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ABSTRACT

Optical Wireless Communication (OWC) in the visible spectrum provides the
opportunity of high speed data transmission along with room illumination. In order to
encode data for OWC, different variants of Orthogonal Frequency Division Multiplexing
(OFDM) modulation are developed in the literature. Some of the most prominent ones
are the direct current biased optical OFDM (DCO-OFDM), the asymmetrically clipped
optical OFDM (ACO-OFDM), asymmetrically clipped DC biased optical OFDM (ADO-
OFDM) and diversity-combined ACO-OFDM (DACO-OFDM). This thesis combines
the aspects of DACO-OFDM and DCO-OFDM to develop a new modulation form
termed as Hybrid Diversity Combined OFDM (HDC-OFDM) which has the benefits of
power efficiency of DACO-OFDM and illumination capacity of DCO-OFDM. In HDC-
OFDM transmitter, the lower subcarriers are modulated with DACO-OFDM, and the
higher subcarriers with DCO-OFDM. When the DACO-OFDM and the DCO-OFDM
signals are added, they impact one another. In order to remove the impact of DCO-
OFDM clipping noise on DACO-OFDM component, a high DC bias is applied on DCO-
OFDM which results in less clipping noise. On the other hand to reduce the effect of
DACO-OFDM clipping noise on DCO-OFDM element, the DACO-OFDM clipping
noise is estimated at the receiver and then deducted from the received signal of DCO-
OFDM. In order to obtain the optimum bit error rate performance of HDC-OFDM, the
percentage of subcarriers and the ratio of power levels for DACO-OFDM and for DCO-
OFDM components are varied. Simulation results show that the BER performance of
HDC-OFDM is the best when the portion of DACO-OFDM and DCO-OFDM elements
are the same. Since the HDC-OFDM has a DCO-OFDM component, the dimming
facility is easily achieved in HDC-OFDM by only increasing or decreasing the DC
bias level without using any other additional modules or methods. Simulation results
demonstrate that a dimming as low as 10% is also possible in HDC-OFDM at a 20
dB optical power degradation with respect to full brightness conditions. Simulation
results also show that for a given data rate, the BER performance of HDC-OFDM is 5
dB better than DCO-OFDM, 1 dB better than ACO-OFDM, but only 1.5 dB inferior to
DACO-OFDM. Therefore, the proposed HDC-OFDM has slightly less power efficiency
than DACO-OFDM but achieves the simple dimming capability of DCO-OFDM.

Xvi



CHAPTER 1

1 INTRODUCTION

1.1 Overview

The demand for reliable and high-speed wireless multimedia services is growing at a
rapid pace. The use of laptops, smart phones, tablet computers, personal digital assistants
(PDAs) and other portable terminals has become part of our day-to-day lives. At present,
most wireless devices are based on radio frequency (RF) communication [1-3].
However, with the increase in bandwidth-intensive applications, the RF spectrum is
becoming more and more congested. RF communication is also experiencing issues like
spectrum licensing, security, electromagnetic interference etc. As a result, optical
wireless communication (OWC) is being considered as a supplementary technique to RF
communication. In a generalized OWC system, data are first modulated in the electrical
domain and then converted to optical domain by an optical modulator. The transmitted
optical signal is received by photodetectors. Figure I-1 shows the basic block diagram of
a generalized OWC system where Laser diodes (LD) or LEDs are examples of optical
modulators whereas positive-intrinsic-negative (PIN) photodiodes and avalanche

photodiodes (APD) are some examples of photodetectors [4-10].

OWC has a number of advantages over RF. Firstly, a huge unregulated optical
bandwidth is available for communication in the optical spectrum. OWC can be
categorized into visible light communication (VLC) or infrared (IR) based on the
frequency or wavelength of the optical signal. For both VLC and IR, the optical signal
does not interfere with RF signal. In addition, optical signals are blocked by room walls
and thus cannot be received by eavesdroppers. Optical signals can be made narrow and
highly directional with the use of beam-shaping elements. Hence, information security is
higher in OWC than RF wireless. OWC systems are usually of lower cost compared to
RF systems [6-20]. However, the achievable data rates of OWC are restricted by the

1



modulation bandwidth of the optical modulators [4]. For instance, white LEDs offer only
20 MHz bandwidth. However, the data rate can be increased by the application of the
multiple-input multiple-output (MIMO) technique, which is an advanced physical layer

technology using a number of transmitting and receiving elements.

MIMO OWC using white LEDs can provide wireless internet service in addition to
room lighting. This method is also known as light fidelity (LiFi). LiFi is often considered
as an optical networked communication in the subset of VLC to offload the mobile data
traffic which offers many advantages at indoor scenario. The lighting requirements for
LiFi regulate the allowable transmitted optical power. For some other OWC links
particularly infra-red based schemes, the concern of eye safety limits the transmitted
optical power. Besides providing Internet connectivity, OWC can be used in secure data
transmission, intelligence transportation system and communication in hospitals or
aircrafts, etc. Indoor OWC are based on intensity modulation/direct detection (IM/DD)
where the desired waveform is modulated onto the instantaneous power of the optical
signal (i.e. the light intensity). Hence, the data-carrying transmitted signals have to be

only unipolar or positive-valued [15-20].

X , | gl . ¥,
In Modulator /| Optical P II Optical t‘l Optical Demodulator- | Data
! (Elect) ’ Modulator [ ! = Channel | |Demodulation > (Elect) ! Out
| | | z| . |
! | i noise !
Transmitter Receiver

Figure 1-1: A block diagram of an OWC system

1.2 Motivation of the Thesis

Energy efficient design of communication systems including OWC is increasingly
becoming important in the context of green environment. In this regard, the power
efficiency of asymmetrically clipped optical OFDM (ACO-OFDM), diversity-combined
ACO-OFDM (DACO-OFDM), direct current biased optical OFDM (DCO-OFDM) and



asymmetrically clipped DC biased optical OFDM (ADO-OFDM) [22] has been
compared in a number of research papers. In [22, 55], it has been shown that ACO-
OFDM is approximately 4.5 dB more optically power efficient than DCO-OFDM for a
specific DC bias value. The required bias level for DCO-OFDM has been demonstrated
for a 2-D spatial channel. The use of different bias levels is also shown for ADO-OFDM
in [22]. With the selection of an optimum DC bias value, DCO-OFDM can have
comparable performance as ACO-OFDM in terms of optical power. ADO-OFDM is
shown to have slightly better BER performance than both ACO-OFDM and DCO-
OFDM in some particular scenarios, but for many cases ADO-OFDM does not show
comparable performance as ACO-OFDM and DCO-OFDM [22]. It is shown in [52] that
theoretically, DACO-OFDM can have a gain of 3 dB over ACO-OFDM. Therefore,
DACO-OFDM has the potential to be more power efficient than its counterparts.
However, when room illumination is considered, DCO-OFDM is much more flexible
than other OFDM formats. Therefore, there is a need to develop a modulation scheme
which has the benefits of power efficiency and illumination capacity. In order to achieve
both of these benefits simultaneously, this research focuses on combining the aspects of
DACO-OFDM and DCO-OFDM for forming a new modulation scheme termed as
Hybrid Diversity Combined OFDM (HDC-OFDM).

1.3 Objective of the Thesis

The objective of this work is to propose the idea of HDC-OFDM suitable for OWC and
room illumination simultaneously. To fulfill the objective, the following analysis will be

carried out:

1. Developing the concept of HDC-OFDM using the aspects of DACO-OFDM and
DCO-OFDM.

2. Evaluating the BER performance of HDC-OFDM for the case of different factors
including varying the subcarrier proportion and power proportion of DCO-OFDM in

HDC-OFDM, constellation size and total number of subcarriers.



3. Comparing HDC-OFDM with DCO-OFDM, ACO-OFDM and DACO-OFDM in

terms of BER performance and room illumination capacity.

1.4 Main Contributions of the Thesis

The main contributions of the thesis are as follows:

i) A framework for the proposed ‘HDC-OFDM’ modulation is developed
combining the aspects of DCO-OFDM and DACO-OFDM. The merging of DCO-
OFDM and DACO-OFDM is not straightforward. The DACO-OFDM is computed on
low-index subcarriers while DCO-OFDM on high-index subcarriers. When these two
signals are added, they impact one another. The clipping noise generated on DCO-
OFDM signal impairs the performance of DACO-OFDM element. This is reduced by
using a high DC bias on DCO-OFDM which results in less clipping noise. On the other
hand, when DACO-OFDM signal is generated in the transmitter side, a clipping noise is
formed affecting the DCO-OFDM signal. At the receiver side, the DACO-OFDM
clipping noise is estimated and then deducted from the received signal of DCO-OFDM.

i1) The proportion of DACO-OFDM and DCO-OFDM elements in HDC-OFDM
that results in the best BER performance is investigated in this thesis. It is shown in this
work that the optimum BER results is achieved when half the subcarriers are modulated
by DCO-OFDM and the other half by DACO-OFDM — where the power levels on these

two signals are set equal.

1.5 Outline of the Thesis

The descriptions of the chapters to follow are provided below:

In Chapter 2, a detailed discussion of Optical Wireless System (OWC) with necessary
block diagram of transmitter, receiver, channel condition and most importantly, room
illumination with OWC will be presented to understand the basic concept of such a
system. The important two branches of optical OFDM, namely DCO-OFDM and ACO-
OFDM, will also be thoroughly presented. To understand Diversity-combined ACO-
OFDM, it is required to understand the basic concepts of DCO-OFDM and ACO-OFDM

4



which will be discussed in this chapter. Furthermore, the detailed description of

Diversity-combined ACO-OFDM will also be provided.

Chapter 3 will present the literature review of the previous research works related with
diversity-combined optical ACO-OFDM. It will help to realize the increasing attention
of such system for further research and the progress of technology in this field. The
achievable data rates and different impairments that affect the system discussed in

previous papers will also be presented here.

The performance of the proposed Hybrid Diversity Combined ACO-OFDM system will
be evaluated in Chapter 4. Moreover, the performance will be compared in this chapter
with existing optical OFDM schemes in terms of BER performance and illumination

capacity.

A summary, conclusion and future direction of the thesis work will be presented in

Chapter 5.



CHAPTER 2

2 OFDM for Optical Wireless Communication

2.1 Overview

The detailed description of the optical wireless system has been provided in this chapter
with the detail design of the transmitter and receiver. OWC has been presented as a
complementary solution to address the problems associated with the RF communication.
Factors related with room illumination have also been stated as it is incorporated along
with data communication. Different modulation schemes adopted for making the bipolar
signal unipolar has also been delineated with the detailed description of transmitter,

receiver and their corresponding statistics performance.

2.2 Optical Wireless Communication  Complementing RF
Communication

RF communication is the mostly availed communication facility as it facilitates quick
and reliable deployment of a communication network. But, this technology only permits
data rates up to several hundreds of megabits per second for RF WLANSs and for point-
to-point links [1-3]. Moreover, the problems of information security (eavesdropping),
spectrum licensing as well as interference problems are significant issues in high speed
data transfer using RF links. OWC has emerged to be a viable solution complementing
RF communication while addressing most of the aforementioned problems. It allows the
transmission of data rates up to several gigabits per second in point-to-point
communication links. Indoor optical WLANSs, device-to-device communication

protocols (e.g. [IrDA) and FSO are some of the potential application areas of OWC [7].

6



OWC systems have recently attracted much interest as VLC is being applied via white
LEDs allowing transmission of information along with providing illumination. White
LEDs have become extremely popular as lighting devices mainly because of increased
energy efficiency compared to incandescent and fluorescent lamps. Data rates of
hundreds of megabits per second can be achieved with white LEDs in indoor OWC

systems [21-29].

