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Abstract

Visible light communications (VLC) is an attractive technique that uses white light emitting
diodes (WLEDS) to provide illumination, data communications and indoor localization. The
modulation bandwidth of WLEDs is limited to a few MHz, due to the long
photoluminescence lifetime of yellow phosphors. Orthogonal frequency division
multiplexing (OFDM) has been extensively investigated in VLC systems to compensate the
limited LED bandwidth, along with the capability of improving the performance at
frequencies beyond the 3dB modulation bandwidth.

In intensity modulation and direct detection (IM/DD) based VLC systems, the complex and
bipolar signal formats, such as the traditional OFDM, cannot be used. Therefore, a DC-
biased optical OFDM (DCO-OFDM), and asymmetrically clipped optical OFDM (ACO-
OFDM) are proposed. However, the use of DCO-OFDM comes at the cost of reduced power
efficiency, while the adoption of ACO-OFDM results in reducing the spectral efficiency.

Despite the OFDM advantages, its performance is adversely affected by non-linear distortion
(from LEDs) due to its high peak to average power ratio (PAPR). Recently, interleaving
frequency division multiple access (IFDMA) used in IM/DD is been proposed as a modified
optical OFDM scheme to address the PAPR issue. However, this scheme is still not
satisfying the PAPR reduction level as compared with the single carrier modulation such as
OOK. Therefore, the two main aims of this research are to increase the ACO-OFDM data
rates as well as to further improve the IFDMA PAPR for IM/DD based VLC systems.

The first aim is achieved by reducing the ACO-OFDM symbol duration, where only the first
half of the asymmetrical ACO-OFDM time domain symbol is used to carry the data samples,
after inverting its negative samples to positive ones to meet the IM/DD requirements. Two
schemes have been proposed in this research to identify the positions of the inverted samples
at the receiver side. The schemes are known as the pilot aided ACO-OFDM (PA-ACO-
OFDM) scheme and the position encoded-ACO-OFDM (PE-ACO-OFDM) scheme.
Simulation results show that data rates of the proposed schemes are enhanced by up to 33%
compared to the traditional ACO-OFDM scheme.

The second aim is achieved by adapting the IFDMA scheme for IM/DD based VLC systems
in three innovative ways, resulting in a new unipolar modified OFDM scheme known as
unipolar pulse amplitude modulation frequency division multiplexing (U-PAM-FDM), and
two bipolar modified OFDM schemes known as the bipolar pulse amplitude modulation
frequency division multiplexing (B-PAM-FDM), and the optical interleaved frequency
division multiplexing (OIFDM) schemes. As such UPAM-FDM proposed to address the
PAPR of the unipolar OFDM schemes (i.e. ACO-OFDM) while the B-PAM-FDM and
OIFDM are presented to reduce the PAPR of the bipolar OFDM schemes (i.e. DCO-OFDM).

Simulation results show that the PAPR of ACO-OFDM is reduced by 3.8 dB when U-PAM-
FDM is considered. They also demonstrate that the PAPR value of DCO-OFDM is reduced
by 7 dB and 10 dB when B-PAM-FDM and OIFDM are implemented respectively.
Furthermore, the reduction in the PAPR value for U-PAM-FDM and B-PAM-FDM has been
experimentally investigated, where the results show that the B-PAM-FDM and U-PAM-
FDM can provide 2 dBm and 3 dBm higher average transmitted power compared to ACO-
OFDM and DCO-OFDM respectively. For B-PAM-FDM, further investigation has been
experimentally carried out in terms of the achievable maximum distance between the
transmitter (Tx) and the receiver (Rx). The results show that a 44% increase in the distance
between the Tx and the Rx can be attained in comparison with DCO-OFDM.
\%
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CHAPTER 1

INTRODUCTION

1.1 Background

In recent years, the demand for very high speed mobile connection has been significantly
increasing, as broadband communication services are still of great importance. The need to
communicate anywhere at any time has pushed the research and development towards
further enhancing existing infrastructures, and evolving future technologies that will meet
the requirements of next generation communication networks (i.e., 5! generation - 5G). As
the number of wireless devices such as smartphones increases (reaching 50% of global
devices by 2020), more data traffic capacity will be utilized for multimedia applications. For
instance, video content is expected to be 75% of the world’s mobile data traffic by 2020.
Moreover, mobile data traffic is expected to grow exponentially and increased by 53% by
2020 as compared to 2015, resulting in 30.6 exabytes transferred through mobile networks
every month. The data traffic of mobile services will be approximately doubled, thus creating
what is known as the mobile spectrum crunch [1, 2]. Therefore, 5G networks, expected to
be deployed by 2020, must address a series of critical challenges induced from the increasing
mobile data demand, such as optimal spectrum allocation, power consumption and low cost,
to name but a few [3]. 5G will be based on the cellular architecture, and will consist of
microcells and femtocells to support sufficient user mobility [4].

Optical wireless communications (OWC) is a technology that has been gaining increased

attention in the last few decades as a promising solution to fulfil the increased demand for
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capacity. Due to its features, high speed data infrastructures can be based on OWC for both
indoor and outdoor applications. OWC systems offer cost-effective and highly secured
communications in the license-free wavelengths within a practically unlimited bandwidth,
thus uncovering several advantages over the radio frequency technologies that utilize the
limited, licensed and regulated part of the electromagnetic spectrum (between 30 kHz and
300 GHz). Thus, OWC systems are supposed to meet the requirements for future
communications networks for a range of applications, such as voice and data transmission,
video and entertainment, disaster recovery, and surveillance [5]. Nevertheless, radio
frequency (RF) based wireless technologies offer mobility, which is a much-desired feature
in today’s mobile communications. However, if a high data rate (R}), is a requirement at the
cost of mobility, OWCs can then represent a good choice, as RF and optical wireless
technologies can be considered as complementary techniques, rather than rivals [6]

Visible light communication (VLC), which is mostly used in indoor environment for now,
refers to a communication technology that is utilized for the role of illumination, data
transmission, and localization, within the visible wavelength range of 380 to 700 nm [6, 7].
Compared to traditional light sources, such as fluorescent lamps and incandescent bulbs,
light emitting diodes (LEDs) offer lower power consumption, longer lifetimes, better
reliability, and higher brightness, and thus can contribute to a reduction in greenhouse gases.
Based on these characteristics, a national programme in Japan has recommended that
traditional light sources should be replaced by LEDs [8]. VLCs also offer several advantages
over infrared (IR) links, such as, being safe for the human eye and skin, easy-to-install
lighting equipment, high power, and lighting distribution, leading to low shadowing areas
and offering illumination throughout the room [6].

White LEDs can be implemented in two ways: (i) combining three primary colour (RGB)
LEDs, or (ii) mixing a single blue LED with a yellow phosphor coating (YB), in order to
emit a white light. RGB LEDs allow different data to be sent on each device, whereas YB

LEDs are simpler and more attractive for general communications [6, 9]. However, the
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bandwidth of both types of white LEDs is typically only a few MHz, due to their slow time
constant [6, 10, 11]. A blue filter is commonly employed to filter the slow yellow
components at the receiver. In addition, a driving circuitry equalization is also utilised,
pushing the achieved modulation bandwidth to around 20 MHz. However, the disadvantages
of the two aforementioned solutions is that they reduce the signal power, which results in an
extremely low signal-to-noise ratio (SNR) [10, 12]. Presently, an increasing number of
researchers have put their focus and attention on spectrally efficient modulation formats such
as orthogonal frequency division multiplexing (OFDM) because it is believed to resolve the
issue of bandwidth limitations of VLC systems [11, 13].

OFDM is known to have the capability of producing a very strong solution that could
minimize the inter-symbol interference (ISI) in band-limited systems. Because the data
transmission in OFDM is in parallel, the OFDM symbol period is much longer than the serial
data communication with same R,,. Therefore, ISI affects most one symbol which simplifies
the equalization process. In addition, the low frequency noise caused by the DC wandering
and flickering interference that came from florescent lights was further reduced as a result
of un-modulating the first OFDM subcarrier [10, 14-16]. Furthermore, OFDM will be able
to improve the unsatisfying performance at frequencies passed the 3 dB modulation
bandwidth by making use of its bit- and power-loading feature [10, 14]. In general, OFDM
is described as a sturdy modulation scheme that is able to handle high R, occurring in VLC

systems; for example, a 3 Gb/s VLC system reported in [16].
1.2 Problem statement

In VLC systems, intensity modulation (IM) is the most popular modulation scheme, where
the electrical signals are intensity modulated by the LEDs, which require a real and positive
signal. The IFFT property of OFDM is exploited in order to convert the OFDM signal to a
real one, at a cost of halving the available electrical bandwidth. This is achieved by imposing

Hermitian Symmetry (HS) to the data symbols before the IFFT implementation.



In VLC systems, a DC bias is usually added to the bipolar signals to make them positive. In
OFDM, such a scheme is referred to as DC-bias optical OFDM (DCO-OFDM) [17].
However, adding a DC-bias to a large peak to average power ratio (PAPR) signal, such as
an OFDM signal, and passing it though the limited LED linear dynamic range, makes this
schemes undesirable in some VLC applications where power efficiency is a crucial
requirement [14, 17, 18].

Alternatively, the IFFT property can be exploited to make the OFDM signal a unipolar signal
without needing to DC-bias [19, 20]. This comes at the cost of halving the spectral efficiency
in comparison to the DCO-OFDM scheme, and is achieved in [19] by only demodulating
the odd subcarriers, resulting in a scheme that is referred to as asymmetrically clipped optical
OFDM (ACO-OFDM). Alternatively, in [20], only the imaginary parts of the symbols are
demodulated, giving rise to a scheme known as the pulse-amplitude-modulated discrete
multi-tone modulation (PAM-DMT) scheme. However, despite their lower spectral
efficiency compared to DCO-OFDM, the two aforementioned schemes (i.e. ACO-OFDM
and PAM-DMT schemes) still possess a high PAPR compared to single carrier modulation
(SCM) [10, 21, 22]

Recently, a low PAPR modified RF OFDM scheme, known as the interleaved frequency
division multiple access (IFDMA) scheme, has been adapted to be suitable for IM and direct
detection (IM/DD) based VLC systems [23-25]. However, because of the IM/DD
requirements in VLC systems, all IFDMA schemes are exposed to HS, which makes the

PAPR of these schemes higher in comparison to the RF IFDMA schemes [26, 27].
1.3 Aims and Objectives
In VLC systems based IM, the transmitted signal is modulated regarding to its intensity.

Therefore, the bipolar and the complex signal such as OFDM should be adapted to be

presented as a real and positive value signals prior to passing it to the LED.



These modifications comes either at the cost of power consumption as in DCO-OFDM, or

at the cost of the spectral efficiency as in ACO-OFDM (see subsection 1.2). Therefore, the

first aim is to propose an optimal model that presents trade-off between ACO-OFDM’s low
spectral efficiency and DCO-OFDM’s low power efficiency.

Furthermore, the limited range of LED impose a critical challenge for the OFDM signal

utilisation in VLCs, since the OFDM has high PAPR. Thus, the other aim is to enhance the

OFDM PAPR in VLC systems. The full set of objectives are outlined as follows:

+ To analyze how OFDM contributes towards enhancing the performance of indoor visible
light communications systems.

+ To increase the data rates of the unipolar optical OFDM schemes by proposing a novel
unipolar OFDM scheme.

+ To carry out full system implementation and obtain measurement results for the system
performance indicators (bit error rate (BER), symbol error rate (SER), etc.) of the
proposed unipolar OFDM scheme, and compare them with the traditional unipolar
OFDM schemes.

+ To decrease the PAPR of the OFDM signal in IM/DD based VLC systems, and
subsequently improve its transmitted power as well as increase the distance between the
transmitter (Tx) and the receiver (Rx), by proposing another novel OFDM scheme.

+ To theoretically and mathematically identify how the proposed scheme has a lower
PAPR compared to other optical OFDM schemes as well as to compare the PAPR and
BER of the proposed scheme with other optical OFDM schemes using a MATLAB
program.

+ To experimentally demonstrate how the proposed scheme outperforms the traditional
OFDM schemes in terms of average transmitted power and Tx-Rx distance.

+ To provide recommendations for indoor VLC system applications in light of our OFDM

study finding.



1.4 Original Contributions

The key contributions to knowledge that have been achieved in this thesis can be summarised
as follows:

The asymmetrical time domain characteristics of ACO-OFDM signal are investigated
in Chapter 4 to increase R, by up to 33%. This is achieved by reducing the
ACO-OFDM time symbol duration, where the second half of the symbol is removed
and only the first half is maintained. To meet requirements of IM/DD, the negative
samples of the first half of the ACO-OFDM symbol are inverted to positive. However,
to enable the receiver to detect the inverted samples and subsequently convert them
back to negative samples, two schemes are introduced to fulfil this purpose, known as
the pilot aided ACO-OFDM (PA-ACO-OFDM) scheme [J1] and, the position encoded
ACO-OFDM (PE-ACO-OFDM) scheme [J2].

= |InPA-ACO-OFDM, the receiver inversion detection is achieved by inserting several
high amplitude pilots at the PA-ACO-OFDM Tx prior to the negative inversion process.
However, although the insertion of higher amplitude pilots in PA-ACO-OFDM can be
utilized for illumination, localization, and synchronization purposes, the limited linear
range of LEDs makes this scheme only desirable when a low SNR is required.

= |In PE-ACO-OFDM, the positions of the negative and positive samples are encoded
using a QAM constellation order, to enable the receiver to detect and convert the
inverted samples. However, R, of PE-ACO-OFDM increases by increasing the encoded
QAM constellation order, which mean this scheme is only applicable for high SNR
environment.

Remarkably, the reduction of ACO-OFDM time domain symbol duration in both
proposed schemes does not cause any ISI, as their symbol duration is still higher than

the indoor VVLC delay spread duration even after being reduced. Furthermore, in general,



increasing and decreasing the OFDM symbol duration can be achieved by increasing or
decreasing the number of sub-carriers, respectively.

% In IFDMA, FFT and interleaving mapping blocks are added to the OFDM Tx, to make
the PAPR of the signal as low as that of SCM. However, this scheme is mainly proposed
to improve the OFDM PAPR in RF systems. In this work, the IFDMA scheme is adapted
for IM/DD based VLC systems using three different methods, thus resulting in three new
optical OFDM schemes known as, the unipolar pulse amplitude modulation frequency
division multiplexing (U-PAM-FDM) scheme, the bipolar pulse amplitude modulation
frequency division multiplexing (B-PAM-FDM) scheme, and the optical interleaved
frequency division multiplexing (OIFDM) scheme.

= |In U-PAM-FDM (see Chapter 5), the input data symbols of the FFT block at the
IFDMA Tx are made real (i.e. PAM), which makes the output subcarriers of the FFT
block symmetrically conjugated, except the first and middle ones. Two new subcarriers
are added to the output of the FFT block at the U-PAM-FDM Tx to make all the
subcarriers symmetrically conjugated, before being fed to the interleaving mapping and
IFFT blocks, thus making the time domain samples of U-PAM-FDM real asymmetrical
samples suitable for IM/DD. This process is achieved by what is referred to in this work
as the subcarrier conjugate (SCG) block. However, although the PAPR of this scheme
is lower than the PAPRs of the traditional unipolar OFDM schemes, it is still higher
than the PAPR of the RF IFDMA scheme. This is because the insertion of the SCG
block in U-PAM-FDM means only some subcarriers enjoy the interleaving mapping
features.

= In B-PAM-FDM (Chapter 6, section 6.2), IFDMA is adapted for IM/DD without the
inclusion of the SCG block, which makes the PAPR of B-PAM-FDM as low as that of
IFDMA. The only difference between B-PAM-FDM and IFDMA, is that the
interleaving mapping block at the IFDMA Tx is replaced by the repeating mapping

(RM) block. In RM block, the output FFT subcarriers vector is repeated twice before
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being fed to the IFFT block, thus making the odd IFFT samples the same as the data
symbol, while making the odd samples zeros. Therefore, letting the data symbols be real
symbols (i.e. PAM) results in real time domain samples suitable for IM/DD. Note that
since the imaginary parts of B-PAM-FDM data symbols are not modulated, and due to
the presence of the RM block, the spectral efficiency of B-PAMP-FDM is a half that of
DCO-OFDM (i.e. the same as the spectral efficiency of ACO-OFDM and PAM-DMT).
However, since the odd samples of B-PAM-FDM do not carry any data, another B-
PAM-FDM symbol can be transmitted by theses samples using the time division
multiplexing (TDM) technique. In addition, the odd samples can be utilized for other
VLC applications besides data transmission, such as illumination, positioning and
localization applications. Furthermore, due to the presence of the RM block, any
affected subcarrier in the frequency domain can be easily compensated. Finally, because
of the low PAPR of B-PAM-FDM, the impact of the DC-bias on the system performance
is reduced (the simulation and experimental results of B-PAM-FDM are presented in
subsection 6.2.2).

= |n OIFDM, the symmetrical characteristics of the IFDMA time domain signal are
exploited in order to introduce a new OFDM scheme suitable for IM/DD based VLC
systems, with as high a spectral efficiency as that of the DCO-OFDM scheme, and as
low a PAPR as that of the IFDMA scheme. This is accomplished by setting the
interleaving mapping factor (Q) at the frequency domain to 2, and subsequently
repeating the time domain samples of IFDMA twice through each IFDMA time domain
symbol. Unlike all previous OFDM schemes, the first OIFDM subcarrier is modulated,
and can therefore be affected by the DC-bias and the ambient noise. As such, after the
IFFT implementation, all time domain samples can be affected by the aforementioned
noise sources. However, in this research work, a new simple algorithm is proposed to
remove the impact of these noise sources, at the cost of increasing the required SNR

compared to the traditional DCO-OFDM scheme.
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The research road map is illustrated in Figure 1.1, where the uncoloured blocks indicate the

contributions of this work.
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Figure 1.1. Summary of thesis contributions
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1.6 Thesis Outline

This thesis is structured as follows. The theoretical concepts behind the OFDM scheme are
presented in Chapter 2. In Chapter 3, a brief review of the theory of VLC systems, including
the challenges behind the implementation of an OFDM scheme in IM/DD based VLC

systems, is provided.

Chapter 4 presents the proposed PA-ACO-OFDM and PE-ACO-OFDM schemes as a means
to increase the ACO-OFDM data rates, where the simulation results demonstrate that the R;,

of ACO-OFDM are increased by 33% when these schemes are considered.

In Chapter 5, the U-PAM-FDM scheme is introduced to improve the PAPR of the unipolar
OFDM schemes in IM/DD based VLC systems, where the simulation results show that the
PAPR of the proposed scheme is 3.8 dB lower than the PAPR of the ACO-OFDM scheme.
Furthermore, the experimental results of this chapter demonstrate that the proposed scheme

provides 2 dBm more transmitted power compared to the traditional ACO-OFDM scheme.
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In Chapter 6, the B-PAM-FDM scheme is introduced in Section 6.2 as a means to reduce the
PAPR of bipolar OFDM schemes, where the simulation results show that the PAPR of B-
PAM-FDM is 7 dB lower than that of DCO-OFDM. Furthermore, this reduction in the PAPR
is experimentally investigated in this chapter, where results demonstrate that the distance
between the Tx and Rx is increased by 44% compared to DCO-OFDM. In addition, the
IOFDM scheme is presented in Section 6.3 to achieve the same goals, where the simulation

results show that the PAPR of OIFDM is lower by 10 dB in comparison to DCO-OFDM.

Finally, a summary of this thesis is presented in Chapter 7, along with the conclusions drawn

from the findings of this research work.
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CHAPTER 2

ORTHOGONAL FREQUENCY

DIVISION MULTIPLEXING

2.1 Introduction

The basic concept behind OFDM modulation scheme will be introduced in this chapter as it
is the foundation of this research work.

OFDM is an attractive multi-carrier modulation (MCM) scheme that can deal with multipath
propagation challenges such as ISI and offer higher R, with no need to deploy a complex
equaliser at the Rx [28-30]. OFDM has been widely used as a modulation and a multiplexing
technology in a number of RF applications such as digital television (DTV), digital audio
broadcasting (DAB), digital subscriber line (DSL) and in standards for wireless local area
network (WLANS), wireless metropolitan area networks (WMANSs) and long term
evaluation (LTE) 4" generation mobile communication networks [31-33]. Recently, OFDM
has also attracted significant research attention for its use in OWC including VLC [34-38].

This chapter is divided into two main sections: section 2.2 gives a brief introduction about
wireless multipath propagation challenges and how OFDM deals with such challenges. The
basic principle of OFDM including the orthogonality of the scheme, OFDM modulation
principles, cyclic prefix (CP), OFDM channel estimation and the peak average power ratio

of an OFDM signal are discussed in detail in section 2.3.

12



2.2 Wireless Multipath Propagation

In wireless communications the signal may reach the Rx via a number of paths (L-path), i.e.,
the line of sight (LOS) and non-LOS (NLOS) as shown in Figure 2.1. The sources of
multipath propagation are atmospheric ducting, ionospheric reflection and refraction. One
major cause of this phenomenon is reflection from water bodies and terrestrial objects like

mountains and buildings[15, 39].

Figure 2.1. Multi path propagation in a wireless channel

As a result, the channel impulse response A, is given as [15]:
_ L= (2.1 @)
hez, ¢ = z a;(t) 8¢t—z
i=0
where, a; is the i" path attenuation, &, is the chronicle delta, which is equal to one only
when x =0 and is zero otherwise, and t; is the delay of the it"* path. The
Equation (2.1 (a)) illustrates the impulse response of the outdoor channel varies with time

(t), whereas the indoor channel is a static channel and its impulse response is defined as

follows:
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S (2.1 (b))

hey = Z a; O(e-ry)

i=0

However, receiving the same transmitted symbol with different amplitudes and phases at
different times leads to ISI at the Rx [15, 40]. The amount of ISI depends on the type of
channel fading, which in turn depends on parameters such as the delay spread and the

coherence bandwidth. These will be further elaborated upon in the next subsections.

2.2.1 The delay spread

The delay spread of the channel (zmax) is defined as the duration between the received signal
from the LOS path and the received signal from the longest NLOS path. However, only some
of the reflected received signals are important to consider since they have higher amount of
power, which can affect the system performance. Other NLOS paths lead to received signals
that can be considered ineffective with negligible amount of power [31]. Therefore, the root
mean square (rms) value of the delay spread (o) is often used instead of zmax, Which is given

as [15]:

oy = 1/72 - (@2, (2.2)

where 72 is the first central moment of the power delay profile defined as:

= 2iTi b (2.3)
Xipi

and 7 is the second central moment of the power delay profile, which is given by:

—2 _ it pi (2.4)
© Xivi

Note that, p; is the power at the it path.
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2.2.2 The coherence bandwidth

The coherence bandwidth (B, ) is the fraction of the channel bandwidth where the frequency

components have a strong correlation and as a result the spectral components pass through

this bandwidth with almost the same gain and linear phase. In general B is defined as [15]:

L 25)

2

B: =

However, if the frequency correlation function of B, is > 0.5, then (2.5) will be asin [15]:

1
B, ~ (2.6)

50;

2.2.3 Flat fading and frequency selective fading

Fading is the variations of the amplitude, phases, and/or multipath delays of a signal through

the duration of time or a transmission span. Wireless channels introduce different types of

fading, which have different effects, and occur due to different reasons. Table 2.1 illustrates

the various types of fading present in a wireless channel [15, 40-42].

Table 2.1 Comparison between wireless channel fading [15]

Fading Type Fading Reason Fading Effects
Transmitted power drops in
Path loss Long distance between the  proportion to the square of the
Tx and the Rx distance between Tx and Rx
Transmitted signal may lose
Shadowing Objects among the Tx and some part of power due to
the Rx paths absorption, reflection,

Time variance

Multipath

scattering, and diffraction

Movement of the Tx, Rx or Spread in the frequency
the surrounding objects domain, (Doppler shift)
Multipath propagation ISI

Multipath fading is one of the most detrimental and can degrade system performance

significantly. This fading is a result of multipath propagation where the signal takes different
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reflecting and refracting paths before arriving at the Rx. The amplitude and the phase of the

signal change after each reflection and refraction, and as a result different signals with

different amplitudes and phases are received either at different times or at the same time,

thus giving rise to ISI [15, 42].

Multipath fading has been extensively studied and is generally classified into two types:

a) Flat fading: is the most common and simplest type of multipath fading. In flat fading,
the multipath arrangement of the channel is held in a way that the spectral properties of
the modulated signal are preserved at the Rx end. However, the power of the received
signal fluctuates over time due to the changes in the channel gain that occur as a result
of multipath propagation. Flat fading results whenever the bandwidth of the transmitted
signal (Bg) is less than B. In other words, when the symbol period of the transmitted
signal (T) is greater than o,. Therefore, the transmitted signal is subject to flat fading if
Bs; & Be and Ty > o;.

The flat fading’s characteristics are shown in Figure 2.2. The figure clearly illustrates
how the amplitude of the transmitted signal varies over a time interval according to the

changes in the channel gain, while the signal spectrum remains unchanged [42].
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Figure 2.2. Characteristics of flat fading channel due to multipath propagation [42]
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b) Frequency selective fading: occurs due to time dispersion of the transmitted signals
while propagating through the channel. Considering the frequency domain, some
frequency components in the received signal spectrum possess higher gains relative to
others. Frequency selective fading occurs when Bg >» B, and Ty < a;. As such, we
receive different version of the transmitted signal at the receiving end. All these signals
experience time difference and as such the channel experiences I1SI. However, acommon
rule of thumb is that the channel is a selective fading channel when [15]:

T,
s <10 (2.7)
O-T

The frequency selective fading characteristics are illustrated in Figure 2.3.
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Figure 2.3. Characteristics of selective fading channel due to multipath propagation
[42]

2.2.4 1SI mitigation

ISI is one of the most prominent multipath distortions that affects the system performance
significantly. The number of interfering symbols for the SCM scheme is defined as [31]:

(2.8)
Tmax
Nisi-scu = T,
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From Equation 2.8, the straightforward solution to mitigate ISI is to make the symbol
duration of the transmitted signal less than or equal to the maximum delay spread of the
channel. However, an increase of T; means a decrease in data rates as [43]:

o _ loga(D) (2.9)
b — T’

where, M is the constellation order. For example, if T, IS 3.7 hs (as in an outdoor
pedestrian channel) [43], then by making Ts= Tpmax, Rp Will be only
1.08 Mbps for 16-QAM.

