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ABSTARCT

The use of multiple antennas at the transmitter and/or the receiver provides high data rate and
diversity in many different forms. This can be useful to meet the ever growing demand of high
data rate wireless services, provided we concatenate the multiple antenna systems with channels
codes to efficiently exploit the advantages of the these system. Low density parity check (LDPC)
codes are linear block codes constructed by sparse parity check matrices. These codes are
powerful in terms of error performance and, especially, have low decoding complexity. LDPC
codes when employed with multiple antenna system yields astonishing performance close to the
Shannon theoretical limits.

In the first part of the thesis, LDPC coded systems that employ single transmit and multiple
receive antennas, i.e., single-input multiple-output (SIMO) systems are studied. In particular
Low Density parity check codes are combined with optimum diversity combining (LDPC-OC)
scheme that works efficiently in the presence of interferer for both additive white Gaussian noise
(AWGN) and frequency-flat Rayleigh fading channels. The analytical bounds on the bit error
rate (BER) performance are derived for the under loaded case (when the number of interferers
are less than or equal to number of antenna array elements) and over loaded case (when the
number of interferers are greater than antenna array elements. In particular, the analytical bounds
are derived for the special case of single interferer (under loaded case) and for large number of
interferers (overloaded case). For the proposed systems, the results obtained with analytical
bounds are verified with the help of simulation results. It is demonstrated that these bounds can

be efficiently used to evaluate the error performance.

The second part of the thesis studies LDPC coded systems that employ multiple transmit and
multiple receive antennas, i.e., multiple-input multiple-output (MIMO) systems.
Particularly the proposed system is based on the concatenation of LDPC codes with space time
block codes (LDPC-STBC).

Two scenarios for the proposed LDPC-STBC system have been considered (i) Concatenated
LDPC-STBC system without antenna selection (ii) Concatenated LDPC-STBC system with

antenna selection. The concatenation is done such that all code words in one subset/sub-code are



associated with an identical pair wise error probability. For both scenarios, first we obtained the
results using Monte Carlo simulation for various modulation schemes in various fading
environment. We also derived the analytical tight bound for both scenarios using Chernoff
bounds. It is shown that on the quasi-static fading channel full diversity can be achieved and an
increase in coding gain results from the concatenation. For the concatenated LDPC-STBC
system with antenna selection, it is analytically shown that the diversity gain does not change.
We can exploit the full diversity advantage promised by the MIMO system that uses all available
antenna elements, provided that the space-time code employed has full spatial diversity. It is also
shown that the coding gain with antenna selection deteriorates significantly compared to the full-
complexity one. When the simulation results are compared with the analytical results, an SNR
gap of less than 2 dB between the waterfall positions of the tight bounds and the simulation

results is evident.
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Chapter |
INTRODUCTION

1.1 Introduction to multiple antennas
In recent years, wireless communication systems have become more and more popular in
various operating environments, such as mobiles, laptops, security systems, and other
household and business establishments. The next generation of wireless communication
systems will offer remote connectivity to internet, high speed multimedia services, high-
definition video streaming, internet telephony, online gaming, voice over Internet
Protocol (VolIP) and IPTV etc These services require a significant increase in the capacity of
wireless systems, however, at the same time, the design of faster, more reliable, and
spectrally efficient wireless communication systems is becoming ever more difficult. The
performance of a wireless system is subjected to various adverse conditions, such as limited
transmission power, scarcity of the electromagnetic spectrum, signal attenuation and
fluctuation in wireless links or channels. In order to utilize the available resources efficiently
one has to look for various techniques for designing spectrally efficient systems. A common
and well understood method for improving the quality and reliability of wireless links or for
combating the deleterious effects of fading is to employ multiple antennas at the transmitter
and/or the receiver end, known as spatial diversity. The development of multi antenna
technology provides a solution to overcome the diverse effect of physical channel and
improve the capacity of the system. Transmit/receive spatial diversity uses multiple separate,
collocated antennas for transmit and receive functions. The use of multiple antennas at both
transmit and receive end, result in a Multi Input Multi Output System [1]. All these
techniques require some sort of pre or post processing to recover the desired message.
Receive diversity (known as a SIMO system) uses multiple receive antenna elements
to improve the reliability of reception in a fading environment, providing both array gain and
diversity gain. In receive diversity, the post processing is carried out by combining
independent fading signals associated with multiple receive antennas. Depending on the
sophistication of the system, the signals can be added directly (equal gain combining (EGC))
or weighted and added coherently (maximum ratio combining (MRC)) [2] to increase the

signal to noise ratio (SNR) at the output of receiver. MRC outperforms various combining



techniques in all fading channels, but performance of maximal ratio combining for space
diversity reception degrades in the presence of multiple co-channel interference (CCI)
sources. In this scenario, antenna arrays, with optimum combining [3], have been shown to
combat both the multipath fading of the desired signal and CCI, subsequently increasing the
performance of wireless communication systems. With optimum combining, the signals
received by several antenna elements are weighted and combined to maximize the output
signal-to interference-plus-noise ratio (SINR) [4]. Optimum combining achieves a larger
output SINR than MRC, and is thus highly desirable in an interfering environment. MRC is
the optimum linear combining technique for coherent reception; with independent fading at
each antenna element in the presence of spatially white Gaussian noise [5].

Transmit diversity, uses multiple transmit antennas and a single receive antenna,
creating a Multiple Input Single Output (MISO) system but requiring an appropriate pre-
processing or coding of the transmitted signals before transmission. For transmit diversity
techniques, Tarokh et al. proposed space-time trellis coding (STTC) [6]-[12] by jointly
designing the channel coding, modulation, transmit diversity, and the optional receiver
diversity scheme. STTC performs extremely well at the cost of relatively high decoding
complexity. In addressing the issue of decoding complexity, Alamouti [13] discovered a
remarkable scheme for transmission using two transmit and single receive antenna. A simple
scalar decoding algorithm was also proposed by Alamouti that can be generalized to an
arbitrary number of receive antennas. This scheme is significantly less complex than STTC
coding using two transmitter antennas, although there is a loss in performance as Alamouti
schemes does not provide any coding gain, and the SNR required for a given Bit Error Rate
(BER) is greater as compared to STTC [14]. Despite the associated performance penalty,
Almouti’s scheme is appealing in terms of its simplicity and performance. This proposal
motivated Tarokh et al. [14], [15] to generalize Almouti’s scheme to an arbitrary number of
transmit antennas, leading to the concept of space-time block codes (STBC). The challenge
of transmit-diversity systems is that the signals transmitted from different antennas interfere
with each other at the receiver and transmit diversity systems provide no array gain.

MIMO systems also require pre processing of the signals, and depending on the pre
processing techniques employed, they are subdivided into three main categories, viz

pre-coding [16] or beam forming, spatial multiplexing [17] and diversity coding [1].



In pre-coding, the signals from each transmitter are pre processed in such a way that the
signal power is maximized at the receiver input. In spatial multiplexing, a high rate signal is
split into multiple lower rate streams and each stream is transmitted from a different transmit
antenna. Spatial multiplexing is a very powerful technique for increasing channel capacity at
higher signal-to-noise ratios [17]. Diversity coding is used on the transmitter side when the
transmitter has no knowledge of the channel. Diversity coding exploits the independent
fading in the multiple antenna links to enhance signal diversity. As there is no channel
knowledge in diversity coding, therefore there is no beam forming or array gain from
diversity coding.
Researchers have also shown that by employing multiple antennas at the transmitter and
receiver, known as MIMO system, the capacity of the system can be drastically increased
compared to a single input and single output system, at a reduced power and bandwidth [18].
In rich scattering environments with high SNR, the capacity of MIMO systems increases
linearly with numbers of transmit and receive antennas. In addition, the spatial diversity
provided by MIMO systems offers an effective way of combating the signal fluctuation due
to the fading effects in wireless channels. Thus the major advantages of MIMO systems are
the substantial increase in channel capacity, which immediately translates to higher data
throughputs, significant improvement in data transmission reliability, i.e. very low bit error
rates. These advantages are achievable without any expansion in the required bandwidth or
increase in the transmit power. Nowadays, use of multiple transmit and multiple receive
antennas (MIMO) is seen as the key enabling technology for wireless delivery of broad band
data on the physical layer in many wireless standards, such as, IEEE 802.11n (WLAN) [19-
20], IEEE 802.16e/m (WIMAX) and 3GPP Long Term Evolution (LTE)[21-24] and
reconfigurable architecture [25]. The success of the VBLAST-based wireless system
manifests significant capacity potential in a MIMO system, which not only answers the
demand for ubiquitous multimedia access, but also deeply attracts researchers’ interests into
developing a more close-to-capacity MIMO system [26].

After worldwide researchers’ efforts, people have found that multi antenna based
communication systems concatenated with carefully designed channel codes are capable of
supporting data rates near their corresponding channel capacities [27]. The use of Forward

Error Correcting (FEC) codes (popularly known as channel codes) with MIMO systems has



also become an active area of research. Channel coding with added spatial dimensions
increases the reliability of the wireless link and helps in achieving high code rates at
unpredictable spectral efficiencies. There are various channel codes (Convolution Code,
Turbo Code, Low Density Parity Check Code), which can be concatenated with the MIMO
system. LDPC codes have recently been proposed as the outer code, which drive either
space-time codes or direct transmission as the inner code in a concatenated coding scheme
for multi-input multi-output (MIMO) systems [28]. The desirable characteristic of LDPC
codes, other than their near-capacity performance, is that the complexity of the decoder only
grows linearly with the block length of the code. As reported in the literature, performance
within a fractional (dB) of the capacity can be easily achieved at a block length of more than
hundred thousand in AWGN channels [29]. On the other hand, the length of the outer code is
usually limited to a couple of thousands, for practical reasons. For example, in the IEEE
801.11n standard, the length of the LDPC code is around 2000. Thus amongst all channel
codes, LDPC codes are a broad class of powerful error correcting codes, which yields
astonishing performance close to the Shannon theoretical limits. So in this research, LDPC
codes are considered as the outer codes in a concatenated system.

LDPC codes were discovered by Gallager in 1963 [30], and were relatively ignored
for about three decades until rediscovered by Richardson [31]. New approaches have
developed with the re-introduction of LDPC codes with an iterative decoding structure which
ensures that codes with good performance are being designed. The LDPC codes can be
represented by a sparse parity check matrix, which alternatively can be represented by a
bipartite graph. While performing decoding on graphs, messages are passed from bit nodes to
check nodes and from check nodes to bit nodes iteratively, which is often referred to as a
message passing algorithm. Iterative processing has achieved near—capacity on a single
antenna on a Gaussian and Rayleigh fading channel [32]. Thus the iterative techniques can be
used to exploit the performance limits in the SIMO and MIMO system. In an attempt to
approach the capacity and other performance parameters of SIMO channel, [33] proposes an
iterative decoding scheme with LDPC codes. However the effect of interference of
equal/unequal power sources at the receiver end has not been considered.

LPDC codes are beneficial for lower delay and lower BER as they are flexible in terms of

code rate and other parameters. Due to good hamming distance properties of LDPC codes,



these codes clearly do not show error floors. Another advantage of LDPC codes is the ability
to implement fully parallel decoders, thanks to the mechanism of their decoding algorithm.
The parallel iterative decoding algorithms of LDPC codes are easily implementable in VLSI
technology.

1.2 Research motivation

To achieve some targets, communication engineers try their best to utilize limited resources,
and find the optimum solution that meets the demand of a given application as well as
ensuring that the solutions provided are economical. So there is need of trade-off among
targets and demand.
Some common objectives of any communication system can be as follows
Q) At the lowest signal power, the proposed system is able to achieve a lowest error
probability.
(i) To achieve the highest spectral efficiency.
(iii)  As the spectrum is very limited, one of the objectives is to achieve the highest
data rate for a given bandwidth

(iv)  To reduce the complexity of the overall system.

As discussed earlier, to achieve the low BER, LDPC codes that perform close to the Shannon
limit are very useful. For attaining the highest spectrum efficiency, a simple spatial diversity
technique, which does not involve any loss of bandwidth, is constituted by the employment
of multiple antennas at the receiver. Alamouti scheme avoid the more complex joint
detection of multiple symbols, transmitted by multiple transmit antennas, thereby reducing
the complexity of the overall system. One of the implementation issues of MIMO systems is
the increased hardware complexity and cost. A popular approach being employed to address
the issue is a technique called the antenna selection. It has been shown that antenna selection
maintains the same diversity order as the full antenna system, which makes antenna selection
even more attractive.

Therefore in this contribution, a prospective approach is used which provides further research
advances in the field of concatenated coded-MIMO systems with antenna selection. Hence in
the generalized idea for a proposed system, a coded system is mapped to symbols by a

modulation block. Since different spectrally efficient modulation techniques are used, we are



sending a number of bits (called symbols) over one signalling interval. These symbols are
then transmitted over a SIMO/MIMO channel through single/multiple antennas. When using
multiple antennas there are many propagation paths, and if the antennas are sufficiently far
apart then the channel and its fading coefficients are considered to be independent. At the
receiver, the likelihood ratios (or the soft estimations) of the coded bits are computed by the
demodulation block. Evaluating the performance of the systems under message passing
decoding is carried out by considering the whole sequence of symbols transmitted. In
particular, a number of communication systems (SIMO and MIMO) are investigated with
LDPC codes for different modulations over different fading channels. Besides this, the
concept of antenna selection has also been investigated with the proposed coded MIMO
system. The aim of choosing this popular scenario of wireless communication is to provide
the most economical and best solution to this congested environment with so much
interference. We tried to find some solutions that define the objectives of our thesis as given

below.
1.3 Objectives of thesis

Motivated by the success of LDPC codes and iterative decoding, this thesis proposes a
communication system based on concatenated LDPC codes with Space-Time Block Codes
with antenna selection in various fading channels. In designing the communication system,

the main objectives of the design are given as follows

1. To evaluate the performance of various concatenated codes for SIMO systems in a
multi-path fading environment.

2. To propose a new concatenated coding scheme, and to compare its performance with
existing concatenated schemes based on parameters like BER.

3. To evaluate the performance of various concatenation schemes for MIMO systems
using various modulation techniques.

4. To evaluate the performance of the proposed concatenated coding scheme with

antenna selection.



1.4 Contribution of the thesis

Based on the above proposed objectives, the prime objective of the thesis is to determine the
performance of concatenated LDPC-STBC coded communication systems in various fading
channels. The performance evaluation is carried out on the basis of bit error rate, the most
common criterion for the performance evaluation of a communication system. Different
band-efficient modulation schemes are used to manipulate the constraints, such as data rate
and bandwidth. Typically, the modulation function tries to combat the bad effect of wireless
channels in different ways. Various modulation techniques have been analysed for line of
sight (LOS) and non line of sight (NLOS) paths. To validate the computer simulation
analysis, analytical bounds have been derived for both the SIMO system and the MIMO
system. The main contributions of the thesis are listed below.

Contribution 1: Performance evaluation of LDPC codes with optimum combining in
the presence of interferers.

In this contribution, we have evaluated the performance of LDPC codes for a SIMO system
using an optimum combining diversity technique. First we evaluated the performance of the
uncoded system with optimum combining over flat fading channels, and analysed the system
in the presence of single interferer.

The work has been extended for the LDPC coded system with optimum combining with
multiple interferers and multiple receive antennas. Our main contribution in this chapter is
the derivation of closed form expression for the BER performance of the LDPC coded-
optimum combined system. The analytical results are derived for two different scenarios
(1) Number of Interferers are Less Than or Equal to the Number of Array Elements (under-
loaded case).(ii) Number of Interferers are Greater Than the Number of Array Elements
(overloaded case). For the first scenario, special case for the single interferer has been
considered and the second scenario has been extended for the large number of interferer. The
BER analysis done over frequency-flat Rayleigh fading channels has been compared with

simulated results to validate the derived analysis.



Contribution 2: Performance evaluation of concatenated LDPC-STBC codes in various
fading channels

Recent advances in error control coding have shown that irregular LDPC codes can achieve
exceptionally good performance with single antenna system over a wide class of channels
[34]. In particular, they have demonstrated reliable transmission at signal-to-noise ratio
(SNR) extremely close to the Shannon limit on the additive white Gaussian (AWGN)
channel in which efforts have also been made to incorporate LDPC codes with multiple
antenna systems. Significant performance improvement has been demonstrated using LDPC
codes of quasi- regular structure for space-time wireless transmission. With a relatively small
number of transmit antennas, it is shown that LDPC codes of quasi-regular construction are
able to achieve higher coding gain than previously proposed space-time trellis codes, turbo
codes, and convolution codes in quasi-static fading channels [35].

In this thesis, we have analysed a concatenated LDPC-STBC system in various fading
channels for different modulation techniques. In the proposed system, the coded data is
mapped to the same signal constellation and transmitted over multiple antennas. This chapter
investigates the coded modulated system with message passing decoding algorithm. The tight
bound on the bit error probability for the proposed system is derived. The upper bounds
obtained for additive white Gaussian noise (AWGN) with Rayleigh fading channels, are
applicable to any constellation and mapping. The tightness of the bounds is verified by
simulation results of the LDPC-STBC coded system. The bounds obtained are useful to

benchmark the performance.
Contribution 3: Simulation of concatenated LDPC-STBC codes with antenna selection

All advantages of a MIMO system are achieved at the cost of increased overall complexity.
A separate RF chain consisting of low noise amplifiers, down converters and analog to
digital converters, is required at every receive antenna employed, thereby also increasing the
implementation cost. Antenna selection [36] is one of the attractive approach to mitigate this
requirement. So we have evaluated the performance of proposed LDPC-STBC system with

antenna selection in various fading channels.



Contribution 4: To obtain the tight upper bounds on concatenated LDPC-STBC codes

with antenna selection

Till now, the work reported in the literature for concatenation of LDPC and STBC with
antenna selection uses computer simulations. There is no previous work based on the
performance analysis of a concatenated LDPC-STBC scheme with receive antenna selection.
In this contribution our aim was to obtain tight bounds on the concatenated LDPC-STBC
scheme with receive antenna selection. We have compared the analytical, as well as
simulation, results that validate our results for the derived upper bounds.

1.5 Thesis Organization

The organization of the thesis is as follows:

Chapter | presents the introduction to multiple antenna systems. In addition, the need for
concatenation of channel codes and space-time codes is also discussed. It also includes

information on the motivation, major contributions and organization of the thesis.

Chapter Il covers a comprehensive literature survey of channel codes implemented with
various diversity combining schemes at the receiver end. The study is further extended for
the concatenated channel codes with multiple antenna system at both transmitter and receiver
end. As discussed in a section (1.4), antenna selection is an important approach to reduce
hardware complexity. Therefore a brief survey related to implementation of channel codes
with antenna selection has also been discussed. Finally, a brief summery that targets towards

the objective of thesis is also included at the end of each section.

Chapter 11l presents a brief background on error correction coding and discusses the
encoding and decoding algorithms for LDPC codes. The technique of density evolution is

also presented.

Chapter IV presents and compares the performance of the proposed LPDC-OC scheme in the
presence of interferers. Our main contribution in this chapter is the derivation of probability
of error of LDPC-OC system in the presence of external interference. Derivation is extended

for overloaded and under loaded cases when the number of interferers is greater than the



number of receive antennas and vice versa. Both analytical and simulation analysis has been

carried out and the results are compared for both analyses.

Chapter V presents a system model of the proposed concatenated LDPC-STBC scheme. The
main part of this chapter is the analysis of concatenation of the LDPC-STBC scheme in the
various fading environments. For line of sight (LOS) and non line of sight (NLOS) paths, the
proposed concatenated scheme is analysed for different modulation techniques. The derived

tight upper bounds are useful to benchmark the proposed system’s performance,

Chapter VI considers the constraints on increasing the overall system complexity. As the
number of antennas at the receiver end increases, the need of more RF chains required also
increases. Therefore to reduce the overall system complexity, a concept of antenna selection
is used along with LDPC codes. A norm-based selection is used to select the receive
antennas. We mainly derived tight bounds for the LDPC-STBC system with receive antenna
selection. Results derived in chapter V (without antenna selection) are compared with the
results obtained with antenna selection. Also Monte Carlo simulations have been carried out

and results obtained through simulations are compared with the analytical results.

Finally, the conclusions drawn, recommendations and suggestions for the future scope of the

work are given in chapter VII.
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Chapter 11
LITERATURE SURVEY

In this chapter we present a comprehensive literature review of various performance related
issues of concatenated channel coding with diversity combining schemes in multiple antenna
systems in different fading environments. In section 2.1, various diversity schemes in SIMO
systems with/without channel coding have been discussed. Section 2.2 extends the literature
survey for the same work in MIMO systems. In section 2.3, different antenna selection
techniques in MIMO systems are studied and described.

2.1 Forward error correcting codes in spatial diversity system

In 1996, Foschini [37] predicted spectral efficiencies in wireless systems of tens or even
hundreds of bits/s/Hz under the right circumstances. He suggested that such high spectral
efficiency could be achieved by the use of arrays of multiple antenna elements at both ends
of a wireless link, a technique now known as multiple-input multiple-output, and MIMO,
transmission. In September 1998, Lucent issued a press release [38] entitled, “Bell Labs
scientists shatter limit on fixed wireless transmission,” claiming that its researchers had
found a method of achieving spectral efficiencies greatly in excess of those predicted by the
Shannon bound [39]. Despite the stir created by Lucent’s announcement, in reality MIMO
systems were not a sudden break-through discovery, but developed out of the concept of
diversity. Diversity techniques are important methods for improving the transmission
reliability of digital communication systems by combating the effect of fading.

Diversity reception (which is regarded as a SIMO system) uses multiple receive antenna
elements to improve the reliability of reception in a fading environment. By applying
diversity combining techniques, multiple copies of the same transmitted signals are received
by multiple antennas. A combiner combines these multiple copies of the signal to improve
the noise performance of the system. The analysis of the combiner is generally performed in
terms of SNR. The success of diversity schemes depends on the degree to which the signals

are uncorrelated. If these multiple signal copies have a low or no correlation of fading
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coefficients, the effect of fading is significantly reduced. The various types of diversity

techniques with multiple antenna systems are discussed next.

The study of diversity reception system was carried out in 1950 by Van Wambeckt [40]
to determine the characteristics, limitations and relative merits of space, polarization and
frequency diversity systems. In [41], the same author extended the study with experimental
work to determine the effects of fading on ordinary and diversity receiving systems. The
results were expressed statistically in terms of the non usable circuit time and also in terms of

the number of fades per minute below the least usable level.

Real expansion of the diversity started with the classical paper of Brennan [42], in which
he provided analyses of three types of diversity combining systems in practical use. These
are: selection combining (SC), maximal-ratio combining (MRC), and equal-gain combining
(EGC) systems. The effects of various departures from ideal conditions, such as non-
Rayleigh fading and partially coherent signal or noise voltages, were considered. Also in this
paper the author derived the simple expressions for the mean signal-to-noise power ratios at

the output of various combiners.

W. Lee [43] described the mutual coupling effects on an M-branch maximum ratio
combiner with correlated signal fading in a mobile radio environment. The results in the
mobile radio case showed that the average power delivered to the receiver reduces as the
antenna spacing of an antenna array decreases (i.e. the mutual coupling increases). The
mutual coupling effects on an M-branch MRC were considered in terms of average power,
average SNR and cumulative distribution. In [44], the author extended the same work with a
large number of receive antennas in a mobile radio environment to produce an insight into
the effects of mutual coupling in an antenna array with many elements. In [45], Lee presented
the mobile radio performance for a two-branch equal-gain combining receiver with
correlated signals. With growing interest in wireless personal communication, analytical
expressions for the bit-error rate (BER) and outage probability for the different diversity

combiners are required to design effective signaling techniques.