2.3 Intensity Modulation/Direct Detection (IM/DD) in Optical
Wireless System

Information is transmitted on the intensity or instantaneous power of the light in
Intensity Modulation (IM) scheme and DD (Direct Detection) is the process where an
electrical signal is produced at the receiver which is a replica of the intensity of the
optical signal. A laser diode or an LED is used to modulate the transmitted signal in an
IM/DD system given that laser and LED emissions should conform to the guidelines of
international standard bodies such as the American National Standards Institute (ANSI)
and the International Electrotechnical Commission (IEC). In the receiver side, a
photodetector is used for performing DD in IM/DD systems because light is usually
received in several electromagnetic modes. This overall process makes it difficult to
construct an efficient down-converter at the receiver side for collecting appreciable
power from a single mode. The two mostly used types of indoor IM/DD OWC systems
are IR based indoor IM/DD OWC and visible light based indoor IM/DD OWC systems.
Eye safety regulations must be conformed to while transmitting via IR (Infrared Ray) for
it is invisible to the naked eye. High IR radiation can be highly dangerous to human
eyes. On the contrary, human eye adjusts to light in the visible range, so white LEDs
used in visible light based indoor IM/DD OWC systems are normally considered eye
safe [25-35].

2.4 Advantages and Disadvantages of an Indoor IM/DD OWC system

Secure communication is one of the key features of an indoor IM/DD OWC system.
Eavesdropping is impossible in this system for light does not have the ability to travel

through opaque objects and hence optical signals are confined to the room where they
7



are operating in. Secondly, RF interference is not an issue as light in the different
frequency bandwidth is being used to transmit information. In places of multiple
personal or professional interests such as hospitals, airports and factories where many RF
devices are employed already, indoor IM/DD OWC systems can operate in conjunction
with RF systems without mutual interference. Thirdly, an LED at the transmitter, a
photodiode at the receiver as direct detector along with baseband signal processing
provide the ease of using simple circuitry. Fourthly, Capability of isolating subnets in a
network helps in prevention of any signal crosstalk or connection between access points.
Last but not the least, OWC system operating in one indoor room is separate from one

operating in another room [28-34].

Several disadvantages are associated with an IM/DD optical wireless system such as
the presence of ambient light. Indoor IM/DD systems operating using visible light are
detrimentally affected by ambient light sources such as sunlight, light from fluorescent
lamps and incandescent lamps, etc. This interference from so many sources makes it
difficult to differentiate between the wanted signal and the interfering signal. Shot noise
is also a limiting factor at the receiver side. Furthermore, mobility is restricted in this
system due to the inability of light to penetrate opaque objects. Another disadvantage is
the limited performance of an indoor IM/DD system in the absence of LOS due to the
high path loss and signal degradation [22-26, 29-33].

2.5 Modulation Schemes in Indoor IM/DD OWC Systems

On-Off Keying (OOK) and Pulse Position Modulation (PPM) are two conventionally
used modulation schemes in indoor IM/DD OWC systems. But recently, Orthogonal
Frequency Division Multiplexing (OFDM) has drawn attention as a possible modulation
scheme due to its high optical power efficiency and robustness to Inter-Symbol
Interference [4, 21-22]. Several reasons lie behind the choice of IM/DD OWC systems as
a modulation scheme and one of them is the increased optical power efficiency when
large constellations are used. It also shows good resistance against the low frequency
interference from sources such as fluorescent lights. It must be noted that zeroth

frequency subcarrier is usually affected by such interference. At OFDM, this problem is
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minimized by avoiding the zeroth subcarrier at the time of demodulation. It also gives
the provision for adaptive modulation to be performed which is very important in an
IM/DD OWC system due to the low pass characteristics of an indoor optical
communication channel. The main theme of adaptive modulation is that smaller
constellations supporting fewer bits can be used on high frequency subcarriers having
poor channel quality; whereas larger constellations modulation schemes capable of
transmitting more bits can be used on lower frequency subcarriers with good channel

quality.

The instantaneous power of light is used for modulation in indoor IM/DD OWC
systems. Hence, a conventional OFDM signal cannot be applied to a typical IM/DD
system for the signal is bipolar and complex. This calls for the fact that the transmitted
optical OFDM signal has to be both positive as well as real. The condition of Hermitian

Symmetry has to be imposed on the subcarriers in order to make the output signal real.

2.6 Optical Wireless System

The design of the OWC transmitter, receiver and channel is described below for a better
understanding of the whole system:

Figure 2-1 Block Diagram of an indoor OWC system
2.6.1 Transmitter

The total Optical Wireless System is described with the help of the block diagram of
Figure 2-1. The transmitter is the first block of the Intensity Modulation Direct Detection



(IM/DD) optical wireless system (OWC) and electrical modulator is the first block of the
transmitter. The main purpose of this block is to map the data to a modulation scheme

such as Orthogonal Frequency Division Multiplexing (OFDM). x(¢) is the electrical
signal at the output of the electrical modulator. It is sent to the optical intensity

modulator where an optical signal with intensity, 8x(t) is generated, where the

coefficient ¢ is the electrical-to-optical conversion efficiency. It is assumed in this thesis

that £ =1 (for simplicity and without loss of generality).

Usually, the optical signal intensity is approximately proportional to the electrical

current modulating the LED, x(#). The main factors, while designing the block, are that
the average optical power which is directly proportional to signal x(¢) and the average
electrical power which is directly proportional tox’(¢). The average optical power is

denoted by E {x(t)} and the average electrical power is defined as £ {xz(t)} .

The white LED is usually used as a modulator and they tend to show low pass
characteristics. A phosphor-based white LED which has a modulation bandwidth of 2
MHz is a common type of white LED used largely in indoor wireless VLC system. But
by detecting only the blue component of the LED emission, an increased modulation

bandwidth upto 20 MHz is achievable.

In order to broadcast information to receiving devices such as laptops and mobile
phones that operate within its range, white LEDs are usually used as transmitters in VLC
systems. But, as LEDs are normally situated on the ceilings and not in laptops,
employing white LEDs in the uplink in an indoor IM/DD OWC system is quite
challenging. That is the main reason for using IR or RF beams for the uplink in these
systems. Hence, for a terminal inside an optical hotspot similar to a wireless fidelity (Wi-
Fi) hotspot, an optical link is used for the downlink and an RF link is used for uplink. On
the contrary, in case of a terminal outside the range of optical hotspot, RF can be used

for both the uplink and the downlink.
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2.6.2 Optical Wireless Channel

Both an Line of Sight (LOS) component and multiple reflected paths can be present
between the transmitter and the receiver in an optical wireless system. The direct path
between the transmitter and the receiver is called the LOS component whereas signals
bounced off the ceiling, walls and other obstacles before reaching the receiver are called
reflected components. The availability of a strong LOS path paves the way to
approximating an optical wireless channel as a flat channel because the LOS component

shows the lowest attenuation and high data rate communication can take place.

On the contrary, where a weak or no LOS path is present, the channel can be
approximated as a baseband low-pass filter. The signal which has a very narrow and
near-zero frequency range, i.e., a spectral magnitude that is nonzero only for frequencies

in the vicinity of the origin (termed f= 0) and negligible elsewhere; is called a

baseband signal. The bandwidth of an indoor OWC channel is dependent on the size of

the room meaning that a large room results in low channel bandwidth.

2.6.3 Receiver

The optical signal is firstly converted from the optical to electrical domain by using a

photodiode at the receiver side. Photodiode is a reverse biased diode where free electron-

hole pairs are generated after the incidence of sufficient optical energy upon it. r(t) 18

the received optical signal, R pr(t) is the output signal after the direct detection process,

where the coefficient R, is the photodiode responsivity.

The shot noise at the detector affects the optical wireless systems. The random

electron-hole pairs generated in the p-n junction of a photodiode due to incident photons

are mainly responsible for shot noise. It is modeled as n(t), an AWGN, added in the

electrical domain. An optical filter which filters the ambient light reaching a photodiode

while only passing the optical signal x(t) can reduce the shot noise to a great extent.
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Narrowband optical filter is sufficient for lasers due to narrow optical bandwidth;
while on the contrary, LEDs require optical filters with large bandwidths as they have
large optical bandwidth. The preamplifier noise which is independent and Gaussian is
the dominant noise source when no background light is present. An electrical current
proportional to the intensity of light is generated by the photodiode. The diameter of a
photodiode used in an indoor IM/DD OWC is many times larger than the wavelength of
the transmitted optical signal. This is the reason of prevalence of path differences when
optical signals arrive at different points of the photodiode. Moreover, this phenomenon

results in the low pass characteristics of the photodiode.

Two types of photodiodes are mainly used in indoor Intensity Modulation/Direct
Detection systems, namely positive-intrinsic-negative (PIN) photodiode and avalanche
photodiode (APD). APDs are temperature dependent and generate high photocurrent
compared to PIN diodes. This phenomenon makes them very expensive compared to
other photodiodes. But its performance deteriorates in the presence of ambient light for it
does not increase the SNR as required. This is due to the internal gain of APD increasing
the spectral density of shot noise by a factor greater than the signal gain. Finally, the
resultant electrical signal at the output of the DD module is delivered to the data

detection module for signal processing and further detection.

2.7 Room Illumination with OWC

For the case of Optical data transmission, illuminating the room as well as dimming
the LEDs has always been a crucial problem to address because the lighting requirement
may be different depending on time, location, weather and most importantly, comfort to
the human eye. Eye safety regulation is another concern in this case. From logical point
of view, the brightness increases with the current but there is a limit of tolerance to
human eyes for the brightness of the LEDs. Lighting control is a special feature
incorporated in the modern sophisticated apartments and most importantly corporate
offices as lighting controls can increase the value of buildings by making them
productive, comfortable and energy efficient; which is a direct product of dimming

functionality. Dimming is highly application specific for instance, settings such as office
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rooms, conference rooms or examination rooms can require light levels as low as 1% of

maximum illumination for aesthetic and comfort purposes.

Figure 2-2 Illustration of data communication and room illumination in an indoor OWC
system

Analog dimming, also known as amplitude modulation (AM) or Continuous Current
Reduction (CCR), and digital dimming are the most noteworthy techniques adopted for
this purpose. Pulse Width Modulation (PWM) is the simplest example of digital
dimming modulation technique. In the PWM scheme, the duty cycle of the forward
current is changed while brightness control is achieved by decreasing the forward current
in CCR. In PWM, the time period of the signal is kept fixed whereas the duty cycle, D is
varied proportionally to the required dimming percentage. In CCR, the luminous
intensity is reduced proportionally to the current and a brightness level of 10% of
maximum is achievable. Reducing current is the most cost-effective solution to realize
dimming in LEDs. For industry purposes PWM is mostly recommended for it provides a
large dimming range where linear relationship is maintained between the light output
and duty cycle. LEDs also show low chromaticity shift in this process. The best color
stability is offered by the CCR technique due to the counteracting influences of drive
current and junction temperature variations whereas an LED suffers from constantly

non-eliminable chromaticity changes while PWM is used.
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In the case of dimming, transmitted optical power refers to the average optical power
emitted by an LED chip, sum of the signal power (including the non-linear distortion
effects) and DC-bias point induced optical power. At 90mW optical power, the lower
limit is defined for illumination which is around 10% whereas a full brightness is
considered at 0.4 W transmitted optical power. It can be noted that 35%
brightness/dimming corresponds to the optical power of the recommended bias point
which is found from the datasheet (350mA/180mW). From the curves and equations in
[62], it has been shown that for 10% brightness, the illumination is below 320 Ix, exactly
appropriate in case of insufficient daylight while LED is used for the supplementary
illumination. On the contrary, the illumination is above 550 Ix for 35% brightness which

guarantees a well-lit office.

In the case of ACO-OFDM, spectral efficiency is a major concern because only half
of the transmitted subcarriers are used to carry the data symbols. Hence, a dimming
scheme which is spectrum-efficient is of dire necessity. In terms of spectral efficiency
and bit-error performance, PWM based dimming scheme offers better performance over
Amplitude Modulation (AM) based scheme. In AM, the ACO-OFDM signal is
superimposed on a fixed bias level leading to reduced LED dynamic range for
transmission and the ACO-OFDM signal power also has to be optimized for each bias

level and furthermore, the performance is directly related to the dimming set-point.

On the contrary, in PWM, ACO-OFDM clipping is avoided for a large amplitude-
range of OFDM samples as the full dynamic range is being utilized. Avoidance of
clipping helps to retain the shape of the transmitted signal waveshape and preserving the
OFDM signal shape corresponds to less induced clipping noise allowing for higher order
constellations providing better spectral efficiency or the establishment of more robust

links (better BER).