Another prominent technique that can deal with ISI is equalization. This technique uses a
filter with an impulse response equal to the inverse impulse response of the channel.
However, equalization may not be practical in high data rate systems, as such systems
require more complex equalizers [10, 15, 43]. A better solution was first utilised by military
HF radio links in 1950s and is known as multicarrier modulation (MCM) scheme [44]. In
this scheme, the available signal bandwidth is divided to a number of narrow bandwidth slots
(subcarriers) where the bandwidth of each subcarrier is less than coherence bandwidth. In
other words, the symbol duration of each subcarrier is greater than the delay spread of the

channel. The number of interfering symbols for the MCM scheme is defined as [31]:

_ Tmax (2.10)

N _ nax
ISI-MCM N, T ’

where N, is the number of subcarriers. The carriers in a multicarrier transmission system
carry data symbols based on the modulation technique used. OFDM is the best example of

a multicarrier transmission system that can mitigate ISI and support higher data rates.
2.3 Orthogonal Frequency Division Multiplexing (OFDM)

OFDM was first proposed by Chang in 1966 as a special MCM scheme [45] that expands
the principle of single carrier transmission technique by employing more than one carrier in
the same single channel, and in which the bandwidth of each carrier is less than the coherence

bandwidth of the channel. In another words, instead of transmitting a high data rate using a
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single subcarrier, OFDM employs multiple closely spaced orthogonal subcarriers
transmitted in parallel using the IFFT algorithm. Every subcarrier is transmitted using a
traditional digital modulation technique such as QPSK or 16 QAM at a low symbol rate [46].
OFDM is based on the principles of the popular frequency division multiplexing (FDM)
technique, which uses different streams of data mapped into different parallel frequency
channels. To avoid inter channel interference (ICI); a guard band is inserted between each
adjacent two channels. However, in OFDM all the channels (subcarriers) are orthogonal to
each other, i.e., when one subcarrier is at its peak, all other subcarriers should be at zero.
Therefore, OFDM is much more bandwidth efficient compared to a standard FDM scheme

[15], as Figure 2.4 illustrate the frequency domain of an OFDM and FDM.

FDM

| Frequency

50% bandwidth

saving OFDM

Frequency

Figure 2.4. Spectrums of FDM and OFDM systems.

Different symbols in the frequency domain are used among adjacent subcarriers that have
been independently transmitted with a complex data. The IFFT is performed on frequency
domain subcarriers to obtain the OFDM symbol in the time domain. In the time domain, the
guard intervals between every symbol are used so that ISI, occurring due to the multi-path
delay spread in the radio channel, can be overcome at the Rx. Different symbols are joined
to produce the OFDM signal. A FFT is then performed on the OFDM symbols at the Rx end

so that the original data bits can be reconstructed [40].
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2.3.1 Orthogonality of OFDM subcarriers

The signals are orthogonal if they are uncorrelated to each other. Orthogonality in OFDM is
achieved by making the space between each adjacent two subcarriers (subcarrier spacing
(Af)) equal to the inverse of the OFDM symbol duration (T5), which can be easily obtained
at the Tx through the implementation of IFFT. This ensures that all other OFDM subcarriers
are at zero value if one subcarrier is at its peak value (overlapping with no ICI (see Figure
2.5) and as a result the transmitted subcarriers can be easily detected and reconstructed at

the Rx through the implementation of FFT [47].
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Figure 2.5. Frequency spectrum of OFDM with five subcarriers [47]

The representation of OFDM with three subcarriers in the time domain is illustrated in Figure
2.6. As it can be clearly seen, each subcarrier in the frequency domain is represented by an

integer number of cycles at the time domain [48].

Wave Cycles for Different Subcarriers

Amplitude

- Symbol duration >

Time

Figure 2.6. Time domain representation of OFDM with three subcarriers [48]
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Mathematically, OFDM subcarriers are orthogonal to each other if the integration of the
products is zero. Considering an OFDM signal {e/2747kt } 7'~ where 0 < t < T, and 4f;,

is the frequency of the k" subcarrier, then [15]:

1 (% . ) 1 (5 jonke —jonke
—f el2n8fkte=J21Afitgr — —f Pt PR A
Ts Jo s Jo

1 (% D,
=st0 2 (2.11)

_ {1, Vinteger k =i
— 0, otherwise '

2.3.2 OFDM modulation

As illustrated in Figure 2.7, OFDM modulation is based on the concept of changing a serial

symbol flow to a parallel one, with every symbol flow from the parallel set modulating a

different carrier. The space between the carriers is Ti Here T denotes the time period of the
S

OFDM symbol. The orthogonality of the carriers ensures that the carriers remain separate
without any interference. Adding the orthogonal carriers transmitted by parallel symbol
flows is achieved via performing the IFFT of the parallel symbol set. This contrasts with
what takes place at the Rx end, where the opposite operation, i.e., FFT, is performed and the

parallel symbol streams are changed to serial symbol streams.

OFDM pymibol
| 1

Bit straam [Bogaam | XK _ = YT Bit straam
s :

(b) Realization of subcarrier orthogonality

Figure 2.7. An OFDM modulator demodulator with N=6 [15].
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The basic benefit of this technique, in addition to converting frequency selective channel
fading to flat channel fading, is that one carrier might suffer excessive fading while other
carriers can still carry the data. Because of FFT and the CP extension, the equalization on
OFDM is much simpler than the equalization on wideband channels. ISI harms the signal in

the time domain and is tackled through the addition of the CP [30].

2.3.3 Cyclic prefix (CP)

Cyclic prefix was first adopted by A. Peled and A. Ruizin in 1980 [49] to overcome
interference between received multipath symbols. The concept of CP is shown in Figure 2.8,
where the last fraction of every OFDM symbol is copied and added to the beginning of the
symbol. To mitigate ISI, the duration of CP must be equal to or greater than max. In addition
to mitigating ISI, CP also converts the linear convolution induced by the channel to circular
convolution, which is equivalent to multiplication in the frequency domain, and as a result

only one tap equalizer is required to remove the effect of the channel [33].

N
v

[
Figure 2.8. OFDM guard band

To clarify this, let x be an OFDM symbol where x = [x(, x4, X3, ..., Xy_1] and N is the
number of OFDM time domain samples.

After parallel to serial conversion, a CP of length D is added to x thus resulting in X of
length (D + N) where X = [¥y_p, Xny—p+1, - Xn—1, X0, X1, X2. ., Xy—p, XN—D41s - Xn—1]-
Subsequently, x is then transmitted through a multipath channel of length L where its
impulse response is denoted by h = [hy, h4, ... .... h;]. For the sake of simplicity, we assume

that N = 4, D = L — 1 = 2 and the duration between each successive arrival symbol is E
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seconds, where E is the OFDM sample duration. Consequently, three version of X will
interfere with each other and with other symbols at the Rx, thus causing ISI (see Figure
2.9). However, as illustrated in Figure 2.9, the interference between other symbols can be

easily eliminated by removing the CP, thus obtaining y, where y = [y, 1,2, ¥3] and is

given by:
Yo = hoxo + hix3 + hyx; (2.12)
V1 = hoxq + hyxg + hyxs (2.13)
Y2 = hoxy + hixqy + hyxg (2.14)
Y3 = hox3 + hix; + hyxq (2.15)

From Equations 2.12, 2.13, 2.14 and 2.15, it can be clearly observed that:

y[n] =XZi—ohlm] x[(n —m)4]. (2.16)
y[n] = 5o hlm]  x[(n — m)N]. (2.17)

Thus,
y=h®x. (2.18)

where ® denotes circular convolution. Figure 2.9 and Equation 2.18 clearly illustrate how

the CP removes ISI and converts the linear convolution to circular convolution.

Previous symbol

MNext symbol

Figure 2.9. Interference between different versions of a symbol and with its adjacent

symbols, where L=3, CP=N/2 and N=4
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However, replacing the last part of an OFDM symbol decreases the data rates as well as the

SNR as is illustrated by Equations 2.19 and 2.20, respectively [30, 50]:

(2.19)
_ log, (M)
P+ T,
SNR =-10 log 10 (12 ), (2.20)

where T, is the duration of CP and T is the duration of the whole symbol.

2.3.4 OFDM channel estimation

Channel estimation is defined as the procedure of estimating or interpreting the impact of
the physical medium on the input data being transmitted. The main advantage of channel
estimation is that it grants the Rx the ability to check the impact of the channel on the
transmitted signal. Furthermore, channel estimation is also important in eliminating 1SI and
in noise rejection techniques. Wideband mobile communication systems use a dynamic
estimation of the channel prior to the demodulation of the OFDM signals due to the time
variation of the channel response and frequency selection. The main channel estimation

procedure block diagram is shown in Figure 2.10 [15].

Transmitted signal X, Received signal Y,
Channel

W

Error signal ey,

Estimation T

Algorithm

Estimated signal ?(nj

Figure 2.10. Channel estimation procedure [15]

However, OFDM channels can be estimated in the frequency domain by inserting pilot tones.

There are two main types that are commonly used for pilot insertion:
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a) Comp type is used when the channel rapidly changes even in one OFDM block. It places
several pilots uniformly in each OFDM symbol as illustrated in Figure 2.11 (a). At the
Rx, only channels that are located in the pilot tones are estimated and the rest are
estimated using one of the interpolation techniques (e.g., linear interpolation).

To elaborate, let the input of the IFFT at the Tx is X, where X = X, X1, X5, ... ... s XN—1,
N is the IFFT points and N,, is the number of pilots, which is given by [51]:

¥, = {TP ifk=G.g (2.21)
k= Tp, otherwise’

Where k is the k" OFDM symbol, T} is the transmitted pilot symbol, T}, is the transmitted

data symbol, G =~ and g =1(00712,...... N, — 1). At the Rx, the CP is removed and
Np

the received signal y,, is converted from the time domain to the frequency domain (Y)
where Y, = X,. H, + n. Here, H, is the k™ frequency response of the channel and n is
additive white Gaussian noise (AWGN). The received pilots Rp can then be easily
extracted from the received signal Yy:

Y, = {RP ifk=G.g (2.22)
k Rp, otherwise’

Subsequently, a least square (LS) algorithm, which is one of the simplest methods for
the channel frequency response estimation, can be applied to R, to estimate the
frequency response of the channel located in the pilot tones (Hp) as [52]:

H, = 1;_:_ (2.23)
Finally, the rest of the channels are estimated using one of the interpolation techniques.
a) Block type is implemented under the assumption of a slow fading and is performed by
inserting pilot tones in all OFDM subcarriers as shown in Figure 2.11 (b). The f

response of the channel is estimated once and then implemented for the incoming

symbols [51].
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Figure 2.11 (a) comp type pilot (b) block type pilot [51]

2.3.5 OFDM equalization

ISI has a negative impact on the system performance and can be caused by multipath
propagation, a large RMS delay spread and/or a low-pass frequency response of some system
components (such as an LED in the case of VLC systems). Additionally, the time variations
of the OFDM symbol period in a fading channel have a negative impact on the subcarriers

orthogonality as it introduces ICI.

Thus, equalization techniques are employed to compensate for the detrimental ISI and ICI
effects and to increase the achievable data rates. In multicarrier systems such as an OFDM,
a single-tap equalizer can be utilised since the RMS delay spread is significantly shorter than
the symbol duration and the frequency selective channel is transformed into a flat channel
fading over the subcarrier bandwidth, which considerably simplifies the equalization
process. However, the SNR penalties must be considered when utilising an equalizer. There
are several commonly employed equalization techniques such as linear equalization which
is based on the zero forcing (ZF) and minimum mean square error (MMSE) algorithms [53,
541, and nonlinear equalization which is based on a decision feedback or on ICI cancellation
[55, 56]. Although nonlinear equalizers based on ICI cancellation have been shown to

outperform linear filtering, linear equalizers are still used due to their low complexity.
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The MMSE equalizer is based on the estimation on the minimal mean square error between
the equalized and the transmitted signal. The output of the MMSE equalizer (i.e., the

equalized symbols) can be given as [57]:
§=whr, (2.24)

where r is the received signal and W¥is the complex matrix optimized under the MMSE

criterion and expressed as [57, 58]:
WPt = argmin|s — WHr|?, (2.25)
where s is the transmitted signal. Then the solution to (2.21) is given by [58, 59]:

2 171 (2.26)
W”=[HHH+J—’;1] HH,

Os
where ¢ and 62 = 1 are the noise and normalized signal power variance, respectively, and
H is the channel vector. The ZF equalizer restores the received signal by applying the inverse
of the channel frequency response. However, such an algorithm is prone to noise in low SNR
channels. The output symbols estimated by the ZF algorithm are updated according to (2.24)

and the ZF solution is given by [57, 58]:
Wt = (HiH)"'H" = HT, (2.27)

where (-)* is the pseudo-inverse vector (or matrix). It sets ISI to zero in a noise free scenario,
i.e., when the ISI is significant compared to noise. In a high SNR channel (SNR — o0), both
MMSE and ZF equalizers have asymptotic performance. However, in [58] an in-depth
analysis comparing the performance of both schemes in terms of output SNR, un-coded error
and outage probability, SNR gain and diversity-multiplexing gain trade off was proposed for

a MIMO system analytically showing significant differences.

2.3.6 OFDM synchronization

OFDM based systems are prone to synchronization errors such as frequency sampling and

symbol synchronization resulting in ICI or ISI and thus leading to link performance
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degradation [60, 61]. Synchronization schemes can be typically divided into two groups: (i)
data aided methods using pilot or training symbols sequences [62, 63] and (ii) non-data aided
(or blind) methods, which do not require additional data transmission and are thus more
bandwidth efficient [64, 65]. Timing synchronization methods are usually based on the
autocorrelation of two training sequences [Anz2 Aniz] embedded in the OFDM signal using
Schmidl-Cox algorithm [66].

The auto-correlation function using a sliding window of length N/2 samples is given by [66]:

N, (2.28)

2
Pic(d) = Z Xd+m " Xd+m+N/2

m=0

where Xq is the received signal and d denotes the sampling index. The timing metric is then

given by [66]:

|Pyc(d)|? (2.29)
Meel® = o @y
where Rsc(d) is the energy of the received signal given by [66]:
g_
Rsc(d) = Z |xd+m+N/2|-2 (2.30)
m=0

The peak of the time metric Msc ensures the beginning of the OFDM symbol. The auto-
correlation algorithm has low computational requirements. However, the time metric shows
a flat region resulting in inaccurate time synchronization estimation. Van de Beek’s blind
algorithm finds symbol and frequency offsets based on the maximum likelihood (ML)
estimation. Considering 2N+D consecutive samples of the received signal x, one complete
OFDM symbol is included having N+D samples, where N is the number of samples per
OFDM symbol and D is the length of CP. The beginning of the symbol is unknown at the
Rx due to the channel delay. The two functions, i.e., a correlation term and an energy term
are given by [67]:
mib-l (2.31)

o(m) = Z x(K)x* (k + N).

k=m
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m+D-1
1 (2.32)
o) =3 D RGO+ Jxlk + M2

k=m

Then the time 7 and the frequency offset ¢ are calculated by the joint ML estimation via [67]:

t = argmax{|0(7) - pp (D)}, (2.33)
€= —iAQ(f), (2.34)
2n

where p is the magnitude of a correlation coefficient between x(k) and x(k+N) and

£ denotes the argument of a complex number.

2.3.7 Peak to average power ratio of OFDM signal

While OFDM certainly offers numerous advantages, it also suffers from some performance-
related problems. The high PAPR of the OFDM signal is the underlying problem that makes
OFDM very sensitive to non-linear distortion. PAPR is defined as the maximum transmitted

power in a given OFDM symbol divided by the average power of this OFDM symbol [68]:

eak power of x(t
papR = _Peakp ®)

average power of x(t)’ (2.35)

The high PAPR in OFDM is a result of adding N number of subcarriers through the IFFT
operation. An OFDM has several independently modulated subcarriers that attains a high
value of PAPR whenever they are added coherently. In other words, the addition of N signals
having a similar phase, results in a peak power which is N times the average power of the
OFDM signal. Thus, applying OFDM signal through nonlinear components (such as radio
frequency power amplifiers or digital to analogue converters (DAC)) often results in signal
distortion.

Furthermore having power amplifiers and DACs with a large dynamic range increase the
cost and the complexity of the system significantly [44, 69]. In RF, the power amplifier

efficiency (») is inversely proportional to the PAPR and is given by [15, 31]:
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_ 05
~ PAPR (2.36)
2.3.4.1 PAPR reduction techniques

Several techniques have been proposed to decrease the PAPR of OFDM signals, the simplest

method being to clip the signal amplitude above a threshold level (A) such as:

A ifA <x(t)
x(t) otherwise (2.37)

x(t) = {
However, this scheme introduces in-band distortion as well as out-of-band radiation which
affect the BER performance as well as introducing adjacent channel interference. Other
schemes such as selective mapping (SLM), block coding, partial transmit sequence (PTS),
interleaving, tone reservation (TR) and tone injection (TI)) can also decrease the PAPR of
OFDM signals without introducing any distortion but at the cost of data rates, complexity or
increasing transition power. A comparison between these different schemes is illustrated in

Table 2.2 [44, 70].

Table 2.2 A comparison of PAPR reduction techniques [70]

Reduction scheme Coast paid

Data rates, X, times IFFTs operations at the Tx. Side
SLM information extraction and reverse SLM at RX

Xyt times IFFTs operation and V-1 interleaving times at

Interleaving the Tx, side information extraction and de-interleaving at
the Rx

Data rates, Xprg times IFFTs at the Tx, side information

PTS extraction and inverse PTS at the Rx
TR Data rates and increased transmission power
Block coding Data rates, coding or table searching at the Tx and

decoding or table searching at the Rx

TI Increased transmission power
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2.3.4.2 Single carrier-frequency division multiple access (SC-FDMA)
SC-FDMA uses the same OFDMA transceiver structure with additional mapping and FFT

blocks at the Tx and de-mapping and IFFT blocks at the Rx as shown in Figure 2.12.

Xy Xm Xi *n T
bi(t) | Bitsto 5| M-point 5| Sub-carrier 2| N-point 3 mse(it}ilon
—>| Qam [ | i > :5 :
Q S| IDFT Mapping | —5( 1DFT 2 PS.DAC
Recovered
: P ) RF. ADC,
bits QAM |, M-point |e Sub-carrier 2 N-point - - T
<~ P " De- ' e DET SP. CP
To bits [€ DFT e-mapping < removal

scrova [ J+[]
oronva [

Figure 2.12. Block diagram of a SC-FDMA transciever [71]

This attractive scheme has been extensively studied in the RF domain, and is currently used
for LTE as uplink modulation schemes where a lower PAPR is essential to improve the
performance of mobile terminals in terms of transmission power efficiency [71].

Inserting FFT and subcarrier mapping blocks before the IFFT block at the OFDM Tx as
denoted by the red blocks at Figure 2.12, results in a SC-FDMA signal which shares some
charectarestics with SCM such as a low PAPR. Unlike OFDM signals, the data symbol in
SC-FDMA is distrebuted among all subcarriers which offers frequency diversity gain
through selective frequency channel [72].

Subcarrier mapping can be performed by inserting Q —1 numbers of unmodulated
subcarriers between each adjacent output FFT modulated subcarriers as shown in Figure
(2.13a) (known as an interleaving mapping), or by adding C numbers of unmodulated
subcarriers after the modulated output FFT subcarriers as illustrated in Figure (2.13b)
(known a localized mapping), where Q and C are the interleaving factors of interleaving and

localization mapping resperctivesly.
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Interleaving mapping can offer more frequncy diversity gain since the modulated subcarriers
are distributed uniformly over the entire bandwidth, whereas the localized method can be
combined with channel-dependant scheduling (CDS) to provide a multi-user diversity since
information is spread among only a fraction of the system bandwidth. The localized and
interleaving subcarrier mapping modes of SC-FDMA are denoted by LFDMA and IFDMA

respectively [73].

Interleaving

mapping
Data symbol FET U£ P\\

lololx|o|lo|x]o|o|X|o|o]| (2IFDMA

Xp XG
X1 X
2 ’Xz ‘
X X
i 3 Y|lxn|xn]*%|lolololo|lo|lo]|o]|o]| (LFDMA

Lotalization

mapping
Figure 2.13. Interleaving and localization mapping where Q = 3 and C = 8 [74].

2.3.4.2.1 PAPR of SC-FDMA signals

To examine the PAPR of a SC-FDMA signal, let us analyse the baseband time domain signal
(xn) with reference to Figure (2.12) as follows: firstly, the serial binary bits bi(t) are mapped
into a group of a complex quadrature amplitude modulation (QAM) signals x;, where [k =
0,1,2,3,..........., M — 1] and M is the number of data per an OFDM symbol. Then x; is
transformed to the frequency domain by implementing an FFT operation where the resulting

frequency domain signal X,,, is given by:

— (2.38)
X, = X e—jzn%m, )
k=0
Here, X,, refers to the mt" subcarrier where m = {0,1,2,3,4, ... ... ... M — 1}. Subsequently,

X, 1s passed through the mapping process to result in a frequency domain mapped signal X;

where i ={0,1,2,......... N —1}, N= Q.M for IFDMA and N = C + M for LFDMA .
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Finally, the baseband discrete time domain signal x,, is obtained by passing X; through the
IFFT block. Since IFDMA and LFDMA have different mapping processes, their baseband
time domain signal characteristics (or PAPR value) should also be different as will be

demonstrated below.

Baseband time domain IFDMA symbol

The frequency domain mapped signal of IFDMA can be defined as:

X _{Xm, ifi=Q.mwhere0<m<M-1 (2.39)
710, otherwise

By lettingn = (M.q + m) for 0 < g < Q — 1in (2.35) we obtain [68]:

N-1

1 z : -
n = Xmgrm =y X; /2y (arm)
=0
M-1 ,
_ 11 ¥ g2l m (2.40)
o m :

M-1 k
11 z : j2l- m
—5[& ) Xme M .
=0

QK

From (2.40), it can be observed that the base band time domain signal x,, is a scaled and
repeated version of the original signal x;. Hence, the PAPR of the baseband IFDMA is the

same as the PAPR of the single carrier modulation signal.

Base band time domain LFDMA symbol
The frequency domain mapped signal of LFDMA can be described as:

. ={Xm, ifo<i<M-1 (2.41)
t 0, otherwise '

Bylettingm = (Q.n+q)for0 <n<N-1and0 < q < Q — 1in(2.38), we obtain [68]:
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N-1 on+q

_ 11 jen=d

=N E Xiew o (2.42)
i=0

However, after a number of derivations as in [68], the LFDMA baseband time domain signal

X, can be given by [68]:

1 (2.43)
_ =0
- { g fora=o
Xom+q SO qH#O

From (2.43), it can be clearly seen that, the base band time domain signal x,, is a scaled
version of x; only at M-multiple samples position. However, between theses possessions x;,
is a sum of x;.

Form (2.40) and (2.43) we can conclude that the PAPR of OFDMA is a larger than that of
SC-FDMA. Furthermore, through the same Equations it can be observed that IFDMA has a
lower PAPR value than that of LFDMA. However, the PAPR value of IFDMA can be

increased if a pulse shaping filter is deployed as proved in [68].

2.3.8 OFDM frequency offset

Another major disadvantage of OFDM systems is the sensitivity to the frequency offset in
comparison to the single carrier systems. Generally, frequency offset is defined as the
difference between the nominal frequency and the original output frequency. OFDM has an
ambiguity in the carrier frequency that occurs due to the difference in the frequencies of the
local oscillators at the Tx and Rx, which in turn leads to a change in the frequency domain.
This change is also known as the frequency offset. The demodulation of a signal having an
offset in the carrier frequency may lead to a significant bit error rate and might also affect
the output of a symbol synchronizer. Thus it is essential to calculate the frequency offset and

remove or decrease its effect [75].
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Let us denote the frequency offset by Af., the transmitted OFDM signal by s(t), and the

received signal by y(t). In such a case, the followings hold [67]:

s() = e/x(t). (2.44)
y(t) = e/ =Wty (o). (2.45)
Aw =w —w' = 2mAfc. (2.46)

The received signal will have an offset equal to:
Y(nT) = e/2WnT, (2.47)

The frequency output of every sub channel must be equal to O at all other subcarrier
frequencies which means that the sub-channels must not disturb one another. The impact of
frequency offset leads to the fall of orthogonality among the subcarriers and causes inter

carrier interference [75].
2.4 Summary

As an OFDM modulation scheme is the foundation of this research work, the attractive
benefits of OFDM were discussed in detail in this chapter. Those benefits include converting
the selective fading channel into a flat fading channel by dividing the available bandwidth
into a number of sub-bands, mitigating ISI as well as reducing Rx complexity through the
insertion of a CP. Furthermore, the challenges facing OFDM such as OFDM PAPR and
OFDM offset and their proposed solutions were also discussed in this chapter.

The SC-FDMA signal scheme was also introduced in this Chapter as an attractive OFDM
modified version that can offer most OFDM features (i.e. reducing ISI) with lower PAPR
value. These modifications were done by adding interleaving mapping and FFT blocks
before the implementation of the IFFT operation at the OFDM Tx (i.e. IFDMA), or by
inserting the location mapping block and FFT block before the IFFT block at the OFDM Tx
(i.e. LFDMA). A comparison between IFDMA PAPR and LFDMA PAPR was also

conducted, where IFDMA had lower PAPR (see section 5.7).
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CHAPTER 3

OFDM IN VISIBLE LIGHT

COMMUNICATION SYSTEM

3.1 Introduction

As the main concept of this research is to improve the performance of OFDM in VLC
system, VLC background including the implementation of OFDM in VLC will be illustrated
in this chapter. VLC represents unique technology combining illumination, data
transmission and localization (mostly indoor).

Due to the white LEDs utilisation, VLC has become a suitable candidate for future
generation communication networks offering energy efficient service, almost unlimited
bandwidth within the unregulated part of the electromagnetic spectrum and potentially low-
cost solution [6, 76]. Despite the fact that LEDs are bringing most of the mentioned
advantages, they also behave as a limiting factor in the communication network due to their
very low modulation bandwidth in the region of units of few MHz. Thus, most of the research
works have been focused on the increasing data rates [9, 12, 34, 77].

