sidebands, leaving only the odd-

order sidebands. This is a double-sideband suppressed carrier (DSB-SC) signal as 
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shown in Figure 2.9 (b). For the DSB-SC scheme, — “ ÁÎÄ ʀ ρ. Consequently, 

(2.20) reduces to: 

             Ὁͺ ὸ Ὦ" ὐ“Ὡ ÓÉÎ
ὲ“

ς
             ςȢςτ 

Equation (2.24) confirms that because ÓÉÎ π for ὲ π and for all 

even values of  ὲ, with the DSB-SC scheme, the output of the DE-MZM is carrier-

suppressed, and all the even-order optical sidebands are eliminated, leaving only the 

odd-order optical sidebands. 

Considering only the first-order optical sidebands and neglecting the fibre 

channel, the generated photocurrent for this optical DSB-SC signal is: 

                                Ὅͅ ὸ Ὁͺ ὸ                                                 ςȢςυ 

Equation (2.25) can be simplified as: 

                                Ὅͅ ὸ ς ὄ ὐ “ ρ ὧέίς ὸ “            ςȢςφ 

Equation (2.26) shows that the for the DSB-SC scheme, the output 

photocurrent as shown in Figure 2.10 (b) consists of a D.C. component and a 

component centred at  ς , formed from the beating of the first-order optical 

sidebands with themselves. The DSB-SC scheme is widely used in many optical 

communications systems to generate a microwave signal with an angular 

frequencyȟ which is double the angular frequency of the modulating RF  

signal ÉȢÅ  ς . 

Biasing the MZM at   with the two arms of the MZM driven by two RF 

signals with equal amplitudes and a  phase shift between them yields an optical 

single sideband signal (OSSB). The lower sideband is suppressed if the phase shift 
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is  , as shown in Figure 2.9 (c) while the upper sideband is suppressed if the phase 

shift is , as shown in Figure 2.9 (d). For the OSSB scheme,  —  ÁÎÄ  ʀ . 

Consequently, for this scheme, (2.20) reduces to: 

 Ὁͺ ὸ                                                                                                                     
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In (2.27), only the lower first-order optical sideband ὲ ρ is suppressed 

if  —
“

ς
 , while only the upper first-order optical sideband ὲ ρ is suppressed 

if  —
“

ς
. 

Considering the case where the lower first-order optical sideband is 

suppressed, and neglecting the second-order optical sidebands as well as the fibre 

channel, the generated photocurrent for this OSSB signal is: 

                                              Ὅͅ ὸ Ὁͺ ὸ                                                        ςȢςψ 

Equation (2.28) can be simplified as: 

  Ὅͅ ὸ
ὄ

ς
ὐ “ ςὐ “                                             

                                                   ςЍςὐ“ὐ“ὧέί ὸ
“

τ
                ςȢςω 

Equation (2.29) shows that for the OSSB scheme, the output photocurrent as 

illustrated in Figure 2.10 (c) consists of a D.C. component and a component centred 

at    which is formed from the beating of the upper first-order optical sideband 

with the optical carrier. 
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Figure 2.10. Photodetected electrical spectrum for: (a) DSB-C signals (odd-order optical sidebands 

suppressed). (b) DSB-SC signals. (c) OSSB signals.  
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2.3.3 Benefits and limitations of RoF technology 

Some commonly expressed benefits of RoF technology stem from the 

intrinsic advantages of utilising optical fibre as a transmission medium with regards 

to its low attenuation loss and large bandwidth. In todayôs commercially-available 

standard single-mode fibres (SSMFs) made from silica, the reduction of the loss due 

to absorption by the impurities in the silica has being successful up to the point 

where the loss due to Rayleigh scattering is the dominant component [29]. 

Consequently, the attenuation losses in the three wavelength windows used for 

optical communication:  800 nm, 1300 nm, and 1550 nm are typically 2.5 dB/km, 0.4 

dB/km, and 0.25 dB/km as shown in Figure 2.11.  

These losses are much lower than that of coaxial cable, where the losses are 

higher by three orders of magnitude at higher frequencies [30]. For example, for 

frequencies above 5 GHz, the attenuation of a 0.5 inch coaxial cable is more than 500 

dB/km [31]. Alternative transmission of high-frequency electrical signals through 

free space is also problematic because the free-space path loss increases with the 

square of the frequency in accordance with Friis transmission formula [32]: 

 

 

Figure 2.11. Attenuation loss in silica as a function of wavelength [29]. 
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                                                    ὊὛὖὒ
τ“ὙὪ

ὧ
                                                        ςȢσπ 

where FSPL, R, f and c represent the free-space path loss, distance between the 

transmitting and receiving antennas, the transmitted frequency and the speed of light 

respectively. This high FSPL would necessitate the use of expensive 

regenerative/amplification equipment in order to distribute the high-frequency 

electrical signals over long distances. Therefore, by transmitting these electrical 

signals in optical form over SSMF which has relatively low loss, the transmission 

distances (before the signals need to be amplified or regenerated again) are increased.  