2.8 Performance Metric for OWC

In communication theory, achieving reliable high data rate transmission with limited

transmission power is important. In a practical system such as room illumination and
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data communication via LiFi, there is a limitation on the average optical power that can
be transmitted. Moreover, battery operated devices need high electrical power efficiency.
Therefore, like most of the previous research papers, this thesis considers both average

electrical and optical power as the limiting factor.

The power efficiency metric is different for average optical power and average

electrical power limited channels. For the transmitted electrical signal s,, the average
optical power depends on E{s,} and the average electrical power depends on
E {s,z} where E {0} is the expectation operator. Hence, the conversion between optical
power and electrical power depends on the statistics of s,. For a fixed E {sl}, a
modulation scheme with high electrical-to-optical power ratio £ {s,z} / E {s,} gives better
BER.

Two performance metrics can be used to compare different modulation schemes.

These are Eb(dec) / N, , the received electrical energy per bit to single-sided noise spectral
density, and Eb(opt) / N, , the received optical energy per bit to single-sided noise spectral
density. Unlike E, ., /N, , E o) / N, takes into account the optical-to-electrical

conversion efficiency of the system, and thus, it is more useful as a performance metric.

In this thesis, both E, . /N,and Eyom) / N, are considered as metrics and these two can

opt

be expressed in general as E, /N, .

2.9 Different OFDM Forms Used in OWC

For the better understanding of an optical OFDM system, a block diagram is in Figure

2-3 delineating the whole process:

At the transmitter, the data is mapped onto 4-QAM, 16-QAM or the required modulation
scheme, then converted from serial to parallel and given as the input to the IFFT block.
Afterwards, the bipolar signal is made unipolar and this system differs from system to

system. Next, the unipolar signal is converted from parallel to serial and Cyclic Prefix is
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added, converted from Digital to Analog and then low pass filtered. The next step is to

convert it into optical domain and pass it through the optical channel.

Data X X,
In —> = s DA |5
Mapping [—¥ S/P X, |1FFT [ X% conperter and and % IM
—P —{ " —p CP LPF |
X X,
(*) # Channel
Transmitter l
Addition of
AWGN

Data

)70 y 0 !
Out - [ CP ADC | &,
4—|Demapping|€— P/S Y1 FrT | |removal/€— and |[€&—| DD
< €4 and S/P LPF

Receiver

Figure 2-3 Block diagram of a generalized optical OFDM system

At the receiver side, the data is converted from analog to digital and low pass filtered
after adding AWGN noise to it. Afterwards, cyclic prefix is removed and the data is
given as an input to the FFT block after serial to parallel conversion. At last, the data is
again converted from parallel to serial and demodulated at the receiver. In a nutshell, this

is the total process which is followed in an OFDM system.

Different approaches have been adopted for making the real signal positive such as:
DCO-OFDM [46, 54, 55], ACO-OFDM [46, 54, 55], ADO-OFDM and DACO-OFDM
[51,52, 58]. Each of these OFDM forms has its own characteristics and is suitable for
different application scenarios. These are the commonly used IM/DD modulation
schemes being applied in Optical Wireless Systems now-a-days. The detailed
description, performance evaluation as well as practical limitations of DCO-OFDM
system, ACO-OFDM system and Diversity-combined ACO-OFDM system are

delineated below:
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2.9.1 DCO-OFDM

DCO-OFDM is an improvised OFDM system where a DC bias is added to the bipolar
OFDM signal and the remaining negative peaks are clipped. Carruthers and Kahn were
the first to propose this system. Clipping noise is introduced due to the negative clipping.
Both odd and even subcarriers are incorporated for carrying data symbols and all of them

are affected by the clipping noise.

The additional features or modules added in the transmitter of a DCO-OFDM system
are the Hermitian symmetry module and the other one performs addition of a DC bias to
the signal to be transmitted and clips any remaining negative peaks. The DCO OFDM

receiver is just the same as the conventional OFDM receiver.

OFDM signals typically possess a very high peak-to-average power ratio (PAPR); so
a very high bias is needed to remove all the negative peaks. But, it is very power
consuming and decreases the power efficiency. Henceforth, a moderate bias is normally
chosen and the remaining negative peaks are clipped. The biased signal is then input to
an LED or laser which performs intensity modulation on an optical career. This resulting
signal is then transmitted across an indoor optical wireless channel. Shot noise which is

added in the electrical domain and affects the signal is modeled as AWGN.

At the receiver, the received signal is first converted from an optical signal to an
electrical signal using a photodiode. The remaining process is just the same as the
conventional OFDM receiver. In DCO-OFDM, all the subcarriers are demodulated as

they all carry data symbols.

2.9.1.1 DCO-OFDM Transmitter and Receiver

In the transmitter, the input complex signal into the IFFT 1is given

by X = [X,, X,, X,,....Xy,]. The X vector is constrained to have Hermitian

“EN-1

symmetry and the two components X, and X, , are set to zero, i.e. X, =X, , =0,
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X =X

m N-m

for 0<m< N/2 2.1)

The Hermitian symmetry is needed to ensure that all the outputs at the output of the
IFFT, x is real. The signal is then converted from parallel to serial (P/S), a Cyclic Prefix

(CP) is appended, Digital to Analog converted and low pass filtered.

Figure 2-4: (a) signal x(¢) (b) signal x(¢) after addition of K. =3dB (c)

signal x ., [22]

In Figure 2-4, the bipolar signal x(¢) is shown. Figure 2.1 presents signal x () when
a DC bias of K, = 3 dB is added to the same. After the addition of DC bias, only a few

negative peaks are present. In Figure 2-4, signal Xpco(s) is shown where the negative
peaks are clipped at zero. The DC bias level, K. can be defined relative to the standard

deviation of x(7),
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K, = ,u\/E{x(t)z} 2.2)
Where, u is a proportionality constant and K,. is the bias defined by this:

10l0g,, (1* +1) dB.

Figure 2-5 The Constellation of a 16-QAM DCO-OFDM signal without the effect of
channel noise [22]

In Figure 2-5, the constellation diagram of x,.,,, is shown for the system in the

absence of channel noise. Constellation diagram is plotted for 16-QAM OFDM when the
DC bias level is 7 dB. In the figure, the odd subcarriers and even subcarriers are
represented by black crosses and red dots respectively (The constellation points are
shown after the DC bias is removed). Noise like interference pattern can be seen in both

odd and even subcarriers due to the DCO OFDM clipping noise.

2.9.1.2 Statistics and Performance of a DCO-OFDM System

In case of a large number of subcarriers, the unclipped continuous time domain

signal, x(t), can be modeled as a Gaussian random variable with zero mean and a
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variance of o), = E {xkz} using the central limit theorem, where o, is the standard

deviation of the unclipped signal. The optical power of DCO-OFDM, P,

easily derived using the PDF (Power Density Function) of DCO-OFDM. Hence,

P, pco= E{x o ()} = T‘//fwcom (y)dy
0
=22 e(L5 )+ Boe (1-0(5))

Whete, 0(#) = J;_”Ie(_gz 7

Similarly, the electrical power of DCO-OFDM, P, , ., is :

Pec.pco = E{Xéco(t)} = J.‘// Jevcow W) Ay
0

= (0 +Kp) (1= Q5 )+ e X<

2
20}

can be

2.3)

2.4)

2.5)

The E,,,,/N, for DCO-OFDM is denoted by E {xf)co(t)}/ bpeoN, and the

Eb(opt) / N, for DCO-OFDM is denoted by E {xDCO(t)} /byeoN,, where b, ., is the bit rate

of DCO-OFDM.
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Figure 2-6 BER against Eb(elec) /' N, curves of DCO-OFDM for 4-QAM, 16-QAM, 64-

QAM and 256-QAM with a DC bias of 7 dB
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Figure 2-7 BER against £ (elec) / N, curves of DCO-OFDM for 4-QAM, 16-QAM, 64-

QAM and 256-QAM with a DC bias of 13 dB
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Figure 2-8 BER against Eb(opt) /' N, curves of DCO-OFDM for 4-QAM, 16-QAM, 64-
QAM and 256-QAM with a DC bias of 7 dB
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Figure 2-9 BER against Eb(opt) /' N, curves of DCO-OFDM for 4-QAM, 16-QAM, 64-
QAM and 256-QAM with a DC bias of 13 dB
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In Figure 2-6, the BER against E / N, of DCO-OFDM for 4-QAM, 16-QAM, 64-

QAM and 256-QAM are shown. The DC bias level on each of them is 7 dB. Large
constellations such as 64-QAM and 256-QAM require high receiver SNRs. But when a
larger bias such as 13 dB is used, the bit errors due to the DCO-OFDM clipping, reduce

and the required receiver SNR as well as Eb(m) / N, increases more. In Figure 2-7 it has
been demonstrated by plotting BER against E / N, curves for 64-QAM and 256-

QAM DCO-OFDM, where the DC bias level is set to 13 dB. The required E, (elec) / N,

l
increases as the DC bias level is increased more and more. For example, 4-QAM with a

DC bias level of 13 dB requires higher E / N, for a BER of 107 than 4-QAM with a

DC bias level of 7 dB.

In Figure 2-8 and Figure 2-9, E / N, against BER of DCO-OFDM for 4-QAM,
16-QAM, 64-QAM and 256-QAM are plotted for a DC bias level of 7 dB and 13 dB

respectively. E {xDCO(t)} is set to unity in all the graphs. An increase in the E / N, is

also observed in these two plots both for the increased DC bias and higher order of

constellations.

2.9.2 ACO-OFDM

Armstrong et al first proposed ACO-OFDM system in 2006. In an IM/DD ACO-OFDM
system, only the odd subcarriers are used to carry data symbols. On the contrary, the
even subcarriers are used to form a bias signal which ensures the non-negativity

requirement of the transmitted signal.

The main difference of the ACO-OFDM transmitter is that there is no addition of DC
bias as in a DCO-OFDM transmitter and the negative portions of the bipolar OFDM

signal is clipped at zero which induces some clipping noise in the even subcarriers.
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Just like the DCO-OFDM transmitter, x is serial to parallel converted, a CP is

appended, Digital to Analog converted and filtered producing the signal, x(t). Next, the

negative signal value clipping at zero results inx . Clipping at zero doesn’t result in

ACO(t)
a loss of information as x has the property of anti-symmetry. The ACO-OFDM receiver
processing is similar to the DCO-OFDM receiver; the only difference is that in ACO-
OFDM, only the odd subcarriers are demodulated at the receiver, as only they carry data

symbols.

2.9.2.1 ACO-OFDM Transmitter and Receiver

Sfp XYHI A (I/]

& Mapping 2DIFFT | Xj | Clipping P/S, D/A, CP Intensity
LPF addition Modulator

Figure 2-10 Block Diagram of an ACO-OFDM Transmitter
In Figure 2-10, the input signal to the IFFT block in the ACO-OFDM transmitter is first
converted from serial to parallel and mapped onto the required constellation points. After

this process, the input signal to the IFFT is, X, = [O,X

m,1°

0, X, 5. ,Xm,N_l] where only

the odd subcarriers are used to carry the data symbols. Just like the DCO-OFDM
transmitter, in the ACO-OFDM transmitter, X, is also constrained to have Hermitian
symmetry. This process results in a real time signal x, . In Figure 2-11, it is seen that, for

every positive signal value, a negative counterpart is present at a distance of N/ 2. The
clipped signal is shown in Figure 2-12. So it can be concluded that the signals should
possess the anti-symmetry property in the time domain for maintaining Hermitian

symmetry where the condition below is met.

