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Abstract |

The rapidly growing need for fast and reliable transmission over a wireless channel
motivates the development of communication systems that can support high data rates
at low complexity, Achieving reliable communication over a wireless channel is a
challenging task largely due to the possibility of multipaths which may lead to inter-
symbol interference (ISI). Diversity techniques such as time, frequency and space are
commonly used to combat multipath fading. Classical diversity techniques use
repetition codes such that the information is replicated and transmitted over several
channels that are sufficiently spaced. In fading channels, the performance across some
diversity branches may be excessively attenuated, making throughput unacceptably
small. In principle, more powerful coding technigues can be used to maximize the
diversity order. This leads to bandwidth expansion or increased transmission power to
accommodate the redundant bits. Hence there is need for coding and modulation
schemes that provide low error rate performance in a bandwidth efficient manner. If
diversity schemes are combined, more independent dimensions become available for

information transfer.

The first part of the thesis addresses achieving temporal diversity through employing
error correcting coding schemes combined with interleaving. Noncoherent differential
modulation does not require explicit knowledge or estimate of the channel, instead the
information is encoded in the transitions. This lends itself to the possibility of turbo-like
serial concatenation of a standard outer channel encoder with an inner modulation code
amenable to noncoherent detection through an interleaver. An iterative approach to joint
decoding and demodulation can be realized by exchanging soft information between the
decoder and the demodulator. This has been shown to be effective and hold hope for
- approaching capacity over fast fading channels. However most of these schemes employ
~ low rate convolutional codes as their channel encoders. In this thesis we propose the use
_of redundant residue number system codes. If is shown that these codes can achieve

comparable performance at minimal complexity and high data rates.
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The second part deals with the possibility of combining several diversity dimensions
into a reliable bandwidth efficient communication scheme. Orthogonal frequency
division multiplexing (OFDM) has been used to combat multipaths. Combining OFDM
with multiple-input multiple-output (MIMO) systems to form MIMO-OFDM not only
reduces the complexity by eliminating the need for equalization but also provides large
channel capacity and a high diversity potential. Space-time coded OFDM was proposed
and shown to be an effective transmission technique for MIMO systems. Space-
frequency coding and space-time-frequency coding were developed out of the need to
exploit the frequency diversity due to multipaths. Most of the proposed schemes in the
literature maximize frequency diversity predominantly from the frequency-selective
nature of the fading channel. In this thesis we propose the use of residue number system
as the frequency encoder. It is shown that the proposed space-time-frequency coding

scheme can maximize the diversity gains over space, time and frequency domains.

The gain of MIMO-OFDM comes at the eﬁpenée of increased receiver complexity.
Furthermore, most of the proposed space-time-frequency coding schemes assume
frequency selective block fading channels which is not an ideal assumption for
broadband wireless communications. Relatively high mobility in broadband wireless
communications systems may result in high Doppler frequency, hence time-selective
(rapid) fading. Rapidly changing channel characteristics impedes the channel estimation
process and may result in incorrect estimates of the channel coefticients, The last part of
the thesis deals with the performance of differential space-time-frequency coding in fast

fading channels.
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CHAPTER 1

INTRODUCTION

1.1 Broadband Wireless Communications

Due to the enormous growth in the wireless communication industry in the last decade,
there is need for techniques to reliably communicate at high data rates and efficiently
use the available bandwidth. Several technologies have been developed to efficiently
utilize the available bandwidth. One such technology that has shown promising results
is the use of muitiple transmit and receive antennas known as multipie-input multiple-
output (MIMO) communications system. In MIMO systems, the information signal at
both sides of the communication link i.e. the transmitter and the receiver, is combined in
such a way that the quality (average bit error rate or BER) or data rates (bits per second)
is improved. The prospect of improved reliability or high data rates at no extra
bandwidth has revolutionized the communications industry, with the only hardship
being the practical implementation especially at the mobile terminal. As the subscriber
units are gradually evolving from just being pocket telephones to sophisticated wireless
internet access points and video machines, the stringent size and complexity constraints
are being relaxed. This makes application of multiple antennas a possibility at both

sides of the link.

The channel capacity is the maximum possible transmission rate such that the error
probability of the received information signal is arbitrarily small. Although the channel
capacity for additive white Gaussian noise (AWGN) channels was first derived by
Shannon [1] in 1948, a breakthrough that increases the channel capacity was only
realized by the use of multiple transmit and receiver antennas [2], [3], [4]. By

transmitting and receiving information from several antennas that are adequately

1



separated to ensure independent propagation, it was shown that the channel capacity
increases with increasing number of antennas without increasing the bandwidth [2].
Several studies devoted to MIMO channel modelling, information theory and antenna
design show that the channel capacity substantially increases in particular through the

principle of spatial multiplexing.

MIMGQO systems also possess a potential spatial diversity gain that can be used to combat
channel fading. By transmitting and receiving information from several antennas,
multiple independent fade replicas of the data symbols can be obtained at the receiver.
The probability that all the signal replicas will vanish during a single fade is reduced,

hence achieving more reliable reception.

A core idea in MIMO systems is space-time signal processing. In order to protect
transmission against errors caused by channel fading and AWGN, joint coding across
transmit antennas and time, known as space-time (ST) coding was introduced {86], {87].
In space-time coding, a space-time encoder generates code symbols, equal to the
number of transmit antennas, that are transmitted simultaneously, one symbol from each
antenna. A lot of research has been devoted to the design and construction of space-time
codes. Several space-time architectures have been generalized in terms of diversity
gains or coding gains or both. Although space-time codes were revisited in form of
trellis codes (STTC) [86), [95], [96], [97], their popularity took off with the discovery
of space-time block codes (STBC) {88], [89], [90], [6], [7]. This is mainly due to their
simple construction and linear signal processing at the receiver of space-time block
codes compared to a multidimensional Viterbi algorithm required for space-time treilis
codes. Although space-time block codes achieve the same spatial diversity gains as

space-time trellis codes, they possess marginal or no coding gains.
1.2 Wireless Channels

The major impairments of wireless communication systems are fading caused by
destructive addition of multipaths in the propagation channel and co-channel
interference from other users. Multipath is caused by a reflection of the transmitted
signal from multiple scatters and due to motion of the mobile receivers and transmitters.
- This may result in more than one version of the transmitted signal arriving at the

receiver at slightly different amplitudes, phases, and times. Hence, increasing the time



required for the transmiited signal to reach the receiver. The constantly changing
channel characteristics may cause inter-symbol interference (ISI). The channel

characterization may be viewed in the frequency or time domain or both.

In the frequency domain, the characterization of the channel is dependent on its
coherence bandwidth. The coherence bandwidth, which is a function of the delay
spread, is a measure of the transmission bandwidth for which the signal distortion
across the channel becomes noticeable. If the signal to be transmitted has a much large
bandwidth than the channel coherence bandwidth, the received signal is distorted and
the multipath channel is said to be frequency selective. However, if the channel
coherence bandwidth is lager than that of the transmitted signal, the channel is said to

be frequency non-selective, or frequency flat.

Alternatively, if the channel characterization is in the time domain, the parameter of
concern is coherence time, Coherence time, which is a function of Doppler spread, can
be defined as the duration of time in which the channel impulse response is effectively
invariant. Doppler spread is a measure of Doppler frequency (shift) caused by relatively
high mobility of the wireless propagation channel, transmitter and the receiver. The

Doppler frequency f,, canbe as
| fD=%cos€, (1.1)

where A is the wavelength, v is the velocity of the mobile receiver and & is the angle-
of-arrival (AOA). The fading channel is said to be time selective if its coherence time is
small compared to the duration of the received signal, otherwise, time non-selective

(time invariant).
1.3 MIMO and OFDM

1.3.1 Orthogonal Frequency Division Multiplexing (OFDM)

OFDM is a multicarrier modulation technique known to support high speed
transmission while mitigating the effects of multipath in wireless broadband
communication systems. It has been used in standards such as digital audio/video
broadcasting (DAB/DVB} (8], wireless fidelity (Wi-Fi) I[EEE 802.11 group of standards



[9], worldwide interoperability for microwave access (WiMAX) IEEE 802.16 group of
standards [10], [13] and high speed digital transmission over twisted pair cables

(ADSL) [11], [12].

In OFDM, the symbol sequence to be transmitted is split into a large number of low
speed symbol streams such that each modulates a separate carrier. The carrier spacing is
chosen such that the modulated carriers are orthogonal over a symbol interval and a
guard interval (commonly known as a cyclic prefix) is inserted to combat frequency-
selective fading. Hence, OFDM is used fo transform a frequency-selective channel into
a set of independent parallel frequency-flat subchannels. The transmitter and receiver
employing OFDM techniques can be implemented efficiently by use of fast Fourier

transform methods.
1.3.2 MIMO-OFDM

The key feature of MIMO systems, is the ability to turn multipath propagation,
traditionally a pitfall of wireless communications, into diversity gain. Despite the fact
that space-time (ST) codes have successfully increased the channel capacity and
reliability of a wireless communication system, they were designed for narrowband
wireless systems ie. flat fading. Their performance is degraded when apptied to
broadband channels mainly due to multipath fading which generally exhibits time
selectivity and frequency selectivity [14]. In multipath, the signal power is carried by
several propagation paths with different powers and delays which may result in inter-
symbol interference. This necessitates use of a channel equalizer along with a space-
time decoder when applied to broadband channels. Extending classical equalization
methods such as minimum mean square error linear equalizer, decision feedback
equalizer and maximum likelihood sequence estimation used for a single antenna
system [39] to space-time coding is a challenging problem. A combination of ST codes
and orthogonal frequency division multipiexing (OFDM) has been proposed to combat
the effect of frequency-selective fading by increasing the duration of the transmitted
symbol [113], [144), [145], [146], [147], [148]. Hence OFDM eliminates the need for

high complex equalization techniques while offering high spectral efficiency.

Although OFDM is robust against frequency-selective channels, any time variations in

the channel characteristics will cause performance degradation. OFDM combats



frequency-selective fading by splitting the symbol sequence to be transmitted into low
speed symbol streams such that each modulates a separate carrier. Increasing the
number of subcarriers increases the symbol duration. This makes the ST-OFDM system
more sensitive to time-selective fading which may lead to loss of orthogonality among
the subcarriers. Without orthoganality, when the signals arriving are down converted to
their baseband equivalent at the receiver, inter-carrier interference (1CI) occurs. This is
because signals from one carrier cause interference to the others especially to the
neighbouring subcarriers. In some instances, the ST-OFDM signal reflections from far
obstacles will generate inter-block interference due to long time delays. However, in
most applications, the cyclic prefix is assumed longer than the maximum delay spread.
Hence interference from previous OFDM symbols is restricted to the cyclic prefix
which is discarded at the receiver, leaving ICI as the only consideration. Therefore the
large ST-OFDM symbol duration used to combat frequency-selectivity is limited by

time-selectivity,

Applying OFDM to broadband multiple-input multiple-output (MIMO} channels not
only offers spatial diversity due to multiple antennas, but also frequency diversity due to
delay spread. Space-frequency (SF) coding has emerged as a technique that aims to
combine advantages of ST coding and MIMO-OFDM., Space-frequency coded MIMO-
OFDM basically consists of coding across transmit antennas and OFDM tones while
exploiting both spatial and frequency diversity. SF was first proposed in [149] where
bandwidth was divided into several overlapping subbands equal to the number of
multipaths. Other SF schemes utilizing already existing space-time codes by simply
applying techniques such as delay diversity, multicarrier and permutation diversities to
transform signals from space-time to a space-frequency were proposed in [150], [151],
[152), [153], [154], [156], [157). Although these schemes were able to achieve spatial
diversity, frequency diversity was not guaranteed. SF schemes that have since been
developed are able to achieve both spatial and frequency diversities. Techniques such as
linear precoders or constellation rotation [155], [158], [161], [162], linear constellation
decimation {164], or simply repetition codes [160] are used to code across muitipaths,

hence maximizing frequency diversity.

Although SF coding is well suited for fast fading, variations within subcarrier for large
OFDM blocks and channels with large delay spreads may result in performance

.degradation. Whereas ST-OFDM is limited by time-selective fading, SF is limited by
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frequency-selectivity fading. Hence space-time-frequency (STF) coding has been

proposed in an attempt to integrate the advantages of ST-OFDM and SF coding [159].

1.4 Signal Detection and Error Correction

Transmission schemes over MIMO channéls have been divided into either data rate
maximization schemes or diversity maximization schemes. The first category focuses
on improving the average capacity hence efficient use of the very expensive/valuable
communication resource i.e. bandwidth, while the second category focuses on outage
probability (refiability) of the system. The reliability of the MIMO system can further
be improved throngh error control coding. Since the actual performance of a
communication system is evaluated by the average bit error rate (BER) or symbol error
rate (SER) versus signal-to-noise ratio (SNR), in MIMO systems, the receiver can
coherently combine the received signal to increase the SNR, a technique known as
“array gain”. Hence the channel state information available at the receiver plays a

significant role in the performance of MIMO systems.
1.4.1 Channel Coding

Error correcting codes also known as channel coding play a significant role in
correcting errors incurred during transmission. They are divided into forward error
correction (FEC) codes or automatic repeat request {ARQ). FEC is a one way error
control strategy in which redundancy is added to the transmitter and automatically
corrects errors detected at the receiver, Most coded systems use forward etror correction
which includes block codes and convolution codes as well as concatenated codes which
build upon block and convolutional codes [37], [38], [39]). TCM codes [39] were
invented in the 80°s with the aim of combining coding and modulation as a single entity
for better bandwidth efficiency. Most of these FEC schemes use bard decision decoding
where the demodulator judges what the modulator input was and then passes its

decision on to the decoder.

In 1993, Berrou et af [34], [35] introduced “turbo codes”, a concatenation of two
recursive convolutional codes whose performance was close to Shannon’s limit. Turbo
codes use the maximum a posteriori (MAP) algorithm introduced by Bahl et o/ [36] to

decode convolution codes. Prompted by the discovery of turbo codes which may also be



used in a parallel concatenated codes (PCCs) configuration, serial concatenated codes
(SCCs) and hybrids were constructed with same component convolutional codes to
provide similar coding gains {40], [41], [63]. Turbo codes combine random like
behaviour with refative simple structure obtained by concatenating low complex

compound codes e.g. convolutional codes, block codes such as BCH and RS codes.

The performance of a coded system can be measured in terms of the probability of error.
In the high SNR region, the average error probability of a system over a communication

channel is given by [6],
P(error) =~ G, - SNR™ (1.2)

where G, is the coding gain/advantage while G, is the diversity gainforder.

P (error

l Diversity gain
. N
Coding gain

k4

SNR (dB)

Figure 1.1: Difference in coding and diversity gain.

The sketch of the probability of error versus the SNR is as shown in Figure 1.1. The
slope of the curve reflects the diversity gain while the horizontal shift in the curves ¢can
be interpreted as the coding gain. It can also be seen from (1.2) that the diversity gain

dominates the error performance at high SNR.

However, at low SNR, the coding gain plays a significant role in the error performance
of the code. The turbo decoding principle accentuates the coding gain by iteratively

passing on soft information to the decoder.



1.4.2 Coherent and Noncoherent Detection

Shannon’s coding theorem {1] assumed that for a given spectral efficiency, one is free
to choose a moduiation scheme that results in the best possible performance. However,
the choice of a signalling scheme in real communicaftion systems depends on practical
considerations. Communication systems that are sensitive to power amplifications
require constant signalling schemes such as M-ary phase shift-keying (MPSK) and
frequency shift-keying (FSK), while those that are not, may use amplitude shift-keying
(ASK) [39]. MPSK is a popular digital modulation technique whereby the information
signal is encoded in the phase of the carrier signal. For optimum MPSK performance,
coherent detection which necessitates accurate maintenance of carrier phase
synchronization across the channel is paramount. At the receiver, the fading process
needs to be known or estimated in order to recover the carrier and compensate for the
corrupted signal. Digital signal transmission over fading channels not only suffers from
varying loss but also from phase ambiguitics. This can be overcome by inserting
training symbols multiplexed in the data stream. However, the power and bandwidth
efficiencies are somewhat reduced due {0 overhead. In fast fading, however, the channel
characteristics of the fading process are changing rapidly and are therefore very difficult

to track.

Noncoherent detection using differential modulation (DM) is very attractive for M-ary
phase-shift-keying (MPSK) signalling over rapid fading channels because of its
robustness against phase ambiguities and impairments of the received signal [64], [65].
There is no channel information required at the receiver, hence, eliminating the need for
a tedious, impractical channel estimation process for rapidly changing channel

characteristics.

Differential space-time modulation has been proposed for multiple antenna systems
where neither the transmitter nor the receiver knows the fading coefficients [114], [115],
[116]. This can be generalized as standard differential phase-shift-keying used in the
single antenna unknown channel link. The success of differential space-time modulation
is critical to the design of unitary space-time signal consteliations [117], [118], [119],
[120], [121).



1.5 Motivation

With the ever increasing demand for fast and reliable communication over wireless
channels, broadband communication systems are required to provide faster data
processing and higher data throughput at low complexity. One technology that has
shown promising results is the use of multiple transmit and receive antennas known as

multiple-input multiple-output (MIMO) communications system.

A core idea in MIMO systems is space-time signal processing. Multiple transmit space-
time (ST) coding has evolved as one of the promising diversity technique for flat fading
channels [5]), [13]. However, broadband wireless channels are characterized by
multipath fading which is a design challenge for any communication system [14]. In
order to eliminate the effects of multipath fading and increase data transmission, a
combination of ST coding and orthogonal frequency division multiplexing (OFDM) has
been deployed [13].

MIMO systems take advantage of random fading while utilizing multipath delay spread,
traditionally a pitfall to wireless communications. The prospect of several propagation
paths at no extra spectrum has opened up new studies fo investigate the diversity
potential of MIMO systems. Space-frequency (SF) coding emerged as a technique that
combines advantages of both transmit diversity and OFDM while utilizing multipath
diversity. In SF coding, two dimensional coding is used fo spread information across
space (transmit antennas) and frequency. Although SF coding is well suited for fast
fading, variations within subcarriers for large OFDM blocks and channels with large
delay spreads may result in performance degradation. Hence space-time-frequency
(STF) coding has been proposed [159]. However, STF coding does not necessarily offer
additional diversity advantages compared to SF coding. This thesis therefore addresses
maximizing the diversity gain offered by STF coding through the use of residue number

system code as a frequency encoder.

In MIMO wireless communication systems, channel estimation is a tedious and
impractical process because of the rapidly changing channel characteristics and several
propagation paths. To circumvent the need for channel estimation, we resort to
noncoherent differential moduiation. In conventional differential moduilation (CDM) the

channel characteristics for at least two consecutive symbols N =2 are considered



constant [64], [65], [66]. Multi-symbol di.fferential modulation (MSDM) for M-ary‘
phase shift keying (MPSK) was proposed to reduce the error floor effect, and hence
improve the performance of CDM [68]. MSDM was extended to space-time block
codes (STBC) [122], [123], [125]. In MSDM for STBC, the performance improves not
only with increasing observation period i.e. N> 2, but also with the number of antennas.
A less complex but suboptimal decision feedback differential modulation (DFDM)
scheme was proposed for STBC [124), [126), [129]. This thesis therefore extends

decision feedback differential modulation to STF coding.

Bit-interleaved coded modulation is a concatenation of a channel encoder and symbol
mapper through an interleaver. This technique was shown to be well suited for
bandwidth efficient transmissions over fading channels [55], [56], [58], [59]. The
performance of bit-interleaved coded modulation can be greatly improved through
iterative information exchange between the decoder and the demapper [38), [60]. It is a
low complexity alternative to turbo codes rendering it aftractive for MIMO systems
[61]. To maximize the coding gains for bit-interleaved coded modulation, low rate
convolutional codes are often used, hence reducing the overall rate of the system. This
is further complicated by the necessity to exchange soft information at bit level, hence
making convolutional codes easy to decode using already existing algorithms such as
the Viterbi decoder [62], [63] compared to high rate block (binary or non-binary) codes.
Through the pioneering work of Pyndiah [45], {46], [47], a soft decision decoding
algorithm for linear block turbo codes was developed. An approximate maximum
likelihood decoding algorithm based on list decoding method is described in [45] and
the references therein. This implies that non-binary linear block codes with higher code
rates can be used in place of convolutional codes and still achieve approximately the
same coding gains. This thesis therefore proposes the use of residue number system

codes as the channel encoder.
1.6 Thesis Overview

This thesis is divided into six chapters. It is aimed at developing a technique for
combining channel coding, frequency diversity and spatial diversity into a bandwidth
efficient communication scheme, and characterizing the performance of such a system

in a wireless broadband environment.
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In Chapter 1, Wireless MIMO and its functionalities are discussed, focussing on
atiributes that render it atfractive as a wireless technology for broadband

communications systems. Motivation for the work done in this thesis is also discussed.