Another benefit of using RoF technology is the large bandwidth that optical 

fibre offers. The available bandwidth can be measured in terms of either wavelength 

or frequency by using the equation: 

                                                             ЎὪ
Ў‗Ȣὧ

‗
                                                             ςȢσρ 

where ὧ is the speed of light, ‗ is the corresponding wavelength, and ЎὪ and Ў‗ 

represent the bandwidth expressed in terms of frequency and wavelength 

respectively. Considering the 1300 and 1550 nm transmission windows, and taking 

the usable bandwidth in these bands to be the bandwidth over which the loss in 

dB/km is within a factor of 2 of its minimum, from (2.31) the available usable 

bandwidth is about 35 THz [29]. However, the usable optical fibre bandwidth in 

todayôs state-of-the-art commercial networks is limited by the bandwidth of the 

Erbium-Doped Fibre Amplifiers (EDFAs) which are widely used. Conventional 

EDFAs typically operate in the 1530 to 1570 nm frequency band. Substituting 

Ў‗ τπ nm in (2.31) yields a usable bandwidth of around 5 THz.  

In addition to the bandwidth limitation of EDFAs, the limited bandwidth of 

the electronic devices used to transmit and receive the electrical signals also restricts 
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the utilisation of the large bandwidth offered by optical fibre. Multiplexing 

techniques such as optical time-division multiplexing (OTDM), wavelength-division 

multiplexing (WDM), as well as subcarrier multiplexing (SCM) have however been 

used in optical systems as solutions around this problem [30].  

With the explosive multimedia-driven growth of internet traffic, current 

global communication systems are rapidly approaching the information capacity of 

current optical fibre transmission technologies. Consequently, there has also been 

research in recent years to address this issue, for example the UNLOC research 

programme currently being undertaken by researchers at UCL and Aston University 

which is focused on ñunlockingò the capacity of optical communications by 

combining photonic concepts, information theory techniques, digital signal 

processing, and advanced modulation formats [33]. 

Another of the major benefits of RoF technology is that of centralisation. In 

RoF systems, the higher layer and signal processing functions (e.g. frequency up-

conversion, carrier modulation, and multiplexing) occur only at the central station. 

This makes the RAUs simpler and lighter, and a single central station can be used to 

serve a number of RAUs. In addition, it is possible to have multiple central stations 

located in the same central site. Consequently, this centralisation results in easier 

installation and maintenance which would then lead to operational cost savings. 

Also, since the RAUs are simple, there will be reduced power consumption which is 

beneficial in situations where the RAUs are located in remote places not fed by the 

power grid. Having lighter RAUs is also important in specific applications scenarios 

like deployment of RoF in aircrafts. 
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Other advantages of RoF technology include its immunity to electromagnetic 

interference (EMI) since the signals are transmitted in the form of light; and its 

transparency to modulation and signal formats. 

The principal disadvantage of the RoF concept as it is presented in this work 

is that being an analogue transmission system (since it involves analogue modulation 

and detection of light), it is susceptible to noise from various sources and distortion. 

The possible noise sources in RoF systems are the laserôs relative intensity noise 

(RIN), the laserôs phase noise, the photodiodeôs shot noise, the RF amplifierôs 

thermal noise, and the optical amplifierôs amplified spontaneous emission (ASE). 

Distortion typically arises from the non-linearity of devices (lasers, modulators), and 

the fibre chromatic dispersion.  

When noise is added to the optical signal, it results in bit errors at the decision 

gate in the receiver side, while distortion could result in inter-symbol interference (ISI) 

due to the induced changes in the optical pulse shapes. This also results in BER 

degradation. The distortion brought about by the non-linearity of the external modulator 

will be extensively discussed in chapter 3. In section 2.3.4, we illustrate the kind of 

signal degradation that can occur in a RoF system because of fibre chromatic dispersion. 

 

2.3.4 RF power degradation due to chromatic dispersion in IM -DD systems 

with DSB-C modulation  

In this sub-section, the impact the fibre chromatic dispersion has on a RoF 

system employing IM-DD with DSB-C modulation, as shown in Figure 2.8 (b), is 

examined. In IM-DD systems with DSB-C modulation, when the optical signal 

impinges on the square-law photodiode, each sideband beats with the optical carrier 

to yield a beat signal with a frequency (and phase) equal to the difference in 
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frequency (and phase) of the beating components. As shown in Figures 2.6 (b) and 

2.10 (a), these two beat signals add up to yield a single component at the RF 

frequency at the output [34].  

However, due to fibre chromatic dispersion, each spectral component 

experiences different phase shifts depending on the chromatic dispersion parameter, 

the modulating RF frequency and the length of the fibre [34]. This produces a phase 

difference in the two beat signals at the RF frequency which results in destructive 

interference of the beat signals, which in turn causes a reduction of the power of the 

recovered RF signal, and hence a reduction in its carrier-to-noise ratio (CNR) [35]. 

