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Abstract

In this thesis, two new orthogonal frequency division multiplexing (OFDM)
systems are presented. The first scheme proposes a new OFDM system
transceiver based on the C-transform, which is termed C-OFDM. Over
multipath channels, the C-OFDM achieves 10 dB signal-to-noise ratio
(SNR) gain at 10~* bit-error-rate (BER), in comparison to the OFDM
that based on the is discrete cosine transform (DCT-OFDM) and the
conventional OFDM schemes. It also reduces the peak-to-average power
ratio (PAPR) of the OFDM signal by about 1 dB and in some cases
up to 3 dB. In the second scheme, a new fast, orthogonal X-transform
is produced. The proposed X-transform is then used in a new OFDM
named X-OFDM to greatly reduce the complexity, the PAPR and the
BER. The proposed scheme achieves around 15 dB SNR gain in compar-
ison to the conventional OFDM at 10~* BER and reduces the average
PAPR (over 10° OFDM symbol) by about 6 dB for N =1024 subcarriers.

Furthermore, in this study, the X-transform is utilized to produce a new
Alamouti space-time OFDM (ST-OFDM). The proposed ST-X-OFDM
scheme reduces the transmitter complexity and achieves important SNR
gain over the conventional ST-OFDM systems. The BER performance
of the proposed schemes in the presence of solid-state power amplifiers
(SSPAs) is also investigated analytically and by simulation. It shows that
the X-OFDM is resilient to the SSPAs nonlinear distortion whereas the
C-OFDM may lead to BER impairment in the presence of the SSPA.
Furthermore, a coding technique to mitigate the sensitivity of the C-

OFDM scheme to the SSPA is also proposed in this study.

In this research, mathematical models for the proposed C-OFDM, X-
OFDM and ST-X-OFDM, which tightly match the simulation results

over a diverse range of transmission scenarios and mapping schemes,



are also derived. In addition, the BER performance of the proposed C-
OFDM and X-OFDM schemes in the presence of the carrier frequency
offset (CFO), with and without frequency synchronization algorithm,
are also investigated. The proposed C-OFDM and X-OFDM schemes
are more sensitive to the CFO than the conventional schemes. However,
when frequency synchronization algorithm is used, both the proposed
schemes retain their significant BER improvement in comparison to the

conventional schemes.
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Chapter 1

Introduction

1.1 Literature Review

Communications, in general, whether wireless, wire-line, analogue or digital, refer
to accessing information reliably to the receiver side. Wireless communications en-
sure connectivity without the need for fixed wire-line cable connection which enable
data to be reached anywhere and at any time. The first wireless transmission was
demonstrated in December 1902 when Guglielmo Marconi sent a signal across the
Atlantic from North America. Since that time, wireless communications, either ana-
logue or digital, have continued to develop rapidly as the demand for high data rate
increases.

In digital communications, the input information symbols, which are drawn from
specific digital modulator, are mapped into waveforms for transmission. At the re-
ceiver side the received signal is mapped back into digital symbols, the link between
the transmitted and the received signals being termed the communication channel.
Different types of wireless communication channel provide different kinds of dis-
tortion and noise. Over ideal channels scenario, the transmitted and the received
signals are in perfect match. Such ideal channels, however, do not exist in reality
where the signal is scattered, diffracted and deflected before reaching the receiver.
Thus, the received signal is considered to be a superposition of many incoherent sig-
nals that belong to the same original one but with different time delay. The channel
is also characterized by its bandwidth which is defined as a measure of the width of
a range of frequencies that can pass through the corresponding channel.

As any communication system where a channel causes a performance-limited
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impairment, the modulation technique must be chosen carefully to cope with the
channel-made distortions and to handle the interference successfully. Intersymbol
interference (ISI) is considered one of the major obstacles to the design of a reliable
modulation scheme that is convenient for high data rate transmission. In conven-
tional single carrier systems, this interference is mitigated by equalizers. As higher
the data rate is, the more complex the equalizers are, where the symbol time be-
comes smaller and the equalizer needs more taps to handle the delay spread of the
channel. This problem is especially considerable when the channel spreads relative
to the symbol time are significantly large.

To efficiently use the available bandwidth, a frequency division multiplexing
(FDM) technique was adopted. In this technique, relatively low data rate signals can
be transmitted over wide bandwidth channel using a detached carrier frequency for
each signal. To avoid the overlap between adjacent signals, the carrier frequencies
should be separated far apart by sufficiently empty spectral regions. This also
facilitates the detection process of each signal at the receiver side. However, these
empty spectral regions are still considered as wasted regions as no active signals are
carried on these frequency intervals.

To overcome such problems of the ISI and empty spectral region, the pioneer
was orthogonal frequency division multiplexing (OFDM) technique which was first
proposed in 1966 by Chang [1]. It is a transmission technique that uses multicar-
rier (MC) technology where the data symbols are distributed over several subcarrier
frequencies with overlapped spectra and transfers the impulse response of the fre-
quency selective multipath channel into parallel decoupled flat fading subchannels,
each corresponding to the specific subcarrier. Despite the overlapping spectra of
the OFDM subcarriers, the data symbols can be recovered without any interference.
This may sounds like a miracle; however, this is achieved as a consequence of the

orthogonality of the base functions of Fourier series.

1.2 Multicarrier Modulation (MCM)

Multicarrier modulation (MCM) has received growing interest in the last few decades
because of its ability in mitigating time dispersion of the multipath channels and

efficiently using of the transmission bandwidth [2]. In multicarrier schemes, the
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data is modulated at relatively low data rates, about 0.1 of the coherence time and
transmitted in parallel over several narrow subchannels which come from the division
of the transmission bandwidth. The symbol time on each subchannel is extended N
times, where N is the number of active subchannels. Hence, the channel dispersion
does not introduce severe impairment as each subchannel experiences a flat response
in frequency domain. An example of MCM systems is the OFDM which is a special

case of the MCM technology where all the carriers are orthogonal.

1.3 OFDM Scheme

Fig. 1.1 shows the OFDM evolution among the time. The OFDM system was first
proposed by Chang in 1966 [1] to mitigate the effects of the multipath channel with-
out losing data rate. In 1971, Weinstein and Ebert [3] showed that the multicarrier
systems and in particular the OFDM systems can be accomplished using a discrete
Fourier transform (DFT) as a modulation scheme.

The OFDM is a multicarrier transmission technique that spreads the data sym-
bols over orthogonal subcarriers with overlapped spectra. Since that time, the
OFDM suffered from ISI problems until 1980 when the cyclic prefix (CP) was in-
troduced by A. Peled and A. Ruiz [4] to reduce the equalization complexity and
avoid the problem of the ISI in OFDM systems. The CP is the last N, samples of
each OFDM symbol, must be no less than maximum access delay of the multipath
channel, are appended to the beginning of the same OFDM symbol. The success of
using the CP in the OFDM systems to mitigate the effects of the ISI encouraged
communication engineers to consider the OFDM technology for practical applica-
tions. Consequently, in 1985, Cimini of Bell Labs proposed the OFDM technology
for mobile communications [5]. It follows that, in 1987, Alard and Lassalle [6] con-
sidered the use of the OFDM transmission for broadcasting and for digital audio
broadcasting (DAB) systems [7]. Several years later, the success of DAB motivated
the communication engineers to produce a digital video broadcasting (DVB) sys-
tem [8]. Regarding the application in wire-line communication, the pioneer was by
Cioffi and others at Stanford [9] who explored the potential of using the OFDM as a
modulation scheme in discrete multi-tone (DMT) modulation and digital subcarrier

loop (DSL) applications. Four years later, in 1995, the approach of using multiple
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1971: Weinstein and Ebert use
the DFT in the OFDM scheme

N

¢ 1991: Cioffi et all, OFDM for DMT

1995: MIMO system

2001: OFDM is proposed for
optical communications

Figure 1.1: Evolution of the OFDM system.
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input-multiple output (MIMO) to exploit the channel capacity was proposed [10].

Applications of the OFDM in optical communications have been developed over
the last two decades being first proposed by Hui in 2001 [11]. These applications
include optical wireless communications [12] and [13], optical fibre with single mode
[14] and [15], multi-mode optical fibre [16] and [17] and plastic optical fibre [18].
However, the optical OFDM systems are beyond the scope of this thesis.

In 1990, the mobile phone was so expensive with only 11 million subscribers
around the world while its cost decreased rapidly and the number of subscribers
rose to 2 billion in 2005. More and more, OFDM has been adopted as standard not
only for wireless communications such as wireless local area network (WLAN), IEEE
802.11a/g/n, metropolitan area networks (IEEE 802.16a), the European standard
HIPERLAN/2 (High Performance Local Area Network, Type 2) [19] and WiMAX
[20] and [21], but also for wire-line communications such as asymmetric digital sub-
carrier loop (ADSL) which is well-known as discrete multi-tone modulation (DMT)

[22] and power line communication [23], [24].

1.4 Drawbacks of OFDM Systems

Despite the success of the conventional OFDM system in many fields of applications

and standards, it has serious challenges.

e Signal diversity provided by the OFDM system is still not adequate to mitigate
the dispersive effects of severe hostile channels. This can be attributed to the
whole bit-error-rate (BER) performance is dominated by the subcarrier with
the smallest signal-to-noise ratio (SNR) leading to a poor performance over

channels with narrowband deep notches spectral.

e The high peak-to-average power ratio (PAPR) is considered one of the major
obstacles to the design of a reliable OFDM system. The PAPR of the OFDM
signal sometimes force the high power amplifier (HPA) to work in the nonlinear
region leading to clipping in the OFDM signal. The clipping distorion that is
produced by the HPA may have severe performance-limiting impairment on
the OFDM systems. The higher the PAPR is, the wider linear range of the
HPA is required, which is costly.
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e As the subcarriers spacing is relatively low, the OFDM system is sensitive to
carrier frequency offset (CFO) which breaks the orthogonality of subcarriers
and introduce inter-carrier interference (ICI). This problem will be addressed

in more detail in Chapter Two.

e Working on the aforementioned problems required further added complexity to
the OFDM system which might significantly affects the development progress

toward the next generation in mobile communications.

1.5 Related works

1.5.1 DCT-OFDM System

Recently, there has been growing interest in MCM based on OFDM that adopts the
DFT [25], [26], [27] and [28]. More recently, there has been significant attention
towards the OFDM that is based on discrete cosine transform (DCT) [29] and [30]
which has been found appealing [31], [32], [33] and [34]. This is because the peculiar
characteristics of the DCT as a real transform with low computational complexity.
In literature, [35] proposed the use of the DCT in the DMT systems, when the
input data are real, to avoid the Hermitian constraint on the input data. This
is unachievable in the case of the DFT based DMT as the DFT of a real data is
complex. More recently, [36] demonstrated the application of the DCT in the DMT
systems and it has been found attractive. However, more efficient DMT system and
wireless OFDM system that exploits the potential channel capacity is crucial for
modern digital communications.

In fact, BER performance of both the DCT-OFDM and the conventional OFDM
are usually channel-limited performance. For example, over the additive white Gaus-
sian noise (AWGN) channel, possible improvement from 1072 to 10~* in BER perfor-
mance can be achieved by increasing the signal-to-noise ratio (SNR) by just around 1
dB. However, achieving the same improvement over multipath fading channel coun-
terpart such as the international telecommunication union (ITU) channel required
around 8 dB enhancement in the SNR. In practice, this improvement should not be
achieved by increasing the transmit power or adding costly equipments as it hinders

the high speed wireless communications which are crucially demanded for future
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multimedia communications.

Large number of techniques have been developed to mitigate the detrimental ef-
fect of frequency-selective multipath fading channels in wireless communications in-
cluding; power allocation, and channel independent precoders [37] and [38]. Though
the power allocation technique seems theoretically effective, it suffers from two prac-
tically major drawbacks. The first problem is that the high dynamic power range
at the transmitter to attain the instantaneous channel requirements demands a
costly power amplifier. The second is the high complexity as requiring a link to
feed the channel information from the transmitter to the receiver where channel
state information (CSI) must be available at the transmitter. Channel independent
precoder such as the Walsh-Hadamard transform (WHT) has been utilized in the
OFDM systems to either improve the BER performance [39] or reduce the PAPR
[40]. However, the proposed scheme inherits the properties of the DFT-OFDM not
the popular properties of the DCT-OFDM that are mentioned in [35].

1.5.2 Unitary precoded DFT-OFDM System

MCM based on OFDM system has received a remarkable attention in the last two
decades, [41] and [42], because of its peculiar characteristics with bandwidth effi-
ciency and immunity against multipath fading channels. Therefore, this modulation
is widely adopted in wireless broadband communications systems as well as wire-
line communications such as the ADSL technology and a power line communications
(PLC) [43] and [44].

The OFDM system that is based on the FFT as a modulation scheme can-
not exploit the full diversity of the multipath channel as the BER performance is
dominated by the subcarrier with the small SNR, [45] and [46], leading to a poor
performance over channels with narrowband deep notches spectral. Furthermore,
its high PAPR is one of the major problems in the OFDM systems. As a result,
several techniques have been proposed to reduce the high PAPR within the OFDM
systems including amplitude clipping and filtering, partial transmit sequence (PTS)
and selective-mapping (SLM) [47] and [48]. Their complexity, however, is relatively
high as only one of several generated sequences is used for transmission. On the
other hand, some research have been conducted with the aim to improve the trans-

mission of OFDM systems by using discrete Hartley transform (DHT) [49],[50], [51],
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[52] and [53], DCT [54], and [31] or a precoder. The technique of using different
unitary transforms as a channel independent precoder to improve the BER perfor-
mance of OFDM systems was also discussed in [37]. Further investigation regarding
the WHT precoded OFDM showed that it improves the BER performance, [55] and
[39], and reduce the PAPR [40]. The PAPR reduction, however, is still poor and
has relatively high complexity.

On the other hand, DFT precoded OFDM, which is well known as single carrier
frequency domain equalizer (SC-FDE) with a cyclic prefix [45], [56] and [57], is
considered as one of the solutions to improve the BER and reduce the PAPR. It
achieves better BER performance and has a much lower PAPR than the conventional
OFDM, and low complexity where a single one-tap equalizer could be applied which
is exactly the same as that one used in the conventional OFDM. However, unlike the
OFDM systems, the SC-FDE system is not a multiplexing scheme as the information
symbols pass to the channel directly without being processed by any transform or
multiplexed with other information symbols. Therefore, the fast fading channel with
rapid change in the impulse response can have direct impact on SC-FDE performance

as it will be shown later in the current chapter.

1.5.3 Alamouti ST-OFDM

In any reliable communication system to stand as good candidate to meet the de-
manding of recent development in wireless broadband communications, its resilience
to frequency-selective multipath channels and the ISI must be confirmed [58] and
[59]. Antenna diversity has received a noticeable attention in the last decade as a
practical powerful technique in mitigating the deleterious effects of multipath chan-
nels [60], [61] and [62]. However, the ISI was the main concern as the ISI free
condition is only guaranteed when the communication channel is flat fading.

In broadband communications, the transmit diversity adopting Alamouti space-
time block coding (STBC) scheme [63] has been implemented in blocks and embed-
ded with the OFDM system to produce a structure commonly known as ST-OFDM
[64], [65] and [66]. It has been shown that the resulted system is much better than
the conventional OFDM system where it utilizes the advantages of the OFDM and
the STBC systems to produce an efficient ST-OFDM system in avoiding the ISI

and enhancing the diversity [67] and [68]. Furthermore, a plethora of research has
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been conducted showing that the transceiver of the ST-OFDM can be more robust
to multipath channels if it is combined with a properly designed precoder [69], [70],
[71], [72], [73] [74] and [75].

The approaches in [69]-[71] exploit the knowledge of the channel state informa-
tion (CSI) at the transmitter to design the required precoder. However, this kind
of precoders requires a feedback link from the receiver to the transmitter which
reduces the system throughput and demands more complexity. In [72]-[73], a uni-
tary precoder design with limited feedback for achieving high spectral efficiency
was presented. In [74] and more recently in [75], the authors presented a precoded
ST-OFDM where the CSI is not known at the transmitter. The approach in [74]
utilized a filter-bank (polynomial) precoders for mitigation of IST and blind equaliza-
tion for multiple-input/ multiple-output (MIMO) transmission. On the other hand,
the approach in [75] is considerably complex as it requires two additional complex
precoders hardware or four times the complexity of the real unitary precoders at the
transmitter. This is because one of these precoders is used for processing real part
while the other for the imaginary part of the complex symbol at each transmitter

branch.

1.5.4 PAPR Reduction of the UP-OFDM

With increased reliance on broadband communications that adopt the OFDM as a
modulation scheme, new techniques are constantly being developed to improve the
OFDM transmission [70]. As the OFDM signal comes from a superposition of many
data symbols, this OFDM signal might have high PAPR [76].

The PAPR is considered one of the drawbacks of the OFDM system as it can
cause a significant degradation in the BER performance in the presence of nonlin-
ear distortion produced by extensive solid-state power amplifiers (SSPAs) [77]. To
overcome such a problem, research has been conducted to present different PAPR
reduction techniques, such as using a unitary channel independent precoder in the
OFDM system [55], [78] and [79], and this is the main scope of the current chapter.

The use of unitary channel independent precoders in the OFDM systems (UP-
OFDM) presents an attractive approach design for a reliable communication system
[37]. An attractive feature of the UP-OFDM systems is to provide a way to exploit

the available channel capacity by increasing the diversity of the transmitted signal
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and reducing the PAPR. One of the suggested unitary transforms for precoding
OFDM systems is the WHT, and this transform was found to enhance the diversity
of the transmitted OFDM signal and reduce the PAPR [55]. The use of the DCT
as a precoder in the OFDM systems to reduce the PAPR was investigated and
found to be feasible [78], where it achieved better PAPR reduction than the WHT
precoded OFDM. More recently, the DHT precoded OFDM [79], which combined
to X-transform, has been found to achieve better PAPR reduction than the DCT
precoded OFDM.

On the other hand, the DFT precoded OFDM system [80] which is well-known
as SC-FDE [57], is one of the solutions to improve the BER and reduce the PAPR.

The reduction in the PAPR does not usually mean an advantage in the OFDM
system as some PAPR reduction techniques might lead to BER performance degra-
dation [81]. It can be noted that all the advantages of the UP-OFDM systems
are futile unless their performance improvement in the presence of the SSPA is
confirmed. This chapter explains that nonlinear distortion due to the SSPA can
sometimes have a severe effect on the UP-OFDM systems. It clearly shows that,
although some precoders can reduce the PAPR of the OFDM system, their perfor-
mance in the presence of the SSPA is worse than the conventional OFDM without
precoder. In addition, coding technique to mitigate the sensitivity of the UP-OFDM

system to the nonlinear distortion is proposed.

1.6 Aim of the Thesis

The work toward the next generation in mobile communications requires an effi-
cient modulation scheme that significantly mitigates the effects of multipath chan-
nels. The performance improvement of the OFDM scheme should not be at the
cost of increasing the signal power, increasing the complexity and/or sacrificing the
bandwidth. The achievement of enhancing the transmitted signal diversity and/or
reducing the PAPR is usually at the cost of adding extra complexity and/or reduc-
ing the data rate. The motivation of this thesis is to achieve a compromise solution
among signal diversity, complexity of the system, and the PAPR reduction. In
other words, the aim of this thesis is to present OFDM systems based on orthogonal

transforms resilience to multipath transmission, reduce the PAPR with reasonable

10
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complexity.

1.7 Contributions of the Thesis

There are four main significant objectives for this thesis.

1.7.1 C-OFDM Systems

In the first objective, a novel OFDM system based on the DCT utilizing the WHT
as a channel independent precoder is presented [82]. Firstly, the WHT and the DCT
are presented separately to perform the OFDM modulation scheme. Secondly, for
the sake of complexity reduction these two transforms, the WHT and the DCT are
presented in single compact transform which is the C-transform (a method to obtain
the DCT via the Hadamard transform) proposed in [83] is utilized to implement the
OFDM scheme.

An exact mathematical model for the BER performance of the proposed C-
OFDM over multipath channels is also derived in this thesis. The proposed scheme
has the advantage of enhancing the OFDM signal diversity and ultimately more
resilience to multipath channels. It achieves about 10 dB SNR gain at 10~* BER
and reduces the PAPR about 1 dB over the DCT-OFDM and the DFT-OFDM.
Furthermore, as the WHT-DCT or C-transform are real transforms, the proposed
system can avoid the Hermitian constrict condition on the input data when used for
baseband transmission with real data modulation format. This will be elaborated

in Chapter Three.

1.7.2 X-OFDM Systems

For the second objective, another novel OFDM system which is different in character-
istics from the C-OFDM system is presented. In this system, a new low complexity
X-transform which combines the effects of the DHT and the DFT transforms is pro-
posed to produce a new OFDM system called X-OFDM [84] and [85]. The proposed
X-OFDM system exploits the channel diversity and achieves significant SNR gain
over the conventional OFDM system. It also enormously reduces the computational
complexity and the PAPR. In this contribution the Morelli and Mengalli (M&M)
CFO synchronization algorithm is modified to adapt it to the proposed X-OFDM

11
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to enhance its performance in the presence of the CFO. This will be elaborated in

Chapter Four.

1.7.3 Alamouti ST-X-OFDM System

The third objective of this thesis is to combine the effects of Alamouti STBC code
and X-transform to produce efficient ST-X-OFDM system. The proposed ST-X-
OFDM scheme significantly reduces the transmitter complexity and achieves advan-
tages of both Alamouti STBC scheme and X-OFDM without some of their disad-
vantages. Unlike the SISO X-OFDM where the ZF and single tap equalizer leads to
a worse performance than conventional OFDM with ZF detection, the ZF detection

has no deleterious effects on the proposed ST-X-OFDM.

1.7.4 PAPR of Unitary Precoded OFDM system

In the fourth objective of this thesis, the PAPR reduction and BER performance of
the unitary precoded OFDM (UP-OFDM) with different unitary transforms in the
presence of solid-state power amplifiers (SSPAs) are investigated. Although unitary
precoders can reduce the PAPR, different precoders lead to different levels in the
PAPR reduction. Therefore, analysis and simulation results show that the DFT
and the DHT precoders (single carrier-frequency domain equalizer (SC-FDE) and
X-OFDM) achieve significant BER improvement in the OFDM systems, even in the
presence of the SSPA distortion. The simulation results also show that the DCT and
the WHT can lead to BER impairment in the presence of the SSPA. Furthermore,
a coding technique is proposed in this thesis to mitigate the sensitivity of the UP-
OFDM schemes to the SSPA nonlinearity [86]. Simulation results also reveal that
the coded UP-OFDM approximately matched the performance of all the unitary

precoders.

1.8 Thesis Outline

This thesis is organised as follows:

Chapter Two lay out the mathematical dimensions of the OFDM system, its
challenges and solutions. It describes two types of OFDM systems, DFT-OFDM
and DCT-OFDM. This chapter also gives a detailed analysis to the use of guard

12
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interval, represented by the CP and the ZP, to mitigate the effects of the ISI between
successive OFDM symbols. It also explains the concept of the PAPR in the OFDM
system and the effects of CFO on the OFDM system performance.

In Chapter Three, new OFDM systems based on trigonometric transforms are
presented. Mathematical analysis is first given for the proposed scheme. Mathemat-
ical analysis and exact BER formula for the proposed scheme, over multipath fading
channels with zero-padding and MMSE detection, that tightly mach the simulation
results is also derived in this chapter. The ZP-C-OFDM system is more robust to
frequency-selective multipath fading channels than both the ZP-DCT-OFDM and
ZP-DFT-OFDM systems thanks to the C-transform combining the effects of the
WHT and the DCT transforms, hence, increases the transmitted signal diversity.
Subsequently, this chapter presents the complexity analysis of the C-transform and
compared to the DCT, WHT-DCT and FFT. Simulation results in the standards
context of the ITU pedestrian and vehicular channel models is also presented at the
end of this chapter followed by the conclusions.

Chapter Four presents an improved OFDM system with very low complexity X-
transform which is efficiently resilience to multipath transmission and huge reduction
in the PAPR. It first introduces the new X transform and its computational com-
plexity. It follows that, theoretical analysis of the BER performance of the proposed
X-OFDM system over a multipath fading channels for the ZF and MMSE detection
is introduced. Simulation results and discussions are then presented followed by the
conclusions.

Application of the proposed X-OFDM in MIMO systems with the ZF and the
MMSE equalizers are presented mathematically and by computer simulation in
Chapter Five. The proposed system module is first presented, followed by the BER
analysis of the proposed system with two transmit antennas and one receive an-
tennas over multipath frequency-selective channels. The complexity analysis of the
transmitter’s transforms is mentioned and compared to other multicarrier precoders.
Simulation results and conclusions are then drawn at the end of this chapter.

Investigation and giving comparison and solutions of BER performance of the
C-OFDM and the X-OFDM systems in the presence of the SSPA is presented in
Chapter Six. It first presents the PAPR of the C-OFDM and UP-OFDM system

based on different unitary precoders. It also presents the SSPA model and demon-
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strates its on the BER performance of the C-OFDM and the UP-OFDM systems.
Simulation results and discussion followed by chapter conclusions are finally pre-
sented at the end of this chapter.

Finally, our conclusions and future works are drawn in Chapter Seven.
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Chapter 2

Orthogonal Frequency Division

Multiplexing: Fundamentals

The focus of this chapter is on the architecture and performance of the OFDM to
highlight the strengths and weaknesses of the OFDM systems. Mathematical defi-
nitions for the features of OFDM are introduced. The guard interval, represented
by either the CP or zero-padding (ZP), is explained in detail in this chapter. The
chapter also demonstrates the effects of multipath fading channel on the BER per-
formance of the OFDM systems. The concept of the PAPR of the OFDM signal
is also explained and investigated. Furthermore, the impacts of the SSPAs and
the carrier frequency offset (CFO) on the transmission performance are discussed.
This chapter mainly describes a textbook knowledge about OFDM system and its

structure, strengths and weaknesses.

2.1 Introduction to the OFDM Systems

The OFDM, as any other communication system, is mainly constructed from three
parts; transmitter, receiver and the transmission channel (the media).
Transmission channel is the media that connects transmitter and receiver and
it is a key-important determining the reliability of communication system. Despite
the fact that the OFDM transfers the frequency-selective multipath fading channels
into parallel decoupled flat fading subchannels, the BER performance of the OFDM
is usually channel-limited performance. The symbols on significantly attenuated

subchannels will be completely wiped out as it falls below the noise level.
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2.1 Introduction to the OFDM Systems

The transmitter of the conventional OFDM system mainly comprises mapper
and the IFFT. The IFFT modulates the data symbols and carry them on orthog-
onal subcarriers with overlapped spectra. Although the spectra of the individual
subcarriers are overlapped, the data symbols can be completely recovered at the
receiver without any interference from other subcarriers by using the FFT. This is a
consequence of the orthogonality of the base functions of the Fourier series. It also
transfers the impulse response of a frequency-selective multipath channel into par-
allel decoupled flat fading subchannels each corresponding to a specific subcarrier.

In the last two decades, there has been growing interest to the OFDM that
adopts the DFT or its fast algorithm (FFT) counterpart as a modulation scheme
[25], [26]. On the other hand, a plethora of research have been conducted with the
aim of improving the OFDM scheme by replacing FFT by another unitary transform
such as the DCT [29] and [30]. With the ability to mitigate the effects of multipath
fading and the delay spread of radio channels, the OFDM has been adopted in many
applications and standards, for instance, (IEEE 802.11a/g/n), metropolitan area
networks (IEEE 802.16a) and high performance radio LAN (HIPERLAN/2) as well
as wire-line digital communications systems, such as asymmetric digital subcarrier
loop (ADSL) [22] and power line communications (PLC) [87].

The main reason that the OFDM has taken long time to prevail is the high signal
processing complexity of the DF'T. It has been turned from theory to practical after
developing the FFT and the huge development revolution in the signal processing
field. The ISI between the successive OFDM symbols can be removed by attaching
a guard interval to the OFDM symbol. This guard can be either the CP or the
ZP. In the case of the CP, a copy of the last few samples of the OFDM symbol, its
length is larger than the channel impulse response, is attached to the beginning of
the symbol. In other words, the OFDM symbol is cyclically extended. Whereas, in
the case of ZP, the OFDM symbol is extended with zeros with a length larger than
or equal to the maximum channel access delay.

The receiver usually performs the reverse of the transmitter operations and func-
tions. In other words, the receiver removes the guard sequence, then processes the

signal by the FFT and applies the de-mapper on the resulted signal.
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2.2 Multipath Propagation

2.2 Multipath Propagation

Different kinds of wireless channel produce different kinds of attenuations and ulti-
mately different BER performance. Non-line-of-sight communications channels are
characterized by multipath propagation where the received signal is the superposi-
tion of many radio signals that are reflected and arrive at the receiver at different
time. In other words, the received signal is a superposition of different copies of the
main transmitted signal with different delays and attenuations as shown in Fig. 2.1.
Multipath channels, in general, can be modelled using a tapped delay line (TDL)
as shown in Fig. 2.2; where L + 1 is the number of paths and each path shows a
gain h, where 7, is the delay time of the signal which passes through the path p.
It can be also noted from Fig. 2.2 that the received signal y; is the transmitted
signal after passing through the multipath channel and corrupted by the AWGN.

The multipath channel impulse response is given as:

iy

Transmitter

Figure 2.1: Multipath phenomena in wireless channels

L
hi =Y hibpr,, (2.1)
=0

where h; is the i*" path attenuation and §, is the chronicle delta, it is equal to 1 only
when z = 0 and zero elsewhere. Owing to the interference between the reflected

signals with each other and the direct one, ISI is produced causing signal latency
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Figure 2.2: Tapped delay line

and significant degradation in communication system performance.

To mitigate this problem, the symbol duration 7, must be larger than the max-
imum channel delay 7, (7,, < Ts). The delay spread depends on the environment
around the transceiver. In outdoor scenarios, for instant, the I'TU vehicular A chan-
nel, the maximum access delay is 2.51 us and 3.7 us for the case of pedestrian B
channel. On the other side for indoors channels such as the HIPERLAN/2 channel
model A, the maximum access delay is only 0.39 us.

The bit rate of the digital communication system is defined as

Ry = logy(M)T (2.2)

where M is the constellation order. The data rate is 400 kbit /s for a symbol duration
Ts = 10ps when 16-QAM modulation is used. This bit rate is reduced to half (200)
kbit/s when the symbol length is double in long (75 = 20us). Thus, the IST is
eliminated in this case, however, at the cost of the bit rate.