The chapter structure is as a follow; the basic concepts behind VLC system such as VLC
transceiver structure, LED modulation bandwidth, VLC channel model and, VLC challenges
will be illustrated in section 3.2. The benefits and the challenges behind the implementation

of OFDM in VLC system will be illustrated in section 3.3 as a number of modified OFDM
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schemes will be demonstrated in this section. Finally, a summary of this chapter is

introduced in Section 3.4.
3.2 Visible Light Communications

Recently, VLCs have been the focus of enormous attention as the candidate for future
broadband networks by utilising white LEDs in the existing solid-state lighting (SSL)
infrastructure. LEDs can be switched on and off very rapidly without any perceptible effect
on human eye to offer multiple use such as illumination, high speed data transmission and
localization in various applications.

Moreover, the LEDs have been installed into cars, aircrafts, traffic lights or street lamps
spreading the possible utilisation of VLC to various applications: (i) visible light positioning
[78, 79]; (ii) car-to-car (C2C) or car-to-infrastructure (C21) communication [80, 81]; (iii)
machine-to-machine (M2M) communication or the internet of things (IOT) [82, 83]; and (iv)
toys and there park entertainment [84, 85] as illustrated in Figure 3.1.

In spite of the outstanding results achieved by the research and industry, the history of VLC
IS quite short. The first publications based on the theoretical investigation were reported in
the beginning of the 2000s by the Keio University in Japan [86, 87]. Since that time VLC
has experienced rapid development from the standardization processes [88] to several Gbit/s
transmission systems [89, 90].

According to the processes within the IEEE 802.15.7r1 working group, four use cases for
high data rate VLC were adopted: (i) indoor office/home applications (museums, general
offices, shopping centres, railways, airports, hospitals); (ii) data centre, industrial and secure
wireless scenarios (factories, hangers, manufacturing cells); (iii) vehicular communications
(C2C and C2I); and (iv) wireless backhaul (small cell backhaul, surveillance backhaul, local
area network (LAN) bridging) [91].

Another important VLC feature is the possibility of safe communication since optical

radiation does not penetrate walls. Additionally, VLC is ideal for being used in hospitals,
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aircraft cabins or in petrochemical industries since it does not interfere with any RF systems
and does not induce any health issues. The deployment of VLC is based on the installation
of the existing technologies like power line communication (PLC) and power-over-Ethernet
(PoE) and usage of SSL infrastructures based on LEDs, which significantly reduces energy

consumption by combining illumination and data transmission at the same time.

Figure 3.1. VLC applications

3.2.1 Comparison between VLC and RF

VLC cannot avoid being compared with the well-established and known RF based
communication systems. As mentioned, one of the key advantages for VLC lies in the
utilisation of the unregulated and practically unlimited visible part of electromagnetic
spectrum in contrast to strictly regulated and congested RF spectrum becoming a bottleneck
of the system.

Since VLC is based on the utilisation of LEDs as transmitters, it provides several possible
services without any electromagnetic interference in contrast to the RF systems with the only
communication purpose. Moreover, such technology will be energy efficient offering

relatively low-cost solution for the future communication networks.
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On the other hand, VLC suffers from numerous disadvantages compared to traditional RF
communications. The achievable data rates decrease very quickly with increasing distance
between a transmitter and a receiver limiting the range of high speed VLC usage. The VLC
path loss is inversely proportional to the distance raised to the power of four unlike RF where
it is power of two [92]. Additionally, LED lights must be turned on to provide the same
high-speed connections as Wi-Fi. Thus, VLC is not going to replace RF based systems as
both technologies are complementary offering together superior performance. The
comparison of both technologies is outlined in Table 3.1.

Table 3.1 VLC and RF communication technologies comparison [6].

PROPERTY VLC RF
o Limited and
Bandwidth Unlimited
regulated
Electromagnetic interference No Yes
Distance Short Short to long
Security Good Poor
) [llumination, communication, o
Services o Communication
localization
) ) o All electrical
Noise sources Sun light, other ambient lights )
appliances
Power consumption Relatively low Medium
Mobility Limited Good
Coverage Narrow and wide Mostly wide

3.2.2 Light emitting diode

In recent years, LEDs have replaced traditional lights in the home/office lighting systems
due to their high energy efficiency. For instance, compared to the traditional incandescent
and fluorescent lamps, whose luminous efficiency is limited to 51 Im/W and 90 Im/W,
respectively, the efficiency of white LEDs exceeding 200 Im/W was already demonstrated
[6, 93].
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The last but not least benefits are long life expectancy, low power consumption, the absence
of mercury or high tolerance to humidity. Thus, high power white LEDs are ideal sources to

be used for both illumination and communication purposes.

3.2.2.1 Types of LEDs

The LEDs used as VLC transmitters emit white light that can be produced by two different
processes. Thus, there are two types of LEDs as illustrated in Figure 3.2: (i) RGB LED that
emits white light by combining three basic colours red (R, 625 nm), green (G, 525 nm) and
blue (B, 470 nm) and (ii) white phosphor LED (WP LED) utilising a blue chip covered by a
yellowish phosphor layer causing the shift to the longer wavelengths. The RGB LEDs are
attractive since three individual chips can be used for simultaneous data transmission
adopting wavelength division multiplex (WDM) [94, 95]. However, the latter approach is
usually preferred by manufacturers due to the lower complexity and cost [96]. The most
dominant inorganic LED is made of gallium nitride (GaN) coated by the yellowish cerium

doped yttrium aluminium garnet (Ce:YAG) phosphor layer.
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Figure 3.2. Two types of LED with different way of producing white light [6]

However, both RGB LEDs and WP LEDs are not suitable for producing large area panels
desirable for SSL and VLC applications due to the manufacturing methods. Thus, organic
LEDs (OLEDSs) appear as a candidate for certain VLC applications. OLEDs have several
advantages over inorganic LEDs such as large and arbitrarily shaped panels, smoother

lighting effects, mechanical flexibility, longer lifetime and mechanical flexibility.
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3.2.2.2 LED Modulation Bandwidth

Although using LEDs brings many advantages as stated, their low modulation bandwidth is
a bottleneck of a VLC network while behaving as a first order low pass filter (LPF) [9]. The
bandwidth is affected by the (i) injection current; (ii) junction capacitance; and (iii) parasitic
capacitance however, the capacitance values are usually given.

Increasing the input current can further improve the LED bandwidth on the other hand, the
effect of capacitances can be reduced by superimposing an AC signal on a constant DC-bias.
The LED output optical power P, at a frequency w is given as [97].

P(w)
Py

(3.1)

= (14 (r))2,

where 7, is the minority carrier lifetime. The 3 dB bandwidth is then obtained when (3.1) is
equal to 0.5. The 3 dB modulation bandwidth of inorganic LEDs is limited within the few
MHz region [9, 12]. For instance, blue light emitting GaN based LED have a bandwidth up
to 20 MHz, however slow transient response of the yellowish phosphor layer significantly
degrades it below 5 MHz (depends on the manufacturer) [98]. On the other hand, micro-
LEDs with a bandwidth exceeding 800 MHz have already been introduced [99].
Nevertheless, such a micro-LED has active area of hundreds of xm? resulting in very low
optical output power (units of mW), which significantly limits its applications.

Thus, there exist several approaches on how to combat LEDs bandwidth limitation
phenomenon and increase the transmission speed such as blue filtering where the slow
yellowish component is filtered out, which increases the 3 dB bandwidth up to tens of MHz
[12, 98]. On the other hand, using a blue filtering causes the signal power reduction which
resulting in much lower SNR [100]. Alternatively, equalization can be used to increase the
data rates such as pre- and post-equalization techniques using analogue circuits [101, 102]
and digital equalizers based on the signal processing [103, 104]. In recent years, utilisation
of spectrally efficient modulation formats has focus of huge attention how to combat a band

limitation in VLC systems [13, 105, 106].
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3.2.3 IM/DD and LED nonlinearities

The transmitting and receiving the signal using LED and photodetector (PD) is based on the
IM/DD technique (i.e. the signal must be real and positive signal). To transmit the signal the
intensity of an LED source is directly modulated by varying the drive current (see Figure.
3.3). At the receiver, a PD generates the electrical current which is proportional to the optical
power incident on the PD. Thus, DD technique is also known as the envelope detection.
Unlike coherent detection, DD systems do not require any local oscillator. Each LED is
characterized by the transfer function known as L-I curve where L stands for the optical
output power and | stand for the driver current as illustrated in Figure. 3.3. An LED must
operate in the proper operating in the linear region of the L-I curve to ensure the optimal
transmitter performance. The operation point is set by the DC drive current (denoted by red
circle in Figure. 3.3). If the operating point (or drive current) is pushed too high to the
nonlinear region of the LED or beyond the signal distortion occurs is results in system
performance degradation [6, 10].

Single carrier modulation such as multi-level pulse position modulation (M-PPM) or multi-
level pulse amplitude modulation (M-PAM) can be adjusted within the LED linear region
due to their finite limited intensity levels resulting in negligible impact of LED nonlinearity.
On the other hand, multi-carrier modulation schemes such as optical orthogonal frequency
division multiplexing (O-OFDM) generate signals with high PAPR. Such signals are
affected by the nonlinear region of an LED resulting in the increased BER.

However, the linear region on the transfer function can be maximized using a pre-distortion
of the transmitter transfer characteristic as demonstrated in [107]. Besides the nonlinear
region of an LED transfer function, LED degradation caused by aging and junction
temperature variations have also negative impact on the system performance, which has been

published in [108].
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Figure 3.3. LED L-I curve and intensity modulation, the operating point is denoted by
red circle

3.2.4 llumination using white LEDs

As the LEDs serve originally for the illumination of the indoor environments it is necessary
to pay attention when designing the VLC system to stay within lightning constraints. The
illumination level requires being within the limit 400 — 1000 Ix for typical office room at a
desk level. However, even if no illumination is required, energy-efficient IM/DD techniques
have been developed to maintain data transmission, even if the lights are visually off [109].
Basically, the constraints can be divided into two categories (i) illumination perception
constraints and (ii) LED luminaires constraints [92].

The first category includes mainly illumination level (or dimming level), colour temperature
(CT), colour rendering index (CRI) and finally, aesthetics and practical reasons when placing
LED lights inside the rooms. The dimming control is crucial since VLC system must keep
its functionality even when users change the illumination level by dimming the lights. Thus,
several methods combating dimming issue were introduced in IEEE 802.15.7 standard such
as adjusting the amplitude of on-off keying (OOK) pulses or changing the pulse width in
electronics and optical system should enable numerous functionalities such as dimming
control, heat sinking, and efficient power supply to name few. Thus, it is necessary that the
lighting conditions and VLC system performance will not be distorted meeting the above-

mentioned specifications.
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3.2.5 Photodetectors

The PD is an optoelectronic device that generates electrical current proportional to a square
of the optical power incident on its surface. Thus, the output electrical current is proportional
to the received optical power and is given by the responsivity of the photodetector based on
the used semiconductor material. The semiconductor material responsivity R (A/W) is
illustrated in Figure 3.4, showing the most common materials for inorganic receivers.

Clearly, the Si semiconductors are usually utilised for detection in VLC.
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Figure 3.4. The semiconductor material responsivity [6]
There are four types of photodetectors that can be used for receiving the optical signals: (i)
PIN photodiodes, (ii) avalanche PD (APD), (iii) photoconductors and, (iv) metal semi-
conductor PDs. First two, PIN PDs and APDs are mostly used in the receivers for VLC.
However, APDs provides internal gain which is usually within the range 150-250 [6]. Thus,
the responsivity of APD can be greater than unity in contrast to PIN responsivity, which is
always below 1. Moreover, the APDs offer higher sensitivity than PIN detectors. On the

other hand, the gain of APDs is associated with additional noise, which must be taken into

account. The typical PIN PDs and APDs characteristics for different semiconductor

materials are listed in Table 3.2.
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Table 3.2 Typical characteristics of the PIN PDs and APDs [6]

Silicon Germanium InGaAs
Parameter PIN APD PIN APD PIN APD
Wavelength 400-1100 800-1800 900-1700
range (nm)
Peak (nm) 900 830 1550 1300  1300-1550 1300-1550
Responsivity
0.6 77-130  0.65-0.7 3-28  0.63-08  0.75-0.97
(A/W)
Quantum i ) i i i
efficioncy (%) 05 77 50-55  55-75 60-70 60-70
Gain 1 150-250 1 5-40 1 10-30
B'as(f’\‘j;tage 45100 220 610 2035 5 <30
Da”zrfx)r rent 410 011  50-500 10500  1-20 1.5
Capacitance 4, 4 1.3-2 2.5 2.5 0.5-2 05
(pF)

Rise time (ns) 0.5-1 0.1-2 0.1-05 0.5-0.8 0.06-0.5 0.1-0.5

3.2.5.1 Photodetector noise

The photodetector noise is crucial since it determines the device lower sensitivity limit. The
primary noise sources are the shot noise os? and thermal noise o7? (Johnson noise) caused by
the photocurrent fluctuations and by the receiver electronics respectively. The shot noise is
caused by the fact that the number of photons incident on the photodetector per second is
not constant and follows Poisson distribution resulting in the photon fluctuations. The shot
noise is given as [10]:

0¢ = 2qlyBs, (3.2)

where By is the bandwidth of the filter following the photodetector, g is a charge of an
electronand Igq is the dark current. The dark current is presented even when no light incidents
on the receiver resulting in the noise generation. The dark current is determined by the PD
material and by the size of photoactive area. The thermal noise is caused by the thermal

fluctuations of electrons in any receiver electronics and is given by [10]:

4KT,

2= B,
R, °

or

(3.3)
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k is the Boltzmann constant, B, is the system bandwidth and T, and R, are equivalent

temperature and resistance, respectively.

3.2.6 Indoor VLC channel modelling

Besides the mentioned challenges developing complex VLC channel model is still an open
issue for the research community worldwide. Algorithms developed for IR channel models
are usually utilised such as (i) recursive method and its modifications; (ii) Monte Carlo ray
tracing; and (iii) others like ceiling bounce model or curve fitting [110, 111]. Thus, there is
a need to improve existing channel models to be suitable for the different VVLC applications.
The wavelength dependency of the indoor materials must be considered when developing
the channel model in contrast to IR band where the reflectance coefficient is almost flat
within the utilised wavelength range.

However, several channel models not including the spectral dependent reflectance have been
already published [112-114]. The spectral coefficients of the different building materials
were measured in [115] varying in the range of 0.1 — 0.8 as depicted in Figure 3.5 (a)
resulting in the key step within the VLC channel model development. The calculated channel
impulse response is illustrated in Figure 3.5 (b). The first peak comes directly from the LED
and the other peaks are dispersed due to the multiple reflections. Differences in amplitude

are caused by varying reflectance coefficients.
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Figure 3.5: (a) Reflectance coefficients for different materials and (b) resulting

channel impulse response [115]
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In most of the cases, the received signal is often a superposition of the LOS path and several
multipath signal that have undergone specular or diffuse reflection. The effect of the
multipath reflections on the channel frequency response was investigated using a parameter
called K-factor in [116]. The K-factor ensures the power ratio between the LOS and NLOS
components of the received signal. Figure 3.6 illustrate how the frequency response of the
optical channel depends on the value of k-factor where the high K-factor value i.e k=10 dB
offers almost flat response.

However, the blockage of the LOS component results in the reduced channel bandwidth
inducing the lower K-factor value [117]. Regarding NLOS VLC, multipath propagation
introduces negative impact on the VLC positioning system decreasing the positioning
accuracy [118]. Next, the effect of multipath reflections on the signal to interference plus
noise ratio (SINR) has been shown demonstrating that higher order reflections have stronger
negative impact on the SINR than first order reflections when a narrow FOV receiver is

utilised [119].
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Figure 3.6. Channel frequency response for a range of K-factor where |H(f)]| is the
magnitude of the total channel frequency response and, np;rr is the diffuse path gain
[117]
The novel approach for VLC channel modelling in terms of the dynamic environment has

been introduced in [120]. The effect of shadowing caused by people moving within the room

has been investigated showing the inconsiderable impact on the optical received power.
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Additionally, the data has been compared for different scenarios such as corridor, empty hall
and furnished office room. Very complex VLC channel model based on the ray tracing
algorithm has been presented in [121]. Several types of the reflections have been included
such as purely diffuse, specular and mixed specular-diffuse. Moreover, the presence of an
object within the room and wavelength dependent reflectance of the indoor surfaces has been
included. The work has been focused on the parameters such as channel impulse response,
DC gain, RMS delay spread, and coherence bandwidth and the results have been compared
with the IR band.

The calculated RMS delay spread and coherence bandwidth versus the distance between Tx
and Rx are illustrated in Figure 3.7 (a) and 3.7 (b), respectively. Clearly, the differences
between visible and IR wavelengths are significant. The coherence bandwidth decreases
when the distance between Tx and Rx increases in contrast to RMS delay spread that grows
to its maximum value and then decreases. The channel coherence bandwidth is a critical
parameter for multicarrier modulation formats such as OFDM. When the bandwidth of the
modulated signal is less than the coherence bandwidth of the optical channel, each subcarrier
can be considered as flat fading [122].
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Figure 3.7. Calculated (a) RMS delay spread and (b) coherence bandwidth for IR and

VLC channels against the distance between a Tx and a Rx [121].
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3.2.7 VLC challenges

VLC has undergone a rapid development in recent year starting with the pioneering works
in the beginning of the 2000s in Japan and demonstrating several Gbit/s transmission speed
nowadays. However, to be fully implemented in the practical communication systems
several challenges need to be addressed within the research community. As described, the
LED modulation bandwidth is still the main drawback in achieving high data rates. The
methods to combat the low bandwidth issue can results in the received power reduction,
which is undesirable (blue filtering) or in the increasing the system complexity using the
transmitter/receiver equalization and complex modulation schemes.

Thus, there is a need to further investigate these techniques to find optimal solutions for
particular VLC applications. The link capacity increasing techniques where multiple LED
sources and multiple PDs are utilised in the Tx and Rx, respectively, are still an open issue
and requires further investigation. The diversity techniques and error detection mechanisms
of the multiple input and multiple output (MIMO) system are still challenging. The nonlinear
features of the off-the-shelf LEDs degrades the system performance thus there is a need for
optimisation of the time domain signal within the linear region of the LED transfer function
for maximizing the link throughput.

Another issue connected with VLC is the provision of uplink. The most suitable technique
to provide bidirectional communication is wavelength division duplexing (WDD) utilising
different wavelengths for uplink and downlink. IR based links are feasible option for
transmitting data in the uplink direction [10]. The combination of RF (uplink) and VLC
(downlink) systems was investigated [123]. The VLC channel modelling still needs more in-
depth investigation although several extensive studies were already published. The future
channel models should be more generalized including the effects of LED sources and room
size, improvement in measuring channel reflection characteristics and the research on

multipath effect in the VLC channel [124].
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Moreover, VLC must be coordinated within several standards resulting from the wide range
of applications. Thus, the VLC standard must encompass illumination regulations,
automotive standards and others. Among others, the flicker mitigation and support of the
lights dimming are VLC challenges connected with the illumination and energy efficiency.
Finally, several challenges need to be met in the commercialisation process of VLC resulting
from the fact that two different industries must cooperate together. The lighting original
equipment manufacturers are required to include several modifications into their light
sources and mobile device manufacturers need to equip their devices by high-speed PDs
[125]. Figure 3.8 illustrates the most interest research activities including challenges and

opportunities in VLCs.
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3.3 OFDM in VLC Systems

In VLC, selecting the modulation scheme is a key step in the design of the communication
system. The selected modulation should offer the required performance based on the
following criteria: (i) power efficiency; (ii) bandwidth efficiency; (iii) transmission
reliability; and (iv) other considerations such as cost or robustness to ambient light.

Single-carrier modulation schemes such as M-PPM and M-PAM have been straight-
forwardly implemented in IM/DD based VLC by encoding the information to the pulse

duration. M-PPM utilises the position of the pulse [6], while M-PAM encodes the data into
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the amplitude of the pulse [10]. Both modulation techniques are very popular since PAM
and PPM are the most bandwidth efficient (apart from QAM) and the most power efficient
modulation schemes, respectively [10].

However, M-PAM is more sensitive to channel nonlinearities and noise when compared to
the binary schemes. OOK is a type of M-PAM modulation based on two levels (M = 2) and
is still one of the most commonly used due to its implementation simplicity and bandwidth
efficiency [126, 127]. As such, both return to zero (RZ) and non-return to zero (NRZ)
techniques can be easily implemented. However, OOK-RZ bandwidth requirement is twice
that of OOK-NRZ, which must be taken into account. Nonetheless, the limited bandwidth of
LEDs and the indoor multipath propagation issues make all of these aforementioned
modulation schemes impractical to support high data rates in VLC systems [10, 14].
Alternatively, in recent years, spectrally efficient modulation formats such as OFDM have
been the focus of substantial research effort and attention.

The main advantage of OFDM is the fact that it offers an effective solution to reducing ISI
in bandlimited systems. Since data transmission occurs in parallel, the symbol period takes
a much longer time than in serial data communication with the same data rate. As such, ISI
affects at most one symbol, which simplifies the equalisation process. Furthermore, the low
frequency noise caused by a DC wandering and flickering interference of fluorescent light
is mitigated as the first OFDM subcarrier is unmodulated [14]. Finally, OFDM can
compensate the performance degradation at frequencies outside the 3dB modulation
bandwidth by using its bit and power-loading feature [128]. As such, OFDM is a robust
candidate modulation scheme that can support high data rates in VLC systems. For instance,
a 3 Gb/s VLC system was reported in [16]. Other VLC systems offering Gbit/s data rates
using OFDM were also demonstrated in [37, 129-131].

Although OFDM offers several advantages, its performance in VLC systems is adversely
affected by two limitations: i) In IM/DD based VLCs, the complex and bipolar signal formats

such as the traditional OFDM cannot be used since the light intensity cannot be complex or
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negative (Chapter 3, subsection 3.2.3). Thus, DCO-OFDM, ACO-OFDM and, PAM-DMT
have emerged as the most popular OFDM schemes adopted in IM/DD VLC systems [34,
132, 133]. However, all these adaptations have been implemented at a cost of spectral
efficiency as in ACO-OFDM and PAM-DMT or at a cost of power consumption as in DCO-
OFDM [10, 134]. All these aforementioned optical OFDM schemes will be described in
detail in the next subsections.

ii) In VLC, LEDs only work linearly in a limited range (Chapter 3, subsection 3.2.3).
Therefore, implementing a high PAPR signal such as an OFDM through this limited range
can affect the BER performance as well as the illumination and diming control feature of the
VLC system. Nevertheless, this OFDM drawback has been intensively studied in the RF
domain as its amplifier is also a limited linear device. A number of techniques have been
reported in the RF domain to address this OFDM disadvantage as explained in details in
subsection 2.3.7. Most of these RF techniques have been implemented in VLC to improve
its system performance. Recently, SC-FDMA was adopted for IM/DD based VLC systems
to improve the PAPR. A LED array with SC-FDMA was implemented in [25] to reduce the
OFDM PAPR in a VLC system at a cost of the transmission rate per LED transmitter due to
the interleaving and localised mapping implementation. ACO-single carrier frequency
domain equalization (ACO-SCFDE) and repetition and clipping optical SCFDE (RCO-
SCFDE), were demonstrated in [23] and [135] respectively as two modified SC-FDMA
schemes with the same data rates per single LED transmitter as in ACO-OFDM. The only
difference between ACO-SCFDE and the traditional ACO-OFDM is the additional FFT and
IFFT blocks at the Tx and the Rx, respectively. Unlike ACO-SCFDE where only the odd
subcarriers are modulated, in RCO-SCFDE, the real OFDM signal is transmitted via two
blocks. The first block is used to transmit the real positive samples, whereas the negative
real samples are transmitted by the second block. Thus, achieving reduced IFFT length
compared to ACO-SCFDE. The system model of ACO-SCFDE will be presented in

subsection 3.2.4.
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3.3.1 DCO-OFDM

Figure 3.9 shows a block diagram of a DCO-OFDM transmitter which is similar to the
traditional OFDM one. The main difference is the inclusion of HS and DC-biased blocks.
The HS block is placed before the IFFT block while the DC-biased block is inserted before
the optical to electrical conversion (OEC) block which is used in this case as a transmitter

instead of a traditional RF antenna.
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Figure 3.9. A DCO-OFDM transmitter
As illustrated in Figure 3.10, one can notice that HS is implemented by adding a complex
conjugate to the IFFT input to make its output a real signal at a cost of half of the electrical
bandwidth. In the meantime, the DC-biased block is added to the OFDM signal to make it

positive at a cost of power consumption before being transmitted through the LED [136].
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Figure 3.10. Implementation of HS
After the serial to parallel (S/P) and QAM mapping processes, the resulting symbols A will

be imposed to the HS process before being passed through the IFFT block where, A =

[Ag, A1, Ay, ... Ag_1] and, B denote the data symbols and the number of data symbols
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respectively. Therefore, the IFFT output is a real signal. The HS processing is expressed as

[136]:
A, i<N/2-1
D; = 0 | = N
L= T (3.4)
Ay_; i=N/2 +1
D =1[0,Aq A1, Ay, .. Ag_p Ag_1,Ap, 0,A% 5, A g_1, Ao, . A5, A", A%0], (3.5)

where the length of D is N and, N=2B+2. To mitigate the low frequency noise the following

relation should be satisfied: D, = D~ = 0. Finally, after the IFFT operation the real OFDM
2

signal is passed through the PS, CP insertion, DAC and LPF blocks before being added to
the DC-bias and transmitted through the LED.

Because of a large OFDM PAPR, a high DC-bias that is equal to the highest negative OFDM
amplitude should be added to the OFDM signal (see Figure 3.11) to meet the IM/DD
obligation. However, this makes DCO-OFDM inefficient in term of power consumption as

well as dimming control and can cause a clipping noise [10].
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Figure 3.11. DCO-OFDM time domain signal before and after adding the DC-bias
where the number of sub-carriers is 16 and M=16 QAM

According to central limited theorem, the OFDM signal has a Gaussian distribution with a
zero mean and o standard deviation for 64 IFFT points or more [137]. Therefore, a
probability of 97.5% that the OFDM signal is positive can occur by adding a DC-bias equal

to 202 as suggested in [138] while the remaining negative values are clipped.
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In general, a DCO-OFDM signal is firstly scaled and clipped by fixed scaling and clipping
factors according to the LED dynamic range and the DC-bias is set on the middle point of
the LED dynamic range. As different OFDM symbols can have different distributions,
adaptive scaling factors and adaptive DC-bias have been introduced by [139] to improve the
system performance by exploiting the whole linearity range of the LED.

