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ABSTRACT

On the Performance of In-Band Full-Duplex Cooperative
Communications

Mohammad Galal Mostafa Khafagy

In-band full-duplex, by which radios may simultaneously transmit and receive over the
same channel, has been always considered practically-unfeasible due to the prohibitively
strong self-interference. Indeed, a freshly-generated transmit signal power is typically ten
orders of magnitude higher than that of a naturally-attenuated received signal. While un-
able to manage such an overwhelming interference, wireless communications resorted to
half-duplex operation, transmitting and receiving over orthogonal channel resources. Recent
research has demonstrated the practical feasibility of full-duplexing via successive sophisti-
cated stages of signal suppression/cancellation, bringing this long-held assumption down and
reviving the promising full-duplex potentials. Full-duplex relaying (FDR), where intermedi-
ate nodes may now support source-destination communication via simultaneous listening/-
forwarding, represents one of two full-duplex settings currently recommended for deployment
in future fifth-generation (5G) systems. Theoretically, it has been widely accepted that FDR
potentially doubles the channel capacity when compared to its half-duplex counterpart. Al-
though FDR doubles the multiplexing gain, the effective signal-to-noise ratio (SNR) can be

significantly degraded due to the residual self-interference (RSI) if not properly handled.



In this work, efficient protocols are devised for different FDR settings. Selective coop-
eration is proposed for the canonical three-terminal FDR channel with RSI, which exploits
the cooperative diversity offered by the independently fading source/relay message replicas
arriving at the destination. Closed-form expressions are derived for the end-to-end SNR
cumulative distribution function (CDF) under Rayleigh and Nakagami-m fading. Further,
the offered diversity gain is presented as a function of the RSI scaling trend with the relay
power. We show that the existing diversity problem in simple FDR protocols can be con-
siderably fixed via block transmission with selective cooperation. Beyond the single-relay
setting, the outage performance of different opportunistic full-duplex relay selection (FDRS)
protocols is also evaluated under Rayleigh and Nakagami-m fading. It is shown that, with
state-of-the-art adaptive self-interference cancellation techniques, FDRS can offer the same
diversity order of its half-duplex rival while supporting a higher level of spectral efficiency.
FDRS is also analyzed when adopted by a spectrum-sharing secondary system while the
primary spectrum user imposes an additional interference constraint. Finally, buffer-aided
hybrid half-/full-duplex cooperation is addressed. To maximize the end-to-end throughput,
joint duplexing mode and link selection is studied where the system leverages the buffer and
outage state information at the transmitters. All theoretic findings are corroborated with

numerical simulations, with comparisons to existing protocols.
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Chapter 1

Introduction

1.1 Motivation

Since their first generation in the 1980s, the international mobile telecommunication (IMT)
systems have continued to witness rapid developments in wireless services and their sub-
stantially growing quality-of-service (QoS) demands. Over the years, such growing demands
influenced massive developments in the employed technologies along with the network infras-
tructure in order to offer better and wider mobile network connectivity. According to recent
statistics, mobile subscriptions has exceeded the current world’s population, with about 7.5
billion mobile subscriptions, including machine-to-machine, in May 2015 [1]. Out of this
huge number of subscriptions, at least 30% are data ones. Indeed, due to the widespread
use of smart hand-held devices, and the revolutionary developments in video streaming ap-
plications, even the air interface connecting mobile users to the core network is experiencing
growing demands to support bandwidth-intensive data applications. Given the known in-
herent imperfections in wireless links, e.g., spectrum scarcity, interference, and fading, great
challenges are continuously imposed on the wireless communications research community
to devise novel and efficient techniques to cope up with these demands. These challenges

include maintaining ubiquitous connectivity for the growing number of mobile users, their
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high data rate support, in addition to supporting high level of communication reliability,
among others.

Currently, and since the beginning of the decade, the world is diligently moving towards
fifth-generation (5G) mobile networks. For instance, the International Telecommunication
Union (ITU), the international United Nations (UN) specialized agency, has already begun to
set the stage for 5G mobile network specifications, in preparation to come into action by the
year 2020. For this reason, the upcoming IMT system’s set of requirements for 5G networks
is termed by the ITU as IMT for 2020 and beyond (IMT-2020). Also, numerous focused
articles are being published by experts from both the industry and the academia, discussing
the future estimated trends of the evolving applications, demands, candidate technologies,
and network infrastructure modifications. Despite being still underway, communications ex-
perts from both industry and academia have already started to discuss the set of challenges
5G networks are envisioned to tackle [2, 3, 4, 5]. This includes the support of different
traffic types with diverse demands, better sustainability via reduced energy consumption,
along with higher quality of user experience. In addition to the efforts coordinated by the
UN-based ITU, there are multiple other international /cosmopolitan groups/projects/consor-
tia/fora which race and complement one another to develop and promote for next-generation
requirements and specifications. Other international players include 3GPP, a collaboration
between multiple telecommunications associations, IEEE, the international standardization
organization, as well as the NGMN Alliance, an association of international mobile net-
work operators. Also, examples of partnership projects in the European Union only are
5GNOW, FANTASTIC-5G, and H2020 5GPPP with its METIS, METIS-II, 5G NORMA,
and mmMAGIC projects.

1.1.1 Traffic Growth in Next-Generation Networks

The evolution of IMT systems towards mobile broadband (MBB) imposes growing demands

for heavier and geographically wider spectrum usage. Multiple studies have been conducted
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by the ITU to assess and forecast the traffic growth over the upcoming years, estimating the
growth trend till 2020 in [6, 7], and from 2020 to 2030 in [1]. Several drivers impact such a
traffic growth, including the growing audio-visual media streaming, device proliferation, and
application uptake, among others [1].

For instance, video streaming accounts for around two-thirds of the total mobile traffic
in 2016, as per a study by Bell Labs. Also, it is estimated that the total mobile traffic will
continue to grow with an annual rate of 54% from 2020 to 2030. This is an estimated growth
figure from a traffic amount perspective.

Also, the number of mobile subscriptions is expected to almost double to 13.8 billion in
2025 compared to that in 2015, and to continue growing to 17.1 billion in 2030. Moreover, the
number of non-smart-phones/devices is expected to continue declining and being replaced by
smart-devices, to the extent it will totally disappear by the year 2025 due to the appeal of the
latter to the users. This gives a growth estimate for the traffic from a different perspective,
namely, a more connected society with traffic spread over wider geographic areas. More

detailed information about the estimated traffic trends and key drivers can be found in [1].

1.1.2 Envisioned Future Trends: Coping with Traffic Growth

To meet such challenges in 5G networks, and as per the recent I'TU report of future tech-
nology trends[8], next generation networks are anticipated to adopt an extensive reshaping
of its infrastructure along with employing novel radio technologies that offer high efficiency
from both spectral and energy perspectives. For instance, an infrastructure densification is
expected in which heterogeneous deployments of macrocells, picocells and relays are jointly
utilized to enhance the end-user experience [3]. Technologies to enhance the current radio
interface are also expected to be employed such as Massive MIMO, flexible spectrum usage
via cognitive radio techniques, and simultaneous transmission and reception (STR), to name
a few. Further, new bands above 6 GHz are being explored for potential usage in future

IMT systems, also known as mmWave communications [9].
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1.1.3 Full-Duplexing and Next-(Generation Specifications

Beyond the currently employed conventional half-duplex radio, supporting STR over the
same channel via in-band full-duplex transceivers represents a strong radio technology can-
didate [4, 5]. Full-duplex operation has been always considered unfeasible due to the very
strong and prohibitive interference imposed by the transmitter on the receiver of full-duplex
nodes. Recent studies, however, showed that full-duplex radios can be efficiently imple-
mented, and since then, a strong body of literature has been published on the different
full-duplex aspects, including its radio frequency (RF) engineering, hardware developments,
and protocol design [10, 11, 12]. In addition to the other technology candidates for 5G, full-
duplex radio contributes to the support of the growing traffic demand by potentially dou-
bling the spectral efficiency. This motivated the ITU Radiocommunications Sector (ITU-R)
to consider two candidate settings where full-duplex operation (also known as STR) can be
leveraged in its very recent report and recommendation for 5G networks [13, 8], namely, 1)
supporting simultaneous uplink/downlink via full-duplex base stations, and 2) supporting

simultaneous listening/forwarding via full-duplex relay cooperation.

1.1.4 Full-Duplex Cooperation

Multi-hop communication represents one promising, cost-effective, approach to meet some
of the future network requirements through the deployment of intermediate relay nodes
[14]. The assistance of relays can offer numerous advantages including the extension of
network coverage, higher efficiency in transmit power consumption and enhancement of the
communication link reliability via providing signal diversity. Despite its offered performance
gains, half-duplex relaying (HDR) is known to suffer from an inherent spectral efficiency
loss when compared to direct transmission (DT). This is owing to its nature of allocating
orthogonal listening /forwarding phases at the relay. Full-duplex relaying (FDR), on the

other hand, overcomes this inefficiency by allowing the relay to simultaneously transmit and
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receive over the same channel [15].

1.2 Full-Duplex Relaying Challenges

Although ideal FDR clearly offers a spectral-efficiency gain by eliminating the known prelog
factor from the capacity expressions of relay channels [15], performance can be significantly
degraded in practice from a different perspective. Indeed, since the relay transmits and
receives over the same channel resource, an interference link, called loopback or echo inter-
ference link, is introduced from the relay transmitter to its receiver, and this loopback inter-
ference level can reach 100 dB higher than the desired signal at the relay. Thus, this loopback
interference defines a major practical challenge for FDR implementation that needs to be
adequately suppressed. Early FDR performance evaluation attempts, however, assumed per-
fect isolation of the relay’s receive antenna from its own overwhelming transmissions, which
overestimates its actual performance merits [16]. In practice, even with recent advances in
prototyping full-duplex nodes, all known analog, digital and spatial isolation/cancellation
techniques cannot guarantee perfect isolation [17, 18]. As a result, a level of residual self-
interference (RSI) persists. Moreover, the adverse effect of RSI proportionally grows with
the relay transmit power. Hence, a clear tradeoff exists in FDR between its gained tem-
poral efficiency and the corresponding degradation due to RSI, which is directly controlled
by the relay power. This fact motivates further studies to revisit the available literature
originally developed for ideal FDR in order to account for the RSI and study its effect. Also,
it is desirable to design novel techniques to alleviate this adverse effect on the end-to-end

performance.

1.3 Thesis Objectives and Contributions

In this work, we seek to devise efficient cooperation techniques for different full-duplex relay-

assisted communication settings and evaluate their performance while taking the mentioned
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leakage effect into account. These cooperation techniques are primarily required to seek
reducing the effect of the RSI on the end-to-end performance. The efficiency of the sought
techniques will be evaluated according to their offered end-to-end performance including
outage, throughput, their required amount of channel knowledge, complexity in addition to
their power consumption.

The contribution in this work is two-fold:

° Buffer-less Cooperation: In this regard, no packet queuing is allowed at the relay
due to the nonavailability of a queuing buffer. Hence, upon relay cooperation, only
instantaneous forwarding is allowed, taking processing delay into account. For buffer-

less full-duplex cooperation, the following is studied.

—  The basic three-terminal full-duplex relay channel: We study the per-
formance and devise efficient cooperation protocols for the three-terminal FDR
channel with non-negligible direct source-destination link gain. These cooperation
protocols seek to relieve the RSI effect on the end-to-end performance, and utilize
the diversity branch via the direct link. The performance of the proposed protocols
is evaluated relative to known full-duplex and half-duplex cooperation protocols
in the literature. Closed-form expressions are presented for the outage perfor-
mance/throughput of the proposed protocols under Rayleigh and Nakagami-m
fading. Also, beyond conventional transmission with proper Gaussian signaling,
some gains are shown due to the employment of improper signaling, even for

simple transmission approaches which consider the direct link as interference.

—  Full-duplex relay selection: Relay selection is addressed in settings where a
cluster of full-duplex relays exist between the source and the destination, with the
study of its effect on the minimization of the RSI effect. The potential performance
merits of relay selection is also studied while taking the direct link into account.