If the phase difference between the beat signals is  “, there will be total 

destructive interference resulting in complete power cancellation of the RF signal. To 

avoid this, either one of the sidebands in a DSB-C optical signal must be suppressed 

before transmission over fibre, or OSSB modulation implemented so there is only 

one beat signal at the photodiode (as shown in Figures 2.9 (c) and 2.10 (c)). 

Alternatively, DSB-SC transmission can be employed (as shown in Figure 2.9 (b) 

and 2.10 (b)). 

To evaluate the dispersion-induced RF power degradation in DSB-C 

transmission, the optical fibre can be modelled as a BPF with flat amplitude response 

and linear group delay [35]. The transfer function of the fibre,  Ὄof the fibre can  

be obtained from (2.1) and (2.2) as: 

                                                          Ὄ Ὡ                                                  ςȢσς 

where Ὢ is the frequency of the RF signal and all other terms are as defined 

previously in (2.1) and (2.2). 

The RF power ὖ  of the generated RF signal will vary approximately as 

[34]: 
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                                                ὖ ᶿὧέί
“ὒὈ

ὧ
‗ Ὢ                                                  ςȢσσ 

Complete power cancellation of the RF signal occurs when the argument of 

the cosine function in (2.33) equals   , for all odd values of ὲ. This indicates that 

for a fixed radio frequency Ὢ, the lengths ὒ of fibre at which power cancellation of 

the RF signal occur is given by: 

                                                  ὒ
ὲὧ

ςὈ‗ Ὢ
ȟ           ὲ ρȟσȟυȟỄ                              ςȢστ 

Equation (2.34) indicates that as the RF frequency increases, the effect of the 

chromatic dispersion becomes more severe, and the power-cancellation cycle 

becomes smaller, limiting the fibre-link distance. 

In a similar vein, for a fixed length of fibre  ὒ, the frequencies Ὢ at which 

power cancellation of the RF signal occur can be obtained from (2.34) as: 

                                                  Ὢ
ὲὧ

ςὈ‗ ὒ
                                                           ςȢσυ 

In order to demonstrate the RF power degradation in a DSB-C transmission, 

the schematic shown in Figure 2.8 (b) has been implemented in OptSimÊ to yield a 

DSB-C signal with no sidebands suppressed. A CW laser with output power of 0 

dBm and centre emission wavelength of 1550 nm acts as the optical source to the 

MZM which has an extinction ratio of 20 dB and a ὠ  of 5 V. The electrical drive to 

the MZM is a sinusoidal RF signal. 

The value of the frequency, Ὢ of the modulating RF signal is varied from 2 to 

20 GHz. The optical DSB-C signal is transmitted over an optical back-to-back link, 

and directly-detected by a photodiode with a responsivity of 0.6 A/W.  

For each value of  Ὢ, the received RF power is measured with an electrical 

power meter attached to the output of the photodiode. The simulations are then 
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repeated for 20 km of SSMF with an attenuation of 0.2 dB/km and a chromatic 

dispersion parameter Ὀ of 16ps/nm/km. The attenuation loss brought about by fibre 

transmission is compensated by an optical amplifier to ensure that the received 

optical power at the photodiode is the same as in the back-to-back transmission.  

The RF power degradation is then computed to be the difference between the 

measured RF power at 20 km and the measured RF power for optical back-to-back 

transmission. 

A plot of this RF power degradation against the frequency of the signal as 

depicted in Figure 2.12 shows a periodic degradation of the RF power, with power 

nulls obtained at 5.1, 9.1, 11.6, 14, 15.8, 17.5 and 19 GHz where there is complete 

power cancellation of the RF signal. A maximum RF power degradation of around 

25 dB is obtained with the DSB-C transmission. 

Using (2.35), the power nulls are computed to occur at the following 

frequencies: 5.28, 9.14, 11.81, 13.97, 15.84, 17.51 and 19.04 GHz, showing very 

good agreement with the results obtained through simulation. 

In a likewise manner, the OSSB schematic as shown in Figure 2.9 (c) has also 

been implemented in OptSimÊ with the same simulation parameters as in the DSB-

C case. 

The RF power degradation has also been plotted against the RF frequency in 

Figure 2.12, where it can be seen that with OSSB transmission, the received RF 

power remains fairly constant with RF frequency with a maximum RF power 

degradation of only around 1.5 dB obtained. 
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Figure 2.12. RF power degradation for DSB-C and OSSB transmissions.  

 

2.3.5 Applications of RoF technology  

Over the past couple of years, RoF techniques have been the subject of 

extensive research and investigation; and find application in distributed antenna 

systems (DAS), millimetre-wave and THz generation systems, enhancement of cable 

television (CATV) systems, antenna array beamforming, imaging and spectroscopy, 

and radar processing [36], [37]. Some of these applications are discussed below. 

