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Abstract

The Third Generation Partnership Project's Long Term Evolution-Advanced (LTE-
A) is considering an option for relay networks to provide cost-effective throughput
enhancement and coverage extension. While analog repeaters have been used to
enhance coverage in commercial cellular networks, the use of more sophisticated
fixed relays is relatively new. The main challenges faced by relay deployments in
cellular systems are designing an improved and efficient relaying protocol,
improving the desired signal and overcoming the extra interference added by the
presence of relays specifically at cell-edge regions. Most prior works on relaying do
not consider relay integration in cellular LTE-A systems. In this dissertation, we
propose and investigate the performance of a modified relaying protocol, the
Enhanced-Decode-and-Forward (E-DF), which improves diversity and data rate and
reduces the symbol error rate. The dissertation also proposes and analyzes the
performance of several half-duplex downlink relay schemes in interference-limited
cellular systems. These schemes are — The Omni-Relay (OR) scheme, The
Directional-Relay (DR) scheme and The In-band Relay (IR) scheme. The average
signal-to-interference plus noise ratio and average capacity performances of each
scheme are analyzed for each relay type, antenna pattern as well as power and

frequency resources allocation.
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Chapter One: Introduction

One of the main motivations for this work is the various challenges foreseen in the
future trends of wireless communications. Recently, there has been a growing
interest in high-speed transmission capabilities over wireless channels. Future
systems are required to provide a voice and multimedia services. These new
demands in cellular mobile radio have brought many issues for researchers in this
field. The problems vary from the choice of suitable transmission technology to

advanced signal processing techniques required at the receivers.

Among future wireless communication systems are the Long-Term Evolution (LTE)
system and its advanced version, LTE-A. LTE-A was standardized to accommodate
the growing demand of data traffic. The high requirements of LTE-A systems
motivate researchers to invent new technologies or enhance existing technologies to
meet such high requirements. A promising example is a cooperative communication
system. A cooperative communication is a new paradigm that exploits the
broadcast nature of the wireless channel to allow communicating nodes to assist

each one another.

In this chapter, some historical footprints and future trends of LTE-A and
cooperative communication systems are provided in Section 1.1. The significance
and the subject area of this work are introduced in Section 1.2. Section 1.3
discusses the objectives and scope of this dissertation. The outline of the
dissertation is detailed in Section 1.4. Finally, the contributions of this dissertation

are summarized in Section 1.5.

1.1 Historical View Point

It has been over a century since the landmark invention of the wireless telegraph
by Guglielmo Marconi in 1895. Wireless cellular communications has now become a

popular means of public and personal communication with wide spread deployment



and ever growing expectations. In this context, it is worthwhile to look back briefly

at some of the important footprints of wireless cellular communications.

The cellular wireless communications industry witnessed tremendous growth in the
past decade with over four billion wireless subscribers worldwide. The first
generation (1G) analog cellular systems were deployed around 1980, which
supported voice communication with limited roaming. The 1G systems employed
analog frequency modulation (FM) wireless access using narrowband frequency
division multiple-access (FDMA) [1]. The second generation (2G) digital systems
provided higher capacity and better voice quality than did their analog
counterparts. Moreover, roaming became more prevalent because of fewer standards
and common spectrum allocations across countries, particularly in Europe. The two
widely deployed 2G cellular systems are global systems for mobile communications
(GSM) and code division multiple-access (CDMA) [2]. Like the 1G analog systems,
2G systems were designed primarily to support voice communication. In later
releases of these standards, capabilities were introduced to support data
transmission. However, the data rates were generally lower than that supported by
dial-up connections. The international telecommunication Union-
Radiocommunication sector (ITU-R) initiative on international mobile
telecommunications-2000 (IMT-2000) paved the way for the evolution to 3G. A set
of requirements such as a peak data rate of 2Mbps and support for vehicular
mobility were published under the IMT-2000 initiative. Both the GSM and CDMA
camps formed their own separate 3G partnership projects (3GPP and 3GPP2,
respectively) to develop IMT-2000 compliant standards based on the CDMA
technology. The 3G standard in 3GPP is referred to as wideband CDMA
(WCDMA) [3] because it uses a larger 5MHz bandwidth relative to 1.25MHz
bandwidth used in 3GPP2’s CDMA2000 [4] system. The 3GPP2 also developed a
5MHz version supporting three 1.25MHz subcarriers referred to as CDMA2000-3 .

The first release of the 3G standards did not fulfill its promise of high-speed data
transmissions, as the data rates supported in practice were much lower than that

claimed in the standards. A serious effort was then made to enhance the 3G
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systems for efficient data support. The 3GPP2 first introduced the high rate packet
data (HRPD) [5] system that used various advanced techniques optimized for data.
The HRPD system required a separate 1.25MHz carrier and supported no voice
service. This was the reason that HRPD was initially referred to as CDMA2000-
IxEVDO (evolution data only) system. The 3GPP followed a similar path and
introduced high speed packet access (HSPA) [6] enhancement to the WCDMA
system. The HSPA standard reused many of the same data-optimized techniques as
the HRPD system. A difference relative to HRPD, however, is that both voice and
data can be carried on the same 5MHz carrier in HSPA. The voice and data traffic
are code-multiplexed in the downlink. In parallel to HRPD, 3GPP2 also developed
a joint voice data standard that was referred to as CDMA2000-1xEVDV (evolution
data voice) [7]. Like HSPA, the CDMA2000-1xEVDV system supported both voice
and data on the same carrier but it was never commercialized. In the later release
of HRPD, Voice over Internet Protocol (VoIP) capability was introduced to provide
both voice and data service on the same carrier. The two 3G standards, namely
HSPA and HRPD, were finally able to fulfill the 3G promise and have been widely

deployed in major cellular markets to provide wireless data access.

While HSPA and HRPD systems were being developed and deployed, IEEE802
standard committee introduced the IEEES802.16¢ standard [6,7] for mobile
broadband wireless access. This standard was introduced as an enhancement to an
earlier IEEES802.16 standard for fixed broadband wireless access. The IEEES02.16e
standard employed a different access technology named orthogonal frequency
division multiple-access (OFDMA) and claimed better data rates and spectral
efficiency than that provided by HSPA and HRPD. Although the TEEE802.16
family of standards is officially called wireless metropolitan area network (WMAN)
in IEEE, it has been called worldwide interoperability for microwave access
(WiMAX) by an industry group named the WiMAX Forum. The mission of the
WiMAX Forum is to promote and certify the compatibility and interoperability of
broadband wireless access products. The WiMAX system supporting mobility as in
the TEEE802.16e standard is referred to as Mobile WiMAX. In addition to the



radio technology advantage, Mobile WiMAX also employed a simpler network
architecture based on IP protocols. The introduction of Mobile WiMAX led both
3GPP and 3GPP2 to develop their own version beyond 3G systems based on the
OFDMA technology and network architecture similar to that in Mobile WiMAX.
The beyond 3G system in 3GPP is called evolved universal terrestrial radio access
(evolved-UTRA) [8] and is also widely referred to as Long-Term Evolution (LTE)
while 3GPP2’s version is called ultra mobile broadband (UMB) [9]. All three
beyond 3G systems, namely Mobile WiMAX, LTE, and UMB, meet IMT-2000
requirements and hence they are also part of IMT-2000 family of standards.

The goal of LTE is to provide a high-data-rate, low-latency, and packet-optimized
radio-access technology supporting flexible bandwidth deployments [10]. In parallel,
new network architecture is designed with the goal to support packet-switched
traffic with seamless mobility, quality of service and minimal latency [11]. The
system supports flexible bandwidths because of the OFDMA access scheme in
downlink and single carrier FDMA (SC-FDMA) access scheme in uplink. The
radio-interface attributes for Mobile WiMAX and UMB are very similar to those of
LTE. All three systems support flexible bandwidths and OFDMA in the downlink.
There are a few differences such as — uplink in LTE is based on SC-FDMA
compared to OFDMA in Mobile WiMAX and UMB. The performance of the three

systems is therefore expected to be similar with small differences.

Similar to the IMT-2000 initiative, ITU-R Working Party 5D has stated
requirements for IMT-advanced systems. Among others, these requirements include
average downlink data rates of 100Mbps in the wide area network, and up to
1Gbps for local access or low mobility scenarios. Also, at the World
Radiocommunication Conference 2007 (WRC2007), a maximum of a 428MHz new
spectrum is identified for IMT systems that also include a 136MHz spectrum
allocated on a global basis. Both 3GPP and IEEE802 are actively developing their
own standards for submission to IMT-advanced standards. The goal for both LTE-
A [12] and IEEES802.16m [13] standards is to further enhance system spectral

efficiency and data rates while supporting backward compatibility with their
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respective earlier releases. As part of the LTE-A and IEEE802.16m standards
developments, several enhancements are being discussed to meet the IMT-advanced

requirements.

One of the main challenges faced by the developing LTE-A standard is providing
high throughput at the cell edge. Technologies like multiple-input multiple-output
(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 and use higher carrier frequencies with
infrastructure designed for lower carrier frequencies [14]. One solution to improve
coverage is combine LTE-A with cooperative communication systems such that, the
use of fixed simple and small terminals, called relays, may forward messages
between the base station (BS) and mobile stations (MSs) through multi-hop

communication[15-23].

The basic idea of cooperative communications can be traced back to the 1970s to
van der Meulen [24,25], in which a basic three-terminal communication model was
first introduced and studied in the context of mutual information. Since it was first
introduced, cooperative communications have been extensively studied mostly in
communication-related aspects such as, information theory [26-30], the channel
effect [32-34], relay selection mechanisms [35-42], differential modulation in
cooperative systems [43-52], and so on, for applications such as wireless sensor, ad-

hoc, and cellular networks.

Many different relay transmission techniques have been developed over the past ten
years. The simplest strategy (already deployed in commercial systems) is the
analog repeater, which uses a combination of directional antennas and a power
amplifier to repeat the transmission signal [53]. More advanced strategies use signal
processing of the received signal. Amplify-and-Forward (AF) relays apply linear
transformation to the received signal [54-56] while Decode-and-Forward (DF) relays

decode the signal, then re-encode for transmission [30]. In research, relays are often



assumed to be half-duplex (they can either send or receive but not at the same
time) or full-duplex (can send and receive at the same time) [58]. While full-duplex
relays are under investigation, practical systems are considering half-duplex relay
operations, which incur a rate penalty since they require two (or more timeslots) to
relay a message. Relaying has been combined with multiple antennas in the MIMO
relay channel [60,61] and the multiuser MIMO relay [62]. Despite extensive work on
relaying, prior work has not as extensively investigated the impact of interference

as seen in cellular systems.

The first commercial wireless network to incorporate multi-hop communication was
IEEES802.16j [62]. Its architecture constrained the relays to be served by a single
base station and allowed them to communicate in only one direction at a time (i.e.,
either uplink or downlink). From a design perspective, unfortunately, IEEE802.16;
had several restrictions that drastically limited its capability, for example, the
transparent mode that supports relaying-ignorant mobile subscribers. Further, the
relays were not designed to specifically mitigate interference. Consequently, LTE-A
standards may consider more sophisticated relay strategies and thus may expect

larger performance gains from the inclusion of relaying.

1.2 The Subject Area

Most future wireless systems, such as ultra mobile broadband (UMB), Long Term
Evolution (LTE), and IEEE802.16e (WiMAX), promise very high data rates per
user over high bandwidth channels. Cooperative communication is a new promising
technology that affords some level of enhancement to the existing communication
systems to achieve the requirements of such systems. The principle of cooperative
systems is based on deploying a group of relay nodes within the cell to assist the
serving base station. The relay can be thought of as an auxiliary node to the direct
channel between the base station and the network subscribers. A key aspect of the
cooperative communication is the processing of the signal received from the source

node at the relay through cooperative relaying protocols. The trend is towards



developing cooperative protocols that provide true assistance to the transmitting
base station by increasing the data rate and reducing any delay caused by

employing cooperative communications.

Although a wvast amount of research has been conducted on cooperative
communications in the literature, the integration of cooperative relaying into LTE-
A-aided cellular networks has received little or no attention. Such integration
requires developing suitable transmitting algorithms, frame structure design,
interference elimination or reduction techniques, power and frequency resource

allocation, and many other communication-related topics.

1.3 Objectives and Scope of the Work

The overall objective of this research is to propose and investigate improved and
efficient transmission techniques for LTE-A systems that can achieve high average
signal-to-interference plus noise ratio (SINR) and high average capacity under
various impairments such as fading, interference, and noise in the wireless channels.

The following specific issues are addressed in this dissertation.

e Cooperative Relaying Protocols

The objective is to enhance one of the relaying protocols, the decode-and-
forward, to achieve a higher data rate with diversity. The scheme is referred to
as the enhanced-decode-and-forward. Semi-analytical and simulation methods
are used to evaluate the symbol error rate (SER) performance and other
information-theoretic measures when utilizing this proposed enhanced-decode-

and-forward.

e Relay Integration in Cellular LTE-A Systems



The objective is to improve the desired signal level and cancel the inter-cell
interference in a cellular LTE-A systems using relay terminals at the cell edges.

The use of relay terminals helps in solving the following specific issues:

1. Cell-Edge Improvement

The objective is to develop a communication scheme for LTE-A systems
that eliminate the inter-cell interference by isolating the co-channel base
stations geographically. Moreover, there is a need to improve the desired
signal level for cell-edge users by deploying distributed relay terminals.
Analytical and simulation methods are conducted to compare the developed

scheme and conventional schemes.

2. Frequent Handover Caused by Relay Terminals

The objective is to develop a communication scheme for LTE-A systems
that reduces frequent handovers caused by relay deployment in a cell. Also,
the goal is to enhance further the SINR level for cell-edge users by

increasing the diversity at cell-edge users.

3. Interference Caused From Relay Terminals

The purpose is to develop a cooperative transmission scheme that exploits
the total available bandwidth resources and cancels the mutual interference

between deployed relay terminals.

1.4 Assumptions

Numerous assumptions are made in carrying out these studies. Some of the
important assumptions and limitations, which are not addressed due to the scope

of this research, are listed below.



e When analyzing the cooperative relaying protocol, the effect of non-ideal
conditions such as timing and carrier offset errors are not considered in
this study. These issues have received considerable attention by many

researchers and will not be addressed in this dissertation.

e The channel is assumed to be estimated perfectly, and the receiver has

full knowledge of the channel state information (CSI).

e The channel, during the analysis of all schemes, is modeled as
uncorrelated frequency-flat but time-selective Rayleigh fading. The
channel gains are assumed time-invariant within three signaling intervals

but may vary after three signaling intervals.

e For all relay assisted schemes, the transmission power at the relays is
assumed to be identical and equals a fraction of the host base station

power.

e Only downlink analysis for average SINR and capacity are considered.

The uplink performance has received much attention in many researches.

e The path loss model being used in the analysis is adopted from the path

loss model in [92].

e The case where the MS is receiving interference from all co-channel cells

in the first two tiers is considered as the worse-case.

e For analytical convenience, mobile users are distributed uniformly within
a cell. This assumption was considered in [63] when deriving area

spectral efficiency of cellular mobile radio systems.

1.5 Dissertation Outline

In the first chapter, a brief historical background on the evolution of cellular radio

technology, cooperative communications, and LTE-A systems is provided and the
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subject area is introduced. The objectives and contributions of the work are also

discussed. The rest of this dissertation is organized as follows.

Chapter 2 provides the reader a review of a number of concepts that will be useful
throughout this dissertation include — the characteristics of wireless channels, the
diversity and MIMO concepts, relay communications, and the LTE and the LTE-A

systems.

Chapter 3 provides a brief description of the system model for cooperative
communications with the proposed cooperation relaying protocol. It provides a
proposed modified decoding mechanism for the system when the channel is
assumed to be a quasi-static flat fading channel. Analysis of symbol error rate
(SER) performance is conducted, in which the exact, an upper bound, and an
approximate upper bound expressions for the SER are derived. Furthermore,
information-theoretic measures such as the mutual information, the rate, and the
outage probability are derived. Finally, analytical and simulation results are
obtained for the proposed cooperative scheme and other conventional schemes for

validation and comparison.

Chapter 4 discusses a relay-assisted scheme with omni-directional antenna for the
LTE-A system. The system model and the transmission algorithm with a proposed
download frame structure are presented and discussed. Required performance
measures such as average SINR and average capacity are also derived. Finally,
analytical and simulation results for the average SINR and capacity are obtained
for the proposed scheme and other conventional schemes for validation and

comparison.

Chapter 5 discusses the system model of a relay-assisted scheme with directional
antennas that provides less frequent handovers and increase the SINR at the cell-
edge area.. A joint download transmission algorithm is also proposed and discussed
for the relay-assisted scheme. In addition, performance measures such as average

SINR and average capacity are derived. Finally, analytical and simulation results

10



for the average SINR and capacity are obtained for validation and comparison with

other conventional schemes.

Chapter 6 discusses the system model of a relay-assisted scheme with omni-
directional antennas and same frequency resources allocated to the base station. A
joint download transmission algorithm with inter-cell interference cancellation
technique is also proposed and discussed for the relay assisted scheme. Finally,
analytical and simulation results for BER upper bound, the average SINR, and
capacity are obtained for validation and comparison with other conventional

schemes.

Finally, conclusions on the accomplished research objectives are summarized in

Chapter 7 and some research topics for future work are suggested.

1.6 Contributions
The following contributions have been made in this dissertation.
e Chapter 3

In this chapter, we propose and investigate the performance of a new cooperative
relaying protocol called the Enhanced-Decode-and-Forward (E-DF) scheme. Based
on the system and the received signal model of the E-DF scheme, we propose a
modified maximum likelihood (ML) decoder to recover the received symbols over a
quasi-static fading channel. In addition, the analysis of the average signal-to-noise
ratio (SNR) is conducted, in which the exact, an upper bound, and an approximate
average SNRs are derived. Also, we perform the analysis of the symbol error rate
(SER) via the moment generating function (MGF) and the approximate average
SNRs. Expressions for a worse-case SER upper bound and an approximate worse-
case SER are derived to simplify the calculations when obtaining the exact SER
expression. We also conduct the analysis of other information-theoretic measures
include — mutual information, the achieved rate, and the outage probability.
Finally, semi-analytical and simulation results for — SER, outage probability, and
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achieved rate are obtained and compared with other conventional schemes. The
results show significant improvement for the E-DF scheme over the direct
transmission and other conventional relaying protocols. Specifically, the results
show that low SER, high transmission rate, and low outage probability are

achieved when employing the E-DF scheme.
e Chapter 4

In this chapter, we propose a relay-assisted scheme with omni-directional antennas
called the omni-relay (OR) scheme. Also, we propose a relay frame structure that is
compatible with the long-term evolution (LTE) standard. In addition, the analysis
of the average signal-to-interference plus noise ratio (SINR) and the average
capacity are carried out for the OR scheme. Finally, semi-analytical and simulation
results for the achieved average SINR and the achieved average capacity are
obtained and compared with other conventional schemes. The results show that the
desired signal level is improved for the cell-edge users, and the interference level is
reduced when the OR scheme is utilized. Also, the average capacity of the OR

scheme is improved significantly when compared to other conventional schemes.
e Chapter 5

In this chapter, we propose the use of relay terminals at the cell-edges, where each
relay is equipped with directional antennas. This scheme is called the directional-
relay (DR) scheme. We also propose a new cooperative download transmission
scheme for the DR, called Enhanced-DR (E-DR) scheme, to overcome the issues of
interference and low desired signal level at cell-edge users. In addition, the analysis
of the average signal-to-interference plus noise ratio (SINR) and the average
capacity are carried out for the DR and the E-DR schemes. Finally, semi-analytical
and simulation results for the achieved average SINR and the achieved average
capacity are obtained and compared with other conventional schemes. The results
show that, when utilizing the download transmission scheme E-DR, the average
SINR and the average capacity are improved remarkably for the cell-edge users

when compared to the DR and the OR schemes.
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e Chapter 6

In this chapter, we propose the use of relay terminal at the cell edges, each with
omni-directional antennas and same frequency resources allocated to the base
station. This scheme is called the in-band relay (IR) scheme. We also propose the
concept of the evolved-cell (E-cell) for the IR scheme that can perform joint
cooperative transmission of information between the involved terminals within the
E-cell. The joint cooperative transmission is accomplished by using the E-DF
relaying protocol (introduced in Chapter 3) to increase the diversity and the data
rate. Due to high interference, we propose the use of the interference cancelling
technique, Interference Rejection Combining (IRC), in each E-cell. In addition, we
investigate the decoding of the received symbol sequences as well as the derivations
of the BER upper bound, average BER upper bound, average SINR, and average
capacity for this IRC-aided IR with E-DF scheme. Finally, we obtain semi-
analytical and simulation results for the achieved average SINR and the achieved
average capacity when utilizing the IRC-aided IR with E-DF scheme. The results
show that, when utilizing the IRC-aided IR scheme, the average SINR and the
average capacity are improved remarkably for the cell-edge users when compared to

the IR that has no joint transmission scheme.
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Chapter Two: Background

Wireless communications have seen a remarkably fast technological evolution.
Although separated by only a few years, each new generation of wireless devices
has brought significant improvements in terms of link communication speed, device
size, battery life, applications, etc. In recent years, the technological evolution has
reached a point where researchers have begun to develop wireless network
architectures that depart from the traditional idea of communicating on an
individual point-to-point basis with a central controlling base station. Such is the
case with ad-hoc and wireless sensor networks, where the traditional hierarchy of a
network has been relaxed to allow any node to help forward information from other
nodes, thus establishing communication paths that involve multiple wireless hops.
One of the most appealing ideas within these new research paths is the implicit
recognition that, contrary to being a point-to-point link, the wireless channel is
broadcast by nature. This implies that any wireless transmission from an end-user,
rather than being considered as interference, can be received and processed at
other nodes for a performance gain. This recognition facilitates the development of

new concepts on distributed communications and networking via cooperation.

The technological progress seen with wireless communications follows that of many
underlying technologies such as integrated circuits, energy storage, antennas, etc.
Digital signal processing is one of these underlying technologies contributing to the
progress of wireless communications. One of the most important contributions to
the progress in recent years has been the advent of multiple-input multiple-output
(MIMO) technologies. In a very general way, MIMO technologies improve the
received signal quality and increase the data communication speed by using digital
signal processing techniques to shape and combine the transmitted signals from
multiple wireless paths created by the use of multiple receive and transmit
antennas. Cooperative communications is a new proposal that draws from the ideas
of using the broadcast nature of the wireless channel to make communicating nodes

help each other, of implementing the communication process in a distribution
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fashion and of gaining the same advantages as those found in MIMO systems. The
end result is a set of new tools that improve communication capacity, speed, and
performance; reduce battery consumption and extend network lifetime; increase the
throughput and stability region for multiple access schemes; expand the
transmission coverage area; and provide cooperation trade-off beyond source—

channel coding for multimedia communications.

In this chapter, we begin with the study of basic communication systems and
concepts that are highly related to user cooperation, by reviewing a number of
concepts that will be useful throughout this dissertation. The chapter starts with a
brief description of the relevant characteristics of wireless channels in Section 2.1. It
then follows by discussing diversity concept followed by the MIMO wireless
communications in Section 2.2. After this, we describe the concept of relay
communications in Section 2.3. The chapter concludes by describing the LTE and

the LTE-A system in Section 2.4.

2.1 The Wireless Channel Characteristics

Communication through a wireless channel is a challenging task because the
medium introduces much impairment to the signal. Wireless transmitted signals are
affected by effects such as noise, attenuation, and interference. It is then useful to

briefly summarize the main impairments that affect the signals.

2.1.1 Additive White Gaussian Noise

Some impairments are additive in nature, meaning that they affect the transmitted
signal by adding noise. Additive white Gaussian noise (AWGN) and interference of
different nature and origin are good examples of additive impairments. The
additive white Gaussian channel is perhaps the simplest of all channels to model.

The relation between the output y(t) and the input s(t) signal is given by
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y(t)=s(t)+w(?)
where w(t) is noise. The additive noise w(t) is a random process with each
realization modeled as a random variable with a Gaussian distribution. This noise

term is generally used to model background noise in the channel as well as noise

introduced at the receiver front end.

2.1.2 Large-Scale Propagation FEffects

2.1.2.1 Path Loss

Path loss is an important effect that contributes to signal impairment by reducing
its power. Path loss is the attenuation suffered by a signal as it propagates from
the transmitter to the receiver. Path loss is measured as the value in decibels (dB)
of the ratio between the transmitted and received signal power. The value of the
path loss is highly dependent on many factors related to the entire transmission

setup. In general, the path loss is characterized by a function of the form

PL(d)= 10010g[di] +e

o

where PL is path loss function measured in dB, d is the distance between
transmitter and receiver, v is the path exponent, c¢ is a constant, and d is the
distance to a power measurement reference point (sometimes embedded within the
constant ¢). In many practical scenarios this expression is not an exact
characterization of the path loss, but is still used as a sufficiently good and simple
approximation. The path loss exponent v characterizes the rate of decay of the
signal power with the distance, taking values in the range of 2 to 6. The constant c
includes parameter related to the physical setup of the transmission such as signal

wavelength, antennas height, etc.
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2.1.2.2 Shadowing

In practice, path losses of two receive antennas situated at the same distance from
the transmit antenna are not the same. This is, in part, because the transmitted
signal is obstructed by different objects as it travels to the receive antennas.
Consequently, this type of impairment has been named shadow loss or shadow
fading. Since the nature and location of the obstructions causing shadow loss
cannot be known in advance, path loss introduced by this effect is a random
variable. Denoting by y the value of the shadow loss, this effect can be added to

path loss equation by writing

PL(d) = 1oU1og[di] +y+e

0

It has been found through experimental measurements that y when measured in
dB can be characterized as a zero-mean Gaussian distributed random variable with
variance G; (also measured in dB). Because of this, the shadow loss value is a
random value that follows a log-normal distribution and its effect is frequently

referred as log-normal fading.

2.1.3 Small-Scale Propagation FEffects

From the explanation of path loss and shadow fading it should be clear that the
reason why they are classified as large-scale propagation effects is because their
effects are noticeable over relatively long distances. There are other effects that are
noticeable at distances in the order of the signal wavelength; thus being classified
as small-scale propagation effects. We now review the main concepts associated

with these propagation effects.