The end-to-end outage performance is evaluated in closed-form under Rayleigh
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and Nakagami-m fading. Diversity analysis is also performed, where it is shown
that significant diversity enhancements can be attained by considering the direct
transmission as an additional diversity branch to the available multi-hop paths,
even with simple cooperation schemes that treat the direct link as interference to

each multi-hop path.

Full-duplex cooperation in cognitive radio settings: In secondary systems
of underlay cognitive networks, FDR can offer better outage/throughput perfor-
mance than HDR. However, unlike in HDR, the employment of FDR by the sec-
ondary system imposes higher interference at the primary system due to simulta-
neous secondary source/relay transmission. Closed-form expressions are presented
for full-duplex relay selection in underlay networks, comparing its performance to

its HDR counterpart.

Buffer-Aided Cooperation: Buffer-aided relaying is recently shown to offer higher

throughput performance compared to buffer-less systems. A buffer-aided relaying

scheme is proposed for pure HDR and FDR cooperation, as well as hybrid schemes that

switch between FDR, HDR and DT based on the channel state information (CSI). The

proposed relaying schemes seek to maximize the end-to-end throughput, also making

use of the relay’s buffer state information (BSI) that is assumed available at the source.

1.4 Thesis Outline

The thesis content is outlined as follows, where it is divided into three main parts:

Part I is dedicated to provide all the necessary introduction and background informa-

tion to serve the two subsequent parts. Specifically, as already noticed, Chapter 1 draws

the broad context where the study is primarily addressing, specifies the thesis topic under

discussion and its significance, enumerates the thesis objectives, contribution, and finally

outlines the rest of the thesis. Chapter 2 provides background information and further di-

28



rections for the practical hardware-level aspects of full-duplex communication, discussiing
the self-interference channel, the different techniques for interference cancellation, the mod-
eling of the residual self-interference, and some notes pertaining to the comparison between
full-duplex and half-duplex systems.

Part II addresses bufferless full-duplex cooperative systems where the relay node has the
limitation of instantaneously forwarding the decoded source message. In Chapter 3, the basic
three-terminal full-duplex cooperative setting is explained in comparison to its half-duplex
counterpart. Existing protocols and their related literature are explained, also in comparison
to their half-duplex rivals. The chapter also discusses the challenges and performance lim-
itations experienced by these protocols, highlighting also some performance evaluation and
optimization contributions. In order to alleviate the aforementioned limitations, Chapter 4
proposes two selective full-duplex relaying protocols and evaluates their performance relative
to the existing full-duplex and half-duplex ones under different fading scenarios. Moving to
multi-relay settings, Chapter 5 studies the full-duplex relay selection problem, followed by
the problem solution in underlay cognitive settings in Chapter 6.

Part III moves to cooperative settings where the relay is equipped with a buffering facility
to queue its incoming packets. Chapter 7 introduces the related literature on buffer-aided
half-duplex relaying, and proposes a random access scheme that offers end-to-end throughput
enhancements. The proposed scheme probabilistically schedules the source/relay transmis-
sions based on the available buffer and/or channel state information. Chapter 8 generalizes
such a transmission scheduling mechanism to hybrid half-/full-duplex cooperative settings
where also duplexing mode selection is jointly addressed.

Part IV concludes the presented thesis. In chapter 9, general conclusions for the entire
thesis are summarized, followed by highlighting open research directions that are yet to be

investigated.
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Chapter 2

Background

Over the last few years, several extensive studies have been conducted on the different ways
to efficiently suppress and/or cancel the in-band full-duplex self-interference. This chapter
focuses on providing the necessary background related to full-duplex self-interference, its
cancellation, in addition to the modeling adopted in this thesis for the residual interference
after cancellation. It also discusses some fairness aspects related to the comparison between
full-duplex and half-duplex systems. More detailed information can be found in the following
published surveys/tutorials/magazine articles [5, 10, 19], focused papers [17, 18, 20, 21, 22,
23, 24, 25, 26], and theses [27, 28, 29, 30].

2.1 The Full-Duplex Self-Interference Channel

As a motivating example [10], we discuss the challenge that would be experienced by a typical
full-duplex node, either a base station (BS) or a user equipment (UE), in a contemporary
femto-cell cellular system. A transmitter in such a system typically transmits at about
20 dBm, while the noise floor is at —90 to —100 dBm, with around 110 to 120 dB gap.
Assuming a 10-15 dB isolation between transmit and receive chains, the receive antenna of
a full-duplex node would experience an overwhelming level of self-interference of about 110

dB above the noise level, which accordingly prohibits any successful reception. Of course, if
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we go beyond femto-cell systems, the transmit power level will be typically higher, and such
an overwhelming level can grow larger. It is clear that, for such a full-duplex femto-cell to
be operational, efficient techniques should be applied to suppress/cancel such a prohibitive
self-interference level to attempt to bring it as close as possible to the noise floor. A similar
figure which considers a WiFi 802.11ac setup is also explained in details in [22].

According to the recent literature on state-of-the-art suppression/cancellation techniques,
such a cancellation task is very challenging and cannot be accomplished by one single method.
Instead, multiple techniques have to be successively applied to the interfering signal on top
of one another, with suppression amounts adding up and approaching the desired noise
level when aggregated. For instance, it should be carefully taken into consideration that
the receiver’s analog-to-digital converter (ADC) circuit does not get saturated. For 12 bit
ADCs, while typically leaving 2 bits of margin, a dynamic range of up to only 60 dB is
allowed at the receiver. Hence, out of this 110 to 120 dB gap, 50 to 60 dB should be
suppressed before passing through the ADC to avoid receiver saturation, and accordingly
the distortion of the signal. Also, the feasibility of each technique depends on the adopted
hardware design for full-duplex radios, e.g., using either a single antenna or two separate

antennas for transmission and reception.

2.2 Self-Interference Suppression/Cancellation

Recently, remarkable research efforts have been exerted to alleviate this echo interference
on the hardware-level through several techniques, namely, 1) physical isolation, 2) analog
cancellation, and 3) digital cancellation. In the following, we briefly go over each of these

techniques.
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2.2.1 Passive Suppression: Physical Isolation

Physical isolation techniques attempt to physically prevent the full-duplex node transmis-
sions from reaching its receiver end via different approaches [30]. This may include: 1) the
placement of shielding plates between the transmitter and receiver sides, 2) the employment
of directive transmit antennas with nulls spatially projected at the receive antennas, 3) the
use of orthogonally polarized transmit and receive antennas, and 4) the physical separation
between the transmit and receive arrays, e.g., in the case of coverage extension inside a
tunnel. It is worth mentioning that some passive suppression techniques, such as shielding
placement, are only feasible in full-duplex designs with two separate antennas. Although
the mentioned physical isolation techniques significantly reduce the loopback interference,
additional mitigation is usually required due to the overwhelming strength of the interfering

signal.

2.2.2 Active Cancellation: Analog Cancellation

The second stage of mitigation is performed by processing the RF signal at the full-duplex
node. The necessity of the analog suppression techniques arises from the fact that due to
the interference strength, it may saturate the ADC circuitry because of its limited resolution
which renders the useful signal unrecoverable. Several analog/RF suppression techniques
have been proposed in the literature namely, 1) antennas cancellation [17], 2) analog cancel-
lation by vector modulation [27], and 3) analog cancellation by signal inversion [20]. Antenna
cancellation uses an extra transmit antenna at the full-duplex node in addition to the ex-
isting one transmit and one receive antennas. In this setting, the transmitted signal from
the second antenna is delayed from the original signal such that they add destructively at
the receiver antenna. The destructive phase shift may be achieved through physical posi-
tioning of the transmit antennas by placing the second transmit antennas at d + A/2 from

the desired receiver where d denotes the distance between the desired receiver and the first
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transmit antenna, while A\ denotes the transmitted wavelength. The above approach suffers
from two major drawbacks, namely, the sensitivity to the loopback channel estimation er-
rors and to the transmitted signal bandwidth. In fact, as the paths from the two transmit
antennas to the desired receiver are of different lengths, each transmit signal will experience
a different path loss leading to different signal amplitudes at the receiver, and causing a
reduced efficacy of destructive combining. For this purpose, the original signal needs to be
attenuated to match the amplitude of the delayed replica for efficient self-interference sup-
pression. Moreover, the transmitted signal usually spans a bandwidth B whereas the phase
shift is designed for a specific frequency (typically the central frequency), therefore the self-
interference suppression is not the same for all the frequency components of the transmitted
signal due the induced mismatch in the antennas placement. The sensitivity to the channel
estimation errors may be alleviated by using equidistant transmit antennas from the desired
receiver and introducing a wired phase offset.

Another approach is to suppress the interference by creating a signal replica with inverse
sign at the receiver [20, 27]. This is achieved through the so-called vector modulation. The
original transmitted signal is fed to the vector modulation chip which rotates and scales
its input signal to cancel the interference signal at the desired receiver. For this purpose,
the vector modulating chip creates a quadrature component of its input signal, scales it to
match the attenuation experienced by the interfering signal and adjust its phase to cancel
the self-interference. However, the quadrature component is nothing more than a delayed
version of the input signal by A/4 and thus bandwidth sensitivity is persistent. In order to
alleviate this bandwidth sensitivity, the phase dependent cancellation has to be avoided. This
is achieved by using a balanced /unbalanced transformer (BALUN) at the transmitting side
with conjunction of an attenuator to simulate the propagation loss between the transmitting
and the receiving side of the full-duplex node. Simulation results have shown that using
the BALUN significantly reduces the bandwidth sensitivity. However, the self-interference

suppression could not be uniformly performed over the whole bandwidth since the frequency
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response of the BALUN is not flat. A more recent design in [22] uses a dynamic and tunable
tapping circuit with multiple delay lines that can offer up to 60 dB of analog cancellation.

Also, wider bands of up to 80 MHz were shown to be supported.

2.2.3 Active Cancellation: Digital Cancellation

Although the aforementioned techniques can significantly reduce the deleterious effect of the
loopback interference, additional steps are indispensable for practical considerations. For
this purpose, one resorts to apply supplementary countermeasures on the digital /baseband
signal. The straightforward approach is the so-called time-domain cancellation which cancels
the self-interference by reproducing the interfering signal and feeding its inverse back to the
relay’s input. Obviously, the efficiency of this approach heavily relies on the quality of the
available channel estimates under the assumption that the relay knows accurately its own
transmitted signal. Also, in the case of multiple-input multiple-output (MIMO) FDR, a
judicious choice is to apply spatial cancellation techniques in conjunction with the time-
domain cancellation [31].

However, despite all the mentioned efforts to alleviate the echo interference level, relay
transmissions cannot be perfectly prevented from leaking towards the receive antenna and
causing undesirable interference. In fact, a level of RSI persists and adversely affects the
effective signal-to-noise ratio (SNR) inside the capacity logarithm. Thus, increasing the relay
transmit power does not necessarily help in boosting the end-to-end performance due to the
existing trade-off between the spectral efficiency gain and the growing RSI, which defines a
real challenge in practical FDR channels. Thus, it is desirable to additionally devise novel

techniques to further alleviate this adverse effect.
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2.3 Modeling of the Residual Self-Interference

2.3.1 Distribution of the Self-Interference Channel

In the available literature, this specific issue has not been extensively investigated. Based
on the experiment-driven results reported in [21], the magnitude distribution for the self-
interference channel differs according to the employed isolation/cancellation techniques.
Specifically, it was reported in [21] that after passive isolation, and before active cancel-
lation, the RSI channel is found as a fading channel with strong line-of-sight (LoS) effects.
Accordingly, it was suggested that the RSI magnitude can be modeled to follow a Rician
distribution with large K-factor. Also, after active cancellation, the LoS effect is reduced,
and the magnitude was found to follow a Rician distribution with smaller K-factor. Also,
according to the results in [24, 26] when strong passive suppression is employed, the LoS

component is efficiently suppressed, and the RSI channel can be regarded as Rayleigh-fading.

2.3.2 Scaling with Relay Transmit Power

It is also of great importance to account for how the RSI average gain scales with the increase
in the relay’s transmit power. This issue also heavily relies on the adopted suppression and
cancellation techniques. In earlier suppression approaches [17, 18, 20], the RSI power follows
a linear trend with the increase in the relay’s power, as reported later in [22]. However, with
the suppression advancement, highly adaptive suppression/cancellation techniques like those
in [22, 25] can actually maintain a nearly constant level of RSI with a growing relay power,
although till some limits.

