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Abstract

Step-index plastic optical fibres (SI-POF) have become a promising candidate as the media for
short-range in-home and automotive networks due to their low cost and their ease of installation.
However, they have the smallest bandwidth compared to the other optical fibres. Therefore,
high-speed communication over SI-POF results in inter-symbol interference (ISI) that linearly
distorts the signal. Moreover, there are non-linearities from the optical front-end that further
degrade the SI-POF performance.

A straightforward solution is to use non-linear equalisers (NLE) with the SI-POF system as
they compensate for the non-linear distortions while mitigating the channel ISI. Three NLEs
– transversal decision feedback equaliser (DFE), Volterra equaliser/DFE, and the multi-layer
perceptron-based equaliser/DFE (MLPDFE) – have been introduced in the literature. High-
order modulation formats – like pulse amplitude modulation (PAM), carrier-less amplitude and
phase modulation (CAP), and discrete multi-tone (DMT) – can be used in combination with the
NLE to overcome the bandwidth limitation further. Thus, the thesis deals with the performance
of these NLEs for PAM, CAP, and DMT transmission in order to achieve high data rates (from
several hundreds of megabits-per-second (Mbps) to gigabits-per-second (Gbps)) in SI-POF.

The contributions of this research work are in threefold: firstly, a simulation model is used to
evaluate and compare the performance of the NLEs for PAM and CAP schemes. The study
shows that for a highly non-linear SI-POF with higher PAM (or CAP) modulation order, the
MLPDFE offers higher data rates than the Volterra DFE followed by the transversal DFE. This
simulation study is further verified with various experiments. For instance, the MLPDFE offers
an error-free bit rate of about 6.2 Gbps over a 30 m SI-POF while the transversal DFE offers
about 5 Gbps at similar SI-POF length. A computational complexity comparison of each NLE
shows that the transversal DFE requires the least computing requirement, and the VOLT2DFE
has higher computational order than the MLPDFE.

Secondly, the work investigates a recently introduced frequency domain NLE (FD-NLE) for
DMT transmission over SI-POF. It explores the performance of the FD-NLE for DMT with
clipping distortion in a highly non-linear SI-POF system. The FD-NLE is shown in this case as
the better choice than the conventional frequency domain equaliser. With insight from the FD-
NLE for DMT, both Volterra and the MLP equalisers are translated to the frequency domain for
PAM and CAP transmission over SI-POF. A computational complexity analysis shows that im-
plementing the NLEs (with PAM and CAP) in the frequency domain reduces their complexity
by at least 60% if there are more than 16 feedforward taps for the equaliser.

Finally, extensive experiments are carried out to evaluate and compare the bit error rate (BER)
performances and the computational complexity of the modulation schemes with their respec-
tive NLEs. The comparisons show that for a short-length SI-POF of up to 30 m, representing
benign channel conditions, bit-loaded DMT with FD-NLE offers the best performance requir-
ing the least complexity and the least transmitted electrical power. However, at longer lengths,
PAM with MLPDFE gives the best performance. CAP with the MLPDFE demands the highest
computational complexity and the transmitted electrical power.
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Chapter 1
Introduction

With the growing penetration of smart devices, the emergence of ”Internet of Things” (IoT), and

the increasing usage of data-hungry applications (e.g. video streaming and cloud computing),

the fixed/non-mobile internet traffic has been predicted to triple approximately within five years.

Cisco has reported the global monthly fixed internet traffic to be 110.8 exabytes (EB) in 2017

and has foreseen this to exceed 318 EB in 2022 [1]. Analysis from the same report has shown

that about 79% of global internet traffic will come from fixed networks in 2022. The non-

mobile data traffic mostly originates from indoor communication networks like those within

small office/home offices (SOHO), data centres, and factories. Presently, the dominant media

available to the end-users for indoor transmission is either wired (e.g. copper, fibre) or wireless

(e.g. wireless fidelity (Wi-Fi), worldwide interoperability for microwave access (Wi-Max))

[2–4]. Compared to communications with wireless media, the wired ones are more reliable and

stable. They also offer higher communication speeds with better security. Although wireless

communication systems are prefered for their mobility, they are usually backhauled with the

wired media. These benefits of wired communication have increased fixed network traffic and

have, therefore motivated research interest in improving wired access technologies.

For fixed broadband services to be provided to the end-users, there is an intense competition

between various types of wired technologies used in the last mile of the network towards the

users [5]. One of these access technologies is the digital subscriber line (DSL) that employs

twisted-pair copper cables as its medium. The two commonly deployed DSL standards are the

asymmetrical DSL (ADSL) and the very high DSL (VDSL). The earlier offers data rates of

tens of megabits-per-seconds (Mbps) while the latter offers up to 100 Mbps per subscriber [6].

Another copper-based media is the coaxial cable, which is used for video transmission and

offers a bit-rate of about 40 Mbps [7].

Wired communication technologies are commonly applied in SOHO networks as they are used

to backhaul wireless media (e.g. Wi-Fi) and connect non-mobile data devices (e.g. PC, servers,

printers). From now till the next decade, a typical SOHO network will host at least these

following set of services [8–10]:
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• Smart-home: They are mostly offered by IoT technologies, which are small, resource-

constrained devices, like sensors, actuators and controllers. The devices participate in

different automation and monitoring of home applications - like automated billing, smart

lighting, smart energy consumption, surveillance, and healthcare.

• Entertainment: This covers video streaming, gaming and virtual reality (VR) appli-

cations. These services consume far more bandwidth than many other home network

services. For instance, streaming a Netflix high-definition (HD) and an ultra-HD (4K)

content requires roughly 5 Mbps and 25 Mbps, respectively [11]. In comparison, web

browsing does not need more than about 0.05 Mbps.

• Remote-working: This includes multi-room digital video recording (DVR), video con-

ferencing, virtual private networking (VPN) and ”all-in-the-cloud.” Demand for these

services has progressed due to changing behaviours from the coronavirus pandemic [12].

These services have pushed the required home network speed beyond 100 Mbps. By the next

decade, the user demand for data throughput will reach the gigabit-per-seconds (Gbps) range.

Thus, the copper-based DSL solutions would have reached their limits for these services. This

increasing demand has brought about the need for migration of long-haul optical fibre tech-

nologies into short-range fibre systems, giving place to the “fibre-to-the-x” (FTTx) solutions:

where “x” could represent the home (FTTH), the building (FTTB), or the cabinet (FTTC).

The FTTx technologies are passive optical network (PON) standards that use single-mode glass

optical fibre (SM-GOF) as their media for communication. They are usually deployed at 10 km

to 50 km lengths from an optical line termination (OLT) point for the service provider to the

optical network unit (ONU) for the subscribers [13, 14]. The first generation PON standards

(like ethernet PON (E-PON) and Gigabit PON (G-PON)) were deployed at the start of the 21st

century; they offer bit-rates from 1 Gbps to 2.5 Gbps to the ONUs [7,13,14]. With time-division

multiplexing (TDM), these PON standards were migrated to the first next-generation PON (NG-

PON1 like 10 Gigabit ethernet PON (10GE-PON) and X-Gigabit PON (XG-PON)) standards in

2009 [13–15]. The NG-PON1 standard is the most dominant PON standard around the world,

and it presents a bit-rate of 10 Gbps for each subscriber. Wave-division multiplexing (WDM)

was used jointly with TDM to improve the NG-PON1 standards to the second next-generation

PON (NG-PON2) standard, which is also termed the time-and-wave division multiplexing PON

(TWDM-PON) standard [14]. The three classes of PON standards are back-to-back compatible

2



Introduction

with each other. Several experimental works on TWDM-PON have been demonstrated since

2012, presenting high bit-rates of 40 Gbps to 128 Gbps [16–29].

To meet the ever-increasing bandwidth demand, service providers will need to deploy FTTx

access technologies. Consequently, it is expected that FTTH/Building (FTTH/B) will be the

highest provider of fixed broadband technology by the year 2035 [14]. Statistics reported by the

FTTH Council in 2017 indicated that approximately 456 million FTTH/B subscribers world-

wide were already connected by optical fibre and this is projected to rise annually by 14% in

2022 [31]. The vast majority of the subscribers are from the Asia Pacific Region with 374.0 mil-

lion, followed by Europe with 54.7 million, North America with 13.7 million users. Further

analysis made by the same organisation, verified that the widespread deployment of high-speed

connections to the doorstep of the end-user, together with the rising presence of interconnected

devices supporting different types of data (e.g. HD video, mp3, etc.) had shifted the network

bottleneck to the short-range networks inside the home.

Figure 1.1 shows the global ranking of countries with more than 1% penetration rate of FTTH

and FTTB plus Local Access Networks (LANs) for the last quarter of 2018 [30]. The United

Arab Emirates has the highest penetration rate of FTTH/B of 95.7% and the United Kingdom

enters the global ranking for the first time, reaching a modest penetration rate of 1.3%. In a

sense, Fig. 1.1 shows a prospective market for short-range optical fibre systems. According

to the graph, subscribers categorised as FTTB+LAN have access to fibre connections through

LANs using copper cables. Hence, the market opportunity here lies in applying optical fibre for

these connections. LANs can strongly benefit from the fibre’s overall performance, which is

better than its copper-cable counterparts in delivering information at high bit rates. In particular,

optical fibre provides symmetrical access and larger bandwidth. It does not require electricity

to transmit information; therefore, it is immune to electromagnetic interference (EMI) so that it

could be deployed through power supply ducts. On the other hand, it is precisely the intrinsic

roughness of such in-building/in-home installation environments, which makes it challenging

to use the standard and widely spread glass optical fibres (GOFs). Furthermore, deploying

GOFs requires specialised equipment and trained personnel, which implies more expenses and

therefore, a higher cost for Telecom Operators (Telcos).

SOHO networks use conventional media technologies such as Wi-Fi, power line communica-

tion (PLC), solutions with coaxial and unshielded twisted pair (UTP) CAT cables. Each of

these technologies has both its advantages and limitations. Wi-Fi, for instance, is easy to in-
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Figure 1.1: Countries with the highest penetration of FTTH/B as at September 2018 [30]
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stall and configure. However, its future improvements are challenged by an already congested

radio-frequency (RF) spectrum, which makes the allocation of new services difficult. It also

has access issues related to its distribution within or outside a building – which could make

Wi-Fi insecure. Hence, future broadband access networks have to deal with this reality and

consider not only improving current technologies and creating new ones but also try to inte-

grate them properly. In this sense and as an alternative to improve bandwidth limitations due

to in-building cabling, novel systems based on both plastic optical fibre (POF) and multimode

GOF (MM-GOF) have been studied and demonstrated [32]. Even if these fibre cabling solu-

tions were proven feasible, they still need to be deployed by expert personnel, and therefore

the challenge still lies in finding a solution that allows a safe and convenient “do-it-yourself”

installation. Under these circumstances and for these requirements, solutions based on POF are

better than those based on MM-GOF. The most popular and cheapest POF in the market is the

polymethylacrylate step-index POF (PMMA SI-POF) that has its numerical aperture (NA) as

0.5 [33–35]. The SI-POF is also the easiest to handle among all the POFs as it has the largest

diameter (0.98 mm), and it is the most resilient to bending due to its large NA [33, 34].

1.1 POF Applications and Market Availability

The market for POF has undergone constant growth, and many factors indicate that this will not

only go on but may increase as well. This market growth is illustrated from a study from IGI

consulting incorporated, which estimates a constant compound annual growth rate (CAGR) of

∼11% up to the year 2019 [36], as shown in Fig 1.2a. A cost comparison of optical fibres is

shown in Table 1.1, and it illustrates that POF has the least cost compared to the other optical

fibres. The low-cost of POF and its other advantages significantly contributes to its market

growth.

POF SM-GOF MM-GOF

Core Diameter1 [µm] 240 - 2980 3.5 - 9.5 50 - 2000

Minimum Bend Radius1 [mm] 9 - 20 5 - 25 7.5 - 400

Cost Estimate2 [£/m] 0.48 - 2.01 3.94 - 19.40 1.05 - 5.69
1 Values of core diameter and bend radius are obtained from amsTechnologies [37].
2 The costs of the fibres are from Industrial fibre optics [38] and Newport [39].

Table 1.1: Technical and cost comparisons of optical fibres

Furthermore, POFs can be applied to a multitude of substantially different applications - for
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(a)

(b)

Figure 1.2: (a) Worldwide POF Market (b) SI-POF demand for different applications
(adopted from [36])
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example, SOHO, automotive/vehicular, industrial, medical, and military. Figure 1.2b illus-

trates the distribution of the SI-POF market for these applications as of 2015 [36]. The figure

shows that the SI-POF market dominates SOHO, automotive and industrial markets. Digital

signalling, especially in the fields of industrial controls and automotive applications, will be

a future-proof market driver for POFs. But the main driver for POF in these applications is

their use for short-range data links that resist EMI. Some common standards for major POF

applications are summarised in Table 1.2 from works in [34, 40].

Application Standard(s) Bit-rate [Mbps] fibre-length [m]

SOHO Ethernet 100 - 10,000 50 - 200

Automotive
Media oriented systems

transport (MOST)
25 - 150 5 - 70

Industrial
Profibus, Sercos,

InterBus
2 - 1000 10 - 165

Table 1.2: SI-POF applications and their common standards

1.2 POF for fibre-in-the-home

POF systems have been implemented in SOHO networks as part of the fibre-in-the-home

(FITH) concept by companies like Telefónica from Spain and Nitto from Japan [41, 42]. The

first company had conducted POF installation in about 30 homes, while the latter one plans to

carry 8K television signals in Japan for the Tokyo 2020 Olympics through a single POF cable

without compressing the signal. FITH is the term given for the foreseen future broadband in-

home/in-building networks. A network in which the service provider will ensure high bit-rate

transmission service inside the user’s house. Figure 1.3 illustrates the envisioned residential net-

work with POF as the backhaul to various wired and wireless technologies. Explicitly, Fig 1.3

depicts light fidelity (Li-Fi) technology as an access point to the POF-based backbone, as it is a

feasible and better option to Wi-Fi since it uses the optical spectrum that is less congested than

its RF counterpart.
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Figure 1.3: FITH concept with POF as backhaul

1.3 Motivation and Scope

The major disadvantage of SI-POF is that it has the lowest bandwidth among multimode fibres.

For instance, the bandwidth of the PMMA SI-POF is∼45 MHz at 100 m length [34]. However,

it is 10 GHz for an MM-GOF with the same length. The small bandwidth of the SI-POF restricts

the maximum data rate that it can transmit as transmission at higher rates results in inter-symbol

interference (ISI) [34,43]. While ISI causes linear distortions, there are potential non-linearities

inherent in the front-end devices that could further distort the POF system.

There are two methods to solve the SI-POF limited bandwidth problem. The first one is to

use multilevel modulation schemes like M-ary pulse amplitude modulation (PAM-M ) and M-

ary quadrature amplitude modulation (QAM-M ), and multi-carrier modulation techniques like

orthogonal frequency division multiplexing (OFDM). The second method involves using equal-

isation techniques to mitigate the effect of ISI due to the SI-POF limited bandwidth. Equali-

sation requires accurate channel information that is fixed and is known apriori. Nevertheless,

an SI-POF channel information depends on factors like bending, fibre-length, and temperature:

hence, the need for adaptive equalisation.

Adaptive equalisation for SI-POF links is either done before transmission to the light source or
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after reception from the optical receiver. A pre-equaliser does the former while a post-equaliser

does the latter. Both methods are at the expense of the system power budget as the post-

equaliser enhances the noise at the receiver while the pre-equaliser reduces the signal power

before transmission. Post-equalisers has the edge over pre-equalisers as unlike the latter, they

do not require back-to-back communication to obtain the channel information.

The channel distortion due to ISI is usually mitigated with the linear transversal (or FIR-filter

based) equalisers. However, these equalisers are not optimum for a non-linear system. Hence,

two notable solutions have been reported in previous studies to reduce the effect of the non-

linear distortions. One is by applying non-linear pre-distortion techniques, the popular one

being the inverse non-linear polynomial pre-distorter. This method requires knowledge about

the estimated polynomial function that represents the non-linear response of the system. The

inverse of this function is acquired and applied to the input signal before transmission. This

way, the overall response of the system becomes more linear. The pre-distorter can be used

in conjunction with the linear equaliser to mitigate both ISI and non-linearities in the system.

The other solution is by applying non-linear post-equalisation schemes as they are capable

of effectively decreasing the linear and non-linear distortions. A vital advantage of the non-

linear equaliser (NLE) over the pre-distorter is that it can minimise both memory (or frequency-

dependent) and memoryless non-linearities. But the inverse pre-distorter considers only the

memoryless non-linear distortion.

Previous studies have adopted four kinds of NLEs for various communication channels. They

are the decision feedback equaliser (DFE), the Volterra-based equaliser, the artificial neural

network (ANN) based equaliser, and the maximum likelihood sequence estimator (MLSE).

The DFE is similar to the linear transversal equaliser except that it has feedback from its output

to its input. The Volterra equaliser is also identical to the transversal equaliser, but it involves

computing the Volterra inputs before equalisation. These inputs come from the Volterra series,

which is a memory-based Taylor polynomial series [44]. The Volterra equalisers can be used

jointly with the DFE to achieve even better performance. The ANN-based equalisers adopt

some underlying machine learning structures for mitigating ISI as well as the system non-

linearities.

The MLSE offers the best symbol-error-rate (SER) performance of all the NLEs because unlike

the other NLEs, the MLSE tests all possible symbol sequences and chooses the sequence with

the maximum probability as the output. The MLSE does this with the Viterbi algorithm. How-
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ever, it has the highest computational requirement when compared to the other NLEs. While

the computational complexity of the other NLEs is either a linear or a polynomial function of

their tap length, it varies exponentially with the tap length for the MLSE. The high compu-

tational complexity makes the MLSE impractical for most communication channels, mainly

if a high-order modulation scheme is employed. Consequently, the MLSE will not be under

consideration for this thesis.

For SI-POF systems, little has been done to investigate the Volterra and the ANN equaliser.

Hence, the thesis focuses on the investigation and comparison of these NLEs for high-order

modulation schemes in order to achieve high data rates for an SI-POF system. The NLEs under

study are adaptive post-equalisers. Figure 1.4 illustrates the scope of the thesis and highlights

the feasible NLEs with the SI-POF channel.

Figure 1.4: Synopsis of thesis

1.4 Objectives

This thesis aims explicitly to improve the bit-rate performance of SI-POF systems by imple-

menting the NLE schemes discussed in the previous section. The performances of these NLEs

are validated through extensive simulation studies and proof-of-concept experimental demon-

strations.
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Performance criteria such as bit-error-rate (BER), bit-rate (Rb), optical transmit power (Poavg),

and computational complexity are assessed widely for the NLEs. With valid state-of-the-art

methods, the study examines the NLEs for a non-linear SI-POF system to quantify and compare

these criteria; thus selecting the NLE suitable for the SI-POF system. At the end of this study,

we should have an SI-POF link with a bit-rate of at least 500 Mbps using a minimum optical

transmit power of 1 mW (which is the eye-safety/consumer-friendly power level [34]). The

target BER of the link is below 3× 10−3, which is the standard forward error correction (FEC)

limit with ∼7% overhead [43]. The length of the SI-POF link is between 10 m to 60 m. The

target values for these criteria makes the SI-POF system to be applicable for SOHO, automotive

and industrial applications (see Table 1.2).

It is also essential to minimise the power consumption from the optical transmitter, the optical

receiver and the digital signal processor (which contain the modulator/demodulator and NLEs).

For the NLEs, this is achieved by reducing its computational complexity without compromising

the bit-rate and BER performance of the SI-POF link. The use of NLEs reduces the transmitted

power of the SI-POF link, and this would be explored in later chapters.

In order to achieve the goals mentioned above, the specific thesis objectives are as follows:

• Identify and model the channel characteristics of an SI-POF system: This objective con-

siders the standard fibre models used to obtain the frequency response of an SI-POF at

different lengths. An experiment is used to validate the fibre models and explore the

sources of non-linearities in the SI-POF system.

• Implement the NLEs in the time-domain (TD) for single-carrier modulation schemes:

Equalisation is implemented in the TD using tapped delay line or transversal filters. They

are used mostly for single-carrier modulation (SCM) schemes. The NLEs would, there-

fore, be investigated as TD equalisers for SCM schemes like PAM and QAM. Also, the

BER performance and complexity of the NLEs is compared with one another to deter-

mine the optimum NLE for a non-linear SI-POF channel.

• Implement the NLEs in the FD: FD equalisers offers superior BER performance than

TDE for highly dispersive channels [45]. Because it uses the fast Fourier transform (FFT)

algorithm that is very efficient, FD equalisers are computationally less complex than TD

equalisers. For this study therefore, the NLEs will be transformed from the TD to the

FD and they are applied to SCM as well as multi-carrier modultion (MCM) schemes.
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The complexity reduction from this transformation will be analysed extensively. And the

BER performance of the NLEs in FD will be compared with one another.

• Compare the performance of PAM, QAM and OFDM when used with the NLEs: This

comprises choosing the optimum modulation scheme and the optimum NLEs that offer

the best bit-rate performance for a non-linear SI-POF system with minimal computational

complexity and electrical power.

1.5 Contributions and Publications

In this thesis, the standard fibre model was used to estimate the frequency response of the SI-

POF channel. The channel response is then used to evaluate the maximum capacity (or data

rate) of the SI-POF channel for a given fibre length, transmitted optical power, receiver noise

sensitivity, and coupling efficiency. The study also offers the optimum length for the SI-POF

required to maximise the data-rate length product. The simulation results are experimentally

validated. The non-linearities for the SI-POF system are measured at different fibre lengths

with various setups of the modulation amplitudes and bias point of the optical source. Not only

do the results show that the non-linearities increase with the modulation amplitudes, but also

they show an optimal bias point that offers the minimum non-linearity.

An MLP architecture was implemented for the non-linear equalisation of PAM and QAM sig-

nals. An experimentally validated SI-POF model is used to compare the bit error rate (BER)

performances of the MLP based equaliser with those of the transversal DFE and Volterra DFE.

The three equalisers offer comparable BER performance at low-level modulation format when

the non-linearity of the SI-POF system is negligible. However, for a high-level modulation

format, the MLP equaliser presents the best BER performance. The simulation study has led

to the publication of [46, 47]. Offline experiments are also used to compare the equaliser for

an SI-POF channel that applied a high-level modulation scheme. The experimental work has

led to the publication of [48]. Even though SI-POF system non-linearities increase with the

modulation amplitude, it is shown in this study that the MLP equaliser significantly mitigate

the effect of the non-linearities compared to the other equalisers.

The NLEs are converted from TD to FD not only for their reduced complexity but also for

their usage with MCM schemes like OFDM. OFDM has a problem of high crest factor that

can be solved simply by clipping, which induces more non-linear penalty to the system. The
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experimental results obtained suggest that clipping the signal while using the FD based NLE

improves the BER performance of the system compared to when the MCM scheme used the

conventional equaliser. This result holds when the sub-carriers are mapped with low-level

QAM format. The computational complexity for each NLE is analysed and compared with one

another in TD as well as FD. And the results of the analysis give the condition for which the

FD based NLE reduces the complexity of its TD counterpart.

For a highly non-linear SI-POF, the results from the comparison of the modulation formats used

and their respective NLEs suggest that the MCM scheme is optimal for shorter SI-POF lengths

while PAM is for longer SI-POF lengths.

These contributions have resulted in the following publications:

1.5.1 Journal articles

I. N. Osahon, S. Rajbhandari, and W. O. Popoola, “Performance comparison of equalisation

techniques for SI-POF multi-gigabit communication with PAM-M and device non-linearities,”

Journal of Lightwave Technology, vol. 36, no. 11, pp. 2301–2308, 2018.

I. N. Osahon, M. Safari, and W. O. Popoola, “10-Gb/s Transmission Over 10-m SI-POF With

M -PAM and Multilayer Perceptron Equaliser,” IEEE Photonics Technology Letters, vol. 30,

no. 10, pp. 911–914, 2018.

1.5.2 Conferences

I. N. Osahon, E. Pikasis, S. Rajbhandari, and W. O. Popoola, “SI-POF Transmission with CAP

Modulation and Split-Complex MLP Equaliser,” in 2018 IEEE International Conference on

Communications (ICC). IEEE, 2018, pp. 1–6.

I. N. Osahon, C. Ziyan, T. Adiono, and W. O. Popoola, “SI-POF Transmission with OFDM and

Sub-carrier Pairwise Coding,” in 2018 IFIP/IEEE International Conference on Performance

Evaluation and Modeling in Wired and Wireless Networks (PEMWN). IEEE, 2018, pp. 1–5.

I. N. Osahon, E. Pikasis, S. Rajbhandari, and W. O. Popoola, “Hybrid POF/VLC link with M-

PAM and MLP equaliser,” in 2017 IEEE International Conference on Communications (ICC).

IEEE, 2017, pp. 1–6.

13



Introduction

W. O. Popoola, E. Pikasis, and I. Osahon, “Hybrid polymer optical fibre and visible light

communication link for in-home network,” in 2017 26th Wireless and Optical Communication

Conference (WOCC). IEEE, 2017, pp. 1–6.

I. N. Osahon, S. Rajbhandari, and W. O. Popoola, “Multi-layer perceptron as equalisers for

multilevel pulse amplitude modulation scheme in SI-POF,” in International Conference for

Students on Applied Engineering (ICSAE). IEEE, 2016, pp. 318–322.

1.5.3 Posters

I. N. Osahon and W. O. Popoola, “Equalisation Techniques for Plastic Optical Fibre Commu-

nication,” in School of Engineering Research Conference. University of Edinburgh, 2017.

I. N. Osahon, S. Rajbhandari, and W. O. Popoola, “Multi-layer perceptron as equalisers for

multilevel pulse amplitude modulation scheme in SI-POF,” in International Conference for

Students on Applied Engineering (ICSAE). IEEE, 2016.

1.6 Thesis Outline

This chapter has provided the motivation and introduction for high-speed SI-POF communi-

cation with the aid of spectrally efficient modulation techniques and NLEs. The chapter also

highlights the importance of the NLEs for SI-POF. The remainder of this thesis is structured as

follows:

Chapter 2 gives a background on POF communication and non-linear equalisation schemes.

It begins with an overview of the history and the fundamentals of POF communication. It also

looks into the sources of linear and non-linear distortions in a POF system. Additionally, the

essential knowledge of the NLE schemes under this study is reviewed and discussed in more

detail. The chapter then surveys the concept of frequency domain equalisation for single-carrier

modulation schemes (like PAM and QAM). The final section of this chapter gives a review of

the state-of-the-art for high-speed SI-POF transmission with the NLEs considered in the thesis.

Chapter 3 extends chapter 2 by describing the SI-POF transmission via intensity-modulation

and direct-detection (IM/DD). The modulation schemes suitable for IM/DD transmission are

reviewed. In the second section of this chapter, a description of the IM/DD model for an SI-
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POF channel is presented. From this section, the Butterworth model [49, 50] , the Gaussian

estimation model [33, 51] and the time-dependent power flow equation [52–55] are used to

evaluate the frequency response of the SI-POF channel. The capacities from these models are

analysed and compared for varying SI-POF lengths. The third section describes two IM/DD

experimental setups that would be used to demonstrate the performance of the NLEs throughout

the thesis. The first one involves a red laser diode (LD) as the transmitter, while the second

one includes a red resonant cavity light-emitting diode (RC-LED). The non-linearities of these

setups are then measured and evaluated in the last section.

Chapter 4 evaluates and compares the performance of the NLEs in the time-domain for PAM

and CAP transmission over SI-POF. It starts this evaluation with the IM/DD model discussed

in chapter 3, and the model considers the device non-linearities. The experimental setups ad-

dressed previously are also used to assess the performance of the NLEs. The NLEs are then

compared based on their computational complexities to account for their power consumption

and practical system implementations.

Chapter 5 presents the implementation of a recently developed FD based NLE (FD-NLE) for

DMT transmission over SI-POF. The FD-NLE is an FD representation of the Volterra equaliser

[56]. The chapter also assesses and compares the performance of the FD-NLE to that of the

conventional frequency-domain equaliser. The comparison is considered in a non-linear SI-

POF system for DMT transmission both with and without clipping. In addition, the chapter

demonstrates a conversion of the Volterra and the MLP equalisers from the TD to the FD for

single-carrier (PAM and QAM) transmission over SI-POF. The computational complexity of

the equalisers is evaluated and compared for both TD and FD.

Chapter 6 presents an experimental investigation and comparison of the modulation formats

(PAM, CAP and DMT) using the NLEs for high-speed SI-POF communication. The compar-

isons of the modulation schemes are based on their bit-rate performance, their computational

complexities and the average electrical power of their transmitted signal.

Chapter 7 highlights the main findings and limitations of the research work. Recommendations

for further research are identified here.
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1.7 Summary

The rapid growth in indoor data traffic requires the need for short-range optical fibre technolo-

gies. The SI-POF system is among these technologies and has been envisioned as the candidate

media for FITH. A deep understanding of the underlying issues with SI-POF communication

has been discussed. Despite the notable research efforts and commercial standards employed

for SI-POF communications, the question of using NLE such as the Volterra and the ANN

equaliser remains open. The current work provides a further understanding of these NLE tech-

niques for high-speed transmission over the SI-POF. It also proposes their feasibility to improve

the system implementation at the physical layer significantly.
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Chapter 2
Background and Literature Review

This chapter covers the background concepts of the SI-POF system and the NLE schemes

that are considered in this thesis. Regarding these concepts, a review of the state-of-the-art

from recent literature is presented to lay a solid background for the techniques that are later

developed in the thesis. The chapter also comments on the history of POF communication,

working principles of the optical sources and receivers, the sources of distortion for a high-

speed SI-POF system, and the notion behind FD based equalisation.

2.1 Historical development of POF communication

POFs were initially manufactured with polymethacrylate (PMMA) polymers in the early 1960s

by Pilot Chemical of Boston [33,57]. They later underwent significant developments by DuPont

in the late sixties. Due to the incomplete purification of the source materials used, the fibre

attenuation was still about 1 dB/m before DuPont decided to handover the POF business to

Mitsubishi Rayon. During the seventies, Mitsubishi Rayon was able to reduce the attenuation

nearly to the theoretical limit of approximately 0.125 dB/m at a wavelength of 650 nm [33,

57]. The fibre was an SI-POF with a bandwidth of 50 MHz over 100 m. Then, glass fibres

with losses significantly below 1 dB/km at 1,300 nm and 550 nm were already available in

large volumes and at low prices. These fibres were exclusively used for long-range digital

transmission systems that require high bit-rates. Copper cables were the dominant media in

local computer networks because they were entirely adequate for the typical data rates of up to

10 Mbps usually accepted then. There was hardly any demand for an optical medium for short

distances so that the development of POF was slowed down for many years. A pointer to this is

the fact that at the beginning of the nineties the company Hochst stopped manufacturing plastic

fibres altogether.

During the nineties, after data communication for long-haul transmission had become com-

pletely digitalized, the advancement of digital systems for individual users commenced on a
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massive scale. This development increased the demand for short-range media that support

higher transmission speeds of at least 100 Mbps. POFs were able to meet this requirement

to an optimum degree and were thus becoming of increasing interest. Consequently, the first

annual international conference for polymer fibres and applications took place in 1992. The

conference presented the most significant scientific event in this specialized field, one of which

was by Prof. Koike and his colleagues at Keio University. Their work involved the manu-

facture of a graded-index POFs (GI-POFs) using PMMA material. The POF has a bandwidth

of 3 GHz.km with an attenuation of about 0.15 dB/m at 650 nm wavelength [58, 59]. The

progress by Koike solved the bandwidth problem of the PMMA SI-POFs, but attenuation was

still high. The next significant development was a perfluorinated GI-POF (PF-GI-POF), which

was also developed by Prof. Koike and his partners at Keio University in 1995. This POF has

an attenuation of less than 0.05 dB/m over a range of 650–1300 nm wavelength [60]. With the

lesser attenuation and higher bandwidth of the PF-GI-POF, Bell Laboratories reported in the

year 1999 that they had achieved 11 Gbps transmission over 100 m [61].

At the start of the 21st century, a research group from Australia led by Van Eijkelenborg re-

ported the development of a microstructured POF (m-POF) [62]. This POF is similar to ”holey”

or ”bandgap” glass fibres and gives higher bandwidths than GI-POF. However, the attenuation

of the first m-POF was 30 dB/m as of 2001. Since then, there has been much interest in the

fabrication processes that reduce their attenuation. The best m-POFs today have an attenuation

of about 0.2 dB/m at a wavelength of 650 nm for fibre lengths below 20 m [63]. Thus, they have

a competitive advantage over the other POFs in short-distance/ high-bandwidth applications.

Since 2002, Asahi Glass has been manufacturing PF-GI-POF to use them for in-building net-

works in Japan. The PF-GI-POF cable was not available until it was introduced commercially

in 2005 by Chromis Optical Fibre. Chromis Optical Fibre, which was once a spin-off of Op-

tical Fibre Solutions (OFS) and Bell Laboratories, licensed the manufacture of the GI-POF

from Asahi. Chromis developed a continuous extrusion process for the manufacture of GI-POF

compared to the batch process developed by Asahi. The Chromis fibre process produces higher-

quality fibres at a lower cost. Fuji Photo Film announced the first commercially available data

link using a GI-POF in 2005 [64]. The link was a 30 m digital-visual-interface (DVI) operating

at 1 Gbps using a 780 nm laser diode (LD). The link used a PMMA GI-POF developed by Fuji

Photo under license from Keio University. In early 2005 PMMA GI-POF became commercially

available from the Optimedia Company of Korea.
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From the year 2010 till date, two standardization bodies have been developing gigabit commu-

nication standards for SI-POF aimed towards home networking applications. The first is a giga-

bit Ethernet standard over POF (GEPOF) that was initiated by VDE (verband der elektrotech-

nik elektronik informationstechnik) [65, 66]. It was expected to be released at the beginning

of 2012 but was withdrawn and handed over to an IEEE (institute of electrical and electronics

engineers) task force. The task force has been meeting since then until the publication on 2017

of the IEEE802.3bv standard [67]. The IEEE 802.3bv (also termed 1000BASE-RH) defines an

error-free (BER < 10−12) 1 Gbps full-duplex transmission over a 50 m SI-POF using a red

resonant cavity LED (RC-LED) [65–67].

2.2 Features of POF Communication

POF communication links, as optical systems, essentially consist of three components: trans-

mitter, receiver and the optical fibre. The transmitter converts an electrical sequence of signals

into an optical one and inputs it into the optical fibre. The optical signal in the fibre is then for-

warded into the receiver. Here, the signal is converted back into an electric signal that is then

available for further processing. The widely accepted optical fibre is a solid dielectric cylinder,

known as the core of the fibre. The core is an optical waveguide that has a refractive index nco.

And it is surrounded by another solid dielectric called cladding, whose refractive index ncl is

less than that of the core. The cladding reduces losses due to the optical signals that escape the

core and it adds mechanical strength to the fibre [68].

2.2.1 Step-index and graded-index POF

POFs are multi-mode fibre optic cables as they have a large diameter core (> 500 µm), which

allows the propagation of several modes (or “streams”) of light [33, 34]. One class of these

POFs has its core with a constant refractive index. From Fig. 2.1, the refractive index profile

for these POFs looks like a pulse or step, and thus this kind of fibre is called the step-index

POF (SI-POF). In the SI-POF, some light rays may travel a direct route, while the others zigzag

as they bounce off the cladding. These alternate paths cause the different groups of light rays

to arrive separately at the receiving point. The pulse that generates the light rays broadens as

a result and loses its well-defined shape. This phenomenon causes dispersion in the SI-POF.

Minimal dispersion is favourable for high-speed communication as the effect of dispersion
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increases at higher data rates.

Figure 2.1: Ray path and refractive index profile for SI-POF and GI-POF adopted from [57]

The standard SI-POFs are manufactured with PMMA, whose attenuation profile is depicted

in Fig. 2.2a. The PMMA material has several attenuation windows that enable it to be used

with different visible light sources that go from the blue to red wavelength. The SI-POF has

the lowest attenuation of ∼50 dB/km the fibre is at the 520 nm (green) wavelength, while its

highest attenuation is ∼150 dB/km at the 650 nm (green) wavelength [57, 69]. This type of

fibre is best suited for transmission over distances shorter than 100 m at data rates less than

100 Mbps.

(a) (b)

Figure 2.2: Attenuation as a function of optical wavelength for: (a) PMMA SI-POF (b) PF-
GI-POF (adopted from [57])

Graded-index POF (GI-POF) contains a core, whose refractive index diminishes gradually from

the centre axis out toward the cladding, as illustrated in Fig. 2.1. The light rays at the centre

with higher refractive index advance at the fibre axis more slowly than those near the cladding.

Due to this graded-index profile, light in the core curves helically rather than zigzag off the

cladding, thus reducing its travel distance. The shortened path and the higher speed allow the

rays at the edge to arrive at the receiver at about the same time as the slow but straight rays in the

core axis. Consequently, the pulse that generates the light rays suffers from smaller dispersion
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with GI-POF compared to that with SI-POF.

Some GI-POFs are made of PMMA, and they have a bandwidth of about 1 GHz at 100 m length.

Another set of GI-POFs that are presently available in the market is based on amorphous fluo-

ropolymers (like CYTOP): this POF is called PF-GI-POF [64]. The attenuation profile of the

PF-GI-POF is presented in Fig. 2.2, and it shows that the POF operates at optical wavelengths

from visible-red (650 nm) to infra-red (1300 nm) region. The minimal attenuation of the PF-

GI-POF is ∼10 dB/km at an optical wavelength of 1100 nm. Hence, this type of fibre is best

suited for gigabit communication at long-range (> 100 m) local-area networks [33].

2.2.2 Optical sources and receivers for POF transmission

The light sources that transmit data through optical fibres include the light-emitting diodes

(LEDs), resonant cavity LEDs (RC-LEDs), laser diodes (LDs) and vertical-cavity surface-

emitting laser diodes (VCSELs). The parameters of these sources are compared in Table 2.1 for

an SI-POF system [33,69]. The simplest and oldest form of a light source for POF transmission

systems is the LED. It emits incoherent light with a relatively broad spectral width (∼30 nm).

The bandwidth and the optical power of the LEDs are the least of all the optical sources used

in SI-POF systems. However, the LEDs are very cheap, and they have the longest life-span

of all the optical sources. Several studies have demonstrated that equalisation can significantly

improve the performance of LED-based SI-POF systems [65, 66, 70–78]. The transversal DFE

and Volterra DFE are the equalisers used with these systems.