However, the illumination feature is the main advantage of the LED, and hence DCO-OFDM
may not be recommended in some VLC applications where the power consumption is a
crucial requirement [14]. Alternatively, less optical OFDM power consuming schemes have
been proposed at a cost of spectral efficiency and amongst them are ACO-OFDM and PAM-

DMT which are described in details in the next subsection.

3.3.2 ACO-OFDM

In order to provide a unipolar OFDM time domain signal, the advantages of IFFT properties
have been exploited in ACO-OFDM at a cost of the spectral efficiency. This can be achieved
by setting the input IFFT even subcarriers to zero and as a result the output IFFT samples
will have an antisymmetric feature. Clipping the antisymmetric negative samples does not
cause any information loss or any clipping noise as the clipping noise will only affect the
even subcarriers (i.e. unmodulated subcarriers) as proved in [132]. As the ACO-OFDM
signal is processed by odd modulation and HS operations (see Figure 3.12) before the IFFT
implementation in order to provide a real antisymmetric time domain signal (see Figure

3.13), its spectral efficiency is reduced by half for the DCO-OFDM.

Un-modulated even subcarriers

— | T
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Figure 3.12. The implementation of odd modulation and HS in ACO-OFDM
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Figure 3.13. Antisymmetric ACO-OFDM time domain signal

Consequently, ACO-OFDM is more efficient in terms of the optical power requirement
compared to OOK, and has a low clipping noise level compared to DCO-OFDM whereas
DC-OFDM is more bandwidth efficient [140]. A comparison between ACO-OFDM and
DCO-OFDM in AWGN channel done at the same data rates (M-QAM DCO-OFDM
compared to M2-QAM ACO-OFDM) in term of the SNR against the BER performance have
been reported in [141] where the results show that ACO-OFDM is outperforms DCO-OFDM
for lower constellation order. On the other hand for higher value of M i.e. (M <256 for ACO-
OFDM or M > 64 for DCO-OFDM) DCO-OFDM outperforms ACO-OFDM.

However, the un-modulated even ACO-OFDM subcarriers and their antisymmetric time
domain characteristics have been investigated in [142], [143] and, [144] in order to enhance
its system performance. A trade off solution between ACO-OFDM and DC-OFDM is
presented in [142] as only the odd subcarriers are demodulated traditionally in ACO-OFDM
while the even subcarriers are modulated in DCO-OFDM. In this work, both schemes are
combined and transmitted simultaneously where the interference cancelation method is used
at the Rx to separate them. Moreover, the combination of PAM-DMT and ACO-OFDM is
proposed in [143] where the odd subcarriers are used by ACO-OFDM while the even
subcarriers are used by PAM-DMT.

In this scheme, the PAM-DMT is inverted before being combined with ACO-OFDM in order
to support dimming control where the linear LED dynamic range is utilised by the
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asymmetrical combination resultant signal. Furthermore, a hybrid OOK and ACO-OFDM
methodology is introduced in [144] to increase the spectral efficiency of ACO-OFDM. In
this approach, the antisymmetric ACO-OFDM time domain signal is investigated where the
negative ACO-OFDM signals are clipped as in traditional ACO-OFDM to modulate the ‘off’
case in OOK while the ‘on’ case of OOK is modulated by clipping the positive ACO-OFDM
time domain signal and adding DC-biased current. However, all these aforementioned hybrid
ACO-OFDM approaches are computationally involved and it difficult to support multiple

services with different qualities of service (QoS) [14].

3.3.3 PAM-DMT

PAM-DMT is another unipolar optical OFDM method that been proposed in [133] in order
to meet the IM/DD requirements without adding a DC-bias. However, unlike the
ACO-OFDM scheme that uses a complex symbol (M-QAM) and only modulate the odd
subcarriers; in PAM-DMT, only the imaginary part of M-QAM is modulated for both even
and odd subcarriers (see Figure 3.14), before being processed by HS and IFFT operations in

order to produce a real antisymmetric time domain signal.

Only the imaginary part is modulated

I DC I 0+1j I 0-1j I 0-3j I 0 I 0+3j I 0+1j I 0-1j I

Y : Y

Symtiol data Conjugate data

Hermitian symmetry

Figure 3.14. The implementation of real modulation and HS of PAM-DMT

However, in [145], it is proved that clipping the negative antisymmetric samples in PAM-
DMT do not cause any distortion in the information since clipping noise only affects the
unmodulated real part. Consequently, PAM-DMT and ACO-OFDM have the same spectral
efficiency and optical power efficiency because only the odd subcarrier is used in ACO-

OFDM while only the imaginary part is modulated in PAM-DMT. PAM-DMT outperforms
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ACO-OFDM when bit and power loading method is considered since all the subcarriers of
PAM-DMT are modulated. However, the un-modulated even subcarriers make the ACO-
OFDM more attractive than PAM-DMT when these subcarriers are exploited to improve its

performance [14].

3.3.4 ACO-SCFDE

ACO-SCFDE is an attractive modulation scheme that has been introduced in [23] to reduce
the ACO-OFDM PAPR. The transceiver block diagram of this technique is illustrated in
Figure 3.15. From this figure, one can see that the only difference between this scheme and
the ACO-OFDM approach is the fact that the additional FFT and IFFT blocks are inserted
before the odd modulation and parallel to serial (P/S) blocks at the Tx and the Rx respectively
as denoted by the red rectangles in the figure. Inserting the FFT block before odd modulation
and IFFT blocks results in achieved a SC-FDMA (i.e. IFDMA) scheme that has as low PAPR
as SCM (chapter 2, subsection 2.6).

However, the requirement of HS implementation before IFFT block in ACO-SCFDE makes
the PAPR of this scheme higher than that of IFDMA since only half the subcarriers enjoy
the mapping feature, unlike IFDMA where the mapping feature is achieved for all
subcarriers. Nevertheless, ACO-SCFDE has a lower PAPR than ACO-OFDM which make

it an attractive candidate scheme for IM/DD based VLC system [23].
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Figure 3.15. A block diagram of ACO-SCFDE transceiver

58



3.4 Summary

In this chapter, an overview of the VLC system including VLC applications, LEDs principles
with an emphasis on modulation bandwidth, PDs suitable for VLC links, VLC indoor
channel modelling and the VLC challenges was outlined.

The limited bandwidth of LEDs was highlighted in this Chapter as the major VLC
bottleneck, and complex modulation schemes such as OFDM with blue filter and the
equalization techniques were introduced as attractive solutions that can overcome the LED
bandwidth issue. However, the blue filter and the equalization techniques were proposed at
the cost of SNR. On the other hand, the complex and bipolar RF-OFDM signal was modified
to be suitable for IM/DD based VLC systems at the cost of optical power efficiency
(i.e. DCO-OFDM), or at the cost of half of the available bandwidth (i.e. ACO-OFDM and
PAM-FDM).

Finally, due to the limited LED dynamic range and because of the OFDM’s high PAPR,
IFDMA was introduced as an attractive alternative complex modulation scheme after being

modified to meet the IM/DD requirements.

59



CHAPTER 4

PILOT-AIDED ACO-OFDM

AND POSITION-ENCODED ACO-

OFDM SCHEMES

4.1 Introduction

As already discussed in Section 3.3 of Chapter 3, OFDM signals should be modified if they
are going to be used for IM of LEDs. However, these adaptations in ACO-OFDM and DCO-
OFDM are achieved by sacrificing 3/4 and 1/2 of the electrical spectral efficiency
respectively. Furthermore, in the case of DCO-OFDM an additional cost of increased power
consumption is also paid, which can make DCO-OFDM undesirable for some VLC-based
applications where power consumption efficiency is a crucial requirement [10, 14]. Two new
unipolar OFDM schemes known as pilot aided ACO-OFDM (PA-ACO-OFDM) and
position-encoded ACO-OFDM (PE-ACO-OFDM) are proposed in this chapter.

These schemes offer increased R, compared to ACO-OFDM through exploiting the
anti-symmetric (i.e. asymmetric) ACO-OFDM time domain signal characteristics, where
only the first half of the ACO-OFDM signal is used to transmit the ACO-OFDM data
symbols, while the second half is removed. However, compared to DCO-OFDM, both of the
proposed schemes offer less optical power consumption, as they do not require any

additional DC-bias to make the time domain signal positive.
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To meet the IM/DD requirements, the negative samples (NSs) of the first ACO-OFDM half
are inverted to positive ones at the cost of inserting high amplitude pilots known as pilot
chips (PCs) as in PA-ACO-OFDM or at a cost of additional encoded ACO-OFDM samples
as in PE-ACO-OFDM. These PCs and the encoded ACO-OFDM samples are used at PA-
ACO-OFDM and PE-ACO-OFDM Rxs respectively to detect and recover the inverted
negative samples, thus allowing complete recovery of the OFDM symbols.

However, the insertion of high amplitude PCs in PA-ACO-OFDM may cause a reduction in
transmit power as LEDs have limited dynamic range and a certain level of scaling between
data samples and PCs might be needed. In PE-ACO-OFDM, in order to have R;, higher than
ACO-OFDM, a reduction in the number of the encoded samples is needed and as a result a
high encoded constellation order (i.e., > 16-QAM) is required. As such, PA-ACO-OFDM
is proposed to increase the R, of ACO-OFDM in some applications where low SNR is
needed, while PE-ACO-OFDM is suggested to enhance the R;,, of ACO-OFDM in the case
of high SNR requirements. In addition, the insertion of PCs in PA-ACO-OFDM can be
utilized for illumination and dimming control as well as channel estimation, equalization and
modulation rate adjustment in VLCs.

The structure of the chapter is as follows; A discussion of the PA-ACO-OFDM scheme
including PA-ACO-OFDM system description, the signal analysis of PA-ACO-OFDM, and
PA-ACO-OFDM simulation results are presented in Section 4.2. Discussion on PE-ACO-
OFDM including the PE-ACO-OFDM system module and its R,, the orthogonality of
PE-ACO-OFDM and its power consumption, and simulation results are presented in Section

4.3. Finally, the summary of this chapter is outlined in Section 4.4.
4.2 Pilot-Aided ACO-OFDM (PA-ACO-OFDM)

The PA-ACO-OFDM singling scheme for IM/DD-based VLCs is presented in this section
where the anti-symmetry nature of the time-domain ACO-OFDM signal is utilized to

increase the data rate by up to 33%.
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4.2.1 System description

This section gives a brief description of the proposed PA-ACO-OFDM system, including
the structures of both Tx and Rx.

a) PA-ACO-OFDM Tx

Figure 4.1 illustrates a block diagram of the Tx for PA-ACO-OFDM. The structure of the
Tx is similar to the standard ACO-OFDM Tx, with the main differences being the inclusion

of anti-symmetric signals removal, pilot insertion (PI) and the negative inversion blocks.
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Figure 4.1. Block diagram of the pilot-aided ACO-OFDM Tx

The signal processing procedure can be described as follows: A sequence of input serial
binary data stream bi(t) (bi €{1,0}) is mapped into a group of complex quadrature amplitude
modulation symbols S, 4, according to the chosen modulation scheme (such as 4-, 8-, 16-,
32-.... and 1024-QAM). Similar to the standard ACO-OFDM in which only the odd
subcarriers carry the data symbols to meet the requirement of non-negative time-domain
signals, Sy4n are allocated to the odd subcarriers only and all symbols on the even
subcarriers are set to zero.

The resulting signal Z is further processed to maintain HS as defined in [136]. As in all
OFDM systems, the output of the HS process X is in the frequency-domain, which is
converted back into the time domain by performing an IFFT operation. The OFDM symbol

in the time domain x is indeed a sequence of samples. The odd modulation and HS process

62



are implemented prior to the IFFT to obtain an anti-symmetric and real time domain
sequence of samples.

However, the anti-symmetry profile will result in redundant samples. This is because half of
the samples in the time domain are repeated anti-symmetrically. It can be shown that only
half of the available samples are indeed the information samples carrying bi (t), whereas the
other half is 'repeated' in an anti-symmetric format. From the viewpoint of information, half
of the available samples are redundant and ‘wasted' in order to maintain the anti-symmetry
profile for real non-negative IM. As a result, the efficiency of ACO-OFDM is considered to
be quite low and its R;, is only half that of DCO-OFDM. Improving the bandwidth efficiency
and throughput is the main motivation of this work. To achieve this, the PA-ACO-OFDM
scheme is proposed by including a new pilot insertion processing (PIP) block between the
IFFT and CP insertion blocks (see Figure 4.1).

The PIP block consists of three modules: (i) an anti-symmetric signal removal where the
second part of x is removed with the resulting signal x,- having a shorter duration than the
standard ACO-OFDM. Removing the second part of x does not lead to loss of information
due to the anti-asymmetry and redundancy present in the ACO-OFDM symbol. In doing so,
R, can be increased since OFDM symbols are shorter and therefore more symbols can be
transmitted over a given duration. (ii) Pl-x,. is further processed to identify NSs. PCs are
inserted to identify the location of NSs at the Rx. It worth noting that PCs are inserted before
every negative sample provided that the number of NSs is less than the number of positive
samples (PoSs), otherwise PCs are inserted before every positive sample.

Depending on the number of inverted samples, some PCs may be padded at the end of each
sequence to ensure the same length as that of the symbol duration. One more sample is also
inserted at the end of each OFDM sequence as an indicator to inform the Rx whether the PC
is inserted before the positive or negative samples. (iii) Negative inversion - following the

insertion of PCs, all NSs are inverted into PoSs with the same amplitude, which can be easily
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identified at the Rx by checking the position of PCs. Therefore, at the Rx, the samples can
be checked to see if they are inverted, which can then be inverted back to their actual format.
b) PA-ACO-OFDM Rx

Figure 4.2 illustrates the block diagram of PA-ACO-OFDM Rx with the reverse
functionality of the Tx, where the transmitted optical signal is convoluted with the impulse
response of the VLC channel and converted to an electrical signal r (t) by the PD. The shot
noise, modelled as AWGN (w,,) is added to r (t) and the resulting signal, y(t) = r(t) + wy,(t)
Is passed through a LPF, an ADC and the CP removal module and yields a digital signal xd.
xd is applied to the pilot detector module to detect the presence of the inverted signal before
converting them back to the negative format using the negative regenerator process.
Following the removal of PCs, the output of the pilot removal processing block xe is applied
to the S/P converter, FFT process, zero forcing equalizer, de-mapping, and P/S converter

module in order to regenerate the transmitted data.
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Figure 4.2. Block diagram of the pilot-aided ACO-OFDM Rx

4.2.2 Signal analysis of PA-ACO-OFDM

This section presents the details and procedure of the proposed pilot-aided algorithm to
achieve an improved data rate performance compared to the existing ACO-OFDM system.
The analysis of the anti-symmetric signals with Pl shows that R;, can be increased by up to

almost 33% compared to the traditional ACO-OFDM.
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PA-ACO-OFDM system module
The proposed scheme is based on ACO-OFDM but with additional signal processing
capabilities following the IFFT at the Tx, including anti-symmetric removal, PC insertion
and negative inversion. The serial input bit stream bj (t) is converted into parallel data streams
and mapped onto complex data symbols as given by [136, 140]:

S = [s0,S1,52, - Sp-1l, 4.2)
where D is the number of transmitted complex data symbols. Let N denote the number of
points in the IFFT, which is equal to the total number of subcarriers. It is worth noting that,
in contrast to OFDM in RF communications, ACO-OFDM requires four times more
subcarriers than the number of data symbols [19]. Similar to ACO-OFDM, the relationship
between D and N in the proposed PA-ACO-OFDM is given by:

_N (42)

The complex symbols are mapped onto odd subcarriers by setting the even subcarriers to

zero, which can be described by the complex vector as follows:

Z = [0,50,0 ,51,0, ...,SD_l], (43)

where the size of Z = N/2. Z is processed by the HS block (see Figure. 4.1) so that the
output of IFFT is a real signal suitable for optical transmission.

The HS processing is defined as [140] [134]:

Z;, i<N/2-1
Xi: 0 i=N/2,
Zh_; i=N/2 +1

X = [Zo,Zl,Zz,Zg, ...,Z(E_z),Z(E_l),Z(g),Z(E+ 1), Z(g+2) '"Z(N—Z)'Z(N—l)] )
X = [O, Z1,0,Z3,....0, Z(E ), 0, Z(N )*, o0,.. ..,Z3*, 0, Z1*]- (44)
X, represents the symbol to be transmitted at the i*" subcarrier (i = 0,1,...,N — 1). The

size of Xis N, and X € CV (note that C"denotes the set of N-dimensional complex numbers).
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Since X is Hermitian symmetric and odd modulated, applying IFFT on X yields a real anti-

symmetric time domain signal defined as [20] [140]:

1 j2mik
=gy ) e (53)
l=
( N
x for 0<k< 77 1

K
X = 4 N B
k— X, N forE <k<N-1 (5b)

where x,,, referred to as a sample with a constant duration of Ts, is the k" time domain
sample of x (k=0,1,...,N —1). Furthermore, x € RVand R" denotes a set of N-
dimensional real numbers. Therefore, the total number of samples in ACO-OFDM is N.
Figure 4.3 below depicts the anti-symmetric time domain signal for the existing ACO-
OFDM as described in equation (5b). For example for N=32, the sample 0 is anti-symmetric
with sample 16, sample 2 is anti-symmetric with sample 17 and so on.

From the viewpoint of information redundancy, these samples convey the same but inverted
information (i.e., redundancy), which translates to a waste of bandwidth (equivalently, part
of the time duration of OFDM symbol is also wasted). It can be understood as half of the
ACO-OFDM samples are used to transmit the information data and the other half are the

overhead samples for maintaining the anti-symmetric features.
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Figure 4.3. A plot of the anti-symmetric time domain signals for ACO-OFDM
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Different to the traditional ACO-OFDM, the proposed scheme includes additional modules
of anti-symmetric signal removal, PC insertion, negative inversion as shown in Figure 4.1,
which are introduced to reduce the number of samples required for transmitting the same
amount of data. It is shown that the redundant samples in the second half of the OFDM
symbol can be removed without losing information content at the cost of inserting additional
PCs to the sample sequence. The advantage of this is that the number of PCs in PA-ACO-
OFDM is half the number of the redundant samples in ACO-OFDM.

In the proposed scheme, the IFFT output is passed through the anti-symmetric removal

module (see Figure 4.4) and the output of the anti-symmetric removal module is given as:

xXr = [XTg, X1, X1y, . .. ,xr(g_l)], (4.6)
2
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Figure 4.4. Signals in the time domain for ACO-OFDM after anti-symmetric removal

process

Once all redundant samples in the second half of the IFFT output sequence are removed,
PCs with higher amplitude are inserted into the sequence xr at some locations. Subsequently,
the negative inversion process module inverts the negative samples to positive. This is to
meet the non-negative signal transmission requirement in optical communications (see
Figure 4.5).

The PCs are used by the Rx to identify if the received samples were inverted at the Tx.

However, in order to reduce the number of inserted PCs, we first need to determine the
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number of NSs. If the number of NSs is less than half of the total number of samples (i.e.,
there are less NSs than PoSs), then PCs are inserted before every negative sample. On the
other hand, if the number of NSs is greater than the number of PoS, then PCs are inserted
before every positive sample. As a result, the number of PCs are maintained to less than or
equal to N/4. Since the number of PoSs and NSs are different for different OFDM symbols,
in order to keep the length of every OFDM symbol fixed, a number of PCs are padded at the
end of sample sequences. Furthermore, a special PC (SPC) is inserted at the end of the
sequence to let the receiver know if the PCs are inserted before PoSs or before NSs (i.e.

pc if PoSs > NSs )

SPC =
{ 0 otherwise

Note that, in ACO-OFDM, the number of total samples is N. Therefore, the total number of

samples in the proposed PA-ACO-OFDM scheme is fixed and equal to 3/4N.
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Figure 4.5. Pilot chips insertion

Selecting the pilot’s amplitude

The normal distributions with mean p and standard deviation ¢ of the probability density x
for a range of QAM—-ACO-OFDM schemes are shown in Figure 4.6.

Based on a confidence interval A; of 99.8 %, the amplitude of data samples is below A,
which is given by:

Ag=p+3o0. 4.7
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At the Rx, in order to be able to detect the PC from the rest of the data samples and remove
it prior to FFT, we have assigned PCs with amplitudes higher than A, (i.e., 99.8 % of the
amplitude of data samples). Considering AWGN noise, the amplitude of PC is expressed by:
A, = adg, (4.8)
where the coefficients a > 1. Of course, noise will affect amplitudes of data samples and
PCs. At the Rx, to detect the PC from the rest of the data samples and remove it prior to FFT,

we have adopted the threshold detection scheme with a threshold level defined as:

At = ﬁAd , (49)
where (o > f >1). Both coefficients (« and j) are related to the noise power as will be later

shown in subsection 4.2.3. Note that, at the Rx, all samples above A, are considered as PCs.
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Figure 4.6. Normal distribution function for different QAM data symbols of x

The confidence intervals for 4-, 16-, 32-, 64-, and 128-QAM are presented in
Table 4.1. Since the PAPR is proportional to the number of subcarriers [15], we have only
shown A, for N = 1024.

Table 4.1 The confidence interval values for a range of QAM orders.

QAM order 4 16 32 64 128
Confidence interval A;  0.0935 0.2096 0.29 0.43 0.6
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PA-ACO-OFDM data rates

Due to the anti-symmetric samples removal, the number of data samples in the proposed
scheme is N/2, which is half of the data samples in the traditional ACO-OFDM (see Figure.
4.4). Therefore the total number of samples required to transmit D-data symbols in the

proposed PA-ACO-OFDM is given by:

1 4.10
NPA=§N+NPC1+NPC2+NPC3: (4.10)

where Np., is the number of PCs inserted prior to the inversion process and Np, is the
number of padding PCs to ensure that the frame length is fixed to 3/4-(N.Ts). Np3 represent
the number of samples inserted at the end of the sequence which are used to let the receiver
know if the PCs are inserted before the NSs or before the PoSs. Without loss of generality,
we can use only one PC for Np¢3, that is Npe3 = 1. In general, the data rate of OFDM
without CP is given by [134]:

1 4.11
Rpofam) = ﬁDBL. (4.11)

where N is the number of samples per OFDM symbol, B is the available bandwidth,
L = log, M where M is the data constellation order and D is the number of modulated
subcarriers which is the same number of the transmitted data symbol (note that because of
the odd modulation and HS requirements, the length of D in ACO-OFDM and PA-ACO-

OFDM is N/4). Therefore, R, of ACO-OFDM and PA-ACO-OFDM can be respectively

given by:
Rpcacoy = Nl DBL (4.12)
Rp(pa-acoy = % DBL (4.13)
Thus;
Rp(pa-acoy = 1.33Ryco (4.14)
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From equation (4.14), it can be clearly seen that R, offered by the proposed
PA-ACO-OFDM scheme is higher by 33% compared to the traditional ACO-OFDM.
However, the achievable R, for ACO-OFDM, PA-ACO-OFDM for 4-, 16-, 32-, 64- and
128-QAM are shown in Table 4.2 where B and D in Equations (4.12) and (4.13) are assumed
to be 20 MHz and 256 subcarriers respectively.

Table 4.2 Data rates for ACO-OFDM and PA-ACO-OFDM for a range of QAM.

Data rates R;, (M bit/s)

QAM 4 16 32 64 128
ACO-OFDM 10 20 25 30 35
PA-ACO-OFDM 13.33 26.66 33.33 39.99 46.66

4.2.3 PA-ACO-OFDM simulation results

In this subsection simulation results of the PA-ACO-OFDM scheme are presented.

A 20 MHz LED bandwidth, 1024-IFFT points, and the CP duration were assumed 50 ns
(equal to the indoor duration of the VLC delay spread [146]). To analyse the effect of the
channel, the impulse response of the indoor VLC channel for 0 < ¢ < Wc was calculated

and simulated as follows (4.15) [6] :

(m+1)A
2md?

h(t) = cos™ (9) Ty(b) g(W) cos(¥), (4.15)

where ¢ and Wc are the light ray reception angle and the maximum FOV respectively, A is

~In(2)
oS (1)) /2

the PD active area, m is the Lambertian emission, which is expressed as m =

is the LED semi-angle at half luminance, @ is the incidence angle, T;({) is the optical filter
gain, g() is the gain of an optical concentrator, and W is the irradiance angle.

Because the symbol duration of both schemes (i.e. ACO-OFDM and PA-ACO-OFDM) is
greater than the duration of the delay spread of the indoor VLC channel (see Table 4.3), and
the CP insertion, a flat fading channel was assumed in these simulation results (i.e. only a

LOS path was considered).
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Table 4.3 lists all the key parameters adopted in the simulation of the proposed PA-ACO-

OFDM.

Table 4.3 PA-ACO-OFDM simulation parameter.

Parameter

Room size
Source location (X, Y, z)
LED bandwidth
LED half power angle @ 4,
Receiver location (X, y, 2)
PD responsivity
Detector area A
Receiver field of view (FOV) (full)
optical concentrator gain g(r)
optical filter gain T, ()
IFFT length
Number of frames
Modulation type and order
Subcarrier spacing
ACO-OFDM symbol duration
PA- ACO-OFDM symbol duration

Cyclic prefix duration

Value

5x5x3 m?
(2.5%2.5x3)
20 MHz
70°
(2,2,0.5)
1
16 mm?
180°
0dB
0dB
1024
100000
4, 16, 32, 64, 256, 1024 QAM
~ 19.53 kHz
51.25 ps
~38.45 ps
50 ns

To determine the best values for a and £ we have simulated the BER performance of the

proposed PA-ACO-OFDM scheme for a range of SNR values as shown in Figure 4.7. As

can be seen from Figure 4.7, the BER performance improves with increasing values of « and

S until reaching noise floor levels where there is no further improvement for a >> aop and S

>> fop Where aop and fSop are the optimal values of o and S, respectively. The best and worst

BER performance is achieved for SNR values of 16 dB and 4 dB, respectively. The optimum

values of o and g are within the ranges of 2.5 < agp < 2.6 and 1.75 < fop < 1.95, where the

BER noise floors are observed.