Based on the previous discussion, and throughout the thesis, we consider the RSI channel
model to be on the form of \/Phgr, as suggested in [32], where Py is the relay’s transmit
power, hgr accounts for the fading coefficient of the RSI link after undergoing all suppression

techniques, while § is a power scaling factor ranging from 0 to 1 to cover a wide range of
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power scaling, namely, constant, linear, and sublinear scaling.

2.4 Half-Duplex/Full-Duplex Comparison

The first implementations of full-duplex radios used separate antennas for transmission and
reception [17, 18, 20, 21]. Specifically, a transmit RF chain is connected to a transmit
antenna, while a receive RF chain is connected to the receive antenna, with a cancellation
circuit that lies in between. More recently, it has been shown in [22] that single-antenna
full-duplex radios are possible.

While comparing full-duplex to half-duplex nodes, it is often questionable how many
antennas/RF chains should be allocated for each. In a study for multiple-antenna channels
in [33], two approaches were suggested; namely, an antenna-conserved scenario versus an
RF-chain-conserved scenario. In the antenna-conserved scenario, the number of antennas
is kept fixed in half-/full-duplex settings, regardless of the number of RF chains utilized in
both systems. Alternatively, and in agreement with recent studies on the topic [34], we adopt
herein the RF-chain-conserved approach where the relay is equipped with the same number
of RF chains (one for transmission and another one for reception). This approach neglects
the fact that half-duplex is basically equipped with a single antenna for both transmission
and reception as opposed to two antennas in full-duplex, one for each task, as long as they
have the same number of RF chains. This argument is further supported by the previous

discussion on the feasibility of single-antenna full-duplex radios.

2.5 Typical Values Used in the Thesis

Noise Power: As highlighted earlier, the noise level is typically in the range of —90
dBm or 1 picowatt. Throughout the thesis, we usually normalize the noise power to 1, while
all other values are calculated relative to this level.

Average Desired Channel Gains: When the transmit power is kept constant, we

36



typically normalize it to 1, while assuming the average channel gains to absorb the aggregate
effect of transmit power, path loss, in addition to fading. A typical received signal SNR level
is in the range of 10 to 30 dB. Hence, the channel gains are usually assumed in the range of
10 to 30 dB above the normalized 0 dB noise floor. A weak channel gain is assumed below
this range, i.e., from 0 to 10 dB.

Average RSI Channel Gain: As per recent loopback interference cancellation tech-
niques, some architectures/designs may reach down to 1 or 2 dB above the noise floor such
as in [22] in certain communication scenarios and up to certain transmit power ranges. To
account for more general scenarios, we typically adopt an RSI link of an average gain mgrgr
that is in the range from 0 to 10 dB above noise floor.

Transmit Power: As the base effect of the transmit power is accounted for inside the
average channel gains, we reserve the transmit power Ps and Pgr to account for any further
relative scaling to demonstrate effects such as the diversity order of the system. As noted
earlier, if no scaling of transmit power takes place, the transmit power is simply set to a
unity factor.

After the previous introduction to full-duplex communications, we proceed in the next

part with buffer-less full-duplex cooperation.
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Part 11

Buffer-less Relaying
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Chapter 3

Full-Duplex Cooperative

Communication

After the earlier introduction to full-duplex communication with glimpses of its practical
aspects, this chapter leads off the discussion on full-duplex cooperation. Specifically, it focuses
on the canonical three-terminal communication channel which comprises an information
source node, a full-duplex relay, and a destination node. In Section 3.1, we first explain
the fundamental changes in the system model by moving from half-duplex to full-duplex

operation at the relay.

3.1 The Full-Duplex Relay Channel

The full-duplex and half-duplex cooperative settings are depicted side-by-side in Fig. 3.1.
From a signal transmission perspective, FDR differs from its half-duplex rival in two funda-

mental aspects as shown in Fig. 3.1a and Fig. 3.1b:

1. The source and the full-duplex relay simultaneously access the channel, thereby result-
ing in a superposition of their received signals at the destination. Resource-orthogonal

transmissions in HDR allow for exploiting both message replicas in providing higher
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communication reliability via signal combining. On the contrary, direct source trans-
missions in FDR can be problematic at the destination; not only they cannot be easily
combined due to non-orthogonality, but also they may further act as an interferer to

the stronger relay transmissions when instantaneous decoding is adopted.

2. The full-duplex relay itself simultaneously transmits and receives, which imposes self-
interference in practice as discussed earlier. Such a residual interference, if not ade-
quately taken into account, may waste the gains of FDR due to the recovered spectral
efficiency (the prelog factor) since the effective SNR inside the capacity logarithm of

the first hop is deteriorated.
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(a) Full-Duplex Relaying. (b) Half-Duplex Relaying.
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Figure 3.1: Full-Duplex vs. Half-Duplex Cooperation

Such interactions at the signal level in FDR suggest different cooperation protocols which
vary in their error performance, required amount of channel state information, and encod-
ing/decoding complexity, among others. In what follows, the discussion starts with a simple
protocol in terms of complexity and knowledge of the channel state, however it accordingly
offers a limited error performance. The discussion then proceeds in an ascending order of
performance and complexity.

Before proceeding, we first formally define the basic system model which is adopted in

all the discussed protocols, then highlight the differences in their respective sections.
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3.1.1 System Model

In Fig. 3.1a, a source (S) intends to communicate with a destination (D) via a full-duplex
relay (R). The source message, M € M = {1,2,---,28%} is encoded using an encoding
function € : M — C with a fixed rate R bits per channel use (bpcu) into a codeword g € C
of length B symbols, where C is the source codebook with cardinality |C| = |[M]| = 2B%. At
the relay, a decode-and-forward (DF) strategy is employed. Therefore, the relay attempts
to decode the source message from its received signal and re-encode it into xgr € C. It is
assumed that B is fairly large, thereby validating the use of information theoretic tools. In

what follows, the adopted channel and signal models are detailed.

Channel Model

We denote the channel between node ¢ € {S,R} and node 5 € {R,D} by h;;. As men-
tioned earlier, the relay loopback channel introduces self-interference that cannot be per-
fectly cancelled in practice. For notational convenience, we assume that hrgr denotes the
RSI channel after undergoing all known practical isolation and cancellation techniques, see
20, 18, 34, 35, 36] and the references therein. We use g;; = |h;|*> to denote the i—j link
gain, for i € {S,R} and j € {R,D}.

We assume all the links experience block fading. Thus, h;; remains constant over one
block, and varies independently from one block to another following some probability distri-
bution. Two distributions are mainly considered in this thesis; Rayleigh and Nakagami-m
fading.

In Rayleigh fading, the :—j link gain g;; is exponentially distributed with an average
gain of m;;. For such, we use the shorthand notation g;; ~ Exp (m;;). The probability den-

sity function (PDF) and cumulative distribution function (CDF) of an exponential random
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variable (RV) X ~ Exp (7) for z > 0 are given, respectively, by

fx (z;m) = %exp (—%) , (3.1)
Fx(x;m) = 1—exp <—%) . (3.2)

On the other hand, when the links are experiencing Nakagami-m fading [37, 38|, the

t—j link gain g¢;; is Gamma distributed with an average gain of m;;, in addition to a shape

parameter denoted by m;;. We use the shorthand notation g;; ~ G (m;;, 8;;), where 6;; = o
ij

is called the scale parameter. For a Gamma RV X ~ G (m,#), the PDF and CDF are given,

respectively, by

rm—1 -3

fx (x;m,0) = W, (3.3)
Fx (x;m,0) = %, (3.4)

where v (a,b) = fob t*~te7tdt denotes the lower incomplete Gamma function, while T (a)
denotes the Gamma function [39]. The Nakagami-m fading model spans a wide range of
fading scenarios that subsumes Rayleigh fading as a special case when m = 1. Also, for
m > 1, a one-to-one mapping exists between its m parameter and the Rician K factor,
which allows it to closely approximate the Rician distribution and accordingly capture LoS

effects [38].

Signal Model

Due to simultaneous source/relay transmissions, the received signals at R and D at time ¢

are given, respectively, by

wlf] = v/Pohsnrslt] + / Pihwwanlt] + nalt], (3.5)
ylt] = /Prhrozrlt] + v/ Pshspas[t] + nolt], (3.6)
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where P; and x;[t] denote the transmit power and the transmit symbol at time ¢ at node
i € {S,R}, respectively, while n;[t] represents the additive white Gaussian noise (AWGN)
component at node i € {R, D} at time ¢. Following from the earlier discussion on the RSI link
modeling, it is assumed that the RSI term proportionally scales with P3, where 0 < § < 1,
covering the range from constant to linear scaling with the relay power. Without loss of
generality, all AWGN components are assumed of unit variance.

As mentioned earlier, FDR can yield different levels of performance depending on how
the received signals given in (3.5) and (3.6) are processed at the respective receivers. In other
words, the performance depends on the adopted cooperation protocol, which is the subject

under discussion in the following.

3.2 The Full-Duplex Multi-Hop Channel

A multi-hop channel and a relay channel are often distinguished from one another. On the one
hand, a multi-hop channel is a channel where the destination receives and decodes the source
message only via its relay-forwarded replica, i.e., that passing through the multi-hop path.
Thus, it is assumed that no information can be distilled via the direct source-destination
link. On the other hand, a relay channel is a channel where the destination receives the
source message via the multi-hop path passing through the relay as well as that arriving
directly from the source.

We first consider the simple full-duplex cooperative setting depicted in Fig. 3.2. In this
setting, the destination distills the source message only via the multi-hop path. Following
the previous discussion, this protocol is commonly called in the literature as the multi-hop
decode-and-forward (MHDF) FDR protocol [40]. By simply using the same codebook of the
source at the DF relay, and assuming successful reception at the relay, the relay’s transmit

signal is given by

wr[b] = xs[b — D], (3.7)
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Figure 3.2: A full-duplex cooperative setting in coverage extension scenarios where direct
source transmissions are treated as interference at the destination.

with b being the time index of the codeword block while D denotes the processing delay at
the relay in codeword blocks. In the MHDF-FDR protocol, simple instantaneous decoding
is adopted. Hence, as clear from (3.6) and (3.7), either g or g can be decoded, treating
the other as interference. Since using a relay implicitly implies a weaker direct link gain
than those of the aiding multi-hop path, the direct source signal is treated as interference
to the stronger relay signal. Clearly, such a MHDF-FDR protocol is best-suited to coverage
extension scenarios where the direct source-destination link is either absent due to deep

shadowing effects, or having a very weak gain.

3.2.1 Outage Performance of MHDF-FDR

According to the earlier explanation of the MHDF-FDR protocol, the received signal-to-

interference-plus-noise ratio (SINR) at R and D are given, respectively, by

Psgsr Prgrp

_ _I8OsR _ _TRIRD 3.8
Plgrr + 1 TRD Psgsp + 1 (3:8)

VSR

In (3.8), ;[t] is assumed to have an average power of unity. The end-to-end outage proba-

bility using MHDF-FDR, assuming complex Gaussian channel inputs and unit bandwidth,

44



is simply given by

Powt = 1 —Psr Prp, (3.9)

with

representing the probability of outage in the i—j link, and P{A} denoting the probability
of occurrence of event A. In (3.10), C;; = log, (1 + 7;;) bpcu is the instantaneous capacity

of the 1—j link

Rayleigh Fading

When the links are Rayleigh-fading, the link gain g;; is exponentially distributed as given by
(3.1) and (3.2). It follows that the outage in the first and second hop are obtained as given

in [41], respectively, by

_ n
P _1 PsﬂsReXp<fPSZSR> 1 eXp ( PSWSR) (3 11)
SR — Pymsr+nP3TRR o 1+ PJmrr ’
n Ps7sr
n
. exp (— )
Prm
— 1 _ Pamepe "™RTRD 4 RTRD
Pro =1 Prmrp+1PsmsD =1 Psmsp  ? (3'12>
1+ N
RTRD

where = 2% — 1. Tt is clear from (3.11) and (3.12) that the outage probability increase

due to interference is captured by scaling down the exponential term in the CDF of the first

and second hop by the factors and respectively. These scaling factors

PE(; TRR 1 Ps7sp
By vy PR rRD

are functions of the relative average received power of the desired and interference signals, in

addition to the source rate. It follows that the end-to-end outage probability for MHDF-FDR
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is simply given as

eXp <_PS7FSR) eXp <_PR7TRD)

R0 =

P = 1— (3.13)

Nakagami-m Fading

Under Nakagami-m fading,

X+1’

G (my,0;) and Xy ~ G (ms,03). To obtain the outage probability in the first and second

hops, we make use of the the following remark.