 

2.3.5.1 Distributed antenna systems  

One of the most dominant markets for RoF technology today is the 

distribution of wireless standards over optical fibre in centralised architectures for 

both indoor and outdoor applications; the so-called DAS. A DAS is a network of 

spatially separated antennas connected by coaxial cable and optical fibre. DAS 
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installations have been used to extend the range and capacity of radio systems in 

situations where strong coverage is difficult; and are being increasing used in wide 

variety of locations including corporate office buildings, airports, shopping centres, 

stadiums, and underground stations.  

An example of a commercially-available DAS architecture manufactured by 

Andrew Corporation (now owned by CommScope Inc.) for indoor wireless signal 

distribution [38] is shown in Figure 2.13. This DAS architecture is capable of 

transporting radio signals in the frequency range between 800 and 2500 MHz for 

cellular and WLAN applications.  In this DAS architecture, the so-called equipment 

hotel is the central office which contains the base transceiver stations (BTSs) where 

the signal processing functions are carried out before the radio signals are transmitted 

via coaxial cable to an intelligent optical network (ION)-M master unit. The ION-M 

master unit is responsible for controlling the entire ION-M system and for 

transmitting and receiving RF signals via coaxial cable to/from the operator base 

stations. Optical fibre cables then connect up to 124 ION-M or ION-B remote units 

to the ION-M master unit. The remote units convert and amplify the RF signals from 

optical signals for transport over coaxial cable to the antenna for wireless coverage. 

The remote units also convert the RF signals from the antenna to optical signals for 

transport over optical fibre back towards the central office. 

This particular system has been deployed at a number of important sporting 

events such as the Olympic Games in Sydney (2000), Beijing (2008), and London 

(2012); and the FIFA World Cups in Germany (2006), and South Africa (2010). It 

has also been deployed in the worldôs tallest building in Dubai, and the worldôs 

largest indoor stadium (Dallas Cowboys stadium, USA) [39].  
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Figure 2.13. A schematic of Andrew Corporationôs (CommScope Inc.) intelligent optical network (ION) 

family of optical distributed antenna systems [37]. BTS: Base transceiver station. WLAN: Wireless local 

area network.  

 

2.3.5.2 Antenna array beam forming  

Beamforming is a signal processing technique used in phased arrays which 

has been implemented in some mobile communication systems as a means of sharing 

the time and frequency resources among users who are spatially separated [40]. Over 

the last decade, it has become increasingly necessary to have ñtrue time delaysò in 

phased array antennas, especially as radar systems are required to achieve higher 

resolution, longer distances and wider scan angles [41]. In classic phased arrays, the 

phase of the transmitted/received wave is controlled by a transmit/receive module on 

the antenna element. For a system with narrow RF bandwidth, a classic phased array 

works well. However, for a system with wide RF bandwidth, the main beam 

direction varies with frequency, a phenomenon referred to as ñsquintò. Squint results 
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in temporarily distorted pulses, loss of gain, as well as spatial and temporal 

resolutions, rendering phased arrays unsuitable for many applications [41].  

By replacing the phase delays with true time delays, squint can be eliminated. 

True time delays have been implemented using the Rotman lens, which uses RF 

guided waves in a special structure to produce the delays [42]. However, the Rotman 

lens is disadvantaged by the smaller volume and lower weight requirements of true 

time delays. RoF offers an alternative solution in the form of optical components that 

can provide lightweight delay modules. Optical true time delays have been 

demonstrated using optical path switching [43], [44], and dispersive components that 

provide different delays at different optical wavelengths [45], [46]. 

 

2.3.5.3 Enhancement of cable television network s  

CATV networks are usually laid out over large geographical areas, and are 

designed for downstream broadcasting of a combination of digital and analogue 

channels which are frequency division multiplexed in a carrier frequency grid 

extending up to 1 GHz [25]. Coaxial cables are used to carry the CATV signals into 

subscribersô residences. In traditional CATV networks, trunk amplifiers were usually 

required every 600 m, with around 30 amplifiers in cascade. Consequently, the 

CATV signals suffered degradation from the thermal noise as well as the non-linear 

intermodulation distortion of the amplifiers. 

The RoF concept has been applied to the enhancements of CATV networks 

through the so-called hybrid fibre coaxial (HFC) network. In the feeder network in 

HFC systems, optical fibre is used as the trunk lines that carry the CATV signals 

from the central office to the local neighbourhoods. In comparison with coaxial 

cable, the use of optical fibre ensures greater downstream bandwidth and extra 
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capacity for future expansion. The relatively low loss of optical fibre also means 

trunk amplifiers are eliminated.  

At the central office in an HFC network, the CATV signals are remodulated 

into specific frequency grids, modulated on a light beam and sent through fibre to 

distribution centres. If a laser diode with low RIN or linearised external modulator is 

used at the central office, the signals can be transmitted without much loss of quality. 

The distribution centres serve around 2000 homes. From the distribution centres, 

optical fibre is run to several fibre nodes, with each fibre node serving about 500 

homes.  

At each fibre node, opto-electronic conversion takes place, and the electrical 

signal is carried in a tree and branch coaxial distribution network to various 

subscriber residences as shown in Figure 2.14. Nowadays, HFC networks carry not 

only CATV signals but also voice and data signals as well. 