In Chapter 2, residue number system (RNS) channel encoding is introduced. We discuss
RNS codes redundancy properties and error control when applied to communication
systems. Different encoding and decoding algorithms for hard decision are outlined.
The already existing soft decoding algorithms for block codes are extended to RNS
codes. A bit-interleaved coded modulation for noncoherent MPSK modulation is
proposed and its performance investigated. It is shown in some appiications that the
residue number system codes can achieve similar or better bit error rate performance

than convolutinnal codes of the same rate and asymptotic coding gain,

Chapter 3 presents a comparative study of different MIMO systems, i.e. space-time
coding, space-frequency coding and space-time-frequency coding. The different design
criteria for the MIMO systems in multipath fading channels are discussed and their

performance investigated.

In Chapter 4, an RNS based space-time-frequency (STF) coding scheme is proposed. A
design criterion similar to already existing space-time-frequency coding schemes is
presented. It is shown that the proposed RNS space-time-frequency coding scheme
offers additional frequency diversity independent of the selective nature of the fading
channel. We investigate the performance of the proposed RNS space-time-frequency
coding scheme over a rapid fading channel and show its flexibility over different space-

time code designs.

In Chapter 5, an RNS coded iterative noncoherent differential space-time-frequency
modulation scheme is presented and its performance characterized. RNS differential
coding from single antennas systems is extended to MIMO systems. Analytical
expressions are derived for both the hard and soft decision metric and the decision
feedback differential space-time-frequency modulation. Tt is shown that increasing
diversity can reduce or eliminate the flooring effect in conventional differential
detection. Results show that significant coding gains can be achieved by passing not

only hard decisions but also soft information.
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Chapter 6 presents a summary and conclusions drawn in the thesis. Comments on future

extensions of the work done in the thesis are also suggested.

1.7 Original Contribution

In Chapter 2, a near optimal bit-interleaved coded decision feedback differential
modulation for single antenna is proposed. This uses a residue number system code
instead of the convolutional code traditionally used in bit-interleaved coded modulation.
This scheme achieves high data rates with minimal complexity, in contrast to the

convolutionally coded schemes,

An RNS based space-time-frequency coding scheme is proposed in Chapter 4. The key
feature of the proposed STF coding scheme is the frequency encoder, Most STF
schemes in the literature use coding across multipaths and OFDM modulation
techniques to maximize frequency diversity. The main challenge is the code
construction involving a large number of OFDM carriers in a practical system. By
dividing the available bandwidth into several non-overlapping subchannels equal to the
code length, the proposed scheme codes across a number of subcarriers with space-time
signalling on each subcarrier. Hence the signal design on each subcarrier is the same as

that of space-time codes and multipath diversity is merely a trivial extension.

The proposed space-time-frequency code design in Chapter 4 can achieve full rate and
diversity gain of M M M, N, over quasi-static fading channels, where M, and M, are
the number of transmit and receive antennas respectively, M, is the time diversity and
N, the number of OFDM tones. The diversity order incorporates the number of
subcarriers (OFDM tones) previously not considered in the design of already existing

space-time-frequency architecture. Hence the proposed STFC scheme can achieve up to

a maximum possible diversity gain of M M M N_L, where L is the channel order.

The assumption of block fading is not ideal when transmitting over broadband wireless
communication channels and channel state information is not easy to track. In Chapter
5, a residue number system based iterative noncoherent differential STF coding scheme

for a frequency flat fast Rayleigh fading channel is proposed. The differential STF

decision feedback metric ts derived and the performance characterized.
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A soft decision decoding for bit-interleaved decision-feedback differential modulation ts

presented and its bit metric derived in Chapter 5. It is shown that this scheme can

achieve significant coding gains over the hard decision bit-interleaved decision-

feedback differential modulation. The decoding process is not limited to RNS scheme

but can be used in any iterative decision feedback differential modulation system a with

channel encoder e.g. convolutional codes.
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R.N. Akol and F. Takawira, “BER performance for residue based space-time-
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R.N. Akol and F. Takawira, “Maximizing diversity for space-time frequency
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space-time-frequency coding,” submitted to JEEE International Conference on
Communications, to be held in Glasgow, Scotland, United Kingdom, Jun. 2007,
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CHAPTER 2

REDUNDANT RESIDUE NUMBER SYSTEM CODED
DIFFERENTIAL MODULATION

2.1 Introduction

A residue number system (RNS) code is a non-weighted number system, with inherent
carry-free operations and lack of ordered significance features among its residues [[5],
[16), [17], [18], [19], [20]. The carry-free feature implies that the operations related to
the different residues such as additions, subtraction or multiplication are mutually
exclusive, ensuring that errors are not propagated from one residue to another.
Therefore, it is possible to perform arithmetic on long numbers at the same speed as
short ones. The arithmetic advantage is due to the ability of RNS to add, multiply or
subtract in parallel without generating intermediate carry forward digits or internal
delays. Hence RNS find wide application in high speed arithmetic operations such as in
general purpose computers [20], [22]. The residues are simply a remainder
representation of the operand divided by pairwise relatively prime positive integers
known as moduli. In RNS an integer is represented by a group of residues and can be
recovered from any combination of subsets formed provided there is sufficient
information. The lack of ordered significance feature among residue digits implies that
some residues can be discarded without affecting the final outcome. This property
heralds redundancy and forms the basis of error control design in RNS. RNS have been
studied widely in tolerance protection of arithmetic operations such as digital filters and

their redundancy property has been exploited in theoretical computer science [22]. Due
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to their flexible data rates, RNS codes are currently being considered for adaptive

systems [30] and cross layer design [173].

The error correction and detection properties of RNS are well established [17], [18],
[19], [21], [26]), [27), [28], making them attractive for channel coding in communication
systems, These codes belong to maximum distance separable codes and hence have
similar coding properties to Reed Solomon codes [33]. Liew, Yanga and Hanzo [31)
showed that the Chase algorithm can be invoked to provide soft input to the hard
decision RNS decoder and consequently applied the Pyndiah block turbo coding
principle [29], [32]. These codes were shown to have tremendous improvement when

the iterative decoding is applied in additive white Gaussian noise (AWGN).

Noncoherent detection using differential modulation (DM) is very atiractive for M-ary
phase-shift-keying (MPSK) signalling over rapid fading channels because of its
robustness against phase ambiguities and impairments of the received signal. There is
no channel information required at the receiver, hence, eliminating the need for a
tedious, impractical channel estimation process for rapidly changing channel
characteristics. Initially noncoherent DM was applied to quasi-static fading channels
where the channel characteristics for at least two consecutive symbolsN =2 are
considered constant [64], [66], [67]. Noncoherent DM has been adopted for continuous
or fast fading channels. However, conventional noncoherent differential modulation
leads to a 3 dB loss over coherent modulation due to variations in the autocorrelation
function of the fading process. Multi-symbol differential modulation (MSDM) for
MPSK was proposed to improve the performance of noncoherent DM [65], [68]. In
MSDM the observation period N > 2 is considered for maximum likelihood sequence
detection instead of symbol-by-symbol detection as in conventional differential
modulation (CDM). The performance of MSDM improves with increasing observation
period. This leads to increased complexity at the receiver. Hence, a suboptimal but less
complex decision feedback differential modulation (DFDM) scheme was proposed [69],
[70], [71]. This uses maximum likelihood detection for a symbol-by-symbol detection
(rather than the entire block of A observations) by feeding back previous N -1 hard
decisions. It was also shown that the performance of DFDM could be further improved
. through iterative decoding of bit-interleaved coded modulation [72]. In {72], an outer

convoltional code is serially concatenated with an inner differential encoder. This
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method was shown to offer éoniparable performance to the more complex iterative
schemes proposed in [73), [74], [75], [78], [80], [81]. This method also outperformed
the less complex coded CDM [76), [77]. The channel encoders employed in iterative
DFDM and coded CDM schemes are convolutional codes which may require low rates

or long constraint length to reduce the error floor effect.

Motivated by the performance of fow complex iterative DFDM and soft decoding of
RNS codes in AWGN, we propose a redundant residue number system iterative coding
scheme for noncoherent differential MPSK modulation in a Rayleigh fast fading
channel. Since RNS codes can offer high and flexible data rates, a key parameter in the
design for today’s multimedia communication systems, this research follows a novel
path. In this scheme, the RNS code s used as a channel encoder and is concatenated
with the inner differential encoder, Bit-interleaved coded modulation is applied to break
the error dependence of the channel, hence increasing the code diversity. The soft
values from the DFDM decoder are fed to the Chase like RNS decoder. Simulation
results show that the RNS codes can achieve similar or better bit error rate (BER)
performance than convolutional codes at approximately the same rate and asymptotic

coding gain for £ = 1, 2 error correction capability.

This chapter is organized as follows; in Section 2.2 we describe RNS representation and
simple arithmetic. Section 2.3 highlights the RNS coding theory and the encoding
process followed by the proposed bit-interleaved differential MPSK in Section 2.4. We

present stmulation results in Section 2.5 and conclude in Section 2.6.
2.2 Residue Number System (RNS)

2.2.1 Representation

The decimal number system is the most widely used number system. This system is
linear, positional and weighted such that all positions derive their weights from the

same radix (base) i.e. 10. Hence an integer X can be represented by

X=a, 10" +a, 10 +---+q10+q,

S 2.1)
=N ar, | | .
=0 -
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where ¥ =10 for decimal number system. The binary number system is another widely

used number system with positional weights 2°,2',2°%, etc.

The residue number system is a mixed radix system with positional bases that are
usually relative prime numbers to each other, for example 2, 3, and 5. An integer
X =17 is then represented by the bases 2, 3 and 5 by dividing it with the bases and
retaining the remainder known as the residue digit in their respective positions. To

convert a decimal number 17 to a residue number, we compute:

x =17mod2 =1,
x, =17mod3=2,
x;=17mod5=2,

hence the decimal 17 is represented by [1,2, 2] in the above residue number system.

This residue number system offers a unique representation of X in the range
0 <X <30 = 2x3x5. Note that the integer X =17 can be represented in the decimal

number system as
17=1x10'+7x10°%,

The weighted number system uses constant weights which is the power of the radix

{e.g. 10 in decimal number system) and is referred to as a fixed radix system.
2.2.2 Operations in Residue Number System

Suppose X, and X, are two decimal numbers, the operation X, X, results in a third
decimal number X, , where @ denotes addition, subtraction or multiplication. Likewise
if X, o (x,,x,,,x,) and X, < (x,,%,, -, X,,) are uniquely represented in the
RNS then X, =X X, can be uniquely represented provided X, is in the range

[0,31 1], where A is the product of the radices in RNS. Hence

X=X X,

X, o ((xn 'xgl)m.,d,,,l ,(x,2 *X,, )modm2 L -,(xw *x,, )mdm ), (2.2)

Xy (X5 Xg,0 0 Xy )
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The following example illustrate the three arithmetic operations namely addition,

subtraction and multiplication for RNS with radices m =5, m,=3 and m, =2,

respectively,

9 « [4.0]] 7 © [2,1]] 7 o [2,1]]
+ 16 o [1,1,0] x 4 o [4,,0] - 4 & [41,0]
25 o [0,1.1] - 28« [310] 3 < [3,01]
decimal residue decimal  residue decimal  residue

There is no information carried forward between the residue digits resuiting in high
speed operations. In the event that an error occurs it is confined within the

corresponding residue digit and does not affect other operations.
2.3 Using RNS in Channel Encoding

A residue number system (RNS) code is defined by a set of V' pairwise relatively prime

positive integers m, (i =1,2,..-,) known as moduli [15], {16}, [17], [18], [19], [20]. The

product of the moduli is called the dynamic range A4, which determines the maximum

number of bits (log2 M‘,) that can be transmitted using the RNS code,

M, =]]m. (2.3)

Any positive integer X in the range 0< X <M can be uniquely and unambiguously
mapped to a set of residue sequence (x],xz,-—-,xv) , such that x, = X(mod m,). From the

Chinese remainder theorem (CRT) {26],{33], for a given set of residues, there exists one

and only one integer X in the range 0 <X < M . This aliows unique recovery of the

information data X from a set of received residues. The CRT is expressed as

Xz(iM,-x,L)modM.,, (2.4)

i=1

where M, =M,/m; and L is the multiplicative inverse of M, modm,, such that

(LM, )modm, =1.
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The mixed radix conversion (MRC) can also be used to represent integer X in the from

X= Zafnm; ? | (2'5)

1]
such that 0 < a, < m; are known as radix coefficients and [ [m, =1.
: . . =1

To incorporate error control, U/ - F redundant moduli are appended to form a redundant

residue number system RRNS(U,V) code with 0< X <M, being the legitimate
U

dynamic range and M, < X < M, , the illegitimate dynamic range, given M, .—.Hm‘
¥=i

[21), [26]. Any received information X falling in the illegitimate range implies that an

error has occurred. Hence RNS can be used for error detection.

From information theory, the minimum distance d_,, is a key parameter in any error

control coding. The redundant residue number system (RRNS) code has a minimum

distance of 4, if and only if the product of the redundant moduli satisfies the

following inequality [18], [19]

max{ﬁmﬁ}‘;*MR zmax{dﬁl mﬂ}, (2.6)

i=l i=i

i
where My = 1—[ m, and m,is any of the U moduli and 1< j, <U. Hence the error
i=F+1

correcting capability of a RRNS code is given by [21], [33]

dmin -1 -
¢ _l-—i—J | 2.7

where |z | denotes the largest integer not exceeding z. It was also shown that for
maximum distance separable RRNS code (ie. 4., —-1=U—-F ), the necessary

condition for the left hand side of (2.6) to be satisfied requires RRNS code fo have the

largest modulus of 4, —1 as the redundant modulus.
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RRNS(U, V) code is a block code, since it takes in V information symbols and generates
U coded symbols. RRNS codes are semi-linear block codes as the condition of linearity
is satisfied under certain conditions only [18], [33). The fundamental properties of
linear block codes are that the all-zero vector is a valid codeword and the sum of two
valid codewords is also a valid codeword [37], [38], [39].

2.3.1 Redundant Residue Number System (RRNS) Encoder

There are two coding strategies used in RRNS, namely systematic and non-systematic
encoding. This can literally be viewed as in the case of convolutional codes where the
information bits have either a direct bearing on the coded symbols ie. systematic

encoding, or not i.e. non-systematic encoding.

e ]
Maoni RNS 2
b bi apping Conversion ’
its Function N
{Integer X ) (X mod mj)
>y

Figure 2.1: Non-systematic encoding

Figure 2.1 shows the block diagram of non-systematic RRNS encoding process. In non-
systematic RRNS encoding, a block of & bits per encoding interval is mapped to an
integer X such that

0sX<2'sM,, (2.8)

where M is the legitimate dynamic range. Note that in most scenarios, the legitimate

dynamic range is not a typical integer power of 2. Hence 2" << M, which implies that

the dynamic range is not efficiently used. The residue digits corresponding to a given

set of moduli are then generated using the convectional modular arithmetic

x; =X modm,, 2.9
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for j=1,2,---U. Since the moduli are relatively prime to each other, the resultant
codeword is unique for each given integer X . Each residue digit is converted to its

binary equivalent such that there are », number of bits per residue
n,=log,m +1, | (2.10)

hence the resultant number of coded bits at the output of the non-systematic encoder is

15
b=Yn,. (2.11)
=1 .

The rate of the RRNS non-systematic code is given by b/k’. Since the residues do not

directly represent the data, the above encoding process is referred to as non-systematic.

F——
X
» Base ——*x Noq-redundam
& bi Map io AN . Residues
2 ) Non-redundant |- Extension .
Residues . _ o
‘“_'—’ +r
X | Method
Redundant
Residues

Figure 2.2: Systematic encoding

Figure 2.2 shows the block diagram of systematic RRNS encoding process. In a
systematic RRNS encoding, a block of b information bits is divided into smaller groups

of b, =log, m, bits and mapped to non-redundant residues x,,x,,---,x, such that

o
n

Ngh

o

(2.12)

e
]

The redundant residues are generated using the base extension (BEX) method [29], [331.

Mapping each redundant residue to its binary equivalent, yields bj =log, m, +1 bits and

v _
b= b, : . (2.13)

=V
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where & is total number of redundant bits. Hence the rate of a RRNS systematic code is
b/(b+5'). From (2.5), we can expand the MRC representation of integer X to form
ka2 k-1

X=a1+a2m,+aam1m2+---ak_1l—[mj+a*l—[mj, (2.14)

=1 J=l

where a, are the mixed radix coefficients. Recall from the definition of the dynamic

range i.e. the product of moduli, and assuming that the moduli are arranged in ascending
order (which is a necessary condition for the inequality in (2.6) to be satisfied) i.e.
m, <m, <:-<m,. It can easily be seen that the terms in (2.14) are all multiples of X
except for m, , hence the radix coefficient a, = X modm,. To solve for a,, first subtract
a, from (2.14) and then divide by m,,
X-a t-z ke
L=a,+aum g, [ Im +a ] ]m, . (2.15)

1 J=2 i=2

t

/Y—a']

Likewise all the terms in (2.15) are multiples of except for m,. The whole

procedure can be repeated until all the radix coefficients are obtained. Hence

a, =X modm,,
a, = (X /m )modm,,
a, =(X/mm,)modm,, (2.16)

a, =(X/mmy-m,_ Ymodm,.

If another term is added to (2.14), the mixed radix representation would be

k-2 k- &
X =g +am+amm, +--—a,(_lnm1 +a,chJ. +ak+11—[mj , (2.17)
4= 4= 4=

&
with < X « Hmj. ~1 being the legitimate dynamic range. Therefore, if the integer X

J=1
is to be represented in the extended MRC form, its coefficients beyond & are equal to
zero. Since the set of moduli is always predetermined, and the non-redundant residues

are a result of direct mapping from the corresponding bits, the task of representing
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integer X in the extended MRC form amounts to finding the radix coefficients. The
fact that coefficients beyond % are equal to zero is used to find the residue digit of the
extend moduli X modm,,,. Hence, redundant residue are generated from (2.16) by
performing modulus operations since the non-redundant residues are known. The

process of representing the integer in the extended MRC form is known as BEX.
2.3.2 Error Detection and Hard-Decision Decoding Algorithm

The decoding process is dependent on which encoding was used, i.e. systematic or non-
systematic RRNS encoding. From the received residue vector, an integer X is
computed using either the CRT or the MRC. If X > M, , it implies that the received
residue vector is an invalid codeword, hence an error has been detected. Once errors
have been detected, their respective positions have to be determined and subsequently
corrected. An RRNS(U, V) code is able to detect up to U7 —¥ residues if they are in
error and correct up to ¢ = (U -V)/2 residues in error. Any valid codeword represents a
unique integer which falls within the legitimate range 0< X <M, of the RRNS code
and any invalid codewords are in the illegitimate range M, <X < M, . An algorithm for

single residue error correction based on modulus projection and the CRT was proposed

[18] and has been extended to correct multiple residues in [19] and [20].

In this subsection we outline the error detection and hard decision decoding procedure
that will be used to decode RNS codes throughout this thesis. The hard decision
decoding algorithms are based on BEX and MRC for multiple error correction proposed
in [33]).

At the RRNS decoder, the MRC is applied on the set of the received residue vector to

solve for radix coefficients. If the radix coefficients a,,, - a, are equal to zero, there is

no error in the received residue vector. However, if any of the radix coefficients

i

a,,, -a, are not equal to zero, there is at least one residue digit in error. The next step

is to locate the error positions. An RRNS code can correct up to

t=(d_ —-1}/2 =(U-V)/2 residues in error. First, 7 residue positions are assumed to

be in error and a new set of moduli is obtained by deleting the corresponding ¢ moduli,

hence a new legitimate and illegitimate dynamic range. MRC is then applied to

23



determine the values of the new radix confinements using the deleted residues and their

corresponding moduli as the new redundant set. If all the radix coefficients a,,,---q,

+

are zero, correct the error using the BEX method and stop. If not, the above process is

U
repeated for all (t J different combinations. If no zero radix coefficients are found

U . . .
after [Jtrials, there are more than ¢ errors in the received residue vector and the

decoding process is stopped.
2.4 Bit-Interleaved RRNS Differential Modulation

In this subsection we describe the system model for the proposed redundant residue
number system iterative coding scheme for non-coherent differential modulation. The

baseband representation of the system model is depicted in Figure 2.3.

2.4.1 System Model

b RRNS f P
: . 41 | Mapper v Differential | o
Code "| 1 " ) Encoder
Channel
- Chase . ¥
b : LLR{x) Bit-wise 5
T LKeRRNS oo fe | Metric
Computation

F

o1 el

)

Figure 2.3: System model of RNS bit-interfeaved differential MPSK.
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The binary information stream to be transmitted is first grouped into blocks of & bits
M-ary symbols, which are then encoded by the outer RRNS(U,¥) code to a set of U
parallel residues as described in the preceding subsection. This implies that for b

information bits to be transmitted using RRNS(U, V) code, the legitimate dynamic range
should be equal or greater than 2° (i.e. b=log, M,). In this chapter we use systematic

RRNS encoders that were proposed in [29], [31], [33]. In a systematic RRNS encoding,

the & block of bits is divided into smaller groups each with b =log, m, which are

mapped to non-redundant residues and the redundant residues are generated using the
base extension (BEX) method. A block of L residues (with U7 parallel residues per

coding interval) is serially converted to its binary equivalent and bit-interleaved. The
coded bit siream is then mapped to a 5 bit MPSK symbol such that b= log, M. The

MPSK symbols are then differentially encoded and transmitted over rapidly fading

Rayleigh frequency non-selective channel.