In wireless communications, a transmitted signal encounters random reflectors,
scatterers, and attenuators during propagation, resulting in multiple copies of the

signal arriving at the receiver after each has traveled through different paths. Such
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a channel where a transmitted signal arrives at the receiver with multiple copies is
known as a multipath channel. Several factors influence the behavior of a multipath
channel. One is the already mentioned random presence of reflectors, scatterers,
and attenuators. In addition, the speed of the mobile terminal, the speed of
surrounding objects, and the transmission bandwidth of the signal are other factors
determining the behavior of the channel. Furthermore, due to the presence of
motion at the transmitter, receiver, or surrounding objects, the multipath channel
changes over time. The multiple copies of the transmitted signal, each having
different amplitude, phase, and delay, are added at the receiver creating either
constructive or destructive interference with each other. This results in received

signal whose shape changes over time.

2.1.3.1 Slow and Fast Fading

The distinction between slow and fast fading is important for the mathematical
modeling of fading channels and for the performance evaluation of communication
systems operating over these channels. The coherence time T of the channel is the
key factor to distinct between slow and fast fading. The coherence time measures
the period of time over which the fading process is correlated. In other words,
coherence time is the period after which the correlation function of two samples of
the channel response taken at the same frequency but different time instants drops
below a certain predetermined threshold. The coherence time is also related to the

channel maximum Doppler spread f, by [64]

ra 9
©olenf .
where Doppler spread is caused by the relative movements of the transmitter,
receiver, and/or the objects in between, which cause the carrier frequency of the
received signal gets altered. The maximum Doppler spread (in units of Hz) is given

as [65],
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where v and A4 denote the relative speed (m/s) of the receiver with respect to the
transmitter and the wavelength (m) of the carrier signal, respectively. The fading is
said to be slow if the symbol time duration 7, is smaller than the channel’s
coherence time T.; otherwise it is considered to be fast. In slow fading a particular
fade level will affect many successive symbols, which leads to burst errors, whereas

in fast fading the fading de-correlates from symbol to symbol.

2.1.3.2 Frequency-Flat and Frequency-Selective Fading

Frequency selectivity is also an important characteristic of fading channels. If all
the spectral components of the transmitted signal are affected in a similar manner,
the fading is said to be frequency-non selective or equivalently frequency-flat. This
is the case for narrowband systems, in which the transmitted signal bandwidth is
much smaller than the coherence bandwidth f. of the channel. Coherence bandwidth
measures the frequency range over which the fading process is correlated and is
defined as the frequency bandwidth over which the correlation function of two
samples of the channel response taken at the same time but different frequencies
falls below a suitable value. In addition the coherence bandwidth is related to the
mazimum delay spread t_ by
1
T

max

f ~
=
¢

where the delay spread, by definition, quantifies the average length of overlapping
received multipath pulses over which most of energy is concentrated [66]. On the
other hand, if the spectral components of the transmitted signal are affected by
different amplitude gains and phase shifts, the fading is said to be frequency-
selective. This applies to wideband systems in which the transmitted bandwidth is

bigger than the channel’s coherence bandwidth.
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2.2 Diversity in Wireless Channels

As we have explained, wireless fading channels present the challenge of being
changing over time. In communication systems designed around a signal path
between transmitter and receiver, a crippling fade on this path is a likely event
that needs to be addressed with such techniques as increasing the error correcting
capability of the channel coding block, reducing the transmission rate, using more

elaborate detectors, etc.

Nevertheless, these solutions may still fall short for many practical channel
realizations. Viewing the problem of communication through a fading channel with
a different perspective, the overall reliability of the link can be significantly
improved by providing more than one signal path between transmitter and receiver,
each exhibiting a fading process as much independent from the others as possible.
In this way, the chance that there is at least one sufficiently strong path is
improved. Those techniques that aim at providing multiple, ideally independent,
signal paths are collectively known as diversity techniques. The concept of diversity
means receiving redundantly the same information-bearing signal over two or more
fading channels, then combining these multiple replicas at the receiver in order to
increase the overall received signal-to-noise ratio. The intuition behind this concept
is to exploit the low probability of concurrence of deep fades in all the diversity
channels to lower the probability of error and of outage. These multiple replicas

can be obtained by extracting the signals via different radio paths...

e in time by using multiple time slots separated by at least the coherence time of

the channel,

e in frequency by using multiple-frequency channels separated by at least the

coherence bandwidth of the channel, and/or

e in space by using multiple-receiver antennas.
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In its simplest form, the multiple paths may carry multiple distorted copies of the
original message. Nevertheless, better performance may be achieved by applying
some kind of coding across the signals sent over the multiple paths and by
combining in a constructive way the signals received through the multiple paths.
Also important is the processing performed at the receiver, where the signals
arriving through the multiple paths are constructively combined. The goal of
combining is to process the multiple received signals so as to obtain a resulting
signal of better quality or with better probability of successful reception than each

of the received ones.

For any diversity technique, the performance improvement is manifested by the
communication error probability decreasing at a much larger rate at a high channel
signal-to-noise ratio than systems with less or no diversity. When using log-log
scales, this rate of decrease in the communication error probability becomes the
slope of the line representing the communication error probability at high signal-to-
noise ratio and is known as the diversity gain. This definition establishes an
implicit behavior at high signal-to-noise ratio for the probability of symbol error as
being a linear function of the signal-to-noise ratio when seen in a plot with log—log
scales. Then it can be seen that, as previously stated, in these conditions the
diversity gain is the slope of the linear relation. It is better to have as large a
diversity gain as possible, since it means that the probability of symbol error is
reduced at a faster rate. Also, it is important to note that, depending on the
particular diversity scheme and the system setup, other measures of probability of
error can be used. For example, the outage probability is used in some cases,

instead of the probability of symbol error.

2.2.1 Temporal Diversity

It is quite common to find communication scenarios where the channel coherence
time equals or exceeds several symbol transmission periods. This implies that two

symbols transmitted with a separation in time longer than the coherence time will
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experience channel realizations that are highly uncorrelated and can be used to
obtain diversity. The simplest way to achieve this is to form the two symbols by

using a repetition coding scheme.

Also, in temporal diversity, transmitted bits may be interleaved into time-separated
packets at a transmitter, spreading and thereby reducing the effect of burst noise
or multipath fading in particular packets. The interleaved bits are then

deinterleaved at the receiver to recreate their original order.

2.2.2 Frequency Diversity

Analogous to time diversity, in wideband systems where the available bandwidth
exceeds the channel coherence bandwidth, it is possible to realize diversity by using
channels that are a partition of the available bandwidth and that are separated by

more than the channel coherence bandwidth.

Realizing frequency diversity as a partition of the whole system bandwidth into
channels with smaller bandwidth and independent frequency response is perhaps
the most intuitively natural approach. This approach is applicable in multicarrier
systems, where transmission is implemented by dividing the wideband channel into
non-overlapping narrowband sub-channels. The symbol used for transmission in
each sub-channel has a transmission period long enough for the sub-channel to
appear as a flat fading channel. Different sub-channels are used together to achieve
frequency diversity by ensuring that each is separated in the frequency domain
from the rest of the sub-channels in the transmission by more than the coherence
bandwidth. In this way, the fading processes among the sub-channels show small
cross-correlation. Examples of these systems are those using orthogonal frequency-

division multiplexing (OFDM).

Frequency diversity can also be achieved through processing based on a time-
domain phenomenon. Recall that the frequency response of multipath channels is
not of constant amplitude and linear phase because each spectral component of the
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signal undergoes destructive or constructive interference of different magnitude
depending on the delay of each path and the frequency of the spectral component.
These multipath channels provide diversity through each of the copies of the signal
arriving through each path and, consequently, the overall channel appears as
frequency selective. It is then possible to achieve diversity of an order equal to the

number of independent paths.

2.2.3 Spatial Diversity and MIMO Systems

By using multiple transmit antennas and multiple receive antennas, we may exploit
diversity in the spatial domain which is called spatial diversity. Systems utilizes
spatial diversity are often referred as multiple-input multiple-output (MIMO)
systems. Spatial diversity or MIMO improves the performance of communication
systems. Signal will not suffer the same level of attenuation as it propagates along
different paths. Spatial diversity can be efficiently exploited when the antenna
array configuration at receive and transmit sides is properly performed to the
propagation environment characteristic. This could be achieved if multiple branches
which are combined are ideally uncorrelated in order to reduce probability for deep

fades in fading channels.

One of the major benefits of spatial diversity systems is the reliable communication
through the use of multiple receive and transmit antennas. The system reliability is
represented by the diversity gain. As mentioned earlier, the signal level at a
receiver in a wireless system fluctuates or fades. Spatial diversity gain mitigates
fading and is realized by providing the receiver with multiple (ideally independent)
copies of the transmitted signal in space. With an increasing number of
independent copies (the number of copies is often referred to as the diversity
order), the probability that at least one of the copies is not experiencing a deep

fade increases, thereby improving the quality and reliability of reception.
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Moreover, spatial diversity systems offer a linear increase in data rate through
spatial multiplexing [67-70], i.e., transmitting multiple, independent data streams
within the bandwidth of operation. Under suitable channel conditions, such as rich
scattering in the environment, the receiver can separate the data streams.
Furthermore, each data stream experiences at least the same channel quality that
would be experienced by a direct transmission system, effectively enhancing the
capacity by a multiplicative factor equal to the number of streams. In general, the
number of data streams that can be reliably supported by a MIMO channel equals
the minimum of the number of transmit antennas and the number of receive
antennas [71]. The spatial multiplexing gain leads to an increase in the system
spectral efficiency without any need for additional bandwidth or for additional

power allocation.

MIMO system can achieve both spatial diversity and temporal diversity by
exploiting space-time (ST) coding technique. ST coding is a class of a linear
processing of the transmitted signals at each transmitting antenna of MIMO
system. ST codes are designed in order to achieve both maximum coding gain and
diversity gain. ST codes may be split into two main types which are listed in the

following.

o Space-Time Trellis Code (STTC) was invented by Vahid Tarokh in 1998.
This coding scheme transmits multiple redundant copies of trellis code

which are distributed in time and space [72].

o Space-Time Block Code (STBC) aims to provide a diversity gain by
transmitting block codes distributed over the transmit antennas.
Development of STBC is based on complex orthogonal design. The most
well-known orthogonal STBC (OSTBC) design is the Alamouti scheme
which was invented in 1998 for a MIMO system for two transmit and two
receive antennas [73]. At the receiver, the transmitted signal is easily

recovered as a result of the orthogonality of ST code. OSTBCs have received
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much attention from the coding community as compared to STTCs owing to

their simple design and low complexity receivers [74].

2.3 Cooperation Diversity

The continually increasing number of users and the rise of resource-demanding
services require a higher link data rate than the one that can be achieved in
current wireless networks [30]. Wireless cellular networks, in particular, have to be
designed and deployed with unavoidable constraints on the limited radio resources
such as bandwidth and transmit power [75]. As the number of new users increases,
finding a solution to meet the rising demand for high data rate services with the
available resources has became a challenging research problem. The primary
objective of such research is to find solutions that can improve the capacity and
utilization of the radio resources available to the service providers [76]. While in
traditional infrastructure networks the upper limit of the transmitter — receiver
link’s data capacity is determined by the Shannon capacity [70], advances in radio
transceiver techniques such as MIMO architectures and cooperative or relay-
assisted communications have led to an enhancement in the capacity of

contemporary systems.

In the MIMO technique diversity relies on uncorrelated channels, and is achieved

by employing multiple antennas at the receiver side, the transmitter side, or both,

Base StationJ
(BS)

t Mobile Station
(MS)

Relay Node J
(RN)

Figure 2.1: Illustration of cooperative diversity.
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and by sufficiently separating the multiple antennas [77]. The MIMO technique can
be used to increase the robustness of a link as well as the link’s throughput.
Unfortunately, the implementation of multiple antennas in most modern mobile

devices may be challenging due to their small sizes [76].

Cooperative diversity or relay-assisted communication has been proposed as an
alternative  solution where several distributed terminals cooperate to
transmit /receive their intended signals. In this scheme, Figure 2.2, the base station
(BS) wishes to transmit a message to the mobile station (MS), but obstacles
degrade the BS-MS link quality. The message is also received by the relay
terminals, which can retransmit it to the MS, if needed. The mobile station may
combine the transmissions received by the base station and relays in order to

decode the message.

The limited power and bandwidth resources of the cellular networks and the
multipath fading nature of the wireless channels have also made the idea of
cooperation particularly attractive for wireless cellular networks [30]. Moreover, the
desired ubiquitous coverage demands that the service reaches the users in the most
unfavorable channel conditions (e.g., cell-edge users) by efficient distribution of the
high data rate across the network [78]. In conventional cellular architectures
(without relay assistance) increasing capacity along with coverage extension
dictates dense deployment of base stations which turns out to be a cost-wise
inefficient solution for service providers [15]. A relay node (RN), which has less cost
and functionality than the base station, is able to extend the high data rate

coverage to remote areas in the cell under power and spectral constraints [79-82].

By allowing different nodes to cooperate and relay each other’s messages to mobile
stations, cooperative communication also improves the transmission quality [83].
This architecture exhibits some properties of MIMO systems; in fact a virtual
antenna array is formed by distributed wireless nodes each with one antenna. Since
channel impairments are assumed to be statistically independent, in contrast to

conventional MIMO systems, the relay-assisted transmission is able to combat
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these impairments caused by shadowing and path loss in BS-MS and RN-MS links.
To this end, an innovative system has been proposed in which the communication
between transmitter and receiver is done in multiple hops through a group of relay
nodes. This cooperative MIMO relaying scheme creates a virtual antenna array by
using the antennas of a group of relay nodes [84]. These relay nodes transmit the
signal received from the base station cooperatively on a different channel to the

mobile station.

2.3.1 Cooperative Relaying Protocols

The performance of relay transmissions is greatly affected by the rules or
conventions, called cooperative relaying protocols, which control the exchange of
information between terminals on the network [30]. Many cooperative relaying
protocols have been proposed to establish a two-hop communication between a

base station and a mobile station through a relay [85-88].

2.3.1.1 Amplify-and-Forward (AF)

In this relay-assisted protocol, the relay amplifies the received signal from the base
station and retransmits it to the mobile station without doing any decoding. For
this reason, it is also called non-regenerative relaying. The main drawback of this
strategy is that the relay terminal amplifies the received noise at the same time.
Applying this strategy to cooperative communication leads to a lower bit error rate
(BER) than direct transmission [54-56]. The outage probability of the cooperative
communication derived in [89], demonstrates that a diversity order of 2 is obtained

for two cooperative users.
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2.3.1.2 Decode-and-Forward (DF)

In this relaying protocol, relay terminal has to decode the message received from
the base station. Therefore, the total performance depends on the success of this
message decoding [89]. Depending on the type of symbols retransmitted, the
strategy at the relay is repetition coding (RC) or unconstrained coding (UC). In
RC, the relay retransmits the same symbols previously estimated, while in UC the
symbols transmitted are not the same as the received ones, but are related to the
same information sent by the source. Hence, this protocol is also called regenerative
relaying. The DF can effectively avoid error propagation through the relay, but the

processing delay is quite long.

2.4 Long-Term Evolution (LTE) Systems

The third generation partnership project (3GPP) long-term evolution (LTE) is one
of the most promising standards for the next generation wireless communications
systems. LTE is a candidate for the International Mobile Telecommunication
(IMT) of International Telecommunications Union-R (ITU-R). It is being designed
to utilize techniques such as MIMO and relay technologies in the air interface to
provide high-speed data transmission and high channel-capacity transmission

90,91].

2.4.1 From LTFE to LTE-A: System Specifications and Requirements

The 3GPP LTE standard was developed between 2004 and 2009 with the goal of
providing a high-data rate, low-latency, and packet-optimized radio-access
technology supporting flexible bandwidth deployments. The air-interface-related
attributes of the LTE system are summarized as follows. The system supports
flexible bandwidths using OFDMA and single-carrier FDMA (SC-FDMA) schemes.

In addition to frequency-division duplexing (FDD) and time-division duplexing
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(TDD), half-duplex FDD is allowed to support low-cost mobile stations. The
system is primarily optimized for low speeds, up to 15km/h. However, the system
specifications allow mobility support in excess of 350km/h with some performance
degradation. The uplink access is based on SC-FDMA, which provides increased
uplink coverage due to low peak-to-average power ratio (PAPR) relative to
OFDMA [92]. The system supports a downlink peak data rate of 326Mbps with
4 x4 MIMO within 20MHz bandwidth. Since uplink MIMO is not employed in the
first release of the LTE standard, the uplink peak data rate is limited to 86Mbps
within 20MHz bandwidth. In terms of latency, LTE radio-interface and network are
capable of delivering a packet from the base station to the mobile station in less
than 10ms. The LTE standard was finalized in 2009 and some initial commercial
LTE deployments are already underway in the USA, Japan, and FEurope to

accommodate the growing data traffic demands.

The mobile data traffic continues to grow and is expected to grow at a compound
annual growth rate (CAGR) of 131% [93] over the next years, increasing more than
65 fold in 5 years. In order to meet this spectacular growth in data traffic,
continuous improvements in air-interface efficiency as well as allocation of new
spectrum has lead the stage for the future evolution of radio technologies towards
IMT-Advanced. IMT-Advanced is an ITU-R initiative for developing the fourth
generation global mobile broadband wireless standard. A major effort was started
by the 3GPP and TEEE802.16 standards to develop the IMT-Advanced compliant
fourth generation mobile broadband standards. This effort made IMT-Advanced to
standardize LTE-A as a candidate technology for the 4G mobile broadband with
the following requirements for peak data rate, average cell spectrum efficiency and

cell-edge users’ spectrum efficiency.

e Peak Data Rate: As for the peak data rate, the system should target a
downlink peak data rate of 1Gbps and an uplink peak data rate of
500Mbps.
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e Average Spectral Efficiency: According to LTE-A, average spectral
efficiency for mobile broadband standard is defined as the aggregate
throughput of all wusers, or the number of correctly received bits over a
certain period of time, mormalized by the overall cell bandwidth divided by
the number of cells. In the LTE-A standard, the system should target
average downlink spectral efficiency of 2.6bps/Hz and average uplink

spectral efficiency of 2bps/Hz.

e Cell-Edge User Throughput: The cell-edge user throughput is defined as
the 5% point of the cumulative density function (CDF) of the user
throughput normalized with the overall cell bandwidth. LTE-A should allow
cell-edge user throughput to be 0.09bps/Hz for downlink and 0.07bps/Hz for
uplink.

2.4.2 Relay Technologies in LTE-A Cellular Systems

When introducing LTE-A systems, 3GPP considered relay technologies in the
standardization process [91]. The relay transmission can be achieved by forwarding
information from a local evolved-base station (eNB) to a neighboring mobile
station using a relay node. In doing this, an RN can effectively extend the signal
and service coverage of an eNB and enhance the overall throughput performance of
a wireless communication system [85,91]. Figure 2.3 shows an example of deploying
a relay node in a cellular LTE-A system. The figure shows that the relay nodes can

be placed at the cell-edge to increase the transmission range of the cell.

2.4.3 Relays classifications

A variety of different classifications have been used to categorize relay nodes in the
LTE-A standard. In one category, relays may be distinguished based on the
functionality [86] as ...
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Figure 2.2: Relaying in LTE-A systems.

a repeater: This type of relays is the simplest in terms of implementation
and functionality. The relay simply receives the signals from the base

station, amplifies it and then forwards it to the mobile station.

a decoder/encoder: This relay is able to decode the received signals and
re-code the transmit signals in order to achieve higher RN-MS link quality.
The advantage of achieving higher link quality comes at the expense of
higher cost and complexity of the relay and also adds delay to the

communication link.

a base station: This type of relay has the functionality of a base station
like mobility management, session set-up, and handover. Such functionality
adds more complexity to the implementation of this relay and the delay

budget is further increased.

A different classification is used in 3GPP standardization where two types of relays
have been defined in 3GPP LTE-A standard, Type I and Type II in [91], or non-

transparency and transparency in [85].

Type I (or non-transparent): This relay type can help a remote mobile
station unit, which is located far away from a base station, to access the
base station. So a Type I relay needs to transmit the common reference
signal and the control information for the base station, and its main
objective is to extend signal and service coverage, as shown in Figure 2.4

(a). Type I relays can mainly make some contributions to the overall system
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(a) Type I (non-transparent) (b) Type II (transparent)

Figure 2.3: Relay types.

capacity by enabling communication services and data transmissions for

remote mobile station units.

e Type II (or transparent): the relays can help a local mobile station unit,
which is located within or outside the coverage of a base station and has a
direct communication link with the base station, to improve its service
quality and link capacity, as shown in Figure 2.4 (b). So a Type II relay
does not transmit the common reference signal or the control information,
and its main objective is to increase the overall system capacity by achieving

diversity and transmission gains for local mobile station units.

2.4.4 Relay Terminals in Cellular Systems

Relay technology is considered in cellular networks to assist base stations for
coverage extension and throughput enhancement. The information theoretical
properties of the relay channel have already been studied in the 1970s by Cover
[33]. However the integration of relays into a cellular system has only gained
attention around the year 2000 for example in [94] when the concepts of Single-hop
Cellular Network (SCN) and Multihop Cellular Network (MCN) were introduced.
In SCN, base and mobile stations in the same cell are always mutually reachable in
a single hop. When having data to send, mobile stations always send them to the
base within the same cell. If the destination and the source are in the same cell, the

base directly forwards packets to the destination. On the other hand, the
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architecture of MCN resembles that of SCN except that bases and mobile stations
are not always mutually reachable in a single hop. Similar to ad-hoc network, a key
feature of MCN is that mobile stations can directly communicate with each other if

they are mutually reachable. This feature leads to multihop routing.

The research in [94] motivated to study the effect of relay deployment in cellular
network. In [95], for example, it was shown that deployments based on in-band
relays can increase the high bit rate coverage at the cell border; thereby provide
the means to balance the capacity within the cell and increase the coverage area of
a single BS. Not surprisingly relays as part of infrastructure based networks have
been standardised in the Technical Specification Group j (TSG j) of IEEE802.16;
[96] and a study item on relaying has been formed in 3GPP.

Moreover, the authors in [97] showed through simulation-based results, that relays
provide range extension and spectral efficiency enhancement when deployed in
different location in the cell. Multiple relay deployment in cellular networks is also
discussed in [98]. Simulation results showed that deploying multiple relays per cell

can significantly improve system capacity and coverage.

The effect of using multiple antennas at relay terminals is also addressed in [99]
where the effect of using N antennas at the relay terminal is studied in terms of
data rate enhancement. The results showed that employing several antennas at
each relay terminal and proper space-time coding improve downlink data rate,
however it required to have more complex receiver structure at the mobile station

in order to achieve such high rate and decode correctly.

The performance of relay deployment on the uplink was also addressed in several
researches like in, for example, [100]-[102]. Most research concerning uplink analysis

considered different relay types and relaying protocol.

Although several research dealt with relay terminals deployment in cellular
systems, most of the obtained results were based on system-level simulation and

not analytical or semi-analytical results. Also, the frequency and power resources
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allocation for each relay terminal are not discussed when providing system models.
Furthermore, the coordination between terminals (base stations, relays, and mobile
stations) is not considered for such system. Finally, most researches do not

consider analytical performance for the interference stem from relay deployment.
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Chapter Three: An Enhanced Decode-and-
Forward (E-DF) scheme over quasi-static flat

fading channel

3.1 Introduction

Most future wireless systems promise very high data rates per user over high
bandwidth channels such as ultra mobile broadband (UMB), Long Term Evolution
(LTE), and IEEE802.16e (WiMAX). Cooperative communication is a new
technology that can achieve the requirements of such systems and provide some
level of enhancement to future communication systems. The principle of
cooperative communications is based on the deployment of a group of relay nodes
within a cell-site to assist the base station. The relay can be thought of as an
auxiliary node to the direct channel between the base station and the network
subscribers. A key aspect of the cooperative communication is the processing of the
signal received from the base station at the relay. In the literature, two key types of
cooperative protocols exist. These are [30]- amplify-and-forward (AF) and decode-
and-forward (DF) relaying protocols. In the AF protocol, the relay receives the
data from the base station, amplifies it, and then retransmits it to the mobile
station. In the DF protocol, the relay decodes the received signal, re-encodes, and
then retransmits it to the subscriber. In Chapter 3, the main focus is on the

enhancement of the conventional DF relaying protocol performance.

3.1.1 The Conventional DF Relaying Protocol
In the conventional DF scheme, time-division multiple-access (TDMA) is employed,

and symbol transmission from the base station to the mobile station can be

accomplished by three different schemes [89], each in two phases.
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(a) Phase 1 (b) Phase 2

Figure 3.1: Conventional DF Scheme I.

In the first scheme, the base station (or eNB according to LTE-A standard[103])
communicates with the relay node (RN) and mobile station (MS) during the first
phase as shown in Figure 3.1 (a). In the second phase, both the relay and eNB
terminals communicate with the mobile station terminal as illustrated in Figure 3.1
(b). Scheme I provides a transmission of two symbols over two phases and diversity

only for symbol s;.

In the second scheme, the base station communicates with the relay and the mobile
station terminals over the first phase as illustrated in Figure 3.2 (a). In the second
phase, only the relay terminal communicates with the mobile station as illustrated
in Figure 3.2 (b). Scheme II provides a transmission of one symbol over two phases

and diversity only for the symbol s;.

In the third scheme, the base station communicates with the relay only over the

first phase as shown in Figure 3.3 (a). In the second phase, the relay and the base

i i
S\/RN %\/ RN
1\ /
& &
MS MS
(a) Phase 1 (b) Phase 2

Figure 3.2: Conventional DF Scheme II.
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(a) Phase 1 (b) Phase 2

Figure 3.3: Conventional DF Scheme III.

station terminals communicate with the mobile station as shown in Figure 3.3 (b).
Cooperative scheme III provides a transmission of two symbols over two phases and

no diversity for any transmitted symbols.

3.1.2 Space-Time-Coded DF scheme

In order to increase diversity, space-time coding (STC) is used [73]. To use STC
coding in the conventional DF relaying protocols, for example Scheme I, and a 2x1
Alamouti ST coding [73], the base station first broadcasts the first data symbol s
to the relay and to the MS in phase 1 as shown in Figure 3.4 (a). In the second
phase, the base station transmits the second symbol, s,, to the MS. The relay
decodes s, and forwards it to the MS as shown in Figure 3.4 (b). In the third
phase, the base station broadcasts the second symbol to the relay and the MS as
shown in Figure 3.4 (c). In the fourth phase, the base station changes the
constellation of the first symbol, s, into —s; and transmits to the MS. At the
same time, the relay changes the constellation of the decoded s, into s, and relays
it to the MS as shown in Figure 3.4 (d). The transmission over the four phases is

equivalent to a 2x1 Alamoti ST coding [73] as (the second and the fourth rows)

s 0
d T |:heNBj|=|: S, 81:||:heNBi|
s, 0| hyy =8 8 || gy
—>|-s s,
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Figure 3.4: The ST-coded conventional DF Scheme I.

where h,,, and h,, are the channel coefficients from eNB to MS and from RN to
MS, respectively. Similar steps can be considered for ST-coded Scheme III;
however, ST-coding is not applicable to Scheme II since it receives only one symbol

every phase from either the base station or the relay.