In contrast, the LDs have the highest bandwidth and power of all the optical sources. They also

emit coherent light with narrow spectral widths below 2 nm. The LDs have a common feature

known as the threshold current (Ith). The LD emits coherent light with high power when the

input current is above Ith. If the input current is less Ith, the LD radiates incoherent light at

relatively low power. This radiation is termed ”spontaneous emission”, and it happens for an

LED [68,79]. LDs are the most expensive, and they have the shortest life-span of all the optical

sources. The LEDs and LDs for SI-POF systems are manufactured with wavelengths that span

across the visible light spectrum (400 nm - 700 nm) as shown in Table 2.1.

The LED has a very broad beam characteristic with an NA of 0.8, and this is disadvantageous

in terms of coupling to the fibre, as the PMMA SI-POF only has an NA of 0.5. Thus, a direct

coupling between LED and the fibre leads to a power loss due to the LED’s large NA. Therefore,
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Parameters LED LD VCSEL RC-LED
Wavelength(s) [nm] 470, 520, 570, 650 405, 442, 488, 520, 650 660 650

Spectral width [nm] 25-40 2 1 10

Threshold
current [mA]

> 15 2

Average optical
power [mW]

0.2-1 2-20 1 0.2-1

Electrical 3 dB
bandwidth [MHz]

10-50 > 1000 > 1000 70-100

Cost Very cheap
relatively cheap for 650 nm;

LDs with other
wavelengths are expensive

Less
expensive
than LDs

Cheap

Maximum operating
temperature [◦C]

85 50 40 85

Launch NA 0.8 0.15 0.25 0.35

Table 2.1: Comparison of light sources for POF systems [33, 69]

studies have been executed for LEDs to form a narrower beam. A result of these studies was

the resonant-cavity LED (RC-LED). The basic structure of the RC-LED is formed by a thin

quantum well active region sandwiched by two mirrors that form a Fabry-Perot cavity [80]. This

cavity effect produces a smaller launching beam, and the modulation bandwidth is additionally

increased. RC-LEDs are manufactured at visible wavelengths across the red, blue and green

window. But only the red one is commercially available for SI-POF systems because it offers

the highest optical power (of∼1 mW). The blue and green RC-LED offer optical powers below

0.2 mW, and this power constraint makes them impractical for longer (> 30 m) SI-POF links

[81, 82]. Hence they are rarely used in high-speed SI-POF systems.

An alternative to the LD is the VCSEL, as its vertical structure can be produced in a much

cheaper process. Another advantage of the VCSEL is that it requires a smaller threshold current

than that needed from the LD. Thus, the driving current is much smaller, as it can be seen in

Table 2.1. The drawbacks of the VCSEL to the LD are that it has a larger NA, and its centre

wavelength is 665 nm. The first drawback is still an advantage, as it is within the SI-POF

coupling tolerance. But the latter is a significant disadvantage because the spectral attenuation

at 665 nm is ∼225 dB/km, in comparison to 150 dB/km at the optimum wavelength of 650 nm

in the red window (as illustrated in Fig. 2.2a). VCSEL in SI-POF systems is manufactured

presently at visible wavelengths only across the red window.
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The optical receiver converts an optical signal into its electrical form and recovers the data

transmitted through a lightwave system. It comprises of two elements, which are the photode-

tector and the electronic amplifier circuitry. The first component converts the optical into an

electrical signal through the photoelectric effect while the latter magnifies the electrical signal

so that subsequent electronics can process the signal.

The requirements for a photodetector are fast response, low noise, low cost, and high reliability.

The photodetectors are classified as photoconductors, phototransistors and photodiodes: these

are made of semiconductor materials [68]. Among the photodetectors, the photodiode (PD) is

used almost exclusively in fibre optic communication as its size is compatible with the fibre-

core size. Three types of PDs are employed in SI-POF systems, and they are the pin PD

(PIN-PD), the avalanche PD (APD) and the metal-semiconductor-metal PD (MSM-PD) [57].

Parameters PIN-PD APD MSM-PD
Electrical 3 dB

bandwidth [GHz]
0.3-7 0.17-3.5 > 20

Sensitivity High Very high Very low

Reverse Voltage [V] 5-10 20-400 0.5-1

Responsivity [A/W] 0.4-0.95
Very high: varies with

APD internal gain
0.01-0.35

Cost Cheap Expensive Very Expensive

Table 2.2: Comparison of Photodiodes for POF systems [33, 83]

The PIN-PD consists of an intrinsically doped interface layer between the p and n zones. The

light absorption primarily takes place in this area. The APD has a highly doped layer in which

the electrons produced are multiplied and accelerated by a strong local electric field. With the

MSM-PD, there is no p-n junction. Finger-like electrodes are applied to an absorbing semicon-

ductor surface. The bias voltage applied pulls off the ensuing charge carriers. The construction

of most PIN-PD and APD is realised with silicon as well as with other semiconductor materials.

The internal gain of an APD can amount to 400. Since the gain is not the same for every

generated electron, the APD produces additional noise. However, the noise of the amplifier

section of the receiver generally exceeds that in the PD by far. Since the APD already generates

high amplification before the first stage, the electronic noise thus plays a much smaller role.

On average, APD receivers are about 10 dB more sensitive than pin-PD receivers [57]. MSM-

PDs are the fastest PDs with bandwidths up to 30 GHz. However, due to their high cost, they
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have been rarely used commercially for POF systems. A qualitative comparison of the most

important characteristics of these three types of PDs can be found in Table 2.2. The PIN-PD

represents a good compromise in all parameters and is furthermore moderately priced. Practi-

cally all commercial POF receivers are indeed based on the PIN-PD with the most reasonably

priced semiconductor materials. All the receivers used in this study contain a Silicon PIN-PD

(Si-PIN-PD). The responsivity of a Si-PIN-PD is presented as a function of optical wavelengths

in Fig. 2.3 [57].

Figure 2.3: Responsivity of a Silicon PIN-PD as a function of wavelength adopted from [57]

The amplifier section of the optical receiver has a compromise between the gain, bandwidth and

the noise sensitivity of the amplifier. The trans-impedance amplifier (TIA) is the most suitable

amplifier configuration used in optoelectronic receivers. Its gain depends proportionally to the

choice of its feedback resistance. Increasing the feedback resistance reduces the bandwidth as

well as the noise of the optical receiver.

2.2.3 POF coupling and bending losses

Macro bends usually occur during the POF installation process. When the curvature is small,

losses are practically negligible. As the bend radius decreases radiation losses increase, but the

losses being higher for GOFs than for SI-POFs of the same diameter. For instance, the total

radiation loss caused by a full turn in a typical PMMA SI-POF of 1 mm diameter and NA = 0.5

for bend radii of 5 mm and 15 mm is 2.1 dB and 0.5 dB, respectively [34,57]. The bending loss

in optical power also exponentially depends on the light wavelength and NA.
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The high NA (of 0.5) for 1 mm PMMA SI-POF makes the light launch into the fibre easier and

allows simple coupling from the light source to the POF. The guaranteed output power from

VCSEL and LD is much higher than that of RC-LED and worst for LED. To the SI-POF, the

coupling loss is lesser from VCSEL and LD than that from the RC-LED. And it is even much

higher for the LED. Coupling the SI-POF to a PD is not an easy task. The POF needs to be

relatively close to a PD of ∼1 mm diameter to transmit all of its light. One main problem

is that the large-area PD has a large capacitance, which limits the bandwidth of the optical

receiver. The bandwidth can be increased by decreasing the TIA feedback resistance to obtain

the required bandwidth. Using small-area PDs (of 300 µm to 500 µm diameter) will, therefore,

improve the receiver bandwidth. But to minimise the coupling loss, the POF can be coupled to

the PD via a lens or taper. Table 2.3 summarises a comparison between the coupling efficiencies

for PDs of different diameters [33,34,57]. The coupling efficiency with the direct butt coupling

is the worst of all the coupling methods, and it is observed to be approximately equal to the

ratio of the PD area to the POF area. The taper has a better coupling efficiency than the lens,

and it is favourable for coupling 1 mm POF to smaller diameter PDs.

PD diameter [µm]
Butt

coupling [%]
Lens [%] Taper [%]

300 8.3 31.6 50.5
400 16.4 46.6 75.5
500 23.4 60.6 83.2

Table 2.3: Comparison of efficiencies for various methods of coupling the SI-POF to PDs of
different diameters [34, 57]

2.3 Distortions in SI-POF Communication Systems

Apart from noise from the receiver, there are elements of SI-POF systems that contribute to their

linear distortions, which result in ISI during high-speed communication. SI-POF systems also

consist of components that induce non-linearities, which distort the systems even further [56].

2.3.1 Linear distortions

One source of linear distortion in high-speed SI-POF systems is the optoelectronic devices that

include the optical transmitters and receivers. And it mostly comes from the limited modulation
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bandwidth that dictates how fast the electrical input signal can drive the optical output for the

transmitters and how fast the optical signal is converted to the electrical output for the receivers.

Besides, there are background electronics like amplifiers for these devices that further restricts

the modulation bandwidth of the SI-POF.

The POFs used today are generally multi-mode fibres so that chromatic dispersion, waveguide

dispersion and polarisation-mode dispersion can be neglected as their sources of linear distor-

tions [53, 54, 84]. This leaves out mode dispersion as the relevant process to be considered

since it dominates the other sources of dispersion in the fibre. There are three dominant multi-

mode impairments of the SI-POFs that are considered in recent studies, and they are the mode-

dependent attenuation, the modal dispersion, and the mode coupling [53, 54, 84]. Because the

core size of the fibre is much larger than the wavelength of light (about 1 µm), the propagation

mechanism of multi-mode fibres can be analysed with geometric (ray) optics representation.

The mode-dependent attenuation for SI-POF can be modelled with three attenuation sources.

The first is due to the different path lengths of different modes. The second is due to reflections

at the core-cladding interface. And the third is from the Goos-Haenchen effect, which suggests

that the total reflection occurs mostly in the cladding and not in the core-cladding interface [50].

Modal dispersion is a distortion effect in multi-mode fibres, in which the signal is spread in

time because of separate transit times of different modes. This effect is similar to the multi-

path propagation problem in wireless environments. In the step-index fibre, the different transit

times are due to the different path lengths of different modes. Modes with a larger angle,

also have a longer path, which leads to a longer transit time. Mode coupling refers to the

process of transferring power between modes. The power transfer can happen at scattering

centres inside the fibre, which are mainly caused by density variations of the core material and

Rayleigh scattering. Since light-scattering in an SI-POF generates the biggest contribution to

the attenuation, this process is always present.

2.3.2 Non-linear distortions

SI-POF systems may contain many non-linear components including driving circuits, digital-

to-analogue converters (DACs), analogue-to-digital converters (ADCs), optical sources (LEDs

or LDs) and optical receivers. Among all these non-linear components, the optical source is the

primary cause of non-linearities in the POF channel [85]. The POF non-linearity is insignificant

compared to those of the optical sources [86].
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For an electric signal to drive the optical source, the input signal must be higher than the turn-

on value and less than the maximum permissible value or the saturation point of the source.

When the signal is beyond the required dynamic-range, clipping on both sides occurs. Clipping

results in distortions and degrades the POF performance. Even when the signal is within the

dynamic range, the input-output relationship may not be linear due to the non-linear transfer

function of the electrical and the optoelectronic front-ends.

2.4 Non-linear Equalisers

Equalisers are the common methods used to solve the ISI caused by modal dispersion in the

POF channel. They are broadly classified as linear equalisers and NLEs. The output of a linear

equaliser is a linear combination of scaled and delayed versions of the input of the equaliser.

The drawback of a linear equaliser is that it cannot distinguish between the signal and the noise

[34, 43]. As such, it amplifies the noise at high frequencies while mitigating ISI. This noise

enhancement causes transmission at high data rates for a band-limited channel to be severely

limited by SNR. The NLE schemes are therefore commonly used in applications where the

channel ISI distortion is too severe. There are four groups of adaptive NLE methods employed

in digital communication systems:

• Transversal (or conventional) decision feedback equalisation (DFE).

• Volterra-based equalisation (including Volterra DFE)

• Machine learning (or ANN) based equalisation

• Maximum likelihood sequence estimator (MLSE).

The MLSE is the optimum equalisation scheme among all the NLEs in the sense that it min-

imises the BER of a channel with ISI [43]. It has a computational complexity that grows

exponentially with the length of the channel time dispersion. If the size of the symbol alphabet

is M and the number of interfering symbols contributing to ISI is Nt, the Viterbi algorithm

computes MNt+1 metrics for each new received symbol [34, 43]. For communication methods

that apply a modulation scheme with high values of M over channels with considerable ISI,

the resulting computational complexity is prohibitively expensive to implement. Furthermore,

the other NLEs give a similar BER performance like that from the MLSE. Consequently, this

thesis will not focus on MLSE, as previously discussed in section 1.3.
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2.4.1 Transversal Decision feedback equalisers (TRDFE)

The conventional DFE consists of two filters, a feedforward filter and a feedback filter arranged

as shown in Fig. 2.4. The input to the feedforward filter is the received signal sequence, while

that of the feedback filter is the sequence of decisions on previously detected symbols. All the

inputs and outputs to the DFE can be real-valued or complex-valued. Functionally, the feedback

filter is used to remove that part of the ISI caused by previously detected symbols. Since the

detector feeds hard decisions to the feedback filter, the DFE is nonlinear. The conventional

DFE can also be called transversal DFE (TRDFE) because its output is a direct function of

tap-delay (or transversal) versions of both feedforward and feedback inputs as Fig. 2.4 shows.

The equalised output for TRDFE is expressed as [43]:

z̃n =

Nft−1∑
a=0

w∗ayn−a +

Nbt∑
b=1

w∗b ẑn−b, (2.1)

where {yn, ..., yn+1−Nft} is the unequalised input sequence, {z̃n−1, ..., z̃n−Nbt} is the set of

previously detected symbols; wa and wb are the co-efficient of the feedforward and feedback

tap weights respectively; Nft and Nbt denotes the number of feedforward and feedback taps

for the DFE respectively, while ∗ represents the complex conjugate operation (if the inputs of

the TRDFE are complex-valued).

Figure 2.4: Block diagram illustrating the structure of a transversal DFE (TRDFE)

The tap weights of the TRDFEs are estimated with either zero-forcing algorithms or the min-

imum mean square error (MMSE) adaptation algorithms. Zero-forcing is simpler than the

MMSE algorithm but results in more noise enhancement. The common MMSE algorithms are

28



Background and Literature Review

the least mean squares (LMS) and recursive least squares (RLS) [34, 43]. LMS is simpler (and

executes faster) than RLS, but RLS has better convergence than LMS in the sense that it requires

less training symbols [34, 44]. Therefore, the RLS algorithm would be used for conventional

DFE unless otherwise stated in this study.

The algorithms for the TRDFE have two modes of operation: training mode and decision-

directed mode [34,43]. In training mode, the transmitter generates data symbol sequence known

to the receiver; and the sequence is used to train the equaliser. In decision-directed mode, the

equaliser is trained with its detected output.

2.4.2 Volterra equalisers

As discussed in Section 1.3, the inputs to the Volterra equaliser is based on the Volterra series.

Nonetheless, the equaliser is similar to the transversal equaliser because its output also depends

linearly on the input coefficients of the equaliser. Hence, the theory of the Volterra equaliser

is an extension of that of the transversal equaliser. In other words, the Volterra equaliser can

be adapted with the MMSE algorithms (LMS and RLS) just like the transversal equaliser; and

the inputs and outputs to the Volterra equaliser can be real-valued or complex-valued. Adding

a feedback filter to the Volterra equaliser produces a Volterra DFE as Fig. 2.5 shows.

A drawback of the Volterra equaliser is the computational complexity if the full polynomial

series of its input is employed. By truncating the Volterra inputs of the equaliser, one can reduce

the computational complexity at the cost of lower BER performance. Even with reduced order,

the Volterra equaliser is quite computationally complex even when the orders of the series and

the filter are moderate. In practical systems, the Volterra equaliser can be either the second

order, third order or the combination of both orders of its inputs [77, 78, 87–89].

In this study, therefore, either second-order Volterra DFE (VOLT2DFE) or the third-order

Volterra DFE (VOLT3DFE) will be considered. The optimal choice of which order depends

on the non-linear properties of the POF channel (this will be examined later in chapter 3). The

expression of the equalised output for the complete VOLT2DFE is [87]:

z̃n =

Nft−1∑
a=0

w∗ayn−a +

Nbt∑
b=1

w∗b ẑn−b + w∗dc +

Nft−1∑
a=0

Nft−1∑
c=a

w∗a,cyn−ay
∗
n−c, (2.2)

where wa,c denotes the second-order Volterra kernels, and wdc is a constant. Similarly, the
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Figure 2.5: Block diagram illustrating the structure of a 2nd-order Volterra DFE (VOLT2DFE)

30



Background and Literature Review

expression of the equalised output for the complete VOLT3DFE is [87]:

z̃n =

Nft−1∑
a=0

w∗ayn−a +

Nbt∑
b=1

w∗b ẑn−b + w∗dc +

Nft−1∑
a=0

Nft−1∑
c=a

Nft−1∑
d=c

w∗a,c,dyn−ay
∗
n−cy

∗
n−d, (2.3)

where wa,c,d represents the third-order Volterra kernels. The RLS algorithm is also considered

in this study to train the Volterra DFE.

2.4.3 Machine learning based equalisers

The machine learning (or ANN) based equalisers are another set of adaptive non-linear equalis-

ers used in digital communication [90]. They have been shown to perform better than con-

ventional equalisers (like the linear equaliser and TRDFE) in terms of minimising the BER

though at the cost of high computational complexity [90]. Furthermore, previous works in

optical communications, especially in visible light communication (VLC), have demonstrated

the superiority of ANN equalisers over the conventional equalisers in terms of BER perfor-

mance [91–94]. A key advantage of ANN over the conventional equalisers is that they not only

compensate for ISI but also non-linearities in the channel. Moreover, while the conventional

equalisers use the principle of calculating the ISI contribution from previous symbols, ANN

equalisers classify or estimate the received samples from the system with the aid of non-linear

functions [90, 95].

The study from [90] explores the ANN architectures used for channel equalisation. They

were broadly classified into the feedforward neural networks (NN) (e.g. multi-layer percep-

tron (MLP), functional link NN (FLNN), radial basis function(RBF)) and feedback NN (e.g.

recurrent Hopfield NN (RHNN)). The feedback NN is computationally more complex than the

feedforward NN and thus requires more training time. This study will focus entirely on the

MLP for channel equalisation as it is most fundamental of all the feedforward NN.

2.4.3.1 Multi-layer perceptron (MLP) based equaliser

The MLP is a collection of neurons (or perceptrons) that are organised into layers, as illustrated

in Fig. 2.6. Each neuron computes a linear combination of its inputs, as well as incorporates an

externally applied bias. The result of this combination is applied to an activation function. The
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Figure 2.6: Block diagram illustrating the structure of a multilayer perceptron based DFE
(MLPDFE)

expression for the output of a perceptron is [95]:

y = favn

(
wbias +

m−1∑
i=0

wixi

)
, (2.4)

where m denotes the number of inputs to the neuron and favn(.) is the activation function of

the neuron; xi denotes the neuron inputs, wi denotes the weight for each input xi; wbias denotes

the neuron bias.

For the purpose of equalisation, three layers (one input layer, one hidden layer and one output

layer) are sufficient for the MLP because of the universal approximation theorem [95]. The

theorem acknowledges that for a non-linear input-output mapping; if the activation function

of the neurons in the hidden layer is monotonously continuous, bounded and non-constant,

a finite number of neurons in the layer is sufficient to obtain an approximate realisation of

the mapping. The sigmoid function satisfies this condition and is, thus, the most widely used

activation function of the neurons in the hidden layer [95]. It is defined in (2.5) as:

fsgm(x) =
2a1

1 + e−a2x
− a1 = a1 tanh(a2x), (2.5)

where a1 and a2 are suitably chosen constants. In line with [91] and [96], tan-sigmoid (a1 =
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a2 = 1) is employed in this study as the activation function. The activation function for the

neuron in the output layer is the linear function (flin(x) = x). The feedback inputs can be sent

to the the MLP equaliser just like with the TRDFE and VOLT2DFE as illustrated in Fig. 2.6.

This MLP equaliser is known as the MLP based DFE (MLPDFE) and can be expressed as:

z̃n =

Nhn∑
c=1

wc tanh

wc,bias +

Nft−1∑
a=0

wc,ayn−a +

Nbt∑
b=1

wc,bẑn−b

+ wbias, (2.6)

where Nhn is the number of hidden layer neurons; wc,a and wc,b are the synaptic weights for

processing the feedforward and feedback inputs, respectively for a hidden layer neuron (with

index c); wc denotes the weight used to process the neuron at the output layer; wc,−1 and w−1

denotes the bias of a hidden layer neuron and the output layer neuron, respectively.

The performance of MLP is greatly influenced by the number of neurons in the hidden layer.

Too few hidden neurons mean less computational complexity but may cause poor error perfor-

mance. Too many neurons, on the other hand, may cause irregular error performance due to

poor fitting [95]. The algorithm for training the MLP equaliser is the back-propagation (BP)

algorithm. There are multiple variants of this algorithm, including the resilient BP (RBP), the

conjugate gradient BP (CGBP) and the Levenberg-Marquardt BP (LMBP). The LMBP algo-

rithm is considered in this study as it has the best convergence and mean-square-error (MSE)

performance [95]. However, it uses batch training which requires more computing memory

than the other BP algorithms (and notably the RLS algorithm).

2.4.3.2 Split-complex MLP equaliser

For the equalisation of complex-valued signal, ANN with complex-valued activation function

can be considered [97]. However, there is a conflicting issue between the boundedness and

differentiability of a non-linear complex-valued function. Another approach is to ”split” two

real-valued activation functions in order to process the in-phase and quadrature-phase compo-

nents separately, as illustrated in Fig. 2.7. The MLP equaliser with this approach is termed

”split-complex” MLP (SC-MLP) [98].

While the real-valued MLP equaliser uses the LMBP algorithm for training in this study, the

SC-MLP equaliser will employ the RBP algorithm as this is what has been used in previous

studies [99–101]. The RBP has good convergence and requires less computational load than
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Figure 2.7: An illustration on the structure of the split-complex multilayer perceptron based
DFE (SC-MLPDFE)

the LMBP algorithm. This advantage is useful since the parameters for the SC-MLP equaliser

is twice as much as those of the real-valued MLP equaliser [90]. Like the other NLEs, the DFE

can be adapted to the SC-MLP equaliser to form the SC-MLP based DFE (SC-MLPDFE). If

the tan-sigmoid is used as the activation function for the hidden layer neurons, and the linear

function is for the output layer neurons, then the equalised output for the SC-MLPDFE can be

derived from [97] as:

z̃n =

Nhn∑
c=1

(wc + jxc) tanh

wc,bias +

Nft−1∑
a=0

(
wc,ay

R
n−a + xc,ay

I
n−a

)

+

Nbt∑
b=1

(
wc,bẑ

R
n−b + xc,bẑ

I
n−b

))]
+ (wbias + jxbias),

(2.7)

where wc, wc,b and wc,a are the synaptic weights for processing the real component while xc,

xc,b and xc,a are for the imaginary component. The notations (.)R and (.)I represent the real

and imaginary components for the equaliser inputs. Unlike in (2.1) and (2.2), all variables in

(2.7) are real-valued.

It should be noted in this study that all inputs for the NLEs are symbol-spaced unless stated

otherwise.
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2.5 Frequency Domain Equalisation

For channels with severe ISI, the frequency domain (FD) equaliser is computationally simpler

to execute than the time domain (TD) equaliser [45]. Because while the latter computes a sin-

gle data symbol, the prior equaliser processes a block of data symbols at a time. The block

processing involves a serial-to-parallel (S/P) conversion of the input data, parallel processing

of the collected data, and then parallel-to-serial conversion of the generated output data. An-

other advantage of the FD equaliser over the TD equaliser is that it requires the use of the fast

Fourier transforms (FFT) operation, which is the most efficient algorithm of the discrete Fourier

transforms (DFT).

Figure 2.8: A schematic of a frequency domain equaliser

The essential operation underlying an FD equaliser is illustrated in Fig. 2.8. It involves the

transformation of a block of input data from the TD to the FD with the FFT algorithm. The

equalisation is then executed by channel inversion with a single-tap multiplication of each FD

output. However, this procedure yields a circular convolution, which is unacceptable as the

desired result of an equaliser is a linear convolution. Hence, by developing the block of input

data, three methods have been used to allow linear convolution with the FD equaliser [45,102].

The first and most common method is to append a cyclic prefix to the input data block sequence,

as illustrated in Fig. 2.9 [43,45,103]. The cyclic prefix method can be applied in both SCM and

MCM schemes for FD equalisation. However, it requires an extra overhead which reduces the

bit-rate of the system. The other two techniques for performing a linear convolution with the FD

equaliser are the overlap-save and the overlap-add sectioning methods [45,103]. They can only

be used in SCM schemes, and they avoid the extra overhead of the cyclic prefix. Nevertheless,

these sectioning methods are computationally more complex than the cyclic prefix, and the

overlap-add method is more intricate than the overlap-save method. Thus, in this study, the

SCM schemes will use the overlap-save method while the MCM schemes will employ the

cyclic prefix method for FD equalisation.

For SCM schemes, the FD equaliser can offer better performance in severe ISI channels by

adding a decision feedback filter (DFF) [102]. However, the FD equaliser operates with the
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Figure 2.9: Block processing for frequency domain equalisation with cyclic prefix

block FFT signal processing while the DFF requires an immediate filtered decision to be fed

back on a symbol-by-symbol basis. Thus, the DFF cannot be done in the FD. A hybrid time-

frequency domain DFE approach avoids the abovementioned feedback delay problem. The

method involves the use of FD filtering only for the feedforward filter part of the equaliser,

while the feedback part implements TD filtering. The feedback filter is relatively simple in TD

since it performs multiplications only on data symbols, and usually requires fewer taps than the

feedforward filter for adequate performance.

2.6 State-of-the-Art for High-speed SI-POF Communication

The IEEE 802.3bv GEPOF standard (earlier discussed in section 2.1) uses a frame structure

with PAM-16 modulation, Tomlinson-Harashima precoding (THP) scheme for pre-equalisa-

tion, TRDFE for post-equalisation and multilevel coset coding [65, 66]. The combination of

all these digital techniques was proven to be an efficient way of approaching the transmission

theoretical maximum capacity of the POF. The fibre-coupled optical power is -3 dBm, as it

falls within the linear region of the RC-LED. The receiver consists of a silicon PIN-PD (Si-

PIN-PD, Hamamatsu S5971), a TIA (based on the high-speed op-amp LMH6624), a variable

gain amplifier (VGA, VCA824), and a fifth-order Butterworth anti-aliasing filter.

The investigative effort by the VDE group for GEPOF encouraged a high research interest in

real-time communications over SI-POF at around the year 2010. The first collection of real-

time setups for gigabit communication over SI-POF involves the use of a field-programmable

gate array (FPGA) [70–72, 104]. The FPGA handles the digital signal processes that include

modulation, synchronisation, and equalisation. With the FPGA, a binary non-return-to-zero

(NRZ) signal at a bit rate of 1 Gbps was transmitted over a 25 m SI-POF [70]. A Firecomms

RC-LED with an optical output power of -1.5 dBm was used to realise this; and the receiver

comprises a Si-PIN-PD (0.54 mm diameter) with an integrated TIA and a fifth-order active

Bessel filter. A BER of about 7 × 10−4 was achieved with this setup. The transmitter setup
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used in [70] is similar to that in [71] and [72]. However, while the receiver in [71] consists of

a Si-PIN-PD, a TIA (Maxim 3266) and a tunable high-pass filter coupled with a TRDFE; the

receiver in [72] is the model SPD-2 manufactured from Graviton linked to a TRDFE. While

the earlier receiver is off-the-shelf with a bandwidth of less than 500 MHz, the latter has a

bandwidth of 1.2 GHz. Correspondingly, 1.25 Gbps was realised over a 50 m SI-POF at a

BER of about 10−6 in the earlier setup. While in the latter, 1 Gbps was achieved over a 75 m

SI-POF at a BER of about 10−8. The received optical power for the setup in [72] was -13 dBm.

All the FPGA setups were for a unidirectional SI-POF link except for the study done in [104].

This work presented a 1 Gbps bidirectional transmission over a single SI-POF of 75 m. This

transmission is viable with the use of passive optical splitters, and it encourages full-duplex

transmission over the SI-POF link. However, the splitters incur an optical loss of about 6 dB;

thus, the transmission is only possible with an LD (of 7 dBm optical power). A BER of about

10−7 was achieved for this link with a received optical power of -15.2 dBm. An alternative to

applying the FPGA setup for real-time transmission is to use an arbitrary waveform generator

with a real-time oscilloscope. The study done in [105] applies this option and was able to

achieve a bit-rate of 10.7 Gbps over 10 m SI-POF at a BER of about 3× 10−4. The transmitter

used in this study was a VCSEL with an optical power of 0 dBm, and the receiver was a gallium

arsenic MSM-PD (GaAs-MSM-PD) coupled with a TIA with a -3 dB of 8 GHz. The MLSE

was used to obtain this high-speed real-time transmission.

The second collection of real-time setups for gigabit communication over SI-POF is more re-

cent than the first. The setups involve the integration of an analogue equaliser to the optical

receiver into a single chip [73, 106, 107]. In [73], the analogue equaliser is designed to support

a bit-rate of 1.25 Gbps over a 50 m SI-POF. The transmitter was a Firecomms RC-LED, and

the modulation scheme is binary NRZ or PAM-2. The receiver was a Si-PIN-PD (Hamamatsu,

0.8 mm diameter, 0.44 A/W responsivity at 660 nm wavelength) that is connected to a TIA. The

analogue equaliser for this setup offered a BER of about 10−12 at a received optical power of

-15 dBm. However, the equaliser only works at a fixed bit-rate over a constant SI-POF length.

Thus, a multi-rate adaptive analogue equaliser was implemented first in [106, 107] for trans-

mission up to 50 m SI-POF. The equaliser is suitable for high-speeds ranging from 400 Mbps

to 2.5 Gbps. The transmitter used in this setup was a 650 nm aluminium gallium indium phos-

phide (AlGaInP) LD (from Sanyo DL-3147-021) that generated an optical power of +7 dBm,

and the modulation scheme is also binary. The receiver is similar to the one used in [73] except

that its equaliser is adaptive. A BER of about 10−8 was achieved for a bit-rate of 2.5 Gbps over

37



Background and Literature Review

50 m SI-POF. This BER is with a received optical power of -15 dBm.

Ref.

Transmitter
(Wavelength/

Optical Power)
+ Receiver

Modulation
+ Equaliser

Bit rate
[Gbps]
(BER)

length
[m]

Bit-rate
length

product
[Gbps.m]

[70]
Firecomms RC-LED
(650 nm/ -1.4 dBm)
+ Si-PIN-PD & TIA

PAM-4
+TRDFE

1
(≈ 7× 10−4)

25 25

[71]
Firecomms RC-LED
(650 nm/ -1.5 dBm)
+ Si-PIN-PD & TIA

PAM-2
+TRDFE

1.25
(< 10−6)

50 62.5

[72]
Firecomms RC-LED
(650 nm/ -1.5 dBm)
+ Graviton SPD-2

PAM-2
+TRDFE

1
(≈ 10−8)

75 75

[65, 66]
Firecomms RC-LED

(650 nm/ -3 dBm)
+ Si-PIN-PD & TIA

PAM-16
+THP &
TRDFE

1
(. 10−12)

50 50

[104]
Union Optronics LD
(655 nm/ +7 dBm)
+ Graviton SPD-2

PAM-2
+TRDFE

1
(≈ 10−7)

75 75

[105]
VCSEL

(680 nm/ 0 dBm)
+ GaAs-MSM PD & TIA

PAM-2
+ MLSE

10.7
(≈ 3× 10−4)

10 107

[73]
Firecomms RC-LED
(650 nm/ +0.5 dBm)
+ Si-PIN-PD & TIA

PAM-2
+ Analog
equaliser

1.25
(≈ 10−12)

50 62.5

[106, 107]
AlGaInP LD

(650 nm/ +7 dBm)
+ Si-PIN-PD & TIA

PAM-2
+ Analog
equaliser

2.5
(. 10−8)

50 125

Table 2.4: Real-time high-speed transmission over SI-POF with equalisation

A comparison between different real-time systems for high-speed transmission over SI-POF

with equalisation is introduced in Table 2.4. The bit-rate length product can give a comparison

between different systems using different lengths and data rates (see Table 2.4). However,

the system components, power consumption, cost and BER must be taken into account for a

detailed comparison. The measurements introduced in [106] and [107] represent the maximum

bit-rate length product in a real-time transmission (125 Gbps·m). Nevertheless, both systems

need a high laser optical power (+7 dBm) to achieve this result, which violates the human eye

safety level of 0 dBm. The system implemented in [105] follow this with a bit-rate length
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product of 100 Gbps·m, using an LD of 0 dBm optical power. The next higher bit-rate length

product is 75 Gbps·m that was deployed by systems in [72] and [104]. The system in [104]

is more expensive and consumes more power than that in [72] as the earlier uses a laser diode

while the latter applies an RC-LED. The results in [71] and [107] show a bit-rate length product

of 62.5 Gbps·m using binary modulation with a low power RC-LED. The work in [70] offers a

25 Gbps·m bit-rate length product using the RC-LED but with PAM-4 modulation.

The results from Table 2.4 suggest that for real-time transmission over SI-POF, the systems

with binary modulation offer the best performance, provided that the receiver is embedded to

an analogue equaliser and the transmitter has considerable optical power. The next best systems

adopt digital equalisation techniques with optical power below the eye-safe level. The system in

the IEEE 802.3bv standard uses both pre-equaliser and post-equaliser and thus provides enough

margin for PAM-16 modulation scheme.

Compared to the real-time experiments, there were offline experimental studies that demon-

strated higher rates over the SI-POF link. Two of these studies are from [74, 76], and they con-

sidered a comparison of PAM-2, PAM-4, and duo-binary modulation formats: the duo-binary

format is a PAM-2 format that uses a pre-encoder. The transmission part is the RC-LED setup

that was executed in [71]; the receiver is a model SPD-2 manufactured from Graviton, and it is

coupled with the TRDFE. The duo-binary format offered the highest data rate of 1 Gbps over a

50 m SI-POF at a BER of∼10−10 in this study. Using the same optical transmitter and receiver

in [74,76], a data rate of 1.1 Gbps was achieved in [75] for a 50 m SI-POF with PAM-2 and the

MLSE. The RC-LED is also used as the transmitter with a fibre-coupled power of -1.5 dBm,

-0.8 dBm and -0.8 dBm in [108], [88], and [89], respectively. The receiver in [108] is an APD

model (AD800-11) coupled with a low-noise amplifier (LNA) and a TRDFE. The receiver in

both [88] and [89] is the model SPA-2 manufactured from Graviton linked to a VOLT2DFE, and

both studies employed PAM-8 modulation format for transmission. The study with the APD-

based receiver used PAM-32 modulation format to obtain an error-free 5 Gbps transmission

over a 25 m SI-POF. At a BER of ∼10−3, [88] offers 2.7 Gbps over a 30 m SI-POF while [89]

offers a data rate of 2.25 Gbps over a 50 m SI-POF. Another set of LED used for offline SI-POF

systems is the GaN LED, which was used for the study in [77, 78]. The GaN LED is shown

in [77,78] to be more useful than the RC-LED in a high-temperature environment. The receiver

employed in [77,78] is a Si-PIN-PD connected to a TIA with a 3 dB bandwidth of ∼700 MHz.

The studies presented a bit-rate of 3 Gbps over a 20 m SI-POF at a BER of 10−3 using PAM-4
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with the VOLT3DFE. The work in [109] employs a gallium nitride (GaN) µLED for a bidirec-

tional 5 Gbps transmission over a 10 m SI-POF at a BER of 10−6. The receiver used in this

study is an APD coupled with a TIA.

Another collection of offline setups for high-speed communication over SI-POF is with the LD

transmitter. The study in [110] uses an indium GaN (InGaN) LD transmitter with the fibre-

coupled optical power of 0 dBm, which is the eye safety level. The receiver in the study is

similar to that used in [77]. A BER of about ∼10−5 was achieved for a bit-rate of 1.25 Gbps

over 100 m SI-POF. This BER is with a received optical power of -14 dBm using PAM-2 and

the TRDFE. A different setup with a red (655 nm) LD transmitter was implemented in [111]

using CAP-64 modulation format and the TRDFE. The LD transmitter was coupled with the

SI-POF at a high optical power of ∼11 dBm. The receiver was a PD integrated to a TIA with a

bandwidth of 1 GHz. The study in [111] reported a bit-rate of 2.1 Gbps over a 100 m SI-POF

at a BER of 10−3. Another study that implemented a red (650 nm) LD obtained a bit-rate of

2.81 Gbps over a 100 m SI-POF at a BER of 10−3. The bit-rate was achieved using DMT

modulation with bit-loading, clipping, and the conventional single-tap FD equaliser [112]. The

fibre-coupled power of the LD in [112] was∼7 dBm. With the same red LD, a bit-rate of 5 Gbps

over a 100 m SI-POF was achieved at a BER of 10−3 [113]. The bit-rate was obtained with a

fibre-coupled power of ∼6 dBm using the CAP-16 modulation format and the TRDFE [113].

The study in [114] also used a red (650 nm) LD transmitter to obtain a bit-rate of 10.7 Gbps

over a 25 m SI-POF at a BER of 10−3. The fibre-coupled power of the LD in this study was

∼10 dBm.

Based on the bit-rate length product, a comparison of the different offline systems for high-

speed transmission over SI-POF with equalisation is summarised in Table 2.5. The bit-rate

length product of most of the offline systems is much higher than that of the real-time systems.

The result obtained from [113], which uses a high LD optical power (+6 dBm), represents the

maximum bit-rate length product in an offline transmission (500 Gbps·m). The next higher

bit-rate length product is 267.5 Gbps·m that was deployed by [114] using an LD. The works

executed in both [111] and [112] offer subsequent higher bit-rate length product of 210 Gbps·m

and 140 Gbps·m, and they both deployed LDs with optical power higher than +6 dBm. The

system implemented in [110] follow this with a bit-rate length product of 125 Gbps·m, using

an LD of 0 dBm optical power. The next system is from [108] that adopts an RC-LED (with

an optical power of -1.5 dBm) and offers a bit-rate length product of 125 Gbps·m. The systems
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deployed in [88] and [89] use the same LED but with a higher optical power of -0.8 dBm.

