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Abstract

Since the early 1880’s, wireless broadband communications have been growing at explosive
rates. While the personal communication systems have almost exhausted the spectrum,
higher and higher data rates are required to support the ever demanding wireless services.
Recently, to improve the spectral efficiency, diversity gains, and interference and power
management for wireless multimedia and internet services, by combining the signals at
both ends and effectively creating multiple parallel spatial data pipes, the multiple-input
multiple-output (MIMO) technology has become a convenient framework.

Motivated by these practical concerns, this thesis addresses the analysis and design of
diversity techniques for terrestrial and underwater acoustic communication channels, in two
parts. Part I studies novel relay selection strategies and diversity techniques for single car-
rier frequency domain equalization (SC-FDE) multi-relay cooperative networks, considering
maximum-likelihood (ML) and minimum mean-square error (MMSE) receivers. We fur-
ther extend our analysis to two-way relaying (TWR) networks, while incorporating different
power control techniques. Building on our results on the diversity and error performance
of the single relay and TWR cooperative systems, we extend our analysis to design of
MMSE-based optimum beamforming matrices at user and relay terminals in a multi-user,
multi-antenna TWR cooperative system. We further present a joint user-relay antenna se-
lection algorithm by applying the estimation of distribution algorithm (EDA). The final
contribution of the first part of this thesis is to extend our analysis to large relay net-
works and address the prohibitive computational and implementation complexity cost of
the exhaustive search algorithms for joint transceiver/relay beamforming matrix design in
large amplify-and-forward (AF) MIMO TWR networks, while incorporating the orthogonal
matching pursuit (OMP) algorithm.

The second part of this thesis focuses on the performance of differentially encoded space-
time and space-frequency block coding techniques for terrestrial and underwater communi-

cation channels.
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Chapter 1

Introduction

1.1 Diversity Techniques for Fading Channels

Fading is a process of random fluctuations in the signal level, which results from the time-
varying channel environment between the transmitter and receiver terminals. Fading im-
poses performance limitations on the wireless communication system and can be modeled
through the time-varying channel impulse response into two classes, i.e. large-scale (long-
term) fading and small-scale (short-term) fading.

Large-scale impairment includes propagation path loss and shadowing. Large scale fad-
ing effects are noticeable over relatively long distances between the transmitter and the
receiver terminal. The path loss randomness mainly is due to the random position of mobile
terminals. Shadowing incurs due to the presence of obstacles in the signal path and the ran-
dom relative position of the mobile terminal with respect to the base station. Large-scale
fading is used to predict the transmission coverage area and the average signal power at the
receiver side.

Small-scale impairment involves rapid fluctuations of the amplitude of a signal over a
travel distance in the order of the signal wavelength, caused by constructive and destruc-
tive interferences between two or more propagation paths between transmitter and receiver.
Small-scale impairment is commonly referred to as fading and can negatively affect the
signal-to-noise ratio (SNR). To give an example of the degrading performance effects of
small-scale fading, one can consider the typical mobile wireless channel in urban areas
where there is no line-of-sight (LOS) propagation and the number of scatterers is large.

From the central limit theorem, the corresponding complex fading channel coeflicient has
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two quadrature components which are zero-mean Gaussian random processes. The corre-
sponding amplitude of the fading envelope follows a Rayleigh distribution. This converts
the exponential dependency of the bit-error probability on the SNR for the additive white
Gaussian noise (AWGN) channel into an approximately inverse linear one, resulting in a
large SNR penalty, i.e. transmitter should transmit with more power to achieve a low error
probability.

Diversity techniques are commonly used to mitigate the degrading performance effects of
fading. In this proposal, by diversity technique, we refer to a method that makes use of more
than one independently faded version of the transmitted signal, such that the probability
that all the independently faded signal components will undergo deep fading simultaneously,
is reduced significantly. If we have supplied L independently faded replicas of transmitted
signal to the receiver, and p is the probability that any one replica will undergo deep fading,
pL is the probability that all the L replicas will undergo deep fading simultaneously. There
are various approaches to extract diversity from the wireless channel. The most common

methods are briefly summarized as follows [1-3]:

1.1.1 Time Diversity

In this form of diversity, also known as temporal diversity, the channel coherence time
equals or exceeds several symbol transmission periods. This implies that the same signal
transmitted in different time slots separated by an interval longer than the coherence time
of the channel, will experience channel realizations that are highly uncorrelated and can
be used to obtain diversity. The simplest way to achieve time diversity is to form the
symbols by using a repetition coding scheme. Interleaving is also an efficient technique to
provide time diversity. In fast fading environments where the mobility is high, time diversity
becomes very efficient. However, for slow-fading channels (e.g., low mobility environments
or fixed-wireless applications), it offers little protection unless significant interleaving delays

can be tolerated.

1.1.2 Frequency Diversity

In wideband systems where the available bandwidth exceeds the channel coherence band-
width, it is possible to realize diversity by using channels that are a partition of the available
bandwidth and are separated by more than the channel coherence bandwidth. This ap-
proach is applicable in multicarrier systems, where transmission is implemented by dividing

the wideband channel into non-overlapping narrowband sub-channels. The symbol used for
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transmission in each sub-channel has a long transmission period, such that the sub-channel
appears as a flat fading channel. In this form of diversity, the same signal is sent over
different frequency carriers, whose separation exceeds the channel coherence bandwidth to
ensure independence among diversity sub-channels.

A natural way of frequency diversity, which is sometimes referred to as multipath di-
versity, arises for frequency-selective channels. Recall that the spectral components of the
signal may undergo destructive or constructive interference of different magnitude depend-
ing on the delay, amplitude, and phase of the frequency response of the multipath channel.
When the multipath delay spread is a significant fraction of the symbol period, the received
signal can be interpreted as a linear combination of the transmitted signal, weighted by inde-
pendent fading coefficients. Therefore, path diversity is obtained by resolving the multipath
components at different paths using a RAKE correlator [1], which is the optimum receiver

in the minimum mean square error (MMSE) sense, designed for this type of channels.

1.1.3 Space Diversity

In this form of diversity, also referred to as antenna diversity, the receiver and/or transmitter
uses multiple antennas. This technique is especially attractive since it does not require ex-
tra bandwidth. To extract full diversity advantages, the spacing between antenna elements
should be wide enough with respect to the carrier wavelength. The required antenna separa-
tion depends on the local scattering environment, as well as on the carrier frequency. For a
mobile station which is near the ground with many scatters around, the channel decorrelates
over shorter distances, and typical antenna separation of half to one carrier wavelength is
sufficient. For base stations on high towers, a larger antenna separation of several to tens

of wavelengths may be required.

1.1.4 Diversity Combining Techniques

Diversity combining techniques refer to the processing performed at the receiver, where the
signal copies arriving through the multiple paths are constructively combined, so as to obtain
a resulting signal of better quality or with better probability of successful reception. There
exist different combining techniques, each of which can be used in conjunction with any
of the aforementioned diversity forms. The most common diversity combining techniques
are selection, equal gain, and maximal ratio combining [1]. Selection combining (SC') is
conceptually the simplest; it consists of selecting at each time, among the available diversity

branches (channels), the one with the largest value of SNR. Since it requires only a measure
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of the powers received from each branch and a switch to choose among the branches, it is
relatively easy to implement. However, the fact that it disregards the information obtained
from all branches except the selected one, indicates its non-optimality. In equal gain com-
bining (EGC), the signals at the output of diversity branches are combined linearly, and the
phase of the linear combination are selected to maximize the SNR, disregarding the ampli-
tude differences. Since each branch is combined linearly, compared to SC, EGC performs
better. In maximal-ratio-combining (MRC), the signals at the output of diversity branches
are again combined linearly, and the coefficients of the linear combination are selected to
maximize the SNR using both the phase and the amplitude information. Hence, the MRC
technique outperforms the other two, since it makes use of both fading amplitude and phase
information. However, the difference between EGC and MRC is not considerably large in
terms of power efficiency. Therefore, EGC can be preferred where implementation costs are
crucial. The reader can refer to [1-3] and references therein for a broad overview of diversity

combining systems.

1.2 Transmit Diversity and MIMO Systems for Wireless Com-

munications

The goal of future wireless communications systems is to provide a wide variety of high-
quality, high-rate services with minimum requirements on spectrum, power consumption,
and hardware complexity. Toward this end, proper system structures as well as robust
system designs are required to meet the challenges in wireless transmissions. Recent research
results have unveiled the MIMO antenna diversity techniques, commonly deployed by using
multiple transmit and receive antennas, as a promising transmission structure to achieve
improved system performance and throughput in future wireless systems [4, 5].

Early work on multi-antenna systems involves the use of antenna arrays at the receiver
side to exploit the underlying receive antenna diversity [1,6-8|. By placing the receive
antennas sufficiently apart, one can receive multiple independently fading copies of the
transmitted signal, which can be further processed through different combining techniques
[1]. Transmit antenna diversity techniques were proposed [9,10] to alleviate the implemen-
tation constraints of receive diversity techniques for portable receivers, i.e. physical size
constraints. In addition to the simpler receiver design, the proposed schemes yield spatial
diversity with no additional power or bandwidth requirements.

A MIMO system can be designed to fully exploit the underlying transmit and receive
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spatial diversity of the channel to combat channel fading. By sending signals that carry
the same information through different paths, multiple independently fading replicas of
the transmitted signal can be received at the receiver side, which enhances the reception
reliability. For example, in a slow Rayleigh-fading environment with one transmit and ng
receive antennas, the transmitted signal is passed through np different paths. It is well
known that if the fading is independent across antenna pairs, a maximal diversity gain of
ng can be achieved, i.e. the average error probability can be made to decay like SN R™"R
at high SNR, in contrast to the SNR™! for the single-antenna fading channel. There is a
recent rich literature on employing multiple antennas at the transmitter side and achieving
diversity through space-time coding, when there is no channel state information at the
transmitter (CSIT) [9-13], or through transmit beamforming when there is perfect CSIT
[14]. However, the underlying idea is still averaging over multiple path gains to increase
the communication reliability. In a system with ngp transmit antennas and np receive
antennas, assuming the path gains between individual antenna pairs are independent and
identically distributed (i.i.d.) Rayleigh faded, the maximal diversity gain is nyng , which
is the total number of fading gains that one can average over. The use of multiple transmit
and receive antennas also opens up the spatial domain for boosting data rate. While a flat-
fading single-input single-output (SISO) Gaussian channel provides only a single narrow data
pipe, a coherent MIMO channel can be represented as a set of parallel Gaussian channels
and thus, creates multiple data pipes for data transmission without additional power or
spectrum [15-17], an appealing feature to cope with the scarcity of wireless spectrum and the
stringent power constraint on terminals. By transmitting independent information streams
in parallel through the spatial channels, the data rate can be increased. The gain in terms
of ergodic capacity achieved by a coherent MIMO channel over that of a SISO channel is
termed the spatial multiplexing gain [18|, and is particularly important in the high-SNR
regime, where the system is degree-of-freedom limited (as opposed to power limited). In
particular, in the high-SNR regime, the ergodic capacity of a coherent MIMO channel with
nr transmit and np receive antennas and i.i.d. Rayleigh-faded gains between each antenna
pair, scales linearly with the minimum of (ng,ng) [17,19]. The number of degrees of
freedom is thus the minimum of nr and ng. In summary, a MIMO system can provide
two types of gains, i.e. diversity gain and spatial multiplexing gain. Although both spatial
multiplexing and diversity gains can be simultaneously achieved by a MIMO system, there
is a basic tradeoff between them, i.e. maximizing one type of gain may not necessarily

maximize the other type. In [18] it was shown that given a MIMO channel, both gains
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can be simultaneously obtained, but there is a fundamental tradeofl between how much of
each type of gain any coding scheme can extract, i.e. higher diversity gain may come at
the price of sacrificing spatial multiplexing gain. More specifically, assuming a family of
codes with a spatial multiplexing gain r (rate scales like rlog SNR) and a diversity gain d
(average error probability decays like SNR™), an optimal tradeoff curve is characterized
which bridges between the two extremes for r and d, which are min (np,ng) and nrng,
respectively. The optimal trade-off between the diversity gain and spatial multiplexing gain
in slow i.i.d Rayleigh fading environments was presented in [18], i.e. the optimal diversity
gain achievable by a coding scheme of block length | and multiplexing gain r is precisely
(np —r) (ng —r), as long as [ = ny+ngr—1. This trade off can be interpreted as allocating
r transmit and 7 receive antennas to multiplexing and using the remaining ny — r transmit
and ng — r receive antennas to provide diversity gain.

For applications such as wireless local area networks (LAN), as well as cellular communi-
cations, MIMO systems are set up in a multiuser environment, where a multi-antenna base
station (BS) simultaneously communicates information with several multi-antenna mobile
stations (MSs). There are two classes of multiuser channels in typical multiuser environ-
ments, i.e. the multiple-access channel (MAC), also known as the uplink or the many-to-one
channel [20,21], and the broadecast channel (BC), also referred to as the downlink or the
one-to-many channel [20]. Recent results from information-theoretic studies have completely
characterized the capacity regions of the coherent Gaussian MIMO MAC [22,23] and BC
[24,25]. Tt has been found that in a multiuser environment, the use of multiple antennas
introduces more flexibility to deal with the multiuser interference and enables high-rate,

multiuser communications, as well as spatial multiplexing and diversity gains [3].

1.3 Space-Time Coding

Space-time (ST) coding and its various combinations are becoming well understood in the
research community. A detailed treatment of space-time coding can be found in recently
published text-books, e.g., [4,11]. ST coding technique is a class of linear processing of the
transmitted signal at transmitting antennas in MIMO systems, designed to achieve both
spatial diversity and temporal diversity gains. The main advantage of ST coding is that
CSI is not required at transmitter side. There are two classes of ST codes, i.e. Space-Time
Trellis Codes (STTCs) and Space-Time Block Code (STBCs).

STTCs were invented by Vahid Tarokh in 1998. This coding scheme transmits multiple
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Figure 1.1: Block diagram of a space-time coded system.

redundant copies of trellis code which are distributed in time and space. The data symbols
are cleverly coded across space and time to extract diversity advantages [9]. TFigure 1.1
illustrates a space-time coded system. Let space-time code be represented as a W x Mg
matrix, where Mg is the number of transmit antennas, and W is the codeword length. Each
entry of X represents the modulated symbol transmitted from the m% (mg = 1,2,...Ms)

antenna during the w® (w = 1,2,...W) symbol period, as expressed below,

1 1 ol
(AR R
2 2
T e o TMg
X — . (1.1)
W w w
L .'L'l .752 :L'MS |

The signal at each receive antenna results from the superposition of the Mg transmitted
signals corrupted by fading. The received signal at the n** antenna within the w* symbol

period is given by
Mg

= % LR, +nk, (1.2)

mg=1
where hy, . denotes the frequency flat fading coefficient from the mst" transmit antenna

th

to the n'" receive antenna. hl' . is modeled as a complex Gaussian random variable with

mg

variance 0.5 per dimension leading to the Rayleigh fading channel model, and is further
considered to be quasi static constant over the codeword length W. In (1.2), n¥ models
the additive noise term and is zero-mean complex Gaussian random variable with variance

Np/2 per dimension. In matrix notation, the received signal can be written as follows,

R - XH +N, (1.3)

where R is the received signal matrix of size W x N, N is the number of receive antennas,

H is the channel matrix of size Mg x N, and N is the additive noise matrix of size W x N.
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With coherent detection and perfect CSI at the receiver side, the maximum likelihood (ML)

receiver depends on the minimization of the metric X, where

X = argmin |R — XH||%. (1.4)
X

Let P (X, X) denote the pairwise error probability (PEP), which represents the probability
of choosing the codeword X when indeed codeword X was transmitted. PEP is the building
block for the derivation of union bounds to the error probability. Tt is widely used in the
literature to predict the attainable diversity order where the closed-form error probability
expressions are unavailable. In [9], Tarokh et al. derived a Chernoff bound on the PEP for

space-time coded systems given by

. r ES -rN ;
P(X,X) < (EO,\J») (W) ; (1.5)

where Es is the average symbol energy, r is the rank of the codeword difference matrix
defined by E = (X— f() (X - X)H, and A; denotes the non-zero eigenvalues of E. In
(1.5), »N represents the diversity advantage, (i.e., the slope of the performance curve),
while the product of the non-zero eigen values of E denotes the coding advantage, (i.e.,
the horizontal shift of the performance curve). The design criteria for space-time codes are
further discussed in [9]:

Rank criterion: The code difference matrix, taken over all possible combinations of code
matrices, should be full rank. This criterion maximizes the diversity gain obtained from the
space-time code. The maximum diversity order that can be achieved is » = min(W, Mg).
Therefore, in order to achieve the maximum diversity of Mg x N, E must be full rank.

Determinant eriterion: The minimum determinant of IS, taken over all possible com-
binations of code matrices, should be maximized. This maximizes the coding gain. From
(1.5), it can be seen that at high SNR regimes, the diversity gain term dominates the error
probability. Therefore, in the design of a space-time code, the diversity gain should be
maximized before the coding gain.

Based on the above criteria, Tarokh et al. [9] proposed some handcrafted codes which
perform very well, within the 2-3 dB of the outage capacity derived in [16] for multiple
antenna systems. Since Tarokh’s pioneering work, there has been an extensive research
effort in this area for the design of optimized space-time trellis codes, a few to name are
[26-28] among many others. Since every ST'TC has a well-defined trellis structure, standard

soft decision techniques, such as a Viterbi decoder, can be used at the receiver. For a
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fixed number of transmit antennas, the decoding complexity of STTCs (measured by the
number of trellis states at the decoder) increases exponentially with the transmission rate.
Overall, design of STTC is very difficult, and they require very high complexity encoders
and decoders.

Space-time block codes (STBCs) [9, 10, 12] were proposed as an attractive alternative
to STTCs with the provision of full diversity and a very simple decoding scheme. These
codes are defined by a mapping operation of a block of input symbols into the space and
time domains, transmitting the resulting sequences from different antennas simultaneously.
Tarokh et al’s work in [9] was inspired by Alamouti’s early work [10], where a simple two-
branch transmit diversity scheme was presented and shown to provide the same diversity
order as MRC with two receive antennas. Alamouti’s scheme is appealing in terms of
its performance and simplicity. It requires a very simple decoding algorithm based only
on linear processing at the receiver. STBCs based on orthogonal designs 9] generalizes
Alamouti’s scheme to an arbitrary number of transmit and receive antennas, while preserving
the decoding simplicity, and are able to achieve full diversity gains at full transmission rate
for real signal constellations, and at half rate for complex signal constellations such as QAM
or PSK. Over the last few years, several contributions have been made to further improve

the data rate of STBCs, e.g., [29] and the references therein.

1.4 Cooperative Diversity

1.4.1 Importance of Cooperative Diversity

One way to combat fading effects in the system is through communication diversity; i.e.,
transmitting several independent replicas of the signal in orthogonal channels so that the
probability that all of them go into deep fade decreases. The conventional antenna diversity
schemes [12] have some limitations. The spacing between antenna elements needs to be
larger than half a wavelength to avoid fading correlation and antenna coupling. In many
practical wireless applications, wireless devices are so miniaturized that such spacing be-
tween multiple antenna cannot be employed. One of the methods to achieve spatial diversity
is through the use of relay terminals, where each relay re-transmits the signal received from
a remote source to the destination [30]. Cooperative diversity, also known as user cooper-
ation, was proposed to emulate transmit antenna diversity while overcoming the size, cost,
and hardware limitations associated with transmit antenna diversity techniques [31-34]. In

cooperative diversity, the signal transmitted by the source node is overheard by the other
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Figure 1.2: Relay assisted transmission.

participating nodes, also known as "partners” or "relays”. The source node and its partners
jointly process and transmit their information, creating an antenna array, even though each
of them is equipped with a single antenna only. Note that similar to physical antenna arrays
applying transmit diversity techniques, in cooperative communication, receiver is provided
with redundant copies of the transmitted signal over independent channels that can be com-
bined to average individual channel effects and combat the underlying multipath fading in
wireless channels. Fig. 1.2 illustrates a schematic of the relay assisted transmission.

Cooperation and relaying have re-emerged as important research areas in wireless com-
munication over the past half-decade. Although multihop relaying for coverage extension
in wireless networks is an old concept, it became practical only recently. The basic idea of
cooperalive communications can be traced back to the 1970s. In 1970S, van der Meulen
[35,36] introduced and studied a basic three-terminal communication model in the context
of mutual information. Since it was first introduced, cooperative communication has been
extensively studied in most of the communication related aspects, including information
theory [34,37-40], the channel effect [41-43], relay selection mechanisms [44-47], and dif-
ferential modulation in cooperative systems [48-50|, for applications such as wireless sensor
networks, ad-hoc networks, and cellular networks.

In the beginning, end users were supposed to be immobile and to have a LOS to the
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base station (BS). With the 802.16e-2005 amendment [51] to the 802.16-2004 standard [52],
the standard has moved into the mobile non-line-of-sight (NLOS)} domain. Regardless of
the advanced signal processing techniques employed in WiMAX (e.g., orthogonal frequency
division multiple access (OFDMA) and MIMO), the projected data rates require a SNR at
the receiver that may be difficult to obtain at the cell edge. Moreover, increasing data rates
reduces reliability, and increasing the minimum reliability service reduces the coverage area.

The most widely used strategy to address these challenges is to shrink the cell size, while
effectively increasing the number of BSs over a given area. This strategy will likely increase
capacity by shortening the distance between users and their serving BSs, given that the
increased interference won't outweigh the increased signal power. Nevertheless, benefits to
this strategy is limited due to the increasing cost of BSs. For each BS, the provider must
pay for antenna space, the wired backhaul to the network, as well as the digital and radio
frequency (RF) equipments.

An alternative, yet increasingly attractive strategy is to employ fixed relays into the cell
to aid communication from BS to MS and vice versa. Such networks are called multihop
cellular networks (MCNs) which are the focus of recent research [53]. Although there are
many unsolved problems in relaying, IEEE 802.16 has formed a task group to extend the
[EEE 802.16e-2005 standard to include multihop communication, indicating that the field
has reached a significant level of maturity. The IEEE 802.16j task group [54] is the first
commercial wireless network to incorporate multi-hop communication networks [65]. The
purpose of IEEE 802.16j is not to standardize a new cellular network that includes multihop
capability, but instead to expand previous single-hop 802.16 standards to include multihop
capability. In IEEE 802.16j, relays are created for different usage purposes. Relays may be
placed by the service provider near newly developed areas to extend coverage, or may be
purchased as commercial products to extend coverage into the subscribers’ residences. The

IEEE 902.16j task group has created the following relay usage scenarios:

e Fixed Infrastructure: Fixed-infrastructure relays, like BSs, are to be deployed by
the service provider in stationary areas to cover general traffic. Fixed-infrastructure
relays are likely to be placed above roof tops to allow an LOS with the BS, and hence
can serve to increase both throughput and coverage. This category also includes
commercial relays bought by subscribers, which may leave and enter the network at

any time.

¢ In-Building Coverage: The in-building coverage relays are mostly placed inside or

near the shell of the building to fill the coverage hole and improve the mobile phones’
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performance inside buildings. They can also be deployed near tunnels or subways to
improve coverage. These low-complexity relays can be nomadic, operate on battery,

and operate with NLOS channels.

e Temporary Coverage: Temporary relays can be placed to enable the traffic gener-
ated by large group of people packed into small areas, to be routed to BSs in adjacent
cells. This infrastructure can be deployed near stadiums as a permanent solution. In
emergency situations where some BSs may have been damaged, temporary relays can
be deployed as temporary solutions. For this reason, temporary coverage relays may
be required to run on batteries and will range from small and simple to large and

complex.

e Coverage on a Mobile Vehicle: To provide reliable coverage to the users located
closely in mobile vehicles such as train or bus, moving sometimes very fast, a complex

relay may be deployed on the vehicle and obviously, will be highly mobile.

The IEEE 802.16j amendment is fully compatible with 802.16e-2005 mobile and sub-
scriber stations, but a BS specific to 802.16j is required for relays to operate. Also, the
IEEE 802.16j’s architecture constrains the relays to be served by a single base station and
allows them to communicate in one direction at a time only (i.e., either uplink or downlink).

Compared to IEEE 802.16 j and its design-related limitations, Long Term Evolution-
Advanced (LTE-A) standards may consider more sophisticated relay strategies and thus,
may expect larger performance gains from the inclusion of relaying. The Third Generation
Partnership Project (3GPP)’s LTEA considers an option for relay networks to provide cost-
effective coverage extension and throughput enhancement. The goal for both LTEA |[56]
and IEEE802.16m [57] standards is to further enhance system spectral efficiency and data
rates while supporting backward compatibility with their respective earlier releases. One of
the main challenges faced by the developing LTEA standard is providing high throughput at
the cell edge. Technologies like MIMO, OFDMA, and advanced error control codes enhance
per-link throughput but do not inherently mitigate the effects of interference. Cell edge
performance is becoming more important as cellular systems employ higher bandwidths with
the same amount of transmission power. One solution to improve coverage is to combine
LTEA with cooperative communication systems, i.e. forwarding messages between the BS
and MSs through multi-hop communication [53, 58-64].

Many different relay transmission techniques have been developed over the past ten
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years. The simplest strategy (already deployed in commercial systems) is the analog re-
peater, which uses a combination of directional antennas and a power amplifier to repeat
the transmission signal [65]. More advanced strategies use signal processing of the received
signal at the relay terminal. Depending on the type of processing that relay uses to handle
the received signal, we can have different types of relaying techniques. The two main re-
laying techniques are studied in [33]: amplify-and-forward (AF) and Decode-and-Forward
(DF):

e Amplify and forward: In this relaying technique, also known as "non-regenerative
relaying”, the relay terminal down-converts the received analogue signal, amplifies
it, and up-converts it to another frequency band prior to re-transmitting it. The
retransmitted relay signal includes the amplified version of the relay’s received sighal,
as well as the amplified version of the additive noise at the relay terminal. As a result,

at low SNRs, this protocol suffers from severe performance losses.

In time division relaying (TDR), the incoming and outgoing information streams at a
relay are allocated to different time slots and are separated in time. This leaves enough
time for packet processing and results in packet processing delay. There will generally
be a time gap between the received frame and the relayed frame that accounts for
the time needed for the relay circuitry to switch from reception to transmission and
the packet processing delay. In a relay transceiver with purely analog hardware radio
components, the analog signal is received, frequency translated and retransmitted.
As a point of a purely analog hardware architecture, the analogue received signal
cannot be stored and hence requires immediate frequency translation. This implies
two oscillators, two frequency bands and two fairly good filters [66]. As a result, the
TDR protocols can not be used in the context of analog architectures. Alternatively,
one has to use a digital architecture which is more complex and expensive compared

to its purely analog counterpart [67].

e Decode and forward: In decode-and-forward relaying, which is also known as ”re-
generative relaying”, the received signal is decoded, re-encoded, and retransmitted,
which corresponds to a non-linear transformation of the relay terminal’s received sig-
nal. This relaying scheme even though reduces the impact of the additive noise, yet
suffers from the error propagation that may occur if the relay incorrectly detects a

message and retransmits the erroneous information to the destination terminal.