SNR=4dB SNR=8dB

SNR=12dB SNR=16dB

p W15 45 2

Figure 4.7. BER against « and $ for a range of SNR for 4QAM-PA-ACO-OFDM

Next, we set 5 = 1.85 and investigate the BER performance against SNR for aop 0f 2.7, 2.45
and 2.35 obtained from Figure 4.7 as shown in Figure. 4.8 also depicted for comparison is
the BER performance for the standard 4-QAM ACO-OFDM with no PC. As can be seen,
the proposed PA-ACO-OFDM with aop Of 2.7 displays a similar performance to ACO-
OFDM. For aop = 2.45, the BER performance is the same as the traditional ACO-OFDM for
SNR > 8 dB. Finally, for aop = 2.35, the BER performance of the PA-ACO-OFDM is inferior
to that of the ACO-OFDM for SNR < 12 dB. This is because of the increased probability of
the false alarm associated with the detection of PC. The same values of aop Were also used
in higher order QAM including 1024-1FFT points ACO-OFDM for g = 1.85 and the BER
results obtained confirmed that an aop value of 2.7 should be adopted for all values of SNR.

10°

~+ACO-OFDM
-+ PA-ACO-OFDM(a=2.35)
~-PA-ACO-OFDM{a=2.45)
+PA-ACO-OFDM(a=2.7)

10—5 1 I
4 SNRindB 8 8 10 12

Figure. 4.8 BER vs. SNR for 4-QAM ACO-OFDM and PA-ACO-OFDM with different

values of a
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The simulation results for data throughput as a function of SNR for ACO-OFDM and PA-
ACO-OFDM systems are illustrated in Figure 4.9 for a 4-QAM. To determine the link
throughput, the received corrected bits are divided by the length of each OFDM symbol for
arange of SNR values. For both ACO-OFDM and PA-ACO-OFDM, the throughput reaches
saturation levels at a SNR of ~6 dB. This is because the PCs were not taken into account in
the SNR analysis. From Figure 4.9, it can be clearly observed that the throughput of the
proposed PA-ACO-OFDM is higher by approximately 32% compared to ACO-OFDM. This
is because the time slots that are used to transmit the same data are decreased by almost 25%

when pilot-aided ACO-OFDM is implemented.
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0 5 mSNRIN dB15 20

Figure. 4.9 Throughput VS SNR for 4-QAM ACO-OFDM and PA-ACO-OFDM

4.3 Position Encoded ACO-OFDM (PE-ACO-OFDM)

In this section, a new PE-ACO-OFDM signalling scheme is introduced for IM/DD-based
VLCs to enhance the ACO-OFDM R, by utilizing its anti-symmetric time domain
characteristic. Theoretical and mathematical comparisons between ACO-OFDM and PE
ACO-OFDM in terms of R, are illustrated in this section and show that PE-ACO-OFDM
outperforms ACO-OFDM only if a high encoded constellation order (i.e., > 16-QAM) is
considered in PE-ACO-OFDM. Furthermore, a comparison between DCO-OFDM, ACO-
OFDM and PE-ACO-OFDM schemes in terms of optical power requirements is also

presented.
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4.3.1 PE-ACO-OFDM system module

The system model of the proposed PE-ACO-OFDM is illustrated below where the

structures of both the Tx and the Rx are depicted.

a) PE-ACO-OFDM Tx

Figure 4.10 depicts the block diagram of the PE-ACO-OFDM Tx. As in traditional ACO-
OFDM, the serial binary bits bi (bi € {0,1}) are passed through P/S, QAM mapping, odd
modulation, HS and IFFT processes. As a result, the IFFT output signal (x) is an
anti-symmetric real time domain signal (see Figure 4.11(a)) suitable for IM/DD, where
x = {xg, X1, X3, «n ... Xy—1} and N is the number of samples in each ACO-OFDM symbol
which is equal to the total number of subcarriers and the IFFT size. As already mentioned,
the anti-symmetric characteristic of ACO-OFDM time domain signal enables it to
outperform DCO-OFDM in terms of optical power consumption efficiency. On the other
hand, the redundant anti-symmetric samples reduce the spectral efficiency of ACO-OFDM

by half in comparison to DCO-OFDM.

PiS, CP
insertion,
DAC, LPE,
zero clipping
and LED
driver

S/P and
QAM-
mapping

Odd
modulation
and HS

P

X r Antl xa
Veﬂan\e {
sy mmetm (ombmer
m\ener
remonl / \

T

%mphno be Fnu)dui o )
position \—J QAM- \_,\ modul allon

\ encoded v \mappmg HS “de-H

Figure 4.10. A block diagram of PE-ACO-OFDM Tx

To increase the spectral efficiency of ACO-OFDM, additional processes are added in this

work (see dotted boxed in Figure 4.10) the function of which can be described as follows:

e The anti-symmetric samples of x are removed (see Figure 4.11(b)), hence, the number of

samples in the resulting signal (xa) is N/2 (xa = {xao, Xay, Xay, ... ... XAy 2-1})-
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e xa is then fed to a sampling position-encoded process to encode the position of the
negative and positive samples of xa such that; if xa,, < 0, 0 is inserted, otherwise 1 is
inserted (see Figure 4.11(c)), where m is the m* ACO-OFDM sample of xa. As such, the
resulting encoded binary bits (be € {0,1}) has N/2 bits.

e be pass through encoded QAM-mapping, odd modulation, HS and IFFT processes. Thus,
the resulting signal xe is a new ACO-OFDM signal (see Figure 4.11(e)) that has 2N /L,
number of samples where L, = log, M, and M, is the encoded constellation order (i.e.,
4,8,16,32 ... QAM). Finally, the negative samples of x are inverted (see Figure 4.11(d))
and combined with xe (see Figure 4.11(f)) before being passed through the P/S, CP

insertion, DAC, LPF, zero clipping and electrical optical converter (EOC) processes.

3r I Data samples B | Antisymmetic samples 3-
I Data samples

Removing anti-symmetric samples

Amplitude

L I I 3 | I L I
3
20 25 30 5 10 15 20 25 kil
Time samples

(a) ()

15
Time samples

3
W | Inverted data samples I Positive data samples
Il Encode binary bits " i P

ct1+ o0 1t 0 01+ ¢+ 1+ 0 0 0 0o 1 1 0

Encoded ACO-OFDM samples
S| M Inverted daa samples. [ Positive data samples Encoded samples

Symbol duration
reduced by 25%

L
20 23 30

(e) {f)

Figure 4.11 (a) the ACO-OFDM time domain signal x, (b) the ACO-OFDM time
domain signal after anti-symmetric removal process xa, (c) the encoded negative and
positive samples positions be, (d) xa after the negative samples inversion process xc, (e)
the encoded ACO-OFDM signal xe, and (f) the combination of

xe with xc. N=32, M=16-QAM and M, =256-QAM
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b) PE-ACO-OFDM Rx

Figure 4.12 depicts a block diagram of the PE-ACO-OFDM Rx, where the transmitted
optical signal is convoluted with the impulse response of the VLC channel and added to the
shot and terminal noises, which are modelled as an AWGN (w,,), after being converted to
an electrical signal by the PD. Following ADC, LPF and CP removal, the resulting signal yc
passes through a separator process block (see Figure 4.12). In this process, the received
inverted data samples ya (i.e., xa added to the noise) is separated from the encoded data
samples (ye) (i.e. xe added to the noise).

Subsequently, ye is fed to the ACO-OFDM demodulation block where the binary encoded

bits (br € {0,1} = bry, bry, br, ... ... ..,brn__) are reconstructed. Then, the inverted negative
2

samples of ya are returned to their negative values depending on the binary value of br. As

such, the resulting bipolar samples victor (yaco) can be defined as:

ya, if br;=0 (4.16)
yaco, = ,
-ya, if br;=1
where J = {0,1,2.3,....... ,g—l}FinaIIy, the transmitted data bits are reconstructed

traditionally by passing y,., to the ACO-OFDM demodulation block

b
acoomm |
Demodulation J

Je - Reconstructed
st rg y@ yo ot — ‘ Encoded | binary data
ptic ACO-OFDM
Separator I—)| amd s
data ﬁ — and CP _)I ® oo | inverted | Demodulation
removal - ya | Process Yaco

- e o

Figure 4.12. A block diagram of the PE-ACO-OFDM Rx
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4.3.2 PE-ACO-OFDM data rates

After the anti-symmetric removal and the negative inversion processes, xa has N /2 samples
(see Figure 4.11 (b)). However, because of the requirements of the additional encoding
processes in this work (see Figure 4.10), xa is combined with xe (see Figure 4.11 (f)). Thus,
the total number of samples in PE-ACO-OFDM (Npg) that are required to transmit the same

ACO-OFDM data symbol is given by:

N _N+2N
PE= 2 " L,°

4.17
4+ LN (@17

2L,

Table 4.4 illustrates the required Npy to transmit the same ACO-OFDM data symbol for

different QAM encoding.

Table 4.4 Required Npj for a range of L,.

L, Required Npg
15N
N

09N

0.83N

0.78N

0.75N
0.723 N
10 0.7N

© o N oo o1 &~ DN

From equation (4.17) and Table 4.4, it can be clearly observed that:

<N forlL, =4 (4.18)
Npg =

=>Nforl, < 4.
Regarding equation (4.11), the data rates of PE-ACO-OFDM can be expressed by:

1
Rp(pE-4c0) = N_PE DBL.
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2L, (4.19)
T (4+L,)N DBL.

From equation (4.19), it can be seen that Ry,pg—_aco) increases as L, increases. In addition,
RypE-acoy » Rpcacoy for L, >> 4 (see Equation (4.12)). The percentage increase in R,

(RU™) as a function of Le for the PE-ACO-OFDM scheme when compared with the

traditional ACO-OFDM is illustrated in Figure 4.13.

1024-QAM
AM

ol 512-QAl
1.4 256-QAM
128-QAM

19l 64-QAM
32-QAM
Lok 16-QAM

8-QAM

1-QAM

1 2 3 4 5 6 7 8 9 10

Figure 4.13. Percentage increase in the data rate vs. L,., for PE-ACO-
OFDM relative to ACO-OFDM.

4.3.3 The orthogonality of PE-ACO-OFDM

The orthogonality of the proposed PE-ACO-OFDM signal is mathematically established
here by showing how the ACO-OFDM signal remains orthogonal after removing its second
half. Referring to Figure 4.10, the output of the IFFT is an ACO-OFDM signal x described

as:

N-1

1 j2mik (4.20)

X = N Z X; exp N
=0

where k is the k" ACO-OFDM sample in the time domain and i is the i** ACO-OFDM

subcarrier in frequency domain which is given as k =i =1{0,1,2,3.....N — 1}. After

removing the second part of the ACO-OFDM, the resulting signal xa can be described by:

N . . .
xa = {xay, xa,,xa,, ........xXaz_,y Where Z = > However, xa is an orthogonal signal if the
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integration of the products of its frequency domain signal (XD) is zero [15], which can be

proved through:
Z-1 —j2mnm (4.21)
XD, = 2 Xm expT.
m=0

where n = {0,1,2,3,4,.....Z — 1}. Then, the integration of the products of XD can be

expressed as:

z-1 zZ-1 zZ-1
—]Znnm
ZXD" = Xm exp
= m=0 n=0
z-1 z-1
_ X (—]an>
= m exp 7
m=0 n=0
—j2mm z
5, ()
= z Xm o m (4.22)
m=0 —e
Z-1 1 — g—J2mm
= Z Xm ——fomm
m=0 l—e Z

=0 form=0,1,2,3,4....,Z-1
4.3.4 Power consumption

Since the main advantage of ACO-OFDM in comparison to DCO-OFDM is its power
consumption efficiency, a comparison between DCO-OFDM, ACO-OFDM and PE-ACO-
OFDM in terms of optical power consumption is made in this subsection. In LED-based

VLCs, the average transmit optical power P for DCO-OFDM, ACO-OFDM [136] and PE-

ACO-OFDM are respectively given by:

(4.23)

Pr_pc = —exp ( ) + Bpc(1 - (BDC))
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r (4.24)

Fr (4.25)

1
Pr_pg_aco = W Z OpE-ACO/
T g=1

where Fr is total number of transmitted OFDM symbols within the test period
(i,e.,, d=1, 2,... Fr and Fr = 10000), o, and g,¢o are the standard deviations of the time
domain signal for DCO-OFDM, and ACO-OFDM [136], and opg_aco IS the slandered

deviation of the time domain signal for PE-ACO-OFDM given by 6p,_4co = E{X3r_aco}

(see Figure 4,10). In (4.23), Bpc = &/ E{x(t)?} is the required DC bias level to ensure a

non-negative OFDM signal, where ¢ is the proportionality constant.

Table 4.5 compares Pt for transmitting a frame of DCO-OFDM, ACO-OFDM and PE-ACO-
OFDM for 4-, 16-, 32-, 64, 128- and 256-QAM, where & = 2 as in [140] and the encoded
constellation order is 256 QAM for PE-ACO-OFDM. From Table 4.5, it can be clearly seen
that ACO-OFDM requires less Pt compared to DCO-OFDM and PE-ACO-OFDM for
constellations up to 256-QAM. Also it can be observed that the required Pt for PE-ACO-
OFDM is less than one for DCO-OFDM, so that for 256-QAM, DCO-OFDM requires Pt of
almost 20 times more than is required for PE-ACO-OFDM. Note that since only the odd
subcarriers are modulated in ACO-OFDM, DCO-OFDM has twice spectral efficiency

compared to ACO-OFDM.

Table 4.5 Normalized optical transmission power Pt for a range of QAM.

Normalized transmitted optical power

QAM 4 16 32 64 128 256
DCO-OFDM 0.0957 0.2139  0.3027 0.4384 0.6126 0.8823
ACO-OFDM 0.000385 0.0019 0.0039 0.0082  0.016 0.0331

PE-ACO-OFDM 0.0223 0.0234  0.0247 0.0275 0.0327 0.0442
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4.3.5 PE-ACO-OFDM simulation results

Here we present our simulation results where the IFFT points are 512. Because of the HS
and the odd modulation requirements for PE-ACO-OFDM and ACO-OFDM, only quarter

of the available subcarriers are modulated.

However, due to the same reason and since the bit loading is not implemented in this
simulation study, we only consider 256-QAM as an encoded constellation order (i.e., L, =
8) for PE-ACO-OFDM. The indoor VLC channel is modelled as in subsection 4.2.3, where
the impulse response of the VLC channel is calculated and simulated as in (4.15). All the

parameters that were used in the simulation study are given in Table 4.6.

Table 4.6 PE-ACO-OFDM simulation parameter.

Parameter Value
Room size 5x5x3 m3
Source location (X, Y, z) (2.5%x2.5x3)
LED bandwidth 20 MHz
LED half power angle ¢ ; , 70°
Receiver location (X, y, z) (2,2,0.5)
PD responsivity 1
Detector area A 16 mm?
Receiver field of view (FOV) (full) 180°
optical concentrator gain g({) 0dB
optical filter gain T, () 0dB
IFFT length 512
Number of frames 100000
Modulation type and order 256, 512 and, 1024 QAM for ACO-OFDM
and only 256-QAM for PE-ACO-OFDM
Encoded modulation order 256 QAM
Cyclic prefix duration 50 ns [146]

Figure 4.14 depicts the results obtained for the BER as a function of the SNR for PE-ACO-

OFDM and the traditional ACO-OFDM. Only 256-QAM is considered as data and encoded
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constellation order for PE-ACO-OFDM while 256-, 512- and 1024-QAM are considered as
data constellation orders for ACO-OFDM. From the figure, one can see that in order to
achieve acceptable BER values (i.e. BER = 1073), the proposed PE-ACO-OFDM requires
almost 30 dB SNR, while the requirements of SNR in the traditional ACO-OFDM to achieve
the same BER value are found to be 29, 31.7 and 34.7 dB for 256-, 512- and 1024-QAM,
respectively. The proposed PE-ACO-OFDM requires 1 dB SNR more than ACO-OFDM for
the same constellation orders (i.e., 256-QAM) as any error in the negative inversion process
at the PE-ACO-OFDM Rx can affects all PE-ACO-OFDM subcarriers at the frequency

domain.

BER

+1024-QAM-ACO-OFDM
=-512-QAM-ACO-OFDM
10~ ~2356QAM-ACO-OFDM
—256-PE-ACO-OFDM

0 5 10 15 S0 25 30 35
SNR in dB

Figure 4.14. BER against SNR for PE-ACO-OFDM and ACO-OFDM for a range of
QAM orders

Next, the data throughput against SNR for 256-QAM PE-ACO-OFDM and 256-, 512- and
1024-QAM ACO-OFDM were studied and are illustrated in Figure 4.15. In order to simulate
the throughput link, only the received corrected bits are divided by every an OFDM symbol
duration for a range of SNR values. From the figure, it can be observed that the throughput
reaches saturation values at a SNR of approximately 29, 31, 34 and 30 dB for 256-, 512- and
1024-QAM ACO-OFDM and 256-QAM-PE-ACO-OFDM respectively. This is because
higher constellation orders require higher SNR values for ACO-OFDM. However, as already

mentioned, in order to provide accurate negative position detection, PE-ACO-OFDM
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requires higher SNR in comparison to ACO-OFDM for the same constellation order.
Furthermore, the figure also shows how the data throughput of 256-QAM PE-ACO-OFDM
is higher by about 13.2, 8.2, and 3.2 Mbps compared to 256-, 512- and 1024-QAM ACO-
OFDM respectively. This is due to the time symbol duration of PE-ACO-OFDM being

reduced by 25% when 256-QAM is considered as an encoding constellation order.
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Figure 4.15. Throughput against SNR for 256-, 512- and 1024-QAM ACOO-
OFDM and 256-QAM PE-ACO-OFDM

4.4 Summary

Two new unipolar OFDM schemes named as PA-ACO-OFDM and PE-ACO-OFDM were
introduced and simulated in this chapter as means to increase R, of ACO-OFDM by
investigating its anti-symmetric time domain characteristics. This was achieved by
transmitting the data samples using only the first half of the ACO-OFDM symbol while the
second one was discarded. Because of the IM/DD requirements, the negative samples of the
first half of ACO-OFDM were inverted and either PCs or encoded ACO-OFDM samples
were inserted at the PA-ACO-OFDM Tx or at the PE-ACO-OFDM Tx respectively in order

to allow the receiver to identify the positions of the inverted samples.

The simulation results of PA-ACO-OFDM were presented in subsection 4.2.3 and showed

that the data rate of the PA-ACO-OFDM is increased by almost 33% compared to the
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conventional ACO-OFDM. They also showed that the power efficiency and the BER
performance of the PA-ACO-OFDM can be improved by varying the amplitude of the pilot

chips.

In the PE-ACO-OFDM section, we showed how R,, of the PE-ACO-OFDM were enhanced
in comparison to ACO-OFDM when a high encoded constellation order was considered.
Furthermore, a comparison between PE-ACO-OFDM and DCO-OFDM in terms of the
optical power consumption was given in this section and concluded that PE-ACO-OFDM
requires much lower power in comparison to DCO-OFDM. However, DCO-OFDM offers
twice R, of ACO-OFDM since both odd and even subcarriers are utilized in this scheme.
The simulation results of PE-ACO-OFDM were presented in subsection 4.3.5 and showed
that R;,, of PE-ACO-OFDM are improved by 33% in comparison to ACO-OFDM when 256-
QAM is considered as an encoded constellation order. The simulation results in this
subsection also demonstrated that the SNR of PE-ACO-OFDM is increased by nearly 1dB
in comparison to ACO-OFDM. Finally, since LEDs work linearly only in a limited range,
PA-ACO-OFDM was proposed only when a low SNR is required. On the other hand, since
PE-ACO-OFDM requires high encoded constellation order to provide R, higher than ACO-

OFDM, PE-ACO-OFDM was recommended only when high SNR is achievable.
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CHAPTER 5

THE UNIPOLAR-PAM-FDM

SCHEME

5.1 Introduction

As already discussed in subsections 3.2.3 and 3.3 of Chapter 3, LEDs used in VLC systems
have a limited optical power-current linear range, which can affect the BER performance of
the VLC system, as well as the dimming control feature when a high PAPR signal, such as
an OFDM signal, is used in the VLC system. Implementing FFT and interleaving mapping
before the implementation of IFFT at the OFDM Tx results in a new signal known as
IFDMA. Such a signal has almost the same OFDM features as a low PAPR signal, such as
an SCM signal (Chapter 2, subsection 2.3.4.2).

However, IFDMA is mainly proposed as a means to improve the OFDM PAPR signal in
the RF domain, and has recently been modified to be suitable for IM/DD based VLC systems
[23, 25, 135]. Due to the IM/DD requirements, all the modified IFDMA schemes have to
implement HS between FFT and the interleaving mapping processes at the IFDMA Tx,
which increases the PAPR values of these schemes in comparison to IFDMA in RF (Chapter
3, subsection 3.3.4).

In this chapter, the unipolar-pulse amplitude modulation frequency division multiplexing
(U-PAM-FDM) singling scheme for IM/DD-based VLC systems is introduced as a means
to improve the optical OFDM PAPR figures. This improvement is achieved by making

IFDMA suitable for IM/DD without the implementation of HS by utilising PAM as a
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modulation scheme, which results in the output FFT subcarriers at the IFDMA Tx being real
and symmetrically conjugated, except the first and the middle subcarriers. However, to make
all subcarriers symmetrically conjugated, two more new subcarriers are added at the middle
and the end of the FFT output, where this process is known in this work as the symmetric
conjugate (SCG) process. Implementing odd modulation and IFFT on these modified
subcarriers results in a real and asymmetric signal suitable for IM/DD based VLC systems.
This chapter presents simulation results showing how the PAPR value of the proposed
scheme is improved in comparison with the traditional ACO-OFDM and ACO-SCFDE
schemes. The impact of this improvement on the performance of VLC systems is illustrated
by showing how the proposed scheme can offer more average transmitted power in
comparison with the aforementioned schemes. Furthermore, an experimental study
comparing the proposed scheme and the traditional ACO-OFDM scheme in terms of BER
performance is presented in this chapter.

Note that, due to the limited time of this research, in the practical study, only 128 bits were
randomly generated and used to implement the ACO-OFDM and U-PAM-FDM schemes.
However, to improve the accuracy of these experimental results, higher number of bits (i.e.,
> 100,000) could be used in future works.

The chapter is structured as follows; a description of the U-PAM-FDM system is presented
in Section 5.2, while the simulation and experimental results and their discussion are

presented in Section 5.3. Finally, a summary of this chapter is provided in Section 5.4.
5.2 U-PAM-FDM System Description

In this section, the structures of the U-PAM-FDM Tx and U-PAM-FDM Rx are described
in detail.

a) U-PAM-FDM Tx

Figure 5.1 depicts the block diagram of the U-PAM-FDM Tx, where an input random serial

binary bit stream bi is firstly converted to parallel bits and mapped to the PAM.
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The output of the aforementioned process is a real vector that can be expressed by: C =
{Co,C1,C3,C5 ... ... Cp_1}, where D is the number of transmitted data symbols. C is then fed

to the FFT block, where the output frequency domain signal, which is defined as:

= —]27'1:dm (51)
Cqgé€
d=0
PIS, CP
SPand | € insertion,
P an
Bilo o |1 ! Ac —..| (1
) ‘ R50)
Mapping Process lnsertion Modulatio daging _|_1—>
and LED
driver

Figure 5.1. Block diagram of the U-PAM-FDM Tx

where S = (Sy, 51,52, - ... Su-1), M is the FFT size which is equal to D, and m and d, are
the m*" subcarrier and d*"* data symbol respectively. However, as the FFT inputs are real
values (i.e., PAM), all FFT output subcarriers will be symmetrically conjugated around the

S(M+ 1) subcarrier except the first one (S,), as proved and illustrated below by Equation (5.2)

2

and Figure (5.2), respectively.
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Figure 5.2 FFT output subcarriers for eight real input samples

From Equation (5.2) and Figure (5.2), it can be clearly observed that the m*" subcarrier is
conjugated with the M — mt" subcarrier (i.e., S, = S*y_m), since C consists of real values.
However, in order to obtain an asymmetric real time domain signal suitable for IM/DD, all
these subcarriers must be symmetrically conjugated (i.e., S,, = S*y_m+1) before being
passed through the odd modulation and IFFT blocks. To do so, S is applied to the SCG block,
where two additional subcarriers are added at this stage. The output vector (I) is given by

Equation (5.3) and illustrated in Figure (5.3).

I'={lo 111515 ...... I;-1}

- 5.3
I —{50,51,52, ."S(%—l)"s%"s%'s(%+l)’."SM_]"SO} ( )

Note that, Z = M + 2.

Two additional subcarriers

Figure 5.3 The frequency domain subcarriers after the SCG process, where M = 8 and
Z =10

For the purpose of channel estimation, I is fed to the pilot insertion block, where a number
of symmetrically conjugate pilots are inserted as defined by Equation (5.4) and illustrated in

Figure (5.4).

P ={P0,P1,P2,P3, ...... PV—I}’ (54)
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Figure 5.4 The frequency domain subcarriers after the pilot insertion process, where Z=10,
and A (the number of pilots)=4.

where V = Z + A and, A is the number of pilots. Note that, the number of pilots depends on
the channel characterization. P is subsequently passed through the odd modulation and IFFT
processes, as described by Equations (5.5) and (5.6), respectively.

X = {XOIX]JXZ ...... ’XT—l}l

={0,P,0,P;,0,P, ......,0,P;_;} (5.5)
N-1
1 2nnk
=_ X.e N 5.6
Xn N k € ( )
k=0

where T = 2V, N is the number of IFFT points, and n and k are the nt* time domain sample
of x and the kt"frequency domain subcarrier of X respectively. Note that, because of SCG
and the odd modulation block, the IFFT signal is a real asymmetric signal (Chapter 3,
subsection 3.3.2). Finally as in the traditional ACO-OFDM scheme, x passes through the
P/S, CP insertion, DAC, LPF, zero clipping, and LED driver processes, before being
converted to a light signal by the LED.

c) U-PAM-FDM Rx

Figure 5.5 shows the block diagram of the U-PAM-FDM Rx. Following optical detection,
the received signal y(t) = r(t) + w (t), where r(t) = Rp(t) * h(t), R is the responsivity
of the PD, p(t) is the transmitted optical signal, * denotes the linear convolution, h(t) is the
impulse response of the system, and w(n) is the shot and terminal noises, which are
modelled as AWGN. For the sake of simplicity and without loss of generality, the PD
responsivity is assumed to be ideal (i.e., R = 1). y(t) is then passed through the LPF, ADC,
and CP removal processes, before being converted to a frequency domain signal (Y), by
implementing an FFT.