With the use of Volterra DFE at the receiver, the setups in [88] and [89] offer the next best

bit-rate length product of 81 Gbps·m and 112.5 Gbps·m, respectively. The next best work is

from [77, 78], and it offers a bit-rate length product of 60 Gbps·m using a GaN LED (with

an optical power of -1.8 dBm). Other systems that use the RC-LED with an optical power of

-1.5 dBm were deployed in [75] and [74, 76]; they offer a bit-rate length product of 55 Gbps·m

and 50 Gbps.m, respectively· The work from [109] offers a bit-rate length product of 50 Gbps·m

using a 0 dBm µLED.

The results from Table 2.5 infer that for offline transmission over SI-POF, the systems with

multilevel PAM, multilevel CAP and DMT modulation offer the best performance when the

receiver is coupled with the transversal DFE, and the transmitter has considerable optical power

(of more than +6 dBm). The next best systems adopt LDs with optical power at the eye-safety

level. These LD setups are followed by LED systems that use both TRDFE and Volterra DFE

at the receiver and transmit at an optical power less than or equal to the eye-safety level. It is

noteworthy to mention that little to no SI-POF transmission has been done with an ANN-based

equaliser for both the offline and the real-time systems.

Currently, the SI-POF systems reported with the highest capacity are realised with WDM and an

advanced modulation format like multilevel PAM or DMT. Though, it is costly to implement as

it requires multiplexers/demultiplexers and multiple optical sources with their receivers that op-

erate at different wavelengths. Moreover, further losses occur with the WDM systems compared

to the single wavelength SI-POF systems due to crosstalk, insertion and multiplexing [83,122].

Therefore, there have been neither any commercial applications nor standards for SI-POF sys-

tems with WDM. These SI-POF systems have been presented with offline-processing in the lit-

erature. Nevertheless, SI-POF systems with WDM have potential applications in high-capacity

in-home networks that require minimal cabling [34, 122].

The first gigabit-communication over SI-POF WDM was reported in [115, 116] using three

LDs, each at a visible light wavelength of 405 nm (violet), 515 nm (green) and 650 nm (red).

With this setup, an aggregate bit-rate of 10.7 Gbps was achieved over a 50 m SI-POF at a

BER of 10−3. The setup used DMT modulation with bit-loading for each wavelength. The

WDM setup in [117] is similar to that in [115,116] with the three LDs, except that it used more

optical power and that a fourth LD at the 450 nm (blue) wavelength was added. As expected,

an improved aggregate bit-rate of 14.7 Gbps was achieved over the 50 m SI-POF at a BER of
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Ref.

Transmitter
(Wavelength/

Optical Power)
+ Receiver

Modulation
+ Equaliser

Bit rate
[Gbps]
(BER)

length
[m]

Data-rate
length

product
[Gbps.m]

[74, 76] Firecomms RC-LED
(650 nm/ -1.5 dBm)
+ Graviton SPD-2

Duo-binary
+TRDFE

1
(≈ 10−10)

50 50

[75]
PAM-2

+ MLSE
1.1

(≈ 10−5)
50 55

[110]
InGaN LD

(515 nm/ 0 dBm)
+ Si-PIN-PD & TIA

PAM-2
+TRDFE

1.25
(≈ 10−5)

100 125

[111]
LD

(655 nm/ +11 dBm)
+ Integrated PD & TIA

CAP-64
+ TRDFE

2.1
(≈ 10−3)

100 210

[112]
LD

(650 nm/ +7 dBm)
+ Si-PIN-PD & TIA

DFT-Spread DMT
with Bit-loading

and Clipping
+ FD Equaliser

2.81
(≈ 10−3)

50 140.5

[113]
LD

(650 nm/ +6 dBm)
+ Si-PIN-PD & TIA

CAP-16
+ TRDFE

5
(≈ 10−3)

100 500

[77, 78]
GaN LED

(475 nm/ -1.8 dBm)
+ Si-PIN-PD & TIA

PAM-4
+ VOLT3DFE

3
(≈ 10−3)

20 60

[108]
Firecomms RC-LED
(650 nm/ -1.5 dBm)
+ AD800-11 & LNA

PAM-32
+ TRDFE

5
( < 10−12)

25 125

[89] Firecomms RC-LED
(650 nm/ -0.8 dBm)
+ Graviton SPA-2

PAM-8
+ VOLT2DFE

2.25
(≈ 10−3)

50 112.5

[88]
2.7

(≈ 10−3)
30 81

[114]
Fabry-Perot LD

(650 nm/ +10 dBm)
+ Si-PIN-PD & TIA

PAM-4
+ TRDFE

10.7
(. 10−3)

25 267.5

[109]
GaN µLED

(450 nm/ 0 dBm)
+ APD & TIA

PAM-32
+ TRDFE

5
(. 10−6)

10 50

Table 2.5: Offline High-speed transmission over SI-POF with equalisation
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Ref.

Transmitter
(Wavelength/

Optical Power)
+ Receiver

Modulation
+ Equaliser

Bit rate
[Gbps]
(BER)

length
[m]

Bit-rate
length

product
[Gbps.m]

Real
time

[115, 116]

3 LDs
(405 nm/+7.1 dBm),

(515 nm/ +5.4 dBm) &
(650 nm/ +4 dBm)

+ Si-PIN-PD & TIA

WDM and
DMT with
bit-loading

10.7
(≈ 10−3)

50 535 No

[117]

4 LDs
(405 nm/+11.79 dBm),
(450 nm/+9.12 dBm),

(515 nm/ +5.01 dBm) &
(639 nm/ +7.96 dBm)

+ Graviton SPD-2

WDM and
DMT with
bit-loading

14.77
(≈ 10−3)

50 738.5 No

[118]

6 LDs
(405 nm/+8 dBm),

(442 nm/+12 dBm),
(459 nm/+10 dBm),

(490 nm/+10.2 dBm),
(515 nm/ +9 dBm) &

(655 nm/ +6 dBm)
+ Graviton SPD-2

WDM and
DMT with
bit-loading

21.42
(≈ 10−3)

50 1071 No

[119]

6 LDs
(405 nm/+13 dBm),
(442 nm/+13 dBm),
(459 nm/+11 dBm),

(490 nm/+11.5 dBm),
(515 nm/ +9.8 dBm) &

(660 nm/ +11 dBm)
+ Graviton SPD-2

WDM and
DMT with

both bit
and power

loading

10.89
(≈ 10−3)

100 1089 No

[120]

5 LDs/LEDs
(405 nm/+4.37 dBm),
(470 nm/-3.5 dBm),
(530 nm/-4.4 dBm),

(588 nm/ -3.5 dBm) &
(650 nm/ -3.15 dBm)

+ Integrated PD & TIA

WDM and
PAM-16

5
(< 10−10)

50 250 Yes

[121]

3 µLEDs
410 nm/-9.3 dBm),

(450 nm/ -10.2 dBm) &
(520 nm/ -11.8 dBm)
+ AD800-11 & LNA

WDM and
PAM-M
+ TRDFE

11
(< 10−3)

10 110 No

Table 2.6: High-speed transmission over SI-POF with WDM
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10−3 with this setup using DMT modulation and bit-loading for each wavelength. The highest

number of LDs reported for the WDM transmission over an SI-POF is six [118, 119]: all the

LDs are in the visible light spectrum at wavelengths of 405 nm (violet), 442 nm (bluish-violet),

459 nm (blue), 490 nm (cyan), 515 nm (green) and 655/660 nm (red). With this WDM setup, an

aggregate bit-rate of 21.42 Gbps over a 50 m SI-POF was reported in [118] with DMT and bit-

loading. An aggregate bit-rate of 10.89 Gbps over a 100 m SI-POF was also reported in [119]

with a similar WDM setup from [118].

WDM technology has also been implemented with LEDs and PAM modulation. A real-time

experiment with WDM was demonstrated in [120] with five optical sources: a combination

of LDs and LEDs of visible wavelengths ranging from 405 nm to 650 nm. An aggregate bit-

rate of 5 Gbps was achieved over the 50 m SI-POF at a BER of 10−10 with this setup using

PAM-16 modulation and no equalisation for each wavelength. An offline WDM experiment

was also demonstrated with three µLEDs in [121], each with a wavelength of 410 nm, 450 nm

and 520 nm. A total bit-rate of 11 Gbps was achieved over the 10 m SI-POF at a BER of 10−3

with this setup using PAM-M modulation and the TRDFE for each wavelength. The number

of PAM levels (M ) was optimally selected for each wavelength.

In terms of the bit-rate length product, a comparison of the different WDM systems for high-

speed transmission over SI-POF is highlighted in Table 2.6. It is observed that the bit-rate length

product of the WDM systems that uses a higher number of LDs (with more optical power) offer

the highest bit-rate length product. In contrast, the WDM systems with low-power LEDs give

the lowest bit-rate length product.
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2.7 Summary

POF communication has been realised for the past six decades with the use of fluorinated

polymers and polymethylacrylate. This chapter comments on some features and background

knowledge required for SI-POF systems. It explicitly remarks on the optical sources and re-

ceivers for SI-POF systems and the sources of distortion for a high-speed SI-POF system. The

chapter then discusses the structure of the NLEs that include the TRDFE, the Volterra-based

equaliser and the ANN-based equaliser.

A thorough review of the state-of-the-art for high-speed communication over an SI-POF has

been shown in this chapter. An analysis of the literature indicates the use of the advanced

modulation formats (like PAM, CAP and DMT) with equalisation schemes for high-speed SI-

POF communication. The common NLEs for SI-POF systems is the TRDFE for PAM and CAP

schemes and the conventional single-tap FD equaliser for DMT. However, there has been little

to no work on the other NLEs for SI-POF systems. The review reports a maximum bit-rate

length product of 125 Gbps.m for real-time systems with PAM-2 and an analogue equaliser,

500 Gbps.m for offline systems with CAP-16 and the TRDFE, and 1089 Gbps.m for WDM

systems with DMT and bit-loading.

The rest of the thesis will discuss the use of the NLEs for the advanced modulation formats

employed for high-speed SI-POF communication. The discussion includes some theoretical

analysis, simulation results and experimental demonstrations.
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Chapter 3
Evaluation of the Channel Capacity

and Non-linearity for IM/DD SI-POF
systems

The two methods for lightwave transmission are intensity-modulation/direct-detection (IM/DD)

scheme and the coherent detection scheme. The first scheme communicates with only the

intensity (or power) but ignores both the frequency and phase of the optical carrier. For the latter

system, all features of the optical carrier are used for communication. Due to costs reasons, the

IM/DD scheme is commonly used for short-range optical communication systems (like SI-

POF). However, such a cost advantage also comes at the expense of lower performance than

that of coherent optical systems. It is therefore of interest to be able to characterise a short-

range optical communication system using several key parameters and estimate the maximum

achievable transmission rates using these parameters.

In this chapter, the features of the IM/DD scheme in SI-POF systems are fully explored. First,

the bandwidth-efficient modulation schemes implemented with IM/DD for high-speed SI-POF

systems are discussed. Then, theoretical investigations of the SNR and the Shannon capacity

of an IM/DD SI-POF channel are performed based on its optical power, receiver sensitivity and

fibre length. The capacity calculations are based on recent frequency response models that have

been defined in the literature. What follows is a description of the setup for the experiments

that will be used throughout this thesis. The non-linearities of these setups are then measured

and analysed.

3.1 Bandwidth-Efficient Modulation Schemes

As previously discussed in Section 2.6, the most commonly used modulation methods in high-

speed SI-POF systems today are pulse amplitude modulation (PAM), carrier-less amplitude and

phase modulation (CAP), and discrete multi-tone (DMT). The methods are bandwidth-efficient
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as they require one symbol to carry multiple information bits. The first two methods are single-

carrier modulation (SCM) schemes as they transmit a data stream with one high-frequency

carrier. The third method is a multi-carrier modulation (MCM) scheme, as the transmitted data

stream is divided among a large number of sub-carriers so that the system as a whole operates

at a low symbol rate. All these methods modulate the amplitude to the form that drives the

intensity of an optical source.

3.1.1 Pulse amplitude modulation (PAM)

PAM transmits symbols as pulses in a signal waveform, and their amplitudes distinguish the

different symbols. A PAM transmission with M different amplitudes (or “levels”) represent

log2M bits in each level. Among the other bandwidth-efficient modulation schemes, PAM is

the simplest as it only deals with real-valued symbols. PAM is thus a one-dimensional sig-

nalling scheme.

Figure 3.1: DSP flow chart at transmitter and receiver for PAM

The digital signal processes (DSP) of the PAM transceiver used throughout this study is shown

in Fig. 3.1. The binary data is PAM-M modulated by mapping log2M bits to one of M ampli-

tude levels with gray coding. The data symbols are preceded with a preamble of symbols. And

these are used for synchronisation at the receiver and for training the equaliser. The resulting

symbol sequence is upsampled and fed through a root raised cosine (RRC) filter for pulse shap-

ing. The pulse-shaped symbols are then sent out to a DAC for transmission into the IM/DD
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SI-POF system. After this transmission, the signal is taken from an ADC. The resulting signal

then goes through matched filtering, down-sampling and equalisation. Finally, the equalised

signal is demodulated, thus offering the received binary data.

3.1.2 Carrier-less amplitude and phase modulation (CAP)

CAP is a two-dimensional signalling scheme that was proposed as an alternative to QAM,

as it creates a passband transmit signal with characteristics very similar to the latter [123].

But, it uses digital filtering instead of multiplication by the carrier frequency. This use of

filtering makes CAP implementation simpler than QAM and avoids carrier recovery in the

receiver. A drawback with CAP, however, is its relatively high sampling rate compared to PAM.

Furthermore, the spectral efficiency of the CAP technique is half that of PAM, which implies

that CAP with M2 constellation points (CAP-M2) offers the same spectral efficiency as PAM

withM points (PAM-M ) [124]. This drawback makes CAP inconvenient for applications when

the ratio of its sampling frequency to the symbol rate is small (below three): PAM is feasible at

a ratio of two.

Figure 3.2: DSP flow chart at transmitter and receiver for CAP

The block diagram of a CAP transceiver before the DAC and ADC is illustrated in Fig. 3.2.

The transmitted bits are mapped to the corresponding complex quadrature amplitude modulated

(QAM) symbols, with their in-phase and quadrature-phase (I/Q) components being separated

from each other. The resulting symbols are upsampled and passed through I/Q RRC pulse
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shaping filters (PSF), whose impulse responses form a Hilbert pair. The pulse-shaped symbols

are then passed on to the DAC for analogue transmission into the SI-POF channel. The output

signal digitally obtained from the ADC is passed through the I/Q matched filters. This filtered

output is then downsampled, equalised and demodulated to get the resulting binary data.

3.1.3 OFDM and discrete multi-tone (DMT)

Discrete multi-tone modulation (DMT) is the baseband version of OFDM. OFDM is known for

its mass-application in radio networks like Wi-Fi, Wi-Max and terrestrial digital video broad-

casting (DVB-T). Similarly, DMT is widely used in DSL for providing high-speed Internet

access via ADSL and very VDSL.

Like OFDM, DMT is an MCM technique where a high-speed serial data stream is segmented

into multiple parallel lower-speed streams and modulated onto multiple sub-carriers for simul-

taneous transmission. Both multi-carrier modulation schemes use the fast Fourier transform

(FFT) algorithm for their efficient modulation and demodulation process. Unlike OFDM, how-

ever, the DMT modulator output signal after the inverse FFT (IFFT) is real-valued and no

I/Q modulation onto a radio frequency (RF) carrier is required. Therefore, the necessary RF-

components for I/Q modulation are omitted from DMT transceivers; thus reducing system costs

and complexity.

As an MCM scheme, DMT has high spectral efficiency, offers flexibility in the sense of sub-

carrier resource allocation, and is more tolerant of ISI than the SCM schemes discussed previ-

ously [125]. However, a significant limitation of DMT is its high peak-to-average-power-ratio

(PAPR). This constraint is because the DMT signal is a sum of a large number of independently

modulated sub-carriers. These sub-carriers may incidentally add up constructively, leading to

high peak amplitude values in the transmitted time signal. When N sub-carriers add up in

phase, they may produce instantaneous peak amplitude values that are N times the average.

The high PAPR from DMT results in a significant penalty of more than 10 dB for a dynamical

range limited SI-POF system [126].

The block diagram of a DMT transceiver is shown in Fig. 3.3. First, the transmitted bit-

stream passed on to a serial-to-parallel (S/P) converter so that the resulting parallel bit-stream is

mapped onto a QAM symbol per sub-carrier. This process is then followed by framing that in-

cludes imposing the Hermitian symmetry and oversampling: both of which are fully presented
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Figure 3.3: DSP flow chart at transmitter and receiver for DMT

in [127]. The framed symbols are then assigned to the orthogonal sub-carrier frequencies with

IFFT to obtain the real-valued time-domain DMT signal. The cyclic prefix is then inserted to

each DMT block. Every DMT data-stream is preceded with a set of DMT blocks for training

the post-equaliser and for synchronisation. The DMT signal is then serialised with a parallel-

to-serial (P/S) converter for onward transmission through the channel. The signal recovery

process follows the inverse of the DMT signal generation. First, S/P conversion and de-framing

are implemented on the received signal from the oscilloscope. Then, FFT is applied to the

resulting signal to generate the received QAM symbols. The symbols are then equalised and

demodulated to get the received binary data.

3.1.3.1 Bit and power loading technique for DMT

An essential feature of DMT is the possibility to allocate the energy and the number of bits per

sub-carrier according to its corresponding signal-to-noise ratio (SNR). This feature is typically

known as bit-and-energy-loading. The bit-loading method is accomplished by selecting the

corresponding QAM constellation size of each sub-carrier according to the number of bits that

are allocated to it. The power loading involves normalising the QAM constellation to the energy

allocated to each sub-carrier.

Bit-and-energy-loading can be divided into two categories: rate-adaptive and margin-adaptive

algorithms. Rate-adaptive algorithms maximise the bit rate for a fixed BER and given power
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constraint, while margin-adaptive algorithms minimise the BER for a particular bit rate. Rate-

adaptive loading algorithm has found widespread use in commercial systems. The reason is

that no matter how bad the channel is, the loading algorithm ensures that data transmission

(even at very low bit-rates) is always possible. On the contrary, the margin-adaptive algorithm

is useful only if a constant bit-rate is required for the channel. Several loading algorithms have

been proposed in the literature, with some demanding more computational complexity than the

others. Among these algorithms, the ones offered by Campello [128,129] and Chow [130] have

been widely used in practical OFDM systems. The bit-and-energy-loading that is adopted in

this thesis is based on Campello’s algorithm.

In practice, bit-and-energy-loading is often used in wireline communications such as DSL,

because wireline transmission channels do not vary significantly with time, resulting in a sub-

stantial performance gain at relatively low complexity. Hence, the loading algorithms only have

to be computed during the setup of a transmission link and do not need to be processed con-

tinuously. Consequently, various high-speed SI-POF transmission has been implemented with

both DMT and bit-and-energy-loading algorithm [112, 118, 119].

3.2 IM/DD Model for SI-POF

In SI-POF systems, IM/DD involves modulating only the intensity of light. The application

of conventional modulation formats to an IM/DD optical channel is different from standard

electrical systems, where a bipolar baseband signal is used. However, the intensity of the

optical source can only have positive values. In IM/DD systems, this problem is commonly

solved by adding a DC-bias to the bipolar DMT signal to make it unipolar. The DC-bias is

added to the electrical (AC-coupled) waveform before driving the LD or LED of the SI-POF

system. At the receiver, a simple (low-cost) PD is used to detect the intensity of the received

light.

3.2.1 Estimate of the SNR

The block diagram, which is shown in Fig. 3.4, represents the channel model for a typical SI-

POF system that employs IM/DD [84,108,109]. The SI-POF links - used for in-home, automo-

tive and industrial-control networks - have been accurately estimated with this model [40, 84].

The model requires the different values of the gain and frequency response for each compo-

52



Evaluation of the Channel Capacity and Non-linearity for IM/DD SI-POF systems

nent of the SI-POF system. Separate component studies have been carried out to determine the

characteristics of the optical source, POF and detectors. At the same time, the value of the re-

maining parameters required is based on their datasheets. Hence, this model is the basis for all

theoretical investigations throughout this chapter, including the SNR estimation. Each block is

taken step by step in order to derive the POF channel model. The optical sources and detectors

are assumed to operate in their linear regions.

Figure 3.4: A block illustration of a linear IM/DD SI-POF system

First, the incoming binary data is modulated either as a PAM, CAP or an OFDM signal: the

modulation schemes have been discussed in Section 3.1. The modulated signal is a bipolar

electrical current I(t) used to intensity modulate an optical source such as an LED or an LD.

The real-valued current signal I(t) is peak limited with a maximum value of:

Imod = max(|I(t)|) (3.1)

Furthermore, the mean value of the bipolar signal is E[I(t)] = 0 and the mean power of

the signal (normalised on 1 Ω) is E[I2(t)] = I2rms. Hence, the peak-to-average-power ratio

(PAPR) of the resulting signal ρpapr is defined as

ρpapr =

(
Imod
Irms

)2

. (3.2)

Figure 3.5 depicts the an optical intensity modulator (or source) that is ideally linear. The DC-

bias current Ibias is added to the bipolar signal to drive the optical source. Subsequently, the

ratio of the signal peak to the Ibias is defined as the optical modulation index ηmod. That is:

ηmod =
Pomod
Poavg

=
Imod

Ibias − Ith
=
Imod
I ′bias

0 < ηmod ≤ 1, (3.3)

where Ith is the threshold current of the source below which no optical power is emitted. So if

ηld and hld(t) represent the electrical-to-optical conversion ratio (in W/A) and impulse response
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Figure 3.5: P-I curve of a linear IM/DD optical source

of the optical source respectively, then the optical signal output of the source is:

Pld(t) = ηld(I
′
bias + I(t))⊗ hld(t). (3.4)

It is also assumed that hpof (t) and α
pof

represents the impulse response and attenuation of the

POF channel respectively. Other losses in the POF, including those from bending, splicing and

coupling, are denoted as ηcp. Therefore, the optical signal from the POF channel is:

Ppof (t) = α
pof
ηcp(Pld(t)⊗ hpof (t)). (3.5)

It should be noted that α
pof

= 10−0.1×αpc×lpof where lpof is the POF length in metres and

αpc is the POF attenuation coefficient in dB/m. The optical signal from the POF channel is

converted to an electrical current Irp(t) given by:

Irp(t) = Rpd(Ppof (t)⊗ hpd(t)) + np(t), (3.6)

where Rpd denotes the receiver’s responsivity (in A/W), hpd(t) is the receiver’s impulse re-

sponse and np(t) is the additive white Gaussian noise. By combining (3.4), (3.5) and (3.6),

Irp(t) can be rewritten as

Irp(t) = Rpdαpof ηcpηld(I(t)⊗ hptot(t)) + np(t) (3.7)
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where,

hptot(t) = hld(t)⊗ hpof (t)⊗ hpd(t)) in TD,

Hptot(f) = Hld(f)Hpof (f)Hpd(f) in FD.
(3.8)

In addition, I ′bias is ignored in (3.7), since there is no information content in the signal’s DC

component.

The noise for the POF link comes from the POF receiver. The considered noise power spectral

density (PSD) for the POF receiver can be calculated as

Np = Np,s + (RpdNnep)2, (3.9)

whereNnep is the noise equivalent power (NEP) in W/Hz
1
2 , which is a common metric used to

characterize the noise performance of photo-receivers [68];Np,s is the shot noise caused by the

received optical signal from the POF channel and is defined in this context as

Np,s = 2qeRpdαpof ηcpPoavg, (3.10)

where qe = 1.6 × 10−19 C is the quantity of charge in an electron. The maximum estimate of

the SNR (for PAM-M , CAP-M2 and DMT QAM-M2) can be written as [49, 84]:

γsig =
Psig
Pnoise

=
Psig
fN0Np

=
(α

pof
ηcpRpdηmodPoavg)2

fN0ρpapr
(
(RpdNnep)2 + 2qeRpdαpof ηcpPoavg

)
=

(α
pof
ηcpηmodPoavg)

2

fN0ρpapr

(
N 2
nep +

2qeαpof ηcpPoavg

Rpd

) , (3.11)

where Psig and Pnoise denotes the electrical power of the signal and noise, respectively, at the

receiver. And fN0 denotes the equivalent noise bandwidth.

Assuming the ISI and the non-linear penalties are ignored, the signal-to-noise ratio (SNR) per

bit (γ
b

in dB) can be computed as a function of the signal’s bit rate (Rb in Gbps) and PAPR
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(ρpapr ) from Eq. (3.11) as [84]:

γ
b

= γnm − 10 log10

(
Rbρpapr

2

)
,

and γnm = 10 log10

 (α
pof
ηcpηmodPoavg)

2(
N 2
nep +

2qeαpof ηcpPoavg

Rpd

)
− 90,

(3.12)

where γnm denotes the normalised SNR per bit that is independent of the signal parameters

like Rb and ρpapr . The PAPR (ρpapr ) is dependent on the PSF used in the case of PAM and

CAP modulation schemes. Moreover, it increases with the modulation size M . For instance,

ρpapr =
3ρpapr,2 (M−1)

M+1 for PAM-M , where ρpapr,2 is the PAPR of the signal for M = 2 with

the same PSF [84, 131]. The value of ρpapr,2 with the non-return-to-zero (NRZ) rectangular

pulse is 1. For an RRC PSF, ρpapr,2 is between two and seven, depending on the PSF’s roll-off

factor [131].

3.2.2 Frequency response Model

Three models are used to estimate the frequency response of an IM/DD SI-POF channel, and

they are the:

• first-order low-pass or Butterworth model [49, 50]

• Gaussian model [51, 109] and

• time-dependent power flow model [52–55, 132, 133]

The frequency response of the SI-POF channel based on the first-order Butterworth filter is

expressed as [49]:

Hpof (f) =

(
1 + j

f

f
p3dB

)−1
, (3.13)

while, the frequency response of the SI-POF channel based on the Gaussian filter is expressed

as [50, 134]:

Hpof (f) = e
− 1

2

(
f
f0

)2

,with f0 =
f
p3dB√
ln 2

, (3.14)

where f
p3dB

denotes the -3 dB electrical bandwidth in MHz, and it is expressed as a function of
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the bandwidth-length product f
p3dBl

in MHz.m as

f
p3dB

=
f
p3dBl

lpof
, (3.15)

where lpof is the SI-POF length in metres.

Compared to the two previous models, the time-dependent power flow equation is the best

model for estimating the SI-POF frequency response. This is because it describes how the

modes of light in the travels within the core of the SI-POF. The power flow equation is expressed

as [52–55, 132, 133]:

∂p(θ, lpof , t)

∂lpof
= −α(θ)p(θ, lpof , t)︸ ︷︷ ︸

mode-dependent

attenuation

− τdel(θ)
∂p(θ, lpof , t)

∂t︸ ︷︷ ︸
modal dispersion

+
1

θ

∂

∂θ

[
θD(θ)

∂p(θ, lpof , t)

∂θ

]
︸ ︷︷ ︸

mode coupling

.

(3.16)

The equation describes the sources of impairments in the SI-POF with three functions, each

of which represent the mode-dependent attenuation, modal dispersion and mode coupling. The

direction of an incident ray (or mode) to the SI-POF is denoted by the angle θ, where 0 ≤ θ ≤ θc
for the ray to be fully reflected in the fibre. θc is the complement of the critical angle inside the

SI-POF, defined as [50]:

θc = arcsin

(
NA
nco

)
, (3.17)

The amount of optical power in one mode that is identified as θ relative to the fibre axis is

defined as p(θ, lpof , t), and this is a function of the SI-POF length lpof and time t. The mode-

dependent attenuation for an SI-POF is denoted as α(θ), which is a function of the angle θ. The

mode coupling is defined by a diffusion function D(θ), which describes how the optical power

is transferred from one mode to the neighbouring ones. The attenuation functions and diffusion

functions of three PMMA SI-POFs from different manufacturers are presented in Fig. 3.6a and

Fig. 3.6b, respectively [53]. The PMMA SI-POFs are ESKA-PREMIER GH4001 (GH) from

Mitsubishi, HFBR-RUS100 (HFB) from Agilent (HFB), and PGU-FB1000 from Toray (PGU).

The function of θ that relates to the modal dispersion is defined as τdel(θ). It is expressed in [50]

as

τdel(θ) =
nco
clight

(
1

cos(θ)
− 1

)
, (3.18)
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Eska GH

Agilient HFB

Toray PGU

(a)

Eska GH

Agilient HFB

Toray PGU

(b)

Figure 3.6: Modal characterisation of PMMA SI-POFs from different manufacturers with the
: (a) attenuation function (b) diffusion function [53]

where clight denotes the velocity of light in vacuum, which is ∼2.998× 108 m/s.

To obtain the frequency response with the power flow equation, Eq. (3.16) can be converted

from the time-domain to the frequency-domain with the help of the Fourier transforms. Thus,

we obtain:

∂P (θ, lpof , ω)

∂lpof
= − [α(θ) + jωτdel(θ)]P (θ, lpof , ω)+

1

θ

∂

∂θ

[
θD(θ)

∂P (θ, lpof , ω)

∂θ

]
, (3.19)

where P (θ, lpof , ω) is the Fourier transforms of p(θ, lpof , t) and ω is the angular frequency

in rad/s. The initial condition for Eq.( 3.19) is the angular power distribution of the optical

source for the SI-POF. In [84], the light sources are assumed to have a Gaussian launching

beam distribution that is defined as

P (θ, lpof = 0, ω) = e
− 1

2

(
θ−θ0
σ
bm

)2

,with σ
bm
≈ arcsin(NAld)√

2 ln 2
, (3.20)

where NAld denotes the numerical aperture of the optical source, and θ0 denotes the mean value

of the angle distribution for the optical source. θ0 is optimal at 0◦ [84].

The value of P (θ, lpof , ω) has been solved multiple times in literature with different numerical

methods [52–55, 84, 132, 133]. Various assumptions with their approximations have been em-

ployed in these studies either for simplicity in solving for P (θ, lpof , ω) or to explore the effects

of the fibre impairments. In this study, the finite difference scheme is applied as the numerical

method used to solve for P (θ, lpof , ω) in Eq. (3.19). Details of this numerical method can be
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explored in [84]. The normalised frequency response of the SI-POF of lpof metres in length

can be obtained from P (θ, lpof , ω) as follows:

Hpof (ω) =

∫ θc
0 P (θ, lpof , ω) ∂θ∫ θc
0 P (θ, lpof , 0) ∂θ

similarly, Hpof (f) =

∫ θc
0 P (θ, lpof , f) ∂θ∫ θc
0 P (θ, lpof , 0) ∂θ

(3.21)

Figure 3.7: Simulated results of the frequency response using the Butterworth model from
Eq. (3.13), the Gaussian model from Eq. (3.14) and the the power flow model from
Eq. (3.21). The results are taken at fibre lengths of 10 m, 30 m and 100 m.

The magnitude response (i.e. 20 log10 |Hpof (f)|) of the SI-POF for lengths of 10 m, 30 m and

100 m is depicted in Fig. 3.7 using the three models discussed earlier. The bandwidth-length

product selected for the Butterworth and Gaussian model is 4500 MHz.m, according to that of

the standard PMMA SI-POF. The power flow model is implemented with parameters from both

the HFB profile and the GH profile. The value of NAld is 0.17 because it is assumed that the

LD is the input source to the SI-POF.

The results in Fig. 3.7 suggest that the Butterworth filter is the most optimistic estimation for

the frequency response of the SI-POF channel. In contrast, the Gaussian filter is the worst-

case estimation for the SI-POF channel. Furthermore, SI-POF at shorter lengths (10 m) the

shape of the frequency response tends toward the Butterworth filter while at longer lengths

(100 m), the POF response tends towards the Gaussian filter. This result is because the mode-

dependent attenuation predominantly influences the frequency response for the short-length

SI-POF. In contrast, with increasing fibre length, the mode-coupling process interacts more
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and more with the mode-dependent attenuation, which leads to a more Gaussian-like shape.

Another observation from Fig. 3.7 is that the frequency response from the GH profile surpasses

that from the HFB profile at all SI-POF lengths. This pattern is because the first profile requires

less diffusion than the latter profile as Fig. 3.6b illustrates.

3.2.3 Channel capacity analysis

The bandwidth is one of the constraints that restrict transmission at higher data rates in an opti-

cal IM/DD SI-POF channel. The bandwidth limitations can either originate from the transmit-

ter, channel, receiver, or combinations of all mentioned. With some knowledge of the frequency

response of the channel and SNR, the Shannon capacity of an SI-POF channel was calculated

with the well-known water-filling method in the literature [43,50,84,135,136]. However, these

studies only considered the capacity of the SI-POF channel at varying lengths while using the

same SNR values for each length. The study in [135] by Gaudino et al. has first presented the

idea for the SI-POF channel analysis, and this forms the basis of the first part presented in this

section.

The rest of the analysis is based on the results shown in [50, 84], and they are further extended

in this thesis by considering the capacity at different SI-POF lengths. The main findings are

achieved by reviewing the theory for the evaluation of the channel capacity for the general case

of a receiver characterised by its noise PSDGnoise(f), and a received signal with PSDGsig(f).

The latter PSD is influenced by the bandwidth-limiting response of the entire transmission sys-

tem (transmitter, receiver, and channel). For convenience in the rest of this chapter,Gsig(f) will

be related as Hptot(f), which is the overall frequency response of the channel. The Shannon

capacity will be analysed for an SI-POF channel that is modelled with the Gaussian low-pass

filter, the first-order Butterworth low-pass filter and the power flow equation.

3.2.3.1 Review on the derivation of the capacity for IM/DD SI-POF

The maximum capacity Rb,max in bps is obtained from an SI-POF system by treating this

channel as a sum of infinitesimal subchannels and applying the advanced but well-known results

from information theory [43]. Thus,

Rb,max ≤
∫ +∞

−∞

1

2
log2

(
1 +

Gsig(f)

Gnoise(f)

)
df, (3.22)
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under the average received power constraint

Psig =

∫ +∞

−∞
Gsig(f) df. (3.23)

Figure 3.8: An illustration of the water-filling method adopted from [84]

The problem to solve is to find the PSD Gsig(f) that maximises Rb,max in Eq. (3.22). A

Lagrange multiplier can be used to find the solution to the optimisation problem [43, 136]. It

can be expressed as

Gsig(f) = (ν −Gnoise(f))+ , (3.24)

where ν is a constant value that satisfies
∫ +∞
−∞ (ν −Gnoise(f))+ df = Psig. The operation

(.)+ is defined as

(x)+ =

x if x ≥ 0

0 if x < 0
. (3.25)

This procedure is termed in the literature as “water-filling” [136], and it is illustrated in Fig. 3.8.

Finding ν in Eq. (3.24) means finding the water level ν so that the coloured area, which is

enclosed by ν and Gnoise(f) in Fig. 3.8, is equal to Psig. Particularly, no energy is allocated

outside the frequency ξ, which satisfies the equation Gnoise(ξ) = ν. The parameter ξ is called

“critical frequency”, and it will play a key role in the following calculations regarding the

Shannon capacity.

The PSD of the (AC-coupled) received signal can be derived from Eq. (3.7) as

Gr(f) = (α
pof
ηldηcpRpd|Hptot(f)|)2Gi(f), (3.26)

where Gi(f) is the PSD of the DC-free transmitted signal I(t). The noise at the receiver is an
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additive white Gaussian noise (AWGN) with a PSD of

Np
2

=
(RpdNnep)2 + 2qeRpdαpof ηcpPoavg

2
. (3.27)

The capacity of the SI-POF channel from Eq. (3.22) becomes

Rb,max ≤
∫ +∞

−∞

1

2
log2

(
1 +

2Gi(f)
(
α
pof
ηldηcpRpd|Hptot(f)|

)2
(RpdNnep)2 + 2qeRpdαpof ηcpPoavg

)
df. (3.28)

With the aid of Eq. (3.28), the two PSDs Gsig(f) and Gnoise(f) from the general optimisa-

tion problems in Eq. (3.22) and Eq. (3.23) can be re-formulated so that all the distortions and

losses are assigned to Gnoise(f) while the average transmitted optical power can be assigned

to Gsig(f). Applying this re-formulation results in

Gnoise(f) =
(RpdNnep)2 + 2qeRpdαpof ηcpPoavg

2
(
α
pof
ηcpRpd|Hptot(f)|

)2 =
N 2
nep +

2qeαpof ηcpPoavg

Rpd

2
(
α
pof
ηcp|Hptot(f)|

)2 (3.29)

and

Gsig(f) = η2ldGi(f). (3.30)

From Eq. (3.30), the power constraint in Eq. (3.23) can now be derived from the mean optical

transmit power (Poavg), the modulation index (ηmod) and the PAPR (ρpapr ) as follows:

Psig =

∫ +∞

−∞
Gsig(f) df = η2ldE[I2(t)] = η2ldI

2
rms

=
(ηldImod)

2

ρpapr
=
P 2
omod

ρpapr
=

(ηmodPoavg)
2

ρpapr
.