In [68] Nabar et al. proposes three different cooperation configurations for single relay
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wireless networks which efTectively implements transmil diversity in a distributed manner.
More specifically, they consider three (time-division multiple access) TDMA-based pro-
tocols named Protocol 1, Protocol II, and Protocol III which correspond to traditional
MIMO (multi-input-multi-output), SIMO (single-input-multi-output) and MISO (multi-

input -single-output) schemes, respectively (Table I).

Table 1.1: Cooperation protocols for single-relay networks.

Teiinl Protocol 1 Protocol 11 Protocol 111
Protocol
Time 1 [ Time 2 | Time 1 | Time 2 | Time 1 | Time 2
Source ° 8 ® —
Relay o ® o . o
Destination o o o o —
o: Transmitting, o: Receiving, —: Idle

As was explained previously, relay terminals, whether fixed or mobile, can be deployed
in cellular networks to extend coverage, enhance the capacity of a specific regions with high
traffic demands, and improve signal reception. By combining the signals from the relays and
possibly the source signal from the BS, the MS is able to exploit the underlying diversity of
the relay channel. Due to the opportunistic nature of mobile relays and the highly dynamic
and unstable nature of the network topology, mobile relays are less reliable than fixed relays.
Another major disadvantage of the mobile relays is that MS batteries can be used up by
relay transmissions even if the user does not use them. Mobile user relays also complicate the
billing problem, i.e., one can not tell who shall pay the bill when a user helps other users as
a relay. On the other hand, fixed relays suffer from the additional delay associated with the
relaying process, and the potentially increased levels of interference due to frequency reuse
at the relay terminals. In this thesis, we adopt fixed relay scenario due to its practicality.

The presented results, however, are not dependent on whether the relays are fixed or mobile

1.5 Frequency Domain Equalization

The growing demand for high data rate services for wireless multimedia and internet services
has lead to intensive research efforts on high speed data transmission. A key challenge for
high-speed broadband applications is the dispersive nature of frequency-selective fading
channels, which causes the so-called intersymbol interference (ISI) leading to inevitable
performance degradation. An efficient approach to mitigate ISI is the use of orthogonal

frequency division multiplexing (OFDM) which converts the ISI channel with AWGN into
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parallel ISI-free subchannels, by implementing IFFT at the transmitter and FF'T at the
receiver side [69]. It has been shown that OFDM is an attractive equalization scheme for
digital audio/video broadcasting (DAB/DVB) [70], and it has successfully been applied
to high-speed modems over digital subscriber lines (DSL) [71]. Recently, it has also been
proposed for broadband television systems and mobile wireless local area networks such as
IEEES802.11a and HIPERLAN/2 (HL2) standards [72].

The IFFT precoding at the transmitter side and insertion of cyclic prefix (CP) enable
OFDM with very simple equalization of frequency-selective finite impulse response (FIR)
channels. To avoid inter block interference (IBI) between successive FF'T processed blocks,
the CP is discarded, and the truncated blocks are FI'T processed so that the frequency-
selective channels are converted into parallel flat-fading independent subchannels. In this
way, the linear channel convolution is converted into circular convolution, and the receiver
complexity both in equalization and the symbol decoding stages is reduced [73]. However,
since each symbol is transmitted over a single flat subchannel, the multipath diversity is
lost along with the fact that there is no guarantee for symbol detectability when channel
nulls occur in the subchannels. Due to the transmission of modulation symbols at those
frequency bands with deep amplitude depression, the uncoded error-rate performance of
OFDM transmission over frequency selective channels is relatively poor.

A single carrier (SC) system transmits a modulated single carrier at a high symbol rate
and is basically the frequency domain (FD) analog of what is done by conventional linear
time domain (TD) equalizers. Note that FDE is performed on a block of data at a time,
where the operations on this block involve an efficient FF'T operation and a simple channel
inversion operation, which makes it computationally more efficient than the corresponding
TD equalization, specifically for channels with severe delay spreads. Therefore, the single-
carrier frequency-domain equalization (SC-FDE) has essentially the same performance and
low complexity as OFDM, when combined with FFT processing and the use of cyclic prefix-
ing [74]. Fig. 1.3 illustrates the system block diagram for the OFDM and SC-FDE wireless

systems.

1.6 Contributions and Organization

Objectives of this research are to propose/extend and analyze diversity techniques for ter-
restrial and underwater communication channels. The following is a summary of the main

topics and contributions in this thesis:
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Figure 1.3: Block diagram of wireless systems: (a) OFDM, (b) SC-FDE [75]

1.6.1 Relay Selection Strategies for Single-Carrier Frequency-Domain Equal-

ization in Multi-Relay Cooperative Networks

Chapter 2 discusses several relay selection strategies for cooperative SC-FDE with the AF
protocol. Both ML-SC-FDE and MMSE-SC-FDE receivers are studied. Novel PEP-based
selection criterion for frequency selective channels, referred to as SHARM, is proposed. Sev-
eral selection strategies for cooperative (C) MMSE-SC-FDE receivers, which are motivated
by minimizing the instantancous error rate, are investigated. These are, norm-based relay
selection (NBRS), instantaneous mutual information-based relay selection (CBRS), singular
value based relay selection (SVRS), and equalizer output signal quality-based relay selection
(EQRS) strategies. A novel relay selection strategy is proposed, in which from the effec-
tive frequency selective source-relay-destination channel link associated with the selected
relay, only the channel tab with highest power is passed to the destination terminal. Addi-
tionally, to tackle the multiple relay selection problem considering generic mobile scenarios
with moderately fast fading channels, in order to select the near best relay subset within
the minimum processing time, the estimation of distribution algorithm (EDA) is applied,
and a modified EDA for the relay selection problem is formulated. Simulation results show

promising performance of EDA with comparable computational complexity.
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1.6.2 Single-Carrier Frequency-Domain Equalization for Two-Way Mul-
tiple Relay Networks with Selection: Diversity order Analysis and

Power Allocation

Chapter 3 discusses cooperative SC-FDE for two-way multiple relay networks with selec-
tion. Both ML-SC-FDE and MMSE-SC-IFDE receivers are studied. We derive closed-form
expressions for the conditional and average symbol error rate (SER) at the two end source
terminals. We perform detailed diversity analysis for both MMSE and ML SC-FDE two-
way relay (TWR) receivers. The maximum achievable diversity gain by the single relay ML
SC-FDE TWR system is investigated and the existence of the performance bottleneck is
verified. We extend our analysis to multiple relay cooperative ML SC-FDE TWR systems
with best relay selection. Furthermore, asymptotic diversity analysis on the average SER
reveals that the diversity gain is determined by both the number of participating relay nodes
and the minimum of the multipath diversity orders experienced in the source to relay, and
relay to destination links, which acts like a performance bottleneck for the relaying paths.
We complete our analysis by introducing the bottleneck integral factor H that dictates the

performance bottleneck existing in cooperative communication systems.

1.6.3 Multiuser Two-Way Relaying with Power Control for SC-FDE Sys-

tems

Chapter 4 investigates cooperative SC-FDE for two-way relay networks, where multiple
users each equipped with multiple antennas exchange their information through a multi-
antenna relay node in a bi-directional manner. Under network total power constraint,
the optimal relay beamforming for the multiuser two-way relay system, where the relay
transceiver processor is designed based on the MMSE criterion, is studied. Closed-form
expression for the SINR at the end user terminals is derived, and further, a joint user-relay
antenna selection algorithm which applies the EDA is presented. The proposed EDA has a

low computational complexity, and its effectiveness is verified through simulation results.

1.6.4 Exploiting Sparsity for Beamforming with Power Control in Large
AF Two-Way Relay Networks

Chapter 5 investigates a novel iterative user and relay beamforming matrix design algorithm
joint with an effective user and relay power allocation technique for large cooperative multi-

pair TWR networks, where multiple users are equipped with multiple antennas and exchange
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their information through a multi-antenna AF relay node in a bi-directional manner. The
two key ingredients in the proposed iterative technique are joint user and relay beamforming
design based on mean-square-error (MSE) while applying the orthogonal matching pursuit
(OMP) algorithm to explore the underlying sparsity of the user and relay beamforming ma-
trices. This problem is primarily non-linear and non-convex and hence is difficult to solve.
Aiming to find an efficient way to solve for the sparse beamforming matrices, the primal
problem is decoupled into three convex sub-problems, and then an iterative algorithm is
proposed, which solves for the sparse sub-optimal beamforming matrices, one at a time.
The solution to each subproblem aims to minimize MSE, which also minimizes the total
MSE, and hence the convergence of the iterative algorithm is guaranteed. Comprehensive
simulation is conducted to evaluate the effectiveness of the beamforming design algorithm

in terms of the error performance and convergence.

1.6.5 Differential Space-Time Block Coding with Linear constellation Pre-
coding for OFDM Cooperative Networks

Chapter 6 studies the performance of differential space-time codes with linear constella-
tion precoding (LCP) for OFDM cooperative networks over frequency selective channels.
Through exploitation of the unitary structure of the orthogonal STBCs, a low complexity
differential STBC-LCP-OFDM receiver for cooperative networks is designed. Both single

relay and multi-relay scenarios for AF cooperative networks are investigated.

1.6.6 Differential Decoding for SFBC OFDM systems in Underwater MIMO

Channels

Chapter 7 investigates the performance of differential space frequency block codes (SFBCs)
for OFDM signals over underwater acoustic channels. By applying the unitary structure
of the orthogonal SFBCs over the carriers of an OFDM system, the underlying transmit
diversity in an underwater acoustic channel is exploited. Differential detection is further
applied to eliminate the need for expensive signal processing required for channel tracking. It
is assumed that there is sufficient spatial diversity between the channels of the transmitters,
and that each channel changes slowly over the carriers, thus satisfying the basic Alamouti
coherence requirement. System performance is demonstrated using real data transmitted
in the 20—32 kHz acoustic band from a vehicle moving at 0.5—2 m/s and received over a
shallow water channel, using 4-QAM and a varying number of carriers ranging from 128

to 2048. Performance results demonstrate the advantage of the differential coherent SFBC
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detector over the conventional coherent SFBC detector which suffers from imperfect channel

estimation.



Chapter 2

Relay Selection Strategies in

Broadband Cooperative Networks

2.1 Introduction

There have been considerable research efforts on the area of cooperative diversity built upon
the assumption of frequency flat fading channels (see for example [76-78]). Results have
also been reported on relaying schemes for cooperative networks with underlying frequency
selective channels [79-87] using OFDM technology. This chapter discusses several relay
selection strategies for cooperative SC-FDE with the AF protocol. Both ML-SC-FDE and
MMSE-SC-FDE receivers are studied. Novel PEP-based selection criterion for frequency
selective channels, referred to as SHARM, is proposed. Several selection strategies for
CMMSE-SC-FDE receivers, which are motivated by minimizing the instantaneous error
rate, are investigated. These are NBRS, CBRS, SVRS, and EQRS strategies. A novel
relay selection strategy is proposed, in which from the effective frequency selective source-
relay-destination channel link associated with the selected relay, only the channel tab with
highest power is passed to the destination terminal. Additionally, to tackle the multiple relay
selection problem considering generic mobile scenarios with moderately fast fading channels,
in order to select the near best relay subset within the minimum processing time, the EDA
is applied, and a modified EDA for the relay selection problem is formulated. Simulation

results show promising performance of EDA with comparable computational complexity.

20
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Figure 2.1: Wireless Relay Network.

2.2 System Model

The multiple-relay assisted cooperative wireless communication system under consideration
comes with a single source (S), Ng half-duplex relay terminals (R;), i = 1,2,..., Ng, and
a single destination (D), as depicted in Fig. 2.1. The source, destination, and all relays
are equipped with a single antenna which transmits and receives. System performs AF
relaying, and adopts the user cooperation protocol proposed by Nabar et al. [68]. Specif-
ically, in the broadcasting phase, the source node transmits to the relay nodes and the
destination node. In the relaying phase, the relay nodes forward a scaled, noisy version
of the received signal to the destination node. The channel impulse responses (CIRs) for
S 5 R, S — D, and R, —» D links for the i*" relay terminal in the j* transmission

- j j j T hi j j -
block are given by hg, = [hg, (0], hplLsrl] , hkp = [B4pl0), ... b plLspl] and

. ; T
h}fap = [th[U]ﬂ ...,th[LRiD]] , respectively, where Lgg,, Lsp, and Lg,p denote the
corresponding channel memory lengths. All channels are assumed to experience frequency

selective Rayleigh fading. The random vectors hf.’gRi, hl,,, and h"}fz p are assumed to be
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independent zero-mean complex Gaussian with uniform power delay profile vectors.
During broadcasting phase I, the information symbols are parsed to streams of M x 1
blocks x. To remove inter-block interference and make the channel matrix circulant, a CP
with length Lop = Lgg, + Lr,p +1 is added between adjacent information blocks. Without
loss of generality, the index j in the system model derivations is dropped for brevity. After

:th

removing the cyclic prefix, the received block symbol at the i*" relay terminal during the

broadcasting phase will be given by

rr, = \/ EspHsp,x + ng,, (2.1)

where np, is the additive white Gaussian noise vector with each entry having zero-mean and
variance of Ny/2 per dimension, Egsp, is the average energy available at the relay terminal R,
which takes into account possibly different path loss and shadowing effects between the S —
R; link, and Hgg, is N x N circulant matrix with entries [Hgp |t = hgp.((k —1) mod N).
The relay terminals normalize each entry of the received signal [r HJ?H n—12,..,Nbya
factor of E (l[r &]n|2) = Esp, + No to ensure unit average energy and re-transmit the signal
during the relaying phase one at a time. After some mathematical manipulations, the 3th

relay’s received signal at the destination terminal during the second signaling phase is given

_ | EripEsk _
r, = mHRzDHSRLX | n;, (2.2)

where Eg.p is the average energy available at the destination terminal which takes into

by

account possibly different path loss and shadowing effects between the R; — D link, Hg, p
is N x N circulant matrix with entries [Hp_ plii = hp, p((k — ) mod V), and each entry
of the effective noise term f; {conditioned on hp,p) has zero mean and a variance of p;No

where p; is defined by

Brp o0
=1+ =—"— hg. p (m)|?. 2.3
p Tam. + No T;Jl r;D (M) (2.3)

The destination terminal normalizes the received signal rg, by a factor of /p;. This does
not affect the SNR, but simplifies the mathematical presentation [68]. After normalization,

it follows
rp;, = vY%Hp,pHsp,x + ni, (2.4)

where n; is complex Gaussian with zero mean and variance of Ny/2 per dimension, and the
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scaling coefficient ~; is defined as

- (Esr,/No)ER,p _
Y = . (2.9)
Lsg, 5 Ler;p 5
1+ Esp,/No ¥ |hsg, (sp )" + Erip/No 3 |hgp (Irip)|
lsr;=0 lg,p=0

Next, by applying the Discrete Fourier Transform (DFT), i.e. multiplying by the Q matrix,

the received signal rp, is transformed to the frequency domain, as follows
Qrp, = V7% QHg,pHsgx | Qn;. (2.6)
Exploiting the circulant structure of the channel matrices Hgp, and Hp, p, it follows

HSR,‘, — Q"ASRiQ’ (2 7)
H&-D = QHA&DQ,

where Agp, and A, p are diagonal matrices whose (n,n) elements are equal to the nth DFT

coefficient of hgg, and hg,p, respectively. Thus, (2.6) can be rewritten as follows
Qrp, = /AR, DAsr,Qx + Qn;. (2.8)
Thus, the input signals to the ML detector are given by
r = [VATARDASR -, NG ARy, DASRAy | QX+ 1, (2.9)

where n’ is zero mean white Gaussian with variance of Ny/2 per dimension. Note that the

effective SNR of the received signal is

Lsry ?Lr;p 2
ErpBsr, 3 |hsr(lsr;)| 3 |brio(lr;p)
SNR B gR; =0 lr,p=0
eff — Lsr, 2 Lr;D E
No| No+Esr, 3. |hsr,(lsr.)| +Er;p 3. |hRiD(£RiD)I
igRp,=0 !r;p=0
Lsk; ‘ Lr;D ’ (2.10)
SNRsr;, ). |hSR=‘(tSRiN SNRp,p ). Ith'D(tRiDN )
__ isR, =0 iR, D=0
- Lgg, ‘ ) ?
1+SNRsr, Y. |bsr,(lsr.)| +SNRap Y. |hr,n(lr.0)]
lSRizl) lRiD=0
_ _ XY
T+ X+Y?
E E o
where SNRsp, = —wt, SNRp,p = =, X = SNRsp, 5 |hsr, (Isr,)|* and ¥V =

iSRi =0

Lr;p
SNRg.p Y, |hropD (Ir.p)|*. To recover the transmitted symbol x, a receiver is required
lr;p=0
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to remove the linear transformation caused by Ag,pAgsg, in (2.8). For this purpose, both
ML and MMSE receivers can be applied. Note that the decoding complexity of the ML
decoder increases exponentially with the number of relays. On the other hand, the linear
receivers, such as MMSE, offer a significant reduction in complexity and thus, they are the
practical choice for systems with large numbers of relaying nodes. The following section

discusses different selection criteria for ML and MMSE receivers, accordingly.

2.3 Relay Selection Strategies

All strategies mentioned in this section perform calculations assuming full and perfect chan-
nel knowledge at the receiver. In the following, the distributed system’s overall NNg x N

channel matrix A is defined as follows
VT AR, DAsR,
A= : (2.11)

VINg ARy, DASRy,

whereas the N K x N A% indicates the sub-channel matrix after applying the relay selection
strategy, with K representing the number of the selected index rows from A, i.e. from the

selected relays.

2.3.1 Selection Criteria for ML-SC-FDE receivers

For the optimal ML receiver, the selection criteria should be designed to minimize the
symbol error rate union bound. To find the effective selection criteria, one should first find
the PEP for the case where all the relays are participating. Considering the ML-SC-FDE
receiver, one should use the PEP that determines the probability of erroneously decoding x

when % is transmitted with x # %. The distance is given as follows

NR Li,max
d2 (X, 2) = th Z ]hi,mm: (zi,max)!zn(Xi - i:) hi,mjn”2: (212)
i=1 li max=0
where =
[X]O [XIN—l L {X] N—L; wmin
[X]N—Li,mm xlp - [XIN—L,;_mln+1

Xi 5 . : s (2.13)

[x]n_1 Xly_z - [XJN—Li‘mln—l_‘
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Limax = max (Lgp,, Lr,p), Nimax is the channel associated with L; mar, and accordingly,
Limin = min(Lgp,, Lg,p), and h; min is the channel associated with L; s, @ = 1,..., Np.
As an example, if L max = max(Lsg,, Lr,p) = Lsr,, then hi nax = hgpg,, and similarly,
if Li,min = min(Lsg,, Lr,p) = Lg, D, then hy win = hg, p. Note that QHIAi|2Q - H;HY.
Using the Chernoff bound and applying it to (2.12), yields

Nr
P (x> Rhsr, - B B, o) < [Tesw (-) e
Li,max ;
where & =% Y |himax (limax)*](Xi — X%i) Biminll®, i = 1,..., Ng. Thus, the uncondi-
Ei,max:f)
tional PEP can be expressed as follows
P(x— %) < H // . ( )dhg& dhg.p. (2.15)
Li,rnux H
NOte that y = 'Yi[ Z | i, IMax (ll m'\‘()l hg min (X1 = "21) (X‘i = ié)lh-i,min: where X is Hermi-
1, max=0

Xi
tian and thus can be decomposed to x; = U;H A;U;, where A; has the Eigen values A,

liymin = 0,..., Li min on its diagonal. Following that, o; can be expressed as

Li max
' 2, min A 2
(Ei,main,min/NO) Z |hi,max (li,max)l E /\i; min z min (li,min)
ti.max r ,min
Ofi - Li,am;c = Li,min ! (2.16)
1+ (Bymax/No) Y. |hemax (Giimax) +Bimin/No Y [himin (5 min)]*
zi,maxzo li,minzo
a; b;

where @; ~ ' (Limax + 1,1), b ~ I (Li min + 1, 1), i min and E; nax are the average energies
associated with h; min and h; nax correspondingly, and ﬁ,;)miu = U;h; min with same first and

second order statistical information as h; pin with U; being a unitary matrix. Define the

H T a; T i 5 2 i
ratio r; = oI NoJar i (B NoYs: 1D terms of the two gamma variates a; and b;, with

density [88]

fr. (ri) =

(SNH’i'mln)_(Li,min+1) {Li,max) 1 SN& ” Li,min 1+(SNR1 min*"SNRz max)fz L; max+L1. mln+2)
B(Li max+1,Li min+1) T3 ( - mu'-’"z) SNE; min
(2.17)

)
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where SN R; min = Hman SNR: max = - E mah/N and B(a,b) = TE:)_ is the beta
function. Accordingly, the unconditional PEP in (2.15) can be rewritten as

Ji
sm—l SN R SN R 2o
i,max Ly i, max yIni 2
P(x— X H f j() exp | - i m'\};l i, min Z )\tirmmhi,min(!‘i:min) i prid?"ipfidfi,
'Ei,min
I
N SNR; _(Li,mln"‘l S'NR'L max L max Lii i
. 'Hl (B(Iftr::irﬁl Limin 1) 157 Jo L‘{p(—H-Ti)T-( o )(l — SN Rimaxri) ™" x
G y yl4i min
1+(SNER; min—SNRi max )i —(Li,max+Limin+2)
( ( Rﬁ'ghi,& mmR’L i ) dripg,dfi.
(2.].8)
Table 2.1: List of Notations used in PEP derivations in (2.20)
¥ SN minbi J i ~ / .
I: L= ‘SN&:nlinJr" - SNR@ maxﬂlt?l‘FSlNRz mlnbt i bN&,miﬂgi SNRri,maxa;i‘SNRi,mlnbi ~ SNR/i’lningir“
II‘ 1+(SNR4, min SNRSR,') a;+b; d 3,
i SNRz;D ~ SNBimaxtit SN Rymmbi > 14"

Following notations in Table. 2.1, (2.18) can be expressed as follows

1

SNRT, ; ) (L1 m‘n+l)(SNRz ingi) Limin —92
Fhasdlz ¢H1 B(L, nhju L +1)d( zm.:lzi min+2) fo fo e exp (=Ters) v “dripy.df
- i,max T Ly4d, min i

NR ;SNR,‘ ]]n]n L; ,min -
= 1II (Eame P emuct) Io> ( :mﬂi) Iipy.df, (10, eq.3.381.8]
i=1 B(Li,lhax+1pL{'m[n+l)di i,max T4 min
Ngr Li min LR o
9 SN R oix
= H : H fO f-ERD (_ :%fﬂgip)

I‘L +LZ [T]]'l-i-2
=1 B(Lz max 1 L’1. mint l)d( A i ) Lni‘Di

X exp (w-)\zR{D f!gip) Afig,ps

Ng —(Li in+1) i min Lr;p
SNR;,mi i ; 1
<1 (SN Rimin) @ ngf 5 Ali oF [ 1,1; S,W , [10, eq.6.455.1]
g B(Li‘mﬂx+1,[ﬂi‘min+l)di i, max i,min iR‘DSU R; R D .

(2.19)
Lr;p
where g; = b'f/ai, ; — (@ +bi )/cw fi is distributed as T’ (LH p+1, E Kilp. D), and

I
2Fy (-, +;+;.) is the hyper-geometric function [89]. RDD
Next, the best multiple relay selection criterion that minimizes the PEP expression can
be formulated as in (2.19). Considering (2.19), the upper bound mainly depends on the
relaying links’” minimum SNRs, i.e. SNRi,min, i=1,..., Ng, as well as the channel powers,
lIbe minll?

. . h .
which are reflected in the terms g; = |||Iht "“"llll yand d; = 1+ (Al Therefore, assuming
1, max 7, Max
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average SN R, min, 1 = 1,..., Np, the PEP-based best multiple relay selection criterion can

be expressed as,

k Li,min
TSELECTION = a'rg min 1_.[ : i.max+ Limin+2 ° (220)

k=L...Nr . B (L-i,max + 1, Li min + 1) df ’

Novel PEP-based SHARM Selection Criterion

Assuming similar received average SNR for all relay links, as well as similar channel lengths
Limin and L; max for the underlying relaying links, a novel version of the harmonic mean
selection criteria for frequency selective underlying channels (SHARM) can be realized from

(20), namely,
L’i,min

FSHARM = 8IE Mmin o0 =

t+ +
= i, max i,min
k=1, g (ié

2\ Limin
( ”hz min { ) (2-21)

”hz,m.a)cH

=arg min e e
k=1,...,Np ( l‘i,mln ~) %,max " “i,min

h'i,max”

PEP upper bound for the best K relay selection

This sub-section, derives an upperbound on the PEP when selecting best K relays from
the available Ng relays. This method is based on the property that the summation of the
largest K out of N available numbers is greater than or equal to the average value of the
Npg numbers multiplied by K. Refer to Appendix A for the proof. Similarly, having the

channel powers ordered as

SNRSRlsNRﬁlﬂlthRl“thRlDHzI S SNRSRKSNRRKD”}‘SRK“ ”hRKD” B

2 T =
SNRsr, ||hsr, ||"+SNRR, p||/hr,p|" SNRSRKthSRK” +3NRRKD“|1RKD||
‘?NRQR,V GNRRN D||hSRNR“ ||hR D“ (222)
2 23
SNRSRNR’h.bHNR” +SNRay D hRNRDH

which yields

SNRsr,SNRr.plhsr |*Ihenl® _ K NZ SNRsk, SN Re.pllhsr,|*[hr.o|*
= SNRsg|lhsr,|* + SNR.plhr.pl|* ~ Nk & SNRsr,|hsr.| + SN Re.plhr,pl|*’
(2.23)
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leading to
i 2Ix = £) hrool®
SNRsp,|lhsg,|I* + SNRe,plhg ol Ve~ SNRgp|lhse,|® + SN Rg,pllhg, ol

a2 &2
K Np

i SNRsgr, SN R, plhsr]*ll(x = ) hr.oll? 5 K % SNRsr,SNRpg,p|lhsg,

=1

(2.24)

d% K d%
e O S O 95
exp( 4)_9){1)( Np 4 (2.25)

Applying (2.25) to the bound in (2.14) results in the PEP upper bound, when selecting the

As a result,

best K out of the Ny available relays, as follows,

Np
— Y (Limin+1)
PK (X =y 5‘() < (i) i=1

%) . 2.
Nn Png (x = R) (2.26)

2.3.2 Selection Criteria for SC-MMSE receivers

Unlike ML-SC-FDE, it’s not easy to find a simple expression for the average error probability.
Thus, one can develop different selection criteria based on the instantaneous error probability

as follows:

Norm based Relay Selection (NBRS)

This method is inspired by the fact that selection based on maximum norm, maximizes
the signal-to-noise ratio and minimizes the instantaneous probability of error [90]. NBRS
method can be used because of its low computational complexity, yet, its general drawback
is that its effective only for frequency flat or moderately frequency selective channels. NBRS
calculates the Frobenius norm of all rows of the channel matrix A and selects the subset
that maximizes the Frobenius norm. The resulting sub-channel matrix A contains K out

of N rows of the channel matrix A such that

(2.27)

K
TNBRS = 8Ig Max Z H\/ Ar,Ar, DA Sy, =
=1

As an example, to select a single relay out of four available relays, r, would be one element
from R = {1,2,3,4}, where if two relays were selected, r; would be an element of the set
R = {[1’2] >[l#3] ’ [1= 4] ’ [2:3] ) {2>4] ’ [3:4]}-
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Ergodic Capacity Based Relay Selection (CBRS)

In this strategy, the subset of relays that maximizes the instantaneous mutual information
among all possible subsets is selected. Note that the source terminal doesn’t have access to
the CSI, thus, it distributes the power equally among all subcarriers. Considering frequency
selective fading channels, the optimum relay selection is not feasible through CBRS, mainly
because for different frequencies, different relay subsets are optimal, as reported in similar
studies on antenna subset selection on MIMO channels [91,92]. Since the source node doesn’t
have access to CSI and only the destination terminal has the perfect channel knowledge,

the channel mutual information is formulated as follows,

1 N\ H
CK) = og, (det (INK + KNOA(K) (A(M) )) ) (2.28)

and roprs = arg maxepCY), through which the subset of the relays that has maximum

mutual information of all the subsets A is selected.