If direct transmission of one symbol requires one signaling interval, four signaling
intervals are required to transmit two symbols from the base station to the mobile
station using a ST-coded conventional DF relay scheme. Therefore, the data rate is
half of the data rate of the direct or non-cooperative transmission. In
communication systems where high data rate is required, this issue is considered a

major drawback.

For the conventional DF protocol, many previous proposals attempt to design relay
cooperative protocols to obtain full spatial diversity with high data rate [29-40].
However, this comes with new cost of hardware implementation such as employing

multiple antennas at the base station, the mobile station, and/or the relay.

In Chapter 3, we propose a modified relaying protocol that enhances the
conventional DF protocol to achieve a higher data rate transmission with diversity.
This new scheme is referred to as the enhanced-decode-and-forward (E-DF). Based
on the E-DF’s received signal model, we proposed a modified ML decoder.
Moreover, we conduct the analysis of the symbol error rate (SER) and compare it
with the performances of the conventional DF protocol and the direct transmission

to measure the improvement achieved by E-DF.
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Chapter 3 is organized as follows. In Section 3.2, we present a brief description of
the system model for the proposed E-DF cooperation protocol as well as modified
maximum likelihood (ML) decoder when the channel is assumed to be quasi-static
flat fading channel. In Section 3.3, we analyze the symbol error rate performance
for the E-DF scheme with an exact, upper bound, and tight approximation for
systems with MPSK modulation. In addition, we derive some information-theoretic
measures such as — the mutual information, the rate, and the outage probability for
the proposed E-DF', direct transmission, and the conventional DF schemes. Finally,
performance comparisons are made between the direct transmission, the

conventional DF, and the E-DF schemes.

3.2 An Enhanced-Decode-and-Forward (E-DF) Scheme

We propose the enhanced-decode-and-forward (E-DF) scheme to overcome the
issues of low data rate found in the conventional DF schemes. The scheme uses two
relay nodes for more reliable transmission between the transmitter and the receiver.
Multiple-relay communication is part of the LTE-A standard [104] to enhance the
coverage and capacity. In the following, we describe the system model for the E-DF

scheme together with the proposed ML decoder.

3.2.1 System Model

We present a cooperative communication scheme with three transmission phases for
wireless networks such as mobile ad hoc, wireless sensor, or cellular networks. In all
phases, terminals transmit signals through orthogonal channels by using TDMA.
The proposed scheme targets downlink transmissions where the data source
terminal, eNB, transmits information to the data source terminal, MS, with the

assistance of two relay terminals labeled as RN; and RN», as shown in Figure 3.5.

At the eNB, the information bit sequence is first mapped from a complex signal

constellation into a complex symbol sequence. The complex symbol sequence is
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RN,

Figure 3.5: System model for the proposed E-DF scheme.

then parsed into code vectors sé[s1 sz]T. It is assumed that the channel
coherence time is comparable to the symbol duration due to relative motion
between transmitter and receiver. The channel between any two terminals is
modeled as uncorrelated frequency-flat but time-selective Rayleigh fading. The
channel gains are assumed time-invariant within three signaling intervals but may
vary between every three signaling intervals. The transmission power at the base
station is denoted by P,,. The transmission power at the relays, RN;and RN,, are

assumed to be identical and denoted by F,, . Each relay power is assumed to be a

fraction of the base station power according to the following relation
Poy =nF 5 (3.1)

where 0<7 <1. In the E-DF, the downlink transmission to the MS is accomplished

in three phases as illustrated in Figure 3.6.

In phase 1, the eNB broadcasts the first symbol s from the code vector to all
terminals, i.e. MS, RN;and RN, as shown in Figure 3.6 (a). The relay terminals,

RN;and RNy, receive and decode s,. The received signal at the MS is written as

Y= \/‘PeNB hoyps) +w, (3.2)

where h,,, is the channel coefficient from eNB to MS and w, is additive white

Gaussian noise (AWGN). In Equation (3.2), A,

€.

vp 1s modeled as zero-mean, complex
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Figure 3.6: The proposed E-DF' transmission phases.

. . . . 2 . .
Gaussian random variable with variance o7,,. Also, the noise term w, is modeled

as a zero-mean, complex Gaussian random variable with variance le

In phase 2, Figure 3.6 (b), the eNB broadcasts the second symbol s, from the code
vector to the MS and RN,. Simultaneously, RN transmits the decoded s, to the
MS and RN,. The total received signal at the MS from eNB and RN; in phase 2 is

written as

Yo =~ Ly hRNl Sy N Lop RSy + 0, (3.3)

where i, is the channel coefficient from RN: to MS and w, is additive white
Gaussian noise (AWGN). In Equation (3.3), hy, is modeled as zero-mean, complex
Gaussian random variable with variance 0'12le . Also, w, is modeled as a zero-mean,

complex Gaussian random variable with variance sz

In phase 3, Figure 3.6 (c), eNB and RN, modify the constellations of the symbols
such that, eNB changes s, to s, and RN, changes s, to —s,. Both, eNB and RN,
transmit the modified symbols to the MS simultaneously. Therefore, the signal

received at the MS from eNB and RN, in phase 3 can be written as

Ys = Lp h(:NBSl* — Py hRNZS; T W, (3.4)

where hy, is the channel coefficient from RN to the MS and w; is AWGN. In

Equation (3.4), hy, is modeled as zero-mean, complex Gaussian random variable
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. . 2 . .
with variance oy, . Also, w; is modeled as a zero-mean, complex Gaussian random

variable with variance o . The three-phase transmission is carried on until the end

of the entire symbol sequence. Assuming the channel conditions for all links are
quasi-static over three consecutive signaling intervals, and taking the conjugate of

y, in Equation (3.4), Equations (3.2), (3.3) and (3.4) are combined in matrix form

as
yl PcNB hEiNB O Sl wl
Ys Py hRNl B g hoys | W, (3.5)
Y3 Pyshos  —VFay hl*?Nz 2] LY

Using the value of P,, in Equation (3.1), Equation (3.5) becomes

Y Pyp 0 5 w

Yo | =N 77hRNl Pxp | W, (3.6)
Ys h: B _77]%1\/2 ) Wy

= ‘ y o /=

éy éH L4 éw

where y e C*' is the received signal vector, He C>* is the channel matrix, s e C**
is the information code vector, and weC> is the noise vector. It is clearly seen
that the E-DF scheme provides a transmission of two ST-coded symbols over three
phases, or signaling intervals, and provides diversity for both transmitted symbols.
Therefore, the transmission rate is improved from % in the conventional ST-coded
DF to % at the cost of an extra relay. Adding another relay increases the diversity
order, and consequently increases the communication reliability. However, it has
been seen that the improvement in communication reliability when using more
than two relays is not significant [58]. In turn, this increases the complexity of
coordinating the relays, its cost, ST code design, and the generated interference

between relays.

In the following, we propose a modified maximum-likelihood (ML) decoder to
decode y over quasi-static flat fading channels. The modified ML decoder is
motivated by the work of Tran & Sesay [105].
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3.2.2 Modified ML Decoder of E-DF Over Quasi-Static Fading Channel

Under the assumption of perfect channel state information (CSI) at the receiver,

the conventional ML decoder selects the code vector §£[3 §2]1 according to [106]
A . 2
§ = argmin Hy - Hs” (3.7)

2
where HH is the norm-squared operation. This is conventionally performed by
multiplying the received signals in Equation (3.6) by the conjugate transpose of the
channel matrix to decouple the received symbols if the product of H” and H is a

diagonal matrix, i.e.
H'H=(4,4,)1,, (3.8)

According to the conventional Alamouti ST coding [73], the product of H"H is
diagonal when the amplitudes of fading from each transmit antenna to each receive
antenna are mutually uncorrelated Rayleigh distributed, and time-invariant over
two signaling periods. Also, the transmitted symbol at each antenna (or the code
word) is chosen such that the H’s channel vectors are orthogonal. Having establish

these two conditions, the product of H” and H is now a diagonal matrix,

and consequently, conventional ML decoding is used by computing the decision

statistic vector § £[g, g)z]T as
yEHy=(2,4,)Ls+W (3.9)

where 4, and A, are complex-valued coefficients, and I, is a 2x2 identity matrix.

Equation (3.9) can be simplified as

§ = argmsinuff - (l y) )Izs ’

17772

(3.10)
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Consider the channel matrix H in Equation (3.6). Assuming the channel to be
time-invariant over three consecutive signaling periods, multiplying H by its

conjugate transpose H” yields,

. . h, 0
i Iy nhy, N, Pyp o
H"H = . Mgy, Pyp
0 h’eNB _nhRNz h* ! _ h*
v N, | (3.11)

2

‘2

hovg |2 +1° ‘hmvl 1Pz (hI*lNl - h’;Nz )

77h:NB (hRNl _h’RNz) |h’eNB|2 +772 ‘hRNzr i

The matrix in Equation (3.11) is not diagonal. Therefore, ML decoding of the
received signals is degraded due to the non-zero off-diagonal terms. In this case, the
conventional ML decoder in Equation (3.10) is no longer valid. In this dissertation,
we propose a modified ML method similar to the method in [105], where a matrix

is constructed such that its product with H is a diagonal matrix. i.e.
oH = diag(4,4,) = A (3.12)

where 4, and A, are in general complex-valued coefficients that are specified later

in this section. Define a 3x2 matrix ¢

é{wl , %}
(p_
0 o o

Multiplying H by ¢ yields

_¢ ¢ ¢ eNB 0
(pH = : ? ’ :| nhRNl h’cNB
L 0 ¢ o . B
hyy — ~Mgy, (3.13)

3 Py + U(DthNl + (03h:NB Poltyp — U¢’3h;N2
n (04]111«31\/1 + (ﬂsh:NB Pyt — 77(/)5]7;21\/2

In order to diagonalize the product, the elements of ¢ are selected to annihilate
the off- diagonal terms. That is,
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@olnp _’7¢3h;1v2 =0 (3.14)
and
77(P4hmvI + (Psh:NB =0 (3.15)

A set of values of ¢, and ¢, that satisfy Equation (3.14) can be obtained

intuitively as,
@y =nhyy, and @y =l

Also, a set of values of @, and ¢, that satisfy Equation (3.15) is given by,
@y =hyy and @y =—nhy, .

Using the above four values, @ is written as

[(01 n hI*RNZ P :|
(p =

£

0 hy -7 hRNl

To find a suitable value of ¢,, we substitute ¢ into Equation (3.13), which yields

. h 0
oH =|:(p1 nh’RNz P ] N

. h h,
0 Iy —77hmv] zl*RNl _ ;:f
eND Mgy, (3.16)
2 %
Phyp + heNB| + 77th1\/2 hRNl 0

2 *
0 thB| + nthNz hRN,

Here, ¢, can take any arbitrary value. A suitable value of ¢, is h.,,, which yields

Qb = heNB|2, and increases the diversity. The desired matrix is therefore given by,

*

h’:NB nh]*%Nz Pvp
0 by =1 hmv]

Using the above matrix, Equation (3.12) reduces to
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Aédwg(% A )_(PH_ 2|h6NB|2+772h‘;N2h’RNl 0
_ /b ) — =

2 *
0 heNB| +7 2hRN2 hmvI

Denote the diagonal terms by A, and A4, , respectively. That is,

2 *
eNB| "‘772]”%zzv2h1{1v1 and | eNB| +77 RN, RNI (3.17)

A =2h
The decision statistic vector y for the modified ML decoder is given by
yAl ﬂ'l O 81 /L/[}l
=,/P + 3.18
[3)2} ENB {0 /lej LIJJ (315)
——= — = 5
y A § W
where ¥ £ @y and W= @w. The decoding of § is then performed

§ = argrnsin Hy - ASH2 (3.19)

3.3 Performance Analysis

In this section, we present the analysis of SER for the proposed E-DF protocol
when M-ary phase shift keying (MPSK) modulation is employed. Furthermore, we
provide a SER upper-bound as well as an approximated SER expressions for the

proposed E-DF cooperation scheme.

3.3.1 Signal-to-Noise Ratio (SNR) Analysis

3.3.1.1 Instantaneous SNR

In this section, an instantaneous SNR expression is derived for the proposed E-DF

scheme. According to Equation (3.18), the noise vector w is expressed as
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* % w * * * A
l:heNB Mhey,  hoys :l : |:wlheNB + 17w, Ny, +w3h’cNB] A {wl}

= h* h w2 = h* * h A
0 N Mgy, w Wyl g — W3 Mgy, W,
3
——
¢ W

where w, and w, are modeled as a zero-mean, conditionally complex Gaussian

random variables with variances (assuming h,y;, hyy and hg, are fixed)

o, (H)=0;, (2

1y w,

heNB|2 +772 ‘hRNZ ‘2) and o‘éz (H) = o (

Wy

heNB|2 +17° ‘hRNl ‘2) ;

respectively. With knowledge of the channel coetficients h,y,, hy, and hy, at the
receiver, and P,, =nP,,, 0<n<Il, the conditional SNRs , y, and y,, at the

output of the decoder are given by

. 2
(H) |A1|2 Fos |2 h@NB|2 +772hRNthN1
y = =
1 O';] (H) O'il (2|heNB|2 +n’° ‘hRNZ ‘2)
and (3.20)
% 2
|/12|2 P s heNB|2 +UthN2hRN]
V2 (H) = (H) = 5 S 5
O, o, (heNB| +n ‘hRNI‘ )

respectively, and the instantaneous overall (exact) conditional SNR is given by

SNR(H)=7,(H)+y,(H) (3.21)

3.3.1.2 Conditional SNR Upper Bound

In this section, we use vector analysis to further simplify the overall SNR
) 2
2 h’eNB|
x |2 .
nthNlhRNz‘ are lengths of two sides of a triangle. Then, the length of the

and

expression in Equation (3.21). Define a and f as |0{|2 2

2 A
|
third side (i.e. |0(+ﬂ|2) is less than or equal the sum of the two sides (|05|2 +|ﬂ|2).
ie. |0{+ﬂ|2 S|a|2+|ﬂ|2. This is called Triangle Inequality found in [106]. In this

inequality, the term |a+ ﬂ|2 equals |05|2 +| ﬂ|2 only when o = f.
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Recalling the values of @and S, the numerators in Equation (3.20) are upper

bounded as

‘2 heNB|2 +772hRN] h:%Nz ‘2 < ‘2|heNB|2 2 +‘772hRNlh;N2 ‘2 = 4|he1w5e|4 +774 ‘hRNl ‘2 ‘hmv2 ‘2

and

2

2 2 ® 4 4 2 2
+‘77 hRN]hRNz heNB| +7 ‘hRNI‘ ‘hRNZ‘

2 2 *
heNB| +7 hRNlhRNZ

2
<[l

Then the conditional SNR upper bounds are

4 2 2
4L,y |hg/v3| + 774Pe1v3 ‘hmvl ‘ ‘hRNz ‘
2 2
O-’uzfl (2 heNB| +1’ ‘hRNZ‘ )
and (3.22)
F, h’cNB|4 + 774P<5NB ‘hmvl ‘2 ‘hmvz ‘2

]/“(H): eNB
O T e hol)

' (H)=

The overall conditional SNR upper bound is given by

SNR"'(H) =y (H)+7; (H) (3.23)

3.3.1.3 Approximate Conditional SNR Upper Bound

The LTE-A standard specifies the transmit power of the RN to be approximately
10 times less than the transmit power of the base station [104]. Under such
conditions, we can neglect the component 7' and obtain an approximate

conditional upper bound for SNR’s y, (H) and y, (H) are given by

4P, sl P sl
() A1 R R 1) N AT N )
O-wl (2|h’@NB| +77 ‘hRNZ‘ ) O-wz ( heNB| +77 ‘hRNl‘ )
The overall approximate conditional upper bound is
SNR" (H) =y (H)+ ! (H) (3.25)
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Figure 3.7 shows Monte-Carlo simulation results for the exact SNR, the SNR
upper-bound, and approximate SNR upper bound as a function of the power ratio
n. At values of 5 below 0.3, all three curves match. However above # = 0.3, the
approximate SNR and the SNR upper bound deviate from the exact SNR. For
LTE-A where # < 0.1, the SNR upper bound and the approximate SNR are

accurate representations of the exact SNR.

3.3.2 Symbol Error Rate (SER) Analysis

3.3.2.1 Instantaneous SER for MPSK

For an MPSK-modulated system (M = 2/ i =1,2,..), the SER is given by [106]

SER 2 2@{\/251\/3 sin (ﬁﬂ (3.26)

where

ofc]- Texp(z—ﬂtz/Z) y

5

is the Q-function. Here, the exact instantaneous SER is obtained by using the
actual SNR in Equation (3.21). The average SER is obtained by averaging the
instantaneous SER over the distribution of SNR. Since the distribution of the exact
SNR is difficult to evaluate, and the approximate SNR upper bound (SNR) is an
accurate representation of the exact SNR, SNR" is used to obtain the average SER.

In the following, the average SER is derived for the proposed E-DF cooperative
relaying scheme based on the approximate conditional SNR upper bound (SNRY)
found in Equation (3.24). First, the probability density functions (PDFs) are
obtained for y{(H) and y; (H). Then, the PDFs are used to obtain the associated
moment generating function (MGF) expressions. Based on the MGF expressions,
the overall approximate average SER expression is obtained for the proposed E-DF
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Figure 3.7: Exact, upper bound and approximate SNR upper bound profile versus #

cooperation systems. Finally, a worse-case and approximate worse-case average

SERs are derived.

3.3.2.2 SER Analysis via MGF

The moment-generating function (MGF) of a random variable y is defined as [108]

MGF(S) = I Iy [ty] exp(—ws)dly (3.27)
for any real number s, where f, [1//} is the probability density function of i .
Denote the MGF for data symbols s, and s, by MGF and MGEF,, respectively.
For MPSK modulation, the SER is determined in terms of the associated MGEF,(s)
and MGF,(s) as

20



M
SER = i J. MGE ( T“’T’SQ'SNR) MGF, ( T“"T’SQ‘SNR) o (3.28)
T 0 sin (9) sin (0)
where 7, ... = sin® (72/ M ) This method of evaluating average SER was first

introduced in [109], then in [110], and generalized later as an alternative way to
evaluate average SER. We now proceed to the derivation of the moment generating

functions MGF,(s) and MGF,(s).

Consider the approximate SNR upper bound provided in Equation (3.24), and
define the variables xé|heNB |2, yé‘hRNzr and zé‘hRNl ‘2, respectively. For
derivation simplicity, let the noise variances o’ £ O'Z,I = sz are equal. The channels
hoygs By, and hg, are modeled as zero-mean, complex random variables with
variances oy, o*éNz and aéNl , respectively. Since all channels are Rayleigh fading
channels, the associated probability density functions for the random variables z, y

and z given as

— —y
exp( J exp[zzl
o L R S ¥ ) M S0 P e

2

2
20,y 20 >
0 else where 0 else where

—Z
(s
L=l s

2
20, N

0 else where

respectively. The components p/ (H) and y, (H) in Equation (3.24) may be
rewritten as
2 2

and 7, (a:,z) = xixryzz ,

4yx

) ey

where y=P,, / o.. To derive the probability density functions, consider first

7! (z,y). We define two variables
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u=4yz and Ué%.

2x+n7y

Then, the probability density function of y/ (x,y) is the joint PDF fUﬁv [u,v] of the
product I', =UV .

Two conditions for the PDF f [u,v] to exist [108]. The first condition is that a
unique set of solution exists for z and y in terms of u and v. In this case, the

unique solutions for z and y are

respectively. The second condition is that the Jacobian of z and y not equal to

zero, i.e. J(z,y)#0, where

o(4yx) o(4y7)

ox oy
J(z,y)=Det
) i)

2x+n7y 2x+n7y

ox oy
It can be easily shown that,
4y 0 )
J(x,y)zDet 1 x —x " A

— 2
|2x+772y 2z +n’y)’ (21’+772y)2| (2x+772y)

Hence, both conditions are satisfied. Since the random variables z and y are
independent, the joint probability density function of x and y is the product of the
PDFs of x and vy, i.e.

forlmy] = fe[= ] [v]= W) a0
4O-eNBGRN2
0 else where

o2



The joint pdf f, [u,v] is given by [108],

-1
ny [U,U] = J(%, 2:% (%J) fey [4%72 [17[21]}

—u U (21} - 1)
—U exp —+— 5
4y C.vp 4’y VO Ly 1
= 2 22 2 2 : u>00v<>
320700 O, 2
0 else where

where for z > 0, v > 0 and for y > 0, v <

(3.29)

5 The result in Equation (3.29) is used

to determine the PDF of I', =UV , which is the product of two random variables u

and v. The PDF of T, is defined as [108]
—u u(27/1” —u)

ao y! 30 47/6521\/3 47727/7/1&0_12”‘72
Flrl=(7 L du = d
r, [71 ] '([ v [u } ' -([ 32(777’7? )2 GezNBO-lZYNZ !

where we have used v="2L. Using the table of integrals [111], we obtain
u

2
(1677720:N30-122N2 +71 (20'621\/3 —7720'1221\/2) )

X...
2 a,,3 20_2
1280_{36NB nyn RN,
200 + 7720'1221\/2

erfc| |32yn*oiy, 2

eNB

frl[ﬂ]: X - 27/1 e , 78>0
exp 71 (" oiy, —205)
327’7720'?1\/30'1%%

2 2 2
6C.v =1 Opw,

32y ot exp[4 712 J

YOenB

0 , else where

where erfe[.] is the complementary error function given as

23

(3.30)
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ols] - J2o)

2

Using similar steps for y; (x,z) , we obtain the PDF f. [ } for y; as

r+n°z’

2
(4777 O-pNBO-RNl +72( O.nNp 7720'1%1\/1) )

X...

1665, 295y’ n’ony,

o2 2 2
Ocnp T 1" ORp,
erfel 8yn’oiy,
— . Oes

foo[ 78] =1 & +. 78>0 (3.32)

2
2
V2 (77 GRNIO-GNB)
2 4 2
8yn O.NBORN,
2 2.2
3o.vs — 1" Ogn,

87(7:1\/36}(13(2 7/22 j

YOenp

exp

0 , else where

The associated moment generating functions are calculated using the relations,

MGF, (s) = frl [72”] exp(—yl“s)dyl”’ and MGF, (s) = frz [7/;} exp(—ygs)dyz”’

S ¥
O ey 8

The moment generating functions for the approximate SNR upper bound can be

shown to be given by

(S) _ (20-9,2NB _77261221\] ) + 43777 O-NB HN (60— 772612?1\] )_

(47/30-31\/3 - 1)((20'6]\]3 7720';23 ) + 3217 750— NB RN )

2
3.33
" - \/3277 yso .o HN (ZG:NB—ﬂZG;NZ) (3.33)
n'yso’ an

eNB RN 2 2 2
20

s T Ogn,

S\32
( R2ysn’c NB IZ?N _(26621\/3 _77261221\/2) j

and
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MCE ( ) (O'fNB _7720';1\;[) +2n° 750'NB RN (3 s -n 0' )_
2 (ZVSO'ZNB -~ 1)((0‘5NB - nzafm ) +8n’yso’, RN j
L \/ 8syn’o’ o RN —(a:NB —nzafml )2 , (3.34)
8n'syol, RN tan e —
eNB RN.

1

,\3/2
( 877 7‘90_1\73 RN _(O-jNB 7720_;]\/) j

respectively. To evaluate the SER for MPSK, we set s =—2'W5K/Sin2 (9) into

(M- 1)

Equation (3.33) and Equation (3.34) and integrate over the interval 0<@ <™
that is,

z(M-1)

I —Tyipg T
SER =— MGH MPSK_ | MGF, MPSK_ 1 46 3.35
T ;[ 1[sinz(é?)] (smz(é’)J (3.35)

Numerical integration is used to evaluate the expression in Equation (3.35).

3.3.2.3 Worse-Case SER Upper Bound

Evaluation of the integral in Equation (3.35) may be simplified by considering a

. . . . .2
worse-case situation. Consider the MGF expressions for s = -7, .. / sin (9),

2 2,2
A1 VT ps O vy, (60'61\/3 -7 GRNZ)

2 o2 2 VL
MGE(_ATJVZIPSK): (20'61\?3 n O-RNz) sin (0) N
e m 11 (262 — n2o? 2_327727/TMPSKO-:NBO-]2%N2
EO G

o, ) (3.36)

2 4 2
3207 YT ypsk OonpOny, 262
—\40.cnp — 11 Oy,

sin’ (0)
2 2 2
20,y + 1 Opy,

3/2
sin? (9)(32’7 4 Tsn(e)“ - (202 - n*chy, )ZJ

4 4 4 -1
320" YT yipsk OonpOpy, tand

.+
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and

(O.z — ol )2 B 27727/TMPSK662NBO-122N1 (30'31\/3 - 7720'1221\,1 )
eNB RN, -
]\4’6’}7‘2 (TMPSK) — Sln2 (0) .

sin? (6)

2 2 4 2
2yTyipskOunp 2 , o, o 8y Trpsk O eNpO RN,
+1|| oo =1 oy, ) —
s02 ¢ 1 2
sin (0) sin (9)
2 4 2
81 VT upsk OonsOhy, 2 s 2 \2 (3.37)
) ~\Oeng — 1 Opy,
4 4 4 1 S (9)
817" VT upsic TunpOry, tan 5 T
o) + O
eng T 11 Ogy,

3/2

2 4 2

2 (0 8n°y Trpsk O enBO RN, by 2 2 \?