(3.31)

Using the water-filling solution given by Eq. (3.24) and Eq. (3.25), and by explicitly inserting

the parameter ξ, the power constraint equation is re-written as

∫ +ξ

−ξ
(Gnoise(ξ)−Gnoise(f)) df = Psig (3.32)

By inserting Eq. (3.29) and Eq. (3.31) in Eq. (3.32), the power constraint can be written as
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follows:

∫ +ξ

−ξ

N 2
nep +

2qeαpof ηcpPoavg

Rpd

2
(
α
pof
ηcp
)2 (

1

|Hptot(ξ)|2
− 1

|Hptot(f)|2

)
df =

(ηmodPoavg)
2

ρpapr∫ +ξ

−ξ

(
1

|Hptot(ξ)|2
− 1

|Hptot(f)|2

)
df =

2
(
α
pof
ηcpηmodPoavg

)2
ρpapr

(
N 2
nep +

2qeαpof ηcpPoavg

Rpd

) (3.33)

By inserting the SNR γsig from Eq. (3.11) into the above equation, the power constraint problem

simplifies to ∫ +ξ

−ξ

(
1

|Hptot(ξ)|2
− 1

|Hptot(f)|2

)
df = γsigfN0 = γsnm (3.34)

Equation (3.34) is a non-linear problem of the unknown parameter ξ, which can be solved

numerically. After the optimum ξ has been found, the capacity of the SI-POF channel can be

calculated as

Rb,max ≤
∫ +ξ

−ξ

1

2
log2

(
1 +

Gnoise(ξ)−Gnoise(f)

Gnoise(f)

)
df, (3.35)

which can be rewritten as

Rb,max ≤
∫ +ξ

−ξ

1

2
log2

(
Gnoise(ξ)

Gnoise(f)

)
df. (3.36)

Inserting Eq. (3.29) in Eq. (3.36) results in

Rb,max ≤
∫ +ξ

−ξ

1

2
log2

(
|Hptot(f)|2

|Hptot(ξ)|2

)
df. (3.37)

The above equation shows the dependence of the maximum capacity on the frequency response

of the SI-POF system. A closed-form expression of the capacity was derived for the SI-POF

system if its frequency response is represented with the Gaussian model and the first-order

Butterworth model [50]. For the Gaussian model, the capacity is defined in terms of the -3 dB

bandwidth f
p3dB

and the bandwidth-independent SNR (γsnm) as

Rb,max =
2f

p3dB
%3

3 ln 2
√

ln 2
,where % = Ψ

(
γsnm
√

ln 2

f
p3dB

)
(3.38)

The function y = Ψ(x) is not a closed-form expression but it can be solved numerically. The
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relation between y and x with the function Ψ(.) is expressed as

yey
2 − 1

2

∫ +y

−y
eb

2
db = x. (3.39)

For the Butterworth model, the closed-form expression for the capacity is defined as

Rb,max =
2f

p3dB

ln 2

[(
3γsnm
2f

p3dB

) 1
3

− arctan

(
3γsnm
2f

p3dB

) 1
3

]
. (3.40)

3.2.3.2 Numerical results for the channel capacity

Previous studies have estimated the capacity of the SI-POF channel for varying lengths by

using the SNR as the main parameter [50, 70, 84]. However, the main parameter is the mean

optical power of the transmitter and the NEP at the receiver. This setting implies that the SNR

will reduce with increasing SI-POF lengths, which is contrary to what was done in previous

studies. This assessment of the capacity is more feasible than that in [50, 70], as it emphasises

on not only the SI-POF channel but also the optical transmitter and receiver. It is noted in this

section that the capacity of the SI-POF is evaluated at lengths from 10 m to 100 m. These SI-

POF lengths are selected as they are used for short-range applications that include networks in

SOHO, vehicles and the industry. The channel capacity of the SI-POF channel will be measured

with the bit rate Rb,max in Gbps and the bit-rate length product in Rb,max × lpof in Gbps.m.

Parameters Symbol Values

POF attenuation coefficient αpc 0.18 [dB/m]

PD responsivity Rpd 0.4 [A/W]

Overall coupling efficiency ηcp 0.7

Receiver NEP Nnep 35 [pW/Hz
1
2 ]

PAPR of signal ρpapr 6 [dB]

Mean transmitted optical power Poavg 1 [mW]

Optical modulation index ηmod 1

Table 3.1: Parameters used to obtain the results in Fig. 3.9 and Fig. 3.10

The channel capacity of the SI-POF is first considered without any band-limitation from the

transmitter or receiver devices. Therefore, the frequency responses Hld(f) and Hpd(f) have
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both of their magnitudes as equal to one at all frequencies. This setting is used to investigate the

capacities of the SI-POF channel alone. The results are depicted in Fig. 3.9, and they compare

the capacity curves for the Gaussian, Butterworth and power-flow approximations of the SI-

POF channel. The -3 dB bandwidth of the first two approximations is obtained from Eqs. (3.14)

and (3.13) using a bandwidth-length product of 4500 MHz.m. The frequency response with the

power-flow is for the HFB and the GH profiles, and it is implemented with an optical source

NA of 0.17.

(a) (b)

Figure 3.9: Measure of channel capacity of SI-POF at varying lengths with the: (a) bit rate
Rb,max (b) bit-rate length productRb,max×lpof . There is no bandwidth limitation
from the optical source and receiver so thatHld(f) = Hpd(f) = 1 andHptot(f) =
Hpof (f); the Gaussian and Butterworth low-pass channel capacities are included
for comparison purpose.

For short SI-POF lengths, the capacity from the power-flow model tends towards the first-order

Butterworth approximation. With increasing fibre length, the capacity from the power-flow

model moves down to that from the Gaussian model, and the latter model is the lower-bound.

The capacity from the power-flow model with the GH profile marginally outperforms that with

the HFB profile. From Fig. 3.9a for instance, the capacities of the SI-POF at 10 m length

are ∼60 Gbps, ∼50 Gbps, ∼40 Gbps and ∼16 Gbps from the Butterworth model, the power-

flow model with the GH profile, the power-flow model with the HFB profile and the Gaussian

model, respectively. But at 60 m length, their capacities are∼5 Gbps,∼3 Gbps,∼2.8 Gbps and

∼2 Gbps, correspondingly. This behaviour agrees very well with the conclusions mentioned

in [50], where the Butterworth model is used for SI-POF lengths up to 30 m, and the Gaussian

model is used for fibre lengths of 30 m up to 200 m. Figure 3.9b shows the capacities of the

SI-POF channel by using the bit-rate length product. The channel setting is similar to that used
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in Fig. 3.9a, where there is no band-limitation from the transmitter and receiver. It is observed

that the maximum bit-rate length product is obtained at an SI-POF length of 10 m regardless of

the model used for the SI-POF channel. The bit-rate length product reduces significantly as the

SI-POF lengths increases.

Gaussian

(a) (b)

Figure 3.10: Measure of channel capacity of SI-POF at varying lengths with the: (a) bit rate
Rb,max (b) bit-rate length product Rb,max × lpof . A fourth-order Butterworth
low-pass filter is used to model the bandwidth constraint from the optical source
and receiver; the Gaussian and Butterworth low-pass channel capacities are in-
cluded for comparison purpose.

It is more practical to consider the channel capacity of the SI-POF, whose bandwidth is limited

from the transmitter and receiver. The capacities of the SI-POF channel with the band-limitation

are presented in Fig. 3.10. A fourth-order Butterworth low-pass filter – with a -3 dB bandwidth

of 1 GHz – is used to model the bandwidth constraint from the optical source and receiver.

Compared to the results from Fig. 3.9a, the capacities from Fig. 3.10a at 10 m length are reduced

to∼18 Gbps,∼17 Gbps,∼17 Gbps and∼15 Gbps with the Butterworth model, the power-flow

model with the GH profile, the power-flow model with the HFB profile and the Gaussian model,

respectively. But at 60 m length, their capacities are ∼4.7 Gbps, ∼3 Gbps, ∼2.8 Gbps and

∼2 Gbps, correspondingly. The band-limitation of the optical front-end devices significantly

reduces the capacity of the SI-POF system at shorter lengths, but does so slightly or even

trivially for the system at longer lengths. Unlike in Fig. 3.9b, a convex relationship between the

bit-rate length product and fibre length is observed for the SI-POF channel in Fig. 3.10b. Thus,

there is an optimum fibre length that offers the maximum bit-rate length product of the SI-POF

channel that is band-limited from the optical front-end devices. This length {maximum bit-rate

length product} is 40 m {∼330 Gbps.m}, 30 m {∼275 Gbps.m}, 30 m {∼250 Gbps.m} and
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20 m {∼160 Gbps.m} from the Butterworth model, the power-flow model with the GH profile,

the power-flow model with the HFB profile and the Gaussian model, respectively.

3.3 Experiment Setup

The SI-POF based system for the thesis is experimentally investigated with the setup illus-

trated in Fig. 3.11. The block diagram and the photo of the setup are shown in Fig. 3.11a and

Fig. 3.11b, respectively. The signal modulation and demodulation process are done in a com-

puter, and the DSP for these processes are discussed in Section 3.1. The modulated signal from

the computer is loaded to an arbitrary waveform generator (AWG, Keysight 81180A, 12 bits

digital-to-analogue converter (DAC) resolution, 1 GHz bandwidth, 4.2 Gsa/s sampling rate).

(a) Block diagram illustrating experiment setup

(b) Photo of the setup in the laboratory

Figure 3.11: Description of experiment setup
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The AWG’s output voltage signal is converted to a unipolar current signal with the addition

of direct current (DC) via a bias-T (ZFBT-4R2GW+). This addition is implemented to drive

the optical source. The output of the optical source is transmitted through an SI-POF (HFBR-

RUD500Z) with a measured attenuation of ∼0.18 dB/m at 650 nm wavelength. Three SI-

POFs, each of 10 m, 30 m and 60 m lengths, are used experimentally throughout this thesis.

The optical signal from the SI-POF is then sent to a photo-receiver, whose output electrical

signal is captured with an oscilloscope (MSO7104B, 1 GHz bandwidth, 4 Gsa/s, 8 bits ADC

vertical resolution). The captured signal is then imported into the computer for further signal

processing and demodulation. It takes about 45 seconds to run one experimental session to

obtain the received bits from the setup.

Two experiment setups are explored throughout this thesis, with each using a different trans-

mitter and receiver. The first (LD) setup uses an LD transmitter and a high-speed (1 GHz)

photo-receiver while the other (RC-LED) setup uses an RC-LED transmitter and a lower-speed

(150 MHz) photo-receiver. The lower-speed photo-receiver is selected for the latter setup as it

has a higher amplifier gain than the first setup. Also, the RC-LED has a lower bandwidth than

that of the receiver. The receiver from both setups uses the Si-PIN-PD as their PD.

The measured electrical-to-optical (E/O) conversion of the optical sources is defined by its

optical power-to-electrical current (P-I) curve, and it is shown in Fig. 3.12a for the LD and in

Fig. 3.12b for the RC-LED. Based on the LD’s P-I curve, the DC bias current can be selected

from ∼27 mA to ∼30 mA, which translates accordingly to an average optical fibre-coupled

power ranging from ∼5.5 mW of ∼8 mW. From the RC-LED’s P-I curve, the DC bias current

can be selected from ∼20 mA to ∼30 mA, which translates accordingly to an average optical

fibre-coupled power ranging from∼1 mW of∼1.3 mW. More details of the transmitter and the

receiver for these setups are presented in Table 3.2.

The capacity of the LD and the RC-LED setups can be obtained by using the parameters from

Table 3.2 and by applying them to the equations in Section 3.2.3.1. The PAPR is assumed to

be 6 dB, but it could be above this value depending on the type of modulation. The frequency

response of the overall SI-POF system Hptot(f) is needed to calculate the capacity, and it com-

prises the response from the optical source (Hld(f)), the response from the SI-POF (Hpof (f))

and the response from the receiver (Hpd(f)). For the LD setup, the bandwidth of the LD can

be assumed to be flat within the overall system bandwidth so that Hld(f) = 1. The POF fre-

quency response (Hpof (f)) is obtained from the power-flow model with the HFB profile using
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Parameters Symbol LD setup RC-LED setup

Optical

Transmitter

Thorlabs

L650P007 (650 nm)

Hamamatsu

L10762 (650 nm)

Mean transmitted

optical power
Poavg 5 mW 1 mW

Numerical

aperture
NAld 0.17 0.35

Modulation index ηmod 1

-3 dB electrical

bandwidth
>1 GHz 70 MHz

Optical Receiver New Focus 1601 Thorlabs PDA10A

PD radius rpd 0.2 mm 0.5 mm

PD coupling

efficiency
ηcp 0.16 1

PD responsivity

at 650 nm
Rpd 0.45 A/W

NEP at 650 nm Nnep 35 pW/Hz
1
2

-3 dB electrical

bandwidth
1 GHz 150 MHz

TIA gain 700 V/A 5000 V/A

Table 3.2: Parameters of the optical transmitter and receiver for the SI-POF links with the LD
setup and the RC-LED setup. The values are adopted from the datasheet of each
optical source and receiver in [137–140].
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(a) (b)

Figure 3.12: Measured P-I curve of the: (a) LD L650P007 (b) RC-LED L10762

an NA of 0.17; Hpd(f) is modelled as a fourth-order Butterworth low-pass filter with a -3 dB

bandwidth of 1 GHz. For the RC-LED setup, Hld(f) is modelled as a first-order Butterworth

low-pass filter with a -3 dB bandwidth of 70 MHz; Hpof (f) is obtained from the power-flow

model with the HFB profile using an NA of 0.35; Hpd(f) is modelled as a fourth-order Butter-

worth low-pass filter with a -3 dB bandwidth of 150 MHz.

X 40

Y 244.1

X 50

Y 98.12

X 20

Y 12.82

X 30

Y 2.733

Figure 3.13: Measure of channel capacity of SI-POF at varying lengths with the bit rate
(Rb,max) and the bit-rate length product (Rb,max × lpof ) using the parameters
from Table 3.2.

The theoretical capacities of the SI-POF system with the LD and RC-LED setups are presented
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in Fig. 3.13 at varying fibre lengths. The capacities presented for each setup are the bit-rate

and the bit-rate length product. The bit-rates of the SI-POF at 10 m length are ∼18.5 Gbps and

∼3.7 Gbps from the LD setup and the RC-LED setup, respectively. At 30 m length, the bit-rates

are ∼9 Gbps and ∼2.7 Gbps, respectively. At 60 m length, they are ∼3 Gbps and ∼1.6 Gbps,

respectively. A convex relationship is also observed between the bit-rate length product and

fibre length. The convex curve for the LD setup is steeper than that for the RC-LED setup.

The gentle curve from the RC-LED setup is due to the band-limitation of its transmitter. The

optimum fibre length {and maximum bit-rate length product} of the SI-POF channel is 30 m

{∼270 Gbps.m} and 60 m {∼96 Gbps.m} from the the LD setup and the RC-LED setup,

respectively.

3.4 Non-linearity measurements with Total Harmonic Distortion

The total harmonic distortion (THD) is a well-known measure of non-linearity, which requires

the use of a sinusoidal input to measure the amplitude (or power) of the generated harmon-

ics. Figure 3.14 illustrates the use of an oscilloscope to measure the THD with the first five

harmonics. The THD in dBc is defined as [141]:

THD = 10 log10

(
1

P1

∞∑
n=2

Pn

)
, (3.41)

where Pn is the power (in Watts) for the nth harmonic with n = 1 being the fundamental

frequency. The THD is obtained by measuring the power of the first five harmonics using a

fundamental frequency of 5 MHz as shown in Fig. 3.14.

In Fig. 3.15, the THD is computed for Imod and Ibias using both the LD and the RC-LED

setup. To maximise the SNR of an SI-POF link, a high value of Imod (or ηmod) is desirable as

shown in Eqs. (3.12) and (3.11). However, it is seen in Fig. 3.15 that the non-linear distortion

increases with ηmod for both the LD and RC-LED setups. Furthermore, the THD is significantly

higher for the LED than that for the LD. From Fig. 3.15a for instance, the THD from the LD

setup is ∼-36 dBc and ∼-31 dBc at ηmod values of 0.4 and 0.8, respectively. But from the

RC-LED setup, the THD is increased to ∼-28 dBc and ∼-22.5 dBc, respectively. Hence using

the RC-LED setup brings about a non-linear penalty of ∼8 dB and ∼8.5 dBc at ηmod = 0.4

and ηmod = 0.8, respectively. And this penalty remains constant at about 8 dB irrespective of

the value of the modulation index. Figure 3.15a particularly shows that for the LD setup, the
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(a) (b)

Figure 3.14: A capture of the first five harmonics from the oscilloscope at a fundamental fre-
quency of 5 MHz for Ibias = 28 mA and: (a) Imod = 5 mA (b) Imod = 7 mA.
The X-scale and Y-scale for the oscilloscope are 5 MHz/div and 25 dB/div, re-
spectively.

non-linearity diminishes slightly with the increasing length of the SI-POF. This observation is

expected as an increase in the SI-POF length reduces the signal swing (peak-to-peak value) at

the receiver, thus reducing the non-linearity contribution from the receiver.

In Fig. 3.15b, the THD is computed for the LD setup at different values of Ibias with Imod of

5 mA and 7 mA. This measurement is implemented with a 10 m SI-POF. Fig. 3.15b shows a

convex relationship between THD and Ibias irrespective of the value of Imod. Thus, there is

an optimum value of Ibias that offers the minimum THD of the LD. Ibias must not exceed this

value as it would increase not only the THD of the LD but also reduce the lifetime of (or even

damage) the LD. The minimum THD for Imod = 5mA and Imod = 7mA is about -39 dBc and

-34 dBc, respectively with Ibias = 30 mA. For the RC-LED setup, the THD is computed with

Imod of 15 mA and 20 mA. It is observed that for both values of Imod the non-linear distortion

is either constant or it slightly varies with respect to the bias current. This pattern is due to the

effect of non-linearity contributed from low-level clipping at lower values of Ibias and the effect

of from the highly non-linear P-I curve for moderate to higher values of Ibias (see Fig. 3.12b).

The THD for Imod = 15 mA and Imod = 20 mA is about -26 dBc and -24 dBc, respectively

with Ibias = 30 mA.

The THD is just the average sum of the power of the harmonics, and it does not show whether
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(a) (b)

Figure 3.15: Measured total harmonic distortion (THD) for values of the: (a) modulation index
(ηmod) at a bias current of 28 mA and 30 mA for the LD and the RC-LED setup,
respectively (b) bias current (Ibias).

one harmonic dominate another or if the harmonics are comparable to each other. Therefore,

the magnitude of distortion from two constituent harmonics are presented in Fig. 3.16. The

distortions under consideration are the second-order harmonic distortion (HD2) and the third-

order harmonic distortion (HD3). In Fig. 3.16a, the values of HD2 and HD3 are presented for

the LD setup with the same settings used in Fig. 3.15b. For the LD setup, the HD2 has a convex

relationship with Ibias irrespective of the value of Imod. But HD3 does not follow this pattern.

Instead, it stays constant at ∼-40 dBc and ∼-33 dBc for Imod = 5 mA and Imod = 7 mA,

respectively. For the values of the bias current that ranges between 29 mA and 31 mA, HD3

dominates over HD2 and vice versa. This observation suggests that even though the non-linear

distortion is minimal for the bias current within these values, it is greatly dominated by third-

order non-linearity. Hence, the VOLT3DFE would offer superior BER performance than the

VOLT2DFE at this range of values for the bias current. Otherwise, the VOLT2DFE would offer

a superior BER performance than VOLT3DFE.

In Fig. 3.16a, the values of HD2 and HD3 are presented for the RC-LED setup with the same

settings used in Fig. 3.15b. HD2 and HD3 are shown to be slightly constant to the bias current,

and it is also observed that HD2 is significantly greater than HD3. For instance, the values of

HD2 and HD3 for Imod = 15 mA are about -26 dBc and -51 dBc, respectively. Thus, HD2

dominates over HD3 by a gain of 25 dB. For Imod = 20 mA, the values HD2 and HD3 are
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(a) (b)

Figure 3.16: Measured second-order and third-order harmonic distortion (HD2 and HD3) for
values of the: (a) bias current (Ibias) (b) modulation index (ηmod) at a bias cur-
rent (Ibias =) of 28 mA and 30 mA for the LD and the RC-LED setup, respectively.
The straight and dotted lines denote the values of HD2 and HD3, respectively.

27 dBc and -55 dBc, respectively. So, HD2 dominates over HD3 by a gain of 28 dB. Therefore,

the second-order non-linearity is the most significant component of the system non-linearities

in an RC-LED setup, irrespective of the value of the bias current. This result suggests that the

VOLT2DFE is better than the VOLT3DFE for the RC-LED setup at all bias current points for

the RC-LED.

Figure 3.16b depicts the values of HD2 and HD3 for values of ηmod with both the LD and the

RC-LED setups. The same setting used in Fig. 3.15a is used to obtain the results in Fig. 3.16b.

Like previous results from Fig. 3.16a, the second-order harmonic distortion still fully dominates

the system non-linearities for the RC-LED setup. The values of HD2 and HD3 with this setup

are ∼-28 dBc and ∼-57 dBc, respectively at ηmod = 0.4: HD2 stands out above HD3 by a

gain of 29 dB. At ηmod = 0.8, the values of of HD2 and HD3 for the RC-LED setup are ∼-

22 dBc and ∼-44 dBc, respectively. These values imply that HD2 overshadows HD3 by a gain

of 22 dB in terms of non-linearity. It can be inferred from these results that as ηmod increases,

the rate at which the third-order distortion increases is more than that for the second-order

distortion for the RC-LED setup. With the LD setup, the third-order harmonic distortion still

fully dominates the system non-linearities for values of ηmod less than 0.65. Otherwise, the

second-order harmonic distortion dominates the system non-linearities.
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3.5 Summary

In this chapter, the IM/DD channel for the SI-POF has been fully explored in detail. A de-

scription of the modulation formats for this channel was first discussed. The channel capacity

was calculated for the commonly used approximations, the Gaussian, the Butterworth, and the

power-flow model. Unlike the studies done in [50,84], the capacity is assessed here in terms of

the maximum achievable bit-rates and bit-rate length products by using a constant mean optical

transmitted power and the receiver’s noise sensitivity. The results first confirm the observations

from recently published work [50, 84], that for short fibre length (< 30 m) the Butterworth

model is the best approximation while for longer fibre length (> 100 m) the Gaussian model

can be used. The capacity results also add some knowledge to these published work. They

prove that the bit-rate length product of the SI-POF channel can be maximised by selecting an

optimum length, provided there is a band-limitation from the optical source and receiver. With

no bandwidth constraint from the front-end devices, the bit-rate length product of the IM/DD

SI-POF channel reduces with the SI-POF length.

The two experiment setups considered for this thesis are described in this chapter. The first

uses the LD transmitter with a high-speed receiver, while the other uses an RC-LED as the

transmitter and a relatively low-speed receiver. The total harmonic distortion (THD) is used to

measure the non-linearities of these setups based on their DC bias current and their modulation

index. For the LD setup, there is an optimal bias current that minimises the non-linearity of

the SI-POF system. For the RC-LED setup, the non-linearity is slightly constant irrespective of

the bias current. With both the LD and RC-LED setups, the system non-linearities increase as

the modulation index increases. Also, the THD from the RC-LED setup is ∼8 dB higher than

that from the LD setup at a fundamental frequency of 5 MHz. The contribution of the second-

order harmonics and third-order harmonics were considered for both setups as well. For the

RC-LED setup, the second-order harmonic distortion significantly dominates the system non-

linearities compared to the third-order harmonic distortion by at least a gain of∼20 dB. For the

LD setup, the distortion from two harmonics each has a fair chance at dominating the system

non-linearities. They depend on the value of the bias current and the modulation index of the

SI-POF system from the LD setup.
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Chapter 4
Time Domain Non-linear Equalisers

for Single-carrier Modulation Schemes
over SI-POF

The previous chapter presented the linear IM/DD model of an SI-POF channel and assessed its

capacity. It also presented an evaluation of the non-linearities for the experiment setups that will

be used in this thesis. In this chapter, the performance of the SI-POF system is estimated with

a non-linear model. For this purpose, a set of extensive simulations is used to evaluate the per-

formance of the non-linear equalisers (NLEs) with this model. The NLEs are implemented in

the time-domain (TD), and they are compared with the use of single-carrier modulation (SCM)

schemes like PAM and CAP. The experiment setups are also used to evaluate the performance

of the SCM schemes in combination with the NLEs.

The first section of this chapter presents a non-linear model of the SI-POF and highlights the

parameters required for the simulation of this model. The second and the third section presents

the results of the NLEs from the simulation for PAM and CAP schemes, respectively. The

fourth section shows the complexity requirements for each NLE. With the SCM schemes and

NLEs, the results from the experiment setups discussed in the previous chapter are displayed in

the fifth section.

4.1 System Model and Parameters

The simulation model in this thesis is based on the LD experiment setup, which was described

in Section 3.3. The model of an IM/DD SI-POF system was expressed previously in Eq. (3.7)

as:

Irp(t) = Rpdηcpαpof (Popt(t)⊗ hptot(t)) + np(t), (4.1)

where Rpd denotes the photodiode (PD) responsivity in A/W. ηcp denotes the maximum cou-

pling efficiency and this is significant when the radius of the POF cable (rpof ) is above the
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radius of the PD (rpd), so ηcp =
(
rpd
rpof

)2
with butt coupling; αpof is the attenuation of the POF

channel and αpof = 10−0.1×αpc×lpof where lpof is the POF length in metres and αpc is the POF

attenuation coefficient in dB/m. To include the effect of the system non-linearities to the model,

the optical signal intensity of the LD (Popt(t)) is expressed as a non-linear estimate of the LD’s

measured P-I curve that is shown earlier in Fig. 3.12a. The estimate is a polynomial function

fnl(I), which is

Popt(t) = fnl(I) =

 −0.001414I3 + 0.1278I2 − 2.98I + 20.62 I > 18.9

0 otherwise,

where I = Ibias + I(t).

(4.2)

The non-linear estimate of the P-I curve is depicted in Fig. 4.1, and the equivalent block diagram

for this model is shown in Fig. 4.2. To assess the impact of the LD non-linearities, we consider

two different setups for the input current signal to the LD. These are denoted as LDS1 and

LDS2 in the rest of the paper. For LDS1, the input current signal is such that Ibias = 30 mA

and Imod = 7 mA, while for LDS2, Ibias = 26 mA and Imod = 7 mA. The LDS2 setup has a

higher non-linear distortion than the LDS1 setup as depicted in Fig. 3.15b. The non-linearity

from the LDS2 setup is from low-level clipping due to its lower value of Ibias.
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Figure 4.1: Estimate of the LD’s P-I curve

In (4.1), hptot(t) denotes the impulse response of the overall channel, which consists of the

background system (AWG and oscilloscope) and the POF system (LD, POF and receiver). The
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Figure 4.2: Model illustration of the POF system

combined response of the AWG and oscilloscope was measured and can be represented as a

1st order Butterworth low-pass filter with a -3 dB bandwidth of 800 MHz. LDs generally have

bandwidth ranging from few GHz to tens of GHz [68,79,84], so the response of the LD can be

assumed to be flat within the overall system bandwidth. The POF channel response is estimated

with the power-flow model, and the PD’s response is estimated as a 1st order Butterworth low-

pass filter with a -3 dB bandwidth of 1 GHz. Hence,

hptot(t) = hao(t)⊗ hpof (t)⊗ hpd(t)) in TD,

Hptot(f) = Hao(f)Hpof (f)Hpd(f) in FD.
(4.3)

where hao(t) is the combined impulse response for the AWG and oscilloscope; hpof (t) is the

impulse response for the SI-POF channel; and hpd(t) is the impulse response for the receiver.

The plots of the magnitude response forHptot(f) are presented in Fig. 4.3 for SI-POFs of length

10 m, 30 m and 60 m.

The noise, denoted by np(t), is the additive white Gaussian noise (AWGN) at the receiver. It is

assumed here that the dominant noise source is derived from the receiver’s sensitivity and the

shot noise. Thus, the noise variance is obtained from Eq. (3.11), and it can be written as:

Pnoise = fN0

(
(RpdNnep)2 + 2qeRpdαpηcpPoavg

)
, (4.4)

where fN0 is the effective noise bandwidth of the channel, which is defined as the bandwidth

of a brick-wall filter that has the same power (or energy) as the channel [142]. This can be

obtained as:

fN0 =

∫ ∞
0
|Hpsf (f)Hptot(f)|2 df, (4.5)

where Hpsf (f) denotes the frequency response of the PSF for the SCM schemes.

In a band-limited channel like that of the SI-POF, the optimum PSF for both PAM and CAP
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schemes is the Nyquist RRC filter [43]. The three vital parameters for this filter are its roll-

off factor, its span and its oversampling factor. The RRC roll-off factor (β) varies from 0 to

1, and it determines the SCM signal’s PAPR as well as its excess bandwidth. A low value

of β results in less bandwidth usage but leads to high PAPR [131]. A roll-off factor of 0.4

is therefore selected for both PAM and CAP throughout this thesis. An ideal PSF requires

an infinite symbol span (Gs) to give zero ISI at the sampling instant when combined with

the matched filter at the receiver [43]. However, for viable systems, the span is finite; hence

the filter is truncated. Therefore, the value of Gs for the RRC filter is chosen based on the

compromise between computational complexity and BER performance. A span of ten is shown

to be sufficient in [143], but there are eight spans for the RRC filter throughout this thesis.

The optimum value for β varies between 0.4 and 0.55 depending on the SCM scheme and

the equaliser that is used [131]. The oversampling factor (Nsps) is an important parameter to

consider for PAM scheme with M symbols (PAM-M ) and for CAP scheme with M2 symbols

(CAP-M2). For the first scheme, it is defined with the sampling rate Fs and the bit-rate Rb as:

Nsps =
Fs log2M

Rb
, (4.6)

For similar values of Fs and Rb, CAP-M2 requires twice the oversampling factor as that of

PAM-M . The value of Nsps can be kept constant so that Fs increases proportionally with Rb.

Otherwise, Fs can be kept constant so that Nsps varies inversely with Rb.

4.1.1 Inverse polynomial pre-distorter model

The relation between the input current and the optical power for the LD is modelled as the

3rd degree polynomial function fnl(I) expressed in Eq. (4.2). The function shows that the

current range for the LD is within the range of ∼19 mA up to ∼40 mA. The pre-distorter

linearises fnl(I) by using the inverse polynomial function f−1nl (I) and a linear function fl(I).

The polynomial function for the pre-distorter can, therefore, be obtained as [85]:

fpred(I) = f−1nl (fl(I)),

where fl(I) = 0.8421I − 17.26,

and f−1nl (I) = 0.005623I3 − 0.14I2 + 2.247I + 18.07.

(4.7)
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The output of the pre-distorter is then passed through the LD to obtain the linearised response

(f̂l(I)). It is shown in Fig. 4.1 that the linearised function from the pre-distorter f̂l(I) matches

the linear function fl(I). However, the current range that can be modulated linearly is from ∼

20.5 mA to ∼37 mA.

4.1.2 Experimental validation of simulation Model

To validate this simulation model, Fig. 4.3 shows and compares the frequency response of

hptot(t) from simulation and experiment for three different SI-POF lengths of 10 m, 30 m and

60 m. It is observed that the frequency response from the model matches that measured from

the experiment at frequencies below 900 MHz.

Figure 4.3: The magnitude response of the system under various SI-POF length. Hpof (f) is
generated with the power-flow model using the HFB profile

In Fig. 4.3, the BER result from the simulation model is compared with that from the experiment

setup for M ∈ {4, 8, 16} using the LDS1 setup (Ibias = 30 mA, Imod = 7 mA). The POF

length is 60 m, and the transversal DFE is used to obtain this BER result. It is observed that

the simulation model provides a good estimate of the experiment for PAM-4 and PAM-8. At

a BER of 10−3 for PAM-16, the bit rate from the experiment is 0.2 Gbps higher than that

from the simulation. The difference in results for PAM-16 suggests that the simulation model

is slightly more non-linear than the experiment setup. Therefore, the simulation model is useful

for assessing and evaluating the performance of the NLEs for the SI-POF channel under LD

non-linearities. The common parameters for the simulation model and the NLEs are provided
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in Table 4.1.

Simulation

Experiment

Figure 4.4: BER plot for M ∈ {4, 8, 16} comparing the results from simulation with those of
experiment using the transversal DFE. lpof = 60 m, Ibias = 30 mA, Imod = 7 mA

Parameters Symbol Values

POF attenuation coefficient αpc 0.18 [dB/m]

POF PD responsivity @ 650 nm Rp 0.45 [A/W]

Overall coupling efficiency ηcp 0.16

Receiver NEP @ 650 nm Nnep 35 [pW/Hz
1
2 ]

Number of bits for BER testing Nbit 106

Equaliser’s number of feedforward taps Nft 22

Equaliser’s number of feedback taps Nbt 18

Equaliser’s number of training examples Ntr 4000

Number of hidden-layer neurons

for the MLP equalisers
Nhn 6

Table 4.1: Simulation setup parameters

4.2 Comparison of Real-valued TD-NLE for PAM-M

The PAM modulation and de-modulation process are highlighted in Fig. 3.1. A constant over-

sampling factor (Nsps) of four is used for the simulation model irrespective of the signal’s bit

rate. Each simulation result displayed is the average of ten independent realisations. The tap

(or synaptic) weights of the TD based NLEs (TD-NLEs) are real-valued as the voltage levels

that correspond to the PAM symbols are real-valued. To evaluate and compare the performance
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of the NLEs in the presence of ISI and non-linearity, we present the BER results at various bit

rates for 60 m, 30 m and 10 m POF lengths. It should be noted that the three lengths are selected

as they can be applied to automotive and industrial applications (see Table 1.2). However, the

SOHO network can only work with the 60 m SI-POF link.

Figure 4.5: BER result comparing the equalisers performance over SI-POF with LDS1 setup
(Ibias = 30 mA, Imod = 7 mA). γnm is ∼37 dB, ∼47 dB and ∼53 dB for SI-POF
lengths of 60 m, 30 m and 10 m respectively.

In Fig. 4.5, the BER result for the equalisers with the LDS1 setup (Ibias = 30 mA, Imod =

7 mA) is depicted for POF lengths of 10 m, 30 m and 60 m. It should be noted here that for

the LDS1 setup, there are six hidden neurons (Nhn = 6) for the MLPDFE for it to achieve the
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best performance while not compromising computational complexity. The plots in Fig. 4.5 are

waterfall curves that express the BER response, which rises to the increasing signal bit rate.

This curve pattern is because the signal bandwidth increases at higher bit-rates and this leads

to a noise increase (or an SNR reduction). As the SI-POF length increases, the BER curves are

at lower bit-rate regions, and they become slightly steeper. This steepness is appropriate as the

SNR at the receiver reduces for longer SI-POF links for the same optical source and receiver.

Another observation with the BER curve is that its slope is smaller with a high-order PAM

scheme, but is relatively higher with a low-order PAM scheme. For the 10 m SI-POF link for

instance, if bit-rate increases by 12.5% (from 16 Gbps to 18 Gbps), the BER increases by a

factor of 6300 from ∼ 10−7 to ∼ 6.3× 10−4. This result is achieved with PAM-4 modulation

and the MLPDFE. But with PAM-16 and the same NLE, the BER rises by a factor of 10.60

(∼ 1.7×10−4 to∼ 1.8×10−3). This pattern happens because, at a constant bit rate, the signal

bandwidth for a higher-order PAM scheme is smaller compared to that with a low-order PAM

scheme. Nevertheless, the low-order PAM scheme offers superior BER performance than that

from higher-order PAM schemes due to SNR constraint of the latter.

It is seen for the LDS1 that the highest bit rate obtained at a BER of 10−3 with the three

DFEs is ∼3 Gbps for 60 m POF with PAM-4, ∼7.8 Gbps for 30 m POF with PAM-8, and

∼18 Gbps for 10 m POF with PAM-8. Also, the three DFEs offer similar BER for M ≤ 8.

This is because the non-linear distortion is minimal for the LDS1 setup with negligible effect at

lower modulation order. The optimum PAM scheme with the LDS1 setup is PAM-4 for 60 m

POF and PAM-8 for both 30 m and 10 m POF. With M > 8 however, the MLPDFE BER

performance is superior to both VOLT2DFE and TRDFE for 10 m and 30 m POF lengths. For

example, with PAM-16 ∼6.2 Gbps bit-rate is achieved with MLPDFE at a BER of 10−3, while

the other DFEs offer ∼5.7 Gbps for a 30 m POF. Similarly for a 10 m POF with PAM-16,

∼17 Gbps bit-rate is obtained with MLPDFE, while this is ∼16 Gbps with the other DFEs.

For PAM-32, the achievable bit-rate at 30 m is∼5.7 Gbps with MLPDFE while it is∼5.2 Gbps

with both VOLT2DFE and TRDFE. For 10 m POF with PAM-32, this is ∼12.3 Gbps with

MLPDFE while it is ∼10.8 Gbps with the other DFEs.

With higher amount of non-linear distortion represented as LDS2 setup (Ibias = 26 mA, Imod =

7 mA), the BER against bit-rate results are presented in Fig. 4.6. Unlike with the LDS1 setup,

24 hidden neurons (Nhn = 24) is used for the MLP’s optimal performance with the LDS2 setup

since it has more non-linear distortion than the LDS1 setup. It is observed in Fig. 4.6 that the
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Figure 4.6: BER result comparing the equalisers performance over the SI-POF with the LDS2
setup (Ibias = 26 mA, Imod = 7 mA). γnm values are similar to those in Fig. 4.5

Figure 4.7: Computed eye diagram for PAM-8 at 5 Gbps over 30 m SI-POF using the setup in
Fig. 4.6
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highest bit rate achieved at a BER of 10−3 with the TRDFE is ∼2.3 Gbps for 60 m, ∼5.8 Gbps

for 30 m, and∼14.3 Gbps for 10 m POF with PAM-4 scheme used for all the POF lengths. For

VOLT2DFE, the values are 2.5 Gbps for 60 m with PAM-4, 6.25 Gbps for 30 m with PAM-8,

and∼15.6 Gbps for 10 m with PAM-8. For MLPDFE, this is∼2.8 Gbps for 60 m with PAM-4,

∼7.2 Gbps for 30 m with PAM-8, and ∼16.8 Gbps for 10 m with PAM-8. Furthermore, there

is no reliable transmission when the TRDFE is used with M ∈ {16, 32} as the BER is greater

than 0.02. This is higher than the forward error correction (FEC) limit of 3.8 × 10−3. Also,

for VOLT2DFE, the BER is always higher than FEC limit with PAM-32. This is however not

the case with MLPDFE for all bit rates considered with the exception of PAM-32 at 60 m POF

length. Here, it can be inferred that in the presence of non-linear distortion, the MLPDFE is

the most appropriate of the three equalisers. As an example, the eye diagrams for the output

of each equaliser with PAM-8 scheme is shown in Fig. 4.7. The diagrams are computed for

30 m SI-POF at a bit rate of 5 Gbps. Without equalisation, the PAM-8 waveform is severely

distorted due to ISI and the corresponding eye diagram is completely closed. With TRDFE, the

eye diagram is opened but the levels are unequally spaced and this is because the equaliser does

not mitigate the system non-linearity. More uniform spacing between levels is observed for the

eye diagram with VOLT2DFE and MLPDFE as they compensate for the non-linearity inherent

in the system. Moreover, the eye spacing with MLPDFE (' 0.155 a.u.) is greater than that of

VOLT2DFE (' 0.070 a.u.) and this is evident in the BER plot in Fig. 4.6.