 

 

Figure 2.14. Hybrid fibre coaxial network architecture. CATV: Cable television. SSMF: Standard single-

mode fibre. SDH: Synchronous digital hierarchy. DC: Distribution centre. FN: Fibre node. PD: 

Photodetector. EA: Electrical amplifier. 
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2.4  OFDM review 

In RoF systems, system designers have to deal with the inherent linear 

distortions that exist in the fibre link (in the form of chromatic dispersion and PMD) 

as well as in the wireless link (in the form of multipath fading). Despite optical fibre 

being historically thought to be a virtually inexhaustible resource and with 

transmission rates being low enough to render linear distortion effects negligible 

[16], this is not the norm in the context of next-generation optical access. This is 

because as stated in section 2.2, there has been an explosion of demand of 

subscribers for bandwidth-intensive applications that require multi-Gbit/s data rates 

to support them. As data rates increase, both chromatic dispersion increases 

quadratically with the data rate while PMD increases linearly with the data rate [5].  

In addition, recent research has shown that the optical fibre channel itself imposes 

some fundamental capacity limits [47]. 

Considering all these, OFDM, a modulation format advantaged by its spectral 

efficiency, robustness against delay, and ease of channel and phase estimation, made 

the transition into the optical communications world where it was applied for long-

haul fibre transmission at high data rates of up to 100 Gbit/s [48]-[50] and is now 

being used for optical access applications.  

In this section, a review of general OFDM principles is provided to appreciate 

the motivation behind applying OFDM techniques in optical communication 

systems. 

 

2.4.1 Single-carrier and multi -carrier modulation systems  

There are two modulation techniques that are employed in modern 

communication systems. These are single-carrier modulation and multi-carrier 
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modulation. In single-carrier modulation, the information is modulated onto one 

carrier by varying the amplitude, frequency or the phase of the carrier. For digital 

systems, this information is in the form of bits or symbols (collection of bits). The 

signalling interval for a single-carrier modulation system equals the symbol duration 

and the entire bandwidth is occupied by the modulated carrier. As data rates increase, 

the symbol duration  Ὕ  becomes smaller. If  Ὕ is smaller than the channel delay 

spread  Ű, there will be significant ISI due to the memory of the dispersive channel 

[51] and an error floor quickly develops. Consequently, the system becomes more 

susceptible to loss of information from adverse conditions such as frequency 

selective fading due to multipath, interference from other sources, and impulse noise.  

On the other hand, in multi-carrier modulation systems such as frequency 

division multiplexing (FDM) systems, the modulated carrier occupies only a fraction 

of the total bandwidth. In such systems, the transmitted information at a high data 

rate is divided into ὔ  lower-rate parallel streams, each of these streams 

simultaneously modulating a different subcarrier. If the total data rate is  Ὑ , each 

parallel stream would have a data rate equal to 
 Ὑ
ὔ. This implies that the symbol 

duration of each parallel stream is ὔ   Ὕȟ  ὔ times longer than that the serial 

symbol duration; and much greater than the channel delay spread Ű. These systems 

are thus tolerant to ISI and are increasingly being employed in modern 

communication systems where high data rates are used and saving of limited 

spectrum is of utmost importance. 

As an illustration on the serial-to-parallel conversion process that occurs in 

multi-carrier modulation systems, let us assume we have four subcarriers labelled 

ὅ  ÔÏ  ὅȟ and our input bit stream is ρ π ρ ρ π π π ρ. Using BPSK modulation for 

example to map the bits to symbols, we represent bit 1 with 1, and bit 0 with -1.  
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Thus, our BPSK symbols are: ρ ρ    ρ    ρ  ρ  ρ ρ   ρ . The serial-to-

parallel converter converts the serial bit stream into parallel streams and assigns the 

data to the four subcarrier channels as shown in Figure 2.15. 

Figure 2.16 shows a conventional FDM transmitter incorporating a serial-to-

parallel converter. As can be seen from the figure, to maintain the data rate of 
  Ὑ
ὔ 

for each parallel stream, the parallel symbol duration is N times as long as that of the 

serial symbol duration Ὕ. The summation of these parallel information symbols will 

form one FDM symbol.  

 

 

 

Figure 2.15. Serial-to-parallel conversion in FDM systems. 

 

 

 

 

Figure 2.16. FDM transmitter.  
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In order to prevent one subcarrierôs spectrum from interfering with another, 

and to ensure accurate individual demodulation of subcarriers using filters, FDM 

systems require guard bands between the modulated subcarriers, as shown in Figure 

2.17 (b). The use of these guard bands results in poor spectral efficiency [52]. OFDM 

is a special case of FDM which makes use of orthogonal subcarriers. The OFDM 

signal in the frequency domain is shown in Figure 2.17 (c).  