S sin? (9) ~\Oeng 1 Oy,
in

Figure 3.8 illustrates SER curves versus angle & for various SNR values obtained
by using Equations (3.36) and (3.37). It is seen that =7 produces the worse-case

SER for M = 4, 8, and 16. Therefore, setting =7, we obtain a worse-case upper
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Figure 3.8: The effect of varying € on the SER for different SNR values.
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bound on SER. The justification behind such result is that the function sin’ (9)
achieves its maximum value at € =Z. Since the term sin (6?) is found in all MGFs
terms and MGFs represent the SER therefore the number error reach its
maximum rate when &=7. The benefit here is that evaluation of the integral in
Equation (3.35) is avoided. With € =7, the integral in Equation (3.35) reduces to
the following,

(M_l)” MGH (_TMPSK) MGF, (_TMPSK)
M

SER < (3.38)

3.3.2.4 Approximate SER worse-case for MPSK

In the following, an approximation is provided to simplify the calculations for the
worse-case SER. Consider the worse-case MGF expressions in Equation (3.36) and
Equation (3.37). For sufficiently large signal-to-noise ratio (), the terms with the
structure £y +1 can be approximated by &y, (i.e. &y +l=&y ). Thus, the worse-
case MGF, and MGF, are approximated as

2 2 2
-1 GeNB\/ 3207y Tyipsk O vy,
2 2 2
(2O-SNB 7 O-RNZ)

2

77 GRN + 0-1\7173\/3277 yz-MPSK RN tan

MGF =~ - (3.39)

3277 psic O
and
2
3_ 0-2 2 > o \/ 8"y TAIPSKO-pNBO-RN
8y Cypsi Oy, VA 5
U(NB (O-eNB + 77 O-RNl )

MGF, ~ . (3.40)

8V T psiOons

respectively. Therefore, the worse-case SER for the E-DF scheme is approximated

as

57



(M —1) MGF, MGF,
M

2

2 2 2 o

z(M-1 2 2 1| %ens \/32’7 VTupsk ORw. 2 RN,

B : E )4 6+ \/3277 yTMPSKGRN tan 2 2.2 : - =X (341)
2567 Ty psk OunpM 2 W o 2

|| 34 877 03, tant | T ‘
VT s Oy, ) )T

SER ~

Figure 3.9 illustrates plots for the SER in Equation (3.35), the worse-case SER in
Equation (3.38) and the approximate worse-case SER in Equation (3.41) for the E-
DF protocol. The curves are obtained for systems employing QPSK modulation
(M=4). The channel coefficients, h,;, hgy » and hy, . are modeled as zero-mean,
complex Gaussian random variables with variances of ¢’y,= 1, ofwlz 0.9, and

afmz = 0.8. Also, the ratio between the relay power and the base station power is

= SER Eqn. (5.32) = = SER Worse-Case Eqn. (3.35) «+++- Approzimate SER Worse-Case Eqn. (5’.38)|
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Figure 3.9: Comparison of the actual, the worse-case, and the approximate SER

worse-case for the E-DF cooperation scheme with QPSK signals assuming
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set to # = 0.1. The approximate worse-case SER matches the worse-case SER for y
values above 15dB but, however, deviate below 15dB y values. This result is due to
the assumption made in deriving the approximate worse-case SER, for sufficiently
high y. The highest deviation of the worse-case SER from the exact SER is
approximately 1.5dB.

In order to demonstrate the benefits of employing the E-DF over the conventional
DF and the non-relay schemes, the analytical and simulated SER versus y are
plotted for the three schemes as shown in Figures 3.10. The analytical curves are
obtained for systems employing QPSK modulation (M = 4). The channel
coefficients, h,yp, hyy , and hyy , are modeled as zero-mean, complex Gaussian
random variables with variances of o¢’,= 1, O'fmlz 0.9, and wazz 0.8,

respectively. Also, the ratio between the relay power and the base station power is
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Figure 3.10: SER comparison for the E-DF, the conventional DF and the non-

relay schemes.
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set to # = 0.1. For each channel realization, the instantaneous SNR is calculated
using Equation (3.21) and averaged over the number of channel realizations. Then,
Equation (3.26) is used to find the analytical average SER. On the other hand, the
simulated curves are obtained by generating 1x107 Rayleigh fading channel

realizations for h

. : 2 _ 2 _
ops Py and hyy o with variances of o),= 1, opy = 0.9, and

Gfmzz 0.8, respectively. Also, 1x107 data symbols are generated, mapped and
transmitted according to E-DF scheme. The received symbols are then decoded
according to the modified ML decoder. Finally, the symbol error rate is calculated
by counting the number of corrupted symbols and comparing it to the total
number of transmitted symbols. Figure 3.10 shows that the E-DF scheme
significantly outperforms the conventional DF and the non-relay scheme. For
example, for SER = 4x1073, the y requirement of the E-DF is approximately 5dB
lower than for the conventional DF and approximately 10dB lower than for the
non-relay scheme. Moreover, the simulated SER curves match the analytical curves

very well.

3.3.3 Other Performance Measures — Mutual Information, Achieved

Rate, and Outage Probability

In this section, the mutual information, the achieved channel rate, and the outage

probability are derived for the proposed E-DF.

The mutual information is a measure of the reliability of communications between
communicating terminals. The mutual information for the E-DF scheme in terms of

the channel fades can be given as [106]
1
I,y (H) = log, (1+ SNR(H)) (3.42)

where SNR(H) is the instantaneous signal-to-noise ratio. Using the expression of

the overall SNR(H) in Equation (3.21) yields,

60



2

| R R
_Elog2 1+}/ ; : ; + - ) :
UheNB\ 17 gy ) (2\%3\ 1 by, ]

The outage probability for the E-DF relay scheme is defined as the probability that
the mutual information between terminals is less than the channel rate S8 [106].

Hence, the outage event is equivalent to
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3.4 Special Scenarios

In the following, we consider two special scenarios when some of the channel links
in the E-DF network are not available. One scenario represents the conventional
DF scheme and another scenario represents the non-relay scheme. For each scenario
we derive the mutual information, the achieved channel rate, and the outage

probability measures and use it for comparison with the E-DF scheme.

3.4.1 Scenario One: The Conventional DF Scheme

In this scenario, the link between the base station and one of the assistant relays is
blocked by, for example, an obstacle as seen in Figure 3.11 (a) when RN; is
unavailable and in Figure 3.11 (b) when RN, is unavailable. In this scenario, the
unavailable relay is unable to perform any signal relaying to the mobile station,
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(a) G;N, =0 (b) G;NZ =0

Figure 3.11: Demonstration of the conventional DF when either one of the relays

is not available due to obstacles.
therefore, the transmission to the mobile station is achieved by the base station
and the available relay. This scenario represents the conventional DF scheme.

In this scenario, the overall instantaneous SNR is given as

2

2
PeNB heNB| PRN hRNz 2
+ , oy =0
2 2 RN,
SNR H O-wl 0-103
( )‘DF - 2 p | 2
PeNB heNB| n RN |"°RN, 2 0
2 2 > O-RNZ -
wy O-wz

and the mutual information is obtained as

) 2
1 PeNB eNB‘ PRN hRNz 2
Elog2 1+ = + - ) Opy, = 0
1 ’U}l ﬂ/s
I, (H) = S1og, (1+ SVR(H)] | = —_—
1 PeNB eNB RN | RN, 2
Elog2 1+ = = Oy, = 0

Hence, the outage probability is equivalent to
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3.4.2 Scenario Two: Non-Relay Scheme

In this scenario, the links between the base station and the two potential relays are
blocked as shown in Figure 3.12. In this scenario, the relay nodes are unable to
forward any information from the base station to the mobile station, therefore, the
transmission to the mobile station is achieved by the base station only. This

scenario represents the conventional direct transmission or non-relay scheme.

In this scenario, the instantaneous SNR for non-relay scheme is given as

2
SNR(H)‘ _ PeNB heNB‘

Non—relay 0-2
w,

1

and the associated mutual information is given as

MRN,

Figure 3.12: Demonstration of direct transmission or non-relay scheme when

2 _ 2 _
Ohy, =Opy, = 0.
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Hence, the outage event is equivalent to
Py [P
Pr[ 1y, (H) <R ] =Pr| —EENEL <927 (3.46)
o,

Figure 3.13 illustrates the outage probability versus y for the E-DF, the
conventional DF and non-relay schemes. The outage probability is evaluated for
each scenario as a function of the y at a fixed spectrum efficiency of 2bps/Hz. The

results are obtained by generating 1x107 channel realizations for h,,, h,, and

Enhanced-DF
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Figure 3.13: P, versus y for the E-DF, the conventional DF and the non-relay
schemes assuming spectral efficiency = 2bps/Hz, o/y,= 1, afml = 0.9 and

O'IZW2 = 0.8.
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hgy, with variances of o= 1, aéNl = 0.9, and afmz = 0.8, respectively. For each
channel realization, Equations (3.44), (3.45), and (3.46) are used to evaluate the
outage probability for the E-DF, the conventional DF and the non-relays schemes,
respectively. The figure shows that the outage probability is high for poor link
strength and decays for all scenarios whenever the link strength improves. The E-
DF scheme shows the lowest outage probability followed by the conventional DF
while the worst of all is the non-relay scheme. For example, at 20 dB SNR, the
outage probability for E-DF scheme is 5x 10, for conventional DF is 1x10? and for
non-relay scheme is 0.14. This is an improvement of approximately 2 orders of
magnitude over the conventional DF. This low outage probability is due to the high
overall SNR comes from diversity when utilizing the E-DF compared to the

conventional DF and the non-relay schemes.

Figure 3.14 illustrates the outage probability versus spectral efficiency (bps/Hz) for
the E-DF, the conventional DF and direct transmission schemes. The outage
probability is evaluated for each scenario as a function of the spectral efficiency at
y = 20dB. The results are obtained by generating 1x10” channel realizations for

h

: : 2 2 2
ops Pgy o, and hyy o with variances of o),= 1, opy = 0.9, and op, = 0.8,

respectively. For each channel realization, Equations (3.44), (3.45) and (3.46) are
used to evaluate the P, for the E-DF, the conventional DF, and the non-relays
schemes, respectively. The figure shows that the outage probability increases with
the spectral efficiency. The proposed E-DF scheme shows the least outage

probability when increasing the spectral efficiency.

The analytical results show that the proposed E-DF cooperative relaying protocol
outperforms the conventional DF protocol and the non-relay scheme in terms of

error rate performance and outage probability performance.
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Figure 3.14: P,. versus spectral efficiency for the E-DF, the conventional DF

and the non-relay schemes assuming: y =20dB, o’,=1, GéN] =0.9 and

aéNz =0.8.

3.5 Chapter Summary

In this chapter, the conventional decode-and-forward relaying protocol is enhanced
to achieve higher data rate with diversity. The system model for the proposed
enhanced-DF (E-DF) was presented by showing the input-output relation. Also, a
modified maximum likelihood decoder is proposed for decoding the received signals
over a quasi-static fading channel. In order to study the performance of the
proposed protocol and the decoder, the average symbol error rate expression is

derived from the moment generating function by averaging the signal-to-noise ratio
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for the decoder over Rayleigh fading channel. Based on the average SNR
expression, a worse-case SER and its approximate expressions were obtained for the
E-DF. In addition, other information theoretic measures such as mutual
information, the achieved channel rate and the outage probability were also
derived. Finally, simulations were conducted to validate the E-DF scheme. The
simulations showed significant improvement for the proposed E-DF protocol over

the conventional DF and the non-relay schemes.
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Chapter Four: Omni-Relay (OR) Scheme-Aided

LTE-A Communication Systems

4.1 Introduction

Cellular systems are considered advanced technologies that offer very high capacity
in a limited spectral allocation. This is achieved by reusing the available
frequencies in a regular pattern of areas, called cells, each covered by one base
station. To ensure that the interference from other cells, or inter-cell interference
(ICI), stays below a destructive level, it is essential to allocate different frequency
bands or channels to adjacent cells so that their coverage can overlap slightly
without causing harmful interference. In this way cells can be grouped together in

what is termed a cluster.

In cellular systems, the number of distinct frequency sets used per cluster is called
frequency reuse factor (FRF) [112]. FRF is chosen such that the effect of ICI is
reduced to minimum. Figure 4.1 shows three examples of FRF patterns, where
FRF =1, 3 and 7. For FRF = 1, Figure 4.1 (a), the available frequencies allocated
to each cell are the same in each cell. For FRF = 3, the available frequencies are
divided into 3 sets, namely f, f, and f;, each set is allocated to one cell such that
the surrounding cells carry different sets of frequencies, as shown in Figure 4.1 (b).
Similarly, in pattern F'RF = 7, the available frequencies are divided into 7 sets, f.,

i=1,2,..7, and allocated as shown in Figure 4.1 (c).

There is a strong relationship between FRF' and the effect of ICI. Utilizing a high
value of FRF results in increased separation between adjacent or nearest co-channel
cells and hence reduction in ICI. Higher FRF would mean less number of available
channels per cell, lower spectral efficiency, but reduced ICI due to increased

distance between co-channel cells.
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(a) FRF =1 (b) FRF =3 (c) FRF =7

Figure 4.1: Examples of frequency reuse factor (FRF).
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Figure 4.2: The effect of frequency reuse factor on SINR and spectrum efficiency.

In order to illustrate the effect of FRF on the ICI and the cell spectral efficiency,
the theoretical downlink signal to interference plus noise ratio (SINR) and spectral
efficiency performances are demonstrated in Figure 4.2 (a) and (b) for a mobile
station (MS) that moves from the base station (BS) toward the edge of the cell.
The graphs are obtained for systems with FRF = 1, 3 and 7. In Figure 4.2 (a), the
signal to interference plus noise ratio (SINR (dB)) is plotted when varying the
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distance (m) from the base station, and in Figure 4.2 (b) the spectral efficiency
(bps/Hz) is plotted versus distance (m). The distance represents the movement of
the MS from BS to the cell edge. As observed in Figure 4.2 (a), for systems
utilizing FRF = 1, 3 and 7, the SINR is reduced as the distance between the BS
and the MS increases. This is due to the reduction in the received power as the
distance increases and the increase in the interference from the co-channel cells.
However, the system with FRF = 7 provides the highest SINR, followed by FRF =
3 and FRF = 1. This is due to the increased separation between the adjacent co-
channel cells. Figure 4.2 (b), shows the corresponding cell spectrum efficiency for
the systems. The figure shows that the system with FRF = 1 provides the highest
spectral efficiency. This is because the system with FRF = 1 utilizes the entire
available download bandwidth, while FRF = 3 and FRF = 7 utilize + and ; of the

3

available bandwidth, respectively.

Hence, the spectral efficiency of a cellular system is limited by two main factors —

the ICI in a wireless propagation channel and the FRF of a system.

4.1.1 Motivation

Future wireless systems promise very high data rates per user over high bandwidth
channels. An example is the long term evolution-advanced (LTE-A) system that
requires high peak rate for uplink and downlink as well as high spectral efficiency

as shown in Table 4.1 [109].

Claude Shannon [113] and Ralph Hartley [114] provided the following relationship
between capacity, bandwidth, FRF and SINR

o= Total Bandwidth
FRF

jlogz (1+ SINR) (4.1)

According to Equation (4.1), channel capacity is increased by increasing the total

available bandwidth, and/or SINR. Increasing FRF, on the other hand, decreases
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Table 4.1: LTE-A requirements.

Downlink Uplink
Peak data rate 1 Gbps 500 Mbps
Spectral efficiency Peak 30 bps/Hz 15 bps/Hz
(4 antennas eNB, | Average | 2.6 bps/Hz | 2.0 bps/Hz
2 antennas MS) Cell-edge | 0.09 bps/Hz | 0.07 bps/Hz

the capacity. For FRF = 1, the SINR degrades due to propagation path loss, while
ICT increases as the MS moves closer to an adjacent base station that employs the
same frequencies as in the serving base station. The issue becomes critical when
the mobile station approaches the cell-edge region where the received signal

strength is low and the ICI is high.

Based on these issues, we propose the use of relay terminals at the cell edge. Each
relay terminal is equipped with an omni-directional antenna. Our objectives are to
reduce the effect of interference stemming from adjacent cells and increase the
desired signal level. In addition, we propose a data frame structure for the edge
relay terminals that is compatible with the LTE-A standard. To validate the
performance of the proposed structure, we conduct analyses of the average SINR
and the average capacity, and compare with the conventional universal frequency

reuse factor (UFRF) scheme.

Chapter 4 is organized as follows. Section 4.2 focuses on the conventional universal
frequency reuse factor (UFRF) scheme. It discusses the system model and analyses
of the average SINR and the average capacity. Section 4.3 presents the proposed
topology for the LTE-A system. It includes a description of the system model, a
proposed frame structure that is compatible with LTE-A standard, and analyses of
the average SINR and the average capacity. Finally, Section 4.4 provides analytical
and simulation performance results for the conventional UFRF and the proposed

topology.
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4.2 Universal Frequency Reuse Factor (UFRF) Scheme

The universal frequency reuse factor scheme, or simply UFRF scheme, is a scheme
that utilizes FREF = 1 in allocating the frequency resources. This scheme is
included in the 3GPP standard [104] in order to meet the LTE-A system
requirement. In the following, the UFRF system model is presented together with

an analysis of the average SINR and the average capacity.

4.2.1 System Model

The UFRF scheme is illustrated in Figure 4.3 for a 7-cell reuse cluster. In the
UFRF the entire available frequency resources are allocated to each cell. In other
words, each base station utilizes the same frequency resources as its neighboring
base stations for uplink and downlink transmission. In the LTE-A standard, the

base station is referred to as evolved-node base station (eNB).

During the downlink transmission, the MS users suffer from strong ICI signals from
the co-channel eNBs particularly MS users at the edge of the cell where the desired

signal level is low and the interference level is high.

When the MS is moving from one cell to another, service is switched from the

Power

eNB

4

Total Downlink

A Bandwidth

—

Figure 4.3: Universal frequency reuse factor (UFRF) system model.
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serving eNB to a new host or ‘target’” eNB by performing handover without
interruption in service. Handover in LTE-A standard, according to [115,116], is
initiated by the MS. The MS periodically performs downlink radio channel
measurements for link power. If the received power at the mobile station drops
below certain threshold, the MS sends the corresponding measurement. Based on
these measurement, the serving eNB initiates handover preparation that involves
exchanging of signaling between serving and target eNB. Upon successful handover
preparation, the handover decision is made and consequently the handover
command is sent to the MS and the connection between MS and the serving cell is

released.

4.2.2 Performance Analysis

In this section, we provide analyses for the signal to interference plus noise ratio
(SINR) and the capacity for UFRF scheme. The analyses are carried out under the

following assumptions.

1. Only downlink SINR and capacity analyses are considered. The uplink

performance has received much attention in many researches.

2. The path loss model is given by [106]

PL(d)=d’ (ﬂj (4.2)

c

o

where d is the distance between the eNB and the MS in kilometers, v is the
path loss factor, f the carrier frequency in MHz and ¢, is the speed of

light.

3. The channel between any two terminals is modeled as Rayleigh flat fading

channel.
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4. For analytical convenience, mobile users are distributed uniformly within a
cell. This assumption was considered in [63] when deriving area spectral

efficiency of cellular mobile radio systems.

5. The case where the MS is receiving interference from all co-channel cells in

the first two tiers is considered as the worse-case.

6. Based on the 3GPP standard, M-ary phase shift keying (MPSK) is chosen

to be the modulation scheme for the system.

7. The noise is modeled as additive white Gaussian noise (AWGN) with zero-

. 2
mean and variance o, .

4.2.2.1 Average SINR Analysis for the UFRF Scheme

Analysis of the average SINR for UFRF scheme only takes into account
interference from the first two tiers co-channel eNBs. This is because the first two
tiers of co-channel eNBs contribute significant interference. The average SINR
analysis includes obtaining the instantaneous SINR and then averaging over the

distance and the channel realizations.

Figure 4.4 shows 6 interferers in tier 1 and 6 interferers in tier 2. Interference from
these two tiers shall be referred to as the worse-case. The worse-case instantaneous

SINR for the UFRF scheme is defined as

SINRUFRF = L

r 4.3
I+N ( )

where P is the received signal power from the desired serving eNB, [ is total
instantaneous interference power from other eNBs and N is the noise power. P. can

be written as
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Figure 4.4: llustration of ICI from co-channel eNBs.

P (ZMS Poss C’ZMS):LhMS|2 (4.4)
' / Xus PL(dMS)

where P,, is the transmitted power at the base station, h, is the small-scale
fading channel coefficient between eNB and MS, y,,. is a log-normal shadow
coefficient, and PL(d,) is the path loss function provided in Equation (4.2) for a
mobile station located at distance d,,, (km) from eNB. In Equation (4.4), h, is
modeled as a complex Gaussian random variable with zero-mean and variance o,
and the log-normal shadow coefficient y,, has zero-mean and variance Gi. The
term [+ N is the summation of the interference level from each interfering eNB
plus noise power, when the mobile station is located at the cell edge, and is

expressed as

](;(i,hi)+N:Zu[\/%|hf| J+BD (4.5)

=\ x PL(d,) U

where d, is the distance from the ¢ interfering eNB (i =1,2,..,12) to a MS located
at the edge of the cell, h is a channel coefficient between the @ interfering eNB
and MS, g, is a log-normal shadow coefficient, B (MHz) is the entire available

downlink bandwidth, D (watt.user/Hz) is the per-user noise power spectral density
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Figure 4.5: MS being at a distance of d,,; from eNDB.

level and U is the average number of MSs users in each cell. For the worse-case

interference, d, is given as [65]

First Tier Second Tier

d ={R,R,2R,2R,\1R,\[1R, 2R, 4R, N'TR,N'TR,N13R,\13R }

In Equation (4.5), each instantaneous interference power level depends only on the
random channel coefficients and the log-normal shadow coefficients. The
instantaneous SINR is obtained by substituting Equations (4.4) and (4.5) into
Equation (4.3) which yields,

\ RzNB |th |2

XusPL (dMS ) _ dyrs

SINR (ZahadMs) = (4.6)

212 Vs | ’ +BD ) Ay (7:1)
= xPL(d;) U

where

- |hMS|2 i UyEys\ €

is conditioned on random channel gains h={h,, h} and log-normal shadowing

aUFRF (/?«/’h)_ ZMS {Z:zl[|h7| diuj_i_ bo (472-][;) }

coefficients y = {Z MS > }(7} . In the following, we shall average over d,,, and consider

the SINR conditioned on y and h.
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Since the MSs are assumed to be randomly distributed within a cell in a ring-like
pattern (Figure 4.5), the probability density function (PDF) for an MS being at a
distance of d,,¢ from eNB may be defined as [108]

» The circumference of a circle with diameter d , 27d

d . — MS
f [ MS] Total area of the cell TR’ (4.7)
2d |

=—M  0<d _ <R

R2 ) MS

where R is the cell radius in km. The average of SINR,,, conditioned on y and h

is defined as,

- R
SINRuewr (7,h) = B SINR, .. | IS]NRUFRF (2ohodyg) fldy| ddy
0

Using the expression in Equation (4.7) for f [dMS] and integrating, we obtain

- ) R 24" ~ 2R™
SINRuenr (7,h) = ! e %sz( 2h) Adlys = 2= 0] e (2:0) .

Due to the difficulty in averaging the above expression over the channel and the

shadowing parameters y and h, we resort to Monte-Carlo method.

4.2.2.2 Average Capacity Analysis for UFRF

To determine the average capacity, we first need to find the relation between the
capacity and d,. In the UFRF scheme, the instantaneous capacity, conditioned on
channel coefficients, shadowing coefficients, and distance d,,, can be expressed

as [113,114]

CUFRF (ﬂﬁh7 dMS) = Blog2 (1 + S]NRUFRF (Z7h7 dMS)) = BQUFRF (Z7h’dMS) (4.9)

where
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Qe (2:h,d5 ) = log, (1 + SINR, . (7.hd )) (4.10)

is the instantaneous spectral efficiency in bps/Hz. Using the expression for

SINR, ( Jh,d ) in Equation (4.6), Equation (4.10) becomes

UFRF 7 MS

d-.
QUFRF ( h7 dMS) ) logz (1 ' WJ

The average spectral efficiency Z)UFRF ( ;(,h), conditioned on y and h, for the
UFRF scheme is obtained by using f [d

MS

] in Equation (4.7) and integrating as

Z2UFRF (th) = [ (FRF] = IQUFRF h, MS)f[dMS]ddMS
' v-2 v-2 (4.11)

2(R_7 + aUFRF) © 2 prr (Z’h)
|U — 2|R2 log(2) yppp (Z’h)

The conditional average capacity is given by

v-2 -2

2B (Riu + aUFRF) Y ZBaL;RF (Z’h)
|U — 2| R? log(2) (- (;(,h)

EUFRF ()(,h) = BZ)UFRF (}(,h) = (4.12)

Due to the difficulty in averaging the above over the channel and the shadowing

parameters, we resort to Monte-Carlo simulation.

In general, SINR and C,,. degrade as the MS approaches the cell edge. The
following section presents a proposed communication scheme that is designed to
improve the desired signal quality at cell edges, reduce interference, and increase

capacity.
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4.3 The Omni-Relay (OR) Scheme

4.3.1 Introduction

In the UFRF scheme, the system suffers severely from ICI particularly at the cell
edges. The high ICI together with the weak received signal have significant impact
on the SINR and, consequently, the capacity. One technique to improve signal
reception in the cell-edge region is to create smaller and simpler transmit/receive
terminals, called relay nodes (RN), that are placed at the edges of the cell. These
nodes are connected to the host base station by, for example, cables. RN can
capture the signal from the host eNB and relay it to cell-edge users. Here, each
relay is assumed to be equipped with an omni-directional antenna. We shall refer
to this as Omni-Relay (OR) scheme. Following is a description of the OR system
model together with a proposed frame structure design for relay nodes. Finally, the
analyses of the average SINR and the average capacity are conducted for the OR

scheme.
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Figure 4.7: Examples of handover scenarios.

4.3.2 System Model

The omni-relay (OR) scheme is illustrated in Figure 4.6. The model assumes that
the entire available downlink bandwidth is divided into three segments, namely, f,
f,, and f,. Segment f, is allocated to each eNB, whereas f, and f, are assigned to
the relay terminals as illustrated in Figure 4.6. Each cell is surrounded by
six-Type I relay nodes each being equipped with an omni-directional antenna.
According to the LTE-A standard [91], Type I relays are assigned different
frequency resources from the host eNB and have their own reference signals and
control information. The frequency resources, f, and f;, at each relay are assigned
such that, for each two consecutive relays, different frequency segments are used.
The assignment of frequency resources in this way reduces interference resulting

from the use of omni-directional antennas.

In Figure 4.6, we shall refer to unshaded areas as inner regions and shaded areas as
outer regions. Consequently, users of the OR scheme shall be classified into inner

MSs and outer MSs. Inner MS users are located within the eNB transmission range
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and are served directly by one of the eNBs. On the other hand, outer MS users are
located within RN transmission ranges and are served by one of the RNs at the cell

edges.