In Fig. 4.8, the BER result is used to compare the performance of the TRDFE that uses the

inverse polynomial pre-distorter with that of the MLPDFE. Ibias is setup as 26 mA as this is the

point on the LD with high non-linearity. Due to the limited current range of the pre-distorter as

previously discussed in Section 4.1.1, Imod = 5 mA is used here. Similarly, 24 hidden layer

neurons are used in the MLPDFE for it to achieve its best BER performance. Using the pre-

distorter significantly improves the link performance especially at higher PAM levels. ForM ≤

8, it is shown in Fig. 4.8 that when the TRDFE is used with the pre-distorter, it offers marginally

better BER performance than the MLPDFE. For instance, the bit rate at a BER of 10−3 offered

by the MLPDFE is 15.5 Gbps for 10 m POF using PAM-4 scheme, but this is ∼16.2 Gbps with

TRDFE using the pre-distorter. For M > 8 however, the MLPDFE outperforms the TRDFE

even with the non-linear pre-distortion. There is still some non-linearity in the system with the

pre-distorter. This is because the polynomial equation, from which the pre-distorter is obtained,

is an approximation of the LD transfer function but not an exact expression.
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Figure 4.8: BER result comparing the performance of MLPDFE with that of TRDFE with non-
linear pre-distortion (Ibias = 26 mA, Imod = 5 mA). γnm is ∼34 dB, ∼44 dB and
∼49 dB for SI-POF lengths of 60 m, 30 m and 10 m respectively.
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From these results, it can be concluded that the MLP based equaliser offers the best mitigation

against POF channel distortion and non-linearity. The Volterra equaliser only mitigates 2nd

order non-linearities so its BER performance is not as good as that of the MLP equaliser. The

transversal equaliser on the other hand only mitigates the ISI and does not consider the non-

linear distortion inherent in the system. Hence, it offers the least BER result. However, at lower

PAM levels of M = 4 and 8, the non-linear pre-distortion techniques with TRDFE is the best

approach. For this study, the maximum bit rates recorded are 18 Gbps for 10 m POF, 7.8 Gbps

for 30 m POF and 3 Gbps for 60 m POF at a BER of 10−3.

4.3 Comparison of Complex-valued TD-NLE for CAP-M2

The CAP modulation and de-modulation process for the QAM symbols are highlighted in

Fig. 3.2. A constant upsampling factor of eight is used for the simulation model irrespec-

tive of the signal’s bit rate. As the QAM symbols are complex-valued, The tap weights of the

TD-NLEs for are complex-valued as the voltage levels that correspond to the .

To illustrate the effect of non-linear distortion, CAP-64 signal is transmitted through a 10 m

SI-POF at a baud rate of 250 MHz (equal to a bit rate of 1.5 Gbps) for LDS1 and LDS2 setup.

The resulting (unequalised) QAM constellation is shown in Fig. 4.9 and it shows more uniform

symbol spacing with the LDS1 setup compared to the LDS2 setup.

Figure 4.9: CAP-64 constellation for 250 MHz baud rate via 10 m SI-POF with no equalisation
using the: (a) LDS1 setup (b) LDS2 setup

The same parameters for PAM in Section 4.2 are used to obtain subsequent results in this

section, and they are shown in Table 4.1. Using these parameters and ignoring the ISI and non-
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linearity penalty of the system, the average SNR per bit (γ
b
) at a bit-rate of 4 Gbps is estimated

as 20 dB for 60 m, 30 dB for 30 m and 37 dB for 10 m SI-POF.

Figure 4.10 shows the BER result for the equalisers with the LDS1 setup at POF lengths of

10 m, 30 m and 60 m. With the BER plot from Fig. 4.10, the maximum bit rate achieved at a

BER ≈ 10−3 is presented in Table 4.2 for each POF lengths using the equalisers. Apparently,

the optimum CAP modulation format with the LDS1 setup for SI-POF of lengths 60 m, 30 m

and 10 m is CAP-4, CAP-16 and CAP-64 respectively. With the optimum CAP modula-

tion format, the SC-MLPDFE offers marginally better BER performance compared to both the

complex VOLT2DFE and the complex TRDFE for all POF lengths. This is as a result of the

low non-linearity from the LDS1 setup.

lpof [m]
TRDFE VOLT2DFE SC-MLPDFE

Rb M2 Rb M2 Rb M2

10 16 64 17 64 17.5 64

30 7.5 16 8.5 16 8.7 16

60 3.5 4 3.5 4 4 4
Rb = Bit rate in Gbps; M2 = CAP/QAM constellation size

Table 4.2: Maximum bit rate with the equalisers at a BER ≈ 10−3 for LDS1 setup

The BER results for the equalisers with the LDS2 setup at POF lengths of 10 m, 30 m and 60 m

are depicted in Fig. 4.11. The BER plots with CAP-4 scheme for the LDS1 setup and the LDS2

setup shows a bit rate difference of less than 250 Mbps indicating that there is the minimal effect

of non-linearity for CAP-4 scheme. With higher modulation order however, non-linearity

significantly diminishes the link performance. An instance of this is shown with CAP-16,

where for 60 m SI-POF and the LDS2 setup, the bit rate at a BER of 10−3 is 2.7 Gbps with the

complex TRDFE. But this is 3.2 Gbps for the LDS1 setup, which translates to a difference of

500 Mbps.

The highest bit rate achieved at BER ≈ 10−3 with the LDS2 setup is highlighted in Table 4.3

for different POF lengths. The optimum CAP modulation format for 10 m SI-POF with both

TRDFE and VOLT2DFE is CAP-16 (but is CAP-64 with the LDS1 setup). This is due to the

increasing non-linearity of the LDS2 setup. However, the optimum CAP modulation format

with SC-MLPDFE is CAP-64 for a POF length of 10 m just like with the LDS1 setup. For

CAP-256, the the BER is not below 3 × 10−3 and 0.01 with VOLT2DFE and TRDFE respec-

tively. However with SC-MLPDFE, the bit rate achieved at a BER of 10−3 is 12 Gbps and
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Figure 4.10: BER plot comparing the equalisers performance over the SI-POF with the LDS1
setup (Ibias = 30 mA, Imod = 7 mA).
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Figure 4.11: BER plot comparing the equalisers performance over the SI-POF with the LDS2
setup (Ibias = 26 mA, Imod = 7 mA).
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5.5 Gbps for POF lengths of 30 m and 10 m respectively. Consequently, the SC-MLPDFE out-

performs both the complex VOLT2DFE and the complex TRDFE for higher CAP modulation

formats if the LDS2 setup (with high non-linearity) is used.

lpof [m]
TRDFE VOLT2DFE SC-MLPDFE

Rb M2 Rb M2 Rb M2

10 13.5 16 14 16 15 64

30 6 16 6.5 16 7.5 16

60 3.5 4 3.5 4 3.75 4
Rb = Bit rate in Gbps; M2 = CAP/QAM constellation size

Table 4.3: Maximum bit rate with the equalisers at a BER ≈ 10−3 for LDS2 setup

From these results, it is confirmed that non-linearity can significantly deteriorate the overall

performance of the POF system. With this deterioration however, significant bit rate is ob-

tainable with the SC-MLP equaliser. The complex transversal equaliser only mitigates the ISI

and hence offers the least BER performance. The complex Volterra equaliser only mitigates

2nd order non-linearities so its BER performance is better than that of the transversal equaliser.

However, the best performance is obtained using the SC-MLP equaliser. The non-linearity

severely affects the performance at higher CAP modulation level and hence the ANN offers

higher performance gain for higher CAP level.

4.4 Equaliser Computational Complexity Analysis

The computational complexity of the equalisers (with and without the algorithm) is compared

and presented in Table 4.4. The average training time is computed for 4000 training symbols

(Ntr = 4000) with MATLAB using a computer with Intel®Xeon®Processor E5-1660 v3 @

3.00 GHz ×16. The average training time represents the number of seconds required for the

equaliser to reach convergence at Ntr = 4000. The values from Table 4.4 suggests that if the

number of hidden-layer neurons is significantly less than the number of the equaliser’s feed-

forward taps (i.e if Nhn � Nft), then VOLT2DFE has higher computational order than the

MLPDFE. Also, the TRDFE is the least complex of the three equalisers considered.

The number of input taps and training examples are important parameters required for the

NLEs. The optimum number of taps for an NLE depends on the channel delay spread, the

bit rate Rb and the size of the modulation format (M ). But for fair comparison under similar
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Equaliser
Training

algorithm
Number of input taps
(or synaptic weights)

Complexity of Equaliser: Average
training

time
(seconds)

with
training

algorithm

without
training

algorithm

TRDFE RLS Nt = Nft +Nbt O(N2
t ) O(Nt) 0.111

VOLT2DFE RLS N2t =
N2
ft+3Nft

2 +Nbt O(N2
2t) O(N2t) 1.259

MLPDFE LMBP W = Nhn(Nft +Nbt + 2) O(W 2 +WNtr) O(W ) 0.615
– The computational complexity for TRDFE, VOLT2DFE and MLPDFE is derived from [43], [144] and [95] respectively.
– The number of hidden neurons for MLPDFE, denoted as Nhn, is six in order to compute the average training time.
– Unlike TRDFE and VOLT2DFE, MLPDFE has Nhn non-linear functions.

Table 4.4: Comparison of the Computational Complexities for each the TD-NLE

conditions, all three NLEs have 22 forward taps and 18 feedback taps. At various number of

training examples Ntr for each NLE, the BER plots is presented for PAM and CAP schemes in

Fig. 4.12a and Fig. 4.12b, respectively. For the first scheme, the plots are obtained at a bit-rate

of 18 Gbps over a 10 m SI-POF. For the latter scheme, they are obtained at a bit-rate of 3 Gbps

over a 60 m SI-POF.

It is observed from Fig. 4.12a that a similar BER performance is achieved when more than

2000 training examples are used for both TRDFE and VOLT2DFE. However, with MLPDFE

the performance improves with increasing training examples. The plots in Fig. 4.12b shows

that while 2000 symbols are enough for the transversal DFE, the MLPDFE requires at least

3000. Thus, 4000 training symbols are selected for all the NLEs in this study, as shown in

Table 4.1. Both Fig. 4.12a and Fig. 4.12b suggest that the RLS algorithm used for TRDFE

and VOLT2DFE requires less training symbols than the LMBP algorithm for the MLPDFE.

Hence, both TRDFE and VOLT2DFE are more useful than the MLPDFE for mobile channels

as the first two NLEs require less training overhead than the third NLE. Because most SI-POF

channels are stationary, the effect of more training overhead becomes negligible so that the

MLPDFE is more applicable to them.

The RLS algorithm (for both TRDFE and VOLT2DFE) adapts the equalisers’ tap weights on

a symbol-by-symbol basis. This process is called on-line or sequential training. Hence, the

convergence for the RLS algorithm is measured with only the number of training symbols. On

the other hand, most algorithms for the MLPDFE (and ANN systems) use the batch training

method. In this training method, the equaliser’s synaptic weights are adapted when all the

training symbols are processed in the equaliser. Thus, the convergence of the MLPDFE is
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(a) (b)

Figure 4.12: BER plots comparing the NLEs’ performance for different number of training
symbols (Ntr) at a bit-rate of: (a) 18 Gbps over a 10 m SI-POF with PAM-8
(b) 3 Gbps over a 60 m SI-POF with CAP-16

defined not only with the number of training symbols but also with the number of epochs

(Nep).

Figure 4.13: Convergence of the LMBP algorithm and the RBP algorithm with the number of
epochs (Nep)

Plots of the mean square error (MSE) against the number of epochs are presented in Fig. 4.13

to determine the convergence of both the LMBP algorithm and the RBP algorithm for the

MLP equalisers. The number of training symbols per epoch is 4000. The LMBP algorithm

converges after ∼10 epochs of training symbols while the RBP algorithm converges after ∼35

epochs. Increasing the epochs of training further does not have a significant impact on the
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error minimisation of both algorithms for the MLP equalisers. For instance, the MSE remains

constant at ∼ 0.080 after ten epochs of training the LMBP algorithm.

4.5 Experiment Results

This section gives a survey of the performance of the receiver NLE with the SCM schemes in

terms of results from the offline experiment setups discussed in Section 3.3. The LD setup is

implemented at SI-POFs of lengths 10 m, 30 m and 60 m while the RC-LED configuration is

applied only for a 60 m SI-POF. The LD is driven with a DC bias current of 28 mA combined

with the signal at a modulation index of 0.85.

4.5.1 Laser diode

The LD experiment setup is described in Section 3.3, where it uses a 1 GHz photo-receiver.

For both PAM-M and CAP-M2, the performance of the TD-NLEs will be compared with the

experiment setup for SI-POFs of length 10 m with M = 16, 30 m with M = 8 and 60 m

with M = 4. The sampling rate for this experiment is kept constant at 4 Gsa/s so that the

oversampling factor reduces at higher bit rates.

It is necessary to determine the optimum number of taps for the equalisers to get the best

error performance without compromising computational complexity. This number was done

by varyingNft from 8 to 26 andNbt from 0 to 18. An example of this is illustrated in Fig. 4.14,

which shows a BER contour plot for a 60 m SI-POF at a bit-rate of 3 Gbps (in Fig. 4.14a) and

another contour plot for a 30 m SI-POF at a bit-rate of 7 Gbps (in Fig. 4.14b). To select the

optimum Nft and Nbt, the bit rates used at each SI-POF length are those that offer a BER of

10−3, as this is closer to the forward error correction (FEC) limit. The results of this selection

are highlighted in Table. 4.5, and they are used for the NLEs in the LD experiment setup. The

number of training symbols for all the equalisers is 4000, and six hidden-layer neurons are used

for the MLP equalisers.

At various bit-rates, the BER results with PAM transmission are presented for the NLEs in

Fig. 4.15. In Fig. 4.15a, the BER plots are depicted for PAM-4 transmission over a 60 m SI-

POF. The MLPDFE offers a superior BER result than that from both TRDFE and VOLT2DFE.

The bit rate achieved at a BER of 10−3 is ∼2.8 Gbps with both TRDFE and the VOLT2DFE.
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(a) (b)
Figure 4.14: BER contour plots used to derive the optimal Nft and Nbt for: (a) 60 m SI-POF

at 3 Gbps bit-rate (b) 30 m SI-POF at 7 Gbps bit-rate

Parameters
Values at SI-POF length of:
60 m 30 m 10 m

M 4 8 16

Nft 22 24 22

Nbt 18 3 8

Table 4.5: Optimal number of taps for different SI-POF lengths with the LD setup

But this is∼2.92 Gbps with the MLPDFE. In Fig. 4.15b, the BER plots are depicted for PAM-8

transmission over a 30 m SI-POF. If the TRDFE is applied to the POF link, the bit rate at a BER

of 10−3 is ∼4.8 Gbps. The VOLT2DFE further increases this bit rate to ∼5.9 Gbps. With the

MLPDFE, the bit rate goes up to ∼6.8 Gbps. The BER plots are presented in Fig. 4.15c for

PAM-16 transmission over a 10 m SI-POF. The bit rate achieved at a BER of 10−3 is ∼8 Gbps,

∼9.3 Gbps and ∼10 Gbps with the TRDFE, VOLT2DFE and the MLPDFE, respectively. Fur-

thermore, the BER does not go below an error floor of 6 × 10−5 with the TRDFE at bit rates

above 1 Gbps.

A drawback of the DFE configuration is their susceptibility to error-propagation due to occa-

sional decision error of their input feedback symbols. The BER result is computed for the three

NLEs using the transmitted symbols as feedback data to assess this error-propagation effect.

This way, the feedback signal is always error-free, and therefore no error propagation occurs;

the BER results are shown in dashed lines in Fig. 4.15. As expected, the effect of decision

error on both DFEs becomes more significant with increasing bit rate due to increasing ISI.

The emphasis is, therefore, on the highest bit rate to explore the effect of decision error on the
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DFEs. For 10 Gbps with PAM-16 (over a 10 m SI-POF), the BER achieved if the transmitted

symbols (i.e. no error propagation) are fed back to the TRDFE is 0.03. But this is∼ 3.5×10−3

when the detected symbols are fed back to the DFE. If the transmitted symbols are fed back to

the VOLT2DFE, the BER is ∼ 7 × 10−3, while the BER is ∼ 4.5 × 10−4 with the detected

symbols. For MLPDFE, the BER is ∼ 10−3 with the transmitted symbols, but it is ∼ 5× 10−5

when the correct symbols are fed back.

(a) (b)

(c)

Figure 4.15: The measured BER versus bit rate with ηmod = 0.85 for comparing the perfor-
mance of the NLEs for: (a) PAM-4 via a 60 m SI-POF (b) PAM-8 via a 30 m
SI-POF (c) PAM-16 via a 10 m SI-POF. The solid and dashed lines represents the
BER if the feedback inputs for the DFEs are the detected and transmitted symbols,
respectively

Another method used to gauge and compare the effect of error-propagation for each DFE is

by getting the bit rates achieved at a BER of 10−3 when the transmitted symbols are used as

feedback (i.e. no error-propagation). The bit rates with error-propagation are less than those
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without error-propagation as expected. So the bit-rate reduction due to error-propagation from

the DFEs is used to assess the performance of the NLEs. For PAM-4 transmission over a

60 m SI-POF, the bit rate without error-propagation is ∼3.1 Gbps with both the TRDFE and

the VOLT2DFE. Hence, the bit-rate reduction from error-propagation is 0.3 Gbps for the two

NLEs. With the MLPDFE, the bit rate without error-propagation is∼3.22 Gbps, so that the bit-

rate reduction is also 0.3 Gbps. The DFE’s error-propagation similarly affects the three NLEs

for PAM-4 transmission over a 60 m SI-POF.

For PAM-8 transmission over a 30 m SI-POF, the bit rate without the error-propagation is

∼6.4 Gbps with the TRDFE, and the corresponding bit-rate reduction is 1.6 Gbps. With the

VOLT2DFE, it is∼7 Gbps so that the bit-rate reduction becomes 1.1 Gbps. With the MLPDFE,

the bit rate without error-propagation is∼7.8 Gbps, so that the bit-rate reduction is 1 Gbps. For

PAM-8 transmission over a 30 m SI-POF, the DFE’s error-propagation affects the TRDFE more

than the VOLT2DFE and the MLPDFE. For PAM-16 transmission over a 10 m SI-POF, the bit

rate without the error-propagation is ∼8 Gbps with the TRDFE, which implies there is no bit-

rate reduction. With the VOLT2DFE, it is ∼10.5 Gbps so that the bit-rate reduction becomes

1.2 Gbps. With the MLPDFE, the bit rate without error-propagation is ∼11.8 Gbps, so that the

bit-rate reduction is 1.8 Gbps. For PAM-16 transmission over a 10 m SI-POF, the MLPDFE

is mostly affected by the DFE’s error-propagation. The VOLT2DFE and the TRDFE follow

this, consecutively. Consequently, the MLPDFE is more prone to error-propagation than the

other NLEs for high-level PAM format (M > 16). This result further confirms the findings

from [48], where the PAM-32 modulation scheme is used for transmission over a 10 m SI-POF.

The three NLEs are prone to error propagation from the wrong detected symbols that are fed

back. With the error propagation effect, however, FEC codes can still be used to improve the

BER performance for both DFEs as Table 4.6 and Table 4.7 shows with the Reed-Solomon

FEC (RS-FEC) code for the 10 m and 30 m SI-POF, respectively. The RS-FEC code is chosen

because it is the most efficient in terms of the ratio of the number of errors corrected to the

code algorithm complexity [43, 145]. It is also commonly used in optical fibre standards like

the synchronous optical networking (SONET) [68, 79]. Furthermore, it is readily available

and accessible in hardware like the field-programmable gate array (FPGA) and the application-

specific integrated circuit (ASIC).

From the 10 m SI-POF, the RS-FEC code achieves an error-free bit rate of 8.31 Gbps, 8.66 Gbps

and 9.38 Gbps with TRDFE, VOLT2DFE and MLPDFE, respectively. From the 30 m SI-POF,
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it is 5.01 Gbps, 5.89 Gbps and 6.21 Gbps, respectively. With interleaving and more robust FEC

schemes (e.g. turbo code and low-density parity-check code), the BER performance can be

further improved with less overhead.

Parameters TRDFE VOLT2DFE MLPDFE
Input BER 2.5× 10−3 2.2× 10−3 3.4× 10−3 8× 10−4

Gross bit rate [Gbps] 9.0 9.5 10.5 10.0

RS-FEC {n,k} {2047, 1889} {2047, 1865} {2047, 1683} {2047, 1921}
Overhead [%] 7.72 8.89 17.78 6.16

Net bit rate [Gbps] 8.31 8.66 8.63 9.38

Output BER u 7.25× 10−8 u 7.31× 10−8 u 8.13× 10−8 u 7.11× 10−8

Table 4.6: Performance of Reed-Solomon FEC code (RS-FEC) for PAM-16 transmission over
10 m SI-POF

Parameters TRDFE VOLT2DFE MLPDFE
Input BER 3.2× 10−3 2.6× 10−3 5.6× 10−3 2.0× 10−3

Gross bit rate [Gbps] 5.50 6.25 7.25 7.00

RS-FEC {n,k} {2047, 1863} {2047, 1929} {2047, 1709} {2047, 1817}
Overhead [%] 8.99 5.76 16.51 11.24

Net bit rate [Gbps] 5.01 5.89 6.05 6.21

Output BER u 7.39× 10−8 u 7.00× 10−8 u 8.11× 10−8 u 7.56× 10−8

Table 4.7: Performance of RS-FEC code for PAM-8 transmission over 30 m SI-POF

With the NLEs, the BER results are also presented for CAP transmission in Fig. 4.16. For

CAP-16 transmission over a 60 m SI-POF, the three NLEs offer a marginal BER performance

and shows a bit rate of ∼1.9 Gbps at a BER of 10−3. For CAP-64 transmission over a 30 m

SI-POF, the MLPDFE slightly outperforms the other two NLEs. Both TRDFE and VOLT2DFE

offer a bit-rate of∼5.2 Gbps at a BER of 10−3, and this is slightly increased to∼5.3 Gbps with

the SC-MLPDFE. For CAP-256 transmission over a 10 m SI-POF, the MLPDFE significantly

outperforms the other two NLEs. Both TRDFE and VOLT2DFE offer a bit-rate of∼9 Gbps at a

BER of 10−3, and this is increased to∼9.8 Gbps with the SC-MLPDFE. Furthermore, the BER

does not go below an error floor of 10−4 and 3× 10−4 for the TRDFE and the VOLT2DFE.

The results from the LD validate those from the simulation model in the sense that at high-

level modulation formats, the non-linearities can significantly worsen the overall performance

of the POF system. With this deterioration, however, significant bit rates are obtainable with

the MLP equalisers, when compared to the other two NLEs. Using the LD experiment setup,
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Figure 4.16: The measured BER versus bit rate with ηmod = 0.85 for comparing the perfor-
mance of the NLEs for CAP transmission over the SI-POF system of 10 m, 30 m
and 60 m lengths

the highest bit-rate achieved at a BER of 10−3 with the MLPDFE is about 2.92 Gbps, 6.8 Gbps

and 10 Gbps for SI-POF at lengths of 60 m, 30 m and 10 m, respectively.

4.5.2 RC-LED

Like the LD experiment, the setup with the RC-LED is also described in Section 3.3, where

it uses a 150 MHz photo-receiver. In this section, the performance of the TD-NLEs will be

compared with the RC-LED experiment setup for a 60 m SI-POF. This fibre length is selected

as it offers the highest bit-rate length product with the RC-LED setup as Fig. 3.13 shows. The

measured frequency response of the 60 m SI-POF link is depicted in Fig. 4.17, indicating a

3-dB bandwidth of ∼40 MHz. The difference between the theoretical Gaussian approximation

and the measured response can be attributed to the background system (AWG, RC-LED, and

photo-receiver). The sampling rate for this experiment is kept constant at 1 Gsa/s for this

experiment.

The performance of the TD-NLEs is assessed based on the bit-rates that are obtained at a BER

of ∼10−3. The bit-rates are for values of the modulation index ηmod with a bias-current of

30 mA. This measure is used to evaluate the impact of the system non-linearities on the bit-

rate performance of the SI-POF link. Because the non-linearities increase for higher values

of ηmod as depicted in Fig. 3.15a. The non-linearity analysis in Section 3.4 also suggests that

the second-order harmonic distortion fully dominates the system non-linearities in the SI-POF

system. Therefore, it would be interesting to observe and compare the bit-rate performance of
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Figure 4.17: Measured frequency response of a 60 m SI-POF link with the RC-LED setup at
ηmod = 0.5 and Ibias = 30 mA

the VOLT2DFE with that of the MLPDFE. With the same method illustrated in Fig 4.14, the

number of feedforward and feedback taps selected for this comparison is 16 and 8, respectively

through this section. And six hidden-layer neurons are used for the MLP equalisers. The

number of training symbols for all the equalisers is 4000. The comparisons for this section are

implemented for the SCM schemes (PAM and CAP) as well.

Using the RC-LED setup, the bit-rate plots from each NLE are depicted in Fig. 4.18a for dif-

ferent values of ηmod with PAM-2 or on-off keying (OOK) scheme. Without any equalisation,

the bit-rate remains slightly constant at ∼230 Mbps for values of ηmod ranging from 0.35 to 1.

This bit-rate significantly increases to ∼530 Mbps at ηmod = 0.35 when the TRDFE is applied

to the SI-POF system. With the same NLE, the bit-rate rises to ∼610 Mbps as ηmod increases

from 0.35 to 0.85, then it remains constant at this bit-rate as ηmod further rises to 1. With the

VOLT2DFE, the bit-rate gently increases from ∼540 Mbps to ∼720 Mbps at values of ηmod

from 0.35 to 1. With the MLPDFE, the bit-rate rises from ∼560 Mbps to ∼780 Mbps at values

of ηmod from 0.35 to 0.95, and it remains constant at ∼780 Mbps for ηmod = 1. For PAM-2

transmission via the RC-LED setup, the MLPDFE offers the best bit-rate performance of the

NLEs. The VOLT2DFE and the TRDFE follows this.

The eye diagrams for the output of each NLE with PAM-2 scheme is shown in Fig. 4.18b.

The diagrams are computed for the SI-POF system at a bit rate of 700 Mbps at ηmod values of

0.45 and 0.9. The eye diagram is slightly opened at these values of ηmod with the TRDFE and
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(a) (b)

Figure 4.18: (a) Performance comparison of the NLEs using the achievable bit-rate (at a
BER≈ 10−3) versus the modulation index ηmod with PAM-2 modulation scheme.
(b) Computed PAM-2 eye diagram for 700 Mbps bit-rate with: (i) ηmod = 0.45
and (ii) ηmod = 0.9. Transmission is with the RC-LED over a 60 m SI-POF.

more so with the VOLT2DFE. But for the MLPDFE, the diagram is fully opened and typically,

this should translate to an error-free BER. But the BER is above 10−3 for ηmod = 0.45 and

above 10−4 at ηmod = 0.9. The inconsistency from the eye-diagrams and the BER results

from the MLPDFE is because the equaliser acts as a classifier for PAM transmission of two

levels [92]. This conflict is also due to the nature of the sigmoid activation function used for

the MLPDFE. In other words, the outputs of this equaliser are values either close to the symbol

“1” or “-1”. Hence, the errors from the MLPDFE come from a false classification, which is not

so uncommon in ANN classifiers. The eye-diagram is thus not to a viable tool used to assess

the performance of the MLP equaliser when it processes PAM-2 signals.

The bit-rate plots from each NLE are depicted in Fig. 4.19a for different values of ηmod with

PAM-4 scheme. Without any equalisation, the bit-rate is constant at ∼200 Mbps for values

of ηmod ranging from 0.35 to 0.8. The bit-rate drops slightly to ∼190 Mbps for ηmod more

than or equal to 0.85. With the TRDFE, the bit-rate rises from ∼460 Mbps to ∼510 Mbps at

values of ηmod from 0.35 to 0.7. The bit-rate then decreases when ηmod increases further until

it reaches ∼460 Mbps at ηmod = 1. Both VOLT2DFE and MLPDFE offer about the same

bit-rates that increase from ∼480 Mbps to ∼640 Mbps at values of ηmod from 0.35 to 0.65.

With the VOLT2DFE, the bit-rate rises further until it becomes ∼660 Mbps at ηmod = 0.8.

Then it drops down slightly to ∼640 Mbps at ηmod = 1. With the MLPDFE, the bit-rate rises

further until it becomes ∼710 Mbps at ηmod = 0.95, and it remains constant at this value for
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ηmod = 1. For PAM-4 transmission via the RC-LED setup, the MLPDFE also offers the best

bit-rate performance of the NLEs.

(a) (b)

Figure 4.19: (a) Performance comparison of the NLEs using the achievable bit-rate (at a
BER≈ 10−3) versus the modulation index ηmod with PAM-4 modulation scheme.
(b) Computed PAM-4 eye diagram for 500 Mbps bit-rate with: (i) ηmod = 0.45
and (ii) ηmod = 0.9. Transmission is with the RC-LED over a 60 m SI-POF.

The eye diagrams for the output of each NLE with PAM-4 scheme is shown in Fig. 4.19b. The

diagrams are computed for the SI-POF system at a bit rate of 500 Mbps at ηmod values of 0.45

and 0.9. The eye diagram is slightly opened for the three NLEs at ηmod = 0.45, though the

MLPDFE shows a wider opening than the other NLEs for the same value of ηmod. In contrast,

the eye diagram is fully opened for the three NLEs at ηmod = 0.9. But the levels are unequally

spaced with the TRDFE while they are uniformly spaced with both VOLT2DFE and MLPDFE.

For PAM transmission more than two levels, the MLPDFE acts as an estimator rather than a

classifier. Thus, the outputs of the equaliser can be distant from the values of the symbols

from the PAM constellation. Furthermore, the eye diagram agrees with the BER result for the

MLPDFE.

Figure 4.20a presents the bit-rate plots from each NLE for different values of ηmod with PAM-8

scheme. For values of ηmod ranging from 0.35 to 1, bit-rates below 20 Mbps are transmitted

with PAM-8 scheme if no equaliser is used with the receiver. With the TRDFE, the bit-rate

rises from ∼ 80 Mbps to ∼120 Mbps at values of ηmod from 0.35 to 0.4. The bit-rate then

decreases when ηmod increases further until it reaches ηmod = 0.5, where the bit rates are

below ∼20 Mbps for ηmod above this value. The TRDFE is, therefore, not a viable option

for PAM-8 transmission over the SI-POF with the RC-LED setup. With the VOLT2DFE, the
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bit-rate increases from ∼310 Mbps to ∼580 Mbps at values of ηmod from 0.35 to 0.8. Then

it reduces from ∼580 Mbps to ∼530 Mbps when ηmod is further increased to 1. With the

MLPDFE, the bit-rate rises continuously from ∼290 Mbps to ∼650 Mbps as ηmod increases

from 0.35 to 1. The MLPDFE outperforms the VOLT2DFE for values of ηmod above 0.7, where

the system non-linearities is much higher.

(a) (b)

Figure 4.20: (a) Performance comparison of the NLEs using the achievable bit-rate (at a
BER≈ 10−3) versus the modulation index ηmod with PAM-8 modulation scheme.
(b) Computed PAM-8 eye diagram for 400 Mbps bit-rate with: (i) ηmod = 0.45
and (ii) ηmod = 0.9. Transmission is with the RC-LED over a 60 m SI-POF.

The eye diagrams for the output of each NLE with PAM-8 scheme is shown in Fig. 4.20b. The

diagrams are computed for the SI-POF system at a bit rate of 400 Mbps at ηmod values of 0.45

and 0.9. The eye-diagram is opened for the three NLEs at both values of ηmod, and the opening

is slightly wider with ηmod = 0.9 than that with ηmod = 0.45. The levels are unequally spaced

with the TRDFE while they are uniformly spaced with both VOLT2DFE and MLPDFE.

Figure 4.21 presents the bit-rate plots for the RC-LED setup with CAP at modulation sizes

of 4, 8, 16 and 32. In Fig. 4.21a, the bit-rate plots from each NLE are depicted for differ-

ent values of ηmod with CAP-4 scheme. Without any equalisation, the bit-rate is constant at

∼190 Mbps for values of ηmod ranging from 0.4 to 1. Both VOLT2DFE and TRDFE offer

about the same bit-rates that increase from ∼300 Mbps to ∼480 Mbps at values of ηmod from

0.35 to 1. The MLPDFE in comparison offers a slightly worse performance than the two NLEs,

since it presents a bit-rate of ∼280 Mbps and ∼450 Mbps for values of ηmod at 0.35 to 1. The

effect of non-linearities is minimal for the RC-LED with CAP-4 scheme, so that the TRDFE is

the most viable NLE.
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(a) (b)

(c) (d)

Figure 4.21: Performance comparison of the NLEs using achievable bit-rate (at a BER≈ 10−3)
versus the modulation index ηmod with: (a) CAP-4 (b) CAP-8 (c) CAP-16 and
(d) CAP-32 modulation schemes. Transmission is with the RC-LED over a 60 m
SI-POF.
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The bit-rates obtained with CAP-8 scheme are depicted in Fig. 4.21b for different values of

ηmod. Without any equalisation, the bit-rate rises slightly from ∼150 Mbps to ∼170 Mbps for

values of ηmod ranging from 0.35 to 0.65. It then drops to ∼160 Mbps at ηmod = 0.7 and

remains constant at this bit-rate as ηmod rises to 1. The three NLEs offer a marginal bit-rate

performance that rises from ∼270 Mbps to ∼370 Mbps as ηmod increases from 0.35 to 0.6.

However, both VOLT2DFE and MLPDFE offer a superior bit-rate performance than that from

the TRDFE for ηmod ≥ 0.65. The first two NLEs present the same bit-rates that rise from

∼390 Mbps to ∼480 Mbps as ηmod increases from 0.65 to 1. The TRDFE however, offers

lower bit-rates of ∼390 Mbps to ∼430 Mbps at the same range of values for ηmod.

Figure 4.21c shows the achievable bit-rates with CAP-16 for different values of ηmod. Without

any equalisation, the bit-rate rises slightly from ∼160 Mbps to ∼190 Mbps for values of ηmod

ranging from 0.35 to 0.65. It then drops from ∼190 Mbps to ∼150 Mbps as ηmod rises from

0.65 to 1. The three NLEs offer a marginal bit-rate performance that rises from ∼250 Mbps to

∼350 Mbps as ηmod increases from 0.35 to 0.55. For ηmod ≥ 0.6, the MLPDFE offer a superior

bit-rate performance than that from the VOLT2DFE followed by the TRDFE. For instance, with

the TRDFE, the bit-rate rises from ∼350 Mbps to ∼440 Mbps as ηmod increases from 0.6 to 1.

With the same range of values for ηmod, the bit-rate increases from ∼370 Mbps to ∼480 Mbps

with the VOLT2DFE. It also increases from∼380 Mbps to∼520 Mbps with the MLPDFE with

the same range of values for ηmod.

Figure 4.21d presents the bit-rate plots from each NLE for different values of ηmod with CAP-

32 scheme. Without equalisation, the bit-rate rises from ∼ 50 Mbps to ∼130 Mbps at values of

ηmod from 0.35 to 0.55. The bit-rate then decreases when ηmod increases further until it reaches

ηmod = 0.75, where the bit rates are below ∼20 Mbps for ηmod above this value. Using no

equaliser causes transmission over the SI-POF system with CAP-32 scheme to be possible at

ηmod from 0.35 to 0.7. With the TRDFE, the bit-rate rises from ∼ 80 Mbps to ∼230 Mbps at

values of ηmod from 0.35 to 0.6. The bit-rate then decreases when ηmod increases further until

it reaches ηmod = 0.75, where the bit rates are below ∼20 Mbps for ηmod above this value.

Thus, the TRDFE supports transmission over the SI-POF system with CAP-32 scheme also for

values of ηmod from 0.35 to 0.7. With the VOLT2DFE, the bit-rate increases from ∼ 100 Mbps

to ∼340 Mbps at values of ηmod from 0.35 to 0.75. The bit-rate then reduces as ηmod increases

further until it reaches ηmod = 0.95, where the bit rates are below ∼20 Mbps for ηmod above

this value. Hence, the VOLT2DFE supports transmission over the SI-POF system with CAP-32
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scheme for values of ηmod from 0.35 to 0.9. This range of ηmod from the VOLT2DFE is an

improvement from the TRDFE. Unlike the other NLEs, the MLPDFE supports transmission

over the SI-POF system with CAP-32 scheme for ηmod up to 1. With the MLPDFE, the bit-

rate rises from ∼ 130 Mbps to ∼500 Mbps at values of ηmod from 0.35 to 1. The MLPDFE

outperforms the VOLT2DFE, which in turn offers better bit-rate performance than the TRDFE.

The received signal constellations from the RC-LED experiment are rescaled and plotted in

Fig. 4.22a and Fig. 4.22b for CAP-16 and CAP-32 schemes, respectively. The constellations

are taken from both schemes for the three NLEs, with each at modulation index of 0.45 and

0.9. The bit-rate selected to compute the constellation for both schemes is 300 Mbps. There

is uniform symbol spacing with the three NLEs for the constellation at ηmod = 0.45 than that

at ηmod = 0.9. The uniformity illustrates that the non-linearity is minimal at this modulation

index with all three NLEs. However, at ηmod = 0.9, the MLPDFE presents more symbol

spacing than the VOLT2DFE, which in turn shows more than the TRDFE. This observation

further supports the results presented much earlier in this section for the two CAP schemes.

(a) (b)

Figure 4.22: Constellation diagrams from Fig. 4.21 at a bit-rate of 300 Mbps using: (a) CAP-
16 at ηmod values of (i) 0.45 and (i) 0.9 (b) CAP-32 at ηmod values of (i) 0.45
and (i) 0.9.

The results from the NLEs are assessed in this section by using varying modulation indices

with the RC-LED setup. This assessment is with the knowledge that a higher modulation index

increases the SNR and the non-linearities of the SI-POF system. For high-level modulation

formats, there is always an optimum modulation index for each NLE, where the non-linearities

that cancel out the SNR cannot be sufficiently mitigated with the equaliser. The index ranges
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from 0.4 to 0.7 for the TRDFE and from 0.6 to 0.9 for the VOLT2DFE. However, the maximum

modulation index of 1 is optimum with the MLP equalisers, signifying that they lessen all forms

of the non-linearities significantly. The highest bit-rate at a BER of 10−3 is about 780 Mbps

with the 60 m SI-POF. The bit-rate is obtained with PAM-2 and the MLPDFE.
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4.6 Summary

The transmission of SCM signals through the SI-POF systems have been explored in this chap-

ter. The SCM schemes are used in combination with the NLEs in the time-domain. The LD

experiment setup is estimated with a non-linear model, which is used to compare the three

NLEs in mitigating both ISI and non-linearities in the system. This model is then validated and

shown to match the experiment results. With the model, the BER performances of the NLEs

were considered in the presence of weak and extreme non-linear distortions. From all inves-

tigated scenarios, the MLP equalisers offer the best performance, especially for systems with

high non-linear distortion and with high-level modulation formats. The Volterra equaliser and

the transversal equaliser follows this.

A complexity study of each NLE is presented in this chapter. This study considers the com-

putational complexity both with and without the training algorithm. The transversal DFEs has

the least complexity of the NLEs. The MLP equalisers have a lower computational order than

the Volterra equalisers if the number of hidden-layer neurons from the first one is less than its

number of taps. The LMBP algorithm from the MLP equaliser demands more training symbols

than the RLS algorithm for both transversal and Volterra DFE.