Remark 1 (CDF of Z =

% +1) For two independent Gamma RVs, X1 ~ G(mq,60,) and

Xy ~ G (ma,0s), with integer shape parameters and possibly distinct scale parameters, 7 =

mo—1 _
Fy (Z;p) _ ~ <m1’ 91) + B Z Wab (314)

where p = (myq, 01, ma, 63) is a vector holding the shape and scale parameters, W, (¢) is the

Whittaker function [39, Eq. 13.1.83], a = ml;kfl, b= _mg_k, c=g+ %, d= %’““ and

. exp (<1 (7 - %)) <3>““_ s,

It should be noted that, if a Gamma RV X ~ G (m,0) is scaled by a constant «, then
Y = aX ~ G (m,af). Thus, it follows from Remark 1 that the end-to-end outage probability

for MHDF-FDR under Nakagami-m fading is given by
Pout = 1=(1=Fz(n;p1)) (1= Fz(n;p,)), (3.16)
with p; = (mgr, PsOsr, mrr, Pi0rr) and p, = (mzp, PrOrp, Msp, Psbsp).
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3.2.2 Outage Performance of MHDF-HDR

For the sake of comparison, we write down here the expressions for the end-to-end outage
probability of MHDF-HDR, the half-duplex version of the MHDF-FDR. In this protocol, the
source message is only distilled from the multi-hop path without combining the direct link
signal. It should be noted that, for fair outage performance comparison, we need to account
for the difference in multiplexing gains between HDR and FDR, i.e., to take the prelog factor
of % in HDR into account. Thus, the source in HDR transmits with double the rate of that of
FDR, i.e., 2R, and hence ngp = 22# —1. The end-to-end outage performance of MHDF-HDR

is given in (3.17) and (3.18) under Rayleigh and Nakagami-m fading, respectively.

Rayleigh Fading

Powt = 1—exp (_PZI:TZR) exp (—PZI:;D) ) (3.17)

Nakagami-m Fading

_NED _HD
1 r <mSR’ P595R> r (mRD’ PR9RD)

Pou )
¢ F (mSR) F (mRD)

(3.18)

with ' (a,b) = [,7t*'e~'dt =T (a) — v (a,b) denoting the upper incomplete Gamma func-

tion.

3.2.3 Source/Relay Power Optimization in MHDF-FDR

It is straightforward in HDR to show that the higher the transmit power of the source and /or
the relay, the better the end-to-end error performance. Accordingly, for the considered simple
three-terminal setting, transmission with maximum power in HDR always yields the best

error performance. Unfortunately, this is not the case in FDR, and especially for MHDF-
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FDR. This stems from the fact that increasing the transmit power of any of the nodes boosts
the desired signal power at one receiver end, however it also increases the interference power
at another as clearly seen from (3.8). Given the individual power constraints 0 < Pg < P&
and 0 < Pr < PR, it is important to find the pair (P§, Pg) that minimizes the end-to-end
outage probability. For the Rayleigh-fading scenario, it is proposed in [44] that such a pair,

for P = PP = P,, and 6 = 1, is given by

;

(P Pu), if Py < min (PSP (Pu), PP (Pu))
(Fs, Pr) = § (PSP (Py), Pn), if PS*"(Py) < Py < PY(Py), (3.19)

(P PP (P)), i PP (Pr) < P < P (P),

\

where PSP (P,) and P3P(P,) are the solutions to the cubic equations obtained from dif-
ferentiating (3.13) with respect to (w.r.t.) Ps and Pg, respectively, with setting the other
transmit power to P,,. However, no discussion was provided in [44] on the existence and
nature of the roots for the given cubic equations. We show in Appendix 3.A that the end-to-
end outage probability in MHDF-FDR is actually unimodal in the source power and in the
relay power. Hence, the solution (3.19) given in [44] is the optimal solution. Although the
objective function is nonconvex, the optimization can be also performed numerically due to

unimodality using the bisection method, since unimodality implies quasiconvexity.

3.2.4 Comparison of MHDF-FDR and MHDF-HDR

In Fig. 3.3, the performance of the MHDF is compared for HDR and FDR, also against that
of DT. For DT, we consider two settings: 1) a single-input single-output (SISO) setting where
the source is equipped with only one transmit antenna, and 2) a multiple-input single-output
(MISO) 2 x 1 setting with a two-antenna source, which provides transmit diversity using the
celebrated Alamouti space-time coding scheme taking the slow fading channel assumption

into account. In the MISO setting, the first and second antennas are allocated power of Ps
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Figure 3.3: Relative Performance of MHDF-HDR /-FDR protocols over Rayleigh fading links,
for mgg = mrp = 20 dB, mrr = 8 dB, 7gp = 0 dB, and ¢ = 1.

and Pg, respectively. In Fig. 3.3a, we can observe that MHDF-FDR outperforms MHDF-
HDR as the rate R increases, and vice versa. It can be seen also that power optimization
offers a better performance in MHDF-FDR, implying that transmission with maximum power
can be performance-limiting. The relative performance depends on the values of mrg and wsp
since the MHDF-HDR protocol is indifferent to them, while the MHDF-FDR performance
is worsened as their values increase. In Fig. 3.3b, the outage performance is shown against
Ps = Pr = P to give an idea about the diversity of the protocols. It is clear that the curve of
MHDF-HDR has the same slope as that of DT, implying it has a diversity of order 1. On the
other hand, the MHDF-FDR protocol suffers from an error floor, implying a zero diversity
order. It can be also observed that although power optimization can enhance the error floor
value, it cannot get around this diversity order problem. In the following, we analytically

show that the diversity gain is equal to zero, and analyze the causes for such a performance.
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3.2.5 Diversity Order Problem

By setting Ps = Pg = P in (3.13), the outage probability for MHDF-FDR under Rayleigh

fading is given by

1 n n
exp (—# (& + 7))
P o= 1— P SR RD

. (3.20)
s S— s
(14 nmapi-r) (14 pz2)
The diversity order [45] is defined as
: log (Pout)
D = lim —————~, 21
Pryoo log (P) (3.21)

For large P, 1 — exp (—% (i + L)) approaches = <i + #) as in [45]. Thus,

TSR TRD

- (e
log (1 - (HT)m};g,éSF?) ( RD) D) )
— TSR o (3.22)
P50 log (P)
™SD p ., "RR (H— WSD)P5+(L+L>
log <77’”RD nWSR n TSR T™RD )
(Pn7aR P?) (10 230)

_ : _ TRD

B Ph_r}go log (P) (3:23)
log (2P + 2 (14 9z ) PP (4 1))

= 1= Ph—r>r010 log (P) ’ (3:24)

where the logarithm of the ratio in the numerator of (3.23) is written on the form of the
difference of logarithms, then the limit is applied to the subtrahend terms. It can be noticed
that the limit of the logarithm ratio in (3.24) always goes to 1, hence yielding a zero diversity
order, unless all the P-dependent terms in the numerator vanish. Specifically, we can notice
that the limit drops to zero when wgp = mrg = 0. It can be also noticed that the limit goes

to 6 when 7mgp = 0 but mrr # 0, hence yielding a diversity order of 1 —§. In summary, the
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diversity order of MHDF-FDR is given by

;

1, ifﬂ'SD:ﬂ'RR:O,
D= 1-— (5, if TSD — O,ﬂ'RR % 0, (325)
0, elsewhere.

\

This aforementioned error floor result explains the noticed trend in Fig. 3.3b. It also agrees
with recent results in the amplify-and-forward (AF) FDR literature [46]. With the analyzed

diversity order now in hand, we can conclude the following from (3.25):

° For any nonzero value of 7gp, the diversity order of MHDF-FDR drops to zero regard-
less of the RSI link gain or how the RSI scales with the relay power. Although the
S —D link bears useful information, not only it cannot be exploited by the MHDF-FDR

protocol, but also it worsens the performance as its gain increases.

° For nonzero RSI that is linearly-scaling with Pg, i.e., 6 = 1, the diversity order of

MHDF-FDR is equal to zero no matter what the value of mgp is, being zero or nonzero.

° In order to have a diversity order of MHDF-FDR equal to that of MHDF-HDR, i.e.,
diversity order of 1, two conditions should be simultaneously maintained: 1) no direct
link exists (mgp = 0), and 2) no RSI exists or the RSI does not scale with the relay
power Py at all (the RSI link can be still a fading link, but the average is constant

w.r.t. Pg,ie., d=0).

As noticed, instantaneous decoding did not allow MHDF-FDR to exploit the direct link, and

caused a diversity order problem.

3.3 Improper Gaussian Signaling in MHDF-FDR

In an attempt to statistically mitigate the effect of the RSI link on the end-to-end performance

of MHDF-FDR, we examine the potential merits of allowing the relay to more generally use
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improper Gaussian signaling (IGS) [47]. Proper Gaussian signaling (PGS) assume that zero-
mean complex transmit signals are statistically circularly symmetric with uncorrelated real
and imaginary components. On the other hand, IGS is a more general class of signals where
circularity and uncorrelatedness conditions can be relaxed, subsuming PGS as a special
case. For Gaussian channels, and within the class of Gaussian signals, PGS has been widely
accepted and adopted in the literature as the best Gaussian signaling scheme for different
communication settings. This common assumption was primarily motivated by the fact
that PGS is known to maximize the achievable rates in point-to-point, multiple access,
and broadcast channels. However, recent work on the interference channel showed that, in
general, IGS can actually support higher rates in certain interference-limited scenarios [48].
These results motivate the need to further study the potential gains of IGS in communication
scenarios where interference imposes a noticeable limitation.

The potential gains of IGS have been also recently studied in [49] for the MIMO relay
channel when a partial DF strategy is adopted. In such a relaying strategy, the relay only
decodes a part of the message, while the rest of the message is treated as an additional
interference term. It was shown in [49] that PGS achieves the highest rate within the class
of Gaussian signals. However, the work in [49] assumed an ideal full-duplex relay channel,
where the self-interference imposed by the relay’s transmitter on its own receiver is perfectly

canceled.

3.3.1 End-to-End Outage Performance Upper Bound

As derived in [50], when PGS and IGS are employed at the source and the relay, respectively,
the end-to-end upper bound on the outage probability under Rayleigh fading can be obtained

from Theorem 1.

Theorem 1. Using MHDF-FDR cooperation with IGS adopted at the relay, the end-to-end

outage probability under Rayleigh fading as a function of the relay’s transmit power and
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circularity coefficient can be upper bounded by

5 5
_ 1 v(CR) +PRWRR+1\II PRTRR Cr
PRTRD (17012{) PS7sR Py rRR+1

UB _ e
Pout (PR> CR) = 1- Persp ¥(Cr) 1 (326)
PrTRD (1—0%)
where
U (2) = /1 +nup (1 —22) — 1. (3.27)

3.3.2 Circularity Coefficient Optimization

In order to investigate the merits of IGS over conventional PGS in MHDF-FDR, we aim
at finding the optimal circularity coefficient value that minimizes the end-to-end outage

probability upper bound. Specifically, we aim at solving the following optimization problem:

min  PUS (P, Cr) (3.28)

Cr out

In order to solve the optimization problem, we analyze the convexity properties of the ob-

jective function PUB

't (Pr, Cr). In general, the function is found to be non-convex due to the

indefinite sign of the second derivative. However, other desirable properties that allow us to

find the global optimal point are presented in the following theorem.