N
X, = —xk+]% for 0<k< 5 (2.6)
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Figure 2-11 The output signal from the IFFT, x, [22]

Figure 2-12 Transmitted signal [22]

2.9.2.2 ACO-OFDM Clipping Process

The whole ACO-OFDM clipping process is described like this: the clipping process

makes the amplitude on the odd subcarriers half and a noise like interference appears on
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the even subcarriers. For a better understanding of how x is affected by the zero biased

clipping, the DFT of x is considered, where

N-1 -
X, = Zxk exp (%ﬂkmj 2.7

k=0

Separating out the positive and negative values of x, , X

m

can be expressed as

follows,

N
> (—]27rkmj o —]27r(k+jm
X, = e + Z X ye
k=0,x20 N k=0, K3 N
2.8)
N
2 (—]27rkmj o —]27z(k + j m
+ ’ + D> x e
k=0.x,, N K0 “T2 N
Due to the anti-symmetry it can be expressed as:
N N
% -j2 - m [ —J2
X, = Z X, [ J ﬁkmj+ z Ly ( 1) e( j ﬂkmj
k=0,x,.0 k=0,x,>0 by N
. 2.9)
z —j2rmkm & —j2mkm
+ Z ke( / j+ z —X, (—l)me(J—j
k=0,x, N k=0,x;, <0 N

As only the odd subcarriers are used to carry data symbols in ACO-OFDM, m is odd.

Therefore,

N N
Pl _; Pl _;
X,=2 xke(%j+2 > xke(%j (2.10)
<0

k=0,x,>0
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After the clipping process is performed to produce x,., ,,, only the positive portion

remains while the negative portion is clipped. After the DFT of x,,,, 1s taken, it is seen

that

an
XACO,m: ) +NAC0,m (2.11)

Where, the m" element of the DFT vector of x scom 18 defined by X ., =~ and the m"
element of ACO-OFDM clipping noise vector is denoted by N, . The ACO-OFDM

clipping makes the value of X, half which results in X, /2to remain on odd

frequencies and the remaining half just falls on the even subcarriers. The most surprising

fact is that the information contained in N, is also very useful which is properly

utilized in Diversity-combined ACO-OFDM.

Figure 2-13 The constellation of the ACO-OFDM signal [22]
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In Figure 2-13, the odd subcarriers and the even subcarriers are represented by black
dots and red crosses respectively. The resultant signal on the even subcarriers is actually
the ACO-OFDM clipping noise as no data symbols are transmitted on the even
subcarriers at the transmitter side and it has to be kept in mind that the zeroth subcarrier

has a large DC value.

2.9.2.3 Statistics and Performance of an ACO-OFDM System

The optical power of ACO-OFDM which is represented by P, ., 18,

0

Popt,ACO =E {xACO (t)} = I XACO(t) (a) da 2337 (2.12)

0

Where o, is the standard deviation of the unclipped signal and o~ = E {x,f} .
The electrical power of ACO-OFDM is represented by P, ., is given by,

o0

Piecaco = E {szco (t)} = J‘az XACO(t) (a) da :g/ (2.13)

0

And the relationship between these two is

Elx o0} =1 ar

N
The ratio of E {x CO (t)} and E {xjco (t)} depends on the level of optical power

onP

"waco- For avoiding the complexity of the calculation, F,, ,., =1 has been

assumed.
1 E{XZACO(’)}

=— (2.15)
70 bcoNy

E{XACO(’)}
bacoNo
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Here, b, is the bit rate of ACO-OFDM. E{x, (t)}/bACONO is the £, /N, for

ACO-OFDM and E{x* ¢, (t)} /b,coN, is the E, ., /N, for ACO-OFDM.

——t— 4-QAM
—— 16-QAM
—v—64-QAM
—— 256-QAM
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E 5 (e!ec)/Na in dB

Figure 2-14 BER against Eb(elec) / N, of ACO-OFDM for 4-QAM, 16-QAM, 64-QAM

and 256-QAM
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Figure 2-15 BER against Eb(opt) / N, for ACO-OFDM for 4-QAM, 16-QAM, 64-
QAM and 256-QAM
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The BER curves against E, ., /N,and E,, /N, of ACO-OFDM for 4-QAM, 16-

QAM, 64-QAM and 256-QAM have been demonstrated in Figure 2-14 and Figure 2-15.
The relationship between Eb(elgc) / N, and Eb(opt) / N, is used for plotting this graph. The

ACO-OFDM clipping is the reason for half of the power of the transmitted signal to fall
on the even subcarriers and half of the power to remain on the odd subcarriers as well as
to be utilized. During the detection process, only the odd subcarriers are utilized to carry
the data symbols; therefore the performance of ACO-OFDM is 3 dB worse than the
conventional OFDM counterpart like DCO-OFDM while considering spectral efficiency.

2.9.3 Diversity Combined ACO-OFDM

ACO-OFDM and DCO-OFDM are two modulation schemes that are applied in real time
scenarios to transmit real, positive signals in an IM/DD system. Both of the schemes
have their specific advantages and disadvantages as well. ACO-OFDM is more efficient
in terms of optical power than DCO-OFDM for small constellations such as 4-QAM, 16-
QAM, 64-QAM and 256-QAM but ACO-OFDM shows better efficiency than DCO-
OFDM in case of large constellations such as 1024-QAM. A new technique combining
the advantages of both of these techniques have been improvised namely Diversity
Combined ACO-OFDM which shows better performance than the previously mentioned
conventional schemes. It shows a gain of up to 3 dB in terms of electrical power. The
theoretical gain of diversity-combined ACO-OFDM may not be attainable though in

practical systems, due to noise and distortion in the lowest frequency, zeroth subcarrier.

2.9.3.1 Diversity Combined ACO-OFDM Transmitter

The transmitter of a Diversity Combined ACO-OFDM system is quite identical to a
conventional ACO-OFDM transmitter. In a conventional ACO-OFDM transmitter, only
the odd subcarriers are used to carry the data symbols. Therefore, demodulation is
performed only on the odd subcarriers at the receiver side. But unlike an ACO-OFDM
receiver, in a diversity combined ACO-OFDM receiver, demodulation is applied on both
the odd and even subcarriers. The signals on the even subcarriers are then recovered after

a non-linear process and they are combined with the signal on the odd subcarriers with a
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weighting factor and flipping them with the help of the sign of the odd signal. This

whole process results in a performance gain of up to 3 dB in electrical power.

2.9.3.2 Diversity Combined ACO-OFDM Receiver

The main components of a Diversity Combined ACO-OFDM receiver are: an optical to
electrical converter such as a photodiode, an LPF, an (Analog to Digital) A/D converter
and an (Serial to Parallel) S/P module. The data symbols are then sent through an FFT to
convert the signal from discrete time domain to discrete time domain after being mapped
onto the constellation points. The FFT signal output Y, is then equalized to remove the
channel effects and distortion. The diversity combined ACO-OFDM receiver is similar
to an ACO-OFDM receiver up to this point. In the next stage, the signal output in the

frequency domain from the equalizer is separated into odd and even component vectors

namely Y ,, andY,

ven even

whereY,,, =[0,%,0,..,0,Y,,] and ¥, =[¥,,0,Y,,.,Y,_,,0]. Next,

Y ., and Y are input into two separate IFFTs and the resulting discrete time domain

ven

vectors are yl)dd and yeven Where y()dd = I:yodd,O, """ ’ yodd,N—l ] and yeven = I:yeven,O, """ ’ yeven,N—l ] .

The k" element of y,,, is givenbyy,, ,, where

’
Vodd k= Xoda kT Moda k (2.16)

!

X, 18 a component of x, and x/,is the odd component of the transmitted

0

discrete time domain signal x,., and 7, is an element of n, which is the odd

component of the AWGN vector. x,,, , =0.5x,.

The k" element of y,, is given by y, .., where

!

yeven,k = xeven,k + neven,k (217)

X! is an element of x’ which is the even component of the transmitted discrete

even,k even

. . th . .
time vector, x,., and n,,, . is the k" element of n,,, which is the even component of
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the AWGN vector. x’

even,k

= O.5|xk| and it is evident that it is a unipolar signal. That is the

reason for the non-linearly processing before being combined with the bipolar signal

!

X,qa - The processing of the even components depends on the relationship between odd

O

and even signals of the following equation:

!

— ! !
Xoda ko = SEN (xodd,k ) X Xeven k (2.18)

sgn(x(’) y d’k) represents the sign of x/, , . The equations imply that x/,, contains some

n

information about the transmitted data which is ignored or clipped in a conventional

ACO-OFDM system. The unipolar signal x|, is converted to a bipolar signal by

multiplying it by the polarity of x,, , that is denoted by sgn(x; ik ) .

Figure 2-16 (a) Signal x],, , and Signal sgn(x, )xx]

even
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!
even

Figure 2-17 Signal x/,, and signal sgn(x/,, )xx

In Figure 2-16, x!, and sgn(x,, )are shown separately and in Figure 2-17, both of

them are plotted together in an intention to demonstrate that the signals fall on top of

each other when plotted together. Hence, it is obvious that the non-linear operation,

, ) . . ;o
sgn(x,, )xx.,, results in the same signal as x/,in the absence of any channel

even

impairment. Corresponding to the fact, the non-linear processing operated on y,  is

given by,

Vveont =S (Vg s )X Verens 2.19)

The odd and even components are then combined using a weighting factor o :

y/’f :(l_a)yodd,k +ay;ven,k’ OSCZSI (220)

The value a is close to 0.5 for maximizing the highest gain. y, is converted back to

the discrete frequency domain from the time domain through the FFT block and the
transmitted data is recovered through proper signal processing. Spectral power efficiency

is improved utilizing the information dormant in the even subcarriers and electrical
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power efficiency also is improved already as it is a version of ACO-OFDM, where no

additional DC bias is needed.

A comparatively better performance can be achieved by diversity combined ACO-
OFDM incorporating genie case. In a genie case, the receiver has perfect assumption
about which samples to invert at the stage of non-linear processing in the Diversity-

Combined ACO-OFDM receiver. In a conventional diversity combining receiver, mere

estimates of sgn(x; " k) are used in processing the even frequency components whereas

the exact values of sgn(x(') i ) are used in a genie diversity combining receiver.

Figure 2-18 BER against Eb( ) /' N, for ACO-OFDM, ACO-OFDM and diversity-

el

combined ACO-OFDM for 4-QAM, 64-QAM and 256-QAM constellations, with a=0.5
The BER against £,/ N, of DCO-OFDM, ACO-OFDM and Diversity-Combined

ACO-OFDM for 4-QAM, 64-QAM and 256-QAM constellations have been shown in
Figure 2-18. a = 0.5 is used as the weighting factor for diversity-combined ACO-
OFDM. It is obvious from the figure that DCO-OFDM performs better for lower
frequencies and worst in higher frequencies. On the contrary, ACO-OFDM performs the
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best as we increase the number of bits for the improvement of spectral efficiency and
exhibits better Bit Error Rate performance. DACO-OFDM is even better at lower
frequencies than ACO-OFDM and shows a bit worse performance than ACO-OFDM for

higher frequencies.

The performance of DACO-OFDM has been demonstrated with the help of the
plotted figures below:

Figure 2-19 BER against Eb(elec) / N, for DACO-OFDM for 4-QAM, 16-QAM, 64-QAM
and 256-QAM

BER versus Eb(glec) / N, has been plotted in Figure 2-19 to show that in case of

Diversity Combined ACO-OFDM, the electrical energy per bit increases for the same
BER if we keep increasing the constellations. Because the higher constellations will add

to more noise and will lead to more energy.
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Figure 2-20 BER against Eb(opt) / N, for DACO-OFDM for 4-QAM, 16-QAM and 64-
QAM
In the Figure 2-20 above, the performance of DACO-OFDM is shown in case of

optical energy. BER versus Eb(opt) / N, proves that, for lower constellations, the system is

very efficient as it requires a small optical energy but the performance will worsen to a

greater degree in case of higher constellations.

2.9.3.3 Practical Limitations of Diversity-combined ACO-OFDM

From theoretical point of view, a gain of maximum 3 dB is possible in a diversity-
combined ACO-OFDM system. But it’s not achievable in practical scenario because the
technique is extremely sensitive to noise and distortion in the lowest frequency. The DC
offset present in the zeroth frequency subcarrier also increases the noise power to an
extent. The biasing of the transmitter LED and the receiver photodiode circuit can cause
the DC offset. Ambient light sources can also introduce DC offset in a practical optical
wireless system. Low frequency attenuation can be introduced by the low pass nature of
the front-ends of typical transmitters and receivers, the presence of incandescent and

fluorescent lights.