Tellambura et al. [46] provided the analytical solution of M-ary Phase Shift Keying (M-

PSK) for selection diversity and maximum ratio diversity schemes. The expression was

12



derived for both Rayleigh and Rician Fading environments. The results showed that diversity
reception (especially MRC) provided significant improvements in terms of both the BER and
outage probability. In fact, using two-branch MRC diversity, 16-ary PSK outperformed
BPSK without diversity. Furthermore, increasing the number of diversity branches reduced
the dependency of the average BER and outage probability on the fading environment.

The same work for quadrature amplitude modulation (QAM) was further extended by
Chang-Joo et al. [47]. In particular, the closed form expression for the symbol error
probability of QAM with L-fold diversity in Rayleigh fading channels has been derived. The
derivation was mainly extended for maximum ratio combining and selection combining
techniques. The results obtained showed that the probability of error decrease with the
increase in order of diversity and incremental diversity gain per additional branch decreases

as the number of branches becomes larger.

Annamalai et al. [48] derived the Symbol error rate (SER) for maximal ratio combining
(MRC) and equal gain combining (EGC) with multilevel quadrature amplitude modulation
(MQAM) on an arbitrary Nakagami fading channel. The results obtained were sufficiently
general to allow for arbitrary fading parameters, as well as dissimilar mean signal strengths

across the diversity branches.

To reduce the equipment complexity and to achieve cost effective solutions, Adachi et al.
[49] proposed a simplified switching diversity technique to be used in a digital FM land
mobile radio. Switching diversity techniques are a kind of selection combining diversity
technique that adopts a simple method which receives two radio frequency (RF) signals
periodically by switching two antenna branches at a moderately higher rate than the bit rate.
The feasibility of this periodic switching diversity technique was verified by laboratory
simulation and field tests. The results obtained show that average BER performance can be

improved by increase in switching rate.

Winters [50] studied and analysed switched diversity with feedback for Differential
Phase Shift Keying (DPSK) mobile radio systems in the case of a base-to-mobile path only.
The effect on the bit error rate with number of antennas, threshold level at the mobile and the

feedback response time of the system were determined. Results showed a significant
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decrease in bit error rate and a corresponding increase in channel capacity compared to
a non diversity system. Although the channel capacity of the switched diversity with
feedback system was less than that of some other systems, the system is shown to be

much simpler and less costly to implement.

All combining techniques discussed above improve the SNR at the output of the
combiner. Interference at each antenna element was assumed to be independent. However, in
practice the some interfering signal is present at all receiving antennas. Therefore, Winters
[51] proposed optimum combining techniques which not only combat fading of the desired
signal (as with maximal ratio combining) but that also reduces the power of the interfering
signals at the output of the receiver. This technique was designed to achieve a higher output
SINR. In the absence of interference, OC performance was same as that of MRC [5]. For
analytical results, the author [52] used Moment Generating Function (MGF) based approach
to find the bit error rate and Monte Carlo method to obtain the computer simulation results.
Results were also extended for multiple interferers. In addition, upper bounds on the bit error
rate (BER) of optimum combining in wireless systems with multiple co-channel interferers
for M-PSK techniques were derived. These bounds allow the calculation of the outage

probability in shadow fading environment.

Performance evaluation of optimum combining in terms of outage probability and BER
with Rayleigh fading and co-channel interference has been derived by Shah et al. [4]. The
paper considered binary phase shift keying (BPSK) modulation in a flat Rayleigh fading
environment when the number of interferes is not less than the number of antenna elements.
Closed form expressions were derived for the outage probability and the average probability

of the error using hyper-geometric functions.

Villier [53] analysed the performance of optimum combining in the presence of multiple
equal power interferers and noise when the number of interferers is less than the number of
antenna elements. The desired signal and interferers were subjected to flat Rayleigh fading.
An approximate expression of the probability density function (pdf) of the output signal-to-
interference-plus-noise ratio (SINR), cumulative distribution function (CDF) of the SINR
and the bit-error rate (BER) of some binary modulations were derived. In typical cellular

wireless scenarios, the signal of interest needs to compete with multiple interfering signals

14



whose power is close to that of the desired signal (as well as numerous interfering signals
whose power is much less than that of the desired signal). When the number of interference
sources is larger than the number of degrees of freedom of the array, the array is unable to
cancel all of the interfering signals. However, a significant increase in capacity can be
achieved with a moderate increase in SINR at the output of the antenna array.

In [5], Shah et al. compared the performance of maximal ratio combining with optimum
combining for space diversity reception in digital cellular mobile radio systems with multiple
co-channel interference (CCI) sources. Analytical expressions were derived for the
probability density function of the array output signal-to-interference ratio (SIR), the outage
probability, and the average probability of bit error with maximal ratio combining. All results
were obtained under the assumption of equi powered CCI sources. For MRC, the results hold
for an arbitrary number of interference sources, while for OC the number of sources were
larger than or equal to the number of antennas. In this case, the array degrees of freedom was
not sufficient to null the interference sources and thus fading of the interference has a

significant impact on the performance of the combiner.

Aalo [54] studied the effect of co-channel interference on the performance of digital
mobile radio systems in a Rayleigh fading environment. The average bit error rate (BER) of
an antenna array system with an optimum combining scheme that maximizes the output
signal-to-interference-plus-noise ratio was analysed. BER expressions which are easy to
evaluate numerically, were derived for coherent binary phase-shift keying schemes in an
environment with co-channel interference and noise. In this case, one and two interferers

were considered.

The case of multiple interferers is more challenging. The conventional way for deriving
the expression of symbol-error probability (SEP) or bit-error probability (BEP) starts with
deriving the probability density function (pdf) of the SINR conditioned on channel
realisations of the desired signal and the interference. For an exact conditional SEP, the
Gaussian assumption is necessary for the interference plus noise. The unconditional SEP is
obtained by averaging first over the desired signal channel, and then averaging over the

interference channel. In [55], Lao et al. took a different approach by performing the analysis
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directly on the decision statistic rather than on the SINR. For BPSK, this approach allows
exact BEP analysis and it also requires averaging over the fading of the interference.

Along with the diversity techniques that provide the diversity gain, channel coding is an
important technique that exploits the full information transfer potential of the channel. The
main goal of channel coding is to protect the message against channel noise. Therefore
diversity reception and channel coding are useful means for combating multipath fading and
channel noise. In mobile radio environments, to design spectrally efficient systems, the
former provides the diversity gain and the latter provides the coding gain. V.k. jain et al. [56]
investigated the combined effect of forward error correcting (FEC) codes and use of parallel
cancellation technique for interference cancellation. For MRC diversity techniques, bit error

rate in various fading environment has been analyzed in [57].

To achieve both gains, Adachi and Suda [58] considered a combination of the effects of
multiple-branch selection diversity reception on channel coding gain for BCH-coded QPSK
land mobile radios. They found that the diversity reception affects the optimum code rate and
coding gain from a power and spectrum efficiencies points of view. Results showed that for a
decoded BER of 10, the power efficiency can be maximised at a code rate of around 0.4,

when diversity reception is used.

In [59], the authors experimentally evaluated the concatenated channel coding scheme
with combined post detection diversity for w/4 shift QDPSK signal transmitted over a
Rayleigh fading channel. For concatenated channel coding, RS codes were considered as the
outer codes and BCH is considered as the inner codes. Two branch post detection diversity
was achieved using MRC and selection combining techniques. The effect of co-channel
interference was also considered. The total BER was well approximated by the sum of the
individual BER’s due to AWGN, delay spread and CCl, since they are independent causes of

errors.

In [60], Rasmussen et al. compared two equal gain combining strategies, interleaved code
combining and averaged diversity combining, along with trellis coded modulation (TCM).
The performance analysis of the interleaved code combining system was recognised as a

special case of multiple TCM coding. A modification of the branch labelling of the error state
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diagram for TCM codes was suggested in order to accommodate the performance evaluation
of trellis coded averaged diversity receivers over slowly fading channels.

Al-Semari and Fuja [61] derived tight upper bounds on the pair wise error probability for
all three combining schemes, namely SC, MRC and EGC, in the case of a TCM system.
Using the transfer function approach, upper bounds were expressed in product form to permit
bounding of the bit error rate (BER). In each case, it was assumed that the diversity branches
are independent with perfect recovery of CSI. These proposed new bounds were compared
with Chernoff bounds and computer simulation results. The results indicate that the joint use
of simple coding and diversity results in a substantial improvement in Rayleigh fading over
the use of separate, more complex codes (without diversity) or a higher degree of diversity
(without coding).

Ramesh Annavajjala et al. [62] analytically developed the performance analysis of coded,
coherent communication systems on independent and identically distributed Nakagami-
fading channels with selection combining (SC) diversity. Using the pair wise error
probability expressions, the union bound-based bit-error performance of trellis-coded
modulation schemes was dervied. Finally, an exact expression for the channel cutoff rate for
the aforementioned coded system, as a function of the MGF of the SNR at the output of the

combiner, was also derived.

John Di Choi et al. [63] derived an analytical expression for the asymptotic (M — o)
performance of M-ary frequency-shift keying (M-FSK) in multiple frequency-nonselective,
slowly fading channels, with RS coding, side information, and diversity reception. Using
these derived expressions, the minimum SNR required for arbitrarily reliable communication
over Nakagami fading channel with RS coding was determined, for a broad range of

parameters specifying the code rate, fading severity, and diversity order.

About sixty years ago, Shannon characterised channel coding as a means to achieve
channel capacity. Since then, both theoretical and practical coding techniques have
constantly been developed to achieve Shannon limit. Nowadays, techniques for practically
closing the gap to channel capacity exist for several simple channels. This has been made

possible by the invention of powerful coding methods such as Low-Density Parity-Check
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(LDPC) codes. Since the introduction of LDPC codes, a huge amount of resources in the
scientific community have moved towards the investigation of iterative detection and
decoding techniques. These codes are also employed with diversity to achieve both diversity
gain and coding gain.

Using a similar approach, Gounai et al. [64] employed irregular LDPC codes with a
spatial diversity system, as the LDPC codes can achieve good performance approaching the
Shannon limit. They derived the SNR thresholds of regular LDPC codes and irregular LDPC
codes with low diversity order as the optimum degree distributions of an irregular LDPC
code depends largely on the diversity order. With high diversity order, the optimum degree
distribution depends both on the diversity order and the combining scheme.

Selection diversity combining in conjunction with LDPC was employed by Tan et al. in
[65]. The probability of error of this scheme over independent and identically distributed
(i.i.d) and independent and non identically distributed (i.n.i.d) flat Rayleigh fading channels
was derived using the extrinsic information transfer (EXIT) chart and Gaussian
approximation (GA) methods. The derived expression was compared with simulated results.
It was shown that as the diversity order increases, the BER performance improves. However

the diversity gain decreases as the number of diversity branches increases.

In [66], Tan et al. extended the work of [65] to selection combining cascaded with
maximume-ratio combining (SC/MRC) combined with LDPC codes. The bit error rate (BER)
expressions of uncoded SC/MRC and SC/MRC with LDPC codes over an independent and
identically distributed Rayleigh-fading channel was derived based on the Gaussian
approximation approach. These expressions were also applicable to independent selection
combining and maximum-ratio combining as special cases. These expressions were able to
achieve a significant reduction in computational time with a reasonable accuracy for

analysing the BER performance as compared to simulations and Density evolution (DE).

Li et al. [67] proposed LDPC codes combined with cascaded combining (SC/MRC and
MRC/SC) which was able to achieve excellent bit-error rate (BER) performance over
multipath fading channels. The average output signal-to-noise ratio and the uncoded BER

expressions of cascade combining and over i.i.d Nakagami-m fading channels were derived.
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The BER expressions of cascade combining with LDPC codes over i.i.d. Nakagami-m fading
channels were derived based on the GA approach. These expressions include SC and MRC
as special cases. The expressions obtained from the GA analysis provided better theoretical
framework for the understanding of the system’s performance and allowed more efficient

computing of the BER and SNR thresholds compared to DE and simulations.

In summary, with regards to the SIMO system, various researchers have worked on
different receive diversity schemes such as equal gain diversity, selection diversity, switch
diversity and maximum ratio diversity. As these techniques only provide diversity gain, and
no coding gain, investigators employed channel coding with the different diversity schemes
discussed in this section [58-67]. All these techniques neglect the effect of interference. The
optimum diversity combining techniques include the effect of interference, but until now no
work is reported in the literature that integrates the work of optimum combining with
channel codes. In this thesis, the performance evaluation of LDPC coded optimum combining
system has been taken as one of the objective.

2.2 Concatenated channel codes with MIMO system

For multiple antenna systems, different transmit diversity techniques have been
introduced to get benefit of antenna diversity in the down-link. The Multi-Input and
Single-Output system, known as the MISO system, places the diversity burden on the
base station. The use of transmit diversity at base stations in a cellular or wireless local
area network has attracted special interest; this is primarily because of performance
increase possible without adding extra antennas, power consumption or significant
complexity to the users device. In addition, the cost of the extra transmit antennas at the
base station can be shared among all users. The first form of transmit diversity was
antenna hopping. In a system using antenna hopping, two or more transmit antennas
were used interchangeably to achieve a diversity effect. For instance, in a burst or
packet-based system with coding across the bursts, every other burst can be transmitted
via the first antenna and the remaining bursts through the second antenna. Antenna
hopping attracted some attention during the early 1990’s as a comparatively inexpensive

way of achieving a transmit diversity gain in systems such as GSM. More recently there
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has been strong interest in systematic transmission techniques that can use multiple
transmit antennas in an optimal manner [68-71]. The basic scheme proposed by Almouti
[13] of a simple (2 Tx X 1 Rx) scheme attracted the interest of researchers because it
achieves full diversity gain with a simple maximum-likelihood decoding algorithm. This
was later generalised by Tarokh et al. [14] for varying the number of transmit and
receive antennas. Almouti’s scheme does not provide any coding gain, but the low
decoder complexity of STBC allows concatenation with powerful outer error correcting

codes for providing such coding gains.

Researchers have already been working on the concatenated codes. The idea of
concatenated codes was first conceived by David Forney [72] as a solution to the
problem of finding a code that has exponential decreasing error probability with
increased block length. The concatenating coding was regularly applied in the area of
deep space communication where a concatenation of convolution code and Reed-
Solomon codes was used. Since then, these concatenated codes became a popular
construction both within and outside of the space sector. It is still notably used today

for satellite communication, such as the digital video broadcasting standard [73].

In some cases, it is demonstrated that an STBC used in conjunction with an outer
channel code (block codes such as RS, LDPC, convolution and turbo codes) can be
superior, in terms of performance, to an STTC code, even at a lower complexity [74].
For high data rate transmission over wireless fading channels, space-time block codes
provide the maximal possible diversity advantage for multiple transmit antenna systems
with a very simple decoding algorithm. To achieve a significant coding gain, space-time

block codes have been concatenated with an outer code.

Bauch et al. [75] proposed the concatenation of turbo-TCM with space-time block
codes. For the encoding of turbo TCM, two schemes, namely Binary Turbo Code with
Gray Mapping and Turbo-TCM with Unger-bock Codes, were used. The overall
decoding complexity of proposed system was determined by the trellis complexity of the
outer code. Bauch showed that the concatenation of space-time block codes with two

Turbo TCM schemes provide significant coding gain in addition to diversity gain.
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Gulati et al. [76] proposed concatenation schemes based on recursive realisations of
space—-time codes. The concatenation scheme is based on serial concatenation of
convolution codes, where the inner code is a space-time code. The main advantage of
this scheme was that in addition to providing marginally improved performance to other
more complex concatenated schemes on quasi-static fading channels, this scheme
provides significant gains on time varying channels and independent fading channels. In
general, the performance of the proposed system is improved with increase in the length,
whereas the performance of other schemes such as concatenation with an outer
convolution code, Reed—Solomon code or that of a simple space—time code will
deteriorate with increase in length. Hence, the proposed scheme will offer a greater
advantage as the length of the code words increases.

The LDPC codes have exponential decreasing error probability with increased block
length. This advantage is taken into account by Gulati et al. in [77], where three different
concatenated space-time coding schemes; (a) direct transmission of random-like codes,
(b) concatenated scheme with O-STBC as the inner code, (c) concatenated scheme with
STTC as the inner code, have been discussed over quasi-static channels from a capacity
perspective. The constrained modulation outage capacities for these schemes were

computed.

Futaki et al. [78] analysed LDPC coded MIMO systems with iterative turbo decoding
(MIMO-LDPC-TD). The simulation results showed that the MIMO-LDPC-TD can achieve a
good error rate performance with reduced decoding complexity. It was also shown that in a
flat Rayleigh fading channel, particularly in fast flat Rayleigh fading channels, LDPC-STBC
schemes provided a better frame error rate (FER) than turbo-STBC schemes. But the FER of
the LDPC-STBC was worse than that of the Turbo-STBC in a quasi-static Rayleigh fading
channel. Furthermore, it was shown that the FER of the LDPC-STBC without a channel
interleaver (CI) is better than that of the Turbo-STBC with ClI in a fast fading channel.

In [79], the author extended the work of the turbo LDPC-STBC and proposed a new
MIMO-LDPC system with iterative turbo decoding employing two LDPC encoders and
decoders. It was shown that the MIMO-LDPC-TD (Turbo decoder) can achieve good
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performance with reduced decoding complexity at each decoder on flat Rayleigh fading
channels, particularly on a slow fading channel. It was also shown that the MIMO-LDPC and
the MIMO-LDPC-TD can achieve better error rate performance than the MIMO-Turbo on a
fast Rayleigh fading channel.

Ohhashi and Ohtsuki [80] analysed the error rate performance of a LDPC-STBC
concatenation scheme using the density evolution method. They also optimised irregular
LDPC codes for LDPC-STBC by using density evolution. The density evolution method
is basically a analytical scheme which computes the average probability of incorrect
messages by analysing the probability density function (pdf) of the messages passed
from the bit nodes and the check nodes in each iteration of the decoding algorithm. The
proposed scheme was implemented with Almouti’s two transmit and one receive antenna
and was then extended for two receive antennas. Both analytical threshold and
simulation results have been obtained for the regular as well as irregular LDPC-STBC
concatenation scheme. It was shown that the irregular LDPC-STBC scheme performs

better than the regular LDPC scheme.

For multiple antennas, Li et al. [35] examined the performance of short binary and non-
binary LDPC codes in flat Rayleigh fading channels with multiple transmit and receive
antennas. For small array transmit antenna’s, the simulation results demonstrated that the
multilevel LDPC codes achieve good performance over MIMO channels, and they
perform better than either binary LDPC codes or space-time trellis codes over quasi-
static MIMO channels. For large transmit arrays, work has also been extended for D-
blast layered architecture using LDPC codes as the component code of each layer. It was
concluded that quasi-regular LDPC codes are well suited for high bit rate space-time
wireless transmission with short frames. However, irregular codes have a greater

potential to achieve channel capacity, especially with large frames

For the joint symbol decoding invoked transmit diversity scheme, Guo and Hanzo [81]
made use of the pearls belief propagation algorithm for constructing a belief network
which was employed for developing a Bayesian network-based joint detection aided

transmit diversity. In general, a Bayesian network consists of a set of random variables.

22



These random variables are represented by the nodes of the network called parent nodes
and child nodes. These nodes are often referred to as evidence nodes or observation
nodes. Through these nodes a posteriori information corresponding to the rest of the
nodes in the network is transferred. Similarly, LDPC codes may be characterised by
variable and check nodes corresponding to which a Bayesian network can be
constructed. Based on the posterior probability, a tentative hard decision can be made
and the resultant codeword is checked by the LPDC code’s parity check matrix. When
communicating over uncorrelated channels, the proposed scheme is benchmarked over
the original bit by a bit detection scheme. Results showed the BER comparison for joint
detection and bit by bit detection schemes for 4-QAM, 16-QAM and 8-PSK modulation
techniques. In addition, decoding complexity comparisons were presented for both

detection schemes

Hou et al. [82] designed a receiver structure for a serial concatenated MIMO-LDPC
system. In the proposed scheme, Almouti based STBC was used as the inner coder and
LDPC was used as the outer coder. The suggested system combines the demapper and
decoder in an iterative manner, and demapper transfer curves were well aligned with the
decoder characteristics. Extrinsic information transfer (EXIT) chart analysis was applied
to study the convergence behaviour of the proposed schemes. Results showed that EXIT
charts match very well with the simulated decoding trajectories, and they helped in

explaining the impact of different mappers and different demappers

Zhang and Lee [83] presented a closed-form random coding bound that can be used to
predict the performance of a more practical system in which the Turbo or LDPC code
was used as the outer code (in place of the random block code) to derive the inner space-
time modulation block. SNR vs BER results have been obtained for union bounds and
compared with simulation results of the LDPC system. It was shown that the random
coding bound shows a good prediction of the water fall position and provided an upper

bound to the simulation results.

In [84], the authors extended their work of [83] and analytically found the union bound

for concatenated LDPC/Turbo codes and space-time block codes over a fast fading
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Rayleigh channel for PSK modulation techniques in a combinatorial manner. The
concatenation was done such that all code words in one subset/sub-code are associated
with an identical pair-wise error probability. When the simulation results are compared
with the analytical results, an SNR gap of less than 1.0 dB between the waterfall
positions of the union bound and the simulation results is evident. The error floor
appears almost flat, since at the high SNR region the union bound is mainly determined

by the code words with the smallest Hamming distance.

For the Q-ary Modulation Systems [85-86], Zhang et al. mapped LDPC code words onto
space-time modulation blocks and referred to them as associated space-time (AST) code-
words. They also derived union bounds for the LDPC-AST system. Simulation results and
analytical results have been compared for different channel scenarios and modulation
techniques. The upper bounds were found to be useful and act as benchmark for the practical
performance of iterative detection and decoding algorithms. Over quasi-static Rayleigh and
Rician fading, the author further derived the bounds of the LDPC-OSTBC scheme [87]. For
determining the upper bounds, the Fano-Gallager bounding technique was used that divides
the range of the fading gain into two disjoint regions. The proposed approach seems to
overcome the excessive codeword multiplicity problem in conventional union bounds, and

works well for different channels and coded modulation scenarios.

In [88], Lanxun and Weizhen analysed the performance of ABBA-LDPC and OSTBC-
LDPC schemes in a quasi-static fading channel. In [89], this work was extended with a
QOSTBC-LDPC scheme. For both schemes [88-89] , BER results have been obtained using
Monte Carlo simulations. It was shown that as the number of transmit antennas increases, the

BER results improved remarkably.

For multiple access multi-user MIMO systems, Wu and Lee [90] considered a LDPC
coded modulation scheme in MIMO multiple-access systems. For the proposed system
analysis, the combinatorial union bounding techniques derived in [84] have been used. The
union upper bound on maximume-likelihood (ML) decoding error probability for turbo-like or
LDPC codes provided a performance prediction of the proposed transmission system,

although the ML decoding was usually prohibitively complex for long block codes. Union
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upper bounds on ML detection, using the distance distribution of the outer LDPC codes, have

been derived with closed-form expressions for specific SNRs.

In summary, for the MIMO systems, various researchers have worked with different
concatenated channel coding and space-time coding techniques. Various channel coding
techniques such as BCH, R-S, convolution and turbo have been concatenated with space-time
codes in order to secure the advantages of both diversity gain and coding gain. Amongst all
coding techniques, LDPC coding techniques that perform near the Shannon limit, in
concatenation with STBC scheme is one that area in which researchers are working. In this
thesis, the performance evaluation of the concatenation of LDPC-STBC codes has been taken
as one of the objectives.