Singular Value based Relay Selection (SVRS)

Considering (2.4), the expression for the post-processing SNR of the k** relaying path ap-
-1
plying the MMSE equalizer G = H,{" [HkH,iI + NOIN] with Hy = /Hpg, pHgpg, is

given by
],

IGKNoING{ ||~

Assuming without loss of generality that the symbols have variance 1, the received SNR can

SNRy, = | (2.29)

be simplified as follows

SN R — |GxHHI G| G HHIGH |lek|ey tHE -Noty|cH || [8E -NoGi |G
k= GeNoINGE]| . = || GiNoInGE F NoGrGF 7 NoGrGH P
HIGH
w1,
(2.30)

Note that the minimum post-processing SNR is directly related to the error rate perfor-
mance and dominates the receiver performance. Having this, to improve the error rate, it

is desirable to improve the minimum SNR. Approximating (2.30), yields

SN Bin = 1
min = NoAmax ((Hka-’-NOIN)_l)
-1
> 7 Amin ((HkH{j + NOIN) ) (2.31)

= *NLO’xmiHZ (Hi),
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where Apin denotes the minimum singular value, and Apax denotes the maximum singular
value. Note that (2.30) follows from the fact that the highest eigenvalue maximizes the high-
est diagonal term of a square matrix. (2.31) shows that the performance of linear receiver, as
with MMSE, improves as the smallest singular value of the channel Hy, increases.Using this,
the smallest eigenvalue of the A(K)(A(K))H, lias the highest impact on the performance
of linear receivers for the frequency selective channels. Following this method, the subset
channel with the maximum minimum eigenvalue is selected as follows,
rsyRs = arg max min AEn) (2.32)
€FR n=1,.,N, k=1,...,Ng
where A" is the eigenvalue of the matrix AK) (A(K))H for the n** subcarrier.
Note that similar methods based on maximum ratio between the minimum and the
maximum singular value were proposed in [93]. This ratio indicates the degree of spread of
all the eigen values where lower spread means higher ratio and therefore a better conditioned

channel and vice versa. Following this method, the selection metric is as follows,

min Xikie)
‘ o __n=1,.,N,k=1,..,Np
TSVRS = BIgMax p— N {2.33}

n=1,...,N, k=1,...,Nr

where N stands for the number of the carriers. Note that the computational complexity
of this method is slightly higher than the first SVRS method, as it requires the calculation
of two singular value and their ratios per frequency tone and subset combination. Note
that both the SVRS methods are based solely on the acquired channel knowledge and can
be deployed independently from the equalizer, yet, they are both very much sensitive to
the channel estimation errors. This sensitivity is even higher for the second SVRS method

which is based on the ratio of singular values.

Equalization Quality based Relay Selection (EQRS)

This selection technique is motivated by the fact that the post equalizer signal quality
affects the succeeding detector’s decisions. note that the major advantage of using the post
equalizer signal quality as a metric is that all the possible effects such as synchronization or
spatial correlation that can degrade the quality of the equalizer output signal are inherently
handled in such way. The typical signal quality metric is the Euclidean distance between the
equalizer output symbols ® and the known transmit symbols x which is used as the selection

criterion. Note that |x — )"(|2 shows the equalizer’s abilities, as well as the detector’s quality
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which in turn affects the selection [94]. Defining the distortion power to be

Pdisturtwn =FE {|X - ilz} ’ (234)

The selection method can be based on the distortion power (DP) Pyisiortion, or the signal

to distortion ratio (SDR) defined as follows

SDR = Lxr?} (2.35)
Pdistortion

Selection scheme should select the relay that minimizes the distortion power Pyistortion, OI
maximizes the output SDR.

Note that through this method, the receiver can directly recognize the loss of signal
quality and take appropriate actions, i.e. switching to another relay. It should be taken into
account that using such a metric requires channel training sequences or pilot symbols to be

passed through the equalizer.

Selective to Flat Fading Relay Selection (SFRS)

This sub section proposes a novel relay selection method through which only the relay with
the frequency selective source to destination link that acquires the highest norm flat fading
channel tab is selected. The selected relay then pre-multiplies and normalizes the received
signal from the source node, such that only the highest norm flat fading portion of the
transmitted signal is received at the destination terminal.

Consider the circulant channel matrix Hy, = Hp_pHgp, for the k' relaying channel in

(2.4). Introducing the circulant flat fading matrices

[HRkDHSRk]p’q p—qgmod N =1

Hsr,pil,, !=1yLsr, +Lr,p+1 =
o o ' 0 p—qgmod N £1
(2.36)
: is selected. Assumi
only the relay with arg TR 1:1,...,L£3§Lgk 8 |Hsgr, p,llp is selected. Assuming that

the m! path from the k" relaying channel is selected, the multiplier matrix can be formu-
lated as follows,
P =Hg ;Hsp pmHgp . (2.37)

In order to have a fair comparison with the other proposed schemes, one can obtain the

performance of the proposed receiver assuming an amplifier factor for the relay terminal
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that results in the similar SNR as that of (2.4). The SNR associated to (2.4) is as follows

m=

Lg, D 5
SNRSRkSNRRkD( > |hr,p(m)| )

SNRy, = , (2.38)

Lr,p

1 | SNRsg, | ( ZO IthD(m)lz) SNRpg,p

m=

where SN Rsg, = Esg,/No, and SNRg, p = Er,p/No. Assuming that the relay Rj from
the k** path applies the amplifier factor Ay, the received signal at the destination node and

its corresponding post processing SNR, for the proposed method will be as follows

Dy srrs — \V ESRk ERk DAICI_I.S'R;c D.mX + Y ERkDAkan +np, (239)

N
Esp, SNRp, pAk ( 20 |hsry D, ('m)lz)

SNRK,SFRS = : (2.40)

Lp 5
1+ AgER,p ZO |hp (m)|

where hp is the vector containing the non-zero elements of the first row or column of the
circulant matrix P, Lp is the number of nonzero elements in each row or column of P,
and similarly, hgg, p; is the first row or column of the circulant matrix Hgp p,, that
is associated to the maximum norm flat fading tab. Thus, in order to maintain the post
processing SN Rk spprs in (2.38) similar to SNRg in (2.36), Ay should be as follows

SNRg

Ap =
N . Lp
SNRpg, pEsgy ( 20|hSRKD,£ ('m)|2) ~SNRiFER,p ( E;OIhP (m)lz)

(2.41)

Note that as can be seen from (2.37), the frequency selective fading underlying channel
Hp pHgp, in (2.4), is converted to a flat fading channel Hgp p ,, using the new selection
method. Thus, selection is done from all the underlying flat fading subchannels of their

corresponding frequency selective channels of all relaying paths, as follows

TSFRS = alg _Max HHSRkD’mHF (2.42)

max
=1,...,Np m=l,...,Ls,Rk —l-LRkD~‘r-1

Note that all the five antenna selection schemes, i.e. NBRS, CBRS, and SVRS, the last
two schemes, i.e. EQRS, and proposed SFRS methods use a low rate feedback information
from the transmitter to the receiver, and from receiver to the relay node correspondingly,
that as will be discussed in the following section, can significantly improve the performance

of the open loop selection strategies.
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2.4 Multiple relay selection scheme based on EDA

Considering the fast fading nature of the underlying links in the vehicular systems, as the
number of the participating relays in the network increases, to satisfy the high data rate
requirements, it is necessary to reach the optimal solution within the least processing time.
In conventional methods, the best relay subset is selected after evaluating the selection
criteria for each possible relay subset. This makes the relay selection problem NP-hard for
the cooperative networks with large number of participating relays.

One can obtain the optimal solution using exhaustive search. However, for large number
of relays Np, it is very inefficient. Performance of the heuristic evolutionary algorithms
for the multiple relay selection problem in the cooperative networks is sparsely investigated
[95], and is reported to achieve near optimal solution. This chapter investigates another
evolutionary algorithm, i.e. EDA, for selecting the subset of relays that results in the error
performance close to the error performance of the optimal relay subset in the cooperative
network.

EDA creates a new population from the probability distribution estimated from previous
generations. No significant parameter tuning is required for EDA as compared to other
Evolutionary Algorithms (EAs). Our simulations with EDA show that SER performance
achieved is significantly improved as compared to the scenario where random selections
are performed. The EDA scheme is used to approach the optimal solution much faster
and within a smaller number of iterations as compared with the heuristic evolutionary
algorithms, which leads to a good system capacity with reduced hardware complexity and

undistributed data rate in the cooperative network.

2.4.1 A brief introduction to EDA

Evolutionary algorithms have been often used to solve difficult optimization problems. Can-
didate solutions to an optimization problem are represented as individuals in the population.
In EAs the cost function value of a candidate solution to the optimization problem indicates
the fitness of the individual in the concept of natural selection [96]. Unlike other evolutionary
algorithms, in EDA, a new population of individuals in each iteration is generated without
crossover and mutation operators. Contrary to EAs, in EDA a new population is generated
based on a probability distribution, which is estimated from the best selected individuals of

previous iteration [97].
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In general, conventional EDAs can be characterized by parameters and notations
(IS:F: At:nhﬁhp&FvITt‘r) (243)

where
1) I is the space of all potential solutions (entire search space of individuals).
2) I denotes a fitness function.

lth

3) A; is the set of individuals (population) at the I* iteration.

It iteration.

4) my is the set of best candidate solutions selected from set A; at the
5) Denote 8; = Ay —ny = Ay N pf, where n is the complement of n, and M stands for the
intersection operation.
6) ps is the selection probability. The EDA algorithm selects ps |A| individuals from set A,
to make up set n;, where |A;| represents the number of individuals in population 4.
7) T represents the distribution estimated from A; (the set of selected candidate solutions)
at each iteration.
8) It is the number of iterations.

In conventional EDAs, each individual is designated by a binary string of length n
(n-dimensional binary vector). The binary row vector X = (2,%2,...,2,) represents an
individual. An EDA maintains a population of individuals in each iteration. Population A,

can be specified by the following matrix,

X1 oz} xl
X? a? x3 : x2
®es| @ =] * *F " (2.44)
A A A i A
X| e| ﬂJ|1 z| £|2 z| : MLL z|’

where superscript 7 in the row vector X/ = (.’E}l,mé,m%, r%) indexes an individual in the

population. A typical EDA is described in the following steps:

Step 0: Generate initial population Ag. The initial population (|Ag| individuals) is
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typically obtained by sampling according to uniform distribution [97| '

p(ohazv U 79?1) - Ijlpz(gb) )
Mi =180 and pil; = 1) =pl0 =0) = 0.5

(2.45)

For iterations | — 1,2,..., follow steps 1 through 6.

Step 1: Evaluate the individuals in the current population A;_; according to the
fitness function F. Sort the candidate solutions (individuals in the current population) ac-

cording to their fitness orders.

Step 2: If the best candidate solution satisfies the convergence criterion or the number

of iterations exceeds its limit I7.., then terminate; else go to step 3.

Step 3: Select the best psA;—; candidate solutions (individuals) from current popula-

tion A;_,. This selection is accomplished according to the sorted candidate solutions.

Step 4: Estimate the probability distribution p(0y,0s,--- ,8,) on the basis of |n-i|

best candidate solutions. Denote this estimation by
r'= P(E)l:e‘Zr"' :Bﬂf.lnl—l)- (246)

Step 5: Generate new |Ay| — |m_1] individuals on the basis of this new estimated prob-
ability distribution T'. Replace the bad |3,—1| individuals with newly generated A — |1

individuals.

Step 6: Go to step 1 and repeat the steps.
Fig. 2.2 represents the EDA block diagram. In the experimentation, to estimate (2.44),

the marginal distributions are estimated separately and the following product form is used,

['=p(th, 02, , 0 'Ul—l):__ljlpi(yil M-1)
" ( ngfld(xi,-_eim_l)) (2.47)

= il;ll Ini—1]

in conventional EDAs, the joint probability distribution from which the initial population is sampled is
a product of 'n’ univariate marginal probability distributions, each following a Bernoulli distribution with
parameter value equal to 0.5. This chapter finally discusses different methods of generating the initial
population).
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Figure 2.2: EDA block diagram.

where ¢ is an indicator function and can be expressed as

; 1 ifzl =0
’ (wi =4 Tlt—!) ] 0 otherwise .

Even with this simple application of EDA, the simulation results show that performance of
EDA is better than previously proposed algorithms.

Define the optimization problem and the optimization variables as follows:

I. The optimization problem can be the argument of any of the selection criteria previously
described, i.e. SHARM, NBRS, CBRS, EQRS, and SFRS, subject to K <, where ¥ stands

36
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for the maximum number of the relays to be selected.?

II. Define the binary variables a;, i = 1,..., Ng, corresponding to each and every relay,

such that
a; =1 ithrelay is selected

(2.49)
=0 Otherwise

Components of the relay selection EDA problem:
A. Individual Representation
Each individual (a candidate solution) is represented by an 1 x Ng vector containing all
the binary variables a;, i = 1,..., Ng. For example, Fig. 2.3 illustrates the scenario where
Ng =5 and only relays Iy, R, and Rs are selected. The individual is shown in Fig. 2.3.

B. Fitness Function and Constraint Check
It is natural to use the objective function in the optimization problem as the fitness function
of the EDA. If a candidate solution (an individual in EDA) does not satisfy the constraint
K < ¥, one should disregard that candidate as a valid solution and replace it with a feasible
candidate.

Generating the Initial Population:
The initial population is typically constructed randomly such that each component of the
individual is assigned 0 or 1 with equal probabilities. Note, however, that the size of the
population in EDA is usually much smaller than the size of the entire search space, and
thus it is quite likely that a randomly generated initial population may contain no feasible
solution or a very small number of feasible solutions. This sub section proposes a novel
method to deal with the initial population generation problem, specifically designated for

the relay selection problem under consideration:

Subject to the the maximum number of relays to be selected, i.e. ¥, the initial popu-
lation includes individuals corresponding to the selection of the relays that would satisfy
the argument of any of the selection criteria already discussed. As an example, assuming
that SVRS is the selection criteria based on which the initial population individuals are
generated, the relay index that maximizes (2.32) is assigned 1 in all individuals inside the
initial population. The choice of number of relay indexes that are assigned 1 based on this

approach is optional. Next, until the size of the initial population is reached, starting from

2The constraint may vary as per the problem formulation,



CHAPTER 2. RELAY SELECTION STRATEGIES FOR SC-FDE 38

Figure 2.3: Represents the corresponding individual for the scenario where the first, third,
and the fifth relays are selected.

two relays, i.e. 1 already assigned to the relay that is selected based on (2.32), | is assigned

to the rest of the relays in a circular fashion.

2.5 Computational Complexity And Numerical Results

This section presents Monte-Carlo simulation results for different relay selection methods in
the multi-relay system assuming a quasi-static Rayleigh fading channel for all the § — R;
and R; = D, i=1,..., Ng links. Note that all simulations are performed using MATLAB
software on a 3 GHz CPU.
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Figure 2.4: Single Relay Selection in a two relay network for SC-MMSE receiver with
different selection strategies.

First, we assume that there are two relay nodes, where each node is equipped with one
antenna, employing MMSE receiver. We set Eg,p = 5dB and the SER curve is plotted
against %‘,if = E—I.SVJ:L = E—j{:l We further assume that Lsg, = Lg,p = Lsr, = Lr,p = 1,
N=256 for the symbol block size, and 4-QAM modulation is used. The SER performance of
different relay selection schemes for SC-FDE MMSE receiver is studied. As is illustrated in
Fig. 2.4, the SER performance of the NBRS and CBRS schemes that is motivated by the
receiver input power, is the worst. Moreover, The SVRS and EQRS schemes have almost
similar SER performances, and both outperform the NBRS and CBRS methods by i.e. ~
10 dB at SER = 103, The SFRS method provides the best SER performances, and also
is the only scheme that extracts full diversity, similar to that of MRC. Note that SFRS
outperforms SVRS and EQRS by ~ 10 dB and outperforms CBRS and NBRS by ~ 18 dB
at SER = 10~2, which is astonishing.

Fig. 2.5 illustrates the SER performance of different relay selection schemes assuming
ML-SC-FDE receiver with Lsg, = Lr,p = Lsr, = Lr,p = 1. As can be seen from

Fig. 2.5, the selection criteria based on minimization of the average error rate and the
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Figure 2.5: Single Relay Selection in a two relay network for ML-SC-FDE receiver with
different selection strategies.

proposed method are the most powerful methods. Also, the CBRS and NBRS methods
have acceptable performance, i.e. the proposed method outperforms them by only ~ 2 dB
at SER = 10~2. The SVRS and the EQRS have the worst SER performance, i.e. CBRS and
NBRS outperform them by ~ 4 dB at SER = 1073, It can be concluded from the simulation
results that regardless of the receiver type, the NBRS and CBRS methods have close SER
performances, which are motivated by the receiver input signal power. Similarly, the SVRS
and EQRS methods have close SER performances, which are motivated by minimizing the
instantaneous SER.

Fig. 2.6 illustrates the SER performance of the SHARM selection scheme with an MMSE
receiver implemented. We assume there are two relays and SNRg, = 10 dB, i =1,2. We
further consider three scenarios:

Scenario I: Lgr, = Lgr, =6, Lp,p = Lr,p =0

Scenario II: Lsg, = Lsg, =5, Lr,;p = Lr,p =1

Scenario 11I: Lsg, = Lsgr, =6,Lr,p = Lr,p = 2

According to (2.19), the diversity order (DO) for the scenarios I, II, and III should be 2, 4,
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Figure 2.6: Single Relay Selection in a two relay network for SC-MMSE receiver with
SHARM selection scheme.

and 6, correspondingly, which agrees with the simulation results. More importantly, even
though an MMSE receiver is implemented, full diversity advantages are achieved.

In Fig. 2.7, we evaluate the performance of the proposed EDA method. The initial
population is generated based on the SVRS scheme. The CBRS criterion is considered as
the fitness function. We further assume 4-PSK modulation, 10 relays, Ls,. = 5, Lp,p =
1, i = 1,...,10, and assume population size = 11 , i.e. 3% of the overall population,
number of best population elements = 4, maximum number of relays to be selected = 4
for the EDA. Since the proposed EDA algorithm searches for the best subset of relays, i.e.

maximum 4 number of relays to be selected, the size of the entire search space is equal to

10 10 10 10
|L| = | 4= ) + ) -+ s — 385. Furthermore, we consider number of

iterations It., = 20. The EDA algorithm was paused at It., = 4,8, and the system SER
performance was considered for three different scenarios at I1., = 4, 8,20. SER performance
of these three scenarios is compared with the performance of the optimal solution obtained

through the exhaustive search algorithm which takes about 514 mili seconds to run. Note
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Figure 2.7: Relay Selection with EDA with 10 Relays.

that the average used time of these scenarios as compared with the exhaustive search is
equal to 56.5, 113.1, and 293 mili seconds, respectively. As is illustrated in Fig. 2.7, by
increasing the iterations, better SER performance is achieved, i.e. ~ 6 dB difference at SER
— 10~® between scenarios 2, and 3. It can be seen that scenario 3 with e, = 20 performs
very close to the exhaustive search, while takes about only 0.57% time as compared with
the exhaustive search.

Fig. 2.8 evaluates the performance of the proposed EDA scheme for 30 relays, Ls,, = 2,
Lr.p=1,i=1,...,10, 4-PSK modulation and assumes population size = 50 , number
of best population elements = 15, and maximum number of relays to be selected = 3 for
the EDA. We consider number of iterations Ipe, = 30. The EDA algorithm was paused at
ITer = 1,10, 20, and the system SER performance was considered for four different scenarios
at Irer = 1,10,20,30. As is illustrated in Fig. 2.8, by increasing the iterations, better SER
performance is achieved, i.e. ~ 4 dB difference at SER = 107 between scenarios 2, and 3.
Note that for large number of relays N, it is very inefficient to perform exhaustive search.

Fig. 2.9 compares the convergence rate of the proposed EDA scheme for different SNR

values versus iteration number. We assume Np =30, Lg, =2, Lg,p — 1,1 = 1,...,10,
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Figure 2.8: Relay Selection with EDA with 30 Relays.

4-PSK modulation and consider population size = 50 , number of best population elements
— 15, and maximum number of relays to be selected = 3 for the EDA. As can be seen from
Fig. 2.9, the proposed EDA method converges at 24 ( 1.6959 seconds), 27 ( 1.9079 s), 23
(1.6252 s), and 24 (1.6959 s) iterations for 0, 5, 10, and 15 dB, respectively.

To measure the computational complexity of the EDA algorithm as compared to the ex-

haustive search algorithm, we consider the number of complex multiplications and additions.

NR,max NR,
The exhaustive search algorithm needs to compute 3 complex determinants
rr=1 "J"k

in (2.28), with Ng max being the maximum number of relays to be selected, and Ng being
the physical relay terminals available. A matrix determinant can be computed with com-
plexity O (K?) or better [98]. However, since in (2.28), only the diagonal matrices A (K)

are involved, each determinant requires 2N K — 1 complex multiplications only. The EDA
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algorithm, on the other hand, needs to compute |A| I, determinants. We consider two
scenarios:

Scenario L:[Ng, Nrmax, |Al, ITer] = (10,4, 11, 20]

Scenario II: [Ng, N max, |Al, ITer] = [30, 3,50, 30]

Note that since EDA selects a different relay subset at each iteration, the number of com-
plex multiplications involved is subjective. Nevertheless, we can provide an upper bound
for EDA’s computational cost, by assuming that at each iteration, Np max number of re-
lays are selected. Following this assumption, in scenario I, ESA requires 665212 complex
multiplications, and the EDA algorithm requires maximum number of 450340 complex mul-
tiplications. Note that for EDA, we have assumed I7., = 20 which was illustrated in Fig.
2.7 to perform close to the optimal solution. In scenario II, ESA requires 6692435 complex
multiplications, and the EDA algorithm requires maximum number of 2302500 complex
multiplications. Note that for EDA, we have assumed Ire, = 30 which was illustrated in
Fig. 2.8 to perform close to the optimal solution. This complexity comparison shows that
EDA requires less computational cost as compared to the exhaustive search algorithm. Note
that similar complexity analysis can be performed for the rest of selection criteria discussed

in Sec. III if chosen as the EDA fitness function.

2.6 Conclusion

This chapter investigates different relay selection methods for the multi-relay SC-FDE broad-
band cooperative networks with underlying frequency-selective Rayleigh fading channels,
assuming both ML and MMSE receivers. Different relay selection criteria for the SC-FDE
ML receivers motivated by minimizing the average symbol error rate, are discussed. Simi-
larly, different relay selection schemes for SC-FDE MMSE receivers motivated by minimizing
the instantaneous symbols error rate, are investigated. A novel PEP based scheme which
is able to fully investigate the underlying multipath diversity, is proposed. Between the
relay selection methods provided, the SFRS and the relay selection criteria minimizing the
average symbol error rate, have the best SER performance for SC-FDIS ML receiver. The
proposed analysis is further extended to multiple relay selection scenarios by applying the
EDA algorithm. By further defining the EDA parameters specifically for the relay selec-
tion problem under consideration, significant performance improvement was shown while

maintaining comparable complexity.
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Figure 2.9: Convergence rate of the proposed EDA method
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Chapter 3

Relay Selection for Two-Way
Multiple Relay Networks

3.1 Introduction

As an alternative to multiple-antenna transmission schemes, recently, it has been demon-
strated that “cooperative diversity”, provides an effective means of improving power and
spectral efficiency in wireless networks [79]. In traditional half-duplex dual-hop coopera-
tive networks, the source and destination nodes require four time-slots to complete both
the downlink and uplink transmissions. In TWR protocols, however, only two time slots
are needed to complete the downlink and uplink signal transmissions, which improves sys-
tem’s spectral efficiency [99]. In TWR schemes, two sources transmit their corresponding
information signals to the intermediate relay terminal, simultaneously. In the second time
slot, the relay terminal broadeasts an amplified version of the overlapped messages to the
two sources. Since two sources know their own transmitted messages, the back-propagating
self-interference can be readily subtracted before decoding. TWR mechanism has proven to
not only increase the spectral efficiency, but also to improve the system’s overall capacity
[100].

There has been recent research efforts on the performance of two-way relay networks
employing OFDM over frequency selective channels [101]. However, performance of two-
way relay networks for SC-FDE systems is not investigated in the literature to the best
of our knowledge. In this chapter, we investigate cooperative SC-FDE for two-way mul-
tiple relay networks with selection. We present solid performance analysis for AF MMSE

SC-FDE TWR system, by deriving the achievable diversity gain at each end user terminal

46
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using the outage probability method. We prove that for ML SC-FDE TWR systems, the
diversity gain at each source terminal is specifically dictated by the minimum of the channel
multipath lengths associated with the links between the relay terminal and the two source
terminals. We extend our analysis to the multiple relay AF SC-FDE TWR. diversity sys-
tems with ML decoding and best relay node selection. Furthermore, asymptotic analysis
on the average SER reveals that the diversity gain is determined by both the number of
participating relay nodes and the minimum of the multipath diversity order experienced in
the source to relay, and relay to destination links. We present a novel diversity gain analysis
method based on the MGF approach [102], which characterizes the achievable diversity gain
without having to evaluate the generally very complex MGF integral. Based on the results
from the proposed diversity analysis technique, we introduce the bottleneck integral factor
that dictates the diversity bottleneck in the TWR cooperative communication systems and
cooperative communication systems, in general. Our diversity results exactly match with

the results reported in the literature.