Both the LD and RC-LED setups have been experimentally demonstrated with PAM and CAP

transmission schemes that are combined with the NLEs. With the LD setup, bit rates achieved

at a BER of 10−3 are 10 Gbps, 6.8 Gbps and 2.92 Gbps for SI-POFs of 10 m, 30 m and

60 m length, respectively. Thus, the maximum bit-rate length product with the LD setup is

204 Gbps.m. This bit-rate length product is next to the ones presented in [113], [114] and [111].

The MLP equaliser is used to achieve these bit-rates for the LD setup. With the RC-LED setup,

this equaliser is used to obtain a bit rate of 780 Mbps over a 60 m SI-POF – applying a 150 MHz

band-limited receiver. The MLP equaliser is therefore shown to be the most viable of the NLEs

considered in this chapter.
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Chapter 5

Frequency Domain Non-linear
Equalisation for SI-POF Transmission

The previous chapter explored the BER performance of the NLEs in the time domain (TD) and

their required computational complexity. It emphasises that the NLEs complexity increases

proportionally to the number of taps, which comes from increasing ISI from the high-speed

transmission over the SI-POF system. Hence, communication at higher speeds would demand

more computing resources for the NLEs to the point that they may become impractical to use.

In this chapter, we discuss an efficient way to implement the NLEs (i.e. Volterra and MLP

equaliser) to reduce their computational complexities. The implementation involves the trans-

lation of the NLEs from the TD to the frequency domain (FD), with the advantage of the

efficient Fourier transform algorithms. An adaptive equaliser in FD instead of the TD offers

computational saving in a highly dispersive system. Despite this, FD equalisers are only used

commercially with MCM schemes (like OFDM). The main reason is that these equalisers can-

not function as well as their TD counterparts in fast-varying and mobile channels. Another

reason is that OFDM requires the use of Fourier transforms while the SCM schemes do not.

Fortunately, SI-POF links (especially those in SOHO networks) do not fall under this channel

category. This makes FD equalisation applicable to an SI-POF system. There have been many

studies that use the FD representation of conventional equaliser and DFE [45,87,102,146]. But

very little to no work has been done with FD implementation of the Volterra equaliser and the

MLP equaliser, and this is what this chapter will explore.

The chapter is organised as follows: first, the translation the NLEs from the TD to the FD

is described for MCM schemes (with cyclic prefix) and SCM schemes (with overlap-save).

Then, the BER performance of the NLEs is addressed for DMT modulation, especially with

non-linearities induced from clipping. Subsequently, the NLEs are compared when executed

in the TD and the FD with the SCM schemes. The comparisons are in terms of their BER

performances and their computational complexity.
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5.1 Structure and description of the frequency domain non-linear

equaliser (FD-NLE)

As mentioned earlier in Section 2.5, the MCM schemes will employ the cyclic prefix method

while the SCM schemes will use the overlap-save method for FD equalisation. Furthermore,

the TD based DFF is added to the FD-NLE only for the SCM scheme. With this in mind, we

start this section with the implementation of the second-order Volterra equaliser in the FD for

an MCM scheme (e.g. DMT). From Eq. (2.2), the TD expression of the second-order Volterra

equaliser (with real-valued inputs and no decision feedback) can be rewritten as

z̃n = w
dc

+ wn ⊗ yn +

Nft−1∑
a=0

Nft−1∑
c=a

wa,cyn−ayn−c , (5.1)

where ⊗ denotes the convolution operator. By rearranging the second-order Volterra terms in

Eq. (5.1), we have:

z̃n = w
dc

+ wn ⊗ yn +

Nft−1∑
a=0

wa,0y
2
n−a +

Nft−2∑
a=0

wa,1yn−ayn−a−1

+

Nft−3∑
a=0

wa,2yn−ayn−a−2 + · · ·+
0∑

a=0

wa,Nft−1yn−ayn−a−Nft+1

= w
dc

+ wn ⊗ yn + wn,0 ⊗ (y2
n
) + wn,1 ⊗ (yn · yn−1)

+ wn,2 ⊗ (yn · yn−2) + · · ·+ wn,Nft−1 ⊗ (yn · yn−Nft+1)

⇒ z̃n = w
dc

+ wn ⊗ yn +

Nft−1∑
c=0

wn,c ⊗ (yn · yn−c).

(5.2)

Equation (5.2) shows that the second-order terms of the Volterra equaliser can be obtained via

the sum of multiple linear convolutions. The Volterra terms of Eq. (5.2) can be truncated by

including only the first α2 convolution terms to balance the complexity and performance so that

Eq. (5.2) becomes

z̃n = w
dc

+ wn ⊗ yn +

α2−1∑
c=0

wn,c ⊗ (yn · yn−c). (5.3)

It is assumed that the cyclic prefix is appended to the DMT frames before transmission into the

SI-POF channel as illustrated in Fig. 2.9. If the cyclic prefix length is more than the channel
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delay spread and the equaliser truncation factor (α2), then the linear convolutions in Eq. (5.2)

can be converted into an FD based NLE (FD-NLE) with FFT. Notably, the FD-NLE is realised

with parallel multi-tap equalisers as

Z̃K = W
dc

+WKYK +

α2−1∑
c=0

WK,cYK,K−c , (5.4)

where Z̃K , W
dc

, WK , WK,c and YK,K−c are the FFT of z̃n, w
dc

, wn , wn,c and (yn · yn−c),

respectively. The DC kernelWdc can be omitted because a DC blocker removes it at the receiver

and no data is sent to the DC sub-carrier for the DMT signal. The values of the weights/kernels

(WK and WK,c) for the sub-carrier index (K) can be estimated with an MMSE algorithm (e.g.

RLS).

5.1.1 Overlap-save method for the transversal equaliser

In Section 2.5, it was mentioned that only the feedforward section of the TRDFE is imple-

mented in the FD. The same condition applies for the Volterra and the MLP equaliser. Hence,

to separate the feedforward taps from the feedback taps in Eq. (2.1), we obtain the linear con-

volution of the feedforward input sequence yn with the tap weights wn as

un =

Nft−1∑
a=0

w∗ayn−a, so that z̃n = un +

Nbt∑
b=1

w∗b ẑn−b. (5.5)

For the purpose of block processing, let us define the column vector y(b0) of length NFFT =

Nspb +Nft − 1 as

y(b0) = [y
bNspb−Nft+1

, y
bNspb−Nft+2

, · · · , y
(b+1)Nspb−1

]T, (5.6)

and column vector w̃1 of length NFFT as

w̃1 =
[
w∗

0
, w∗

1
, · · · , w∗

Nft−1
,0

1,Nspb−1
]T

, (5.7)

where Nspb denotes the number of symbols processed for a block index b, 0
1,Nspb−1

refers

to a row vector consisting of Nspb − 1 zeros, and [.]T denotes the transpose operation of a

vector or matrix. In order to maintain uniformity for derivations in subsequent sections, the

block index b has been added to the unequalised input sequence and not the tap weights. This
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notation indicates that the input sequence and not the tap weights vary from block to block, as

it happens for block processing without any adaptation algorithm.

From the properties of the DFT, it is known that the circular convolution of y(b0) and w̃1 can

be obtained by transforming both vectors to their respective FD equivalents (using the DFT).

The FD outputs go through an element-wise multiplication on the transformed samples and

transforming the result back to the time domain (using the inverse DFT (IDFT)). This process

can be efficiently implemented using the FFT and IFFT algorithms. The circular convolution

of y(b0) and w̃1 is shown in Eq. (5.8), and it reveals that only the last Nspb elements of the

result coincide with the corresponding elements of the linear convolution [146]. The rest of the

elements of the circular convolution do not provide any useful result as the elements of y(b0)

are wrapped around and are not in the right order, as required by the linear convolution. The

computation of the circular convolution of y(b0) and w̃1 with the wraparound phenomenon is

summarised as



◦

◦
...

◦

u
bNspb

u
bNspb+1

...

u
(b+1)Nspb−1


︸ ︷︷ ︸

ũ(b)

=



y
bNspb−Nft+1

y
(b+1)Nspb−1

y
(b+1)Nspb−2

· · · y
bNspb−Nft+2

y
bNspb−Nft+2

y
bNspb−Nft+1

y
(b+1)Nspb−1

· · · y
bNspb−Nft+3

...
...

...
. . .

...

y
bNspb−1

y
bNspb−2

y
bNspb−3

· · · y
bNspb

y
bNspb

y
bNspb−1

y
bNspb−2

· · · y
bNspb+1

y
bNspb+1

y
bNspb

y
bNspb−1

· · · y
bNspb+2

...
...

...
. . .

...

y
(b+1)Nspb−1

y
(b+1)Nspb−2

y
(b+1)Nspb−3

· · · y
bNspb−Nft+1


︸ ︷︷ ︸

y
cir

(b0 )



w∗
0

w∗
1

...

w∗
Nft−2

w∗
Nft−1

0
...

0


︸ ︷︷ ︸

w̃1

,

(5.8)

where y
cir

(b0) is the circulant NFFT × NFFT matrix for the column vector y(b0), and ũ(b)

denotes the output column vector of the circular convolution: and u(b) is the column vector

of its last Nspb elements. The FD implementation of Eq. (5.8) can now be obtained by simply

noting by rewriting Eq. (5.8) as

ũ(b) = F−1Fy
cir

(b0)F−1Fw̃1 (5.9)
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where F /F−1 denotes the NFFT ×NFFT DFT/inverse DFT (IDFT) matrix that is defined as

F =



1 1 1 · · · 1

1 e
−j 2π

N
FFT e

−j 4π
N
FFT · · · e

−j
2π(NFFT −1)

N
FFT

1 e
−j 4π

N
FFT e

−j 8π
N
FFT · · · e

−j
4π(NFFT −1)

N
FFT

...
...

...
. . .

...

1 e
−j

2π(NFFT −1)
N
FFT e

−j
4π(NFFT −1)

N
FFT · · · e

−j
2π(NFFT −1)

2

N
FFT


,

and F−1 =
1

NFFT

F∗

(5.10)

Using the DFT matrix, the circulant matrix y
cir

(b0) has a special property that relates it to the

column vector y(b0). The property is defined as [146]:

diag[Fy(b0)] = Fy
cir

(b0)F−1. (5.11)

If we define Y(b)
F

= Fy
cir

(b0)F−1 and WF = Fw̃1 , then Eq. (5.9) becomes:

ũ(b) = F−1Y(b)
F
WF . (5.12)

It is observed from Eq. (5.11) that Y(b)
F

is the diagonal matrix consisting of the elements of

the DFT of y(b0). Therefore, Eq. (5.11) implies that Y(b)
F
WF is the element-wise multi-

plication of the equaliser feedforward input and its tap weights in the FD, as this product is

from a diagonal matrix and a column vector. The result is the output of the equaliser in the FD.

Premultiplication of this result by the IDFT matrix converts the FD samples of the output to the

TD. Furthermore, only the lastNspb elements are required from the TD output, as they coincide

with the required linear convolution samples. The background developed in this section will

help with the derivation of the other equalisers with the overlap-save method.

115



Frequency Domain Non-linear Equalisation for SI-POF Transmission

5.1.2 Overlap-save method for the Volterra equaliser

From Eq. (2.2) and Eq. (5.2), we obtain the linear convolutions of the feedforward input se-

quence and the Volterra inputs from the TD-based VOLT2DFE (TD-VOLT2DFE) as

un = w∗
dc

+

Nft−1∑
a=0

w∗
a
yn−a +

Nft−1∑
a=0

w∗
a,0
y2
n−a +

Nft−2∑
a=0

w∗
a,1
yn−ay

∗
n−a−1

+

Nft−3∑
a=0

w∗
a,2
yn−ay

∗
n−a−2

+ · · ·+
0∑

a=0

w∗
a,Nft−1

yn−ay
∗
n−a−Nft+1

.

(5.13)

The block implementation of the TD transversal equaliser (that is described in Eqs. (5.6), (5.7)

and (5.8)) implies that Eq. (5.13) can be translated to:

ũ(b) = w∗
dc
· 1

N
FFT

,1

+ y
cir

(b0)w̃1 + yH
cir

(b0)y
cir

(b0)w̃2,0 + yH
cir

(b1)y
cir

(b0)w̃2,1

+ yH
cir

(b2)y
cir

(b0)w̃2,2 + · · ·+ yH
cir

(bNft−1)y
cir

(b0)w̃2,Nft−1

= w
dc
· 1

N
FFT

,1

+ y
cir

(b0)w̃1 +

Nft−1∑
c=0

yH
cir

(bc)y
cir

(b0)w̃2,c ,

(5.14)

where y
cir

(bc) is the circulant NFFT ×NFFT matrix for the column vector y(bc), which is the

delayed version of y(b0) and is derived from Eq. (5.6) as

y(bc) = [y
bNspb−Nft−c+1

, y
bNspb−Nft−c+2

, · · · , y
(b+1)Nspb−c−1

]T, (5.15)

and w̃2,c denotes the block of tap weights for the Volterra inputs, and it is a column vector of

length NFFT defined as

w̃2,c =
[
w∗
a,0
, w∗

a,1
, · · · , w∗

a,Nft−1−c ,0
1,Nspb−1+c

]T
. (5.16)

The notation 1
N

FFT
,1

refers to a column vector consisting of NFFT ones as its element, and

[.]H denotes the Hermitian transpose of a vector or matrix.

The FD representation of the Volterra equaliser can now be obtained by adding the DFT/IDFT
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Figure 5.1: Implementation of a second-order Volterra DFE (VOLT2DFE) in the frequency
domain with the overlap-save method

117



Frequency Domain Non-linear Equalisation for SI-POF Transmission

matrix to Eq. (5.14) just like with Eq. (5.9), Eq. (5.11) and Eq. (5.12). Hence we get:

ũ(b) = w∗
dc
F−1F

(
1

N
FFT

,1
)

+ F−1Fy
cir

(b0)F−1Fw̃1

+

Nft−1∑
c=0

F−1FyH
cir

(bc)y
cir

(b0)F−1Fw̃2,c

⇒ ũ(b) = F−1
W

dc
+ Y(b)

F
WF +

Nft−1∑
c=0

Y(b)
F,2,c

WF,2,c

 ,

where Y(b)
F,2,c

= FyH
cir

(bc)y
cir

(b0)F−1 = diag [F (y(bc)∗ � y(b0))] ,

W
dc

= w
dc

[
NFFT ,0

1,N
FFT

−1
]T

and WF,2,c = Fw̃2,c .

(5.17)

The notation � denotes the element-wise multiplication of two vectors (or matrices) of the

same size.

Equation (5.17) shows that the FD output of the Volterra equaliser with the overlap-save method

is a sum of the DC weight column vector W
dc

, the feedforward output column vector

Y(b)
F
WF and the Volterra output column vectors Y(b)

F,2,c
WF,2,c . The equation of the FD

Volterra equaliser with the overlap-save method is similar to that with the cyclic prefix method

(see Eq. 5.4). Therefore, the Volterra terms of Eq. (5.17) can also be truncated by including

only the first α2 terms to balance the complexity and performance so that Eq. (5.17) becomes:

ũ(b) = F−1
{
W

dc
+ Y(b)

F
WF +

α2−1∑
c=0

Y(b)
F,2,c

WF,2,c

}
. (5.18)

If α2 = 0, the FD Volterra equaliser becomes the FD transversal equaliser or the FD linear

equaliser (FD-LE).

Figure 5.1 depicts the block diagram of the FD-based VOLT2DFE (FD-VOLT2DFE), which

is expressed earlier in Eq. (5.18). The diagram illustrates the steps applied for equalisation

in FD. First, the input samples are collected in an input buffer (or S/P converter) whose out-

put is the vector y(b0), consisting of Nspb new samples and Nft − 1 samples from the pre-

vious block. The same process is applied to the Volterra input samples to obtain the vec-

tor (y(bc)∗ � y(b0)). Then, the vectors are converted to the FD (with the FFTs) and are

multiplied by their associated tap-weight vectors
(
WF =

[
W0 ,W1 , · · · ,WN

FFT
−1

]T
and

WF,2,c =
[
Wc,0 ,Wc,1 , · · · ,Wc,N

FFT
−1

]T)
, on an element-wise basis. The resulting FD vec-

tor outputs are then summed up, and the DC weight (i.e. NFFTwdc from W
dc

) is added to the
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first element of the FD outputs. This gives the samples of the filter output in the FD, which are

subsequently converted to the TD using an IFFT. The last Nspb elements of the TD outputs are

passed through a P/S converter a processed together with the DFF to obtain the final equalised

output.

It is noteworthy to mention that the FD Volterra equaliser can be used with either real-valued in-

puts and tap weights (for PAM modulation) or with complex-valued inputs and tap weights (for

CAP/QAM modulation). With real-valued inputs, about half of the FD samples are sufficient

for processing the FD Volterra equaliser because of the complex-conjugate symmetry prop-

erty of DFT: which shows that half of the DFT outputs is the complex conjugate of the other

half [146, 147]. However, the FD equaliser with complex-valued inputs and weights requires

the use of all FD samples.

5.1.3 Overlap-save method for the MLP equaliser

To separate the feedforward filtering section from the TD-based MLPDFE (TD-MLPDFE),

Eq. (2.6) becomes:

z̃n =

Nhn∑
c=1

[
wc tanh

(
uc,n +

Nbt∑
b=1

wc,bẑn−b

)]
+ wbias,

where uc,n = wc,bias +

Nft−1∑
a=0

wc,ayn−a.

(5.19)

The expression in Eq. (5.19) shows that the TD-MLPDFE consists of multiple linear convolu-

tions of the feedforward input sequence yn, and the output of each convolution is for a hidden

layer neuron (denoted with the index c). If we consider the FD conversion of the transver-

sal equaliser described in Section 5.1.1 (with equations from Eq. (5.6) to Eq. (5.12)), then

Eq. (5.19) can be translated to the FD as

ũ(b)
c

= F−1
{
W

c,bias
+ Y(b)

F
WF,c

}
, (5.20)

where ũ(b)
c

denotes the output column vector whose last Nspb elements correspond to uc,n;

W
c,bias

denotes the bias column vector, which is equal to w
c,bias

[
NFFT ,0

1,N
FFT

−1
]T

; and

WF,c denotes the FD tap-weight column vector assigned for each hidden layer neuron c.

The block diagram of the FD-based MLPDFE (FD-MLPDFE) is depicted Fig. 5.2, and it fur-

119



Frequency Domain Non-linear Equalisation for SI-POF Transmission

Figure 5.2: Implementation of a multi-layer perceptron based DFE (MLPDFE) in the fre-
quency domain with the overlap-save method
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ther describes the use of Eq. 5.20 for the MLPDFE in FD. The input samples are collected

in an S/P converter whose output is the vector y(b0), consisting of Nspb new samples and

Nft − 1 samples from the previous block. The vector is converted to the FD with an FFT

to give Y(b)
F

. This FD vector is multiplied on an element-wise basis by several tap-weight

vectors
(
WF,c =

[
Wc,0 ,Wc,1 , · · · ,Wc,N

FFT
−1

]T)
. The first element of the resulting FD vec-

tor output for each hidden layer neuron is added to its associated bias (i.e. NFFTwc,bias from

W
c,bias

). The following FD vector output from each hidden layer neuron is then converted to

the TD with an IFFT, and the last Nspb elements of the TD vector output are passed through a

P/S converter. The result is processed together with the DFF for each hidden layer neuron. The

outputs of the hidden layer neurons are then computed via the output layer neuron in order to

obtain the final equalised output.

If the input sequence is complex-valued, then the SC-MLPDFE is used in place of the MLPDFE

that deals with real-valued inputs. To distinguish the feedforward filtering section of the SC-

MLPDFE, Eq. (2.7) becomes:

z̃n =

Nhn∑
c=1

[
(wc + jxc) tanh

(
uc,n +

Nbt∑
b=1

(
wc,bẑ

R
n−b + xc,bẑ

I
n−b

))]
+ (wbias + jxbias),

where uc,n = wc,bias +

Nft−1∑
a=0

(
wc,ay

R
n−a + xc,ay

I
n−a

)
,

(5.21)

which can be converted into the FD as

ũ(b)
c

= F−1
{
W

c,bias
+ Y(b)

F,R
WF,c + Y(b)

F,I
X F,c

}
, (5.22)

where Y(b)
F,R

and Y(b)
F,I

denote the FD equivalent for the real and imaginary component

of the complex-valued inputs, respectively; and WF,c and X F,c denote column vector of the

tap-weights in FD for Y(b)
F,R

and Y(b)
F,I

, respectively.

In this section, the Volterra equaliser has been translated to the FD for MCM schemes using the

cyclic prefix method. The equaliser has also been represented into the FD for SCM schemes

with the overlap-save method. Like the TD-based Volterra equalisers, the FD-based equalisers

can be trained with the MMSE algorithms. On the other hand, the MLP equaliser has been

represented into the FD for SCM schemes but not for MCM schemes. Moreover, there is no
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algorithm to train the FD-based MLP equaliser, and so it has to be trained in TD. These issues

with the FD-based MLP equaliser can be resolved in later studies. The next section examines

the performance of the FD-based Volterra equaliser for DMT.

5.2 FD-NLE for DMT

As discussed earlier in Section 3.1.3, DMT is an MCM scheme with high spectral efficiency and

its flexibility with subcarrier allocation. But, it is limited by its high PAPR which can heavily

contribute to the non-linearity of the SI-POF system [148]. Thus, the FD-NLE is required to

further improve the performance of a DMT-modulated SI-POF system. The following section

describe the experiment setup used to assess the performance of the equaliser.

5.2.1 Experimental setup for SI-POF with DMT modulation

It is assumed for DMT that prior information of the channel SNR per sub-carrier is known to

ensure the bit-and-energy allocation. The channel estimation is performed with a pilot sequence

that consists of random quadrature phase-shift keying (QPSK) symbols with constant energy.

The relative channel gain and the absolute SNR values are obtained by estimating the error

vector magnitude (EVM) of the QPSK constellations for the different sub-carriers as depicted

in Fig. 5.3. The SNR profile of the SI-POF channel using the LD shows a similar pattern

with the frequency response of the same channel depicted in Fig. 4.3. For instance, the 3 dB

attenuation point of the 60 m SI-POF occurs at around 80 MHz for the SNR profile, while

this is about 50 MHz with the frequency response. For the 30 m SI-POF, it is ∼150 MHz and

∼100 MHz with the SNR profile and the frequency response, respectively.

Two cases are therefore considered with the available channel SNR information. The first case

(DMT QAM-M2) considers DMT with only power loading and all its data sub-carriers mapped

with the QAM-M2 format. The second case (bit-loaded DMT) allocates both the number of

bits and the energy per sub-carrier with the Levin-Campello margin maximisation algorithm as

illustrated in Fig. 5.4.

The DMT modulation parameters for this study are summarised in Table 5.1 for both the LD

and the RC-LED setups that were discussed previously in Section 3.3. The value of these

parameters is optimally selected with an exhaustive search to find those that achieve the best
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Parameters Symbol
Value with the:

LD setup RC-LED setup
Number of bits for

BER evaluation
Nbit 106

Sampling rate Fs 4 [GSa/s] 1 [GSa/s]

FFT size (with Hermitian symmetry) NFFT 8192 2048

Sub-carrier
spacing

∆fs = Fs
N
FFT

488.28 [kHz]

Number of DMT blocks
for training the FD equalisers

Ndtr 40

Cyclic prefix length Ncp 64

Table 5.1: DMT modulation parameters

Figure 5.3: SNR estimation of the SI-POF channel at 10 m, 30 m and 60 m lengths using the
LD and the RC-LED setups. (ηmod = 0.85)
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Figure 5.4: Bit/power allocated per sub-carrier with the Levin-Campello margin maximisation
algorithm for: (a) 8 Gbps bit-rate over 10 m SI-POF with LD (b) 4 Gbps bit-
rate over 30 m SI-POF with LD (c) 2 Gbps bit-rate over 60 m SI-POF with LD
(d) 0.4 Gbps bit-rate over 60 m SI-POF with RC-LED

BER performance. For the LD setup, a modulation size M of 4, 8 and 16 are used for SI-POF

of lengths 60 m, 30 m and 10 m, respectively. And, M = 4 for the 60 m SI-POF using the RC-

LED setup. The DMT signals are transmitted with a modulation index of 0.85 unless otherwise

stated. These modulation sizes are selected from the identical experimental setups executed in

Section 4.5.

The oversampling factor for DMT is expressed as

Nsps ≈
NFFT

2Ndsub
, (5.23)

where Ndsub represents the number of data carrying sub-carriers. A parameter that is related to

Ndsub is the number of bits per DMT blockNbdmt and for DMT QAM-M2 format, it is defined

as Nbdmt = 2Ndsub log2M . With respect to the sampling rate (Fs) and the bit rate (Rb), Nbdmt

is calculated as

Nbdmt =

⌈
Rb(NFFT +Ncp)

Fs

⌉
, (5.24)

where d.e represents the ceil operator. It is conventional to keep Nsps constant so that Fs

increases proportionally with Rb: implying that NFFT should vary proportionately with Ndsub

as Eq. (5.23) shows. But for this study, both Fs and NFFT are kept constant so that Nsps varies

inversely with Rb.
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5.2.2 FD-NLE performance with Clipping

As discussed previously in Section 3.1.3, the main drawback of DMT is its large PAPR. For an

SI-POF channel where the optical intensity is modulated, signals with higher PAPR suffer more

from the impact of the receiver noise, resulting in lower SNR values as shown in Eq. (3.12).

Clipping is the most direct and straightforward way to reduce the PAPR of DMT signals be-

cause, among the other PAPR reduction methods, it requires neither any additional overhead

nor any computational requirement [148]. Furthermore, it takes place at the DMT transmitter

in the TD before the DAC stage (see Fig. 3.3). And, it is used to accommodate the modulated

signal within the dynamic range of the DAC, the amplifier, and the LED/LD. However, it intro-

duces noise and non-linear distortions to the signal, and as a result, can lead to a degradation in

performance.

In other studies, the DMT signal is usually clipped at lower and/or upper levels [127,148,149].

Furthermore, the study from [148] suggests that clipping both upper and lower levels of a DMT

signal at similar values offers the maximum signal-to-noise-plus-distortion-ratio (SNDR) when

compared to clipping either the upper or lower level. Hence, the thesis will use the clipping

method suggested by [148] that converts the basic DMT signal I(t) to the clipped DMT signal

Î(t) as

Î(t) =


I(t) |I(t)| < Iclip

Iclip I(t) ≥ Iclip

−Iclip I(t) ≤ −Iclip

, (5.25)

where Iclip denotes both the upper and lower clipping level as illustrated in Fig. 5.5(a). Con-

sequently, clipping the signal reduces the maximum amplitude of the signal from Imod to Iclip.

Using the clipping ratio ρ
clip

in dB, the clipping level Iclip can be expressed in terms of the

signal variance I2rms as

ρ
clip

= 20 log10

(
Iclip
Irms

)
. (5.26)

Figure 5.5(a) also suggests that the higher the values of ρ
clip

, the smaller the amount of clipping

and vice versa. Furthermore, the impact of both mild clipping (ρ
clip

= 13 dB) and extreme

clipping (ρ
clip

= 10 dB) on the DMT signal is depicted with a QAM-64 data constellation in

Fig. 5.5(b) and Fig. 5.5(c), respectively. The constellations are obtained for a 30 m SI-POF at a

bit-rate of 250 Mbps using the LD setup. Comparing Fig. 5.5(b) and Fig. 5.5(c) shows that the

signal distortion greatly increases with smaller values of the clipping ratio.
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(a)

(b)

(c)

Figure 5.5: (a) An illustration of the clipping levels for a DMT signal and the resulting
QAM-64 constellation for 0.25 Gbps over 30 m SI-POF at (b) ρclip =13 dB
(c) ρclip =10 dB.

Figure 5.6: The PAPR CCDF plots of the PAPR for basic and clipped DMT using QAM-64
(NFFT = 8192, Ndsub = 1024)
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To illustrate the PAPR reduction capability of clipping, we show in Fig. 5.6 the complementary

(CCDF) of the PAPR (ρpapr ) in dB. The figure shows that for basic DMT without clipping,

the PAPR increases significantly with the number of DMT symbols/frames. For instance, one

out of 103 frames has its PAPR greater than 15 dB for the basic DMT. And out of 105 frames,

one has its PAPR greater than 16 dB. But, clipping both sides of the DMT signal results in a

significant reduction in the PAPR. At a CCDF of 10−3, clipping a DMT signal for ρ
clip

= 13 dB

and ρ
clip

= 10 dB reduces the PAPR of the DMT signal from 15 dB to 13.1 dB and 10.1 dB,

respectively. The clipping for ρ
clip

= 13 dB and ρ
clip

= 10 dB results in a PAPR reduction of

∼2 dB and ∼5 dB, respectively, at the same CCDF of 10−3.

Clipping reduces the peak of the DMT signal by a factor of µ
clip

= Imod
Iclip

. Therefore, two options

can be considered for transmitting the clipped DMT signal while keeping its modulation index

ηmod equal to that of the basic DMT signal without clipping. The first option is to reduce the

dc-bias of the signal by the factor of µ
clip

while keeping the clipped signal constant. The DMT

signal that is sent prior to the DAC with this option becomes:

IDMT (t) =
I ′bias
µ
clip

+ Î(t). (5.27)

The advantage of this option is that it reduces the electrical power of the signal by a factor of

µ2
clip

. The other option is to increase the clipped signal by the factor of µ
clip

while keeping the

bias of the signal constant. The resulting DMT signal with this option is:

IDMT (t) = I ′bias + µ
clip
Î(t). (5.28)

Though this option does not reduce the electrical power of the signal, it can maximise the

achievable bit-rate because of the increased amplitude of the clipped signal. The option de-

scribed in Eq. (5.28) will, therefore, be considered in this study as it coincides with the thesis

objective to maximise the bit-rate of the SI-POF channel.

A key design objective with signal clipping is to ensure high achievable SNDR at the re-

ceiver while keeping the non-linear distortion in an acceptable range. Acceptable values of

the clipping ratio vary from ∼8 dB to ∼14 dB depending on the employed QAM constellation

size [150]. The non-linearities of the system, including those from clipping, can be mitigated

with the FD-NLE described in Eq. (5.4). Subsequently, we present plots of the BER against

data rates to assess the performance of the FD-NLE in the presence of mild clipping (ρ
clip

=
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13 dB) and extreme clipping (ρ
clip

= 10 dB).

(a) (b)

Figure 5.7: The measured BER versus bit rate for DMT with and without clipping using:
(a) FD-LE (α2 = 0) (b) FD-NLE (α2 = 2). Transmission is with the LD over
a 10 m SI-POF at ηmod = 0.85.

The BER results for a 10 m SI-POF with the LD setup are depicted in Fig. 5.7a in order to

evaluate the performance of the conventional FD-LE. Using the DMT QAM-256 format and

the FD-LE, the BER increases from ∼ 3 × 10−6 to ∼ 3 × 10−3 as the bit rate increases from

5 Gbps to 10 Gbps. If the DMT signal is mildly clipped (ρ
clip

= 13 dB) before transmission,

the BER performance of the SI-POF link is marginally worse than that of the DMT signal

without clipping. If the DMT signal is severely clipped (ρ
clip

= 10 dB), the BER performance

becomes significantly worse than that of the DMT signal without clipping. Moreover, the BER

does not go below an error floor of ∼ 5 × 10−4 with this clipping. For DMT transmission

with bit loading, a bit rate of ∼8.7 Gbps is achieved at a BER of 3 × 10−6: the bit rate is

∼5 Gbps at the same BER with DMT QAM-256 format. Hence, the BER performance with

bit loading is superior to that with no bit loading. Unlike with the DMT QAM-256 format, the

BER performance of the SI-POF link for the bit-loaded DMT with mild clipping is marginally

better than that without clipping. This improvement is because the PAPR of the DMT signal

with bit loading is less than that of the DMT signal without bit loading as the latter requires

more low-level QAM formats while the former uses high-level QAM formats for each sub-

carriers (see Fig. 5.4). With extreme clipping, the BER performance is significantly worse than

that of the DMT signal without clipping. For instance, a bit rate of ∼10.7 Gbps is achieved at a

BER of 10−3 without clipping. But with ρ
clip

= 10 dB, the bit rate reduces to ∼10 Gbps at the

same BER.

128



Frequency Domain Non-linear Equalisation for SI-POF Transmission

The BER results are shown in Fig. 5.7b to assess the performance of the FD-NLE using the same

setup for Fig. 5.7a. With the DMT QAM-256 format and the FD-NLE, the BER increases from

∼ 3×10−6 to∼ 3×10−3 as the bit rate increases from 7 Gbps to 11.5 Gbps. If the FD-NLE is

used in place of the FD-LE, the result translates to a bit-rate increase of 2 Gbps to 1.5 Gbps at

the BER of ∼ 3× 10−6 to ∼ 3× 10−3, respectively. With mild clipping, the BER performance

of the SI-POF link is marginally better than that of the DMT signal without clipping. But with

the extreme clipping of ρ
clip

= 10 dB, the BER performance becomes significantly worse than

that of the DMT signal without clipping. Furthermore, the BER does not go below an error

floor of 10−5 with this clipping. For DMT transmission with bit loading, a bit rate of ∼9 Gbps

is achieved at a BER of 3 × 10−6 with the FD-NLE, while the bit rate is ∼8.7 Gbps at the

same BER with the FD-LE. Hence, the BER performance with the FD-NLE is superior to that

with the FD-LE even for the DMT transmission with bit loading. The BER performance of the

SI-POF link for the bit-loaded DMT with mild clipping is marginally better than that without

clipping. With extreme clipping, the BER performance is slightly worse than that of the DMT

signal without clipping. For instance, a bit rate of ∼11 Gbps is achieved at a BER of 10−3

without clipping. But at the same BER, the bit rate becomes ∼10.7 Gbps and ∼11.1 Gbps for

clipping levels of 10 dB and 13 dB, respectively.

(a) (b)

Figure 5.8: The measured BER versus bit rate for DMT with and without clipping using:
(a) FD-LE (α2 = 0) (b) FD-NLE (α2 = 2). Transmission is with the LD over
a 30 m SI-POF at ηmod = 0.85.

Figure 5.8a shows the BER results for a 30 m SI-POF with the LD setup using the FD-LE. With

the DMT QAM-64 format and the FD-LE, bit rates of 4 Gbps and 5.5 Gbps are achieved at a

BER of ∼ 3 × 10−6 and ∼ 3 × 10−3, respectively. If the DMT signal is slightly clipped, the
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BER performance of the SI-POF link is marginally better than that of the DMT signal without

clipping. But with more severe clipping, the BER performance becomes significantly worse

than that of the DMT signal without clipping. This pattern is exemplified in Fig. 5.8a where it

shows an achievable bit rate of ∼4.3 Gbps at a BER of 2 × 10−5 for DMT without clipping.

But the bit rate becomes ∼3.8 Gbps and ∼4.4 Gbps for clipping levels of 10 dB and 13 dB,

respectively, at the same BER. For the different clipping levels, the pattern of the BER results

with the DMT QAM-64 format is similar to those with the bit-loaded DMT: except that the

latter offers a superior BER performance than the former. This similarity is because the size of

the QAM formats at the sub-carriers for the prior DMT scheme is comparable to that used for

the latter DMT scheme as Fig. 5.4 shows. For the bit-loaded DMT, a bit rate of ∼5.2 Gbps is

achieved at a BER of 2 × 10−5. However, the bit rate becomes ∼5 Gbps and ∼5.4 Gbps for

clipping levels of 10 dB and 13 dB, respectively.

The BER results are shown in Fig. 5.8b to assess the performance of the FD-NLE for the 30 m

SI-POF link using the same setup for Fig. 5.8a. With the DMT QAM-64 format and the FD-

NLE, the bit rate achieved at the BER of∼ 3×10−6 and∼ 3×10−3 is 4 Gbps to 5.5 Gbps, re-

spectively. This result is similar to that from the FD-LE, which suggests that the non-linearities

are negligible for the 30 m SI-POF link with DMT QAM-64. The non-linearities are also neg-

ligible for the 30 m SI-POF link with the bit-loaded DMT since the FD-NLE offers the same

BER performance as the FD-LE. With mild clipping, the BER performance of the SI-POF link

is marginally better than that of the DMT signal without clipping. And with extreme clipping,

the BER performance becomes significantly better than that of the DMT signal without clip-

ping. Moreover, the BER performance of the FD-NLE from extreme clipping is significantly

better than that of the FD-LE. At a BER of 2 × 10−5 for instance, a bit rate of ∼4.3 Gbps is

attained with the DMT QAM-64 format that uses no clipping. The bit rate becomes∼4.7 Gbps

and ∼4.3 Gbps when the DMT signal is clipped at levels of 10 dB and 13 dB, respectively.

With the bit-loaded DMT at the same BER, a bit rate of ∼5.2 Gbps, ∼5.6 Gbps and ∼5.4 Gbps

is attained for the DMT scheme without clipping, with 10 dB clipping and with 13 dB clipping,

respectively.

The BER results for a 60 m SI-POF with the LD setup are depicted in Fig. 5.9a for the FD-

LE. Using the FD-LE for the DMT QAM-16 format without clipping, the BER increases

monotonously from ∼ 3 × 10−6 to ∼ 3 × 10−3 as the bit rate increases from 1.25 Gbps to

1.75 Gbps. If the DMT signal is marginally clipped at the 13 dB level, the BER performance
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(a) (b)

Figure 5.9: The measured BER versus bit rate for DMT with and without clipping using:
(a) FD-LE (α2 = 0) (b) FD-NLE (α2 = 2). Transmission is with the LD over
a 60 m SI-POF at ηmod = 0.85.

of the SI-POF link is marginally better than that of the DMT signal without clipping. With

more severe clipping of 10 dB, the BER performance is also slightly better than that of the

DMT signal without clipping. This pattern is demonstrated in Fig. 5.9a where it shows that a

bit rate of∼1.65 Gbps is achieved at a BER of 10−3 for DMT without clipping. But the bit rate

becomes ∼1.75 Gbps and ∼1.7 Gbps for DMT transmission at clipping levels of 10 dB and

13 dB, respectively, at the same BER. For the different clipping levels, the pattern of the BER

results with the DMT QAM-16 format is similar to those with the bit-loaded DMT: and the lat-

ter offers a superior BER performance than the former. This similarity is because the size of the

QAM formats at the sub-carriers for the prior DMT scheme is less than that used for the latter

DMT scheme as Fig. 5.4 shows. For the bit-loaded DMT, a bit rate of ∼2.2 Gbps is achieved at

a BER of 10−3. However, the bit rate becomes ∼2.4 Gbps and ∼2.35 Gbps for clipping levels

of 10 dB and 13 dB, respectively. The bit rate values with clipping correspondingly translate to

an increase of that without clipping by 9.1% and 6.8%.