2.3 Concatenated channel codes with MIMO system with antenna selection

The advantages of MIMO systems can mostly be explained in terms of spatial diversity and
spatial multiplexing gains. All these advantages of a MIMO system are achieved at the cost
of increased overall complexity of the system. A separate RF chain consisting of low noise
amplifiers, down converters and analog to digital converters is required at every receive
antenna employed, thereby increasing the implementation cost also. In order to reduce the
overall cost, the transmitter/receiver link uses all available antennas, while the
receiver/transmitter link chooses the best L,/L; out of Mgr/M; antennas (popularly known as
Receive/Transmit antenna selection). In terms of “best”, we use only those antennas that
maximise the capacity. Therefore antenna subset selection is an attractive solution to the
complexity issue, and furthermore greatly improves the throughput/reliability trade-off [91].
In such subset selections, the number of RF chains is smaller than the actual number of
antenna elements. The RF chains are connected to the “best” antenna elements, where “best”
depends on the channel state. In many scenarios, judicious antenna selection may incur little
or no loss in system performance, while significantly reducing system cost (compared to full-
complexity systems with the same number of antenna elements). Therefore in this thesis, the
concatenated LDPC-STBC system performance is optimised by receive antenna selection

(RAS). A brief overview of the work done in this area is presented next.
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For MIMO systems, the concept of antenna selection was first introduced by Molisch and
Win in 2001 [35]. In their paper, the upper bounds were derived to increase the overall
capacity of the system with antenna selection. They compared the analytical results with
computer simulations. It was shown that selecting the best ‘L;” receive antennas gave almost
the same capacity as the full-complexity system. A significant increase in capacity is only
achieved with L, transceiver chains, plus an RF switch is required instead of full Mg
transceiver chains. It was shown that the results of this paper can serve as a guideline for
designing reduced-complexity MIMO cellular systems for third and fourth generation

communications.

Since space-time block codes maximise diversity and reduce the complexity of the system
over fading channels, Gore et al. [92] suggested a novel transmit antenna selection diversity
with space-time code over the optimal antenna pair that provide additional diversity gain.
They presented an optimal selection rule that quantified the performance in terms of gain in
the average SNR. The Monte Carlo simulation had been conducted to investigate to the effect

of antenna selection on the probability of symbol error.

Chen et al. [93] derived the exact probability of bit error rate of Alamouti scheme based
transmit antenna selection on a flat Rayleigh fading channel with BPSK modulation. The
proposed scheme achieved full diversity at a high SNR. The exact expression obtained was
compared with approximate results, as well as with the simulation results. Based on the
analysis, it was proven that this scheme achieves a full diversity order asymptotically, as if
all the transmit antennas were used. With a specified diversity order as the design target, this
scheme can dramatically decrease the number of receive antennas at the mobile set by

deploying most of the antennas required at the base station.

Bahceci et al. [94] studied the multiple antenna transmission system with antenna
selection. The main approach was to determine the pairwise error probability (PEP) for full
rank, and rank deficient space-time block codes with antenna selection. Diversity and coding
gains for the computed PEP were determined by computing the upper bounds on the

considered system. It was shown that the diversity gain of rank deficient system with antenna
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selection deteriorates when compared with the full rank space-time block codes. Several
simulation results and analytical results were presented that validate the upper bound results.

Aydin and Altunbas [95] simulated the frame error rate performance of a concatenated
LDPC and STC scheme with transmit antenna selection over quasi-static and fast Rayleigh
fading channels. It was shown that transmit antenna selection provides diversity gain over
quasi-static fading channels and coding gain over fast fading channels. It is also concluded
that diversity gain and coding gain over the fast fading channel is improved by LDPC coding

iteration.

For the quasi-static fading channel, Ghrayeb et al. [96] analysed the performance of
MIMO systems with receive antenna selection The basic idea was that, for a given number of
receive antennas, the receiver uses the best out of the available antennas. In selecting the best
antenna, a pragmatic selection criterion that is optimal in the sense of achieving the
maximum signal-to-noise ratio (SNR) at the receiver was used. The work mainly deals with
the impact of antenna selection on diversity and coding gain. It was shown that over quasi-
static fading channel while diversity gain is maintained but the coding gain is reduced by the
value upper bounded by 10 log (Mg/L;), where Mg is number of receive antenna and L is

number of selected antenna.

For the concatenation of channel codes with receive antenna selection, Hamouda and
Ghrayeb [97] studied the performance of a serial concatenated scheme comprising a
convolution code (CC) and a space-time block code (STBC), separated by an interleaver for
receive antenna selection. Performance bounds were derived for the CC-STBC scheme.
Simulation results for My =2 and L; = 2 with receive antenna selection provides a coding
gain approximately 2 dB higher than the corresponding M+ = 2 and L; = 1 case. They
examined the impact of performing antenna selection at the receiver on the diversity order
and coding gain of the system. Results were also compared for quasi-static vs. fast fading
channels in which the fast fading channel provided a much larger diversity order than the
block fading case for the same space diversity order (same number of transmit and receive
antennas). This large diversity order is due to the time diversity delivered by the channel

interleaving process which dominates the overall system diversity.
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For the frequency selective fading channel, the work of [97] was extended by Gucluoglu
et al. [98] in which antenna selection was based on maximising the SNR at the output. It was
assumed that perfect channel state information is available at the receiver end. Utilising the
results of [96], which considered frequency flat fading channels, it was demonstrated that by
applying antenna selection one can still achieve full available diversity, determined by the
number of antennas and number of ISI taps. To derive these results, it was assumed that
underlying code is full-rank for the frequency-selective channel, otherwise, the diversity

order is reduced and it becomes a function of the number of antennas selected.

Zeng and Ghrayeb [99] extended the work of [97] and derived upper bounds for the BER
of a CC-STBC concatenated scheme with receive antenna selection. The results showed that
for a CC-STBC concatenated scheme with receive antenna selection the diversity order is
maintained with a loss in the coding gain upper bounded by 10 log 10 (Mg /L;) dB, where Mg
is the number of available receiving antennas and L, denotes the selected antennas. The
authors also derived a tighter upper bound on the BER for the Alamouti scheme when the
receiver uses the best antenna, i.e., L, =1. These upper bounds can be extended in a
straightforward manner to other types of outer codes and fading channels, including fast,
block, and slow fading channels. Finally, the simulation results that validate the analysis

were discussed.

The concatenated LDPC-STBC scheme with adaptive modulation was investigated by
Zhang et al. [100] for transmit as well as receive antenna selection. In this scheme the
antenna selection is based on the criterion of maximising the average spectral efficiency
(ASE) of the whole system for a given bit error rate constraint. It was also assumed that the
channel state information is perfectly fed back to transmitter by adaptive control signalling.
Simulation results showed a trade-off between the ASE and BER under the MIMO

environment.

In summary, antenna selection is very powerful technique to reduce the overall complexity of
the system. Various researchers have worked on antenna selection techniques with/without
concatenated channel codes and space-time MIMO system. Till now, the work reported in the

literature for concatenated schemes include convolution and space-time block coded systems
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with antenna selection. Therefore in order to optimise the concatenated system's
performance, we extended the work of concatenated LDPC-STBC system with antenna
selection, which defines the fourth objective of our thesis.
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Everybody believes in the exponential law of errors:

The experimenters, because they think it can be proved by mathematics;

And the mathematicians, because they believe it has been established by observation.
-Whittaker and Robinson
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Chapter 111
BACKGROUND ON ERROR CONTROL CODING

The objective of this chapter is to introduce the basic concepts of error control coding in
general and LDPC codes in particular. These concepts serve as background material for
subsequent chapters. The maximum likelihood (ML) decoding and the sum-product decoding
algorithms are presented for general codes and LDPC codes respectively. Issues regarding
the implementation of LPDC codes such as node complexity, number of iterations required
and routing complexity are discussed briefly.

In the present day scenario design, development and deployment of the communication
systems aim at efficient utilisation of available resources for transferring the information
reliably between a sender and a recipient. Practically, during the transfer some amount of
unreliability is tolerated to achieve a pre-defined level of consumption of limited resources.
The primary resources such as time, space, power, and bandwidth of the electro-magnetic
radiation are used to convey information. Furthermore for the effective utilisation of
available resources, knowledge of the mechanisms that may cause interference in a given
transmission scenario must be available in designing and analysing a communication system.
While analysing the performance of communication system, the most significant and
unpredictable parameter is channel, as the degradation of a signal propagating from a
transmitter to a receiver is strongly dependent on their locations relative to the external
environment. A common property of all communication channels is that the received signal
contains the additive white Gaussian noise (AWGN) noise, which fundamentally limits the
rate of communication. Along with AWGN noise, other major impairment parameters
associated with channel are multi-path fading, inter-symbol interference, attenuation of
signal, interference between different wireless carriers, and spreading of radiated
electromagnetic power in space. Keeping all these aspects in mind, for reliable
communication, the major concern of the designer is to control and reproduce the data at

receiver end. Hence, a fundamental step to implement an advanced communication systems
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is its analysis and design in presence of channel impairments. The generalized system model
of communication system having all system blocks is explained in the next section

3.1 A Framework of communication system

Data compression / private security Error Protection Transmission waveform
generation

Encoder/ Ch

annel

Source > > _.{, Modulator
Encryption Encoder
\ 4
Channel
Decoder/ Channel
Sink De-Modulator

A

Decoder [

Decryption

Figure 3.1: Block Diagram of communication system

A digital communication embodies functionality to perform physical action on information.
A generalised framework of communication system is shown in Figure 3.1. From the source
side, data is encoded, modulated and transmitted over the channel. At the sink side, data is re-
processed to get the original form back. AIll the associated blocks have mathematical

descriptions to control their performance.

The source is the data to be sent that can be digital or analogue (A/D converters are required)
data. It can be acquired from any audio/video signal, computer file or may be any random

data. The data to be processed is further forwarded to encoder block

The encoder can be a source encoder which further compresses the data or an encrypter
which scrambles or hides the data so that unintended listener is unable to recognise the

information.

The channel coder is the first step towards the error correction/detection step. It basically
adds the redundant bits to the information signal so that any errors introduced in the

information signal can be corrected at the receiver end. After encoding, the
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information/message bits are modulated and transmitted through single/multiple antennas.
The modulator transforms the FEC encoded bits to the symbols for transmission. As
choosing an appropriate modulation format is a difficult task, one should consider the
following points while selecting a modulation:

The modulation technique should

e Dbe energy efficient; i.e., provide low bit error rate (BER) at low signal to noise
ratio (SNR)

e be bandwidth efficient.

e perform well in multipath fading and time varying channels.
e have low out of band radiation.

e have low carrier to co-channel interference ratio.

At the receiver side, the signal is received, de-modulated and decoded. Finally the signal is

transformed to the original sequence.

The major thrust of this research work is mainly dedicated to implementation of error
correction techniques with multiple antenna systems. Considering the brief aspects of the
communication system, the main question revolves around the reliable transmission of
information at a desired rate. The answer to this question was given by the Shannon [39] in
his landmark paper in which it was demonstrated that errors introduced by a noisy channel or
any storage medium can be reduced to any desired level without sacrificing the rate of
information transmission. Shannon’s work was extended by a large number of researchers by

development of efficient error correcting codes [101] which achieve the Shannon limit
3.2 The Channel coding theorem

When one considers the error performance of digital communication systems, the coding
theorem given by the Shannon is one of the most general forms of the error performance

evaluation and needs to be understood [39].
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[Theorem 1] The channel capacity of a discrete memoryless channel with input x and output
y is defined as the maximum mutual information between x and y where the maximum is

taken over all possible input distributions bits p, (x)
C = max,, ) [(x;y) bits per symbol, (3.2)

For the band limited AWGN channel, this channel capacity is computed as follows
_ Ep
¢ =Blog (1+ NOB) , (3.2)

where B is bandwidth of the channel and E, is the bit energy of the received signal, and N, is
the power spectral density of noise. Recall that the code rate R for any error correcting code
is given by R= k/N. where k is the number of uncoded bits and N¢ is coded bits.

[Theorem 2] The channel coding theorem states that

If the transmission rate R fits the condition R < C, then for an arbitrary value of probability
of error e>0, there exists a code that makes the error probability of the transmission less
than e. If R > C then there is no guarantee of reliable transmission; that is, the arbitrary

value of e is not bounded by zero and it may be exceeded.

The coding theorem proposed by Shannon was proved, assuming the use of optimum
decoder. The optimal decoder is used to minimise the probability of error is based on the

MAP/ML (maximum a posteriori probability/maximum likelihood) criterion,

For the MAP criterion, assume we transmit a codeword over a channel with input vector x.
The transmitter transmits the codeword over the channel with probability py(x) and let y
denote the observation at output with probability py, (y). To minimise the probability of error,
the MAP decoder chooses the codeword x that maximises p(x/y) i.e., the decoded

codeword X is chosen according to the rule [102]

X = argmax,ex p(x/y) (3.3)

The probability p(x/y) is called “a posteriori probability” (APP) for x, so a decoder that
selects the codeword with maximum a posteriori probability is a maximum a posteriori

decoder.
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The ML decoder, on the other hand, always chooses the codeword that is most likely to have
produced y i.e. for a given received vector y , the ML decoder will choose the codeword x
that maximises the probability p(y/x).The ML decoder returns the decoded codeword %
according to the rule

X = argmax,ex p(y/x) (3.4)

The probabilities p(x/y) and p(y/x) in (3.3) and (3.4) are closely related by Bayes’ rule

and given as

p(y/x) = p(y,x)/p(x) = p(x/V)p(¥)/p(x) (3.5)

If each codeword in (3.5) is equally likely to have been sent, then p(x/y) = p(y/x) , so the
MAP and ML decoding will return identical results. The key step in the MAP and ML
decoding process is to compute a post-priori (APP) probabilities p(y/x) i.e., find the
distribution of x given the observation y. Therefore using the optimal decoders, for every
considered codeword, 2 (where k is the information bits), one needs to compute the APP
probabilities. Hence the computational complexity is very high in optimal decoder case. So,
decoders have to use different algorithms to reduce computational complexity, such decoders
are called suboptimal decoders. Suboptimal decoders use iterative decoding algorithms
having low computation complexity but performance equivalent to optimal decoders.
Iterative decoding algorithms find their application in digital broadcasting, deep space and
mobile communication based applications. Moreover iterative algorithms provide less

complex solutions with self-contained treatment of iterative error correction techniques.
3.3 Practical error correcting codes and their computational complexities

There are two main algorithmic complexities associated with the use of error correcting
codes: encoding complexities at the transmitter side and decoding complexities at the
receiver side. The former task is usually easy to perform efficiently, since the construction of
a code always works on some encoding procedure. But on the decoder side, it is not easy to
perform the task as noise is added in the received signal. Since the implementation of codes
is based on some encoding rule, the decoding algorithm uses the information from such rules

to detect the codeword correctly and to reduce the necessary computation.
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There are mainly two types of codes that are implemented practically: Linear Block codes
and Convolution codes. Linear block codes are a class of parity check codes that can be
characterised by the notation (N, k) where N is the number of coded bits and k is the
number of uncoded bits. The binary cyclic codes are a subclass of linear block codes. The
encoding of such codes is implemented with linear feedback shift registers (LFSR) and
decoding is performed by syndrome calculation method accomplished with LFSR. The
decoding is often hard decision decoding and soft decision decoding. The soft decision
decoding is more complex as the length of code increases; and observes the following steps:
1) calculate the syndrome; 2) locate the error pattern; 3) perform the modulo-2 addition on
the error patterns. After performing these steps, the corrected vectors will be recovered.

A class of powerful block codes is BCH [103] codes, which allow multiple error correction
and perform both hard and soft decision decoding. When comparing soft and hard decision
decoding for BCH codes, it is shown that for a fixed code rate, hard decision decoded BCH
codes of length 8* N. perform better than soft decision decoded BCH codes of length N.
The one subclass of BCH codes that is particularly useful in non-binary cases is Reed —
Solomon (RS) codes. The RS codes achieve the largest possible code minimum distance for
any linear block code with the same encoder input and output block length. RS codes are
particularly useful in burst error correction (i.e., they are effective for the channels that have
memory) [104-105]. The RS codes are cyclic codes and the encoding and decoding
procedure is analogues to the BCH codes. Some soft decoding algorithms have been
developed for RS codes. However the complexity of these codes is still high as the length of
code increases [106-107]. Another type of linear block code is LDPC codes that are based on
the sparse parity check matrix. A detailed discussion of LDPC codes will be given in the next
section. A comparative analysis of LDPC codes with RS codes is very well presented in
[108-109].

Convolution code [110] is an important class of error correcting codes which is described by
three integers: N, k and K, where the ratio k/ N is the code rate and the parameter K is
known as constraint length and represents the number of k-tuple stages. The encoding
function of block codes maps blocks of data into (longer) blocks of data while the
convolution codes map the streams (continuous and infinite) of data into (more) streams of

data. The mapping is realised by sending the input streams over the linear filter. The name
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“convolution codes” stems from the fact that the filtering operation can be expressed as a
convolution. The operation of a convolution encoder may be represented by using a state
transition diagram, trellis structure or tree structure.

For the decoding of convolution codes, two approaches can be considered. The first approach
is implemented using the Viterbi algorithm. This approach makes it possible to guarantee a
minimum error probability for the decoded sequence as well as for the information blocks.
The second approach that works at the level of information block is MAP (maximum a
posteriori) criterion. This approach guarantees a minimum error probability for the
information blocks only. The disadvantage is its complexity compared to the Viterbi
algorithm, while its advantage is that it makes it possible to associate reliability of
information to each decoded information block. The performance of convolution codes
approaches the Shannon limit when the memory of the shift register increases and
computational complexity per bit of the Viterbi decoder increases exponentially with
memory length.

The idea of concatenation was conceived by Forney et al. [111] to achieve a larger coding
gain. Various researchers worked on different concatenation schemes with serial and parallel
implementation [112-114]. Turbo codes can be thought of as a refinement of a concatenated
encoding structure plus an iterative algorithm for decoding. Turbo codes are class of error
correcting codes that come closer to approaching the Shannon limit very closely than any
other class of error correcting codes, and achieve remarkable performance with a relatively
low complexity of encoding and decoding algorithm.

The turbo encoder implements a random interleaver between two component convolution
codes in parallel or serial configuration. At the decoder side, the input bits to the individual
decoder are decoded separately using soft output Viterbi algorithm or MAP/BCJR algorithm.
The concept behind turbo decoding is to pass the soft decision from the output of one
decoder to the input of the other decoder and to iterate the process several times so as to
produce reliable information. In the convolution codes, the complexity of trellis decoding is
approximately proportional to the “size” of the trellis, where the size is the number of
transitions (block length) times the number of states. On the other hand, in a turbo code,
decoding is performed on every component code instead of the overall code. Hence, the

decoding complexity per symbol is constant and the overall complexity is low.
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When comparing turbo codes with LDPC codes [115] (which also perform near to the
Shannon limit), both coding techniques implement iterative decoded algorithms using
alternating exchanges of soft-decision information. The main differences are: if the code
length is sufficiently large, the BER performance of LDPC codes is extremely good. For the
block length of N. = 10,000, the BER performance curve is only 0.1 dB away from the
Shannon limit. But the larger block lengths lead to significant decoding delays, and
considerable encoding and decoding complexity.

On the other hand, turbo codes are well suited to intermediate block or constraint length
applications. But at high BER, the error floor effect is present. For both turbo and LDPC
codes, the original iterative decoding methods are more complex than their logarithmic
versions. Simplified variants of the logarithmic decoding algorithms lead to even lower
complexity decoding algorithms, usually performed by applying max or min functions. As
might be expected, however, the trade-off is some level of degradation in the corresponding
BER performance.

3.4 Low Density Parity Check Codes

Gallager codes, now widely known as low-density parity check (LDPC) codes [30], are
linear block codes that are constructed by designing a sparse parity check matrix H,; that is,
for the binary case, a matrix that contains relatively few ‘1’s spread among many ‘0’s.
Gallager’s original paper, apart from various LDPC code constructions, also presented an
iterative method of decoding the codes, which was capable of achieving excellent
performance. However, the complexity of the iterative decoding algorithm was beyond the
capabilities of the electronic processors available then, which is why the codes were
forgotten until 1996, even in spite of an attempt by Tanner in 1981 [116] to revive interest in
them. The first construction method proposed for the design of the sparse parity check matrix
H,, associated with these codes involves the use of a fixed number of ‘1’s per row and per
column of that matrix. In this case, LDPC codes are said to be regular. However, the number

of “1’s per row and column can be varied, leading to the so-called irregular LDPC codes.
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3.4.1 Representation of LDPC code

As their name suggests, LDPC codes are block codes with a parity check matrix that contains
only a small number of non-zero entries. The sparseness of LDPC codes is essential, as, in
the iterative decoding, complexity increases with increase in code length. LDPC codes are
very much similar to other block codes. When compared to other classical block codes, in
LDPC codes a suitable parity check matrix is constructed first and then a suitable encoder is
determined for the code afterwards. On the decoding side, classical codes are generally
decoded with ML decoding. These codes can also work well with iterative decoding
algorithms if and only if they are represented by a sparse parity check matrix. Practically it is
not possible to find the parity check matrix that is most appropriate for classical block codes.
On the other hand, LDPC codes are decoded iteratively using a graphical representation of
the parity check matrix known as a Tanner graph. For the graphical construction of a Tanner
graph, consider the following parity check matrix of rate %2, length 10, irregular LDPC codes.

1111011000
0011111100

H,=[0101010111 (3.6)
1010100111
1100101011

In this matrix, the number of 1°s in each row is 6 and number of 1’s in each column is 3. The
given matrix is not sparse because the code is still short. This code can be represented in

terms of a bipartite graph as shown in Figure 3.2

Check nodes
cl 2 c3 o 5

Fartable nodes

Figure 3.2: Bipartite graph of regular LDPC codes of length 10 and rate 2 [102]
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As shown in figure 3.2, LDPC codes consist of two kinds of nodes: a variable node v which
corresponds to coded bits of a codeword and corresponds to the number of columns in parity
matrix H,, while the check node c corresponds to the parity check constraint satisfied by
variable nodes. It also corresponds to number of rows in H,,. Edges connect the variable
nodes to a check node according to the parity check matrix H,,. A node of degree i is said to
have a degree i if i branches depart from it and connect to i different nodes of other kinds.
Thus the degree of a variable node d,, is number of checks it participates in, while the degree
of a check node d, is the number of variable nodes that are connected to check .If all the
variable nodes have a same degree and so do the check nodes, then the LDPC codes are
known as regular LDPC codes otherwise, they are irregular LPDC codes. For irregular LDPC
codes, the degree of variable nodes and check nodes are chosen according to distribution and
are often presented as a degree distribution pair. The variable and check degree distribution is
denoted by

A(x) = B2, Ax=and p(x) = T5<, pxl (3.7)

where Ai(p j) is the fraction of edges emanating from variable node of degree i (check node
of degree j). If the graph has t branches and the corresponding parity check matrix has t non

zero entries, the number of variable nodes, n;of degree i is

n =4 38)
And the number of check node, m; of degree j is

m, =2 (3.9
Therefore the total number of variable nodes N,, is given by

N, = Xin; (3.10)
And the total number of check nodes M, is given by

M, =X;m (3.11)
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A cycle in a Tanner graph is a sequence of connected nodes which starts and ends at the same
node in the graph and which contains other nodes no more than once. The length of a cycle is
the number of edges it contains, and the girth of a graph is the size of its smallest cycle.

3.4.2 Encoding of LDPC codes

LDPC codes are linear block codes; they can be encoded using an (N, X k) generator matrix
G. In particular, a codeword ¢ can be obtained as ¢ = x.G where the vector x =
[%1, %5, con oue x,] is the message to be communicated. The given code is considered to be
symmetric since the first k bits contain message bits. For systematic codes, the generator

matrix contains the (k X k) identity matrix I, as its first k columns and is represented as

Iy
. () 312
P

where P is (M, — k) X k matrix that generates the parity bits of the codeword. Hence, the
encode vector c = x.G is inthe form ( x4, x5, ... ... Xjer D15 P2 wov e e e Py, —x )" - The parity
check matrix Hp in a systematic form, generated by G is defined as H,, = (P i I,,_y). The
encoded code word is consider to be valid if H,. C=0.