Consider a differentially coded symbol s, propagating over a fast fading Rayleigh

fading channel during the kth symbol interval. The output of the differential encoder is
given by

S = VS, : (2.18)

where v, is the data camying symbol and is drawn from
v, € A ={exp(j2rv/M)|v=0,1,--,M -1} MPSK signal constellation. At the receiver,

the received signal can then be expressed as
Py =Skhk +ny - (2‘19)

where n, is the additive white Gaussian noise (AWGN) with zero mean and double

spectral density N, /2. The zero-mean complex Gaussian random correlated fading
process 4, is based on Jakes model [174] with a normalized autocorrelation function

given by

oty = Ey (i, = 03, (27 7)), (2.20)
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where ¢ is the variance, Ep{.} and (.)* denotes the expectation with respect to » and

complex conjugate respectively, Jo(.) is the Bessel function of the first kind, fp is the

maximum Doppler frequency and T is the symbol duration.
2.4.2 Decision Feedback Differential Modulation

The maximum likelihood decoding process follows decision feedback differential
modulation (DFDM) which is derived from multi-symbol differential modulation
(MSDM) for N > 2 observation period [69], [70]. Given that there is no channe] state

information at the receiver, the conditional probability density function {pdf) of the

received vector rk=[r},r;;_r,m,r}wm.]7 given the data carrving symbol vector

v, = [v,c 2 Viots® s Vi N ez ]1r for the differentially coded symbol vector

T .
5, =[Sk’sx—1>""sx-m1:| 1

exp(—-rfA"rk)

p(rk;’vk)= ﬂ‘NlAl

, 2.21)

where T is the transpose, H is the conjugate transpose and A is an N x N correlation

matrix. The correlation matrix is derived from the autocorrelation matrix ¢, of the
fading process and AWGN over N > 2 observation periods as

_ M
A=rr /v,

N (2.22)
=57,s, +-2—°IN,

where the elements of @, are given by (2.20), M denotes the complex conjugate
transpose and 1, is an Nx N identity matrix. If the symbols v, are taken from a unitary

MPSK signal constellation, then s's, =1, and the correlation matrix can be expressed

as

A=S?(‘Ph+N2O IN]sk

_oH
=8, R,8,,

(2.23)
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and is independent of the transmitted symbol sequence. Neglecting the constant terms
and substituting for A in (2.21), the conditional pdf can be rewritten as [70], [71], [72]

-1
pr/v)=e xp[—rff (S?R;,S&) r&:]

(2.249)
= exp[—rfskR;‘sfrk].
The conditional pdf in (2.24) can further be expanded and expressed as
M-l N1 R R
P /vy =expl O, Dt SuaiSicstiey | (2.25)
=0 =0

where 7, are elements of the inverse of the correlation matrix R, in (2.23) defined as

foo fy A
I o
T =-R;' =-[q>,,+%l,,] = v (2.26)
fvoo tven 0 Taona

By expanding (2.25) and substituting for ss,_, =v;, the multi-symbol differential pdf

can be expressed as

N i— [

z-l Lt iSeiStits; ] +2Re [f Zt,j r,('_,n_jl_T[ Ve H . 22D

1
i=0 i=] j=0 g=j

pir/vy)= exp{Re[

Note that the first term of the exponential function is a constant and can be ignored,

hence

=1 =0 ¢

N=1 -] i—]
pv /v~ exp[z Re(z ny?‘x‘.;n_}n"k—c J:] . (2.28)

The maximum likelihood decoding for symbol v, is taken over the entire N block

symbols by choosing the metric that maximize the conditional pdf in (2.28). To
minimize the receiver complexity, N —1 previous hard decisions are fed back [69],
[70], hence, the term decision feedback differential modulation (DFDM). The
conditional pdf in (2.27) reduces fo |
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g

N=t 4l
p(n/v)= exp{2 Re {r;vk ZIojr,_jHi‘,(_g }] , (2.29)
=l

where 7,_, are the hard symbol decisions from the previous detection except for the &th
symbol interval. From (2.29) the maximum likelihood decoding for v, chooses the
symbol from the MPSK signal constellation that maximize the conditional pdf in (2.29).
Since the lozarithmic function is a monotonically increasing, maximizing p(r./v;)
over v, Is equivalent to maximizing log(p(r‘_fv,( )) over v, . Hence the bit metric

from the xth label can be obtained by averaging over signal consiellation whose symbol

metrics have b € {0,1} in the uth bit position as

v eAl J=l

N j=t
Alul=tog exp[Z Re {rk’vk R ;}] (2.30)
&=l

Thus the bit log-likelihood-ratio (LLR) metric for the kth label in the uth bit position is
given by

LLR [p}= 2, 1p}- 7 14). (2:31)

The LLR are first deinterleaved and fed to a chase like RENS decoder. The
deinterleaved LLR values are the soft input to the Chase RRNS decoder which outputs
hard decisions. The hard decisions are interleaved and fed back to the bit-wise metric

computer. The procedure is repeated for several iterations,
2.4.3 Chase and Iterative Decoding Algorithm

The hard decision decoding algorithms used in this thesis are based on BEX and MRC
for multiple error correction as outlined in Section 2.3.2. We invoke the Chase
algorithm similar to [31] but differ in the generation of soft input to the chase decoder

and the error pattern.

-For every decoding interval, b+5" LLR values are fed to the Chase like RRNS

decoder. A hard decision z, associated fo the soft information y,= i:'*NO /2 is made

[47]. The confidence values | y, | are then sent to the Chase algorithm which generates
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a set of 2’ error patterns according to the / least reliable confidence values | v, . The

error patterns are each added to Z =[z,z,...z,,,] by modulo two addition to produce a

new sequence Z which is mapped to corresponding residues and sent to hard decision
RRNS decoder. At the output of the hard decision decoder a set of valid codewords is
searched according to (2.32), and the codeword with the minimum metric is decoded as

the transmitted codeword

2
) (2.32)

=/
-

y." #

bb
5=

!
=

where ?; € {+1,-1} in the uth bit position of the ith codeword at the output of the hard

decision decoder.

If no valid codeword is found, Z is then decoded as the transmitted codeword. The
decoded codeword is mapped to non-redundant residues as described in Section 2.3.1
for systematic RRNS encoding. Redundant residues are generated through BEX method
angd the whole process is repeated for the entire block. The residues are then converted
to their binary equivalent and bit-interleaved. After bit-interleaving the bits are mapped
to MPSK symbols, which are then differentially encoded and fed back to the DFDM

decoder for a new metric computation as shown in Figure 2.3.

For the iterative decoding process, the re-modulated fed back symbols are generated
from bit decision at the output of the Chase RRNS decoder, For the first iteration, as
there are no previous decisions available, we use conventional differential modulation
e, N=2 for the first iteration [72]. For further iterations, re-modulated fed back
symbols from previous iterations are used to calculate the bit LLR values as in (2.30)

and (2.31) for N > 2 observations period.
2.4.4 Complexity Issues

In this subsection, we comment on the complexity of the proposed system mode)] versus
the convolutionally coded differential scheme in [72). Since both schemes use decision
feedback differential modulation for their differential decoding, our comparisons are

based on the channel encoders i.e. convolutional code (CC) versus RRNS code.
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Although the d__ for the block code is different from the minimum free distance

(d,,.) for a CC, they both have the same effect on the asymptotic coding gain.

For sequential decoding using the standard soft-in hard-out Viterbi decoding algorithm
for CC, the complexity C,. is dependent on the number of states (Sy), number of input

bits (b) to the code and frame length (L) as follows [39]

C, % LS, (2 /b)), (2.33)

where S, =2° and ¢ is the constraint length. It can be seen from (2.33), that C,.

increases exponentially with increasing ¢ and b. Moreover to obtain low BER, large
constraint lengths are used, hence increasing the complexity. The CC used in [72] are
low complexity, low rate 1/b [38], [39]. Even though puncturing increases the rate of

1/ CC, the BER performance is not as good as the parent code.

On the other hand, an approximate maximum likelihood decoding based on the Chase

algorithm is used for block codes. In [33] the comiplexity for RRNS code was

determined and shown to be dependent on the error pattern 2', the code length U/ and

the error correction capability ¢ as

Cons 27 UU=1-1)= 3 1] (2.34)
e (U- | '

f=1

Although the CC may appear to be less complex than RRNS code, the decision on the
transmitted sequence is based on the entire frame length as opposed to RRNS code
where a decision is made per decoding interval. The length of the random interleaver is
key and the larger it is, the lower BER performance. The complexity equations in (2.33)
and (2.34) are independent of the length of the interleaver even if it is assumed to be the
same in both cases for comparison purposes. Therefore, with minimal error patterns, for
low error correction capability ¢, the complexity for short RRNS codes becomes
comparable to CC. Since RRNS codes can achieve high data rates for the same

complexity, this makes them attractive over CC,
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2.5 Simulation Results and Discussion

In this section we demonstrate the performance through simulated results of the
proposed redundant residue number system Dbit-interleaved differential MPSK
modulation as described in Section 2.4.1 compared to the one with convolutional codes

in [72]. The comparison is based on RRNS and CC with 4, =d,, respectively and

approximately equal code rates. This implies that the two codes have approximately the
same asymptotic coding gain, since it is only dependent on the code rate and minimum

distance of the code. The simulation model is as shown in Figure 2.3,

Correlated Rayleigh fading coefficients were generated based on Jake’s model [174]
and assumed to be flat over a symbol interval. The RRNS codes used in the simulations
are systematic and the moduli 211, 217, 223, 227, 229, 233, 239, 241, 247, 251, 253,
255, 256 were taken from [33]). Error correcting capability of ¢ = 1, 2, 3 according to
(2.7) for RRNS(5,3), RRNS(9,5), RRNS(13,7) codes respectively were considered. For
all our simulations, the input to the differential encoder is mapped to QPSK symbols
with Gray labeiling. A random bit-interleaver for each frame of 4000 (or approximately
4000 for RRNS codes) bits was used. A normalized Doppler frequency was taken to be
f,T =0.01and the measured BER are presented as a function of SNR (Ew/N,) in dB.
The CC simulation model is based on Figure 2.3 by simply replacing RRNS code with

the CC. The decoding algorithm for the CC is based on standard Viterbi decoder [72]
and Chase like decoder was invoked as described in Section 2.4.3 for the RRNS code.

2.5.1 Effect of Test Patterns on the BER Performance of RRNS vs.

Convolutional Code

Figure 2.4 shows the bit error rate performance comparison of the proposed system with
RRNS(5,3) and rate 1/2 CC with a dii, = 3 in a rapid correlated flat Rayleigh fading
channel for CDM i.e. N =2. The RRNS(5,3) moduli are m; = 227, my = 229 m3 = 233,
myg = 239, ms = 241, with m,, mz, m; non-redundant and my, ms redundant moduli, hence
a code rate of b/(b+d") = 21/37. The CC is non-systematic two states code with

generators g, =3 and g, =1 in octal form and are taken from [38].
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It can be seen from Figure 2.4 that as the number of test patterns 20 (=02, 4,6)
increases, the BER performance of the RRNS code improves tremendously and
becomes comparably to CC. We also see that that for / = 4, and [ = 6, the RRNS code
performs better than CC at SNR higher than 8 and 5 dB respectively. This is due to the
repetitive nature of RRNS codes since the same information is transmitted on several

residues.

Figure 2.5 shows the bit error rate performance comparison of the proposed system with |

RRNS(9,5) and rate 1/2 CC with a 4, =3 in a rapid correlated flat Rayleigh fading
channel for CDM i.e. N =2, The RRNS(9,5) moduli are m; = 227, m» =229, m3 = 233,

my = 239, ms = 241, mg = 247, my = 251, mg = 253, mg = 255, with m,, ma, ms, 14, ms
non-redundant and ms, m7, ms, mo redundant moduli, hence a code rate of

b/Ab+b" =35/67. The CC is a non-systematic two states code with generators

g, =5, g, =7 in octal form taken from [38].

It can be seen from Figure 2.5 that increasing the number of error patterns 2’ for (/ =0,
2, 4, 6, 8) improves the BER performance of the RRNS code tremendously. However,
the RRNS code achieves comparable BER performance to CC at high error patterns 2/,
for / = 8. This is because bit-interleaving spreads errors and destroys the mutually
exclusive property of residues in fading channels and hence the low coding gains for
RRNS codes which is a dominant performance factor at low SNR and increasing length
of the code. However at high SNR, the diversity gain of the RRNS code becomes
dominant. Hence, the RRNS code performs better than CC at high SNR.

2.5.2 BER Performance of Iterative DFDM of RRNS vs. Convolutional
Code

Figure 2.6 shows the BER performance of the proposed decision feedback differential
modulation (DFDM) scheme with N > 2 for RRNS(5,3) code at 2/, [ = 6 error patterns
and rate 1/2 CC at four iterations and d_, =3. The RRNS has the same moduli as in
Figure 2.4. It can be seen that the BER performance increases with increasing

observation period N >2 as expected. It can also be seen that RRNS code performs
- better than the CC at high SNR.
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2.5.3 Effect of Increasing the RRNS Error Correction Capability

Figure 2.7 shows the BER performance of the proposed system at different error
correcting capabilities ( = 1, 2, 3) for a hard decision decoding of the RRNS code. The
different RRNS codes employed are as follow: The RRNS(5,3) moduli are m =227, m
=229, my =233 non-redundant and my4 = 239, ms = 241 redundant, code rate of 21/37;
while RRNS(9,5) has my = 227, m = 229, my = 233, m4 = 239, ms = 241 non-redundant
and me = 247, mz = 251, mg = 253, mo = 255 redundant moduli, code rate of 35/67;
the RRNS(13,7) has m; =211, ma =217, m3 = 223, my =227, ms = 229, ms = 233, m7 =
239 non-redundant and mg = 241, moe = 247, myo = 251, my = 253, myz = 255, my3 = 256

redundant moduli, code rate of 49/97.

It can be seen that as the error correction capability increases from 7 = 1 to 7 = 2, the
BER performance improves for a hard decision RRNS code. However, there is no
significant improvement from ¢ = 2 to ¢ = 3. This is consistent with [33], where it was
shown that there are no significant coding gains beyond ¢ >5 for an additive white

Gaussian noise channel.

2.5.4 Effect of Increasing the RRNS Code Rate vs. Convolutional Code

' Figure 2.8 shows the BER performance for RRNS at different code rates and 2/, I = 6

error pattern in comparison to rate 1/2 CC with the same minimum distance 4, =3

for conventional differential modulation (CDM) i.e. N> 2. It can be seen from Figure
2.8 that the RRNS code can reduce the effect of CDM at a higher code rate compared to
the CCfor d,, =3.
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2.6 Conclusion

In this chapter, residue number system channel encoding and decoding was introduced.
We discussed residue number system codes redundancy properties and error control
when applied to communication systems. The encoding and decoding algorithms for
hard decision were outlined. We extend already existing soft decoding algorithms for
block codes to residue number system codes. A bit-interleaved coded modulation for

noncoherent MPSK modulation was proposed and its performance investigated.

It is shown through simwlation results that, in some applications the residue number
system codes can achieve similar or better bit error rate performance than convolutional

codes at approximately the same rate and asymptotic coding gain.
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CHAPTER 3

MIMO SYSTEMS

3.1 Introduction

Providing fast and reliable transmission over a wireless link at low complexity has been
the centre of attention in the communication industry in the recent past. This is mainly
due to the fact that a wireless channel is characterized by multipath [14], which may
result in the received signal adding destructively, hence performance degradation. This
can be overcome by introducing diversity into a wireless system. Temporal diversity
can be achieved through employing error correcting coding schemes combined with
interleaving, an example of which was discussed in the previous Chapter. If two or
more diversity schemes are combined, more independent dimensions become available

for information transfer.

In the last decade, MIMO systems have been found not only to provide spatial diversity
but also to offer larger channel capacity 2], [3], (4], {87]. The cuimination of MIMO
systems with OFDM has turned multipath propagation, traditionally a pitfall for
wireless communications, into diversity gain. Space-time (ST) coding forms an integral
part of MIMO schemes and architectures. A lot of research has been devoted to the
design and construction of space-time codes (STC) [86], [88], [89], [90], [94]. STC
have been extend to OFDM systems [145], [146], [147], [148], [149]. The possibility of
MIMO and OFDM has prompted a completely new area of research with the aim of
optimizing/maximizing the potential frequency diversity due to the inherent frequency

selective nature of the wireless fading channel. This has led to new coding schemes
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analogous to space-time coding such as space-frequency coding [150], [151], [152],
[153], [154], [155], [156] and space-time-frequency coding [159], [163], [164], [165]).

This chapter presents a comparative study of the performance of space-time coded
OFDM, space-frequency coding and space-time-frequency coding. It is shown that
space-frequency block codes (SFBC) perform better than space-time block coded
OFDM when the effect of Doppler spread is large and the effect of delay spread is
small. However, when the effect of delay spread is small and the effect of Doppler
spread is small, space-time block coded (STBC) OFDM and SFBC have the same bit
error rate performance. It is also shown that STF does not necessarily offer extra

frequency diversity gain than the already existing space-frequency coding.

This chapter begins with a discussion on the existing space-time coding approaches for
MIMO flat fading channels in Section 3.2, followed by space-frequency coding
techniques in Section 3.3. Existing space-time-frequency coding schemes are discussed
in Section 3.4 followed by a comparative simulation results and discussion in Section

3.5. A conclusion is then drawn in Section 3.6,
3.2 Space-Time Block Codes

This subsection presents a brie.f overview of space-time block codes (STBC) and
OFDM. Note that although space-time trellis codes (STTC) can be or have been used
along with OFDM to offer the same advantages, not many architectures have found
wide applications in the current research involving space-frequency or space-time-
frequency coding. This is mainly due to the easy construction and implementation of
STBC, allowing for its application in several diversity techniques while still achieving
full spatial diversity. Although our discussion throughout this thesis will not be limited

to STBC, many examples will be based on them.
3.2.1 Signal Model and Performance Criteria

Consider a MIMO system with A4, transmit and A, receive antennas. A STBC is a
collection of some matrices each with size PxM,, where P is number of time slots or

time delay for transmitting a codeword. A block of K information symbols
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X=[x,x2—--xK] drawn from an arbitrary constellation is encoded by a STBC to a

codeword

I
b v, Vi,
2 2 2
viou e v
1 2 M,

V=| oo SRR G.n
P
LI Vi,

such that v/ denotes the coded symbol to be transmitted on the ith fransmit antenna

during the fth time slot. The entries of V are complex linear combination of

information symbols x,,x,,--+,x, or their complex conjugate. The symbol transmission

rate R, which is defined as the ratio of symbols at the input of the encoder and the

output of the ST coded symbols are transmitted from each antenna as
Ry =K/P, | (3.2)
where K information symbols are transmitted in one block with P time delay.
The received signal collected over M, receive antennas can be modelled as
R=VH+N, (3.3)

where R is a PxM, received signal matrix and N denotes a PxM, zero mean
additive white Gaussian noise (AWGN) matrix. The channel H is assumed to be an
independent identically distributed Gaussian random process with quasi-static fading,

i.e. the channel remains constant over the length of the STBC, and is given by

hy hy o By
vee  h
me| e T (3.4)
hM,,l hM,,z hM,JLf,

where 4, is the channel gain between the jth transmit antenna and the jth receive

antenna. Assuming that there is perfect channel state information available at the

receiver, the maximum likelihood decoding metric can be expressed as
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V =min, |R - VH|'
= miny o[ (R~ VH)"(R - VH) - 3.5
=min, [ (R*R} -1 (R*VH+ V*H"R )+ (V*VHH") ]

where (") denotes the trace, H the conjugate transpose and ||| the norm of a matrix.

The minimization is done over all the admissible codewords of V. It can be seen in
(3.5) that the first term is independent of the transmitted vector, the second and the third
terms are linear combinations of the first order and second order respectively of

information symbols x,x,.,--,x, or their complex conjugate. Recall from the
orthogonality property of STBC, since there are no terms x.x,, x,x,, and x/x; with

i= j in the third term, the decision metric in (3.5) can be written as sum of function

whose variable depend on each information symbol x, , i.e.

X
min, [[R-VH|" =Y £,(x). (3.6)

i)
Hence the minimization can be done independently on each symbol which leads to fast

maximum likelihood decoding of STBC.