Another drawback arisen from multipath phenomenon is the received signals of
different access time interfere either constructively or destructively leading to fading.
This fading can be deep in some frequencies of the signal spectrum leading to serious
impairment in communication system performance.

To increase the data rate for a certain bandwidth BW = T, ! for a given channel

delay 7,,, and mitigate the problem of frequency selectivity of channel fading, OFDM
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2.3 The OFDM system model and Definitions

is the solution. The OFDM splits up the high data rate signal, of period Ty, into
N lower data rate signals, each of period NT;, and sends them on N different
subcarriers. Hence, for a given channel delay 7,,, there is no need to increase the
symbol duration T} to avoid the ISI as the OFDM extends the data period inherently
to N times without affecting the bit rate.

The OFDM mitigates the effects of frequency-selective fading channels by trans-
ferring the impulse response of such a channel into several parallel decoupled sub-
channels each experiences flat fading. However, each subchannel or subcarrier will
experience different level of this flat fading as shown in Figs. 2.3(a) and 2.3(b) for
ITU channel pedestrian and vehicular models respectively. It can be seen from Figs.
2.3(a) and 2.3(b) that multipath channels have some deep fades on some subcarrier
indexes and the position of these deep fades is changing from each OFDM frame to
another, making all the subcarriers susceptible to such deep fade during the whole
transmission.

OFDM can be considered as either a modulation or multiplexing technique that

can be implemented efficiently by using the DFT or the FFT.

2.3 The OFDM system model and Definitions

The block diagram of the conventional OFDM system that based on the DFT (DFT-
OFDM) is shown in Fig. 2.4. The main parts incorporated in this figure are:

2.3.1 Digital Mapper/De-mapper

In digital communications, the information is assumed to be available in either
binary form or analogue form after being sampled and quantized. For the case of
analogue signal, it is first sampled with a sampling rate greater than or equal to the
Nyquist rate, (fs > 2BW), and then quantized each sample to its corresponding
appropriate level to obtain the binary information.

There is an array of digital modulation schemes such as M-array phase shift
keying (M-PSK) and M-array quadrature amplitude modulation (M-QAM). The
slowest modulation scheme, which is sometimes called the simplest scheme, is the
binary phase shift keying where M = 2 and only one binary data bit maps to a
polar format of £1 ( phase difference 180°). Quadrature phase-shift-keying (QPSK)
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Figure 2.3: Frequency-time variations of the ITU channel (a: Pedestrian B and b:
Vehicular A).
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Figure 2.4: Block diagram of discrete baseband model of OFDM system.

is another scheme where M = 4, it maps each consecutive two bits to a symbol.
Therefore, the QPSK constellation is two times faster in transferring data than the
BPSK.

For the M-QAM, when M = 16, it is commonly called 16-QAM constellation.
The 16-QAM constellation is more efficient in terms of bit rate as it packs more
information bits into a symbol. It maps each four consecutive bits into a symbol
taken from the 16-QAM alphabet. The bit rate of the 16-QQAM constellation is two
times higher than that of the QPSK and four times higher than that of the BPSK.
In general, the faster the scheme, such as the 16-QAM, the more sophisticated
in implementation and the more susceptible to error. Therefore, the modulation

scheme should be chosen carefully to cope with the channel limitations.

2.3.2 IFFT/FFT Transforms

Although the fundamentals of the OFDM system are known since early sixties, the
OFDM was not used as the standard for any digital communication system until
80s. This is because the enormous technology revolution in digital signal processing
techniques in 80s that makes the design of modems much easier than the high com-
plexity of the DFT. Coinciding with this technology revolution, the efficient FFT
is adopted in the OFDM systems. An N-point DFT requires N? multiplications
whereas it requires only glog2 N multiplications for the case of the FFT counter-
part. The modulation technique involves assembling the information symbols that

drawn from specific constellation into parallel blocks of length N symbols. It follows
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2.3 The OFDM system model and Definitions

that an inverse FFT (IFFT) is performed on each block of this information symbols
to generate the OFDM samples which are sent serially through the channel. At the
receiver side, the received symbols are first serial-to-parallel (S/P) converted and
then detected by the forward FFT.

The IFFT/FFT are used, respectively to modulate/demodulate the data symbols
that are drawn from the modulator. They are also necessary to provide the orthog-
onal basis that carry the information symbols on overlapped subcarriers without
being interfered.

The discrete-time complex-baseband block diagram of the conventional OFDM
that based on the FFT is shown in Fig. 2.4. The binary data, B, are first set in

blocks for mapping as

BlO Bl,l Bl N-1
B — B20 BQ,l B2 N-1 7 (23)
L BmO Bm,l Bm N-1 ]

where B,, € {0,1}. Each column in B is mapped into one of M £ 2™ possible
M-array phase-shift-keying (M-PSK) or M-array quadrature-amplitude-modulation
(M-QAM) symbols using Gray mapping, to produce the information vector S =
(S0, S1, -+, Sna]T.

In OFDM systems, the information symbols which are statistically independent
are carried on N subcarriers. Each adjacent subcarriers are mathematically orthog-
onal with 90-degree phase shift between them. Owing to the orthogonality principle
of symbols carried on these subchannels, they can be overlapped without affects
each one another. This in turns enables the OFDM to use the bandwidth efficiently.
This overlapped spectrum is shown in Fig. 2.5.

The FFT within the structure of the OFDM systems is necessary to provide the
orthogonal basis that carry the information symbols on overlapped subcarriers with-
out interference between them. The information symbols, ST = [Sy, Sy, ..., Sy_1],

are processed by the inverse DFT (IDFT) to produce the OFDM symbol as [88]

s=F"S, (2.4)
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Figure 2.5: Orthogonal basis of the OFDM symbol

where F is the normalised N x N FFT matrix and (.)¥ is the Hermitian conjugate.
The elements of F are defined as F,, = (1/v/N)exp(—j2rkn/N), where k and n
denote the row and column numbers {k,n} =0,1,--- | N — 1, respectively and the

transformation F of size N x N can be expressed as

1 1 Ce 1
1 |1 emN L. gmim(N-D/N
1 e—i2n(N-1)/N . —j2r(N-1)(N-1)/N

where F~! = F#. Consequently, the k™ sample in the sequence s can be expressed

as
N-1
! Spe! %", k=0,1,--- ,N—1 (2.6)
Sk = —F— n ) =Y L,y - L .
' \/N n=0
where
4% = —1: is the imaginary unit,

k: index on transmitted symbols,
n: index on input symbols that drawn from specific digital modulator,

N: number of FFT points,
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2.3 The OFDM system model and Definitions

N
T, = W: useful symbol time and BW is the system transmission bandwidth,

N,
T, = =2 guard time,

BW NN
T=T,+1T,= N9, transmitted symbol time,
BW B
Af = N =T subcarrier frequency spacing.

It is obvious from (2.6) that each data symbol S, is distributed over N different
samples {s;.}~ ;' which are transmitted over N different flat fading subchannels as

it will be explain later in the current chapter.

2.3.3 Guard Interval

Guard interval of length no less than the maximum excess delay of multipath prop-
agation channel does not carry any information and it is discarded at the receiver
side. It is efficient in mitigating the ISI between each successive OFDM symbols
either by transmit samples of zero values or samples that copied from last part of

OFDM symbol over this guard interval. This will be elaborated in next section.

2.3.3.1 Cyclic Extension of OFDM Symbols

A guard band interval which is commonly called the cyclic prefix (CP) is added to
the time-domain signal after the parallel-to-serial conversion. The CP is a copy of
the last N, samples of the OFDM symbol, s, appending them to the beginning of
the IFF'T output to form the time-domain OFDM symbol as

u= [SNng, SN—Ng+1," " , SN, S]- (2-7)

The samples of u are then sent sequentially through the channel where they
experience fading before they arrive to the receiver.

In fact, the OFDM transfers a multipath fading channel into parallel decou-
pled flat fading subchannels by the mean of the CP. The CP changes the linear
convolution of the signal with the channel to circular convolution and finally the
property of circular convolution/multiplication is applicable which enables single
one tap equalizer. It is simply the last N, samples of the OFDM symbol, must be

greater than or equal to the maximum excess delay of the multipath propagation
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2.3 The OFDM system model and Definitions

channel, is appended to the beginning of the OFDM symbol as shown in Fig. 2.6.
Mathematically, the resulting redundant signal is of length N, = N 4+ Ny, which can
be expressed as

u= \I'Z;fs, (2.8)

where ‘IJZ;" is an NV; x N matrix and can be written as

On,x(n-N,) N,

v =
D Iy

(2.9)

The entries of the resulting redundant block are finally sent sequentially through

—

Guard Interval Data Interval

T,
Figure 2.6: Cyclic prefix extension.
the channel. Assume that the channel is L + 1 taps channel. The received signal

is the convolution of the transmitted signal u with the channel impulse response h

which can be written as

ye = [up ® Bk] + Uk,
L
= Z Ug—aha + Vg, (2.10)
d=0
where ® denotes the convolution operation and v = [vg, vy, -+ ,vn_1]T are the

additive white Gaussian noise (AWGN) samples which are independent and normally

distributed random variables with zero-mean and variance o2 = E {|v,|*}, and

E{.} denotes the expectation operation. Equation (2.10) can be written in a more

expressive way in matrix form as

y = Hyu,

= HyU['s. (2.11)

In (2.11), Hy is a Ny x N, channel convolutional Toeplitz matrix defined in [41] ,
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2.3 The OFDM system model and Definitions

whose elements [" 0 <1 < N, — 1 row and p* 0 < p < N, — 1 column are given as
Ho(l,p) =h(l —p) for 0 < (I —p) < L and Hy(l,p) = 0 otherwise. Thus its matrix

can be written as

ho 0 0 0 0 0
hi hy 0 0 0 0
hi ho 0 0 0
oo| om0 0 2.12)
he .
0 hg
0 0
(0 0 0 hy . . . By ho

At the receiver side, this redundant sequence shall be removed to avoid the ISI

as

q = FUIHWF'S,

— FHg, F"S. (2.13)

In (2.13), \Ilg) is a N x N; matrix used to discard the cyclic extension at the receiver

side and it can be written as
Ul = [Onun, In], (2.14)

and Hg,, = \Ilf;)Ho\IJZZ isan N x N circulant matrix, can be written as

(he 0 0 0 hy . hy hy hi)
b ho O 0 0 hy . hs h
he b he O . . hi . h
hy
Heyp=1|. . . . . . . . hy|- (2.15)
hi 0 0 0
0 hr he 0 0
0 0 b hy O
0 0 0 A hy by ho
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2.3 The OFDM system model and Definitions

This means that the CP changes the linear convolution of the OFDM signal with
the channel into circular convolution. Owing to the property of circular convolution
in time domain is equal to the multiplication in frequency domain, FHe;, F™ is
a diagonal matrix, its diagonal elements are the elements of the channel transfer
function H,, = lL:_Ol hie=3*%" (0 <n < N —1). Subsequently, the received signal

is a point-wise multiplication of the information symbols by channel transfer function

and (2.13) can be rewritten as
4 = H,S, + Q. (2.16)

Consequently, the CP in the OFDM system has two folds advantage; firstly, it
prevents the ISI when its length is greater than maximum channel delay. Secondly,
it mitigates the ICI by transferring the multipath fading channel into parallel flat
fading subchannels each corresponds to single individual subcarrier. However, the
use of the CP in the OFDM system is not purely positive, it has notable drawback
that the symbol s; which is transmitted on the k* subcarrier will be completely
wiped out when the corresponding channel transfer function is zero H, = 0 [89].
More recently, it has been suggested to replace the CP by ZP, where the OFDM
signal as shown in Fig. 2.7. Unlike the non-zero CP, the ZP involves a zeros samples
which are appended to the signal to be transmitted after the IFFT. The common
features of CP-OFDM and ZP-OFDM transmission that both can completely avoid
ISI and have the same spectral efficiency when the length of CP and ZP are equal.
However, ZP system assures symbol recovery regardless of the channel zeros location
whereas this property is unavailable in the case of the CP counterpart. In spite of the
fact that the ZP-OFDM can achieve better BER performance than the CP-OFDM
scheme, the complexity of the ZP-OFDM is higher than that of the CP-OFDM

scheme.

2.3.3.2 Zero-Padding of OFDM Symbols

The ZP-OFDM scheme can sometimes achieve better BER performance than the
CP-OFDM scheme [89] because the data symbols can be recovered regardless of
the channel zero locations. The equalizer complexity of the OFDM with a ZP is
higher than the complexity of the OFDM equalizer with a CP [90] in the case of a
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2.3 The OFDM system model and Definitions

quasi-static channel where the channel equalization could be done in the frequency
domain by simple one tap equalizer. The resulting redundant signal is of length

Ny = N 4+ N, and can be expressed as

u=W,s, (2.17)

where W, is an /V; x N matrix, which can be written as

v, = : (2.18)

Data Interval Guard Interval

T, T,

Ty

Figure 2.7: Zero-Padding guard interval.

The received signal at the receiver side can be written in matrix form as

y = HO‘I]zpua

— Hu. (2.19)

In (2.19), H=H,¥,, is an N; x N matrix defined as [91]

he 0 0 0 0 0

hi he 0 0 0 0

hi hy 0O 0 0
H=|" . (2.20)

0 hy . . hi . . 0

0 0 . . . . . h

hr

The DFT is not the only transform that has been adopted in the OFDM sys-

tems to provide the orthogonal basis that carry the data symbols. Discrete cosine
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Figure 2.8: DCT-OFDM system block diagram.

transform (DCT) has also been suggested to implement the modulation scheme of
the OFDM system.

Unlike the DFT-OFDM, the DCT-OFDM does not have circular convolution-
multiplication property. Consequently, a CP as that one been applied to DFT-
OFDM is inapplicable. One of the solutions was suggested by [29] by doubling the
data, however, this sacrifices the bandwidth as half of the transmitted data are
redundant data. Zero padding scheme is consider as one of the best solutions, it

ensures symbol recovery regardless of channel zero locations and explore the full

diversity of the OFDM signal.

2.4 DCT-OFDM system model

The DCT-OFDM system block diagram is shown in Fig. 2.8. The main differ-
ence between the DFT-OFDM and the DCT-OFDM systems is that, in the lat-
ter the IDCT/DCT are used for modulation/demodulation process instead of the
IFFT/FFT. It can also be seeing from Fig. 2.8 that the zero-padding guard interval
is used instead of the CP in the case of the DFT-OFDM.

2.5 Theoretical BER of the OFDM

From equation (2.16) it is clear that the information symbols that come from spe-

cific constellation are independently carried on decoupled subchannels with added
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2.5 Theoretical BER of the OFDM

AWGN noise. Therefore, it can be said that each subchannel can be consider as an
independent transmission scheme with its own SNR and BER. Therefore the over-
all BER of the DFT-OFDM can be given by averaging the BER for the individual

subchannels [92] as follows

N-1
m-psk _ M 1 ( i l)
P! = NmZ:OQ V26, sin(15)) (2.21)
and Nt
4—207m/2) /
pM-QAM _ —y Q 35 . (2.22)
My Nm:0

In (2.21) and (2.22), u denotes the number of nearest neighbours signal points
(topsk = 2 and pig—ganm = 3), M is the level on constellation and m;, = log, M
represents the number of bits in each digitally encoded symbol, Q(z) denotes the
Q-function of xz and f(,, is the signal power, per symbol, to noise power ratio. In
other words, by substituting the specific parameters that assigned to the QPSK and
the 16-QAM, the BER is respectively given as

PR = % Q (x/ﬂ_@ : (2.23)

- 3 N 5
QAM m
pls = :1Q (a/ - ) . (2.24)

Therefore, to evaluate the BER performance of the OFDM system, the SNR (3,,),

and

m=0,1,2,..., N — 1, per each subchannel must be calculated. This can be achieve
by several ways, such as linear equalizer, decision feedback equalizer, adaptive equal-
izer, zero-forcing (ZF) equalizer and minimum mean-square-error (MMSE) equalizer.
During this thesis, we will consider the case of ZF and MMSE equalizers [93] as they

are simple in implementation and can achieve good channel cancellation.

2.5.1 Zero Forcing (ZF) Equalizer

In the ZF case, the equalization is achieved by simply dividing each received symbol

in (2.16) by the corresponding channel dependent factor H,

Q
ZF — g 4 2, 2.25
W =t (2.25)
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The noise error signal is then calculated as the difference between the transmitted
and the received data symbols, e = ¢Z' — S, and the noise power per each

subchannel can be given as

PLF 0y (2.26)
[ Hi >

Thus, the signal to noise ratio for each symbol will be given as
E=| H; |? 7. (2.27)

The average BER for the system is calculated by averaging the BER to the number

of subchannels as follows

PRPSK — Z Qs Hi[?) (2:28)
and Vot
3 — ")/syHl‘z
ploeAM _ = : 2.2

2.5.2 Minimum Mean-Square-Error (MMSE) Equalizer

The MMSE equalizer, x,,, is defined as

E,H*
E,| H, |? +02’
vsH,,

It follows that the equalized signal is given as

gMMSE = S Ho X + QX (2.31)
MMSE _ %\Hn|2
h——————= + QX 2.32

The error signal is then calculated as the difference between the transmitted and

the received data symbols, eMMSE = ¢MMSE _ g " and can be written as

eMMSE = SanXn - Sn + Qana
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2.5 Theoretical BER of the OFDM

Table 2.1: System parameters for simulations.

’ System Item \ Parameter
Modulation QPSK and 16-QAM
Synchronisation Complete
Antenna type Perfect
Channel type AWGN;, ITU pedestrian B and I'TU vehicular A
Equalisation One-tap FDE
Number of Subcarriers (N) | 1024
Duration of CP N/4
Bandwidth 10MHz

—1
In (2.33), H,x, — 1 = ———————. Thus (2.33 b itt
n (2.33), H,x T L us (2.33) can be written as
—1 vsH*
MMSE sy
e -8, 4, 9.34
" 1+ 75| Hy|? 1+ 75| Hy|? (2:34)

As the data symbols and the AWGN are statistically independent, the noise power

of the " subchannel is then expressed as

PUMSE  _ [ [|MMSE|?]
_ E, oos | Hil?
L7 | Hil2T [+ Hi)
o Es E573|Hi|2
[+ HPT [ 4 s H 2
= —Es 2.35
= A (2.35)
The signal power PYMMSE = F [|gMMSE2] and it is given as
PMMSE  _ E57§|Hi|4 Evys|Hy|?
K [+ HGPT 14 s H2
E573|Hi ’2
= — 2.36
1+ v, H;? ( )
MMSE
Then the SNR of the i subchannel fMM5E = :Pj& 7o is then given as
BMMEE = ~ | Hy|?. (2.37)

It is obvious from (2.37) that the DFT-OFDM is very close in the BER performance

for both the ZF and the MMSE

detection.
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2.6 Up/Down Converters
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Figure 2.9: BER performance of the conventional OFDM system for the QPSK and
the 16-QAM constellations over the ITU pedestrian B channel in comparison to the
performance over the AWGN channel; theoretically and by simulation.

The BER performance of the conventional OFDM for the QPSK and the 16-
QAM modulations over the AWGN channel and the ITU pedestrian B channel is
shown in Fig. 2.9. The system parameters that used in our simulation is shown
in Table 2.1. Theoretical results are obtained by using the formulas in (2.28) for
the case of QPSK and (2.29) for the case of 16-QAM. It can be observed from
Fig. 2.9 that although the OFDM transfers the multipath channel into flat-fading
subchannels, it is still significantly affected by the type of the channel. We are
aiming to improve the performance of OFDM over multipath channels to make it
as close as possible to that over the AWGN channel. It is note worthy noting that
in this thesis we usually stop at level of 10~* BER as it requires very long time to

simulate results that can come below this level.

2.6 Up/Down Converters

In digital communication, a carrier frequency that usually much greater than the
signal bandwidth is used to carry the information signal from the transmitter side

to the receiver side passing through the channel. The signal at the transmitter is
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2.7 Peak-to-average power ratio (PAPR)

called baseband signal while it is up-converted to bandpass signal to be transmitted
through the media, it follows that, at the receiver side, this passband signal is then
down converted to base-band signal. In practise, the local oscillators that used to
generate the carrier frequency for up and down conversion are not perfectly synchro-
nized, hence, carrier frequency offset (CFO) which leads to significant performance

impairment is generated within the OFDM system.

2.7 Peak-to-average power ratio (PAPR)

The PAPR in the transmitted signal of the OFDM systems is considered one of the
main problems plaguing the OFDM systems, which arises from the addition of a
large number of statistically independent symbols. Suppose the input data symbols
Spm (m =0,1,..., N — 1) are statistically independent and identically distributed
(ii.d), i.e. the real part SI and the imaginary part S9 are uncorrelated and or-
thogonal. Then, based on the central limit theorem, when N is considerably large,
the distribution of both S and S9 approach Gaussian distribution with zero-mean

[76], and its power is given as
1
E,=3E [[S5IZ+ 1S3, (2.38)

where E[s] represents the expected value of the random variable s. The basic cause
of the high PAPR in the OFDM signal is the Gaussian signal distribution that arises
due to the (IFFT, IDCT or ICT) operation. The PAPR for a given OFDM block

can be written as )
max |s|
0<k<N-1

PAPR{s;} = B

(2.39)

where max denotes the maximum instantaneous power ratio and E [|s;|?] denotes
0<k<N—1

the average power of the signal. In the case of the DFT-OFDM,

- 2mkm

| Nl
S = —— Spne? N
* m,;)

(2.40)



2.8 Sensitivity to the Carrier Frequency Offset (CFO)

0<k max

puted easily and upper bounded as

then = max 1|mk|2 < N|zg|?,.. and E[|sx]?] = E[|Sm|*] and the PAPR can be com-

2
’Sm’maz (241)

PAP < N —R4x
Risit < Nglisn )

In (2.41), equality is attained at k = 0 where all the sub-symbols have the same
phase. In particular, each of the N output samples from the IDCT or the IFFT
operation involves the sum of N data symbols.

In order to have an awareness and intuitive view of the PAPR statistics, comple-
mentary cumulative density function (CCDF) was investigated for the conventional
OFDM signal when the 16-QAM and QPSK modulations are used and different
number of subcarriers as shown in Fig 2.10. Also to ensure the reliability of com-
puter simulations, 100 000 OFDM frames were generated to obtain each PAPR
value. It is observed from Figs. 2.10(a) and 2.10(b) that the PAPR proportional
with the number of subcarriers where as large the number of subcarriers is, as high
the PAPR of the OFDM signal.

For the case of the DCT-OFDM, the CCDF of the transmitted signal is shown in
Figs. 2.11(a) and 2.11(b) for both the 16-QAM and the QPSK modulations. It can
be seen from Fig. 2.11 that the PAPR of the DCT-OFDM system is the same of

that of the conventional OFDM for the same number of subcarriers.

2.8 Sensitivity to the Carrier Frequency Offset
(CFO)

Carrier frequency offset CFO that is caused by frequency mismatch of local oscilla-
tors has significant effects on the BER performance of OFDM systems as it produces
inter-carrier interference (ICI) that destroys the orthogonality of the subcarriers [94]
and [95]. As a result, it is so important to investigate the validity of the proposed
system in the presence of CFO. The received signal at the receiver side in the pres-

ence of the CFO could be expressed by matrix form as

y = YHs+ v,
— YHF"S 4 v. (2.42)
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2.8 Sensitivity to the Carrier Frequency Offset (CFO)
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Figure 2.10: PAPR performance of the conventional OFDM for N =128, 256, 512
and 1024, using (a: 16-QAM modulation and b: QPSK modulation).
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Figure 2.11: PAPR performance of the DCT-OFDM for N =128, 256, 512 and 1024,
using (a: 16-QAM modulation and b: QPSK modulation).
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2.9 Conclusion

In (2.42), Y is a diagonal matrix, the elements of the diagonal are given as ¢’ el ,

e is the CFO normalized to the subcarrier spacing, and H is the channel matrix given
in (2.15). Because of the CP, the channel matrix H becomes a circulant matrix and
it is diagonalized by pre and post multiplications by F* and F. That the received

signal after the DFT transformation can be written as

Y = FYHFYS + Fo,
= FYFYFHFYS + Q,
= IIHS + Q. (2.43)

where H = FHF" is a diagonal matrix, its diagonal elements are the frequency

- 271l

. . . L-1,; _
domain representation of the channel impulse response, H,, = » ;" e ™"~ and

IT = FYF" denotes the ICI matrix.

Fig. 2.12 shows the simulation results of the BER performance of the conven-
tional OFDM system over I'TU pedestrian B channel and in the presence of the
CFO. It is obvious from Fig. 2.12 that the OFDM system is very sensitive the CFO
which some times consider as a type of Doppler shift as it cause rapid changes in

the channel impulse response [31].

2.9 Conclusion

The mathematical dimensions of the OFDM system have been revealed in this chap-
ter. Cyclic prefix (CP) or zero-padding (ZP) guard interval could be used in the
OFDM systems to mitigate the effects of the ISI. Single-one tap equalizer is appli-
cable in the case of the CP whereas it is not applicable in the case of the ZP. It has
also been shown that the performance of the OFDM system is sensitive to the type
of channel, carrier frequency offset and the PAPR of the OFDM signal.
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Figure 2.12: BER performance of the conventional OFDM system in the presence
of the CFO.
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Chapter 3

Novel Efficient OFDM Systems
Based on Trigonometric

Transforms

3.1 Introduction

DCT based OFDM system has proved itself as a possible alternative candidate to
the conventional DFT based OFDM system. Hence, this chapter provides two new
OFDM systems similar in principle but different in complexity. The two proposed
OFDM systems are based on the DCT and utilize the WHT as a channel independent
precoder. The first system employs the two transforms (WHT-DCT) separately
as a cascading device. In the second scheme, a low computational complexity C-
transform (a method of obtaining the DCT via the WHT') proposed in [83], is used in
another OFDM system transceiver (C-OFDM). Although both the proposed OFDM
schemes have the same significant diversity gain, their complexity is different. The
emphasis will be on the C-OFDM as the other system obeys the same principle of
the C-OFDM scheme.

The BER performance of the proposed C-OFDM system is evaluated by math-
ematics and simulation for different channel models, signal mappings, and under
zero-padding and MMSE detection. The results are compared with that of the
DCT based OFDM (DCT-OFDM) and the conventional OFDM, providing that,
over multipath channels, the new C-OFDM system outperforms the OFDMs that
are based on the DCT and the DFT. This can be attributed to the fact that the
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3.2 WHT-Precoded DCT-OFDM system

information symbols are spread out over other subcarriers by the WHT, mitigating
the deleterious effect of deep notches in the channel spectral. However, this phe-
nomenon is not exhibited in the DFT-OFDM system and the DCT-OFDM system
counterparts. The C-transform has also been found to reduce the PAPR of the
OFDM signal without affecting the average value.

In contrast to the conventional OFDM system that based on the DFT, when real
valued modulation such as binary-phase-shift keying (BPSK) or pulse-amplitude-
modulation (PAM) is used, the C-OFDM system can avoid in-phase/quadrature
phase (IQ) imbalance problems discussed in [96], which are considered one of the
weaknesses in the DFT-OFDM systems. The new C-OFDM can also be used with
complex valued constellation as it is considered in this chapter for the QPSK and

the 16-QAM modulations.

3.2 WHT-Precoded DCT-OFDM system

The system block diagram of the proposed WHT-DCT-OFDM system is shown in
Fig. 3.1. In order to ensure symbol recovery regardless of the channel zero locations
in addition to reduce the intersymbol interference (ISI), zero padding (ZP) guard
interval is used in our proposed scheme. MMSE detection is used at the receiver
side to compensate for the channel effects. Complex modulation such as the 16-
QAM or the QPSK is used where the WHT /DCT is used twice in the transmitter
and receiver, one for the real part whilst the other is for the imaginary part of the
complex information symbols. However, WHT-IDCT/DCT-IWHT blocks in the
both transmitter and receiver should be used only once when a real modulation
format such as the BPSK is used.

Fig. 3.2 shows the power spectral density (PSD) of the conventional OFDM,
DCT-OFDM, and the WHT precoded DCT-OFDM systems all for the 16-QAM
modulation. It is clear that both the DCT-OFDM and the WHT-DCT-OFDM
systems have the same PSD shape.

Consider block-by-block transmission where each N data symbols are transmit-
ted as a block. The binary data, b,, are first mapped into complex modulated data
symbols, S, = SI + 759, using the M-QAM or the M-PSK modulation. These data

symbols are serial-to-parallel (S/P) converted and then split into real and imaginary
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3.2 WHT-Precoded DCT-OFDM system

parts. Each part is then passed through the same procedure to produce the OFDM
signal. These symbols of length N is then processed by the WHT and this can be

mathematically expressed as

SL ol sy \N%
bn Sn WHT H IDCT sk
— Modulator S/P Zero—padding P/S
WHT [ IDCT
S¢ @ s
J
rh Yeq N/
b, S IWHT H DCT MMSE detection | %"
<— Demodulator @ } and remove SIP
(X IWHT H DCT zero—padding
T

J

Figure 3.1: Proposed WHT-DCT-OFDM system block diagram.

T'm = WmS7 (31)

where W, denotes the m'" row of the Walsh-Hadamard matrix (W) which is given,

for N =8, as

Wy = . (3.2)

In matrix form, r can be written as

r=WS. (3.3)

It follows that, these output samples modulate N different subcarriers using the
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3.2 WHT-Precoded DCT-OFDM system
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Figure 3.2: Power spectral densities of the DFT, the DCT and the WHT-IDCT
OFDM systems.
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3.3 C Transform Based OFDM System

N—-1
[ 2 2 1
Sk - N WZZ_O O{me COS |:7r ( kQ—{]\_f ) m:| ) (34)

where a,, is equal to 1 only when m = 0 and equal to \/LE otherwise. The signal s

IDCT as

can be rewritten in matrix form as

s/ = DTWS/,
s¢ = D"WS©, (3.5)

where s and S are N x 1 vectors, (.)! and (.)? denote the real and imaginary
components respectively, (.)T is the transpose operation and D is the DCT matrix.
These real and imaginary parts are then made complex to generate the complex
OFDM signal, s = s’ +js%, where j = /—1. To prevent the intersymbol interference
(ISI), the OFDM signal is zero-padded with IV, samples, must be larger than or equal
to the length of the channel (maximum channel delay). The resulting N; x 1 vector

N, = N + N,) is then given as
( g g
u' = \Ilzpsl, (3.6)

where W, was defined in (2.18) in chapter two as ¥,, = [Iy ONxNg]T isan N, x N
zero-padding matrix, Iy is an IV dimensions identity matrix and Oy, is an N X N,
zeros matrix. The entries of the resulting redundant block are finally sent sequen-
tially through the channel. The complexity of the WHT-DCT can be reduced by

using a transform known as C-transform which will be presented in the next section.