As we can see from Figure 2.17 (c), in OFDM, the spectra of the subcarriers 

overlap, resulting in saving of bandwidth. The spectrum of each subcarrier is sinc-

shaped and the peak of each subcarrier corresponds to the zero-crossings of the other 

subcarriers. As long as the orthogonality between the subcarriers is maintained, there 

is no ICI because the energy from one subcarrier does not contribute to the energy of 

the adjacent subcarriers [52]. 

 

 

 

Figure 2.17. Single-carrier and multi -carrier modulation: (a) Single-carrier technique, (b) Conventional 

multicarrier technique (FDM), and (c) OFDM multicarrier modulation technique [ 52]. 
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2.4.2 OFDM principles  

The principles of OFDM have been around for several years, being 

introduced by Chang in a seminal paper as far back as 1966 [53]. The fundamental 

concept of OFDM is the orthogonality of the subcarriers. A set of subcarriers, given 

by ί ὸ Ὡ  where ὲ ρȟỄȟ  and π ὸ Ὕ are said to be 

orthogonal in the time domain if the following equation holds: 

ộί ὸȟίὸỚ ί ὸίᶻὸὨὸ 

                         Ὡ Ὠὸ 

                         Ὡ Ў Ὠὸ 

                                                          Ὕȟ                                                         ςȢσφ 

where ȟ is the Kronecker delta symbol defined by: 

ȟ                                                             

ρȟÉÆ Ὧ ὰ

πȟÉÆ Ὧ ὰ
                                                 ςȢσχ 

 In order for the orthogonality to exist between the subcarriers, the following 

conditions are necessary: 

¶ The frequency of each subcarrier must be chosen such that each subcarrier has an 

integer number of cycles within the OFDM symbol duration. 

¶ The difference in the number of cycles per OFDM symbol for adjacent 

subcarriers must be one. 

For these two conditions to be met, the frequency separation between 

adjacent subcarriers has to be the inverse of the OFDM symbol duration Ὕ . 

Figure 2.18 shows three time-domain subcarriers within an OFDM symbol, 

clearly showing that the conditions for orthogonality are met.  
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Figure 2.18. Three time-domain subcarriers within an OFDM symbol of duration ╣  

 

As we can see, all subcarriers (shown here to have the same amplitude and 

phase) have an integer number of cycles within the OFDM symbol period  Ὕ. 

 

2.4.3 Mathematical representation of an OFDM signal  

The complex envelope of an OFDM signal, ignoring the cyclic prefix, can be 

represented mathematically as: 

                                ίὸ  ὥȟὫ ὸ ὯὝ                                       ςȢσψ

Ŝ

 Ŝ

 

                              Ὣ ὸ
ρ

ЍὝ
Ὡ ȟὸɴ πȟὝ                                                           ςȢσω 

where ὥȟ  is the complex symbol transmitted on the  ὲὸὬ  OFDM subcarrier 

at the ὯὸὬ  signalling interval, Ὣ ὸ ὯὝ is the complex subcarrier, Ὕ is the OFDM 

symbol period, and  ὔ   is the total number of OFDM subcarriers.  
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2.4.4 OFDM system implementations  

An OFDM system can be implemented both in continuous time and discrete 

time. The continuous-time implementation of OFDM makes use of a bank of 

oscillators, one oscillator for each subcarrier. At the transmitter, the incoming 

information stream is mapped into symbols depending on the modulation format 

used (n-PSK or n-QAM) and then fed into a serial-to-parallel conversion block. Each 

parallel stream at the output of the serial-to-parallel conversion block is used to 

modulate the corresponding subcarrier simply by multiplication with that particular 

subcarrier. As stated in section 2.4.2, the frequencies of adjacent subcarriers must 

differ by  ρὝ  to maintain orthogonality. At the receiver, the received signal is 

correlated by the same subcarriers to give the original transmitted symbols. The 

spectrum of a BPSK-modulated OFDM signal comprising 8 subcarriers is simulated 

in MATLAB in Figure 2.19 using the continuous-time implementation shown in 

Figure 2.20. 

As we can see in Figure 2.19, the spectra of the subcarriers are sinc-shaped 

and overlap, where the sinc function is defined as: 

                                                   ίὭὲὧὼ
ίὭὲ“ὼ

“ὼ
                                                       ςȢτπ 

For the MATLAB simulation, the incoming symbols have a symbol duration 

of 2.5 ms. This implies that the OFDM symbol duration, as illustrated in Figure 2.16 

will be Ὕ ψ ςȢυ άί πȢπς ίȢ Consequently, the frequency spacing between the 

subcarriers is ρὝ υπ Ὄᾀ, as we can clearly see in Figure 2.19. At the peak of each 

subcarriers spectrum, the spectra of the other subcarriers are zero, hence the 

subcarriers are orthogonal. 
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Figure 2.19. OFDM overlapping spectrum for 8 subcarriers. 