The analysis of the implication of the zeroth subcarrier variations is as follows. The

even component of the received signal y, . ,1s given by
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'
yeven,k = xeven,k +n + do ’ (221)

even,k

Here, d, is the DC-offset. When y, . is non-linearly processed, y. ., , is given by,

Vevens = 581 (yodd,k ) X (x(;ven,k +1,,,, +d, ) (2.22)

! !

X, ..« - There are three possible sources

even,k — Yo

In the absence of noise and distortion, y
of error such as DC offset, the AWGN, errors that occur when sgn( Vou d,k) # sgn(x(') ik )

But, only the bit errors due to sgn( Vodd x ) # sgn(x{'} R ) and AWGN are considered in the

original diversity-combined system.

DC offsets will always be present and must be considered in a practical OWC system.
The performance of diversity-combined ACO-OFDM is affected drastically in the
presence of DC offset. The non-linear operation and the combining process also result in

errors. The DC offset is quantified using the following equation:

(2.23)

D =20log,, [MJ

E{xACO}

2.9.4 ADO-OFDM

The ADO-OFDM is another modulation technique which has ACO-OFDM component
on the odd subcarriers and the DCO-OFDM component on the even subcarriers. The

detail technique is described in [22].
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2.10 Summary

From the above discussions it has been observed that OWC has emerged as a solution to
the existing problems associated with RF communication. Room illumination is now-a-
days a lucrative feature to incorporate within indoor OWC while providing data
communication by the same. OFDM is the most viable scheme for indoor OWC due to
its robustness and high efficiency. Various IM/DD schemes have been adopted in order
to make the bipolar signal unipolar. But Diversity Combined ACO-OFDM provides the
best BER performance among all of them for it provides better spectral efficiency as

well as better power efficiency.
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CHAPTER 3

3 PREVIOUS RELATED WORKS

3.1 Overview

The related previous works have been discussed in this chapter. A new technique has
been proposed in [51] based on using the signal on the odd frequency subcarriers which
is termed as “DC odd frequency based estimation (DC-OFBE)”. In [52], a simple
combining algorithm is proposed with the help of a detailed analysis of NLCD (Non-
Linear Clipping Distortion) which extracts the instructive information inside the clipping
distortion and the process of recovering signal with zero-bias has also been shown there.
Finally, in [53], a new receiver has been proposed for frequency domain diversity
combining ACO-OFDM termed as FDCC and eFDCC receivers which have been proved

superior to their other counterparts.

3.2 DC Odd Frequency Based Estimation in Diversity Combined
ACO-OFDM

Normally, in an AWGN channel, ACO-OFDM outperforms DCO-OFDM for normalized
bandwidth/bit rate greater than 0.2 and vice versa for smaller values. In previous works,
it has been shown that ACO-OFDM gives an advantage of between 1.5dB and 4dB but it
depends on how the comparison was made. But in another paper, DCO-OFDM gave
better performance in their experimental configuration because of the capacitors in the
receiver causing baseline wander leading to adverse effect on ACO-OFDM. Uncorrected
DC offset in the receiver may be the reason of the failure of the diversity combined

ACO-OFDM method, but DC correction methods can effectively address this problem.
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Experimental results demonstrating the use of diversity combining in an optical wireless
system using asymmetrically clipped optical orthogonal frequency division multiplexing
(ACO-OFDM) are presented in [51]. An improvement of 2-3 dB has been shown by
incorporating diversity combining in the experiments. As a transmitter, a standard white

lighting LED of the type often used in visible light communication (VLC) is used.

3.2.1 Reasons for Incorporating DC-OFBE

Data is recovered from the odd frequencies only in the basic OFDM. But later it has
been shown that the performance of ACO-OFDM could theoretically be improved by
upto 3dB by dint of using diversity combining, which involves combining the signal
received on the even subcarriers with the signal received on the odd ones. Knowledge of
the zero level of received signal is assumed in case of diversity combining ACO-OFDM.
Because normally, the use of optical transmission and the properties of the transmitter
and the receiver imply that the zero level of the received signal might not correspond to

the zero level of the transmitted electrical signal.

DC offset resulting due to the incorrect estimation of the zero level is the sole reason
for diversity combining to fail. To overcome this problem, a new technique has been
proposed in [51] based on using the signal on the odd frequency subcarriers. This is
termed as “DC odd frequency based estimation (DC-OFBE)”. This process also reveals a
new property and that is, unlike in an AWGN channel, the signal to noise ratio (SNR)
improvement is frequency dependent. SNR improvement is nthe greatest on the most

attenuated subcarriers.

In the receiver, two forms of diversity combining methods were implemented. It was
shown that a direct application of the original diversity combining algorithm increased
the SNR. DC offset resulting from the incorrect estimation of estimation of the zero level
of the received signal, was mainly responsible for this. On the contrary, when DC offset

was estimated using the odd frequency subcarriers, it resulted in a reduction of 2dB in

the required SNR, for a bit error rate of 10~ compared to ACO-OFDM alone.
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One of the most important findings is that diversity combining alters the frequency
distribution of noise in the equalized diversity-combined signal. This has been shown as
a result of non-linear processing of even subcarriers in the diversity combining process.
Consequently, diversity combining affects SNR on different subcarriers in different ways
when applied in a frequency selective channel; i.e., the most attenuated subcarriers are

faced with the greatest SNR increase.

3.2.2 Description of the Total Set-up and the DC-OFBE Process

Figure 3-1 Block Diagram of an ACO-OFDM Transmitter

Figure 3-1 shows the block diagram of the transmitter used in [51]. The transmitted

data is mapped onto the odd frequency subcarriers and the vector input to the inverse

Fast Fourier Transform X =[X [O],X [1], ...... , X [N —1]]. It is constrained to have

Hermitian symmetry, i.e. X [k]=X [N —k],0<k <N/2, which ensures that outputs of

the IFFT will be real.

The even frequency subcarriers are zero which means that only N/4 of the N

complex inputs to the IFFT are independent. The signal is converted from the discrete
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frequency domain to the discrete time domain by the IFFT. The IFFT output signal is
clipped at zero to give the unipolar signal x, :[xc [0],cx [N —1]] required for an

IM/DD channel. And finally the data is input to a digital-to-analog converter (DAC) and

converted into an optical signal, x, (t) , using an LED after Cyclic Prefix addition.

Figure 3-2 Block Diagram of the Diversity Combining Receiver with DC odd frequency
based estimation

In Figure 3-2, an ACO-OFDM receiver using diversity-combining and DC-OFBE is
shown. The first five blocks are just the same as a conventional ACO-OFDM receiver.
But instead of recovering the data using the equalized symbol vector Y, further
processing is done on this vector to recover the information carried on the even

subcarriers. Y is separated into two vectors namely odd and even subcarriers, Y ,, and
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Y .. respectively. Y ., is input to the upper IFFT the outputs of which can be expressed

even

88 Vou = | Yoas [0] Yoau [1]s---s Yoas [N —1] ] are then used for DC-OFBE to provide the

estimate of the DC component, Y [0], given by:

. N-1
Y[O] = Z| Yodd [l] ‘ (2.24)
1=0

The input to the lower IFFT is ¥, with the zeroth subcarrier substituted with ¥[0].
The output of this block is y,,, . In order to recreate a bipolar signal y/  , the absolute

value of the output of the lower IFFT is then multiplied by the sign of the signal,y_,, .

The combined signal ' is finally obtained by this formula:

V' =(1-Q) Y, + @Vl (2.25)

where o is a constant. A final FFT is performed to give Y and the data is recovered

from Y .

3.2.3 Experiments and Results

3.2.3.1 The Channel Frequency Response

The results of the experiment were analyzed utilizing the combination of measurements
and simulation to derive the measured channel frequency response, the measured SNR

for each subcarrier and the simulated BER curves based on the measured frequency
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response because of the practical limitations of optical wireless experiments.

Figure 3-3 The measured channel frequency response [51]

The measured channel frequency response is shown in Figure 3-3. It can be seen that

the channel gain drops as the frequency increases. Values for frequencies upto 10 MHz

has been shown where 7, is the ratio of the received value on the k" subcarrier before

equalization, Y, [k], to the transmitted value, X, [k], on the corresponding subcarrier
after clipping, where X, =[ X, [0], X, [1],...., X, [N —1]] is the FFT of signal x, . All the

values of 4, were calculated using

- Z/ )lm X ][k] (2.26)

Here the subscript, j, denotes the index of the transmitted/received OFDM symbols.
Much greater fluctuations were found in the estimated values for the even subcarriers
than the odd ones. Low signal power on all except the zeroth even subcarrier is the sole
reason of this. Linear interpolation between the adjacent odd subcarriers helped

obtaining a more consistent result and by estimating 4, for the even subcarriers. The low

pass characteristic of the frequency response is due to the combined effect of the blue

LED surrounded by a phosphor coating used in the experiment.
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3.2.3.2 Analysis of the Receiver SNR

Figure 3-4 Experimental SNR versus subcarrier index [51]

Figure 3-4 shows the receiver SNR for each subcarrier as a function of subcarrier
index in case of data carrying odd subcarriers. Averaging over the values measured for
each of the 200 symbols, the SNR on each of the odd subcarriers was calculated. Three
curves correspond to ACO-OFDM with no diversity combining, ACO-OFDM with
diversity combining and ACO-OFDM with diversity combining and DC offset
estimation. & =0.5 has been assumed here as this is close to the optimum value for high

SNR. If there are no decoding errors, vy, and y = have the same SNR and assuming

a = 0.5 makes them contribute equally to y'.

As per expectation, the ACO-OFDM results decrease with frequency with a 2 dB
drop over the 10 MHz bandwidth. Furthermore, baseline wander was not present in
ACO-OFDM without diversity combining because of the design of the optical receiver.
But, the SNR is between 5 and 10 dB worse than for simple ACO-OFDM when diversity
combining is applied without DC offset estimation. On the other hand, applying DC-
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OFBE along with diversity combining improves the performance significantly on most

subcarriers.

From the experiment, it has been observed that for the lowest frequency subcarriers,
diversity combining with DC-OFBE reduces rather than increases the SNR. Analysis of
the noise power at various points in the receiver can give a good explanation of this
phenomenon. As noise power is an increasing function of frequency, the channel

response falls with increasing frequency. According to the sign of y_,, , the signal y,  is

even

flipped. The flipped signal y’

even

contains odd subcarriers only and the noise component is
evenly distributed across the subcarriers. As the signaly’ has higher noise power
thany , on low frequencies but lower noise power on high frequencies, therefore, when
combination of both of them results in a noise power which may exceed that ofy _,,,

leading to lower SNR than when odd subcarriers alone are used.

It is not possible to measure the variation in BER with E, (opt)/ N, experimentally.

The transmitted optical power, the received level of AWGN also can’t be measured and
the level of AWGN cannot be varied in the experiment. The number of bits which can be

transmitted is also limited by the memory of the AWGN.
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3.2.3.3 Comparison among the Existing Systems

Figure 3-5 BER versus E {xc} | E {nf} (in dB) in a frequency selective channel [51]

The BER curves shown in Figure 3-5 are presented as a function of E{x_}/E {nf} .
Here, E {nf} is the variance of the noise after the anti-aliasing filter and x, is normalized

so that £ {xc} =1. With the optical power normalized to unity which is often used in the

theoretical work, this function is linearly related to the valueE, (opt)/N,. The

importance of accurate DC estimation has been shown in Figure 3-5. The use of the
actual value of the zeroth subcarrier which includes the DC offset leads to worse

performance than conventional ACO-OFDM. But when DC-OFBE is used, diversity

combining results in a 2 dB improvement in performance at a BER of10™*.
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3.2.4 Modifications for Improved performance

In the experiment conducted in [51], the transmitter and the receiver were separated
by 2.5 cm. The off-the-shelf equipment as well as the simple design makes the
experiment repeatable by other researchers. The distance could be increased in a number
of ways by using custom-designed electronics in the transmitter and the receiver in a
commercial implementation of VLC. Multiple LEDs could be driven in parallel in the
transmitter for the purpose of increasing the power of the transmitted optical signal. In
order to increase the received power, a larger area photodiode with a custom-designed
amplifier could be used at the receiver. A separate anti-aliasing filter with a lower
bandwidth could be used to reduce the noise in the received signal instead of depending
on the low pass filtering which is incorporated in the DSO front-end. But all these
changes are all in the domain of electronic design rather than in the domain of

communication.