3.3 C Transform Based OFDM System

In this section, the C-transform (a unitary transform combines the effects of the
WHT and the DCT) proposed in [83] is utilized in implementation of a novel OFDM
system. The proposed C-OFDM scheme block diagram for complex data constel-
lation is shown in Fig. 3.3. It shows that the zero-padding guard interval scheme
is used instead of the conventional cyclic prefix (CP) together with an MMSE [31]
detection to compensate for the channel effects. In this work, we are adopting the

ITU pedestrian B and vehicular A channel models which vary form each OFDM
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3.3 C Transform Based OFDM System
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Figure 3.3: C-OFDM system block diagram when complex signalling format is used.

symbol to another whilst it is constant during each single OFDM symbol.

Based on the specific constellation format, the input data is first mapped into real
or complex modulated symbols S,,, (m =0,1,2,..., N — 1). We denote the block of
data in a vector form as

ST = [So, St ooy Swa] (3.7)

where S is an (IV x 1) vector represents the information symbols. These data symbols
then modulate NV different subcarriers by using inverse C-transform (ICT) and the
resulting samples would be expressed as: first, the data symbols that drawn from

complex or real modulation format are transformed by the WHT transform as

] N
Py = == 3 Sy (— 1), (3.8)
\/N m=0
where
N1
P = ij © n;. (3.9)
j=1

In (3.9), m;®n; denotes the 5 bit-by-bit product of the binary representation of the
integers m; and n; (AND operation between the bits of the binary representation of
m and n) while Ny, is the number of binary digits in each index. Then these output

samples modulate N different subcarriers as

1 ~
skC’OFDM = —— Z T Dien,.- (3.10)



3.3 C Transform Based OFDM System

Substitute 7, in (3.8) into (3.10) yields
_ v 1 .

. AT
In (3.11), Dy, is the k™ row and n'™ column element of the D° matrix and it is

given as

D =TD"®, (3.12)

where I" and @ are the Gray-reverse-order (GRO) matrix where each two successive
values are differ in only one bit, and the bit-reverse-order (BRO) matrix respectively.

It follows that, (3.11) can be written as

1 N-1 N-1
sgoron _ LS5 S (1, (313
m=0 n=0
1 N-1
- = S, Cloms 3.13b
N 2 SnCi (3.13b)

where C,, = ZnN;OI(—l)”m’"lA)kn is the k" row and m' column element of the

inverse C-transform. In matrix form, (3.13b) can be written as

sC-OFDM _ HlWw §, (3.14a)

= C’S, (3.14b)

In (3.14b), s is an N x 1 vector represents the OFDM symbol and W denotes the
WHT matrix of order N. It is worth mentioning here that the GRO of the rows and
BRO of the columns are applied to the D to derive the fast algorithm for the ICT.

T
Consequently, the D can be written as a function of its lower order matrices as

>
S
[z

y I
Ky —Kuy
2 2

)
=
I

(3.15)

On the other hand, W of size N = 2", where n is an integer, can be expressed as

Wy = @ Wy,

= W,0W,® - @ Wy, (3.16)
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3.3 C Transform Based OFDM System

1 1
where W, = is the WHT of size 2, and ® is the Kronecker product.

1 -1
Accordingly, the WHT matrix could be written in lower order matrices as

Wax Wax
Wy = 2 2 (3.17)
W~y —Wyu
2 2
Therefore the ICT can be written as
2J v Wx 0
Cy = 2 2 , (3.18)
0 QK%W%

For clarity, the ICT matrix for N = 8 is shown in bellow:

10
01 0

0 0.9239 0.3827 0
. —0.3827 0.9239 0 . . .
cl= . (3.19)
0.9061 —0.0747 0.3753 0.1802
0.2126  0.7682 —0.5133 0.3182
—0.3182  0.5133  0.7682 0.2126

—0.1802 —0.3753 —0.0747 0.9061

and for forward C-transform, for N = 8§, is given as

10

01 0
0 09239 —0.3827 0
0.3827  0.9239 0 . . .
Cs = . (3.20)
. 0.9061 0.2126 —0.3182 —0.1802
—0.0747 0.7682  0.5133 —0.3753
0.3753 —0.5133 0.7682 —0.0747

0.1802  0.3753  0.2126  0.9061
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3.4 Transmission Analysis

3.4 Transmission Analysis

The C-OFDM system block diagram for complex data format is shown in Fig. 3.3.
It can be seen that when complex input data is used, ICT should be used twice in
both the transmitter and the receiver: one for the real part and the other for the
imaginary part of the information symbols. However, it is used only once when real
modulation format such as the BPSK or the PAM is used. In this section, we will
focus on complex constellation such as the QPSK and the 16-QAM. We consider
block-by-block transmission where the information symbols are divided into blocks,
each of length N. For generality, we express the OFDM transmitted sequence as
s, disregarding whether it comes from the WHT precoded DCT-OFDM system or
the C-OFDM system as the BER derivation is valid for both of them. The output
N x 1 C-OFDM symbol after the ICT can be expressed as

s=C'S. (3.21)

A zero padding guard of length N, samples which must be larger than or equal to
maximum access delay to prevent intersymbol interference (ISI) is then attached to

the OFDM signal. The resulting /V; x 1 vector, Ny = N + N, is then given as

u =W, s (3.22a)

u? = v, 5@ (3.22b)

The entries of the resulting redundant block are sequentially sent through the
channel. Assume that the channel with L + 1 taps, its impulse response h; can be

written as

L
e =Y hibpsr, (3.23)
=0

where h; and 7; are the {"* path channel fading and delay respectively, and L + 1
is the number of paths of the channel. The received signal is the convolution of

the transmitted redundant signal, u, with the channel impulse response, h, and
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3.4 Transmission Analysis

corrupted by the AWGN which can be written as

Yp = |:Uk®]~lki|+vk7

L
= Z uk,dhd “+ vp. (324)
d=0

In (3.24), ® denotes the convolution operation and v is the AWGN with zero mean
and variance o2 = E[v]. Equation (3.24) can be written in more expressive way, in

matrix form, as

y = Hopu + v, (3.25)

where u = u/ + ju? and y = y! + jy? and y,u and v are an N, x 1 vectors.
In (3.25), Hy is an N; x N, channel convolutional Toeplitz matrix defined in [41] ,
whose elements [!" 0 <1 < N, — 1 row and p'*, 0 < p < N, — 1 column are given as
Ho(l,p) = h(l —p) for 0 < (I — p) < L and Hy(l,p) = 0 otherwise. Thus its matrix

and it is given in (2.12) as

he 0 0 0 0 0
hi he 0 0 0 0
b hy 0 0 0
e 3.26)
0 hy
0 0
(0 0 0 hy . . . M ho

The MMSE equalizer matrix, GM5% which is given as [90]

GMMSE — E (BHIH, + 0’ly,)  HY,

1 -1
— (HEHHO + —INt) H;. (3.27)
gl

S

In (3.27), E, = E[S?] is the signal power per symbol, o2 is the AWGN noise power
and v, = f—z is the SNR per symbol.

49



3.4 Transmission Analysis

The equalized signal at the receiver side can be written as

Substitute y in (3.25) into (3.28) yields
yuMSE = GMMSFHgu 4+ GMMS Py, (3.29)

By using singular value decomposition (SVD) algorithm, Hy can be factorized
to UAV* [97], consequently, Hgﬂ is equivalent to VA®U™ where A is an N, x N,
diagonal matrix, its diagonal elements are the square roots of the eigenvalues of
H{ H, arranged in a descending order, V is a matrix with columns equal to eigen-
vectors of Hy Hy while the columns of U are the eigenvectors of HyHy,. Therefore,

by substituting for Hy into (3.27), GMM5F will be given as

1 -1
QMMSE _ (VAHAVH + _INt) VARUH, (3.30)

S

Using (AB)™' = B™'A™" (3.30) can be written as

_ 1 -
GMMSE _ [(VAH) ! (VAHAVH + —IMH [0 (3.31a)

S

1. 77!
- {AVHJF(VAH) 1—14 U (3.31b)

s

Using the fact that V¥ = V! the first term of (3.31b) can be written in more

expressive way as:

AVE = A (AHAH*1> v (3.32a)
— AAE (AH“V*) (3.32b)
— AAT(VAT) (3.32c)
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3.4 Transmission Analysis

Substitute of (3.32¢) into (3.31b), GMM5E can be simplified to

1 ~1
GMMSE _ {AAH(VAH)l + —1Iy, (VAH)l] U, (3.33a)
1 s !
= KAAH + —INt> (VA™)" } uU", (3.33b)
s ; B
= VAR (AAH + —INt) U (3.33c)
At the receiver side, the received data yé‘gM SE is first processed by C-transform
as follows
§"F — cwl GMVSPH, .5 + CBT GMMEy, (3.34)
Substitute for s in (3.14b) into (3.34) yield
§"MF — cw? GMMSPH,W,,CTS + CWT GNPy, (3.35)
The noise signal eMM5F — §" _ g is then given as

"M~ (Ccwl GMYSPH ., CT — 1) S

+ CUl GYMFy, (3.36)
Substitute (3.33¢) in (3.36) yield

eMMSE —

1 -1
C¥l VA" <AAH + —INt) UM (UAVHY,_ ,CT — 1y S

S

1 —1
+ COL VA" (AA" + —15, ) Ufe. 3.37
zZp

s

Since the C-transform is a real transform, then CT = CH. Let Ay N, represents
the combination C\IIZTpV which will be written as A only without the subscript for
expression simplicity and Ay, .y represents the matrices combination VH\IlzpCH.
After some manipulation, (3.37) can be written as

eMMSE —

S

1 o
AA™ (AAH + —INt> AA — IN] S

1 -1
+ AAH (AAH + —INt> Utw. (3.38)

S
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3.4 Transmission Analysis

In the first term of (3.38), Iy can be written as Aly,A and (3.38) can be written

as

eMMSE —

S

1 e —
AA" (AAH + —INt) AA — AINtA] S

1 -1
+ AA" (AAH + —INt) U, (3.39)

S

For first term in (3.39), A and A can be taken out of the brackets, hence, (3.39)

can be written as

eMMSE - A

1 ! _
A" (AAH + —INt) A— INt] AS

S

1 —1
+ AA" (AAH + —INt> Utv. (3.40)

s

-1
In (3.40), {AH (AAH + %IM> A} = 0, [AH (AAH + %IM) A — IM} = O,

and A" <AA]HI + %INJ = O3 where ©,, ®; and O3 are diagonal matrices with

their 7*" diagonal entries are respectively given as

75’)‘1"2
@1i = m’ (341&)
-1
'Ys,)‘i|

Where A;, (i = 0,1,2,...N; — 1) is the i element of the diagonal of A and ~, = Z¢
is the signal power (per symbol)-to-noise ratio. Therefore, (3.40) can be rewritten
as

eMMSE — A@,AS + AG;U . (3.42)

A

Similarly, S MSE 4 (3.35) can be rewritten as

"M _ A@,AS + AG, U (3.43)
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3.4 Transmission Analysis

The total noise power at the receiver side is £ [eeH} = tr(ee') and is given as

PHMSE = t1r [AE,O3A + Ac’O3A] (3.44a)
=tr [A [E,©3+0.03] A]. (3.44D)

In (3.44b), [E,©3 + 0203] is a diagonal matrix can be simplified as

E 2
[£.05 + 0303, — 77 1M 2
’ Daldl? + 117 [yl Ail? +1]
o Es Eszs’)\iP
[’75‘)‘1"2 + 1]2 [’Ys‘)‘iyz + 1]2
E
= — 3.45
Vs Al + 1 ( )
Let ©4; = diag(m) and by substituting (3.45) into (3.44b) yields
PIUMEE — tr [AE,©4A] . (3.46)
The total power of the received signal is PMMSE = B [SSH] = tr(SSH) is given as
PYMSE — tr [AE,O7A + Ac2O3A] (3.47a)
= tr [A [E,07 + 0.03] A] (3.47b)
=tr [AE©,A] . (3.47¢)

Therefore, the signal-to-noise ratio at the output of the m!* subchannel is given as

[A®.A],

[MMSE _ :
[A©.4],,

(3.48)

The overall BER can be given by averaging the BER for the individual subchannels
and they are given for QPSK and 16-QAM respectively as:

QPSK _ iNZ: [Aglm m,m (3 49)
N m=0 [A@4K| m,m ’ .
and
3 & [A©,A]
plo—QAM _ _—mm o) 3.50
e m e\ smea (850



3.5 Peak-to-average power ratio (PAPR)

Finally, the recovered transmitted bits are obtained by applying the demodula-
tion process on the recovered complex modulated data symbols S. The advantages
of employing the C-transform in the OFDM systems can be attributed to the fact
that the C-transform is a compound transform gathering the effects of the WHT and
the DCT transforms. Subsequently, the WHT further distributes the information
symbols among the channel spectrum mitigating the effect of narrowband notches
of the channel spectral as the data symbol on significantly attenuated subcarrier
is not completely disappeared where it can be recovered from the other unaffected
subcarriers.

It is noteworthy that the SNR approach in (3.48) is a general formula describing the
BER performance of ZP-OFDM sysyem with MMSE detection and can be applied
to attain the BER performance for the DCT-OFDM or the DFT-OFDM systems
simply by replacing the C-transform by either the DCT or the DFT transform

respectively.

3.5 Peak-to-average power ratio (PAPR)

The PAPR in the transmitted signal of the OFDM systems is considered as one of
the main problems plaguing the OFDM systems, which arises from the addition of
a large number of statistically independent symbols.

In chapter 2, we have explained that the superposition of the information symbols
which are statistically independent is the reason of the high peak amplitude in the
OFDM signal. It has been shown that in the case of the DCT-OFDM and the
conventional OFDM schemes, this peak value can reach the order N when all the
input information symbols are aligned in phase. However, this is not the case in the
proposed C-OFDM system. This is because the C-transform has a block diagonal
structure, thus each N output samples from the ICT operation involves less than or
equal to the sum of % data symbols. Thus, the PAPR for the case of the C-OFDM
system can be upper bounded as:

Suppose the input data symbols S, (m =0,1,..., N — 1) are statistically inde-
pendent and identically distributed (i.i.d), i.e. the real part S! and the imaginary
part S9 are uncorrelated and orthogonal. Then, based on the central limit theo-

rem, when N is considerably large, the distribution of both SI and S9 approaches
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3.5 Peak-to-average power ratio (PAPR)

Gaussian distribution with zero mean [76] where
1
Ey =3B [ISuP +1S3I°] (3.51)

where E[s] represents the expected value of the random variable s. The basic cause
of the high PAPR in the OFDM signal is the Gaussian signal distribution that arises
due to the (IFFT, IDCT or ICT) operation. The PAPR for a given OFDM block

can be written as

max |s|?
0<k<N-1

PAPR{Sk} = W,

(3.52)

where max denotes the maximum instantaneous power ratio and F [|s|?] denotes
0<k<N—1

the average power of the signal. In the case of the conventional OFDM,

- 2mkm

| N2
Sp = —— Smel N, 3.53
D (559

then max |[s;|? < N|Snul2.. and E[|si]?] = E[|Sm|’] and the PAPR can be

0<k<N-—1 mazx
computed and upper bounded as

[Si2
PAP < N——74 .54
Blsd < N, 320

In (3.54), equality is attained at k& = 0 where all the sub-symbols have the same
phase. In particular, each of the N output samples from the IDCT or the IFFT
transformation involves the sum of N data symbols. However, this is not the case
in the proposed C-OFDM system. This is because the C-transform has a block-
diagonal-structure, thus each of N output samples from ICT operation involves less
than or equal to the sum of % data symbols. Thus, the PAPR for the case of the

C-OFDM system can be upper bounded as

N |82
< . mar .
PAPR{si} < 5 A HE (3.55)

The worst case of the PAPR is of order N for the conventional OFDM and the
DCT-OFDM systems whilst it is of order % for the proposed C-OFDM system. In
general, the worst case of the PAPR has low probability of occurrence [98] and [99].
Our simulation results showed 1 dB improvement in the PAPR for the case of the

proposed C-OFDM system in comparison with that for the DCT-OFDM and the
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3.6 System Performance in the Presence of the CFO

conventional OFDM system.

3.6 System Performance in the Presence of the

CFO

The proposed C-OFDM system is slightly more sensitive to the CFO than both
DCT-OFDM and the conventional OFDM systems when no synchronization algo-
rithms is applied. This is because any shift in subcarrier frequency will spread over
others by the WHT. However, all the DCT-OFDM, the conventional OFDM and
the C-OFDM systems completely lost their orthogonality when CFO, normalized to
the subcarrier spacing, is larger than or equal to 0.1 as it will be shown later in this
chapter. Therefore, several CFO estimation techniques aimed to mitigate the effects
of CFO within the OFDM systems have been proposed in the last few years [100],
[94] and [95]. In spite of the proposed system sensitivity to the CFO, it restores
its superiority over both the DCT-OFDM and the OFDM systems when a CFO
estimation algorithm is used. The proposed system’s block diagram in the presence
of CFO and its estimation and compensation algorithm is shown in Fig. 3.4; where
the Morelli and Mengali (M&M) algorithm [100] is used. The purpose of the IFFT
transform is to generate a symbol consisting of L identical parts that are used in
CFO estimation. They are generated by transmitting a pseudo-noise sequence on
the frequencies multiple of L/T and set the rest to zero. If the switches Sw; and
Swy are set to position 1, then it would constitute a CFO estimation operation.
Subsequently, they would be changed to position 0 to activate the proposed OFDM

system transmission.

3.7 Computational Complexity Analysis

For any transform to stand as a good candidate for practical communication sys-
tem, its complexity needs to be evaluated. Therefore, this section evaluates the
arithmetic complexity of the C-transform and compare it with the WHT-DCT, the
DCT and the FFT transforms. The complexity in this chapter is based on radix-2
single butterfly implementation for both algorithms. When it comes to real time

implementation like in communication systems, the FFT and the DCT are usually
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3.7 Computational Complexity Analysis
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system transmitter
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Save

™

Figure 3.4: System block diagram in the presence of the CFO cancellation algorithm.

implemented in pipeline using single butterfly. In a single butterfly implementation,

we only need to design one butterfly and repeat it leading to the best structure in

terms of regularity, modularity, indexing and ease of implementation.

3.7.1 The C-Transform

As shown in (3.19) and (3.20), the C-transform has a Block Diagonal Structure

2
(BDS) with more than 3 of its matrix elements being zero; hence, its direct com-

putation will involve N 5 real multiplications and N (N — 1)/3 real additions only.

Using fast algorithms, this can be reduced even further. The butterfly of transform

N
with BDS is shown in Fig. 3.5. The total number of butterflies equal to 5} log, N

and the number of trivial butterflies are given as

N N N N
BUttTriv |:

2 4 8 16
1 1 1
2 4 8 16

1
:]VP+—+—+—~hm

Using power series identity, (3.56) can be rewritten as

N
= N-1

N -1
ButtTm-U = N |:—:|

o7

St

1]

+—} (3.56)

(3.57)



3.7 Computational Complexity Analysis
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Figure 3.5: Butterfly structure of BDS transforms.

a COS X

a A A
}C sin x —sin X
b B b B

COS X

(a) C transform butterfly

(b) Modified butterfly

Figure 3.6: Butterflies of the C-transform:(a) C-transform butterfly, (b) Modified
C-transform butterfly.

Thus, the total number of active butterflies of radix-2 fast algorithm for the C-

N
transform is 5} logy, N — (N — 1) which is given as

N
Buttﬂies = 5 10g2 N—N+ 1, (358)

where each butterfly can be analysed in more details as shown in Fig. 3.6
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3.7 Computational Complexity Analysis

A = acosxz+bsinz

= —asinx + bcosz. (3.59)

Each butterfly includes 4 real multiplications (Ry) and two real additions (Ra).
Thus the complexity of the C-transform is then given as: Ry = 2N log, N —4N +4
and Ry = Nlogy, N — 2N + 2.

The number of multiplications can be reduced as shown in Fig.3.6(b) as:

A = (a+b)cosx + b(sinz — cosx)
= acosx +bcosx + bsinx —bcosx

= acosx + bsinx (3.60)

B = —a(cosz +sinzx)+ (a+ b)cosz
= —qcosx —asinx +acosx +bcosx

= —asinx +bcoszw (3.61)

One can easily notice that each butterfly involves 3 Ry and 3 R, the complexity
of the C transform involves Ry = %Nlog2 N —-3N+3and Ra = %N logy N —=3N+3

and then the total number of real operations (Rp) is given as
Ro = 3Nlog, N — 6N + 6 (3.62)

It is worth mentioning that, when complex signalling is used, the arithmetic
operations of C-transform would be twice of (3.62), one for real part and the other

for imaginary part, and the overall complexity is given as

Ro = 6N log, N — 12N + 12 (3.63)
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3.7 Computational Complexity Analysis

3.7.2 Discrete Cosine Transform (DCT)

The arithmetic complexity of fast implementation of the DCT based on single but-

terfly algorithm can be given as [101]: Number of real multiplications

N
Ry = 5 log, N, (3.64)
and number of real additions
Ry = Nlog, N. (3.65)

Thus the total number of real operation is given as

3N
Ro = "~ log, N. (3.66)

It is worth mentioning that when complex constellation is used such as in this work,
the complexity above should be calculated twice (one for real part of the signal
while the other for the imaginary part) and the arithmetic complexity will be equal

to Ro = 3N logy N

3.7.3 WHT-DCT

The arithmetic complexity of fast implementation of the WHT followed by the DCT
can be given as: The WHT complexity involves only real additions, Ry = N log, N,
and no multiplications at all. The arithmetic operations of the radix-2 DCT using
single butterfly algorithm is given in (3.64), (3.65) and (3.66). Then the total number
of real multiplications and additions for the WHT-DCT is given by

5N

Same as for the case of C-transform, when complex constellation is used, (3.67)

must be calculated twice and the arithmetic complexity will be given as

Ro(WHT — DCT) = 5N log, N (3.68)
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3.7 Computational Complexity Analysis

Table 3.1: Comparison of Real Arithmetic Operations for the Proposed C Trans-
form, DCT, WHT-DCT and FFT Transforms Under Complex Constellation Con-

sideration.
DCT WHT-DCT FFT

N cT
Ry | Ru Ry | Ru Ry | Ru Ry | Ru
294 294 320 160 640 160 480 320
64 774 774 768 384 1536 384 1152 768
128 1926 1926 1792 896 3584 896 2688 1792
256 4614 4614 4096 | 2048 8192 2048 6144 4096
512 | 10758 | 10758 | 9216 | 4608 | 18432 | 4608 | 13824 | 9216
1024 | 24582 | 24582 | 20480 | 10240 | 40960 | 10240 | 30720 | 20480
2048 | 55302 | 55302 | 45056 | 22528 | 90112 | 22528 | 67584 | 45056
4096 | 122886 | 122886 | 98304 | 49152 | 196608 | 49152 | 147456 | 98304

32

3.7.4 Fast Fourier Transform (FFT)

It is worth mention that our true comparison is with DCT-OFDM system, however,
comparison with FFT transform is added for further information. Considering the
fact that each complex multiplication involves 4 real multiplications (Ry) and two
real additions (R) or 3 real multiplications and 3 real additions, and each complex

addition is equivalent to two real additions. The arithmetic complexity of the FF'T,

based on single butterfly and 4/2 implementation is given as:

Ry = 2N log, N, (3.69)

Ra = 3N log, N. (3.70)

Tables 3.1 and 3.2 show the computational complexity in terms of real additions
and real multiplications and total number of operations respectively, for the C-
transform, the DCT, the WHT-DCT and the FFT for different transform lengths N
when complex constellation is considered (both the C transform and the WHT-DCT
transform are used twice, one for the real part of the complex data while the other
for the imaginary part). It is clear that the C-transform has lower total number of

additions as well as it is better than the WHT-DCT in terms of multiplications.
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3.8 Wire-line Applications of the Proposed Schemes

Table 3.2: Total number of real operations.

CT DCT | WHT-DCT | FFT

N Ro Ro Ro Ro
32 588 480 800 800
64 1548 1152 1920 1920
128 3852 2688 4480 4480
256 9228 6144 10240 10240

512 | 21516 | 13824 23040 23040
1024 | 49164 | 30720 51200 51200
2048 | 110604 | 67584 112640 112640
4096 | 245772 | 147456 245760 245760

3.8 Wire-line Applications of the Proposed Schemes

In this section we will examine the performance of the proposed C-OFDM in the
discrete multi-tone (DMT) system as example of wire-line communication system
and compare it with that of the DCT-DMT and DFT-DMT schemes. In the con-
ventional DFT-DMT system as shown in Fig. 3.7, the input data of size N are first
serial-to-parallel converted and modulated to data symbols. In order to ensure real
data transmission, these modulated symbols at the input of the IFFT are forced to
be Hermitian conjugate. This in turn requires a 2N x 2N IFFT transform, thus 2NV
samples is the length of the transmitted signal. In other words, in order to transmit
N modulated symbols, 2N samples are required for transmission. However, this can
be completely avoided by using the proposed approach and real data modulation
formats. Fig. 3.8 is a detailed block diagram for the proposed C-DMT system. Table
3.3 shows the complexity reduction of the C-DMT among the DFT-DMT as a result
of avoiding the Hermitian constraint.

For the case of WHT-DCT-DMT, the ICT at the transmitter must be replaced
by the WHT-IDCT and the CT at the receiver must be replaced by the IWHT-
DCT. In comparison to the existed DCT-DMT system, both the proposed C-DMT
and the DCT-DMT systems can avoid Hermitian constraint. However, the proposed
C-DMT system appears more robust to multipath fading channels as it includes the
WHT in its structure which further distributes the information symbols over the

entire bandwidth.
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Figure 3.7: Transmitter block diagram of the DFT-DMT system.
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Figure 3.8: Transmitter block diagram of the C-DMT system.

Table 3.3: Comparison of real arithmetic operations of the proposed CT, the DCT
and the FFT based-DMT systems.

3.9 Simulation Results And Discussion

N | DCT | FFT | CT
Ro Ro Ro
256 | 3841 | 17936 | 5889

This section presents some results to demonstrate the performance of the proposed

C-OFDM and compares them with that of the DCT-OFDM and the conventional

OFDM systems. It should be noted that the true comparison should be with

the DCT-OFDM system, however we added the comparison with the conventional

OFDM system for more information.
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Figure 3.9: PAPR performance of the proposed C-OFDM, DCT-OFDM and the
conventional DFT-OFDM systems using the 16-QAM modulation format, the DCT-
OFDM and DFT-OFDM systems having the same graphs.

3.9.1 PAPR Reduction

A simulation was carried out for the C-OFDM, conventional OFDM and the DCT-
OFDM systems, showing that the C-OFDM has the lowest PAPR for; different
number of subcarriers (N = 128, and 1024) and 16-QAM modulation. In order
to have an awareness and intuitive view of the PAPR statistics, complementary
cumulative density function (CCDF) was plotted. Also to ensure the reliability of
computer simulations, 100 000 OFDM symbols were generated to obtain each PAPR
value. It is noted from Fig. 3.9 that the C-OFDM system has a better PAPR than
the DCT-OFDM and DFT-OFDM for different numbers of subcarriers. It also shows
that the DCT-OFDM system achieves the same PAPR as the conventional OFDM
while the proposed C-OFDM achieved about 1 dB improvement at a CCDF of 107*.
This is due to the fact that the C-transform has a block-diagonal-structure that

reduces the additions of the input data symbols which perform each OFDM sample.
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3.9 Simulation Results And Discussion

Table 3.4: System parameters for simulations.

’ System Item \ Parameter
Modulation QPSK and 16-QAM
Synchronisation Complete
Antenna type Perfect
Channel type AWGN;, ITU pedestrian B and I'TU vehicular A
Equalisation Time domain MMSE equalizer
Number of Subcarriers (N) | 1024
Guard type 7P
Length of ZP %
Bandwidth 10MHz

3.9.2 BER Performance
3.9.2.1 BER performance over AWGN Channel

The BER performance of the C-OFDM, DCT-OFDM and the conventional OFDM
systems over the AWGN channel using the parameters that are given in Table 3.4 is
shown in Fig 3.10. It reveals that all of these systems have the same performances
over the AWGN channel. This is because the WHT does not have any effect on the
AWGN noise power as it is already distributed equally among all the subchannels.
Moreover, the WHT does not effect the signal power as it is unitary transform.
However, the superiority of the C-OFDM system in terms of the BER performance
is pronounced over multipath fading channels, which are more realistic in practical
applications, providing high signal diversity and achieves significant performance
gain over the conventional OFDM and DCT-OFDM systems as shown in the next

section.

3.9.2.2 BER Performance over Wireless Multipath Channel

Besides the PAPR reduction, channel diversity exploitation is another advantage of
adopting the C-transform in OFDM systems which is pronounced over multipath
frequency selective channels. To illustrate this advantage, I'TU pedestrian B and
vehicular A channel models according to the WiMAX standard according to the
parameters that are given in Table 3.4 above, and the ZP-MMSE detection were
utilized in this work. Since the maximum channel delay is less than the guard

interval, no ISI occurs in our simulations. In the case of the DCT-OFDM and DFT-
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Figure 3.10: BER of the proposed C-OFDM , DCT-OFDM and DFT-OFDM sys-
tems over AWGN channel. All have the same graphs.

OFDM systems, the ICT/CT in Fig. 3.3 should be replaced by the unitary cosine
transform matrix (IDCT/DCT) or unitary Fourier transform matrix (IDFT/DFT)
respectively. Two signal constellations, QPSK and 16-QAM, were used in this work.
The theoretical results are obtained by using the BER formulas that were given in
(3.49) for the case of QPSK and (3.50) for the case of 16-QAM

It is observed from Figs. 3.11-3.14 that the theoretical BER performance results
are in strong accord with the simulation results, providing that the proposed C-
OFDM significantly outperforms both the DCT-OFDM and the OFDM systems
under; pedestrian B and vehicular A channel models, and for QPSK and 16-QAM
modulation formats.