The pairwise error probability for detecting a codeword V assuming V was

transmitted can be upper bound by [85], [86]
-M M,
~ | I " SNR i
PiV, Vi<~ A —_ . 3.7
w9311 (%) oD

where r denotes the rank of a matrix (V—\?) and A,A,,--, 4, are the nonzero

~ A M
eigenvaiues of (V—V)(V—V) . This leads to the rank or diversity and product
criterion for STBC in quasi-static Rayleigh fading channels [86]. The diversity criteria
is more attractive and for full diversity the difference matrix V-V should be full rank

for any pair of distinct codewords V and V. It was shown that ST coding can exploit

up to a maximum M, M, diversity gain in flat fading channels {6], [7].
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It was shown in {90} that a good STBC should achieve maximum diversity and
possesses fast maximum likelihood (ML) decoding algorithm. Hence the special
structure of orthogonal design not only guarantees maximum diversity but also provides
for fast ML decoding. The transmitted matrix V is said to be orthogonal if it satisfies

the following condition,
VHV=(|x‘ Mt +‘..+|xx|2)l. ' (.8)

One of the advantages of STC is increased channe! capacity at no bandwidth expansion.
It was shown that while the maximum symbol transmission rate of one can be reached
for any number of transmit antennas for STBC from real orthogonal design, STBC from
generalized complex orthogonal designs cannot achieve a symbol rate of one for more
than two transmit antennas [89], [90], [7]. Spatial diversity is independent of
transmission rate, hence full diversity does not imply full rate. It is therefore possible to
sacrifice some data rate for more diversity and indirectly compensate through high level

maodulation formats.
3.2.2 Complex Orthogonal STBC

A well known example of STBC that achieves full diversity but no coding gains is the
Alamouti scheme [88]. Originally designed for two transmit antennas, it has been
extended to three and four transmit antennas with emphasis on the orthogonal
construction of the signal constellation at the transmitter to ease the detection process at
the receiver. The Alamouti STBC code matrix for two transmit antennas is given in

(3.9). Clearly the rate of code matrix G, is one.

X X

Gg(xpxg):[ x't xﬁ] (3.9)

Examples of the STBC code matrix for three and four transmit antennas are defined as

X X, X X, x, x 0
-x, x 0 X, X \
G3(x13x2’x3)= . « s G4(xpx23x3)= R . . (310)
-X, 0 X, -X, O xl —-X,
0 - x 0 -x x x
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It can be seen from (3.10) that for three and four transmit antennas, the STBC rate is

3/4 . Note that the code matrix for three transmit antennas G, is derived from the code
matrix for four transmit antennas G, by deleting one of the columns. These codes

belong to the generalized complex orthogonal design for complex constellations such as
QAM and PSK [7], (891, [90].

3.2.3 Quasi-Orthogonal STBC

It was shown that increasing the number of transmit antennas increases the spatial
diversity and orthogonal STBC can achieve full spatial diversity [89], [90], [92].
However, complex orthogonal STBC could not guarantee rate one for more than two
transmit antennas. Hence full rate quasi-orthogonal STBC were proposed [93], [7] by
relaxing the orthogonality condition to achieve full rate. This however compromises the
fast ML decoding as is it can no longer be carried out on each symbol but on the pairs of
candidate symbols. An example of four transmit full rate quasi-orthogonal STBC in [7]

was constructed as follows

X X, X3 Xy
A B -x, % -x, x.
2 1 4 3
G-i (xl’x2§x35x4)={ - * = * ¥ ¥ e | (3.1])
-B° A =X Xy X X

where

It was proved in [89] that the above code has a maximum rank of 2 over all the distinct
codewords, hence diversity of 2M_ rather than a full diversity of 43, . In [91] full rate
full diversity quasi-orthogonal STBC were obtained by rotating the signal constellation

for not more than four transmit antennas. Other full rate full diversity STBC can be
found in [101}, {102).
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3.2.4 Space-Time Block Coded OFDM

Unfortunately STBC are very sensitive to delays. The orthogonality of the STBC is
broken in multipath fading channels and inter-symbol interference (ISI) may occur,
degrading their performance. In this subsection we briefly discuss the space-time block
coded OFDM (STBC-OFDM) signal model, '

Consider an OFDM communication system employing A, transmit and M, receive
antennas propagating through a frequency-selective fading channel. A single stream of
binary infornation data enters a ST encoder which transforms it into A, paraliel
streams of baseband constellation symbols. Each stream is broken into OFDM blocks of
constellation symbols of length &, such that the #th block from the ith transmit antenna
to be transmitted on the uth subcarrier is given by v,[n,u], for u =12,--,N,. The data
symbols are then modulated using inverse fast Fourier transform (IFFT) into OFDM
symbols. After adding a guard interval, the OFDM symbols are then transmitted each
stream from Its corresponding antenna. Thus, all the M, transmit antennas
simultaneously transmit on N_ subcarrier. At the receiver after removing the guard

interval, the received signal is demodulated by fast Fourier transform (FFT). Hence
equation (3.3) for an OFDM symbol on the nth block becomes

R[] = V[#H[x] + N[#], (3.12)

where V(] is a collection of N, STBC symbols and N{»] is a diagonal matrix whose

elements are FFT of the channel AWGN defined the same way as in (3.3). The fading
channel matrix on the nth OFDM symbol Hir] is a diagonal matrix whose diagonal

elements are FFT of the impulse channel response. The channel frequency response
between the ith transmit and the jth receive antennas in the nth OFDM block, on the uth

subcarrier and /th path can be defined similarly to (3.4) as
< f 2N,
B )= o Inle ™, (3.13)
i=0

o In(3.13), a,.”__ ;171 is an independent identically distributed fading coefTicient on the /th

tap delay line. The maximum number of resolvable paths is L=|z,A, +1] where r is

mn
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the maximum delay spread and A, =1f(NcT) is the tone spacing of the OFDM system.
For STBC-OFDM to function normally ie. no IS], the channel coefficients of P
consecutive OFDM symbols are considered constant, ie, # (1]=4 [2]==H [F].
Hence an OFDM symbol period of PN.T" , where P is the delay time or the number of
time slots required to transmit STBC code symbol. it is further assumed that all the path
gains between any pair of transmif antenna and receive antenna follow the same power
profile E“a’er} =g, for any given (:‘,j,i), and the powers of the L paths are
o _

normalized such that Zo’, =1. The frequency selective fading channel is transformed
=0

into L flat multiplicative subchannels, hence the presence of multipath can lead to

performance improvement.

Figure 3.1 shows an example STBC-OFDM based on the Alamouti two transmit one

receive antennas scheme signalling through a frequency selective fading channel.

V.
X{2n],-X'[2n+1] FET h (]
\\ vl
X(n) |STBC : _ '\7\3’"x2 \\
Encoder RN
X[2n+11. X" 27| [rees A ‘4
2.1 Y

A

X(m) ML Y[2n), Y[2n+1] —

Decoder

Figure 3.1: Space-time block coded OFDM with two transmit and one receive antennas.

At the transmitter after IFFT modulation, the nth STBC-OFDM symbol defined in terms
of odd X[2n+1] and even X[2#] is given by
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Xln) = ZFFT{ {X,[2n1}." )

w=l

(3.14)
X[2n+1]= IFPT[{X«[% 1, ]

where » is the time instance. The received signal after removing the guard interval and

performing OFDM demodulation can be expressed as

Y[2n)= X[2n]H], [2n] + X[2n+1H} (21 +1]+ N{2n],

3.15
Y21 +1] = X" [2n+1]H: [20]+ X" [2n]HZ, [2n 4+ 1]+ N[2n +1], G19)

where X[2r] and X[2n+1] is a collection of STBC symbols, N[2n+1] and N[2#] are
odd and even FFT of the channel AWGN respectively. For the STBC-OFDM example
above to function normally i.e. without ISI, the channel coefficients of two consecutive

OFDM  symbols are considered constant, i.e. H}_I[Zn]szJDn] and

H.,[2n+1]~ H} [2n+1], hence an STBC-OFDM symbol period of 2N,T .

However, in a fast fading channel which is normaily the case for mobile communication
systems, the orthogonality condition that the channel response of P censecutive OFDM
blocks are the same, cannot be satisfied. Any time variation will cause performance
degradation as the channel coefficients from one OFDM block to another are no longer
constant. From (3.13), the autocorrelation function of the channel coefficients assuming

adequate subcarrier spacing and independent multipaths is

i

I,=E

s,

h [(n+ KNIV [nN. T}

L

f-

E )

=0 g=0

p————,

11 ’ .
a; [(n+ INTje ™MD ol [nN T)e™/ ™ } (3.16)

—

R
o’

i

—

=0

where a:_ ;15 the fading coefficients on the /th path, E{.}denotes the expectation, T, is
the autocorrelation function of the fading channel and R, is the power profile.

Assuming a normmalized autocorrelation function based on Jakes® fading channel model

L-1
[174), R, = J0(2;rfDK'NCT)ZO', , where « =P for a STBC defined in (3.1), hence a
" f=0
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normalized Doppler frequency of Pf,N.T . Increasing the number of subcarriers N,
increases the OFDM period PN_T but unfortunately results in more correlations due to

relatively high mobility of the wireless communication channel. It can be seen from
(3.16) that even in time selective fading OFDM systems, the effect of multipaths is

multiplicative and can lead to performance improvement.
3.3 Space-Frequency Coding

Although S.TBC-OFDM was successful in combating ISI, it could only exploit spatial
diversity even though there is potential frequency diversity offered by the frequency-
selective fading channels. To exploit the possible additional frequency diversity in
MIMO-OFDM, several coding schemes were proposed, some of which involved
concatenating narrowband coding with STBC [146]), [152], [166]. Space-frequency
coding emerged as a technique that aims to combine advantages of ST coding and
MIMO-OFDM [153], [154]). The strategy of space-frequency (SF) coding is to
distribute the information symbols over different antennas and OFDM tones. Hence the
use of OFDM in STC as was illustrated in Section 3.2.4 above offers the possibility of
coding in the frequency domain. Similar to STC, a good space-frequency code (SFC)
should possess both full diversity and high coding gains. However, most existing SFC
studies are focussed on exploring frequency and spatial diversities, hence we focus on

the diversity component of SFC in this subsection.
3.3.1 Signal Model

In this subsection we present space-frequency codes from STBC. The incoming bit
stream is mapped to K information symbols drawn from a discrete alphabet S, € A,

The source symbols are then parsed onto blocks and mapped onto space-frequency (SF)

codewords. The SF codeword is simultaneously transmitted over N, subcarriers and

M, transmit antennas. Each codeword is a N, x M, matrix and can be expressed as

a®  a® e (0
a) o

, (3.17)

(N, -1} ¢ (N.-1) : ey (N, -1)
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where ¢, (1) denotes the channel symbol transmitted over the uth subcarrier by the ith

transmit antenna. The SF code is assumed to satisfy the energy constraint
E{]]ij} =N_M,. The N, point IFFT is then applied to each column of matrix C and

after appending the cyclic prefix, each OFDM symbol is simultaneously transmitted
from its corresponding transmit antenna. We define the SF code rate as the symbol rate

per channel use and is given by
R =K/N_. _ (3.18)

For proper OFDM operation, we assume that the path gains between each pair of
transmit and receive antennas remains constant over one OFDM symbol period but is
frequency selective with L independent paths. Hence after removing the cyclic prefix
and performing FFT, the received signal at the jth receive antenna and uth subcarrier

can be expressed as
M,
¥, ()= zc, (h, () +z,(u), (3.19)
=l

with a frequency selective fading gain whose complex frequency channel response is

defined as in (3.13). We rewrite the received signal in vector form as
Y=DH+Z, o (3.20)

where D isan N M, x M,LM, matrix derived from the SF codeword and is given by
D=1, ® . R (3.21)

such that each D, =[d:’ag(c,.)W"’diag(c,)W”---ds‘ag(c,)W’.f--':I for i=12---M,,

N T ) ] .
weo =|:]’“ g /ImINe L gm2mnNe ”“Vf] and ¢, is the OFDM symbol on the ith transmit

antenna. The received vector Y and the noise vector Z are of the same size N M, x1

and are given by
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Y =[5 OR0) W, -y, 03, (N, =Dy O3, (V=D ], 3.22)

and
= (202,02, (N, =Dz, (0)+ 2N, ~ 1)z, O 2, (N, ~D)] . (3.23)

respectively. The channel vector H is of the size A, LM, x1 and is defined as
T T T T T
H=[h]--h] b7-h] b, h] |, (3.24)
where h, [ a, & ] .

3.3.2 Performance Criteria

Let Dand D be two different matrices derived from two different SF codewords C and

C respectively. Assuming that the receiver has perfect knowledge of the channel, the

PEP between Dand D is upper bounded as [104], {160]

P(D,ﬁ)<[ T J(]‘[AJ [w-J , | (3.25)

.‘

“ M
where # is the rank of matrix (D—D)F(D—D) s AsAay oo A, are nonzero eigenvalues

of (D—ﬁ)F(D—ﬁ)H and T = E{HH"} is an M,M,LxM,M,L correlation matrix of |

H. Based on the upper bound in (3.25), the design criteria for SF codes was proposed
to be diversity and product criterion. The product criteria maximizes the coding

advantage.

The primary interest of SF code design is the diversity gain. The diversity criteria state

” ~yH
that to maximize the diversity advantage, the minimum rank of (D - D) I"(D - D) over

all distinet codewords € and € should be as large as possible. Hence
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r:rank[(D—ﬁ)r(D‘ﬁ)H:I (3.26)

=M, rank [O'Odfag (C - C) odiag (C - é) o, diag (C - C)] ,

where &,,{ =0,1,---L -1 is the power profile on the /th path. It can be easily seen that

the rank of SF codes in MIMO frequency selective fading channels is given by
r £min {M,NC,LM,M,}. (3.27)

In most scenarios, N, = M, L, hence the maximum achievable diversity gain is at most
r<M M L. However, for full diversity advantage, » =AM M, L ie. the maximum
diversity gain for SF is the product of spatial diversity gain M M, and frequency

diversity due to the L multipaths.

Note that from (3.27), the maximum achievable diversity gain is the same as that of ST
coded OFDM [147], [153]. In SF the fading channel is assumed constant over one
OFDM symbol in contrast to an entire STBC-OFDM codeword. Hence in the presence
of time correlated fading, space-frequency block codes (SFBC) would perform better
than STBC-OFDM which has a longer symbol period.

3.3.3 Example of SFBC from STBC

Y
»[IFFT - Nl
x,{#]
x[#} | SFBC <7 \‘\\
Encoder _ Tx, el \\‘
[n] "
) [T 2

i[nl__ ML § Vil FT

Decoder

Figure 3.2: Space-frequency block coded OFDM.
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Figure 3.2 shows an example of a two-branch SFBC scheme signalling through a
frequency selective fading channel. The two-branch SFBC is an extension of a simple
orthogonal transmitter diversity scheme first shown in [88]. The data symbol vector on

the nth block x[»] is encoded by space-frequency block code (SFBC) to two vectors as

)
x[n] = x, (1%, (n) -+ 3y ()]

x[n] =[x (1) = xj(m)-x, L, (m) -5y | | (3.28)
x, 01 =[x, (m)x -+ x, ()%, ]

During the nth OFDM block instance, X,{»] is transmitted from the first transmit
antenna while x,[{#n] is simultaneously transmitted from the second transmit antenna. SF
encoding and decoding processes can be described in terms of odd x [n] and even

x,[»] component vectors of x[»] such that

X, =X X ,6 =-X.
1, 1,
G (] 2 .e , (329)
xlo = € x2,e = xo

where x, %, and x,,,X,, are odd and even vectors of x [n] and x,[n] respectively.

It can be seen from (3.29) that the Alamouti’s equivalent SFBC transmission matrix is

given by

Gln] = [_X", :] (3.30)

xe [4]

At the receiver assuming perfect knowledge of the channel, the receive signal vector
after removing the cyclic prefix can be expressed in terms of odd and even components

as

Vo] = 5, (MDA, ()4 X, (M)A o ()4 2, ()

. ) ) (3.31)
Ylnl=—x.(mA,  (n)+ X, (MA, () +z.(n)

where z,(n),z,(n) and A, (), A,, (7)) are odd and even components of the AWGN and

the complex fading channel coefficients respectively. The channel coefficients are

defined as in (3.13). To maintain SFBC orthogonality, the complex channel gains
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between at least two adjacent subcarriers are assumed constant, i.e. A (n)= A (n)

and A, (n)=A,,(n), hence NT OFDM symbol period. In the presence of time
selective fading, SFBC-OFDM would perform better than STBC-OFDM which has a

longer symbol period. The transmitted symbols are recovered from the received signal
in a similar manner to the Alamouti scheme [88]. Since the above exampie uses the
Alamouti structure, it thus reasonable to expect SFBC from STBC to have the same
diversity performance as the STBC-OFDM in Figure 3.1. Hence, although the above
example can achieve spatial diversity, it still fails to achieve frequency diversity offered

by channel selectivity.
3.3.4 Full Diversity Space-Frequency Codes

The design parameters for good SFC are vastly different from those of STC in
narrowband fading channels. Employing known STC as SFC by coding across space
and frequency (rather than space and time) in general provides spatial diversity but fails
to exploit the available frequency diversity [153), [151]. SF codes offering full diversity
by coding across the multipaths, hence maximizing the frequency diversity have been
proposed. These codes use techniques such as linear precoders or constellation rotation
[161], [162], [163], linear constellation decimation [164], or simply repetition codes to
code across multipaths in addition to space coding [160]. This subsection presents the
signal design and criteria for SF codes derived from STC using repetition coding across

multipath,

3.3.4.1 Signal Design

~ Y.
In order to achieve full diversity M,M_ L, the matrix (D—D)r(D-D) in (3.26) has

to be full rank for every distinct pair of the SF codewords C and C. This subsection
presents a derivation of how full diversity SF codes can be constructed from STBC
designed for a narrowband fading channel using repetition coding similar to [160]. Note
that constellation rotation, cyclic shift, or permutation techniques used to generate full
diversity SF codes are a form of repetition coding with varying coding gains and code
rates. Similar techniques have been used in the design of STBC to achieve full diversity
or full rate [101], [102].
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Suppose a STBC codeword V in (3.1) which is a M, x M, square matrix, ie. P=M ,
an N,xM, SF codeword is formed by concafenating V STBC matrices L times,

Hence a SF codeword is formed by repeating each row of the V matrix L times and

adding some zero rows where ML is less than the number of subcarriers N, i.e.

C{ G (V) } (3.32)

O(No"wl)x‘”l

The mapping G, is defined as
: T
G, (v)=[1, @1, Vv, (3.33)

where 1, is an M, x M, identity matrix, 1, is an all one matrix with size Lx1 and ®.

denotes the tensor product [177). It can be seen from (3.32) that the symbol rate per
channel use M. = LM,/ N_ is less than one if LM, < N_.

3.3.4.2 Diversity Criteria

From the performance criteria, the rank/diversity criteria states that the minimum rank
_ ) o )
of the matrix (D—D)F(D-D) over all distinct codewords € and C should be as

large as possible,

r = rank|(D-)r(D-B)"|

(3.34)
- rank{(IMr ®[(C— ¢)(c-¢) D or},
where o is the Hadamard product {177],
' . o TH
(c-&)(c-¢) - GL(V—V)[GL (v-¥)]" 0w, , 539

and since for quasi-static fading the channel characteristics for one OFDM smbol are

assumed constant an N, x N, correlation matrix I' is defined as
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1, ®Efb w*} 0
r=1, ® " (k5] O , (3.36)

.
given h, , =[a‘f}a’,'_j “‘a',-f;'] for i=1,2,--,M,.
The aim of this subsection is to prove that the matrix in (3.34) has a rank of at least

LM M, . Since ST codes achieve full diversity for quasi-static flat fading channels,

(V -\7’) has M, rank for any two distinct codewords. Note from (3.36) that

YN}

F=E{h. .h"}=diag{a'o,0',,---,0'£_1}, (3.37)

is an Lx L diagonal matrix whose pOWer profile on the /th path is given by o,. Hence

for any number of transmit antennas M, the correlation I' has a minimum rank of L.

Therefore the rank of the matrix in (3.34) is

y = rank{er @l[(v;i‘r)(v-v)’f]@r}}

= rank(lM’)rank [(V - V)(V -{’)H }"a"k (T)
=MML,

(3.38)

hence, achieving full diversity.
3.4 Space-Time-Frequency Coding

As was pointed out in the preceding subsection, SFC is predominantly focussed on
achieving high diversity gains and hardly any coding gain. The performance of SF
codes can be improved by coding across several OFDM blocks in what is known as
“space-time-frequency” (STF) coding. When OFDM is wused in wireless
communicafions, the frequency diversity induced by the frequency selective channel

characteristics can be exploited by interleaving and channel coding to maximize gains.
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Time
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Figure 3.3: Ilustration of STF coded transmissions

STF coding may be viewed as concatenating several OFDM words in the time domain
or transmitting different ST codeword on several carriers as illustrated in Figure 3.3.
STF coding combines the advantages of STC i.e. spatial and temporal diversities with
frequency diversity from SFC. As the name STF coding suggests, coding is across three
diversity dimensions i.e. space, time and frequency domains. In order to achieve high
diversity gains from the three diversity domains, several coding approaches have been

investigated for block fading channels.