 

 

Figure 2.20. Oscillator-based OFDM implementation. 
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To ensure that the transmission channel affects each subcarrier as a flat 

channel, OFDM requires a large number of subcarriers [3]. This implies that for this 

implementation, a large number of oscillators would be required at the transmitter 

and receiver, giving rise to a considerably complex, cost-ineffective and 

consequently, impractical architecture. 

For each OFDM symbol, the ὲὸὬ recovered complex symbol, ὥȟ at the ὯὸὬ 

signalling interval is given by: 

                                     ὥȟ

 
ρ

ЍὝ
ὶὸɇὫᶻὸ ὯὝὨὸ                                        ςȢτρ 

where ὶὸ is the received OFDM signal, the superscript ͼz ͼ carries out the 

complex conjugation operation, and all other terms are as defined in section 2.4.3. 

Equation (2.41) shows that each complex symbol is recovered by multiplying the 

OFDM symbol by the complex conjugate of the particular subcarrier and integrating 

over the signalling interval. 

On the other hand, the discrete-time OFDM implementation extends the ideas 

introduced by the continuous-time model into the digital domain by making use of 

the Discrete Fourier Transform (DFT) and the Inverse Discrete Fourier Transform 

(IDFT). The concept of using the IDFT and DFT to carry out OFDM modulation and 

demodulation was first proposed by Weinsten and Ebert in 1971 [54].  

The DFT is defined on the N-long complex sequence ὼ ὼȟπ Ὦ ὔ  as 

[55]:  

                              Ὂ ὼ  
ρ

Ѝὔ
ὼὩ         π Ὧ ὔ                                ςȢτς 
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The IDFT is defined as: 

                        Ὂ ὼ  
ρ

Ѝὔ
ὼὩ               π Ὧ ὔ                               ςȢτσ 

Thus, it can be said that the discrete value of the transmitted OFDM signal, 

 ÓÔ is merely a simple .-point IDFT of the information symbolȟØ. In reality, due 

to the large number of complex multiplications involved in computing the DFT and 

the IDFT, OFDM modulation and demodulation are accomplished more efficiently 

with the Inverse Fast Fourier Transform (IFFT) and the FFT. By using the IFFT and 

FFT, the number of complex multiplications is reduced from .  to ɇÌÏÇ.  

using a radix-2 algorithm and from .  to ɇ.ɇÌÏÇ. ς using a radix-4 

algorithm [52]. 

Compared to the oscillator-based OFDM implementation, the discrete-time 

implementation is less complex because a large number of orthogonal subcarriers can 

be easily modulated and demodulated by using the IFFT and FFT without having to 

resort to having a huge bank of oscillators. The discrete-time OFDM architecture is 

shown in Figure 2.21. 

At the transmitter, the incoming serial bit stream at a high data rate, after 

coding and interleaving, is converted into several low-rate parallel streams, each 

mapped onto corresponding information symbols for the subcarriers within one 

OFDM symbol. The DFT-based OFDM system treats the information symbols as if 

they were in the frequency domain. These symbols, denoted as ὢȟὢȟȣȟὢ  in 

Figure 2.21 are used as the inputs to an IFFT block which converts them to the time 

domain samples ὼȟὼȟȣȟὼ . A cyclic prefix, obtained by copying a number of 

samples from the end of each time-domain OFDM symbol, is appended to the start of 

that OFDM symbol. 
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Figure 2.21. DFT-based OFDM implementation. IFFT: Inverse Fast Fourier Transform. DAC: Digital -to-

analogue converter. ADC: Analogue-to-digital converter. FFT: Fast Fourier Transform.  

 

Although this process introduces some amount of redundancy, it is through 

the use of the cyclic prefix that OFDM is resilient not only to ISI but also ICI that 

arises from multipath in time-dispersive environments. This is because provided the 

length of the multipath delay is less than the length of the cyclic prefix, the cyclic 

prefix ensures that the attenuated and delayed copies of the OFDM symbol due to 

multipath still have an integer number of cycles within the OFDM period. If phase 

transitions of any of the delayed paths do occur, they occur within the cyclic prefix 

interval [52]. Also, it is because of this cyclic prefix that OFDM equalisation can be 

easily carried out in the receiver using a one-tap equaliser.  

If an ordinary guard interval with a length greater than the length of the 

multipath delay were to be used, the sum of the multipath replicas would not yield a 
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continuous wave. There will no longer be an integer number of cycles within the FFT 

interval, resulting in loss of orthogonality between the subcarriers, and ICI at the 

receiver. However, the use of the cyclic prefix ensures that the OFDM signal and its 

replicas are all continuous. Consequently, the sequence of received samples in one 

OFDM symbol is equivalent to one period of a cyclic convolution between the 

transmitted OFDM symbol and the samples of the channel impulse response. In the 

frequency domain, this corresponds to the multiplication of a particular subcarrier by 

its corresponding sample of the channel frequency response. This allows a one-tap 

equaliser to be used on that particular subcarrier to correct for any amplitude or 

phase distortions introduced by the channel. Figure 2.22 illustrates the cyclic prefix 

insertion process. 