Subsequently, the redundant subcarriers (i.e., even subcarriers) are removed from Y, and the

resulting signal (YC) is fed to the pilots extraction block, where the received known pilot
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symbols (YP) are separated from the received random data symbols (YD) and fed to the
channel estimation block to estimate the system transfer function (H) (Chapter 2, subsection
2.3.4). Next, YD is applied to the equalizer block, where the effect of the system impulse
response is abolished by implementing a one tap ZFE algorithm as given by:

YD
H

Finally, the transmitted bits are reconstructed by passing YE through the IFFT and PAM de-

mapping blocks.

Reconstructed
Y | Redundant | ¥¢ ! YD YE | IFFTand, | binary data
—> Subcarier |—3| Pt PAM
i extraction .
Removal De-mapping
P .
H

Channel
Estimation

Figure 5.5. Block diagram of the U-PAM-FDM Rx
5.3 Results and analysis

In this section, the simulation and the practical results of the study investigating the
performance of the U-PAM-FDM scheme are presented. In the simulations, the PAPR value
of the proposed scheme was compared with those of the ACO-OFDM and ACO-SCFDE
schemes, where the results show that the PAPR value of the proposed scheme is around 3.7
dB and 1.8 dB lower than the PAPR values of the ACO-OFDM and ACO-SCFDE schemes
respectively. In the experimental study, due to the limited time available, only the U-PAM-
FDM and ACO-OFDM schemes were practically implemented in real time using the
universal software defined radio (USRP) N210 transceiver. The impact of the reduced PAPR
value of the proposed scheme was experimentally investigated, where the results
demonstrate that implementing the U-PAM-FDM scheme provides 2 dBm more average

power in comparison to the traditional ACO-OFDM scheme.
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Note that, the average transmitted electrical power in practice was always 3dB higher in
comparison to simulations. The reason behind this is not yet known to us. To match the
experimental and simulation results, the PD gain in the simulations was set to 3 dB. All
parameters used in the simulation and experimental studies are also used for the B-PAM-

FDM study in Chapter 6.

Simulation results

We consider 256 IFFT points and a CP duration of 50 ns, which is the maximum time delay
for the indoor VLC multipath channel [146]. A 1 W white LED with PCB (HPBS8-
49KXWDX) [147] was simulated, where its minimum allowed forward voltage V,,;,, and its
maximum allowed forward voltage V;,,,, are 2.7 V and 3.7 V, respectively (i.e., biasing the
LED at 75 mA provides 1 V quasi linear range (see Figure 5.18 in subsection 5.3.2)).
Therefore, to avoid the clipping noise, the peak-to-peak amplitude of the electrically
modulated transmitted signal As must swing between this value (i.e., A = 1V). The indoor
VLC channel is modelled as in subsection 4.2.3 (Equation (4.15)), where only a LOS path
Is considered.

For the DAC, a raised cosine pulse shaping filter (RCPSF) was considered, as defined in
Equation (5.8), where its roll off factor (5) was varied from O to 1 [68, 148, 149]. The PAPR
values of the discrete and continuous OFDM signal (i.e., before and after being passed

through RCPSF) are defined by Equations (5.9) and (5.10), respectively [68, 148, 149]:

St
t CoSs I:T:l
r(t) = sinc [n —] —_—
T 1_432t2 (5.8)
T
max |x,|% n=0,.N—-1 (5.9)
PAPR,; =
‘ E{lxn |2}
X - (5.10)
PAPR, = max [x(t)|“; 0<t<T

E{lx(D)1?}
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where T is the OFDM symbol duration, x,, is the discrete OFDM signal (see Equation 5.6),
x(t) is the continuous OFDM signal defined by x(t) = %Z’,}’;& X 11 (£)e?™RUT 1 (t) s

the waveform of RCPSF at the k" subcarrier, max |x,,|? and E{|x,,|?} are the peak and the
average power of x, respectively, and max |x(t)|? and E{|x(t)|?} are the peak and the
average power of x(t), respectively.

Note that, the LED bandwidth, LED dynamic range, PD bandwidth and PD gain of this
simulation study are chosen to match the experimental setup. Furthermore, the distance
between Tx and Rx in this simulation is chosen to be only 25 cm as the experimental setup
shows optimal results at this distance. However, all the parameters used in this simulation
are listed in Table 5.1.

Table 5.1 Simulation parameters

Parameter Value
Number of iterations 1000000
optical concentrator gain g() 0dB
optical filter gain T, (W) 0dB
Transmitter parameters
LED Type 1W white LED with PCB
(HPBB849KXWDX)
LED bandwidth 2Mhz
LED linearity ~ 1 Volt
The distance between LED and PD 25¢cm
LED half power angle @ , 70°

Receiver parameters

Photodetector (PD) type Thorlab (PDA36A-EC) [150]
PD bandwidth 10 MHz
PD gain 3Db
PD responsivity 1
PD active area 16 mm?
Receiver field of view (FOV) (full) 180°
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The probability of the PAPR being higher than a certain PAPR threshold (PAPR,) for the
ACO-OFDM, ACO-SCFDE and U-PAM-FDM schemes are illustrated in Figures 5.6, 5.7
and 5.8 using the CCDF function, under various operating conditions. The Y-axis of these
figures represents the CCDF function, which varies from 0 to 1, while the X-axis represents
the PAPR in [dB] of the aforementioned schemes. All comparisons in these figures were
done at CCDF = 107* (i.e. Pr{PAPR > PAPR,} = 0.0001).

Firstly, a PAPR comparison between the aforementioned schemes without considering the
RCPSF and the pilot insertion processes is illustrated in Figure 5.6. From these simulation
results, it can be clearly seen that the PAPR of ACO-OFDM is higher by almost 3.7 dB and
1.8 dB than the PAPRs of the U-PAM-FDM and ACO-SCFDE schemes respectively. This
is due to the insertion of the FFT and the interleaving mapping (odd modulation) blocks
before the IFFT block at the OFDM Tx, which makes the OFDM PAPR as low as the SCM
one (Chapter 2, subsection 2.3.4.2). However, due to the IM/DD requirements, the HS and
SCG blocks need to be implemented after the FFT block at the Tx of the ACO-SCFDE and
U-PAM-FDM schemes, respectively, which increases their PAPR in varying percentages in

comparison to the PAPR of the SCM scheme, as not all subcarriers enjoy the mapping

feature.
100; =
107"
——ACO-OFDM
= = ACO-SCFDE \
= =+ U-PAM-FDM ", \
8 107k \
O \
\
10° ¢
1 0-4 | | | | | |
4 5 6 7 8 9 10 11 12 13 14
PAPR [db]

Figure 5.6 CCDF vs. PAPR for ACO-OFDM, ACO-SCFDE and U-PAM-FDM
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Next, the effect of pilot insertion on the PAPR of the ACO-OFDM, ACO-SCFDE and U-
PAM-FDM schemes was simulated and compared, as illustrated in Figure 5.7. The
simulations clearly demonstrate that the PAPRs of ACO-SCFDE and U-PAM-FDM increase
by 0.4 dB and 0.55 dB when 8 pilots are inserted, and 0.88 dB and 1.25 dB when 16 pilots
are used at the Tx of ACO-SCFDE and U-PAM-FDM respectively, whereas, the insertion
of the pilots has no impact on the PAPR of ACO-OFDM.

This is because the insertion of pilots for the ACO-SCFDE and U-PAM-FDM schemes
change their subcarriers’ order, which reduces the number of subcarriers that enjoy the
mapping feature. However, the insertion of pilots might not be needed in VLC systems, as

the VLC channel is quite stable and can be estimated once and then adopted for the incoming

symbols.
1005— lllllllllll
10'15‘
E 10-2 L == ACO-OFDM no pi.lots S R
O - = =ACO-SCFDE no pilots " I LAY
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Figure 5.7 The effect of pilots insertion on the CCDF vs. PAPR curves of the
ACO-OFDM, ACO-SCFDE and U-PAM-FDM schemes

In wireless communication systems, to convert OFDM time domain samples to an analogue

signal, RCPSFs are widely used, which can affect the OFDM PAPR [68, 148, 149]. Figure
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5.8 illustrates how the PAPR of the ACO-OFDM, ACO-SCFDE and U-PAM-FDM schemes
increase when RCPSF is used. The figure shows that PAPR increases with .

However, on the other hand, the out of-band radiation increases as f decreases. As such, a
trade-off between the out of band radiation and the PAPR value should be considered to

improve the system performance.
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10! 8
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8 |~ U-PAM-FDM no filter L AT T
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- =+ =ACO-SCFDE (=0 " Yy
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[ == U-PAM-FDM 3 =1 [
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4 6 8 10 12 14 16

PAPR [dB]

Figure 5.8 Impact of the RCPSF on the CCDF vs. PAPR curves of the ACO-OFDM,
ACO-SCFDE and U-PAM-FDM schemes

Finally, the impact of the PAPR value of the aforementioned schemes on the VLC system
performance was numerically studied and investigated, as illustrated in Figures 5.10, 5.11
and 5.12, where the impact of the limited LED dynamic range discussed earlier is considered.
As the three OFDM schemes have different PAPR values, their transmit average electrical

power P, reaches the LED dynamic range at different dBm values. These dBm values can

be identified by simulating the error vector magnitude (EVM) as a function of P,,,, and

vgH
setting the average power of AWGN (,,2) to a fixed value (i.e., 6,2= -10 dBm).
Note that, the EVM measures by how much the received equalized constellation points

deviate from the ideal ones, as illustrated in Figure 5.9 and given by [151]:
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EVM = W x 100 % (5.11)

where p.,or and p,.r are the average error vector power and the average ideal reference
vector power, respectively. According to [152, 153] for 16-, 64-, and 256-QAM the EVM

threshold values should be < 12.5%, 8%, 3.5% respectively.

Q_. A
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I-Q Magnitude Error / Error Vector Time
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() Reference Vector
-Q Phase Error

Figure 5.9. Graphical representation of EVM [151]

In Figure 5.10, P,,, of the three OFDM schemes is varied from 0 dBm to 25 dBm. From
this figure, one can notice that increasing F,,,4, reduces the EVM, and therefore enhances the
system performance as SNR increases. However, when F,,,, reaches a specific value (Pyqy)
(i.e., reaches the dynamic range of the LED), the EVM increases (i.e., the system

performance downgrading).

Since the three schemes have different PAPR values, their P4, values are also different,

where Py,, of ACO-OFDM, ACO-SCFDE and U-PAM-FDM are 19, 20.4 and 21 dBm
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respectively. Furthermore, it is clear from the figure that increasing the order of QAM

constellation does not have any effect on Py,

50
40
= 16 QAM ACO-OFDM
=1 16 QAM SCFDE
w0k =12 16 QAM-UPAM-FDM e
. =#=156 QAM ACO-OFDM ’
° =8 256 QAM SCFDE R
E *1256 QAM U-PAM-FDM [} ’
20+ .
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Figure 5.10. EVM % vs F,,,4 for 16- and 256-QAM of ACO-OFDM,
ACO-SCFDE and U-PAM-FDM, where ¢,,> = —10 dBm

To investigate the effect of the clipping noise on the BER performance, Figures 5.11 and
5.12 plot the BER as a function of F,,, for ACO-OFDM, ACO-SCFDE and U-PAM-FDM
and for a number of constellation orders (i.e., 16-, 64-, 128-, and 256-QAM), as well as ¢,
of -10 dBm, while P, is varied from 0 dBm to 25 dBm (i.e., SNR is varied from 10 dB to
35 dB). These figures illustrate that, the proposed scheme outperforms ACO-OFDM and
ACO-SCFDE for all QAM constellation orders, which is due to its the lowest PAPR value.
The figures also show that, although F,,, of ACO-OFDM reaches the LED dynamic range
before P,,, of ACO-SCFDE, see Figure 5.10, ACO-OFDM outperforms ACO-SCFDE for
the low QAM constellation orders (i.e., < 16-QAM).

This is because, ACO-OFDM has lower clipping noise, which can be treated at the Rx when

soft and hard decision methods are adopted. However for a low SNR value (i.e., higher QAM
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constellation order), even the low clipping noise will not be treated at the Rx (Figure 5.13

shows the histogram plots of the ACO-OFDM, ACO-SCFDE and U-PAM-FDM schemes).
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Figure 5.11. BER performance of the ACO-OFDM, SCFDE, UPAM-FDM schemes as a

function of £,,,, for 16- and 64-QAM modulation orders
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Figure 5.12 BER performance of the ACO-OFDM, SCFDE, UPAM-FDM schemes as a
function of £,,,, for 128- and 256-QAM modulation orders
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Figure 5.13 Histogram plots of: (a) ACO-OFDM, (b) ACO-SCFDE, and (c) U-PAM-
FDM
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Experimental results

This subsection describes the implementation of the U-PAM-FDM scheme in real time using
the USRP-N210 transceiver, in order to practically demonstrate how the scheme’s lower
PAPR offers improved performance in terms of the BER and EVM in comparison to the
traditional ACO-OFDM scheme. At Tx side, F,,,4 of the aforementioned two schemes was
varied from 0 dBm to 25 dBm, where the effect of this variations on the system performance
was verified at the Rx. Figures 5.14 and 5.15 illustrate the experimental setup configuration

and the setup hardware respectively.

25cm

LED |« » PD
4 |
| I
| I
L 4

. USRP - . - USRP
— - - -t
Tc Biase [« N210 Tx Gigabit Eth‘ernet switch N210 Rx

I
I
|

LED hp SE001

driver laptop

Figure. 5.14. The experimental setup of U-PAM-FDM

Figure. 5.15. Photo of the setup hardware used in the implementation of U-PAM-FDM

(Northumbria university research Lab)
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The full experimental process of this work can be summarised as follows:

1) 128 random bits was generated, saved and mapped to 16-QAM constellation points (i.e.,
32 complex data symbols). These complex symbols were used to implement the ACO-
OFDM and U-PAM-FDM signals. However, in order to filter the spectrum of the
aforementioned schemes (i.e., remove ICI), they were zero padded prior to being applied
to the IFFT (i.e., the IFFT size of 256) [154, 155]. For synchronization and phase offset
purposes, 64 samples were used as CP (Chapter 2, subsection 2.3.6), and following CP
insertion, the signal was scaled by a scaling factor (SF), where SF is related to the
required P4 (i.6.,0 dBm < P, > 25 dBm). Finally, the scaled In-phase/Quadrature
(I/Q) baseband signal was applied to the USRP-N210 Tx through a standard gigabit
Ethernet cable and a gigabit switch at a specified user sample rate (i.e., 2 Mega samples

per second (MSPS) (see Figure 5.16(a))).

U-PAM-FDM USRP N210 Rx
Parameters

Transmitted U-PAM-FDM symbols
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RX1 4 0 (b)
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Figure 5.16. LabVIEW control panel of the USRP Tx of U-PAM-FDM, where
plots(a), (b) and, (c) depict the U-PAM-FDM Tx parameters, the U-PAM-FDM

transmitted symbols, and the U-PAM-FDM transmitted spectrum, respectively

102




2) Asillustrated in Figure 5.17 [156-158] at the USRP-N210 Tx, the received I/Q baseband
signal was digitally up-converted (DUC) (i.e., mixed, filtered and interpolated to
400 MSPS), converted to an analogue signal by passing through the DAC module, which
had 16 bits resolution and a 1 V peak-to-peak amplitude, and fed to a LPF to reduce the
noise and filter out the high frequency components (i.e., > 40 MHz). Subsequently, the
signal was mixed with a user-specified carrier using a low frequency Tx daughterboard
(LFTx) with a transmission capability from a DC-to-30 MHz, in compatibility with the
VLC system bandwidth (in this experimental work, the carrier frequency was set to 0,
see Figure 5.17(a)). Finally, the signal was amplified prior to intensity modulation of the
LED through the LED driver circuit. Note that, the USRP was interfaced and controlled

using the LabVIEW software, see Figure 5.16 (a) for the main Tx parameters adopted.
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Figure. 5.17. General USRP architecture [158]

3) A1 W white LED (HPB8-49KxWDx) introduced in the simulation section was used in
this experiment with a drive current of 65 mA (i.e., 2.73 V), thus providing a dynamic
range of 1 V. The LED’s measured L-I-V curve is shown in Figure 5.18. Note that, the
amplitude of the electrical transmitted signal was limited by the dynamic range of the
LED and the USRP N210 Tx (i.e. As = 1 V). At the Rx a photodetector (PDA36A-EC)
was used to regenerated the electrical signal. The transmission distance (de) between the

Tx and Rx was 25 cm.
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Figure. 5.18 Measured L-1-V curves of the 1 W white LED (HPB8-49KxWDx) used
in this work

1000 OFDM blocks received were then processed online, where each OFDM block consisted
of 4 OFDM symbols with every symbol composed of 320 samples (i.e., 320 subcarriers).
For synchronization and frequency offset correction purposes, a ML algorithm was
implemented at each OFDM block by investigating the length of the CP samples, as
illustrated in Figures 5.19 (c) and (d) (Chapter 2, subsection 2.3.6). The symbols were then
processed online symbol-by-symbol. However, since 128 bits were randomly generated,
saved and repeatedly transmitted, 8 subcarriers from each OFDM symbol were used as the
data, and the pilots were used to estimate system transfer function (Chapter 2, Subsection
2.3.4). Subsequently, a ZF equalizer was implemented to equalize the received symbols
(Chapter 2, subsection 2.3.5). Figures 5.19 (e) and (f) show the received constellation points
of U-PAM-FDM before and after the equalization process respectively, where these plots
were captured at the EVM of 10%. Finally, the equalized data symbols were passed through
a soft decision algorithm, converted to bits, and saved in the host laptop to be compared with
the transmitted bits offline in terms of BER and EVM, using a MATLAB program. Note
that, the USRP Rx was interfaced to and controlled by the host laptop using the

aforementioned LabVIEW software, where Figure 5.19(a) illustrates the Rx parameters
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used. USRP utilization process as well as interfacing steps with the LabVIEW software are

showed in [159, 160]
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Figure 5.19. LabVIEW control panel of the USRP Rx of U-PAM-FDM. Note that, the
16-QAM constellation points in: (a), and (b) were captured at a EVM of 9.88%)
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5.3.2.1 U-PAM-FDM practical results

Figure 5.20 illustrates the BER performance of the 16-QAM ACO-OFDM and 16-QAM U-
PAM-FDM schemes for 0 dBm < F,,; < 24 dBm, and de of 25 cm. The figure shows that,
for P,,, < 21dBm, we observe nearly identical BER performance for both schemes.
However, for B,,; = 21 dBm, the ACO-OFDM system performance is affected by the
limited system linear range (i.e., the dynamic range of the LED and USRP), while the U-
PAM-FDM system performance is impacted for P,,, = 23 dBm. As such, U-PAM-FDM
offers 2 dBm more F,,, in comparison with ACO-OFDM, due to its lower PAPR value.

Note that, the plots of this Figure are not continuous, because of the fact of limited number

of bits were only being used in the experimental setup.
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Figure 5.20. BER vs. P, for ACO-OFDM and U-PAM-FDM
To conduct further investigations, the EVM of the 16-QAM based ACO-OFDM and U-

PAM-FDM schemes were measured as a function of £, for de of 25 cm, see Figure 5.21.
The results of Figure 5.21 demonstrate that increasing Py, results in reduced EVM for both
schemes, and therefore enhancing the system performance. The minimum EVM values of
2.6 % and 1.8 % for the ACO-OFDM and U-PAM FDM schemes were observed at F,,, of

20.75 dBm and 22.75 dBm, respectively.
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However, beyond the minimum EVM vlaue the system performance deteriorates because of
the limited system dynamic range. One interesting fact that can be observed from this figure,
is that the EVM values for both schemes abruptly increased significantly after reaching the
dynamic range. For example, the EVM of ACO-OFDM increased from 2.6 % to 19 % for
Pyyg increased from 22.75 dBm to 23dBm. This rapid growth in the EVM value is due to the
fact that the clipping method was not considered in this study (i.e., any signal outside the

system dynamic range will be distorted.).
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Figure 5.21 EVM vs. P,,,, for ACO-OFDM and U-PAM-FDM

Therefore, based on the previous discussions, to decrease the effect of this distortion on the
system performance, amplitudes of ACO-OFDM and U-PAM-FDM schemes were clipped
at0.98 V (i.e., below the system dynamic range) prior to being applied to the USRP. Figure
5.22 shows how the EVM values of both schemes were enhanced by introducing the clipping
method. For example, for ACO-OFDM the EVM values increased from 2.6 % to only 12 %

for P,,,4 increased from 20.75 dBm to 21.75 dBm. Furthermore, this improvement in EVM

improves the BER performance, see Figure 5.25.
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method
Finally, one can clearly see from Figures 5.10, 5.11, 5.20 and 5.22, that there is a disparity
between the simulation and experimental results, which is mainly due to the following two

reasons:

a) In experimental study, the ZP method was used as a filter to enhance the spectrum shape
of both schemes, which affected the PAPR values. The effect of ZP on the PAPR value for
both schemes was simulated, and the results are shown in Figure 5.23. The figure
demonstrates how zero padding decreases the ACO-OFDM PAPR value by only 0.15 dB,
while the U-PAM-FDM PAPR value is reduced by 0.4 dB. Furthermore, the distribution
of samples of both schemes can be affected by ZP, which will consequently affect the
clipping sample noise value as well as the number of clipped samples. Figures 24(a) and
24(b) depict the histogram plots of ACO-OFDM and U-PAM-FDM respectively when ZP

is considered. Note that, the histogram plots of both schemes without ZP were illustrated

in subsection 5.3.1 by Figure 5.13.
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b) Only 128 bits were randomly generated and used in both schemes. As such, bearing in
mind that, the PAPR value varies from symbol to symbol, and the experimental
investigation was only based on randomly generated 128 bits, whereas in the simulations
100,000 bits (i.e., 1555 OFDM symbols) were used to implement the aforementioned
schemes (i.e., each PAPR value in the simulation plot is the average of the PAPR values
of these 1555 OFDM symbols).

Figure 5.25 compares the experimental and simulation results for the BER performance of

both schemes for 128 bits (note that, both schemes were clipped at 0.98 V, and $ was set to

0.4 in the simulations). The figure clearly shows a close match between simulation and

experimental results when using the ZP method and the same bits. It is worth mentioning

that the plots in Figure 5.25 are not continuous because of the limited number of bits used in

both experimental and simulation studies.
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Figure 5.25. A comparison between the experimental and simulation results of the BER
performance of ACO-OFDM and U-PAM-FDM with ZP and 128 bits
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5.4 Summary

A new unipolar pulse amplitude modulation frequency division multiplexing scheme was
introduced in this chapter as a means to reduce the PAPR value of the unipolar optical OFDM
scheme by modifying IFDMA in order to be used in for IM/DD based VLC. This was
achieved by making the input FFT symbols at the IFDMA Tx to be real symbols (i.e., PAM)
and subsequently conjugating the output FFT subcarriers, except the first and middle
subcarriers. However, to make all IFFT input subcarriers conjugate, two subcarriers were
added before the interleaving mapping process, resulting in real asymmetric time domain

samples suitable for IM/DD.

The simulation results of U-PAM-FDM were presented demonstrating that for U-PAM-
FDM the PAPR values of is 3.7 dB and 1.8 dB were lower than that of ACO-OFDM and
ACO-SCFDE respectively. The impact of reduced PAPR in U-PAM-FDM on the BER
performance was experimentally investigated, where the results showed that U-PAM-FDM
offered higher P,,,, by 2 dBm compared to the traditional ACO-OFDM scheme. Note that,
only 128 bits were used to implement the ACO-OFDM and U-PAM-FDM schemes.
However, there are no reasons why higher number bit should not be investigated as part of

the future works.
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CHAPTER 6

B-PAM-FDM AND O-IFDMA

SCHEMES

6.1 Introduction

As already discussed in the previous chapters, DC-bias is needed in VLC systems to turn on
the LEDs, provide an illumination service and remove the effect of the pulse shaping filter,
which can convert unipolar signals to bipolar ones [6, 10, 149]. However, the unipolar
OFDM schemes can outperform bipolar OFDM when a lower DC-bias level is required, as
a high dc-bias is needed in the bipolar OFDM schemes to convert the high negative peak
samples into positive ones. Nevertheless, this benefits of the unipolar OFDM schemes comes
at the cost of spectral efficiency [10].

In Chapter 5, a unipolar PAM-FDM scheme was introduced to reduce the PAPR of OFDM
in IM/DD based VLC systems, by making the IFDMA scheme suitable for IM/DD.
However, the insertion of a SCG block between the odd modulation and IFFT blocks is part
of the IM/DD requirements for this scheme, making its PAPR higher than the PAPR of the
IFDMA and SCM schemes. In this chapter, the IFDMA scheme is implemented in two
different ways that are compatible with IM/DD, thus resulting in two new novel bipolar
OFDM schemes known as the bipolar PAM-FDM (B-PAM-FDM) scheme and the optical
IFDM (OIFDM) scheme, both of which possess a PAPR value as low as that of the RF

IFDMA scheme.
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The only difference between B-PAM-FDM and IFDMA is that in the B-PAM-FDM scheme
the repeating mapping (RM) block is inserted after the FFT block, whereas in the latter the
interleaving mapping block is used in IFDMA instead. In the RM block, the output FFT
vector is repeated twice before going through the IFFT block, which makes the even IFFT
output samples the same as the input data symbols, and the odd output samples zeros.
Therefore, making the data symbols real (i.e., PAM symbols), results in real IFFT output
samples suitable for IM/DD, at the cost of halving the spectral efficiency, as the imaginary
parts are not utilised. However, since the odd samples do not carry any data in B-PAM-
FDM, another OFDM signal can be transmitted in theses odd samples using the time division
multiplexing technique (TDM). In addition, theses B-PAM-FDMA unused samples can be
utilised for illumination, time domain equalization, positioning and localization.
Furthermore, due to the presence of the RM block, any affected subcarrier in B-PAM-FDM
can be easily compensated.