The BER performance of the ZP-C-OFDM, ZP-DCT-OFDM and ZP-DFT-
OFDM systems over the ITU class B pedestrian channel were compared, all for
16-QAM and QPSK modulation formats are shown in Figs. 3.11 and 3.12 respec-
tively. It is evident that at 107% BER, the proposed C-OFDM system achieves
about 10 dB E,/Ny gain over the ZP-DCT-OFDM and ZP-DFT-OFDM systems.
This confirms our early hypothesis that the WHT, this in turns C-transform, com-
bines the information symbols over many transmitted OFDM samples which leads

to this high gain in E},/Ny. However, this gain is not achievable by the DCT-OFDM
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Figure 3.11: BER performance of the proposed C-OFDM, DCT-OFDM and DFT-
OFDM systems over the ITU Pedestrian B channel and for the QPSK modulation,
theory and simulation are in good agreement.

system as it lacks to the WHT in its structure.

Over the ITU vehicular A channel model, it is revealed from Figs. 3.13 and
3.14 that, for QPSK and 16-QAM modulation formats, the C-OFDM scheme still
retains the valuable BER improvement in comparison with the DCT-OFDM and
the DFT-OFDM schemes.

3.9.2.3 BER Performance In the Presence of the CFO

The BER performance in the presence of the proposed C-OFDM system, in the pres-
ence of the CFO, is compared with those of the DCT-OFDM and the DFT-OFDM
systems with and without frequency synchronization algorithm is investigated in
this subsection.

Fig. 3.15 shows the BER performance of the proposed OFDM, DCT-OFDM
and DFT-OFDM systems when no CFO estimation algorithm is applied and for
different values of the normalized CFO € (¢ = 0.03, 0.06 and 0.1). It is evident
that the proposed system is superior than others for small € around 0.03 while it

has a worse BER for ¢ around 0.06. However, it is also evident that all of the
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Figure 3.12: BER performance of the proposed C-OFDM, DCT-OFDM and DFT-
OFDM systems over the ITU Pedestrian B channel and for the 16-QAM modulation,
theory and simulation are in good agreement.
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Figure 3.13: BER performance of the proposed C-OFDM, DCT-OFDM and DFT-
OFDM systems over the ITU Vehicular A channel and for the QPSK modulation,
theory and simulation are in good agreement.
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Figure 3.14: BER performance of the proposed C-OFDM, DCT-OFDM and DFT-
OFDM systems over I'TU Vehicular A channel and for the 16-QAM modulation,
theory and simulation are in good agreement.

aforementioned systems will completely lose their orthogonality when € is above
0.1. Fig. 3.16 shows the BER performance when the M&M [100] algorithm for
CFO estimation is utilized in this simulation. Where the number of subcarriers
are N = 1024, iterative data L = 8, ¢ = 2.628 and (E;/Ny) is set to be 25 dB in
order to get a precise estimation. It is clearly shown that the proposed DCT-OFDM
system outperforms both the DCT-OFDM and DFT-OFDM by approximately 10
dB (Ey/Ng) at 107 BER when either the 16-QAM or the QPSK constellation is

used.

3.9.3 BER Performance over wire-line channel

In this subsection, we are considering perfect synchronization between the trans-
mitted and received signals. The BER performances of the proposed scheme, DCT-
DMT and DFT-DMT are shown in Fig. 3.17, both for BPSK modulation format.
It is noticed from Fig. 3.17 that the simulation and theory results are in marvellous
agreement; providing that the proposed scheme achieves significant Ej,/Ny gain over

the other systems. It also shows that the BER performance of the DCT-DMT is
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3.9 Simulation Results And Discussion
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Figure 3.15: BER performance for the proposed C-OFDM, DCT-OFDM and the
DFT-OFDM systems over the ITU vehicular class A channel and CFO=0.03, 0.06
and 0.1 and 16-QAM modulation format.
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Figure 3.16: BER performance for the proposed C-OFDM, DCT-OFDM and the
DFT-OFDM systems over the I'TU vehicular class A channel and CFO=2.628 when
the QPSK and the 16-QAM modulation formats are used.
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Figure 3.17: BER performance for the proposed C-DMT, DCT-DMT and DFT-
DMT systems for the BPSK modulation formats; simulation and theory results are
in marvellous agreement.

slightly better than the DFT-DMT system. The proposed WHT-DCT-DMT scheme
achieved about 8 dB gain in Ej/Ny over the DCT-DMT system and around 9 dB
over the conventional DFT-DMT systems at 10~¢ BER.

3.10 Conclusion

In this chapter, a new multicarrier system have been introduced using the WHT-
IDCT/DCT/WHT or IC/C transform. The important conclusion is that the adop-
tion of C-transform in OFDM systems rather than the DCT or the DFT could
achieve better BER performance and PAPR reduction. It has been proved that the
C-OFDM system achieves about 10 dB Ej, /Ny at 107* BER over both DCT-OFDM
and DFT-OFDM systems when I'TU pedestrian and vehicular channel models are
used. This is because the use of the C-transform which internally employs WHT,
is averaging the SNR over all the subcarriers, which increases the diversity of the
transmitted signal. Theoretical BER analysis of the proposed C-OFDM system is
also presented and compared with simulation results. It is also found that the pro-

posed scheme is still keep its advantages in BER performance in the presence of
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3.10 Conclusion

CFO when compensation algorithm is used.

Another advantage of the proposed C-OFDM which was explored in this chapter
is the PAPR reduction. Simulation results confirmed that the PAPR of the trans-
mitted signal in the case of the C-OFDM system is lower than both the DCT-OFDM
and the DFT-OFDM systems by about 1 dB. This fact is due to the block diagonal
structure of the C-transform, where the maximum signal superposition and number
of additions required to perform each transmitted samples is N/2 rather than N in

the case of the DCT-OFDM and the OFDM systems.
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Chapter 4

Efficient OFDM System Based on
New X-Transform for PAPR
Reduction and Diversity

Enhancement

4.1 Introduction

Signal diversity in OFDM systems is a very effective technique to increase the im-
munity of the OFDM signal against the deleterious effects of multipath channels.
In Chapter Three, a developed OFDM system based on real-valued trigonometric
transforms with the ZP guard interval was presented. The proposed system was
found to offer advantages in terms of BER improvement, reducing the modulation
scheme complexity, avoiding Hermitian constraint when real data format is used
over baseband transmission and achieving some reduction in the PAPR. However, a
single one-tap equalizer is inapplicable in the case of the C-OFDM where the scheme
is lacking to the convolution-multiplication property. The PAPR and complexity re-
duction were good, however, they are not significant and further reduction are still
on demand.

Motivated by the aforementioned requirements, this chapter presents a new fast
orthogonal X-transform. The proposed X-transform has a space matrix structure
with all its elements being zeros except along the diagonals. This makes this trans-

form extremely fast, easy and cheap to implement with high speed and low power
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4.1 Introduction

consumption. The proposed X-transform is then used in implementation of a new
OFDM named X-OFDM to reduce the complexity, the PAPR and the BER sig-
nificantly [84] and [85]. Unlike the C-OFDM, the proposed X-OFDM can be im-
plemented with either ZP or CP. For the case of CP, the proposed X-transform is
applied only in the transmitter and the single one-tap equalizer is applicable in the
receiver.

The proposed X-OFDM exploits the channel diversity and achieves close BER
performance to that of the single carrier frequency domain equalizer (SC-FDE) and
significant SNR gain over the conventional OFDM system. Moreover, the proposed
scheme hugely reduces the PAPR of the OFDM signal that affects the conventional
OFDM system. The proposed X-OFDM scheme is close in complexity to the SC-
FDE whereas achieves improved BER performance than the SC-FDE in the pres-
ence of the carrier frequency offset (CFO) that arises from frequency mismatch of
the transceivers local oscillators, which is a kind of Doppler shift [31]. We also uti-
lized the Morelli and Mengali (M&M) [100] synchronization algorithm to X-OFDM
scheme. The BER performance of the proposed scheme is evaluated theoretically
and by computer simulation in this chapter over the I'TU channel for both the QPSK
and the 16-QAM constellations.

The proposed system, for the case of the MMSE detection, is found to be more
resilient to the multipath channels than the conventional OFDM system. This is
attributed to the fact that the DHT further distributes the information symbols
among the whole spectrum. Hence, the data on highly attenuated subcarriers will
not be completely missed as it can be recovered from the other subcarriers using
the DHT as will be shown mathematically and by simulation later in this chapter.
However, this phenomenon does not occur in the OFDM systems counterpart.

Furthermore, the PAPR of the proposed system is also evaluated in this chapter
and compared with the PAPR of the OFDM, WHT precoded OFDM and SC-FDE
systems. The proposed X-OFDM system is found to reduce the PAPR value by
approximately 6 dB over the OFDM owing to the reduction in the superposition
of the input symbols that perform each OFDM output sample from N to two.
The SC-FDE achieves 3 dB in the PAPR reduction over the proposed X-OFDM

independently of the number of subcarriers.
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4.2 X-Transform and X-OFDM System

S, rn Sk
™ o+ DHT > IDFT |—
S XH | Sk
1 oaxm [T

Figure 4.1: Schematic diagram of the proposed X-transform.
4.2 X-Transform and X-OFDM System

The method producing the inverse proposed X-transform (IXT) starts with the
calculation of the DHT; the DHT is then multiplied by the IDFT as shown in Fig.
4.1. The IXT can mathematically be expressed as

X =FHA, (4.1)

where (.)¥ represents the Hermitian (complex conjugate) operation, F is the nor-
malized N x N Fourier matrix and A is the normalized N x N Hartley matrix.
The elements of the proposed X matrix can be calculated by using the basic defi-
nitions of the discrete Fourier and Hartley transforms as follows: Consider the case
when the data symbols are complex and uniformly drawn from a specific constel-
lation such as M-QAM or QPSK are divided into blocks of size N. Each sequence
ST =[Sy, Si, ..., Sy_1] modulates N orthogonal subcarriers by using the DHT. It
is well known that the DHT is an orthogonal real-valued transform with identical
forward and inverse matrices. The output modulated sequence r’ = [ro, ry, ..., 7"n_1]

is then given as

[y

N
Pn =Y GumSm, (n=0,1,2, N-1), (4.2)

-0
where a,,, represents the n' row m' column elements of the Hartley matrix A.

(4.2) can be rewritten based on the basic definition of A as

Ty = \/Lﬁjzlsm [cas (2727\;”?)} . (4.3)

=0
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4.2 X-Transform and X-OFDM System

In (4.3), cas (2“%) = cos (2”%) +sin (2’"””) It follows that the output samples r,

(0 <n < N —1) are processed by the IFFT in order to increase the diversity. The

resulted signal, s = [sg, s1, ..., sy_1], is a compound signal and can be expressed as

— > " (k=0,1,2,..,N - 1). (4.4)

Substituting (4.3) into (4.4) yields

~1N-1 5
=N Z Z Spcas ( an) I (4.5)

n=0 m=0

By using trigonometric identities, (4.5) can be written as

132 & 2mn 2mn
S = N mE Sm nE 5 |:COS T (m k’) + COS T (m k?):|
1 2 2
—|—j§ [ 0s —Wn (m — k) — cos _;n (m + k’)} : (4.6)

In more expressive form, (4.6) can be rewritten as
=Y SuXpm,  (k=0,1,2,..,N—1), (4.7)

where X}, is the k", (0 < k < N — 1), row and the m™, (0 < m < N — 1) column
element of the X™ (inverse X transform (IXT)). In matrix form, (4.7) can be written
as

s = XS, (4.8)

where S is N x 1 vector. From (4.6) one can notice the following; Xj,, = 1 when

k:mzlork:m:%,Xhm:%—l—j%whenk:manka’m:%—j%when
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4.2 X-Transform and X-OFDM System

k=N —m and X}, = 0 elsewhere. The inverse X transform can be expressed as

2 0 0 0 0 0 0
0 1471 0 0 0 0 1—71
0 0 1+1 0 0 1—71 0
0 0 0 0 0
1
0 0 1—71 0.0 1+741 0
0 0 1—71 0 0 1+71 0
0 1—41 0 0 0 0 1441
while the forward X transform is given as
2 0 0 0 0 0 0
0 1—41 0 0 0 0 1+71
0 0 1—j1 0 0 1441 0
0 0 0 0 0
1
0 0 1+41 0.0 1—71 0
0 0 141 0 0 1—71 0
0 1471 0 0 0 0 1—71

It should be noted that this new transform is named the X-transform because the

non zero elements in its transform matrix has an X shape. For more illustration,
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4.3 Theoretical Analysis of the BER Performance Over Multipath

Channels
both X® and X are given for N = 8 respectively as:
2 0 0 0o 0 0 0 0 |
0 1+41 0 0O 0 0 0 1-j1
0O 0 1441 0 0 0 1—j51 0
0 0 0 1+41 0 1—341 0 0
Xg = - / / : (4.11)
0 0 0 0 2 0 0 0
0 0 0 1—341 0 1441 0 0
0O 0 1—-451 0 0 0 1441 0
0 1—41 0 0 0 0 0 1471
2 0 0 0 0 0 0 0
0 1—451 0 0 0 0 0 1471
0O 0 1—431 0 0 0 1441 0
0 0 0 1—41 0 1+41 0 0
Xy = - J / (4.12)
210 0 0 0 2 0 0 0
0 0 0 1441 0 1—341 0 0
0O 0 14451 0 0O 0 1—351 0
0 14+41 0 0 0 0 0 1—j1

4.3 Theoretical Analysis of the BER Performance

Over Multipath Channels

The system block diagram is shown in Fig. 4.2. Consider block-by-block transmission

where the information symbols are divided into blocks, each of length N. These

symbols modulate N subcarriers by the mean of inverse X-transform as it has been

given in (4.8). Then a CP of length N, samples, must be no less than the maximum

excess delay of the multipath channel, is then appended to the OFDM signal to

prevent the inter-symbol interference (ISI). It follows that the received signal after

being passed through a multipath frequency-selective fading channel of L + 1 taps
(hy # 0,V 0 <1< L) and corrupted by additive white Gaussian noise (AWGN) ,v,

is given as [91]
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Channels
Binary input S S i
nary m_»pu Modulator > IXT > Adgre%;dlc
Binary output DHT
<—| Demodulator FFT [+ qﬁﬁ?gf;ix
— DHT
j Equalizer
Figure 4.2: Proposed X-OFDM system block diagram.
L
Yk = Z hysg—1 + . (4.13)

1=0
The received signal y; is then processed by the FFT transform and the produced

signal can be written as

2mnk

N-1
1 )
Y, = — E yre TN + Q. (4.14)
VN i3

In (4.14), Q, is the frequency domain representation of the AWGN (vy). Substitute
(4.4) into (4.13) and then substitute the latter into (4.14) yields

| NelTE N—1 P o
ey [ e o,

k=0 LI=0 n=0

After some algebra, (4.15) can be rewritten as

-2l

L
Yn = rnzhle_]T+Qn7
=0

= rHy+Q,  (n=0,1,2,..,N—1). (4.16)

- 27nl

In (4.16), H, = S5 hie "%, (0 <n < N — 1) is the channel transfer function

corresponding to the n'® subchannel. The channel equalization is performed in the
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4.3 Theoretical Analysis of the BER Performance Over Multipath
Channels

frequency domain after the FFT and before the DHT by applying either MMSE or
ZF equalizer as shown in Fig. 4.2. Unlike the conventional OFDM system where
the channel equalization and data detection are performed in the same domain
(frequency domain), in our proposed X-OFDM system, the channel equalization and
data detection are implemented in different domains. This difference in domains of
the data detection leads to the interesting properties of the proposed scheme as it
will be shown later in the current chapter.

This chapter emphasise on the BER derivation of the proposed X-OFDM system
for the 16-QAM and the QPSK modulation formats and for the ZF and the MMSE
equalizers. However, the derivation is still valid for other modulation formats. The
BER for the QPSK and the 16-QAM constellations are given respectively as (2.23)
and (2.24). Hence, to evaluate the BER performance, the signal-to-noise ratio (/35) at
the receiver side after the equalization must be evaluated. Inspired by the approach
in [37], the BER performance of our proposed X-OFDM system is evaluated in the
next subsections for a multipath fading channels and for both the QPSK and the
16-QAM constellations.

The channel effects on the received signal in (4.16) must be removed, this can

be achieved using either the ZF or the MMSE equalizer as follows

4.3.1 Zero-Forcing Equalizer

The ZF equalizer can be achieved simply by dividing each individual symbol of the
received vector Y, in the frequency domain by the corresponding value of the channel
transfer function H,, as

Tn = —. (4.17)

Substitute Y,, in (4.16) into (4.17), 7, can then be written as
T = Tn + &n, (4.18)

where &, = 2—: represents the amplified noise part. Substituting (4.2) into (4.18)
yields

N-1
m=0
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It follows that the equalized signal 7, is then transformed by the DHT, A matrix,

as follows

=) e, (i=0,1,2,.,N—1). (4.20)

This in turn leads to the following

N—-1 N—-1
Zam Zanm m)+ Y in, (i=0,1,2,..,N —1). (4.21)
n=0

Owing to the orthogonality property of the DHT, En 0 @in X Gy, is equal to 1
when m = ¢ and zero elsewhere, the first term of (4.21) is equal to S;, hence (4.21)

can be written as

=S+, (4.22)

where éz = ij 01 a; n&n. The total error signal which is the difference between the

transmitted and the detected symbols, eZf = ¢Z¥ — S, will be written as

N-1
Q
= N il 4.9
= o (Hn> ( 3)

Thus, the signal to noise ratio will be given as

E[5:[°]
Elleil?]
E[S:S57]
Eleffef™]
E;

= 77 (4.24)

where F is the symbol energy, is equal to 4F}, for the case of the 16-QAM whereas
equal to 2Ej, for the case of the QPSK and iPi,F is the noise power which is given as

N-1
P =2 |am|2’H i (4.25)
n=0
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Substituting (4.25) into (4.24) yields

BeF — s , (4.26)

N-1
L X P

where v, = £ is the signal energy (in terms of symbol) to noise ratio. By substi-

tuting (4.26) into (2.23) and (2.24), the BER performance of the QPSK and the

16-QAM modulations are given as:

1 Y
PRPSK _ E s 4.27
(& N . Q ZN_I ‘aljn|2‘ 1 Y ( )

N
3 g
pl6-QAM _ = § s . 4.28
‘ 4N i=1 Q 5 Zflvz_ol ( )

ai,n|2ﬁ

It can be seen from (4.26) that for the proposed X-OFDM system, the SNR of
each individual subcarrier, 8Z, depends on the sum of all H,,, (n =0,1,..., N —1).
In other words, the effects of the subchannel with a deep notch will be distributed
over the other subchannels, which is the same case for the SC-FDE scheme. In case
of the conventional OFDM system, only the symbols that correspond to deep notches
subchannels will be affected independently from the other subchannels. This could
be considered as an advantage for the OFDM system over the proposed X-OFDM
and the SC-FDE schemes when the ZF equalizer is used where greatly attenuated
subchannel (H, ~ 0) will affect the whole system performance in the case of the
X-OFDM system. However, the performance of our proposed system is far superior
than that of the OFDM system in the case of the MMSE detection as will be

explained in the next section.

4.3.2 Minimum Mean-Square-Error Equalizer

The MMSE equalizer, x,, is defined as

EH*
Es| H, | +02
v H,

= T E L (4.29)
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It follows that the equalized signal is then given as
Tn = TnHpXn + QnXn (4.30)
substituting (4.2) into (4.30) yields
N-1
T = Z A S Hp X + QX (4.31)
m=0

This equalized signal is then transformed by the DHT to detect the data symbols

which are given as

N— N—-1
qzj\/[MSE = Z Zan,mSmHan)
m=0

+ ai,nQan (k = Oa 17 27 L) N — 1) (432)

2:
HO

i
o

Similar to the case of the ZF equalizer, due to the orthogonality property of the
DHT, the first term of (4.32) can be simplified to 32" ' S;H, x,, hence, (4.32) will

be written as
N—1

MMSE Vs Hn|?
q; —;S TP +Zam nXn (4.33)
The error signal is then calculated as the difference between the transmitted and
the received data symbols, eMM5E = gMMSE _ G, "and can be written as
N-1 N-1
ei%MSE - SanXn - Sz + Z ai,nQan
n=0 n=0
N-1
n=0

In (4.34), Hyxn — 1 = Thus, (4.34) can be written as

I4+s \H I
N-1

-1 vsH

MMSE stn
e; =5 _ 4 Sy 4.35
Z 1+ 75| Hp[? Z "1 | Ho|? (4.35)

Since the DHT is a unitary transform, it does not affect the calculation of the power
(Zﬁzol lain [*= 1). In other words, all S, r and s have the same average power

E, and as the data symbols and the AWGN are statistically independent, the noise

83



4.3 Theoretical Analysis of the BER Performance Over Multipath
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power of the i*" subchannel is then expressed as
PMMSE  _ p |€MMSE‘2}
N-1 N-1
= S 2 Es a2 ooy | Hl?
— 7,M 2 2,1 2
o 1+ [ H?]" 7 [1 + s H?]
N-1 N-1
_ la; ’2 Es la; |2 ES7S|Hn|2
- i,n 2 i,n 29
n—=0 [1 + S|Hn’2] n—0 [1 + ’YS‘HnP]
N-1
E
2 s
1 T 0
The signal power PYMMSE = B [|gMMSE|2] and it is given as
N-1
PMMSE | @ By Hal* Z la |2 Egys|Hy|?
; - %M Qi n 29
=0 (14 7| Ha ) + s Hal?]
N-1
Eyys|Hy |?
92 LVs'Js n
_ , ) 4.37
n=0 |az,n| 1+78|Hn|2 ( )
MMSE
Then, the SNR of the i subchannel gMM5E = Q;MTSE is given as
N-1 . 2 ’YslHn|2
BMMSE _ 2n=0 |%in|" 55 .2 (4.38)

It can be seen from (4.38) that SMM5E for the 4t

N-1
Zn:O a

.
-

subcarrier is averaged by the

mean of the DHT. This significantly improves the BER performance of the proposed

scheme, especially when the channel has narrowband deep notches in its spectral.

The BER performance of the X-OFDM system for the QPSK and the 16-QAM

modulations is then given as:

, |2 ¥s|Hnl?
S 14ys | Hn|?

N-—1
Zn:O a

poPSK — Z Q e . : (4.39)
2o |in* 757w
N-1 N-1 2 _Ys|Hnl?
3 zn:() ai,n| T+s|H. ‘2
Plﬁ*QAM - Q — Vs |ddn (440)
’ AN ; D Zg:ol |ai7n|2m
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4.4 X-OFDM with Zero-Padding (ZP)

Binary & — <)
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I 'IU MMSE
21 - 9 detect.
a1 e

Figure 4.3: Block diagram of the X-OFDM scheme with ZP
4.4 X-OFDM with Zero-Padding (ZP)

The proposed X-OFDM system can also be implemented with ZP [85] as in the
case of the C-OFDM in the previous chapter. In this case, the inverse X-transform
is used at the transmitter and the forward X-transform is used at the receiver to
implement the modulation/demodulation scheme as shown in Fig. 4.3. Following

the same procedure in chapter three for the C-OFDM, the transmission process of

the ZP-X-OFDM can be investigated as
r = AS. (4.41)

The transmitted signal, after being processed by IXT), is padded with zeros of length
Ny, must be greater than or equal to the maximum excess delay of the multipath
propagation channel. Mathematically, this can be expressed as: The resulting re-

dundant signal is of length N; = N + NN, and can be expressed as
u=W",s, (4.42)

where ¥, is a N; x N matrix is given in (2.18) The transmitted signal is then

convolved with the channel and corrupted by the AWGN; it can be written as

y = Hyu+wv,

= HyV,s+w. (4.43)
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4.4 X-OFDM with Zero-Padding (ZP)

In (4.43), Hy is as given in (3.26) in chapter three. The equalization is performed
at the receiver side using MMSE detection. The equalized signal at the receiver side
was given in (3.29) as

Yeq = ¥1,GHou + ¥ Gv (4.44)

At the receiver side, the X-transform is used to demodulate the received data, y,,

as follows

S =X¥! GH¥.,s + X¥! G, (4.45a)
= X¥! GH v, X"S + X¥] Gu. (4.45Db)

For mathematical convenient, the equalizer matrix G can be factorized in (3.27)-

(3.33¢) in chapter three and it is given as

-1

_ 1 _
G= [AAH (VA®) ™+ — 1y, (VA®) 1} U, (4.46a)
Vs
1 -1
= VAH <AAH + —INt) U, (4.46b)
The noise signal eMM5F — S — S is then given as
eV = (XU GHoW., X" — Iy) S + XU Gu. (4.47)

Substituting (4.46b) into (4.47) yield

eMMSE —

1 -1
X¥! VA" (AAH + —INt) U" (UAVH) &, X" — 1y | S

S

1 -1
+X ¥ VA" (AAH + —INt> UHo. (4.48)
Let Apnxn, represents matrices combination, X\IIZPV, and Ap,xn represents the
matrices combination VH\IIZPX]HI where Ay NtKNtX ~ = Iy. Therefore, after some
algebra, (4.48) can be written as

eMMSE —

S

1 R
AA" (AAIHI + —INt) AA — IN] S

1 —1
+AA"R (AAH + —INt) Uv. (4.49)

s
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4.4 X-OFDM with Zero-Padding (ZP)

This can be simplified to

eMMSE  _ A

-1
A" (AAH + iINt> A— INt] AS

S

1 -1
+AAR (AAH + —INt> U, (4.50)

s

-1
In (4.50), [AH <AA]HI + %INJ A] = @, is a diagonal matrix, its i diagonal ele-

: ¥s|Ail? H H , 1
ments are given as =595, A" (AN + = In,

A — INt} = @, with i"* diagonal

-1 1 -
element given as ————— and A" (AAIHI + —INt> = ©; where its " diago-
’75|)\i|2 + 1 S
nal element given as L where \;, (i = 0,1,2,...N; — 1) is the i diagonal
’}/S|)\i|2 +1

element of A. Therefore, (4.50) can be written as
eMMSE — A@,AS + AB;U"w. (4.51)

Similarly, S in (4.45b) can be written as

S = A®,AS + AB;U . (4.52)

The noise power of all subcarriers at the receiver side is F [eM MSEeMMSEH] =
tr(eMMSEeMMSEH) and is given as

PUMIE — tr [AE,O3A + AN OFA] (4.53a)

=tr [A [E,0; +*O3] A]. (4.53b)

In (4.53b), E; [@% + %@3} is a diagonal matrix can be simplified as

1 1 ’75‘)\1’2
{@; i —@3} _ L il
Vs L sl + 17 [yl Al +1]
1
= ——. 4.54
Let ©4 = diag(m) and by substituting (4.54) into (4.53b) yields
PYMIE — tr [AE,©,A] (4.55)
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The received signal power which is carried on all subcarriers is P¥M5F = B [SSH] =
tr(SS ) is given as

PYMIE — tr [AE,O]A + Ac2©3A] (4.56a)

= tr [A [E,©] + 0.03] A] (4.56b)

= tr [AE,©,A]. (4.56¢)

Therefore, the signal-to-noise ratio at the output of the m!* subchannel is given as

[A©A],
[A©,A]

m,m

B = (4.57)

BER of m' subchannel is given for the QPSK and the 16-QAM modulations, re-

spectively as

1 Nl (A, A
POPSK — %" o _mm 4.58
¢ N &~ © [a04] (4.58)
g N1 [A©,A]
po-QAM — — —— 4.59
¢ AN £~ @ 5[A@A] (4:59)

4.5 Complexity Analysis and Comparison

This section evaluates the number of arithmetic operations of the proposed X-
transform and compares them with those of the FFT and the FHT-FFT transforms

based on fast algorithms.

4.5.1 The X Transform

The X-transform includes units, each unit is shown in Fig. 4.4. Each single

multiplication of complex data x+jy by 141 equals to (z—y)+j(z+y), that means
it involves 2 real additions (R). Thus, the complexity of the direct implementation

of the X-transform can be given as:

sk = 0.55, (1 + 1) + 0.5Sy (1 — j1), (4.60)

sy = 0.58,(1 — j1) + 0.5Sy (1 + j1). (4.61)
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4.5 Complexity Analysis and Comparison

By ignoring the scaling factor, it is obvious from Fig. 4.4 that each unit includes
4 complex additions (Cy) which equivalent to 8 Ra per unit. Then the overall

complexity is given as

b G j0.5 (+—B8

Figure 4.4: Basic unit of X transform.

Ra =4(N —2). (4.62)

4.5.2 Fast Fourier Transform (FFT)

Considering the fact that each complex multiplication involves 4 real multiplications
(Rym) and 2 real additions (Ra) or 3 real multiplications and 3 real additions, and
each complex addition is equivalent to 2 Rx. The arithmetic complexity of FFT,
based on single butterfly and 4/2 implementation is given as:

Ry = 2N logy N, (4.63)

Ra = 3N log, N. (4.64)

Therefore, the total number of real operations of radix-2 FFT based on single but-

terfly implementation is given as

Rt = 5N log, N. (4.65)

4.5.3 Fast Hartley-Fourier Transform (FHT-FFT)

The arithmetic complexity of the radix-2 fast Hartley transform (FHT) based on

single butterfly implementation is given as:

Ry = Nlog, N, (4.66)
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Table 4.1: Comparison based on real arithmetic operations of transmitter of the
proposed X-OFDM and the conventional OFDM based on single butterfly imple-

mentation.