3.3 Diversity Combined ACO-OFDM with Zero-Bias and Utilizing
NLCD on the Even Sub-Channels

3.3.1 The Underlying Reasons Behind this Process

The asymmetric clipping and associated biasing performed due to the unipolarity of
the IM/DD channel result in a significant signal degradation. ACO-OFDM was proposed
in order to overcome this detrimental distortion with the cost of a lower spectral
efficiency. In [52], a simple combining algorithm is proposed with the help of a detailed
analysis of such distortion which extracts the instructive information inside the clipping
distortion. It is better compared to the aforementioned system because it applies zero-
bias and reduces the clipping distortion to a great extent. The problem of performance
enhancement for Orthogonal Frequency-Division Multiplexing (OFDM) transmission in
intensity modulated, direct detected (IM/DD) optical systems is highlighted here. Neither
any change to the existing optical plant nor any extra transmitting power is required.
Thus, the receiver SNR can be significantly improved by exploiting the spectral diversity

gain.
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3.3.2 Main Objective of this Process

The objective of [52] is to develop an IM/DD optical OFDM system that makes a
more efficient use of electronic power by means of electrical signal processing. At the
transmitter, specially tailored signals with temporal diversity is generated and
transmitted so that no electronic bias is needed. And at the receiver side, by means of
combined decoding, the nonlinear clipping effect and the resulted spectral diversity can

be effectively characterized so that the system performance can be improved.

3.3.3 The Constraints and Sensitivity to Non-Linear Distortion

Optical OFDM can be realized by two ways: by direct detection with appropriate
electronic or optical biases or by coherent detection by dint of optical I/Q modulation.
Very narrow linewidth lasers and sophisticated calibration algorithms are required in
coherent systems due to the sensitivity of OFDM to frequency offsets and phase noise, as

a trade-off for a superior performance.

On the other hand, direct detection provides simpler detection as well as minimum
modification on existing plants with a lower power efficiency. Another fact should be
kept in mind that, the transmission of such signal is largely restricted by the linearity
constraints in the modulation/demodulation processes and the nonlinear effects created
on the optical link. For the instantaneous envelope of an OFDM waveform can be
approximated into a Gaussian distribution with a large peak-to-average power ratio
(PAPR), optical OFDM is very sensitive to disturbances like non-linear distortion. The
receiver signal-to-noise ratio is negatively affected by adding the large electronic bias in
IM/DD optical OFDM transmission in order to avoid frequent clipping of negative
peaks. By using only half of the subchannels, information can be recovered noiselessly
with 0-bias clipping except for a power penalty. A combining decoding algorithm is

proposed in [52] by utilizing the clipping-introduced spectral diversity at the receiver.
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3.3.4 SNR Improvement by Applying Different Biases

In all the previous works, appropriate and variable DC offset has been added to
eliminate all the clippings which calls for inspection or exhaustive search over data
sequences. It is not favorable for systems with large number of sub-channels. Fixed yet
large enough power has been applied in some works to ensure an infrequent clipping
from a statistical point of view. But, it should be kept in mind that the maximum

allowable input power for modulators and amplifiers is limited for any practical system.

Furthermore, a large electronic bias dramatically increases the power of the driving
signal and Automatic Gain Control has to be used to shrink the power before using it
into an optical modulator causing the receiver SNR to decrease after a certain biasing
point. Therefore, an optimal biasing point exists for a practical system with a specific

modulation format and receiver sensitivity for maximization of the performance.

An SNR improvement of 4 dB can be observed in “Opt-biased, Full rate”, compared
to “Suff-Biased, Full rate”, which uses simple sufficient biases to eliminate all clippings.
As a step to further improve the power efficiency, a new method has been improvised,
where the bipolar signals can be recovered in absence of noise by using only odd
subchannels, even without any bias. This is called the “Zero-Biased, half rate” system
where half of the available bandwidth is simply abandoned at the receivers to eliminate
the effect of non-linear clipping. This zero-biased system has a lower spectral/power
efficiency but exhibits superior performance as effective rate is halved compared to other

“Full rate” setups.

3.3.5 Temporal Diversity and 0-Bias Clipping

At the transmitter side, the data are first encoded into QAM symbols and applied onto
N equally spaced sub-channels. Then the high speed data is first separated into a large
number of low speed data sets by a serial to parallel converter. Afterwards, by the help

of IFFT, the complex symbols are then transformed into a time domain signal and the

k™ sample of the output is given by
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x, =i§()( I+ X 9)e( jzlkm), (2.27)
N3 N

Here, the complex symbol modulated on the m” sub-channel is X, = X! + jX?. For

and X¢ =-X?¢

. . oy 1 1
maintaining the Hermitian symmetry, X, =X Nem

m N-m

for all m, except the
first tone. The IFFT output will then be transformed into a digital data sequence x, by a

parallel-to-serial converter and converted from digital to analog waveform by a digital-
to-analog converter. A biasing and clipping process is required for making the bipolar
signal unipolar to make it suitable for the delivery through the IM/DD channel. If the

biasing voltage is denoted by /,. and the equivalent biased and clipped time-domain

samples are denoted by x; , which represents the output distorted signal sequence are:

0,x, <—1
X, ={ Lo } (2.28)

X, + e, x, =21,

This is the driving signal for the ideal optical modulator, where the output optical
power is a replica of the electric-drive signal and dispersion is considered to be the only
limiting factor for simplicity. Appropriate demodulation at the receiver side is assumed

after the photodiode part.

During the IFFT modulation process, each time sample x, can be thought of as a

summation of N phase rotated QAM symbols from all sub-channels. And it has been

shown earlier that, if only odd sub-channels are loaded with data, x, =x, , ; an anti-

periodic sequence. There exists a unique sample in the second half with the same
amplitude but opposite sign for any sample point in the first half. However, the anti-
periodic sequence can also be treated as the output of a virtual repetition encoder from a
coding point of view, where the input signal is simply flipped and repeated. By a full
N /2 point IFFT loaded with appropriate inputs, N /2 point, time-domain input signal
for the encoder can be easily obtained. The transmission bandwidth is thus doubled after

the encoding, for only 50% of the sub-channels are loaded. Hence, the presence of this
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temporal diversity poses an interesting problem in case of utilizing the temporal diversity

for effectively transmitting the data and demodulating it in different channel conditions.

For explaining the overall system, an ideal bipolar channel where there is no negative
clipping is being considered. To denote the joint effect of various noise processes which
may be present at the receiver side, a zero-mean Gaussian noise process e, with variance

o’ is used; y, =x, +e,,where x, is the transmitted anti-periodic signal ande, is an

independent stationary process with corresponding self-correlation function Rxx[ 0.

Ni2] T
Different versions of the same signal are independently received namely y, and y,. ), .

Generally, an optimal diversity gain is provided by maximum ratio combining with equal

power coefficient. The received signal after the combining is:

1 N
E(yk —yk+g],k—0,1,....,?—l
1

N N
~ y, - J=—,—+1,..,N-1
2(”‘ yk—’jJ 272

(2.29)

After biasing and clipping in the unipolar IM/DD channel, all the negative sample
points are replaced by 0’s before being applied onto optical modulator. But, it has been

shown that even with no electronic bias, i.e., (if 1,. is set to 0 in (2.28)), the anti-

periodic signal can still be perfectly recovered in absence of noise, i.e., the clipping
distortion can be avoided. It can be justified from an information theory point of view
that although N /2 negative sample points are replaced by 0, their positive siblings will
all survive. Exactly one copy of the original information can be preserved and therefore,

there is no information loss in the transmission.

With a perfect channel estimation, the received data on a odd sub-channel, m with a

perfect channel estimation and in absence of any noise and interference,
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X, Zka (]ka]

N,y N

:;kajce(—j%km}g{x“ﬂf[ f%@”@ ]

where LJC denotes the operator for the 0-bias clipping.

(2.30)

The exp (.) terms in the second summation can be deduced to

e[—j%{(lwr%jm}:—e(—j%kmj (2.31)

(2.32)

where
L_xkjc = _(xk —ka J) (2.33)

Using a similar approach, without any clipping, the received signal can be expressed

as a normal FFT, 3(.), as x, is anti-periodic:

2—1
X,23(x)=2), xke(—jz—ﬂkm) (2.34)
k=0 N
Hence,
, 1
X ==X (2.35)

2 m
No clipping distortion will be present on any of those sub-channels even with 0 bias.

Information on any odd sub-channel m can be perfectly recovered in the absence of
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noise and interference, considering that there is a constant attenuation factor of 2 on the

amplitude.

3.3.6 Clipping Distortion and Spectral Diversity

The signal power is halved after 0-bias clipping for any anti-periodic sequence x,

generated at the IFFT output when odd sub-channels are loaded.

1
kaJ =§ ka
k=0 c k=0 (2.36)
= — = — X [ j—

Which means that only half of the transmitted power will be picked up for decoding.
The other half, however, will leak into even sub-channels and would result in a nonlinear
clipping distortion (NLCD). In previous works, this distortion was treated as clipping
noise without careful characterization and simply discarded before the decoding phase.
But this NLCD contains useful information about the signal which has been explained by
dint of equations. Theoretical characterization of this NLCD and consequently, efficient
ways of utilizing the NLCD are the main focus of [52] in order to explore the possibility

of a higher power efficiency.

Figure 3-6 (a) An anti-periodic electronic OFDM waveform, (b) the corresponding
biased and clipped signal, and (c) the corresponding 0-biased clipped signal. [52]
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If a perfect channel is estimated, the resulting NLCD on an even sub-channel n after

the 0-bias clipping and in the absence of any other noises and interferences is:

_Nélek ( knj+1§1xkjce(—j%(k+%)n] -

As n is at least divisible by 2, all exp (.) phase shift terms are same, i.e.

(]_( VAL j (j—knj (2.38)

=S (s L b2

pin 2
So, = || -/ Wkn (2.39)

Therefore, in lieu of being treated as mere detrimental noises, the NLCD on even sub-
channels actually contains instructive information about the transmitted signal and this

information can be used to benefit the receiver SNR. In a nutshell, the resulting NLCD

on even sub-channel n is X =%S(|xk ), whereas decoded symbols on odd sub-channel

m arc:

X, = %S(xk) (2.40)

So, a combining decoding algorithm can be used to further improve the receiver SNR
inspired by the MRC algorithm. Considering that the frequency-domain noise process

W due to e, has relatively low correlations among odd and even sub-channels, two
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highly correlated signals(xkand|xk|) are virtually delivered through two reasonably

independent channels, i.e.,

Y =X +W,

(2.41)
Y, =X, +W,

An anti-periodic signal y;", as well as a periodic signal ‘ y,:"can be regenerated by

loading Y' and Y  to only the odd and even sub-channels of two separate IFFTs

separately.

v = R (Y”'l) = lxk +e
? (2.42)
=5 () =L e

Where the IFFT process is denoted by I (), e, and e, are the corresponding time

domain noises after the IFFT process. Furthermore, if we extract the polarity information

of y' and use it as the indicator of sign flipping on the even

v,| sequence, the

reconstructed anti-periodic signal can be expressed :

iy 20

(2.43)

%] =

Yel»yi <0

Any incorrect sign flipping because of the noise process will lead to a corresponding

error in ( y,’{’—’ as recovering [ y,’f—‘ calls for additional polarity information from the

signal y," . But the noise, which has an opposite polarity has to be way more larger than

the corresponding signal for this error propagation to take place.
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v, | with the help of y," sequence and its

polarity [52]

Figure 3-7 The recovery of [ yﬂ from

So, those signal points with relatively small power are prone to errors mostly.
Incorrect flipping of the same will cause only a marginal effect. On the contrary, a

detrimental flipping large magnitude signal due to a very large noise is highly unlikely.