In this subsection we review the signal design and performance criterion of space-time-
frequency codes (STEC) [159], [164], [165], [167]. It is shown that although SFC can

achieve maximum diversity of A, M,L, more gain can be realized through channel

coding (temporal diversity).
3.4.1 Signal Design

Consider a STF coding MIMO system with N, OFDM tones, M, transmit and M,
receive antennas. A block of X information symbols drawn from a finite alphabet

S, € A* is encoded by STFC to a codeword such that C e C'*** hence a code rate

R of

Rer =KINM,. - (3.39)
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Thus one STF codeword contains N.M, M, transmitted symbols spanning over M,
transmit antennas, A, OFDM symbols (intervals), and N_ subcarriers which can be

organized as SF block matrices
c=[cict..cn] et (3.40)

where C" is the SF block mairix on the #th time instant defined as

g O e (0

A O ICC() BA ()

C' = el (3.41)

(N-D) G- o (N -1)

for n=1,2---M,. After IFFT modulation and cyclic prefix insertion in the sth time

instant, the OFDM symbols are simultaneously transmitted from the different transmit
antennas. The STF codeword propagates through a quasi-static MIMQO channel
experiencing frequency selective fading and Is assumed to have L independent paths
between each pair of transmit and receive antennas. Under quasi-static fading

conditions, the path gains between each pair of transmit and receive antennas is

considered constant over N, consecutive symbols but differ from one OFDM block to

another.

At the receiver, assuming perfect timing and after removing the cyclic prefix and
performing FFT demodulation, the received signal on the sth time instance can be

expressed as

Y'=D'H"+Z", (3.42)
where D" Y",Z",H" are defined as in equations (3.20) to (3.24). The received vector

collected over M, fading blocks can be further defined as

58



=diag[ D', D%,---, D |,
iag| ] (3.43)
ﬁ:[ u) (HE)T--.(H“*’)TJ :
Z=[z22-2"],
hence,
Y=XA+Z, ' (3.44)

where Ye ¥ is the received vector, the matrix X e C¥MM-MIMM io the

MMM,

transmitted signal, H e is the channel vector and Z € C***" denotes the zero

mean AWGN vector.
3.4.2 Performance Criteria

From [104], [160] and (3.25), the diversity/rank criteria for STFC requires the minimuim
- — - H Ll
rank of (X—X)F(wa) over all distinet codewords C and C to be as large as

possible while the product criteria maximizes the product of the eigenvalues over all

pairs of different codeword C and Q , such that
[=z{HH"}=1, ©I, ®(diag{o,0,,,0,,}®L, ). (3.45)

Since the primary interest of the code design is diversity, it can easily be seen that the

rank of STFC in MIMO frequency selective block fading channels is given by
r<min{M,MN M MM.L}. (3.46}

Since the number of subcarriers is usually greater than M, L, r <M M, M L, and hence
STFC can achieve up to a maximum diversity gain equivalent to the product of spatial

diversity M M, , temporal diversity M, and frequency diversity L. Note however that

STFC do not necessarily guarantee frequency diversity compared to SFC but simply

add a temporal diversity domain. Therefore it is possible to achieve frequency diversity
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without coding across multiple fading blocks. Let the matrix D =diag (D',Dz,---l)“*’),

and
(x-%)T(x-X)"-1,, ©(00") aan

It can be seen that the rank of the matrix in (3.47) is the sum of the rank r, of each nth

matrix

My My N '
r=3r=2 (D" -1, (3.48)
n=I rml
and the product
Mh Y ’
|IDEAR (3.49)
n=l §=l

Equations (3.48) and (3.49) are the sum-of-ranks and product performance criteria

respectively for STFC design for block fading channels for all pairs of distinct

codewords C and (_'; [159]. In order to achieve maximum diversity of A, M M L, the
. N AN
matrix (D" - D")l"n (D" - D") has to be full rank for every pair of different codeword

C” and C”.
3.4.3 Example of STFC Architecture

The idea of coding across OFDM blocks was first proposed in [165] and later developed
in [159] for block fading channels. In these studies, the MIMO channel was assumed
constant over multiple OFDM symbols. It was also clearly pointed out that frequency
diversity can be achieved by any full diversity SFC and does not necessitate coding
across multiple OFDM block. Moreover because of the large number of OFDM tones
involved, incurring prohibitive encoding and decoding complexity, no STFC that jointly
codes across space, time and frequency as a single entity has been developed to date.
Instead, STF coding has been realized by concatenating a channel encoder or frequency
encoder with STC through interleaving. A remarkable advantage of concatenating two
independent encoders is that the design task is simplified and the complexity greatly

reduced. Also the diversity gain and coding gain can be optimized independently.
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Several schemes of this nature can be found in the following references [164], [165],
{171].

Figure 3.4 shows a schematic diagram of STF coding scheme realized by concatenating

a channel encoder with SF encoder.

o]
| OFDM .

Space- >
Time . . .
Channel
Encoder S .
. Encoder . . —
» OFDM

Figure 3.4: STF scheme realized through concaienating a channel encoder with SF

encoder.

The channel encoder codes across M, OFDM blocks which are serial to parallel
converted. After interleaving, X source symbols are mapped to M, OFDM symbols

that are transmitted over M, time instances. A simifar scheme has been proposed in

[165] where a ST trellis code was used to code across OFDM symbols and STBC to
code across OFDM tones, hence STF coding. The STTC used in [165] may be viewed

as a repetition code which maps a block of N, source symbols to M, N_, hence a code
rate of 1/ M, . Note that techniques such as linear constellation decimation, permutation

and rotation may be used for increased time diversity but offer minimal coding gains.
For more coding gains, more powerful channel codes such as convolutional codes may
be used.

3.5 Simulation Results and Discussion

This subsection presents comparative simulated resuits for MIMO-OFDM systems. The

path gains are modelled as zero-mean and variance 1/(2L) per dimension, where L is

~ the total number of multipaths. The space-time block coded OFDM and space-
frequency block code (SFBC) follow the system models in Figure 3.1 and Figure 3.2
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respectively, while the space-time frequency (STF) system model is as shown in Figure
3.4, The STF coding scheme in Figure 3.4 was proposed in [165]. The AWGN samples

are modelled as zero-mean compiex random variable with variance N, /2 per
dimension. The OFDM tones were set to 128 and cyclic prefix equal to the number of
multipaths (or the channel order) in all the simulations, and it was assumed that perfect

channel siate information is available at the receiver.

For comparison purposes, the effect of cyclic prefix on the overall transmission rate is
ignored. Hence the overall transmission rate of the system is based on the MIMO
system deployed. The channel characteristics are assumed to be quasi-static, frequency
selective Rayleigh fading, with a uniform power profile and equally spaced multipaths

on all the subcarriers,
3.5.1 Transmit and Multipath Diversity

Figure 3.5 shows the BER performance for the space-time block coded OFDM under a
frequency selective uncorrelated Rayleigh fading channel for one and two transmit
antennas. The modulation format is based on BPSK for both one and two transmit
antennas. It can be seen that the BER performance improves with increasing number of
antennas and multipaths as expected. This is due to increasing transmit diversity gain
and frequency diversity gain from the frequency selective nature of the fading channel,

This is in agreement with studies carried out in [6] under similar channel characteristics.
3.5.2 Time Correlated Fading

Figure 3.6 shows the BER performance for the space-time block coded OFDM and
SFBC both using BPSK under a frequency flat correlated Rayleigh fading channel. The
Doppler frequency is normalized to f, = f,N.T in both cases, where f, is the
maximum Doppler frequency. The decision variables for STBC-OFDM are computed
over two OFDM blocks i.e. 2N T for the case of two transmit antennas in the Alamouti

scheme. The correlated Rayleigh fading coefficients were generated using the method
described in [178].

It can be seen from Figure 3.6 that the BER performance of the SFBC outperforms that
of STBC-OFDM when the normalized Doppler frequency is large. However, when the
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normalized Doppler frequency is small, there is no significant difference in the BER
performance at SNR of up to 25 dB. It is thus reasonable to expect the SFBC to have
approximately the same BER performance as the STBC-OFDM when there is no

relative motion between the transmitter and the receiver ie. f, = 0. In such conditions,

the channel is said to be time invariant. These results are in agreements with the finding
in [151].

3.5.3 Space-Time-Frequency vs. Space-Frequency Coding

Figure 3.7 shows the simulated BER performance for the SFBC and STF coding under a
frequency flat Rayleigh fading channe! i.e. L=1. The STF coding scheme follows
Figure 3.4 and uses the 1/2 rate repetition code as channel encoder [165). The SFBC
uses BPSK modulation format while STF coding uses QPSK, hence the overall
transmission rate is fixed to 1 bit/Hz. It can be seen that the BER performance improves
when a channel encoder is concatenated with SFBC, hence STF coding. This is due to

diversity gain from the outer repetition code.
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Figure 3.5: BER performance for the space-time block coded OFDM under a frequency

selective uncorrelated Rayleigh fading channel for one and two transmit antennas.
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Figure 3.6: BER performance for the space-time block coded OFDM and SFBC under a

frequency flat correlated Rayleigh fading channel.
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Figure 3.7: BER performance for the SFBC and STF coding under a frequency flat
Rayleigh fading channel.
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3.6 Conclusion

In this chapter, the performance of STBC-OFDM, SFBC and STF coding was compared
through pairwise error probability. It was shown through simulated bit error rate
performance that SFBC perform better than space-time block coded OFDM when the
normalized Doppler frequency is large. However, when the normalized Doppler
frequency is small, there is no significant difference in the BER performance. This is in
agreement with the literature since the decision variables for STBC-OFDM are
computed over two OFDM blocks and it relies on the symbol period to remain constant

for two block period i.e. 2N.T for the case of two transmit antennas, compared to one
OFDM block for SFBC i.e. N_T. Note that there is no frequency diversity gain in using

OFDM when the channel characteristics are considered frequency non-selective. Hence,

there is no diversity advantage of using STBC as SFBC mnder frequency {lat fading.
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CHAPTER 4

REDUNDANT RESIDUE NUMBER SYSTEM CODED
SPACE-TIME-FREQUENY MODULATION

4.1 Introduction

The use of OFDM in MIMO systems provides a platform not only for efficient
bandwidth transmissions but also for an intriguing signal design. By spreading
information across several OFDM tones, transmit and receive antennas, it was shown
that a maximum diversity gain of up to a product of temporal diversity, frequency
diversity and spatial diversity can be achieved [159], [164]. Most of the proposed space-
time-frequency (STF) architectures in the literature maximize frequency diversity
predominantly from the frequency selective nature of the fading channel and STF does
not guarantee frequency diversity. It was shown that frequency diversity could be
achieved without necessarily coding across several OFDM symbols from space-
frequency codes (SFC). In [161], [162], full diversity SFC was achieved by use of
constellation rotation. A systematic design of full diversity SFC was proposed in {160]
by repeating a row of space-time code (STC) matrix L times, where [ is equal to the
channel selective order. The design of space-time-frequency codes (STFC) that achieves

both high data rates and full frequency diversity were addressed in [164].

The use of repetition codes in [160] and similar techniques raises questions as to
-~ whether they are more sophisticated codes with better distance properties (of course this

may lead to high complexity). Introducing a trellis in the frequency domain
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predetermines the transmission path, hence maximizing the frequency gain. Similar to
STC, which introduces correlation both in space and time, hence maximizing spatial
diversity, STFC ensures joint spatial-spectral diversity by introducing correlation in

space, time and frequency in the transmitted signal.

Figure 4.1 illustrates the frequency-time coding design problem of the frequency
encoder. The information bit stream to be transmitted enters a frequency encoder, which
maps them to a series of parallel symbols that are simultaneously transmitted on several
subcarriers. Since the aim of the frequency encoder is to find a mapping from bits to
symbols such that the frequency diversity gain is maximized, the choice of a frequency
encoder and subcarrier allocation is paramount. The coding is across OFDM tones as

opposed to OFDM symbols in most of the STFC in the literature [164].

¥ Fi
requency
L1 : S
1 .
1 > '
Paralle] =,
Symbols Time
a) b)
X —>
bit
Frequency [—— *
Encoder —>
r—————
Parallel
Symbols
c)

Figure 4.1: Frequency time coding.

Although some STFC designs have addressed this problem in part [159], [165], they are
preoccupied with maximizing frequency diversity due to the frequency selective nature

of the fading channel. Designing a code that maximizes the frequency diversity due to
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multipaths presupposes that the transmitter knows the channe! characteristics, which
may not be practically possible in some instances. Also because of the large number of
OFDM tones involved, it is important to consider a design that maximizes the spatial-
spectral diversity and channel coding without incurring prohibitive decoding
complexity. One way of achieving that is to concatenate a frequency encoder with

space-time (ST) encoder.

In this chapter, a redundant residue number system based STF coding scheme is
proposed. The design problem is divided into a STBC and a frequency encoder. The key
feature of the proposed STF coding scheme is the frequency encoder, Most STF
schemes in the literature use coding across multipaths and OFDM modulation
techniques to maximize frequency diversity. The main challenge is the code
construction involving a large number of OFDM carriers in a practical system. By
dividing the available bandwidth into several non-overiapping subchannels equal to the
code length, the proposed scheme codes across a number of subcarriers with STC
signalling on each subcarrier. Hence the signal design on each subcarrier is the same as
STC and multipath diversity is merely a trivial extension. Besides, any STC design that
maximizes diversity can easily exploit the frequency diversity from the selective fading
channel. Another advantage of using this scheme is that the frequency encoder is
independent of the STC design hence optimizing frequency and space diversities

independently.

The rest of this chapter is organized as follows. In Section 4.2 a RRNS based space-
time-frequency coding scheme is proposed for block fading channels and its diversity
potential investigated. Section 4.3 investigates the proposed RRNS-STF coding scheme
over a rapid fading channel followed by numerical results and discussion in Section 4.4.

A conclusion is then drawn in Section 4.5,
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4.2 Design of RNS-STFC in Block Fading Channels

4.2.1 System Model and Signal Design

, , Z.,
» OFDM
b RRNS 2 . Space- 2 :
—_—]
Encoder * Time * —Lp
Ne »| Encoder | M, OFDM

Figure 4.2: Transmitter section of the RRNS-STFC system model

Consider a RRNS coded STF codi.ng scheme with A, transmit and M _ receive
antennas. Figure 4.2 shows the block diagram of the transmitter section. A block of &
bits per coding interval enters an outer RRNS(N.,)) code which systematically
encodes them to a set of N, parallel residues as described in Chapter 2. For systematic

RRNS encoding, the » information bits are mapped to ¥ non-redundant residues and

N_—V redundant residues are generated using the base extension (BEX) method (refer

to Section 2.3). The residues are each converted to their binary equivalent and a zero bit

appended to every b bits of the non-redundant residue in order to have the same

F
number of bits on each parallel stream, b= ij . Recall that redundant residues are

i=l
each mapped to b =log,m +1 and non-redundant to & =log, m , hence the modoli

should be chosen close to each other for the above condition to hold. Assuming equal
number of bits per residue, the code bits on each parallel stream are then mapped to

MPSK symbols such that each MPSK symbol has 5 bits per label.

Suppose there are b, = M, Kb bits per residue and for every nth time instant, X MPSK
symbols on each uth parallel stream enter a STBC encoder. The STBC encoder maps K

MPSK symbols on each uth stream onto M, transmit antennas. After ST coding, a

block of N STBC matrices, one for ¢ach antenna, are OFDM modulated and a cyclic
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prefix is appended and transmitted on N, subcarriers. Hence during the #th time instant,

a block of N, STBC symbols are simultaneously transmitted on N, subcarriers and M,
transmit antennas, Assuming that the STBC matrix is drawn from a discrete alphabet

S e A* and that each residue forms M, STBC matrices, the STF code matrix can be

seen as concatenation of A, N, STBC matrices defined as
C =[C(0)C(1)-- C(N, —1)] e O 4.1
where

a@) o) - ¢ (u)

2 2 2
efu)  c(u) - o () \
1 . 2 ’ . M,- g CMPM,

Cu) = (4.2)

v w) Ay cﬁ*(u)

e’ (u) =|:c,'fl(u)c{i2(u)---c::;,(u)] , hence the transmission rate of our RRNS-STF code is

equivalent to that of the STBC in(3.2).

Ropr =Repe =K/ P. (4.3)

h 4

I 1 OFDM I
Demodulator >

Space- 2 RRNS -
Time . Decoder
M .
i OFDM | Decoder Ne N
Demodulator

Figure 4.3: Receiver section of the RRNS-STFC system model

h 4

Figure 4.3 shows the block diagram of the receiver section of the proposed RRNS-STF
coding system model. The received signal is OFDM demodulated and passed on to a

space-time decoder. The space-time decoding process fransforms the N, parallel
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streams of the received signal into a string of MPSK symbols corresponding to the N,

paralle} residues. The MPSK symbols are then converted to binary form, mapped to

their corresponding residues and fed to RRNS decoder. The RRNS decoder, in turn
decodes the N, parallel residues to b information bits per decoding interval. The

received signal is assumed to have perfect timing and synchronization, After cyciic
prefix removal and OFDM demodulation, the received symbol on the uth subcarrier

during the nth fading block instance is given by
Y (uy=C"(u)H" (1) + L7 (u), 4.4)

where H”(y) and Z"(ux) are the FFT MIMO channel matrix and AWGN matrix

respectively on the uth subcarrier during the #nth time instance.
4.2.2 Channel Model

Consider a MIMO-OFDM system propagating through a quasi-static fading channel
which experiences frequency selective fading with L independent paths between each
pair of transmit and receive antennas. Under this assumption, the path gains for each
pair of transmit and receive antennas are constant over one OFDM symbeol duration.
The path gains are also assumed to be spatially uncorrelated and temporally independent
from block to block. The channel impulse response between the ith transmit and the jth

receive antennas during the nth time instance is given by

I .
h:f (NCT) = Z]a;:j (l)é(NcT_TJ) s (45)

=0

where 7, is the delay of the /th path, & (/) is the fading gain of the /th path between

the ith fransmit and the jth receive antennas during the nth time instance. It is further

assumed that all the path gains between any pair of transmit and receive antennas foliow
1-]

a uniform power profile, normalized such that Zla}_’ f(l)r =1, for any given (i, j, [, n). If
i=0

we define the fading gains between each pair of transmit and receive antennas in vector
formas b}, = [a,.’j (O, ()], (L—l)]T , then the frequency response of the channel

matrix on the uth subcarrier in the nth block in (4.4) can be expressed as
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LTS Cae um
H"(u) = [H;{, ()---Hj, @)HT @)---By )4, --H] (u)]f , (4.6)

where H,(u)=Wh?, and

W = I:e—ﬂxuruf.i\-’( o AmnING | =gy N, ] i : @7
given that N, is the total number of OFDM tones.
4.2.3 Diversity Criterion
From (4.4), the total received signal can be written as
Y=XH+Z, (43)
where Y € C*M7 is the received vegtor defined as
Y= [Y'(O)Y?(O)---Y“b OY' (Y () Y (1) YV (N, - 1)]ir . (4.9)

The transmitted signal matrix X e CYMM-PNMMM s defined as,

X = diag {X(0), X(1), - X(N, ~ 1)}, (4.10)

such that X(u)=IMP®diag{C'(u),C2(u),~'CM"(u)}, The channel vector matrix

H e CHAHMM s aiven by
H =[H'(OH’(0)--H" (OH'()---H'(N, -1)--H* (N, -1) ], (4.11)
an& Z e CMMMP denotes the zero mean AWGN vector defined as,
Z=[Z'O)Z*©0)- 2" (OZ'(V) Z'(N, - ) Z* (¥, - )] . (4.12)

Without redundancy during the RNS coding process, the pairwise error probability of
the proposed STF coding scheme between two distinct codewords X and X derived

from C and € respectively, can be written as [104], [103], [160]

74



P(x,)‘()<[ ][Hz] [SNR]. @)

{

where r is the rank and {4} are nonzero eigenvalues of the matrix
~ A M
(x—x)r(x-x) , with T=E{HH"}. From the diversity/rank criterion, the

ininimum rank of (X—X)F(X—i)ﬂ over all distinct codewords C and C should be

as large as possible. Since RNS codes are repetitive in nature, in the absence of

redundancy (error correction), C"(x) in (4.2} is independent of », and hence the rank

of (Xﬂﬁ)F(X+X)H can be written as

r= rank[(x X)r(x- x)”]
= rank|1,, |rank[L,, ]2mnk [(C ~¢r(c-¢ H (4.14)
VM, rank {[(c -~ Yo - )”] or},

#=l

where T' = E{H:J. (u)(H,’ir (u))?{} and is independent of » and ». According to the rank

inequality, we can define minimum rank of
rank[[(C" &)~y J }< rank[(C" -¢)(c —(:")H]rankr. (4.15)

. Y.
Since the rank of (C" -C")(C" —C") is at most Af, and the rank of I" is at most L,

( : 2\ . : . |
the rank of -({(C" —C”)(C” —C") ]ol"} is at most min (P, M,L), where P is defined

in (3.1). Thus the achievable diversity product using RNS codes without redundancy in
STF coding is

min{ N, M, M,P,N.M M,M,L}. (4.16)

Since P =M, for square STBC code matrix, the diversity gain of the RNS-STF coding

scheme is N M, M M, , a product of OFDM tones (intrinsic frequency diversity) N,
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time diversity M, and spatiél d.iversity M M, . Since the information to be transmitted
is spread over N, residues, the use of RNS codes offers intrinsic frequency diversity
equal to the number of OFDM tones. This frequency diversity is due to the repetitive
nature of RNS codes and is independent of the frequency selective nature of the fading
channel. Frequency diversity due to multipath can be further exploited by techniques
such as constellation rotation [162], repetition [160] and permutation [164), [96]. Hence
the RNS-STF coding scheme offers a potential frequency diversity gain of upto N L.