3.2 System Model

We consider a TWR channel, consisting of two source nodes Sy, and Sz each equipped with
a single antenna, and a relay node R. Figures 3.2 and 3.1 compare the schematics of a
single-relay TWR system model with that of a typical single-relay cooperative communi-
cation system when the two cooperating user terminals attempt to exchange information
via the relay terminal. We start our formulations for a TWR cooperative system with a
single relay terminal, to get an insight on the achievable performance metrics, and later
on extend our analysis to a multi-relay TWR communication system with selection. The
channel impulse responses (CIRs) for 8; — R and R — S; links for the i source ter-
minal in the j* transmission block are given by hg,g(j) = [hgiR[()l, ...,hféﬁ,R[LSZ.R]}T and
hgs, (j) = [hf;?Si[O}, ...,h%S{[LRSi}]T, respectively, where Lg;r and Lgs, denote the corre-
sponding channel memory lengths. The random vectors hg,r and hpg; are assumed to be
independent zero-mean complex Gaussian with uniform power delay profile vectors. The
received signal at relay R during the first signaling phase, also known as the multiple access

phase, can be expressed as below,

TR (Qn) = Eg& RHis (27?,) X1 (2?1) + 4/ ESQRHS2R (2?‘3) X2 (Zn) + ng (21“?.) ; (3-1)

where \/Eg, g denotes the average signal power transmitted by the source node S;, Hg, g is
N x N circulant matrix with entries [Hs, gl , = hg,r ((k — 1) mod N} , and ng (2n) is the
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Figure 3.1: Conventional Cooperative SC-FDE System Model.

additive white Gaussian noise vector with each entry having zero-mean and variance of a2 =
. Upon receiving the mixed signal from S; and S3 , R processes it with AF relay operation,
also known as linear analogue relaying, and then broadcasts the processed signal to Sy and

Sz during the second signaling interval. The amplify-and-forwrd factor is given by

o= Er : (3.2)

Ls;r-1 " Lgyr—1 )
Es r kE |hs,rel” + Esyr kz |hs, k" + o2
—0 =0

We can assume without loss of generality that the channel reciprocity holds for TWRC
during uplink and downlink transmissions, i.e. the channel links S; — It and 2 — S; during

the first and the second signaling intervals are symmetrical. The received sighals at S can
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Figure 3.2: TWR-SC-FDE System Model.

be written as,

yr(2n +1) = a\/Es,rHg g (2n + 1) Hg g (2n) X1 (2n) +

(3.3)
ay/Es,pRHg g (2n + 1) Hs,r (2n) x2 (2n) + aHg g (2n+ 1)ng(2n) + ng, (2n+1),

where ng, (2n) is the additive white Gaussian noise vector with each entry having zero-mean
and variance of aﬁsl. Without loss of generality, we will henceforth suppress the subscripts
2n and 2n+1 . Note that on the right hand side of (3.2), the first term is the self interference
of S, while the second term contains the desired message from S;. Assuming that both
Hg pHg, g and Hg pHg, p are perfectly known at Sy via training-based channel estima-
tion prior to data transmission, S; can first subtract its self-interference from yg, (2n + 1)
and then coherently demodulate x2 (2n). The above practice is known as analogue network
coding (ANC). Following similar analysis for the received signal at S, yg, (2n - 1), and fur-

ther subtracting the back-propagating self-interference from yg, (2n + 1) and yg, (2n + 1),

yields,

y1 = ay/Es,rHg, gHs,rxz + oHg gng + ng,, (3.4)
and similarly,

y2 = Q@HSQRHSIRxl + aHg,pnp + ng,. (3.5)

From this point on, we consider the processing performed at the first destination Sy . Similar
analysis is valid for S3. At Sj, the received signal is transformed to the frequency domain
by applying the DFT, i.e. multiplying by the Q matrix as follows,

Qy1 = o/ Es,RQHg, gHs,px2 + aQHg, gnp + Qns, . (3.6)
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In here, Q is the discrete Fourier transform, as written below,

€

—jﬁﬂ' (m—1)n-1|, formmn-=1,...,N (3.7)

exp

Q(m,n) = #

Such that Q¥ Q = I. Exploiting the circulant structure of the underlying channel matrices
we get,

Qy1 = ay/Es,rAg gAs,rRQx2 + aAg zQnp | Qng,, (3.8)
Where Hg, g = Q" As,rQ, and Hg,p = Q¥ Ag,rQ . Note that the diagonal matrix A;

contains the N-point DFT of the channel matrix H;, with the following eigen decomposition,
H; — QY A;Q . Having said this, the diagonal elements of A; are the channelif - s eigen

values as explained below,

N-—-1
2win

dn 2 Alpa)= 3 bW for =1, i V. (3.9)
=0

In sections II1 and IV, we investigate system performance metrics when the FFT-modulated

received signal in (3.8) is processed by an MMSE equalizer and an ML equalizer, correspond-

ingly.

3.3 MMSE SC-FDE in TWR Channels

We assume that the received signal in (3.8} is processed by an MMSE equalizer, represented

by W , where its output is,
X2 =WQy; =« ESQRWA&RAS?RQ}Q + CYWAisQnR I WQngl. (3.10)

We start by finding the MMSE linear equalizer for (3.6). Note that the error vector between
the filtered received signal Wy, and the desired signal is

e:Wle—mg. (311)
We first examine the MSE of the considered system as follows,
E[efle] = B [(WQy1 — x2)" (WQy1 - x2)| = F [0’nfl Q" AL s W WA, zQnp| +

B [C'f Es,pxy QYAL pA SIRWHWA-SHRAS'zRQx2] - [04\/ Es,rxy QY AL, R A g WY XE] +

HE [nd QTWHWQns, | - E [0/Bs,rxf WAs, pAs,r Qx| + B [x5'x] .
(3.12)

To simplify (3.12), we use the remarks given in the following lemma.
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Lemma 1: Consider the quadratic structure of the form Q = s As, A € Cyxn,s —

[ 5 ,sN]T € Cnx1,, which can be expanded as follows,

Q = §1A1181 { §2A2131 R §NAN1S1+

§1A1252 | 52A0282 |-+ | SN AN2s2 +
5141383 + 85242353 + - + SN AN3S3 + (3.13)
S1A1NsN + S2Aansn -+ SNANNSN.

With the assumption that the transmitted symbols as well as the noise samples are uncorre-
lated to each other within a block, the average power of one symbol is @2 , the average noise

power is o2 | the matrix A is statistically deterministic, i.e. we can express the expectation
values as follows,

) 0 kAL 0 &l
E [FeApzi] = e , E [ipsAnnpg] = E [,k Auns, x] = Fi%s desi

y

E Ii'kAklnR,l] =K [Q?kAkl”Shl] =),

(3.14)
Using (3.14), we can simplify (3.12) as follows,

D) [eH ] = a’Eg,poiTrace {QHASZRAMRW”WASIRASZRQ} b o2Trace {QHWHWQ}
—ay/Es,goTrace {Q_ AngA. RWH} + a?aTrace {QHAEIRWHWASIRQ}

- @asfﬁ"ace {WAg pAs,rRQ} + 2N,

(3.15)
Note that the trace operator is similarity invariant, i.e. Tr (A7'XA) = Tr (AXA™!) =
Tr(X) [103]. Therefore, (3.14} can be formulated as follows,

E {e”e] = o?Es,po-Trace {AfquAisW”WAslﬁASgR} - a\/ﬁqg_Ro' Trace {QHA.;-,,HAA‘:;II RW”}

+o2Trace {WHW} + a2 Trace {AblRWHWAglR} = a@a?i”mce {WAg rAs,rRQ} + 02N.
(3.16)

The expectation function can be minimized by taking partial differentiation with respect to

W and setting this derivation to zero. For non-analytical complex function f (X), containing

XH or X , the following differentiation rule must be regarded [104],

2 (x) = 2L

ox 4 9 X)
X

4 ER, (3.17)
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where [ is differentiated with respect to both X and X, i.e. conjugate of vector X. Fur-
thermore, following rules for derivation must be applied [103],
dTrace (AXH B)
X

v OTrace (AXB)

= (BA)", o — (BA)". (3.18)

Therefore, the partial differentiation yields,

I

: . T
(0°Es,roWAs, gAs,rAL p AR + 0202 WA, gAY p + 2W — 00y BsyrotQ" AG, pAY ) +

, , - H
(a2E32 ROZWAg pAs,RAL o AY b+ 0202 WAg gAY p + 02W — a\/Es,ro QY A pAE R)
(3.19)
By setting (3.19) equal to zero, we obtain the optimal MMSE feed forward filter as given

below,

. : -1
W = a\/Es,r0QY A, e Al (0’ Bs,noAs, pAs,rA S p A g + 0?02 A g, gAY p + o21)
(3.20)
Note that the expression given for W in (3.19) is equal to,

W = a™'(Bs,r) 2QY (Ag, pAs.r)" {R;gl + R;lAisASgR(A.‘S‘1RASgR)H] _1RJI,
(3.21)
where, v = aAg zQng + Qng,, and R, = E [’U'UH] = (agASIRAglR 2 I) . Next, in
order to characterize the effective noise covariance matrix, combining (3.10) and (3.12), we

revisit the effective noise term as formulated below,

e = (/ Bs,rWAs, pAs,8Q — T) X2 + WA, pQng + WQns,, (3.22)

Which accounts for the combined effect of the channel noise and the ISI residual due to

MMSE interference suppression. Due to the MMSE orthogonality principal, we have

Re=F [(Xz — Ra) {xg = iz)H] =E [(Xz — X2) Xﬁi] = {(Xz = iz)ig] =FE [(Xz - iz)x'zq] ;
(3.23)
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which reduces the MSE to the following form,

Ro = B |(x2 — (\/Es,n WA, rAs,z Q% + 0WAg zQnr | WQns, ) ) x5']

1 N o L
- meg - (Bs,p) 2 Q" (AS:RASzR)H[Rx; + R Ag, pAs,r(Ag, RASQR)H] R,

w

E [(@\/ Fs,rAs pAs,rRQx2 + aAg pQng + Qﬂsl) Xg] =

1 Hp— - 1 Rl
TR RQH [Rxg — (As,rAs,R) [Rx; +R; ' Ag rAs,r(As pAs:R) ] R;'Ag pAs,rRy, | Q
2
(3.24)
From matrix theory we have,
=1
(E+BCD)”' =E~'-E'B(DE"'B+C') DE. (3.25)

H]~1
Applying (3.25) on {R;Q] + R;;RXQRJIA&RASQR(ASIRASQR) } , using R;zl =E,C=

H
Ry, B =Ry \D = R;'Ag pAs,r (Mg pAsir)  we get,

Re -
-1
2 H
| u (O‘ AisA31R+I) 1 H H (.2 H
P T 2Egpo? + (?%Asl s r(Ag, pAs,R) QQ ((1 Ag pAsip+ I) Q.

(3.26)

3.4 received SINR and diversity analysis

Note that due to the underlying symmetry, the diagonal elements of R (e) are identical.
Following (3.10), we have

Xo = X4/ ES:;RD {WASIRASQRQXQ}+ Oy / Es.z R® {WASIRASQRQX2} + QWASLRQnR + WQ]’ISU

Int,er;e:renr:e Noise
(3.27)
th
)

where the functions D {-} and D {-}, operating on an arbitrary square matrix S with (m,n

entry 8,,,, are defined as follows,

811 0 0
0 Sp ...
D (S} — - , (3.28a)
: e O
I 0 wpe O Sum |
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0 512 - i Sin
_ 521 0 i3 -
D8 = - _ ' . (3.28b)
: : S(in—1)n
| Sl -0 Sn(n-1) 0 i

It can be scen from (3.27) that the n'* decision value consists of the desired signal, inter-
ference from other symbols, and noise components. The unbiased decision-point SINR of
MMSE SC-FDE for detecting symboln,1 <n < N is
o5

MMSE _ _
SINR, = W) L,

(3.29)

where the -1 term is to account for the bias [105]. Due to the underlying symmetry, the
diagonal elements of R, are identical. Therefore, the conditional instantaneous output SINR

for detecting x, (n), 1 < n < N, can be expressed as follows,

MMSE o 1
SINRYMSE  — =1
a2A, AH I

1, SRS R
7 I'race - - WEEQ.,].R”E . H
(auASlRAis+1)+ AisAS2R(ASLRA52R)
B - DN T (3.30)
2
N ((E [AsiRal” + 1) EIRG
1
N Z n=1

b -2qu \. g
21 (02 syral + 1) + T syl A il

\

w

Note that SINRYMSF  doesn’t depend on n and therefore is the same for all information
SN

streams. Moreover, the numerator and denominator in w are not statistically independent.

Otherwise, deriving the underlying distribution for SIN R{‘f‘; “”"RSES = would have been much

. 187759

simmpler, and in fact, the average received SINRhMS”iS}{’& " with MMSE equalizer would have
1875,

been exactly equal to the received average SNR with ML detector, as we will see in the next
section.

Note that in the practical SINR region, ¥,, can be approximated as follows,

|As, Rl B 1

E 2 - PR
|/\51R,n|2 + “%‘gﬁl)\slﬁ,n 2|ASQR,71|2 1 + TlAS’_’R;nI

Y, ~ (3.31)

Es Ro’?

where T = —27—. Note that when N = Lg, g, the eigenvalues of ASERAng, Le. [Asurm -

b

are distributed according to exponential distribution. For N > Lg, r, however, the Gaussian

variables {Ag,rn} are no longer independent, and distribution of |)\SQR:.”,|2 is unknown. To
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derive the achievable diversity order by the MMSE SC-FDE TWR system, we can follow
the outage probability method proposed in [102].
Due to the equalizer structure, the effective mutual information between x5 and X; is

equal to the sum of mutual information of their sub-streams,
|
I(xg;%2) = N ZI(Xzz;iz,t). (3.32)
=1

The outage probability of the MMSE receiver is given by

hg phg,r

N
Pous = P (I (x2;%2) < R) =P (%f 2 log (1 4 GTNRMMSE ) <R

N N
—Pl-log|+ X Ya]| <R)=P[-log|% > ——=]<R 3.33
& (pfgg; n) ) ( B (Aféza LFrPSQRW“ ( )
N
=P+ Y —Lt—m>2F
L -n; 1+T|AsyR,n|
Define
A lOg /\SQR,'rL e
Oy = o Jforn=1,...,N. (3.34)
Based on (3.34), we can write the exponential equality
1 Ton—l o, <1
—_— = ! (3.35)
1+ TAs,mn 1 an>L
Define o« = [ a; ... ap | and a new random variable
M@2 Y 1 (3.36)
an>1

(3.36) is mainly due to the fact that at high SNR regime, Tﬁz\ls—a is either 0 or 1. Hence,
2,n

N
to characterize Y Wllg at high SNR regime, we only need to count the ones. Hence,
n=1 SoRn
the outage probability can be written as
it 1
Por =P _— N?‘R) =P (M (a)> NZEHY, (3.37)
i (ng 1+ Y| As,rml? ( )

For N = Lg,r, we can evaluate P (o, > 1). The probability density function of |/\32;;g,n|2 is
d

The probability density function and cumulative distribution function of ay, are therefore,

(z) = e (3.38)

ASQR,nIE

given by
fa, (®) = T7%T "In -;:, (3.39a)
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Fop () = [Fo fon (W) dy = [Roe"dr = [Pedr— [ e Tdr=¢T".  (3.39b)

Hence, P (o, > 1) =1 — e~T™' = =1 Note that both {As,rn} and {a,} are statistically
independent, and as a result, M {«) is binomially distributed, and its binomial parameter

is asymptotically equal to T~!. As a result,

P ( 3 1 > N2—R) P (M(a) > NQ”R)

n—1 1+T|/\52R,n|~

- Y PM@=9)= 3 (}Y)T‘“(l—T—I)N'i et
2

i=|N2- 1] +1 i=| N2~ |+1
= p=([vamR ]+,

Following (3.40), we can conclude that with N = Lg,p, the achievable diversity order at
user 1 is ([N?‘RJ I-1). Following similar steps as in [102], we can prove that for a system
with block length Ny > Lg,g and the other with Ny > Ny, we have

N 1 Na 1
P ——>m| =P ——>m]. (3.41)
nz;:l 1+ Y| AsyRnl® E 1 AT sl

Following (3.40) and (3.41), the MMSE SC-FDE TWR diversity at user 1 is min (LSZ B [NQ—RJ ¥ 1).
Similarly, the achievable diversity order at user 2 with MMSE detection is min (LglR, [N?”RJ + 1).

3.5 ML SC-FDE in TWR Channels

In this section, we derive the received end-to-end SNR between the two source nodes via
the relay node for the ML SC-FDE TWR systems, followed by detailed diversity analysis.

Following (3.8), we have

y1=Q"Qy = a\/Es,rRQ" Ag, p As,rQx2 + :ZYQHASIRQHR +ng, . (3.42)
X n
Note that,
oM 2 H 9 Ac
E_ X2Xy | = Es,roiTrace {(AisASBR) Ag, RASQR} , (3.43a)
xz2thg phgr
soitl H
. [nn ] = a%ngce{(AglR} AS|R} + No2. (3.43b)
n|hg R'thR
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Therefore, the instantaneous output SNR expression, conditional on channel vectors, can

be formulated as follows,
EVSZ R0.2 C[{zT'f’a.CB {Aé{! RA.IS;'II R.A.Sl RASZR} (3 14)

5

SNRYE . = 2
SR o2 Trace {nﬁAéﬂ rAs p + I}

hg

In this work, we assume perfect interference cancellation at end user terminals. As a result,
for ML SC-FDE receivers, instead of the SINR notation used widely in TWR systems, we

have used SNR. notation.
When the channel elements hg, p and hg,r are i.i.d, we have,

hs,r k|,

hs r k|,

N-1 [Ls;r—1Lsy,r—1 7 Egypl
H = h —j2rm(k—=k") |
EhSER [TT (AS?RASZR)] N EhS_R Z Z hssrihs,p e 4 =N Z
Lol [ k=0 k=0 i k=0
(3.45a)
N-1 [Lsyr~1Lg r—1 1 Lg r—1
P H - 7 —j2em{k—k') [ _
EhSIR [Tr (Asl RASIR)] = S Ehis >, Z hs, rxhs,r e 7™ ) Y, ¥
m=0 L k=0  &=0 ] k=0
(3.45b)
N-1 Ls,r—1Lg r—1
r (A2 pAE - 7 —j2mm (ks —k
B gy [Tr (M AE pAsimAs,n)] = 3 By | X X hsirmhsimie 2 *) x
m=0 ko=0 k=0
Lsyr—1Lsyr-1 Lsyr—1 Ls r—1
2 —-j2 kz—k. 2 2
EhSoR Z Z Psy R ke TS R g€ szmmkakal| = N Z |hssm el Z ks, r.k|”.
2 ky=0 ky=0 b—0 k=0
(3.45¢)

Following (3.44) and (3.45), the conditional, i.e.
SNR expression at each source node for the ML, SC-FDE TWR system is found to be,

Tn Tn

conditioned on channel realizations,

Byt Lsyp—1
Es. 32 L 3 :
5310 ER( % mslg,ki“’)( > hsm,kl‘*)
_ (3.46)

Er+Es 2
et T Y T —
n n ]|

ML _
SNR - LSIR—I Bion LSQR—l g
+ == | X |hseel”) +1

Assuming that the total transmission power Fp is equally distributed between the two

source terminals and the relay terminal, i.e. Fg,r = Fs,r = Ep = Ep/3, we have

b

SNR = LS]_R_]- 5 LSQR_]' 9
21 X |hsral®) + Zo lhs,r i) + 1/a

-

Lglg—l 5 LS.ZR—I 5
a( > |hsirkl ) ( E |hes, R k| )
v (3.47)
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Where a = £%, and we have further assumed that ¢2 = 1. At practical SNR regions, (37)

3a7
can be appmxunated as follows,
Ls r—1 4 Lsyr—1 5
a LZD |hs, Rkl kZO |hs,r .
SNR ~ = = _ @Y$1RYS:R (3.48)

Ls r—1 ' Lgor—1 ; N 2vs,R +’YSgR’
2( > |h.S‘1R,kI2) '}'( kZ |thR,k2) 1

Ls r—1 ) Ls,p—1
Where vs,p = ( ¥ |h.,q1;?!k1z), and ys,p = ( ¥, |h523,k|2). Note that when the
= k=0

channel impulse responses are i.i.d. complex Guassian random variables with zero means and
unit variances, that is hs,pr ~ CN(0,1) ,k =0,...,Lg,r — 1 and hs,rr ~ CN(0,1),k =
0,...,Ls,r—1, 75, r and 7g, g have Chi-squared distributions with 2Ls, r and 2Lg, g degrees
of freedom respectively. Note that SNR in (3.48) can be expressed in an alternative form

as follows,

lep; 1 Lsyr—1 5
( |hs, r.kl ) E N )
SNR =~ z— = -

o
S R— LSZR_I 2 B

( » lhisk|) ( > |hng,k|)
k=0 k=0

where X ~ Gamma (Lg,g,2), and Y ~ Gamma (Lg,r, 1), and G ~ Gamma (a,b) has the

2 (3.49)

[~
>
+
v-(:
(S

following pdf,
= l -¥

fe(@) = e B et (3.50)

Note that (3.48) can be interpreted as the Harmonic mean of two independent Gamma
random variables that are not identically distributed. Following [106], to find the pdf and
MGT of (3.48), we define the two random variables U = %, and V = -. The PDF of sum
W — U +V is obtained as follows,

fw (w) = /wa (%)fy (w l_T) Tg(jz i (3.51)
0

Following (3.48), the PDF of harmonic mean of X and Y is given by,

f2) = () fw (‘)“”ff"() b )tQ(ldit

sLsRtLspr1 /e { [ 1 ]} dt
— X ;
QISIRT(L&R)I (Ls:r) R 1—t] ) ghsirtl(] — g)bsar Tl

(3.52)
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where we have used the change of variable ¢ = z7.

To find the MGF of Z, we take the Laplace transform of the Harmonic mean as follows,

o0 oo 1
1 11 graRta=ljis
ot [ Jfortobodr b
2 (8) ) e™" [z (2)d gleﬂr{LS]R)[‘(LSQR)O J 4P 4 2t | l—t tLSIR+1(1_t)L52R+1

1 20

SRR IR LI TR dt

_— R -1RlL.‘32R Id

2[91RF(L9‘1R (Lsyr) U/[[CXP{ {.; Fa t T }z z} tha i) _ g)leprtl
0

QLSQRF L.SJ_R + L.SQR) t[ QZR_l(l *l‘.)LSlR_l dt
I“(L;_,IR)]“ ngR) [ — 2512 | | (25 + 1)t+l}LSIR+L52R )

(3.53)
where we have used eq. (3.326.2) from [107].

3.5.1 SER Performance of ML SC-FDE TWR system

To find the error performance of the ML SC-FDE TWER system, we follow the MG ap-
proach as provided in [108] for the optimal maximum likelihood receiver structure. Following
(3.53), the SER for QPSK constellation can be obtained as follows,

1 PR sin? (¥) 3 . s {T
P(e) = Efo @, (sm"’(&) df < ‘I) s (sm (Z))
_ g 289 (Lsig + L) / thoar—1(1 — g)tanr
[—2 (§sin? (F)) 2

dt
(leR) F(LSQR) + (2 (QSH]Q (}T)) = 1) t+ 1] LS‘[R+L32R
(3.54)
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To find a finite sum representation for the system’s error probability in (3.54), following
similar steps provided in [109], we can rewrite (3.54) as follows,
7 (8) = 2592k (Lsy g + Lsyr)

I'(Ls,r) ' (Ls;R)

fis Ifz;lgch,ZR 1 LSlR—]

A(s) LclRJrng_a Z Z (—l)i

j+Lsp+Lgpr—1 . . .
B(sY!X (i+ Lg;r— 1, L, + Ls;r — j — 1,22(s))
Lsp+ Ls,p—1

Lsyr=1Lsyr+Lsyr—1 [ Ls,r—1 k+Lsp+ Ls,p—1
IO ED DENEED DI GVl I L As)"
i=0 —0 i Ls,r+ Ls;r—1
_X:K(’i-}-LSgR—l,leR"FLS?_R—k—1,21(8)) |
(3.55)
where
4 P 1 — )¢
X(p,qx) =21 Z l (-1) ——% (-1} In(l-2)|,
L =U1#g

(3.56)

& o 4; g o— () z1(s) ‘s
and z12(s) = I+2's:|:\/1j»4sz+l2s’ A(s) = o ad Big = m When a is
sufficiently high, we have

Z1 (‘f;) — 1,2 (azs) — —2as, A (%) —1,B (%”) - (2(1,3)"1. (3.57)

Using the following property of X (p, q, ),

X (v, ¢, f (1 — xt)?dt, (3.58)

and further Noting that when z — 1, X (p,q,2) — B (p+ 1, g), with the definition of beta

function as provided below,

1
B (z,y) é]ﬂ 711 — ) ds, (3.59)
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(3.55) can be expressed as follows,

Dsing (s) = 205k

_lez.rc:—llen-g;\sZR—l LS;R —1 j+ LS1R i LSgR_l
P 0 i Ls,r+Ls,r—1
b gl TR iiFe wBla pericd
g =t (=1 Eegmtd (20s) R~ s Rt
;: ! l—Lgg—Lgr+3j+1
=0

I'(Ls,r+ Ls,R)
I'(Ls,r)T (Ls,r)

!# Lsp+Ls;p—5—1

i+ Lg,r—1 " - i
. (—1)Ls12=0=1(945)=I==Ls3R 1 (1 4 as)
Lor+ Loyp—j—1

Lsr=1Ls atLsyr~1 Lo g — 1 k+Len+Lap—1
(2&3) (LblR’rfb;R) Z Z (_1)1 S1R S1R Sz R
L Ls,p+ Ls,r — 1
| XB(i+ Lsyr, Ls,r + Ls,r — k= 1) |
(3.60

(3.60) provides a finite sum representation of the system’s SER. Nevertheless, driving the

system’s maximum achievable diversity order from (3.60) is not straight forward. This is

mainly due to the fact that in the finite sum representation associated with X (p,q,x),

different powers of as are added and subtracted which makes it difficult to understand the

rate of changes in X {p, g, x) with respect to as. In the following section, we provide novel

technique that gives insight on the system’s achievable diversity order by analyzing the SER

integral expression given in (3.54).