That is the reason ( y,i’—’ will suffer a small SNR penalty compared to y,". The combined

decoding equation incorporating the combining coefficient a (ranging from (0,1)),

m

regenerated sign indicating signal y;" and reconstructed signal ( y,’j—‘ is

Pe=(1-a)y +a| 3], (2.44)
3.3.7 Performance Analysis

In [52], the performance of a simulated IM/DD optical OFDM system with 1024 sub-
channels loaded with either 4-QAM or 16-QAM complex symbols has been analyzed.
Losses and dispersions accumulated along the optical path are fully compensated and
nonlinearities and ASE noise is not included as optical OFDM had shown a strong
tolerance to both attenuation and dispersion. The presence of such channel effects would
not create much disturbance as OFDM is indeed a multi-career scheme with lots of

parallel sub-channels. As long as symbols on odd sub-channels are detectable,
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information on even sub-channels are also explorable. However, a zero-mean Gaussian
noise process is used to stimulate the joint effect of various noise processes at the

receiver for simplicity.

When a is chosen to be around 0.45, the proposed algorithm provides an up to 2.53
dB higher SNR in case of small or medium receiver SNR; without any extra
transmission power or transmission hardware. For example, the Symbol Error Rate
(SER) curves for the system with combining decoding algorithm can provide a steady as
well as increasing SNR gain upto 2.53 dB. Another noteworthy point is that the
performance of a 16-QAM 0-biased ACO-OFDM system with combining decoding is
better than a 4-QAM Opt-biased providing the same bit rate; for a medium SNR value
around 13 dB. This feature makes it wise to trade spectral efficiency for a better
performance which is an attractive feature for wireless optic or local transmission where
the optical bandwidth is numerous. So, by dint of combining decoding, high power
efficiency and a better performance are achievable at the same time with no extra cost of

optical power or transmitter hardware.

3.4 The Best Receiver for ACO-OFDM Systems

In [53], a new receiver based on frequency-domain diversity combining (FDCC) for an
asymmetrically clipped optical orthogonal frequency-division multiplexing (ACO-
OFDM) system has been proposed. It is capable of exploiting the frequency selectivity
of the channel more effectively to further improve the detection performance compared
to its time-domain diversity combining (TDCC) counterpart, which is proved by
postcombining signal-to-noise-ratio (SNR) analysis. An enhanced version of the FDCC
receiver, which is called eFDCC, allowing for optimal selection among multiple sets of
candidate symbol vectors based on signum matrix calculation, is also proposed [53]. The
proposed FDCC and eFDCC receivers have been proved superior to the TDCC receiver
through simulation results. The eFDCC receiver even performs better than an iterative
receiver which is known to have superior performance in current literature. The

complexity of the eFDCC receiver is also lower due to the avoidance of matrix
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inversion. Hence, eFDCC as well as FDCC receivers are the best receivers for the ACO-

OFDM system.

3.5 Summary

From the above discussions and analysis it is obvious that applying zero-bias to the
transmitted signal will not only increase power efficiency but also will reduce the
clipping noise. Moreover, this reduction is very important in diversity combined ACO-
OFDM as the system is highly sensitive to non-linear clipping distortions. Secondly, the
zeroth subcarrier DC Offset estimation with the help of signals on the odd subchannels
also helps to improve the performance than rather estimating it. Finally, eFDCC receiver
performs the best in case of frequency domain diversity combining ACO-OFDM, but it
has not been considered in this thesis as the receiver in the time domain has been focused
throughout the thesis. The next chapter combines the aspects of DACO-OFDM and
DCO-OFDM to form a new modulation technique known as HDC-OFDM.
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CHAPTER 4

4 PROPOSED HDC-OFDM

4.1 Overview

This chapter describes the proposed HDC-OFDM system and compares its performance
with the existing optical OFDM schemes such as ACO-OFDM, DCO-OFDM, ADO-
OFDM and DACO-OFDM.

4.2 Description of HDC-OFDM

It has already been mentioned that the proposed HDC-OFDM system is a combination of
the ideas of DACO-OFDM and DCO-OFDM. A typical HDC-OFDM scheme is

described in the following.

4.2.1 HDC-OFDM Transmitter

The transmitter of an HDC-OFDM system is shown in Figure 4-1:

Figure 4-1: Block diagram of HDC-OFDM transmitter

60



In the transmitter, serial data are first converted to parallel and then mapped to the
constellation points being used. For M-QAM based HDC-OFDM, the binary data will be

mapped to the M constellation points. The resultant complex signal is given by

X =[X0, X\, X5, Xgpeeeennn X, Xy e, Xyl (2.45)
The X vector is constrained to have Hermitian symmetry and the two components
X, and X, are set to zero which means X, = X, =0. It has already been mentioned

that this symmetry is required to ensure that the output from the IFFT block is real. The

Hermitian Symmetry condition can be defined as

X, =X, for0<m<N/2 (2.46)

Next, the complex signal X is divided into lower-index subcarriers, X, , and higher-
index subcarriers, X, . The terms X, and X, are to be transformed into DACO-

OFDM and DCO-OFDM, respectively. When only the independent data-carrying

subcarriers are considered (excluding the Hermitian Symmetry portion), X, can be

represented as follows:

X, =[X0, X1, X, Xy X, X Xy e, Xyl o)
SIP. O, 0. A, S X, 0,0..... ,0] '
Similarly, X, can be written as
Xy =X, X1, Xy Xy X, X Xy e, Xyl
=[0, 0, 0, O,............ 0, X, X, Xyl
(2.48)

First, the case for X, (the DACO-OFDM part) is considered. The complex signal X, is
input to an IFFT block resulting in a time domain real and bipolar signal x,. The
negative portion of the signal x, is removed by clipping the amplitude at zero. The

resultant unipolar signal s, is then converted from parallel to serial (P/S) and Digital to
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Analog (D/A). After these conversions, the signals are low pass filtered resulting in

x,(¢). This is the continuous time domain transmitted DACO-OFDM signal.

Now the case for X,, (the DCO-OFDM part) is considered. The complex signal X,
is input to an IFFT block resulting in a time domain real and bipolar signal x,. The
negative portion of the signal x, is removed by adding a DC bias. The resultant unipolar
signal x, is then converted from parallel to serial (P/S) and Digital to Analog (D/A).
After these conversions, the signals are low pass filtered resulting in x, (t) This is the

continuous time domain transmitted DCO-OFDM signal.

Next, the DACO-OFDM and DCO-OFDM signals are added to form the HDC-
OFDM transmitted signal x(t) :

x(1)=x () +x,(¢) (2.49)
A cyclic prefix (CP) is added to x(t) and then the resultant signal is input to an

optical transmitter to generate optical signals p(t). This is the HDCO-OFDM

transmitted signal in the optical domain.

4.2.2 HDC-OFDM Receiver

The receiver of an HDC-OFDM system is shown in Figure 4-2 .

The received optical signal ¢(¢) is added with additive white Gaussian noise

(AWGN). Next, the signal is low pass filtered and converted to digital from analog.
After that the CP is removed and the signal is converted into parallel streams. The
parallel signal is passed through a single step frequency domain equalizer. The equalized

signal, Y, is divided into lower-index subcarriers, Y,, to perform DACO-OFDM

demodulation, and higher-index subcarriers, Y,,, to perform DCO-OFDM demodulation.

First consider the demodulation of DACO-OFDM component. By excluding the
Hermitian Symmetry part, the term Y, can be expressed as
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Y, =[Y,,Y,%,, Y. Y, , 0,........0] (2.50)

Figure 4-2: Block diagram of HDC-OFDM receiver

Next, ¥, is divided into odd-index subcarriers Y, ,, and even-index subcarriers

Y,

L,even *

The term Y, ,, can be expressed as

Y, it =[0,%,,0,,%,,0.........Y, , 0,........0] @51)

29435

Similarly, Y, ., can be written as

even

Y, oo =[%,0,%,,0,7,..........0,0,........0] 2.52)



After that Y, ,, is converted to time domain signal y, , by taking an IFFT

operation. On the other hand, Y, ,, is converted to time domain signal y, ., by taking

even

another IFFT operation. The terms y, ,, and y,,,, are combined together to form an

estimate of the time domain DACO-OFDM signal y, as follows:

.)7[ = (1 - a)xyl,odd +aXx Sgn(yl,odd ) Xyl,even (253)
where a is a constant.
A FFT is computed on j, to form the frequency domain estimate of the DACO-
OFDM signal, ¥, . The term ¥, can be expressed as

Y, =[Y,.7.7,, Y. Y, , 0,.......0] (2.54)

I

It can be noted that the clipping noise generated on DCO-OFDM signal impairs the
performance of DACO-OFDM element. This is reduced by using a high DC bias on
DCO-OFDM which results in less clipping noise.

Now, let us consider the DCO-OFDM demodulation. The combined signal, Y,

obtained from the equalizer is converted to a time domain signal y by an IFFT

operation. On the other hand, the Y, ,, signal obtained from the equalizer is converted to

a time signal y, ,, by another IFFT operation.

It can be noted that when DACO-OFDM signal is generated in the transmitter side, a
clipping noise is formed affecting the DCO-OFDM signal. At the receiver side, the
DACO-OFDM clipping noise is estimated and then deducted from the received signal of
DCO-OFDM. This clipping noise estimation technique is the one described in [22] for
ADO-OFDM. This is explained in the following. The y, ,, signal is bipolar and thus is

clipped at zero to estimate the DACO-OFDM clipping noise generated at the transmitter

side. This resultant signal is deducted from the term » to form the time domain estimate
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of DCO-OFDM signal y,. The frequency domain equivalence of y, is generated by

FFT operation forming Y, . The term ¥, can be expressed as

Y, =[0,0,0,0,.......... Y, ¥, Y]
(2.55)
Next, ¥, and Y, are added to form an estimated signal ¥ as follows
Y =Y, +7,

=[Y%,.7,%,, Y. Y, 0,........0] +
L. . (2.56)

[0,0,0,0,.......... Y Y Yyl

=Y, 1.7, Y Y Y, Y e Yyl

The signal ¥ is demapped to recover the original binary data.

4.3 Performance Evaluation of HDC-OFDM

In this section, investigations are carried out to evaluate the BER performance of HDC-
OFDM based optical OWC. With the use of MATLAB tool, simulation results have been

presented for an ideal AWGN optical channel with no other distortion. Simulations were

carried out considering 256 subcarriers (N = 256) , a CP of 10 % and constellation sizes

of M having values of 4 and 16. It can be noted that in ACO-OFDM, DACO-OFDM,
only the odd subcarriers are modulated, whereas in DCO-OFDM, both the odd and even
subcarriers are modulated for data transmission. Similarly for the case of HDC-OFDM
for the DACO portion, only the odd subcarriers are modulated and the even subcarriers
are kept unused; while for the DCO portion all the odd and even subcarriers are used to
transmit data. In order to take this variation in the spectral efficiency of different

modulation forms, the total transmitted optical power is normalized to unity.

The BER performance of HDC-OFDM is a function of the power level on DACO-
OFDM and DCO-OFDM elements. Figure 4-3 presents the plots for BER versus
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Figure 4-3: BER versus Eb(e""'”/ Ny for 4-QAM HDC-OFDM for different power
levels on DACO element

Eyeery /Ny for 4-QAM HDC-OFDM for different percentage of power levels on

DACO and DCO component. The percentage of subcarriers and power on DACO-

OFDM is represented in the figure as p,,., . For example, p,,., =50% means the

power on DACO and DCO components is the same and the number of subcarriers

belonging to DACO, N/2, is also the same as that of DCO-OFDM, N/2. It can be seen
that the BER performance degrades when the values of p,,., increase or decreases
from the mid value. In other words, the best BER performance is achieved when p,,,

reaches 50%. The degradation is about 2 dB when the p, ., value increases from 50%

to 87.5%.