4.2.4 Diversity Concept and Coding Gain

With redundancy/error correction, the frequency diversity of RRNS-STF coding scheme

is limited to the Hamming distance J_,, and the channel order, hence the pairwise error

probability (codeword error) in (4.13) may be written as [27], [28], [38), [39]

N«‘

PXX)< Y ﬂ"](l—&)“““(a)", BN CAY)

H=fl

where ¢ =(d,,, —1)/2 is the efror correction capability and P, is the probability of the

uth residue/subcarrier symbol in error, given by [104)

2M MM, ~1\(¥#4 Y (gNR Y
S LR B
' r b

i=) :

Assume that the number of transmit and receive antennas together with the time

diversity components are kept constant. Note that the asymptotic decay
(SNR/M,) "™ in (4.18) is only valid for all eigenvalues 4, >0. Even then many of

the eigenvalues may be so small that they are of no relevance at reasonable SNR. Hence
the decay may be weak and therefore increasing the Hamming distance of the RRNS
code higher than the relevant number of eigenvalues may not significantly increase the
steepniess of the error curves. It is therefore important to consider the frequency
diversity degree of the RRNS-STF coding scheme in two dimensions; frequency
diversity due to the error event given by the Hamming distance and the diversity order

of the channel influenced by the relevant eigenvalues. In some applications where the
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channel and the RRNS code fail to provide full diversity, they may still provide a
coding gain given by

min

Gys (X, X} =1010g(R p5d,,) dB, (4.19)

where M, . is the rate of the RRNS code. Since the coding gain is responsible for the

shift of the error rate curve to the left, If the shift is big enough, the RRNS-STF coded
system may need a lower SNR at any given bit error rate. Hence the use of RNS codes
in STF coding offers an intrinsic frequency diversity component that has not been
considered so far in the literature. Note however that the number of nearest neighbours
and the number of different error coefficients also play an important part in the BER
performance. Increasing the Hamming distance leads to increased number of nearest
neighbours, hence a large error coefficient which may negate the diversity gain on the

overall bit error rate performance of the system,
4.2.5 Transmission Rate of the RRNS-STFC

Although one may argue that introducing redundancy in the OFDM tones may reduce
the bandwidth, the overall performance improvement and the overall code rate of the
system may tell a different story. As was stated in (4.3} the transmission rate of the
proposed STF coding scheme in this chapter is equal to that of the inner STCB ( STTC
may also be used). By choosing the frequency encoder with a high code rate such as
RRNS codes and a high modulation format for the inner STBC, one can compensate for

the loss in bandwidth efficiency due to redundancy.
4.3 Performance of RRNS coded STFC in Fast Fading Channels

4.3.1 Time and Frequency Selective Fading

The channel mode! is an important parameter in the design of any communication
system. In the preceding section and in Chapter 3, the MIMO channe! was modelled as
a frequency selective multipath fading channel with wide-sense stationary uncorrelated
scattering for a given block {quasi-static fading). However, due to high data rates, high
mobility and transmit diversity using multiple.antennas, the above condition may not

hold for a wireless MIMO channel. One also needs to incorporate spatial characteristics
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of the channel on top of classical understanding of fading and Doppler spread such as
angle of arrival, time delay spread and adaptive array geometry, Several studies have
been devoted to channel modelling in MIMO systems and its effect on the channel

capacity and bit error rate performance [175], {176], [174].

Consider a fast fading frequency selective MIMO channel where the fade gain varies
from one STC code symbol to another. The fade gain from one STC symbol may be
considered time invariant i.e. flat fading or time variant i.e. time selective fading.
Whereas a frequency selective channel provides multipath diversity, a time selective
channel provides Doppler diversity that might be exploited through the use of a Rake

receiver [39]. We use Clarke’s two-dimensional isotropic scattering model where the

angle of arrival is uniformly distributed over [0,27] to incorporate the spatial element

of the channel [174). The received signal statistics on the uth subcarrier during the nth

time instant are defined the same way as in (4.4) except the channel characteristics
H"(u). To study the received signal statistics and the correlation properties on their

envelope as a function of frequency, time, antenna separation and angle of arrival, we

model spatial-temporal time and frequency selective fading channel impulse response as
L
KT, 1) = ZE ()al, (LT -1/ KA E,(9), (4.20)

for the ith transmit and the jth receive antenna elements on the sth block. In (4.20)

above, ¢ denotes the angle of arrival for the /th nonzero tap, whose delay is [/ KA ,o
given that A, =1/N_T is the subcarrier spacing, and a/,(/,¢) is the complex fading
coefficient. E (@) and E,(@) are the array gains at the transmitter and receiver
respectively defined as a function of the antenna geometry and angle of arrival,
E .(¢)= exp[—jZ;rA(f—l)cos @ UL] , where A is the antenna separation. Assuming a
uniform angle of arrival and adequate antenna separation, the array gain can be set to
unity i.e. E(@)=1 and E _(¢)=1.L is the total number of resolvable paths (channel

order). A detailed study of MIMO channels and their statistical models is not covered in

this thesis but may be found in [175], [176] and the references therein. If we consider

our STFC codeword to be time limited over A, N T hence a bandwidth 1/ M ,N.T,

following a particular /th path of the ith and the jth antenna pair’s random process, the
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Fourier transform of the time response for the complex amplitude can be expressed as
[175])
fpMN.T

aL (=Y. Bl e e (4.21)
g==fpMN.T

given that 8" (u,/,q) is the independent circularly symmetric complex Gaussian

random variable (follows a Rayleigh distribution) and f,, is the Doppler frequency .

We can then express the channel response of the #th time slot and the uth subcarrier as

L
H' () =Y a (,ul)e >
’ Z;: 7 (4.22)

=h’ @

[ Rl 'R

where h] =[a,’f_j(O,uT)a:j(],uT)——-a,.’fj(L—-l,uT)T is the L sized vector of all time

responses such that

' e i2agn MM
al (uly= Y Blulqe’ ) (4.23)
q=—FMN.T ,

while ©, = [eoe""mm‘ Y R ]T contains the corresponding FFT coefficients,

It can be seen from (4.22) that there is discrete-time and frequency complex exponential
bases, justifying extrinsic diversity gains. This is due to the time (Doppler) and
frequency selective nature of the fading channel. For the uncorrelated fading channel,
both time and frequency selectivity have the same effect, i.e. improve the performance
of the system if collected over several taps. Hence in this thesis, we shall consider only
a frequency selective channel with L diversity/channel, in which equation (4.23)

becomes

a:j (l,uT) = :":;'(“sE)enwwr . 4.24)
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4.3.2 The Effect of Time Correlation

In most OFDM systems, the cyclic prefix is assumed large enough so that the effect of
ISI is limited to the cyelic prefix which is discarded at the receiver. The effects of
spatial correlation is well investigated and covered in [175], [176] and the references

therein. Therefore we concentrate on the effect of time correlation in this subsection.

Assuming that the fading process remains constant over A, consecutive symbol
intervals, and that there is no spatial or spectral correlation, the zero mean complex
Gaussian variables based on Jakes’ modei [174] for T =M NT symbols apart in a
frequency selective time correlated fading channel is given by

I

i

)

E{ny"ﬁ (u)(Hff)(u))H}

-1 , . -l g
E{z af(’r;-rx)T (f, u)e—;ZJrfu.-‘Nr [Za,j{:;?'}(q,u)e—_ﬂkquf}\f‘. J }
=0

{=0

1}

(4.25)

il . ) .
=E {Z a’,—f}”]f(f,u)(a,f’;”(i,u)) }
1=0

i1

= J, (27 fDI’")ZGj ).

1=

where f",, denotes the autocorrelation function on the uth subcarrier and o (/) is the

power profile on the /th path and the wuth subcarrier. Note that f,, and o’(l) are

independent of x. We assume a uniform power profile on all the subcarriers, i.e,
L
ZO'E(!)=1. Focusing on the maximum achievable diversity gain of the proposed
1=0
RRNS-STF coding scheme under time correlation, the sum of ranks in (4.14) for a fast

fading channel can be written as
N
r<M, rank {[(C(u) - é(u))(C(u) —é(u))H] oT, } (4.26)

given C(u) is defined in (4.1) and T, is a correlation matrix whose elements are

defined in (4.25). The rank of (C(:a)-é(u))(C(u)aé(u))H is at most PM, and the
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rank of I', is at most L, hence the rank of our scheme under fast fading frequency

selective channel conditions is
r < min (M,NCPMM M,NCM,L) . .27

Considering that L << M, and P> M, in practice, the maximum achievable diversity

gain for a fast fading time correlated frequency selective channel is
r<MNML. o (4.28)

Note that time correlation only affects the time diversity component of the proposed
RRNS-STF coded system. The performance may be improved through bit/symbol

interleaving,
4.3.3 Analytical Model

Consider a STF coding MIMO system with &, OFDM tones, A4, transmit and A,

receive antennas propagating through a frequency selective fast Rayleigh fading
channel. The system model is as discussed in Section 4.2.1. Assuming perfect channel
state information, after removing the cyclic prefix and OFDM demodulation, the

received signal on the uth subcarrier during the rith time instance is given by
Y'(u)=C,0)H, () +Z (u), (4.29)

where the transmitted signal matrix C,(x)e C*"™" s defined in (4.2), the received

vector matrix Y, (x) e C*", and AWGN vector matrix Z (u) e C*" are as defined as

Y, @) =3y -y, @) ]

-, (4.30)
Z ()= [z;’(u)z; ()2}, (u)] .

The channel vector matrix H_(x)e CY"*M*: s defined as in (4.6) except for the
channel coefficients corresponding to the ith transmit and the jth receive antenna during

the nth time instant on the uth subcarrier defined as HJ (u)=Wh , differ in
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b = [Cf:; (u,0)e] (1,1} -] (2, L~ l)]1r . The PEP of decoding a é,,(u) given that the

codeword C, (1) was transmitted can be expressed as [39], [104],

P(C,a.€C,w)= P("Yn(u)AC" @i >y, —é"(u)nz)

) (4.31)
- P(Re{zr I:Y:"(u)(Cn(u)—Cn(u))Hn(u)]}).
Hence the average PEP cén be written as
P(C,@),€, )= oj};n o (0, (4.32)

where g, (u)=Re {rr [Y;‘(u)(c,,(u)—é,, (u))H,,(u)]} and P, (x) denotes the pdf of
g,(u) atx. Note that g, («) can be written in quadratic form of the correlated complex

Gaussian random variables, i.e. g, (x) =g ' Q'g, . &, = [Y" (x)H, (1«:):1‘Jr and

0 1, 8(C,a)-€,w)"
Q= ,\ . (4.33)
L, ®(C,)-C,w) 0

Consider a residue symbol on the uth subcarrier spanning M, matrices per residue, its

pdf can therefore be written from its characteristic function as [39]
P, LT @ d 4.34
(%)= Ei cuy(S)exp(—sx)ds, (4.34)

where G, =G'Q,G, , given that G, =[ 8, (). ()., |»

0, C*ui,
= b >, 4.35
Q, {C(“)IM* 0, ] (4.35)

given that 0, is a M, xM, zero mairix and C(u)=[C,(u)C2(u)mCMb(u)] whose

elements are defined as C,(u) =1, ®(C,,(u)—é,,(u)). Assuming a frequency flat
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independent fading channel i.e. L =1 with no correlation and a uniform power profile,

the characteristic function ®,,(s) can be expressed as

-1 .
q)G(u](S) = Izm‘,M,M,, _SCD:,Q.;| s (4.36)

where @, is the covariance matrix on the uth subcarrier defined as

a o)

c*+N, o
muz{[ o 2]@1%}@1%, (4.37)

for o’ and N, are variances of complex channel and AWGN during the sth time
interval on the uth subcarrier. Note that the Hermitian Gaussian quadratic form

G, = é,’,‘Q"é,, can be diagonalized by an orthogonal transformation into [177]

2M MM,

G¥Q,G,= X AN, (4.38)

im|

where 4, are egeinvalues of the correlation matrix ®,Q, and V) are independent zero-

(a
mean, unit variance Gaussian random variables. Using the alternative form of the

complimentary error function [179)

LSl T )Y

afe() == [

7

S for x>0, (4.39)

the average PEP of the symbol residue on the uth subcarrier can be written as
P(C(u), é(u)) = J‘Q(sz )P(v)dv, (4.40)
0

which yields
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P(Ca), €)= gﬁe:ll” P(V)&th.
Q

1 % Peu (8 ()

_1 lsagten g 4.41
T (;[ 2 +1 (@.41)
19 1

=— dt.

T 6[ MM,

(¢ +1) [T (1+ 4, a+6)"

The integral in (4.41) can be soived using the numerical methods such as the Gauss-
Chebyshev quadrature to give [104], [107], (108], [109], [110], [111], {112], f172],
[179]

n 2M M,

P(C(u),é(u)) = %Z I (1+4,, )‘“’ +R,, . (4.42)

A=l i=1

where 4, =4, sec’ [(2;’ —1);:!4:1] and # is a small positive integer. As » increases,

the remainder term R, becomes negligible. The probability of decoding codeword X
given that X was transmitted P(X, fi) can be calculated from (4.17) by substituting

P, = P{C(u),Cw)).

4.3.3.1 Remarks

Firstly, note that when there is no time correlation, the channel fades independently and

the covariance matrix @, Q, is full rank. Hence from (4.37) and the dimensions of the

covariance matrix @,Q,, the maximum achievable diversity advantage is 2M M M,.

This implies that both the STFC and the complex channel are full rank. However, if the

channel is time correlated, the covariance matrix in (4.37) becomes

Coolt) Goplu) - CO,Mb-l(u)

& = (;1,0.(“) g]__l.(u) gle.-l (u)

"

=3 T (4.43)

VRRTY € BRTVRRTL ) BIREE Q'M,-I,M,,—l(u)

for §, (w)= E{g, (u)(u)gj.{ (u)} defined as
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EY.()Y] ()} E{Y.()H ()}

: 4.44
E{H.)Y ()} EM H )} (“.44)

¢ () =[
Therefore maximum achievable diversity advantage is dependent on the rank of the

matrix @, Q,, which reflects the relative motion between the transmitter and the

n

receiver. Note however that when the channel is heavily correlated ie. f,7 >>0, the
correlation matrix in {4.43) tends to (4.37), which is the correlation matrix for the
independent fading channel. Hence, the performance improves with increasing f,7T.

This is consistent with the literature [142], where it was shown that for coherent
reception, the multisampling receiver benefits from the implicit time diversity of the fast

fading channel.

Secondly, note that in the presence of multipaths i.e. L >1, each path is assumed to fade

independently and hence the autocorrelation of the /th path assuming Jakes’ model can

be defined as F {afhr-(u,t,)a:bf(u,lz)}=o-f(1) for ] =1, and zero otherwise, where

T= M, N.T . For comparison purposes, it is assumed that the total received energy for

frequency selective fading channel is equal to the received energy for flat fading

A
channel, i.c. Zcrz(t') =¢”, where L is the channel odder. Using the same approach as
I=1
for frequency flat fading, the characteristic function in (4.36) can be expressed as the
product of the channei order

s (4.45)

3
q)G(uJ (s)= H |Iz,w,,w,3«{b -s@, Q,
i=1

where @, is the covariance matrix on the /th path defined as in (4.37) except for the
variance o’ (/)= E{af,. (u,f)a_j(u,l)} . Assuming independent fading on each subcarrier,

then frequency selective fading leads to additional frequency diversity advantage.
Similarly, the codeword error probability for a frequency selective fading channel can

be derived using methods for a flat fading channel.
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4.4 Numerical Results and Discussion

In this subsection, numerical results for the proposed space-time-frequency coding at
the receiver are presented and discussed. By keeping the transmit diversity order fixed,
we investigate the effect of time and frequency diversity for the proposed RRNS-STF
coding scheme. The analytical model is as discussed in Section 4.3.3 with the
transmitter and the receiver models based on Figure 4.2 and Figure 4.3 respectively.
The RRNS encoder is used as the frequency encoder and the Alamouti [88] two
transmit antennas space-time block structure used for space-time encoding (encoder).
Systematic RRNS coding is used with a zero bit appended on each non-redundant
residue equivalent bits in order to have equal number of bits on each paralle! stream.
The moduli for eight subcarriers m, =229, m, =233, m, =239, m, =241, m; =247,
mg =251, m, =253, m; =255 were taken from [33]. Note that there are eight bits per

residue/subcarrier. The measured pairwise error probability (PEP) is presented as a

function of SNR (E,/N_} in dB and is computed from (4.17).

Figure 4.4 shows the PEP performance comparison of the proposed RRNS coded with
the uncoded (i.e. no frequency encoder) and repetition coded space-time frequency
(STF) coding scheme under frequency flat Rayleigh fading. For fair comparison, the
overall transmission raie of each system should be equal. The uncoded system uses
BPSK space-time encoder, hence 1 bit/Hz while the repetition coded and RRNS coded
STF both use QPSK space-time encoder. For RRNS(8,6), hence 6/8 code rate with
¢ =1 error correction capability, the overall transmission rate is 3/2 bits/Hz, while for
RRNS(8,4), hence 4/8 code rate with =2 error correction capability, the overall
transmission rate is 1 bits/Hz. Note that since 8 bits moduli, hence & bit/residues are

used, the time diversity component A, = 2. The repetition coded STF coding scheme

foliows STF system model proposed in [165]. The 1/2 rate repetition outer encoder is
concatenated with the inner two transmit QPSK Alamouti STBC, hence the overall

transmission rate is 1 bit/Hz.

It can be seen from Figure 4.4 that the PEP performance improves on application of the
outer encoder i.e. for the repetition and RRNS code. This is due to diversity gain offered
by the repetition code and the inherent repetitive nature of RRNS codes. However, the

PEP performance curves of the proposed RRNS-STF scheme are much steeper than that
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of the repetition code. This is due to both the repetitive nature of RRNS codes and
coding across residues (which is equivalent to coding across OFDM tones), which
maximizes the frequency diversity gain as reflected by the curve’s shift to left as we
move from =1 to ¢{=2 error correction capabilitics. Note that when there is no
multipath, the proposed STF coding scheme in [165] only achieves two dimensional
diversity gain i.e. spatial and temporal diversities. There is no frequency diversity
advantage/gain for the uncoded or repetition coded STF coding scheme under frequency
flat fading. The STF coding scheme proposed in [164] can be categorized as uncoded
STF in the absence of multipaths.

Figure 4.5 shows the PEP performance for the proposed RRNS coded STF coding
scheme under frequency flat Rayleigh fading with and without time correlation. The
RRNS(8,6) code is used along with QPSK Alamouti’s two transmit STBC, hence a code
rate of 6/8, M, =2 and f=1 error correction capability. It can be seen that the
independent fading channel (i.e. no time correlation) petforms better than rapidly fading
channel as expected. However, at relatively high mobility (reflected by a high

normalized Doppler frequency f, =7,T) the PEP performance improves

tremendously, becoming comparable to the independent fading channel. This is

because for coherent reception, the multisampling receiver (ie. M, >1 per

residue/subcarrier) benefits from the implicit time diversity of the fast fading channel.

This is consistent with the Iiterature [142].

Figure 4.6 shows the PEP performance for the proposed RRNS coded STF coding
scheme under frequency selective Rayleigh fading. The RRNS(8,6) code is used along
with QPSK Alomouti’s two transmit STBC, hence a code rate of 6/8, M, =2 and

t =1 error correction capability. It can be seen in Figure 4.6 that the PEP performance

improves with increasing multipaths as expected.
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Figure 4.4: PEP performance comparison of the proposed RRNS coded with the

uncoded and repetitive STF coding systems,
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Figure 4.5: Numerical PEP performance for the proposed RRNS-STF coding scheme

under a rapidly frequency flat fading channel with error correction capability .
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4.5 Conclusion

In this chapter, a RRNS based space-time-frequency coding scheme was proposed. The
key feature of the proposed STF coding scheme is the frequency encoder. Most STF
schemes in the literature use coding across multipaths and OFDM modulation
techniques to maximize frequency diversity. The main challenge is the code
construction involving a large number of OFDM carriers in a practical system. By
dividing the available bandwidth into several non-overlapping subchannels equal to the
code length, the proposed scheme codes across a number of subcarriers with space-time
signalling on each subcarrier. Hence the signal design on each subcarrier is the same as

that of space-time codes and can be easily extended to frequency selective fading.

The proposed space-ﬁme~frequency code design can achieve full rate and diversity gain

of M,M M,N_ over quasi-static fading channels. The diversity order incorporates the

number of subcarriers (OFDM tones) previously not considered in the design of already

existing space-time-frequency architecture. Hence the proposed STF coding scheme can

achieve up to a maximum diversity gain of M M M N L.

91



CHAPTER 5

RRNS CODED DIFFERENTIAL STF CODING IN
RAPID FADING CHANNELS

5.1 Introduction

The gain of multiple-input multiple-output orthogonal frequency division multiplexing
(MIMO-OFDM) comes at the expense of increased receiver complexity. Furthermore,
most of the proposed space-time-frequency coding schemes assume frequency selective
block fading channels which is not an ideal assumption for broadband wireless
communications. Relatively high mobility in broadband wireless communication
systems may result in high Doppler frequency, hence time selective (rapid) fading.
Rapidly changing channel characteristics impedes the channel estimation process and

may result in incorrect estimates of the channel coefficients.