3.6 Novel Diversity Gain Analysis

Note that the integral in (3.53) can be asymptotically represented as follows,

3:2"52R "I (Ls, ptLsyr) | i Wt
Ple) = —Fmsnir(is,n) ({[ 2(gn () + (2(g (7 ) e TR U
L -2
B 3.2552R72D(Lg et Lsyr) e i ) e T (3.61)

[‘(le R)[‘(Lszn) (asing(%))bsl RFLs,R [t—£2] Lsir*Ls,R

I

L -2 01

ot 327 %R 7T (Ls; Rt Lsy k) f dt.
M(Ls,r)I(Lsyr)(asin?( £))*S18FES2R o ¢s1RTI(_ t)"‘SaR“
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(3.61) should be evaluated within the interval [ 01 ] In here, to derive the maximum
achievable diversity order associated with the SC-FDE TWR system, we divide the interval
[ 01 } within which the SER integral has to be evaluated, into multiple sub-intervals, and

analyze the MGF integral asymptotically i.e. a — co. More specifically, from (3.61), we

obtain
B 325282 (L, p + Ls, R) : 1
(C) — -9 rryybs,rtLs, R Ls, ptl71 _ p\Lsyr+1 dt
F(LSlﬂ)F(LS'JR) (asm (E)) 1 2% ™ (]- t) 2
21) (@ - (3.62)
K oft)

=k 0 QW) dt+ k[l O®)dt+ 5 [ © (1) dt,
where 0" < ¢ < 17. The proposed diversity technique analyzes the error sub-integrals
in (3.62) instead. More specifically, to evaluate the limiting integrals s fg : O (t)dt and
fafll, O (t)dt, we had to relate a to t. More specifically, when t — 0T, when a — oo, one
can substitute l/a for ¢, and when ¢ — 17, in high SNR regions, one can substitute l/a for
1 —t. Eventually, the overall system’s diversity order is the minimum of the diversity orders
achieved in different sub-intervals:
Case I t = 0T

In this case, integral in (3.61) within the interval [ g pt ] can be expressed as follows,

ot
3.9Ls,r=2p (Ls,r + Lg,r) / 1 df =
T (leR) F(LSZR) (asin2 (%))LSIEHLSQR / LLSLR-!"I
e
¢ Lsir
3 5 2[1.5'31?—2[‘ (leR -+ LSzR) LSIR i (3-63)

r (LSI R) F(L52R) (CLSin2 (%))LSIR"’LSZR
3.9Ls;r=2p (LSlR T LSQR)
I'(Ls,r) ' (Ls,R) (Sin-z (%))L51R+L52R

where we have assumed 1/a — t. Noting that the scale parameter for Gamma distribution

a”LS2R

is greater than 0, i.e. exponent of a starts from 1, the achievable system diversity order
within this sub-interval is Lg,r.
Case II: t — 1~
Following similar steps as in Case I, the integral in (3.61) within the interval [ 1= 1 ]
can be expressed as follows,
3.2"82R 2P (Lg pt+Lsyr)
(L (g (02 () 177

where we have assumed a — 1/(1 — t). Hence, the achievable system diversity order within

Ple) = a~Lsir (3.64)

this sub-interval is Ls, g .
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Case III: t - ¢
In this case, the integral in (3.61) in a subinterval arbitrarily small within the interval
[ 1 } can be expressed as follows,
ot

3-2L5:r=2T (Lg g + Lg,R) 1
ftbslﬂ“(l — t)lmprt!

P(e) =

(L, r)T (Lsyr) (sin? () P17 bsamglsint Lspn

7

c

(3.65)
Hence, the achievable system diversity order within this sub-interval is Ls, g + Lg,r. Note
that the overall system’s achievable diversity order is equal to the minimum of the diversity
gains obtained at different intervals discussed in Cases I, 11, and 111, i.e. min{Ls, g, Ls,r, Ls,r + Ls.r}.
From (3.63), (3.64), and (3.65), it can be concluded that SC-FDE TWR system's maximum
achievable diversity order is determined by the minimum of the multipath channel lengths

associated with the channel links between the relay terminal and the two source terminals.,

i.e. min{Lg, g, Ls,r}-

3.7 SC-FDE with Relay Selection for TWR system

[n this section we consider a TWR system comprising of two source terminals and multiple
relay terminals, in which the two source nodes communicate with the aid of the best relay
node. The best relay selection (BRS) scheme employs an approach similar to that of [100],
i.e. in the second-phase transmission, only one best relay is selected out of the M available
relays to forward the received superimposed signals . We assume that, at the beginning
of each transmission, some pilot symbols are transmitted by two source nodes (o assist in
the relay selection. One source node (either source Sy or S2) will determine the best relay
terminal with the best end-to-end SNRR and broadcast the index of the selected relay to all
relays. Then, only the selected relay, which is known by both source nodes, is active in the
second phase of transmission, and the rest of the relays will keep idle.

To analyze the performance of the SC-FDE TWR system with BRS, it is required to
know the exact distribution of ymax = max {v,..., v}, which is the maximum achievable
SNR implementing the BRS scheme. Following the properties of the order statistics, the

PDF of ynax can be obtained as follows,

o (@) = M (P, (%))M_l (G« (3)). (3.66)

where b = %, and v, = § XY 7. as per (3.49). We initially derive the expression for
2 5 XY I
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cumulative density function (CDTF) of the received SNR as follows,

1/ =z
= ! P 0 W Ls,rt+Lsyr—1 dt _
Fyz, (2) = ST T T (({ (({exp{ z [Zt | 14]}3 1 > dz) thlngl(l_t)LSzRJri)

L 1 ) 1 g
2 53R - ¥(Ls R+ Lsyr 35+ 757)2) (s, n—171 _ pyEsyr—1
F(leR)F(LSQR) (0 (]+t)LS1R+LSr2R t7o2 (l E} dt -

(3.67)
where we have used eq. (3.381.8) from [107]. Note that when z/b — 0, we have

z

1 z

A g LS" . L i + LL") 3 L + L 7
Fy, (i) B olisyr (/ !( S51R SaR (zc l—t) b)tLS:zR”l{l —t)leH‘ldt ,
0

b) I'(Ls,r)I'(Ls,R) (1 +t)L31R'|"[JSZR
(3.68a)
z zls1rRFLs;R—1 / z 1 1 dt
fZi (3) N 2L31RbL51R+LS2R71P (LSIR) F(LS;»R) Ofexp {_3 [E * 1 — t]} thlrz-I-l(l _ t)LSQR-H'
(3.68b)

Following (3.68) and (3.66), f,. .. (z) can be formulated as follows,

M-1
oLg,p(M—1)~Lg p Lg p+Llg,p-1 [ 1 ~(L L 11 Nz
_ pf2S2B SRy ST SR YLsyrtLsy R34 157) ) Loy 1 _ s r-1
f'}‘max (Z) - ﬂ/IbLS1H+LSER(F(L51 R)F(LSQR))M (({ (1 {—t)LSIR_‘—LSBR L (1 t) 1 dt

1
z | 1 1 dt
({exp {_E [E + ﬁ]} RETIRTENLTY A

M-1
s T o~Ls,RM Lg ptlg;r-1 f] s rtlsyR di f dt
~ T T 1w Lg Ls 1

bM(LSlR+LSQR)(leR+LSQR)(F(L513)F(L32R))M o t SR (1—g) SR g tSIRP (1—g) "SR TD

(3.69)
where we have used the approximation 7 (s,z) = %, when z — 0. Accordingly, MGF
Dvmmx (8) can be derived as follows,

1 M
o—Lg, rMp 2 (f Lsyr¥T ldif Lng+1>
i 27 LML (M (Lsy + Lsyr)) b -0 |
" pM(Lsir+Ls;R) (L, p + L, ) (T (Ls, B)T (Ls, )™ .sM(LSlR*LSzR)( |
3.70

Following similar steps provided in (3.54), we can find the error performance of the ML
receiver associated with the SC-FDE TWR system with BRS as follows,

1 M
f dt
P(e) < 327 FaRMp (A/I (L.S'lR + LSQR)) 0 tLSIR*lu_t)LSgRH
= (%)M(le rR+Ls,R) (Lsir + Lsyr) (T (Ls,R)T (Lsgn))M (Sin2 (%))M(LSIR+L52R)
(3.71)

Following similar analysis provided in Sec. 3.6., we realize that the maximum achievable
diversity order associated with the TWR SC-FDE system with BRS is M min (Lg, g, Ls,R).
Details are provided in Appendix. B.
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Note that the TWR system under consideration performs perfect interference cancelation
and is analogous to one-directional cooperative communication. As a result, the proposed
diversity analysis technique can be generalized to conventional one-directional cooperative
1
o e ey L T _ 1 1
communication systems. More specifically, the integral factor H = —r=77— OfgL5R+1(1_;)LRD+1‘”

imposes a bottleneck on the maximum achievable diversity gain by the cooperative commu-
nication systems in general. The detailed diversity analysis for the generic cooperative com-

munication system with frequency selective underlying channels [79] is omitted for brevity.
1

1

1 P . :
Ty Oftbsml(l_g)bapeldt is indeed present in

It can be shown that the integral H =
the error expression for the generic cooperative transmission, and it is the very heart of
exitance of a bottleneck in system’s achievable diversity order.

Results in this section prove the following,

e In cooperative communication systems where the relay terminal performs amplify-
and-forward operation, the bottleneck integral appears in the system’s average SER

expression and imposes a bottleneck on the system’s achievable diversity gain.

e One way to bypass this limitation, is to change the relaying operation performed at the
relay terminal. More importantly, it is worth noting that the IHarmonic mean format
only appears in the system’s end-to-end SNR expression due to the normalization
operation performed at the relay terminal, following which the H integral appears in

the MGI expressions.

As an example, if the relay terminal only amplifies the received signal without performing
power normalization, the conditional and average SNR expressions can be formulated as

follows,

. (3.72a)

SNR _ Dsros o*Trace {AgRAgDARDASR}
Remiian o Trace {a?AfpAgp +1}

Lsr—1 2\ (Lrp-1 2
,cErp | X ’hSH,k:’ 2 |hRD,k}
k=0 k=0

s

ES RO

SNR = , (3.72b)

a2 Lrp—1 2
cEpp | X ‘hHDk' +1
k=0 ’
where o = /eEgrp and ¢ is chosen to follow the power control limits enforced on the system.
As an example, assuming that Egp — Frp — FEp/2 = a, when a is sufliciently high, the

SNR expression can be expressed as follows,

E 2 (Lrp—1 2
SN[{ ~ f}gas z ’hRD,k|
n k=0

(3.73)
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following which the maximum achievable diversity order of the system is determined by the

R — D link’s channel length only, and the minimum bottleneck rule no more exists.

3.8 SC-FDE TWR with power control

In (3.48) we derived SNR expression for the ML SC-FDE TWR system assuming equal power
distribution between the relay terminal and the two communicating source terminals, i.e.
Es,r = Es,r = Er = Ep/3 = a. We further performed diversity analysis and concluded
that the maximum achievable diversity order by the system is min(Ls, g, Ls,r). In this
section we consider few other power allocation scenarios, and further investigate how the
system’s maximum achievable diversity order is affected following these power allocation
schemes.
Case I: Es g = aFp > Es,r

In this case, the SINR expression can be expressed as follows,

Lglgfl 9 ngﬂ—l 5
Oéab( > |hs ril ( > |h52R,k|)

SNIR —
Lglg—l 5 L_c;,zR_—l 5
(@+Dal X |hsrel”)+b0 X |hsrel”) +1
= = (3.74)

B abys, RV, R - abys,R b

b1 (et " %R

(a+1)vs,r CL -+ =
—_——

—0

where a = %, b= E—:ﬁﬂ, and we have further assumed that a is sufficiently large. Note
that ys,r ha;(}amma Jistribution Gamma (Lg,r,1) with the following moment generating
function,

Dpg p (s} =(1—8)7F9R s < 1. (3.75)

The SER for SC-FDE TWR SER with QPSK can be upper bounded as follows,

P(e) < %‘I’smn (sin2 (%)) — %(1 — bsin? (g))ws{ﬂ. (3.76)

Following (3.76), we can see that the error probability is not dependent on a, nor any
diversity gain is achievable. (3.76) can be alternatively explained by noting that the sec-
ond source terminal is transmitting information symbols to the first source terminal with
negligible power, which indeed results in very low error performance.

Case II: Eg,p = BERr > FEgp
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In this case, the SNR expression can be expressed as follows,

Ls,r—1 Lgyr—1
2 L 2 % 2
Ba ( > |hsrkl ) ( > |hsyril )

— K=0 =
SNR = Fonl ) T 5
(a+b)| ¥ |harp|® ) +Bal X |hsyrpl” | +1
N - 3.77
N Bans RS R _ Bysiryssie XY 3.77)
" i ’
b . YsiR + BYsyR X+ ¥
I+ — | 1srtBiset
e Vod ~—
—0 —0

where a = %él, b= Ejﬂ#, X ~ Gamma (Lg,r,1), Y ~ Gamma(Lsg,g,3), and we have

further assumed that a is sufficiently large. Following similar analysis provided in Sec. 3.6,

we can conclude that the maximum achievable diversity order is determined by the minimum

of the channel memory lengths between the relay terminal and the two source terminals.
Case III: Eg g =1nEs,r > Er

In this case, the SNR expression can be expressed as follows,

LSIRAI 5 L‘SzR‘l o
abl X |hsrikl EO |esy 1 k|

SNR =

LSIR_l 4 L‘gz r—1 5
(na +b) ( kgo lhsirel” | +a| X |hsrpl ) +1

(3.78)

b¥s, RS2 R ~ h__JS1RVS:R  _ b XY
b | MsREsE nX+Y’
n+ o | 1sRT ISR o
S~ -~
—0 —0

where a = %ﬁ, b = %ii, X ~ Gamma(Ls,r,n),Y ~ Gamma (Lg,gr,1), and we have
further assume:i that a is ;{lfﬁciently large. Following similar analysis provided in Sec. VI, we
can conclude that firstly, the system’s error rate is independent of @ and is instead dependent
on the relay terminal’s SNR b. More over, with respect to the relay terminal’s SNR within
the low SNR regime, the achievable diversity order is still equal to the minimum of the

channel link’s memory lengths between the relay terminal and the two source terminals.

3.9 Numerical Results

In this section, we present Monte-Carlo simulations to verify the analytical results. We have
used N — 512 for the symbol block size and the QPSK modulation for data symbols.
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Fig. 3.3 shows MMSE SC-FDE TWR system’s average SER performance at Es,p = 10
dB for different channel lengths Ls,g = 2,4,5,9. As can be verified from Fig. 3.3, the
diversity order of the MMSE SC-FDE system at each of the end user terminals is determined
specifically by the the multipath channel length experienced in the link between the relay
terminal and the other source terminal.

Fig. 3.4 illustrates the SER performance of the suboptimal ML SC-FDE TWR system
for various channel length scenarios. As a suboptimal ML receiver, we used the sphere
decoder at each of the source nodes. According to Fig. 3.4, in the ML SC-FDE TWR
system, overall system diversity order is determined by the minimum of the channel lengths
experienced by the links between the relay node and the two source terminals. As can be
seen from Fig. 3.4, there is a 1 dB difference between the numerical and the upper bound
SER. curves.

Fig. 3.5 illustrates the MMSE SC-FDE TWR system’s performance with power control
when implementing Case 1. More specifically, we assume Eg, p = Er > Fs,r, where Fg,g €
[(0dB, 5dB,10dB|, and Es,rg = Er = 100Egs,g. Based on the analytical results from
previous section, we expect the error performance to be dominated by Ls,g. Following
results provided in Fig. 3.5, we can see that system’s achievable diversity order is dictated
by Ls,r, and the channel length between the first source terminal and the relay terminal
doesn’t affect the ensuring system diversity order.

Fig. 3.6 illustrates the MMSE SC-FDE TWR system’s performance with power control
when implementing Case IT. More specifically, we assume Fg,gp = g > Es, g, where Eg, p €
[0dB, 5dB,10dB|, and Es,g = Er = 100Es,g. Based on the analytical results from
previous section, we expect the error performance to be dominated by min (Ls, g, Ls;r)-
Following results provided in Fig. 3.6, we can see that system’s achievable diversity order
is dictated by min (Lg, g, Ls,r).

Fig. 3.7 illustrates the MMSE SC-FDE TWR system’s performance with power control
when implementing Case III. More specifically, we assume Fg,p = FEs r > Fp, where
Egr €|0dB, 5dB, 10 dB|, and Es, r = Es,r = 100ER. Based on the analytical results from
previous section, we expect the error performance to be dominated by min (Ls, g, Lis,r)-
Following results provided in Fig. 3.7, we can see that system’s achievable diversity order is
dictated by the minimum of the channel link’s memory lengths between the relay terminal
and the two source terminals.

Fig. 3.8 illustrates the SER performance of the ML SC-FDE TWR system with re-
lay selection. We have three participating relays in the system, where only the relay with
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maximum end-to-end received SNR is globally selected for transmission. The SER perfor-
mance results provided in Fig. 3.8 corroborate the numerical results provided in Sec. 3.7.
Specifically, the maximum achievable diversity order is dominated by the number of avail-
able relays, as well as the minimum of the channel link’s memory lengths between the relay

terminal and the two source terminals.

QPSK, ES1R=1O dB

SER

SNR (dB)

Figure 3.3: SER performance of the MMSE SC-FDE TWR system.
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Figure 3.4: SER performance of the ML SC-FDE TWR system.
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Chapter 4

Multiuser Two-Way Relaying with
Power Control for SC-FDE

Systems

4.1 Introduction

In this chapter, we investigate cooperative SC-FDE for two-way relay networks, where
multiple users each equipped with multiple antennas exchange their information through a
multi-antenna relay node in a bi-directional manner. Under network total power constraint,
we present optimal relay beamforming for the multiuser two-way relay system, where the
relay transceiver processor is designed based on the MMSK criterion. We drive a closed-
form expression for the SINR at each of the user terminals, and further present a joint
user-relay antenna selection algorithm by applying the EDA. The proposed EDA has a low

computational complexity, and its effectiveness is verified through simulation results.

4.2 System Model

We consider a TWR channel, consisting of 2K user terminals, Uy, ..., Uk, each equipped
with Ni,i € {1,...,2K} antennas, and a relay node R equipped with M antennas, as
illustrated in Fig. 4.1. It is assumed that the TWR protocol uses two consecutive equal-
duration time-slots for one round of information exchange between the user terminals via R
, which linearly processes the received signal during the first time slot and then broadcasts

the resulting signal to the users nodes during the second time slot. The 2K user nodes form

73
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K pairs, where each pair is communicating in a bid-directional manner. Without loss of
generality, we assume that the (2k)™ and (2k — 1)'* users communicate with each other,
for k € {1,...,K}. The CIRs for the link between the the m!" antenna at the relay node
and nt* antenna at the k™ user node are given by k™™ = [A7""(0], ..., k" [L7""]] ¥, where
L;"" denotes the corresponding channel memory length. All channel links are assumed to
experience frequency selective Rayleigh fading. The random vectors h)”" are assumed to
be independent zero-mean complex Gaussian with uniform power delay profile vectors. The
corresponding N x N circulant channel matrices H,"" are built upon the CIRs with entries
[H;""], ; = hy"" ((i = j) mod N). The overall channel matrix H;. between the k¥ user and
' . HPH

the relay terminal can be expressed as Hy € Cyarxwn,, He —
M1 M, Ny
H, R

Let X; € Cryx; denote the data stream parsed by user k. The k™ user performs transmit

—> |3 Phase «—
«——2MdPhase ——»

Figure 4.1: Multiuser TWR-SC-FDE system model.

beamforming with Ay € Cyn,xn and transmits the vector dg to the relay terminal, as given

below,
dk = Akxk. (4.1)

T
Note that Ay = | AL ... AN | € @yn,xn, where AL € Cyxn,i € {1,..., Nk}, are

circulant matrices. The received signal at the relay terminal is given by,

2K
rp = Z dek + ng, (4.2)
k=1
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where ng € Cyarxi is a zero-mean additive white Guassian noise vector and E {n;;n‘g } =
o2Inar. The relay terminal processes the received signals before forwarding them to the des-
tination. Specifically, each antenna at the relay terminal first converts rg into the frequency
domain using M parallel FFTs. Subsequently, the frequency domain vector (Q © In)rg
is multiplied by a block diagonal frequency domain processing matrix Fy € Cnmxnm =
blkdiag{F(; € Cyxn,i =1,...,M} . The resulting frequency domain matrices are trans-
formed back to the time domain using M parallel IFFTs, leading to the time domain vector

sp € Cyarxr as follows,
sp = Frp. (4.3)
Fi ... Onxn
Note that F = : : , F; € Cyxn,i € {L,..., M} are circulant matrices,
Onxn ... Fum
and further F = (Q ® IM)HFf (Q @ Ip). Assuming that the first and second-phase chan-

nels are symmetric and static, the received signal vector yir € Cyn, x1, at the k" user can

be written as

2K
Vi = H{SR g = ZH{FI‘L d; + H{FI‘IR + ny. (4.4)
=1 P——

i g

where n; € €ynN,x1 is the additive white Gaussian noise vector with each entry having
zero-mean and variance of o2, H; — H}':FH1 € Cnn, xNN, represents the effective channel
matrix between the k" user and the relay terminal, and By = H]/Fng + n; € Cynex1
represents the effective noise vector. The kt® user converts its own received signal from (4)
into the frequency domain and then filters them using a frequency domain beamforming

matrix By € Cnxnn, ; and transforms it back into the time domain to get

X = Bryk, (4.5)
where (2k) = 2k — 1, (2k—1)" = 2k, and By = | By --- B ] € Cyxnn,, with
L€ Cyxn,t € {1,..., Ny} being circulant matrices. Note that, in order to control the

transmit power of Xz, Ay can be expressed as Ay = MeAy, where Ay is normalized such
that Trace (f&kf\f ) = 1. Similarly, users’ beamforming matrices can be represented as
B, = ¢ 'Bj, where Trace (Bkﬁf) = 1. In the following section, we design the relay

beamforming matrix F for predetermined user beamforming matrices Ay and By.
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4.3 Design of the relay transceiver processing matrix

T
Denoting the multiuser transmitted data stream by x = [ X1 ... XoK } € 2NK x 1, the

T
transmit beam-formed stream by d = [ d; ... dog ] e 2NK N, x 1, and the multiuser

channel matrix by H= | H; ... Hox ] € Cymxn S N the received signal at the relay

terminal can be written as follows,

rg = HAx +np — Hd | ng, (4.6)
X7
where xy represents the collective signal transmitted by the user terminals, and the transmit

beamforming matrix A € C NY Nyx2NK Can be expressed as follows,

Ay OnNyxN o+ ONNgxN
ONNaxN A oo OnNoxN
A= . . _ i . (4.7)
ONNoexN ONNpexnN -+ Ack

Therefore, the multiuser received signal after beamforming can be represented as follows,

% = BH'FHAx + BH Fnp + Bn, (4.8)
B, ONxNNy -+ ONxNNag
OnxN N, B, oo ONxNNg
where B = ) _ ) ) € ConkxN T M-
OnxNN: ONxNNy - B2k

4.3.1 MMSE-based Design
The MMSE optimization can be formulated as follows,

arg min 4 [(x ~Ps) (x - Pi)]
F

st K [xf}'xu] +E [SgSR] < Pr, (4.9)
N R

Py Pr

where in (4.9) the overall system power is constrained to be not greater than Pr, and
P is a 2NK-dimensional block diagonal matrix with k** block diagonal matrix being
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[0 0 ... 1

0 --- 1 0
which exchanges the (2k — l)“‘ and the (Qk:)m users’ data. Note that

r -~ 0 0

the objective function in (4.9) can be expressed as follows,

E [(x —P)f (x - P)‘()] -
. xUx - x"PBH"FHAx — x" ATHHFTH*B" PP x+ . (4.10)
xI APHHFH*BY BHT FHAX + nfFYH*BYPBH Fng | n/B”Bn

To simplify this term, we do some general considerations. Consider the quadratic structure

of the form Q = s As, which can be expanded as follows,

Q =514181 + 54181 +--- + syAN1S1L T
5141282 + 82A2282 + -+ + SN AN2s2 +

5141383 + 8242383 + -~ + SN Ansss + (4.11)

51A1NSN + S2AanSN + - FSNANNSN

With the assumption that the transmitted symbols as well as the noise samples are uncor-
related to each other within a block, the average power of one symbol is 2, the average
noise power is o2, the matrix A is perfectly known, and therefore deterministic, i.e. we can

express the expectation values as follows,

0 kAl
FlzpApx| = ,
[T Agi2i] Ay k-l
EzxrApngy = F [ZrAgimng, | =0, (4.12)
) ) 0 kAl
E [npiAunry) = E s, kArns, k| = Ay k=l

Using (4.12), we can simplify (4.10) as formulated in (4.13).
E {(x —P)f (x - Pﬁ)] — ONKo? — a2Tr (PBHTFHA) ~ o2Tr (ATHEFAEBYPF ) 4

o2 Ty (FH H*BYBH'F) + o3Tr (AHF H*BYBHYFHA) + o2Tr (B B)
(4.13)
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Similarly, for the constraint in (4.9) we have,
E [SESR] = 2Ty (AHHHFHFHA) + a2 Ty (F”F) y Y
B [xf{xv] = o*Tr (ATHTHA) . S
To tackle the optimization problem in (4.9), we apply the Lagranigian method, as explained
below,

ar{g}_ﬂ}rg\l}in\[ E [{x — P (e~ P)*c)] + A [E [x{}'xu} + E [sgsR] - PTH . (4.15)

¥

Following (4.13) and (4.14), the cost function J in (4.15) can be expanded as formulated in
(4.16).

J =2NKo? - o2Tr (PBHFHA) — o271 (A"H"F" H'B"P")

+o3Tr (AMHIFA H'BYBHTFHA) + o2Tr (F“ H'B7BH"F) + o3Tr (BHB) +

A (o2Tr (AHHYFHFHA) + o2Tr (F'F) + 02Tt (AHHHA) - Pr).

(4.16)

Finding a direct solution for J in its current format in (4.16) is difficult. Following [110], to

circumvent this problem, we introduce
F 2 ¢F, (4.17)

and substitute it in (4.16). Note that for non-analytical complex function f (X) that contains
XH or X*, the following differentiation rule must be regarded

of (X) of (X)
= = — X_ s
af (X) X X + 5% 0 (4.18)
Furthermore, the following rules for matrix derivation must be applied,
oTr (AXHB
o (AXTB) _ (BA),
X (4.19)
dTr (AXB) B T
X = (BA)".