Figure 5.9b depicts the BER plots used to assess the performance of the FD-NLE for the 60 m

SI-POF link. The BER results are obtained with the same setup used in Fig. 5.9a. With the

DMT QAM-16 format and the FD-NLE, the bit rate achieved at the BER of ∼ 3 × 10−6 and

∼ 3 × 10−3 is 1.25 Gbps to 1.75 Gbps, respectively. This result is similar to that from the

FD-LE, which suggests that the non-linearities are negligible for the 60 m SI-POF link with

DMT QAM-16. The non-linearities are also negligible for the 60 m SI-POF link with the bit-

loaded DMT since the FD-NLE offers the same BER performance that the FD-LE presents.
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With mild clipping, the BER performance of the SI-POF link is marginally better than that of

the DMT signal without clipping. And with extreme clipping, the BER performance becomes

significantly better than that of the DMT signal without clipping. The BER performance of

the FD-NLE from extreme clipping is significantly better than that of the FD-LE at the same

clipping level. At a BER of 10−3, for instance, a bit rate of ∼1.65 Gbps is attained with the

DMT QAM-16 format that uses no clipping. The bit rate becomes ∼1.9 Gbps and ∼1.7 Gbps

when the DMT signal is clipped at levels of 10 dB and 13 dB, respectively. At the same BER,

a bit rate of∼2.2 Gbps is attained with bit-loaded DMT without clipping. The bit rate becomes

∼2.6 Gbps and ∼2.35 Gbps when the DMT signal is clipped at levels of 10 dB and 13 dB,

respectively. The values with clipping correspondingly translate to an increase in the bit rate by

18.2% and 6.8%, which indicates that the FD-NLE significantly improves the performance of

DMT signals with extreme clipping.

(a) (b)

Figure 5.10: The measured BER versus bit rate for DMT with and without clipping using:
(a) FD-LE (α2 = 0) (b) FD-NLE (α2 = 3). Transmission is with the RC-LED
over a 60 m SI-POF at ηmod = 0.85.

The BER results for a 60 m SI-POF with the RC-LED setup is depicted in Fig. 5.10a for the FD-

LE. Henceforth, only the performance of the DMT signal with extreme clipping ρclip =10 dB

is considered as it is shown to offer either a similar or the best performance for the 60 m SI-POF

link with the LD setup. With the FD-LE and the DMT QAM-16 format without clipping, bit

rates of 0.25 Gbps and 0.35 Gbps are achieved at a BER of ∼ 3 × 10−4 and ∼ 3 × 10−3,

respectively. With the extreme clipping of the DMT signal, the BER performance becomes

significantly worse than that of the DMT signal without clipping. Moreover, the BER does not

go below an error floor of ∼ 4 × 10−4 with clipping. With the bit-loaded DMT, a bit rate of

∼0.3 Gbps is achieved at a BER of 3×10−4. However, the bit rate reduces to∼0.28 Gbps with
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clipping. The FD-NLE significantly improves the BER performance of the SI-POF link with

the RC-LED setup as depicted in Fig. 5.10b. Using the FD-NLE without clipping the DMT -

QAM-16 signal, the bit rates of 0.31 Gbps and 0.38 Gbps are achieved at a BER of∼ 3× 10−4

and ∼ 3× 10−3, respectively. Clipping the DMT signal while using the FD-NLE improves the

BER performance of the system. At a BER of 10−3, for instance, a bit rate of ∼0.35 Gbps is

attained with the DMT QAM-16 format without clipping. The bit rate increases to∼0.42 Gbps

when the DMT signal is clipped. At the same BER, a bit rate of ∼0.41 Gbps is attained with

bit-loaded DMT without clipping. And the bit rate increases to ∼0.5 Gbps when the DMT

signal is clipped.

(a) (b)

Figure 5.11: The achievable bit-rate at a BER≈ 10−3 versus the modulation index (ηmod) for
DMT with and without clipping using: (a) FD-LE (α2 = 0) (b) FD-NLE (α2 = 3).
Transmission is with the RC-LED over a 60 m SI-POF.

To evaluate the impact of the LED non-linearities for the 60 m SI-POF link, we evaluate the

achievable bit rates for the FD-LE and the FD-NLE at a BER of ∼ 10−3 for the different

modulation indices ηmod. This is because increasing ηmod increases the non-linearities of the

SI-POF link, as shown in Fig. 3.15a. The result of this evaluation is depicted in Fig. 5.11a and

Fig. 5.11b for the FD-LE and the FD-NLE, respectively. With the FD-LE and the DMT QAM-

16 format without clipping, the bit rate increases continuously from∼25 Mbps to∼337.5 Mbps

as the modulation index increases from 0.35 to 1. When the DMT signal is clipped, the bit rate

at ηmod = 0.35 increases to ∼112.5 Mbps. The bit rate increases to ∼325 Mbps ηmod = 0.8,

but then reduces at higher values of ηmod. At this modulation index, the SNR of the SI-POF

system is cancelled out by the LED non-linearities, which cannot be mitigated with the FD-LE.

A similar pattern is observed with bit-loaded DMT. Without clipping, the bit rate increases from

∼175 Mbps to∼350 Mbps as the modulation index increases from 0.35 to 1. But with clipping,
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the bit rate increases from ∼250 Mbps to ∼325 Mbps as the modulation index increases from

0.35 to 0.7. The bit rate then diminishes for values of ηmod that are beyond 0.7.

The system performance significantly improves with the FD-NLE as Fig. 5.11b illustrates.

Since the FD-NLE mitigates the non-linearities that increase with ηmod, the bit rate is observed

to increase continuously for the DMT signal as the modulation index increases from 0.35 to

1. And it does not matter if the DMT signal is clipped or not. Hence, the maximum bit rates

are achieved with the highest modulation index of 1. With the DMT QAM-16 signal, this is

∼380 Mbps and ∼450 Mbps for the DMT signal without and with clipping, respectively. With

the bit-loaded DMT signal, it is ∼450 Mbps and ∼540 Mbps for the signal without and with

clipping, respectively.

The results from the experiments on DMT transmission over the SI-POF shows that with high-

level QAM format (M > 64) in the DMT sub-carriers, clipping the DMT signal at the 10 dB

level does not necessarily improve the BER performance of the SI-POF system. But with low-

level QAM format in the DMT sub-carriers, the FD-NLE offers a significant improvement in

the BER performance when compared to the FD-LE. In this section, the FD-NLE is shown to

be relevant for DMT transmission with clipping over a non-linear system.

5.3 BER results for PAM and CAP transmission with FD-NLE

In Fig. 5.12, the BER results are used to compare the performances of the NLE when it is

implemented in both the TD and the FD. The experiment setup for this comparison is similar

to what was executed in section. 4.5. Figure 5.12a shows the measured BER versus the bit rate

for a 30 m SI-POF using the LD setup. And Fig. 5.12b is for a 60 m SI-POF using the RC-LED

setup. The truncation factor is equal to the number of feedforward taps for the VOLT2DFE,

while the number of hidden layer neurons is six for the MLPDFE: like the equaliser parameters

used in section. 4.5. Generally, the TD-NLE and the FD-NLE offer a similar BER performance

for both PAM and CAP transmission over the SI-POF channel. This statement applies to both

the VOLT2DFE and the MLPDFE. Moreover, the FD-NLE may offer a marginally better BER

result than that from the TD-NLE.

The comparison study of the TD-NLEs (from Section 4.4) suggests that the Volterra DFE re-

quires more computational complexity than the MLPDFE. This proposition is for a VOLT2DFE

with full-memory length (i.e. α2 = Nft), and for an MLPDFE, whose number of hidden layer
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(a) (b)

Figure 5.12: BER performance comparison between TD-NLE and FD-NLE for: (a) PAM-8
and CAP-64 transmission over a 30 m SI-POF with LD (b) PAM-4 and CAP-16
transmission over a 60 m SI-POF with RC-LED.

Figure 5.13: BER performance comparison of FD-VOLT2DFE for values of the truncation
factors α2
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neurons is less than the number of feedforward taps. However, the results from Fig. 5.13 in-

dicate that a truncation factor (α2) of two is optimum to give the best BER performance. This

truncation factor reduces the number of Volterra input taps by a factor of about 0.25Nft. Hence,

the computational requirement of the VOLT2DFE reduces more significantly as the number of

feedforward taps increases. The truncated VOLT2DFE offers about the same computational

complexity as that of the MLPDFE if α2 ≈ Nhn − 1.

5.4 Complexity comparison of TD-NLE and FD-NLE

The computational complexity of the proposed FD-NLE is evaluated with the required num-

ber of real-valued multiplications (RNRM), which is summarised in Table 5.2 and Table 5.3

for VOLT2DFE and MLPDFE, respectively. The RNRM is selected because the multiplier

demands the highest computational cost compared to the other DSP operations [151]. For a

fair comparison, Table 5.2 and Table 5.3 include the RNRM for the TD representation of the

NLEs by using similar parameters from their respective FD-NLEs except for the FFT and other

frequency-domain operations. The RNRM of the equalisers are also compared for when their

inputs are real-valued and complex-valued: corresponding to PAM and CAP/QAM modulation,

respectively.

Both the TD-NLE and the FD-NLE comprise of two stages, namely the training stage and

the equalisation stage. The complexity analysis will not include the cost of the training stage

because it depends on the training overhead. The channel state for the SI-POF slowly changes

in comparison to the communication speed of the system. Thus, the training overhead is usually

small (e.g., ≤ 4%) to the point that its effect on the overall complexity is negligible.

Table 5.2 demonstrates the RNRM required for each step with the TD-VOLT2DFE, which

involves computing the Volterra inputs and filtering the input-taps. Each procedure is conducted

Nspb times for fair comparison with its FD counterpart that uses the FFT operation for a block

set of the Volterra and the feedforward inputs. The FD-VOLT2DFE uses α2+1 FFT operations

and implements non-linear equalisation using α2+1 complex-valued multiplications in the FD.

It should be mentioned that the FFT and FD operations for complex-valued inputs are about

twice of those for the real-valued inputs. For the FFT has the complex-conjugate symmetrical

property for the real-valued input sequence. The resulting FFT outputs are summed up (as

illustrated in Fig. 5.1 and stated in Eq. (5.18)), and the total is converted to the TD with one
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Equaliser
Operation
Category

RNRM Size
of Operation

Number
of Operations

per Block
RNRM

TD-VOLT2DFE
(Real-valued)

Volterra input
computation

α2 Nspb +Nft − 1 α2(Nspb +Nft − 1)

Feedforward
filtering

Nft

Nspb

NspbNft

Volterra input
filtering

α2[Nft+

0.5(1− α2)]

Nspbα2[Nft+

0.5(1− α2)]

Feedback
filtering

Nbt NspbNbt

Total Nspb[Nft +Nbt + α2(Nft + 0.5(3− α2))] + α2(Nft − 1)

TD-VOLT2DFE
(Complex-valued)

Total 4Nspb[Nft +Nbt + α2(Nft + 0.5(3− α2))] + 4α2(Nft − 1)

FD-VOLT2DFE
(Real-valued)

Volterra input
computation

α2 NFFT α2NFFT

FFT
(split-radix)

0.5NFFT [log2(NFFT )

−3] + 2
α2 + 1

[0.5NFFT (log2(NFFT )

−3) + 2](α2 + 1)

FD
multiplication

2(NFFT − 1) α2 + 1 2(NFFT − 1)(α2 + 1)

IFFT
0.5NFFT [log2(NFFT )

−3] + 2
1

0.5NFFT [log2(NFFT )

−3] + 2

Feedback
filtering

Nbt Nspb NspbNbt

Total 0.5NFFT [(α2 + 2) log2(NFFT ) + (3α2 − 2)] + (NspbNbt + 2)

FD-VOLT2DFE
(Complex-valued)

Volterra input
Computation

4α2 NFFT 4α2NFFT

FFT
NFFT [log2(NFFT )

−3] + 4
α2 + 1

[NFFT (log2(NFFT )

−3) + 4](α2 + 1)

FD
multiplication

4NFFT α2 + 1 4NFFT (α2 + 1)

IFFT
NFFT [log2(NFFT )

−3] + 4
1

NFFT [log2(NFFT )

−3] + 4

Feedback
filtering

4Nbt Nspb 4NspbNbt

Total (NFFT log2NFFT + 4)(α2 + 2) +NFFT (5α2 − 2) + 4NspbNbt

Table 5.2: Complexity analysis of the TD and FD representation of VOLT2DFE
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Equaliser
Operation
Category

RNRM Size
of Operation

Number
of Operations

per Block
RNRM

TD-MLPDFE
(Real-valued)

Feedforward
filtering

NftNhn

Nspb

NspbNftNhn

Feedback
filtering

NbtNhn NspbNbtNhn

Hidden layer
computation

Nhn NspbNhn

Total NspbNhn(Nft +Nbt + 1)

TD-MLPDFE
(Split-complex)

Total 2NspbNhn(Nft +Nbt + 1)

FD-MLPDFE
(Real-valued)

FFT
0.5NFFT [log2(NFFT )

−3] + 2
1

0.5NFFT [log2(NFFT )

−3] + 2

FD
multiplication

2(NFFT − 1) Nhn 2Nhn(NFFT − 1)

IFFT
0.5NFFT [log2(NFFT )

−3] + 2
Nhn

Nhn[0.5NFFT

(log2(NFFT )− 3) + 2]

Feedback
filtering

NbtNhn Nspb NspbNbtNhn

Hidden layer
computation

Nhn Nspb NspbNhn

Total
0.5NFFT [(Nhn + 1) log2(NFFT ) + (Nhn − 3)]

+NspbNhn(Nbt + 1) + 2

FD-MLPDFE
(Split-complex)

FFT
NFFT [log2(NFFT )

−3] + 4
1

NFFT [log2(NFFT )

−3] + 4

FD
multiplication

4(NFFT − 1) Nhn 4Nhn(NFFT − 1)

IFFT
0.5NFFT [log2(NFFT )

−3] + 2
Nhn

Nhn[0.5NFFT

(log2(NFFT )− 3) + 2]

Feedback
filtering

2NbtNhn Nspb 2NspbNbtNhn

Hidden layer
computation

2Nhn Nspb 2NspbNhn

Total
0.5NFFT [(Nhn + 2) log2(NFFT ) + (5Nhn − 6)]

+2NspbNhn(Nbt + 1) + 2(2−Nhn)

Table 5.3: Complexity analysis of the TD and FD representation of MLPDFE
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IFFT operation.

Table 5.3 shows the RNRM required for each step with the TD-MLPDFE and the FD-MLPDFE.

The first step requires filtering the input-taps to each neuron in the hidden layer. The outputs

of these neurons are then processed via the output-layer neurons. This process is conducted

for Nspb times for fair comparison with its FD counterpart, which uses a single FFT operation

for a block set of the feedforward inputs. The FD-MLPDFE realises equalisation with Nhn

complex-valued multiplications in the FD: according to the number of the hidden layer neurons.

The IFFT algorithm converts the resulting outputs in the TD just before they are inputted to the

hidden-layer neurons (as illustrated in Fig. 5.2). Hence, the FD-MLPDFE requires Nhn IFFT

operations. The RNRM of the MLPDFE with split-complex valued inputs is twice of that with

the real-valued inputs, as the earlier case deals with two sets of inputs (i.e. real and imaginary).

(a) (b)

Figure 5.14: The ratio of the RNRM of the TD-NLE and the FD-NLE for values of the feedfor-
ward taps (Nft) using: (a) the Volterra equaliser with different truncation factors
α2 and (b) the MLP equaliser with varying number of hidden-layer neurons
(Nhn). The dashed and straight lines represent the equalisers with real-valued
inputs and complex-valued inputs, respectively.

By taking advantage of an efficient FFT algorithm, such as the split-radix algorithm, the FD-

NLE can be used to achieve a lower complexity than the TD-NLE. To examine this complexity

reduction of FD-NLE over TD-NLE, Fig. 5.14 shows the ratio of the RNRM of FD-NLE over

that of TD-NLE. The ratio is denoted asR fd
td

, and is computed in Fig. 5.14 for a varying number

of feedforward taps without any feedback tap. To evaluate this ratio, the FD-NLEs are assumed

to use an FFT size that is equal to at least eight times the feedforward taps with the expression:
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Figure 5.15: The RNRM per symbol for values of the feedforward taps (Nft) using the Volterra
equaliser and the MLP equaliser. The dashed and straight lines represent the
equalisers with real-valued inputs and complex-valued inputs, respectively.

NFFT = 2dlog2Nfte+3. (5.29)

Figure. 5.14a shows the values of R fd
td

for the Volterra equaliser with truncation factors of

2, 4 and 8. The values of R fd
td

are depicted for when the inputs are either real-valued or

complex-valued. For values ofNft less than 30,R fd
td

increases slightly for higher values of α2.

Otherwise,R fd
td

becomes marginal for the truncation factors with increasingNft. Furthermore,

R fd
td

reduces exponentially as Nft increases. The complexity reduces even much more when

the inputs are complex-valued compared to when they are real-valued. For instance, at Nft =

16, R fd
td

is ∼0.38 at α2 = 2 if the inputs are real-valued. But, it slightly increases to ∼0.4 at

α2 = 8. If the equaliser inputs are complex-valued, then R fd
td

reduces to ∼0.22. When Nft

increases four-fold from 16 to 64, R fd
td

reduces from to ∼0.38 to ∼0.12 at α2 = 2. But, when

Nft is reduced to 4,R fd
td

increases to ∼1.5.

Figure. 5.14b shows the values ofR fd
td

for the MLP equaliser with hidden layer neurons of 2, 4

and 8. The values ofR fd
td

are shown for when the inputs are either real-valued or split-complex

valued. As the value of Nft increases, R fd
td

reduces slightly for higher values of Nhn. Like

with the VOLT2DFE,R fd
td

reduces exponentially for the MLPDFE as Nft increases. However,

the complexity reduces marginally for the MLPDFE when the inputs are split-complex valued

compared to when they are real-valued. For instance, at Nft = 16, R fd
td

is ∼0.4 at α2 = 2 if

the inputs are real-valued. But, it slightly reduces to ∼0.35 at α2 = 8. If the equaliser inputs
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are split-complex valued, then R fd
td

reduces to ∼0.33. When Nft increases four-fold from 16

to 64, R fd
td

reduces from to ∼0.4 to ∼0.14 at α2 = 2. But, when Nft is reduced to 4, R fd
td

increases to ∼0.9.

The computed RNRM per data symbol for the FD-MLPDFE is compared with that of the FD-

VOLT2DFE in Fig. 5.15. The value of both α2 (for the FD-VOLT2DFE) and Nhn (for the

MLPDFE) is set as two for this comparison. The RNRM per symbol rises drastically as Nft

increases from 1 to 10. Then, it rises more gently for the values of Nft that are above 10. Thus,

the RNRM is proportionate to log2Nft. ForNft = 16, the RNRM per symbol of the MLPDFE

is 12 with real-valued inputs. While it is 22 with complex-valued inputs. For the same value

of Nft, the RNRM per symbol of the VOLT2DFE is 18 with real-valued inputs. And it is 42

with complex-valued inputs. Thus, the MLPDFE has lower computational complexity than

the VOLT2DFE for α2 = Nhn. The computational requirement of the FD equalisers with

complex-valued inputs is about twice of that of the FD equalisers with real-valued inputs.

While Fig. 5.14 investigates the complexity reduction for the number of feedforward taps,

Fig. 5.16a considers the complexity reduction with respect to α2 and Nhn for the VOLT2DFE

and MLPDFE, respectively. The number of feedforward and feedback taps are kept constant as

24 and 3, respectively. For the VOLT2DFE with real-valued inputs, the value of R fd
td

initially

decreases from ∼0.4 to ∼0.29 as α2 increases from 0 to 4. However, R fd
td

increases steadily

with higher values of α2. A similar pattern is observed with the VOLT2DFE, when its inputs

are complex-valued. This pattern can be attributed to the RNRM used to compute the Volterra

inputs before filtering. And this RNRM varies proportionally with α2 as Table 5.2 shows. The

minimum points for R fd
td

is at values of α2 ranging from 2 to 4. Fig. 5.13 already shows that

these values are optimal for the best BER performance in an SI-POF channel. In contrast to the

VOLT2DFE,R fd
td

for the MLPDFE reduces from ∼0.42 at Nhn = 0 to ∼0.32 at Nhn = 16.

Figure 5.16b depicts the RNRM per data symbol for both FD-MLPDFE and FD-VOLT2DFE:

with Nft = 24 and Nbt = 3. It is observed that the RNRM per symbol varies linearly with α2

for the FD-VOLT2DFE and Nhn for the FD-MLPDFE. Furthermore, the FD-VOLT2DFE with

real-valued inputs has the least computational requirement of the FD equalisers at high values

of α2. The FD-MLPDFE follows this equaliser at high values of Nhn, and the FD-VOLT2DFE

with complex-valued inputs follows the FD-MLPDFE. The slope of the plots in Fig. 5.16b for

FD-MLPDFE is observed to be greater than that for FD-VOLT2DFE. This is because of the

additional feedback inputs are filtered Nhn times for the former equaliser. But they are filtered
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(a)

(b)

Figure 5.16: (a) The ratio of the RNRM of the TD-NLE and the FD-NLE, and (b) the RNRM
per symbol for values of Nhn from the MLPDFE and for values of α2 from
VOLT2DFE. Nft = 24 and Nbt = 3.
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once for the latter equaliser as Table 5.2 and Table 5.3 shows. Therefore, the FD-MLPDFE

requires lesser RNRM than the FD-VOLT2DFE for all values of α2 and Nhn if Nbt = 0.

No feedback taps are considered for the equalisers in Fig. 5.14 because with the RNRM analysis

in Table 5.2 and Table 5.3,R fd
td

can easily be expressed in terms of Nbt as

R fd
td

=
R fd

td
,0

+R nbt
nft

1 +R nbt
nft

, (5.30)

whereR fd
td
,0

denotes the ratio of the RNRM of FD-NLE over that of TD-NLE forNbt = 0. For

VOLT2DFE, R nbt
nft
≈ Nbt

Nft(α2+1) if α2 ≤ 3, and for MLPDFE, R nbt
nft

= Nbt
Nft+1 . The expression

in Eq. (5.30) indicates that the number of feedback taps Nbt increases the ratio R fd
td
,0

by a

certain factor δr

(
1 < δr <

1
R fd
td
,0

)
. To ensure thatR fd

td
≤ δrR fd

td
,0

, then:

R nbt
nft
≤
R fd

td
,0

(δr − 1)

1−R fd
td
,0
δr

. (5.31)

It follows from Eq. (5.30) that with increasing values of α2, the effect of adding feedback taps

on the RNRM ratio R fd
td

is less for the VOLT2DFE compared to the MLPDFE. This is further

verified from the plots in Fig. 5.14 and Fig. 5.16a for Nft = 24. For VOLT2DFE, Fig. 5.14

shows the value of R fd
td
,0

to be ∼0.3 with real-valued inputs at α2 = 2. While Fig. 5.16a

depicts R fd
td

as ∼0.3 for Nbt = 3. The MLPDFE shows a similar value of R fd
td
,0

as ∼0.3 for

real-valued inputs, butR fd
td

increases to ∼0.37 when Nbt = 3.
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5.5 Summary

In this section, we have explored the representation of the NLEs (i.e. Volterra and MLP

equaliser) in the FD. The FD-NLEs require a block transmission of the received signal with

the cyclic prefix for DMT transmission, and with the overlap-save sectioning for PAM and

CAP transmission over the SI-POF. The BER performance of the FD-NLE was compared with

that of the conventional single-tap equaliser for DMT modulation with clipping. The results

from the experiments on DMT transmission over the SI-POF shows that the FD-NLE offers a

significant improvement in the BER performance when compared to the FD-LE when the DMT

sub-carriers are mapped with low-level QAM format (M ≤ 64).

The BER performance and the computational complexity of the FD-NLE were evaluated for

PAM and CAP transmission. It is observed that the BER results from the FD-NLE were similar

to those from the TD-NLE. The FD-VOLT2DFE can be realised with a tunable truncation

factor of α2 to balance the performance and complexity: the optimal value for α2 is two. The

complexity analysis shows that the FD-NLE requires less real-valued multiplications than the

TD-NLE. For example, the FD-NLE requires at most 40% of the real-valued multiplications

required from the TD-NLE if the number of feedforward tap is more than 16. The reduction of

computational complexity becomes more significant as the number of feedforward taps for the

NLEs increases.
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Chapter 6
An Experimental Comparison on

PAM, CAP and DMT with Non-linear
Equalisers for SI-POF Communication

In the earlier chapters, we explored the performance of the NLEs with the modulation formats

that are popular in an IM/DD SI-POF link, and they are PAM, CAP and DMT. The question

arises: which modulation scheme provides the highest data rate for a given transmission setup

that vary with regards to the transmitter, receiver, and the length of the SI-POF? This question

has been typically answered, as several experiments that compare the performance of PAM,

CAP and DMT have been reported for high-speed communication over SI-POF [113,152,153].

One of these experiments shows that PAM offers the highest throughput for longer SI-POF

lengths (≥ 50m) while DMT (with bit/power loading) is the optimal modulation format for

short SI-POF lengths [152]. Another suggests that CAP-M2 offers slightly higher data rates

than PAM-M for longer lengths with limited bandwidth when the SNR is high enough (> 22 dB

for CAP-16) [113].

However, the comparison experiments use the conventional TRDFE for PAM and CAP, and the

FD-LE for DMT. These equalisers are not optimal for systems with high non-linearity. Hence,

this chapter tries to answer a new question: using the NLEs discussed in the preceding chapters,

which of these modulation schemes is the best option, especially for a highly non-linear SI-

POF system? Therefore, the chapter reports the experimental performance of the modulation

formats with their NLEs. The modulation formats considered in this study are PAM-M , CAP-

M2, DMT QAM-M2 with power loading and DMT with both bit and power loading. The

modulation schemes and the NLEs are gauged from their achievable bit-rates (for their spectral

efficiencies), their required transmitted electrical powers (as a measure of power efficiency), and

their computational complexities. The LD and the RC-LED setups, described in Section 3.3,

are used to evaluate the performances of the modulation formats with their NLEs. Furthermore,

a description of the modulation formats can be found in Section 3.1. And the parameters of the

modulation schemes and their NLEs can be found in Section 4.5 and Section 5.2.1.
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6.1 Bit-rate performance

In Fig. 6.1, we present the computed BER for the various bit rates without any equalisation of

the SI-POF link with lengths of 60 m, 30 m and 10 m. It should be noted that there is no bit

and energy allocation for the DMT scheme. The reason for neglecting the equaliser and bit

loading is to assess the performance of the modulation schemes without any additional signal

processing technique. Figure 6.1 shows that for all the SI-POF lengths, the three modulation

formats offer comparable BER result. The minimal difference in result from PAM, CAP and

DMT is due to their PAPR and their different resilience to ISI. For instance, DMT modulation

is the most resilient to ISI among the three schemes. But it has the highest PAPR, which limits

the SNR of the modulated bit. CAP, being a bandpass signal, makes it more robust than PAM in

terms of ISI. However, CAP has considerably higher PAPR (' 2.5 dB) than PAM [131]. PAM

is the most susceptible to ISI and system non-linearities, but it benefits having the least PAPR.

Figure 6.1: BER results of the modulation formats for ηmod = 0.85 without equalisation

With the LD setup, CAP-M2 offers the best BER performance while PAM-M offers the worst

BER result for all the SI-POF lengths. But with the RC-LED setup, PAM-M offers the best

BER performance while the DMT QAM-M2 offers the worst BER result for the 60 m SI-POF

link. And CAP-M2 format offers a marginally better BER result than that of PAM-M at bit

rates above 200 Mbps. These BER plots suggest that while PAM-M , CAP-M2 and DMT -

QAM-M2 have the same spectral efficiency of ηb = 2 log2M bps/Hz without equalisation

[124], CAP-M2 shows more resilience to the channel ISI compared to the other two modulation
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formats.

Based on the modulation order M discussed in Section 4.5 and Section 5.2.1, the expected

value of ηb is 4, 6 and 8 bps/Hz for SI-POF of lengths 60 m, 30 m and 10 m, respectively.

Considering the -3 dB bandwidth of the SI-POF link mentioned earlier in Section 4.1.2 for the

LD setup, the theoretical bit rate (Rb) limit is 200 Mbps, 600 Mbps and 2 Gbps for the SI-POF

lengths of 60 m, 30 m and 10 m, respectively. The measured bit rates corresponding to these SI-

POF lengths at a BER of ∼ 10−3 is 400 Mbps, 600 Mbps and 1 Gbps as presented in Fig. 6.1.

The measured bit rates of the SI-POF at both 60 m and 30 m SI-POF lengths are equal to or

even more than their respective theoretical values at BERs below the 7% overhead FEC limit

of∼ 3.8×10−3. And this suggests for the LD setup that the SNR for the SI-POFs is more than

sufficient for the different lengths at their respective constellation sizes. However, the BER at

the peak theoretical data rate of 2 Gbps over the 10 m SI-POF is∼0.04. This irregularity is due

to the effect of the system non-linearities that become significant with the high constellation

size of M = 16. The theoretical bit-rate limit of the RC-LED setup with a -3 dB bandwidth of

∼40 MHz (see Section 4.5.2) is 160 Mbps. The measured BER at this bit rate is ∼ 2 × 10−3,

which is below the 7% FEC limit. Consequently, the BER plots without equalisation confirm

that the right constellation size is assigned to the SI-POF links of different lengths, transmitters

and receivers.

In this section, the bit-rate performance of the SI-POF systems is gauged by obtaining the

achievable rate at a BER of 10−3. Furthermore, the bit-rate performance of the modulation

schemes is compared for the three NLEs considered in this thesis: which are the transver-

sal equaliser, the Volterra equaliser and the ANN/MLP equaliser. The transversal equaliser is

the TRDFE for PAM and CAP modulation, while it is the FD-LE for DMT modulation. The

Volterra equaliser is the VOLT2DFE for PAM and CAP modulation, while for DMT modula-

tion, it is the FD Volterra equaliser that is expressed in Eq. (5.4). The MLP equaliser is the

MLPDFE for PAM, and it is the SC-MLPDFE for CAP. No form of this equaliser will be used

for DMT in this thesis, but instead, the FD Volterra equaliser will be considered for DMT with

clipping.

For the various modulation schemes and their NLEs, Fig. 6.2a depicts the maximal bit-rates that

is attained for a 10 m SI-POF with the LD setup. With the conventional transversal equalisers,

DMT with bit/power loading (or bit-loaded DMT) offers the highest bit rate of 10.7 Gbps.

The modulation schemes that follow are DMT with QAM-256 and power loading (DMT -
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(a) (b)

Figure 6.2: Bit-rate performance comparison of the modulation schemes for a 10 m SI-POF
using the: (a) maximal bit-rates achieved at BER of 10−3 for the various NLEs
(b) measured BER versus bit-rate with the best NLE. The results are obtained by
using the LD setup with a fibre-coupled power of 6.5 mW and with ηmod = 0.85.

QAM-256), CAP-256 and PAM-16, successively. With the Volterra equalisers, the bit-loaded

DMT offers the highest bit rate of 11 Gbps and the bit rate increases to 11.1 Gbps with 13 dB

clipping. The modulation scheme that follows is DMT QAM-256, then PAM-16 and CAP-

256. PAM offers a higher bit-rate than CAP with the Volterra equaliser, but unlike with the

transversal equaliser, the opposite is the case. With the MLP equaliser, PAM-16 offers a bit-

rate of 10.1 Gbps, which is higher than that presented from CAP-256. In Fig. 6.2b, the BER

result for the modulation format is measured for values of the bit-rate with NLEs that present

the best bit-rate performance for each modulation scheme. As illustrated in Fig. 6.2a, the MLP

equalisers are these NLEs for PAM and CAP modulation, while the Volterra equalisers are for

DMT modulation with clipping. Thus, the NLEs are used with their corresponding modulation

formats for Fig. 6.2b. The bit-rates obtained at a BER of' 10−6{10−3} are∼8.5{10.1} Gbps,

∼8.1{9.8} Gbps, ∼6.9{9.8} Gbps and ∼8.9{11.1} Gbps with PAM-16, CAP-256, DMT -

QAM-256 and bit-loaded DMT, respectively. The BER plots in Fig. 6.2b confirms that the

bit-loaded DMT with the FD Volterra equaliser offers the best BER performance for all the

bit-rates. PAM-16 with the MLPDFE, CAP-256 with the SC-MLPDFE and DMT QAM-256

with the FD Volterra equaliser follows this.

Figure 6.3a shows the maximal bit-rates achieved at a BER of ∼ 10−3 for a 30 m SI-POF

with the LD setup. With the transversal equalisers, the bit-loaded DMT offers the highest bit

rate of 6.3 Gbps. DMT QAM-64 and CAP-64 equally follow the bit-loaded DMT as they both
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(a) (b)

Figure 6.3: Bit-rate performance comparison of the modulation schemes for a 30 m SI-POF
using the: (a) maximal bit-rates achieved at BER of 10−3 for the various NLEs
(b) measured BER versus bit-rate with the best NLE. The results are obtained by
using the LD setup with a fibre-coupled power of 6.5 mW and with ηmod = 0.85.

offer the bit-rate of 5.2 Gbps. PAM-8 offers the least bit-rate of 5 Gbps. With the Volterra

equaliser, the bit-loaded DMT offers the highest bit rate of 6.4 Gbps and the bit rate increases

to 6.7 Gbps for the DMT with 10 dB clipping. The modulation scheme that follows is PAM-8,

then DMT QAM-64 and CAP-64. With the Volterra equaliser, PAM now offers a higher bit-

rate than both DMT (without bit loading) and CAP. But unlike with the transversal equaliser,

the opposite is the case. With the MLP equaliser, PAM-8 offers a bit-rate of 6.8 Gbps, which

is significantly higher than 5.3 Gbps that is obtained with CAP-64. In Fig. 6.3b, the BER

result for the modulation format is evaluated for values of the bit-rate with NLEs that offer the

best bit-rate performance for each modulation scheme. As illustrated in Fig. 6.3a, the same

NLEs employed for the 10 m SI-POF in Fig. 6.2b are also the best NLEs for the 30 m SI-

POF. Similarly, they are used with their corresponding modulation formats for Fig. 6.3b. The

bit rates achieved for the 30 m SI-POF at a BER of ' 10−6{10−3} are ∼5.4{6.8} Gbps,

∼4.4{5.3} Gbps, ∼4.4{5.5} Gbps and ∼5.2{6.7} Gbps with PAM-8, CAP-64, DMT QAM-

64 and bit-loaded DMT, respectively. The BER plots in Fig. 6.3b confirms that the PAM-8

with the MLPDFE offers the best BER performance for the 30 m SI-POF. The modulation

schemes that follow are the DMT schemes with the FD Volterra equaliser and CAP-64 with

the SC-MLPDFE. It is also observed that CAP-64 and DMT QAM-64 offer a similar BER

performance at bit-rates less than ∼4.8 Gbps. But DMT QAM-64 offers a superior BER result

than CAP-64 at bit-rates above this value.
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(a) (b)

Figure 6.4: Bit-rate performance comparison of the modulation schemes for a 60 m SI-POF
using the: (a) maximal bit-rates achieved at BER of 10−3 for the various NLEs
(b) measured BER versus bit-rate with the best NLE. The results are obtained by
using the RC-LED setup with a fibre-coupled power of 1 mW and with ηmod =
0.85.

Figure 6.4a presents the maximal bit-rates achieved for a 60 m SI-POF using the LD setup with

the modulation schemes and their NLEs. With the transversal equalisers, PAM-4 offers the

highest bit rate of 2.8 Gbps. The modulation schemes that follow are bit-loaded DMT, CAP-16

and DMT QAM-16, successively. With the Volterra equaliser, PAM-4 also offers the highest

bit rate of 2.8 Gbps. The modulation scheme that follows is the bit-loaded DMT with the bit

rate of 2.2 Gbps, and this increases to 2.6 Gbps for the DMT with 10 dB clipping. CAP-16

follows the bit-loaded DMT with a bit-rate of 1.9 Gbps. And DMT QAM-16 offers the least

bit-rate of 1.7 Gbps, which is increased to 1.9 Gbps with clipping. Unlike for the SI-POF of

10 m and 30 m lengths, the Volterra equalisers marginally improve the bit-rate performance

of the transversal equalisers for the 60 m SI-POF. And both equalisers show PAM offers the

highest bit rate followed by bit-loaded DMT, CAP-16 and DMT QAM-16. This shows that

the effect of non-linearity is negligible for the 60 m SI-POF with the LD setup. To further

confirm the negligible non-linearity of the POF system, PAM-4 offers a bit-rate of 2.9 Gbps

with the MLP equaliser, and the bit-rate is slightly higher than 2.8 Gbps from the transversal

equaliser: which is a ∼3.6% bit-rate increase. CAP-16 with the MLP equaliser follows PAM-

4; also with a bit-rate of 1.9 Gbps. In Fig. 6.4b, the BER result for the modulation format is

evaluated for values of the bit-rate with NLEs that offer the best bit-rate performance for each

modulation scheme. As illustrated in Fig. 6.4a, the same NLEs employed for both 10 m and

30 m SI-POF in Fig. 6.2b are also the best NLEs for the 60 m SI-POF. So, these NLEs are used
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with their corresponding modulation formats for Fig. 6.4b. The bit rates achieved for the 60 m

SI-POF at a BER of ' 10−6{10−3} are ∼2.4{2.9} Gbps, ∼1.4{1.9} Gbps, ∼1.4{1.9} Gbps

and ∼2.1{2.6} Gbps with PAM-4, CAP-16, DMT QAM-16 and bit-loaded DMT respectively.

The BER plots in Fig. 6.4b confirms that the PAM-4 with the MLPDFE offers the best BER

performance for the 60 m SI-POF. The modulation schemes that follow this successively are the

bit-loaded DMT with the FD Volterra equaliser, DMT QAM-16 with the FD Volterra equaliser

and CAP-16 with the SC-MLPDFE. It is also observed from Fig. 6.4b that the DMT QAM-

16 format marginally outperforms CAP-16 in terms of BER performance for all values of the

bit-rates.

(a) (b)

Figure 6.5: Bit-rate performance comparison of the modulation schemes for a 60 m SI-POF
using the: (a) maximal bit-rates achieved at BER of 10−3 for the various NLEs
(b) measured BER versus bit-rate with the best NLE. The results are obtained by
using the RC-LED setup with a fibre-coupled power of 1 mW and with ηmod =
0.85.