To circumvent the need for a tedious estimation process in wireless multiple-input
multiple-output (MIMO) systems, we resort to noncoherent differentiai modulation
(DM). However, conventional differential modulation (CDM) suffers a 3 dB penalty
compared to coherent detection. Multi-symbol differential modulation (MSDM) for M-
ary phase shift keying (MPSK) was proposed to improve the performance of CDM [64],
[65], [67], [68]- MSDM was extended to space-time block codes (STBC) [122], [123],
[124], [125]. In multi-symbol differential STBC, the complexity increases with
increasing observation period i.e. N >2 and the number of antennas. A less complex

but suboptimal decision feedback differential modulation (DFDM) scheme was
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proposed for a single antertna [69], {701, [71] and has been extended to STBC [126],
[127], [128], [129), [130]. It was shown that increasing diversity can eliminate the
flooring effect [127]), [128]. However, t0 maximize the coding gain, low rate
convolutional codes were used, hence reducing the overall rate of the system. In [84]
and Chapter 2, redundant residue number systemn codes were used in place of

convolutional codes and shown to achieve higher data rates with minimal complexity.

In this chapter, a redundant residue number syétem coded iterative noncoherent
differential space-time-frequency (DSTF) modulation scheme is proposed. This is an
extension of the work done in [84] from a single antenna to MIMO systems. To enhance
the features of RNS codes, i.e. the mutual exclusive nature of residues, each parallel
stream of residue is mapped onto a separate subcarrier per coding interval. Hence, the
RNS code is used as a frequency encoder. By dividing the available bandwidth into
several non-overlapping subchannels equal to the code length, the proposed scheme
codes across a number of subcarriers with differential STBC signalling on each
subcarrier. This has some similarities to subcarrier grouping proposed in [159] and
[164], but differs in the code construction, frequency encoder and decoding strategy.
Since the frequency encoder is independent of the space-time code (STC) design, the
proposed DSTF scheme is easy to construct and is not limited to STBC (can be
extended to space-time trellis codes). Bit-interleaving is employed on each subcarrier to
break the error dependency of the channel and provide time diversity. Since the same
information is transmitted over several residues/carriers, the proposed scheme offers
frequency diversity irrespective of the frequency selective fading nature of the
wideband channel, It is shown through analytical expressions and simulation results that
the proposed scheme can maximize diversity gains over space, time and frequency

domains.

' In the second part of this chapter, a soft-input sofi-output decision feedback differential
modulation (SISO-DFDM) is proposed. This is an extension of the work that was done
in [169] for muitiple antennas. In these studies, iterative DFDM system feeding back

-only hard decisions was employed. It was noted that although there is an improvement
in the differential demodulation process, not much coding gain was realized through
iterative decoding. The system performance was mainly dependent on the number of

- test patterns. This is because in iterative DFDM, passing only hard decisions limits the

~ advantages of iterative decoding. The DFDM decoding metric is modified to
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incorporate both soft information and the hard decisions from the channel decoder
(RRNS). Results show that significant coding gains can be achieved by passing soft
information. The decoding process is not limited to the proposed scheme but can be
used in any iterative DFDM system with a channel encoder e.g. convolutional codes.
Note that for N =2, the proposed system reduces to conventional iterative decoding,

opposed to a single pass in the iterative DFDM system proposed in [127], [128].

The rest of this chapter is organized as follows, Section 5.2 presents the system model
of the proposed differential STF coding scheme followed by the decision metric in
Section 5.3. A hard decision iterative decoding process for differential STF coding is
discussed in Section 5.4. The characterization and the performance of the proposed
scheme is presented in Section 5.5, followed by the results for the hard decision
differential STF coding in Section 5.6. A soft-input soft-output decision feedback
differential STF coding is presented in Section 5.7 followed by its results in Section 5.8,

and a conclusion is drawn in Section 5.9,

5.2 System Model

Y

Bit-wise

1 . A 1
Merie =+ [ e | il
R |2 . 2
—| R ' N -

N . . - RRNS

S ur ; oy Dec.
DSTB [ Bit-wise ’
] L] P,

&

b_ﬁ

a) Transmitter . b) Receiver

Figure 5.1: Transmitter and receiver block diagrams for RRNS coded differential space-

time-frequency modulation.
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Figure 5.1 depicts a baseband DSTF coding scheme with A{, transmit and A, receive

antennas. Figure 5.1(a) shows the block diagram of the transmitter section. A block of &
information bits enter an outer RRNS(w,n) code per coding interval. The outer
RRNS(u,n) code systematically encodes to a set of u parallel residues as described in

Chapter 2. In systematic RRNS encoding, the information bits are grouped such that
b =log,m and b= Zb,. for i =1,2,--+,n, are mapped te non-redundant residues and
=]

redundant residues are generated using the base extension (BEX) method. The
redundant residues are each mapped to b =log,m +1 for 2% >m . The residues on
each parallel stream for a given frame are converted to their binary equivalent and a
zero bit appended on every b, bits of the non-redundant residues in order to have the

same number of bits on each parallel stream, hence a code rate of »/u. Each parallel
stream is bit-interleaved and mapped to MPSK symbols that are fed to a differential
STBC'. The output from each differential encoder is mapped to a separate subcarrier

and transmitted over M, antennas as shown in Figure 5.1(a). The differential code

matrix on the uth subcarrier and the kth symbol matrix interval is given by
S, [kl =V, [k]S,[k-1], .1

where V, [k] and S [k] are M, x M, unitary information and code matrix respectively
such that V, [kIV[k] = I, and S, [kISk)=1 s, - Superscript H denotes the transpose

conjugate and 1,, is an M, x M, identity matrix.

The received signal is passed through a bank of matched filters (MF) followed by a
decision feedback differential STBC decoder based on bit metric computation as
illustrated in Figure 5.1(b). The decoding process will be discussed in Section 5.3 and
5.4, The message matrix is obtained by multiplying the conjugate transpose of the

previous code matrix,

V,[k1=8,[kIS) [k ~1]=V, k]S, (k118 [k -1]. (5.2)

! Space-time trellis codes can also be used in which case the differential process would be carried out
on MPSK symbol.
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The received signal on the uth subcarrier, vth receive and uth transmit antennas in the

k =Mk +u symbol interval is
e N‘ -~ e .
n k)= s, fk1h, , Tk)+n, [K], (5.3)
#=1 .

where n"‘v[,f;] is the zero mean complex additive white Gaussian noise (AWGN) at the

vth receive antenna with N,/2 per dimension and hu,,,,v[};] is the fading gain between

transmit antenna pth and receive antenna vth on the uth subcarrier. Assuming the fading

process remains constant over M, consecutive symbol intervals and that there is no

spatial or spectral correlation, the autocorrelation between two zero mean complex

Gaussian random variables M, symbols apart is [174]

o0y =E{R,, W, T+ MY =0l (2M 7 £,T), (5.4)

v

where E{} denotes the expectation, * is the complex conjugate, f,7 is the normalized

Doppler frequency and o, is the normalizing constant equal to unity. Equation (5.3)

can be rewritten in matrix form as
R [k]=8,[k]H [k]+N_[k], {5.5)

where the M, x M, matrices R _[k] and N [k] are the receive and AWGN matrix

respectively on the uth subcarrier during the ith symbol matrix interval. The continuous

fading process H, [4] is an M xM_ matrix. For MSDM, the observation interval
- consists of N block matrix symbols. Hence the received matrix per subcarrier R, , in

the kth symbol interval defined as function of N is
Rn,k = Sﬂ,kHu,k + Nrr,k S ’ (5'6)

where
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R,, =[R,[KIR,[k-1)--R,[k-N+1][",
H,, =[H,[kH, k- 1]--H,[k-N+11]",
N, , =[N, IkIN,[k—1]---N, [k - N +1]],
S, , =diag{S,[k],8,[k-1],--,8,[k-N+1]}.

(.7)

5.3 Decision Metric

Starting from the MSDM stated in [124] we adjust the equations to reflect the frequency

term. The received vector matrix on the uth subcarrier R , conditioned on the
transmitted vector matrix V, , =V, [k]V, [k -1]..V [k - N +2] is a complex-valued zero

mean multivariate Gaussian random matrix with a probability density function (pdf)

given by

eXp {_#(R:t,kA;,lkRn,k )}

A
M N r
7 A«,k

PR, 1V, )= ) (5.8)

where [o| and sr(e) denotes the determinant and the trace of a matrix respectively, A, ,

is the conditional covariance matrix defined as A,, = E{R,, R}, /V,,}. Assuming

continuous flat fading, A, , can be expressed in terms of the fading corrclation and

AWGN as

Au,]r = E{(Sﬂ,kﬂu.t + Na,k )(Sn,kHﬂ,k + Nr.-,k )H}

=M, (Sn,;(FI*S:k * NOINM' )

(5.9)

where T* is the fading correlation matrix whose coefficients are given by (5.4) and

can be expressed as

(3’;,[0] %[Mf] ﬂ[M.-(N_l)]
= D [‘M;] Dy [0] Fow [Mr(N"z)] QI
: : 5 ” (5.10)
@y [_M:(N‘l)] @y [‘M:(N'“z)] Py [O]
=T,®L,,

97



where @ denotes the Kronecker product. Given the unitary and orthogonallity

properties of S, , the covariance mairix in (5.9) can be expressed as
Ali,k = Mi' {Sﬂ,k (r:'k + NOINM, )S::.k} 3 (5'] 1)

and is independent of the transmitied message sequence. It is assumed that the carriers
are adequately spaced and independent of each other. A uniform power profile is also

assumed among the subcarriers. Hence the » and & subscripts on A, , and superscripts
on I[}* can be dropped, ie. A,, =A and T};* =T, . Using the rules of the Kronecker

product [177] and applying the orthogonallity property of 8, ,, the inverse of the

correlation matrix A in (5.11) can then be calculated as follows,
{S.,,k ((1”",, +NL)' e, )s,’,‘;} (5.12)

Where I, is defined in (5.10) and

foo fo A
-~ - H 14 vee 8
T=(F,+NL) = 0 0 e (5.13)
vao Iy 0 yawa

Substituting (5.12) in (5.8), expanding the exponential term and ignoring constant

ferms, the conditional pdf can be rewritten as

PR,,/V, )= exp{Re {a‘r (E E%R:‘[J‘r —iB, k-8 [k~ jIR, [k - j]]}:l ,(5.14)

=] =0

where ¢, are elements of the inverse of the correlation matrix defined in (5.13).

Expanding (5.14) further, the pdf can be written as
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PR, /V, ;)= exp[Re{rr( t, Rk~ r}S [k -18 k- IR [k - f])}

(5.15)

=1 ;=0

+2Re{rr(§i:ukf[k i, Lk~ 11870k - JIR, [k - ;]]H

Note that the first term in (5.15) is a constant and independent of the transmitted

sequence, hence the pdf reduces to

PR, /V, )= exp{ZRe{t{EirR”[k—:E [k -1187 [k - /IR [k - J]JH (5.16)

i=l j=0

Applying the unitary property and replacing S [k —i]8){k - j] as in (5.2), the pdf in

(5.16) can be rewritten as

PR, ,/V, )= expli2Re{rr[EiruRf f]Ry[k—j]ﬁV"[kw!]]H. (5.17)
i<}

i=1 j=0

As in J127), [128], the decision feedback differential pdf on each subcarrier conditioned

on the candidate symbol V,[k] (not on the entire N observation symbols) is derived
from (5.17) by feeding back N -1 past decision ie. {V,[k-{]}, with previously
detected symbols {ffﬂ[kﬂl]} except for the 4th matrix symbol. Hence the DFDM pdf

conditioned on the candidate symbol on the uth subcarrier is given by

i=]

P(R,, /V,[k]) = exp[2Re{tr{R”[k]V [k]ZrO,R"[k ;]]'[v [k - }]}H, (5.18)

where \-fu[k - j] are the hard decision mafrix symbols from previous detection, The bit

metric for the ith matrix symbol interval can be calcutated from (5.18) by averaging
over the STBC constellation whose symbol metrics have b € {0,1} in the pth bit position

as

Atlpl=log D, P(R,,/V,[kD. (5.19)
Voasdd
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Thus the bit log-likelihood-ratio (LLR) metric for the kth STBC label in the pth bit

position and uth subcarrier is given by
o 2 EV S V) R (5.20)

5.4 Hard Decision Iterative Decision Feedback Differential STFC

The iterative decoding process for the hard decision Chase like RRNS decoder in this
differential STF coding scheme follows that described in Section 2.4.3 except for the
emphasis on the parallel structure. The decision feedback differential metric is also

calculated based on differential STBC matrix.

For every decoding interval, the soft information generated according to (5.20) is sent to
a Chase like RRNS decoder. Through the use of the Chase algorithm as described in
Section 2.4.3, a codeword is then decoded as the transmitted message bits for a given
frame. The decoded codeword is mapped to non-redundant residues and redundant
residues are generated based on BEX methods. The residues are then converted to their
binary equivalent and bit-interleaving carried on each paralle] stream. After bit-
interleaving, the bits on each parallel stream are mapped to MPSK symbols,
differentially coded by STBC and fed back to the DFDM decoder for a new metric
computation as shown in Figure 5.1(b). The entire process is repeated for the desired
number of iterations before making the final decision on the possible transmitted

codeword.

For the first iteration, there are no previous decisions available and conventional
differential modulation is used as in [127], [128). For further iterations, re-modulated
fed back matrix symbois from previous iterations are used to calculate the bit LLR
valves for N >2 observation periods as described in equations (5.18), (5.19), and
(5.20).

5.5 Performance Analysis

Since the logarithmic function is monotonically increasing, maximizing P(R,, /V, [k])

over V. [k] in (5.18) is equivalent to maximizing log(P(RM‘&fV“[k])) over V [k].
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Hence the decision metric ¥ for detecting V, [#] is obtained by maximizing (5.18) over

a STBC signal consteliation A,

¥ = max vmeARe{ {Rf[k} {k]frma,,[k :]ﬁf’"{k— j]]}. (5.21)

iml =l

Assuming independent subcarrier, genie-aided feedback, the pairwise error probability

(PEP) of detecting V’u [«] given that V [k]was transmitted is

P(V,[k],V,[k]) = (Retr{ AV -V, ()Y, ,(}] (5.22)
where

X, = H,[k]+S[kIN, [£],
Y, = Zr (M, k- i1+ S [k 1IN, [k —1]),

T
= " u -y I - M
Xﬂ,k _[xo,oxl,o Xt -10 xM,-IM,-t] s

- (5.23)
Y., =[Jf§o}’f‘o Py ~1o'“yr4,~|,M,41] s

u FIRY [M k] + Sﬁ' v[Mrk]nu,p[M.‘k]’

V= Zro., (P d M = )]+ 5, [ M, (k= )}, , [ M, (k= )]}

Let g, , :[kaYT ] be a vector matrix of two zero mean Gaussian random variables

on the uth subcarrier and the ith symbol matrix defined in (5.22). The PEP in
Hermitian Gaussian quadratic form for the uth subcarrier (or residue) spanning K

symbol matrices per residue can be expressed as [39], [129], {130}

P(v,.%,)=P(Re[r{611,6.} ]}, (5.24)

u?

SUCh that Gu = [grm ¥ gu,Z +"" gu,.ﬂ’ :lT »
0 I.c*
L" - X K u s ) (5.25)
IKCu OK
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where O is a Kx K zero matrix, C, =[C, C,,-C, «]° whose elements are defined
as C,, =I, ®(V,[k]-V,[k]). Through -eigendecomposition, the characteristic

function can be expressed as [128]

]
det(L,,, ,,x +s®,L,)’

Dy, 5,(5) = E{exp(GI'L,G, )} = (5.26)

where the correlation matrix ®, = E{G:‘Gu} is defined as

go,o(“) g{!,l(u) é'OK-l(u)

o - g“m:(u) é'l‘;:(u) §1x1(ﬂ) ®1M,, (5.27)

Craolt) Cp () - gK—IKl(u)

for

R ket ) W Twf

EY, X, ;b BV Y, )

Wit f

(5.28)

E{X X } EX, Y
é’;‘,_;'(u)=E{gﬂJg"J} l: { } { }]

Note that for perfect channel state information, the coefficients in (5.28) of the

correlation matrix in (5.27) reduce to

E{X, X, 1. (5.29)

i f

EIX X } 0]

g_'j(u):E{g.,,;-g.;,;} [ "(; N 0

The pdf of a function can be calculated from its characteristic function as [39]
)= [ @, (s)exp(-sx)ds (5.30)
2n 2

Thus the PEP in (5.24) can be directly calculated from its characteristic function in

(5.26) and expressed in terms of eigenvalues ;g:ﬂ as

",V)——I—-u]a]e"”‘ Ydv,, ¥ )ﬁﬁ(1+szw) "ds. (5.31)
2”_0.}0 k=l p=1

But
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I—s(v v)d( "’ )___‘_;’ (5.32).

]

Hence the PEP in (5.31) reduces to

P(V",Vu)- o]-'[”ﬁnsm) }iV (5.33)

k=t p=1
Letting s = ¢ + jw and extracting the real part, the integral in (5.33) can be rewritten as

o+ for 1K M,

PV, V)-——- j TIT(+ e+ ),zm) "dw . (5.34)

“wc + @

A closed form ex.pression for PEP is obtained by solving the one dimensional integral in
(5.34) using numerical integration methods such as the Gauss-Chebyshev quadrature
along the region of convergence [172], [107], [104], [108], [109], [110], [111], [112].
Let @ = ctan{@), then (5.34) can be expressed as

®IY2g M,

V)—% f ]’[ (1+¢* secz(e)gfy)‘M’de. (5.35)
4]

k=l u=l

.

An upper bound on PEP can be obtained from (5.33) by setting & = /2 [103]. Note

that if A/, and A, are kept constant, the correlation matrix @, in (5.27) is independent

:
of » but dependent on K symbol matrices. Since the same information is transmitted
over several subcarriers, RNS coding offers frequency diversity, independent of the
frequency selective nature of the fading channels, Without error correction, assuming
equal egeinvalues from carrier to carrier which is often the case when signal matrices

are drawn from orthogonal design, the total PEP (probability of symbol error P) is
given by

7i2

]

a4

L 32 gy MA
[T(1+¢sec*@) s, ) a6, (5.36)

1
5 k=1 um
where U/ is the total number of residues/subcarriers. It can be seen from (5.36) that the
total PEP is maximized by increasing X and #. Maximizing ¥ maximizes the inherent

frequency diversity of the RNS codes while X maximizes the product of the eigenvalues
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linked to the code length of the STC code, a design criteria for STC in fast fading
channels [86]. Altermnatively K can be seen as the temporal component in STF [159].
Introducing redundancy across subcarriers limits the frequency diversity to the

Hamming distance (d_, ) in the proposed DSTF coding scheme. It is well known that

under certain conditions STBC guarantees M, transmit diversity [89], [90], [88), hence

the proposed scheme can achieve a maximum diversity order of KM M U (derived in

Chapter 4). For K = 1, I/ = 1, the proposed DSTF signal model reduces to differential
STBC, similar to [128]. The advantage of using this scheme is that the frequency
encoder is independent of the STC design hence maximizing frequency and space
diversity independently. The frequency encoder is concatenated through a bit-

interleaver 10 a STC code and iterative decoding is used to maximize the time diversity. .

It was shown in [53] that the performance of generalized minimum distance decoding is
deminated by errors at the algebraic decoding stage. Assuming ideal bit-interleaving
and independent subcarriers with a uniform power profile, the maximum likelihood
upper bound on the BER (3} for RRNS code is obtained in a similar manner to that of a
Reed Solomon code [38], [39], [27], [28] as

me-I o U
P —m P, 5.37
" U(z""‘ﬁl).‘;.“[uJ * e30

where ¢ is the error correction capability of the RRNS code, {J is the total number of
residues, mK is the number of bits per residue and P is the probability that the

received residue sequence has « erroneous residues, given by [39]
Po=(1-P(V,. V) " (P(V,.9,)) . (5.38)

5.6 Results for Hard Decision Iterative differential STFC

In this section simulation and numerical results for the proposed hard decision iterative
differential STF coding are presented and discussed. The simulation model is as shown
in Figure 5.1. A random interlevear is applied on each subcarier and bits mapped to

QPSK symbols using Gray labelling. The differential encoder on each subcarrier
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follows the Alamouti M, =2 and M, =1 signal model [88]. Thus the received matrix
in is given by [115]

r(2k] }_[ s, [2k] s"[2k+l]][ 7, [2k] }r[ n,[2k]

. A } (5.39)
rl2k+1]] s 2k+1 si26) || A2k | (2K +1)

R,,[k]=[

where all the elements of the matrices are defined in (5.3). The differential code matrix

S,[k] is defined as in (5.1). The information matrix V, [k] and the initial differential

code matrix S, [0] are defined as

_ ]/-\/i l/ﬁ G Gy
s,LOI-LNE 1/\/5}’ V,,[k]{_ ]

where

V2

ejz;m."M
aeA={ ,m=0,1,—--,M—l}.