The serving terminal in the OR scheme is either the eNB or one of the RNs at the
cell edges. A serving terminal can be determined based on the link power between
the MS and the eNB or the MS and one of candidate relays. When the link power
drops below a certain threshold, the MS initiates the handover. Figure 4.7 shows
several scenarios when MS is moving from one cell to another traversing two relays.
Let an MS be located within the transmission range of eNB; as shown at location
(1). When the MS moves toward the RN; transmission range, location (2), the MS
informs eNB; that RN; is the future serving terminal. Therefore, eNB; starts
transmitting to RNy instead of MS while RN; relays to MS. When MS moves to
location (3), where RN, provides stronger link power, eNB; stops transmitting to
RN; and switches to RN, which in turn relays to MS. At locations, (1), (2) and
(3), eNB; is the serving base station for MS, RNj, and RN,, respectively. The
procedure is similar for location (4) where eNB, transmits to RN; and RN,

forwards to MS, while eNB; transmits directly to MS in location (5).

4.3.3 Frame Structure Design for Relay Transmission

The LTE-A standard provides seven frame pattern configurations for the downlink
eNB to MS and the uplink MS to eNB but not for the RN [103]. In this section, we
propose a frame structure for relay terminals. The frame structure is designed to be
fully compatible with TD-LTE systems, as shown in Figure 4.8 using the
Configuration 2 Frame Pattern [117]. The justification behind wusing the
Configuration 2 Frame Pattern is that the frame pattern supports more downlink
sub-frames than other configurations, therefore, we can achieve higher downlink

data.
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For the Configuration 2 Frame Pattern, each radio frame consists of two half-
frames with length Ty = 153600 T. = 5ms. Each half-frame consists of eight slots
and three special fields, namely, downlink pilot timeslot (DwPTS), Guard period
(GP), and uplink pilot timeslot (UpPTS). For the proposed RN frame, we combine
two time slots into one sub-frame, i.e., for any sub-frame &, it consists of slots 2¢
and 2§ +1. This combining is originally used for the conventional eNB and MS
frame. Sub-frames 0, 5 and DwPTS are always reserved for the downlink
transmissions. As seen in Figure 4.8, most sub-frames are reserved for downlink
channels, where six sub-frames are reserved for downlink and two sub-frames are
reserved for uplink. It is noted that there are two sub-frames for DwPTS, GP, and
UpPTS. Every sub-frame has one long arrow and one short arrow, where the long
one indicates the link between eNBs and the inner MSs, while the short one
represents the link between eNBs and RNs, or the link between RNs and outer
MSs. Since the relays in the OR scheme are Type I, eNB and RN can communicate

with their own MSs simultaneously.
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Figure 4.8: Configuration 2 Frame Pattern and proposed frame for relay

terminals in the OR scheme.

4.3.4 Performance Analysis

In this section, the average SINR and the average capacity are analyzed for the OR
scheme. The analyses are carried out for the two categories of MS users; the inner
MSs and the outer MSs. The average SINR and the average capacity are used later

for comparison between the conventional UFRF and the OR scheme.

Throughout the analysis, the worse-case is assumed, where during transmission
from eNB to the inner MSs, there is interference from all the co-channel eNBs in
the first two eNB tiers, and when the desired relay is transmitting, there is

interference from all the co-channel relays in the first two relay tiers.

4.3.4.1 Average Number of Inner and Outer Users per Cell

In order to carry out the analyses of the average SINR and the average capacity,

) and outer users (U, ) are needed. In

outer

the average number of inner users (U, ,

the following, the radius of the inner region is derived with respect to the cell

radius and the ratio of RN and eNB transmitted power. The derived inner radius is
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then used to determine the average number of inner and the average number of

outer mobile users.

Let the transmit power be denoted by P

€.

vp for all eNBs and P, for all RNs. Also,
let R denote the eNB cell radius and r the relay cell radius. Using the expression
for path loss in Equation (4.2), the received instantaneous signal power from eNB

at the boundary of the inner region equals

P = N Foxs |th3|2 _ Vs |heNB|2 (4.13)
o XovpPL (R ) o| 4rf. ’
cNBR -

(2]

where h,, and y,, are the small-scale fading channel and the log-normal
shadowing coefficients, respectively. Also, the instantaneous received power from

RN in the outer region equals

P =\]PRN |hRN|2= \]PRN |hRN|2 (4 14)
TRN XRNPL(T) ) 472-f 2 :
Xen” | =

o

The power transmitted at eNB and at all RNs are set such that the received signal
power at the cell boundaries of eNB and RN is the same. Therefore, equating the

expressions in Equations (4.13) and (4.14), the following relation is obtained,

7 8 %(LTZ [isllin] 2o (4 15
R \/@hdv3| ZRN

Pﬁzm TRN 4 f 2 4 f 2
v T c v T c
Xevpl? ( c j X" ( c J

Let # denote the ratio of F,, and P,, as defined in Chapter 3, and let R, denote

the inner region radius, which is defined as R = R-r, as shown in Figure 4.9,

therefore,

R-R, U_ |hRN|27(eNB
(—R )_\/E—h . (4.16)

eNB| XrN

84



T
I
g

Figure 4.9: eNB and RN transmission range.

Equation (4.16) can be rewritten as

1

2 12
R =R 1—[\5%] (4.17)

eNB| XrN

From Equation (4.17), the radius of the inner region is a function of the power
ratio 7, the cell radius, and channel and shadowing coefficients. In order to proceed
to find the average number of inner and outer mobile users, the probability density
functions (PDF) for the inner and outer mobile users and their associated
cumulative distribution functions (CDF) are needed. We now proceed to deriving

average number of inner and outer mobile users.

Let the MSs be distributed uniformly throughout the cell. This assumption is made
to simplify the calculations for the the average inner and outer users per cell. The

PDF of the inner users is obtained similar to Equation (4.7) as

f[R ]2 ZR}}, 0<R <R (4.18)

and its associated CDF is obtained by integrating f [RJ as,

1B ]=]1(R ), jzjidRU:g—é, 0<R <R (4.19)

The CDF of the outer users is the complement of the CDF of the inner users. That

is

85



(7-r)
=l-—==1-—2 R<r<R (4.20)

F [RU] and F [r] can be written in terms of the power ratio # and the channel
and the shadowing coefficients by substituting the expression for R in

Equation (4.17) into Equations (4.19) and (4.20) as

—_

L. [n,h,z]———— \f‘ ‘ 2 0<R <R
pNB‘ Xy
and
1
F,.|mhx] —1——+ \f‘ ‘ Koo R <r<R,
pNB‘ Xy

respectively. If the average number of MSs per cell is U, the average number of

inner MSs (U, ) and the average outer MSs (U,

outer

) are obtained by multiplying
each CDF with the total average number of users. That is,

1
2 5
(\/_ o ZFNB] and U, = U—Q+U(\/EM] (4.21)

pNB| Xrn R R heNB| Xrn

respectively. This average number of inner and outer users will be used in the

analysis of per-cell capacity in later sections.

4.3.4.2 Average SINR Analysis for Inner MSs

In this section, the average SINR is derived for the inner MSs. The derivation
involves finding the instantaneous SINR and then averaging it over the distance,

the channel realizations, and the log-normal shadowing coefficients. The averaging
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over the distance is obtained by using the probability density function for the inner

users being at distance d,,; from the cell base station.

Figure 4.10 illustrates the co-channel eNBs for the downlink for the inner MSs. The
first two tiers of interfering eNBs are assumed the main source of ICI. The figure
shows 6 eNBs interferers in the first tier and 6 eNBs interferers in the second tier.

The worse-case instantaneous SINR for the OR schemes’ inner users is

SINR, = b (4.22)
- I+N

where P is the instantaneous received signal power from the desired serving eNB,

is total instantaneous interference power from other eNBs and N is the noise power.

P can be written as

P (XM d )=—*’P‘WB|%|2 (4.23)
r MS > "MS > MS ZMSPL(dMS)

where P, is the transmitted power at the base station, A, is the eNB-MS small-
scale fading channel coefficient, y,. is the log-normal shadow coefficient and

PL(d

MS

) is the path loss function provided in Equation (4.2) for MS locate at a
distance of d,,, from the base station. In Equation (4.23), h,, is a complex
Gaussian random variable with zero-mean and variance o5, and the log-normal
shadow ~coefficient  y,,; has zero-mean and variance o.. Each received
instantaneous power level depends on the random channel, the log-normal shadow
coefficients and the path loss that depends mainly on the distance between eNB
and MS. The term [+ N is the summation of the interference from each interfering

eNB plus the noise power when the mobile station locates at the cell edge. That is,
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Figure 4.10: Illustration of the inner ICI caused by co-channel eNBs.

nner

Vi 1] J+ BD (4.24)

N =
Zz’ + 27 1[ZZPL(d) U

where d, is the distance from the ¢ interfering eNB (i =1,2,..,12) to a MS, h, is a
channel coefficient between the " interfering eNB and MS, y, is a log-normal
shadow coefficient, B (MHz) is the entire available downlink bandwidth,
D (watt.user/Hz) is the per-user noise power spectral density level and U, 1is the

average number of MSs users in the inner region. For the worse-case interference,

d, is given as

d—R2R\/7 ﬁ \/E \/BR —R, R3R3R7R7R
2 2 2 2 2 2 2 2

First Tier Second Tier

Assume the transmitted power from the base station is adjusted to just cover an

area of radius R, (R <R). The adjusted transmitted power equals
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! RO 2v
PcNB = PcNB ( j (425)

Since all eNBs transmit using equal power P, and the number of interferers for
the worse-case is 12, the instantaneous SINR experienced by the inner mobile
stations,  SINR,,. (x.h.d,s), is obtained by wusing the expressions in
Equations (4.23) and (4.24). That is,

\ Pc;VB |hMS |2

SINR, (Z h dMS) = ZMbPL(de ) = d;;; (426)
s [YELlALY, 8D o (2]
i=l /’{Z_PL(d) Uz'nner

where

a _ Aus_ z [ |h | J XusB D (47pr jz
innu i= 2 ,
| MS 1 Zl dl |hMS| Umncr \Y P(:‘NB C’)

is conditioned on the channel gains h={h,, h} and the log-normal shadowing
coefficients y :{ZAISJZi}- In the following, we consider the conditional average

SINR. That is, the average SINR is conditioned on knowledge of y and h.

Since the mobile users are assumed to be randomly distributed within a cell in a
ring-like pattern, the probability density function (PDF) for a mobile user being at
a distance of d,, (KM) from eNB may be defined as [108]

The circumference of a circle with diameter dMS

d L
f [ Ms ] Total area of RO
2rd . 2d 427
- MS - M5 0<d < R
ﬂ'Rz R2 MS

The average SINR conditioned on y and h is defined as [108]
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inner inner P MS

SINRiner (7.h) = E[ SINR ]é?SINR (hdys) fldyg ] ddy
0

Using the expression in Equation (4.27) for f[d,] and integrating, we obtain

2d,} B 2R
Ro2 a’mner (Z’h) w |2_U| a’mner (,’{,h)

RU
SINRiwer (7,h)= | (4.28)
0

Due to difficulty in averaging the above over channel and shadowing parameters h

and y, we resort to a Monte-Carlo method.

4.3.4.3 Average SINR Analysis for Outer MSs

In this section, the average SINR for the outer MSs is analyzed. Figure 4.11 shows

the 6 interferers in the first tier and 6 interferers in the second tier.

Following similar steps used in the analysis for the inner users, we obtain the

probability density function of d,,, as

! [dMS] - ﬂ(i;dj[;%z) - ( R?i_M;z)’ R <d, <R

Therefore, the conditional average SINR, for the outer MSs is calculated as

outer

mmm (}(,h) = RSINROU,ICT (}(,h d ) f':dMS]ddMS

M
Rﬂ

2(R27u _ Rozfu) (4'29)

- (B - B)a,, (2.h)

where
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Figure 4.11: Illustration of the outer ICI caused by neighboring RNs.

2
h, BD Arf
_X X ),
a,,. Z, AMS 2]1 J n MS [

-v [
| | Z] J |hMS | outer RN

is conditioned on the random channel gains h= {hMS, hj} and the log-normal
shadowing coefficients ;(={ Ko ;(j} P, is the transmitted power at the relay
station, d; is a distance from the j" interfering RN ( j =1,2,..,12 ) to the MS being
located at the edge of the relay covering area, h; is the channel coefficient between
the j* interfering RN and MS, y, is the log-normal shadow coefficient and U, is

the average number of users in the outer region. For the worse-case interference, d,

is given as
d. = RZR,ﬁRﬁR,E ,\/BR —R, R3R 3R, R R
! 2 2 2 2 2 2 2 2
First Tier Second Tier
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Similarly, the unconditional average SINR for outer users is obtained by averaging

the expression in Equation (4.29) over h and y using a Monte-Carlo simulation.

4.3.4.4 Average Capacity Analysis for OR Scheme

Analysis of the average capacity for the OR scheme is now considered. The average
cell capacity is obtained by adding the average capacities for inner and outer users.
The average capacity for each user category is obtained by evaluating the
probability density function of the instantaneous spectral efficiency and averaging

over the distance between the base station and the mobile user.

In the OR scheme, the overall per-cell capacity is the sum of the capacities
provided to the inner and the outer MSs. The radio bandwidth resources is
allocated among the inner and the outer MSs using a radio resource allocation

factor @, which is defined as

B

outer

DL

inner

where B and B, are the bandwidth resources allocated to the outer and

outer mner

inner MSs respectively. Since the total available bandwidth is the summation of

B(ml,m' and ancr (le B = Boul,m‘ + ancr )’ and Boul,er = q) ancr ) the tOta’l avaﬂa‘ble
resources allocated for all inner users is
B = B outer + B inner
B = CDBinmir + an,cr
B
B = (1 + (D) Binm’r - Binner =T N
e " (1+®)

and the total available resources allocated to all outer users is

OB
B =0pB =
outer nner (1+q))
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The link bandwidth for each inner and outer user is calculated by dividing the
total allocated bandwidth for each region by its associated number of users. i.e. the
total bandwidth resources allocated to each outer MS is ® B/1+®)U,,,, ,
each inner MS is B/(1+®)U, for an available bandwidth B, where U,  is the

mner mner

and to

number of users within the inner region and U is the number of users within the

outer

outer region. Therefore, the total average capacity is obtained as

E[C(x:hhdys) = E[Cop (2:hatyys) |+ E[ Cp (25 hadlygs) |

B ® B
= (1 N (D) E I:Qmmzr (/},/9 h, dMS ):I + (1 N (I)) E I:Qouter (Z: h” dMS ):I

(4.30)

where Q.

mner

( Jh,d ) log, (1+S[NR¢WW ( 7,h,d )) is the instantaneous spectral

»MS »MS

(#:hdy) = log2(1+S]NR (#h.d )) is the

efficiency for the inner users and @) N  tor NI

outer

instantaneous spectral efficiency for the outer users. In order to find the average
spectral efficiency for the inner and outer mobile users, QWM( h,dMS) and

Q. ( 7, h,d ) must be written as a function of d, .. That is,

7MS

d- d

The average spectral efficiency for the inner MSs equals

28 (R'a,,,, ( Z,h)+1)]i 2. 2 * (2.h)

4.31
12— ol log( )Rj a, . (Z» h) ( )

R,
/nmr ( ) J-Qmm, ( YA Ms)fl:dMS:|ddMS =
0

Similarly, the average spectral efficiency for the outer MSs equals

2
2( @yt (Z7h)+1)1 ’ (Rlz - Rlz]

0

- d(F - R)es () (x0)

Quuier (1:1) =

Q. ( 2ohhd, ) f [dMS] dd,, (4.32)

T
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Table 4.2: System parameters.

Parameter Value
Carrier frequency (f;) 2 GHz
Frequency bandwidth (B) 10 MHz
eNBs’ transmission power (P, ) 46 dBm
Relays transmission power (P, ) 40dBm
eNB antenna pattern Omni-directional
Relay antenna pattern Omni-directional
Noise power density (D) -174 dBm.user/Hz
Cell radius (R) 1000 m
Relay radius () 500 m
Modulation type QPSK
Number of relays per cell 6
Path loss exponent (v) 3.5
Path loss model PL(dB) = 35.46 + 35 log(d)
Rayleigh fading variance (o} ) 1
Log-normal shadowing variance (Gi) 6.31

After obtaining the average spectral efficiencies for inner and outer MSs, the total
conditional average capacity, conditioned on y and h, is calculated by substituting

Equations (4.31) and (4.32) into Equation (4.30). That is,

C(x.h)=E[C(x.h)]= Qo (221)+ Quuer (1) (4.33)

(1+CD) (1+CD)

Due to difficulty in averaging the above over the channel and shadowing

parameters, we resort to Monte-Carlo simulation.
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4.4 Numerical Results and Discussion

In this section, the performances of the conventional UFRF and the proposed OR
schemes are compared. Semi-analytical results for the average SINR and the
average capacity are obtained from the derived expressions in Sections 4.2.2 and
4.3.4. The parameters for the OR scheme are shown in Table 4.2, which are
consistent with the LTE-A standard [116]. The results for the inner MSs are
obtained when inner users are served by eNB and are located at distances Om to
500m from eNB, and the results for the outer MSs are obtained when outer users

are served by distributed relay terminals at distances 500m to 1000m.

4.4.1 The FEffect of Using RN at Cell Edge on Average SINR

Figure 4.12 shows 3D plots for analytical attainable SINR at a mobile station at
different locations within the cell for the conventional UFRF and the proposed OR
scheme. The SINR is averaged over Rayleigh fading channel realizations and log-
normal shadowing coefficients. For each MS location, several instantaneous SINRs

are obtained for 1x10° channel realizations and 1x10° shadowing coefficients.

Figure 4.12 (a) illustrates the SINR profile versus the distance from the base
station for conventional UFRF scheme. The figure shows that high SINR is
achieved when the mobile station is close to the base station, and decays as the
mobile station moves towards the edge of the cell. This is due to the strong
received signal strength and low interference in areas close to the base station, and
low received signal strength and high interference from co-channel base stations in
areas close to the edge of the cell. Figure 4.12 (b) illustrates the SINR profile
versus the distance from the base station for the proposed OR scheme. The figure
shows seven, high-SINR peaks representing the attainable SINR from the base
station (middle peak) and for the signals from the six distributed relays. The figure
illustrates that when the mobile station moves from the base station toward the

cell edge, it encounters high signal strength from one of the distributed relays.
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Figure 4.12: Analytical SINR 3D records.
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Figure 4.13: Analytical SINR contours.

For better demonstration, Figure 4.13 shows the recorded SINR contours across the

cell for the UFRF and the OR schemes. For both schemes, the SINR is decaying

when the mobile station moves away from the serving terminal. For example, in

Figure 4.13 (a), the SINR at 100m from the eNB is 30dB and decays to less than

0dB at a distance greater than 650m. However, in Figure 4.13 (b) where OR relays

are employed, the SINR at inner MSs is always greater than 2dB for distances
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between Om and 500m, and the SINR at outer MSs is always greater than 2dB for
distances between 500m and 1000m. Therefore, when OR relays are employed, the
SINR at the outer mobile users is significantly improved. This significant
improvement is due to the strong signal strength from the distributed relays as well

as the reduction in ICI due to the physical separation of interferers.

Table 4.3 provides comparisons for the UFRF and the OR schemes in terms of
semi-analytical and simulated average SINR. The table shows the average SINR for
inner and outer OR relay users. Considering the analytical SINR, UFRF users
achieve an average SINR of 8.6186dB, whereas the inner and outer OR relay users
achieve higher average SINR of 17.1594dB and 17.3175dB, respectively. This is due
to the signal strength gain provided by the relay terminals for outer users. The
table also shows that the analytical and the simulated results have small
differences. The differences between results are due to the averaging over the
shadowing and channel realization, such that increasing the number of realizations

results in reducing the difference between the analytical and simulated results.

Figure 4.14 illustrates semi-analytical SINR results for the UFRF and the OR
schemes as the MS moves from the cell center (Distance=0m) to the cell edge
(Distance=1000m). The results are obtained by averaging over channel coefficients
(fading and shadowing) at each mobile user location. It is observed that the
average SINR decreases exponentially when the MS moves away from the base
station due to the decrease in received signal strength and increase in ICI.
However, the decrease in the average SINR occurs only until the inner MS reaches
the boundary of the outer region after which the SINR increases exponentially as
the MS approaches the relay. Therefore, the average SINR at the cell-edge is
improved remarkably with the assistance of the relay nodes. Despite the
remarkable improvement at cell edge area, the users in the OR scheme suffer from
poor signal strength and high interference at distances 300m to 700m when average
SINR drops to values less than 10dB. In the following chapter, this issue will be
solved by employing a different transmission scheme that helps to improve this

region.
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Table 4.3: Semi-analytical and simulated average SINR over distance and

channel coefficients

Average SINR (dB)
Semi-analytical Simulated
The UFRF scheme 8.6186 8.5564
inner users 17.1594 16.9884
The OR scheme
outer users 17.3175 17.2635
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Figure 4.14: Semi-analytical SINR profiles for the UFRF and the OR schemes.

To make a fair comparison of the SINR distributions for different schemes, the
CDF curves of average SINR obtained from the semi-analytical results are shown in
Figure 4.15. In the conventional UFRF scheme, about 40 percent of the MS users
experience a SINR less than 10dB, which means that they have to resort to other
signal processing techniques to recover wuseful signals from overwhelming
interference and noise. On the contrary, when utilizing the OR scheme, both the
outer and inner MS users have good transmission quality, where more that 85

percent of MSs experience a SINR higher than 10dB.
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Figure 4.15: CDF of SINR.

Table 4.4: Average capacity over distance and channel coefficients

Average Capacity (bps/Hz)

Semi-analytical Simulated
The UFRF scheme 3.6979 3.5827
The OR inner users 5.8826 5.8255
scheme outer users 5.9316 5.8919

4.4.2 The Effect of Using RN at Cell Edge on Average Capacity Profile

Table 4.4 shows the average semi-analytical and simulated capacity comparisons for
the conventional UFRF and the proposed OR schemes. The table also shows the
results for inner and outer OR relay users when the radio resource allocation factor
® is set to 0.5 (i.e. inner and outer users are allocated the same size of bandwidth
resources). The UFRF users achieve an average capacity of 3.6979bps/Hz, whereas

the inner and outer OR relay users achieve higher average capacity of
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Figure 4.16: Average capacity profiles for the UFRF and the OR schemes.
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Figure 4.17: CDF of capacity.

5.8826bps/Hz and 5.9316bps/Hz, respectively. This is due to the signal

improvements at cell-edge regions and the ICI reduction from the use of the relays.

Figure 4.16 illustrates average capacity profiles for the two schemes, where the MS

is moving from the cell center to the cell edge. The results are obtained when
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averaging over channel coefficients (fading and shadowing) at each MS location.
The average capacity for the UFRF is shown to decrease exponentially with
increasing distance. However, for the OR scheme, the mobile users experience an
exponential increase in capacity when they move across the eNB’s serving
boundary into the region served by the RNs. It is observed also that OR users
experience drop in capacity at distances 300m to 700m when average SINR drops

to values less than 3bps/Hz. This issue will be solved in the following chapter.

To make a fair comparison of the average capacity distributions for different
schemes, the CDF curves of average capacity are illustrated in Figure 4.17. The
figure shows that utilizing the proposed OR scheme, 50 percent of MS users result
in an average capacity higher than 7bps/Hz. On the other hand, 50 percent of
UFRF users result in an average capacity higher than 5bps/Hz.

From all previously provided results, the average SINR and the average capacity of
cell-edge users are improved remarkably compared with the conventional scheme.
The improvement is due to the assistance of distributed relay nodes that improve
the desired signal level and reduce the interference by increasing the separation
distance between co-channel interferers. This improvement however brings new cost

for relay terminals in each cell and requires coordination between terminals.

4.5 Chapter Summary

In this chapter, the use of omni-directional antennas at relay terminals has been
proposed to overcome the issues of inter-cell interference and weak received signal
that arise when employing the conventional universal frequency reuse factor
(UFRF) scheme. The omni-relay (OR) has been proposed to be compatible with
LTE-A standard in aspects of relay deployment, transmission power, frequency
resources allocation and frame structure. The chapter discussed the system model
for the UFRF together with the analysis of average SINR and capacity. Similarly,
average SINR and capacity analysis were conducted for the OR user categories; the

inner and outer MSs. The chapter also provided analytical and simulated results
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for the UFRF and the OR schemes. The results included — the SINR experienced
by users across the cell, average SINR, SINR distributions, capacity across the cell,
average capacity, and capacity distributions. The simulation results show that
utilizing the OR scheme provides significant SINR improvement and capacity gain
compared with the UFRF scheme. Such remarkable results are due to the increase
in the desired signal power at the cell edge when distributing relay nodes, and the
reduction of the interference from other interferes when increase the distance

between co-channel interferers.

Despite the remarkable improvement, the OR scheme users experience poor signal
strength, high interference and low capacity in some regions inside the cell. The

following chapter aims to solve such issues.
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Chapter Five: Directional Relay (DR) Scheme-
Aided LTE-A Communication Systems

5.1 Introduction

In Chapter Four, the omni-relay (OR) scheme shows a significant improvement
compared to the conventional UFRF scheme in terms of desired signal
enhancement, interference reduction and spectral efficiency improvement. This is
due to the setup of the OR network that increases the distance between the inter-
cell interfering cells and improves the signal at the edge of the cell when utilizing

the distributed relays.

Despite the remarkable improvement, the OR scheme users suffer from two main
issues; frequent handover and poor signal strength in areas between any two
consecutive relays. In the OR scheme, the base station and the distributed relays
operate in different frequency resources. Therefore, when mobile users roam inside
one cell or move from one cell to another, the service is switched from one serving
terminal to another. The switching between serving terminals or handover may
increase the probability of call drop and increase the required processing load for
the serving terminal and the user itself. Since the network structure for the OR
scheme consists of many regions that utilize different resources, the possibility of
having handover is high. Figure 5.1 illustrates an example of an OR cell when a
mobile station moves from location a to location b. In this example, the service is
switched between three serving terminals; from eNB to RN;, from RN; to RN, and
from RNy to RNs.

In the OR scheme, performance improvement of the outer users is significant when
the user is located close to the relay. However, performance decays when the user is
located between two relays. Since the benefit of relay nodes is to boost the desired

signal in areas of weak signal strength, placing another set of relays in such areas is
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Figure 5.1: lllustrates the frequent handover problem in the OR scheme.

a valid solution but develops issues of cost, implementation complexity, and

interference.