Figure 6.5a depicts the maximal bit-rates that is attained at a BER of 10−3 for the 60 m SI-POF

with the RC-LED setup. PAM-4 offers the highest bit rate of 490 Mbps with the transversal

equalisers. The modulation schemes that follow are CAP-16, bit-loaded DMT and DMT QAM-

16, successively: with the bit-rate of 440 Mbps, 340 Mbps and 310 Mbps, respectively. With

the Volterra equaliser, PAM-4 also offers the highest bit rate of 660 Mbps. The modulation

scheme that follows is CAP-16 with a bit-rate of 460 Mbps. The bit-loaded DMT follows

CAP-16 with its bit rate of 410 Mbps, which increases to 500 Mbps for the DMT with 10 dB

clipping. DMT QAM-16 offers the least bit-rate of 350 Mbps, which with clipping, increases to

420 Mbps. Unlike for the 60 m SI-POF with the LD setup, the Volterra equalisers significantly

improves the bit-rate performance of the transversal equalisers with the RC-LED setup for the
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SI-POF of the same length. And both equalisers show PAM offers the highest bit rate followed

by CAP-16, bit-loaded DMT and DMT QAM-16. This shows that the effect of non-linearity

is very significant for the 60 m SI-POF with the RC-LED setup. To further confirm the non-

linearity of the POF system, PAM-4 offers a bit-rate of 700 Mbps with the MLP equaliser, and

the bit-rate is much higher than 490 Mbps from the transversal equaliser: which translates to a

∼43% bit-rate increase. CAP-16 with the MLP equaliser follows PAM-4 offering a bit-rate of

480 Mbps. The same NLEs employed for the 60 m SI-POF in Fig. 6.4b are also the best NLEs

for the 60 m SI-POF. Thus, the NLEs are used with their corresponding modulation formats

for Fig. 6.5b. The bit rates achieved for the 60 m SI-POF at a BER of ' 10−6{10−3} are

∼530{700} Mbps, ∼330{480} Mbps, ∼290{420} Mbps and ∼320{480} Mbps with PAM-

4, CAP-16, DMT QAM-16 and bit-loaded DMT respectively. The BER plots in Fig. 6.5b

confirms that the PAM-4 with the MLPDFE offers the best BER performance for the 60 m SI-

POF. The modulation schemes that follow this successively are the bit-loaded DMT with the

FD Volterra equaliser, CAP-16 with the SC-MLPDFE and DMT QAM-16 with the FD Volterra

equaliser. It is noticed that CAP-16 and the bit-loaded DMT offer a similar BER performance

at bit-rates below ∼450 Mbps. But at bit-rates above this value, the bit-loaded DMT offers a

superior BER performance than CAP-16.

Modulation
RC-LED setup LD setup

60 m 60 m 30 m 10 m
PAM-M 0.77 3.1 7.2 10.5

CAP-M2 0.53 2 5.6 10.2

DMT QAM-M2 0.46 2 5.7 10.3

Bit-loaded DMT 0.58 2.9 7.3 12

Table 6.1: Maximum data rates (in Gbps) obtained at 7% FEC limit (BER ≈ 3.8 × 10−3) for
the various modulation schemes for different SI-POF lengths with the NLEs. The
results are obtained by using the RC-LED setup and the LD setup with a fibre-
coupled power of 1 mW and 6.5 mW, respectively: ηmod = 0.85.

The highest bit rate achieved at the 7% FEC limit is summarized in Table 6.1 for the different

POF lengths. With the LD setup, the maximum bit rates for 60 m, 30 m and 10 m are 3.1 Gbps,

7.2 Gbps and 12 Gbps, respectively. This is obtained with the PAM-4, bit-loaded DMT and bit-

loaded DMT, respectively. Consequently, ηb for this FEC limit becomes 62, 72 and 48 bps/Hz

for 60 m, 30 m and 10 m SI-POF, respectively.

The SI-POF with lengths shorter than 30 m has considerable SNR, and they also have a fre-
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quency response profile that depicts the channel has benign conditions, as illustrated in Fig. 5.3.

So, high-level modulation formats are used at these lengths of SI-POF. In this scenario, the

bit-loaded DMT offers the highest bit rate compared to the other modulation schemes; the bit-

loaded DMT is followed with the PAM-M , CAP-M2 and DMT QAM-M2. At longer SI-POF

lengths, the SNR is much lower, and the channel has malignant conditions. Thus, low-level

modulation formats are selected for these lengths of SI-POF. With this setting, PAM-M of-

fers the highest bit rate compared to the other modulation schemes; this is followed with the

bit-loaded DMT, CAP-M2 and DMT QAM-M2. For 10 m and 30 m SI-POF lengths. It is

observed that the bit-loaded DMT competes with PAM-M as they have comparable bit rates,

while CAP-M2 competes with DMT QAM-M2.

6.2 Transmitted Electrical Power

The electrical power consumption is another metric used to gauge the performance SI-POF

system with the NLEs. As mentioned in Section 1.4, the significant components that consume

power in the SI-POF are the optical transmitter, the optical receiver and the digital signal pro-

cessor (DSP). The DSP comprise the NLE and the modulation process, but it has been shown

that an NLE algorithm takes most of the power from the DSP with PAM transmission due to its

high complexity [84]. The power consumed by the NLE is related to its complexity, and it can

be measured with an FPGA [50,84]. Thus, the computational complexity of the NLE is a good

measure of DSP power consumption. The power consumed by the receiver depends mostly on

its circuit design.

The electrical power consumed by the optical source is from the DC-bias current (I ′bias) and the

modulation index (ηmod) of the signal. We can relate ηmod more closely to the mean transmitted

electrical power as [84]:

Ptxelect =
(ηmodI

′
bias)

2Rtxeq
ρpapr

, (6.1)

where ρpapr denotes the PAPR of the signal (see Eq. (3.2)), while Rtxeq denotes the equivalent

impedance of the transmitter circuit and it is assumed as 50 Ω in this study.

The measured values of ρpapr (in dB) for the three modulation formats are shown in Table 6.2.

The values of ρpapr for the modulation schemes are obtained with the parameters higlighted in

Table 6.2 for Nsps = 4. Also, ρpapr is measured at a complementary cumulative distribution

function (CCDF) of 10−5. The values obtained here are similar to those specified in [131]
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M 2 4 8 16

ρpapr [dB] for PAM-M 3.62 6.14 7.20 7.70

ρpapr [dB] for CAP-M2 6.32 8.78 9.78 10.19

ρpapr [dB] for DMT 15.61

Ptxelect [dBm] for PAM-M 0.02 -2.50 -3.56 -4.06

Ptxelect [dBm] for CAP-M2 -2.68 -5.14 -6.14 -6.55

Ptxelect [dBm] for DMT -11.97

Table 6.2: Ptxelect and ρpapr of the modulation formats at ηmod = 0.85 for the LD.

and they show that the PAPR of CAP-M2 is about 2.5 dB more than that of PAM-M . It is

also shown in Table 6.2 that the PAPR for DMT is constant at ∼15.61 dB irrespective of the

constellation size M . The value of Ptxelect reduces for increasing values of M as shown in

Table 6.2. It should be noted that for similar values of ηmod and M , the value of Ptxelect for

PAM is greater than that of CAP by ∼2.5 dB.

In Fig. 6.6, the BER result for the modulation formats is measured as a function of the average

transmitted electrical power Ptxelect for different SI-POF lengths. The results are obtained with

the NLEs that offer the best bit-rate performance, as discussed in the previous section. Notably,

the mean optical power Poavg is kept constant at 6.5 mW for the LD setup irrespective of the

value of Ptxelect. Likewise, Poavg is 1 mW for the RC-LED setup. Also, the non-linearity of the

system is dependent on Ptxelect because it depends on ηmod, which in turn depends on THD as

Fig. 3.15a shows. For all the SI-POF lengths, it is observed that DMT with bit/power loading

is the most power-efficient approach. With equalisation, DMT QAM-M2 and PAM-M require

identical electrical power while CAP-M2 is the least power-efficient method.

The results in Fig. 6.6a are obtained for 8 Gbps transmission via the 10 m SI-POF with the

LD setup. The values of Ptxelect obtained at a BER ' 10−3 are ∼-17.5 dBm, ∼-13 dBm,

∼-19 dBm and ∼-23.5 dBm with PAM-16, CAP-256, DMT QAM-256 and bit-loaded DMT,

respectively. This implies that while CAP-256 requires the highest electrical power, PAM-16

needs 4.5 dB less power than CAP-256, DMT QAM-256 requires 1.5 dB less electrical power

than PAM-16, and the bit-loaded DMT requires 4.5 dB less power than DMT QAM-256. A

similar pattern is observed for the 30 m SI-POF with 4 Gbps transmission as shown in Fig. 6.6b.

The values of Ptxelect obtained at a BER ' 10−3 are ∼-16.5 dBm, ∼-12 dBm, ∼-17.5 dBm

and ∼-22 dBm with PAM-8, CAP-64, DMT QAM-64 and bit-loaded DMT, respectively. It is

noticed that Ptxelect for PAM, CAP and DMT increases by less than 1.5 dB for 30 m length

compared to the 10 m.
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(a) (b)

(c)

Figure 6.6: The measured BER versus the mean transmitted electrical power (Ptxelect) for com-
paring the performance of the modulation schemes at: (a) 8 Gbps over 10 m SI-
POF with LD (b) 4 Gbps over 30 m SI-POF with LD (c) 2 Gbps with LD and
400 Mbps with RC-LED over 60 m SI-POF. The expression for Ptxelect can be
found in (6.1).
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The BER plots for the 60 m SI-POF are depicted in Fig. 6.6c for the modulation schemes using

the LD setup. A set of the BER plots is from the LD setup, where the plots are obtained at a bit

rate of 2 Gbps. The values of Ptxelect at a BER' 10−3 for PAM-4 and the bit-loaded DMT are

∼-9.5 dBm and ∼-13.5 dBm, respectively. This translates to a 4 dB gain with the bit-loaded

DMT compared to PAM-4 for the 60 m SI-POF. The other set is from the RC-LED setup, and

the plots are obtained at a bit rate of 400 Mbps. Compared to the LD setup, whose values of

Ptxelect are less than -6 dBm with PAM, the values of Ptxelect are more than -5 dBm. The RC-

LED setup requires more transmit power than that of the LD setup because the former has its

I ′bias as∼30 mA, which is above the value of I ′bias of∼8 mA from the LD setup. The values of

Ptxelect obtained at a BER' 10−3 are∼-0.5 dBm, ∼3.5 dBm, ∼1.5 dBm and∼-0.5 dBm with

PAM-4, CAP-16, DMT QAM-16 and bit-loaded DMT, respectively. The results suggest that

CAP-16 requires the highest electrical power, both PAM-4 and the bit-loaded DMT requires

4 dB less power than CAP-16, and DMT QAM-16 requires 2 dB less electrical power than

PAM-4.

6.3 Computational Complexity

The computational complexity of the modulation formats with their respective NLEs (that

offer the best bit-rate performance) are evaluated with the RNRM per bit that is denoted as

Rbit: which is the ratio of the RNRM per symbol/block/frames to the number of bits per sym-

bol/block/frames. The RNRM per bit comprises of the RNRM for modulation as well as that

for equalisation. Furthermore, we will not consider the contribution of the equaliser training

algorithm to the RNRM per bit for the NLEs since the overhead data is used for this. An-

other reason is that the process of the LMBP (and RBP) training algorithm for MLPDFE (and

SCMLP-DFE) is different from the RLS training algorithm for the FD Volterra equaliser.

For PAM-M , the RNRM required for both modulate and demodulate a symbol comes from the

pulse-shape filtering and the matched filtering, respectively. The RNRM for a PAM symbol

that uses the RRC pulse-shape filter with span Gs and upsampling factor Nsps is NspsGs. It

is much simpler PAM modulation with rectangular pulse-shape filter (NRZ or RZ) requires no

multiplications but a repetition of the PAM symbol Nsps times. However, the RRC pulse-shape

filter is more resilient to channel ISI than the rectangular pulse-shape filter. If the received

signal is downsampled from the matched filter to get one sample per symbol, then the RNRM

required per PAM symbol from the RRC matched filter is also NspsGs. The total RNRM
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per PAM symbol for both modulation and demodulation is 2NspsGs. As a PAM-M symbol

contains log2(M) bits, Rbit =
2NspsGs
log2(M) . The RNRM required to implement the MLPDFE

(with three layers) for a PAM symbol is approximately equal to the number of synaptic weights

of the equaliser, and it is Wmlp = Nhn(Nft + Nbt + 1). For high values of Nft (> 8), the

equaliser can be efficiently implemented in the FD with FFT by the factorR fd
td
< 1, which was

discussed and obtained in Section 5.4. Hence, the RNRM per bit for the equaliser is
R fd
td

Wmlp

log2(M) .

For CAP-M2, the RNRM required for both modulate and demodulate a symbol comes from the

pulse-shape filtering and the matched filtering, respectively. CAP requires four FIR filters in

its transceiver, a pair for pulse-shaping at the transmitter and another pair for matched filtering

at the receiver [143]. If the same sampling rate Fs and bit-rate Rb for PAM-M is used for

CAP-M2, the upsampling factor for the latter modulation format becomes 2Nsps. Hence, the

total RNRM per CAP symbol for both modulation and demodulation is 8NspsGs. As a CAP-

M2 symbol contains 2 log2(M) bits, Rbit =
4NspsGs
log2(M) . The RNRM required to implement the

SC-MLPDFE (with three layers) for a CAP symbol is twice that of the MLPDFE for the PAM

symbol (i.e. 2Wmlp ). The SC-MLPDFE can also be efficiently implemented in the FD with

FFT by R fd
td

, which was discussed and obtained in Section 5.4. Hence, the RNRM per bit for

the equaliser is also
R fd
td

Wmlp

log2(M) .

For DMT, an IFFT/ FFT operation is used to modulate/demodulate a block of bits. An FFT

(or an IFFT) of size NFFT requires 0.5NFFT (log2NFFT − 3) + 2 real-valued multiplica-

tions, if the inputs to or the outputs of the FFT/IFFT operation are real-valued. And this is

the case for DMT transmission over the SI-POF. The FFT operation is realised with the split-

radix algorithm to obtain this number of multiplications. Hence, the total RNRM per DMT

symbol for both modulation and demodulation is NFFT (log2NFFT − 3) + 4. We also need

to consider the number of real-valued multiplications used for the FD Volterra equaliser. As

mentioned in Section 5.4, the equaliser requires α2NFFT multiplications in TD to calculate

α2 Volterra inputs. Each of the Volterra inputs is converted to the FD with an FFT opera-

tion, and this implies 0.5α2NFFT (log2NFFT − 3) + 2 real-valued multiplications. For each

sub-carriers in the FD, there is one tap from the linear input and α2 taps from the Volterra

inputs; this translates to α2 + 1 complex-valued multiplications per sub-carrier. Assuming

that the complex-valued multiplications are implemented with four real-valued multiplica-

tions, the FD operation will require 4Ndsub(α2 + 1). In total, the FD Volterra equaliser uses

0.5α2 [NFFT (log2NFFT − 1) + 4] + 4Ndsub(α2 + 1). To obtain the RNRM per bit for the
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DMT modulation and the FD Volterra equaliser, we use the number of bits in a DMT symbol

Nbdmt expressed in Eq. (5.24) for a given Fs and Rb.

Figure 6.7: An illustration of the DMT signal frame

Unlike PAM and CAP, DMT modulation includes channel estimation, power-loading and bit-

loading, and these have some computational requirement. The channel estimation process re-

quires the use of overhead pilot DMT symbols. Hence, let us define a DMT frame as a cluster

of Ndsym data DMT symbols, Ndtr pilot symbols for training the equaliser and Ndest pilot

symbols for channel estimation, as illustrated in Fig. 6.7. Since the SI-POF slowly changes, the

ratio of the pilot symbols to the data symbols is usually negligible (< 4%), which implies an

insignificant reduction in bit-rate. The RNRM per bit, in this case, is defined as the ratio of the

RNRM per DMT frame to the number of data bits in the DMT frame. For channel estimation,

power-loading and bit-loading, the RNRM is presented in Table. 6.3 for a DMT frame. The

number of bits in the DMT frame is denoted as Ndbit and Ndsym = d NdbitNbdmt
e.

The RNRM per bit of the modulation formats and their NLEs are summarised and compared

in Table 6.4 for similar values of Fs and Rb. It shows that though the CAP-M2 format de-

mands twice as much RNRM compared to PAM-M , their equalisers offer the same RNRM.

The RNRM that is presented in Table 6.4 is used to fairly evaluate the computational complex-

ity of the modulation formats with their NLEs. The analysis is done for 8 Gbps over 10 m

SI-POF and 4 Gbps over 30 m SI-POF for the LD setup, while for the RC-LED setup, it is

considered for 0.3 Gbps over 60 m SI-POF. These bit-rates are selected for their corresponding

SI-POF setups as error-free transmission (BER' 10−6) is achieved at these bit rates with the

modulation formats and their NLES. Table 6.4 shows that the RNRM for PAM and CAP is

dependent on the upsampling factor Nsps. By using Eq. (4.6) for the LD setup at Fs = 4 Gsa/s,

the Nsps at 8 Gbps over the 10 m SI-POF with M = 16 is two. Similarly, Nsps at 4 Gbps over

the 30 m SI-POF with M = 8 is three. For the RC-LED setup at Fs = 1 Gsa/s , the Nsps at

0.3 Gbps over the 60 m SI-POF with M = 4 is about seven.
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(a) (b)

(c)
Figure 6.8: BER contour plots at a bit rate of 8 Gbps over 10 m SI-POF to derive the optimal:

(a) Nft and Nbt for PAM-16 with MLPDFE (Nhn = 8, Ntr = 4000) (b) Nhn

and Ntr for PAM-16 with MLPDFE (Nft = 14, Nbt = 0) (c) α2 and Ndtr for
DMT QAM-256 with FD-NLE
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(a)

(b)

(c)

Figure 6.9: RNRM per bit of the modulation schemes with their NLEs at a bit rate of:
(a) 8 Gbps over 10 m SI-POF with LD (b) 4 Gbps over 30 m SI-POF with LD
(b) 0.3 Gbps over 60 m SI-POF with RC-LED.

160



An Experimental Comparison on PAM, CAP and DMT with Non-linear Equalisers for SI-POF
Communication

Operation
Category

RNRM Size
of Operation

Number
of Operations

per DMT Frame

RNRM per
DMT Frame

FFT/IFFT modulation and
demodulation of the
pilot QPSK symbols

NFFT (log2NFFT

−3) + 4

Ndest [NFFT (log2NFFT

−3) + 4]

Magnitude and phase estimation
of the received QPSK symbols

with the RLS algorithm

10(NFFT − 2)

Ndest

10Ndest(NFFT − 2)

Normalisation of the
received QPSK symbols

2(NFFT − 2) 2Ndest(NFFT − 2)

Calculation of EVM/SNR
per sub-carrier using

the received QPSK symbols

2Ndest 0.5NFFT − 1 Ndest(NFFT − 2)

Total RNRM per DMT
frame for channel estimation

Ndest [NFFT (log2NFFT + 10)− 22]

Bit-loading 1 Nbdmt Nbdmt

Power-loading 2Ndsub Ndsym 2NdsubNdsym

Table 6.3: RNRM required for channel state estimation, bit-loading and power-loading

For a fair comparison of the RNRM of the NLEs, it is important to determine their optimum

parameters. For MLPDFE and SCMLP-DFE, these are Nft, Nbt, Nhn and Ntr. For FD-NLE,

they are α2 and Ndtr. The optimal values are obtained by an extensive search of the minimum

parameters that offers a comparable BER result to those shown in Section. 6.1. An illustration

of this for 8 Gbps over 10 m SI-POF is shown in Fig. 6.8 that displays the BER contour plots

for the parameters of the equaliser that require optimisation.

The result of the contour plots is summarised in Table 6.5. For 4 Gbps over 30 m with the

LD setup, it is observed that the optimum equaliser parameters for PAM-8 and CAP-64 are

comparable. But for 8 Gbps over 10 m, the SCMLP-DFE for CAP-256 requires about 1.5

times as much taps than MLPDFE for PAM-16. This can be attributed to the lower upsampling

factor of 2Nsps = 4 for CAP-256 at 10 m – which is lower than the upsampling factor of 6

for CAP-64 at 30 m. To confirm this prediction, the RC-LED setup of 0.3 Gbps over 60 m

with CAP-16 has an upsampling factor of about 13: and the number of taps for PAM-4 and

CAP-16 are comparable as well. Also, the SCMLP-DFE requires 1000 more training symbols

than MLPDFE, which shows the advantage of the convergence of the LMBP training algorithm

for the second equaliser. There is a little prediction on how the optimal number of hidden layer

neurons is related to the modulation formats since it depends on the training algorithm used and
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Modulation
Format

Operation Category RNRM per bit

PAM-M
Modulation and demodulation

with the RRC filter
2NspsGs
log2M

Equalisation with
MLPDFE (in FD)

R fd
td

Wmlp

log2M

CAP-M2

Modulation and demodulation
with the I/Q RRC filter

4NspsGs
log2M

Equalisation with
SCMLP-DFE (in FD)

R fd
td

Wmlp

log2M

DMT

Modulation and demodulation
with FFT (split-radix)

NFFT (log2NFFT−3)+4
Nbdmt

Channel
Estimation

Ndest[NFFT (log2NFFT+10)−22]
Ndbit

Bit and power
loading

Nbdmt
Ndbit

+ 2Ndsub
Nbdmt

Equalisation
with FD-NLE

0.5α2[NFFT (log2NFFT−1)+4]+4Ndsub(α2+1)
Nbdmt

– Only the number of multiplications are considered here. Other DSP and arithmetic operations are ignored.
– The RNRM parameters for PAM-M and CAP-M2 are derived from [43, 95, 143]. Nsps is defined in Eq. (4.6).
– The RNRM parameters for DMT are derived from [56], [154], and [147]. Nbdmt is defined in Eq. (5.24).
– The RNRM per frame is highlighted in Table 6.3 for channel estimation, bit-loading and power-loading.
– Ndbit denotes the number of data bits per DMT frame. It is assumed here to be 106: Ndsym = d Ndbit

Nbdmt
e.

Table 6.4: RNRM per bit of the modulation formats with their non-linear equalisers.

MLP-DFE
Parameters

0.3 Gbps over 60 m
using the RC-LED

setup with:

4 Gbps over 30 m
using the LD
setup with:

8 Gbps over 10 m
using the LD
setup with:

PAM-4 CAP-16 PAM-8 CAP-64 PAM-16 CAP-256
Nft 10 10 13 12 14 21

Nbt 0 1 2 1 0 1

Nhn 1 9 5 4 7 7

Ntr 500 2000 3000 3000 3000 4000

FD-NLE
Parameters

DMT
QAM-16

Bit-loaded
DMT

DMT
QAM-64

Bit-loaded
DMT

DMT
QAM-256

Bit-loaded
DMT

α2 1 1 2 0 2 0

Ndtr 32 32 36 4 30 5

Ndsub 159 188 1376 1756 2064 2800

Table 6.5: Equaliser’s optimum parameters for the modulation formats
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the magnitude of the system non-linearities.

With the LD setup, the FD-NLE parameters in Table 6.5 show a higher value of α2 = 2 for

DMT QAM-M2 compared to the value of α2 = 0 for bit-loaded DMT. Correspondingly, the

value of Ndtr for DMT QAM-M2 is significantly more than that of the bit-loaded DMT. This

is because compared to the first DMT scheme, the latter one has a smaller constellation size

per sub-carrier as Fig. 5.4 shows. This makes it more resilient to the system non-linearity. The

RC-LED setup, with much higher non-linearity than the LD setup, presents a similar value of

α2 = 1 for both DMT QAM-M2 and bit-loaded DMT.

With the values from Table 6.5 and the RNRM equations from Table 6.4, the RNRM per bit

for 8 Gbps over 10 m SI-POF and 4 Gbps over 30 m SI-POF (with the LD setup) are depicted

in Fig. 6.9a and Fig. 6.9b, respectively. The RNRM per bit is also depicted for 0.3 Gbps over

60 m SI-POF with the RC-LED setup in Fig. 6.9c. Generally, they show that the bit-loaded

DMT requires the least computational complexity for the highly non-linear SI-POF system.

The bit-loaded DMT is in turn followed by DMT QAM-M2, PAM-M and CAP-M2.

6.4 Summary

We have experimentally presented and compared the performance of the advanced modulation

formats and their respective NLEs for high-speed communication through an SI-POF. Particu-

larly, PAM-M with the MLPDFE is compared to CAP-M2 with the SCMLP-DFE and DMT

with the FD Volterra equaliser. The experimental results show that for a transmission distance

less than 30 m over SI-POF, DMT with bit-loading offers higher data rates than PAM, espe-

cially for a highly non-linear system. However, for SI-POF transmission over lengths longer

than 30 m, where the bandwidth is limited to less than 100 MHz, PAM can achieve more bit

rates than DMT due to the advantage of its lower PAPR. At the same POF length and bit rate,

DMT with bit-loading requires the least electrical transmit power and computational complex-

ity (per bit) of the techniques considered. Therefore, this study has shown that bit-loaded DMT

and PAM are viable for high-speed transmission over a non-linear IM/DD SI-POF system. Us-

ing the LD setup, this chapter reports at the 7% FEC limit bit-rates of 12 Gbps (with bit-loaded

DMT), 7.3 Gbps (with bit-loaded DMT) and 3.1 Gbps (with PAM-4) at SI-POF of lengths

10 m, 30 m and 60 m, respectively. Similarly, with the LD setup, the chapter reports a bit-rate

of 770 Mbps transmission over a 60 m SI-POF.
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Chapter 7
Conclusion and Future Works

In this thesis, three non-linear equalisers (NLEs) used with advanced modulation formats have

been investigated for high-speed SI-POF systems. The NLEs considered in this study are the

transversal decision feedback equalisers (TRDFE), Volterra DFE, and the multilayer perceptron

based equaliser/DFE (MLPDFE). The concepts of Volterra DFE and the MLPDFE have been

studied in more detail compared to what is already available in the literature. Some of the

existing issues with these NLE schemes have been identified, and suitable solutions have been

suggested. The work has led to improved high-speed communication over an SI-POF system

for which suitable theoretical, simulation and experimental analysis has been presented. The

non-linear distortion in the optical system has been analysed from a new point of view, and the

existing analytical concepts have been further extended. The work concludes with experimental

comparisons of modulation format with their best NLEs for SI-POF systems.

7.1 Summary and Achievements

The first chapter goes through the background knowledge about the need for SI-POF links

in applications like SOHO, automotive and industrial networks. Many thesis objectives were

defined in this chapter, but the main one was to implement the three NLEs for an SI-POF link

in order to achieve these following minimum target criteria that can satisfy a typical SOHO

network within the next decade:

• A bit-rate of 500 Mbps

• An SI-POF length of 50 m

• Maximum BER of 3.8× 10−3

• An optical transmit power of 1 mW as it is the eye-safety and consumer-friendly power

level [34]
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The study presents a bit-rate of 780 Mbps over a 60 m SI-POF link with an eye-safe RC-LED

to achieve the objectives mentioned above. To the best of the author’s knowledge, the link is

the first to be implemented with pulse amplitude modulation scheme and a machine learning

equaliser. With additional work on real-time implementation, this can become a low-cost SI-

POF link for the next-generation SOHO or automotive network. Hence, the aim of the thesis

has been achieved based on implementing a high-speed SI-POF system with an NLE.

In the second chapter, the history of POF communication since the past six decades has been

discussed, and the two different materials have used for POFs’ fabrication are polymethylacry-

late and fluorinated polymers. The POF from the first material is cheaper but has higher atten-

uation and lower bandwidth than that from the latter material. Polymethylacrylate is the vital

material in the fabrication of SI-POF due to its low cost. The features of SI-POF systems, which

include the optical sources and receivers, are discussed. Also, the linear and non-linear distor-

tions in these systems are briefly mentioned. The chapter then presents a background of the

three the NLEs, which are the TRDFE, the Volterra-based equaliser/DFE and the ANN-based

equaliser/DFE. The state-of-the-art for high-speed communication over SI-POF systems since

the past decade has been highlighted in this chapter. An analysis of the state-of-the-art indi-

cates the use of the advanced modulation formats (like PAM, CAP and DMT) with equalisation

schemes for high-speed SI-POF communication. The common NLEs for SI-POF systems is

the TRDFE for PAM and CAP schemes and the conventional single-tap FD equaliser for DMT.

However, there has been little to no work on the other NLEs for SI-POF systems. The review

of the state-of-the-art reports a maximum bit-rate length product of 125 Gbps.m for real-time

systems with PAM-2 and an analogue equaliser, 500 Gbps.m for offline systems with CAP-16

and the TRDFE, and 1089 Gbps.m for WDM systems with DMT and bit-loading.

The IM/DD scheme is commonly used for short-range optical communication systems (like SI-

POF) because it is less costly than coherent detection. In the third chapter, the IM/DD model

for the SI-POF was developed based on the studies done in [50, 84]. The model comprises the

different estimations of the frequency response of the SI-POF, and they are the Gaussian, the

first-order Butterworth and the power-flow models. The SNR of the IM/DD systems is also

presented in this chapter. With the SNR and the frequency response models, the capacity of

an SI-POF system was derived. The capacity results not only confirm the observations from

studies in [50] and [84], but also adds to them by considering the bit-rate length product of

the SI-POF system. The results prove that the bit-rate length product of the SI-POF channel
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can be maximised by selecting an optimum length, provided there is a band-limitation from the

optical source and receiver. The chapter also presents two experimental SI-POF systems: one

uses an LD transmitter with a 1 GHz receiver, while the other uses an RC-LED transmitter with

a 150 MHz receiver. Using the IM/DD model, the optimum fibre length {and maximum bit-

rate length product } of the SI-POF channel is 30 m {∼270 Gbps.m} and 60 m {∼96 Gbps.m}

from the LD setup and the RC-LED setup, respectively. The total harmonic distortion (THD)

is used to measure the non-linearities of these setups based on their DC bias current and their

modulation index. For the LD setup, there is an optimal bias current that minimises the non-

linearity of the SI-POF system. For the RC-LED setup, the non-linearity is slightly constant

irrespective of the bias current. The THD from the RC-LED setup is ∼8 dB higher than that

from the LD setup at a fundamental frequency of 5 MHz. For the RC-LED setup, the second-

order harmonic distortion significantly dominates the system non-linearities compared to the

third-order harmonic distortion by at least a gain of ∼20 dB.

The fourth chapter presented the performance of the NLEs the SI-POF systems. The NLEs are

implemented in the time-domain (TD), and they are compared with the use of single-carrier

modulation (SCM) schemes (like PAM and CAP). The LD setup is estimated with a non-linear

model, which is validated in the experiment. With the non-linear model, a set of extensive

simulations is used to evaluate the performance of the NLEs. From all investigated scenarios,

the MLP equalisers offer the best performance, especially for systems with high non-linear

distortion and with high-level modulation formats. The Volterra equaliser and the transversal

equaliser follows this. A complexity comparison of the NLEs was also explored in this chapter,

and it suggests that The MLP equaliser require lesser computational order than the second-

order Volterra equaliser if the number of hidden-layer neurons from the first equaliser is less

than its number of taps. Both the LD and RC-LED setups are used to evaluate the performance

of the NLEs. At a BER of 10−3, the bit-rate achieved for the LD setup is 10 Gbps, 6.8 Gbps

and 2.92 Gbps for SI-POFs of 10 m, 30 m and 60 m length, respectively. Thus, the maximum

bit-rate length product with the LD setup is 204 Gbps.m with a 30 m SI-POF. The RS-FEC code

is used to achieve an error-free transmission for the 30 m SI-POF at a bit rate of 6.21 Gbps.

For the RC-LED setup, a maximum bit rate of 780 Mbps was obtained via a 60 m SI-POF. The

MLP equaliser was used to get the highest bit-rates for all the experimental setups.

The fifth chapter presented an efficient implementation of the NLEs by their conversion from

TD to FD to reduce their computational complexities. The FD based NLEs involve the use of
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efficient FFT algorithms. The cyclic-prefix method is employed for the FD-NLE with DMT.

And the overlap-save method is used for the FD equaliser with both PAM and CAP. A com-

parison study between the FD-NLE and the conventional FD equaliser is presented for DMT

signals with clipping. The comparison shows that the first equaliser offers a superior BER per-

formance than the later for DMT signals with 10 dB clipping and with low-level modulation

format (M < 64). The FD-NLE and the TD-NLE offer a similar BER performance for PAM

and CAP transmission over the SI-POF. And the FD-NLE requires at most 40% of the real-

valued multiplications required from the TD-NLE if the number of feedforward taps is more

than 16.

The sixth chapter showed an experimental demonstration of high-speed SI-POF communica-

tion with the advanced modulation formats and their respective NLEs. The modulation formats

considered in this study are PAM, CAP, DMT with only energy loading and DMT with both

bit and energy loading. The modulation schemes with their NLEs were compared from their

achievable bit-rates, their required transmitted electrical powers, and their computational com-

plexities. The comparisons show that or a transmission distance less than 30 m over SI-POF,

DMT with bit-loading offers higher data rates than PAM, mainly when the FD-NLE is used for

a highly non-linear SI-POF system. However, for SI-POF transmission over lengths longer than

30 m, where the bandwidth is limited to less than 100 MHz, PAM can achieve more bit rates

than DMT due to the advantage of its lower PAPR. At the same POF length and bit rate, DMT

with bit-loading requires the least electrical transmit power and computational complexity (per

bit) of the techniques considered. The chapter has therefore shown the viability of bit-loaded

DMT and PAM for high-speed transmission over a non-linear IM/DD SI-POF system.

7.2 Limitations and Recommendations for Future Research

In this thesis, the use of NLEs with the advanced modulation formats have achieved outstanding

results in terms of bit-rate and bit-rate length product. But the channel capacity calculations

show that there is still enough space for performance improvement in terms of bit-rate-length

product. The following presents the limitations and some ideas, with which the bit-rates can be

improved.

• Extensive investigation of ANN-based equalisers: The MLP is one of the fundamental

ANN structures for non-linear equalisation in digital systems. But other ANN equalisers
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can be considered for equalisation, and they include the radial basis function and the

functional link ANN [90,95]. For CAP/QAM schemes, there is also to need to investigate

the performance of fully-complex valued ANN equaliser instead of the split-complex

ANN equaliser employed in this study. This is because the first equaliser considers both

the magnitude and phase of the complex-valued inputs, while the latter considers only

the magnitude [97].

• Improve the adaptivity or tracking feature of the NLEs: In this work, the equalisers

cannot adapt or track changes in the channel as it was assumed that the channel is entirely

static. While this is mostly true for SI-POF links in SOHO environments, it is partly true

for vehicular and industrial ones due to changes in temperature and vibration [34]. Future

works can consider equalisers that do not just have the best convergence during training

but also have the best tracking feature in those non-static channels.

• Efficient implementation of the third-order Volterra equalisers: This work suggests

that the LD setup has a comparable second and third-order non-linearities. However,

only the second-order Volterra equaliser was considered in this study. Extension of these

equalisers to the third-order is an essential area of consideration for the LD-based SI-POF

systems. Future works should also include an implementation of the third-order Volterra

equalisers in the FD.

• Variants of the advanced modulation formats: There are variations of PAM, CAP and

DMT schemes that can achieve even higher speeds in SI-POF systems. For instance, for

PAM-2, it is the duo-binary PAM scheme [75]. There is an enhanced version of the CAP

format, which was presented by Akande et al. in [155]. For DMT, it is the augmented

spectrally-efficient (ASE) DMT presented by Islim et al. in [156]. These improved mod-

ulation formats can be used with the NLEs to achieved higher communication speeds.

• Pre-coding schemes with the NLEs: For the LED-based SI-POF systems, the feedback

part of a DFEs at the receiver could be transferred as a pre-equaliser in the transmitter.

A well-known implementation of the pre-equaliser for SCM schemes is the Tomlinson-

Harashima precoding. It would be interesting to investigate the use of this pre-coder

combined with either an ANN-based equaliser or a Volterra equaliser at the receiver.

• Real-time implementation of SI-POF systems with the NLEs using an FPGA: Field

programmable gate array (FPGA) development is a promising area of research, and it has
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been used as a means of achieving real-time implementation (RTI) of high-speed SI-POF

systems. There have several works in the literature on the FPGA implementation of SI-

POF systems [70–72] but these involve the use of the transversal DFE (TRDFE). This is

because both Volterra and ANN equalisers demand more computational resources than

the TRDFE, as discussed in this study. However, the FD implementation of the first two

equalisers would make them more realisable with the FPGA. Using an FPGA will enable

a thorough analysis of the various issues concerning the RTI of an SI-POF system with an

NLE. It will also define the required hardware resources and the electrical power needed

for this RTI. The electrical power measured from the FPGA will give a new perspective

on the comparison of the modulation formats with their NLEs for an SI-POF system.
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[117] M. Jončić, R. Kruglov, M. Haupt, R. Caspary, J. Vinogradov, and U. H. Fischer, “Four-
channel WDM transmission over 50-m SI-POF at 14.77 Gb/s using DMT modulation,”
IEEE Photonics Technology Letters, vol. 26, no. 13, pp. 1328–1331, 2014.

[118] R. Kruglov, J. Vinogradov, S. Loquai, O. Ziemann, C.-A. Bunge, T. Hager, and
U. Strauss, “21.4 Gb/s discrete multitone transmission over 50-m SI-POF employing
6-channel WDM,” in Optical Fibre Communication Conference, pp. Th2A–2, Optical
Society of America, 2014.

[119] R. Kruglov, S. Loquai, J. Vinogradov, O. Ziemann, C.-A. Bunge, G. Bruederl, and
U. Strauss, “10.7 Gb/s WDM Transmission over 100-m SI-POF with Discrete Mul-
titone,” in Optical Fibre Communication Conference, pp. W4J–5, Optical Society of
America, 2016.

[120] P. Pinzón, I. Perez, and C. Vazquez, “Visible WDM system for real-time multi-Gb/s bidi-
rectional transmission over 50-m SI-POF,” IEEE Photonics Technology Letters, vol. 28,
no. 15, pp. 1696–1699, 2016.

[121] X. Li, N. Bamiedakis, J. McKendry, E. Xie, R. Ferreira, E. Gu, M. Dawson, R. Penty,
and I. White, “11 Gb/s WDM transmission over SI-POF using violet, blue and green
µLEDs,” in 2016 Optical Fibre Communications Conference and Exhibition (OFC),
pp. 1–3, IEEE, 2016.
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