By setting the partial derivatives of (4.16) with respect to F, A, and ¢ to zero we obtain,

aJ
dq
‘Zi — 0 °Tr (FxE?) = Py — oTr (AVHPHA) ,x — HAATH 1 21,
aJ T S 2 =

o —0—>F_JI(H BHBH” + \q INM) x

HAPBH?) (c2ZHAAYHY | o2Iny) .
( ) ( )

— 0 ¢* = 2A"'Tr (B'B) (o2Tr (AYHFFHA) 1 03T (F1F)) 7,

(4.20)
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To avoid the exhaustive search on A, we apply the techniques presented in [110]. Introducing
£ £ \¢?, note that
F2F (), (4.21)

where F(£) = 021 (&) Tx~!, ®(§) = H*BYBHT + M?Iyy, ¥ = HAPBH!, and
x = c?HAATHH | 62Iyy. Note that (&) = (®(¢))", and x = x*! are Hermitian
matrices. Substituting (4.21) into (4.20), we obtain

(4.22)

Pr —o2Tr (AHHFHA)
q = - — %
Tr (FXFH )

Following (4.22) and (4.20), we can rewrite J in terms of £ and find the optimal & to
minimize the MSE. Note that (4.22) satisfies the term multiplied by A in (4.15), and therefore
the MSE can be obtained as formulated in (4.23).

H
o — o PR3 -

(x - PB (HTF (6 )HAx + HTF (¢)ng + Ji\/ p?_(‘iztz?;«(,&(ff)lfglﬂ)x)n))

Tr(¥H9=2 () Ux1) n))

. = T T 2
(x PB (H F(§)HAx + H'F () nR+J$\/;T—(TgT’F (ATHITHA)

arg min £
£

7
(4.23)
Using the identity (W*W + wI)'W* = W*(WW* + wI)™" [111] and further forcing the

derivative of (4.23) %:E’- to zero, we obtain (4.24).

2{14T I ?2E ! ( ; I o 3 1 l‘I}H =0 2
£ — = (. 4.24
FOHOWiI]g (424), we find the Optimal £g to be

a2Ty (]_3’1]_3)
b= Pr—o2Tr (AHHHHA)

Following (4.21) and (4.25) we find the closed form MMSE solution to be

— 22T (AHHH _
Fumse = - J_xT? (A_H HA)F(Eu). (4.26)
Tr (F (e0) xF¥ (<0)
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4.4 Conditional Average End-to-End SINR

Remember that the received signal at user terminal k, after the self interference cancellation,

can be expressed as below,

Xk
A

X = Bg (H%'SR + m-) = Pkﬂ;ﬁ'FMMSEHmAkI X +

i,
i ; (4.27)
= .
Z B HIFyyspHijA % +BeHI Faraseng |+ Bing
j=1

Gk b

Notice that in %y, the effective channel coefficient Hy can be expressed as follows,

Nkl M IV;L
Hy € Cuun =335 BiHF\ s HYAL. (4.28)

t=11=1i=1
Note that all the underlying matrices in (4.28) are circulant matrices, and therefore, H.
~
is circulant. Similarly, H € Cyxny = B,g,H{FMquH‘Aj, j=1,...,2K,j #£ kK are
=
circulant matrices and can be diagonalized. We define the (lldgonal matrices Ay and A

which contain the N-point DFT of the channe! matrwes H, and H with the following eigen

decompositions, Hy = Q¥ArQ , and H = QHA Q . In here,Q is the discrete Fourier
transform, as written below,

Q (m,n) = \/_Pxp[ ﬂ(mwl)(n_l)], , (4.29)

Such that Q¥ Q = I. For i.i.d channel processes we have

2

n

H N-1
E [ikif] — 2Ty (QHK,C:K,C,Q) ~a2 3 |k
n=0

E [fdfl] = o2Tr (Q” 2ZK A.( j) HQ) ;

g=1

N-— 2 N-1

im

h

1a2Tr (QF (A AZ 1+ AB) Q) = angj
j=1

1
=1 n=0
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i o gn
where HnR - BkHiFMMSE ) I‘Iﬂ,R = QHARRQ, BkB;cl — QHABQ. Having /\k’i A ”\:;R’ )\%
R |
to be the (n,n)™ diagonal elements of Ay, A , Ay, Ap, we explicitly find the SINR} ex-

pression for the k" user as formulated in (4.31).

10° @
10"
10° L
i —&— L=1, All antennas .
w —A —L=1, EDA
8 ~-~&--L=1, Optimal
0 F | —— L=2, All antennas
—& —L=2, EDA
5 --¢---L=2, Optimal < h
10+ —&— L=3, All antennas \\ .
—8 —L=3, EDA Rii
--f--L=3, Optimal
10-12 L 1 1 1 I 1 1 L I
0 2 < 6 8 10 12 14 16 18 20

SNR(dB)

Figure 4.2: SER performance of the multiuser TWR system and the impact of joint user-
relay antenna selection with EDA

N-1]_" 2
O'j%ﬁ; Z hk"
SINR? = ; et (4.31)
52 2K N=1|_dn g2 Nl 52 N=l
LT | +F T | +F T
j:l n=0 = n=>0

4.5 Relay antenna selection based on EDA

The signal processing in the multiuser TWR system presented is carried out with the aid of
large number of antennas which results in a high hardware costs due to large number of RF
chains, and consequently increases the overall system cost. In {112, Molisch et al. showed

that selection of a subset of antennas from the set of physically available antennas, while
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taking advantage ol the multiantenna diversity by using the signals from the selected anten-
nas only, can significantly reduce the hardware cost. Exhaustive Search Algorithm (IESA)
evaluates all possible selections of the available antennas and selects the antenna combina-
tion that gives the best performance. Nevertheless, it’s complexity increases exponentially
with the number of available antennas, and is computationally inefficient. Moreover, in a
real-time environment, the channel conditions and their corresponding antenna selections
change quickly, which requires a computationally efficient search algorithm. In our multiuser
TWR system, when deploying the antenna selection algorithm, we perform a search focused
on the number of antennas to be selected at each terminal {(user/relay). Following (4.28) and
(4.31), for moderate Ng, Ngr, and M, it is the number of antennas selected at each terminal
that significantly affects SIN R}, rather than the specific combination of antennas selected
from that terminal. More importantly, this consideration significantly reduces problem’s
search space, and consequently, the search algorithm’s complexity cost as compared to the
ESA.

Evolutionary algorithms have been often used to solve difficult optimization problems.
Unlike other evolutionary algorithms, in EDA, a new population of individuals in each
iteration is generated without crossover and mutation operators. In this section, we revisit
the EDA algorithm and define its parameters specifically for our joint user-relay antenna
selection problem. More specifically, by selecting a subset of antennas at each terminal, the
system’s complexity is reduced.

We denote by I, the collection of all possible joint user-relay antenna selections. Note
that the number of possible ways of selecting antennas is |I5| = M H Nj.. We denote by
X in I, a selection of user-relay antennas. Bach X can be representgd by a discrete vector
[n1,...,ne,m],nx € {1,...,Np},m e {1,..., M}, where ny is a discrete indicator of how
many antennas from the k** user terminal is selected, and my is a discrete indicator of
how many antennas from the relay terminal is selected. As an example, X = [2,3,2,1,4]
represents a scenario where 2 antennas from user 1, 3 antennas from user 2, 2 antennas from
user 3, 1 antenna from the fourth user, and 4 antennas from the relay terminal are selected.
Each element of the discrete vector X is associated with a user and the number of antennas
selected at that user, so the dimension of the vector X is 2K +1. Following (4.31), we model
the joint user-relay antenna selection problem by a combinatorial optimization problem as

;S 1Y ., 4. 2

where
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2

]
Ui]v Z hi x
BINBex = —mmr it ”:[;V : = ———, and the superscript X denotes the
L 7 2 = a2 N- g N
FET | 43 T aa 4% T 2
i=1n=0 n=0 n=0

channels formed between the selected user and relay antenna subset. In general, conventional

EDAs can be characterized by parameters and notations
(157F7 Ahm?ﬁtapsara-['l'er) (433)

where I, is the space of all potential solutions (entire search space of individuals), I denotes
the EDA fitness function which is min SINRE «, A, is the set of individuals (population)
at the [ iteration, m; is the set of best candidate solutions selected from set A; at the Jh
iteration, We denote 3y = Ay —m = AyNnf, where n¢ is the complement of n;, N stands for
the intersection operation, and p, is the selection probability. The EDA algorithm selects
ps |A;| individuals from set A; to make up set m, where |A;| represents the number of
individuals in population A;, I' represents the distribution estimated from A; (the set of
selected candidate solutions) at each iteration, and Iy, is the number of iterations. To
present EDA performance, each individual is designated by a discrete string of length 2K+1
(2K+1-dimensional discrete vector). The discrete variable vector X which was detailed
before, represents an individual. An EDA maintains a population of individuals in each
iteration. To implement EDA, we follow the steps below:

Step 0: Generate initial population Ag. The initial population (|Ag| individuals} is typically

obtained by sampling according to uniform distribution

2K+1
p(HI’QQ?”' 762K79A'I} = H pi(ﬂ’i)i
i=1
p,ll = )= a=pily =N} = %,i =1,...,2K (4.34)

i i 1
pm(fm = M) = i

For iterations [ = 1,2, ..., follow steps 1 through 6.

Step 1: Evaluate the individuals in the current population A;_; according to the fitness
function F. Sort the candidate solutions (individuals in the current population) according
to their fitness orders.

Step 2: If the best candidate solution satisfies the convergence criterion or the number of
iterations exceeds its limit Ire,, then terminate; else go to step 3.

Step 3: Select the best psA;_; candidate solutions (individuals) from current population

A;_1. This selection is accomplished according to the sorted candidate solutions.
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Step 4: Estimate the probability distribution p(#,8s,---,6,) on the basis of |m_1| best

candidate solutions. We denote this estimation by
F:IJ(GI)()Q:“' 30ﬂ|no!—l)- (4-35)

Step 5: Generate new |Aj| — |mi—| individuals on the basis of this new estimated proba-
bility distribution I'. Replace the bad |8;_| individuals with newly generated [A| — [n;-1]
individuals.

Step 6: Go tostep 1 and repeat the steps. In our experimentation, for estimation (4.35), we

used a simple scheme of estimating the marginal distributions separately and using product

form .
L =p(0y,---, 0, 00| m=1) = par(@nr|m—1) T1 pi(@ilm-1)
-1l g : Piical s : (4.36)
Ejzlfl S(zi=0mlm—1) \ 2K (3101 8(al=6ilm_1)
- frr—1l igl [ri—1]

4.6 Numerical Results

In this section, we present Monte-Carlo simulations to verify the multiuser TWR system’s
performance. We have used N = 512 for the symbol block size and the QPSK modulation.
We assume 2K = 6, N, =4 for k = 1,...,2K, M = 5, and further define the system SER
as the SER averaged over the users.

Fig. 4.2 shows system’s SER performance for different channel lengths B = 1,23,
We assume that all the underlying channel links have same channel lengths. Random
beamforming [113] is employed at the user terminals. We further assume that Pr = 30
dB. It can be seen that for larger L;"", better SER performance is achieved. We also
evaluate the performance of the EDA method with user-relay antenna selection, assuming
population size |A;| = 615 , i.e. 3% of the overall population |I| = 4% % 5 = 2048 , number
of best population elements = 205. Note that by choosing p; = 0.30, number of best
population elements =ps - |Ay|= 205. SER performance of the EDA algorithm is evaluated
for L™ = 1,2,3 after ITer = 15. Note that the EDA algorithm with joint user-relay
antenna subset selection shows better SER performance as compared to the case employing
all available physical antennas . This is mainly because by increasing the number of users
and their associated antennas, the corresponding CCI increases, which lowers the system
SER performance. Note that EDA’s SER performance is comparable with the optimal

solution obtained by the exhaustive search, as is illustrated in Fig. 4.2.
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Fig. 4.3 shows EDA fitness function-vs-iterations graph for different channel lengths
Ly = 1,2,3. As can be seen from Fig. 4.3, by increasing the iterations, larger min SINRE
is achieved which results in better SER performance. Also note that, for larger L;"", the

fitness function level is larger, which justifies the results illustrated in Iig. 4.2.

24 T T T T T T T

22 _ :‘———'—':
— =2
201 — L=1 .
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10+ .
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gl. =—— J
1
2

Figure 4.3: EDA fitness function versus number of iterations.

4.7 Conclusion

We have considered a multiuser TWR system and have designed the optimal relay processing
matrix under system’s overall power constraint. To further reduce system’s hardware cost,
we have employed the EDA algorithm which performs the joint user-relay antenna selection.

Simulation results are provided to verify system’s performance.



Chapter 5

Exploiting Sparsity for
Beamforming with Power Control

in Large AF Two-Way Relay

Networks

5.1 Introduction

TWR mechanism has proven to not only increase the spectral efficiency, but also to improve
the overall system’s capacity [100,114]. The main bottleneck on the multipair TWR. systems’
performance is the interference imposed from other users. Many interference alignment
methods have been proposed to null out the inter-pair interference and enable multi-pair
transmission [115,116]. The method of signal space alignment (SSA) aligns the interferences
and maximizes the overlap between the signal spaces of the interference signals at the
receiving terminals such that the size of the interference-free space for the desired signal is
maximized [117].

Exploiting the underlying spatial diversity through the employment of MIMO techniques
at the transmitter or receiver side, can significantly improve the transmission reliability
and channel capacity. Recently, few studies have focused on MIMO techniques for two-
way relaying channels. Beamforming design for multiple user TWR systems under the DF
strategy, is similar to the conventional MIMO beamforming schemes and hence the existing

MIMO techniques can be applied [118-120]. The beamforming design for multiple user AF

86
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TWR networks, however, is more challenging. In [121], authors develop an algorithm to
compute the globally optimal relay beamforming matrix in a TWR system, where only the
relay antenna is equipped with multiple antennas. Design of optimal relay beamforming
matrix based on minimization of MSE at user terminals with single and multiple multi-
antenna relay terminals is discussed in [122]. The optimal design of relay beamforming
matrix in a multiple user TWR network is studied in [123]. sum-rate maximization and
mean-square minimization for MIMO AF TWR with two multi-antenna users and a multi-
antenna relay terminal is studied in [124-127]. low-complexity sub-optimal algorithms based
on diagonalizaition of the MIMO channel and singular value decomposition (SVD) or the
generalized SVD (GSVD) through which the beamforming problem is transformed into
a power allocation problem, are studied in [125,127]. Nevertheless, the optimal solution
usually requires iterative algorithms with high complexity costs [126,127].

In this chapter, we incorporate the MIMO techniques into two-way relaying while con-
sidering the joint design of user and relay beamforming matrices, where the participating
nodes are equipped with multiple antennas. Large relay networks which consist of large
number of cooperating nodes, are excessively practiced in device-to-device (D2D) commu-
nication networks and wireless sensor networks. Our focus in this work is specifically, on
large AF MIMO TWR networks for three main reasons: (i) the prohibitive computational
complexity of the exhaustive joint transceiver/relay beamforming matrix design in large net-
works. (ii) The significant reduction in implementation complexity achieved by the sparse
beamforming performed at the participating terminals. (iii) The sparse structure of the
relay and the user beamforming matrices which can be exploited to improve performance
at practical complexity. We optimize the user/relay beamforming matrices to minimize the
MSE under the sparsity constraint. We build on recent advances in sparse signal recovery
to theory to solve the user/relay beamforming matrix design problem efficiently, using the
OMP algorithm [128]. We present comprehensive Monte-Carlo simulations to give insight

on system’s error performance and convergence.

5.2 System Model

We consider a TWR channel, consisting of 2K user terminals, Uy, ..., Uzk, each equipped
with N;,i € {1,...,2K} antennas, and a relay node R equipped with M antennas, as
illustrated in Fig. 5.1. It is assumed that the TWR protocol uses two consecutive equal-

duration time-slots for one round of information exchange between the user terminals via R,
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which linearly processes the received signal during the first time slot, and then broadcasts
the resulting signal to the users nodes during the second time slot. The 2K user nodes form
K pairs, where each pair is communicating in a bid-directional manner. Without loss of
generality, we assume that the (Qk)”" and (2k — l)”t users communicate with each other,
for k € {1,..., K}. The channel impulse responses (CIRs) for the link between the the m"
antenna at the relay node and n** antenna at the k** user node are given by h;"". The
random channel gains ;" are assumed to be flat fading independent zero-mean complex

Gaussian variables. The overall channel matrix Hg between the k** user and the relay
hbt . LN

terminal can be expressed as Hy € Cprxn,, Hp = E : . Let z) denote
pMt | pMNe

~
~
~
~

N@H

s 3
g

NZK-I

—> 15t Phase «—
«——2"Phase —

Figure 5.1: Multiuser TWR-SC-FDE system model.

the transmit signal parsed by user k to the relay terminal. The k* user performs transmit
beamforming with the unitary beamforming vector ay € Cn, x1 and transmits the vector d,

to the relay terminal, as given below,

dk = arpTk, (5-1)
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which satisfies the power constraint £ {T?’ace [dkd,ﬂ } < Py,. Note that ay = { L A— ag‘“
Cn,x1- The received signal at the relay terminal is given by,
2K
rp = Zdek+nR, (5.2)
k=1

where np € Curx1 is a zero-mean additive white Guassian noise vector and 7 {ang} =
0';211 M-

The relay terminal processes the received signals by the beamforming matrix F before
forwarding them to the destination user terminals. Specifically, vector sg € €prx1 is given
as follows,

sp — Frg, (5.3)

where F € Cprxp, and further, due to the relay power constraint at the relay terminal,
we have E{t’l‘ [SRSE]} < Pg. Assuming that the first and second-phase channels are

symmetric and static, the received signal vector y, € Cn,x1, at the k* user can be written

as
2K
yi = Hisp 4+ np = Z H;{FH1 d; + H;{an + ny. (5.4)
=1 S p—

i Nk

where n € Cpn,x1 is the additive white Gaussian noise vector with each entry having
zero-mean and variance of o2, H; = H]FH; € Cn,xn, represents the effective channel
matrix between the k' user and the relay terminal, and f, — H{an + ng € Cu.xi
represents the effective noise vector. The kth user processes the received signal by a receive
beamforming vector bi € €1y, to generate an estimate of the symbol transmitted by user

k', as formulated below

Ry = bryr, (5.5)

where (2k) =2k — 1, (2k — 1)) = 2k, and by = [ b}, - b;?’"‘ } € Cixn,-

5.3 Multiple user TWR system design

i

Denoting the multiuser transmitted data stream by x = | X1 ... Xk € 2K x 1, the

T
€ 2K N x 1, and the multiuser

transmit beam-formed stream by d = [ dy ... dgx

channel matrix by H — [ H, ... Hox ] € Cuxy Mo the received signal at the relay




CHAPTER 5. SPARSE BEAMFORMING FOR LARGE AF TWR NETWORKS 90

terminal can be written as follows,

rp — HAx +tnp = Hd + np, (5.6)

X
where xy represents the collective signal transmitted by the user terminals, and the transmit

beamforming matrix A € GZ N, x2K > Can be expressed as follows,

B T
a) 0N1><1 e 0N1><1
ONgxl a3z ONle
A= _ _ . _ : (6.7)
ONQ{(X] ON‘)KX[ e A

Assuming that transmit power of the multiuser signal and the relayed signal is limited by

Py and Pp, respectively, we have
E|Ax|? = 02Trace {AHA} = B (5.8a)

E

‘nR

FHAx + Fng|? = c2Trace {(FHA)” (FHA)} + 02 Trace {FHF} — Pp. (5.8b)

The multiuser received signal after beamforming can be represented as follows,

% — BHFrp + Bn — BH'FHAx + BH'Fng + Bn, (5.9)
b U1x1N2 s OlXNzK
DlXN] b2 e Ul)(NgK
where B = . , _ : € Cogx3 Ny
Oavy Oixanve, oo+ bak

5.4 Necessary Conditions on the number of user and relay

antennas

Following (5.9), for a multi-antenna multiuser TWR system with 2K users, M number of
antennas at the relay terminal, and N;,i € {l,...,2K} antennas at it" user terminal, the
number of relay antennas M and the total number of active antennas at user terminals must
be greater than or equal to 2K.

Proof: Following (5.9) and from the rank property we have,

rank | BH'FHA | < rank (BHTF or HA ) = min(2K,M) = M = 2K < M, (5.10a)
—————

€CoK 2K
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2K 2K
rank | BEFHA | — 2K < rank (B or H'FHA ) = min (21\’,2 N,-) =2K <Y N,
i=1

€Cak w2k =1

(5.100)

5.5 Iterative Sparse MMSE-based User/Relay Beamforming
Design

In this section, we formulate the problem of iterative user/relay gain beamforming design
algorithm with power allocation while minimizing the sum MSE associated with the partic-

ipating user terminals. The MMSE optimization can be formulated as follows,
; aH "
arg min I/ [(x -PR)" (x— Px)] g (5.11)
F

where e — x — P% denotes the error signal vector, and P is a 2K -dimensional block diagonal

matrix as given below,

0 0 1
0 --- 1 0

P=| R I (5.12)
1 0 0

which exchanges the (2k — l)th and the (2k)"" users’ transmitted symbols. Consider the

quadratic structure of the form Q = s As, which can be expanded as follows,

Q 514181 + 824181+ -+ 5vANS1LH
5141282 + 3242282 +--- + SN An2s2 +

51A1383 + 5242383 + -+ Sy ANn3Ss + . (5.13)

51A1nsn + 82donsn + -+ ENANNSN

With the assumption that the transmitted symbols as well as the noise samples are uncor-

related to each other within a block, the average power of one symbol is o2, the average

noise power is 02, the matrix A is perfectly known, and therefore deterministic, i.e. we can
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express the expectation values as follows,

0 kA
FE |2 Apx)| = ,
[L ! ] JEA—H k=1
E [:EkAk,an’_;] = F|zrArns, ,,5] =, (5.14)
0 k#£1
E[nprAunpr] = E[Rs, cAuns, k] = Ay k=l

Using (5.14), we can express (5.11) as follows,

(BHTFHAX + BH Fny | Bn - Px)
MSE = E ol =

(BHTFHAx +BH”Fny + Bn — Px)
Trace {BRnnBH} + Trace {BHTFRHR,,R (BHTF)H} + %)
Trace { (BH"FHA - P) Ry (BHTFHA P)H} |

Note that the joint design of the users and relay beamforming matrices for total MSE
minimization in the considered MIMO TWR relay system in (5.15), is non-linear and non-
convex and therefore, the optimal solution is not easily tractable. To approach the global
optimal solution, we propose an iterative algorithm based on alternating optimization that
updates one beamforming matrix at a time while fixing the others, as follows,
min MSE,

Bt (5.16)

s.t. (5.8a) (5.8b).

For each subproblem, we firstly prove that it is convex, and then we provide the sparse

optimization method that solves for the sparse beamforming matrix under consideration.

5.5.1 Relay Antenna Selection and Design of the Sparse Relay Beam-
forming Matrix F :

First, given the user transmit and receive beamforming matrices A and B, we try to find
the optimal sparse relay beamforming matrix F, formulated as follows,
niin MSEg

(5.17)
s.t. (5.8b),
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where

MSEg — Trace {BH’I”FR,.R,.R (BHTF)H} F Trace {BHTFHARXX (BH'FHA) H}

_Trace {PRxx (BHTFHA)H} — Trace {(BHTFHA) Rxx(P)”} .

(5.18)

In this work, we are interested in performing relay antenna selection at the relay terminal.
More specifically, the resultant relay beamforming F matrix must comprise of all zero rows
corresponding to the relay antennas that will not be utilized for relaying operation. As a
result, to perform sparse optimization with selection in this subproblem, we implement the
BOMP sparse algorithm, which provides sparsity on the block level. In the following, we
firstly prove that (5.17) is convex, to corroborate the convergence of the ensuing subproblem,

followed by detailed formulation of the sparse subproblem algorithm.

Convexity of (5.17)

Following the matrix manipulations in [129] [Eq.1.10.62, Eq.1.10.64|, (5.18) can be reformu-

lated as follows,
H
MSFg = vec(F)? ((R,,H.,R)T ® (BHT) BHT) vee (F) +

vec(F)H ((HARXK(HA)H)T @ (BHT)HBHT) vee (F) | (5.19)

Breae THE . HpouT\ ¥
vec((HARxx(P) BHT) ) vec (F) + vee(F) vec (HAR,(P) " BH")

Based on the vector differential rule in [130], the four Hessian matrices are derived as follows,

K (MSEg) = {((an)T FHARG(HA)") © (BHT)HBHT}T’

vee(F)" ,vec(F)
7 o H
¥ (MSEF)z[((Ranﬂ)T+HARxx(HA)H) @(BHI) BHT},
vec(F),vec(F)"

%  (MSEg) =0,
)

vec(F),vec(F

X (MSEg)—0.
vec(F) " ,vec(F)”

(5.20)

In order to show the convexity of MSEg , the following Hessian block matrix should be

positive semidefinite.
K" 0
H(MSEg) = ) 5.21
( F) 0 K (5.21)
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T H
where K = ((RnR,IR)T+HARxx(HA)H) ®(BHT) BHT | . Noting that the Kro-

N

necker product of any two poslictlive semidefinite rnatricesKii; also positive semidefinite [127],
we derive that with K; and K, being positive semidefinite,K should be positive semidefi-
nite. Hence, the convexity of MSEp is proven. Therefore, the objective function in (5.17)
is convex.