N XT FFT

Rx | Ru| Ro Ry | Ru | Ro
32 120 0 120 480 320 800
64 248 0 248 1152 768 1920
128 504 0 504 2688 1792 4480
256 | 1016 0 1016 6144 4096 | 10240
512 | 2040 0 2040 | 13824 | 9216 | 23040
1024 | 4088 0 4088 | 30720 | 20480 | 51200
2048 | 8184 | O | 8184 | 67584 | 45056 | 112640
4096 | 16376 | 0 | 16376 | 147456 | 98304 | 245760

3
Ry = 5N log, N. (4.67)

For data that are drawn from complex constellation, the FHT is calculated twice,
one for the real part and the other for the imaginary part of a complex information.
Consequently, the arithmetic operations of the FHT-FFT will be 2 times of (4.66)
and (4.67) in addition to the arithmetic operations of FFT given in (4.63) and (4.64),

so the overall arithmetic operations are given as:

Ry = 4N logy, N, (4.68)

and
Ra = 6N log, N. (4.69)

4.5.4 Transmitter Complexities

Table 4.1 shows the computational complexity of the transmitter of the X-OFDM
and the OFDM for different transform sizes N and when the information data are
complex symbols. It is clear from Table I that the implementation of the X transform
involves no multiplications at all and much less additions than the FFT. Hence

the X transform is faster than the FFT and considerably reduce the transmitter

complexity.
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4.5.5 Receiver Complexities

The complexity at the receiver depends on the equalization. If the equalization is
carried out in the time domain, ignoring the complexity of the equalizer itself which
is the same for all systems, the complexity of the X-OFDM and the conventional
OFDM receivers will be the same as the complexity of the transmitter which is
shown in Table 4.1.

However, if the equalisation is carried out in the frequency domain, then the receiver

complexities are as given in Table 4.2.

Table 4.2: Comparison based on real arithmetic operations of the receiver of the
proposed X-OFDM and the conventional OFDM systems based on single butterfly
implementation.

N FHT-FFT FFT
Ry | Ru | Ro Ry | Ru | Ro
32 960 640 1600 480 320 800
64 2304 1536 3840 1152 768 1920
128 5376 3584 8960 2688 1792 4480
256 | 12288 8192 20480 6144 4096 | 10240
512 | 27648 | 18432 | 46080 | 13824 | 9216 | 23040
1024 | 61440 | 40960 | 102400 | 30720 | 20480 | 51200
2048 | 135168 | 90112 | 225280 | 67584 | 45056 | 112640

4096 | 294912 | 196608 | 491520 | 147456 | 98304 | 245760

For the X-OFDM, the complexity at the receiver is more than that one at trans-
mitter as the X transform is not implemented directly at the receiver because the
channel gain is compensated in the frequency domain between the FFT and DHT.
Therefore, the receiver complexity of the X-OFDM system requires two DHTs in
addition to a single FFT which is ultimately the same complexity as DHT precoded
OFDM receiver.

4.5.6 Complexity of X-OFDM versus C-OFDM

For fair comparison, we consider both system with ZP guard interval. Ignoring the
complexity of the equalizer itself which is the same for all systems, for complex
information symbols, the transmitter and receiver complexity of X-OFDM is twice
of (4.62) while, for the case of C-transform, it is four-times of the complexity that
given in (3.62), two at the transmitter and the other two at the receiver, one for real

part while the another for the imaginary part of the complex information symbols.
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For the case of real information symbols, it is required only two of (4.62), one at

the transmitter and the other at the receiver.

4.5.7 Complexity of X-OFDM Versus SC-FDE

The proposed system complexity in comparison with SC-OFDM when the equal-
ization is carried out in the frequency domain can be explained as follows: The
complexity of the X transform that is given in (4.62) for the transmitter, in addi-
tion to the receiver complexity of FHT-FFT that is given in (4.68) and (4.69). Thus
the over all complexity is given as Ry = 4N log, N and Ry = N(6log, N +4) — 8.
However, for the case of SC-FDE;, there is no transformation complexity in the trans-
mitter whilst single extra IFFT with complexity given in (4.63) and (4.64) at the
receiver with over all Ry = 4N log, N and over all Ry = 6N log, N. Therefore, the
SC-FDE has the same number of multiplications as the proposed X-OFDM system,
but 4(N —2) fewer additions than X-OFDM. This can be considered to be negligible

if we consider the overall complexity.

4.6 CFO Effects on BER Performance Over Mul-
tipath Channels

Carrier frequency offset (CFO) that is caused by frequency mismatch of local oscilla-
tors has significant effects on the BER performance of OFDM systems as it produces
inter-carrier interference (ICI) that destroys the orthogonality of the subcarriers. As
a result, it is so important to investigate the validity of the proposed system in the
presence of the CFO. The received signal at the receiver side in the presence of the

CFO could be expressed by matrix form as

y = YHgps + v,
= YHX"S +v. (4.70)

In (4.70), Y is a diagonal matrix, the elements of the diagonal are given as ¢’ .

Y

¢ is the CFO normalized to the subcarrier spacing. Because of the CP, the channel
matrix Hy becomes a circulant matrix and it is diagonalized by pre and post mul-

tiplications by F* and F. Only for clarity, the transform X in (4.70) is expressed

92



4.6 CFO Effects on BER Performance Over Multipath Channels

by its origins, it follows that the received signal can be written as

Y = AFYHFYAS + AFwv,

= AFYFEFHF! AS +AQ,
S S~ N~
II H r
= AIIHr + AQ, (4.71)

where H is a diagonal matrix, its diagonal elements are the frequency domain rep-
resentation of the channel impulse response, H,, = ZIL:_Ol hie™ *% and II = FYFY
denotes ICI matrix. Without CFO, II in (4.71) will be reduced to the identity ma-
trix and single-tap equalizer is applicable as shown in the BER derivation, section
IV. However, the presence of the CFO produces ICI which leads to significant degra-
dation in system performance. For the case of the OFDM, (4.71) can be written

as

Y = ITHS + Q. (4.72)

From (4.71) and (4.72), the proposed scheme acting better than the SC-FDE in
the presence of CFO which cause fast fading (rapid change) in channel impulse re-
sponse. This is because the SC-FDE signal, represented by data symbols, convolved
directly with this channel impulse response as there is no transform to multiplex the
data symbols at the transmitter. However, for the case of our proposed system, the
data symbols are first multiplexed by the X-transform before it passes through the
channel leading to improved BER performance in comparison to the SC-FDE in the
presence of the CFO or over fast fading channels. In other words, the sensitivity of
SC-FDE system to CFO is more than our proposed X-OFDM system because in our
proposed scheme, the ICI affects the multiplexed signal, r, rather than the informa-
tion symbols directly which is the case for SC-FDE as the information symbols pass
through the channel without being multiplexed by any transform.

It can also be observed from (4.72) that, for the case of the conventional OFDM
system, the CFO introduces ICI on the information symbols which are not the signal
that convolved with the channel impulse response. In other words, in the case of
conventional OFDM, the data symbols are first transformed to a time domain signal

before it convolved with the channel impulse response, hence it is less sensitive to
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the CFO or the fast fading channels than both the X-OFDM and the SC-FDE.
This is also confirmed by by computer simulations. However, the X-OFDM as well
as SC-OFDM systems restore their superiority over the DFT-OFDM system when
CFO estimation algorithms are used.

In this work, Morelli and Mengali (M&M) algorithm [100] is used with some
modification to be applicable for our proposed system. Unlike the conventional
OFDM system where the IFFT is used to generate a symbol consisting of L identical
parts that are used for the CFO estimation. They are generated by transmitting a
pseudo-noise sequence on the frequencies multiple of L/T and setting zeros on the
rest. In our proposed system, L identical sequences, each N/L in length have to be
passed through the DHT transform to produce the required pseudo-noise sequence
in the frequencies multiple of L/T and setting zeros on the rest which in turn pass
through the IFFT. In other words, these L identical sequences pass through the

X-transform in order to be used for the CFO estimation.

4.7 Simulation results and discussions

4.7.1 PAPR of the Proposed Scheme

The X-transform reserves the average power of the signal that is transformed by the
X-transform exactly as the DFT. However, it can enormously reduce the peak power
of the time domain OFDM signal as it hugely reduces the number of additions of
data symbols that performs each OFDM sample from N in the case of conventional
OFDM to only two in the case of the proposed X-OFDM scheme. In general, the
maximum PAPR is 10log,, NV in the case of the conventional OFDM while it is
only 10log,, 2 in the case of the proposed X-OFDM. This is clearly shown in Fig.
4.5, where it can be observed that for the case of the system that based on the
conventional DFT, the instantaneous peak power can approach more than twice
that of the proposed X-OFDM scheme, as shown in Figs 4.5(a) and 4.5(b).
Simulation was carried out for the X-OFDM, OFDM WHT precoded OFDM and
SC-FDE systems for a number of subcarriers N = 1024 and 16-QAM modulation
formats. In order to have an awareness and intuitive view of the PAPR statistics,
complementary cumulative density function (CCDF) was plotted. Also to ensure

the reliability of computer simulations, 100 000 OFDM frames were generated to
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Power
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(a) Power in OFDM signal.
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(b) Power in X-OFDM signal.

Figure 4.5: Power in OFDM signal (a) the conventional system and (b) the proposed
system.

obtain each PAPR value. It is observed from Fig. 4.6 that the X-OFDM system
has a lower PAPR than the OFDM and WHT precoded OFDM systems, where it
has achieved about 6 dB improvement in the PAPR reduction at a CCDF value of
10~ over the DFT-OFDM system and 5 dB over WHT precoded OFDM system.
This is due to the fact that the X transform reduces the superposition of the input
encoded information symbols which form each OFDM sample. It can be seen from
Fig. 4.6 that the SC-FDE system is 3 dB better than the proposed scheme as the
former is single carrier system not a multiplexing scheme. This is independent from

the number of subcarriers used.
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Figure 4.6: PAPR performance of the proposed X-OFDM, SC-FDE, WHT-OFDM
and the conventional OFDM systems, using 16-QAM modulation and N = 1024.

Table 4.3: System parameters for simulations.

’ System I[tem \ Parameter
Antenna type Perfect
Modulation QPSK and 16-QAM
Synchronisation Complete
Channel type ITU pedestrian B and ITU vehicular A
Equalisation One-tap FDE
Number of Subcarriers (N) | 1024
Duration of CP N/4
Bandwidth 10MHz
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4.7.2 BER Performance
4.7.2.1 Over Multipath Channels

The BER performance of the proposed X-OFDM system is evaluated in this section,
over ITU channel pedestrian class B and vehicular class A, mathematically and by
simulation and compared with that of the OFDM system and the SC-FDE system,
for the 16-QAM and the QPSK modulations. The simulation is carried out according
to the WiMAX standard with parameters are given in Table 4.3.

Figs 4.7 and 4.8 show the BER performance of the proposed X-OFDM, SC-FDE
and the OFDM systems over pedestrian and vehicular channel models respectively
for both the 16-QAM and the QPSK modulations. The theoretical results in Figs
4.7 and 4.8 are obtained by using the BER formulas that are given in (4.27) and
(4.28) for the case of ZF and (4.39) and (4.40) for the case of MMSE equalizer. It is
noticeable that the simulated BER results agree with the theoretical BER results.
It is evident from Figs. 4.7 and 4.8 that the proposed X-OFDM system achieves the
same BER performance as SC-FDE and it is superior to the OFDM by about 15
dB E,/Ny. This in turn, supports our early explanation that the DHT distributes
the effect of the channel dips over all other subcarriers which leads to the BER
improvement. This is, however, not attainable in the conventional OFDM system
counterpart as the information symbols on significantly attenuated subcarriers can
not be recovered from the unaffected spectrum. It is also noteworthy that for the
case of the OFDM system, the BER performance for the QPSK constellation is
better than 16-QAM by about 3 dB E}/Ny, whilst it is about 6 dB Ej/Ny better
than that of the 16-QAM modulation for the case of our proposed X-OFDM system.
This indicates that the proposed scheme can achieve further improvement as the
constellation order is reduced.

It is also noted from Figs. 4.9-4.10 that, for the case of the ZF equalizer, the
conventional OFDM outperforms both the SC-FDE and proposed X-OFDM systems
by about 3 dB in terms of the BER performance for each QPSK and 16-QAM
constellation.

To the end of this discussion, theoretical results corroborated by computer simu-
lation in Figs. 4.7-4.10 show that for the case of the ZF detection, the OFDM system

outperforms SC-FDE and our proposed system in term of BER performance. How-
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Figure 4.7: BER performance of the proposed X-OFDM, OFDM and SC-FDE
systems for QPSK and 16-QAM modulations over ITU pedestrian B channel and
MMSE detection.

ever, for the MMSE detection and at 10~* BER, the proposed X-OFDM scheme
can achieve around 15 dB Ej /N, gain over the OFDM system for different channel

models and modulation formats, that is, as good performance as SC-FDE systems.

4.7.2.2 In the Presence of CFO

In this section we will examine the performance of the proposed X-OFDM system
over frequency selective fast fading channels. The simulation is carried out according
to the WiMAX standard where the rapid change in the international telecommunica-
tion union (ITU) pedestrian B channel is modelled by the frequency offset as a kind
of Doppler shift. The results of 16-QAM and 64-QAM modulation is then mainly
compared with the performance of the SC-FDE and the conventional OFDM. The
transmission bandwidth is 10 MHz, the carrier frequency is 4 GHz and the number
of subcarriers N = 1024 and CP of length %

Fig. 4.11 shows the BER performance of the examined systems when the mod-
ulation is 16-QAM and for normalized CFO (e = 0.025,0.035 and 0.05).

Over all the CFO scenarios, the proposed X-OFDM is less sensitive the CFO or
fast variation of the channel than the SC-FDE. This is because the data symbols
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Figure 4.8: BER performance of the proposed X-OFDM, OFDM and SC-FDE sys-
tems for QPSK and 16-QAM modulations over ITU vehicular A channel and MMSE
detection.
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Figure 4.9: BER performance of the proposed X-OFDM, SC-FDE and the OFDM
systems for QPSK and 16-QAM modulations over I'TU pedestrian B channel and
ZF detection.
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Figure 4.10: BER performance of the proposed X-OFDM, SC-FDE and the OFDM
systems for QPSK and 16-QAM modulations over ITU vehicular A channel and ZF
detection.

in the case of the SC-FDE convolved with the channel impulse response directly as
there is no transform at the transmitter to multiplex the data symbols, which is
not the case in our proposed scheme where the data symbols are multiplexed by the
X-transform before they convolved with the channel. In other words, when a CFO
synchronization algorithm is used, the requirement of repeating the synchronization
algorithm after certain number of frames is less in the case of our proposed system
than the case of the SC-FDE which is an advantage to the proposed X-OFDM over
the SC-FDE.

In comparison with the conventional OFDM, the proposed X-OFDM system is
more sensitive to the CFO. However, it is still achieve better BER performance when
the CFO= 0.025 and 0.035 as shown in Fig. 4.11.

This advantages of the proposed X-OFDM over the SC-FDE are also revealed
for higher-level modulation (64-QAM) as shown in Fig. 4.12.

Fig. 4.13 shows the BER performance when the M &M [100] algorithm for CFO
estimation is employed in this simulation where the number of subcarriers are N =
1024, iterative data L; = 8, € = 3.42 and (E}/Ny) is set to be 25 dB in order to get
a precise estimation. It is clearly shown that the proposed X-OFDM and SC-FDE
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Figure 4.11: BER performance for the proposed X-OFDM and the OFDM systems
over I'TU pedestrian class B channel and CFO=0.02, 0.035 and 0.05 and 16-QAM

modulation.

systems outperform the conventional OFDM system.

4.7.2.3 Coded and Coded-Interleaved Systems

For further investigation for the proposed scheme, forward error coding (FEC) is em-
bedded with the proposed scheme and compared with coded OFDM. convolutional
coding/Viterbi decoding is used with code rate equal to 0.5. Figs. 4.14 and 4.15
show the BER performances of coded X-OFDM and coded DFT-OFDM systems
for the QPSK and the 16-QAM modulations and over vehicular A channel models
respectively. It is clear that our proposed scheme is still superior to the conventional

OFDM systems by about 12 dB Ej,/N, gain at 10~* BER.

4.8 Conclusion

In this chapter, a new fast orthogonal transform was introduced. This transform is
named the X-transform because the non-zero elements of its matrix form the letter
X. The new transform and its complexity are analysed and compared with the FFT,

showing that the proposed X-transform has much lower arithmetic operations and
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Figure 4.12: BER performance for the proposed X-OFDM and the OFDM systems

over I'TU pedestrian class B channel and CFO=0.01, 0.015 and 0.02 and 64-QAM
modulation.
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Figure 4.13: BER performance for the proposed X-OFDM, DFT-OFDM and SC-
OFDM systems over ITU pedestrian class B channel and CFO=3.42 when 16-QAM
modulation format and M &M synchronization algorithm are employed.
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Figure 4.14: BER performance of coded proposed X-OFDM and coded OFDM
systems for QPSK and 16-QAM modulations over ITU pedestrian B channel.
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Figure 4.15: BER performance of coded proposed X-OFDM and coded OFDM
systems for QPSK and 16-QAM modulations over ITU vehicular A channel.
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Figure 4.16: BER performance of coded-inteleaved X-OFDM, coded-interleaved SC-
FDE and coded-interleaved OFDM systems versus uncoded systems for 16-QAM
modulation over ITU vehicular A channel.

complexity than the FFT. The X-transform was then used as OFDM to produce
the new X-OFDM. Mathematical analysis and simulation results have shown that
the proposed X-OFDM system outperforms the conventional OFDM system in both
PAPR and BER. The BER performances over ITU pedestrian and vehicular channel
models were evaluated theoretically and by simulation for the QPSK and the 16-
QAM modulations. The results showed that the proposed X-OFDM is better than
the conventional OFDM by about 15 dB E/Ny at 107* BER and achieves the
same BER performance as SC-FDE system. The sensitivity of the proposed X-
OFDM system to the CFO was investigated, revealing that the proposed scheme
is better than the SC-FDE in its sensitive to the CFO, and it is more sensitive to
the CFO in comparison to the conventional OFDM. The proposed scheme was also
found to achieve a huge reduction of PAPR for all subcarriers in comparison with
the conventional OFDM system. The applications of the proposed scheme can be

extended to multiple input-multiple output (MIMO).
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Chapter 5

Low Complexity X-OFDM System
for STBC Diversity Enhancement
Over Frequency-Selective Fading

Channels

5.1 Introduction

With increased reliance on the signal diversity for the OFDM, new schemes are
constantly being developed to meet the demand of high speed broadband commu-
nications. In this chapter, the X-transform is utilized in space-time block coding
(STBC) OFDM (ST-OFDM) transmitter implementation where the X-transform is
used instead of the DFT. The X-transform is used in transmitter implementation of
the proposed ST-X-OFDM which reduces the complexity enormously. The proposed
ST-X-OFDM system has the same single tap equalizer complexity as the approach
in [75] with significant reduction in transmitter complexity. Unlike the approach
in [75], the proposed system requires only two low complexity X-transforms at the
transmitter even though the date are drawn from complex constellation. The pro-
posed ST-X-OFDM system exploits the channel diversity and achieves significant
SNR gain over the ST-OFDM systems. Moreover, the proposed scheme significantly
mitigates the PAPR problem that affects the ST-OFDM system. The BER perfor-
mance of the proposed scheme is evaluated theoretically and by computer simulation

in this chapter over the I'TU channel for both the QPSK and 16-QAM signal map-
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ping. A precise BER derivation which tightly matches the simulated results is also
presented in this chapter; over a diverse range of antenna diversity scenarios and
mapping schemes. It is evident that the proposed ST-X-OFDM scheme achieves
important SNR gain over the conventional ST-OFDM systems.

5.2 Proposed System

The proposed Alamouti ST-X-OFDM system with two transmit antennas at the
transmitter and one antenna at the receiver is shown in Fig.5.1. The mapper is
used to convert the binary data into a specific constellation. In this chapter, two
kinds of constellation are used; quadrature phase-shift-keying (QPSK) and 16-array
quadrature-amplitude-modulation (16-QAM). The information symbols, SO p =
1,2, are divided into two blocks, each of N x 1 dimension. These information vectors

are assumed to be zero-mean and carry the same power; its covariance matrix is given

g s(1) — T?.

as:

XH
Dat Alamouti Cp 5’
A4 | Mapper ST
in encoder
xH Insert
9 CP
s2) s(2)
(2) (1)
T Y'Y mouti — FDE - DHT
D
Rgr;ove_ FET ST Demapper _j[a
decoder ou
— FDE {—| DHT
YzQ) I‘(Al)

Figure 5.1: Proposed Alamouti ST-X-OFDM system block diagram.

Ry — E[S(b)S(b)*], (b=1,2),
== ESIN7 (51)
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5.2 Proposed System

where E is the signal energy per symbol. Each information vector is then aligned
to a specific branch at the transmitter for modulation. Each information vector is

processed by the DHT as:

r® = A,8®) (5.2a)

N-1
=Y amSY,  (b=12), (5.2b)

m=0
where A,, is the n'" row of the DHT matrix, A, and a,,, denotes the n'* row, m
column of the matrix A. In matrix form, the Hartley modulated symbols in (5.2)

can be written as

r® = AS® (b =1,2). (5.3)

Alamouti STBC is then applied to the resulted vectors, r™") and r®, to produce two
signals that aligned to the antennas at the transmitter. These signals are given as:
—r@* @

(5.4)

IEVRNG)

The first column of (5.4) represents the signals from the first and second antenna at
the transmitter to be simultaneously transmitted at time ¢. The second column of
(5.4) denotes the signals to be simultaneously transmitted from the first and second
transmitter antennas during the next transmission at time ¢ + 7§, and (.)* is the

complex conjugate. The IFFT is then used for processing the resulting vectors as

N-1
1 - 2mtnk
(b) _ b) oJ _

S, = ry el N k=0,1,...., N — 1), 5.ba
k /_N o n ( ) ( )

; | V-l .

* 21mn
sV = —_NT O TRE L (k=0,1,...,N—1), (5.5b)

where j = 1/—1. In matrix form, (5.5) can be written as:

s = FHp®) (5.6a)

s = Fir®" (5.6Db)
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5.3 Reducing Transmitter Complexity

* * * * T
where s®' = [sgb) ,sgb) R ,553)_1 ,séb) , F is the normalized FFT matrix and

()" is the Hermitian operation. Therefore, and for the aim of reducing the complex-
ity by combining the DHT and IFFT transforms into single low complexity unitary

transform, Alamouti code is performed after the IFFT as:
s = FIAS®), (5.7)

and then a modified Alamouti code is performed on s®, b = 1,2, vectors as:

_s@T g .5
s 5@ '

5.3 Reducing Transmitter Complexity

From the above analysis, it can be seen that to convert the information symbols,
S, into OFDM symbols, s, the information symbols must be processed by the DHT
followed by the IFFT. When S is complex, the DHT operation must be performed
twice at each branch, one for the real part of S whereas the another for the imaginary
part. This means that for the case of Alamouti STBC system with two transmit
antennas, four-times of the DHT as well as two-times of the FFT complexity is
required.

The complexity of the DHT together with that of the IFFT is very high. To
merge the DHT and the IFFT into the low complexity X-transform and cancel the
unnecessary arithmetic operations, following the same steps in chapter four. (5.7)

is written in the fundamental kernel form as

1 == 2mnm
Sk = ngzo mE:O S,V cas < N ) e (5.9)
where cas(2%) = cos(#5%) + sin(222™). By using trigonometric identities, (5.9)

can be written as

1 Y= iy | 2mn
L PILPIE eos 7 ) o 7 )
1 2 2
+j§ cos%n(m—k)—cos%n(m—kk)} . (5.10)
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5.4 Two Transmit Antennas and One Receive Antenna (2 x 1)

Equation (5.10) can be rewritten in more expressive form as
N-1
s =Y SWXpn,  (k=0,1,2,..,N—1), (5.11)
m=0

where Xy, is the k™ (0 < k < N — 1), row and the m™ (0 < m < N — 1) column
element of the X" (inverse X transform (IXT)). From (5.10) one can notice the

following; Xi,, =1 when k =m =1or k =m = %,

Xim = 3+ j3 when k =m
and Xy, = % — j% when £k = N — m and Xy, = 0 elsewhere. Thus equation (5.7)
can be rewritten as

s = XHg®), (5.12)

The inverse X-transform can be expressed an in (4.11) as

ER) 0 0O 0 0 0 0 |
0 1+41 0 0O 0 0 0 1-j1
0 0 1+41 0 0 0 1—41 0
X 1 0 0 0 1441 0 1—351 0 0 (5.13)
0 0 0 0 2 0 0 0
0 0 0 1-410 1+41 0 0
0 0 1—41 0 0 0 1441 0
0 1-j1 0 0O 0 0 0 1+4j1

To avoid the intersymbol interference (ISI) between consecutive transmitted sym-
bols, a cyclic prefix (CP), the last N, samples of the symbol in (5.12) must be no less
than the maximum access delay, is appended to the beginning of the same symbol

to alleviate the ISI.

5.4 Two Transmit Antennas and One Receive An-

tenna (2 x 1)

Consider two transmission phases; at the first phase, the two OFDM signals s(!)
and s® are simultaneously transmitted at a specific time ¢ from antenna 1 and
antenna 2 respectively. It follows that, at the second phase, —s@T and s are

simultaneously transmitted at time ¢t+7 from antenna 1 and antenna 2 respectively.
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5.4 Two Transmit Antennas and One Receive Antenna (2 x 1)

The transmitted signal from the b*" transmitter antenna to the receive antenna
passes through a multipath frequency-selective fading channels (hl(b) 20,V 0<l<
L) of L+1 taps and corrupted by an additive white Gaussian noise (AWGN) v. The
channels hl(l) and hl(2) are assumed but not necessary to have the same number of
taps. Assuming that the channels are statistically independent and invariant during
two OFDM consecutive symbols. Therefore the consecutive received signals at time

t, y,gl), and t + T, y,(f), can be respectively written as:

L
o Zh 3RS, ), o
1=0
and .
1 (2 f 2) (1) T 2
Zh() AR el A (5.15)
1=0

The guard interval, represented by the CP, is then discarded from the received signal
,(f). The resulted signal is then processed by the FF'T producing signal in frequency

domain which can be written as:

2ﬁnk

y® \/_Zy X (n=0,1,..,N —1). (5.16)

For b = 1 and by substituting (5.14) into (5.16) yield:

1 N-1 L N-1 L
1 1 Qﬁnk 2ﬂnk
y M = Wi [g (E hl( )52_)1) (E hl Sk z) Rl

k=0 =0

+ vk e ngnk] (5.17)

1 N-1[T L N-1
Y = & lzhw( ><>)]
k=

0 LI=0 n=0
N-1 L N-1 2 (k y
™ - 2mnk
o3 [y (D)
=0 n=0
N-1
- 21nk
+3 oMe IR (5.18)
k=0
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5.4 Two Transmit Antennas and One Receive Antenna (2 x 1)

Because of the orthogonality property of the FFT, (5.18) can be simplified to

n

L L
YO = O3 RNe T 4 e 3T pPen i ),
=0 =0

= rOFM +r@H® b, (5.19)
Similarly, Yn(z)* can be written as

YO — O @0 | o) (5.20)

n n n

In (5.19) and (5.20), €2, is the frequency domain representation of the AWGN (vy)
.27l

and H, = ZZL:() hie "~ , (0 <n < N —1) is the channel transfer function. In more

expressive form, (5.19) and (5.20) can be written as:
Y12 = ghdpt2) 4 2, (5.21)

HOD H®
g
Ol = [QS) Q%Q)*]T. To generalise (5.21) to all n = 0,1,..., N — 1, we use the
following notations: h") = diaug(ltl'q(zl))N_1 h® = diag(H,SQ))N_l YW = (Yn(l))N_1

N O

where ;2 = [y, y¥TT, gt = and

* )

n=0" n=0 n=0 >
Y = (Yn@))nN;Ol, Qb = (Qg))ﬁf;ol. Therefore, (5.21) can be written as
vy — gU2,02) | o2) (5.22)
(1 (1) (2 (1 1)
where Y12 — Y O h h 12 = " and 02 L ‘
v@F h®* _p®* r®? Q@

In matrix form, (5.22) can be written as

= i} . + : (5.23)
Y@ h®* _p® r® Q@

At the receiver side, the Alamouti decoder is then performed to produce two vectors,
Y(l) and \?(2)* as:
v = [H(M)]HY(M), (5.24)
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5.4 Two Transmit Antennas and One Receive Antenna (2 x 1)

S(1.2) [ @7 .
where Y =Y " Y . Therefore, these two vectors are given as
Y = (O RO 4§ h@R@ )0 4 0 Q0 4 @@ (5.25a)
¥ — (@@ L hORO )@ @ 0 _ 0@, (5.25h)

In (5.25), h ' h® + h@h®" i5 a diagonal matrix its diagonal elements are given

as (| HY |2 + | H? [2)Y-L. More expressively, in elements form, (5.25) can be

n=0 -
written as
T = (| HQ P4+ | HD P) + OOED 02 HD (5.26)
and
V& =@ (| HD P+ Y )+ QP - 0@ Y. (5.27)

The channel equalization is then performed in frequency domain, after the FFT, for

instance, ZF and MMSE equalizers are taken into consideration in this work as:

5.4.1 Zero-Forcing (ZF) Equalizer

The compensation for the channel effects on the received signal can be achieved by
ZF equalizer by simply dividing each individual sample of the received vector, ffn(l)
in (5.26), and Y, in (5.27), by the corresponding value of the channel transfer
function (| HY 12+ HY 1) as:

v,

P = — —.
| HY 24 | B P

n

(5.28)

For the sake of brevity, the notation ¥, =| H" |2 + | HS? |? is used. Thus, (5.28)

1s written as

(1)
(1) Yo
n En b
= g+, (5.29)
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5.4 Two Transmit Antennas and One Receive Antenna (2 x 1)

(1 (1) (2) (

where 57(11) = = 25— represent the amplified AWGN noise part

from the two consecutive received signals. Substituting (5.2) into (5.29) yields

N-1
o= Y pmSm + & + €2 (5.30)
m=0

After removing the channel gain, the equalized signal, 7, is then transformed by

the matrix A as follows
¢/ =Y aint.  (i=0,1,2,. N -1). (5.31)

Substituting (5.30) into (5.31) yields

N-1 N-1 N—1
inF — Z Qi n (Z an,mSm> + Z aimgr(Ll)

n=0 m=0 n=0
N1

+Y @ (i=0,1,2,..,N ~ 1), (5.32)
n=0

Since the DHT is an orthogonal transform, Zn _o @in X @pm equal to 1 only when
m =i and zero elsewhere, the first term of (5.32) equals to S;, hence, (5.32) can be

written as

=5+ ED 4P, (5.33)

where éi(l) = ZN 01 Qin r(Ll) and 52) = fo;ol Ajn 1(@2).