Theorem 2. When IGS is employed at the relay, the upper bound of the end-to-end outage
probability is either a monotonic or a unimodal function in Cr over the interior of the region

of interest, 0 < Cr < 1.
Proof. The proof is provided in Appendix 3.B. m

Since monotonicity and unimodality are special cases of quasi-convexity, such a result

allows for the use of quasi-convex optimization algorithms. For instance, the optimal Cy can

53



be numerically obtained using the well-known bisection method operating on its derivative

given in Appendix 3.B.

3.3.3 Comparison to MHDF-FDR with PGS
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Figure 3.4: Outage vs. Power over Rayleigh fading links, for mgg = mrp = 20 dB, mgg = 8
dB, msp = 0 dB and R =1 bpcu.

In Fig. 3.4, we compare the performance of the system by employing IGS at the relay
to that with PGS. In addition to the optimization over the relay’s circularity coefficient, we
also jointly optimize over the relay’s power, i.e., by not necessarily transmitting with full
power at the relay. The two-dimensional optimization for the upper bound is performed
using two methods: 1) a grid search plotted with marks, and 2) a two-dimensional bisec-
tion algorithm operating in an iterative and alternating fashion on the relay’s power and
circularity coefficients. From the numerical results, it can be easily noticed that IGS im-
proves the end-to-end outage probability relative to the previous optimized PGS scheme.
However, such an improvement does not enhance the diversity order of the system as shown.
A three-dimensional grid search that additionally includes the optimization over the source
power is also shown in Fig. 3.4. As noticed, further improvements are offered to the system
performance. Although the performance of the latter curve is shown to steadily improve,

a plateau is eventually reached, even though at higher power, reflecting the persistence of
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Figure 3.5: A general full-duplex cooperative setting where direct source transmission is
exploited as a diversity branch at the destination.

the same diversity problem. It remains interesting to study the performance of MHDF-FDR

when IGS is employed at both the source and the relay.

3.4 Block Transmission in the Full-Duplex Relay Chan-
nel

In contrast to the setting shown in Fig. 3.2 where the direct S — D link is treated as
interference, the setting shown in Fig. 3.5 attempts to exploit it as a diversity branch. As
noticed in the previous sections, instantaneous decoding at the destination did not allow for
leveraging the direct link. Alternatively, a block transmission scheme can be adopted where
a sequence of codewords can be jointly or conditionally decoded to make use of the diversity
in the two arriving replicas at the destination.

In the earlier FDR literature with perfect self-interference cancellation, a cooperation
protocol based on block Markov superposition coding (BMSC) [51, 52, and the references
therein| attains the best known achievable rates among fixed DF protocols. This BMSC-
FDR protocol was further applied and analyzed for FDR channels with RSI in [40, 43] over
Rayleigh and Nakagami-m fading channels. There exist several decoding techniques for

BMSC that are explained in [52], e.g., sliding-window decoding and backward decoding.
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3.4.1 End-to-End Outage Performace

The end-to-end outage probability for the BMSC-FDR protocol is given under Rayleigh [40]

and Nakagami-m [43] fading as follows.

Rayleigh Fading

[ / E— 5 n _n
e Psmsr(-p%) qe”a — e B

Pout = 1-— , (3.29)

&
14 -1 Dime - f
1—p? Psmsr

where o« = % + \/g, B = % — \/1_7, a = PRWRD + PSWSDa and b = % — PSWSDPRWRD<1 - p2),
while p is the correlation coefficient between the source and relay messages, which can be

designed to maximize the end-to-end mutual information.

Nakagami-m Fading

The approximate end-to-end outage probability for the BMSC-FDR protocol under Nakagami-

m fading is given in [43] by

b~ D1 (1 >m( " )
out ™ T (m) T (k+1) \ Pibrr (1 — p?)PsOsy

L 1 n
[—— . . 3.30
. sosn U mpg, k 4+ mag + 1, Pl + = pg)pSQSR) ; (3.30)
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where

-1
T (mSD) (mSD -+ 1) (mRD) (mRD + 1)

— —1 3.31
€ < F (mSD + ) (m ) ) ’ ( )

Pl ()1
° - Jspfro I' (msp)I" (mrp) 3 (3.32)
1 = PsBspmsp + PrOrpmrp + 2V PsPr p € o, (3.33)
— ((PSQSD)2WSD + (PRGRJ;;;mRD +4PsPg p* € Q2>_1 , (3.34)
o — % (3.35)

In (3.30), U(-,-,-) denotes the confluent hypergeometric function of the second kind (Tri-

comi’s function) [39, Eq. 13.2.5].

3.4.2 Diversity Order of BMSC-FDR

Here, we derive the diversity order of the BMSC-FDR, protocol. Under Rayleigh fading, and
_n

_n
for Ps = Pr = P, it can be easily verified that the fraction % in (3.29) goes to 1

T

as P increases, using the approximation e™7 ~ 1 — Hence the diversity order, also using

Z
B

the same previous approximation, is on the form

(3.36)

log (P + 5P‘5> — log <ZL + I;P‘S)
pu— 1'
P log (P)
= 1—-9, (3.38)

(3.37)

with a = and b= 1L TRR
7rSR,( 1-p? p TSR
From the derived diversity order, we can see that it is enhanced due to considering block

transmission and the conditional decoding employed in BMSC-FDR. Specifically, it is no

longer limited by the direct link, since the information arriving directly from the source is
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now leveraged rather than being treated as interference. However, it is still limited by the

RSI and how it scales with the relay power.

3.4.3 Comparison to MRC-HDR

Although BMSC-FDR exploits the direct link and offers a better diversity order than that
of MHDF-FDR in the case of non-negligible direct link gain, it still suffers from a diversity
problem as that experienced by maximum-ratio combining (MRC)-HDR. Unlike MHDF-
HDR, MRC-HDR does not neglect the replica arriving directly from the source. On the
contrary, MRC-HDR combines both direct and multi-hop replicas to offer better perfor-
mance. Nonetheless, from a diversity point of view, it is known from [45] that MRC-HDR
does not offer any diversity gain, yielding a diversity order that is equal to 1. This result is
due to the fact that the performance of MRC-HDR is limited by that of the first hop. Using
fized relaying in which the relay always cooperates, even with combining, renders the first
hop as a single point of failure in the system. In other words, if the relay decodes incorrectly
due to an outage in the first hop, it will forward a logically corrupted message. Combining
such a corrupted signal with that correctly, but weakly, arriving directly from the source will
still count as an error event due to erroneous decoding with high probability.

For the sake of comparison, the outage performance of MRC-HDR under Nakagami-m

fading is given as follows. For Rayleigh fading, m is simply set to 1.

Powt = 1— (1= Fx (nup;msr,bsr)) (1 — Fs (nup; p2)) , (3.39)

where p, = (mrp, PrOrp, Mmsp, Psfsp).

The previous discussion is numerically illustrated in Fig. 3.6. As shown, BMSC-FDR
offers better error performance than that of MHDF-FDR due to leveraging the direct link.
However, as noticed in Fig. 3.6b, it still suffers from an error floor when 6 = 1. When

0 = 0, the diversity gain improves for BMSC-FDR from 0 to 1 as shown in 3.6¢, which
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Figure 3.6: End-to-End Performance of BMSC-FDR and MRC-HDR protocols over Rayleigh
fading links, for mgg = mrp = 20 dB, mrr = 2 dB, 6 = 1 and 7wgp = 5 dB.
agrees with the results derived earlier. The performance of MRC-HDR is also shown relative
to MHDF-HDR, indicating an improvement in error performance, without any improvement
in the diversity gain. As shown, the Alamouti 2 x 1 scheme attains the best performance
due to the full diversity gain it provides.

From the shown figure, it is clear that more efficient cooperative protocols still need be
devised and investigated to demonstrate the gains of FDR. In the next chapter, we propose
to relax the limitation of adopting fized relaying, and investigate the entailed performance

gains.

59



Appendix

Appendix 3.A Unimodality of MHDF-FDR Outage Prob-
ability in the Source and Relay Power

By differentiating Pyy in (3.13) w.r.t. Ps while setting Pgr = P, we get

apout _ _anﬂ'RDeXp <—T]< 1 + 1 )) (a1P§’+b1P32+clPs—|—d1)

Psmsr PumrD
P 5 5 , (3.40)
S Ps (Psmsr + nPumrr)” (Pumrp + 1 PsTsD)
where a; = —msp?7msp, b1 = NmsRTsp, ¢1 = (PuTsrTRD + P2TSRTRRTRD + PuTRRTSDN?),
and d; = nP2mrr7mrp. It is clear that the exponential term and the denominator are

always positive, implying that any sign change of the derivative is due to the cubic equation
in the numerator. Here, since the transmit power can only take positive real values, we
make use of Descartes rule of signs [53] to find the number of positive roots for the cubic
equation. Specifically, for the sequence formed by the descending order of the cubic equation
coefficients, i.e., the sequence {ay, by, c1,d; }, the number of sign changes is only one. For our
real cubic polynomial, this determines the number of positive roots to be exactly one root,
which implies that the interior of the function Py in (3.13) is unimodal in Ps > 0. Hence,
this single positive root of the equation ay P§ + by P¢ + ¢ Ps + d; yields Pé’pt(Pm). It should
be noted that the unimodality property in Py is preserved for general 0 < ¢ < 1.

Similarly, and due to symmetry in the case of 6 = 1, differentiating Py in (3.13) w.r.t.
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Pr while setting Ps = P,,, we get

8730ut anTrSR exp <_77 <Pm1TSR + PR71TRD)> (CLQP}% + bQPI% + CQPR + d2) (3 41)
0Py Pr (Pusr + 1Pr7rr)? (Pr7rD + 7 Pumsp) 7 '
where ay = _7TRD27TRR7 by = NTRDTRR, C2 = (PmWSRWRD + PI%WSRWSDT(RD + Pmﬂ'RRﬂ'SD?]Q),

and dy = nP%7mspmsr. The same unimodality property follows in Pr > 0, and hence, the

single positive root of the equation ag Py + by P2 + co Pr + do yields Pf{pt(Pm).

Appendix 3.B Quasiconvexity of Outage Upper Bound
in the Relay’s Circularity Coefficient

The derived outage probability upper bound as a function of the relay’s circularity coefficient

is given on the form:

¥(e) —b¥(cx)

fy=1- 07 (3.42)

r)=1-— , .
A + 1

where 0 <z <1,a= 5+—, b= m, ¢ = PRI g = Dsmsn o we analyze the

Prmrp’ Psmsr, PimRrR+1’ Pr7mrRD

stationary points of f(x) = 1 — f(x). Its derivative is given by

> IC)) —b¥(cx)
d =
) e s, (3.43)
v (d g 1)

where

_ v (.’L‘) a (2\11 (1‘) ~+ HD (-%2 - 1)) b??HDC2
S@P@rﬂﬁ+g<<wm+nuﬁf - g
nHDd _ 2d¥ (37)
W@ +)(1-22) (1-a2)°

N———

+

(3.44)
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From the given form, and in addition to the roots of S(z), it is clear that % admits only

a zero at © = 0. Now, we investigate the roots for S(x), and use the change of variables,

z =W (x)+ 2. Hence, 1 — 2% = % After substitution and some manipulations, S(z) is

hence given for our region of interest, 2 < z < 1+ +/1 + nup, by

2 2 2
_ (7HD — @D biupe ~ "apd
5(2) = (d P 1) <z2(z -1) Ty (cz) + 1) 22(z—1) (3:45)

Since 0 < ¢ < 1, we know that 1 — ¢?z? > 1 — 2% Hence, ¥ (cx) +1> ¥ (zx)+1=2— 1.