Next, the dimming flexibility of HDC-OFDM is evaluated. The dimming can easily
be applied to HDC-OFDM by changing the bias of DCO-OFDM component. Figure 4-4
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shows the plots of BER versus E,,, /N, of 4-QAM HDC-OFDM for different

dimming levels.

=¥ 100% dimming
= 90% dimming
== 50% dimming
=+=75% dimming
10% dimming
== 5% dimming

20 30

Figure 4-4: BER versus E,, / N, for 4-QAM HDC-OFDM for different dimming

levels

In this thesis, a dimming level of 100% means full brightness, while 50% means half
brightness or half optical power level. The transmitted optical power is varied according
to the dimming level. It has already been mentioned that for simulations, the transmitted
optical power is normalized to unity. This case (unity power) is assumed as 100%
brightness. Therefore, for the case of 25% dimming the transmitted optical power
becomes 0.25. It can be seen that when the brightness falls to 50% from 100%, there is

almost 6 dB  E,,,,, /N, degradation. On the other hand, a dimming up to 10% is also

possible however at the cost of 20 dB E,,,, /N, degradation.
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4.4 Comparison of HDC-OFDM with other OFDM forms

In this section, the BER performance of HDC-OFDM is compared with DACO-OFDM
and DCO-OFDM. Plots of ACO-OFDM and ADO-OFDM are also taken into
comparison. Since only the odd subcarriers are used in ACO-OFDM, 16-QAM ACO-
OFDM has to be compared with 4-QAM DCO-OFDM. The BER performance of ADO-
OFDM depends on the levels of power on ACO-OFDM and DCO-OFDM elements
within ADO-OFDM. It is shown in [22] that the optimum BER performance for 4-QAM
ADO-OFDM is achieved when 70% of the optical power is loaded on ACO-OFDM
component. So, when ADO-OFDM is considered in the simulations of this chapter, it is
assumed that 70% power is on ACO-OFDM element and 30% power on DCO-OFDM
component. The plots of BER versus E,,,, /N, are shown in Figure 4-5. The plots

show that at a given BER of 10, the BER performance of HDC-OFDM is 7 dB better
than ADO-OFDM. Morecover, HDC-OFDM is 6 dB better than 4-QAM DCO-OFDM, 5
dB better than 16-QAM ACO-OFDM, but only 2 dB inferior to DACO-OFDM.
Therefore, HDC-OFDM is very close to DACO-OFDM in terms of electrical power

efficiency.

10

=8-DACO-OFDM
"""'-..___.. =¥=HCO-OFDM
== ACO-OFDM
== DCO-OFDM
===ADO-OFDM

100
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107}
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E /N indB
bielec) " o

Figure 4-5: BER versus E, ., / N, for 4-QAM HDC-OFDM, 4-QAM DCO-OFDM, 16-
QAM ACO-OFDM, 4-QAM DACO-OFDM and 4-QAM ADO-OFDM
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The plots of BER versus £, ,,, / N, are shown in Figure 4-6. The plots show that for

a given BER of 10, the BER performance of HDC-OFDM is 8 dB better than 4-QAM
DCO-OFDM and 4 dB better than 16-QAM ACO-OFDM; but only 1.5 dB inferior to
DACO-OFDM. Furthermore, HDC-OFDM is almost 10 dB more optically power
efficient than ADO-OFDM.

10° ¢

=== DACO-OFDM
== HDC-OFDM
== ACO-OFDM
=&—=DCO-OFDM
=+=ADO-OFDM

E, /N indB
b(opt) o

Figure 4-6: BER versus £, , / N, for 4-QAM HDC-OFDM, 4-QAM DCO-OFDM, 16-
QAM ACO-OFDM and 4-QAM DACO-OFDM

Now, the modulation forms are compared considering the same overall data rate. It
can be noted that like ACO-OFDM, DACO-OFDM uses only the odd subcarriers and
thus provide half data rate. Therefore, 16-QAM stand-alone DACO-OFDM and 16-
QAM ACO-OFDM have the same data rate as 4-QAM DCO-OFDM. Similarly, the
DACO component within HDC-OFDM has only the odd subcarriers used for data
transmission; however, the DCO-OFDM part has all the subcarriers useful. Therefore, to
obtain the same data rate as 4-QAM stand-alone DCO-OFDM, the DACO component of
HDC-OFDM should be mapped by 16-QAM and the DCO part by 4-QAM. Figure 4-7
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presents different optical OFDM forms with the same overall data rate that is the same
bits/sec/Hz. It can be seen that for a given data rate, HDC-OFDM (16QAM DACO & 4-
QAM DCO) is only 1.5 dB less efficient than 16-QAM DACO-OFDM. However, this
HDC-OFDM is now better than 16-QAM ACO-OFDM and 4-QAM DCO-OFDM by 1
dB and 5 dB, respectively. Moreover, HDC-OFDM is almost 7 dB more optically power
efficient than ADO-OFDM.

0
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=4¢=HDC-OFDM
1 == ACO-OFDM
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Figure 4-7: BER versus E,,, /N, for HDC-OFDM (16QAM DACO & 4 QAM DCO),
4-QAM DCO-OFDM, 16-QAM ACO-OFDM and 16-QAM DACO-OFDM

4.5 Summary

The results presented in this chapter indicate that HDC-OFDM has almost retained the
excellent power efficiency of DACO-OFDM and the dimming flexibility of DCO-
OFDM. Therefore, HDC-OFDM is a promising modulation format for both data

communication and room illumination.
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S CONCLUSION

5.1 Overview

OFDM based OWC systems have been presented in this thesis. Different forms of
OFDM such as ACO-OFDM, DCO-OFDM, ADO-OFDM and DACO-OFDM have been

described in different chapters.

The basic difference between ADO-OFDM and HDC-OFDM is that: in ADO-OFDM,
odd frequency subcarriers are modulated by ACO-OFDM and even frequency
subcarriers are modulated by DCO-OFDM whereas in our proposed HDC-OFDM, the
lower frequency subcarriers are modulated by DACO-OFDM and higher frequency
subcarriers are modulated by ACO-OFDM. Though the best performance can be
achieved in case of 50% power and subcarrier proportions, there is no fixed rule that it
has to be kept fixed on that value only, the power and subcarrier proportions can be
varied according to the requirements of the system. On the other hand, in ADO-OFDM,
the proportion of subcarriers is not changeable but the power proportion can be changed

in this OFDM system.

The main contribution of this thesis is the development of HDC-OFDM as described
in Chapter 4. This Chapter will provide concluding remarks on the thesis. The thesis

contributions and the implications of the contributions are provided below:

5.2 Summary of the Findings of the Thesis

The findings of the thesis can be summarized as follows:

1) A framework for a new modulation format termed as ‘HDC-OFDM’ is proposed.
HDC-OFDM combines the aspects of DCO-OFDM and DACO-OFDM. An important
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point to note here is that HDC-OFDM is significantly different than the existing ADO-
OFDM in two major ways. Firstly, ADO-OFDM merges ACO-OFDM and DCO-
OFDM while HDC-OFDM combines DACO-OFDM and DCO-OFDM. Secondly, in
ADO-OFDM only the odd subcarriers are modulated as ACO-OFDM and even as
DCO-OFDM, while in HDC-OFDM all the lower subcarriers (including odd and even)
are mapped to DACO-OFDM and all the higher subcarriers (including odd and even )
are modulated as DCO-OFDM. The combining of DCO-OFDM and DACO-OFDM is
not straightforward. The DACO-OFDM is computed on low-index subcarriers while
DCO-OFDM on high-index subcarriers. When these two signals are added, they impact
one another. The clipping noise generated on DCO-OFDM signal impairs the
performance of DACO-OFDM element. This is reduced by using a high DC bias on
DCO-OFDM which results in less clipping noise. On the other hand, when DACO-
OFDM signal is generated in the transmitter side, a clipping noise is formed affecting
the DCO-OFDM signal. At the receiver side, the DACO-OFDM clipping noise is
estimated and then deducted from the received signal of DCO-OFDM.

i) The performance results of HDC-OFDM are presented using MATLAB tool. The
results indicate that the BER performance of HDC-OFDM varies depending on the
proportion of DACO-OFDM and DCO-OFDM components. It is shown that the
optimum performance is achieved when half the subcarriers are modulated by DCO-
OFDM and the other half by DACO-OFDM — where the power levels on these two

signals are set equal.

ii1)Since the HDC-OFDM has a DCO-OFDM component, the dimming facility is
easily achieved in HDC-OFDM by only increasing/decreasing the DC bias level
without using any other additional modules or methods. Results show that when the
dimming is 50%, there is a degradation of approximately 6 dB in terms of optical
power. Simulation results also demonstrate that a dimming as low as 10% is also
possible in HDC-OFDM at a 20 dB optical power degradation compared to full

brightness conditions.

iv)Finally, it is shown that HDC-OFDM is almost as efficient as DACO-OFDM in

terms of electrical and optical power. The difference in electrical or optical power
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efficiency is within 2 dB. The performance of HDC-OFDM is at least 5 dB better than
DCO-OFDM.

5.3 Implications of the Results of this Thesis

The simulation results on HDC-OFDM presented in this thesis are based on some
specific parameters and conditions. For example only AWGN channels are considered
which is often the case for short distance indoor OWC. Therefore, the results may vary
when a dispersive channel (for instance, outdoor OWC) is taken into consideration. In
HDC-OFDM, the lower subcarriers are modulated with DACO-OFDM and the higher
subcarriers with DCO-OFDM. As long as a stand-alone AWGN channel is considered,
the results will not change if the DACO-OFDM is mapped to higher subcarriers and
DCO-OFDM at lower subcarriers. An important issue in this thesis is that the BER
performance results are illustrated for a target BER of 10™. In a data communication
scenario, a target BER of 107 is desirable. By the use of convolutional channel coding,

the BER plots in this thesis can be extended to a BER of 107,

Furthermore, when different optical OFDM forms are compared with HDC-OFDM,
only 4-QAM and 16-QAM constellations are considered. The results may be different
for constellations such as 256-QAM or 1024-QAM, etc. Only simulation results are
presented for HDC-OFDM. These results may not be perfectly in agreement in a
practical HDC-OFDM system where other factors are present such as channel effects,

imperfect equalization, device error, etc.

5.4 Future Work

A perfect channel has been estimated in this thesis where only AWGN is present. Other
kinds of noise, distortion and interference have been assumed to be zero. But a multipath
dispersive channel can be considered in a future research in order to have an overall idea
of the performance of the system in a real-life practical scenario. Channel coding is not
included in the total calculation of the receiver BER performance, but it might be
included in the future works for it can change the BER to a value around 10~ which

seems quite achievable in a real-life scenario.

73



For mapping the input data, only 4-QAM and 16-QAM have been used in our thesis
whereas much higher constellations are being used for the purpose of communication
now-a-days. It can be noted that higher order constellations provide higher data rate at
the expense of power efficiency. Higher order constellation mapping and thorough
analysis of the same can be a very timely addition in this case. Practical implementation
of the HDC-OFDM is of utmost importance to see if the results perfectly match the
theoretical results. In this thesis, the lower frequency subcarriers have been modulated
with DACO-OFDM and higher frequency subcarriers have been modulated by DCO-
OFDM. The process can be interchanged i.e. the lower frequency and higher frequency
subcarriers can be applied DCO-OFDM and DACO-OFDM correspondingly in a
multipath realistic channel and the changes can be tracked down for future research

works.

Finally, the better BER performance which has been achieved at for equal number of
power as well as subcarrier proportions at DCO-OFDM as well as DACO-OFDM calls

for an analytical expression.

5.5 Summary

The proposed concept of HDC-OFDM shows promising BER and dimming performance
when compared with existing modulation schemes of DACO-OFDM, ACO-OFDM,
ADO-OFDM and DCO-OFDM. In future, HDC-OFDM will be compared with other
OFDM forms that are being reported in very recent research papers. A practical
implementation of HDC-OFDM is also required to validate the simulation results and

check the feasibility of this new OFDM forms.

Nevertheless, more intense research on the theoretical and practical aspects of HDC-

OFDM may reveal many interesting results.
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