It should be noted that the use of the cyclic prefix reduces the bandwidth 

efficiency of OFDM transmissions by the factor    [51], where Ὕ is the cyclic 

prefix duration. This is because some of the bandwidth is used for the guard interval 

without carrying information. Also, the use of the cyclic prefix results in a reduction 

of the SNR since the cyclic prefix samples are discarded at the receiver. After cyclic 

prefix insertion, the discrete time-domain baseband signal is passed through a DAC 

which converts the discrete signal into an analogue signal in readiness for up-

conversion and subsequent transmission over the analogue channel.  
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Figure 2.22. Cyclic prefix insertion. T: Active OFDM symbol duration. Tg: Cyclic prefix duration.  

Ideally, this digital-to-analogue conversion should convolve each OFDM 

time-domain sample with a sinc function. When the DAC samples the time-domain 

OFDM signal at a sampling rate of Ὢ, aliases at multiples of the sampling rate are 

produced. If all the subcarriers are modulated (i.e. all the inputs to the IFFT are used 

to carry data), these aliases would be located right next to the main OFDM signal, 

meaning it would be very difficult to use any practical filter to separate them.  

This problem is circumvented by oversampling using zero padding. Here, 

zero-valued subcarriers are placed at specific positions (around the Nyquist term) in 

the IFFT input sequence. Consequently, the aliases are shifted away from the main 

OFDM signal, thus simplifying the analogue filtering requirements at the transmitter. 

 As we can see in Figure 2.23, with oversampling, the zeros are mapped onto 

frequencies around the Nyquist term which is located at the centre of the IFFT. These 

frequencies correspond to the lowest negative and the highest positive frequencies of 

the signal. 

 

 

 

Figure 2.23. Oversampling for shifting the aliases from the OFDM signal, thereby simplifying filtering .  
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Consequently, the zero-carrying subcarriers become guard bands at either 

side of the main OFDM signal, with the resultant effect that the spectral replicas are 

much further apart from the main OFDM signal than in the case of no oversampling. 

Thus, a reconstruction filter to filter off the aliases is much easier to design.  

After the DAC, the baseband analogue OFDM signal is then up-converted to 

an RF passband using an electrical IQ mixer. With reference to Figure 2.21, the up-

converted passband signal ίὸ is: 

                                    ίὸ ὙὩὼὸȢÃÏÓς“Ὢὸ ὍάὼὸȢÓÉÎς“Ὢὸ        ςȢττ 

                                    ίὸ ὙὩὼὸȢὩ                                                              ςȢτυ 

where ὙὩὼὸ  and Ὅάὼὸ  denote the real and imaginary parts of the baseband 

signal ὼὸ respectively, and Ὢ is the passband carrier frequency. From (2.45), it can 

be seen that the up-conversion process converts the complex-valued baseband 

OFDM signal to a real-valued signal. 

At the receiver, the received OFDM signal is fed into a symbol 

synchronisation block whose function is to determine the precise moment where the 

OFDM symbol starts and ends in the received frame. The continuous-time OFDM 

signal is then down-converted back to baseband and passed to an ADC for 

conversion to the digital domain. The cyclic prefix samples are then discarded before 

the discrete-time samples, ώȟώȟȣȟώ  are passed to the FFT block for 

demodulation. Equalisation follows next before de-interleaving, demapping and 

decoding to recover the data.  
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2.4.5 OFDM disadvantages 

Despite its numerous advantages, OFDM has a number of disadvantages. Out 

of the various disadvantages, we will consider its high Peak-to-Average Power Ratio 

(PAPR) and its sensitivity to phase noise because of the significant challenges these 

disadvantages present for optical fibre communications 

 

2.4.5.1 Peak-to-average power ratio of OFDM signals 

Since OFDM has a multicarrier nature, the various subcarriers that make up 

the OFDM signal combine constructively. Consequently, since we are summing 

several sinusoids, the OFDM signal in the time domain has a high PAPR. Because of 

this high PAPR, any transmitter nonlinearities would translate into out-of-band 

power and in-band distortion. Despite the OFDM signal having relatively 

infrequently occurring high peaks, these peaks can still cause sufficient out-of-band 

power when there is saturation of the output power amplifier or when there is even 

the slightest amplifier non-linearity [56]. The PAPR is defined as: 

                                ὖὃὖὙ 
άὥὼȿίὸȿ

Ὁȿίὸȿ
ȟ       ὸɴ  πȟὝ                                        ςȢτφ 

where ὉȢ denotes the expectation operator. 

In optical communications, EDFAs are employed. These amplifiers are 

characterised by a slow response time, making them linear regardless of the input 

signal power. Nevertheless, the high PAPR of OFDM is still a challenge because of 

the non-linearity of the external modulator, the ADC and the optical fibre [3]. When 

the OFDM signal is transmitted over fibre, the Kerr effect gives rise to four-wave 

mixing (FWM) distortion products. The strength of these FWM products depends on 

the signalôs PAPR [57]. Techniques such as signal clipping, Selected Mapping and 