Let U (cx) +1=t,(2 — 1), where t, > 1. Therefore,

(dnup + 2)(—anfpt. + byupc®z?) — nipdt.z

= 4
S(z) 10— 1) (3.46)
The numerator is a cubic polynomial in z which is given by
T(z) = bc*nup2® + b dniipn 2 — (a + d)njpt.z — adnipt.. (3.47)

To find the number of positive roots for T'(z), we use Descartes rule of signs [53]. Specifically,
for the sequence formed by the descending order of the cubic equation coefficients, i.e., the
sequence {bc*nup, be2dn?p, —(a+d)nipt., —adnipt.}, the number of sign changes is only one.
For our real cubic polynomial, this determines the number of positive roots to be exactly
one root. Hence, in the positive region of interest, 2 < z < 1 + /1 + ngp, either one or no
feasible roots exist for T(z), and hence for S(z). This shows that f(z) is either monotonic
or unimodal due to the existence of one root at maximum in its interior. If unimodal, the
global optimal point can be numerically obtained via the bisection method operating on the

derivative function.
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Chapter 4

Selective Full-Duplex Relaying

4.1 Related Work

In HDR, there exist different protocols in the existing literature that can offer a better
diversity order than that of MRC-HDR. In [45], Laneman et al. proposed several HDR
protocols and studied their outage performance. Among these protocols is the selective
decode-and-forward (SDF) protocol in which the relay assists only when the source-relay
link is not in outage. Thus, SDF avoids as much as possible forwarding mere interference to
the destination, giving the latter a chance to recover the message from the direct link. Also
proposed in [45] is the incremental decode-and-forward (IDF) protocol where the relay only
assists upon the reception of a one-bit feedback from the destination declaring an outage
in the direct source-destination link. This protocol was proposed to primarily alleviate the
inherent rate loss in HDR by allowing the destination to solely rely on the direct link as
long as it is in a good condition, and hence it avoids the dedication of a time slot for relay
forwarding.

In addition to their rate enhancement to HDR systems, SDF and IDF also offer a diversity
gain by no longer having the first hop as the system’s single point of failure. Indeed, at high

SNR, the error probability is inversely proportional to the SNR squared as derived in [45],
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Source zs[1] xs[D +1] | zs[D + 2] xs[L] Silence Period |

Relay rLP_roc_essTng_D;ay_ xg(1] xg[2] - xs|L — D] e xs[L]

Figure 4.1: SDF-FDR block transmission scheme, where xs[b], b € {1,2,---, L}, is the b
B-dimensional codeword transmitted by the source.

implying a diversity of order 2.

In what follows, and in order to capture the direct link benefits, we first propose to adopt
a block transmission scheme where both message replicas (the direct and multi-hop replicas)
can be leveraged at the destination. In such a block transmission, we revisit the SDF and
IDF protocols proposed for HDR, and propose two protocols that can be employed in FDR.
Unlike in fized relaying, the proposed selective FDR protocols have the potential to offer

higher diversity as will be shortly discussed.

4.2 Block Transmission Scheme

We consider the block transmission scheme in Fig. 4.1. As shown, communication takes place
over one super-block, which is composed of L + D blocks. All channel gains are assumed to
remain constant over the entire super-block. Unlike in MHDF-FDR, and similar to BMSC-
FDR, here the destination node D attempts decoding only after the reception of the whole
super-block. This ensures that the destination has received the two replicas via the direct
and multi-hop paths, although they are not well-aligned as shown.

For each set of channel realizations, the system selects to operate in either a cooperative
or non-cooperative mode. In the cooperative mode, it is assumed that the relay is able to
successfully decode and simply reencode the source message with the same encoding function
used by the source, taking its processing delay into account. In what follows, we discuss the

signal model with and without relay assistance.
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4.2.1 Cooperative Mode

Taking the relay processing delay of D codewords into account, the relay simultaneously for-
wards ®g[b] = xs[b — D], which imposes self-interference. Thus, the B-dimensional received

signals at R and D at block b are given,respectively, by

yrltl = V/Pehsuaslt] + /Pihrnaslh — D] + nxlt], (4.1)
yplt] = /Pshspas[b] + v/ Prhroas[b — D] + nplb], (4.2)

where ng[b] € CP*! and np[b] € CP*! denote the relay and destination noise at block b,
respectively. We rewrite (4.2) in vector form to jointly account for the L+ D signals received

over the entire super-block as

yp = Hzs + np, (4.3)
where
T
Yp = (yD[l]T7 cee 7yD[L + D]T) ) (4'4)
zs = (ws)7,...,as[)7)", (4.5)
np = (np[l]”,...,np[L+D]7)", (4.6)
and
Ig; OspxBL
H = /Pshgp + v Prhrp : (4.7)
OspxBL Iy,
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4.2.2 Non-Cooperative Mode

In this case, the relay does not assist. Thus, the received signal at the destination at block

b is given by

yD[b] = v/ PshSDms[b] + np [b] (48)
For large %, in order to keep the same block structure adopted in the no-outage case, it is

equivalent to use the vector form in (4.3) with the value of Pg or mgp set to zero.

4.2.3 Instantaneous Link Capacities

To analyze the end-to-end channel outage, the instantaneous capacities of the individual links
need to be first provided. Assuming complex Gaussian channel inputs and unit bandwidth,

the information capacity of the ¢ — j link is given by

Ci; = log, (14 ;) bpcu, (4.9)

where vsp = Psgsp and Yrp = Prgrp, while 7sg = Pﬁiiil denotes the SINR in the S — R
link with the RSI effect taken into account as an additional noise term.

At the destination, we use C's r)—p to denote the information capacity per super-block in
the virtual MISO channel formed by S and R as the transmitter side and by D as the receiver
side. It is worth mentioning that no channel state information is assumed at the transmitter

side, and hence, no power or rate adaptation is possible. Again, assuming complex Gaussian
inputs and unit bandwidth, it is readily given by
BL

C(S,R)HD = log, det {IBL + HHH} = log, H (H‘ Ai) ) (4-10)

i=1
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where

HHH = OéIBL—f-ﬁBBLBD—FB*FBLBD, (411)

with & = Psgsp + Prgrp = Ysp +7rp and 8 = hiphrp, while B, (F;) denotes a square back-
ward (forward) shift matrix of size ¢, with ones only on the first subdiagonal (superdiagonal)
and zeros elsewhere. Also, {\;}2% denote the BL eigenvalues of H” H. For the special
case of D = B =1, H"H is an L x L tridiagonal Toeplitz matrix, whose L eigenvalues are
known in closed-form, [54, pp. 80], as

T

L+1

Ai = a + 2|8 cos ie{l,2,---,L}. (4.12)

We show in Appendix 4.A that for L = kD with k € Z", and for general B € Z*, the BL

eigenvalues are generalized to:

D
ABD(-1)41:8Di = O + 28| cos LZ+7TD’ ie (1,2, k), (4.13)
where )\;.; denotes the set of eigenvalues {\;, A\it1, -+, A;}. That is, the BL eigenvalues of

H"H are only k distinct eigenvalues, each with a multiplicity of BD.
From (4.13), it follows that

i iDr \ PP
Csr»p = log, E (1 + a + 2|8| cos I D) (4.14)
k .
2|8] cos 7
= BLlog, (1 BDY 1 14— kL) 4.15
0gy (1 +a)+ ;%’32( + 11 a ( )

Thanks to the arithmetic-geometric mean inequality, we know that 2|3| < «, and hence,

2\ﬂ|cos,j—$1
1+—a| < 1. For

2B cos 55 < 2|f] < @ < a+ 1. Thus, in the second term of (4.15), |

mathematical tractability, we only use the first order Taylor expansion that In(1 + z) ~ z,

or alternatively, log,(1 4+ ) ~ (- Noting that Zle Ccos 1;_47:1 = 0, the second term in (4.15)
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vanishes. Hence,
Csry»p ~ BLlog,(1+ «) bpcu. (4.16)

Recalling that a = Psgsp+ Prgrp, this previous approximation offers an interesting intuition.
That is, by employing block decoding using the proposed block transmission scheme, the
effective SINR per block is approximately equal to the sum of those obtained via the S — D
and R—D links. This appears of an equivalent effect as if maximum-ratio combining is applied
on the two signal replicas. Thus, although the two signals are non-orthogonal in time and
frequency due to simultaneous transmission, block transmission and decoding allowed for an
MRC-like effect. Clearly, this comes at the expense of D wasted blocks for alignment, in
addition to the higher decoding complexity. It should be also noted that due to the special
structure of the channel matrix, the source codewords in the super-block can be grouped into
k disjoint sets that can be separately decoded without loss of performance, thus reducing

the decoding complexity.

4.3 Selective/Incremental Full-Duplex Cooperation

Two selective cooperation protocol variants are proposed based on the aforementioned block
transmission scheme, namely, SDF-FDR and incremental selective decode-and-forward (ISDF)-

FDR.

° In SDF-FDR, the system operates in the cooperative mode as long as the relay is able
to decode the source message. It is assumed that the outage event dominates the error
event. Thus, the relay successfully decodes the source message as long as its received
SINR exceeds the threshold n = 2% — 1. Otherwise, the relay does not cooperate, and
the destination attempts to decode only from the directly received signal. According
to the defined SDF-FDR cooperation policy, and based on the result in (4.16), the

effective SNR profile at the destination node, denoted by 7e., can be approximately
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given by

YSD, OSR7
Ye2e = (4 17)

Ysp + YrD;  Osr.

where O;; denotes the outage event in the ¢ — j link, with (’)_Z] denoting its complement.

° In ISDF-FDR, the system favors non-cooperative mode as long as the direct S— D link
is outage-free. When the S — D link falls in outage, the relay starts to cooperate when
the S — R link is outage-free. This offers better energy-efficiency in terms of putting
the relay to sleep as long as the direct link is operational. Also, simpler instantaneous
decoding can be performed at the destination when receiving directly from the source.

The received SNR profile of ISDF-FDR is approximately given by

YsD, Osp U (Osg N Osp),
Ye2e ~ (418)

Ysp + YRD, Osr N Osp.

In what follows we analyze the performance of the two protocol variants under both Rayleigh

and Nakagami-m fading.

4.4 Outage Performance

In SDF-FDR, cooperation takes place only when the S—R link is not in outage. Accordingly,
an outage is declared when one of two events occurs: 1) the S — R link is in outage, hence
no cooperation takes place, while the S — D link goes into an outage state, or 2) the S — R
link is not in outage, thus relay assistance is available, but an outage occurs in the MISO

channel. This is more formally defined as
Pout = PsrPsp + (1 — Psr) P(s,r)—D; (4.19)
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where Psr and Psp are the outage probabilities of the S — R and S — D links, respectively,

which are given by

Psgr = P{CSR < R} , and Psp =P {CSD < R} . (420)

In (4.19), Psr)—pn is the probability of outage in the virtual MISO channel. Noting that

Cs,r)—p denotes the information capacity per super-block, P r)—p is defined as

C(s,r)=D BL
=P : R 4.21
Pem-n {B(L D) “BL+D) (421)
where the factor % accounts for the fact that the source only transmits in L out of

L + D blocks. Using (4.16), we get

Psr—p ~ P{p+7sp <n}. (4.22)

The ISDF-FDR protocol seeks further relay power savings. The selective part in its name
comes from the same relay selectivity in forwarding the source message depending on the
outage state of the S — R link. However, the relay does not need to always forward when
it successfully decodes. Instead, relay assistance becomes necessary only upon the reception
of a one-bit feedback from the destination at the beginning of the super-block declaring an
outage and asking for assistance. Therefore, an end-to-end outage occurs when one of two
events occurs: 1) the S — D link goes in outage, while the S — R link is in outage. In this
case, the relay is unable to assist and outage occurs with probability PsgPsp due to the
independence of channel fading coefficients, or 2) the S — D link goes in outage while the
S —R link is not in outage, but the cooperative MISO channel is in outage. The latter outage
event represents an intersection of three events. We know that the event of no outage in the
S — R link is independent of the S — D and the MISO channel outage events. Also, we know

that cooperation cannot decrease the mutual information, and thus, the outage capacity of
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the MISO channel is at least equal to that of the S — D link. Hence, the intersection of the
outage events in the S — D and the MISO channel is the outage event in the MISO channel
itself. Therefore, the probability of this event is equal to Psg Ps,r)—sn- As such, the outage
probability of ISDF-FDR is exactly equal to that given in (4.19) for the SDF-FDR protocol.

In what follows we derive the end-to-end outage probability for the proposed protocols.