In the OIFDM scheme, IFDMA is made suitable for IM/DD by investigating its interleaving
mapping characteristics. However, due to the interleaving mapping of the IFDMA frequency
domain signal, the output time domain samples of the IFFT block will be asymmetrically
repeated Q-times over the IFDMA symbol period, where Q is the interleaving mapping
factor (see Chapter 2, subsection 2.3.4.2). This symmetrical characteristic of IFDMA is
exploited by setting Q = 2, which results in each time-domain OFDM symbol being divided
into two sub-symbols, where the first sub-symbol (R) carries the real OFDM samples, while
the imaginary OFDM samples are carried by the second sub-symbol (1). In this work, this
process is referred to as the intensity modulation process (IMP). However, since the first
OIFDM subcarrier is a modulated subcarrier, all OIFDM time domain samples will be
affected by the DC-bias and the ambient light noise. This effect is reduced in this scheme by
estimating the first OIFDM subcarrier at the cost of increasing the required SNR.

This chapter is structured as follows. The B-PAM-FDM scheme is presented in Section 6.2,

along the B-PAM-FDM system model the B-PAM-FDM results and discussion. Section 6.3
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introduces the OIFDM scheme and describes its system model. The section also discusses
DC-bias noise reduction techniques, and presents simulation results of the OIFDM system.

Finally, a summary of this chapter is presented in Section 6.4.
6.2 Bipolar-PAM-FDM (B-PAM-FDM)

This section introduces the B-PAM-FDM singling scheme as a means of making PAPR of
DCO-OFDM low. This is achieved by replacing the HS block with an FFT block, and
duplicating the output FFT vector, before the implementation of the IFFT operation at the

DCO-OFDM Tx, and making the data symbols real symbols (i.e., PAM).

6.2.1 B-PAM-FDM system model

In this section, the signal processing of the proposed scheme is illustrated and explained in
detail.
a) B-PAM-FDM Tx
Figure 6.1 shows an example of the B-PAM-FDM Tx signal processing procedure. First, a
number of random serial binary input bits bi(t) are serial to parallel converted and PAM
mapped, where the real output symbol vector is given as: p = {pg, P1, P2y v+ wve wee - - Pr—1}s
and M is the number of transmitted data symbols. The real vector p is then converted to a
frequency domain vector by implementing the FFT operation, where the resulting FFT
output sub-carriers (P) are conjugated symbols (see Figure 2.1) as established below:
M-l (6.1)

—j2nmk
Py = Z Pme M

m=0

< — i (M-k)
PM—k = Z Pmé€ M
m=0

M-1

- z P &1

m=0
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M-1
]ank

Pm (6.2)

m=0

From Equations (6.1) and (6.2), it can be clearly seen that each k" subcarrier is conjugated
with the M — k" subcarrier (i.e., P, = P*y,_y), for p is a real vector. Subsequently, P is
repeated twice by being passed through the RM process, where the new frequency domain
output symbols vector (X) has a length of N, and N=2M, which is defined as (6.3):

X = {Po, D1, D2 - PM~1,P0s P1, P2s - PM—1 }

6.3)
X = {Xo,Xl,XZ,X3;X4”pn””HH’ '"XN—l}

X is then converted back to a time domain samples vector (x) by going through the IFFT
block. However, because the IFFT operation is implemented before the RM and FFT blocks,

X has as low a PAPR value as that of a single carrier modulation scheme, as shown below:

N-—
1 Z j2min
= — e N
Xn N l
=0

(6.4)
Ny -
1 ]27TlTl ]zmn
wlz oY e Y
l= =N
_2
From Equation (6.4), the following equation can be deduced:
M-1 M-1
1 Jj2mnk Jj2rn(M+k)
xn:—{ZPle N +2Pke N ‘
N
k=0 k=0
_ M (6.5)
. = l {z ermk z ](nn+2nnk ‘
"N
k=0 k=0
Therefore, the odd and even samples of x can be respectively defined as:
1 it ]21'mk ]21'rnk (66)
Xn_odd = kZ Z Pe =
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M-1 M-1
1 j2nnk j2nnk
xn_EvenZZM Zple M +Zple M

k=0 k=0

1 = j2nnk
Xn_Even = M Z Pe M (67)
k=0

From Equations (6.6) and (6.7), one can see that x,, ., is a repeated signal of p,,,, while no
samples are carried on  x, pqq (i.6. X, 0qq = 0) (see Figure 6.1). Note that, as
B-PAM-FDM uses PAM as a modulation technique, its spectral efficiency is half of that of
the DCO-OFDM scheme (i.e., has the same spectral efficiency as ACO-OFDM).

However, since no samples are carried by x, 44, Other B-PAM-FDM samples can be
transmitted using the TDM method. In addition, x, o4 Can be utilised in illumination,
localization, and time domain synchronization, as will be demonstrated in our future work.
Furthermore, because of the RM process, any damaged subcarrier in this scheme can be
easily compensated (i.e. because of the DC-bias, the first subcarrier will be compensated by
the middle one at the Rx (see Figure 6.1)). Finally, x is passed through the p/s converter, CP

insertion, DAC, LPF, DC-bias, clipping, and EOC blocks.

-8 - 1
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i L
1 -8 12 -1
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Figure 6.1 An example of the B-PAM-FDM Tx signal processing procedure
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b) B-PAM-FDM Rx

Figure 6.2 depicts the block diagram of the B-PAM-FDM RX, where its signal processing
can be described as follows. Firstly, the transmitted optical signal is convoluted with the
impulse response of the system, before being detected and converted back to an electrical
signal by the PD. However, because of the photocurrent fluctuations as well as the receiver
electronics, the shot noise and terminal noise, which are modelled as AWGN, will be added
to the electrical signal. As such, the resulting analogue electrical signal r (t) is defined as:
r(t) = s(t) » h(t) + n(t), where s (t) is the transmitted electrical signal, h(t) is the time
domain system impulse response, n(t) is the AWGN, and the symbol * denotes the linear
convolution operation (note that the PD is considered to be ideal (i.e., PD responsivity = 1)).
r(t) is then passed through the LPF, ADC, CP removal, and S/P blocks, where the resulting
digital signal d(t) of the aforementioned processes is converted to the frequency domain
Y (F) by being fed to the FFT block. Note that, since CP converts the linear convolution
induced by the system to circular convolution (i.e., multiplication in the frequency domain
(Chapter 2 subsection 2.3.2)), Y (F) is given by:

Y(F) = X(F).H(F) + N(F) (6.8)
where, H(F) is the transfer function of the system. The transmitted subcarriers, including
the redundant ones, are subsequently easily estimated by implementing the ZF equalizer
(Chapter 2, subsection 2.3.5), as in (6.9):

X(F) = % (6.9)
H(F) =~ H(F) is The estimated transfer function of the system, which is already known
using the training pilots method (Chapter 2, subsection 2.3.4). Therefore, we can express the
following:

X(F)=X(F)+ N(F) (6.10)
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After that, the redundant subcarriers, including the DC-bias subcarrier and repeated

subcarriers, are removed by passing X through the redundancy removal process. However,
because of the RM process at Tx (i.e., X = [% %] (see Figure 6.1)), removing these

redundant subcarriers does not cause any loss of information after compensating the first
subcarrier by the middle one. Finally, the resulting signal from the redundancy removal
process is converted back to the time domain by implementing an IFFT and subsequently
passing through the PAM de-mapping and hard decision processes, in order to reconstruct

the transmitted data bits.

optical data | s(t) = h(t) r(1) LPF.ADC & d(t) Y(F)
— = S CP Removal ZF equalizer
L=

% il

T And SP
n(t)
(R

Recovered bits Hard decisi /S and PAM p(t) P(F) Redund
ard decision /S and, PAN edundancy
And P/S De-mapping IFFT Removal

Figure 6.2 Block diagram of the B-PAM-FDM Rx

6.2.2 B-PAM-FDM results and discussion

The reduction of the PAPR value of OFDM in IM/DD systems was mathematically
established in the previous section by implementing the FFT and RM processes before the
implementation of the IFFT method. In this section, simulation and experimental results are
presented to further identify how the PAPR of DCO-OFDM and its negative impacts on the
VLC system performance are reduced when the B-PAM-FDM scheme is considered. The
simulation results show that the PAPR of the proposed scheme is 7 dB lower than that of the
traditional DCO-OFDM scheme. Furthermore, this PAPR reduction was exploit
experimentally by increasing the maximum distance between the Tx and the Rx by 44% in
the proposed schemed, in comparison to the traditional DCO-OFDM. The PAM symbols are
generated at the Tx by separating the real and the imaginary parts of the QAM symbols (i.e.

a + bj QAM symbol is separated into ‘a’ and ‘b PAM symbols) to obtain an optimum
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comparison between B-PAM-FDM and DCO-OFDM in term of SNR, BER and EVM,
where these symbols are combined together at the Rx to reconstruct the QAM.

a) Simulation results

256 IFFT points, 16 QAM constellation points and 50 ns CP duration were considered in
this simulation study. The rest of the parameters, such as the LED Type, LED dynamic range,
LED bandwidth, PD responsivity, PD bandwidth, PD gain, VLC channel model parameters,
and RCPSF parameters are all identical to those used in Chapter 5, subsection 5.3.1.

Figure 6.3 depicts the BER performance vs. the SNR for the DCO-OFDM and B-PAM-
FDM schemes for 16-QAM. The figure shows that DCO-OFDM requires almost 3dB more
SNR in comparison to B-PAM-FDM to achieve the same BER value. This is because in B-
PAM-FDM, only the even time domain samples carry data, while in DCO-OFDM, all the
samples are used to carry data, making the DCO-OFDM scheme have double the spectral
efficiency of B-PAM-FDM. However, as previously mentioned, using the TDM method
resulted in the B-PAM-FDM scheme having the same spectral efficiency as DCO-OFDM.
Furthermore, as VLC systems can be used in a variety of applications in addition to data
communications, these unused samples can be utilised for illumination, synchronization,

time domain equalization, and localization applications.
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Figure 6.3 SNR vs BER for 16 QAM DCO-OFDM and 16 QAM B-PAM-FDM
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To compare the PAPR value of the proposed scheme with that of the DCO-OFDM scheme,
the CCDF of both schemes were simulated as shown in Figures 6.4 and 6.5. Note that, the
PAPR value in [dB] of DCO-OFDM and B-PAM-FDM is represented in these figures by X-
axis, while the CCDF is illustrated by Y-axis. All PAPR comparisons were carried out at
CCDF= 10"* (i.e. Pr{PAPR > PAPR,} = 0.0001). Figure 6.4 plots the probability of the
PAPRs of the B-PAM-FDM and DCO-OFDM schemes being higher than a certain threshold
(PAPROo). The figure demonstrates that the PAPR of the proposed scheme is about 7 dB lower
than the DCO-OFDM scheme. This is due to the implementation of the FFT and RM blocks
before the IFFT block, which makes the B-PAM-FDM PAPR value as low as the SCM

scheme (see Figure 6.1 and Equation 6.6).
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Figure 6.4 CCDF vs. PAPR of the DCO-OFDM and B-PAM-FDM schemes, where the
number of IFFT points = 256

As already mentioned in Chapter 5, subsection 5.3.1, RCPSFs are widely used in wireless
communication for DAC and ADC purposes. The impact of the RCPSF on the PAPR values
of both schemes was also simulated, and the results are presented in Figure 6.5 for g of 0
and 1. The results show that the PAPR of both schemes increases as g increases (note that,
the out-of-band radiation increases by decreasing £). In addition, it can be seen that for f =

1, the PAPR of both schemes is increased by around 2.2 dB.
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Figure 6.5 CCDF vs. PAPR of DCO-OFDM and B-PAM-FDM, for =0 and =1, where

the number of IFFT points = 256
As previously discussed, in VLC systems, F,,, of the OFDM scheme is limited by the
dynamic range of the LED, which can affect the VLC system performance, since a lower
Pyvg leads to a lower SNR (i.e., leads to a shorter distance between the Tx and the Rx and/or
lower constellation mapping order). Figures 6.6, 6.7 and 6.8 depicts the maximum
transmitted average power (B, ) that can be achieved by the two aforementioned schemes.
Note that, £,,,; of both schemes was varied from 0 dBm to 25 dBm in the simulations, and
the EVM was simulated at each P,,, value, where P,,, is predicted to occur for
EVM=12.5%, as the system performance begins to deteriorate after this EVM% value [152].
Figures 6.6 and 6.7 illustrate the 16 QAM constellation points of the DCO-OFDM and B-
PAM-FDM schemes, respectively for EVM = 12.5%, where only the clipping noise was
considered (i.e., no AWGN) in the simulations, and the DC-bias of both schemes was set to
be at the centre point of the LED dynamic range (note that, the dynamic range of the LED
in these simulations was 1 V). In these figures, F,,, of the DCO-OFDM and B-PAM-FDM

schemes are 20.42 dBm and 22.32 dBm respectively (i.e., B-PAM-FDM provides
approximately 2 dBm more P,

vg IN comparison to DCO-OFDM, when only the clipping

noise is considered). Furthermore, Figure 6.7 shows that the clipping noise in B-PAM-FDM

is a linear noise, which might be easy to estimate, as it can be investigated in our future work.
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Figure 6.7 The 16 QAM constellation points of B-PAM-FDM, where F,,,, = 22.32,

EVM%=12.5%, LED dynamic range = 1V, and only the clipping noise is considered
(i.e. no AWGN)

Since AWGN increases the EVM, PB,,., Will be affected by the amount of AWGN present
in the system. In [23], the AWGN value was set to -10 dBm. However, the AWGN in VLC
systems varies within a range, as it depends on numerous parameters (Chapter 3,
subsection 3.2.5.1). In Figure 6.8, the AWGN is varied from -15 dBm to 0 dBm, and F,,,
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of both schemes is evaluated at each AWGN value to identify B,,,,, which as previously
mentioned, is achieved when EVM = 12.5%. From this figure, one can observe that
increasing AWGN decreases the P,,,, value of both schemes, as the EVM becomes more
sensitive to the clipping noise by increasing the AWGN level.

An additional observation is that made from figure is that, for a 1 V LED dynamic range,
the 16-QAM DCO-OFDM signalling scheme can only be implemented when AWGN < -6
dBm, as greater AWGN values result in increasing the EVM beyond the 12.5% level.
However, 16-QAM-B-PAM-FDM can tolerate higher AWGN levels, as it can be
implemented using the same given parameters for AWGN < -2.5 dBm. Furthermore, the
figure also demonstrates that the 16-QAM B-PAM-FDM scheme outperforms the 16-QAM-

DCO-OFDM scheme for all AWGN levels in term of transmit power efficiency.
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Figure 6.8 P4, VS. AWGN of the DCO-OFDM and B-PAM-FDM schemes, when the
DC-bias is set in the middle of the LED dynamic range

Finally, since LEDs are mainly used for illumination purpose, controlling the brightness of
LEDs should be taken in a consideration in VLC systems. One straightforward method used
to control the brightness of LEDs is to adjust the DC-bias level [10, 161]. However,
increasing or decreasing the DC-bias level results in increasing the upper or lower clipping

noise of the bipolar OFDM schemes respectively. Note that, in Figure 6.8 above, the DC-
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bias was set to be at the middle point of the LED linear range, thus providing a fixed
illumination level. In order to study the effect of the brightness control on the system
performance of 16-QAM B-PAM-FDM and 16-QAM DCO-OFDM, the DC-bias level was
set at the first and third quarter points of the LED linear range, thus providing three dimming

control levels in contrast with Figure 6.8.

The effect of setting the DC-bias at the first and third quarter points of the LED dynamic
range on the system performance of the two schemes is illustrated in Figures 6.9 and 6.10
respectively. However, as both schemes are bipolar OFDM schemes, in Figure 6.9, the
system performance of both schemes is mostly affected by the lower clipping noise, while
in Figure 6.10, the upper clipping noise is the dominant clipping noise for both schemes.
Furthermore, setting the DC-bias at the first quarter point of the LED linear range provides
the same performance as setting it at the third quarter point. This is due to the fact that both
schemes have a normal Gaussian distribution shape (i.e., the lower clipping noise in Figure
6.9 is the same as the upper clipping noise in Figure 6.10). In addition, from these figures, it
can be observed that setting the DC-bias at these two points of the LED linear range makes
the DCO-OFDM and B-PAM-FDM schemes only valid (i.e., EVM > 12.5%) for AWGN of

<-13dBm and < -10 dBm, respectively.

Furthermore, increasing of the AWGN level results in decreasing B,,,, from 16.4 dBm to
15.8 dBm, and from 15 dBm to 14.3 dBm, for 16-QAM B-PAM-FDM and 16-QAM DCO-
OFDM respectively. Note that, dimming control can also be achieved in VLC systems by
controlling the pulse samples duration [6, 162]. However, since the odd samples in B-PAM-
FDM do not carry any data, the duration of the even samples of this scheme have more
flexibility to be adjusted according to the required illumination level, as will be demonstrated

in our future work.
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Figure 6.10 The B,,4, vVS. AWGN of the DCO-OFDM and B-PAM-FDM

schemes, when DC-bias is set at the third quarter of the LED dynamic range

b) Experimental investigation

The main aim of this experimental study was to implement the B-PAM-FDM signalling
scheme in real time using the USRP N210 transceiver, and practically prove how its low
PAPR makes it outperforms DCO-OFDM in terms of providing more B,,., and thus
increasing the distance between the Tx and Rx. The experimental setup diagram and the
hardware are shown in Figures 6.11 and 6.12, respectively where the same LED, PD, USRP,

TC-bias circuit, LED driver, Gigabit switch, Gigabit Ethernet cables used in Chapter 5,
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subsection 5.3.2, were used in this experiment. As mentioned in the earlier Chapter, limited
number of bits were used in this experimental setup to practically support the illustrated
theory of the proposed B-PAM-FDM scheme due to the time limitation. However, more bits

will considered in our future work.

15 cm

LED » PD
N |
| I
| I
| +

. USRP . K . USRP
- — —| e |<—
Tc BAlase N210 Tx Gigabit Eth‘ernet switch N210 Rx

I
I
l

LED hp SE001

driver laptop

Figure 6.11 Experimental setup diagram.

Figure 6.12 A photograph of the experimental hardware (Northumbria university

research Lab)

As the two aforementioned schemes are bipolar schemes, to ensure operation in the linear
region, the LED was biased at the middle point of its dynamic range (i.e., at 500 mA),
providing 1 V peak to peak voltage (see Figure 6.13 for the measured L-I-V curves).
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Figure 6.13 Measured L-1-V curves of the 1W white LED
(HPB8-49KxWDx) used in this work.

Note that, the USRP transceiver was interfaced and controlled by a laptop through LabVIEW

software. The main Tx and Rx parameters used are presented in Figures 6.14 and 6.15,

respectively.

B-PAM-FDM data symbols

B-PAM-FDM-USRP N210 Tx

Parameters
Parameters ‘ Debug |
E
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QAM order B -
%  192.168.0.10 |v| =4
16
_carrier frequency User sampling
o 0 __rate (MSPS)
o 2
Active antenna Gain
TX1 4
-
The number of subcarriers Number of used
per OFDM stmbol sub carriers
| 320 32
1 r Clipping Upper Clipping
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Average electrical
Scaling Factor power (dBm)
;:,70_53 22.55
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128 Frequency bins
(©)

(@)

Figure 6.14 LabVIEW control panel of the USRP Tx of B-PAM-FDM, where plots (a),
(b) and, (c) depict the B-PAM-FDM Tx parameters, the B-PAM-FDM transmitted
symbols, and the B-PAM-FDM transmitted spectrum, respectively.
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Recieved B-PAM-FDM data symbol

B-PAM-FDM USRP N210 Rx
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@
g
g
£
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|
£
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° 5 16
carrier frequency User sampling rate
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] 0
RX1 7
V7, (b)
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0.014 -
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320 & 0.006-
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Number of ZP 0.002-
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Frequency bins
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Figure 6.15 LabVIEW control panel of the USRP Rx of B-PAM-FDM. Note that, the
16-QAM constellation points in (b) were captured at EVM = 10.2%)

At the Tx, 128 and 256 bits were randomly generated, separately mapped to 16-QAM, saved
and used to implement the B-PAM-FDM and DCO-OFDM schemes respectively (i.e., 32
and 64 complex data symbols for B-PAM-FDM and DCO-OFDM respectively). Note that,
for B-PAM-FDM, the imaginary and the real parts of the complex data symbols were
separated to provide 64 real symbols before going through the FFT process. As in LTE [154,
155], the two schemes were zero padded to enhance their spectrum shape, at the cost of the
available bandwidth. The ZP insertion technique was implemented by adding a number of
zeros at the edges of the subcarriers, before being passed to the IFFT process, as illustrated

in Figure 6.16.
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Figure 6.16 B-PAM-FDM subcarriers after inserting 8 zeros at both edges (note that in

this figure, the number of subcarriers before ZP is 8)

Unlike DCO-OFDM, in B-PAM-FDM, the first and middle subcarriers are not zeroes. This
Is because adding a number of zeros at the edges of the subcarriers results in imaginary IFFT
output samples unsuitable for IM/DD, as the middle and first subcarriers will not be
conjugated (see Figure 6.16). To keep the IFFT output samples of B-PAM-FDM real after
the ZP insertion method, the first B-PAM-FDM subcarrier was shifted to the beginning, as
illustrated in Figure 6.17 (for further clarification, see the B-PAF-FDM spectrum in Figure

6.14).

Conjugate data symbols

0 0 0 0 [C ‘ C | Cs G | C | C 0 0 0 0

Figure 6.17 The B-PAM-FDM subcarriers after shifting the first subcarrier to the beginning

At the R, the light signal was detected and converted back to an electrical signal by the PD,
and sent through an SMA cable, USRP Rx, Ethernet cable, Gigabit Ethernet switch and
Ethernet cable to the laptop as a baseband digital signal for signal processing and analysis
(see Figures 6.11 and 6.12). 1000 OFDM blocks at each F,,, value of the two OFDM
schemes were received and processed online. Note that, every OFDM block had 4 OFDM
time domain symbols, and each symbol consisted of 320 subcarriers (i.e., 320 OFDM
subcarriers were transmitted 4000 times at each F,,, value, where the average result was
considered). The ML algorithm was applied in this experimental work to each OFDM block
for synchronisation and frequency-offset correction purposes, by investigating the length of
the CP samples (64 samples were used as CP in this work), as shown in Figures 6.18 (Chapter
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2, subsection 2.3.6). Following implementation of the ML algorithm, each OFDM time
domain symbol was fed to the FFT process, where the redundant output subcarriers (i.e., the
zero-padded and conjugate subcarriers for the DCO-OFDM scheme and the ZP and repeated
subcarriers for B-PAM-FDM scheme) were rejected. Note that, because of the RM process,

the first B-PAM-FDM subcarrier affected by DC-bias was replaced by the middle subcarrier

in this work.
Swynchronization for 4 OFDM ) Phase-offset correction

0- &9

-0.00025- 35

-0.0005- ==

@ | % 1-
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= -0001- EL b=

2 00025 - 1-

0.0015- ==

-0.00175- ==
“LLTES ' ! ' | b h 0 200 400 600 800 1000 1200 1400

0 250 500 750 1000 1400

Length Length

@) | (b)
Figure 6.18 ML algorithm applied to an OFDM block to achieve: (a) synchronisation

estimation, and (b) frequency-offset estimation

However, as the received OFDM subcarriers carried known data, 8 subcarriers from each
OFDM time domain symbol were used to estimate the system transfer function using a Comp
type estimation method (Chapter 2, subsection 3.4). After estimating the system transfer
function, the ZF algorithm was implemented to equalize the OFDM data symbols (Chapter2,
subsection 2.3.5). Finally, the transmitted bits of DCO-OFDM and B-PAM-FDM were
reconstructed from the equalized data symbols and saved to be processed offline by a

MATLAB program for BER and EVM assessment.

c) Experimental results

P,,qx Of the DCO-OFDM and B-PAM-FDM schemes was experimentally evaluated by
measuring the EVM at each F,,,, value within the range 0 < F,,,;, < 24 (note that, P4, =
Pavg When EVM = 12.5%). Furthermore, the benefit of the Py, penalty was investigated by
increasing the distance between the Tx and the Rx (de).
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Figure 6.19 plots the EVM vs. B4 of the 16-QAM DCO-OFDM and 16-QAM B-PAM-
FDM schemes for de = 15 cm. The figure shows that for F,,,; < 18 dBm, the EVM% of both
schemes decreased by increasing F,,4, since the SNR is increased. However, for F,,, > 18
dBm, the EVM of DCO-OFDM started increasing and the system performance started to
deteriorate, as the linear range of the system was no longer applicable at this value. On the
other hand, the system performance of B-PAM-FDM started to deteriorate due to the
clipping noise when P, > 22 dBm. The figure also demonstrates that the measured P,
of the DCO-OFDM and B-PAM-FDM was 20.5 dBm and 22.5 dBm respectively (i.e. the B-
PAM-FDM provided 2dBm more P, , in comparison to DCO-OFDM). Furthermore, for
Pyyg < 18 dBm, DCO-OFDM required around 3dB more SNR in comparison to B-PAM-
FDM to achieve the same EVM % levels, since the odd samples do not carry any data in the

B-PAM-FDM scheme.

1

|

~ —Practical DCO-OFDM !
I

X N - -Practical B-PAM-FDM 1
I

1

1

Figure 6.19 The EVM% vs. B4 for 16 QAM DCO-OFDM and
16 QAM B-PAM-FDM.

Following the previous discussions, higher P,,, values result in increasing the distance
between the Tx and Rx. To determine the maximum achievable distance between the Tx and
RX (dnqx) for both schemes, P, of both schemes should be set at P4, de should be

increased progressively, and the EVM % should be measured at each de value, where d
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is achieved when EVM % = 12.5% (Note that B,,,, in Figure 5.19 occurs for de = 15 cm).
However, as already discussed in the simulation results (see Figure 6.8), decreasing the SNR
value (i.e., increasing de) reduces PB,,- As such, for de > 15 cm, a lower B,,,, should be
used (i.e., lower than 20.5 dBm and 22.5 dBm for DCO-OFDM and B-PAM-FDM
respectively). In this investigation, P, values of 20.25 dBm and 22.25 dBm, which
occurred in Figure 6.19 for de = 15 cm when EVM % = 7.5%, were considered as the
optimum average power (P,,.) levels for the DCO-OFDM and B-PAM-FDM schemes

respectively, as they can be used for a range of SNR values (i.e., for a range of distances).