Based on these two issues, we propose the use of directional antennas at the relay
terminals in LTE-A cellular system. We aim to reduce the effect of interference
from co-channel relays, reduce the frequent handover, and improve the desired
signal level. To validate the performance of the proposed structure, we conduct
analyses of the average SINR and the average capacity, and compare it with the

omni-relay scheme discussed in Chapter 4.

Chapter 5 is organized as follows. Section 5.2 focuses on the new scheme. It
discusses the system model and analyses of the average SINR and the average
capacity. The section also provides numerical results and discussions for such
analysis compared to the OR scheme. Section 5.3 presents a modification in the
transmission between terminals for the proposed scheme. It includes a description
of the transmission algorithm and its effect on the network performance. Finally,
Section 5.3 provides analytical and simulation performance results for the proposed

structure and its modified transmission algorithm.
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5.2 The Directional Relay (DR) Scheme

In the omni-relay scheme, the system suffers from frequent handover and low
desired signal level particularly in areas between two consecutive relays. Such issues
may be solved by reducing the interference from co-channel interfering cells and
improve the signal from the relay terminals. This is obtained by changing the
antenna pattern of the relays in the previous OR scheme from omni-directional
antenna to directional antenna pattern. We shall refer to this as Directional Relay
(DR) scheme. Following is a description of the DR system model together with the
analyses of the average SINR and the average capacity.

5.2.1 System Model

The directional relay (DR) scheme is illustrated in Figure 5.2. The model assumes
that the entire available download bandwidth is divided into four segments,
namely, f, f,, f, and f,. Segment f, is allocated to each eNB, whereas f,, f, and
f, are assigned to the relay terminals as illustrated in Figure 5.2. Each cell is
surrounded by six-Type I relay nodes each being equipped with a 120° directional

antenna. The frequency resources for each sector are selected from f,, f, and f,

A

Power

eNB Relay | Relay
h |l s LK

+—Available Bandwidth——

Figure 5.2: The DR network topology and power / frequency allocation.
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such that, the six sectors jointly cover the same cell utilize the same frequency
resources. The use of the directional antennas and the assignment of frequency
resources in this way may increase the interference within one cell but reduce the

interference from other cells.

Similar to the OR scheme, we shall refer to the unshaded areas as inner region and
shaded areas as outer region. Consequently, users of the DR scheme shall be
classified into inner MSs and outer MSs. Inner MS users are located within the
eNB transmission range and are served directly by one of the eNBs. On the other
hand, outer MS users are located within RN transmission ranges and are served by

one of the RNs at the cell edges.

5.2.2 Performance Analysis

In this section, we perform the analysis of the average SINR and the average
capacity for the DR scheme. Through the analyses, we consider the two categories
of MS users; the inner MSs and the outer MSs. We will use the average SINR and

the average capacity later for comparison between the OR and the DR scheme.

Throughout the analysis, the worse-case is assumed, where during transmission
from eNB to the inner MSs, there is interference from all the co-channel eNBs in
the first two eNB tiers, and when the desired relay is transmitting, there is

interference from all the co-channel relays in the first two relay tiers.

5.2.2.1 Average Number of Inner and Outer Users per cell

In order to carry out the analyses of the average SINR and the average capacity,

) and outer users (U, ) are needed.

outer

the average number of inner users (U, .

Referring to the analyses of the average number of inner and outer users for the

OR scheme in Chapter 4, similar expressions are obtained for the average number
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of inner and outer users for the DR scheme. Hence, for the inner region cell radius
of

1

R, Rl[\/_|RN|ZfNB] :

| fNB| Xny

the average number of inner and outer users are given as

1
A8 P R P |

eNB‘ Xy

eNB‘ Xry

respectively. This average number of inner and outer users will be used in the

analysis of per-cell capacity in later sections.

5.2.2.2 Average SINR Analysis for Inner MSs

In this section, the average SINR is derived for the inner MSs. The derivation
involves finding the instantaneous SINR and then averaging it over the distance,
the channel realizations, and the log-normal shadowing coefficients. The averaging
over the distance is obtained by using the probability density function for the inner

users being at distance d,, from the cell base station.

Figure 5.3 illustrates the co-channel eNBs for the downlink inner MSs. The first
two tiers of interfering eNBs are assumed the main source of ICI. The figure shows
6 eNBs interferers in the first tier and 6 eNBs in the second tier. The worse-case

instantaneous SINR for the DR schemes’ inner users is

P
S‘INRinner é - <5 1)
I+N
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Figure 5.3: llustration of the inner ICI caused by co-channel eNBs.

where P is the instantaneous received signal power from the desired serving eNB, [
is the total instantaneous interference power from other eNBs, and N is the noise
power. P, can be written as

P sl
PT(XMS’thfdMS)_M (5.2)

YusPL (dMS )

where P, is the transmitted power at the base station, A, is the eNB-MS small-
scale fading channel coefficient, 7, is the log-normal shadow coefficient and
PL(d,) is the path loss function provided in Equation (4.2) for MS located at a
distance of d,s from the base station. In Equation (5.2), h,, is a complex
Gaussian random variable with zero-mean and variance o, and the log-normal
shadow coefficient y,, has zero-mean and variance ci. Each received

instantaneous power level depends on the random channel, the log-normal shadow

coefficients, and the path loss that depends mainly on the distance between eNB
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and MS. The term [+ N is the summation of the interference from each interfering

eNB plus the noise power when the mobile station locates at the cell edge. That is

[ 2
Eoa A ]+ BD (5.3)

I(Zh )+ N = 27 1[ ;(,PL(d7) U

inner

where d, is the distance from the 7 interfering eNB (i =1,2,..,12) to a MS located

at the edge of the cell, h, is a small-scale fading channel coefficient between the "

interfering eNB and MS, y, is a log-normal shadow coefficient, B (MHz) is the
entire available downlink bandwidth, D (watt.user/Hz) is the per-user noise power

spectral density level, and U, is the average number of MSs users in the inner

mner

region. For the worse-case interference, d; is given as

d—RZR\/; \/; \/B \/BR R R3R3R R R

2 2

First Tier Second Tier

Assume the transmitted power from the base station is adjusted to just cover an

area of radius R (R, < R). The adjusted transmitted power equals

' Ro -2v
P, - PNB( j (5.4

Since all eNBs transmit using equal power P, and the number of interferers for
the worse-case is 12, the instantaneous SINR experienced by the inner mobile

stations is obtained by using the expressions in Equations (5.2) and (5.3). That is,

2
!
\ PeNB |th |

SINR,,.. (7:hsdys) = o2 ) - >
mner 212 \/%|}LZ|2 + BD a’inneT (Z,h)
i=l /'t’[PL (dL ) Uimmr

where
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a, _ Aus z ( |h| J XusB D [477fj
’ | [S| Zl i |hMS| Uznner \/‘PFINB
is conditioned on the channel gains h={h,,h} and the log-normal shadowing

coefficients ;(Z{ZMS, ;(L} In the following, we consider the conditional average

SINR. That is, the average SINR is conditioned on knowledge of y and h.

Since the mobile users assumed to be randomly distributed within a cell in a ring-
like pattern, the probability density function (PDF) for a mobile user being at a
distance of d . (KM) from eNB may be written as

MS

2nd,,, 2d,
f[dMS]:?I:QIS:ﬁQISJ OSdMS SRU (56)

The average SINR conditioned on y and h is defined as

R,
S[NR”W“’T (Zﬂ h) [S]NRmner J.S]NRinner (Z’ h’ dMS ) f [dMS ] ddMS
0

Using the expression in Equations (5.5) and (5.6) and integrating, we obtain

Y 4 2R
SINRIW’L(! b) JWS dS[NRM’Ml(’f‘ 0 5.7
Z 2[ Roz a’mner (l’h) |2_U|ai7mer (z7h') ( )

which is the conditional average SINR for the inner mobile wusers. The
unconditional average SINR for inner users is obtained by averaging the expression

in Equation (5.7) over yand h using a Monte-Carlo simulation.

5.2.2.3 SINR Analysis for Outer MSs

In this section, the average SINR for the outer MSs is analyzed. Figure 5.4, shows
the 5 interferers in the first tier from co-channel relays in the same cell and 6

interferers in the second tier from co-channel relays in other cells.
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Figure 5.4: lllustration of the outer ICI cause by co-channel RNs.

Following similar steps used in the analysis for the inner users, we obtain the

probability density function of d, . as

fldus] = - (;deSRz) = (Rfdf}), R <d, <R (5.8)

Therefore, the conditional average SINR , for the outer MSs is calculated as

outer

2R*Y 2R
|2 _Ul(R2 _Roz)aouter (Z’h)

SINRouer (7,0 jSIN e (o) Fldys ]ddys = (5.9)

where

h, BD (4xf Y
outer Z’ ZMS ZJ 1 ‘ ‘ ZMS [ ﬂf; j
outer

| | Xi JU |th| G

is conditioned on the random channel gains h={hMS,hj} and the log-normal
shadowing coefficients y Z{ZMS,Z,»}, P,, is the transmitted power at the relay
station,d; is a distance from the j" interfering RN ( j = 1,2,..,11) to the MS being
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located at the edge of the relay covering area, h; is the channel coefficient between
the 7" interfering RN and MS, y; is the log-normal shadow coefficient, and U, is

the average number of users in the outer region. For the worse-case interference, d;

is given as

d, =R, RABR,\3R, 2R , NTRANTRANTR,3R,3R,3R

First Tier

Second Tier

Similarly, the unconditional average SINR for outer users is obtained by averaging

the expression in Equation (5.9) over y and h using a Monte-Carlo simulation.

5.2.2.4 Average Capacity Analysis for DR Scheme

The analysis of the average capacity for the DR scheme is now considered. The
average cell capacity is obtained by adding the average capacities for inner and
outer users. The average capacity for each user category is obtained by evaluating
the probability density function of the instantaneous spectral efficiency and

averaging over the distance between the base station and the mobile station.

Consider the same predefined radio resource allocation factor (®) in Chapter 4,

the total average capacity is given as

B

B[C]=F[C,,, ]+ F[C,.]= o

inner] (1+(D) E[Qouter]+

BlQu.]  (5.10)

mner

for the inner users and Q. (x.h.d)=1log, (1+SINR

where @, (x.h,d)=log, (1+SINR. (z» h,d)) is the instantaneous spectral efficiency

Oum( ;(,h,d)) is the instantaneous
spectral efficiency for the outer users. The average spectral efficiency for the inner

MSs equals
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2 2

2(1%; (Ra,, +1) v =a,2 (2. h)j

|2 - U|R02 10g(2) Cinner (Z’ h)

Qinnar (Z’ h’) =

Qiner (Z Jhydyg ) f [dMS ] ddy, = (5.11)

© —_—

and the average spectral efficiency for the outer MSs equals

2

2R = R*|(a,,, (2,h)+1) ®
Az, h,d, d,.|dd, .= = e 5.12
Qier (Z MS) f[ MS] MS |2—U|(R2 —Rf)log(Z)aOW (}(,h) ( )

Quuter (Z’ h) =

T e—

After obtaining the average spectral efficiencies for inner and outer MSs, the total
conditional average capacity, conditioned on y and h, is calculated by substituting
Equations (5.11) and (5.12) into Equation (5.10). That is,

- B = OB =

C (1) = gy Qumer (214 s Qo (2:1)

Due to the difficulty in averaging the above over the channel and shadowing

parameters, we resort to Monte-Carlo simulation.

5.2.3 Numerical Results and Discussion

In this section, the performance of the DR scheme is compared to the OR scheme
discussed in Chapter 4. Semi-analytical results for the average SINR and the
average capacity are obtained from the derived expressions in Section 5.2.2. The
parameters for the DR scheme are shown in Table 5.1, which are consistent with
the LTE-A standard. The results for inner MSs are obtained when inner users are
served by eNB and are located in distance from Om to 500m from eNB, and the
results for outer MSs are obtained when outer users are served by distributed relay

terminals from the distance 500m to 1000m.

Moreover, the semi-analytical results are conducted when the mobile station is

moving in two paths as shown in Figure 5.5. Path (a) for MS is moving from the

113



Table 5.1: System parameters.

Parameter Value
Carrier frequency (f:) 2 GHz
Frequency bandwidth (B) 10 MHz
eNBs’ transmission power (P, ) 46 dBm
Relays transmission power (P, ) 40dBm
eNB antenna pattern Omni-directional antenna
Relay antenna pattern 120° directional antenna
Noise power density (D) -174 dBm.user/Hz
Cell radius (R) 1000 m
Relay radius (7) 500 m
Modulation type QPSK
Number of relays per cell 6
Path loss exponent (v) 3.5
Path loss model PL(dB) = 35.46 + 35 log(d), d in km
Rayleigh fading variance (o} ) 1
Log-normal shadowing variance (o)  |6.31

base station towards the relay station, crossing the inner and outer regions, and
Path (b) for MS is moving from one relay to another in the same cell. Both paths
illustrate the effect of relay deployment in regions between the base station and the

relay, and the region between two consecutive relays.

Figure 5.6 shows the SINR profile for the OR and the DR schemes when the MS is
taking Path (a). The mobile station is assumed to move from the cell center
(Distance=0m) to the cell edge (Distance=1000m). The semi-analytical results
were obtained for a MS taking steps away from the base station, each is 10m long.
For each step, 10° small-scale fading channel coefficients and shadowing coefficients

were generated and used in the expressions in Equations (5.7) and (5.9) for inner
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Figure 5.5: Moving paths for the mobile station

and outer average SINR, respectively. The average SINR for each step is then
calculated by averaging this several SINRs over 10°. It is noticed that the SINR
decreases exponentially when the MS moves away from the base station due to the
decrease in received signal strength and the increase in ICI. However, the SINR
decreases exponentially until the inner MS reaches the bounds of the outer region
and increase exponentially as it approaches the relay. Since inner users in both
schemes have similar conditions (the number of eNB interferes, distances, and eNB
transmit power), the curves for both scheme from Om to 500m match. The figure
also shows that, in the worse-case, the OR scheme performs better than the DR in
terms of SINR by about 8dB. This is due to the strong ICI from the relays within
the cell in the DR.

For a mobile station taking Path (b), the SINR at the mobile station is obtained in
Figure 5.7. The mobile station is receiving from the first relay from distance Om to
500m, and then it starts receiving from the second relay from distance 500m to
1000m. It is noticed that the SINR decreases exponentially when the MS moves
away from the first relay due to the decrease in received signal strength and the
increase in ICI. However, the SINR decreases exponentially only until the MS
reaches the boundary between the two relays and increase exponentially as it
approaches the second relay. The figure also shows that the OR scheme performs

better than the DR at cell-edge areas due to relatively weak ICI from the relays
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Figure 5.7: SINR performance comparison for the DR and the OR schemes.

within the cell in the OR scheme. For example, at distance from 400m to 600m, the
SINR difference between the two curves is about 10dB.

It is noticed from Figure 5.7 that the SINR is dropping to very small values when

the mobile station locates between two consecutive relays. This is due to the strong
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Figure 5.6: Outer SINR comparison when the OR and the DR schemes are

utilized.
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Figure 5.8: MS distances from RN; and RN-.

interference from co-channel relays especially the relays within the cell. In the
following section, a proposed transmission scheme is presented such that the effect

of high ICI is reduced and consequently the SINR is improving for outer users.

5.3 The Enhanced-Directional Relay (E-DR) Transmission
Scheme

According to the previous results and discussion, utilizing the DR scheme in the
LTE-A network shows degradation in terms of SINR profile. This is due to the
strong mutual interference from the co-channel relay terminals at the edges of the
cell. The severe effect of such interference is noticed in regions between two relays
in the same cell. A possible way to solve this issue is to employ a transmission

scheme that increases the diversity from the relay terminals and reduce the effect
of ICI.

5.3.1 System Model

In the DR scheme, the relays in each cell have the same allocated frequency
resources. Therefore, the mobile station is able to receive from two relay nodes
simultaneously and improve the desired signal power. Here, we refer to the
transmission scheme that wutilizes receiving from two relays simultaneously as

enhanced-directional relay (E-DR) scheme.
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Figure 5.9: The E-DR scheme.

Figure 5.8 shows an example of the E-DR transmission scheme where the mobile
stations a and b are hosted by both RN; and RNs. In this scheme, the base station
is unable to communicate directly with the outer mobile stations because they
operate in different frequency bands, so the base station communicate with RN;
and RN, by, for example, a cable, and RN; and RN, forward to the mobile station
simultaneously. The benefits of employing the E-DR scheme are increased diversity
when the mobile station receives from two transmitters, and reduced number of
interferers by one since the second relay is now an assisting terminal and not an

interferer.

5.3.2 Performance Analysis

In order to demonstrate the effect of using the E-DR scheme, the average SINR

and the average capacity are derived and compared with the DR scheme.

5.3.2.1 Average SINR Analysis for the E-DR Scheme

In this section, the average SINR is derived for the E-DR scheme. Since the

modification on the DR scheme is made for outer users, the average SINR analysis
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in this section will concern only outer E-DR users. The inner users in both schemes

have the same average SINR obtained in Section 5.2.2.1.

Referring to Figure 5.9, when the MS is at distance d,¢ ~ from RNy, it experiences

an instantaneous SINR from RN; of

VB

MSpy,

2

%

SIN RRNI (Z, h, dMSRNI ) _ X M8y, PL (dMSml ) _ 2 d S

10 \/P;TN‘hjr +BD

e nia) |

hMS oy ap_pr / v MSpy,

outer

where h = {hMSm ,hj} and y = { Kuts,y o ;(j} . When the MS is at distance d,; — away
from RNy, the instantaneous SINR from RN, is

JPux

X Sy, PL (dzm;,w2 ) dMs,w2

S[NRRNZ (}(’h’dMSMZ ) = . \/P—‘h ‘2 5D = 2
e )|

Zj:l ZjPL(dj) U

outer

2

hMSRNZ

}“LMSM,2 ap_pr! X MSpy,

where a, ,, in both expressions equals

10 ‘hj‘z BD (472’][C Jz
Op pr = Z +

= X ;U PRNU ¢

outer o

Note that in both SINR expressions, the summation is taken for 10 co-channel
relays and not 11 as in DR scheme. This is because RN, is now an assisting relay
and not an interferer. Because the MS receives desired signals from RN; and RN,,
the instantaneous overall SINR received at MS is the sum of SINR terms from RN,
and RNy, that is,
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Figure 5.10: The ranges of d,;, —and d, —in cell site.

SINR, ... (2.1 d) = SINEy (2 hodys, )+ SINEy (2.0, )

bt % -0
X M8y, d]ufs,mI X sy, d]ufs,?_“,2 (5.13)
2 2

th,Wl (p_pr th,f)\,z (p_pr

where d = {dMSm slygs, } . The average SINR, conditioned on knowledge of y and h,
is calculated by integrating the instantaneous overall SINR expression in Equation
(5.13) over d, and d,, in the ranges shown in Figure 5.10 (a) for d,, and in

Figure 5.10(b) for d,,, . That is,

R-R, R
SINRoier (1:h)= [ [ SINR,,,, (2:hd)ddyy, ddyy
0 R-R,
v , (.14
_ gy, (R_Rn)((R_Ro)l _RH)) X, B, (R_Ro)l ( )
= 3 - 2
|U _1|‘hRN| ‘ aouter (l’h) |U_1|‘h’RN2 a’outer (l’h’)

The average SINR will be used to derive the average capacity for E-DR scheme in

the next section.
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5.3.2.2 Average Capacity Analysis for E-DR Scheme

In E-DR scheme, the overall per-cell capacity is the sum of the capacities provided
to the inner and outer MSs. The average capacity for the inner E-DR users is equal
to the average capacity for the inner DR users found in Equation (5.11). This is
because the DR and the E-DR schemes have the same inner users’ SINR
characteristics. However, the average capacity for outer users is different for the DR

and the E-DR schemes. Since Q{)m‘()(,h,d)zlogz (1+S[NR (;(,h,d)), the

outer

average outer spectrum efficiency, conditioned on y and h, is given as

E[Q,. (2.h)]= E|10g, (1+ SINR,,, (7.1))]

Since it is difficult to find a close form for the above expression, the conditional

average outer spectral efficiency is upper-bounded as

E[Q,., (z.h)] < 10g,(1+ E[SINE,,,, (2.1)])

Therefore, using the value of SINRouer ( ;(,h) found in Equation (5.14), the
conditional upper-bound spectrum efficiency equals

Q uter (;{, h) < log, (1 + moum (;(, h))
szR—R)«R—Rf”—RM)_ 2w B (R-R) " |(5.15)

’ a,.. ( V2 h) |U _ 1| ’ a.. ( V2 h)

=log,| 1+

|U - 1| hRNl

hRNz

After obtaining the conditional average spectrum efficiency for the inner and the

outer MSs, the conditional total average capacity is upper-bounded as,

BT (et) 05T (1)
(1+ @) (1+®)

C(xh) < (5.16)
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Table 5.2: Semi-analytical and simulated average SINR.

Average SINR (dB)

Semi-Analytical | Simulated
inner users 17.1058 17.011
The DR scheme
outer users 9.9486 9.8977
The E-DR inner users 17.0980 16.9873
scheme outer users (upper) 22.6610 22.5977

Due to difficulty in averaging the expression in Equation (5.16) over the channel

and shadowing parameters, we resort to Monte-Carlo simulation.

5.4 Numerical Results and Discussion

In this section, the performance of the E-DR scheme is compared to the OR and
the DR schemes. Semi-analytical results are obtained for the average SINR and
average capacity that were derived in Section 5.2.2. The parameters for the DR and

the E-DR schemes are the obtained from Table 5.1.

Table 5.2 presents the average SINR comparisons between analytical and simulated
results for DR and E-DR schemes. It is shown that the analytical and simulated
results match for both schemes. The average SINR for the inner users in both
schemes is equal since the modification on the DR scheme is made only for outer
users. Meanwhile, the outer users achieve an average SINR of 22.661dB when E-
DR scheme is utilized, which is higher than 17.1058dB achieved when utilizing the
DR scheme. Therefore, transmission with the use of two relays, the E-DR exhibits

better average SINR than the DR.

Figure 5.11 shows 3D plots for the attainable SINR provided by the transmitting
terminals to a mobile station roaming within a cell. The figures are obtained to
compare the DR scheme in Figure 5.11 (a) and the E-DR scheme in Figure 5.11
(b). Both figures show that the SINR is very high for regions close to the
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transmitting terminals as seen from the seven peaks for the base station and the
six distributed relays. Moreover, when the mobile station is moving away from the
transmitters, it encounters low signal level and high interference that yields low
SINR. 1t can be seen that the side peaks that represents relays terminals for the E-
DR is higher than the side peaks for the DR scheme.
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For a clearer demonstration, Figure 5.12 shows the recorded SINR contours across
the cell for the DR scheme as shown in Figure 5.12 (a), and for the E-DR scheme
as shown in Figure 5.12 (b). The figures show that the SINR contours for the cell-
centre users are similar for the two schemes. However, the SINR contours for the

outer users are different in both schemes where Figure 5.12 (b) shows higher SINR
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Figure 5.12: Analytical SINR contours.
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than the one in Figure 5.12 (a). Specifically, in Figure 5.12 (a), there are regions
within the cell where the mobile station encounters -5dB SINR, such as the region
between the base station and any relay, as well as the region between two
consecutive relays. However, the contours in Figure 5.12 (b) always records SINR
higher than 5dB. Such significant improvement is due to the diversity improvement

in the E-DR scheme.

Figure 5.13 provides an explicit view of the SINR profile for the OR, the DR and
the E-DR schemes, where the MS is assumed to move from the cell center to the
cell edge. All schemes show exponential decrease in SINR when inner and outer
users are moving away from eNB or RN. As for the outer users, the figure shows
that the highest SINR is achieved when the E-DR is utilized. For example, at a
distance of 520m, the outer DR wusers achieve an SINR of -7dB, the OR users
achieve 2dB and the E-DR users achieve 8dB. Despite the improvement for outer
region, the inner region requires more improvement for regions where SINR drops

below 10dB (300m to 500m). This issue will be addressed and solved in Chapter 6.

Figure 5.14 shows the achieved SINR for the outer MS users when the OR, the DR
and the E-DR schemes are utilized. The results are obtained for a moving mobile
station from one RN to another in the same cell. The figure shows significant
improvement in SINR by the E-DR scheme specifically from distance 300m to

700m, which is due to the diversity improvement made by both relays.

Table 5.3 shows the average analytical and simulated average capacity comparisons
for DR and E-DR schemes. The average capacity results are obtained for inner and
outer users. The table shows that average capacity for inner users in both schemes
is the same due to the similarity of SINR characteristics for inner users. However,
the outer average capacity for E-DR is higher than the outer average capacity for
DR by 3.0713bps/Hz or 44.75%. This is due to the diversity improvement at cell-

edge region and ICI reduction that mainly influence the capacity.
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Figure 5.13: SINR profile across the cell when the OR, the DR or the E-DR is

utilized.
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Figure 5.14: Outer SINR profile for the OR, the DR and the E-DR schemes.

From all previously provided results, the SINR and the capacity of cell-edge users
are improved remarkably when utilizing the E-DR scheme. The improvement is due
to the diversity gain comes from the cooperation of the edge relay nodes, and due

to the interference reduction.
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Table 5.3: Semi-analytical and simulated average capacity for the DR and the

E-DR schemes.

Average Capacity (bps/Hz)

Semi-analytical Simulated
The DR inner users 5.7102 5.6793
scheme outer users 3.4439 3.4285
The E-DR inner users 2.7077 5.6716
scheme outer users (upper) 7.5356 7.5147

5.5 Chapter Summary

In this chapter, a transmission scheme, the directional-relay (DR) scheme, has been
proposed to overcome the issues of inter-cell interference and cell-edge users
improvement. The scheme also benefits in reducing frequent handover within the
cell since the relays serving the outer users carry the same allocated frequency
resources. The chapter has included the system model and some performance
analyses that measure the validity of the DR scheme. The results from the DR
scheme shows deficiency in SINR due to strong ICI from co-channel relays within
the cell. To overcome the issue of the strong ICI within the cell, the enhanced-DR
(E-DR) transmission scheme is proposed by increasing the diversity of the received
signal at the mobile terminal. The performance measures of the E-DR were also
derived and compared with the DR scheme using theoretical and simulated results.
The results show that the E-DR scheme provides better performance in terms of
average SINR and capacity than the DR due to the diversity gain provided by

relay terminals.
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Chapter Six: In-band Distributed Relays-Aided
LTE-A Cellular System

6.1 Introduction

In Chapters 4 and 5, it was seen that the average SINR of cell-edge users was
improved by using distributed relay terminals. This improvement is achieved at the
expense of spectral efficiency. This is because the total available download
bandwidth was divided by a frequency reuse factor of three for the OR scheme and
a frequency reuse factor of four for the DR scheme. Since LTE-A requires more
per-cell spectral efficiency, it is necessary to have a system with less frequency
reuse factor in order to gain higher spectral efficiency. In systems where a universal
frequency reuse factor (UFRF) scheme is employed, the channel capacity for each
user is improved since each base station exploits the overall available bandwidth.
However, this leads to degradation in reception due to high interference from

adjacent cells especially for cell-edge users.