Next, we prove that the feasible set provided by (8.h) is convex. We can prove this

o‘iT’mce{(FHA)H (FHA) }—Hf,%RTTuce{FHF}
)

by showing that f = is convex. Similar to the pre-

. . : s H VAN
vious manipulation, f can be expressed as [ = vec(F) (HAA H ) @ I ) vee (F)

Tn

vec(F)?vec (F), with the following four Hessian madtrices,

T T
® )= [(HAAHHH) ®1M] ;
vec(F)* ,vec(F)

) - | (maamE)” oLy,

vec(F),vec(F (5.22)
H ) =0,

vec(F),vec(F)
H (H=0

vec(F)*,vec(F)"

Therefore, the block matrix 3 (f) is positive semidefinite. Since both the objective function
and the feasible set in (5.17) are convex, the optimization problem (5.17) is convex.
Design of F

Now, we proceed with the sparse approximation of F. Note that (5.18) can be reformulated

as follows,

MSEy = Trace{ Z (o5 . Tn + a;iHA(HA)”) 7

~

DEChs (5.23)
Trace{ c2P(HA)? 25 § — Trace{ Z JiHA(P)H ;
[ S Nt
E€Cag o m EH

where Z = BHTF . Therefore, the MSEp minimization problem can be transformed into
N

ZeCog umM
the following problem,

min MSEg
s.t. (5.8b),

(5.24)
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with

. i H
MSEg = Trace { (BH1 FD? — ED—%) (BH*’ FD? — ED“%) -
. 2 (5.25)

|BH'FD? — ED~: ||fF S H (BHT o (D )T) vee (FT) - vee(ED3)"

2

where vec (FT) is the block sparse vector with length M?, @ denotes the Kronecker prod-
uct of matrices. The optimization (5.25) is called the multiple measurement vectors (MMV)
problem in compressed sensing (CS) literature. To minimize the MMV problem in (5.25),
there are several classes of algorithms, including the mixed norm approach (convex relax-
ation) [131], block sparsity approach [132], and Bayesian framework [133]. To minimize
M SFEyg with sparse structure and power constraints, in this work, we use the BOMP sparse
algorithm [132], which is developed based on OMP. The sparse approximation of F can be

obtained as follows,
vee (FT) — BOMP (BHT ® (D%) ,Uec(ED-%)T,G, s, PR) : (5.26)

where G includes different block labels corresponding to different row indices in F, S suggests
the level of sparsity, and Pp, follows the relay power constraint. As an example, when M — 4,
G=[1,1,1,1,2,2,2,2,3,3,3,3,4,4,4,4|, and S = 2, the resultant sparse F' beamforming
matrix comprises of two non-zero rows corresponding to the selected relay antennas and two

all zero rows corresponding to the relay antennas that will not participate in the relaying.

5.5.2 Design of the Sparse Transmit Beamforming Matrix A:

Secondly, we consider the optimization of the transmit beamforming matrix A , for fixed

relay and receive beamforming matrices F and B, formulated as follows,

min MSFEa
A (5.27)

s.t. (5.8a),

where
MSE4 = Trace { (BH"FHA - P) Ry (BH'FHA — P) H} —
Trace { AHHHFH (BH)'BH!FHAR | — Trace { ARxcP¥ BH'FH} (5.28)
_Trace {AH (BHTFH)HPRxx} + Trace {[PP¥}.

In the following, we firstly prove that (5.27) is convex, to corroborate the convergence of the

ensuing subproblem, followed by detailed formulation of the sparse subproblem algorithm.
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convexity of (27)

Following the matrix manipulations in [129] [Eq.1.10.62, £q.1.10.64], (5.28) can be reformu-

lated as follows,

MSEp = vec(A)" ((Ry)” @ HFFH(BH)"BHTFH) vec (A) +
v H (5.29)
vec((RxxPHBHTFH) ) vee (A) + vec(A)”vec (RXXPHBHTFH) .

Based on the vector differential rule in [130], the four Hessian matrices are derived as follows,
i N
3 (MSEa) = [(Rn)f % Hi P (BH)'BH! FH] :

vec(A)*,vec(A)

% (MSEa) = [(RH)T ® HHF”(BH)*BHTFH} ,
vec(A),vec(A)* (530)

9 (MSE4) =0,
vec(A),vec(A)

¥ (MSEa) =0.
vec(A)" ,vec(A)*

In order to show the convexity of MSE4, the following block matrix should be positive
semidefinite.
KT 0

H(MSE) = o R |’ (5.31)
where K = [(RXX)T ® HHFH(BH)*BHTFH}. Noting that the Kronecker product of any
two positive semidefinite matrices is also positive semidefinite [127], we derive that K should
be positive semidefinite. Hence, the convexity of M SEy is proven. Therefore, the objective
function in (5.27) is convex.

Next, we prove that the feasible set provided by (5.8a) is convex. We can prove this by
showing that f — o2Trace {AH A} is convex. Similar to the mathematical manipulations in
subsection A part 1, we can readily prove that the block matrix 3 (f) is positive semidefinite.
Since both the objective function and the feasible set in (5.27) are convex, the optimization

problem (5.27) is convex.
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Design of A

We proceed with the sparse approximation of A. Note that in (5.27), the sparse approxi-

mation of A can be performed separately, per column, as follows,

T 2 H
a) = oMP A12N1:p|:- ”BH FHal = p1H2 < E,TT‘(LCS {al al} = -P-u.1 y
2
2

asg = OMP | Asi_y aKk  P2K, ”BHTFH32[\" — P2k
E NiJrl:Z N;
i=1 i=1

H
< e, Trace {aZKagK} = Bz

(5.32)
where a;,i = 1,...,2K represents the i column of A, A, represents the row elements in

A that belong to columns a to b with A = BHTFH, pi,j = 1,...,2K, represents the "

2K
column of P, and ¢2 3" P,, = Pyy. Note that following (5.32), we can keep a tight control
i=1
over each user’s transmit power, while the overall user transmit power is limited by (5.8b).

5.5.3 Design of the Sparse Receive Beamforming Matrix B:

The third subproblem is to optimize B, for fixed transmit and relay beamforming matrices

A and F, formulated as follows,
n]13111 MSEg , (5.33)

where
MSEp = Trace {BRanB" } + Trace {BHTFR,,RI,R (BHTF)H} +
Trace {BHTFHARH (BHTFHA) H} — Trace {PRXX (BH'FHA) H} (5.34)
~Trace { (BH'FHA ) Ryx(P)" } .

In the following, we firstly prove that (5.33) is convex, to corroborate the convergence of the

ensuing subproblem, followed by detailed formulation of the sparse subproblem algorithm.
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Convexity of (5.33)

Following the matrix manipulations in [129] [Eq.1.10.62, Eq.1.10.64], (5.34) can be reformu-

lated as follows,

M = we(B)” (a?‘IZNR s GIZIRHTF(HTF)H 1 UiHTFHA(HTFHA)H) vec(B)
vec(((HTFHA) RH(P)”)T)Tvec (B) + vec(B)”V(—lC((HTFHA> Rxx(P)”)”.
(5.35)

The four Hessian matrices as defined in [130] are derived as follows,

= o2 > HTr(HTF)” + o2HT T T

e oy LS Em) = [""IZ n, o2 H'F(HTF)" + o2H"FHA (HTFHA)" |
H -

VCC(B)jfeC(B)‘ (MSEg) = [0.2112 N, O’,Q,RHTF(HTF) | o2HTFHA (HTFHA> } ’

H (MSEg) =0,
vec(B),vec(B)

% (MSHg) 0.
vec(B)",vec(B)"
(5.36)

In order to show the convexity of MSEg , the following block matrix should be positive

semidefinite. _
KT o
H(MSER) = - |, (5.37
( ) T )

2 H H
where K = af,IE N, t g2 RHTF(HTF) + 02HTFHA (HTFHA) ] Following similar
steps as in the previous subsections, we can derive that K is positive semidefinite. Hence,

the convexity of M SER is proven.
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Desing of B

The optimization problem can be reformulated as follows,

F H ’ \ ” H
MSEg = Trace { B (a;ilz w, + 2 HTF(HTF)"  o2H FHA (H'FHA) )BH -

DeCy~ .3 v,

H
Trace ﬁiP(HTFHA) B } — Trace BaiHTFHA(P)H

v

" H
E€Cor i E

(5.38)

Therefore, the M S Fg minimization problem can be transformed into the following problem,
min M S E(Transformed)g, (5.39)
with
a1 Y 1 A~ 1 A 1 H
M S E(Transformed)g = Trace { (BD? —ED"7) (BD? - ED"7) } . (5.40)

The sparse estimation of B can be performed per column, as follows,

. o TR Slan A « || =
2, =OMP ((D?) 1, (ﬁz) 2, —1; ) < g,Trace {2{"21} = pl) ;
(5.41)
T 2 T . |I?
2ox = OMP ((131) ,12,{,1 (D%) #or — lox|| < e, Trace {z{fzgf(} » pm,) ,
2
where 2;,i = 1,...,2K represents the i* column of 7, with Z = BT, ij,j = o 2K

- - 3
represents the j** column of 1 = (ED_%) , and aiming to minimize the first term in (5.15)
to minimize the total system MSE, p;,j = 1,...,2K is chosen to be sufficiently small. Note

that the optimal beamforming matrix B is thus obtained as follows,
B=2". (5.42)

In summary, we outline the iterative beamforming design algorithm as provided in Algorithm
1, where M SE; denotes the total MSE at i" iteration based on (5.15).
Note that the proposed sparse iterative method in Algorithm 1 is convergent. More

specifically, even though the primal problem in (5.16) is non-linear and non-convex, yet, each
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Algorithm 1: Iterative sparse beamforming design algorithm

Initialize A to meet (5.8a);
Initialize B to get small Trace {BRH,IBH};
repeat
- Design F using (5.24) and (5.26);
— Following (5.15), compute M SE;;
— Compute § = |MSE; - MSE;_|%;
if § not sufficiently small then
— Design A using (5.27) and (5.32);
— Design B using (5.33) and (5.41);
end if
until § is sufficiently small.

of the three subproblems under consideration is convex, and therefore, can be optimized. At
each iteration, not only the MSE associated with that step (MSEa , MSER , or MSEF )
is minimized, but also the total system MSE in (5.15) is minimized, and therefore, the

algorithm converges.

5.6 Numerical Results

In this section, we present Monte-Carlo simulations to verify the sparse beamforming algo-
rithm’s error performance and convergence. We have used quadrature phase shift keying
(QPSK) modulation. We consider multiuser TWR systems with different number of users,
and different number of antennas at the participating user and relay terminals, and further
define the system SER as the SER averaged over the users.

In Fig. 5.2, the SER performance of the proposed iterative sparse beamforming algorithm
is analyzed for different number of relay antennas. We have 10 number of available antennas
at each user terminal and 2K = 2. We further fix Pg at 20 dB. The iterative algorithm
selects 2 number of antennas at user and relay terminals. As the number of available
antennas at the relay terminal increases, the SER performance is improved.

In Fig. 5.3, it can be seen that as the number of selected antennas at each user terminal
increases, better SER performance is achieved. In particular, for multiuser SNR levels at
SN Ry=6 dB and 8 dB, the acheivable SER performance with 6 selected user antennas
is comparable with the case when all antennas at each user is active. This proves the
diminishing returns in the average SER versus the number of selected antennas.

Fig. 5.4 shows the convergence behavior of the proposed sparse iterative algorithm for
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Figure 5.2: SER performance of the proposed sparse iterative beamforming method.

different network scenarios with different number of user antennas and M = 4, when received
SNR at the relay terminal is fixed at 25 dB. For Nj, = 2, all transmit and receive antennas
are active, where as for Ny = 6 and N = 10, only 2 transmit and receive antennas are
active. As is illustrated in Fig. 5.4, by increasing the number of available antennas at user
terminals, more number of iterations are required to achieve convergence. Nevertheless, the
extra number of iterations required in large networks to reach convergence is negligible.

In Fig. 5.5 and Fig. 5.6, the total system MSE of the proposed sparse iterative algorithm
provided in (5.15) is studied for a network with M = 4 and Ny = 2, when the received SNR
at the relay terminal is fixed at 25 dB. The total system MSE in (5.15) is broken into three
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Figure 5.3: SER performance of the proposed sparse iterative beamforming method with
varying number of selected antennas at user terminals.

parts, i.e. MSE;, MSE,, and MSEs3, where

MSE, — Trace {BR,mBH} , (5.43a)
H
MSE; = Trace {BHTFR,.R,IR (BHTF) } , (5.43b)
T T H
MSEs = Trace {(BH FHA — P) R (BH FHA — P) } . (5.43¢)

It can be seen from Fig. 5.5 and Fig. 5.6 that MSE, is fixed at a constant level. This
is mainly due to (5.43), where trace of B is maintained in an arbitrarily low level. MSk3

is much less than MSE; and MSFE,, and therefore is the least dominant term. Following
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Figure 5.4: Convergence behavior of the proposed sparse iterative beamforming method.

Fig. 5.6, it can be realized that MSFj3 is the most dominant term out of the three in

(5.15), whose value is continuously decreasing as SNRpyp increases. This, in fact ensures

the convergence of the proposed iterative MMSE-based beamforming algorithm.
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Figure 5.5: MSE behavior of the proposed sparse iterative beamforming method.
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Chapter 6

Differential Space-Time Block
Coding with Linear constellation

Precoding for OFDM Cooperative

Networks

6.1 Introduction

For multi-antenna systems operating over frequency-selective fading channels, as either the
number of antennas or the fade rate increases, it is desirable to develop techniques that do
not require CSI at the receiver side. Differential modulation was proposed as an encod-
ing scheme that doesn’t require CSI at the receiver side. Hughes [134] and Hochwald and
Sweldens [49] independently proposed a differential unitary space-time modulation scheme
for frequency flat fading channels, where the constellation groups were formed based on
matrix multiplication. [135] proposed another differential space-time (DST) coding scheme
based on orthogonal designs. Full spatial diversity group constellations of finite order and
infinite group codes with full spatial diversity were proposed in [136] and [137], respectively.
Treating each subchannel as a transmit antenna, Liu and Giannakis [138] proposed a dif-
ferential encoding scheme for single-antenna OFDM transmissions over frequency-selective
fading channels with maximum multipath diversity.

In [139], Diggavi et al. proposed a simple extension of DST coding in a multiantenna

OFDM system in which the DST codes for frequency flat fading channels were applied

106
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to each subcarrier across the transmit antennas. However, such an extension does not
exploit the underlying multipath diversity in frequency-selective fading channels. Recently,
maximum-diversity differential modulation schemes over frequency-selective fading channels
have been proposed in [140], [141], and [142]. In [140], unitary diagonal codes are utilized to
achieve the maximum underlying diversity gain. The approach in [142], uses the orthogonal
designs and obtains maximum spatial and multipath diversity. In [143], It is proven that with
differential coding, full spatial and multipath diversity can be achieved, where simultaneous
coding over space and frequency is implemented.

Most the current works on cooperative diversity consider coherent detection and assume
the availability of perfect CSI at the receiver. In fading channels where the coherence time
is large enough, the channel estimation can be carried out through the use of pilot symbols
[144]. For fast fading channels where the phase carrier recovery is more difficult, differential
detection provides a more practical solution. In [144-148|, differential detection has been
investigated for cooperative transmission scenarios. The works in [144-148] assume an
idealized transmission environment with an underlying frequency-flat fading channel. This
assumption can be justified for narrowband cooperative scenarios with fixed infrastructure;
however, it is impractical if wideband cooperative networks are considered. In [149], the
applicability of differential STBC to broadband cooperative transmission over frequency-
selective channels was investigated for OFDM systems. However, the proposed system could
not fully exploit the underlying multipath diversity. Motivated by this practical concern,
we extend the work in [149] to linearly coded and grouped precoded OFDM systems for
cooperative communications.

LCP-OFDM was developed in [150] for multicarrier wireless transmissions over frequency
selective fading channels. Not only LCP improves the uncoded OFDM performance, but
also doesn’t reduce the transmission rates of uncoded OFDM, and guarantees symbol de-
tectability [151]. LCP-OFDM was extended to GLCP-OFDM to exploit the correlation
structure of subchannels, such that, the set of correlated sunchannels are split into subsets
of less correlated subchannels. Within each subset of subcarriers, a LCP is designed to max-
imize diversity and coding gains. The LCPs are in general complex and could possibly be
nonunitary. While greatly reducing the system complexity, subcarrier grouping maintains
the maximum possible diversity and coding gains [150]. GLCP-OFDM is a considerably
flexible system that offers maximum multipath diversity, as well as large coding gains, and

guaranteed symbol detectability with low decoding complexity.



CHAPTER 6. DIFFERENTIAL STBC-LCP-OFDM FOR COOPERATIVE NETWORKS108

Although there have been considerable rescarch efforts on differential STBC (conven-
tional and distributed) for frequency flat fading channels (see for example [144-148, 152~
154]), only a few isolated results have been reported on conventional differential STBC
for frequency-selective channels [139,155,156]. Distributed differential STBC multi-carrier
transmission for broadband cooperative networks was investigated in [149], yet was sub-
optimal. In this chapter, We study the performance of differential space-time codes with
LCP for OFDM cooperative networks over frequency selective channels. Through exploit-
ing the unitary structure of the orthogonal STBCs, we design a low complexity differential
STBC-LCP-OFDM receiver for cooperative networks. We assume the amplify-and-forward
protocol and consider both single relay and multi-relay scenarios. Under the assumption of
perfect power control for the relay terminal and high signal-to-noise ratio for the underlying
links, our performance analysis demonstrates that the considered scheme is able to exploit

fully the spatial diversity.

6.2 System Model

A single-relay assisted cooperative communication scenario is considered. All terminals are
equipped with single transmit and receive antennas. We assume AF relaying and adopt
the user cooperation protocol proposed by Nabar et. al. [68]. Specifically, the source
terminal communicates with the relay terminal during the first signaling interval. There
is no transmission from source-to-destination within this period. In the second signaling
interval, both the relay and source terminals communicate with the destination terminal.
The CIRs for § =+ R, S — D and R — D links for the 4th transmission block
are given by Wy = [Wsgl0], ... WanlLsnl] » Wsp = (1 pl0], ., s plEsl]

5 2 1
{hﬁD[O],...,h“}w[LRD]] , respectively, where Lgg, Lsp and Lrp denote the correspond-

ing channel memory lengths. All S —» R, S — D, and R — D links are assumed to
experience frequency selective Rayleigh fading. The random vectors h‘g R h“}w and hff; D
are assumed to be independent zero-mean complex Gaussian with power delay profile vec-
tors denoted by vsg = [025(0), ..., 02r(Lsr)], VRD = [0%p(0), s 0kp(LrD)), and vsp =
[62(0), ...,0% ,(Lsp)] that are normalized such that Z{';;f:o oip(lsr) =1, E&”DD:O o%p (lrD) =
1, and Z:f;ijf’:o o%p (Isp) = 1. The CIRs are assumed to be constant over four consecutive
blocks and vary independently every four blocks.

We consider LCP-OFDM transformation [150] where the LCP is defined by the N x N

matrix @ that has entries over the compler field. @ should satisfy the transmit-power
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constraint tr («I:«I;H ) — N. Information symbols are parsed into frames, where each frame
consists of two information blocks. Let the N x 1 vector ysgrp represent the data vector
that is transmitted to the relay terminal during the first block of each frame, whose entries
are complex MPSK symbols that are generated through differential space-time encoding.

After linear constellation precoding, the N x 1 precoded block ¥spp = ®ysgp is [IFFT
processed by the inverse FFT matrix Q¥ to yield the discrete time signal Q¥ ®ysgpp. To
further remove the IBI, a cyclic prefix of length | > max (Lsg, Lrp, Lsp) is inserted per
transmitted OFDM block and is removed from the corresponding received block.

The signal received at the relay terminal during the first signalling interval (broadcasting

phase) of each frame after the CP removal is
rp = VEsrHsrQ" ®ysrp + np, (6.1)

where Esp is the average signal energy over one symbol period received at relay terminal,
Hgp is the N x N circulant matrix with entries [Hggl,, ,, — hsr ((m —n) mod N), and np
is the additive white Gaussian noise vector with each entry having zero-mean and variance
of Np/2 per dimension. To ensure that the power budget is not violated, the relay terminals
normalizes each entry of the respective received signal [rgln, n = 1,2,..., N, by a factor of
E(|[rgl,1?) = Esr + No to ensure unit average energy and retransmits the signal during
the second signalling interval (relaying phase) of each frame. After some mathematical
manipulations, the received signal at the destination terminal during the relaying phase is

given by
rp =  FELREHRpHsrQ ®ysrp + v EspHspQY ®ysp +np, (6.2)

where Erp and Fsp are the average signal energies over one symbol period received
at destination terminal, Hpp and Hgp are the N x N circulant matrices with entries
[Hrpl,, = hrp ((m —n) mod N) and [Hsplm,, = hsp ((m —n) mod N), respectively,

and np is conditionally ((onditioned on hpp) complex Gaussian with zero mean and vari-

ance o5 = No (1 Esn yorersirs, s ? lhpp(m)|* |. The destination terminal further normalizes

4 L3 .
the received signal by a factor of \/p, where p =1+ ﬁﬂﬁ% S |[hgrp (m)|*. Note that this
m=0
does not affect the SNR, but simplifies the ensuing presentation [68]. After normalization,
we obtain

r = vnHppHsrQ ®ysrp + v72Hsp Q" ®ysp +n, (6.3)

where n is @N(0, No) and the scaling coefficients 71, y2 are defined as y1 = ¢, and 72 = §
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respectively, where a = (Esg/No)Egrp, b = 1 + Esgp/No + ff: |hrp (m)|*Egp/No, and
¢ = (1 + Esg/No)Esp. Note that at the end of each frame, ?hze receiver is provided with
the time-domain observation r in (6.3).

Inspired by Alamouti code [10], we can further extend (6.3) to a distributed (D)STBC-
LCP-OFDM scenario, by using the transmit diversity scheme ygpp (t +1) = —y5p (t) and

Ysp(t +1) =y&pp (1), leading to

r(t) = yiHepHgpQ"ysrp (1) + v72Hgp Q" ®ysp (1) +n (1),
(6.4)

r(t+1) = —mHgpHgpQ" ®y%p (1) + 72 spQI®y5pp (1) +n(t + 1),

Exploiting the circulant structure of the channel matrices Hrp, Hsg, and Hgp, we have
H; = Q7 A;Q, where A;, i denotes SR, RD, SD, is a diagonal matrix whose (n, n)™" element
is equal to the nt* DEFT coefficient of h;. Thus, transforming the received signal r (2t) to the
frequency domain by multiplying it with Q matrix and further writing the result in matrix

form we have

R
Qr () Qn (t) VA gpAsp® VA p® Ysrp (t)
Qr* (t+1) Qn* (¢ +1) VI2Azp® = /TMiARpASR® Ysp (t)
(6.5)
Assuming without loss of generality the symbols to have variance 032’339 = O’?,SD = 1,
applying the MMSE equalization we have
Ysro() | | vTARDASRA ViAspA - (66)
9sp (1) ViEAspA  —TiAppAseA | |

-1
where A = (ARDASRQNI)HAERAED + ASDq)CI)HAgD) . In the following, we will discuss
the distributed differential (DD)-LCP-OFDM system and the ST encoding and decoding
procedures employed by it.

6.3 DD-LCP-OFDM

T
The data vectors d; (t) = [d? ) - ,d,jv_l (t)] i = 1,2, represent the OFDM-STBC sym-
bols, where t is the time index and complex symbols df (t) n = 1,..., N, are drawn from
an unit-energy MPSK constellation. We are encoding the LCP-OFDM-STBC data vectors
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d;(t) = ®d;(t) and d;(¢) = @dy(t) into their linear constellation precodpd (llfferpn-

tially encoded frequency domain counterparts Ysrp (m) = [ySRD 1) ,ySRD (mﬂ and

¥sp(m) = I:?fc,n('?n ....,‘?jsul(m)] = 2t,2t + 1 as following
¥ ) =D"(H)Y" (t— 1) (6.7)
where
i dy () 3 (t)
D*{t) = — , 6.8
O oy @or -
and
% o 2t o (2t
Yo (1) = ysrp (21) ygp (2t) | (69)
yspp (2t +1) yep (2t +1)
having
Yo 2t + 1 — 2t)),
Ysrp ( ) = —(y&p (20)" (6.10)

yap (2t +1) = (yY&pp (2))"
Note that (6.7) is relating 4 frames of information in a differential manner. Applying (6.10)

at the sequence level to the OFDM blocks (2t) and (2t + 1) in (6.9) and substituting them
into (6.4), we obtain

r(2t) = ymHppHgpQy%pp (2t)+ vRHgpQPyep (2t) +n(2t),

r(2t +1) = —7HppHgpQ" (y2p (20)"+y72Hg p Q" (yipp (26)" + 0 (2 +1),
(6.11)
which represents the two consecutive received OFDM frames (2t) and (2t + 1) at the desti-
nation terminal.
To recover the OFDM data vectors dj (t) and dz (¢) from the differentially encoded
received signals in (6.12), we exploit the circulant structure of the channel matrices Hgp,

Hsg. and Hgp, similar to (6.7} as following

(ot)
n

Qr(2t +1) =F(2t + 1) = — /T ppAsr(¥Ep 20))" v 2Asp(Ysrp (20)" + Qu2t + 1),

fi(2t+1)
(6.12)
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Note that in here, we are performing the differential decoding upon the n'™ subchannel and
nt" subcarrier to recover df (¢) and d3 (t). Considering the nt* subchannel, writing (12) in

the matrix form we have

Rl(t) fi’;(t) Y"(t) A"
" (26) a2 || e 26  yip(20) VTIALLARR
£ (2t + 1) an (2t + 1) —(y2p (2))* (43gp (2))" VBAZ, |

(6.13)
where A%y, Abp, and ASp, stand for the n'" diagonal elements of matrices Agp, App,
and Agp. Thus, substituting (6.7) into (6.13), the current input to the distributed STBC
differential detector, R™ (), for each sub-channel is related to the previous input, R" (¢ — 1),

according to
R"(t—1)—A"(t—1)

e e,
R" () =D"(t) Y'(t— DA" +a"(¢) = D" () R"(t — 1) + A" (¢) - D" () A" (t — 1).
un(t)

(6.14)
We set Y'(0); n = 0,...,N — 1 to I and linearly detect D™ (¢) from Y™ (¢) using the

orthogonal structure in (6.13). this can be done by rewriting (6.14) as follows

™ (21) U (1) | e me-y dn (1)
vy | | orey |V -y —re-2) || e
(6.15)

To perform MMSE equalization, we can further cascade every nt" elements to use the vector

forms in (6.15) as follows

T (2t) U, () r(2t—-2) T@2t-1) d; (1)
= s ﬁ : (6.16)
(264 1) 5 (t) (2t —1) —F (2t—2) d, (t)
Thus, performing blind MMSE equalization with no access to CSI, we have
d, (1) Jnefe (2 -2)B  pdfi@2e-1)B | _
= R, 6.17
d, (t) VReHH 2t-1)B - A19HF (2t - 2)B (6.17)

E T -1
whereR = | F(2t) (2t +1) ] and B = (i-(Qt — BB (2t —2) + T (2t — 1) BBTFH (2t - 1))

6.4 DD-GLCP-OFDM

Due to high decoding complexity of LCP-OFDM, an optimal subcarrier grouping technique
was proposed in [150] in which the decoder’s complexity is reduced by dividing the set
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of all subcarriers into nonintersecting subsets of subcarriers, called subcarrier groups. In
this approach, every information symbol is transmitted over subcarriers within only one of
these subsets. Note that if the subcarrier grouping is properly done, not only the decoding
complexity is reduced, but also systems performance is preserved [150].