The difference between the transmitted and received signals, eZf" = ¢Z

F_S;, is the

error signal, it can be written as

A(1 ~(2
o E g

N-1 N-1
= Y &+ aiag?. (5.34)
n=0 n=0

113



5.4 Two Transmit Antennas and One Receive Antenna (2 x 1)

By substituting the equivalents of ffll) and 57(12) into (5.34), the latter can be written

as

~(1 ~(2
o= g4 e?

N-1

N-1
= Z a6 + Z a;n?
n=0

- QELl)HT(Ll)* N-1 Q%Q)*H'r(?)
N n=0 e ( En ' TLZ:O ai’n En .

3
i
o

=

The noise power, P, zr = E[|eZF|?], is given as:
N-1
H 2
CPniZF 20'12) |am\2| + Z| zn|2| |
n=0
N-1 1 2
S 2|H£>|2 o >|2
= 0, Z ]am\ 2
n=0 n
N-1
1
= 0'12} ]am\zz—.
n
n=0

Thus, the signal to noise ratio will be given as:

o ElSP
= Bz
B[S
= Bl
- ES
- {.PmZF7

(5.35)

(5.36a)

(5.36h)

(5.36¢)

(5.37a)
(5.37h)

(5.37¢)

where F is the symbol power, it is equal to 4F} for the case of the 16-QAM whilst

equal to 2E, for the case of the QPSK. Substituting (5.36¢) into (5.37¢) yields

BZF _ Vs
— )
N el

Es

(5.38)

where v, = =5 is the signal power (in terms of symbol) to noise ratio. The BER of

the individual subchannels are respectively given as in [92] as follows:

N—
prer = 230 ().
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5.4 Two Transmit Antennas and One Receive Antenna (2 x 1)

4 — 2@/ 1N1 3m
PM-QAM _ = B : (5.40)
my, N

m=0

and

In (5.39) and (5.40), u denotes the number of nearest neighbours signal points
(topsk = 2 and pig—ganm = 3), M is the level on constellation and m;, = log, M
represents the number of bits in each digitally encoded symbol, Q(z) denotes the
Q-function of x and f,, is the signal power, per symbol, to noise power ratio. In
other words, by substituting the specific parameters that assigned to the QPSK and
the 16-QAM modulations and substituting (5.38) into (5.39) and (5.40), the BER

is respectively given as:

N
PpRPSK Z | (5.41)
i—1 Z |azn| =,

and

|azn

N
_ 3 v
16—QAM __ s
P, =N E Q \/52 PER . (5.42)
i=1 S

5.4.2 Minimum Mean-Square-Error (MMSE) Equalizer

The MMSE equalizer, x,, is defined as:

X’Vl - Eszn + 0_12} 9
Vs
= — 5.43
T, (5.43)
The MMSE equalization is achieved by multiplying the signal e by x» as:
P = 7S + QO HD \, + QDT HO (5.44)
Substituting (5.2) into (5.44) yields
N-1
P =" S Enxn + QVHD X, + QP HP x (5.45)
m=0
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5.4 Two Transmit Antennas and One Receive Antenna (2 x 1)

The resulted signal is then transformed by the DHT to recover the transmitted

symbols as
N-1 N-1 N-1
qZ]WMSE — Qip, (Z ammSmann) + Z ai’an)H’sl)*Xn
n=0 m=0 n=0
N-1
+ a; QP HP y,, . (5.46)

I
=)

n

Same as the case of the ZF equalizer, because of the orthogonality property of the
DHT, the first term of (5.46) can be simplified to 32" S; H, x,, thus (5.46) can be

written as
N—1 > N-— 1* N— /YH(Q)
MMSE g Js=m in© Q@ 577547
o ;) 1475, 2; o 1+% n Z s, B

The signal power, 02 vnsp = — B [|qMMSE| }

is given as

N-1 a
iPs.;MMSE = |ain’2 sfys|2 ’2 Z’ 1n ‘2 Ust’H )|2

i U+ 14 7.2,]

N-1

n=0 [1 +’752n]

In second and third terms of (5.48), 0272 = F,v,. Thus, (5.48) can ve written as

N-1 (1)2
S E 2 S S H
j)siMMSE = | ain|2 PYS’ | Z | zn |2 i ’ ‘
N-1
s /s Hn
+ |Gin |2 it | |2 (5.49)
After some manipulation, (5.49) can be written as
N-1 -
5 Z 2 S S
n=0 n
N-1
ES SE'I’L
n=0 7 1 - 782”
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5.4 Two Transmit Antennas and One Receive Antenna (2 x 1)

The error signal is then calculated as the difference between the transmitted and

the received data symbols, eMMSE = gMMSE _ G, can be written as
N—-1 Y o H j7i0N H(z)
MMSE __ ) S (1) _fstdn (2)* n
€; = ainS——S+ an + ainSly ————
N-1 (1)*
- A;n S + azn n
n=0 7 [1+’73 Z 1+752n
N-1 (2)
* rYSHn
+ a; Q2" 5.51
D (5.51)
In (5.51) DsZn_ _ 1 = =% Thus (5.51) can be rewritten as
e '
N-1 (1)*
Vs Hp
MMSE Vs
i = S’L 7,n PEE——
. T T n+z o 1+%En
N-1 (2)
« YoH,
eI Jstin 5.592
+n§%a, Ry (5.52)

Since the DHT is a unitary transform, it does not affect the calculation of the power
(Zg;ol lain [*= 1). In other words, all S, r and s have the same average power

E, and as the data symbols and the AWGN are statistically independent, the noise

power of the i" subchannel, P, muse = E [|eMM5F|2] is then expressed as
N-1 N-1 12
Es Esvs|H,
’J)ni]vHVISE = |a,~7n |2 P — + Z |am |2 Lﬂt
n=0 []- + Vszn] n=0 []- + /ysEn]
N—1 (2)2
Ev | Hy
+ jag,, [> = L | |2. (5.53)
After some manipulation, (5.53) can be simplified to
N-1 N-— y
'.Pn,MMSE = Ajn 2 i,n 2 # H7(11) ? + H7(12) ?
z Sl g 2; e (R P
N-1
E
2 s
- A 5.54
nzo‘a" L+ 7.5, (5.54)
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5.5 Two Transmit and Two Receive Antennas (2 x 2)

P, MMsE
2

The SNR of the " subchannel MM5E = is then given as

P, MMSE

N—1| = |2 7%
BMMSE _ 2= [0in| o5

N—-1
Zn:O ’aiv"PHVﬁ

(5.55)

The overall BER, for QPSK and 16-QAM modulation formats, can be respectively

given as:
- N-1 p
POPSK _ L NZI Q Ll e (5.56)
N Yl lainlP sy ) |
i=0 n=0 175N 143,
and
N—-1 N-1 . 2 'YSETL
pl6-QAM _ i Z D n=o |@in| 14730 (5.57)
’ AN D '
»n 1+’732n

5.5 Two Transmit and Two Receive Antennas (2x

2)

Further diversity, hence, further performance improvement in the proposed ST-X-
OFDM systems’ transmission can be achieved at the cost of adding another antenna
at the receiver. Thus, the system is with two antennas at the transmitter and two
antennas at the receiver (2 x 2) as shown in Fig. 5.2. At the receive antenna (1),

the received signals during the time symbols ¢ and ¢ + 7§ are given, respectively, as

n (5.14) and (5.15)

L
_s@f s <7 h I y@ 30
h(1:2)
h(21)
s s@ <7 A <y y®)
h(2:2)

Figure 5.2: Two transmit antennas and two receive antennas.

=0

L L
= sl s o, (5.58)
=0

118



5.5 Two Transmit and Two Receive Antennas (2 x 2)

and
L

T
g = =3 ats?), +Zh(21 s 0@, (5.59)

1=0
At the other receive antenna (2), the received signals during the time symbols ¢ and

t+ T are given as:

L
TEXONS S 360
=0

<
e

[
(1=

N
Il
=)

and .
(1,2) (2) 1 2,2) 2
-3 h );),+Zh( s o, (5.61)
1=0

After discarding the CP from each received signal, followed by the FFT process, the

resulted signals can be written as:

YO = h®EDpM) 4 [h@EDp@) 4 M) (5.62a)
Y@ = h@D 0 - A L@ 4 @) (5.62b)
Y = h@2p0) § h@2:2) 4 0B (5.62¢)
YW* — b2 0 - {02072 | @*, (5.62d)

In matrix form, the above equations can be written as

Y= HY 4+ (5.63)
where;
vy® (NCEVRENE NCAY QO
, v , hED* [ e / QO |
Y= @ |’ H = (1,2) 22 |’ r = @ and ¥ = N Alamouti
Y h'" h' r Q
v h22* _p12)* Q"

STBC encoder is then applied to the received signals as follows:

Y = H"Y'. (5.64)
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5.5 Two Transmit and Two Receive Antennas (2 x 2)

~ ~ 1
Thus the two vectors, YV and Y are respectively given as:

v o— <h<1,1>*h(1,1> L hE@EDREDF L h@) R 02) h<2,2>h<2,2)*> r@

LD QM + hZUO®@* + h(1:2*Q®) + h(2’2)Q(4)*, (5.65)
and

v _ (h@,l)*h(z,l) L hOREDT f hE ) 4 h<1,2>h<1,2>*> r®

h@ QW _ hEHOE" L KH227QB) _ HB2AQW™, (5.66)

In element form, each sample of the above detected information vectors can be

written in terms of channel frequency response values respectively as:

YO = (LSO P | HED P B P HED ) e+

HOD'QW ¢ geHg®* | g2 06 | geaq@”

s HADTOWM 4 gEHOT L gdTaB) L ghoW”  (567)
and

~
= (LHSD | HED P B | HED ) 4

*

HEV*QW _ gUDg®* | 2" o) _ gi20e2)

n n n n n n

= @ 4 HEYUTQW _ guho@* 4 g7 a6) _ glagW® (5 68)

n n

where 3/ =| H"Y 2 + | HEY 2 4+ | HYY 2 + | HP? |2 Following the
same derivation procedure of two transmit and one receive antennas yields the BER
formulas that are given in (5.41) and (5.42) for the ZF equalizer, however, with
replacing ¥, by ¥/ as

1 gl
QPSK __ s
POTSE = 5370 \/Zm ] (5.69)

and

N
_ 3 vy
plo-QAM _ _—_ u 5.70
S DB TS e 70
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5.6 Complexity analysis

and (5.56) and (5.57) for MMSE equalizer are the same but with replacing ¥, by

Yl as
N-1 N-1 2 755
POPSK _ 1 2on=o |0in] I3, 5.71
c N N Z Q N-1 2 1 3 ( . )
i=0 2o |Gin] 155,
and
N-1 N-1 9 vs%,
3 Z =0 i,n 1 7
16-QAM _ n a2
e =¥ 2@ S T P | (5.72)
=0 n=0 %in| 15557

5.6 Complexity analysis

In this section we will calculate the arithmetic operations of the proposed ST-X-
OFDM system and compare it with the conventional ST-OFDM system and UP-
ST-OFDM system [75] for a diverse of unitary precoders such as WHT and DHT,
all based on single butterfly algorithms. It is noteworthy mention that the DHT is
not mentioned in specific as one of the precoders in UP-ST-OFDM system. However
we added it here for more information.

The receiver complexity of our proposed system is roughly the same as the
receiver complexity of the UP-ST-OFDM system. However, the proposed ST-X-
OFDM system involves significant transmitter complexity reduction compared to
the UP-ST-OFDM system. Therefore, in this section we are considering the com-
plexity analysis of the proposed ST-X-OFDM system only at the transmitter when

the information symbols are considered to be drawn from complex constellation.

5.6.1 X Transform

The X-transform includes units. Each single multiplication of complex data

x+ jy by 1+ j1 equals to (x —y) + j(z + y), that means it involves 2 real additions
(Ra). Thus, the complexity of the direct implementation of the X-transform involves
4(N — 2) real additions (Ras) and no multiplications at all. As shown in Fig. 5.1,
twice the complexity of X transform is required at the transmitter of the proposed

ST-X-OFDM system and the overall complexity is then given as Ry = 8(N — 2).
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5.6 Complexity analysis

5.6.2 ST-OFDM

Considering the fact that each complex multiplication involves 4 real multiplications
(Ry) and two real additions (Ra) or 3 real multiplications and 3 real additions,
and each complex addition is equivalent to two real additions. The arithmetic
complexity of the FFT, based on single butterfly and 4/2 implementation is given
as: Ry = 2N logy, N and Ry = 3N log, N. For ST-OFDM system, twice the above
complexity is required at the transmitter, hence, the overall transmitter complexity
is given as: Ry = 4N log, N and Ry = 6N log, N. However, the complexity at the
receiver of the conventional ST-OFDM is fewer than the complexity at the receiver of
the proposed system but the price is the significant BER performance improvement

when used the proposed scheme.

5.6.3 UP-ST-OFDM

Consider multicarrier system with three different precoders, WHT and DHT.

5.6.3.1 WHT precoder

The WHT complexity includes just Ry = N log, N real additions, hence the overall
transmitter complexity is four-times the complexity of the WHT in addition to
twice the arithmetic operations of FF'T which is given as: Ry = 4N log, N and
Ry = 10N log, N.

5.6.3.2 DHT precoder

The arithmetic complexity of the radix-2 fast Hartley transform (FHT) based on
single butterfly implementation is given as: Ry = Nlog, NV, and Ry = %N log, N.
For data that are drawn from complex constellation, FHT should be calculated twice
for each signal S and S® | one for the real part and the other for the imaginary part
of a complex information in addition to twice the complexity of FFT. Consequently,
the arithmetic operations of FHT-FFT will be four-times that of the FHT in addition
to twice of the arithmetic operations of the FF'T, so the overall arithmetic operations

are given as: Ry = 8N log, N, and Ry = 12N log, N.
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Table 5.1: Comparison based on real arithmetic operations of the X-transform and
other transforms that used in the ST-OFDM.

N ST-X-OFDM ST-OFDM DHT-UP-ST-OFDM
Ry | Ru| Ro Ry | Ru | Ro Ry | Ru | Ro
32 120 0 120 960 640 1600 1920 1280 3200
64 248 0 248 2304 1536 3840 4608 3072 7680
128 504 0 504 5376 3584 8960 10752 7168 17920
256 | 1016 0 1016 | 12288 8192 20480 | 24576 | 16384 | 40960
512 | 2040 0 2040 | 27648 | 18432 | 46080 | 55296 | 36864 | 92160
1024 | 4088 0 4088 | 61440 | 40960 | 102400 | 122880 | 91920 | 204800
2048 | 8184 0 8184 | 135168 | 90112 | 225280 | 270336 | 180224 | 450560
4096 | 16376 | 0 | 16376 | 294912 | 196608 | 491520 | 589824 | 393216 | 983040

Table 5.2: System parameters for simulations.

’ System [tem \ Parameter
Antenna type Perfect
Antenna diversity 2x1and?2x2
Modulation QPSK and 16-QAM
Synchronisation Complete
Channel type ITU pedestrian B and I'TU vehicular A
Equalisation One-tap FDE
Number of Subcarriers (N) | 1024
Duration of CP N/4
Bandwidth 10MHz

5.7 Simulation results and discussions

In this section, we verify the performance of the proposed ST-X-OFDM system and
compare it with the existing ST-OFDM system. Further verification is achieved in
this section by comparing the simulation results with the theory one.The mapping
scheme that used in our simulation are the QPSK and the 16-QAM, total number
of modulated symbols are 2048, hence, 1024 symbols are assigned to each antenna.
ITU pedestrian B and vehicular class A channel models according to the WiMAX
standard and parameters used in Table 5.2 are used. A CP of duration 25.6us is
attached to each transmitted OFDM symbol. The CP in both cases is greater than
the maximum channels’ echo delays, providing that the simulation is ISI free over
both the channel models. Simulation is carried out over MMSE and ZF detection for
a diverse of three schemes: one transmit-one receive antenna (SISO), two transmit

and one receive antennas (2 x 1) and two transmit and two receive antennas (2 x 2).
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5.7 Simulation results and discussions

5.7.1 BER Performance Over Multipath Channels

Figs. 5.3-5.10 show the BER performance of the proposed ST-X-OFDM and the
conventional ST-OFDM systems for MMSE and ZF detection, QPSK and 16-QAM
modulation formats and different antenna diversity over I'TU pedestrian B and ve-
hicular A channel models. The theoretical results in Figs. 5.3-5.10 are obtained
by using the BER formulas that are given in (5.41) and (5.42) for the case of ZF
detection and QPSK and 16-QAM respectively and (5.56) and (5.57) for the case of
ZF detection and QPSK and 16-QAM respectively. It is noticeable that theoretical
results are precisely agree with the simulation results.

It is obvious from Figs. 5.3-5.6 that for MMSE detection, at 10~* BER, the
proposed ST-X-OFDM can achieve about 15 dB FEj/Ny gain for over ST-OFDM
systems when 16-QAM modulation format is used and even further up to 17 dB for
QPSK in the case of SISO. For the case of 2 x 1, this E},/Ny gain is reduced to 6
dB for the case of 16-QAM and to about 7 dB for the case of QPSK. For the case
of 2 x 2, the proposed ST-X-OFDM outperforms the ST-OFDM systems by about
3 dB for the case when the 16-QAM and QPSK are used.

As the advantage of ST-X-OFDM over ST-OFDM is on frequency diversity en-
hancement, the severity of the channel is a key important to explore the advantages
of the proposed ST-X-OFDM. Hence, in the case of 2 x 1, the channel effect on
the BER performance become less than SISO as time diversity is introduced by he
transmitter antennas and this is the reason why the Ej, /Ny achievement is reduced as
the antennas diversity increase where the channel effects on the transmitted signal
reduced.

It is also noted from Figs. 5.7-5.10 that, for the case of the ZF equalizer, the
conventional DFT-OFDM outperforms our proposed X-OFDM system by about 3
dB in terms of the BER performance for each QPSK and 16-QAM constellation.

In the case of 2 x 1 system and for the case of ZF equalizer, unlike SISO where
the BER performance of X-OFDM system is worse than BER performance of DFT-
OFDM system whereas X-OFDM system in much better than DFT-OFDM system
for the case of MMSE equalizer, the BER performance of ST-X-OFDM system is
better than the BER performance of ST-DFT-OFDM systems for both ZF and
MMSE equalizers. This can be attributed to the reason that the equivalent channel
for specific subcarrier is HY + H? in the case of 2 x 1 rather than H, in the
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Figure 5.3: BER performance of the proposed ST-X-OFDM and the conventional
ST-OFDM systems over pedestrian B channel model, MMSE detection and 16-QAM
modulation format.

SISO where the latter is much more likely to highly attenuated and dominate the
noise in ZF equalizer, when H, « 0 than H,(f) + H,(f) which is much less likely to
be greatly attenuated at same frequency instant n. However the performance of
ZF-ST-X-OFDM is still about 1 dB worse than MMSE-ST-X-OFDM as the latter
can mitigate the problem of null zero subchannels.

In the case of 2 x 2 system, the MMSE and ZF performances at ST-X-OFDM

systems are in marvellous agreement.

5.8 Conclusion

A new MIMO STBC-OFDM system has been presented in this chapter. The trans-
mitter of the proposed scheme is based on a unitary very low complexity X-transform
instead of the traditional IFFT. This has hugely reduced the transmitter complexity
and led to significant transmission improvement in comparison with the conventional
ST-OFDM. Exact mathematical expression that calculates the BER performance
over multipath channels has been derived in this work. It has been shown mathe-

matically and by computer simulation over ITU multipath frequency-selective fading
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Figure 5.4: BER performance of the proposed ST-X-OFDM and the conventional
ST-OFDM over pedestrian B channel model, MMSE detection and QPSK modula-
tion format.
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Figure 5.5: BER performance of the proposed ST-X-OFDM and the conventional
ST-OFDM systems over vehicular A channel model, MMSE detection and the 16-
QAM modulation.
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Figure 5.6: BER performance of the proposed ST-X-OFDM and the conventional
ST-OFDM systems over vehicular A channel model, MMSE detection and the QPSK
modulation.
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Figure 5.7: BER performance of the proposed ST-X-OFDM and the conventional
ST-OFDM systems over pedestrian B channel model, ZF detection and the 16-QAM
modulation.
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Figure 5.8: BER performance of the proposed ST-X-OFDM and the conventional
ST-OFDM systems over pedestrian B channel model, ZF detection and the QPSK

modulation.
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Figure 5.9: BER performance of the proposed ST-X-OFDM and the conventional
ST-OFDM systems over vehicular A channel model, ZF detection and the 16-QAM

modulation.
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Figure 5.10: BER performance of the proposed ST-X-OFDM and the conventional
ST-OFDM systems over vehicular A channel model, ZF detection and the QPSK
modulation.

channel that the proposed ST-X-OFDM achieves valuable SNR gain in comparison
to conventional ST-OFDM.
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Chapter 6

BER Performance of Unitary
Precoded OFDM Systems in the
Presence of SSPA

6.1 Introduction

To this point it has been shown that both the proposed C-OFDM and X-OFDM
schemes can reduce the PAPR of the transmitted signal to a different level in com-
parison with the conventional OFDM. However, reducing the PAPR does not usu-
ally improve the BER performance in the presence of solid-state power amplifiers
(SSPAs) as the reduction technique might produce another kind of distortion that
affects the transmission of the OFDM signal. Therefore this chapter is set to inves-
tigate the PAPR reduction and the BER performance of unitary precoded OFDM
(UP-OFDM) systems, which is the principle of the proposed schemes, with different
unitary transforms and in the presence of the SSPA.

The main contributions of this chapter are summarized as:

e An investigation (mathematically and by computer simulation) of the BER
performance of the C-OFDM system in the presence of the SSPA with different
input back offs (IBOs) over AWGN and multipath channels.

e An investigation (mathematically and by computer simulation) of the BER
performance of the WHT, DCT, DHT (X-OFDM) and the DFT (SC-FDE)
precoded DFT-OFDM system in the presence of the SSPA with different input
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6.2 PAPR of the C-OFDM System

back offs (IBOs) and 16-QAM modulation over multipath channels.

e Introducing a fair comparison of all the above unitary transforms utilization
as a channel independent precoder in the OFDM; this comparison includes the

PAPR reduction and BER performance in the presence of the SSPA.

e A presentation of SSPA effects mitigation technique using a conventional cod-

ing/Viterbi decoding technique for the UP-OFDM systems.

Analytical analysis and simulation results show that the C-OFDM reduces the PAPR
to some value and achieves BER improvment when the modulation is the QPSK, or
16-QAM and the SSPA is with high input back-off (IBO) (higher than 5 dB. It also
shows that the C-OFDM leads to BER performance degradation of the 16-QAM
when the IBO is below 5 dB [86].

Analytical and simulation results also show that the X-transform, which is a
DHT precoded DFT, achieves significant BER improvement in the OFDM system,
even in the presence of the SSPA distortion. The simulation results also show that
the DCT and the WHT precoded DFT-OFDM can lead to BER impairment in the
presence of the SSPA. Furthermore, a coding technique is proposed in this chapter
to mitigate the sensitivity of the UP-OFDM systems to the SSPA nonlinearity.
Simulation results also show that the coded UP-OFDM approximately matched the

performance of all the unitary precoders.

6.2 PAPR of the C-OFDM System

The PAPR of the OFDM transmitted signal is considered as one of the main prob-
lems plaguing the OFDM systems, which arises from the addition of a large number
of statistically independent symbols. It has been shown in Fig. 3.9 in Chapter Three
that the C-transform can reduce the PAPR of the OFDM system by about 1 dB
in comparison to the DCT-OFDM and the conventional OFDM systems. This was
attributed to the fact that in the case of the C-OFDM, the maximum number of
possible superposition of data symbols to perform each OFDM sample is N/2 rather
than N in the case of the DCT-OFDM and the DFT-OFDM. In other words, The
worst case of the PAPR is of order N for the DFT-OFDM and the DCT-OFDM
systems whilst it is of order N/2 for the C-OFDM system. In general, the worst
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6.3 PAPR of Unitary precoded OFDM Systems

case of the PAPR has low probability of occurrence [98]-[99]. Our simulation results
showed 1 dB improvement in PAPR for the case of the proposed C-OFDM system
in comparison with that for the DCT-OFDM or the DFT-OFDM system.

The question is to what extent and under which conditions this PAPR reduc-
tion can improve the BER performance in the presence of nonlinear distortion that
induced by the SSPAs?. The answer of this question will be detailed and clarified

in sections 6.5 and 6.6 in the current chapter.

6.3 PAPR of Unitary precoded OFDM Systems

Using different unitary precoders in the conventional OFDM that based on the DF'T
can lead to different levels in the PAPR reduction. The WHT changes the phases of
input symbols, hence, reduces the probability that the input symbols are aligned in
phase and ultimately reduces the peak value of the WHT precoded OFDM signal.

The DCT is a state-of-the-art transform in data compression. It compresses
the input symbols in the first few samples and leaves the rest either zeros or with
negligible values [102]. Therefore, when these compressed data are processed by the
IFFT at the transmitter, they have a lower PAPR as the number of additions of the
input symbols is reduced.

The DHT precoded DFT leads to low complexity X-transform which leads to
an enormous reduction in the number of additions, leading to few additions in the
input symbols and ultimately a reduction in the PAPR.

Fig. 6.1 shows the complementary cumulative density function (CCDF) of the
unitary precoded OFDM system for a diverse of precoders (WHT, DCT, DHT and
DFT) are used, number of subcarriers, N = 1024 and the 16-QAM constellation.

It can be observed from Fig. 6.1 that the DE'T precoded OFDM (SC-FDE) has
the lowest PAPR compared to the WHT, DCT precoded OFDM systems and the
X-OFDM system. This result is acceptable as the SC-FDE is a single carrier, not
multiplexing scheme, where the signal passes to the channel without being accumu-
lated. The X-OFDM can reduce the PAPR by approximately 6 dB at a CCDF value
of 10~ over the conventional OFDM system, 5 dB over the WHT precoded OFDM
and around 2.8 dB over the DCT precoded OFDM system.

When the PAPR reduction is not sufficient to drive the high-power amplifier
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Figure 6.1: PAPR performance of the conventional OFDM and UP-OFDM systems
with precoder matrix WHT, DCT, DHT (X-OFDM) and the DFT (SC-FDE), using
the 16-QAM modulation and N = 1024.

(HPA) in the linear region, amplitude clipping in the OFDM signals which may
lead to a nonlinear attenuation is occurred. Furthermore, as the receiver includes
a precoder in its structure, this attenuation will be further distributed across the
entire spectrum, leading to a degradation in the BER performance as it will be

shown in next sections in this chapter.

6.4 SSPA Model

In multicarrier (MC) communications, in particular the OFDM, the HPA is the
major source that causes nonlinear distortion. The nonlinear distortion arises when
the dynamic range of the input signal is larger than the saturation level of the HPA
as shown in Fig. 6.2. We consider the case that the transmitter is the one that
encompasses the SSPA in its structure. Define input-back-off (IBO) of the HPA,
the operating point of the HPA, as the ratio between the maximum input power to

the average power,

Pmal’

av
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Figure 6.2: Nonlinear characteristics of the SSPA

where P,,., and P,, denote, respectively, the maximum (saturation) power and the

average power of the amplifier. The amplified signal is given as
ﬂk = ukGaH U H, (62)

where G,[| uy |] is the amplifier gain and it is given as [77]

A wy |70l

| ug |

Gall ur [] = (6.3)

where ¢[| uy || represents the amplitude modulation/phase modulation (AM/PM)
conversion of non-linear power amplifier and A,,[| u || represents the amplitude
modulation/amplitude modulation (AM/AM) conversion of non-linear power am-

plifier which is given as

| ug |

1+ (]

Al w [] = (6.4)

In (6.4), Ay is the amplifier input saturation voltage and g is a parameter that
controls the transition smoothness from linear region to saturation region. For an

HPA with small IBO, the saturation level, A, is small. This in turn leads to
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SSPA
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Figure 6.3: Effect of the IBO on the spectrum of the OFDM signal using the SSPA
with N=1024.

amplitude clippings and ultimately BER performance impairment. According to
the above, IBO is a key-factor that defines the dynamic range of the HPA. This
is clearly shown in Fig. 6.3 where it shows that the lower the IBO is, the higher

out-of-band radiation is.

6.5 Transmission performance of the C-OFDM in
the presence of the SSPA

As the SSPA has a dynamic range shorter than that of the OFDM signal, signal
clipping which leads to nonlinear distortion is occurred. The output signal, after the
amplifier, is the sum of a useful amplified replica of the input signal and uncorrelated

nonlinear distortion noise which can be written as [103]

~

u = u+mv,
= nu+7, (6.5)
where 7 is the amplifier attenuation on the useful part and U is the distortion part
of the output signal. The output signal of the amplifier then passes through the
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channel. The channel is a multipath frequency-selective fading channel with L taps,

its impulse response hj; can be written as

L—-1
I =Y hibr—s,, (6.6)
=0

where h; and 7; are the " path channel fading and delay respectively, and L is
the number of paths of the channel. The received signal is a convolution between
the transmitted signal and the multipath channel and corrupted by the AWGN.

Therefore, the received signal is written as
Yk =Tk ® hy, + v, (6.7)

where ® denotes the convolution operation and vy is the AWGN. It follows that the

received signal can be written as

L-1

Y = Zﬂk—nhn -+ V. (68)

n=0

(6.8) can be rewritten in a more expressive way in matrix form as
y = Hyti + v, (6.9)

where y and U are IV, x 1 vectors given as @ = u’ +ju? and y = y! +jy?. In (6.9),
H, is a N; x N; channel convolutional Toeplitz matrix defined in [41] and given in

(3.26). Substituting (6.5) into (6.9) yields

y = Hy(nu+0)+w,
= nHyu+ Hyv + v,

= nHs +Hyv +v. (6.10)

In (6.10), H = HO\IJZTp is an N; x N matrix. The equalized signal after the MMSE

equalizer at the receiver side can be written as

— GMMSE

Y(iq Yy, (611&)

_ GMMSE,Hg + GMMSPH 5 + GMMSFy, (6.11b)
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GMMSE

where is given as

GMMSE — p (E,H"H + o2Iy)'H". (6.12)

At the receiver side, the received data (y,,) is first processed by C-transform as

follows

A

S = Cy,,. (6.13)

Substituting (6.11b) into (6.13) yields

S = CGMMSEpHs + CGMMSEH G + CGMMSEy, (6.14a)

= CGMMSEnHCTS + CGMMSEH 5 + CGMMSEy, (6.14D)

Finally, the recovered transmitted bits are obtained by applying the de-mapping
process on the recovered complex modulated data symbols S.