4.4.1 Rayleigh Fading

Under Rayleigh fading, Psg and Psp are easily derived starting from (4.1) and (4.8), see
[41, 40], to be:

Pmsne 750 (4.23)

= P{Csr <R} =1-

Psp= P{Csp <R} =1- =y (4.24)

From (4.22), we know that P(s r)—p is approximated by the CDF of o = vgp +rp evaluated
at 7. Since ysp and ygp are independent exponential random variables with mean parame-

ters Psmgp and Pr7rp, respectively, « is a hypoexponential random variable with two rate

parameters, -—+— and 5——. Thus, according to [55, Eq. (5.9)], its CDF is given by:

> Psmsp PrmrDp

P ~Prrrp — P ~Pgrsp
Fo(z) = 1 —RIRDE T 7 IS7SDC P70 (4.25)
Prmrp — Psmsp

Now, substituting (4.22), (4.23), (4.24), and (4.25) into (4.19), and performing some manip-
ulations, the overall outage probability of proposed SDF-FDR/ISDF-FDR protocol variants

is obtained as:

__m __m __m
. Pymgre Psmsr X Prmprp <6 PRT™RD — ¢ PSWSD)

Pout ~ 1—¢€ Bmsp —

. (4.26)
(nPimrr + Psmsr) X (Prmrp — Psmsp)
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4.4.2 Nakagami-m Fading

Since the SNRs vsp and ygrp are respectively G (msp, Psfsp) and G (mgrp, PrOrp) distributed,
it follows from (3.4) that for ¢ € {S,R} the SNR CDF is given by

() = Fx (z;mip, Pibip) - (4.27)

Also, since yggr = ngslg;il, it follows from (3.14) in Remark 1 that the CDF of the received

SNR via the S — R link is given by

Eg(x) = Fz(7;py), (4.28)

with p; = (msr, Psfsr, mrr, P30rr). To find Ps,r)—p, we need to know the CDF of a =
Ysp + Yrp- Since ysp and ygp are independent Gamma RVs, we make use of the following

remark on the CDF of their sum.

Remark 2 (CDF of S = X + X3). For two independent Gamma RVs, X; ~ G (my,6,)
and Xo ~ G (ma, ), with integer shape parameters and possibly distinct scale parameters,

S = Xj + X3 has the following CDF [56]:

Fs (s;p) = % - W:_Ol FI?U) (Qil)k 1By (w50 0), (4.29)

m2
where p = (my, 01, ma, 03) is a vector holding the shape and scale parameters, A = <i> exp (—ei),

92 2

u=k+1l,v=mo+k+1, w= %s and 1Fy (u;v;w) is the Kummer’s confluent hyper-

geometric function [39, Eq. 13.1.2].

Since vsp and rp are independent and respectively distributed as G (mgsp, Psfsp) and

G (mgp, PrOrp), it follows from (A.1) that the CDF of the SNR in the MISO channel,
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denoted as Fisr)—p(7), is approximately given as

Fisry—p(7) # P{la <z} = Fs (2;p,) (4.30)

with p, = (mgp, PrOrp, msp, Psfsp). Hence, P ry-p is then given for the Nakagami-m

fading scenario by evaluating the CDF at n as

Psr-p ~ Fs(nip,y). (4.31)

4.5 SNR Performance

It can be noticed from (4.17) and (4.18) that the SDF-FDR protocol offers extra relay
cooperation in the particular non-outage event of Ogg N Ogp that does not matter in terms
of the outage performance. Since we can expect that SDF-FDR can offer higher performance
beyond the outage metric due to the more cooperation it offers, outage analysis does not
suffice to capture and distinguish the relative performance of both protocols. Now, we

analyze the end-to-end SNR performance of each of the two protocols.

4.5.1 ISDF-FDR

Let {A;}1, denote some intersections of outage events which are defined, along with their

probabilities, as follows:

A; £ OgpNOgp, P{A;} = PsrPsp,
Ay £ OsrNOsp, P{Ay} = PspPsp,
As £ Osp N Ogp, P{A3} = PsgPsp,
Ay £ Osg N Osp, P{As} = PsgPsp.

(4.32)
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Clearly, {A;}{, are mutually exclusive events that jointly span the whole probability space,

and hence, they form a partitioned space. Therefore, we can use the total probability theorem

to get the distribution of the end-to-end SNR 79, as:

4
Fio(x) = > F(z]A)P{A},
i=1
where
Pen@ - < g <
F(z|A) = Pso G
1, elsewhere,
and
—F”S’ffﬁ;PSD, n <z < oo,
F(z|As) = F(z|As) = ’
0, elsewhere.

We show in Appendix 4.B that

Fi(z), 0<xz<n,
FZ(x)7 n<r <o,

where Fi(z) and Fy(x) are given in (4.37) and (4.38), respectively, as

mrp—1 __x
Fi(x) = Fx (z;msp,Psfsp) - @msptme PRORD 4 By (mSD;mSD+m+1;(PR;RD_PS;SD)x) _ Fs(z;py)
1 - Psp PspI(mgp+m+1)(PrOrp)™ (Psbsp)”"SD ~  Psp
m=0
mgrp—1 __n
P 1 il “ (z—n)™ kymsptke PRORD 1 Fy <mSD;mSD+k+1;(%*%>ﬂ>
2(x) = 1— Z PspT'(msp+k+1)T'(m—k+1)(PrOrp)™ (Psfsp)""SD )

m=0 k=0

Substituting (4.34)-(4.38) into (4.33), we get F,, (z) for ISDF-FDR.
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4.5.2 SDF-FDR

In SDF-FDR, the relay cooperates regardless of the outage state of the S — D link. Thus,

the CDF of the end-to-end SNR can be expressed as:

F.,.(x) = F(z|Osr)Psr + F(x|Osr)Psr
= P (2)Psr + F(S,RHD(%)P_SR- (4.39)

By substituting (4.27), (4.28) and (4.30) in (4.39) we get F.

Ye2e

(x) for SDF-FDR.

As shown in the last section, both SDF-FDR and ISDF-FDR yield the same outage
performance. However, as shown in this section, SDF-FDR has a higher end-to-end SNR
profile when compared to ISDF-FDR due to the more relay cooperation SDF-FDR offers. To
motivate their inherent performance difference in light of the above, consider the following
illustrative variable-rate scenario where the end-to-end communication has R as a lower
acceptable rate limit below which an outage is defined and declared. However, when the
channel is not in outage with respect to this lower limit, the source is now allowed to freely
increase its rate to only approach the verge of outage without falling into it. In this scenario,
it is clear that the outage performance will remain the same for both SDF-FDR and ISDF-
FDR since the outage threshold is exactly the same. However, it also becomes clear that the
protocol which offers a higher end-to-end SNR profile will attain higher rates. Thus, as it
will be shown in the subsequent numerical evaluations, ISDF-FDR offers additional power
savings when compared to SDF-FDR while maintaining the same outage performance at the
only expense of a one-bit feedback provided that a fixed-rate transmission is adopted. When
variable-rate transmission is allowed, assuming channel state information is provided to the
transmitters, this power saving can come at an additional expense of a lower end-to-end

throughput.
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4.5.3 SDF/ISDF-FDR SNR Performance Comparison

CDF

In Fig. 4.2, we compare the empirical CDF of the end-to-end SNR with that obtained
from the derived expressions for three schemes; namely, (i) DT, (ii) ISDF and (iii) SDF.
As depicted in Fig. 4.2, the CDF of ISDF lies between DT and SDF, and the degree of
proximity from either DT or SDF performance is found to depend on the average direct link
gain. Specifically, as the direct link gain increases, the ISDF performance gets closer to that
of DT due to limited cooperation as in Fig. 4.2a. This happens for the reason that ISDF
does not activate the relay for cooperation as long as the destination can retrieve the source
message by solely relying on the direct link. On the other hand, as the direct link gain
becomes weaker, the performance of ISDF approaches that of SDF due to the unreliability
of the direct link as for instance in Fig. 4.2b. This is due to the fact that the destination
cannot decode from the source directly, leading to always triggering the relay to cooperate
whenever it can decode, which is basically what SDF does. We can also notice that the
curves of SDF and ISDF overlap till reaching n = 10log,,(2#+P)/L — 1) dB. This confirms
what was reached earlier in the outage analysis section that both protocols yield the same
outage performance. In Fig. 4.2a, we kept mgp = 1 which is reasonable for the direct S — D
link, while evaluating the performance for mgg = mgrr = mgp = m € {1,3}. We can notice
that as m increases, the SNR probability distribution shifts to higher values indicating an
improvement in performance. However, in contrast to increasing either mgg or mgp, which
naturally boosts the performance due to decreasing the severity of fading over the multi-hop
path, one would expect that increasing mggr should cause a performance degradation due
to the introduction of LoS effects to the RSI component. We study this effect in particular
in Fig. 4.2b by fixing mgg = msp = mgrp = 1 and plotting for mgrr € {1,4}. We found
that the effect of increasing mggr for the same set of average channel gains in Fig. 4.2a

could not be distinguished. In order to distinguish the said effect, we had to significantly
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magnify the effect of the RSI channel on the end-to-end performance as shown in Fig. 4.2b
by simultaneously decreasing the direct link gain to msp = 0 dB and considerably increasing

the RSI link gain to mggr = 20 dB. From the shown results, we conclude that the impact of

mgrr can be negligible as long as mrg has a reasonable value that is well below mgg.

Relative Relay Power Expenditure

In Fig. 4.3, we plot the percentage of relay power expenditure/relay cooperation obtained
via simulation for the SDF-FDR/ISDF-FDR protocols. We also compare them with their

theoretic values of (1 — Pggr) x 100 % and (1 — Psr)Psp x 100 % for SDF and ISDF,

7

s — 10 dB, TSR —



respectively. As observed from the figure, relay power expenditure in SDF steadily decreases
with the increase in the attempted source rate. The reason is that, as the source increases
its information rate, the relay ability of properly decoding the source message decreases
since S — R link outage occurs more frequently. Thus, less cooperation takes place as the
rate increases, and hence, the destination gradually proceeds towards relying more on direct
source transmissions. On the other hand, ISDF gives a different performance trend, in
which the expended relay power increases starting from zero. After some point, it starts its
decreasing trend and meets that of SDF until both reach zero power again at high rates.
This is due to the fact that, at very low rates, the destination can anyway decode when
solely receiving via the direct link. As the rate increases, the direct link starts to fail more
frequently, thereby activating the relay cooperation when no outage occurs in the S — R link.
As we further increase the rate, outage in the S — R link takes place with higher probability
and the relay becomes unable to assist regardless of the direct link’s outage state.

In summary, in Fig. 4.3, there exists at lower rates a non-negligible probability that
the S — D link does not fall into outage, i.e., 1 — Psp has a non-negligible value. Hence,
relay cooperation is less needed which favors ISDF over SDF since it yields the same outage
performance at a lower power consumption. This clearly comes at the expense of a lower
SNR profile in the no-outage events for ISDF when compared to SDF, and consequently a
lower capacity if a variable rate transmission was allowed. For high rates, the direct link
falls into outage with very high probability, i.e., Psp ~ 1. Hence, the relay assists in both
protocols whenever it can successfully decode, yielding similar performance for SDF and

ISDF as shown.
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4.6 Diversity Analysis of SDF-FDR

Under Rayleigh fading, and for Ps = Py = P, the outage probability is approximately given

as
A(P)
xp (~7) (o0 (o) — o0 (<75
Pout ~ 1—e><p(—P77 ) — - = 7 (4.40)
TSD <1 + n7rR_Rp671> (1_ 7rs_D>
TSR TRD

It can be easily shown that A(P) is always positive since the numerator and denominator
change their sign simultaneously around the point msp = wrp. It can be noticed that
1 — exp(—p,L=) and A(P) vanish as P increases for nonzero direct link gain, leading to a
vanishing P, as P — oo. Thus, it is guaranteed that SDF-FDR has a nonzero diversity
order, which gets around the error floor phenomenon in MHDF-FDR even in the presence of
self-interference. Now, we quantify the exact diversity order of the SDF-FDR protocol. As

P increases, we can well-approximate 1 — exp(—%) as 5. Hence,

1— n n _ n
log n_ _ Prgr Prsp _Pmrp
Prsp <1+77 :RR péfl) 1_ 7SD
SR

D — _ TRD
foaes log (P)
T 6
log (P:SD (P;]SJSL;;ISRI;P‘;))
= lim — , (4.41)
P00 log (P)
_-n __n
where A(P) a2 Z82gpB = 51— Hence,
TRD
log (Prsgr + Py —1 + pe
D — 14+ lim og( TSR T NTRR ) og(n NTRR ) (4.42)
J log (P)
log (P) — log (P?
B 1€ 1 Ui NP (4.43)

P=oo log (P)

It is thereby shown that the SDF-FDR protocol can at least maintain a unity diversity order

even in the presence of a self-interference link with a gain that scales linearly with the relay
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power, while it can achieve a diversity of order 2 when the self-interference vanishes (or has
a constant mean value that does not grow with the relay power). Hence, as in the other
FDR protocols, the diversity also depends on the quality of the adopted loopback isolation

and cancellation techniques.