The GLCP matrix, 0, is designed such that the decoding complexity is reduced, while
preserving the maximum diversity and coding gains. Assuming that N = KM, in DD-
GLCP-OFDM STBC system, the information symbols d; (¢) 4 = 1,2, are divided into M
blocks, d™ (t) = ¥md; (t), where 1, is a K x N permutation matrix built from the rows
(m—=1)K +1 — mK of Iy; and then precoded by the GLCP matrix @. Thus, as an

example, (6.12) can be rewritten as

f(2t) = /AR pASRES D (20)+/2ASDESD (2t} + i (2¢),

(6.18)

F(2 + 1) = — TIARDATR(EE) (20)" +y/ToAT ) (80ap (26)" +5 (2 + 1),
where A" = d}mAi?/‘)ﬂ, — SR,RD,SD, and g™ (2t), i = SRD,SD, are differentially
encoded from the GLCP-OFDM symbols g (t) = 0d" (t) following similar steps as in

(6.7).
Following [150,151], for any K, QAM, PAM, BPSK, and QPSK constellation, the optimal
can be constructed through LCP-A | which can be generally written as a Vandermonde

matrix as following

1 TR a{(_l ]
. i [ 1 B o= ag{’l (6.9)
B ’ '
1 107 R aﬁ—l

where 3 is a constant such that tr (BBH ) = K, and the parameters {ak}ff: , are selected
depending on K [150].

6.5 Numerical Results

In this section, we present Monte-Carlo simulation results for the proposed receiver.
Fig. 6.1. depicts the SER performance of the DD-LCP-OFDM STBC scheme assuming
for the following three different scenarios:

1) Lsg = Lrp = Lsp =0,
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2) Lsg = Lrp = Lsp = 1,

3) Lsg=5,Lrp=2,Lsp=1.

For LCP-OFDM to achieve maximum diversity order, maximum diversity encoders should
be used. Two classes of maximum achievable diversity order (MADO) enabling LCP en-
coders are introduced in [151], namely: Vandermonde encoders and cosine encoders. In here,
we are using Vandermonde encoders and we assume 4-PSK modulation. To further mini-
mize the receiver complexity, we are applying the low-cost MMSE equalizer. Our simulation
results indicate that with the optimal design of LCP encoder matrix, the DD-LCP-OFDM
STBC system is able to achieve full spatial and multipath diversity, min (Lsg, Lrp)+Lsp+1
and it has been confirmed.

Following [150], we suggest an alternative low complexity implementation of the DD-
LCP-OFDM STBC system, namely, DD grouped linear constellation precoded GLCP-
OFDM STBC subsystems. The aim is to reduce system complexity while preserving maxi-
mum possible diversity and coding gains. The proposed system’s optimal performance relies
on the design of the GLCP matrix [150].

Fig. 6.2 depicts the SER performance of the DD-GLCP-OFDM STBC scheme for the
following combinations of the underlying channel memory lengths:

1) Lsg = Lrp = Lsp =0,

2) Lsg = Lrp = Lsp = 1,

3 Lep="58,Ekrp =2,Lgp= 1

The MADO GLCP encoders used for scenarios 1, 2, and 3 are 2, 04, and 0g, respectively
[150]. We analyze system’s performance for & = 1, 10. To minimize the receiver complexity,
MMSE equalizer is implemented at the receiver side. In the case of o = 1, for all three
scenarios where the S — R and S — D links are balanced, the SER performance degrades
compared to the corresponding scenario when o = 10, while preserving the achieved diversity
order.

In Fig. 6.3 the SER performance of DD-OFDM-STBC is compared with that of DD-
LCP-OFDM-STBC and DD-GLCP-OFDM-STBC, for Lsg = Lrp = Lsp = 1, @ = 10, and
04 [150]. As can be observed from Fig. 6.3, DD-LCP-OFDM-STBC outperforms both DD-
GLCP-OFDM-STBC and DD-OFDM-STBC. However, both DD-LCP-OFDM-STBC and
DD-GLCP-OFDM-STBC achieve the same diversity gain. As an example, at BER=107%,
the DD-LCP-OFDM-STBC system outperforms DD-GLCP-OFDM-STBC and DD-OFDM-
STBC systems by 2 dB and 4 dB, respectively.
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In Fig. 6.4 the SER performance of DD-GLCP-OFDM is provided with optimal and sub-
optimal subcarrier grouping, assuming Lsp = Lgp = Lsp = 1 and QPSK modulation. The
optimal and suboptimal grouping are specified with Jp ope = {m -1, M +m—1,..., (K-1)M+m-1}
and Jpop = {(m—1DK+1,(m—1)K+2,...,mK} m € [l,M] subsets, respectively,
where N = MK. As is illustrated in Fig. 6.4, the optimal subcarrier grouping improves
performance, i.e. by 2 dB at BER=1072.

Next, we extend our analysis to a multiple relay scenario, where we adopt the trans-
mission protocol in [157] and consider non-regenrative relays. Note that unlike [157], we
assume that there is no direct transmission between the source and destination terminals
due to the presence of shadowing. we assume that there are three relay nodes, where each
node is equipped with one antenna. We set SNRgpr, = SNRgg, = 25dB and Er,p = Er,p
— Ep,p = 5 dB, and the SER curve is plotted against Eﬁ,ﬁ“ QPSK modulation and G3
code (28] are used. The scenarios with different combinations of channel memory lengths
are considered for DD-LCP-OFDM-STBC system:

1) Lsg, = Lr,p = Lsr, = Lryp = Lsgrs = Lrsp =0,

2) Lsgr, = Lsr, = Lsry, = 1,Lp,0 = Lryp = Lryp = 1,
3) Lsr, = Lsp, = Lsry = 1,Lp,p = Lr,p = Lryp = 2,
As is illustrated in Fig. 6.5, for high E%gl values, we are achieving the full diversity order

3
of 3 min(Lgg,, Lr;p) + 3.
=1

6.6 Conclusion

We have investigated distributed differential LCP-OFDM STBC and GLCP-OFDM for
cooperative communications over frequency-selective fading channels. We have carefully
exploited the unitary structure of STBCs to design a low complexity distributed differential
STBC receiver for broadband cooperative networks. We have presented the comprehensive

Monte-Carlo simulations to corroborate the theoretical presentation.
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Figure 6.1: SER performances of DD-LCP-OFDM STBC over frequency- selective S — R,
R — Dand S — D links (Esg/No = aEsp/No,a = 10)
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Figure 6.2: SER performances of DD-GLCP-OFDM STBC over frequency- selective S — R,
R — Dand S = D links (Esg/No = aEsp/No,a = 1,10)
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Figure 6.3: SER performance comparison between DD-OFDM-STBC, DD-LCP- OFDM
STBC, and DD-GLCP-OFDM-STBC systems
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Figure 6.4: Optimal versus suboptimal subcarrier grouping for the DD-LCP-OFDM STBC
system
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Figure 6.5: SER performance of DD-LCP-OFDM STBC system with three relays



Chapter 7

Differential Decoding for SFBC
OFDM systems in Underwater
MIMO Channels

7.1 Introduction

Due to the increasing interest for high speed communication over underwater acoustic
(UWA) channels , multicarrier modulation in the form of OFDM has prevailed in recent
UWA research studies. OFDM enables low complexity equalization of highly dispersive
UWA channels via the low-complexity fast Fourier transform (FFT) signal processing tech-
niques. OFDM entails narrowband signaling on each subbcarrier and is therefore, conducive
to various MIMO configurations. Moreover, unlike the traditional single carrier modulation
techniques, multicarrier modulation techniques, including OFDM, allow the use of differen-
tially coherent detection schemes [158, 159].

The feasibility of UWA OFDM transmission in multiple transmit-receive configuration
has been proven in recent experimental studies [160,161]. MIMO OFDM systems have been
considered for UWA channels to exploit spatial multiplexing [160,161], as well as spatial di-
versity through Alamouti coding [162,163], while [162] considers Alamouti STBC, and [163]
considers SFBC. SFBC involves coding across OFDM carriers, whereas STBC involves cod-
ing across OFDM blocks in time. Due to the rapidly changing nature of the UWA channels,
SFBCs are better suited for use in these channels than STBCs. It should be noted that for
fast-varying, also referred to as time-selective channels, the key assumption for STBC that

the channel is fixed over two time intervals does not hold. In this case, space-time coding

121
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can be implemented as a SFBC, where adjacent subcarriers, rather than time slots, are
coded over. This assumes that the adjacent subcarriers have the same frequency response,
which is approximately true as long as the channel coherence bandwidth is much larger
than the subcarrier width. More specifically, SFBC data symbols are applied over groups
of adjacent subcarriers within a single OFDM block [164]. Since in SFBC-OFDM systems,
space-frequency block encoded data symbols are transmitted within a single OFDM block,
SFBC-OFDM systems outpetform STBC-OFDM systems under fast-fading channels [164].
Moreover, compared to STBC-OFDM, SFBC-OFDM comes with distinct advantages with
regards to receiver implementation. As an example, in [164], it is shown that compared to
the simple two-transmit antenna STBC system proposed in [10], SFBC-OFDM reduces the
decoder memory and latency to half. The SFBC-OFDM system proposed in [165] requires
the channel frequency response to be invariant over the number of adjacent subcarriers
spanning one SFBC group. This quasi-static assumption, however, is not easily met in most
frequency-selective channels with large delay spreads. Therefore, applying conventional lin-
ear processing decoders renders poor performance due to inter-carrier interference caused
by CFR variations over adjacent sub-carriers. One solution to alleviate this problem is to
increase the number of subcarriers per OFDM block. Increasing the number of subcarri-
ers per OFDM block in SFBC-OFDM system, however, narrows down the bandwidth of
each sub-channel which in turn results in more sensitivity to impairments such as carrier
frequency offset and phase noise. SFBCs coincides with the basic OFDM design principle.
OFDM design principle calls for closely spaced carriers such that the channel frequency
response can be considered as flat fading over each subband. Since the STBC coherence
assumption between adjacent OFDM blocks may be violated in UWA channels [163], SFBC
using coherent detection was studied in [163]. In [159, 166], it was experimentally shown
that by eliminating the need for channel estimation and thus reducing the error floor due to
imperfect channel tracking, differentially coherent detection can outperform the traditional
coherent detection schemes, on the highly time-varying UWA channels.

In this chapter, we consider differential SFBC as a means for obtaining transmit diversity
over UWA channels without the need for explicit channel estimation. We apply the resulting
algorithm to the experimental data obtained during 2011 Kauaii Acoustic Communications
(KAM’11) experiment, where acoustic signals were transmitted over 3 km in the 20-32
kHz band. We present results on the performance of differential SFBC receiver in terms of
the MSE, and SER, which show that this technique can indeed outperform the traditional

coherent detection.
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In this chapter, we investigate the performance of differential SFBCs for OFDM signals
over underwater acoustic channels. By applying the unitary structure of the orthogonal
SFBCs over the carriers of an OFDM system, the underlying transmit diversity in an un-
derwater acoustic channel is exploited. Differential detection is further applied to eliminate
the need for expensive signal processing required for channel tracking. We assume that there
is sufficient spatial diversity between the channels of the transmitters, and that each channel
changes slowly over the carriers, thus satisfying the basic Alamouti coherence requirement.
System performance is demonstrated using real data transmitted in the 20-32 kHz acoustic
band from a vehicle moving at 0.5—2 m/s and received over a shallow water channel, using
4-QAM and a varying number of carriers ranging from 128 to 2048. Performance results
demonstrate the advantage of the differential coherent SFBC detector over the conventional

coherent SFBC detector which suffers from imperfect channel estimation.

7.2 System Model

We consider a MIMO OFDM system with two transmitters and Mp receivers. The system
employs differential SFBC over K carriers, whose frequencies fy = fo+kAf, k=0,... K -1
are separated by Af = B/K, where f; is the lowest carrier frequency, and B is the system
bandwidth. The information symbols belong to a QPSK alphabet.

Let X} denote the complex data symbol, transmitted from the gtk
the Ith subearrier of frequency f; = fo +1-Af . The symbols {X},l=1,...,N,i=1,2}

are transmitted in parallel, on N carriers by the participating source transceivers. After the

source transceiver on

IFFT processing and insertion of the zero guard intervals, the discrete-time sequence at the

it" transmit element is given by

i 1N_1 i j2rnl
T, = N g X,:_l_le N . (71)

In the DSFBC-OFDM system, however, OFDM data symbols are initially encoded using
the Alamouti SFBC scheme, i.e. the data symbols on carriers 2/ and 21 + 1 are respectively,
XJ, and X}, from the first transmitter, and X3 and X3, from the second transmitter,
where X, = —(X3)", and X3, = (X})". We differentially encode the SFBC-OFDM

symbols using the following technique:

Y, =XY-, (7.2)
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where X; represents the [* SFBC-OFDM codeword, as expressed below,

X1 X2
Xi= | v (xiy (73
XL+ x5 | —(X3)" (Xa)

and Y, and Y,_ represent the [** and (I — )™ differentially encoded SFBC-OFDM code-
words. The matrix Y, can be expressed as
Yai Yii

Y, = : 7.4
L .

Note that (7.2) is relating four information symbols in a differential manner.

h

After performing FFT processing, the received signal at the 4t receiver on carriers 2l

and 2/ 4 1 can be expressed as follows,

j S1R; SoR;
rh = Yoy 7 + YAy + nar, (7.5a)
) . oAE Sle 1\ * SQRJ‘
o411 = ’(th) Ayi +{Ya) Mgy +naas (7.5b)

SiR; . . ; .
where A, is the channel transfer function observed on the ! subcarrier between the ith

5 ; . . SiR; SR
transmitter and thej™ receiver. Assuming Ay, &~ Ay, (7.5) can be expressed as follows,

i 1 2 S1R;

3 Ya Yai Ay 5 nyy (76)
j - 2\ * 1y* SR; : -
2041 —(¥z)" (Ya) Ay Nat+1

R} Y Af’iRj n

Substituting (7.2) into (7.6), the current input to the D-SFBC-OFDM detector, Rf , for
the I** differentially decoded SFBC codeword and the associated 2] and 21 + 1 carriers, is

related to the previous input, Rf_l as

Rf = Y;Afiﬁj + n = D[Ygu”A[SiRj + n = D[ (Rg—l - n;_i) + n = DlR{,l —Djl’lj_1 + 1n; .
N e
U,
(7.7
Note that (7.7) can be further expressed in the following matrix form,

j J i 1 Jj
T’% 1 T2 "1-1 Xy Uy

(Tgi+1)* . |X% 12+ | X3 (7"%1—1)* —(7";:—2)* X3 ' (Ung)*
(7.8)
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Multiplying both sides by

; H
T,J ‘T’J
1 22 20—1

\/"f";z-gr | |T“%L1|2 (7’5!4)* —(’”%e—z)* ’

yields the following decision statistics,

(7.9)

4 2 ;
j
i 'rzt—z! +‘7‘%z—1 ~
P = ; 2~ Xa + Uy (7.108)
\ Xy 1G]

. 2 .
J
7"21-2| + ‘7";.!-1

U;EJrl o P} 2 X22¢ + Egprp (7.10b)
\1xaf + X3
where
7 i j H 7
Uy B 1 LTI Ta1-1 Uy (7.11)
= = . 3 . 5 j * 3 j * j * . F
Ut \/l"%kz] L ’“"%1—1‘ (7"21—1) (”’"21—2) (U21+-1)
Following (7.11), the decision rule for detecting the OFDM symbols can be formulated as
follows,
2
2 2
. Mg | rl | |,
X3 = argmin § Y oy — = 2| ‘ 2 ll X (m)] ¢, (7.12)

j=1 |X21!l‘2 e |X22[‘2

where X (m) belongs to the unitary constellation under consideration.

7.3 Performance Analysis Through Experiment

The KAM’11 experiment was a multi-university research initiative focused on studying the
impact of environmental fluctuations on underwater acoustic communication systems. The
KAM’11 experiment was conducted off of the west coast of Kauai in a roughly 100 m
downward refracting environment. Data were collected during the experiment on a 16
element receiving array from two independent sources separated vertically by 156 m while
transmitting over the acoustic frequency range between 20 kHz and 32 kHz, at a range of
approximately 3 km. The experiment configuration is illustrated in Fig. 7.1The bandwidth
of the OFDM signal is B = 12 klz, and the lowest carrier frequency is fo = 20 kHz.
A zero-padded guard interval of Tz = 60 ms per OFDM block is used. The number of

carriers used in the experiment varies from N = 128 to N — 2048. Each packet consists of
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Figure 7.1: Geometry of the KAM'11 experiment.

N, = 16384 information symbols. For N = 128,256,512, 1024, 2048, each frame consists of
N, — 128,64,32, 16,8 blocks, respectively. Each packet consists of a preamble, Ny blocks

of data, and a postamble, as illustrated in Fig. 7.2. Moreover, each data burst consists

preamble PSE PSE  postamble
|111ms |100ms /i \ I; r 1 Ts |100m5|111ms

N, blocks per packet

T~
~

Figure 7.2: One frame consists of preamble, Ny blocks, and a postamble.

of 5 packets corresponding to N = 128,256,512,1024, and 2048. To compensate for the
frequency dependent Doppler drifts over fast-varying UWA channels, we have applied the
two step approach proposed in [167]. Specifically, each packet is correlated by the known
preamble and postamble signals, and the corresponding correlation peaks are used to identify
time dilation/compensation, based on which the Doppler scaling factor is estimated. The
received packet under consideration is then resampled accordingly, and partitioned into its
OFDM blocks. Each block is down-converted, and the resulting signal is passed to FFT
demodulation and further detection.

Fig. 7.3 illustrates the performance of differentially coherent detection for SFBC schemes
in UWA channels based on KAM’11 experiment, with 12 and 16 receiving elements. In this
figure, MSE performance of differentially coherent SFBC OFDM is illustrated versus the
number of carriers. Similar results are provided for single-transmitter differential OFDM
and SFBC OFDM with 12 receiving elements. Fig. 7.3 demonstrates that differential SFBC
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OFDM outperforms the single-transmitter differential OFDM, thus offering a spatial diver-
sity gain. More importantly, it shows that D-SFBC indeed outperforms its coherent coun-
terpart, a SFBC scheme based on [167]. As the number of carriers in the given bandwidth is
increased, adaptive channel estimation becomes more difficult across longer blocks, causing
coherent detection to fail with N > 512. In contrast, narrower carrier spacing enhances
frequency coherence between adjacent carriers, allowing superior performance of D-SFBC
with up to 2048 carriers (a 78% increase in bit rate). Fig. 7.4 illustrates the MSE perfor-
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-2 — & Differential OFDM, M_=12
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Figure 7.3: MSE performance of differential SFBC OFDM versus differential OFDM and
coherent SFBC OFDM.

mance of the differential SFBC OFDM receiver for varying number of receiving elements.
The performance is shown in terms of the MSE at the input to the decision device versus
the number of carriers. The performance improves with the number of receiving elements,

but we note an effect of diminishing returns. Fig. 7.5 illustrates the corresponding SER
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Figure 7.4: MSE performance of differential SFBC OFDM versus the number of carriers for
varying number of receive elements.

performance. There is no additional error correction coding in this example. Nonetheless,
multi-channel combining significantly improves the system performance, bringing the raw

SER below 0.001 with 10 or more receiving elements.

7.4 Conclusion

The performance of differential SFBC OFDM was investigated for UWA channels. Our
experimental results demonstrate that differential SFBC OFDM could successfully integrate
the benefits from space frequency block coding and differential detection, i.e. by eliminating
the need for explicit channel estimation algorithms, while exploiting the underlying spatial

diversities. Qur simulation results demonstrate that the D-SFBC scheme outperforms the
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Figure 7.5: SER performance of differential SFBC OFDM versus the number of carriers for
different number of receive elements.

single-transmitter differential OFDM and the coherent SFBC scheme in the MSE sense, i.e.
outperforming the SFBC scheme by ~6 dB and the single transmitter differential scheme
by ~10 dB for N = 2048. Moreover, it was demonstrated that 78% higher bit rate was
achieved by D-SFBC compared to the coherent SFBC scheme. D-SFBC was also shown
to outperform the coherent SFBC scheme at larger number of subcarriers, which results in
better bandwidth efficiency.



Chapter 8

Conclusion

8.1 Conclusions

In this thesis, we investigate the analysis and design of diversity techniques for terrestrial
and underwater acoustic communication channels.

We first investigate different relay selection methods for the multi-relay SC-FDE broad-
band cooperative networks with underlying frequency-selective Rayleigh fading channels,
assuming both ML and MMSE receivers. We investigate the relay selection criteria for the
SC-FDE ML receivers motivated by minimizing the average symbol error rate. Similarly,
we investigate different relay selection schemes for SC-FDE MMSE receivers motivated by
minimizing the instantaneous symbols error rate. We also propose novel relay selection
schemes in which only the relay with the frequency selective source to destination link that
acquires the highest norm flat fading tab is selected, along with a PEP based scheme which
is able to fully investigate the underlying multipath diversity. Among the relay selection
methods provided, the SFRS and the relay selection criteria based on minimizing the aver-
age symbol error rate, have the best SER performance for SC-FDE ML receiver. We finally
extend our analysis to multiple relay selection scenarios by applying the EDA algorithm. By
further defining the EDA parameters specifically for our relay selection problem, significant
performance improvement was shown while maintaining comparable complexity.

We next investigate cooperative SC-FDE for two-way multiple relay networks with selec-
tion. We consider both ML-SC-FDE and MMSE-SC-FDE receivers. We derive closed-form
expressions for the conditional and average end-to-end SNR and SER for the participating

source terminals. The maximum achievable diversity gain by the single relay SC-FDE TWR
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system is investigated under different power control policies, and the existence of the perfor-
mance bottleneck is verified. We extend our analysis to multiple relay cooperative SC-FDE
TWR systems with best relay selection. Further, asymptotic analysis on the average SER
reveals that the diversity gain is determined by both the number of participating relay nodes
and the minimum of the multipath diversity order experienced in the source to relay, and
relay to destination links, which acts like a performance bottleneck for the relaying paths.
We complete our analysis by introducing the bottleneck integral factor that dictates the
performance bottleneck existing in the TWR cooperative communication systems and co-
operative communication systems, in general. The existence of the bottleneck integral in the
error performance expression associated with the generic single relay cooperative channels
is analytically corroborated and verified.

To further incorporate the network total power constraints, we investigate optimal re-
lay beamforming for the multiuser TWR systems, where the relay transceiver processor is
designed based on the MMSE criterion. We drive a closed-form expression for the SINR
at each of the user terminals, and further present a joint user-relay antenna selection algo-
rithm by applying the EDA. The proposed EDA has a low computational complexity, and
its effectiveness is verified through simulation results.

Next, aiming to find an efficient way to solve for the sparse beamforming matrices, we
propose a novel iterative sparse algorithm to design the underlying transmit, relay, and
receive matrices. More specifically, we first decouple the primal problem into three convex
sub-problems, and then propose an iterative algorithm, which solves for the sparse sub-
optimal beamforming matrices, one at a time. The solution to each subproblem aims to
minimize MSE, which also minimizes the total MSE, and hence the convergence of the
iterative algorithm is guaranteed. Comprehensive simulation is conducted to evaluate the
effectiveness of the sparse beamforming design algorithm in terms of the error performance
and convergence.

Next, we study the performance of differential space-time codes with LCP for OFDM
cooperative networks over frequency selective channels. Through exploiting the unitary
structure of the orthogonal STBCs, we design a low complexity differential STBC-LCP-
OFDM receiver for cooperative networks. We assume the amplify-and-forward protocol and
consider both single relay and multi-relay scenarios. Under the assumption of perfect power
control for the relay terminal and high signal-to-noise ratio for the underlying links, our
performance analysis demonstrates that the considered scheme is able to exploit fully the

spatial diversity.
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Finally, we investigate the performance of differential SFBCs for OFDM signals over
underwater acoustic channels. By applying the unitary structure of the orthogonal S'BCs
over the carriers of an OFDM system, the underlying transmit diversity in an underwater
acoustic channel is exploited. Differential detection is further applied to eliminate the need
for expensive signal processing required for channel tracking. We assume that there is
sufficient spatial diversity between the channels of the transmitters, and that each channel
changes slowly over the carriers, thus satisfying the basic Alamouti coherence requirement.
System performance is demonstrated using real data transmitted in the 12—26 kHz acoustic
band from a vehicle moving at 0.5—2 m/s and received over a shallow water channel, using
4-QAM and a varying number of carriers ranging from 128 to 2048. Performance results
demonstrate the advantage of the differential coherent SFBC detector over the conventional

coherent SFBC detector which suffers from imperfect channel estimation.

8.2 Future works

The work in this thesis also reveals some interesting topics for future research. In the study
of sparse beamforming algorithms for TWR communication networks in Chapter 5, one
interesting future research topic is to address the effect of the channel estimation errors on
the system’s overall performance. 1t is also worth while to revise the proposed beamforming
algorithm to study the sparse beamforming channel estimation idea for TWR systems with
DF relaying protocols.

In the study of differential decoding for SFBC OFDM systems in underwater MIMO
channels, after combining, the signal is subject to conventional OFDM detection. A par-
ticularly interesting future research topic is to incorporate partial FFT demodulation to
suppress ICL. More specifically, FFT outputs can be weighted before combining to suppress
the ICL. An interesting future work on this subject is to investigate the performance im-
provement that can be obtained by partial FFT demodulation for differential SFBC OFDM
where aperiori channel information is not available. Driving an algorithm for computing the
combiner weights without the a priori knowledge of the channel variation or the Doppler

distortion is another interesting future research topic that can be investigated.
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Appendix A

On the summation of the largest K

out of Np available numbers

N

S
i=1

Assuming S— = F, with a; > a2 = ... = ay, we have

K L 3
Ya=N-E- ¥ aj=K-E+(N-K)E- ) g
i1

j=K+1 j=K+1
K N (A.1)
-21 T '—%Haj al
—K-E+(N-K)- I@ _,Z a; =0
j=K+1
where
K N
(N=-K)> ai—-K > a;>0. (A.2)

i=1 j=K 11
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Appendix B

Diversity gain analysis with BRS

To find the maximum achievable diversity order associated with the SC-FDE TWR system
with BRS, we again consider three limiting scenarios where ¢ — 0%, t — 17, and t — ¢,
where ¢ is sufficiently distant from 0%, and 17, and further divide the interval [ 0 1 }
within which (3.71) is to be evaluated into many non-overlapping sub-intervals, as detailed

below

P (e) _)g(maﬂ(LglR(M—o—l)) +___+Cma—(leg+L52R)(M+1) Jr“l_I_cna—(ng,q(m1)))’

(B.1)
where
‘- oMADLs; =131 (M + 1) (Ls,r + Ls,r)) (B.2)
(C{Ls;r) T (Ls, 2))MH (sin (%))(MJrl)(LS] rtLs,r)—-1’
and ¢;,i = 1,...,n are constants, and n is the number of sub-intervals. (69) confirms that

the maximum achievable diversity order by this system is (M + 1) min (Lgs, g, Ls,Rr)-
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