The noise signal e = S — S is then given as
e = (CGMMSEpHCT — Iy)S + CGMMSEH T + CGMM5Ey, (6.15)

It is obvious that in the absence of the SSPA (n = 1 and © = 0) and for perfect
channel equalization, the first two terms of (6.15) is equal to zero, (CGMMSEnHCT —
In)S + CGMMSEH = 0. However, the SSPA produces these kinds of distortion
even in the case of perfect channel equalization, hence, it causes significant BER

performance degradation unless an external algorithm is used.

6.6 Results and Discussions of the C-OFDM Sys-
tem

Here we will use the same simulation parameters that used in Chapter Three, how-
ever, with the SSPA as a nonlinear source of distortion. To make clear picture about
whether the BER gain comes from the PAPR reduction or from the enhanced diver-
sity of the C-OFDM signal, simulation is run at two stages. Firstly, the simulation
is run over the AWGN channel. As the C-OFDM has no diversity advantages over
the DCT-OFDM and the conventional OFDM when the channel is the AWGN, the
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SNR gain is then only comes from the PAPR reduction. Secondly, the simulation
is run over the I'TU multipath channel where the advantages of signal enhanced

diversity revealed in this case.

6.6.1 Over AWGN Channel

The BER performance of the C-OFDM, DCT-OFDM and the conventional OFDM
systems for the QPSK and the 16-QAM modulations over the AWGN channel is
shown in Figs. 6.4, 6.5 and 6.6 for IBO= 7 dB, 5 dB and 3 dB respectively. It is
obvious that for the case of the QPSK, the SSPA has no noticeable effects on the
performance of the C-OFDM system. However, for the case of the 16-QAM, it can
be seen from Figs. 6.4, 6.5 and 6.6 that although the C-OFDM has lower PAPR
than the DCT-OFDM and the conventional OFDM, the performance of the others
OFDM systems, in the presence of the SSPA| is better than that of the C-OFDM
when the modulation is the 16-QAM. This is because the reduction in the PAPR is
not sufficient to keep the C-OFDM signal within the dynamic range of the amplifier.
However, this is not a problem when the QPSK modulation format is used, or the
16-QAM constellation together with coding technique as it will be shown later in

section 6.7.

6.6.2 Over Multipath Channels

The BER performance of the C-OFDM, DCT-OFDM and the conventional OFDM
over the ITU pedestrian and vehicular channel models for the 16-QAM and the
QPSK modulation is shown in Figs 6.7, 6.8 and 6.9 for IBO=7, 5, and 3 dB respec-
tively. It can be noted that the BER performance of the C-OFDM for the case of
the QPSK modulation is not affected by the nonlinearity distortion of the SSPA.
This is because the costellation points of the QPSK modulation are far enough to
prevent the interference. However, for the case of the 16-QAM modulation, it is
obvious from Figs 6.7, 6.8 and 6.9 that the C-OFDM approximately achieves the
same significant gain as the case when without SSPA when the IBO=7dB. However,
the lower IBO (IBO=5 dB and IBO=3 dB), the sensitivity to the SSPA distortion

1S arose.
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Figure 6.4: BER performance of the C-OFDM, DCT-OFDM and the conven-
tional OFDM systems of the QPSK and 16-QAM modulations with the SSPA of
(IBO=7dB) over the AWGN channel.
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Figure 6.5: BER performance of the C-OFDM, DCT-OFDM and the conven-
tional OFDM systems of the QPSK and 16-QAM modulations with the SSPA of
(IBO=5dB) over the AWGN channel.
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Figure 6.6: BER performance of the C-OFDM, DCT-OFDM and the conven-
tional OFDM systems of the QPSK and 16-QAM modulations with the SSPA of
(IBO=3dB) over the AWGN channel.

6.7 Coded C-OFDM System in the Presence of
the SSPA

In this section we use coding technique to mitigate the sensitivity of the C-OFDM
system to the SSPA nonlinearity when the mapper is the 16-QAM. Convolutional
coding/Viterbi encoding algorithm with a code rate equal to 1/2 is utilized with
the C-OFDM, the DCT-OFDM and the conventional OFDM systems. It is worth
mentioning that there are more efficient coding techniques; however we used the
convolutional coding in this chapter only to demonstrate the effects of coding on the
SSPA distortion on the C-OFDM system. Figs. 6.10(a) and 6.10(b) show the BER
performance of the aforementioned OFDM systems when the IBO of the SSPA is 5
dB and 3 dB respectively. It can be observed from Figs. 6.10(a) and 6.10(b) that
for coded systems, the proposed scheme gains around 10 dB Ej,/N, at 10~* BER
even when the IBO of the SSPA reduced to 3 dB.
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(b) Vehicular IBO=7 dB.
Figure 6.7: BER performance of the C-OFDM, DCT-OFDN, and DFT-OFDM of

the 16-QAM and the QPSK modulations with SSPA of IBO=7 dB over the ITU
channel (a: pedestrian B and b: vehicular A).
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Figure 6.8: BER performance of the C-OFDM, DCT-OFDN, and DFT-OFDM of
the 16-QAM and the QPSK modulations with SSPA of IBO=5 dB over the ITU
channel (a: pedestrian B and b: vehicular A).
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Figure 6.9: BER performance of the C-OFDM, DCT-OFDN, and DFT-OFDM of
the 16-QAM and the QPSK modulations with SSPA of IBO=3 dB over the ITU
channel (a: pedestrian B and b: vehicular A).
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Figure 6.10: BER performances of uncoded/coded proposed C-OFDM, DCT-OFDM
and DFT-OFDM systems in the presence of SSPA over ITU class A vehicular channel
for 16-QAM modulation formats (a: IBO=5 dB and b: IBO=3 dB).
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6.8 Performance Analysis of the UP-OFDM in
the Presence of the SSPA

In precoded OFDM systems, the information symbols are first processed by the
unitary precoder Py, n as

r=PS, (6.16)

where S = [Sp, S1,---,Sy_1]7, is the information symbols that are drawn from
the modulator and (.)7 is the transpose operation. The produced symbol is then

processed by the inverse FFT (IFFT) as

i

- 2mkn

Sy = rpel N (k=0,1,2,...,. N —1). (6.17)

Bl

3
Il
o

A guard interval represented by a cyclic prefix (CP), which is a copy of last N,
samples of s is appended to the beginning to mitigate the intersymbol interference

(ISI). From (6.17), s can be written as

1 s 2TTRZ 1 - ZTTRT
5 = S rel Ny TR (6.18)

VN

Let g, = Z](V;(l)) r.el”%° and substitute (6.18) into (6.2) yields

z#n

1
vV N
]_ - 2mwkn ]_ - 2mwkn
Up = (gk + —=rpe? N ) Gy || + —=1ne’ N
v N ) v N

1 s ZTTRTY
= gkGa {ng + =l N }

VN

1 . 2kn - 2mkn
+ _Tnejzj\lf G, @gk + _7ﬂnej2]\]7C |:| : (619)

It is clear that uy in (6.19) consists of two terms, the first term is an amplified version
of N —1 statistically independent symbols that have been accumulated by the IFFT
at the transmitter, while the second term is the symbol to be detected after the
FFT at the receiver. In the case of the OFDM, the first term of (6.19) is much
higher than the second term which leads to significant distortion. Regarding the
SC-FDE, the first term, g, of (6.19) is equal to zero due to the information symbol

at the transmitter is not multiplexed with other symbols. The received signal at the
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receiver side is then given as
Yk = wp ® hy + v, (6.20)

where v is the AWGN with zero mean and variance 02 = E {|uvz|?}, E{.} denotes
the expectation operation and ® represents a convolution process. At the receiver
side, the CP extension is discarded from the received signal, hence, the resulting

signal after the FFT can be written as

1 = A
Yn - ykej%;vn
7F 2
= U, +Q,, (6.21)

-27Tne

where H, = Y22 he "%, (0 < n < N —1) is the channel transfer function

corresponding to the n* subchannel, ©,, is the frequency domain representation of

the AWGN, v, and U,, can be written from (6.19) as

N-1
1  2mnk

Up,=—= E ue 7N (n=0,1,2,.., N —1). (6.22)
VNS

Substitute (6.19) into (6.22) yields

1 = 1
Un = T = (gk_'__rnej%;k)
VN — VN

1 - 27nk - 27nk
G, + —r,el N } el N 6.23
Lo+ e (6.29)

Using the following equality

1 j2ﬂnk _j2wkn 1
lgx + \/_Nrne N = |greT N+ \/—NTH» (6.24)
(6.23) will be written as
N-1
1 - 2mkn 1 2nnk
U = —= ) 9Ga [nge_] N +—7’n\] el N
VN ‘= VN
N-1
]_ 2mkn ].
+ N .Gy {\gke I +\/—N7’n!] (6.25)
k=0
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where e ¢J*%" = 1. After some manipulations, (6.25) can be rewritten in

compact form as

Ty 1 1
U, = ) G {I—rn + e I] + —=
Nz TLVN VN
N-1 1
2nnk -2mnk
9rGa |:|_T'n, +gre”? N |] el N, (6.26)
par VN
Let Vot
— G 1 -2mnk
5= 3 5 [l o (621
o N LVN
is the amplifier amplitude distortion, and
Z 9kGa [ et gre N |} eI (6.28)

is the SSPA nonlinear distortion noise. Therefore, (6.26) can be rewritten as
U, = Grp + £,. (6.29)

Substituting (6.29) into Y, in (6.21) and considering the minimum mean-squared

error (MMSE) equalization, the equalized signal, 7, is then given as

E,| H, |? EH>
A

Q, 6.30
E, Hn‘2+0'2+ "E,| H, |2 402’ (6:30)

*

where (.)* is the conjugate operation. The received signal after the inverse of the

precoder can be written as

S; L
297 M, ,2+1+Z To | By PP+

2

+ ’—, (6.31)
2
— s | Hy [* +1

where p;,, is the i row, n'" column element of the precoder matrix and . is the

signal-to-noise ratio (SNR) per symbol. It follows that, after some algebra, the error
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e; = ¢; — S; is given as

N-1

pz’,n’}/s | Hn |2 (9 - 1) o Z

N-1
+ Ln

n=0

Sipi,n

N-1
4 Vs | H, ’2 +1

n

€, =
n=0

pi,nf)/s | Hn ’2 — pz,nQnﬂysH;

- - 6.32
W H LT 25 P (0:32)

One can notice that the first and third terms on the right-hand-side (RHS) of
(6.32) are SSPA noise made. For the case of conventional OFDM, £9FPM g very
high as N — 1 OFDM samples are involved in constructing giz. For the case of
SC-FDE, £5¢~FPE = () as g, = 0 and for the case of P = DHT, £VF-0FPM
LOFPM a5 it involves much lower PAPR. Therefore, BER performance of the SC-
FDE scheme is the best in the presence of the SSPA as it is single carrier technique.
On other hand, the BER performance of the DHT precoded OFDM is better than

the conventional OFDM system.

6.9 Results and Discussions

In our simulation, number of subcarriers N = 1024, length of the cyclic prefix
CP = % and 16-QAM modulation format is used. SSPA high power amplifier is
utilized at the transmitter side after adding the cyclic prefix as a nonlinear source
of distortion. To separate the diversity gain from the gain that comes from PAPR
reduction, simulation is performed in two stages. Firstly, BER performance over
AWGN channel where the gain only comes from PAPR reduction as there is no
diversity benefit from using precoders over AWGN channel and secondly, the BER

performance over ITU vehicular A channel.

6.9.1 Over AWGN Channel

Figs. 6.11, 6.12 and 6.13 show the BER performance of the UP-OFDM with WHT,
DCT, DHT and FFT precoders for the 16-QAM modulation and IBO=7 dB, 5
dB and 3 dB respectively. It can be seen that the UP-OFDM achieved the best
BER performance when the precorer P=DFT (SC-FDE). This is expected result
as the SC-FDE is single carried system and the PAPR problem is only occurred in
multicarrier (MC) systems. Among the MC systems, when P=DHT leads to the
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Figure 6.11: BER performance of the DFT (SC-FDE), DHT (X-OFDM), DCT,
WHT precoded OFDM and the conventional OFDM for the 16-QAM modulation
with the SSPA (IBO=7 dB) over the AWGN channel.

best performance as it has the lowest PAPR that nearly keep dynamic range of
the OFDM signal within the linear region of the power amplifier. When P=WHT
or DCT, the BER performance has worse BER performance than the conventional
OFDM despite they reduce the PAPR for a certain levels. In Fig. 6.12 when the
IBO=5 dB, the conventional OFDM can achieve reasonable performance. However,
this performance become completely unreliable when the IBO reduced to 3 dB as

shown in Fig. 6.13.

6.9.2 Over Multipath Channels

We have explained in section 6.6.2 for the C-OFDM that the unitary precoded
system is not sensible or with negligible sensitivity to the nonlinear distortion when
the constellation is the QPSK. However, the high level modulation schemes such as
the 16-QAM is used, the sensitivity to the SSPA distortion arose which is the same
case for the UP-OFDM.

For the case of the 16-QAM modulation, the BER performance of the UP-OFDM
system with different precoders and channel models are shown in Figs. 6.14, 6.15

and 6.16 for IBO= 7dB, 5dB and 3dB respectively. It is obvious from all these figures
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Figure 6.12: BER performance of the DFT (SC-FDE), DHT (X-OFDM), DCT,
WHT precoded OFDM and the conventional OFDM for the 16-QAM modulation
with the SSPA (IBO=5 dB) over the AWGN channel.
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Figure 6.13: BER performance of the DFT (SC-FDE), DHT (X-OFDM), DCT,
WHT precoded OFDM and the conventional OFDM for the 16-QAM modulation
with the SSPA (IBO=3 dB) over the AWGN channel.
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that the sensitivity of the UP-OFDM to the SSPA nonlinear distortion depends on
the type of the unitary transform (precoder) in used. Although the WHT and DCT
precoded OFDM have lower PAPR than the conventional OFDM, their performances
are more sensitive to the clippings than the conventional OFDM and can have a
worse BER performance especially when the SSPA has lower IBO. On the other
hand, as the DHT achieves relatively more PAPR reduction that keep the signal
within the linear region of the SSPA, it can achieve the same performance as the
SC-FDE and still satisfy the valuable improvement in BER performance over the
conventional OFDM.

It can also notice from Fig 6.14 that for the case when the IBO is 7 dB, the
UP-OFDM systems can still achieve significant SNR gain (around 14 dB) over the
conventional OFDM at 10~* BER. However, the performances of different precoders
become more distinguishable at and below 107> BER. When the the IBO of the
SSPA is reduced to 5 dB, the WHT and DCT precoded OFDM move a part from
the X-OFDM and SC-FDE at 1072 and become flooring at 10~* BER as shown
in Fig. 6.15. When the IBO further reduced to 3 dB as in Fig. 6.15, the BER
performance of the X-OFDM and SC-FDE still achieve important SNR gain in
comparison to the conventional OFDM whereas the BER performance of WHT and
DCT precoded OFDM become even worse than the conventional OFDM.

6.9.3 Coded UP-OFDM over the Multipath Channel

In this section, a convolutional coding/Viterbi encoding algorithm with a 1/2 code
rate is used to mitigate the effects of the SSPA on the BER performance of the UP-
OFDM. Fig. 6.17 (6.17(a) for IBO=5 dB and 6.17(b) for IBO=3 dB) depicts that,
for coded UP-OFDM systems, all P=DFT, DHT, DCT and WHT have identical
BER performance, achieving approximately 13 dB signal-to-noise ratio (SNR) gain
over the conventional coded OFDM at 10~ BER. The coding technique is so efficient
that it mitigates the effects of clipping distortion on the DCT and the WHT precoded
OFDM and maintains their advantages even in the presence of the SSPA with IBO=3
dB.
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Figure 6.14: BER performance of the DFT (SC-FDE), DHT (X-OFDM), DCT,
WHT precoded OFDM and the conventional OFDM for the 16-QAM modulation
with the SSPA of IBO=7 dB over the ITU channel (a: Pedestrian B and b: Vehicular
A).

152



6.9 Results and Discussions

—f—— P=DCT

—©6— Conventional OFDM
—&— P=DHT (X-OFDM)
—— P=WHT

..............................

—p— P=DFT (SC-FDE)

o
IEg 10 ¢
10°F
10°F
1076 I I
0 5 10 15 20 25 30 35
Eb/NO (dB)
(a) Pedestrian IBO=5 dB.
100 B LR I LI R BN I
—p— P=DFT (SC-FDE)
‘ —&— P=DHT (X-OFDM)
4 —— P=DCT
10 444444444 P=WHT 4
............................. —©— Conventional OFDM
107}
14 -3
u 10

...............................................

T T T T T S P >

T |

15 20
Eb/NO (dB)

35

(b) Vehicular IBO=5 dB.

Figure 6.15: BER performance of the DFT (SC-FDE), DHT (X-OFDM), DCT,
WHT precoded OFDM and the conventional OFDM for the 16-QAM modulation
with the SSPA of IBO=5 dB over the ITU channel (a: Pedestrian B and b: Vehicular

A).
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Figure 6.16: BER performance of the DFT (SC-FDE), DHT (X-OFDM), DCT,
WHT precoded OFDM and the conventional OFDM for the 16-QAM modulation
with the SSPA of IBO=3 dB over the ITU channel (a: Pedestrian B and b: Vehicular

A).
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Figure 6.17: BER performances of the coded DFT (SC-FDE), DHT (X-OFDM),
DCT, WHT precoded OFDM and the conventional OFDM for the 16-QAM mod-
ulation with the SSPA over the ITU class A vehicular channel for the 16-QAM
modulation (a: IBO=5 dB and b: IBO=3 dB).
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6.10 Conclusion

In this chapter, the effects of the SSPA nonlinearities on the BER performance of
the C-OFDM and a unitary precoded UP-OFDM system have been demonstrated
and treated. A comparison of different unitary precoders such as WHT, DCT, DHT
and DF'T has been conducted in the presence of the SSPA with different IBOs. The
main conclusion that can be drawn from this chapter is that using unitary channel
independent precoders can enhance the diversity and reduce the PAPR but might
lead to high sensitivity to nonlinear distortion. When the 16-QAM modulation is
used, some unitary precoders such as the WHT and the DCT caused problems in
the presence of the SSPA, while the DHT (X-OFDM) proved to have a robustness
against the nonlinear distortion. A forward error coding scheme was found to be
efficient in mitigating the precoding systems’ sensitivity to the SSPA distortion
where the coded UP-OFDM has the same performance for all P=the DHT (X-
OFDM), DFT (SC-FDE), DCT and the WHT.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

Equipping a transceiver of the OFDM system with a properly designed precoder
has attracted much research attention in the last decade. In particular, the uni-
tary channel independent precoders, where no CSI is required at the transmitter,
is found to be efficient in improving the OFDM systems. The advantage of such a
combination is its robustness against multipath channels, where it was shown that
the system BER performance can be improved when such precoders are added to
the transceiver of the OFDM system. These precoders were also found to reduce the
PAPR of the OFDM signal to certain levels depending on the precoder type. How-
ever, the problem is that they are complex and require more hardware, because the
precoder and the modulation transform are presented separately. Moreover, in the
past, the emphasis was only on the BER and PAPR reduction with no investigation
into the extent to which this PAPR reduction can affect positively or negatively the
system performance in the presence of high power amplifiers (HPAs).

The motivation behind this research was to produce new OFDM systems based
on low complexity orthogonal transforms to reduce the complexity of the modulation
scheme. Two different schemes were produced: OFDM based on real trigonometric
transform, and OFDM based on very low complexity X-transform. It also investi-
gates the performance of both systems in the presence of SSPAs.

In this thesis, two new OFDM schemes based on two different unitary transforms
was introduced. These two schemes are named C-OFDM and X-OFDM schemes.

both of these proposed schemes utilize the same princible, channel independent
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precoder, to combine the data symbols in frequency domain to increase the diversity.

Each one of the proposed scheme was found to have some different characteristics
than the other. As the C-OFDM system is based on a real transform, thus it can
avoid the I/Q imbalance when the data symbols are real. It can also avoid the
Hermitian constraint on the input data when it is applied on baseband transmission
such as the DMT. Furthermore, the proposed C-OFDM achieved about 10 dB SNR
gain at 10~* BER in comparison to the DFT-OFDM and the DCT-OFDM systems.
It also reduced the PAPR by about 1 dB. Despite the superiority of the C-OFDM in
the aforementioned scenarios, the single tap equaliser, same as that for DF'T-OFDM,
may not be applicable in the case of the C-OFDM.

The second scheme was based on low complexity unitary X-transform which
involves complex elements in its matrix structure. The X-OFDM scheme enables
single tap equalizer exactly the same as the one used for the DFT-OFDM. It achieved
about 15 dB SNR gain at 10~* BER in comparison to the DFT-OFDM. Furthermore,
it reduced the average PAPR by about 6 dB.

The X-transform was utilized in implementation of the transmitter of the ST-
OFDM system instead of the traditional FFT. To significantly reduce the transmitter
complexity, the ST encoder has performed after the IFFT, and both the DHT and
the IFFT were merged into a single unitary low complexity X-transform. It has
been shown mathematically and by computer simulation over an ITU multipath
frequency-selective fading channel that the proposed ST-X-OFDM achieved valuable
SNR gain in comparison to conventional ST-OFDM.

The effects of the SSPA non-linearities on the BER performance of a unitary
precoded OFDM (UP-OFDM) system have been demonstrated and treated. A com-
parison of different unitary precoders such as WHT, DCT, DHT and the DFT has
been conducted in the presence of the SSPA with different IBOs. Using unitary
channel independent precoders can enhance the diversity and reduce the PAPR,
however, this might lead to high sensitivity to nonlinear distortion. When the 16-
QAM modulation is used, some unitary precoders such as the WHT and the DCT
caused problems in the presence of the SSPA, while others such as the DFT and the
DHT proved to have a robustness against the nonlinear distortion. A forward error
coding scheme was found to be efficient in mitigating the precoding systems’ sensi-

tivity to the SSPA distortion where the coded UP-OFDM has the same performance
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for all precoders (DFT, DHT, DCT and the WHT).

7.2 Future Work

e The C-OFDM system may be implemented with a single-tap equalizer by

finding a way to implement the convolution in the DCT domain.

e Examine the C-OFDM scheme to manage the optical communications. Inves-
tigating the C-OFDM application in optical communication is worthwhile as
the C-transform is real transform, hence, requiring no Hermitian constraint
condition on the data symbols. Moreover, utilizing the C-transform in opti-
cal communications is expected to improve the BER performance due to the

signal diversity enhancement.

e Examine the applications of the X-OFDM scheme to manage different kinds of
widespread communications. These include investigating the implementation
of the X-OFDM system in cooperative technology with different protocols to
highlight the validity of the X-OFDM system in this widespread scheme. The
proposed X-OFDM systems might also be implemented in optical communi-
cations system which is expected to achieve good performance. This research
project concentrated primarily on point-to-point (single user) communication,
therefore it is quite helpful if the application of the proposed schemes in mul-
tiuser uplink and downlink schemes are also investigated. Finally, investigating
the validity of the proposed schemes with different kinds of power amplifiers
such as the travelling wave tube amplifiers (TWTA) which is mainly used in
satellite communications to give a validity of the proposed schemes in satellite

communications.

e Impulse noise is a serious source of distortion that occurs in power line commu-
nications. Therefore, it will be worth examining the proposed C-OFDM and
X-OFDM systems when such kinds of noise occur to extend the application of

the proposed schemes in this thesis.

e The equalization of the X-OFDM system may be implemented in Hartley

domain that enables the X-transform to be utilized in the receiver side which
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could reduce the receiver complexity enormously without the necessity to time-

domain equalizer.

e Among all this thesis work the channel state information (CSI) is assumed to
be perfectly known channel, therefore, the case when the CSI is not known at

the receiver needs to be studied.

e The proposed schemes might also be implemented in hardware by using the

field-programmable gate array (FPGA).
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51 (PLC) [4]-[5]. In spite of the success of the conventional OFDM system which is based on discrete Fourier
52
gi transform (DFT) as a modulation technique in many fields of applications and standards, the diversity
55
rovided by uncoded OFDM system is still not adequate to mitigate the dispersive effects of severe hostile
56 p y y cq g P
57
58 channels. This can be attributed to the whole bit-error-rate (BER) performance dominated by the subcarrier
59
60 with the smallest signal energy per bit to noise ratio £, /N, [6]-[7] leading to a poor performance over
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channels with narrowband deep notches spectral. Therefore, uncoded DFT-OFDM systems can not prevails.
Furthermore, its high peak-to-average power ration (PAPR) is considered as one of the major obstacles
to the design of a reliable OFDM system. As a result, several techniques have been proposed to reduce
the high PAPR within the OFDM systems including amplitude clipping, partial transmit sequence (PTS)
and selective-mapping (SLM) [8]-[9]. Their complexity, however, is relatively high as only one of several
generated sequences is used for transmission. On the other hand, some research have been conducted with
the aim to improve the transmission of OFDM systems by using discrete Hartley transform (DHT) [10]-
[14], discrete cosine transform (DCT) [15]-[18] or a precoder. The technique of using different unitary
transforms as a channel independent precoder to improve the BER performance of OFDM systems was
demonstrated in [19] claiming that the Walsh-Hadamard transform (WHT) is one of the transforms that can
achieve optimum BER performance. Further investigation regarding the WHT precoded OFDM shows that
it does not only improve the BER performance [20] but also reduce the PAPR [21]. The PAPR reduction,
however, is poor and has relatively high complexity.

In this paper, a new very low complexity X transform which combines the effects of the DHT and the DFT
transforms is proposed to produce a new X-OFDM system. The proposed system has the same complexity
of single one-tap equalizer and meets the desired features of the DFT-OFDM system without its main
drawbacks. The proposed X-OFDM system exploits the channel diversity and achieves significant E, /N,
gain over the conventional MC-OFDM systems. Moreover, the proposed scheme significantly mitigates
the PAPR problem that affects the DFT-OFDM system.

The BER performance of the proposed scheme is evaluated theoretically and by computer simulation in this
paper over international telecommunication union (ITU) channel for both quadrature phase-shift keying
(QPSK) and 16 quadrature amplitude modulation (16QAM) formats. Additionally, the BER performance
of the proposed scheme in the presence of solid state power amplifier (SSPA) with different input-
backoff (IBO) is investigated in this work and compared with the conventional DFT-OFDM system.
The effect of carrier frequency offset (CFO) that arises from frequency mismatch of the transceivers local

oscillators on the proposed system is also evaluated and compared with the DFT-OFDM system, when
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both no synchronization algorithm is applied and when utilizing the Morelli and Mengali (M&M) [22]
synchronization algorithm. Furthermore, the PAPR of the proposed system is also evaluated in this paper
and compared with the PAPR of the DFT-OFDM. The proposed system, for the case of the minimum
mean-square error (MMSE) detection, is found to be far more resilient to the multipath environment and to
achieve about 15dB in E,/Ny at 10~ BER in comparison with the conventional DFT-OFDM system. This
is attributed to the fact that the individual bit power is distributed over the whole frequency spectrum using
the DHT while this phenomenon does not occur in the DFT-OFDM systems counterpart. Furthermore, the
proposed transform reduces the PAPR value by approximately 6d5 over the DFT-OFDM system owing
to the reduction in the superposition of the input symbols which perform each OFDM output sample from
N to two. The superiority of the proposed system in BER performance is evident even in the presence of
the CFO that comes from local oscillators mismatch at the transmitter and the receiver when a frequency
synchronization algorithm is performed.

The rest of this paper is organized as follows: Section II lays out the arithmetic dimensions of the proposed
X transform. The computational complexity of the X transform is introduced in section III. Theoretical
analysis of the BER performance of the proposed X-OFDM system over a multipath fading channels for
the ZF and MMSE detection is introduced in section I'V. Section V demonstrates the system performance
in the presence of the HPA, whilst system performance in the presence of the CFO is presented in section
VL. Section VII is devoted to the PAPR. Simulation results and discussions are presented in section VIII.

Finally, the conclusions are drawn out in section IX.

A. Notations and Preliminaries

1) : The term X-OFDM and DFT-OFDM are referred to our proposed OFDM system and the
conventional OFDM system respectively.
2) : The Notation A is used to represent the N x N Hartley matrix while the notation F represents

an N x N Fourier matrix and their elements are respectively given as:

2mnm . 2mnm

1
rr,n:m:ﬁcos( 7 ) + sin( 7 ) (D)

4 4
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3) : ()" and ()™ denote the transpose and Hermitian operations respectively.

fom = @

4) : The notation Iy represents the NV x N identity matrix.

5) : The function E[z] denotes the expected value of random variable .