Although H,is sparse [117-118] by definition, the P of G matrix is, in general, dense. This
means that, in order to store G (leaving the identity matrix), k(N, — k) = NZ? (% - 1) bits of

memory are needed, where R is the code rate. In the case of LDPC codes, M, is very large
and typically ranges from 10° to 10%. This means that for storing the G matrix, at least 10°

bits of memory is required. Thus encoding becomes very complex.
3.4.3 Decoding Algorithm

Most classical block codes employ ML or MAP detection in which errors can be corrected by
comparing the received vector with every codeword and the most likely codeword is
guaranteed to return. Practically it is possible only when the numbers of message bits are
small. However, for LDPC codes, Gallager introduced iterative decoding algorithms which
exploit the sparseness of the parity check matrix of code. The class of iterative algorithms

used to decode LDPC codes are collectively termed as message passing algorithms [119]
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since their operation can be explained by passing the messages along edges of tanner graph.
Another message passing algorithm which is based on hard decisions and low complexity is
popularly known as the bit flipping algorithm [120]. The third algorithm which is most
commonly used is the Sum product algorithm/belief propagation decoding algorithm [121-
123]. In this algorithm, messages are probabilities (or their log likelihood ratios) that
represent a level of belief about the value of codeword bits. This is the most accurate
algorithm based on the iterative exchange of real valued reliabilities of codeword bits. The
brief overview of these decoding algorithms is presented next.

3.4.3.1 Message passing algorithm

A message passing algorithm is most appropriately used on binary erasure channels (BEC).
These channels have a well defined property that either the bit will be correctly received or
completely erased with some probability ‘€’. Each erased bit can be determined with the
help of a check node, if it is the only erased bit in its parity check equation. The following

steps are taken into consideration when messages are passed along the tanner graph.

» A variable or bit node sends the same outgoing message to each of its connected
check nodes. This message is labelled as L; for i*" bit node, and declares the

value of the bit as 1 or 0, if the value is known or ‘e’, if the bit is erased.

» If the check node receives the ‘e’ (erased) message, it calculates the value of the

unknown bit by choosing the value that satisfies the parity check equations.

» The check node sends back different messages to each of the connected bit nodes.
The message L, j ) passed from the jt" check node to the i" bit node declares

the value 0/1 or ‘e’ as determined by the check node.

» If the bit node receives the erased message, then once again, the process of
passing the messages to the check node and back to the bit node starts. This
process is repeated until all the bit values are known or the maximum number of

iterations has passed and the decoder halts.
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3.4.3.2 Bit flipping algorithm

A bit flipping algorithm is based on the principle that an incorrect codeword bit will be
contained in a large number of parity check equations, each of which will be able to calculate
the correct value of that bit. This algorithm is also known as the hard decision message
passing algorithm. The following steps are observed for the algorithm

» A bit node sends the message to the check node in a similar fashion as discussed in
the message passing decoder.

> Then, the jt* check node determines its decision on the i bit node by assuming that
the i®" bit has been erased and choosing the value 0 or 1 that satisfies the parity check
equations. The value determined by the jt* check node is completely independent of

the value for the i" bit just received by it.
> The check node is said to be creating extrinsic information about the i** bit.

> At the bit node, all the extrinsic information about a bit is compared with information

received from the channel to determine the most likely bit value.

> If the majority of messages received by a bit node are different from its received

value, then the bit node flips its current value.

» The bit flipping algorithm immediately stops whenever a valid codeword has been
found by check of parity check equations being satisfied, i.e., ?:H,T, = 0, otherwise,

the process is repeated until the maximum number of iterations and the decoder halts.
3.4.3.3 Sum product algorithm/belief propagation

The sum product algorithm of LDPC decoding is best understood as iterative message
passing algorithm that passes the message between variable and check nodes along each
edge. The Sum product algorithm is a soft decision message passing algorithm similar to the
bit flipping algorithm which accepts an initial hard decision on the received bit as input

whereas the sum product accepts the probability for each received bit as an input. These

43



received bit probabilities are also called a priori probabilities because they were known to
the decoder in advance before the LDPC decoder was operated.

For a binary variable x, it is easy to find p(x = 1) given p(x = 0), since p(x =1) = 1—
p(x = 0). Therefore we need to store only one probability value for x. Log likelihood ratios
are used to represent the metrics for a binary variable by a single value and are given as

x=0

L(x) = log% (3.13)
The sign of L(x) provides a hard decision on x and the magnitude |L(x)| is the reliability of

the decision. Translating from LLR back to probabilities is given as

p(x=1) = % and p(x = 0) = % (3.14)
The benefit of logarithmic representation of a probability is that, when the probability needs
to be multiplied, LLR only needs to be added. This reduces the complexity of the sum
product decoder. For a transmission over a Rayleigh fading channel, k information bits are
encoded into an LPDC binary codeword of length M.. It is assumed that a BPSK modulation
is used and an additive white Gaussian channel is present. If X = (xq,%;....xy,) Is the
transmitted code word after modulation and R = (7,7, ....,7,) is the received code word

then
szcdxd+ ng

where d=1,2.... M, and n, is a Gaussian distributed noise sample with zero mean, variance
oZ. and cg4 is the normalized Rayleigh fading factor with mean zero and variance 1 and

having pdf

p(ca) = 2cq exp(—ca?). (3.15)
For the uncorrelated Rayleigh fading channel, the conditional pdf [124] of the d" output 7,
is

1 _ (rg—ng.cq)®

p(ra/na ,cq) = FGXP ( 202 )
o},

(3.16)
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Initial message g passed from the bit to check node in terms of LLR is

q= logM = %rd.cd (3.17)

p(ra/xqa=-1) o}

As shown in Figure 3.3, the output message at a given variable node that is passed to the
check node is the summation of the initial message q (it can be the sample from the channel
or correspond to a priori information on the corresponding bit) and the incoming edge LLRs
Loy P " (xg) for L = 1,2,.....d,_, along each of variable node edges. (Initially the entire
message coming from the check node is set to zero and after the first iteration, all messages
coming into variable nodes from check nodes are considered independent).

-1
Lc—»v,lp (xd)

Lc—m,2 Pt (xd)

Lv—»c,j p(xd)
Xd

-1
Lc—m,dv—lp (xd)

Figure 3.3: Variable node computation

It is assumed that initially all the incoming LLR at variable node x, is equal to zero. i.e.

Ach—v1)° (Xq) =0, wherel =1,2,....d, — 1 (3.18)
Thus the j** outgoing LLR of a given variable node x, at p* iteration as shown in figure 3.4
is given as
Lyoe? (%) = g+ 25" Leoyy” ' (xa) (3.19)

The output message computed from (3.19) is transferred to the check node c. The j** output
message at the check node is given by (3.20) and the equivalent representation is shown in
Figure 3.4 [30].

Le_, P (ry) = 2tanh™! H?ﬁ[l tanh (L, ;7 (14)) (3.20)
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Lv—»c,lp(rd)

Lc—m,lp (rd)

Lysegc—1" (@)
vede-1 Vd Check node

Figure 3.4: Check node computation
The computed check node message from (3.20) is now transferred to the variable nodes.
Compute the final reliability value.

At the end of the decoding process each variable node computes an output reliability value as
follows:

Lxy) =q+ X2t 1P, (xa) (3.21)

Hard decision on a bit is obtained as follows
x(r)=1 if L(xg) <0

=0 if L(xy) < 1 (3.22)
3.5 Density evolution

Density evolution (DE) is analytical technique which has been used to understand the limits
of performance of LDPC decoders [125]. Ideally, for a given code and decoder, we would
like to know for which level of channel noise the decoder will be able to correct the errors.
Thus it introduces the idea of a channel threshold, above which the code performs well and
below which the probability of error is negligible. Consider a generic iterative decoding
algorithm, with transmitted vector x,. The receiver observes the vector r,; and generates the
first message vector my. The iterative process begins in which the message vector m,, at pth
iteration depends upon the previously obtained message set m,,_; and the received vector ry.
Assume the process continues up to the maximum [ number of iterations and @ is computed
as a function of the last message set and the initial input. The performance of the iteratively
decoded codeword (ensemble) can be tracked by the evolution of the conditional joint pdf of

all possible transmitted code words. Since in LDPC codes the codeword length is very high,
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this implies that LDPC codes are required to compute the evolution of the conditional joint
pdf of about 10%-10° random variables. Therefore the performance of LDPC codes is
computable via the density evolution method.

Thus the density evolution method refers to the evolution of pdf’ s of messages being passed
around in iterative decoding where the messages are modelled as random variables. Such
knowledge of pdfs allows the prediction of condition (e.g. SNR) under which the decoder bit
error probability will converge to zero. The derivation of the density evolution requires a
number of properties of iterative ensembles. These are as follows. 1) symmetric distribution
property, i.e., the LLR output by the iterative decoder is symmetric, if the channel is
symmetric; 2) transmission of all zero code-words, i.e., using symmetric distributions, the
iterative decoding performance can be shown to be independent of the codeword transmitted,
3) cycle free graphs, i.e., if there are no cycles in the Tanner graphs of length 21 or less we
can assume that the iterative decoder messages are independent for up to | iterations, which

makes density evolution possible.
3.5.1 DE on binary erasure channel for irregular LDPC codes

In the message passing algorithm, a check or bit node either receives the bit values 0 or 1 if
bits are known or ‘e’ if bit is erased. Let q,; to be the probability at iteration | that a check-
to-bit message is an e and p,; to be the probability that at iteration [ that a bit-to-check
message is an e (i.e. py; is the probability that a codeword bit remains erased at iteration 1)
[126]. It is assumed firstly that the channel is memoryless, so that none of the original bit
probabilities were correlated, and secondly that there are no cycles in the Tanner graphs of
length 21 or less, as a cycle will cause the messages to become correlated. With this
assumption, the probability that such incoming messages are given by the product of
probabilities of (1 — py;) . The probability that one or more incoming messages received as e

is given by

qor =1 — (1= po)*". (3.23)

While passing the messages from check node to bit node, at the I*" iteration, the probability

that message received from the channel is an erasure ‘e’ and all other incoming messages are
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also erasures with probability q;_,. If all the messages are considered to be independent,
then the probability that all the messages received to the bit node are erasures is given by

Por = €(qo1 — 1)1
or por = € (1— (1—pg)e 1)1 (3.24)

As in the irregular LDPC codes, the weights of rows and columns are not fixed, i.e., the
number of ones in a given parity check matrix is not fixed. Therefore the density evolution of
irregular LDPC codes is characterised by degree distribution pair A(x) and p(x) already
described in section 3.4. To find the average probability that a check to bit node message is
in error, let the probability that an edge is connected to degree d. of check node is pg, .

Taking the average over all the edges, the average probability is given by

Qo1 = zpj(l — (1= po)’1)
P
=1-3%,p;(1—po)/ ™" (3.25)
Using the function as given below

p(x) = 262, pjxi™t (3.26)

qo1 Can be re-written as

qor = 1—p(1 —po) (3.27)

Similarly, the probability that the edge is connected to degree d,, of bit node is A d,. The

probability that a bit to check node message is an erasure ‘€’ is given by

Por = € X Ai(qor-1)"" (3.28)

Using the function

Ax) = Tiz, Azt (3.29)

Finally substituting the value of gq;_; , po; Can be re-written as

por = A(1 — p(1 — po;—1) (3.30)
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Figure 3.5: Erasure probability for different values of &

We apply the recursion for different values of & and Figure (3.5) shows the evolution of
erasure probability with number of iterations. It is shown that for the perfect chosen degree

distribution, the erasure probability may converge to zero.
3.5.2 Density evolution on binary input memory less channel

For the binary input memoryless channel, the messages passed from bit node to check node
or vice versa are represented by taking the log likelihood ratio (LLR) of the probabilities that
the received bit is 0 or 1. To find the evolution of the pdf, we define a probability density
function associated with the message passing decoder.

Let p,; be the pdf for the variable to check node at the [*" iteration, g, be the pdf for the
check to variable node at the [*" iteration and g be the initial pdf for the LLR of the
received signal. It is assumed that all incoming messages are independent and the Tanner
graph is cycle free. Thus, the outgoing LLR of a given variable node x, is given as defined in

(3.21) and re-written as

LV—%'Jp(xd) = \EIJ + Lc—m,lp_l(xd)

49



Since the incoming messages are independent, the pdf of a random variable formed from the
summation given in Il can be obtained by convolution [127] of the pdf of the d, — 1
incoming message from the check node and the pdf of messages coming from the channel

P,(xq) = q ® P.(x4)® %1, (3.31)

where P.(x;)® %-1 is the convolution of d,_, copies of P.(x;). Averaging over the bit

degree distribution A(x)

P,(xg) = q(x) @ X; AP (x)® " . (3.32)

To calculate the probability of error, integrate the pdf of variable node from —co to 0

=" P(xy). (3.33)

3.6 Implementation issues related to LDPC codes
There are mainly three issues related with the implementation of LDPC codes.

» Sparseness of the parity check matrix that is directly related to the complexity of

Tanner nodes.

» Complexity related to passing the message through the node referred to as routing

complexity.
» The number of iterations required to successfully decode a given codeword.

A Tanner graph successfully represents the parity check matrix in a graphical form. The node
complexity of a Tanner graph will depend upon the type of algorithm implemented to decode
a given message. For example, the simple message passing and bit flipping algorithm
discussed in section (3.4.3.4 and 3.4.3.5) requires only XOR operations at bit and check
nodes. This implies reduced implementation complexity for the both decoders. For the sum
product algorithm, the log likelihood ratios reduce the multiplication evaluation at bit node to

sum, but a check node still requires calculation of exponential and logarithmic functions.
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Routing complexity of a given decoder will depend upon the number of Tanner graph edges
and parallel/serial implementation. A Tanner graph will have N,d, edges where N, is
number of bit nodes and d,, is their degree. Therefore it requires n, N,d, wires where n;, is
the number of bits used to represent each message. With the serial implementation of a
message passing decoder, all the individual check and bit nodes compute one at a time so the
decoder requires less wires to be routed but additional storage memory is required to store all
the check and bit nodes. In parallel implementation, all the bit node processing is done in one
step and all check node processing is done at another. Therefore there is less delay in the
processing but more wires/routing connections are required at once, thereby increasing the
routing complexity. Such a type of implementation is more suitable for the small graphs. To
attain a valid codeword that satisfies all parity check equations, sometimes a large number of
iterations is required. If the noise and fading is less then the decoder will take less iteration to
decode the message successfully. The sum product algorithm generally requires up to 1000
iterations to attain the original codeword. The effective implementation of the stopping
criterion also reduces the number of iterations required to decode a message [128-130].

3.7 Conclusion

In this chapter, a brief introduction to error correcting codes has been presented. In the first
part of the chapter, the framework of the coded communication system has been discussed.
This framework will serve as base model for our next chapters. In the subsequent section, we
have discussed the forward error correcting (FEC) codes used practically and presented the

associated computational complexities of these codes.

As LDPC codes perform near to the Shannon limit, a detailed discussion on encoding-
decoding algorithms of LDPC codes has been presented. Mainly three decoding algorithms:
message passing, bit flipping and sum product algorithms, have been discussed in detail. It is
found the sum product algorithm (SPA) based on logarithmic representation is less complex
of the three. Density evolution (DE) which gives the limits of LDPC decoders has been
discussed for different channel scenarios. Hence in this entire thesis, LDPC codes with SPA
have been chosen for decoding of LDPC codes. The idea of implementation complexities

related to LDPC codes that have been discussed in the last part of this chapter. Keeping all
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these aspects, the implementation of LDPC codes with a MIMO system has been considered

in this research work.
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Never discard information prematurely that may be useful in making a decision until all

decisions related to that information have been completed.

-Andrew Viterbi
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Chapter IV
PERFORMANCE ANALYSIS OF LDPC CODES IN SIMO SYSTEM

The main motivation in this chapter is performance analysis of low density parity check coded-
optimum combined (LDPC-OC) system in the presence of co-channel interferers. For analysis of
LDPC-OC system two cases are investigated (i) when the number of interferes are less than or equal
to the number of receive antenna array elements (ii) when number of interferers greater than the
number of array elements. For both cases the closed form expressions of the bit error rate in terms of
upper bounds are derived. The analytical and simulation results are presented and conclusions are

drawn in the last section of the chapter.

In wireless communication, frequency reuse is necessary to increase spectral efficiency,
since spectrum is very costly and limitedly available. In such a system user data may be
corrupted by the signals from nearby users, resulting in co-channel interference (CCI).
Hence co-channel interference is major impediment to high-capacity transmission in power
and bandwidth-limited wireless communication systems. Another limiting factor associated
with wireless system is channel fading. Different diversity techniques are used to combat
fading. The term spatial diversity refers to multi antenna system, whose primary goal is to
mitigate multipath fading that arises in scattering environment. It has been proved that
maximal ratio combining (MRC) provides the best performance amongst various combining
techniques. It maximizes the instantaneous received SNR [2] but without considering the
effect of co-channel interference. In other words, MRC treats interference from other users as
Gaussian noise. Therefore, MRC is optimal in systems with no interference.

In the presence of interference, a multi-antenna receiver can apply Optimum Combining
(OC) technique. This combining technique is a well-known method in space diversity
reception that combines and weights the received signals to combat both fading and co-
channel interference [5]. This method maximizes the SINR at the output of the combiner
and reduces the power of interference by exploiting the correlation of the interference across
the multiple receiver antenna elements. The optimum combiner is an ML receiver when the
transmitted signals of interfering users as well as the additive noise are Gaussian-distributed

[131]. Unlike the Gaussian noise, however, CCI is generally treated as colored noise having
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non-zero diagonal terms in its covariance matrix [132]. Hence, the power allocation must be
optimized with an equivalent channel matrix derived from the CSI of desired and interfering
signals.

To implement OC, the receiver needs knowledge of both the desired user’s channel as well
as the interference covariance matrix that is a function of the interfering users’ channels.
However, MRC requires only the desired user’s channel information at the receiver.
Therefore, OC is a more complex diversity combining technique as compared with MRC.
OC achieves higher output SINR than maximal ratio combining and is useful even when the
number of interferers exceeds the number of antenna array elements. This improved SINR
efficiency can manifest itself in the cellular mobile radio application as a reduction in the
number of base stations and/or an increased channel capacity through greater frequency
reuse [133].

As diversity system provides diversity gain only, therefore to further improve the
performances at high data rates, we need coding gain. Diversity gain can be increased to
certain extent as resources are limited. Therefore many researchers have employed different
channel coding techniques with different diversity techniques. In chapter 2, literature survey
[58-67] based on these techniques has been already been presented. LDPC codes are
emerged as powerful iterative codes with low decoding complexity and have effective
performance in various fading channels. In this chapter we investigate the performance of
low density parity check codes with optimum combined system (LDPC-OC) in the presence
of co-channel interference. The system model used for analysis of LDPC-OC system is

discussed next.
4.1 System Model of LPDC coded-optimum combined system

We consider the LDPC-OC system shown in figure 4.1 in which My receive antenna array
elements have been used to improve the system performance in the presence of co-channel
interference. The system employs BPSK modulation and the channel is characterized by the

flat Rayleigh fading.

55



Loprc | % ‘ Q)
Encoder ©
r

A

I’(2) OPTIMUM LDPC Output
| > Decoder —>
COMBINING
‘ r(MR)
- gj >

Wec Optimum weight
Generation

Figure 4.1: System Model of LPDC coded-optimum combined system

At the transmitter side, LDPC coded bits are transmitted over channel. At the receiver side,
My receive antenna array elements operates in the presence of L co-channel interferers.
Further, it is assumed that all the interferers have equal power. The received signal vector at

the antenna element consists of desired signal, interference signal and noise, and is given as

r(0) = /P sqa(®)cq + Xhoy /P s®cr + 1, (4.1)

where s4(t) and s, (t) are the desired and k" interfering signals respectively. ¢4 and ¢, are
channel gains for the desired and k" interfering signals respectively and are assumed to be
mutually independent N-dimensional complex Gaussian vector having mean power Ps and P,

respectively. n(t) is AWGN vector, each element of which has zero mean and variance

02, where o2 .Ris coderate, E, is the bit energy of desired signal, N, is the

~ 2R« *Ep/No'

noise power spectral density.

Let,
Vs = % is average SNR of desired signal per antenna.

Vie = % is the average SNR of interference per antenna of k" interfering user.

H
Ye = % is the SNR of desired signal at the output of combiner.

n

The pdf of the y;is given by [54]
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— 1 = Mp-1 Vs
Pro(%s) = a7 exp (&), (4.2)

for y, = 0and I'() is the Gamma function.

H
Vi = % is the SNR of k" interference at the output of combiner ,

n

The pdf of the y, is given by

Py (Vi) = mﬂcm_lex? (;—’;) (4.3)
for y, =20, k=12,....L.

Denoting the w as weight vector, the output of the combiner can be written as

z=whr(t) = [ w" s4(Dcg + They /P Wsk(Ocy + whn, (4.4)
(.)H denotes the Hermitian transpose.

The SINR y, at the output of combiner using (4.4) is given as

Pssa(®) wotlegfcqwoc

Yoc = R (4.5)

= L
Pisp(®OwocH Y _; cxHegwoctwoc

In (4.5) wyc is the optimal weight vector calculated using minimum mean square error
technique, given by [5]
WOC = Rr_ulCd , (46)

where R,,; is noise plus interference covariance matrix given by

Rui = E {[Shes Peci 5e(0) + )] [Sher Peci s (0 +n(0)] "} 4.7)
The SINR y, can equivalently written as [2]
Yoe = Pica" Ry 'cq, (4.8)
The channel gain ¢4 and entries of covariance matrix R,,; are random variables; the SINR
Yoc IS also a random variable.
In the given analysis, all interferers are assumed to be of equal power, therefore the
covariance matrix R,,; can also written as [2]
Ry =Ygz e et + il (4.9)
where I is the identity matrix of dimension LxL. R,; can be diagonalized by a unitary
transformation [53]

R, =VHdiag{A;, A5 ... 2y JV, (4.10)
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where A4, 4, .....1y are the eigen-values of R,; and the vector
v =Vcg = [V41,Vq1, .. Van]T retains the properties of c4. It should be pointed out that, it is
usually very difficult to evaluate the eigen-values and their corresponding pdf. For special
case L=1 of single interferer, eigen-values are given by [54]

M =S4+ 02, Ai=02 i=23.... L
4.2. Upper bounds of LDPC-Optimum Combining Receivers

In this section, we evaluate the performance of LDPC coded— optimum combined system in
terms of bit error rate for two scenarios
1. In the first case we have considered the LDPC-OC system when the number of
interferes are less than or equal to the number of receive antenna array elements i.e.
L < My, in independent identically distributed Rayleigh fading.
2. The Second case provides the analysis of LDPC-OC system when number of
interferers are greater than the number of array elements L > My, in independent
identically distributed Rayleigh fading.

The power of all interferers is considered to be equal in both cases.

Optimum Combining (OC) with Low Density Parity-check Codes (LDPC) as an outer code

improves the performance of overall system (LDPC-OC) by providing additional coding

gain. The followings steps are used to derive the upper bounds of the considered system.

Step 1: The pdf of optimum combiner output SINR conditioned on interference power is

found using moment generating function (MGF) approach.

Step 2: The unconditional pdf p(y,.) of SINR of optimum combining scheme is derived
using the conditional pdf of stepl.

Step 3: Transform the pdf p(y,.) of SINR of optimum combining into channel gain c,.
(To make the channel LLR unconditional as the channel LLR is always conditioned
on channel gain).

Step 4: Find the unconditional pdf of channel LLR.