In order to achieve a higher degree of spectral efficiency, the conventional UFRF
system can be modified by deploying Type II (or in-band) relay terminals at the
edges of each cell that utilize the same frequency resources as the base stations.
Such modified network setup can provide higher spectral efficiency and improve the

SINR for cell-edge users. We shall refer to this as in-band relay (IR) scheme.

In Chapter 6, we propose the use of Type II relay terminals at the cell edge area.
The objective is to exploit the available bandwidth resources, increase the required
link capacity, and improve the cell-edge users. In addition, we propose a
cooperative transmission algorithm such that the network terminals (the relay
terminals and the base station) can communicate cooperatively. The purpose of
this cooperative transmission algorithm is to increase the degree of transmit
diversity from network terminals. Moreover, we propose the use of an inter-cell

interference cancellation technique jointly with the cooperative transmission to
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cancel the interference stemming from the in-band relays. To validate the
performance of the in-band relay scheme, its cooperative transmission, and the use
of inter-cell interference cancellation technique, we conduct analyses of the BER

upper-bound, average SINR, and the average capacity.

Chapter 6 is organized as follows. Section 6.2 focuses on the system model for the
proposed IR scheme. Section 6.3 presents the proposed cooperative transmission
algorithm for the IR scheme. It discusses the received signal model as well as inter-
cell interference cancellation technique employed in the cooperative transmission.
Section 6.4 provides analytical and simulation results for the IR scheme and when
employing the proposed cooperative transmission algorithm and interference

cancellation technique.

6.2 The In-Band Relay (IR) Scheme

In this section, we present the system model for the proposed IR scheme. We

include the received signal model and conventional ML decoder for the IR scheme.

6.2.1 System Model

The in-band relay scheme (or simply IR) is a modified UFRF network topology,
where Type II relay nodes are deployed at the edges of each cell. When utilizing
Type II relay nodes, we allocate frequency resources for each relay node similar to
frequency resources for all base stations. The benefit of IR scheme comes from
exploiting the available bandwidth resources, as the bandwidth resources here are
much higher than any system employing fractional frequency reuse techniques. The
system structure for the proposed IR system is illustrated in Figure 6.1, where at
the edges of each cell, there exist six-Type II relay nodes, each equipped with a
single, omni-directional antenna. The use of relay nodes, particularly at the edges

of each cell, provides higher desired signal power for edge users.
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Figure 6.1: The in-band relay (IR) schemes’ system model.
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Figure 6.2: Power and frequency resources allocation for the IR transmit

terminals.

The power for each relay node (P, ) is set to be equal for all relay nodes and less
than the power allocated for the base station (P,,) with a power ratio of 5, which
takes a value around 0.1 according to the LTE-A standard [103]. Figure 6.2 shows
the power and frequency resources allocation for any base station and relay

terminal in the network.

In the IR scheme, since all terminals within the cell are allocated the same
frequency resources, the base station and the edge relays can form a virtual cell
that performs cooperative transmission of information such as data and CSI from

the involved terminals. We shall refer to this wvirtual cell as evolved-cell. The
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evolved-cell, or simply E-cell, is illustrated in Figure 6.3, where each E-cell consists
of a base station and six distributed relay terminals. The locations and
characteristics of the relays make it easier to carry traffic from one E-cell to
another, and consequently smoother handover process is achieved. The base station
in every E-cell provides centralized coordination between terminals (the base
station and the six relays). The coordination between the base station and any two
relays is similar to the coordination technique between multiple cell sites called
coordinated multipoint transmission (CoMP)[118]-[120]. CoMP is proposed to
facilitate the communication between multiple transmitters such that co-channel
cells are transmitting desired signals rather than interfering and degraded signals.
The coordination between terminals requires centralized radio access network
(RAN) point for a group of coordinated base stations. In our proposed E-cell
concept, the coordination between terminals is controlled centrally by the host base
station. Therefore, there is no need to connect the base station and the distributed

relays through an extra RAN device. The transmission between coordinated

Evolved-cell

Figure 6.3: Illustration of seven evolved-cells, each consists of one eNB and six

relay nodes at the cell edges.
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terminals will be discussed in details in section 6.3.

Regardless of the great benefits from edge-relay deployment, strong interference is
introduced from the relays within the E-cell and from other adjacent E-cells. This
interference reduces the SINR and consequently degrades capacity. In the following
section, we introduce the effect of this interference by presenting the received signal

model as well as the conventional ML decoder.

6.2.2 Received Signal Model & Conventional ML Decoder for the IR

Scheme

In the IR scheme, the mobile station is communicating through either the base
station or a candidate relay within the E-cell and not through both. The candidate
relay is selected according to its received signal level. Hence, after allocating the
relay, the base station transmits to the relay through, for example, a cable, and the
relay retransmits to the mobile station. The data transmission in the IR scheme is
similar to direct transmission as the mobile station is receiving from one
transmitter, the base station, or the candidate relay node. To further illustrate the

IR scheme, consider the E-cell in Figure 6.4.

Assuming RN; provides the highest received signal level, the figure shows two cases
when the mobile station is receiving desired signals from either eNB; in Figure 6.4
(a) or RN; in Figure 6.4 (b). When eNB; transmits to the mobile station (solid
arrow), there exists inter-cell interference delivered by the six distributed relays as
well as inter-cell interference delivered by other neighboring E-cells indicated by the
dashed arrows. Also, when RN, transmits to the mobile station (solid arrow), there
exists inter-cell interference delivered by the other five distributed relays and the
eNB;, as well as inter-cell interference delivered by other neighboring E-cells
indicated by the dashed arrows. Assuming Rayleigh flat fading channel between
terminals, and s(n) is the transmitted symbol sequence, the received signal at the

mobile station is given as
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Figure 6.4: System model for one Fvolved-cell downlink.
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when the MS receives directly from the relay node. In Equations (6.1) and (6.2),
hps and hyy are the channel coefficients for the eNBi-MS and RN;-MS links,

€.

hih ™ co-channel relay within the

respectively, is the channel coefficient from the 7

E-cell to the MS, helj% iy, 18 the channel coefficient from the j* co-channel base
station / relay from other E-cells to the MS, and w(n) is AWGN. w(n) is
modeled as zero-mean, complex Gaussian random variable with variance o (n). If
no ICI cancellation technique is employed, the data at the mobile station can be
ML decoded conventionally by computing the decision statistic, which is obtained

by multiplying the received signal by the conjugate of the desired channel as

A *

Yonn (n) = h/(:j'\val Yenn (n)

6
\/ eNB ‘ eNB, ‘ )+Z PRNh:NB,hI{Zi{lSiIUI (n)+..+
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in Equation (6.1), and
gRNl (n) = h:zzvl Yruy, (n)

2 5 5 v = 5 N 5
= Lry ‘hRNl‘ 5(”)"'2 PRNhRN, hé%' S;Cll (n)+..+ z B pinn hRN, hzf[\CIAIEZ//RN]S;C[Z (n)+hRN,w(n)
=7

in Equation (6.2). Then, the received sequences from the base station and the relay

node are selected according to

2
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S
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and

2

§(n) = argmsin .

o (1) = 2P 5

respectively. Assuming each symbol in the sequence has an average energy of

)

‘s(n)‘z =1, and h,y, , hé%‘ and helj%i jry, are uncorrelated, it can be shown that the

instantaneous SINRs of the decision statistics are given by
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for ¢ ., (n) and gy (n), respectively. Note that the ICI from the relay terminals
within the E-cell and from other E-cells degrades the performance of decoding the
received symbols. In this dissertation, we shall refer to the IR scheme that decodes
the symbols conventionally without any ICI cancellation technique as conventional
IR scheme. In the following section, we propose a cooperative transmission

algorithm for the IR scheme to increase the diversity of the received signals.
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6.3 Cooperative Transmission Algorithm for the IR Scheme

In an E-cell, communications between the serving base station and the mobile users
with the assistance of the relay nodes is achieved using the following algorithm.
The base station serves the mobile user whenever the signal level is above a certain
threshold. When the received signal level drops below this threshold, the mobile
station starts searching for two potential relay nodes that provide the strongest
signal levels among the other relays within the E-cell. After locating the two
candidate relays, the base station and the two relays start transmitting to the
mobile station. In Chapter 3, the transmission protocol Enhanced-Decode-and-
Forward (E-DF) has shown remarkable improvements in terms of data rate and
diversity gain. Here, the desired eNB and the two candidate relays form a similar
structure in the E-DF structure. Hence, E-DF is used as cooperative transmission

scheme in IR network.

To further illustrate the cooperative transmission using E-DF cooperative scheme
in the IR network, consider the system in Figure 6.5. The base station eNB; in the
E-cell aims to communicate with MS;. The figure shows that beside eNB;, there
exist six candidate relay nodes, namely, RNy, RNy, RN3, RN4s, RN; and RNg, that
can provide assistance to eNB. It is assumed that RN; and RN, provide the
strongest signal levels among the six relays. Therefore, eNB, RN; and RN,
communicate cooperatively with MS;. During the transmission, there exists inter-
cell interference delivered by the other four relays, as well as inter-cell interference

delivered by other neighboring E-cells indicated by the dashed arrows.

6.3.1 Received Signal Model for IR System with FE-DF Cooperative

Scheme

At the eNB, the information bit sequence is first mapped from a complex signal
constellation into a desired complex symbol sequence. The complex symbol

sequence is then parsed into code vectors s, (n) = [3(271) s(2n+ 1):|T ,
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Figure 6.5: System model for one evolved-cell downlink using cooperative

transmission.

‘s(n)r:l, n=0,1,2,.,N-1. It is assumed that the channel coherence time is
comparable to the symbol duration due to relative motion between transmitter and
receiver. The channels between terminals are modeled as uncorrelated frequency-
flat but time-selective Rayleigh fading. The channel gains are assumed time-
invariant within two signaling intervals but may vary in every two signaling
intervals. Fach relay power is assumed a fraction of the base station power

according to the following relation
Py =nFy (6'5)

where 0<y<1. Let the total number of terminals in the network (base stations plus
relay nodes) be denoted by =Z. The downlink sequence transmission to the MS is
accomplished in two phases that are repeated until the end of the entire symbol

sequence. The two phases are illustrated in Figure 6.5.

In phase 1, Figure 6.5 (a), eNB transmits the first sequence s(2n) to MS;, and
RN; transmits the second sequence s(2n+1) to MS;, simultaneously. The mobile

station MS; receives desired signals from eNB and RN;, and interference from
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relays within the E-cell (RN, ¢ ={3,..,6}) and from terminals in other E-cells
(eNBy, RN;, j ={7,..,=-6}) as

y(2n): RNBhNBs(Zn)+PRNhRN3 2n+1 Zﬂ/ N h};f\,[‘sm1 2n +...

Desired signals from Interference from relays
eNB and RN, within E-cell

+ZV eNB/RN h:]f;g/]?N 7[0[2 2n)+w(2n)

Interference from terminals
in other E-cells

(6.6)

where h,y,; and hg, are the channel coefficients from base station to MS,, and
from relay node to MS;, respectively, and w(2n) is additive white Gaussian noise
(AWGN). In Equation (6.6), all channel coefficients are combination of path loss,
fading and shadowing coefficients. Path loss model is given in Equation (4.2),
whereas fading and log-normal shadowing are modeled as zero-mean, complex
Gaussian random variables with variances o and Gi , respectively. Also, additive
white Gaussian noise is modeled as a zero-mean, complex Gaussian random

variable with variance o (2n).

In phase 2, Figure 6.5 (b), eNB and RN, modify the constellations of the symbols
such that, eNB changes s(2n+1) to s*(2n+1) and RN, changes s(2n) to s*(Zn).
Both, eNB and RN,, transmit the modified symbols to the MS simultaneously.
Therefore, the signal received at the MS from eNB, RN, and the interferers in

phase 2 can be written as

y(2n+1)= eNBheNBS (2n+1)— P,y hRNs 2n Z,/ RNhIIgf‘sZICI‘ 2n+1)+

Desired signals from Interference from
RN, and eNB relays within E-cell

(6.7)

~—6

\/ NBIRN helz%z/}zzv 716[2 2n+1)+w(2n+1)

Interference from terminals
in other E-cells
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where hy, is the channel coefficient from RN, to the MS and w(2n+1) is AWGN.
In Equation (3.4), w(2n+1) is modeled as a zero-mean, complex Gaussian random
variable with variance o2 (2n+1). Assuming the channel conditions for all links are
quasi-static at least over two consecutive signaling intervals, and taking the
conjugate of y(2n+1) in Equation (6.7), Equations (6.6) and (6.7) may be
expressed in vector-matrix form as the sum of desired signals, interference from

terminals within the E-cell and interference from other E-cells as

y(n)= Hps,(n) + H,, s, (n) + H,, 8,0 (n) +w(n) (6.8)
NS —
Desired signals ICI within the ICI from other

Evolved-cell (ICIl) Evolved-cells (ICIQ)

where y [y 2n y (2n+1)]T , y(n) e C* is the received signal vector,

P,sh P.vh

eNB'%NB RN,

H, = . , H,eC>
ey RN h’RNZ ‘PcNB heNB

is the channel matrix for the desired signals, s,(n)=[s(2n) s(2n+1)]T ,
s,(n)eC™ is the desired signals transmitted from both eNB and RNj,

2><2 i 2x1
H,, 1c1l ZH1C11 1C11 » Hy, €C Sicr, (n) eC

is the interference caused by the interfering relay nodes (i.e. RN3, ..., RNg) within
the E-cell,

i 2x2 i 2x1
H10125101 Z H[m s[('[ n » Hjg € c™, Sic1, (n) eC

is the interference caused by the interfering terminals in other E-cells and W(n),
w(n)eC*" is AWGN vector. It can be seen in Equation (6.8) that recovering the
desired symbol sequences, S(Zn) and 3(2n+1), is difficult due to the added inter-

cell interfering signals. For this reason, inter-cell interference cancellation technique
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must me employed to eliminate the interference and, consequently, decode

correctly.

In the literature, several inter-cell interference cancellation and coordination
techniques have been proposed to cancel interference or, at least, to regulate it to a
minimum acceptable level [121-129]. Examples of such techniques are power
control, scheduling, post-coding and pre-coding. FEach technique has its
characterized performance, implementation complexity, and spectral efficiency
improvement. In the following, we propose the use of Interference Rejection
Combining (IRC) technique as an inter-cell interference cancellation technique that

works jointly with the E-DF and the IR schemes.

6.3.2 IRC-Aided IR Scheme with E-DF Cooperative Systems

6.3.2.1 Introduction

The idea of lossless interference cancelation in a communication system was first
proposed for Digital- AMPS (D-AMPS) systems by Bottomley and Jamal in the
article “Adaptive Arrays and MLSE Equalization” [130]. The authors considered
two processes that corrupt the channel inputs — interference and the noise, and
modeled their sum as a Gaussian process. In their work, Bottomley and Jamal
showed that there exists a receiver structure that cancels the interference without
incurring any power alteration or rate loss. They named the cancellation technique
at the receiver as Interference Rejection Combining (IRC). Their idea was later
applied to GSM systems [131]. Moreover, several studies have been conducted for
the IRC technique in MIMO systems such as [132-135]. The IRC technique and its
extensions require knowledge of the interference and noise covariance matrix and
uses maximum likelihood sequence estimator (MLSE) equalizer. Estimating this
matrix has been conducted such as [133]. To this author’s knowledge of the

literature, IRC has not been applied for interference cancellation in cooperative
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communication systems. In this dissertation, we propose a two-stage processing at
the IR scheme with E-DF receiver — decoupling the desired symbols followed by
IRC.

In the following, we discuss the received signal model and decoupling the desired
symbols by diagonalizing the desired channel matrix. Then, we show, by
simulation, that the first and second tier interference at the output of the receiver
fit the Gaussian model. Having established this, we eliminate the inter-cell
interference using an MLSE equalizer. This requires estimating the covariance
matrix of the combined interference and noise. Finally, we derive the average bit-

error rate (BER) upper bound of the two-step decoding.

6.3.2.2 Signal Model

Due to proximity to the desired transmitting terminals, interfering relay terminals
within the E-cell (referred to as tier 1) cause the most effective interference
followed by terminals in neighboring E-cells (tier 2 interferers). Therefore,
elimination of the effect of ICI; and ICI, in Equation (6.8) is necessary for reducing
the bit-error rate. One way to eliminate the effect of tier 1 and tier 2 interferences
is by using interference rejection combining (IRC) technique [130]. IRC has been
applied to cancel the interference at the mobile station receiver for D-AMPS [130]
and GSM [131] where interference is assumed to be Gaussian. Referring to the
received signal in Equation (6.8), ICI; and ICI, may be combined with the noise

elements to yield a new vector z(n). Hence Equation (6.8) is rewritten as

y(n)=H,s,(n)+z(n) (6.9)

where z(n)= H,0 8,0, (n)+Hmzsm2 (n)+w(n), z(n)eC™ is the combined

interference plus the AWGN.

In this dissertation, we propose a two-step decoding approach. In the first step, we

decouple the desired symbol sequence by diagonalizing the desired channel matrix.
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In the second step, we show that the interference is Gaussian, through simulation,
and then apply IRC to cancel the interference. The following subsection derives the

diagonalization of the desired channel matrix.

6.3.2.3 The Diagonalization of the Desired Channel Matrix

Consider the channel matrix H, and the desired data sequence s,(n) in
Equation(6.8). Assuming the channel is time-invariant over at least two consecutive

signaling periods, multiplying s, (n) by H, yields

HDSD(n):{ hENf n}iRN]:l[ s(Zn) }:{h@Nis(2n)+77hRivls(2n+l)

~hpy,  hoys s(2n+1) —nhRst(Zn)—i-heNBs(Zn—i-l)

Because s(2n) and s(2n+1) appear in every term in the vector Hps,(n), it is
necessary to decouple the two sequences in order to decode correctly. The
separation of two sequences can be achieved by diagonalization of the desired
channel matrix H,. One method for matrix diagonalization is using matrix
decomposition [143]. This method requires calculating the eigenvalues and
eigenvectors, which adds more complexity at the receiver. In this section, we
propose the use of Tran & Sesay [105] diagonalization method to decouple the
desired data sequences. The method of Tran & Sesay provides less complexity
compared to matrix decomposition. In [105], diagonalizing the desired channel
matrix is carried out by constructing a matrix ¢, such that its product with H,

is a diagonal matrix. i.e.

%HD:V O}éAD and <pDHDsD(n):[ﬂ1 0}[ s(2n) }:[ /115(271)}

0 4 0 4 s(2n+1)| | As(2n+1)

where A, and A, are in general complex-valued coefficients that are specified later

in this section. Define a 2x2 matrix ¢,
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0, é|:¢Dl (”Dz:|
Dps  Ppa

Multiplying H, by ¢, yields,

P ¢D2j||: hexg nhRNl } B |:¢DlheNB - 77(002]1;1\/2 77§[’L)1hRNl + (oDzh:NB

o,H, = { . . . .
Pps Ppa || 7T hmvz P Pp3lns _77¢D4hmv2 77@33}%1\71 + @pahs

In order to diagonalize the product, the elements of @, are selected to annihilate

the off-diagonal terms. That is,

’7¢’Dlh3m + ¢D2h:NB =0 (6.10)

and

Ppslons = 1Ppahpy, =0 (6.11)

A set of values of ¢, and ¢,, that satisfy Equation (6.10) can be obtained

intuitively as,

Pp1 = h:NB and @), = _77hRN1

Also, a set of values of ¢,, and ¢,, that satisfy Equation (6.11) is given by,

Pps = ﬂh;Nz and @, =h,y,
Using the above four values, ¢, is written as
|:(p131 ¢Dz:| h:NB _77hRN1
(PD = = N
Pps Ppa Mgy, Moy
Using the above matrix, the gain matrix A, =@, H, reduces to a diagonal matrix

2 .
P | + 77th1\/2 hm\fI 0

Ap =diag(4,4,)=
’ ( ) 0 |heNB|2 + nzh;Nz hRNl

142



where

A=t =

2 .
thB| +772hRN2h’RN1 22

Now, the received signal is written as

%:@UL@(?UHé@fTIJ o

y(n) Ap sp(n) 2(n)

where &(n)é(pr(n) and i(n)é(pD z(n) Now S(Zn) and s(2n+1) are
decoupled and its decoding becomes simpler than before. In the above equation,
the vector i(n) is a composition of the first two tiers ICI plus the AWGN
multiplied by the diagonalize matrix @, . This vector causes erroneously decoded
symbols. In the following, a maximum likelihood sequence estimator (MLSE)
equalizer is proposed as a part of the two-step decoding process for the IRC-aided
IR with E-DF scheme to eliminate the effect of the vector i(n) We first need to
establish that the interference components of i(n) are Gaussian so it agrees with

the assumption made in [130] for using IRC.

6.3.2.4 Statistical Characteristics of i(n)

Before we proceed to designing the MLSE equalizer for the IRC, it is necessary to
understand the statistical characteristics of the vector i(n) £ [2(271) 2(2n+1)]T.

Conditioned on the channel parameters for the desired signal, the only random
component in i(n)=(p b z(n) is z(n) Therefore, we only need to establish that

the components of Z(n) are Gaussian. Since

Z(n) - HIC]ISICII (n)+ H101251012 (n) +W(n) ,

and w(n) is Gaussian, we only need to establish that the interference components

are Gaussian.
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Here, we attempt to show that the interference components are Gaussian through
simulation. Figure 6.6 shows the probability density function of the random
variable i(n) for two cases — only ICI; and ICIL; + ICIL,. The curve for the case
where only ICI, is considered is obtained for number of eNBs interferers equals 6
and the number of co-channel relays equals 21. Also, the curve for the case where
ICI; + ICl,is considered is obtained for number of eNBs interferers equals 12 and
the number of co-channel relays equals 33. For each interfere, 10° complex channel
realizations were generated and used at the desired MS together with other
interferers to calculate the probability density function for the first tier interference
and for the sum of the first and second tier interferences. The curves show that the
two interference components (ICI; and ICIi+ICI;) both match the Gaussian PDF

quite well.

In light of the above results, each element of H,, s, (n) vector can be modeled as

a zero-mean, complex Gaussian random variable with variance given by

2 .
O, g 1=12,...,6

2 . :
va;“l j=12,..21

--------- Theoretical Gaussian Distribution

0.7

0.6 ~w MJ')“"L
\m\h

Tier 1

0.5 / ol

=04 Zt P, fy

§ 0.3 ﬂl"r . kﬂ‘\ Tier 1 + Tier 2
0.2 ¥ ,M %c“"*w/
o O R

Figure 6.6: Theoretical and simulated PDF of i(n)
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Similarly, each element of H,. s, (n) vector can be modeled as a zero-mean,
2 2

complex Gaussian random variable with variance given by

o . k=12,..12
eNB, 2
) ~ .
O i 1=1,2,...,33

Since all the channel components are independent, each component of the vector
n)é[z(Qn) z(2n+1)]T is modeled as zero-mean, complex Gaussian random

variable with variance given, respectively, by
(2n ZJNB[“‘ +ZO-I?N[“‘ ZO_NBIUZ +ZUBN’“Z (6.13)
and

0'5(2714-1) 2n+1 zo- NBIh +ZG i +ZU NBI +ZO' /P ’ (614)

where o7 (2n) and o) (2n+1) are AWGN variances for the noise elements w(2n)
and w(2n+1), respectively. Therefore, each element of the interference plus noise
vector after the decoder, i(n) =0, Z(n), is modeled as zero-mean, complex

Gaussian random variable with variance
0-22 (2”):0‘22 (zn)(|hﬁNB|2 +772‘hRN2‘2) (615)
for 2(271) and

o2 (2n+1)=0? (2n+1)(|h€NB 2 [ \2) (6.16)

for Z(2n+1). The overall instantaneous SINR of the decision statistics §(2n) and
@(2n+1) is the sum of the SINR of the y)(2n), 71RC(2n), and the SINR of
§(2n+1),7;c (2n+1). That is
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SINR,,, (H,,2(n)) =7c (2n) + 715e (2n+1)

Pm( 2)+ RNB( 2) (6.17)

o (2n)(|heNB|2 17 [, \2) o* (2n+ 1)(|heNB|2 17 \2)

|thB |2 + 772h:zN2 Py,

|heNB |2 +17 2h:2N2 Py,

where o¢7(2n) and o?(2n+1) are given in Equations (6.13) and (6.14),
respectively. Having established that the co-channel interference is Gaussian, we

now proceed to deriving the MLSE equalizer for the IRC.

6.3.2.5 MLSE Equalizer for IRC-Aided IR with E-DF scheme

Denote the covariance matrix for the vector i(n) by

@(n)zE[i(n) 2" (n)], @(n)e2><2

Let us now derive the maximum likelihood sequence estimator (MLSE). Given the

observed sequence
¥(n)=[5(2n) §,(2n+1)] =A,s,(n)+2(n),

and the gain matrix

hos” + 17 hi b 0
AD _{ NB| RN, '“RN, ]
0

2 2% ’
heNB| +n hRN2 hRNl

we estimate the most probable transmitted sequence s, (n)z[s(Zn) 5(2n+1)]T.
The maximum likelihood estimate of the transmitted sequence s,(n) is obtained

according to
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The MLSE solution can be implemented very efficiently with the Viterbi algorithm
[142] (will be discussed in details in the following sub-section). To realize this in
practice, it is of course necessary to estimate the noise covariance matrix ®(n)

The instantaneous covariance matrix @(n) can be estimated as

(:)(n) =%g(§7(n)—ADsD (n))(y(n)—ADsD (n))H

where Y is the number of samples used for the estimation. This way of estimating
the @(n) matrix is well suited for cellular systems, due to the quasi-stationarity

assumption of the radio channel during one time slot [73].

6.3.2.6 The Viterbi Algorithm

The maximum likelihood sequence estimation using the Viterbi algorithm [131] can
be illustrated by a trellis diagram. Figure 6.7 shows three examples of the states
and the state transitions for the convolutional encoder length L = 1, 2 and 3 bit.
The dashed line represents 0 transition and the solid line represents 1 transition. At

each node of the trellis, there are 2 states and 2! transitions to the next node.