In Figure 6.20, F,,4 of each scheme was set to its P,,,, de was varied within the range 15
cm < de < 70 cm, and the EVM % was measured after every 2 cm. From this figure, it can
be seen that the EVM % of DCO-OFDM and B-PAM-FDM reach the threshold value (i.e.,
EVM % = 12.5%) for de = 43 cm and 63 cm, respectively. As such, implementing the
proposed scheme increased de by 44% in comparison to the traditional DCO-OFDM scheme.
Note that, in Figure 6.20, in order to ensure that the achieved distance is the maximum one

for both schemes, F,,, of both schemes was kept around their P, value, and d,,q,was

achieved when By, = Py

30

—Practical DCO-OFDM
= =Practical B-PAM-FDM

15 20 25 30 35 40 45 50 55 60 65 70

Figure 6.20 EVM% vs. de for the 16-QAM DCO-OFDM and 16 QAM B-PAM-FDM
schemes, where PB4 of DCO-OFDM and B-PAM-FDM is 20.25 dBm and 22.25

dBm, respectively.
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Finally, the BER performance of the two schemes was investigated experimentally as a
function of de, as illustrated in Figure 6.21, where F,,,; of both schemes was set at their P,
The figure demonstrates that for de < 45 cm, both schemes achieved the same BER
performance (i.e., both schemes reached the noise floor), as the EVM % of the two schemes
was less than 12.5% for shorter distances. However, for de > 45 c¢m, the BER performance
of DCO-OFDM is being affected as its SNR is dropped down and consequently the EVM %
become more than 12.5% while the BER performance of the B-PAM-FDM scheme is start

being affected when de > 65 cm, which is because the F,,,, of the proposed scheme is around

2 dBm more than the P, of the traditional DCO-OFDM.

——Practical DCO-OFDM
= = Practical B-PAM-FDM

5 1
15 20 25 30 35 40 45 50 55 60 63 70
de [em]

Figure 6.21 The BER vs. de for both 16-QAM DCO-OFDM and 16-QAM B-PAM-FDM
where, P, of DCO-OFDM and B-PAM-FDM are 20.25 dBm and 22.25 dBm

respectively.

Note, in Chapter 5 all the results of the unipolar OFDM schemes (i.e., ACO-OFDM, ACO-
SCFDE and U-PAM-FDM schemes) are taken before zero clipping method. As such, before
clipping the anti-symmetric samples of these schemes, which increase their P, value in
Watt twice. However, if the odd samples (zero samples) of B-PAM-FDM are not taken into
consideration (as they do not carry any data), the B, value of B-PAM-FDM in all of the
pervious results will be 3 dB higher. For example, Figures 6.3, 6.4 and 6.19 will be replaced

by Figures 6.22, 6.23, and 6.24, respectively as illustrated bellow.
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Figures 6.23 CCDF vs. PAPR of the DCO-OFDM and B-PAM-FDM schemes for
256 IFFT points, when the odd samples of B-PAM-FDM are not taken into
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Figures 6.24 EVM % vs. F,,, for the 16-QAM DCO-OFDM and
16 QAM B-PAM-FDM schemes, when the odd samples of B-PAM-FDM are taken
into consideration
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6.3 Optical interleaved frequency division multiplexing (OIFDM)

A novel optical interleaved frequency division multiplexing signalling scheme for IM/DD
based VLC system is presented in this section as a means to significantly improve the DCO-
OFDM PAPR, without reducing its spectral efficiency. The significant reduction in the
OFDM PAPR value is achieved by exploiting the symmetrical characteristics of the IFDMA
time domain symbol where the imaginary and real parts of the IFDMA samples are separated

and transmitted through two sub-symbols.

Simulation results shows that the PAPR of the proposed scheme is 10 dB lower than the
PAPR of the traditional DC-OFDM scheme. In addition, the results demonstrate that the
BER performance of the proposed scheme is significantly superior to that of the DCO-
OFDM scheme, when the limited dynamic range of the digital-to-analogue converter and
LED are considered. Unlike in the traditional DCO-OFDM scheme, the first subcarrier in
OIFDM is not zero, and can be affected by the DC-bias, which will subsequently affect all
OIFDM samples in the time domain. However a simple estimation algorithm is used in this

work to decrease the effect of the DC-bias at a cost of the required SNR.
6.3.1 OIFDM system description

In this section, an analysis of the proposed OIFDM system, along with a description of the
Tx and the Rx structures, are presented. Furthermore, the interleaving mapping is

investigated to make IFDMA applicable for IM/DD VLC systems

IOFDM Tx

Figure 6.25 depicts the block diagram of the Tx of the OIFDM scheme, which is similar to
the Tx of the standard IFDMA scheme (Chapter 2, subsection 2.3.4.2). The main difference
is the inclusion of the IMP block at the Tx of OIFDM, while the intensity demodulation

process (IDP) block is inserted at the Rx. The signal processing steps at the Tx are described
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as follows. First, the serial binary bits bi(t) are converted into parallel data streams and
mapped onto a group of complex quadrature amplitude modulation (QAM) symbols x, as

given by:

X = [9?0: X1, X3, ---fM—1], (6.11)
where Xy, Xy, X5, ... ¥3_4 refer to the k" QAM complex symbol, and M is the number of

data symbols. Note that, as will be explained in detail in subsection 6.3.2, to reduce the DC-

bias noise, the first symbol in x is unmodulated (i.e., X, = 0).
The complex symbols are transformed to the frequency domain by the FFT block, and its
output in the frequency domain is given by:

M-1 Lk
X, = Z %, e j2Mmym (6.12)

k=0

where X,, refers to the m!*sub carrier, m=k={0,1,2,....M —1}, and X =
[Xo X1, X, - Xy_1] € CY denotes the set of M-dimensional complex numbers. The
interleaving mapping is carried out on X by inserting (Q-1) number of zeros between the
adjacent sub-carriers (here Q = 2, see Figure 6.25). The mapped output signal is defined as

follows:

X, = {)?m, ifi=Qmwhere0<m<M-1 (6.13)

0, otherwise

where i ={0,1,2,...N — 1}, X = [X,, X1, X5, .....Xy_1] and N = QM. The mapped

frequency domain signal is then converted back to a time domain signal:

N-1 ) i
xn — lz Xl eﬂnﬁ n, (614)
i=0
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where x,, (x € CV) refers to the n** time domain sample after the interleaving process, and
n=1{0,12,...N—1}. By lettingn = (Mg +m) for 0 < g < Q — 1 in (6.14), we obtain

[68]:

N-1

= 1x (6.15)

From (6.15), it can be clearly seen that x,, is a scaled (in amplitude) version of x;. Indeed,
x, has the characteristics of a single carrier with a low PAPR. However, due to the
interleaving mapping of X by Q, x is repeated Q-times over a given symbol period as follows

(see Figure. 6.25):

Xn = Xn+Q = Xn+20) =+ = Xn+(Q-1).Q- (6.16)

To make IFDMA applicable for IM/DD VLC systems, the IMP block is inserted after the
IFFT process. The IMP block consists of the two following procedures: (i) removing the
imaginary part of the first half of the OFDM symbol; and (ii) removing the real part of the
second half of the OFDM symbol. Because of the symmetrical characteristic of x, this
process does not result in any loss of information. The real bipolar output time domain
samples of the IMP block are then transmitted through two sub-symbols [R, I], which are

given by:
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I:{o

R ={rea1xnr or( n<M-1)

0

otherwise

imag x,, for (M < n < 2M)
otherwise '

(6.17)

(6.18)

Note that this scheme can also be a unipolar OFDM scheme, at a cost of halving the spectral

efficiency. This is achieved by letting Q = 4, which results in repeating the output IFFT time

domain symbols of IFDMA four times. In this case, each time-domain OFDM symbol is

divided into four sub-symbols, where the 1%, 2", 3™ and 4" sub-symbols carry the positive

values of the real samples r, , positive values of the imaginary samples i, negative values

of the real samples r_, and negative values of the imaginary samples i_ respectively, as we

already demonstrated in [27]. Finally, the combined vector of these sub-symbols (x ) is

passed through the P/S, CP insertion, DAC, LPF, and clipping modules, before being

converted to a unipolar optical signal by passing through the DC-bias and EOC blocks. Note

that OIFDM is a real bipolar scheme that has as low a PAPR as that of SCM and as high a

spectral efficiency as that of DCO-OFDM.
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Figure 6.25 An example of the OIFDM Tx signal processing procedure
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IOFDM RX

Figure 6.26 shows the block diagram of the OIFDM RXx, which has the opposite functionality
to that of the Tx. First, the PD detects the optical data signal and converts it back to an
electrical signal r (t), where r(t) = Rp(t) * h(t), R is the responsivity of the PD (which is
assumed to be an ideal (i.e. R =1)), h(t) is the impulse response of the system, and the *
symbol denotes the linear convolution operation. r(t) is then impacted by the shot noise
and terminal noise, which can be modelled as AWGN, before being passed through the LPF,

ADC, and CP removal blocks.

The resulting digital signal yc is subsequently fed to the IDMP block. In this block, the
original complex and repeated samples are reconstructed (i.e., x is convoluted with the
system impulse response and added to AWGN) and passed through the FFT and equalizer
blocks. Three processes are carried out in the equalizer block as follows; i) de-interleaving
mapping, where the un-modulated subcarriers are removed; ii) removing the effect of the
system by implementing a zero forcing equaliser; and iii) converting the first subcarrier to
zero to remove the effect of the DC-bias noise as well as the ambient noise. Finally, the
equalised digital signal (YC) passes through the IFFT, symbols estimator, QAM de-mapping,
and P/S blocks, to reconstruct the information bits. The symbols estimator process is used to
estimate the symbols after converting the first subcarrier to zero, as will be explained in

detail in the next subsection.

/7\ 7
7 . -
\ r(t) )/ /LPF ADC\ Vy Ny N
| optical | " \ y ye ‘
and CP »—N IDMP H FFT ’—N Equallzer\
| feceive | | removal \ / u N /
N w (n) L/
Yc
Reconstructed N - ~
binary bits /~ N ‘ Y ‘
| De?ni\[’;/plaing ‘\‘ eSs)t/iTnba(:(I)Sr ‘:‘ | IFFT )
\ - \ /
\7/ \ / \ /

Figure 6.26 Bock diagram of the OIFDM Rx
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6.3.2 DC-bias noise reduction algorithm

Because of the DC-bias and the low frequency noise (i.e., ambient noise), the first OIFDM
subcarrier at the Rx will be destroyed, which can affect all OIFDM samples at the time
domain. This noise is reduced in this work by un-modulating the first OIFDM symbol at the
Tx (see Figure 6.25), and converting the first OIFDM subcarrier at the Rx to zero, as
described below. Referring to the block diagrams of the OIFDM Tx and OIFDM Rx, the
output time domain samples of the IDMP block at the Rx (y), are the output time domain
samples of the IFFT block at the Tx (x), added to the DC-bias (Bp.) convoluted with the
system impose response h(t), and added to AWGN w(n). In other words, y = x + Bpc *
h(t) + w (n)), where x =[xy, xq, X3 ... Xy_1], X0 =0, and x,, which was already

defined in Equation 6.14, and can be written as:

N-1
1 2 iond
Xy = N X; e]Zl'IN n
i=0
N-1
Xoe/° 12 : o
X ON +N Xi e]ZI'INn.
i=1
N-1
Xy = 1 X; ejzn%n' _Xo
AN ‘ N (6.19)
i=1

Furthermore, without loss of generality and for the sake of simplicity, h(t) and w(n) are
considered to be an ideal (i.e., y = x + Bp), and therefore, only the main blocks related to
the DC-bias and ambient noise are considered here, as illustrated in

Figure 6.27.

Figure 6.27 Block diagram of the DC-bias reduction algorithm
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Implementing an FFT and IFFT on y results in a new time domain vector y, defined by:

N-1

1 R Y.
- Yl e]ZI'IN n|_ 70
N Z N (6.20)

i=1

<U
I

Bearing in mind the FFT properties, only the first subcarrier is affected by the
DC-bias and the ambient noise, since the ambient noise only affects the low frequency

components (i.e., Yy). Therefore, Equation 6.20 can be written as:

N-1
3—]= l Xi ejzn%n. _ﬁ
N N (6.21)
i=1
Setting Y, = 0in(6.21) resultsinx =y — % However, since x, is not modulated, y, = %
Finally, the transmitted symbols can be easily reconstructed as follows:
Xn =Yk = Yo (6.22)

where n and k refer to the nt* and k™ time domain samples before and after adding the

DC-bias respectively.

6.3.3 OIFDM simulation results

In this simulation study, 256 IFFT points and 16-QAM were considered. The LED
bandwidth was set to 4 MHz, and the CP duration was 50 ns, which is already mentioned, is
the maximum time delay for an indoor VLC multipath channel. Because of the insertion of
the FFT and IMP blocks before the implementation of IFFT at the OIFDM Tx, the PAPR
value of the proposed scheme is 10 dB lower than the PAPR of the traditional DCO-OFDM
scheme. On the other hand, in terms of SNR requirement, the proposed scheme requires
more SNR compared to DCO-OFDM, when the clipping noise is not considered. This is
because the fist subcarrier in OIFDM is a modulated subcarrier affected by the low frequency

noise.
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All simulation parameters used in this study are listed in Table 6.1.

Table 6.1 Simulation parameters

Parameter Value

Number of iterations 1000000
The distance between LED and PD 2m

Transmitter parameters

LED Type OSRAM, SFH 4230 [163]
LED turn on voltage 3V
LED turn off voltage 4V
LED linearity 1V
LED half power angle @ ; , 700

Receiver parameters

Cyclic prefix duration 50 ns
PD type OSD15-5T
PD bandwidth 16 MHz
PD gain 3dB
PD responsivity 1
PD active area 16 mm?

Receiver field of view (FOV) (full) 180°

Results of the CCDF vs PAPR relationship for DCO-OFDM and OIFDM are compared in

Figure 6.28, where all PAPR comparisons were carried out at CCDF= 10~* (Pr{PAPR >

PAPR,} = 0.0001). From Figure 6.28, it can be seen that the PAPR of the proposed scheme

is lower than the PAPR of the traditional DCO-OFDM scheme by 10 dB. This significant

improvement is due to the implementation of the FFT and interleaving mapping processes

before the implementation of the IFFT process, which makes the PAPR of OIFDM as low

as that of the SCM scheme.
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Figure 6.28 CCDF vs. PAPR for DCO-OFDM and OIFDM

The effect of PAPR on the BER performance of both schemes was also simulated, and the

results are presented in Figures 6.29 and 6.30, where the dynamic range of the DAC and the

dynamic range of the LED were considered respectively.

Figure 6.29 plots the BER performance as a function of DAC dynamic range (DACDR) for
the DCO-OFDM and OIFDM schemes, where only the quantization noise was considered
(i.e., no AWGN or DC-bias noise were considered in the simulations), and the signal power
was set to 10 dBm. The DACDR in dB is calculated by DACDR= 20 log(2¢ — 1) where C
is the DAC bit resolution (for example, USRP N210 has a DAC of 16 bits resolution) [164].
From Figure 6.29, it can be seen that the BER performance of both schemes improves by

increasing the DACDR. This is because the quantization level increases by increasing C, at
the cost of the required memory. However, both schemes reach the floor noise at different
DACDR levels, where the traditional DCO-OFDM scheme requires ~24 dB of DACDR to

reach the floor noise, while the OIFDM scheme requires ~10 dB of DACDR.

Note that since the main aim of this figure is to show the effect of DACDR for both schemes

(i.e. no AWGN is added and the transmitted signal power is set to fixed value (i.e. 10dBm)),

the DACDR of the presented figure are limited.
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Figure 6.29 DACDR vs. BER for DCO-OFDM and OIFDM, where only the

quantization error is considered as the system noise

Finally, Figure 6.30 plots the BER performance as a function of F,,, for the two schemes,
considering an LED with a limited dynamic range. In order to observe the effect of the
limited dynamic range of the LED as well as the DC-bias noise on the BER performance, a
high DACDR value is assumed (i.e. DACDR = 83 dB as in the USRP N210 module [156]).
In the simulations, the dynamic range of the LED was set to 1V, Bpc Was setto 3.5V, By,
of both schemes was varied from 0 dBm to 25 dBm, and the noise power (¢2) was set to -
10 dBm. As such, the SNR varied from 10 dB to 35 dB, which is within the reported SNR

range of the indoor VLC systems [134].

The results show that for both schemes, when the average power of the electrical signals <
21 dBm (i.e., SNR < 31 dB), we observe no clipping distortion, as only the AWGN and DC-
bias noise are the main dominant noise sources at this range. Furthermore, at these P,
levels (i.e., P,y < 21), the traditional DCO-OFDM scheme outperforms the OIFDM
scheme, due to the fact that the low frequency noise (i.e., the ambient noise and DC-bias
noise) only affects the OIFDM scheme, since its first subcarrier is a modulated subcarrier.
However, for P, = 21 dBm, the OIFDM scheme outperforms the traditional DCO-OFDM

scheme, as the BER performance of the latter starts to be affected by the clipping noise when
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Pyyg = 21 dBm, while the BER performance of the former starts to be affected by the same
noise source when F,,,; = 24 dBm (i.e. OIFDM provide 3 dBm more F,,,4 in comparison to

DCO-OFDM).
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Figure 6.30 BER performance against F,,,,for DCO-OFDM and IOFDM

6.4 summary

Two new bipolar OFDM schemes, named B-PAM-FDM and OIFDM, were introduced in
this chapter as a means to significantly improve the PAPR of the OFDM signal in IM/DD
based VLC systems, by making IFDMA scheme suitable for IM/DD. This IM/DD
compatibility is achieved in B-PAM-FDM by replacing the interleaving mapping block in
the IFDMA Tx by the RM block, and using PAM as a modulation scheme. As such, the
output time domain samples of the IFFT are bipolar real samples that have as low PAPR as
that of the SCM scheme. The simulation results of B-PAM-FDM were presented in
subsection 6.2.2, and showed that the PAPR value of B-PAM-FDM is 7 dB lower than the
PAPR value of the traditional DCO-OFDM scheme. The results also showed that the
DCO-OFDM requires 3 dB more SNR in comparison to B-PAM-FDM to achieve the same

BER performance.
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The impact of this PAPR reduction on the system performance was experimentally
investigated in subsection 6.2.2, where the results showed that the maximum achieved
distance between the Tx and Rx was increased by 44% when the B-PAM-FDM scheme was
implemented compared to DCO-OFDM. However, because of the RM process, and due to
the fact that the imaginary part of the symbol does not carry any data, the B-PAM-FDM
scheme has half the spectral efficiency of the DCO-OFDM scheme (i.e. the same spectral
efficiency as the ACO-OFDM and PAM-DMT schemes). However, the spectral efficiency
of B-PAM-FDM can be made as high as that of the DCO-OFDM scheme using the TDM
method. In addition, the odd B-PAM-FDM time domain samples that not carry any data can
be utilised in other VLC applications such as illumination, dimming control, localizations
and positioning applications. Furthermore, due to the presence of the RM block, any affected

subcarrier in B-PAM-FDM can be easily compensated.

In OIFDM, the symmetrical time domain characteristics of IFDMA were exploited for
IM/DD VLC system applications, by symmetrically repeating the IFDMA time domain
samples twice during each IFDMA time domain symbol period, which was achieved by
setting the interleaving mapping factor at the frequency domain to 2. The simulation results
of the OIFDM scheme were presented in subsection 6.3.3, demonstrating that the PAPR
value of the proposed scheme is 10 dB lower than that of the DCO-OFDM scheme. The
impact of reduced PAPR on the system performance was also simulated, while considering
the effect of dynamic range of the digital-to-analogue converter (DACDR) and the LED.
The results showed that the DACDR performance is enhanced by almost 14 dB when the
OIFDM scheme is considered in comparison to DCO-OFDM. Furthermore, when
considering the dynamic range of the LED, the results showed that OIFDM provides 3dBm

more F,,4 in comparison to DCO-OFDM. However, the simulation results also showed that,

when the clipping noise is not considered, the DCO-OFDM scheme outperforms the OIFDM
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scheme, due to effects of the low frequency noise, which only impact the OIFDM scheme,

since its first subcarrier is modulated.
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CHAPTER 7

CONCLUSIONS AND FUTURE

WORK

7.1 Conclusions

The main aim of this research work was to enhance the performance of the OFDM
modulation scheme in IM/DD based VLC systems. This thesis began reporting this work by
providing a general overview of OFDM systems in Chapter 1, where the basic theory behind
the OFDM scheme, OFDM channel estimation, and OFDM equalization was presented, and
the advantage and disadvantages of OFDM were discussed. The basic theory behind VLC
systems and their main challenges were introduced in Chapter 2, and the most popular
OFDM schemes used in VLC systems were highlighted in detail in this chapter.

In order to improve the performance of OFDM signals, and subsequently contribute towards
addressing some of the challenges presented in Chapter 2, five new modified optical OFDM
schemes were introduced in Chapters 4, 5 and 6 of this thesis, as summarised below.

As the first aim of this research work was to increase the ACO-OFDM data rates, and
subsequently provide a trade-off between the low data rates of ACO-OFDM and the low
power efficiency of DCO-OFDM, PA-ACO-OFDM and PE-ACO-OFDM were introduced
in Chapter 4 to improve the ACO-OFDM data rates by up to 33%. This data rate
enhancement was demonstrated by exploiting the asymmetrical characteristic of the time

domain symbol of ACO-OFDM, where only the first half of the symbol was used to carry
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the data samples, while the second half was rejected. Because of the IM/DD requirements,
the negative samples of the used ACO-OFDM symbol were inverted to positive ones. These
inverted samples were detected at the receiver and converted back to negative ones by
inserting higher amplitude pilots at the Tx (as in PA-ACO-OFDM), or by encoding the
positions of the negative and positive samples using the QAM constellation order (as in PE-
ACO-OFDM). However, inserting higher amplitude pilots in a large PAPR signal, such as
an ACO-OFDM signal, and subsequently passing the signal through the limited LED
dynamic range, makes PA-ACO-OFDM only suitable for low SNR applications. On the
other hand, the data rates of PE-ACO-OFDM increase by increasing the encoded QAM
constellation order, thus making the scheme only applicable for high SNR applications.
Following the previous discussion, the implementation of the OFDM scheme in VLC
systems is therefore limited by the SNR value, which is a result of the large OFDM PAPR.
As such, reducing the PAPR of the optical OFDM signal was the second aim of this research
work. This was achieved by adapting the IFDMA RF signal in there different ways, resulting
in three new modified OFDM schemes suitable for IM/DD based VLC systems.

In the first modified scheme (U-PAM-FDM (Chapter 3)), the output FFT subcarriers of the
IFDMA Tx were conjugated symmetrically around the middle subcarrier except the first one,
by making its data symbols real (i.e. PAM). Two other subcarriers were added after the FFT
process to make all output subcarriers symmetrically conjugated, subsequently resulting in
an asymmetrical real time domain signal suitable for IM/DD. However, although the
simulation and experimental results showed that the PAPR of ACO-OFDM and its negative
impact on the system performance were reduced when this scheme was implemented, the
PAPR of U-PAM-FDM was found to be still higher than the PAPR of IFDMA. This is
because adding two new subcarriers after the FFT process resulted in preventing some
subcarriers from enjoying the interleaving mapping feature.

Chapter 6, section 6.2 presented the second IFDMA adaptation method, which was achieved

by introducing the B-PAM-FDM scheme. To make the even IFFT output time domain
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samples of the IFDMA Tx the same as its data symbols, and its odd samples zeros, the output
FFT vector of the IFDMA Tx was duplicated in this scheme instead of implementing
interleaved mapping like in IFDMA. As such, making the data symbol of B-PAM-FDM real
(i.e., PAM) resulted in a bipolar real signal with as low a PAPR as that of IFDMA RF,
making it suitable for IM/DD. The experimental results presented in Chapter 6, subsection
6.2.2, showed that the distance between the Tx and Rx was increased by 44% when B-PAM-
FDM was implemented compared to DCO-OFDM, due to the PAPR of B-PAM-FDM being
7 dB lower compared to DCO-OFDM (as demonstrated in the simulation results of
subsection 6.2.2). Note that since the imaginary parts of B-PAM-FDM data symbols are not
utilised, the spectral efficiency of this scheme is a half that of the DCO-OFDM scheme (i.e.,
the same spectral efficiency of the ACO-OFDM and PAM-DMT schemes).

Finally, in Chapter 6, section 6.3, in the last adapted IFDMA scheme (OIFDM), the
interleaving mapping of the IFDMA signal was exploited by setting the interleaving
mapping factor to 2, to duplicate its output IFFT time domain vector during each symbol
duration. To meet the IM/DD requirements, the imaginary parts were removed from the first
half of this vector, while the real parts were removed from the second half. As a result, a
new scheme with as low a PAPR as that of IFDMA, and with as high a spectral efficiency
as that of DCO-OFDM was realised. However, because the first OIFDM subcarrier is not
zero, this scheme requires ~2.5 dB higher SNR to achieve the same BER performance as the

DCO-OFDM scheme.

7.2 Future work

Although extensive research has been undertaken in this thesis, a number of issues and
challenges related to this research area have not yet been addressed, and may be worth
investigating in future. The following future research recommendations are therefore

proposed:
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+ B-PAM-FDM features investigation: The unused odd time domain samples in the
B-PAM-FDM scheme need to be exploited to double its spectral efficiency by
implementing TDM technique. Alternatively, a demonstration of utilising these unused
samples in other applications such as illumination, localization and positioning, and time
domain synchronization, needs to be implemented.

+ OIFDM DC-bias noise: Although a new simple algorithm was introduced in this thesis
to reduce the DC-bias noise in the OIFDM scheme, further investigations are needed to
improve this algorithm, as the simulation results showed that approximately 2.5 dB
higher SNR is required as a result of implementing this algorithm.

+ Experimental demonstration of OIFDM transmission using a real time transceiver:
Real time experimental demonstration of OIFDM transmission is critical for evaluating
the true potential of the OIFDM transmission.

+ Alternative algorithm to IFFT: Because the coherence bandwidth of the RF channel is
rather small, to reduce ISI in the RF domain, the number of required orthogonal
subcarriers should be high. This requires the implementation of IFFT algorithm in order
to reduce the complexity, at the cost of introducing a high PAPR time domain signal.
However, the requirement of orthogonal subcarriers in VLC systems is not as high as in
the RF domain, as the coherence bandwidth of VLC systems is much higher than that of
RF systems. Therefore, another algorithm should be used instead of IFFT in order to
make the subcarriers orthogonal in VLC systems.

+ To further improve the performance of OFDM in the VLC systems, obvious research

areas such as error correction codes should be widely investigated in future work.
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