Step 5: Find the pdf of variable node by convolving the pdf of channel LLR (calculated in
step 4) with the pdf of check node

Step 6: Find the probability of bit error P, of overall LDPC-OC system
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4.2.1. When the number of interferers are less than or equal to the number of array
elements (CASE I)

Step 1: Evaluate the conditional pdf of optimum combiner output SINR using moment
generating function (MGF)

As the number of interferers is less than the number of array elements and we are considering
the special case for the single interferer. The pdf of SNR of interferer at the output of
combiner (eq. 4.3, putting k=1) can be written as

P = =T e (1) (4.11)
The moment generating function (MGF) of y,. conditioned on y; is given as [54]
Y1 +1 1\ Mr-1
Broctotr) = (i ) (25 @.12)
Vs Vs

MGF can be associated with the pdf using the following equation

Poclr1) = 5z [ Wy (tly e~ Vocdt (4.13)

Putting the value of (4.12) into (4.13), the pdf conditioned on y; is evaluated as

y1+1 kS Mp-1
PYoclyr) = ifjooo <71_}+/51_ >< s > e~ tocdt

2w L ¢ —t
Vs Vs

Mp-1
1 +1\ (1\MR71 1 1 _
= Zmi (VIT/S ) (i) f—oo <M_t> <i_t> e~"Yoedt (4.14)

Vs

Putting t = ix and dt =i dx in (4.14), gives

Mp-1
1 +1 1 MRp-1 1 1 . .
w56 (—) (—) e L (4.15)

Vs

Then solving the above equation using the integral [134 equation no. 3.384 (7)] given as

21

JZ (B i)™ (y —ix)™V e PXdx = e~FP p =1« Fi(wsu + v; (B — v)p) (4.16)

- '(u+v)

We get the pdf of output of combiner conditioned on single interferer SNR as
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(1+y4 )Voc(MR_l) (VOC

P(Yoclyr) =S Mrromn € 1F [1 My — 1:—%], (4.17)

where ,F,[.] represents the hypergeometric function.

Step 2: To find the unconditional pdf of SINR at the output of OC

The unconditional pdf of SINR at the output of optimum combiner is found by integrating

conditional pdf over the pdf of y; can be evaluated as
PYoe) = Jy PWoclya) p(ra)dys (4.18)
Substituting the values from (4.11) and (4.17) into (4.18)

*® (1 + (Mp-1) _Voc
( Y1 )yoc e\ Vs 1F1 [1 MR

P(Yoc) = —
7)o ¥MRT(MR)
Y1 Yoc 1 _ M
-1, - ] — V1 RT ex( )d)/
Vs 71 MRT (Mg) ! P Y1 !

Mr-0(F) o
Yoo £ D f (1+71)V1MR 11F1[1:'MR_1:'_M] exp( )d]/l

~ 7sMRy, MR (MR)r (MR) YO Vs

(4.19)

Puttlng = =yor y, =yy.,(Mg) = (Mg — 1)!into (4.19) and solving, gives

(Mp-1) ( ;sc) e =
— Yoc d = =~ Mp-1 . ._NYocY\ -y
R TE Ty — Jo A+ "R R (l.MR, o )e dy (4.20)

Using the identity [53]

—Yoc

— 1 = —
KMR—I(VS’ Voc) = ——MRe( Vs )VOC(MR 2 (421)

(MR—-1)%s

_r
(Mp—1y 111

Fy(1: Mp; 2) = s [e* — ZYE2 2 (4.22)

n!

Putting the values of (4.21) and (4.22) in (4.20) and integrating the above equation leads to

the exact unconditional density function
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KMR—1(]75uVoc) — + Mp Vs
(o) | MR T )

Y1
1+=
ysyoc

P YVoc) =

For M,>>1 then above equation becomes

Kmp—1(¥sYoc)
p(yoc) = (}1?"';—/——11/00)

14

(1 + Mgpyy) (4.24)

Step 3: Transformation of pdf of SINR of optimum combining in terms of channel gain

The conditional pdf of uncorrelated Rayleigh fading channel is always conditioned on
channel gain. The SINR of optimum combining y,. can be written in terms channel gain c,

using relationship

= 2
Yoo = (4.25)
Transforming the pdf of Yoc into channel gain using the

transformation of RV’s , we get pdf of ¢, as

_1 ¥scd®
(T’sczdz )MR 16:%_;5
2¢q*Ys 1 7} =
Cq) = 1+ Mgy1), 4.26
p(ca) o7 (Mg—D)!75"R <1+71#) 1+ Me7n) (4.26)
on

which further simplifies to

_ _ cgq?
(1+Mg¥,) 2c4?*MR™1 exp(——:2 )
n

p(cq) = (4.27)

(MR—1)!02MR<1+Z—§cd2)
Step 4: Finding the pdf of channel LLR

The optimum combined signal r(t) at the output of combiner is fed to the LDPC decoder.
The decoder, decodes the received signal by message passing algorithm. The general idea of
the message-passing decoding algorithm is to pass messages in a cycle, where each cycle has
two phases. In the first phase, messages are passed from the variable node v of degree j to
the check node ¢ of degree i of the bipartite graph. In the second phase, messages are

passed back from the check node c to the variable node v. The LLR of variable node that
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passes the message to check node on edge e is summation of LLR of check node message
received on all incoming edges except e and initial channel LLR. This is also equivalent to
the convolution of their pdfs.

To find the initial channel LLR, consider LDPC coded symbol s; mapped into the
signal point z = (1-2s,). For the uncorrelated Rayleigh fading channel with normalized
fading factor c4, the conditional pdf [81] of desired signal available at the input of LDPC

decoder is

_ 2
! — (sa~zca)” ) (4.28)

p(sq/z,cq) = r exp( 2
2m63 20

Further it is assumed that full channel state information (CSI) is available at the receiver side,
the block length of LDPC codes is infinite and all zero code-words are sent i.e z=1. The
initial channel message g passed from the bit to check node is as explained in chapter 3

(eq 3.17) is re-produced as
2
q= G_%Sdcd

Using the transformation of random variable approach, the density function yields in

terms of g

_ _On _(q—zcdz/ﬁﬁ)z)
plalca) = 72— exp (— 2o (4.29)

with mean 2c¢,2 /02, variance 4c;% /02 , The unconditional pdf of channel LLR is calculated

by averaging the equation (4.29) over the pdf of channel gain found in step 3
po(a) = J, plalea,) plea)deq (4.30)

Solving for py(q), we have

_ 2
" _On (q = 2¢,2/02)2\ (1 Mg71) 2¢4*MF 7 exp (_ GL,%)
@ f . <_ > = dc
Polq 0o 2cqV2m p 8Cd2/0'r21 (MR_l)!O_jMR (1+Y—£Cd2) d
O

n

2
2Mp-1 _ta
_ (1+MR¥,) © 1 (q—2c42/c2)?) @ F exp( 0'121) d
- Y 2Mp-1 fo —e€ - 2 /.2 c
V2rn(Mg-1)!o, a 8cq?/op

Expanding the squared term of exponential in (4.31), we get
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2
_ c 2Mp-1 exp(_ d )
(1+Mg¥,) co q%c2  cg® | q\ @ o2
= =, exp (- -5+ _ 2 dey (4.32)
V2rn(Mg-1)lo;, 8.cq? 202 2 (1+6_%Cdz)
n

Substituting 3/2¢,,2 = a and % = b and solving (4.32), we get unconditional pdf of channel

LLR as given below

_ L+ MgyDexp (a/2) [, oo, OMRT
Po (@)= \/Z_H(MR —1D!log,*Mr-1 l( D) g MrR—1

_T gy O 1\/? _ \/E q
DM 15 g e o 3 lal 45

Step 5: To find the pdf of variable node

(4.33)

The pdf of variable node p, (gq) is found by convolving the pdf of channel LLR p,(q)
with the pdf of check node p.(q)

(@) = Po(q) ® pc(q) (4.34)
po(@) = 7 pe(q — T po(Ddr (4.35)

The pdf of the check node is given by [124]

1

pe(@) = Jmexp (— L 0) (4.36)

4m.
where m,. is the mean of the check node c of degree i.

It is very difficult to update these pdf’s at all [ iterations. To simplify we assume that all
messages involved in the decoding process have a symmetric Gaussian distribution in
which only the mean value needs to be updated iteratively At the (I +1)" iteration, the

mean of the check node c is updated by as [124]

2

mitl =4 [erfc‘1 (Z?ﬁz P (1 -(1- ZPé))i_l)] , (4.37)
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where erfc (.) is complementary error function. d. is the number of check nodes for given
irregular LDPC codes, p; is the fraction of edge emanating from check node of degree i
and P} is the bit error probability at [*" iteration. The pdf of the variable node is calculated by
convolving the pdf of channel LLR (4.33) with the pdf of check node (4.36) and using the
integral in [134, equation 3.322(2)], Solving we get,

Mp-1

(q) = (14 Mgy7)
P Za(My — 1)l 0, 2Mr-1

exp |22 _ ][exp[ q][
mpK—%J§+9qH1_ S mm)l

Step 6: To find the probability of bit error of overall LDPC-OC system

7 G
[(—1)MR-1 D (1) ]

-1 M
daMrR=1  g,2 da V'R

o)

(4.38)

To obtain the probability of bit error P, of overall LDPC-OC system, we integrate the pdf of
variable node given by (4.38) from -co to 0,

P= [ p.(q).dg (4.39)

0 (1+MR71) MR- y MR 1 oibm,
F :f . 12MR 1[( 1)Mr—1 abMR- 1_0__%(_1)MR abMR] l\/;exp (T_

® 4\2(Mg-1)!o,

%ﬂmeaf'aok—¢¢%+%f§ﬂ+Gw@%£4§OF—
(v

After solving (4.40), we get

p = (1+ Mgy,)
¢ 42(My — 1)lg MR

= _1)MR
daMr=1 g2 daMr

3 BTfC(O'n\/a_mc) exp(anamc mc) (zf;aflna—l)erfc<\/@>] (4.41)

[\/_ 202az2

64



Using the similar arguments for updation of mean of check nodes, at (I +1) ™ iteration,
averaging (4.41) over all the bit node degrees j, we get

P, =

aMR—l

(1+MR¥1) dy —
RyleR—1 Zj:z )Lk [(_1)MR 1 daMr—1

4/2(Mg-1)lo,,

= MR 4 I+10:_ 2 i +1 (i I+1
y—;(—l)MR . ] geT'fC g, amg " (j-1) exp (ona(] mgtl (j-1)mg )+
3 da™R \/E—ZO'ZG,E 2 2 4

n

89n erfc( (j—1)2mlc+1>l (442),

V2(20%a-1)

Because at (I+1) " iteration mean of variable node v of degree j is mit! = (j — 1)mk+1.

4.2.2. When the number of interferers are greater than the number of array elements
(CASE 1)

In the second case, when the number of interferers are greater than the number of array

elements, the unconditional pdf of SINR of optimum combining scheme is available in

literature [4] and therefore we directly move to step 3. The unconditional pdf in overloaded

case is given by

F(L+1) (3)“’1""‘? YocMR™1

pVoc(yac) = [(MR)T(L+1-MR) \Py (P_S+ )L+1’
P Yoc

Step 3: Transformation of pdf of SINR of optimum combining in terms of channel gain

Considering optimum diversity combining, the density function of maximum SIR

Yoc at the array output of uncoded system is given by [5]

_ F(L+1) E L+1—MR YOCMR_I
Pk oc

where y,. =0, 1 < Mg < L. Since the system is considered as interference limited,
therefore it is also assumed that degree of freedom of system is insufficient to suppress
all the interferers. Transforming the pdf of y,. which is in equation (4.43) into channel

gain c4 using the similar approach used in (4.26), we get
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2¢cq F(L+1)pll\:[R CdZ(MR_l)

2M L+1
oy, RL(MR)T(L+1-Mg) (1+P_12<Cd2)
Sh

plcq) = (4.44)

Step 4: Find the pdf of channel LLR

Using the similar approach of under loaded case explained in step 4, conditional probability
density function of initial channel message conditioned on channel gain is given by (4.29).
The unconditional pdf of channel LLR is calculated by averaging the equation (4.29) over
the channel gain (4.44) using (4.30), we get

M
(q—zcdz/aﬁ)z) 2¢q I(L+1)p) R cg2(MR-1)

on
pO(q) fO 2¢qV/2m 2eqvzr P (_ 8cq?/0% orleRF(MR)F(L+1—MR) (1+ﬁcd2)L+1 dea (4.49)
o,

Solving (4.45), we get unconditional pdf of channel LLR as given below

PRI (L + 1)
aZMRTI22 (M (L + 1 — Mg)

o T e (- [Sonlal +2)] -

i e 258 [Lexp (- [Eoulal +2)] (4.46)

Step 5: To find the pdf of variable node

po(q) =

The pdf of the variable node is again calculated by convolving the pdf of check node (4.36)
with the pdf of channel LLR (4.46), solving we get,

(@) = p *T(L +1)
P =0 oM P(M)I(L + 1 — Mg)

ol el oo F ) ol
Yol [1-0 (-0

Step 6: To find the probability of bit error of overall LDPC-OC system

e 22 2

o (D

Mgp— daMr

[ao'rzlmc c
2

Va

(4.47)
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To obtain the probability of bit error P. of overall LDPC-OC system, integrate the pdf of
variable node given by (4.49) from -co to O
P, =

0
Mg Mp-1
2M lik1 oD [(_1)MR_1 aMR -
420, R r(MR)r(L+1-Mg) abMRr-1
—

aMR 1 b bafm.
6bMR]{ 75 eXp oime _ ”exp (\/éanq +g) erfc (2\/% +

e, )]} dq (4.48)

S (— DM

After solving (4.48), we get

_ pyRL(L+ 1)
42 MR P (MRIT(L + 1 — M)

oMr—1 pk oMr acim, m
v =S 0 [ ()
Va

Mp— daMr 4

am asim, m Jm
erfc (an TC> — exp <— ’; + f) erfc <TC>]

(4.49)

1 2
O'n\/_-l-% 1+ 0,\V2a

Using the similar arguments as discussed in case 1 step 6 for updation of mean of check

nodes, at (I +1) " iteration, averaging (4.49) over all the bit node degrees j is

prRI(L+ 1)

P, =
A2 T(MOI(L + 1 — My)
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st 2 [t 20

]2] daMRr-1

2] oy (|

1
n S4=
on |3t3

2 a(j— 1)mlJr1 .
1+opV2a [erfc <U" 2 >

I+1 I+1 /} 1)ml+l
ash(j 21)m + U= 1)m ) rfe(Y—m—m— ” (4.50)

exp (

Because at (I+1) " iteration mean of variable node v of degree j is mit! = (j — 1)mk+1.
4.3 Results and discussion
4.3.1 Analytical details and results

In this section, the analytical results for the LDPC-OC system have been presented. To
evaluate the performance, the system has been considered as under-loaded (i.e. when the
receivers are less than or equal to the number of interferers) and overloaded (i.e. when the
number of interferers are greater than the number of array elements). For both cases the
number of receive antennas My are taken as 3, 4, 5 and 6. For the under-loaded case the
effect of only single interferer is considered .For the over-loaded case, number of interferers
can be varying. In our case we have taken the number of interferers ‘L’ = 18. For the
irregular LDPC coded system, rate % (3, 6) has been considered with degree distribution
AMx)=0.3321x+0.3307x°+0.3372x° and p(x)=0.982x" + 0.018 x°.

4.3.1.1 Under-loaded case (when the number of interferes are less than or equal to the

number of receive antenna array elements)

For the under-loaded case, figure 4.2 and figure 4.3 show the BER results for the Uncoded —
optimum combined (UC-OC) system and LDPC-OC system for the varying receive antennas

in the presence of single interferer. For both cases, it is shown that significant diversity gain
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is achieved when the number of receive antenna increases. In table 4.2, for the LDPC coded
system, it is shown that if we increase the diversity order from 3 to 6, diversity gain is
improved by 5.5 dB at BER of 10™.

=] —e— Uncoded MR=3
—4— Uncoded MR=4 []
—&— Uncoded MR=5

—H— Uncoded MR=6 §

10° 1 I I 1 I I 1 1
0 1 3 4 3 6 7 8 9 10

SNR in dB and Interference power is 0dB

Figure 4.2: Analytical BER of uncoded-OC system having number of receive antennas
Mg =3, 4, 5, 6 and single interferer (under-loaded case)

W77

| | |
—fr—coded MR~=3
—é coded MR-
—4- coded ME-5

IR~ S G S

0!

Bit Frror Rate

1 2 3 4 5 [3 7 8 9 10
Sigmnal to noise ratio in dB

Figure 4.3: Analytical BER of LDPC-OC system having number of receive antennas

Mg =3, 4, 5, 6 and single interferer (under-loaded case).

Table 4.1: SNR required for LDPC-OC system at BER of 10™

with single interferer (under-loaded case)

SNR required in dB

Number of receive antenna Signal to Noise ratio
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Mg =3 10.1
Mg =4 7.5
Mg =5 5.9
Mg =6 4.6

Figure 4.4 shows the comparison of bit error rate for UC-OC system [54] with bit error rate
of LDPC-OC system obtained from (4.42) for number of receive antenna 5 and 6. Table 4.2
shows that at BER 107, coding gain of LDPC-OC system has an improvement of 4.7 dB over
UC-OC system when the numbers of antennas are 5 and an improvement of 4.3 dB when
number of antenna’s are 6' Therefore it is shown that the performance of LDPC-OC is much
better than the performance of UC-OC system.

—&— Uncoded MR=5
—&— Uncoded MR=6
—&— coded MR=5
| —#— coded MR=6

Bit Error rate
-
-

0 1 2 3 1 5 6 7 8 9 10
Signal to noise ratio

Figure 4.4: Analytical comparison BER of UC-OC and LDPC-OC having number of

receive antennas Mg =5, 6(under-loaded case).

Table 4.2: SNR required for UC-OC and LDPC-OC at BER of 107

with single interferer(under-loaded case)
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SNR required in dB
Number of Uncoded-optimum LDPC coded-optimum
receive combined combined
antennas
5 6.3 1.6
6 5.5 1.2

4.3.1.2 Overloaded case (when the number of interferes are greater than the number of

receive antenna array elements)

For the over-loaded case, figure 4.5 and figure 4.6 shows the BER results for the UC-OC

system and LDPC-OC system for the varying receive antenna with ‘L’=18. For both cases,

it shown that significant diversity gain is achieved .

Bit Error rate

________________________

T T L
1 —4— uncoded MR=3 §
| —— uncoded MR=4
| —+— uncoded MR=5 :
—— uncoded MR=6 ||

0 1 2 3 4

5 6 7 8 9 10

Signal to noise ratio

Figure 4.5: Analytical BER of UC-OC having number of receive antennas with
Mg =3, 4, 5, and 6(over-loaded case).

when the number of received antenna increases. In table 4.3, for the LDPC coded system, it

is shown that if we increase the diversity order from 3 to 6, diversity gain is improved 4.4 dB

at BER of 10
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Bit Error rate

—4— coded MR=3
—— coded MR=4
—+— coded MR=5

Signal to noise ratio

Figure 4.6: Analytical BER of LDPC-OC system having number of receive antennas
Mg =3, 4, 5 and 6 with ‘L.’=18(over-loaded case)

Table 4.3: SNR required for LDPC-OC system at BER of 10™

with ‘L°’=18 (over-loaded case)

SNR required in dB

Number of receive antenna

Signal to Noise ratio

Mg =3 10
Mg =4 7.8
Mg =5 6.5
Mg =6 5.6
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Bit error rate

Figure 4.7: Analytical comparison BER of OC and LDPC-OC having

__________________________

FH =—t+—uncoded MR=5 | ..._..__..__. T

uncoded MR=6
—4+— coded MR=5
—&— coded MR=6

___________________

_________________________

1 2 3 4 5 6
Signal to noise ratio

number of receive antennas Mg =5(over-loaded case)

Table 4.4: SNR required of UC-OC and LDPC-OC at BER of 107
with ‘L’= 18 (over-loaded case)

SNR required in dB
Number of Uncoded-optimum LDPC coded-optimum
receive combined combined
antennas
5 10 3
6 9 2.8

Figure 4.7 shows the comparison of bit error rate obtained for UC-OC system with bit error
rate of LDPC-OC system obtained from (4.50) for number of receive antenna 5 and 6. Table
4.4 shows that at BER 107% coding gain of LDPC-OC system has an improvement of 7 dB
over UC-OC system when the number of antenna’s are 5 and an improvement of 6.2 dB

when number of antenna’s are 6 . Therefore it is shown that the performance of LDPC-OC is

much better than the performance of UC-OC system.
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4.3.2. Simulation details and results

The performance of the proposed system is evaluated for irregular LDPC codes with the
mean column weight of 3. Soft decoding with density evolution method determines the
threshold above which the code performs well. The focus is to use Monte Carlo simulations
to demonstrate the BER performance of LDPC-optimum combined (LDPC-OC) system. The
BER is potted for different number of receive antennas (Mgr) where Mg = 2, 3 and 4. The
channel is modeled as flat Rayleigh faded with complex Gaussian distribution with mean ‘m’
= 0 and covariance matrix R and is denoted as CN(m, R). The noise is considered white. For
finding BER of BPSK, a frame consisting of 200 coded bits is sent from transmitter with all
the bits having random values 0 and 1. The results below have been obtained from 1000
independent iterations of each such frame.

At the receiver end, coded signal is received at the input of optimum combiner. Then
recovered signal is sent to the LDPC decoder. After decoding, uncoded signal which is taken
as reference signal and decoded signal is compared and BER is evaluated. Figure 4.8 shows
the BER performance of the uncoded-optimum combined (UC-OC) system with and without
the presence of interferer for Mg = 2, 3 and 4. It is shown that without interferer Mg =4
provide the best result in terms of coding gain and diversity gain. As the number of antenna
decreases, the slope of curve decreases thereby showing decrease in diversity gain. Figure 4.9
shows the normalize plot of LDPC-OC system. It is again shown that with the increase in
number of receive antennas, normalized diversity gain improves as the slope of curve
increases. It is also clear from figure 4.9 that a significant coding gain improvement is
obtained with LDPC coded system for Mg = 3 and 4 as compared to UC-OC system. In
figure 4.10 and figure 4.11 results of UC-OC system and LDPC-OC system are compared for
Mg = 3 and Mg =4 respectively. Table 4.5 shows values of BER at SNR = -9 dB. It is shown
that there is a great improvement in bit error rate with LDPC-OC scheme for Mg =3 and Mg
=4,
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Bit Error Rate

—— MR=2 without interferer ' . i | i
—¥— MR=2 for 1 interferer :
—&— MR=3 without interferer . . . . T
07 [| —+— MR=3 for 1 interferer
—B— MR=4 without interferer

MR=4 for 1 interferer
-10 9 8 a1 £ 5 4 3 2 -1
Signal to Noise Ratio n dB

Figure 4.8: BER of uncoded-optimum combined system in the presence of

Single interferer

10 - T T L L

=31 —— MR=3 LDPC Coded without interferer
—3— MR=3 LDPC Coded with interferer

i | —&— MR=4 LDPC Coded without interferer

i | =+ MR=4 LDPC Coded with interferer

107 - : T NG

Bit Error Rate

107 |

_______________

--------------------------------------------------------

................................................................................