Figure 6.8 shows the trellis of an exemplary MLSE with L = 2-bit convolutional
encoder output. At each node, there are 2 = 4 states and 2/*! = 8 transitions to
the next node. As an example, the upper all zeros path is assumed the correct path
(i.e. s(n)={000000000}). Considering the error probability at an arbitrary node £,
the incorrect paths diverge at node k from the correct one at Hamming distance dy

> 1 and merge to the correct one again.

The Viterbi algorithm can be used to implement the ML receiver by searching
through all possible trellis states for the most likely transmitted sequence s(n)
This search process is called the mazimum likelihood sequence estimation (MLSE).
At an arbitrary node 7, the algorithm has stored certain paths through the trellis

called surviving paths along with their distances from the received sequence, called
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path metrics, and dropped all other paths. After all states have been processed, the
whole algorithm repeats when the time is incremented. If the receiver waits until
the entire sequence has been received before making a decision, this will cause an
i >

000 ————® 000
/

-— — — 0 transition
1 transition

0@<————-#80
1&” |

(a) L =1 bit (b) L = 2 bits (c¢) L = 3 bits

Figure 6.7: The states and the state transitions for different channel memory

sizes.
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s(n) = {000000000}, The Correct Path ~ ceeeeeceeeees 3(n) = {001010000}, d,, =2
— — — -3(n)=1{001000000}, d,, =1 — . — . -3(n)=1{001011000}, d,, =3

Figure 6.8: The correct path (all-zero) and the exemplary diverging paths at a

Hamming distances of dy = 1, 2 and 3 to the correct path.
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In Viterbi algorithm, the number of states and transitions grows exponentially as
the memory size increases. Hence, the complexity of Viterbi algorithm is directly
proportional to the decoder memory size. In the following, the bit-error rate (BER)

of the MLSE equalizer is analyzed such that BER upper bound is obtained.

6.3.2.7 Analyzing MLSE Receiver Structure — BER Upper Bound

Performance

The BER of linear receiver structures is relatively straightforward to compute,
since symbols are processed independently and so their errors are independent too.
However, this is not the case for non-linear receiver structures (like MLSE

equalizer), since consecutive errors are not usually independent.

The exact BER for an MLSE equalizer can be computed as follows. Given a
transmitted sequence, the receiver calculates the path metrics, which are the sum of
Euclidean distances between the received and the transmitted sequences. The
receiver also calculates the joint PDF of all hypothesized sequences’ path metrics.
This can be viewed geometrically as a density function in a multidimensional space.
Each hypothesized sequence is assigned its own axis. All the path metrics at the
end of transmission can be written as a coordinate vector, specifying a point in this
multidimensional space. The value of the density function at this point expresses
the likelihood of computing that set of path metrics. The space can be divided into
decision regions. Points within the same decision region share the same largest path
metric, and so detect the same maximum likelihood sequence. In fact, a
hypothesized sequence’s decision region encloses the points closer to its axis than
any other. When the ML sequence is detected instead of the transmitted sequence,
there are a number of bit errors. Each region of the joint PDF' is weighted by this
number, divided by the total number of bits in the transmitted sequence. Then the

bit error rate due to the transmitted sequence is calculated by repeatedly
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integrating over all the weighted joint PDFs dimensions. The overall average BER

is then this quantity, averaged across all transmitted sequences.

Clearly this exact method is difficult to compute. The number of path metrics is
increasing exponentially with the sequence length, so the jointly PDF gets very
complicated and the number of integrations gets very large. Therefore, it is
necessary to find simpler methods that obtain the bounds of bit error events rather

than the more complex exact method.

Several techniques were presented in the literature for calculating BER
performance of Viterbi decoder in fading channels. These techniques can be broadly
classified into three categories — simulation, upper bounds on individual BER [137-
139], and analytical approximation based on the computation of the exact BER of
a small set of error events [140]. The disadvantage of simulation-based technique is
that it can be very time-consuming. As for the upper bound techniques, they are
easy to compute but may be loose. Finally the disadvantage of analytical
approximation is that the result is not a true upper bound. In this dissertation, we
consider the upper bound techniques for calculating BER performance of our

decoder.

In the upper bound techniques, the probability that the sequence with the largest
path metric is not the transmitted sequence can be upper bounded by the
probability that any error sequence has a larger path metric than the transmitted
sequence's path metric. Thus a joint PDF is not needed, only the PDF of the path
metric difference, for all possible transmitted and error sequences. Furthermore,
there is no need to compute the PDF over the whole transmission interval. An
error sequence follows the same states as the transmitted sequence until the first
error. Errors follow until the two sequences merge at a common state again. This
sequence of errors is called an error event. In communication systems with low
BER, the error events are normally short compared to the mean time between
them. Accordingly, they can be considered independent, so their probability can be
calculated by only considering the PDF of the path metric difference in the vicinity
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of the error event. Examples of upper bounds techniques are Chernoff bound

[137,138] and union bound[139].

Given the erroneous sequence e(n)z{e(n)} and the transmitted sequence
S) (n):{sD (n)} In general, the MLSE-based receiver will choose the incorrect
sequence s, (n)—)e(n) if the squared Euclidean distance for the error sequence
de(n) is greater than the squared Euclidean distance for the transmitted sequence
ds(n). ie.

d

e(n) — Ts(n)

2 2 2, . :
where d, = HSD (n)—e(n)” gy = HSD (n)” and || : || is squared Euclidean distance.
Therefore, the probability of bit error of the Viterbi decoder is the sum of
erroneous bits when the decoder chooses sequence the erroneous sequence instead
of the transmitted sequence. is given by

BER(n) < X Pr| s, (1) (1)

2

Considering Chernoff upper bound method, this quantity equals to
2
BER(n) < zg[exp[ s, (n) - e(n) ﬂ (618)

The performance of Chernoff bounds is shown to be loose for low SINR scenarios

2

[141]. On the other hand, union bound technique shows tighter upper bound than

Chernoff bound and is more straightforward to compute [139].

On the other hand, BER performance is upper-bounded using union bound method
by

BER(n)S Z bﬁ(sD(n),e(n)) Pr[e(n)

sp(n)=e(n)

S, (n)} Pr |:SD (n)} (6.19)
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where b, (SD (n),e(n)) is the number of bit errors in the error event,
Pr[e(n) S, (n)} is the probability of error event s, (n)—>e(n) and Pr[sD (n)} is
the probability that the transmitter sent sequence s, (n) Since the MLSE-based

receiver will choose the incorrect sequence sD(n)—>e(n) if the squared Euclidean
distance for the error sequence is greater than the squared Euclidean distance for

the transmitted sequence, the BER can be written as

BER(n) < Zb (s, (n),e(n))Pr[de(n) > ds(n)} Pr[ds(nJ
= 300 (s, (o)) Pr| s, () = (o) 2 s, ()

>

s, (n)

X ,(6.20)
J Polls o

Assuming MPSK modulation is used, and the incorrect path through the trellis
diverges from the correct path at time k£ and remerges with the correct path at

time k£ + [, therefore, the BER in Equation (6.20) becomes [142]

2b (SD (n),e(n)) -1 ju
BER(n) < - 2log, M > SINR(n)sin| — 6.21
()= =0 R o) faton, a3 sive(n)sn| ]| 02
where M (M = 2/ ¢ = 1, 2, ..) is the modulation constellation size, SINR(n) is the
signal-to-interference plus noise ratio for the received error sequence and Q[} is
the @-function. The BER expression in Equation (6.21) is called Forney's union
bound [139].

In Equation (6.21), Chernoff bound can be wused for high SINR(n),
(SINR(n) > 0). This new bound is referred to as Chernoff-union bound method
[142]. According to [137], the @-function can be approximated for high SINR(n) to

el

Therefore, the BER in Equation (6.21) can be expressed using Chernoff-union

bound method as
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Figure 6.9: A comparison between the simulated, Chernoff upper bound, union

bound and Chernoff-union BER bounds.

n=k

2 o)) PP E 0 5]

(6.22)

BER(n) <> —

log, M
; og, V27 sin (;&J \/2 log, M Y" SINR(n)

n=k

This Chernoff-union bound method is used to avoid calculating the @-function in

Equation (6.21).

Figure 6.9 shows the curves of BER versus SINR(dB) for simulated, Chernoff
upper bound, union upper bound and Chernoff-union upper bound BERs. The

simulated curve is obtained using Viterbi algorithm for decoded sequences
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Figure 6.10: The proposed IRC decoder model for sequence recovery using

MLSE.

compared to the correct or transmitted sequences. The rest of the curves are
obtained by using Equation (6.18) for Chernoff bound, Equation (6.21) for union
bound and Equation (6.22) for Chernoff-union bound. It can be noticed from
Figure 6.9 that the Chernoff bound is loose for SINR<3dB. At high SINR, the
Chernoff bound curve follows the trend of simulated BER with gap between the
two curves widens to within 2dB. However, the Chernoff-union bound achieves
better than Chernoff bound. The BER curve is tighter than Chernoff bound at low
SINR and the gap between the exact and Chernoff-union curves widens to within
1dB. Finally, the union bound shows the tightest performance among the two
bounds. The union bound at low SINR (from -10 to 3dB) achieves from 0dB to
5dB curve difference to the simulated BER, and matches it very well when SINR >
3dB.
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In light of the above results, the derived union upper bound BER is the tightest
bound compared to the Chernoff and Chernoff-union bounds, although its
expression includes integration (@-function). For simpler calculations, Chernoff-

union bound shows simpler BER expression and acceptable performance compared

to the exact BER.

Figure 6.10 summarizes the IRC decoder model to recover the transmitted symbol
sequences s(2n) and s(2n+1) using MLSE. At the transmitter, the symbol

sequences are mapped and transmitted according to the E-DF cooperative relaying

Table 6.1: System parameters.

Parameter Value
Carrier frequency (f.) 2 GHz
Frequency bandwidth (B) 10 MHz
eNBs’ transmission power (P, ) 46 dBm
eNBs’ transmission power ( Py, ) 40dBm
eNB antenna pattern Omni-directional
Path loss exponent (v) 3.5
noise power density (D) -174 dBm.user/Hz
Cell radius (R) 1000 m
Relay radius 500 m
RN antenna pattern Omni-directional
Modulation type QPSK
Number of relays per cell 6
Path loss model PL(dB) = 35.46 + 35 log(d), d in km
Channel model Rayleigh flat fading channel
Rayleigh fading variance (o) 1
Log-normal shadowing variance (c.) | 6.31
Number of E-cells 21
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protocol. At the receiver side, the received sequences are decoupled and the noise
covariance matrix G)(n) is estimated. G)(n) is then used at the MLSE to estimate

the sequences s(2n) and s(2n+1) using the Viterbi algorithm.

6.4 Numerical Results and Discussion

In this section, the performances of the IR scheme and the IRC-aided IR with E-
DF scheme are compared. Semi-analytical results for the BER, the average SINR,
and the average capacity are obtained from the expressions derived in Section 6.3.
The parameters for the IR system are shown in Table 6.1. The results are obtained
for different schemes to show the improvement when the cooperative transmission
scheme, E-DF, and the interference cancellation technique, IRC, are employed in

every E-cell.

6.4.1 The FEffect of ICI from tier 1 and tier 2 interferers on Average BER

Figure 6.11 shows simulated BER versus SINR curves for the conventional IR
scheme and the IRC-aided IR with E-DF scheme when QPSK modulation is
employed. The curves are obtained for systems when received signal impairment is
(a) AWGN only, (b) a combination of ICI from tierl and AWGN, and (c) a
combination ICI from tierl and tier2 and AWGN. All channel coefficients are
modeled as zero-mean, complex Gaussian random variables with equal variances of
o, = 1. Also, the ratio between the relay power and the base station power is set
to # = 0.1. The figure is obtained to show the effect of tierl and tier2 inter-cell

interferers as well as the effect of using IRC in IR system.
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Figure 6.11: BER comparison for the conventional IR and the IRC-aided IR with

E-DF schemes.

In Figure 6.11, when IRC is employed, the BER is significantly reduced compared
to the IR scheme with no IRC. Also, we observe that the BER when IRC is applied
is within 1dB of the case when there is no ICI. Furthermore, the gap between the
BERs when only tierl ICI is present and when both tierl and tier2 ICI are present
is significantly small (within 1dB). Therefore, ICI from tier2 may be ignored for
simply implementation of the IRC. However, when no IRC is used, the gap between
the BERs in the presence of tierl only and tierl plus tier2 widens to within 0.75dB
at high SINR.
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Figure 6.12: Average SINR 3D plot for one E-cell.

6.4.2 The FEffect of the Cooperative Transmission Algorithm on Average

SINR

Figure 6.12 shows a 3D plot for the SINR level for the conventional IR and the
IRC with E-DF aided IR schemes. In Figure 6.12 (a), average SINR is obtained for
signals from either the eNB or one of the candidate relay nodes to a mobile station
roaming within the E-cell. SINR is averaged over channel realizations for each
mobile station location. The figure shows that the SINR is very high for regions
close to the transmitting terminals indicated by the seven peaks for the base
station and the six distributed relays. Moreover, when the mobile station is moving
away from the transmitter, it encounters low signal level and high interference that
yields low SINR. Figure 6.12 (b) shows average SINR when the IRC is combined
with E-DF cooperative scheme in IR network. It is seen that the side peaks,
representing the relay terminals, have improved when IRC is used with the E-DF

compared to the conventional IR scheme.
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Figure 6.13: Average SINR counters.

For clearer demonstration, Figure 6.13 shows the attainable SINR contours across
the cell for conventional IR and the IRC with E-DF aided IR schemes.
Figure 6.13 (a) shows that for the conventional IR scheme, the areas around the
base station (up to 500m - distance from the base station) and the relay terminals
(up to 300m - distance from each relay) carry positive SINR; however, the regions
between the base station and the relay terminals (from 500m to 700m - distance
from the base station), as well as the regions between two consecutive relays (from
300m to 700m - distance from the relay) carry negative SINR. This is due to the
strong ICI component from other adjacent E-cells and adjacent relays within the E-
cell. Figure 6.13 (b) shows that for the IRC with E-DF aided IR scheme, the least
recorded average SINR value reaches 10dB in areas where SINR recorded less than
10dB in the conventional IR scheme. Such significant improvement has effects on

the link capacity as well as the overall per-cell throughput.

Table 6.2 compares the semi-analytical average SINR (in dB) as well as the average
capacity (in bps/Hz) for the two schemes. The table shows that both average SINR
and capacity are improved significantly when jointly using the E-DF and the IRC

for inner and outer mobile station users. For example, about 2dB average SINR
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improvement for inner MSs is achieved when switching from conventional IR to the

IRC with E-DF aided IR scheme, and the average SINR is tripled for outer MSs.

6.4.3 Special Cases

For better comparison, consider the three cases illustrated for the two schemes. The
first case is the best-user direction, where the mobile station is traveling from the
cell centre toward any assisting relay at the cell edge. The second case is the worse-
user direction, where the mobile station travels from the cell centre to the midpoint
between two adjacent relays. Finally, the third case is the edge-user, where the
mobile station moves from one relay to another neighboring relay. Figure 6.14

illustrates the three cases under study.

6.4.3.1 Case 1: The Best-User Direction

Figure 6.15 compares the average SINR for the conventional IR scheme and the
IRC with E-DF aided IR scheme. When inner region is considered (0 — 500m), the
average SINR for the IRC-aided IR with E-DF scheme is better than the
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Figure 6.15: Average analytical SINR for the best-case direction.

conventional IR scheme. This is due to suppression of interference from the
adjacent relays. In the cell-edge or outer region (500m — 1000m), the mobile station
experiences low SINR when using the conventional IR scheme. However, utilizing
the IRC with E-DF shows significant improvement for the cell-edge users in excess

of 10dB in the worst case.

6.4.3.2 Case 2: The Worse-User Direction

Figure 6.16 compares the semi-average analytical SINR profiles for the two
different schemes. The inner region average SINR when the IRC-aided IR with E-
DF scheme is utilized is only slightly better (within about 2dB) than the
conventional IR scheme. However, for the outer region the average SINR with IRC
and E-DF scheme is significantly higher (within 25dB in the worst case) despite the

low signal level and the strong interference from other E-cells.
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Figure 6.16: Average semi-analytical SINR profile for the worse-case direction

6.4.3.3 Case 3: The Edge-User Direction

The final case is the edge-user case where the mobile station is moving from one
relay to another adjacent relay. Figure 6.17 shows the SINR records for the two
different schemes. The figure shows great improvement when E-DF with the
interference rejection technique is employed. For example, the lowest recorded
SINR of -7dB occurs when the conventional IR scheme is utilized at 500m distance
from either the two relays. However, at the same distance, a 14dB SINR
improvement is achieved when the IRC with E-DF is utilized.
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Figure 6.17: Average semi-analytical SINR profile for the edge-user direction.

6.5 Chapter Summary

In this chapter, a transmission scheme, the in-band relay (IR), has been proposed
to improve the performance of LTE-A systems and meet its standardized
requirements. The IR scheme is based on distributing transparent relay nodes at
the edges of each cell. These relays are allocated the same spectral resources as the
base station to increase the per-cell spectral efficiency. Due to the need to increase
the degree of diversity from the transmitting terminals, the cooperative relaying
scheme, Enhanced-Decode-and-Forward (E-DF), is employed such that the base
station and two candidate relays are transmitting to the mobile station. Despite
the improvement in diversity, the E-DF aided IR scheme suffers from high
interference from co-channel relays and base station. To overcome this issue, the E-
DF is utilized jointly with the Interference Rejection Combining (IRC) technique to

eliminate the interference from the adjacent relays in each cell.

To validate the cooperative transmission scheme using E-DF and IRC, analytical
BER upper bound, SINR, and capacity results are obtained for the IR scheme and
the IRC aided IR with E-DF scheme. The results show significant improvement in

terms of BER reduction, SINR and capacity improvement when jointly utilizing
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the E-DF and the IRC in the IR network. Such impressive results are due to the
improvement in desired signal power from the distributed relays, the improvement
in diversity gain when cooperatively receiving from two terminals, and the
reduction of interference from adjacent relays in the cell when utilizing the IRC

technique.
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Chapter Seven: Summary, Conclusions and
Future Work

This chapter presents a brief summary and conclusions of the work accomplished in
this dissertation. Some topics for future work to continue research in this area are
also discussed. Section 7.1 provides the conclusions important points of the
dissertation. Some possible topics for future investigations are suggested in Section

7.2.

7.1 Conclusions

The overall objective of this research is to propose and investigate improved and
efficient transmission techniques for LTE-A systems that can achieve high average
SINR and high average capacity under various impairments such as fading,
interference and noise in the wireless channels. The work is mainly divided into two
parts — the first part (Chapter 3) involved modifying a DF cooperative relaying
protocol to achieve a higher data rate with diversity. The second part (Chapters 4,
5 and 6) involved the integration of relay terminals in cellular LTE-A systems. We
encountered three major issues that were solved at the end of this work. Firstly,
the issues of improving the desired signal level and coordinating the inter-cell
interference. Secondly, the issue of frequent handover caused by the deployed relay
terminals. Finally, the issue of high interference caused from co-channel relay

terminals.

In Chapter 2, we provided the reader with a review of a number of concepts that
were useful throughout this dissertation such as — the characteristics of wireless
channels, the diversity and MIMO concepts, relay communications and the LTE

and the LTE-A systems.

In Chapter 3, we proposed and investigated the performance of a new cooperative

relaying protocol called the Enhanced-Decode-and-Forward (E-DF) scheme. Based
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on the system and the received signal model of the E-DF scheme, we proposed a
modified maximum likelihood (ML) decoder to recover the received symbols over a
quasi-static fading channel. In addition, the analysis of the average signal-to-noise
ratio (SNR) was conducted, in which the exact SNR, the SNR upper bound, and
an approximate SNR upper bound were derived for the E-DF scheme. Based on the
approximate SNR upper bound, we performed the analysis of the exact symbol
error rate (SER) via the moment generating function (MGF). Expressions for a
worse-case SER upper bound and an approximate worse-case SER were derived to
simplify the calculations when obtaining the exact SER expression. Also, we
conducted analysis of other information-theoretic measures include — mutual
information, the achieved rate and the outage probability for the E-DF, the
conventional DF' and the non-relay schemes. Finally, semi-analytical and simulation
results including — SER, outage probability and achieved rate were obtained for the
E-DF scheme and compared with the conventional DF and the non-relay schemes.
The results showed significant improvement for the E-DF scheme over the non-
relay and the DF schemes in terms of symbol error rate. Also, the results showed
higher transmission rate and lower outage probability are achieved when employing

the E-DF scheme than the conventional DF and the non-relay schemes.

In Chapter 4, we proposed a relay-assisted scheme with omni-directional antennas
called the omni-relay (OR) scheme. Also, we proposed a relay frame structure for
the OR scheme that is compatible with the long-term evolution (LTE) standard. In
addition, analyses of the average signal-interference plus noise ratio (SINR) and the
average capacity were carried out for the conventional UFRF and the OR schemes.
Finally, semi-analytical and simulation results for the achieved average SINR and
the achieved average capacity were obtained for the OR scheme and compared with
the conventional UFRF. In terms of average SINR, the results showed that more
than double the average SINR of UFRF is achieved when utilizing the OR scheme,
and about 40 percent of the UFRF users experience a SINR less than 10dB and
about 15 percent for the OR users. In terms of average capacity, the results showed

that 50 percent of the OR users result in an average capacity higher than 7bps/Hz.
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On the other hand, 50 percent of UFRF users result in an average capacity higher
than 5bps/Hz. These impressive results are due to the use of the distributed relay
terminals at the edge of cells. Despite the remarkable improvement in SINR and
capacity compared to the conventional UFRF, utilizing the OR scheme have
generated high interference from the distributed relay terminals in particular

regions inside cells.

In Chapter 5, we proposed the use of relay terminals at the cell-edges, where each
relay is equipped with directional antennas. This scheme is called the directional-
relay (DR) scheme. We also proposed a new download transmission scheme for the
DR, called Enhanced-DR (E-DR) scheme, to overcome the issues of high
interference and low desired signal level in particular regions inside cells. In
addition, analyses of the average signal-interference plus noise ratio (SINR) and the
average capacity were carried out for the DR and the E-DR schemes. Finally, semi-
analytical and simulation results for the achieved average SINR and the achieved
average capacity were obtained for the DR and the E-DR schemes and compared
with the OR scheme. The results showed that, when utilizing the DR, the average
SINR for the DR users is less than the average SINR for the OR users. However,
when the enhanced transmission scheme, the E-DR, is utilized, the average SINR is
improved remarkably. Specifically, the E-DR cell-edge users have achieved double
the average SINR compared to the DR. Also, E-DR has improved average capacity
such that more than double the capacity is achieved when utilizing E-DR compared

to the DR.

Despite the remarkable improvement in SINR and capacity when utilizing the OR
and the E-DR schemes, the spectral efficiency degrades because the total available
download bandwidth was divided by a frequency reuse factor of three for the OR

scheme and a frequency reuse factor of four for the DR scheme.

In Chapter 6, we proposed the use of relay terminal at the cell edges, each with
omni-directional antennas and the same frequency resources allocated to the base

station. This scheme is called the in-band relay (IR) scheme. The IR scheme
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increases the spectral efficiency since each relay utilizes the same frequency
resources allocated to the base station. We also proposed the concept of the
evolved-cell (E-cell) for the IR scheme that can perform cooperative transmission of
information between the terminals of interest within the E-cell. The cooperative
transmission is accomplished by using the E-DF relaying protocol (introduced in
Chapter 3) to increase diversity and data rate. Due to high interference, we
proposed the use of an interference cancelling technique, known as Interference
Rejection Combining (IRC), in each E-cell. In addition, decoding the received
symbols was carried out by decoupling the desired symbols first and then applying
the conventional ML symbol decoder. The derivations of the average SINR and the
average capacity were also carried out for the IR and the TRC-aided IR schemes.
Finally, we obtained semi-analytical and simulation results for the achieved average
SINR and the achieved average capacity when utilizing the IR and the IRC-aided
IR schemes. The results showed that, for the IRC-aided IR scheme, the average
SINR and the average capacity are improved remarkably for the cell-edge users

compared to the IR that has no cooperative transmission scheme.

To conclude, three different relay-assisted schemes were investigated — the OR
scheme, the DR scheme (including its enhanced version E-DR) and the IR scheme
(including the cooperative transmission scheme). The OR scheme have showed
remarkable improvement in average SINR and capacity compared to the
conventional UFRF scheme, however, it generates interference from the distributed
relay terminals and increases the frequency of handovers. On the other hand, the
DR reduces the frequency of handovers and the interference from the distributed
relay terminals. Both, the OR and the DR schemes have shown low spectral
efficiency because each base station or relay in the network is utilizing only a
fraction of the available spectral resources. The scheme also cancels the effect of
interference from the deployed relays. The IR scheme has shown improvements in
terms of SINR and capacity and high spectral efficiency compared to the
conventional UFRF scheme, the OR scheme and the DR schemes. One
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disadvantage of the IR scheme is that the receiver is required to estimate the

interference and noise covariance matrix in order to be able to decode correctly.

7.2 Future Work

During the time frame of this research, many important issues have not been dealt
with, or have been sometimes considered with simplified assumptions. Hence, there
are many areas to extend the work of this dissertation. In this section, we suggest
some topics for future research in the direction of this dissertation. We recommend

the following issues for further study ..

e Among the work considered in Chapter 3, we have assumed complete
knowledge of the channel state information at the receiver. The work can be
extended to include a channel estimator with a study of the effect on the

overall performance.

e The work in Chapter 3 is conducted for a quasi-static Rayleigh flat fading
channel. A future work in investigating the model for different transmission
environment such as, time variant flat fading channel or frequency selective
channel. Designing and investigating decoders for such environment is

another open issue.

e The work in Chapter 3 can be studied further in terms of the effect of non-

ideal conditions such as timing and carrier offset errors.

e The works in Chapters 4 to 6 can be extended further to study the issue of
peak-to-average (PAPR) for each relay-assisted scheme. Furthermore, the
work can be extended to include channel estimation for each relay-assisted

scheme and its effect on the overall performance.

e Recently, the research trend is toward employing relay terminals in

powerline communication (PLC) networks. Designing relaying protocols that

169



suits PLC network receives lots of consideration. The work in Chapter 3 can

be extended by employing the E-DF relaying protocol to PLC network.
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