Time correlated flat fading Rayleigh coefficients are generated based on Jake’s model
[174] for a normalized Doppler frequency f,7 =0.02. Systematic RRNS coding is
used for all simulations and a zero bit appended on each non-redundant residue
equivalent bits. Moduli m =229, m, =233, m, =239, m, =241, m =247,
mg =251, m, =253, my, =255 are taken from [33]. Since the RRNS code has 8

moduli, the 8 parallel residue streams for DSTF were mapped to 8 subcarriers. The

numerical BER is computed from (3.37).

Figure 5.2 shows numerical and simulated BER performance for DFDM with ¥ = 5
observation periods, two iterations, m,,m,,m,,m,, m;,m, non-redundant and m.,,m,
redundant moduli. Hence RRNS(8,6) code rate of 3/4, error capability r=1 and
minimum distance d_, =3. It can be seen that increasing the test patterns from 2° to
2'® improves the performance of the Chase like RRNS decoder bringing the simulation
in close proximity with the upper bound on the BER. This is due 1o increasing number
- of valid codewords, which increases with increasing the number of test patterns. This

leads to increased coding gain hence the BER performance improvement. However,
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increasing the number of test patterns amounts to increasing the Hamming distance
between the received codeword and error patterns. This leads to increased Hamming
weight, hence poorer BER performance at low SNR observed with increasing test
pattern. Note that although iterative decoding is used, hard decisions are fed back to the
decision feedback differential STBC metric computer. Hence the BER performance is
predominantiy limited by the number of test patterns. To achieve comparable simulation
results to the analysis, many test patterns are used. Even then, there’s still a discrepancy
mainly due to the suboptimal nature of the DFDM decoding process compared to the

maximum likelihood analytical bound.

Figure 5.3 shows numerical BER performance for the DSTF coding for CDM (i.e.
N =12} with K varying symbol matrices per residue, varying rate and r. Since QPSK
mapping was used for the two transmit antenna Alamouti scheme, the number of bits
per residue is 4K. 1t can be seen that for a fixed error correction capability ¢ =1,
increasing K improves the BER performance. The information per residue is spread
over K symbol matrices during the STBC signal processing. This is equivalent to
increasing the effective code length hence maximizing the product gain for STF on each
subcarrier. It can be seen that the curve for RRNS(12,10) code is steeper than that of
RRNS(8,6) which in turn is steeper than that of RRNS(4,2) code. This is because
increasing the number of parailel paths (subcarriers) increases the inherent repetitive
nature of RNS codes, hence increasing frequency diversity. As can be seen from the
above mentioned curves, this leads to superior BER performance at high SNR and is
consistent with the results in [33]. It can also be seen from Figure 5.3 that BER
performance improves tremendously with increasing K and ¢ for a fixed rate of 1/2.
This is due to a combination of increasing product gain {K), parallel paths (I/) and error
correction capability #, hence maximizing the time and frequency diversities for a given
fixed number of transmit antennas. The increasing coding gains play a predominant part

as is reflected by shift in the curves.

Figure 5.4 shows the numerical BER performance of the proposed scheme with
increasing observation N. It can be seen that the BER performance improves with
increasing observation as expected, reducing the performance gap between coherent and
CDM. However there is no significant performance improvement from N =35 to

N =10. This is mainly due to the suboptimal nature of DFDM decoding process.

106



Figure 5.5 shows the simulated BER performance for the proposed DSTF, differential
QPSK and differential STBC with N =2 observations. The test patterns are set to 2°*
and a RRNS(8,6) channel encoder used in all the threes systems, hence a rate of 3/4.
The simulation model for a single antenna differential QPSK follows [84] and
differential STBC is similar to DSTF except that all the residues are serially transmitted
on a single carrier. For N > 2 symbol observations, the number of iteration is set to 2. It
can be seen from Figure 5.5 that the BER performance improves not only with

increasing observations N but also with increasing number of transmit antenna M, as

expected. However, the performance for DSTF scheme improves more rapidly than that
of differential STBC. This is due to parallel transmission of residues which enhances
their mutual exclusive property. Serially transmitted bit-interleaved differential STBC
modulation spreads errors across parallel residues (per coding interval) in contrast to
bit-interleaving carried out on each independent paraliel stream in the proposed DSTF.
This destroys the mutually exclusive property of residues in fading channels resulting in

poorer BER performance of differential STBC than the proposed DSTF.

107



1.E-01

1.E-02

1.E-03 seooeonnd
o !
% 1.E-04 § imormm e
: L
]
1.E-05 ¢ . R
‘ —&—Sim N=5,=0 .' ' m !
F —%—Sim N=5 }=2 ; ! . !
F | ke Sim N=5,|=4 | i A
—— Sim N=5,=6 ' ' o
1.E06 || —®—SimN=5)=8 j---j--r-----mfommoems R REEEEEEEES
f | ———Sim N=5,1=10 ' ' af
T | -+ £ - -Upper Bound : ' Ve
L I | | 1
i : : S
1 | 1 1 .
1.E-07 1 I i i o |
5 7 9 1 13 15

SNR({dB)

Figure 5.2: Simulated and numerical BER performance for decision feedback

differential modulation with N =5, two iterations.
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Figure 5.3: Numerical BER performance for the conventional differential STF coding
i.e. N =2 with varying symbol matrices per residue, rate and error correction capability
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5.7 Soft-Input Soft-Output Decision Feedback Differential STFC
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Figure 5.6 Receiver block diagram for a SISO decision feedback differential STFC

The system model for SISO decision feedback differential STF coding scheme follows
that of Section 5.2 except for the decoder. The receiver section of the block diagram in
Figure 5.1(b) is replaced with Figure 5.6. At the receiver, the received signal ts passed
through a bank of matched filters (MF) followed by a decision feedback differential
STBC soft-input soft-output (SISO) decoder as illustrated in Figure 5.6.

The basic structure of the iterative receiver which consists of two stages SISO decoders
is shown in Figure 5.6. The first stage is the soft-output of the differential STBC
demodulator based on the DFDM. It takes the soft-input from the channel (received
signal matrix over N observation periods), the hard decisions and the a priori
information from the channel decoder. Using these inputs, the DFDM SISO computes
the a posteriori log-likelihood ratios (LLLR) which are deinterleaved and passed onfo the

second stage of the receiver.

The second stage of the receiver comprises of RRNS SISO decoder. It takes the
deinterleaved soft-output from the DFDM SISQ as its only soft-input. The RRNS SISO

decoder then computes a new set of a posteriori LLR values as the soft-output. It is from
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this soft-output that the extrinsic information is calculated and fed back to the DFDM
SISO as the a priori information together with decoded bits as hard decisions. The
whole process is then repeated for a specified number of iterations after which a final
decision on the decoded bits is made. Note that there is no direct received signal from
the channel to the input of the RRNS SISO decoder as in the case of block turbo codes
[45], [46], [37]; instead the DFDM metric is adjusted to include the a priori information.

For the first iteration, there are no previous decisions available so the SISO uses the
decoding process for CDM ie. N =2. For further iterations, re-modulated fed back
matrix symbols and the extrinsic information from previous iterations are used to
calculate the bit log-likelihood ratios for N > 2 observation periods as in (5.46). It is
also worth noting that iterative decoding can still be carried out for the case of N =2,
as opposed to a single pass in jterative DFDM proposed in [72], [128], [84]. This is
because in the aforementioned references, iterative decoding is geared towards
improving the performance of DFDM. Therefore when N =2, there is no feedback

hence no iteration,

5.7.1 Soft-Input Soft-Output for STBC

The a posteriori code bit LLR for a decision feedback differential demodulator is
derived in this subsection. Substituting (5.19) into (5.20), the LLR of the code bit in the
pth position of the V,[k] label on the uth subcarrier can be expressed as

> P(R,,/V,[k])
2] = log M : (3.40)
> PR, /V,k})

V,[kled

where A7 is the subset of all symbols V, [k]e 47 whose labels have value b in the pth

position. For m bits in each label, the conditional probability in (5.40) can be expanded

as follows

PR, /V,[kD=P(R,,/b,...b,..b)

R e ™

=P(R, Bysesd,sbyonb, 15, ) T PB). (5.41)

=g
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It is well known that the a posteriori log-likelihood ratio (LLR) of the code bit

b, € {+1,—1} at the output of the decision-feedback differential demodulator is given by

P(b,=+1/R,,)

(] =log——- £ (542
v “CF, =-1/R.,) (542)

Applying the Bayes’ rule, (5.42) can be written as

PR, /b, =+1) P(b, =+1)

AT 5] = | i +lo . 5.43
APl ogP(Rﬂ‘”,bpz_l) gP(bp=_l) (5.43)

where

1 ' '
P(b,)= E[1 +b, tanh (w, /2}], (5.44)
and w, is the normalized extrinsic information from the channel decoder. It can easily

be seen that the first term in (5.43) is the extrinsic information about the code bit and

the second term, the a priori information. Substituting (5.41) in (5.43) yields,

P(R, By, b,nb, 18,V ] P(B)

, - P(b, =+1)
A p) = log s -t log —f——. (5.45)
Y. P(R,byenb,sb,unb, 18, )/ T] PB) P(b, =-1)
Volhledl, i

Substituting (5.18) into (5.45), the soft-output of the DFDM decoder can be written as

exp 2Re{tr(R“[k k]Zro,R,,[k :]Hv,[k— ;]]} 117®)

IET

l:’* [,0] - Vo [k1edl.,

exp 2Re{tr[R:‘[k]VH[k]Zrm k- s]l‘[v [k - ;]]} [12®)

Vv, [kledl, |i=e
v, P(b,=+1).
log—e — "1
P(b, =-1)

(5.46)

The soft-output is then deinterleved and passed on to the channel decoder (RRNS-
SISO) as the soft-input as illustrated in Figure 5.6.
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5.7.2 Soft-Input Soft-Output Channel Decoder

The RRNS SISO is used as the channel decoder. The soft decision decoding algorithm
is based on that of linear block turbo codes [45], [46], [37]. The hard decision decoding
algorithm is as described in Section 2.3.2. The Chase algorithm was discussed in

Section 2.4.3 and is repeated here for clarity.

The deinterleaved soft-output from the first stage SISO module on each parallel stream

is normalized and fed to the RRNS SISO as soft-input. A hard decision z; associated to
the soft information ¥y, =i:"N0f2 is made {47], which yields a binary sequence

L=[z,2,..2,..2gZpgy] PeT coding interval. Note that the deinterleaved LLR values

computed in (5.46) are used by the RRNS SISO channel decoder as if they were

observations from BPSK modulation over an AWGN channel. The confidence values

| ¥,| are then sent to the Chase algorithm which generates a set of 2" error patterns

according to / least reliable confidence values | y, |. The error patterns are each added to

Z by modulo two additions to produce a new sequence Z which is mapped to  residues
respectively and sent to the hard decision RRNS decoder. At the output of the RRNS
hard decision decoder, a set of valid codewords is searched and the codeword with the

minimum metric decoded as the candidate codeword C according to
- = 2 .
b =ly-Z j| . (5.47)

In (5.47), Z'is the ith codeword at the output of the hard decision decoder and |
denotes the norm, The algorithm is then extended to find a competing (or discarded)
codeword D which decodes to bp¢ép and has a minimum Euclidean distance
compared to the other codewords which decode to b, :tb}. The soft-output is then

calculated as [46]

3

2 2

Thus normalized extrinsic information w, in the p th position can be obtained by
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w, =y, -, (5.49)

If there is no such discarded codeword that decodes to 5, = 5p in the p th position, the

extrinsic information is estimated as in [46] and [32] as
w, % Bxb,, ' (5.50)

where £ is a normalizing coefficient. The extrinsic information corresponding to a bit in
cach residue is fed back as the a priori information to the DFDM SISO. For each
iteration, a hard decision on the transmitted bit is made based on (5.48). The decoded
codeword is mapped to non-redundant residues as described in Section II. Redundant
residues are generated through BEX method and the whole process is repeated for the
entire frame, The residues on each parallel stream are then converted to their binary

equivalent, bit-intericaved and fed back to the DFDM SISO as hard decisions.

In order to find the most likely candidate codeword and successfully calculate the soft-
output, a high number of least reliable positions / hence a large number of test patterns
is required. If no valid codeword is found, Z is then decoded as the transmitted
codeword and the extrinsic information set to zero for a given coding interval. Note that
the proposed scheme passes on both soft information and hard decisions to the DFDM

decoding process.
5.8 SISO Decision Feedback Differential STFC Results

In this section simulation and numerical results are presented and discussed. The
transmitter section for the simulation model is based on Figure 5.1(a) and soft-input
soft-output decoder/receiver is as described in Section 5.7 and illustrated by Figure 5.6.
A random bit-interfeaver is applied on each subcarrier and bits are mapped to QPSK

symbols using Gray labeling. The differential STBC on cach subcarrier follows the
Alamouti M, =2 and M, =1 signal model [88]. Time correlated flat fading Rayleigh
coefficients are generated based on Jake’s model [174] for a normalized Doppler
frequency f,T =0.02. Systematic RRNS coding is used for all simulations and a zero
bit appended on each non-redundant residue equivalent bits. Moduli m, =229,

my =233, my =239, m, =241, m =247, m =251, m, =253, m, =255 are taken
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from [33]. Unless otherwise stated the RRNS(8,4) code is used, hence ¢=2 error
correction capability and 8 parallel residue streams for DSTF are mapped to 8
subcarriers. The maximum likelihood upper bound on the BER is computed from (5.37)
. Simulation results for the SISO DFDM are indicated as S, and hard decision as Hy
respectively. The number of test patierns is indicated by [ least reliable positions while

“it" stands for iteration.

Figure 5.7 shows the simulated and numerical BER performance of the SISO and hard
decision iterative DFDM for the proposed DSTF coding scheme for N =2 observations
with increasing test patterns and number of iterations. It can be seen that for / =2 at
it =1, the SISO and hard DFDM have the same BER performance. However the BER
performance of the SISO DFDM system can be improved further by increasing the
number of iterations as illustrated by the curve So, I =2, it =4. It can also be seen from
Figure 5.7 that the simulated BER performance tremendously improves with increasing
test patterns and number of iterations, becoming comparable to the maximum likelihood

based analytical results.

Figure 5.8 shows the simulated BER performance of the SISO and hard decision
iterative DFDM for the proposed DSTF coding scheme for ¥ =5 observations with
increasing number of iterations at a fixed test patterns /=2, It can be seen that for
=2, it=2, the BER performance improves by almost 1 dB at high SNR from the hard
DFDM to the soft DFDM proposed DSTF scheme. No significant performance
improvement for the hard DFDM scheme is realized by increasing the number of
iterations from it = 2, to it = 4. This is mainly because feeding back hard decision limits
the coding gains that should be achieved through iterative decoding process. Hence the
BER performance of hard decision iterative DFDM is predominantly dependent on the
number of test patterns and the error correction capability of the code. However for the
SISO DFDM, the BER performance improves tremendously with increasing number of

iterations as expected.

Figure 5.9 shows the simulated and numerical BER performance of the SISC DFDM
for the proposed DSTF coding scheme for N = 5 observations. The simulated results are
fixed to it = 6 with increasing test patterns. It can be seen that as the number of test

patterns increases, the BER performance of the simulated results approach the bounds.
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Figure 5.10 shows the simulated BER performance of the SISO DFDM for the proposed
DSTF coding scheme for N = 2 and N = 5 observations at / = 4 with increasing
iterations. It can be seen that the BER performance improves with increasing
observation periods i.e. ¥V > 2 as expected. However the performance of N =5 improves
more rapidly than that of ¥ = 2 with increasing iterations. This is because of the
increased number of observations and passing not only hard decision but also soft

information to the iterative DFDM decoding process,
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Figure 5.7: Simulated and numerical BER performance of the SISO and hard decision

iterative DFDM for the proposed DSTF coding scheme for ¥ =2.
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5.9 Conclusion

In this chapter, the hard decision and soft-input soft-output DFDM schemes for a STF
modulation systems were presented. The a posteriori bit LLR values for both hard and
SISO DFDM were derived. The PEP and BER expressions were also derived.

Analytical and simulation results are in agreement, validating the analysis.

It was shown that the BER performance improves with increasing observation periods
i.e. N>2. The BER performance of hard decision iterative DFDM is predominantly
dependent on the number of test patterns. However for the SISO DFDM, the BER
performance improves not only with increasing number of test patterns but also with
increasing iterations, Tn SISO DFDM, the BER performance for high observation

periods improves more rapidly with increasing iterations.

It was shown that RNS codes offer extrinsic frequency diversity and parallel
transmission enhances residue features. Furthermore, coding across subcarriers
maximizes the frequency diversity gain. It was also shown that increasing symbol
matrices per residue improves the performance of the proposed DSTF system,
maximizing time diversity. Since STBC signalling is used, the proposed scheme under
certain constraints guarantees transmit diversity equal to the number of transmit

antennas, while maximizing the time and frequency diversities,

The use of SISO DFDM instead of hard DFDM maximizes the coding gain realized
through iterative decoding process which plays a predominant role in the decoding

process.

The proposed scheme can be deployed in existing standards which require high speed

data rates such wireless LAN, wideband CDMA to mention but a few.
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CHAPTER 6

CONCLUSION

6.1 Summary

This thesis deals with the design of a technique for combining channe! coding,
frequency diversity and spatial diversity into a bandwidth efficient communication
scheme, and characterizing the performance of such a system in a wireless broadband

environment,

Firstly, this thesis discusses achieving temporal diversity through employing error
correcting coding combined with interleaving. Turbo-like serial concatenation of a
standard outer channel encoder to an inner code was realized by deploying noncoherent
differential MPSK modulation as the inner code. An iterative decision feedback
differential modulation approach to joint decoding and demodulation process was
discussed, whereby soft information is exchanged from the demodulator to the decoder,
and hard decisions from the decoder to the demodulator. Redundant residue number
system (RRNS) coding was proposed to be used as the channel encoder. It was shown
that RRNS codes can offer better or similar bit error rate performance in bit-interleaved
coded modulation schemes than the traditionally used convolutional codes, at minimal

complexity and high data rates,

The rapidly growing need for fast and reliable transmission over a wireless channel
motivates the development of communication systems that can support high data rates

at low complexity. Combining OFDM with multiple-input multiple-output (MIMO)
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systems to form MIMO-OFDM not only reduces the complexity by eliminating the
need for equalization but also provides large channel capacity and a high diversity
potential. The wireless broadband channel characterized by multipaths is transformed
into a series of frequency flat fading subchannels, which through appropriate signal

design can result in additiona) diversity advantage. The signal design and the diversity |
potential of the MIMO systems namely space-time coded OFDM, space-frequency and
space-time-frequency coding schemes were presented and discussed. By concatenating
a channel encoder with MIMO-OFDM in what is known as space-time-frequency
coding, it was shown that the performance is greatly improved mainly due to a

combination of spatial, temporal and spectral diversity gain,

In this thesis, the use of residue number system as the frequency encoder in space-time-
frequency coding scheme was proposed. Most space-time-frequency (STF) coding
schemes in the literature use coding across multipaths and OFDM modulation
techniques to maximize frequency diversity. There is no additional diversity advantage
in using such schemes under frequency flat fading channel characteristics. It was shown
that RNS codes’ repetitive nature can be exploited to offer additional intrinsic frequency
diversity advantage, and coding maximizes the diversity gain. In the proposed STF
coding scheme, the available bandwidth is divided into several non-overlapping
subchannels equal to the code length with space-time signalling on each subcarrier. The
signal design on each subcarrier is the same as that of space-time codes and multipath
diversity is merely a trivial extension. Hence, spatial diversity and frequency diversity
can be optimized/maximized independently. It was shown that the proposed STF coding

scheme has potential diversity gain equal to the product of spatial diversity M, M,,

temporal diversity A, , number of OFDM tones ¥, and channel order L.

Two differential STF coding schemes were presented and discussed. One deals with
hard decision metric for decision feedback differential STF coding. This is an extension
of RNS coded differential modulation from a single antenna system to a STF coded
MIMO system proposed in Chapter 4. The second differential STF coding scheme deals
with soft decision decoding for bit-interleaved decision-feedback differential
modulation. The hard and soft decision metric for decision feedback differential STF
modulation bit metrics were derived and the performance characterized. It is was shown

that increasing diversity can reduce or eliminate the flooring effect in conventional
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differential detection and significant coding gains can be achieved by passing not only
hard decisions but aiso soft information in iterative decision feedback differential
modulation, The soft-input soft-output decoding process is not limited to RRNS coded
scheme but can be used in any iterative decision feedback differential modulation

system with channel encoder e.g. convolutional codes.
6.2 Future work

It was observed that the current soft decoding algorithms for RRNS codes are
suboptimal in nature. These algorithms can be improved in several ways. The
implementation of the optimal trellis based decoding algorithms to RRNS codes needs

to be investigated.

Further studies need to be carried out in search of a joint space-time-frequency code
analogous to space-time codes that can maximize spatial, temporal and frequency

diversity gain as a single entity,
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