10'3 i i i i
-10 9 8 T 6 5 4 3 2
Signal to Noise Ratio in (B

Figure 4.9: BER of normalized LDPC-optimum combined in the presence of

Single interferer
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100 F--
107"k : ; ; .| ™% MR=3 uncoded without interferer
- 2| —¥— MR=3 uncoded with interferer
SN - .| —&— MR=3 LDPC coded without interferer [|
g —+— MR=3 for LDPC coded with interferer ||
= ; ; ; ; ;
5 10°
o
@ [l
10°
10

4
A0 9 3 7 $ 5 4 3 2 A 0
Signal to Noise ratio

Figure 4.10: BER of LDPC-optimum combined and uncoded-optimum combined
system in the presence of single interfere with single Tx antenna and three Rx antenna

—+— MR=4 uncoded without interferer
2 - N —¥— MR=4 uncoded with interferer
I e R —&— MR=4 LOPC coded without interferer []
------------------------- —+— MR=4 for LDPC coded with interferer ||

Bit Error Rate
-
-

10°

Signal to Noise ratio

Figure 4.11: BER of LDPC-optimum combined and uncoded-optimum combined

system in the presence of single interfere with single Tx antenna and 4 Rx antenna
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Table 4.5: Simulation based BER performance of uncoded and LDPC coded system

At SNR = -9 dB with single interferer
Number of Uncoded LDPC coded
receive
antennas
Without With Without With
interferer interferer interferer
Interferer
3 4*10" 42*10" 3*10" 45*107
4 3.8*10" 4.1+*10" 3*10° 5*107

4.4 Conclusion

In this chapter, we have proposed and presented the analysis of low density parity check
codes with optimum combining that reduces the effect of co-channel interference. Hence
improves the overall SINR for the given system. Based on the optimal weight selection, the
received signal is combined in such a way that it not only suppress the interfering signal but
also combat the multipath fading. It has been observed through the simulation as well as
analytical results that the proposed LDPC-OC system reduces the bit error rate for a given
SNR as compared to the uncoded-OC system and able it to transmit the desired signal even
when the co-channel interference is very large (overloaded case). The results obtained shows
that simulated LDPC-OC system provides an accurate fit with analytical results obtained

(under-loaded case).
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It is a capital mistake to theorize before you have all the evidence. It biases the judgment.

-Sir Arthur Conan Doyle
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Chapter V
PERFORMANCE ANALYSIS OF LDPC CODES IN MIMO SYSTEM

This chapter extends the analysis of previous chapter of single transmit multiple receive antenna case
to the multiple transmit and multiple receive antennas case. In this analysis, concatenated system of
low density parity check codes with space time block code is considered. Tight upper bounds in terms
of bit error probability have been derived for the proposed LDPC-STBC system. While analyzing the
performance of the proposed system, it is assumed that perfect channel state information is available
at the receiver. The tightness of the bound is verified by simulation results and is useful to benchmark
the error performance of the proposed concatenated system employing sum-product decoding.

Finally analytical and simulation results have been discussed and important conclusions are drawn.

The explosion of wireless telecommunication technology has marked the end of second
millennium. The numbers of internet and mobile users have increased exponentially. With
latest high speed services available on both applications, the user of both has augmented
expectations in terms of quality of service and capacity. To increase the capacity of system, a
novel solution suggested is the use of multiple element arrays at both transmitter and
receiver. Wireless systems with multiple antenna elements at both edges are referred as
MIMO system. There are some general concepts of signal processing used with MIMO
system commonly called space time coding/space time processing. Data transmission in
space time (ST) coding system is carried out in two dimensions, the space dimension and the
time dimension, as the acronym ST suggests. The space dimension is spanned by multiple
transmit-antennas while the time dimension is spanned by multiple time intervals over which
multiple blocks are transmitted. Multiple antenna system became popular a decade ago as a
result of fundamental work of Wittneben [135], Telatar [136], Foschini [2], Foschini and
Gans [27]. But the real breakthrough came with the work of Tarokh et al.[6] in which two
code design criteria namely rank criterion and determinant criterion have been proposed for
flat fading channels with coherent receivers. The idea of proposed high-performance space-
time trellis codes is similar to idea of convolution coding in which there is a basic trellis
structure that determines the coded symbols to be transmitted from the different antenna
elements. However, these codes suffer from rather high decoding complexity. In the same

year, Alamouti proposed space-time block coding (STBC) scheme for two transmit and

79



multiple receive antennas [13] with maximum likelihood (ML) decoder having very low
complexity. Inspired by this work, Tarokh et al. generalized Alamouti’s code to multiple
transmits antennas using the theories of orthogonal and amicable designs [14]. The codes
developed in [14] are known as orthogonal STBCs (OSTBCs) and are able to provide high
performance at very low decoding complexity. Some other designs of OSTBCs have also
been recently developed in [137-139]. Among many class of codes, OSTBC’s have many
desirable properties such as OSTBC yield an orthogonal mixing matrix irrespective of
MIMO channel matrix, enables great performance analysis even for non separable
constellation. It also includes the celebrated 2x1 Alamouti code, which is implemented in
many wireless communication standards. It has already been discussed in previous chapters
that use of channel codes with MIMO system support high data rates. Further, to improve the
quality of service that leads to improved link reliability, the channel coding is one of the
effective way of achieving it. While the space time coding is two dimensional, channel
coding relies on one dimension block of transmission with single antenna. Space time block
codes proposed by Alamouti provide only the diversity gain and the channel coding provides
the coding gain. Therefore to take the advantage of both gains, a concatenated system is
proposed. In the previous chapter, we have evaluated the performance of LDPC codes in the
SIMO system. In this chapter, we extend the analysis of LDPC codes to STBC based MIMO
system. The system model for the proposed concatenated LDPC-STBC system is discussed

in the next section.

5.1 System Model of concatenated LDPC-STBC system

Consider a LDPC coded MIMO system with M, transmit antennas and My receive antennas
that is illustrated in Fig 5.1. Assume the information bit stream u of k; information bits are
encoded into LDPC binary codeword, c=(c; C;Cs......c;) of length [. The modulator adopts a
constellation of size 2, where k;, depends on the modulation (e.g. for BPSK, k, =2). Thus the
length of sequences after modulation is [ /k, symbols and given by s = (s; s, 53 ... ... S1/ky)-
Each group of modulated symbol s is fed to STBC encoder at each time index t and
generates a codeword U of size [M; X D]. The outer codeword ¢ is mapped into space time
block U = [U[l]U [2]..... U[D]], where D is the frame length which is transmitted over Mt

antennas.
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Figure 5.1: System model of concatenated LDPC-STBC system

The channel is assumed to be 11D Gaussian with quasi-static flat fading with each entry of

channel matrix characterized as CN(0,I). The received signal u; at j™ antenna can be

represented as

/ E M
uj, = N; Yioi hijug g, A1) (5.1)

where k=1,2.... D, j=12.... My and h;; denotes the complex Gaussian channel
coefficients between i** transmit and j*"receive antennas. u;  is the transmitted signal from
antenna i for k" frame and u; , is the received signal from antenna j for k*" frame.

The input-output relationship can be written in the matrix form as

U = f HU+ N, (5.2)
NoMT

where U' =[u'[1]u'[2]........ u'[D]] and N = [n[1] n[2]......... n[D]] are the matrices
of size [M, X D]. Es is the total average energy available at the transmitter over a symbol
period, H is the [M; X My] channel transfer function and N is the ZMCSCG distributed

noise with covariance matrix [N I, ].
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5.2 Pair wise error probability of concatenated system with upper bounds

Assume that receiver has perfect channel state information available; the optimal decision
rule minimizing the probability of error is given as [140]

U = arg miny P(U/U’, H)). (5.3)
For a given transmiited matrix and set of channel coeffiecnts, elements of received martix
are jointly Gaussian since noise is white and Gaussian. As, the likelihood function is
proportional to the squared Euclidean distance between the received matrix and transmitted
matrix multiplied by channel coofficient matrix, the optimal decoding rule results in

2
U = arg miny ”U’— Es UH” , (5.4)

NoMT
where || .]|? denotes the Frobenius norm of matrix. Clearly , the resulting decision rule can
also be written as

2
u';j(k) — = Zﬁrl h;ju;(k) (5.5)

NoMr

= . M
U = argminy 32, 5%

Assume that two space-time block code-words are given by U1 and U2. The pairwise error
probability P(U1 — U?2) is the probability that the received signal vector is closer to the
erroneous codeword U2 given that the codeword U1l is transmitted. Conditioned on the

instantaneous channel realization, the pair wise error probability is given by [141]

2 2
i ES ! ES
P(U; - U,/H) = P(HU — /NOMT U1H|| > ||U s U2H” ) (5.6)
where U’= |22 U.H + N. This can equivalently written as

oMT

P(U; - Uy/H) = P (||N||2 > v - \/%x”z) 5.7)

where X = (U, — U,)H.

Writing the argument of the probability expression, we have

n(0) = [rr (D)

)- (5.8)

P(U; > Uy/H) =P (Zé:127§1|nj(t)|2 > Z£=127=Rl
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Where x;(t) is the (t, j)th element of matrix X . Solving the R.H.S of (5.8) and cancelling

the common terms, we get

P(Us ~ Uz /H) = P(Zher I)%, 2 Re(( () m(0} > Bhey )% [ |50°) (59)

Assuming the noise is Gaussian with zero mean and % variance, the L.H.S of (5.9) is

Gaussian random variable with mean zero and variance 2| X||?. Therefore we obtain [141]

P(U; - Uy/H) = Q/(p/2Mp)IIXII,

E
where p = N—S
o}

(5.10)

Writing the argument of the probability expression, the PEP between (U4, U,) can be given

as [140, eq 6.5]

Mt 2 2
Yy ki (uye—uay)

2*M7,No

Es T, ¥R
P(Uy - Uy/H) =Q j — =

M M 2
where th=1 Zj:Rl i=T1 h%,i,j(ul,t - uZ,t) = ||HWU, - U2)||12.~ :

The upper bound on PEP can be found using Chernoff bound given by

Applying the chernoff bound to (5.11)

MR oMt ;2 2
j=1 Zi=1 ht,i,j(ul,t_uz,t)
4MTNg

<Es D)
P(Uy- Uy/H) < %e
Simplifying (5.13) we get

_—P_ MR MT hZ.. _ 2
P(Uy—- Uy/H) < él_[l:l e(‘*MT Zjer Zim g (Ure—z.e) )
P 2 M M
Leé? = pyvm (1 —up,) and 378 30 b2 = Z,

14i=1""tij —

P(Uy~ Up/H) < JTTiy 520
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RVs Z; are independent and have chi square distribution each with 2M;M, degree of

freedom and the probability density function is given by [99]

f2(2) = ———— e~% z)/TMR™! (5.15)

(MrMg—1)! t

Generalized unconditional PEP for proposed system can be written as

P(U; - Up) = [ P(uy, » uy|H) fr(2,) d 2, (5.16)
Putting (5.14) and (5.15) into (5.16)

oo 1 _ 1 -
P(Uy > Uy) < [y STlize 5 2 o € z/™" dg, (5.17)
1 © 2 MTMRp—-1
< sy izt Jy e 7 Cexz™e " dg, (5.18)
Put Z,(&2 + 1) = Q, into (5.18)
1 ! © o L MtMp-1
= 2MpMg-1)! 11t=1 fo € t(ft2+1) Q. (5.19)
The Gamma function is defined as
[ eCe (QMTMR-1dQ, = T(MyMpg) = (M7 My — 1)! (5.20)
Using Gamma function, (5.19) will be written as
1 l (MTMp-1)!
PUL - Up) < 2(MpMp—1)! 1= (£241)MTMR (5.21)
Putting the value of &7, (5.21) becomes
P(U; - Up) <2 [Tk —— (5.22)
(ﬁ(ul_t—uzt) +1)
1 2 —MTMR
PSTBC = P(Uy - U,) < > [}, (ﬁ (g —uy,) + 1)
—IMTMR
T, _ 2
< 2 (4MT (U1 - U)? +1) (5.23)
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Equation (5.23) represents the PEP of inner STBC of one codeword ‘S’. Since U=[U[1],U
[2]...... U [D]] has independent ‘D’ code-words, the total PEP of inner code word is given

by
P(U - U") = [15-, PSTE¢(Uyq — Uzq) (5.24)

Since all ‘D’ received vector symbols in the codeword may be stacked together, we may

calculate the PEP of outer coder as
! ! 1 2 _
P(c—>¢)<PWU~U)=: 13- (ﬁ |(Uya —Uza)|” +1) lMTMR) (5.25)

5.3 Results and discussion
5.3.1 Analytical details and Results

We first verify the effectiveness of the derived upper bounds for the concatenated LDPC-
STBC system by plotting the bit error rate with variation in SNR. The number of transmit
antennas are taken a 2 and receive antennas are taken as 3 and 4. The results are plotted for
SNR varying from 1 dB to 10 dB. Figure 5.2 presents the plot of analytical results for the
varying number of receive antenna. As shown in table 5.1, increased diversity order requires

less SNR at a given bit error rate.

T n
22 —— Bounds Mr=3
~| —©— Bounds Mi=4 [|

______________________________________

Bit error rate

P I T S U A N S N S

Signal to noise ratio

Figure 5.2: Analytical results of concatenated LDPC-STBC scheme for varying

receive antenna.
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Table 5.1: SNR required (in dB) by concatenated LDPC-STBC system

for varying receive antenna’s at at BER of 10"

Number of receive antennas Signal to Noise ratio(dB)
(Mg)
3 4
4 2.8

5.3.2. Simulation Details and Results

In the considered model, a quasi-static MIMO fading channel model is assumed. Further it is
also assumed that the channel remains static during ‘D’ blocks of transmitted data and
changes independently from one block to another block. The results are evaluated for
randomly generated LDPC (200,100) codes with Log Domain Sum-Product decoding
algorithm. Distance spectrum for LDPC codes is calculated according to method given in
[21]. To evaluate the BER, a block consisting of 100 frames is fed to LDPC encoder. The
results have been obtained from 1000 independent iterations of each frame, for each value of
SNR. The LDPC encoded signal is mapped into space and time domain creating orthogonal
sequences that are transmitted from different antennas as a STBC signal. Simulations results
for the proposed concatenated STBC-LDPC system have been obtained for two transmit and
three receive antennas. The channel is considered as flat Rayleigh faded and Rician faded.
The channels are modelled as complex Gaussian distributions with a mean m and covariance
matrix R i.e CN(m, R). In Rayleigh faded channels m = 0, and for Rician faded channels
the mean m is sum of the power in the line-of-sight and the local-mean scattered power i.e.
R =1 (Where 1 is identity matrix) for both Rayleigh as well as Rician faded environments.
The noise considered as additive is modelled as a circular symmetric complex Gaussian
random variable with mean 0 and variance 1 i.e. CN(0,I). Figure 5.3 shows the plot of the
bit error rate for MPSK and QAM modulation schemes in Rayleigh and Rician faded
environments. A normalized comparison of LDPC-STBC system is shown in figure 5.4. It is

shown that QAM techniques in rician faded environment outperform other modulation
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schemes. The input SNR required for various constellations of PSK and QAM modulations at

a BER of 5 x 107 is given in Table 5.2.

—F— Ricermaht
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------- Rice(3PSHK)
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Figure 5.3: Comparison of BER of concatenated LDPC-STBC system in Rayleigh
and Rician fading for different modulation schemes
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Figure 5.4: Normalized comparison of BER of concatenated LDPC-STBC system in
Rayleigh and Rician fading for different modulation schemes
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Table 5.2: SNR required for concatenated LDPC-STBC system for different
modulation techniques in NLOS and LOS environments at BER of 5x 10"

SNR Required(in dB)
Modulation scheme Rayleigh fading Rician Fading
QAM -0.9 -5.2
BPSK 14 -3
QPSK 13.8 -2
8-PSK >20 14.1
16-PSK >21 20

5.3.3. Comparison of analytical results with upper bounds

In this section we compared derived upper bounds and simulation results of the concatenated
LDPC-STBC system, assuming perfect channel estimation available at the receiver end. In
figure 5.5 and table 5.3, the derived bound as in (5.25) shows close match with simulated
results when we adopt Mt=2 and Mr=3 or 4. It is clear from the figure that all the curves

have the same slope at high SNR, suggesting that they have same diversity order MtMgL.

Analytical results using Chernoff bound closely match with the simulated results.

Bit error rate
=
=

H —+— Bounds Mr=3
Simulations Mr=3
| —&— Bounds M=4 i
O Simulations Mr=4

0 1

Figure 5.5: Comparison of simulation with upper bounds of LDPC —-STBC scheme
with Mt=2, Mr=3and 4

2 3 4

Signal to noise ratio
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Table 5.3 : Comparison of SNR required for concatenated LDPC-STBC system for

varying receive antenna’s with simulation results at BER of 1 x 10

Number of SNR required (in dB)
receive for concatenated LDPC-STBC system
antenna’s(Mg)
Simulated Analytical
3 5 6.8
4 1 2

5.4 Conclusion

In this chapter, we have presented a simple serially concatenated structure consisting of
LDPC and STBC codes. The proposed scheme is evaluated for various modulations in
different fading environment for varying receive antennas. As the channel codes provide the
coding gain, it is found that, a significant diversity gain is also achieved with the employment
of STBC codes. The analytical bound for the suggested system also presented to verify our
simulation results.

As the system become more complex with the increase in the deployed receive antennas,
therefore the concept of antenna selection has been introduced with concatenated LDPC-
STBC system which will be discussed in chapter 6. The suggested system reduces the overall

complexity, achieves significant diversity gain and substantial coding gain.
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The way towards truth is strewn with errors.

Who does not make them, who does not touch them,
does not fight with them and finally doesn’t obviate them
with his own forces, does not reach the truth.

-Constantin Tsatsos
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Chapter VI
PERFORMANCE ANALYSIS OF LDPC CODES IN MIMO SYSTEM
WITH ANTENNA SELECTION

This chapter extends the performance analysis of concatenated LDPC-STBC system with
receive antenna selection. The proposed system is equipped with multiple antennas at
transmitter as well as at the receiver end. Proposed research work mainly deals with
selection of best receive antennas L, from available Mg receive antennas. The first part of
chapter give a brief overview on the antenna selection along with various antenna selection
algorithms reported in literature .The tight upper bounds for the bit error probability for the
concatenated system with receive antenna selection have been derived. The tightness of the
bound is verified by simulation results and is useful to benchmark the error performance of
the proposed concatenated system with antenna selection. Finally analytical and simulation

results have been discussed. The conclusions are given in the last section
6.1 Introduction to antenna selection system

Regardless of the use as diversity or spatial multiplexing system, the main drawback of any
MIMO system is the increased complexity, and thus cost. While additional antenna elements
(patch or dipole antennas) are usually inexpensive, and digital signal processing becomes
ever cheaper, the RF elements are expensive. Each RF element requires its own hardware
(Power amplifiers, low noise amplifiers, analog to digital converter etc.) as shown in figure
(6.1). Due to this reason there is now great interest in antenna selection schemes [36] by
which best selected L/L, out of M{/Mg antennas are chosen. It often makes better sense to
employ a few down conversion chains along with a cross bar switch to chose best antennas
from available antennas that reduces the number of required RF chains from M+/Mg to Li/L.,.
Thus Antenna selection provides a new form of diversity in MIMO systems with low cost
and relatively small overhead increase while keeping the most of benefits of MIMO system.
In many scenarios, judicious antenna selection may incur little or no loss in system
performance, while significantly reducing system cost. Although it is argued that, by

Moore’s Law, and deployment of new efficient design architectures (e.g. the direct-
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conversion technique), the cost of RF chains may be reduced to the same magnitude as
antenna elements in the near future. Antenna selection is still beneficial in improving the
system performance, since it is operated in the RF domain, and essentially does not interfere
with any other performance-enhancement techniques. In other words, antenna selection is not
proposed as an alternative, but rather as an enhancement to other advanced processing (e.g.
the transmit beam forming), to achieve better performances. Antenna selection can be
performed at the transmitter, at the receiver, or at both ends simultaneously.

j — Signal

/ T Fading and noise R E Chain processing
and
R F Chain 2

Signal
processing
and
Coding

decoding

Figure 6.1: Transmit antenna selection [142]

Transmit antenna selection (TAS) requires a feedback path from the receiver to the
transmitter (Fig. 6.1). This feedback rate is rather small, especially for single antenna
selection. To study multiple transmit antenna selection; assume that there are M, antennas at
the transmitter, and one antenna at the receiver. At the transmitter, we only choose best L;
antennas from a subset of M; transmit antennas for transmission. For selecting best L;
antennas, let the channel power gain, hy, associated with k" transmitting antenna.

|2

hy =30 |, 1<k <M, (6.1)

The random variables h,, are rearranged in an ascending order of magnitude and denoted by
hy<h, <. < hMT (6.2)

The Mr transmit antennas corresponding to {hy,- - -, hy,_;.+1} Will be selected for
transmission. Equivalently, out of M, the subset choses L; antennas that maximize the total
received power will be selected. The main advantages of an (M, Li; Mg) TAS system is that

it can achieve a full diversity order of MMy. Along with that, the decoding complexity is the
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same as that of the (M;My) baseline system. In general, an (M, Li; Mg) TAS system has
significant SNR advantage over an (M, , Mg) system.
Similar to transmitter antenna selection, receive antenna selection as shown in figure (6.2)

chooses best subset of the total number of Mg receive antennas. The received SNR (y4.;) IS

Vsel = Max; |hj|2;

where h; is the jt" element of h and corresponding to the channel between the single

transmit and j¢" receive antenna.

process ing S f Fadirg and neise . % R | prmaf;mg E:>
Coding Decoding
1T/ .
1
i

Figure 6.2: Receive antenna selection[142]

The antenna selection technique can be applied simultaneously both to the transmitter and
receiver (Fig. 6.3). In this scenario, there are M, transmitting and Mg receive antennas. The
transmit and receive side will select L; and L, RF chains, respectively. Denote the overall
Mgrx M, channel matrix by H, and the L, xL; channel matrix representing the selected

antennas by H. The SNR of the equivalent channel is proportional to the Frobenius norm of

the selected channel matrix ||H||* = X;|h;|* - Therefore, joint transmit/receive selection
strategies must choose a subset of the rows and columns of H to maximize the sum of the
squared magnitudes of transmit-receive channel gains. This is not an easy task; for example,
successively choosing the best receivers and then the best transmitters will not necessarily

result in an overall optimal choice.

In this thesis we have considered receive antenna selection (for increasing the SNR of
received signal) based on the power of received signals. Suppose there are two rows of H
which are identical since both have the same information, we can delete any row without

losing any information.
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Figure 6.3: Antenna selection in MIMO [142]

If both have different powers, we delete the row with the lowest power. In this manner we
can have the channel matrix whose rows have minimum correlation and have maximum

power.
6.2 Antenna selection algorithm

For selecting the antennas, there are two main antenna selection criteria includes the
maximization of the channel capacity and maximization of the received signal-to-noise ratio.
To increase both parameters, MIMO framework allows wide range of selection algorithms
that provide the full diversity order. Existing literature includes many antenna selection
algorithms [143] for transmit and/or receive antennas. The following section provides a brief

review on a various antenna subset selection algorithm.

¢ Capacity optimization method
In this method it is assumed that transmitter has no channel knowledge, hence transmitter
power is distributed equally among all transmitter antennas to maximize the channel
capacity. Thus the instantaneous capacity using all available transmit and receive antennas
is given by
C = log,det (I, + MLT HYH),
where p represents average signal to noise energy per receive antenna.
Assuming antenna selection is performed at the receiver side and the receiver has the
perfect channel knowledge so that the capacity of H is given as [141]

C(H) = log,det (I, + MLT HY.H) (6.3)
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The optimal set of receive antenna should be chosen so as to maximize the capacity of
resultant system.

Singular Value based

This method of antenna selection based on the knowledge of minimum and maximum
singular-values of the MIMO channel matrix. The singular value is calculated by singular
value of decomposition of matrix H” H.

HYH = UZVH, (6.4)
where U and VH(conjugate transpose) are the complex unitary matrices and X is the
diagonal matrix with non negative real number on the diagonal.

There are two methods that use of singular value decomposition techniques for the antenna
selection. The first method is based on the maximum of minimum singular value [144],
given as

r = arg max,.g min; 4;, (6.5)
where r is one element from the set R={1,2,3....Mr} if selecting one antenna out of
available M, antennas, A; is the i*" singular-value of sub-matrix (Hft,MTH X Hi, ) The
selection of r is done by searching for channel sub matrix which has minimum singular
values of all subset of H of (M, X My).