II. TRANSFORM ANALYSIS

Let us consider the complex data symbols that are uniformly drawn from a specific constellation such as
M-array quadrature amplitude modulation (M-QAM) or quadrature phase-shift keying (QPSK) are divided
into blocks of size N. Each sequence 8* =[S, 1, ..., Sy_1] modulates N orthogonal subcarriers by using
the DHT. It is well known that the DHT is an orthogonal real valued transform with identical forward

and inverse matrices. The output modulated sequence r’ = [ry, 7y, ..., 7y_1] is then given as

=5 Zﬁum m (?7,:0,1,2,,,,‘]\7—1) (3)

m=0

where a,, ,, represents the ng, row my, column elements of the Hartley matrix A. Equation (3) can be

rewritten based on the basic definition of A as

N-1
1 enm
ru:_ﬁ§ S [cas(—ﬁ;m)] (n=0,1,2,..,N—1) @)
m=0 =

In (4), cas(*™2™) = cos(¥2™) + sin(2%™). It follows that the output samples r,, (0 < n < N —1) are
processed by the IFFT in order to increase the diversity. The resulting signal st = (50,81, ..., Sn—1] I8 @

compound signal and can be expressed as

s = W Z rae ¥ (k=0,1,2,..,N 1) (5)
' n=0
Substituting Eq. (4) into (5) yields
S e 2:rrnm uk
S = ]V Z Z JSm ar; " (6)
n=0 m=0

by using trigonometric identities, (6) can be rewritten as
- N-1

s = NZ&,”Z [cmz—(m k) +

m=0 n=I(

27m(m + k)] + j=]cos i(i“n —k)—

N N+ igleos g

cos 2%(777 + k)] )]

!
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Equation (7) can be rewritten in more expressive form as

N-1
Sp = Z B (B=01.2.N=1) ®)

m=0

where X, is the ky, (0 < k< N —1), row and the my, (0 < m < N — 1) column element of the X"

(inverse X transform (IXT)). In matrix form, (8) can be rewritten as
s = Xi8 9)

where S is N x 1 vector. From (7) one can notice the following: X;,, = 1 when k = m =1 or
k=m=2%, Xym=1+7j; whenk =m and Xy, = 1 — j3 when k= N —m and X, = 0 elsewhere,

The inverse X transform can be expressed as

2 0 0 0 0 0 0
0 1451 0 0 0 0 1—71
0 0 14451 0 0 1—431 0
] 0 0 0 . 0 0
Xt=_ 0 2 0 (10)
2 .
0 0 1—351 0.0 14451 0 :
0 0 1—351 0 0 1+41 0
0 1-41 0 0 0 0 1441}
while the forward X transform is given as
2 0 0 0 0 0 0
0 1-351 0 0 0 0 1+l
0 0 1—j1 0 0 1441 0
I 0 0 0 : 0 0
. 0 2 0
X ; (1D
: 0 0 14351 0.0 1—341 0 :
0 0 14451 0 0 1—41 0
0 1+451 0 0 0 0 1—j1]
and for more illustration, both X* and X are given for V=8 in (12) and (13) respectively as
2 0 0 0 0 0 0 0 7
0 1+351 0 0o 0 0 0 1-41
0 0 1+451 0 0 0 1-431 0
g L]0 0 0 1431 01-71 0 0
H_ —
X300 0 0o 0 2 o 0o o (12)
0 0 0 1-431 0 1441 0 0
0 0 1-41 0 0 0 1+41 0
0 1—41 0 0 0 0 0 1431}
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2 0 0 0 0 0 0 07
01-j1 0 0 0 0 0 145
0 0 1-41 0 0 0 1441 0
tlo 0 0 1-j10 1441 0 0
=310 o o0 0© 2 0 0 0 (13)
0 0 0 14410 1-j1 0 0
0 0 1451 0 0 0 1-j1 0
014j1 0 0 0 0 0 1-j

III. COMPLEXITY ANALY SIS AND COMPARISON

This section evaluates the number of arithmetic operations of the proposed X transform and compare
them with those of FFT and FHT-FFT transforms based on fast algorithms.

A. X Transform

7 - '3
The X transform includes N

units. Each single multiplication of complex data = + jy by 1+ j1
equals to (z —y) + j(x +y), that means it involves 2 real additions (R,). Thus, the complexity of the
direct implementation of the X transform can be given as

A = a(0.5)(1+ j1) + b(0.5)(1 - j1)

= 0.5(a+b) — jO.5(b— a) (14)

B = a{0.5)(1 = 41) +b(0.5)(1 + 51)
= 0.5(a+0b)+j0.5(b— a) (15)
By ignoring the multiplication by (.5, each unit includes 4 complex additions (C,) that gives 8 Ra per
unit. Then the overall complexity is given as
Ry =4(N -2) (16)
B. FFT
Considering the fact that each complex multiplication involves 4 real multiplications (Ry;) and two real
additions (R,) or 3 real multiplications and 3 real additions, and each complex addition is equivalent to
two real additions. The arithmetic complexity of the FFT, based on single butterfly and 4/2 implementation
is given as:

Ry = 2N logy, N (17)
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TABLE I
COMPARISON BASED ON REAL ARITHMETIC OPERATIONS OF THE PROPOSED X TRANSFORM AND OTHER
TRANSFORMS THAT USED IN OFDM SYSTEMS UNDER COMPLEX CONSTELLATION CONSIDERATION

N XT FFT FHT-FFT
Ra | Bu| Ro Ra Rm Ro R Rwm Ho

32 120 0 120 480 320 800 960 640 1600

64 248 0 248 1152 768 1920 2304 1536 3840
128 504 0 504 2688 1792 4480 5376 3584 8960
256 | 1016 | 0 1016 6144 | 4096 | 10240 | 12288 8192 | 20480
512 | 2040 | 0 2040 | 13824 | 9216 | 23040 | 27648 | 18432 | 46080
1024 | 4088 | 0 | 4088 | 30720 | 20480 | 51200 | 61440 | 40960 | 102400
2048 | 8184 | O 8184 | 67584 | 45056 | 112640 | 135168 | 90112 | 225280
4096 | 16376 | 0 | 16376 | 147456 | 98304 | 245760 | 294912 | 196608 | 491520

Ry =3Nlog, N (18)

C. FHT-FFT

The arithmetic complexity of the radix-2 fast Hartley transform (FHT) based on single butterfly

implementation is given as

By = Nlog, N (19)
3
B = iN logy, N (20)

and for data that are drawn from complex constellation, FHT should be calculated twice, one for the
real part and the other for the imaginary part of a complex information. Consequently, the arithmetic
operations of FHT-FFT will be 2 times of (19) and (20) in addition to the arithmetic operations of FFT

given in (17) and (18), so the overall arithmetic operations are given as:

Ry =4Nlog, N (21)

Ry =6Nlog, N (22)

Table I shows the computational complexity for the X, FFT and FHT-FFT transforms for different
transform sizes IV, and when the information data are considered to be drawn from a complex constellation.
It is clear that the direct implementation of the X transform involves no multiplications at all and much less

additions than both the FFT and FHT-FFT. Hence the X transform is faster than the FFT and FHT-FFT.
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IV. THEORETICAL ANALYSIS OF BER PERFORMANCE OVER MULTIPATH CHANNEL

The system blocks diagram is shown in Fig. I. Consider block by block transmission where the
information symbols are divided into blocks, each of length N. These symbols modulate N subcarriers
by the mean of inverse X transform as it has been given in (9). Then a cyclic prefix (CP) of length G
samples, must be no less than the maximum excess delay of the multipath channel, is then appended to
the OFDM signal to prevent the inter-symbol interference (ISI). It follows that the received signal after
being passed through a multipath frequency-selective fading channel of L+1 taps (h, =0,¥ L <k <0)

and corrupted by additive white Gaussian noise (AWGN) w is given as [23]

L
Uk = Z sy +wi (23)
1=0
the received signal y; is then processed by the FFT transform and the produced signal can be written as
1 N-1 n
Yo = =Y melF +Q,
7 L

1 22 N-1 "
= j2mnik—l) _s2nnk
= wEL {Z hu { o Tnff’VH L
=0 Li=0

n=0

L
= Y e 1,
=0
= T"Hn—i—ﬂil (TL: 011‘21“'117\'7_ 1) (24)

2xnl
q

In (24), 2, is the frequency domain representation of AWGN (w,) and H, = Ef: g Jye 7N

L(0<n<
N —1) is the channel transfer function corresponding to the ny;, subchannel. The channel equalization
is performed in the frequency domain after the FFT and before the DHT transform by applying either
minimum mean-square error (MMSE) or zero-forcing (ZF) equalizer as shown in Fig. 1. Unlike the
conventional DFT-OFDM system where the channel equalization and data detection are performed in the
same domain (frequency domain), in our proposed X-OFDM system, the channel equalization and data
detection are implemented in different domains. This difference in domains of the data detection leads to
an interesting properties of the proposed scheme as it will be shown later in this work. In this work we
will emphasise the BER derivation of the proposed X-OFDM system for 16QAM and QPSK modulation

formats and for the ZF and MMSE equalizers. However, our derivation is still valid for other modulation
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formats.

The BER for QPSK and 16QAM modulation formats are given in [24] respectively as:
PPSK = Q(y/B,) (25)

Eiea = 2@( =) (26)

Hence, to evaluate the BER performance, the signal energy-to-noise power ratio (J,) at the receiver side
after the equalization should be evaluated. Inspired by the approach in [19], the BER performance of our
proposed X-OFDM system is evaluated in the next subsections for a multipath fading channels and for
both the QPSK and 16QAM constellations.

The channel effects on the received signal in (24) has to be removed, this can be achieved using either

ZF or MMSE equalizer as follows

A. Zero-Forcing Equalizer

The ZF equalizer can be achieved by simply dividing each individual sample of the received vector Y,
in the frequency domain by the corresponding value of the channel transfer function H,, as
Y
T — =rn
Hﬂ
= Tatéa 27

where &, = 2—: represents the amplified noise part. Substituting (3) into (27) yields

N-1

Fa= 3 OnmiSm + o (28)

m=0

It follows that the equalized signal 7, is then processed by mean of the discrete Hartley transform A as

follows

N-1
qzl‘u = Z ai.u:’n‘n (? = 05 1, 21 oy N = 1) (29)

n=0

This in turn leads to the following

N-1 N-1 N-1
ngﬁ = Z n’i.n(z an.mSm) + Z n’i.ngn (2 = 0~ ]-~ 2~ gy IV - 1) (30)
n=0 m=0 n=0
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Owing to the orthogonality property of the DHT, a;,, % anm equal to 1 when m =i and zero elsewhere,

the first term of (30) equals to .S; and (30) can be rewritten as

¢ =S+ (31)

N-1

where ée = En:f) aLnEn-
The total error signal which is the difference between the encoded symbols and the detected symbols

e; = ¢ — S; can be written as

ZF -
€ = Ez

N-1
= Z ai.n&n

n=0
N-1

= ) an (E—) (32)

n=0

Thus, the signal to noise ratio will be given as

= _' (33a)
E[S:S;]

" EF

E,
- (33¢)

2
Gng a

(33b)

where E, is the symbol power, equals to 4L for the case of 16QAM whilst it is equal to 2E}, for the

case of QPSK and o7 is the noise power and it is given as

N-1

1
O'izp =Ny Z ‘”i.n‘zm (34)

n=0
Substituting (34) into (33c) yields

B2 = (35)
Zn:ﬂ ‘n‘!\"| |Hy |2

L is the signal power ( in terms of symbol ) to noise ratio. By substituting (35) into (25)

where 7, = N,

and (26), the BER performances for QPSK and 16QAM modulation formats are given as:

-

N
1 Yo
PAPSK .~ § Ql | =) Y
€ W=
N i=1 ZTJ!:O ‘(LL"P‘H{"Z
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o I

4N <
i=1

- ) (37)

5 nco [Ginl2

It can be seen from (35) that for the proposed X-OFDM system, the SNR of each individual subcarrier,
37F depends on the average of the channel transfer function. In other words, the effects of the subchannel
with a deep notch will be distributed over the other subchannels. In case of the conventional OFDM system,
only the symbols that correspond to deep notches subchannels will be affected independently from the
other subchannels. This could be considered as an advantage for the DFT-OFDM system over the proposed
X-OFDM system when the ZF equalizer is used where greatly attenuated subchannel (H,, =~ 0) will affect
the whole system performance. However, the performance of our proposed system is far superior than that

of the DFT-OFDM system in the case of the MMSE detection as will be explained in the next section.
B. Minimum Mean-Square-Error Equalizer

The MMSE equalizer, A,,, is defined as

E.Hx
A = 7 n
! Es ‘ Hu ‘2 +‘NTO
~ . H*
/s
= 38
T W H P (9
It follows that the equalized signal is given as
T:T! = T‘TLHTLATL + (ZTLATI (39)
substituting (3) into (39) yields
N-1
Ba= Y GamSmHnls + 004, (40)
m=0

This equalized signal is then processed by the DHT transform to detect the encoded symbols which are

given as
N-1 N-1 N-1
MMSE ol
Qi — Z n{,n(z an.m‘SmHnAn) + Z ai.nQnAn (41)
n=(0 m=0 n=0

Similar to the case of the ZF equalizer, due to the orthogonality property of the DHT transform, the first

term of (41) can be simplified to Z:;nl S;H,A, and Eq. (41) can be rewritten as

N-1 N-1

MMSE 4 At'.a‘|Hn‘2
i = ‘Sii + n‘é.uQuAn (42)
: 2 S et )
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The error signal is then calculated as the difference between the transmitted and the received data symbols,

eMMSE — oMMSE _ g and can be written as

i

N-1 N-1
MMSE ~
€; = Z biHnAn = S‘E + Z n'é:nQnAn

n=0 n=(
N-1 N-1
= Z [HTLAH - 1}‘5‘4 + Z (Li,ﬂQnAn {43)
n=0 n=0
In (43), H, A, — 1= m_—w Thus Eq. (43) can be rewritten as
I\HUQJ':, S‘ Nzl =], + NZI a:. 0 Hﬁ (4_4)
=0 1+’:'s Hn|2 - ”1+ /5|Hn|

Since the DHT is a unitary transform, it does not affect the calculation of the power (Zfz_nl i, [>=1).
In other words, all S, r and s have the same average power £ and as the data symbols and the AWGN

are statistically independent, the noise power of the 7y, subchannel is then expressed as

2 MMSE |2
U,H;\-{,\-ISE = E“f’ H

N-1

= Z‘””‘ 7+Z\ ”,\ZM
Vs | HN| ] [ fs‘Hn‘ }

n=(0

N J
- Z \n.g.n\ S Z| i Ln\ﬂ
+ /S|Hﬂ‘ ’}'S|H”| }

n=>0
= l n 45
g il T | T (45)
The signal power 02 yuse = E [Jg}""*#["] and it is given as
N-
En2H,)" Eyys| Hal*
(Ti_-\f.-wss = Z a; ”‘2 ’M ‘2 Z ‘ Qin %
1+ fs‘Hu‘ ] n=0 1+75|H11‘ ]
E fs|Hn ‘
= Ln 46
ZO 1+ i's‘Hu|2 ( )
“2
Then the SNR of the iy, subchannel 355 — —uMM5E s then given as
n MMSE

ZN 1 ‘2 s Hn|
RMMSE _ n=0 Bin| T TH, P

| @)
Zn—ﬂ ‘n‘ n‘ m

It is obvious from (47) that 35 for the 4, subcarrier is averaged by the mean of the DHT transform.

This significantly improves the BER performance of the proposed scheme, especially when the channel
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1
2 has narrowband deep notches in its spectral.
3
g The BER performance of the X-OFDM system for QPSK and 16QAM is then given as:
6
& N-1 s | Ha2
7 ]_A‘1 Z_n|aén2r). 5
QPSK _ * n= M Ty | Hy |

8 PP =23 Qe ) (48)
9 1 i=0 Zn:n |i.n T+7s | Hp |2
10
::; N-1 ZN_l ‘ 2 Yl Hn |2

1 7 3 E n=0 Qin 1 ‘ 5 2

16QAM _ 9 s | Hie
13 Pr: o 4]\7 ZQ( = _N—1| ) ‘2 1 ) (49)
14 i= ‘)Zn=n in TH+7s|Hn|?
15
16
17 V. SYSTEM PERFORMANCE IN THE PRESENCE OF HPA
18
19 _— . . . - .
20 In MC communication systems, the HPA is the major source of nonlinear distortion that arises when
21
22 the dynamic range of the input signal is larger than the saturation level of the HPA. Therefore, for any
23
gg communication system to stand as a good candidate for practical applications, its performance in the
26 o . .
27 presence of the HPA needs to be evaluated. Consequently, in this section, we consider the case that the
28
29 transmitter is the one that encompasses solid state power amplifier (SSPA) in its structure and investigate
30

31 the BER performance of the proposed X-OFDM system and compare it with the BER performance of the
u conventional DFT-OFDM system. The complex envelope of the amplifier input signal s(t) = p(t)e’?®,
36 where p(t) and 6(t) represent the amplitude and the phase of the signal respectively and the output signal
38 is given as

41 Up = SkGaH Sk ” (50)

44 where G,[| s |] is the amplifier gain and it is given as [25]

"4'7“.[‘ Sk H(:If,l“s}\”

A Ga” Sk ” - | 5k ‘

(5D

51 where o[| s;. || represents the amplitude modulation/phase modulation AM/PM conversion of the non-

53 linear power amplifier and A,,[| s, || represents the amplitude modulation/amplitude modulation AM/AM

gg conversion of the non-linear power amplifier is given as

57

58 Sp

59 AmH Sk ” - % (52)
60 [+ (] *
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In (52), p is a parameter which controls the transition smoothness from the linear region to the saturation

region. Input back-off (IBO) is the operating point of the HPA and it can be defined as

P ini
IBO = 10log;;—"= (53)

an,av

where P, ma: and Fi, 4, denote the maximum (saturation) and the average powers of the signal at the
input of the amplifier respectively and A, = /P,,]BO is the amplifier input saturation voltage.
According to the above, { BO is the key factor that defines the dynamic range of HPA. Amplitude clippings
are produced within the OFDM system when the OFDM signal with a peak larger than the maximum input
of the HPA, this, in turn, leads to intermodulation interference (IMI) and BER performance degradation.
However, this is not the case in our proposed scheme due to the use of Hartley transform together with
the IFFT to produce the X transform that significantly reduces the peak power of the X-OFDM signal.

From (5), s, can be rewritten as [26]

N-1
]. g 2mnk ]. 2nkz
Sk=—= e ¥+ —ref W (54)
VN (g} VN
n#z

Substituting (54) into (50) yields

s2rkz

1 s2nks 1 g
U = gf\+ _TZEJ ¥ Gr: gk+ TZEJ 4
(9 + e )G

)

VN
1 oxks 1 axks 1 Samke
= g;cG,L“g,x,.-f—ﬁrze-’ W H-|—ﬁ1~zei N Ga“gk‘l' ﬁrzei N H (55)
]. [ =1 - 2rkn
where g, = ﬁ E’(N,,zf,) rne’%. It is clear that uy in (55) consists of two terms, the first term is an
il nEs

amplified version of the N — 1 statistically independent symbols that have been added by the IFFT at
the transmitter while the second term is the signal to be detected after FFT at the receiver. In the case
of DFT-OFDM, the first term is much bigger than the second term which leads to significant distortion
while is much lower in the case of X-OFDM as it is single symbol rather than N — 1 in DFT-OFDM

counterpart.

VI. CFO EFreCTS ON BER PERFORMANCE OVER MULTIPATH CHANNEL

Carrier frequency offset CFO that is caused by frequency mismatch of local oscillators has significant

effects on the BER performance of OFDM systems as it produces inter-carrier interference (ICI) that
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destroys the orthogonality of the subcarriers. As a result, it is so important to investigate the validity of
the proposed system in the presence of CFO. The received signal at the receiver side in the presence of

the CFO could be expressed by matrix form as

WO~ WD =

10 y = UHs+w

THX"S +w (56)

16 In (56), T is a diagonal matrix, the elements of the diagonal are given as e/*™ " N=D/Y ¢ is the CFO

18 normalized to the subcarrier spacing, and H is the channel matrix given as
07
0

0
0

20 (R 0 0 0

21 hl hn 0 0

]M nri‘,g 0
hl

oo oo

(57)

0 0 h,r_‘...hl hn_

]?Jr_‘ il
26 0 hg
0
29 0
30 Because of the CP, the channel matrix H becomes a circulant matrix and it is diagonalized by pre and
33 post multiplications by F* and F. Only for clarity, the transform X" in (56) is expressed by its origins,

34
35 it follows that the received signal after DFT transform can be written as

38 Y = FUHFYAS + Fw

= FUFFHF*AS +

rd
|

43 = FUFYOAS 4 (58)

where © is a diagonal matrix, its diagonal elements are the frequency domain representation of the channel

49 impulse response, H, = Y= e ¥ and n = 0,1,2,.... N — 1. It is obvious that, without CFO, the

51 single-tap equalizer is applicable as it has been shown earlier in this work. However, the presence of
52
23 CFO produces ICI which leads to significant degradation in system performance. Moreover, the ICT is

56 worse after being processed by the DHT transform, as the latter distributes this noise among the other
58 subcarriers. Therefore, when no synchronization algorithm is used, our proposed X-OFDM system shows

60 more sensitivity to the CFO than the DFT-OFDM system as any shift in the frequency of any subcarrier
IEEE Transactions on Communications

177



W ~NNoOG W —

Under review for possible publication in Page 16 of 26

16

will be spread over the others because of the DHT transform. However, the X-OFDM system restores its
superiority over the DFT-OFDM system when CFO estimation algorithms are used. In this work, Morelli
and Mengali (M&M) algorithm [22] is used. However, unlike the DFT-OFDM system where the IFFT
is used to generate a symbol consisting of L identical parts that are used for the CFO estimation. They
are generated by transmitting a pseudo-noise sequence on the frequencies multiple of L/T" and setting
zero on the rest. In our proposed system, L identical sequences, each N/L in length have to be passed
through the DHT transform to produce the required pseudo-noise sequence in the frequencies multiple of
L/T and setting zero on the rest which in turn pass through the IFFT. In other words, these L identical

sequences pass through the X transform in order to be used for the CFO estimation.
VII. PAPR REDUCTION

Non-linear devices within the OFDM systems such as the high-power amplifier (HPA) and the digital-to-
analog (D/A) converter are sensitive to the PAPR of the transmitted signal. Thus, the PAPR is considered to
be one of the major OFDM drawbacks and it has undergone intense attention in the last decades. Suppose
that the input data streams S,,,(0 < m < N — 1) are statistically independent and identically distributed

(ii.d), ie. the real part S/ and the imaginary part S

m

are uncorrelated and orthogonal. Therefore, based

on the central limit theorem, when NV is considerably large, the distribution of both S! and S¥

x8 "¢ approach
Gaussian distribution with zero mean [27]. The basic cause of high PAPR in the OFDM signal is the
Gaussian signal distribution which arises due to the IFFT operation.

In particular, every single DFT-OFDM sample involves the sum of NV different statistically independent
encoded data symbols that drawn from specific constellation (QPSK or 16 QAM in this work). Therefore,
the maximum PAPR occurs when all the symbols have the same phase and maximum PAPR will equal to
N in this case. Compared to the conventional OFDM, the utilization of the X transform reduces the PAPR
by more than 6 dB. Furthermore, the PAPR of our proposed X-OFDM system is still the same and does
not depend on N while, for the case of conventional DFT-OFDM system, the PAPR of the transmitted

signal increases as the number of subcarrier N is increased. This is because the number of additions of

input information symbols that perform each output X-OFDM sample are reduced from N to 2.
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VIII. SIMULATION RESULTS AND DISCUSSIONS
A. PAPR of the Proposed System

Simulation was carried out for the X-OFDM and DFT-OFDM systems for a number of subcarriers
N = 128 and 16 QAM modulation formats. In order to have an awareness and intuitive view of the
PAPR statistics, complementary cumulative density function (CCDF) was plotted. Also to ensure the
reliability of computer simulations, 100 000 OFDM frames were generated to obtain each PAPR value.
It is observed from Fig. 2 that the X-OFDM system has a lower PAPR than the DFT-OFDM system,
where it has achieved about 6 dB improvement in the PAPR reduction at a CCDF value of 10™* over the
DFT-OFDM system. This is due to the fact that the X transform reduces the superposition of the input

encoded information symbols which form each OFDM sample.

B. BER Performance

1) Over a Multipath environment: The BER performance of the proposed X-OFDM system is evaluated
in this section mathematically and by simulation and compared with that of the DFT-OFDM system. The
simulation is carried out according to the WiMAX standard where we used the following parameters.
The transmission bandwidth is 100 Hz, the carier frequency is 4G Hz and the number of subcarriers
N = 1024: The transmitted OFDM symbol duration is 128us including a CP of duration 25.6us to
prevent ISI. ITU channel pedestrian class B with a maximum spread delay equal to 3.7us and vehicular
class A with a maximum spread delay 2.511s are used. Figs 3 and 4 show the BER performance of the
proposed X-OFDM and conventional DFT-OFDM systems over pedestrian and vehicular channel models
respectively for both 16 QAM and QPSK modulation formats. It is noticeable that the simulated BER
results agree with the theoretical BER results. It is evident that the proposed X-OFDM system is superior
to the conventional DFT-OFDM by about 15 dB E,/Ny. This, in turn, verifics our carly argument that
the DHT transform distributes the effect of the channel dips over all other subcarriers which leads to the
BER improvement. This is, however, not attainable in the conventional DFT-OFDM system counterpart as
the information symbols on significantly attenuated subcarriers can not be recovered from the uneffected

spectrum. It is also noteworthy that for the case of conventional DFT-OFDM system, the BER performance
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for the QPSK constellation is better than 16QAM by about 3dB E,/N,, whilst it is about 6 dB £, /Ny
better than that of 16 QAM modulation for the case of our proposed X-OFDM system. This indicates
that the proposed scheme can achieve further improvement as the constellation order is reduced.

It is also noted from Figs. 5-6 that, for the case of the ZF equalizer, the conventional DFT-OFDM
outperforms our proposed X-OFDM system by about 3dB in terms of the BER performance for each
QPSK and 16QAM constellation.

To the end of this discussion, theoretical results corroborated by computer simulation in Figs. 3-6 show that
for the case of the ZF detection, the conventional DFT-OFDM system outperforms our proposed system
in term of the BER petformance. However, for the MMSE detection and at 10~* BER, the proposed
X-OFDM scheme can achieve around 15 dB E,/N; gain over the conventional DFT-OFDM system for

different channel models and modulation formats.

2) In the Presence of HPA: In our simulation, SSPA high power amplifier is utilized at the transmitter
side after adding the cyclic prefix. Figs. 7 and 10 show the BER performance of the proposed X-OFDM
and the conventional MC DFT-OFDM systems under a diverse of ITU channel models (pedestrian A and
vehicular B), IBO (5dB and 3 dB) and modulation formats (QPSK and 16 QAM). As the advantages
of the X-OFDM system over the DFT-OFDM systems are the relatively huge reductions in PAPR and
diversity exploitation, as shown in Figs. 7 and 8, for the case of IBO= 5dB and the conditions of both
channel models and modulation formats, show the proposed system is much less sensitive to the non-
linear distortion of the HPA which is affecting the conventional DFT-OFDM system. Owing to our early
assertion that the IBO is the main factor determining the hostility of the HPA, the sensitivity of both the
X-OFDM and DFT-OFDM systems are increased as the IBO is reduced to 3dB as shown in Figs. 9 and
10. However, our proposed system still show much better performance and low sensitivity to non-linear
distortion in comparison with the conventional DFT-OFDM counterpart.

3) In the Presence of CFO: In this section, the BER performances of the proposed X-OFDM system

in the presence of CFO is investigated and compared with that of the DFT-OFDM system. The sensitivity

to the CFO is demonstrated when no synchronization algorithm is used and when M &M [22] algorithm
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for CFO estimation is utilized. Fig. 11 shows the BER performance of the proposed X-OFDM, and
the DFT-OFDM systems when no CFO estimation algorithm is applied and for different values of the
normalized CFO (¢) (¢ = 0.02, 0.05, 0.07 and 0.1). It is evident that the proposed system is superior to
the others for small ¢ around 0.03 while it has a worse BER for ¢ around 0.05, this can be considered as
an advantage for DFT-OFDM system over the X-OFDM system. However, it is also evident that all of
the aforementioned systems will completely lose their orthogonality when ¢ is above 0.1. Fig. 12 shows
the BER performance when the M &M [22] algorithm for CFO estimation is employed in this simulation.
Where the number of subcarriers are N = 1024, iterative data L; = 8, ¢ = 3.42 and (E,/Ny) is set to
be 25 dB in order to get a precise estimation. It is clearly shown that the proposed X-OFDM system
outperforms the conventional DFT-OFDM system by approximately 14 dB (F,/N,) at 107" BER when

a 16 QAM constellation is used.
IX. CONCLUSION

In this paper, a new very low complexity X transform that combines the effects of the DHT and DFT
transforms has been presented. The transform analysis and complexity calculations were also demonstrated
in this work and compared with those of the FFT and the DHT-FFT transforms illustrating that the proposed
X transform has the lowest complexity. Transform application in OFDM system to produce new X-OFDM
system with cyclic prefix has been investigated and compared with that of the multi-carrier DFT-OFDM
system. BER performance over ITU pedestrian and vehicular channel models were evaluated theoretically
and by simulation for the QPSK and 16 QAM modulation formats showing that the proposed X-OFDM
is superior to the DFT-OFDM system by about 15 dB E,/N; at 10! BER. Furthermore, the proposed
scheme was found to achieve an inherent reduction of about 6 dB in the PAPR in comparison with the
conventional DFT-OFDM system, as it reduces the number of symbols superposition to produce each
X-OFDM output sample. The BER performance investigation has also been carried out in the presence of
HPA and the proposed system has been proved to be superior to the DFT-OFDM system for a diversity of
IBO, channel models and modulation formats. Finally, the sensitivity of the proposed X-OFDM system to

the CFO was investigated revealing that the proposed scheme can retain its superiority when a frequency
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synchronization algorithm is utilized. The applications of the proposed scheme can be extended to multiple
access technique (OFDMA), multiple input-multiple output (MIMO) and for wire-line communication such

as discrete multi-tone (DMT) modulation.
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Fig. 3. BER performance of the proposed X-OFDM and the DFT-OFDM systems for QPSK and 16 QAM modulation formats over ITU

Pedestrian B channel and MMSE detection.
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Fig. 4. BER performance of the proposed X-OFDM and the DFT-OFDM systems for QPSK and 16 QAM modulation formats over ITU

Vehicular A channel and MMSE detection.
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Fig. 5. BER performance of the proposed X-OFDM and the DFT-OFDM systems for QPSK and 16 QAM modulation formats over ITU
Pedestrian B channel and ZF detection.
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Fig. 6. BER performance of the proposed X-OFDM and the DFT-OFDM systems for QPSK and 16 QAM modulation formats over ITU
Vehicular A channel and ZF detection.

IEEE Transactions on Communications

184



WO~ H~WN —

Under review for possible publication in

BER

—~OFDM 16 QAM
-+ +| —+—— DFT-OFDM 16 QAM

| -+ o -+ Proposed X-OFDM QPSK
- P - - DFT-OFDM QPSK

5 10

15 20 25 30
Eb/NO (dB)

35

Page 24 of 26
24

Fig. 7. BER performance of the proposed X-OFDM and the DFT-OFDM systems of QPSK and 16 QAM modulation formats with HPA

(IBO=3dB) over ITU Pedestrian B channel.
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Fig. 8. BER performance of the proposed X-OFDM and the DFT-OFDM systems of QPSK and 16 QAM modulation formats with HPA

(IBO=5dB) over ITU Vehicular A channel.
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Fig. 11. BER performance for the proposed X-OFDM and the DFT-OFDM system over ITU pedestrian class B channel and CFO=0.02,

0.05, 0.07 and 0.1 and 16 QAM modulation format
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