Second method is based on the maximum ratio of minimum singular value and maximum

singular value, given as

TTLL'TLL' )LL'

= argmaxee -

The complexity of second method is slightly higher than first method because it requires
the calculation of two singular-values for each subset combination.
Norm based

This method select the antenna based on the maximum Frobenius norm of H which is the
sum of square of amplitude of the elements of H. This method maximizes the signal to
noise ratio and minimizes the instantaneous probability of error at the receiver. The norm
based method is widely used because of low computational complexity [145]. This method
calculates the Frobenius norm of all rows of H and select that subset which has maximum

norm. The resulting sub channel matrix would contain L./L, antennas out of M /My row
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of corresponding H. For receive antenna selection, Frobenius norm of the sub channel

matrix is given as
nﬂgﬁm = ZQ/I:TOHHMRI“F’ (66)

where H, . is the My " row of channel matrix H. and the antenna subset is calculated as

Ly M
Thorm = arg max, ZrM(Rz)r@) no?m

It is shown [145] that in the common wireless conditions norm based antenna selection

method is less complex and gives better performance. In the work of concatenated LDPC-

STBC system, we are using norm based antenna selection method.

6.3 System Model of concatenated LDPC-STBC system with antenna selection

In the proposed work, we are considering the same model developed in chapter 5. The
system model consists of M, transmit antennas and My receive antennas. The channel is

assumed to be flat faded and time invariant. The signal is modeled as

y=Hx+n, (6.7)
where y = [yl, V2 eeever e e ...yMR]Tas (Mg x 1) vector corresponding to signal received at
My antennas and x = [51,52 ...............sMT]Tcorresponds to (M; x 1) symbol vector
transmitted from M, transmit antennas, n= [nl,nz ...nMR]T is AWGN noise with

mean zero and variance ¥z per dimension and H is (M X M) channel matrix. The channel
is considered as Rayleigh Faded i.i.d channel whose entries are i.i.d zero mean circular
Gaussian random variable with variance one. The perfect channel state information is
assumed to available at the receiver. Hence for a given channel L, out of M and L, out of

My antennas are selected and used for transmission and reception respectively.

6.4 Upper bounds on Pair wise error probability of concatenated system with antenna

selection

In this section we derive an upper bound on the pair wise error probability of concatenated
coding scheme with receive antenna selection. This is the case when the receiver uses only L

antennas out of My receiving antennas (where 1< L, < My). Here norm based antenna
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selection is considered. The chosen subset is based on the maximum Frobenius norm at the
receiver. We consider that the sum of the largest L, out of Mz non negative numbers is

always equal to and greater than the average of these M, multiplied by L,., so we have [99]
L?" M MT 2
3 g1 Dy hEi = 2 Ziz1hiij (6.8)

When the receiver selects the best L, antennas, the conditional pair-wise probability that the

receiver will select the U, over U; conditioned on channel H can be upper bounded as [140]

2
sLr Zt 12 2 h%’i’j(ul,t_uz,t)
2MTMRNy

P(U;-> U/H) =Q j (6.9)

Applying chern-off bound given in (5.12) to (6.9)

M M
Eerzt 12 RZ Th%l}(ult uZt)
AMTMRNg

P(U; > U,/H) < %e—<

Simplifying above equation, we get

—pPLyr MR MT _
P(Ul N Uz/H) t_ e(‘l'MTMRZ Z tlj(ult uZt) )' (6.10)

where p = 2% Putting ?= ﬁ(u L —Uy,) and SR ST R = Z,

Considering RVs Z; are independent and have chi square distribution each with 2M My
degree of freedom and the probability density function is given by (5.15). Putting the value
of pdf from (5.15) into (6.10) for finding unconditional PEP, we get

oo 1 — 1 -
P(U; - Uy) < fO > l -1€ L MM Zt ZMTMR 1 d Z; (6.11)
1 © -
< sy Himr Jy e Cex0z ™ dg, (6.12)
Putting Z.(? + 1) = Y, into (6.12)
1 ! © _y Y MtMp-1
PWI=Us) < s i e (57) 613)
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Using the similar approach in solving (5.22), (6.13) reduces to

1

1
<4MTMR(u1‘t_u2‘t) +1)
RAS 1t pLy 2 MR
PRAS = P(Uy > Up) <5 They (o (e —u30)" + 1) (6.15)

Again assuming, since U=[U[1],U [2]...... U [D]] are independent then the total PEP of

inner space time code word with antenna selection
P(U-U) = dD=1PRAS(U11d 5 Uz,d) (6.16)

Since all ‘D’ received vector symbols in the codeword may be stacked together, we may

calculated the PEP of outer coder with antenna selection as

P(c>c) S P(U - U =: 218, (S22 |(Uya > Upa)|” + D7) (6.17)

AMTMR

If we set L, = My the bound in the above expression reduce to ‘the pair wise error
probability for the full complexity system that is when the receiver uses all the available
antenna

2
P(c—¢) < P(U-U) =: 1115, (# (V14 = Upa)|” + 1)7tMrMR) (6.18)
By comparing equation (6.17) and (6.18) it is clear that the diversity order is maintained with

antenna selection but loss in the coding gain which is upper bounded by 10 log;o Mg/L; dB
6.5 Results and discussion
6.5.1 Analytical details and Results

We first verify the effectiveness of the derived upper bounds for the concatenated LDPC-
STBC system with antenna selection by plotting the bit error rate with variation in SNR. The
number of transmit antennas are taken a 2 and receive antennas are taken as 3 and 4 for
varying selected antennas. The results are plotted for SNR varying from 1 dB to 10 dB.

Figure 6.4 and figure 6.5 presents the analytical results for the bit error rate performance for
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varying number of selected antenna. As shown in table 6.1, increased diversity order requires

less SNR at a given bit error rate.

Bit error rate

5
0 1 2 3 4 5 6 7 8 9 10
Sianal to noise ratio

Figure 6.4: BER for LDPC-STBC with antenna selection for Mt=2 Mg=3, L=1, 2, 3

Bit error rate

Signal to noise ratio

Figure 6.5: BER for LDPC-STBC with antenna selection for Mt=2 Mg=4,
L=1,2,3and 4
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Table 6.1: SNR required for concatenated LDPC-STBC system for varying selected

antenna’s at BER 1 x 107

Selected antennas SNR Required (in dB) SNR Required (in dB)
(Lr) (M1=2 Mg=3) (M1=2 Mr=4)
1 9.6 94
2 6.6 6.5
3 4.9 4.6
4 NA 3.4

6.5.2 Simulation Results

In this section, we have presented the simulation results of the concatenated LDPC-STBC
system with antenna selection. It is assumed that perfect channel state information is
available at the receiver end. For simulations a quasi-static MIMO fading channel model is
assumed. Further it is also assumed that the channel remains static during ‘D’ blocks of
transmitted data and changes independently from one block to another block. A norm based
antenna selection is done at the receiver end. The simulation results are evaluated for
randomly generated LDPC (200,100) codes with Log Domain Sum-Product decoding
algorithm. Distance spectrum for LDPC codes is calculated according to method given in
[21]. To evaluate the BER, a block consisting of 100 frames is fed to LDPC encoder. The
LDPC encoded signal is mapped into space and time domain creating orthogonal sequences
that are transmitted from different antennas as a STBC signal. The modulation is assumed to
be BPSK. Figure 6.6 and Figure 6.7 shows the comparison of proposed system for MPSK
and MQAM techniques in I.1.D Quasi static Rayleigh fading channel. Table 6.2 and
Table 6.3 shows that BPSK and QAM outperform other modulation schemes.
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Figure 6.6: Comparison of LDPC-STBC with antenna selection for MPSK modulation
on I.1.D Quasi static Rayleigh fading channel

Table 6.2 : SNR required for concatenated LDPC-STBC system with antenna selection
for MPSK modulation techniques with varying value of ‘M’ on LL.D Quasi
static Rayleigh fading channel at BER of 9 x 10™

SNR Required (in dB)

Modulation scheme(M) (Mr=2 Mr=4, L,=2)
BPSK, M=2 -18
QPSK, M=4 -14
8-PSK, M=8 -7.5
16-PSK, M=16 )
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Figure 6.7: Comparison of LDPC-STBC with antenna selection for MQAM modulation
on I.1.D Quasi static Rayleigh fading channel

Table 6.3: SNR required for concatenated LDPC-STBC system with antenna selection
for MQAM modulation techniques with varying value of ‘M’ on L.I.D Quasi
static Rayleigh fading channel at BER of 1 x 104

SNR Required (in dB)

Modulation scheme(M) (M=2 Mr=4, L,=2)
QAM, M=4 18
8QAM, M=8 16
16 QAM,, M=16 >-2

6.5.3. Comparison of analytical results with simulation results

In this section we compare the derived upper bounds and simulated results of the
concatenated LDPC-STBC system with antenna selection for BPSK modulation technique.

The comparison of derived upper bounds of concatenated system and simulated results, with
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antenna selection is shown in figure (6.8) for the case of Mt=2, Mg =3 and L, =1, 2 and 3. It
is again clear that diversity order is maintained with antenna selection as the curves have the
same slope at high SNR, which revalidates with our analytical results derived in (6.17).
Moreover loss in SNR due to antenna selection for L,=1 and L,=2 are 5.3 dB and 3.3 dB at
BER of 10" as compared to the case when L, = 3 i.e. no antenna selection is used. Also it is
clear from the figure that gap between upper bounds and simulations gets smaller as L,
approaches Mg due to the fact that the approximation (6.8) becomes more accurate as L
increases. By comparing equation (6.17) and (6.18) it is clear that the diversity order is
maintained with antenna selection but loss in the coding gain which is upper bounded by 10
logio MR/L, dB. Table 6.4 provides the signal to noise ratio required for various selected

antennas.

Bit error rate
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A simulation Lr=1
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Figure 6.8: Comparison of simulation with upper bounds of LDPC-STBC scheme with

antenna selection when M+=2, Mg=3 and Lr=1,2 and 3
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Table 6.4: Comparison of analytical SNR required for concatenated LDPC-STBC
system for varying selected antennas with simulation results

SNR Required in dB at BER of 1 x 10™
Number of selected Concatenated LDPC-STBC system with antenna
antenna’s(L,) selection M+=2 Mg=3
Simulated Analytical
1 8.9 9.6
2 5.6 6.6
3 3 4.7

6.6 Conclusion

We have investigated the performance of LDPC-STBC concatenated system with antenna
selection in this chapter. We have considered the case when the fading is i.i.d. and receiver
has the perfect CSI. Antenna selection based on received signal power is performed only at
the receiver. We have shown analytically that the diversity gain does not change with
antenna selection and therefore we can exploit the full diversity advantage promised by the
MIMO system that uses all available antenna elements, provided that the space-time code
employed has full spatial diversity. The upper bound of concatenated LDPC-STBC system,
with norm based receive antenna selection, is derived using Chernoff bound. The upper
bound for BER of orthogonal space time block coded system concatenated with LDPC codes,
with selection has been analyzed and simulated for various modulation techniques in
Rayleigh fading environment. With the proposed scheme the diversity order is maintained

with antenna selection, but loss in the coding gain is upper bounded by 10 logio Mr/L, dB.
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Chapter VII
CONCLUSION AND FUTURE SCOPE

7.1. Conclusion

Wireless communication using multiple-input multiple-output (MIMO) systems enables
increased spectral efficiency for a given total transmit power. Increased capacity is achieved
by introducing additional spatial channels that are exploited by using space-time coding.
MIMO systems are a natural extension of developments in antenna array communication.
The main advantages of multiple receive antenna is increase in gain and spatial diversity.
MIMO systems provide a number of advantages over single-antenna-to-single-antenna
communication. Sensitivity to fading is reduced by the spatial diversity provided by multiple
spatial paths. Under certain environmental conditions, the power requirements associated
with high spectral-efficiency communication can be significantly reduced. Although STBC
scheme provides diversity gain but does not provide coding gain. Hence LDPC codes are

concatenated with space time block codes.

The thesis is mainly devoted to the analysis of a bandwidth efficient communication scheme
based on irregular LDPC codes in SIMO and MIMO system.

The first part research reported in this dissertation has been looked into the challenges posed
by co-channel interference in SIMO system. In chapter 4, proposed LDPC-OC system was
investigated for varying receive antennas in the presence of interference. The optimum
combining based on optimal weight selection to improve the overall signal to interference
plus noise ratio (SINR). The proposed algorithm is investigated for simulation and analytical
based channels. We also extend our analysis to investigate the performance for single
interferer in Independent Identically Distributed Fading and multiple interferers for under
loaded and overloaded cases respectively. The tools of density evolution with iterative sum
product decoder have been used to optimize irregular LDPC codes and to compute minimum
operational signal-to-noise ratios for MIMO fading channels. With the assumption that full
channel state information is available at receiver end, it was shown that the LDPC-OC

system significantly reduces the SNR required in various fading channels even when the
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number of interferers is very large. Upper bound expressions for the probability of bit error
are derived using hypergeometric functions are derived. Theoretical results are demonstrated

by Monte Carlo simulations.

In chapter 5, we have shown that serial concatenation of low density parity check codes and
space time block codes performs well in Rayleigh, Rician fading channels. We have shown
on the quasi-static fading channel full diversity can be achieved and an increase in coding
gain results from the concatenation. This scheme is modulated using different various
modulation schemes. It is shown through simulation results that QAM achieves best bit
error rate performance when compared with other schemes. The system is scalable in terms
of the number of transmit as well as receive antennas.

We have derived the upper bounds for concatenated LDPC-STBC system for varying
number of receive antennas. It is shown that LDPC codes provide significant coding gain and
STBC provides the diversity gain. In general, the performance of the proposed codes will
improve with increase in the length, as compared to other concatenated schemes
(Convolution code, Reed-Solomon code). Therefore, the proposed scheme will offer higher
advantage as the length of the code words increases.

In chapter 6, we investigated concatenated LDPC-STBC system based on antenna selection
for a MIMO wireless system. We considered the case when the fading is independent and
identically distributed, the receiver has the full CSI and antenna selection (based on received
signal power) is performed only at the receiver. We have analytically shown that the
diversity gain does not change and hence, we can exploit the full diversity advantage
promised by the MIMO system that uses all available antenna elements, provided that the
space-time code employed has full spatial diversity. For the proposed concatenated system
with antenna selection, we have shown that the coding gain with antenna selection
deteriorates significantly compared to the full-complexity one. Furthermore, we computed
tighter upper bounds in closed form. We have also compared simulation results and

observed that the results are in agreement with the theoretical analysis.
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7.2. Future work

Chapter 1V discussed the problem of co-channel interference in wireless scenario. Therefore
it is shown that a optimum combining scheme with LDPC coded system achieves a best
results in terms of bit error rate even. We showed in the same chapter that performance of the
proposed system is optimum a) when there is single interferer b) when the number of
interferers are very large, over the flat Rayleigh channel model, in which a desired signal
competes with CCI. The case treated in this thesis is mainly that of equal-power interferers.
In a typical cellular mobile radio signal environment, there will be several interfering signals
whose power is close to that of the desired signal, and numerous interfering signals whose
power is much less than that of the desired signal [3]. When the number of interferers
exceeds the number of antenna elements, the array is unable to cancel every interfering
signal. A moderate increase in SINR at the output of the antenna array can result in a
significant increase in system capacity. This implies that the presented work can be extended
for the unequal power interferers various fading channel, particularly correlated channels in

which the adjoining array element can also act as one of the interferer.

Chapters 5 and 6 of this thesis studied the bandwidth-efficient LDPC coded MIMO
communication systems with/without antenna selection, where the space diversity and time
diversity are emphasized. Further studies can be carried out with frequency diversity
techniques, i.e., using multi-carrier techniques such as orthogonal frequency division
multiplexing (OFDM). These techniques have proved to have immunity to impulse noise and

fading.

Another important future area of work is concatenation of LDPC with golden space time
block codes which are recently developed as optimal space time block codes with full rate

and full diversity gain.

The practical implementation of the bandwidth-efficient LDPC coded communication
systems in hardware is also a natural topic for further studies. The hardware implementation
of these systems can be implantation on the MIMO test bed or on the software defined radio
(SDR) systems. Software Defined Radio (SDR) system is a useful and adaptable future-proof

solution to cover both existing and emerging standards, it provides elements with re-
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configurability, intelligence and software programmable hardware. In addition, the emerging
user requirements on reconfigurable mobile systems and networks are paving the way for the
introduction of re-configurability in future mobile systems. The SDR implementation of
encoder/decoder algorithms is becoming more suitable for high-speed real-time applications

because SDR system uses both DSP processor and FPGA process to compute the result.

108



REFERENCES

G. Foschini and M. Gans, “On limits of wireless communication in a fading
environment when using multiple antennas,” Wireless Pers. Comm., Vol. 6, Mar. 1998,
pp. 311-335.

M. Simon and M.-S. Alouini, “Digital Communication over Fading Channels: A
Unified Approach to Performance Analysis”. Wiley and sons, Edition 2000.

Jack H. Winters. “Optimum Combining in Digital Mobile Radio with Co -channel
Interference”, |IEEE journal on selected areas in communication, VVol.2, No.4, Jul. 1984,
pp. 528-539.

Amit Shah and Alexander M. Haimovich, ‘“Performance Analysis of Optimum
Combining in Wireless Communications with Rayleigh Fading and Co-channel
Interference”, IEEE Transactions on Communications, Vol. 46, No. 4, April. 1998,
pp.473-479.

Amit Shah and Alexander M. Haimovich, “Performance analysis of maximal ratio
combining and comparison with optimum combining for mobile radio communications
with co-channel interference”, IEEE Transactions on Vehicular Technology,
Vol. 49, No. 4 ,July. 2000, pp. 1454 — 1463

V. Tarokh, N. Seshadri, and A. Calderbank, “Space-time codes for high data rate
wireless communications: Performance criterion,” Proc. Of IEEE international Conf. on
Communications, Montreal, QB, Canada, Vol.1, Jun.1997, pp. 299-303.

N. Seshadri, V. Tarokh, and A. Calderbank, “Space-time codes for wireless
communications: Code construction,” in Proc. IEEE Vehicular Technolgy Conf.,
Phoenix, AZ, Vol.2, May. 1997, pp. 637-641.

V. Tarokh, N. Seshadri, and A. Calderbank, “Space-time codes for high data rate
wireless communication: Performance criterion and code construction,” IEEE Trans.
Inform. Theory, Vol. 44, No.2, Mar. 1998, pp. 744-765.

V. Tarokh, A. Naguib, N. Seshadri, and A. Calderbank, “Space-time codes for high
data rate wireless communications: Mismatch analysis,” in Proc. IEEE Int. Conf.

Communications, Montreal, QB, Canada, Vol.1, Jun.1997, pp. 309-313.

109



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

A. Naguib, V. Tarokh, N. Seshadri, and A. Calderbank, “A space—time coding modem
for high-data-rate wireless communications,” |IEEE J. Select. Areas Comm., Vol. 16,
No.8, Oct. 1998, pp. 1459-1478.

V. Tarokh, A. Naguib, N. Seshadri, and A. Calderbank, “Space—time codes for high
data rate wireless communication: Performance criteria in the presence of channel
estimation errors, mobility, and multiple paths,” IEEE Trans. Comm., Vol. 47, No.2,
Feb.1999, pp. 199-207.

V. Tarokh, A. Naguib, N. Seshadri, and A. Calderbank, “Combined array processing
and space-time coding,” IEEE Trans. Inform. Theory, Vol. 45, No. 4, May 1999, pp.
1121-1128.

S. Alamouti, “A simple transmit diversity technique for wireless communications,”
IEEE J. Select. Areas Comm., Vol. 16, No.8, Oct. 1998, pp. 1451-1458.

V. Tarokh, H. Jafarkhani, and A. Calderbank, “Space-time block codes from
orthogonal designs,” IEEE Trans. Inform. Theory, Vol. 45, No.5, July 1999, pp. 1456—
1467.

V. Tarokh, H. Jafarkhani, and A. Calderbank, “Space-time block coding for wireless
communications: Performance results,” IEEE J. Select. Areas Comm., Vol. 17, No.3,
Mar. 1999, pp. 451-460.

D. Love, R. Heath, V. Lau, D. Gesbert, B. Rao and M. Andrews, “An overview of
limited feedback in wireless communication systems”, IEEE Journal on Selected Areas
Communications, Vol. 26, No. 8, Oct. 2008, pp. 1341-1365.

Sam P. Alex and Louay M.A. Jalloul, "Performance Evaluation of MIMO in
IEEE802.16e/WIMAX", IEEE J. of Selected Topics in Signal Processing, Vol. 2, No. 2,
April. 2008, pp.181-190.

[.E. Telatar, “Capacity of multi-antenna Gaussian channels,” Eur. Trans. Telecom.,
Vol. 10, No. 6, Dec. 1999, pp.1-28 .

[Online]. Available: www.3gpp.org, TS36 series, Release 8.

IEEE 802.11n Wireless LAN.

IEEE Standard for Local and Metropolitan Area Networks Part 16: Air

Interface for Fixed and Mobile Broadband Wireless Access Systems [Online].
Available: http://standards.ieee.org/getieee802/802.16.html

110



23.
24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

“IEEE 802.11n pre-draft,” IEEE 802.11n Task Group, pre-release.

Biplab Sikdar, “An Analytic Model for the Delay in IEEE 802.11 PCF MAC-Based
Wireless Networks” IEEE transactions on wireless communications, Vol. 6, No. 4,
Apr. 2007, pp. 1542-1550

Fengji Ye, Haiming Yang, Hua Yang and Biplab Sikdar “A Distributed coordination
scheme to improve the performance of IEEE 802.11 in multi-hop networks” IEEE
transactions on communications, Vol. 57, No. 10, Oct. 2009, pp. 2903-2908.

Jian Zhao, “Analysis and Design of Communication Techniques in Spectrally Efficient
Wireless Relaying Systems” Ph.D thesis, Swiss federal institute of technology Zurich,
2010.

Yao-Nan Lee, Chao-Kai Wen et al. “A Time-Efficient Approach for Designing LDPC-
Coded MIMO Systems”, proceedings of IEEE Globecomm, Dec 2006, pp 1-5

S. ten Brink, G. Kramer and A. Ashikhmin, “Design of low-density parity-check codes
for modulation and detection,” IEEE trans. on comm., Vol. 52, No. 4, Apr. 2004, pp.
670 — 678.

Jinggiao Zhang and Heung-No Lee, “Combinatorial union-bound analysis on the
concatenation of LDPC/turbo codes and space-time codes over fast fading MIMO
channels” proceedings of IEEE International conference on comm., Vol. 11, June 2006,
pp 4870-4875

Gallager, R. G., “Low-density parity-check codes,” IRE Trans. Inf. Theory, Vol. IT-8,
No. 1, Jan. 1962, pp. 21-28.

T. Richardson and R. Urbanke, “The capacity of low density parity check codes under
message passing decoding,” IEEE Trans. Inform. Theory, Vol. 47, No. 2, Feb. 2001,
pp. 599-618.

S.-Y. Chung, T. J. Richardson and R. L. Urbanke, “Analysis of sum-product decoding
of low- density parity-check codes using a Gaussian approximation”, IEEE Trans. Inf.
Theory, Vol. 47, No.2, Feb.2001,pp. 657-670.

Cheon Ho Lee et al,, “Multiple scaling extrinsic soft information for improved min-
sum iterative decoding of LDPC Codes” IEICE Transactions on Fundamentals of
Electronics, Communications and Computer Sciences, Vol. E91-A, No. 10, Oct.
2008, pp 2874-2876.

111



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

O. Alamri. S. X. Ng, F. Guo, S. Zummo, L. Hanzo, “Non-binary LDPC-coded sphere-
packed transmit diversity”, IEEE Trans. Veh. Technol., Vol. 57, No.5, Sept.2008,
pp. 3200-3205.

G. Li, I. J. Fair, and W. A. Krzymien “Low-density parity-check codes for space-time
wireless transmission”, IEEE Trans. Wireless. Comm., Vol. 5, No.2, Feb. 2006,
pp. 312-322.

A. F. Molisch, M. Z. Win, and J. H. Winters, “Capacity of MIMO systems with antenna
selection,” in IEEE International Conference on Communications, (Helsinki), Vol. 2,
August.2001, pp. 570-574.

G. J. Foschini, "Layered space-time architecture for wireless communication in a fading
environment when using multiple antennas,” Bell Labs Technical Journal, Vol. 1, No. 2
Autumn 1996, pp 41-59.

“Bell Labs scientists shatter limit on fixed wireless transmission” Lucent Bell Labs
press release, 9th September 1998.

C. E. Shannon, “A mathematical theory of communication” Bell System Technical
Journal, Vol.27, Jul and Oct. 1948, pp. 379-423 and 623-656.

S.H. Vanwambeckt and A. H. ROS “Performance of diversity receiving systems”
proceedings of the IRE, March 1951,pp.256-265

John'l. Glasert, S. H. Vanwambeckt, “Experimental evaluation of diversity receiving
systems”, Proceedings of the IRE, March 1951, pp.252-255.

D. G. Brennan, “Linear diversity combining techniques” Proceedings of the IRE, Vol.
47, June 1959, pp. 1075-1102.

W. C. Y. Lee, “Mutual coupling effect on maximum-ratio diversity combiners and
application to mobile radio”, IEEE transactions on communication technology, Vol.
Com-18, No. 6, Dec.1970, pp 1779-1790

W. C. Y. Lee, “Effect of mutual coupling on a mobile-radio maximum ratio diversity
combiner with a large number of branches”, IEEE transactions on communications,
Vol. 20, No. 6, Dec.1972, pp. 1188 — 1193

W. C. Y. LEE, “Mobile radio performance for a two-branch equal-gain combining
receiver with correlated signals at the land site” IEEE transactions on vehicular

technology, Vol. VT-27, No. 4, Nov.1978, pp. 239 — 243.

112



46.

471.

48.

49,

50.

51.

52.

53.

54,

55.

56.

C. Tellambura, A. Joseph Mueller, and Vijay K. Bhargava, “Analysis of M-ary phase-
shift keying with diversity reception for land-mobile satellite channels”, IEEE
transactions on vehicular technology, Vol. 46, No. 4, Nov.1997, pp. 910-922.
Chang-Joo Kim et al., “SER analysis of QAM with space diversity in rayleigh fading
channels” ETRI Journal, VVol.17, No. 4, Jan.1996, pp 25-35.
Annamalai, C. Tellambura and V. K. Bhargava, “Exact evaluation of Maximal-Ratio
and Equal-Gain Diversity receivers for M-ary QAM on Nakagami fading channels”,
IEEE transactions on comm., VVol. 47, No. 9, Sept. 1999, pp.1335-1344.

F. Adachi, T. Hattori et al. "A periodic switching diversity technique for a digital
FM land mobile radio,” IEEE Trans. Vehicular. Technology. Vol. VT-27, Nov. 1978,
pp. 211-219.
J. Winters, “Switched diversity with feedback for DPSK mobile radio systems,” |EEE
Trans. Inform. Theory, Vol. 1T-32, Feb. 1983, pp. 134-150.
J. Winters, “Optimum combining in digital mobile radio with co-channel
interference” IEEE Transactions on Vehicular Technology, Vol. 33, No. 3, Jul. 1984 ,
pp. 144 - 155.

J. Winters, J. Salz, “Upper bounds on the bit error rate of optimum combining in
wireless systems” IEEE transaction on Communications, Vol. 46 , No. 12 ,Dec.1998 ,
pp. 1619 — 1624.

Eric Villier, “Performance Analysis of Optimum Combining with Multiple Interferers
in Flat Rayleigh Fading”, IEEE Communication Letters, Vol. 47, No. 10, Oct. 1999,
pp.1503-1510

Valentine A. Aalo, “Performance of antenna array systems with optimum combining in
a Rayleigh fading environment”, IEEE Communication Letters, Vol. 4, No. 4, Dec.
2000, pp. 125-128.

Debang Lao, A. M. Haimovich, “Exact closed-form performance analysis of optimum
combining with multiple co-channel interferers and Rayleigh fading”, IEEE
Transactions on Comm., Vol. 51, No. 6 ,Jun. 2003, pp. 995 — 1003

V. K. Jain ,Anand Srivasatava and Subrat Kar, "Forward error correcting codes in
fiber-optic  synchronous code-division multiple access networks”, Optics
Communications, Vol.20, 2002, pp.287-296

113



S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Amit Dixit, S.C. Sharma, R.P. Vats and A. K. JAIN, “Bit error rate analysis of MRC
diversity techniques in CDMA communication network”, International Journal of
Computer Science and Knowledge engineering (IJCSKE), Dec. 2007

F. Adachi H. Suda , “Effects of diversity reception on mobile radio BCH-coded QPSK
cellular land”, Electronics letters, Vol. 25, No 3, Feb. 1989, pp 188-1809.

H. Zhou, R. Deng, and T. Tjhung, “Performance of combined diversity reception and
Convolution coding for QDPSK land mobile radio,” IEEE Trans. Veh. Technol., Vol.
43, No.3, Aug. 1994, pp. 499-508

Lars K. Rasmussen and Stephen B. Wicker, “A Comparison of Two Combining
Techniques for Equal Gain, Trellis Coded Diversity Receivers” IEEE Transactions on
vehicular technology, Vol. 44, No. 2, May 1995,pp291-295.

Al-Semari, S.A. Fuja, “Performance analysis of coherent TCM systems with diversity
reception in slow Rayleigh fading”, IEEE Transactions on Vehicular Technology, Vol.
48, No.1, Jan. 1999, pp. 198 — 212.

A. Ramesh, A. Chockalingam and L.B. Milstein, “Bounds on the performance of turbo
codes on Nakagami fading channels with diversity combining” proceedings of IEEE
GLOBECOM '01, Vol. 2, August.2001, pp. 1199 — 1204.

John D. Choi, “Performance Limits of M-FSK With Reed-Solomon Coding and
Diversity Combining”, IEEE transactions on communications, Vol. 50, No. 11,
Nov 2002, pp-1787-1797.

Satoshi Gounai and Tomoaki Ohtsuki, “Performance Analysis of LDPC Code with
Spatial Diversity,” proceedings of IEEE international conference on Vehicular
Technology, Sept.2006, pp 1-5.

Beng Soon Tan, Kwok Hung Li and Kah Chan Teh, “Performance Analysis of LDPC
Codes with Selection Diversity Combining over Identical and Non-ldentical Rayleigh
Fading Channels”, IEEE Communications Letters, Vol. 14, No. 4, Apr.2010,pp. 333-
335.

Beng Soon Tan, Kwok Hung Li and Kah Chan Teh , “Efficient BER Computation of
LDPC Coded SC/MRC Systems over Rayleigh Fading” proceedings of International

Conference Signal Processing and Communication Systems, Dec. 2010, pp.1-5.

114



67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

78.

Kwok Hung Li , Kwok Hung Li and Kah Chan The, “Performance analysis of LDPC
codes with Maximum-Ratio Combining cascaded with Selection Combining over
Nakagami-m Fading”, IEEE Transactions On Wireless Communications, Vol. 10, No.
6, June 2011, pp.1886-1894.

Paulraj, A. and Kailath, T. “Increasing capacity in wireless broadcast systems using
distributed transmission/directional reception”. U.S. Patent no. 5345599, Sept.1994.
Yang, J. and Roy, S. “On joint transmitter and receiver optimization for multiple input
multiple output (MIMO) transmission systems”. IEEE Transactions on
Communications, Vol. 42, No. 12, Dec.1994, pp.3221-3231.

Raleigh, G. G. and Cioffi, J. M. “Spatial temporal coding for wireless communication”.
IEEE Transactions on Communications”, Vol. 46, No.3, Mar.1998, pp.357-366.

Guey, J. C., Fitz, M. P., Bell, M. R., and Kuo, W. Y. “Signal design for transmitter
diversity wireless communication systems over Rayleigh fading channels”. IEEE
Transactions on Communications, Vol.47, No.4, Apr.1999, pp.527-537.

G. David Forney, “Concatenated Codes” MIT Press, Cambridge, MA, 1966.

IEEE standard ETSIEN 300 421, V1.1.2, “Digital Video Broadcasting (DVB);
Framing structure, channel coding and modulation for 11/12 GHz satellite
services”, August 1997.

S. Sandhu, R. Heath, and A. Paulraj, “Space-time block codes versus space-time trellis
codes”, IEEE ICC, Helsinki, Finland, Vol.4, 2001, pp.1132-1134.

G. Bauch, “Concatenation of space-time block codes and turbo-TCM,” in Proc. IEEE
Int. Conf. Communications, Vol. 2, Aug.1999, pp. 1202-1206.

Vivek Gulati and Krishna R. Narayanan, “Concatenated Space-time Codes for Quasi-
static Fading Channels: Constrained Capacity and Code Design” proceedings of IEEE,
GLOBECOMO02, Vol.2, Nov.2002, pp-1202-1206.

Vivek Gulati and Krishna R. Narayanan,” Concatenated Codes for Fading Channels
Based on Recursive Space-Time Trellis Codes” IEEE transactions on wireless
communications, Vol. 2, No. 1, JAN. 2003, pp 118-128

Hisashi Futaki, Tomoaki Ohtsuki, “LDPC-based Space-Time Transmit Diversity
Schemes with Multiple Transmit Antennas ,” proceedings of IEEE VTC, Vol. 4, Apr.
2003, pp-2589-2593

115



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Hisashi Futaki, Tomoaki Ohtsuki, “Low-Density Parity-Check (LDPC) Coded MIMO
Systems with Iterative Turbo Decoding” proceedings of IEEE VTC, Vol.1, Apr. 2003,
pp-342-346

Akinori Ohhashi and Tomoaki Ohtsuki , “Performance Analysis and Code Design of
Low-Density Parity-Check (LDPC) Coded Space-Time Transmit Diversity (STTD)
System”, IEEE Globecom, Jan. 2004, pp 3118-3122

Feng Guo and Lajo Hanzo, “Low Complexity Non-Binary LDPC and Modulation
Schemes Communicating over MIMO Channels” proceedings of IEEE vehicular
technology conference, VVol.2,Apr. 2004, pp 1294 -1298

Jilei Hou, Paul H. Siegel, and Laurence B. Milstein, “Design of Multi-Input Multi-
Output Systems Based on Low-Density Parity-Check Codes” IEEE transactions on
communications, Vol. 53, No. 4, Apr.2005,pp 601-611

Jinggiao Zhang and Heung-No Lee,” Random coding union bounds for LDPC Coded
MIMO Systems,” proceedings of IEEE vehicular technology conference, Vol.5,Sept.
2006, pp 2408-2412

Jinggiao Zhang and Heung-No Lee, “Combinatorial Union-Bound Analysis on the
Concatenation of LDPC/Turbo Codes and Space-Time Codes over Fast Fading MIMO
Channels”, proceedings of IEEE international conference on comm., Jun.2006, pp
4870-4875

Jinggiao Zhang and Heung-No Lee “Union Bounds to Error Probabilitics of LDPC-
Coded Q-ary Modulation Systems over Fast Fading MIMO Channels” proceedings of
IEEE WCNC, Sept.2006,pp.1212-1216.

Jinggiao Zhang and Heung-No Lee , “Performance Analysis of LDPC-Coded Space-
Time Modulation over M IMO Fading Channels”, IEEE communications letters, Vol.
11, No. 3, Mar.2007, pp 234-236.

Jinggiao Zhang and Heung-No Lee , “Performance Analysis on LDPC-Coded systems
over Quasi-Static (MIMO) Fading Channels” IEEE Transactions on comm., Vol. 56,
No. 12, Dec. 2008, pp-2080-2093

Wang lanxun Li weizhen, “Quasi-orthogonal Space Time Block Codes (STBC) with
full transmit rate Concatenated LDPC codes” The Eighth International Conference on

Electronic Measurement and Instruments, Oct.2007, pp 3207-3210.

116



89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Wang lanxun Li weizhen, “Code Design of Space-Time Block Codes Coded Low-
Density Parity-Check Code and System Performance Analysis” The Eighth
International Conference on Electronic Measurement and Instruments,Oct. 2007, pp
3305-3308.

Jianming Wu, and Heung-No Lee , “Performance Analysis f or LDPC-Coded
Modulation in  MIMO Multiple-Access Systems” IEEE Transactions on
Communications, Vol. 55, No. 7, Jul. 2007 , pp-1417-1426

A. Molisch, Z. Win, “MIMO system with antenna selection”, IEEE microwave
magazine, Apr.2008, 46-56.

D. Gore and A. Paulraj, “Space-time block coding with optimal antenna selection,” in
Proc. of Conf. on Acoustics, Speech, and Signal Processing, Aug. 2001, pp. 2441—
2444,

Z. Chen, J. Yuan, B. Vucetic, and Z. Zhou, ‘“Performance of Alamouti scheme with
transmit antenna selection,” Electronics Letters, Vol. 39. No. 23, Nov. 2003, pp. 1666—
1667.

Israfil Bahceci, Tolga M. Duman and Yucel Altunbasak “Antenna Selection for
Multiple-Antenna  Transmission Systems: Performance Analysis and Code
Construction” IEEE transactions on information theory, Vol. 45, No. 12, Dec. 2003, pp.
5788-5789.

Elif Aydin, brahim Altunba, “Serial Concatenation of LDPC and Space-Time Trellis
Codes with Transmit Antenna Selection”, proceedings of IEEE MELECON Malaga,
July.2006, pp. 647-650.

Ali Ghrayeb, and Tolga M. Duman, “Performance Analysis of MIMO Systems With
Antenna Selection Over Quasi-Static Fading Channels”, IEEE transactions on vehicular
technology, Vol. 52, No. 2, Mar. 2003, pp. 281-288.

W. Hamouda and A.Ghrayeb, “Performance of combined channel coding and space-
time block coding with antenna selection”, IEEE Veh. Tech.Conf, Los Angles, USA,
Vol.2, Feb.2004, pp. 623-627.

T. Gucluoglu, T. Duman, A. Ghrayeb, “Antenna selection for space time coding over
frequency-selective fading channels” proceedings of Acoustics, Speech, and Signal
Processing Vol. 4,Aug. 2004 , pp- 709 -712.

117



99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Xiang Nian Zeng and Ali Ghrayeb, “Performance bounds for combined channel coding
and Space-Time Block Coding with Receive antenna selection” IEEE Trans. on
vehicular technology, Vol.55, No. 4, July. 2006, pp.1441-1446.

Yuling Zhang, Wenwei He, Yunbo Cheng, “Combining of Antenna Selection with
Adaptive Modulation and Coding in STBC System”, proceedings of ICISE Nanjing,
China, Dec.2009, pp.2586-2588.

Jorge Castificira Moreira, Patrick Guy Farrell, “Essentials of error-control coding”
John Wiley and sons, Edition 2006

Tom Richardson, R. Urbanke, “Modern Coding Theory”, Cambridge University,
Edition 2008

I. J. Weng, “Soft and hard decoding performance comparison for BCH codes”
proceedings of international conference on communication , 1979, pp 25.5.1-25.5.5

R. Kotter and A. Vardy, “Algebraic soft decision decoding of Reed-Solomon codes,”
IEEE transaction on information theory, Vol. 49, No.11, Nov. 2003, pp. 2809-2825.

F. Granelli, C. Sacchi and C.S. Regazzoni, “Real-time error correction algorithm for
noise-corrupted JPEG bit-streams” Electronics letters, Vol. 35, No. 14, July 1999, pp-
1147-1148

A. Vardy, “Algorithmic complexity in coding theory and the minimum distance
problem,” proceeding of symposium on theory of computing, 1997, pp. 92-109.

V. Ponnampalam, B. Vucetic, “Maximum likelihood decoding of Reed-Solomon
codes” IEEE international symposium on information theory, Aug. 1998, pp. 368-370.
Youan xiao, Chunling luo, Chao yang, “The comparative analysis of LDPC and RS
code” International conference on consumer electronics, communications and
networks, Xianning china, Apr. 2011, pp. 4510 4513.

Bozhou, Li Zhang et al. “Non-binary LDPC codes vs. Reed-solomon codes”
proceedings of information theory and applications workshop, Feb.2008
pp. 175 - 184

M. Sudan, “Coding theory: tutorial and survey,” proceeding of the 42nd IEEE
symposium on foundation of computer science, Aug.2002, pp. 1-17.

G. D. Forney, “Concatenated codes”. Cambridge MIT press, 1966.

118



112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Guangcai zhou, Tung-sheng lin et al., “On the concatenation of turbo codes and Reed-
Solomon codes”, Proceedings of. IEEE international conference on communications,
Vol.3, May- 2003, pp. 2134 — 2138.

Alexander barg and Gilles Zémor, “Concatenated codes: serial and paralle]” IEEE
transactions on information theory, VVol. 51, No. 5, May 2005, pp. 1625-1634.

G. Schmidt, V.R. Sidorenko et al. “Interleaved Reed-Solomon codes in concatenated
code designs”, Proceedings of IEEE information theory workshop, Sept 2005
pp. 5

Kjetil fagervik and Arne Sjothun , “Performance and complexity comparison of
LDPC and turbo codes”, Proceedings of Norwegian signal processing symposium,
Bergen, Norway, Oct. 2003, pp-1-7.

L. M. Tanner, “A recursive approach to low complexity codes,” IEEE Trans. Inf.
Theory, Vol. 27, No. 5, Jan.1981, pp. 533-547.

D.J.C. MacKay, and R.M. Neal, “Near Shannon limit performance of low density parity
check codes,” Electron. Letters, Vol. 33, No. 6, March 1997, pp- 1645

D.J.C. MacKay, and R.M. Neal, “Good error-correcting codes based on very sparse
matrices,” Proceedings IEEE in international symposium on information
theory,Jul.1997 pp.113

T. Richardson and R.Urbanke, “The capacity of low density parity check codes under
message passing decoding,” IEEE Trans. Inform. Theory, Vol. 47, No. 2, Feb. 2001,
pp. 599-618.

J. Zhang and M. P. C. Fossorier, “A modified weighted bit-flipping decoding of low-
density parity check codes,” IEEE Comm. Letters, Vol. 8, No. 3, Mar. 2004, pp. 165—
167.

S.-Y. Chung, T. J. Richardson, and R. L. Urbanke, “Analysis of sum product decoding
of low-density parity-check codes using a Gaussian approximation,” IEEE Trans.
Information Theory, Vol. 47, No.2, Feb.2001, pp.657-670.

S.-Y. Chung, G. D. Forney, Jr., T. J. Richardson, and R. L. Urbanke, “On the design of
of Low-density parity-check codes within 0.0045 dB of the Shannon limit,” TEEE
Comm. Letters, Vol. 5, No. 2, Feb. 2001, pp. 58-60.

119



123.

124,

125.

126.

127.

128.

129.

130.

131.

132.

A. Anastasopoulos, “A comparison between the sum-product and the min-sum iterative
detection algorithms based on density evolution” Proceedings of Global
Telecommunications Conference, San Antonio, TX , USA, Vol. 2, Nov 2001,
pp. 1021-1025.

Jilei Hou, Paul H. Siegel, et al. “Performance Analysis and Code Optimization of Low
Density Parity-Check Codes on Rayleigh Fading Channels” IEEE journal on selected
areas in communications, Vol. 19, No. 5, May 2001, pp 924-934.

Michele Franceschini Gianluigi Ferrari Riccardo Raheli, “LDPC Coded Modulations”
Springer, Edition 20009.

M. G. Luby, M. Mitzenmacher and M. A. Shokrollahi, “Analysis of random processes
via and-or tree evaluation,” Proceedings of 9th Annual ACM-SIAM Symp. on
discrete Algorithms, 1998, pp. 364-373.

T. J. Richardson, M. A. Shokrollahi and R. L. Urbanke, “Design of capacity-
approaching irregular Low-density parity-check codes,” IEEE Trans. Inform. Theory,
Vol. 47, No. 2, Feb. 2001, pp. 619-637.

F. Lehmann and G. M. Maggio, “Analysis of the iterative decoding of LDPC and
product codes using the Gaussian approximation,” IEEE Trans. Inform. Theory, vol.
49, no. 11, Nov.2003, pp. 2993-3000.

Zijian Zhao and Xiaojuan Wu, Jun Yang, “A class of turbo-like LDPC codes and their
Decoding based on neural network” proceedings of IEEE international symposium on
microwave, antenna, propagation and EMC technologies for wireless communications,
Vol.2,Aug. 2005, pp.

S. Das, B. K. Panigrahi, S. Pattnaik, "Nature-Inspired Algorithms for Multi-objective
Optimization," Handbook of Research on Machine Learning Applications and Trends:
Algorithms, Methods and Techniques, (Eds. E. S. Olivas, J. D. Martin-Guerrero, M.
Martinez, R. Magdalena, A. J. Serrano), IGI Global, Vol. 1, pp. 95 - 104, 2009..

WU, Yongpeng et al “New Performance Results for Optimum Combining in Presence
of Arbitrary-Power Interferers and Thermal Noise”. IEICE Transactions on Comm.,
Vol. E.93.B, No.7, 2010, pp.1919-1922.

Amir Ali Basri, “Wireless communication over fading channels with imperfect channel

estimates” Ph.d thesis, University of Toronto, July 2008

120



133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

Kihong Kim, “Interference Mitigation in Wireless Communications” Ph.D thesis,
Georgia Institute of Technology, December 2005.

S. Gradshteyn and I. M. Ryzhik, “Tables of Integrals, Series and Products”, 7th edition
New York: Academic, 2007.

A. Wittneben, “ A new bandwidth efficient transmit antenna modulation diversity
scheme for linear digital modulation”, IEEE International Conference on
communications Geneva, Vol. 3, May 1993, pp. 1630 — 1634.

I.E. Telatar, “Capacity of multi-antenna Gaussian channels”. European Transactions on
Telecommunications, VVol.10, No.6, Nov. 1999, pp. 585-595.

G. Ganesan and P. Stoica, “Space-time block codes: A maximum SNR approach,”
IEEE Trans. Inf. Theory, Vol. 47, No. 4, Aug.2001, pp. 1650-1656.

O. Tirkkonen and A. Hottinen, “Square-matrix embeddable space-time block codes for
complex signal constellations,” IEEE Trans. Inf. Theory, Vol. 48, No. 2, Feb. 2002,
pp. 384-39.

X.-B. Liang, “Orthogonal designs with maximal rates,” IEEE Trans. Inf. Theory, Vol.
49, No. 10, Oct. 2003, pp. 2468—2503.

Arogyaswami Paulraj, Rohit Nabar, Dhananjay Gore, “Introduction to Space-Time
Wireless Communications”, Cambridge University Press, Edition 2003.

Tolga M. Duman, Ali Ghrayeb, “Coding for MIMO Communication Systems” John
Wiley and sons, Edition 2007.

Shahab Sanayei and Aria Nosratinia, “Antenna Selection in MIMO Systems” IEEE
Communications Magazine, Oct. 2004, pp. 68-73.

Andreas F. Molisch and Moe Z. Win, “MIMO Systems with Antenna Selection - An
Overview” Mitsubishi Electric Research Laboratories, Mar. 2004, pp. 1-22

A. Wilzeck and T. Kaiser, “Antenna subset selection for cyclic prefix assisted MIMO
wireless communications over frequency selective channels,” EURASIP Journal on
Advances in Signal Processing, Vol. 2008, Article ID 716826.

Aamir Habib et al, “Performance Comparison of Antenna Selection Algorithms in
WiIMAX with Link Adaptation” Proceedings of the 4th international conference on
CROWNCOM 2009, pp.1-5.

121



	front pages_modified_1.pdf
	chapters_1-7_modified.pdf