4.7 Hybrid MHDF-FDR/DT

In this section, we also study a hybrid scheme that switches between the simple MHDF-FDR
and DT. Specifically, as long as the direct link is not in outage, the system resorts to DT.
Otherwise, MHDF-FDR is adopted. In essence, this system is similar to ISDF-FDR in that
it favors DT as long as the direct link is outage-free. However, its performance is worse
when outage occurs in the direct link since the direct link is treated as interference instead

of being utilized.

4.7.1 QOutage Performance

The outage probability is given as
Pout == PSD (1 _P_SR P{%D)? (444)

where Py, = 1 — Pjp is the outage probability in the R — D link with direct link treated as
interference conditioned on S — D link outage. It is shown in Appendix 8.A that it is given

under Rayleigh fading by
e PRZRD (1 — eTI(PRZRDJrPs}TSD))

0 .
_n 1 __ p Pgm
Psmsp <PR7TRD T PSTFSD> (1 € SD>
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Hence, substituting (3.11), (4.24), and (4.45) in (4.44), the end-to-end outage probability of
the hybrid MHDF-FDR/DT is given as

n

(1 1 - 1
e n<PS”SR+PR”RD> (1 —e n(PRﬂ'RD+PS7"SD>)

Pow = 1—e Fomep — - (4.46)
TRR us
(1 T Pps}rSR ) (1 T "Psw?;)
4.7.2 Diversity Analysis
First, we set Ps = Pg = P. As P increases, 1—6_77(P”17RD+P”13D) approaches 7 ( PWSD)
. N prt—+ P . S - -
Knowing that (’1’ +RDI£’3§:% DDSD> = strsn’ and using the approximation 1 — exp(—%) ~ % as P
increases, the diversity order is given by
g (P = 7R
D = lim — 4.47
o log (P) (4.47)
log <aP‘1 (—b—cpltcl;rbi_l»
= lim — (4.48)
P00 log (P)
log (aP~') + log (cP?~! + bP~ ') —log (1 4 cP°!
i 8@l Hlog ( ) ~log ( ) (4.49)
PSoo log (P)
= 234, (4.50)

TRD

where a = %, b=n (WSR + —), and ¢ = 77’;‘;—2. The previous result shows that a hybrid
scheme that opportunistically switches between MHDF-FDR and DT achieves the same
diversity order of the proposed selective relaying protocols. However, SDF-FDR still offers
better outage performance due to the reasons explained earlier. This results emphasizes
the message that selectivity between cooperation and direct transmission is crucial in FDR

systems.
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4.8 Summary

4.8.1 A Summary of Protocols

Here, we summarize the protocols considered for comparison in the next section. We take
DT as a baseline with rate R bpcu. The protocols are classified under three main categories;
namely, 1) multi-hop protocols in which the desired information is only distilled from the
multi-hop path while the direct link is neglected/treated as interference, 2) combining pro-
tocols where both the multi-hop and direct paths are non-selectively combined, and finally,
3) selective relaying protocols in which combining is applied only when the relay performs
successful decoding, while the direct link is solely leveraged otherwise. We start by specifying

the HDR protocols and their inherent differences in the following progressive way.

HDR Protocols

a) MHDF-HDR: Direct source transmissions are totally ignored. An outage is declared
unless the S — R and R — D links are simultaneously outage-free.

b) MRC-HDR [}5]: 1t allows combining of the direct signal with that arriving via the
multi-hop path. Yet, combining might still cause undesirable loss of performance due to the
occasional interference from the multi-hop path when an outage occurs in the S — R link.
The end-to-end SNR is given in [45, 34] by min {~sr, 7rp + Ysp}, which can be easily shown
to yield the outage probability in Table 4.1.

c) SDF-HDR [/}5, 40]: 1t overcomes the performance limitation in MRC-HDR by allowing
the relay to forward only when the S — R link is not in outage, thereby improving the
combining step. However, when the relay does not forward, about half of the time becomes
unutilized due to the orthogonal nature of source/relay transmissions. The expression in
Table 4.1 follows from [45], taking power normalization into account.

Due to the rate penalty of 1/2 which all the previous HDR protocols suffer, the trans-
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mitters need to signal with a rate of 2R to maintain the same rate adopted by the DT
baseline.

d) IDF-HDR [4}5, 40]: To solve the under-utilization problem in SDF-HDR, the source
continues its transmission over the previously dedicated time for relay forwarding as long as
the S — D link is not in outage. Hence, IDF-HDR is a hybrid scheme that switches between
DT and HDR based on the S — D link outage state. In [45], the source transmits with a
constant rate, Ry, regardless of the S — D link state. The effective rate with rate penalties
taken into account is equal to Ry x 1 x (1 — Psp) + Ry X % X Pgsp, with Psp now calculated
for the source rate R;. Taking DT as a baseline, this should be equal to R. Hence, R; can

be calculated by numerically solving the nonlinear equation:
R (1— Fx (2" — 1;mgp,0sp) /2)R1 = R. (4.51)

It is clear that R < R; < 2R with the lower and upper limits attained at zero and almost
sure direct link outage, respectively.

Next, we discuss the FDR protocols.

FDR Protocols

Although FDR versions of the above-listed protocols now exist, their effect on the perfor-
mance is quite different due to two main reasons; the non-orthogonal source/relay transmis-
sion in FDR, and the RSI link that affects the first hop.

e) MHDF-FDR [536, 34, 35, 42]: The multi-hop approach in FDR now imposes undesir-
able source interference at the destination via the direct link. This comes in addition to the
inherent drawback of FDR where a higher outage probability is incurred in the multi-hop
path due to the RSI affecting the S— R link. Except for the small delay between source/relay
transmissions to maintain causality, MHDF-FDR does not incur a rate penalty in comparison

to DT due to its instantaneous decoding at the destination.
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f) BMSC-FDR [40, 43]: Among fixed DF protocols, BMSC [51] attains the best known
achievable rates. However, due to its non-selective relaying nature, it falls to some degree
under the category of combining protocols which suffer from undesirable loss of performance
due to possibly superimposing mere interference from the multi-hop path when S — R link
outage occurs. Also, since BMSC-FDR adopts a block transmission scheme, it incurs a rate
penalty of 1/(L + 1).

g) SDF-FDR/ISDF-FDR: SDF does not suffer from resource under-utilization anymore
since the source almost transmits all the time for large L/D, yet its selective nature in the
S — R link alleviates the RSI adverse effect on the end-to-end performance. Nonetheless, we
modify its rate to R(L + D)/L to account for the rate penalty it incurs due to the delay
in block transmission. It is worth mentioning that the simple repetition-based selective
cooperation protocols considered herein are only meant to show the effect of selective relaying
on the end-to-end performance. Selective cooperation versions of higher rate protocols such
as BMSC can be still adopted where it is straightforward to expect their superior performance
to their non-selective versions.

h) Hybrid MHDF-FDR/DT: This protocol gets around the error floor problem in MHDF-
FDR by switching to DT whenever the direct link is outage free. SDF-FDR, however, still
offers better error performance due to jointly leveraging the S — D and R — D links in the

second hop when the S — R link is outage-free.

4.8.2 A Summary of Results

The considered protocols and their end-to-end outage probability are summarized in Table

L+D

4.1, with gy =2 —landp=2"7 % —1.

84



Mode | Protocol Rate Theoretic Outage Probability Diversity

DT R Fx (n;msp, Psfsp) 1
MHDF 2R 1 — Fx (nup; msr, PsOsr) Fx (Mup; mrD, PRORD) 1
MRC 2R 1 — Fx (nup; msr, PsOsr) Fis (nup; Pa) 1
F -msr, Psfsp) F - msp, Psf
HDR SDF 9R x (MaD; MsR, PsOsr) Fx (nup; msp, Psfsp) 9

+Fx (nap; msr, Psbsr) Fis (MuD; P2)

Fx (n1; msgr, PsOsr) Fx (m;msp, PsOsp)

IDF Ry (4.51) b 2
+Fx (n1;msr, PsOsr) Fs (n1; p2)
— — 1-6, ifwgp =0,
MHDF R 1—Fy (m;py) Fz (n; :
FDR z (:p1) £z (05 P2) {0’ if rap % 0
BMSC %R Eq. 3.30 with the optimization of p [43] 1-46
SDF LED R | Fz (13;p1) Fx (i msp, PsOsp) + Fz (1 p1) Fs (1 pa) 296

Table 4.1: A summary of theoretic outage probability and diversity order for the different
protocols under consideration.

4.9 Numerical Evaluation

4.9.1 Simulation Setup

We generate 107 sets of channel realizations according to the channel model described in
previous sections for L = 20 blocks per super-block and D = 2 blocks, i.e., k = % =10. In
each set of channel realizations, we exactly calculate Csry—p for SDF-FDR/ISDF-FDR as
given in (4.10) without undergoing any approximations. We define the effective end-to-end

SNR per symbol in the equivalent single-antenna channel as

C(s,R)>D

Veff = 27 BL - 1. (452)

This comes from the equivalence we mentioned earlier between the actual virtual MISO
channel and another point-to-point single-antenna channel that can be carefully explained
as follows. In the virtual MISO channel, noting that Csr)—p denotes the exact mutual
information per super-block, the mutual information per symbol time can be clearly obtained

as ﬁc(s,fi)—m since the transmission of L codewords actually spans L + D blocks. On

the other hand, a prelog factor of % is accordingly introduced in the equivalent single-
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Figure 4.4: Outage prob. vs. Ps = Py P, for g = mrp 15 dB, mgp = 0 dB,
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antenna channel due to the inactivity of the source over the last D blocks, and hence the
mutual information per symbol time is given in terms of v.¢ as LJ%D logy (1 + Yegr). Thus,

1 _ BL

) Cs,r)=D m

—_— 1 1+ Yer)
BL+D 08y (1 4 Yerr)

which yields the expression in (4.52). We compare the empirical probability distribution of
this v with those theoretical results obtained in previous sections. For all the figures we
present, we include all used simulation parameters in their caption.

In the following figures, we compare the relative outage performance of the FDR and HDR
protocols summarized in the previous section. Connected lines with unfilled plot marks of
different shapes are dedicated to the theoretic outage probability for each of the protocols,
while filled marks of the same respective shape represent the values obtained via simulations.
Thus, an appropriately filled mark reflects the quality of matching between theoretical and
simulation results. Also, since SDF-FDR and ISDF-FDR yield the same outage performance,

we only plot one curve for both to which we refer as SDF-FDR.
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4.9.2 Diversity Order: Outage vs. Transmit SNR

In Fig. 4.4, we plot the outage probability versus the transmit SNR level at the source and
the relay, with both set to P, in order to evaluate the diversity order of the different schemes.
In Fig. 4.4a, we neglect the RSI link for all FDR schemes. As shown, even in the absence of
the loopback interference, the MHDF-FDR scheme suffers an error floor as discussed earlier
due to the existence of a nonzero direct link gain. The non-selective HDR schemes, MHDF-
HDR and MRC-HDR, in addition to the BMSC-FDR scheme have the same slope of the DT
scheme indicating a unity diversity order. This is due to the fact that the three previous
schemes have the S — R link as a single-point of failure. When only the S — R link goes
into outage, all these three schemes drop into outage as can be noticed from their analytical
expressions. On the other hand, the incremental /selective HDR and FDR schemes all enjoy
a diversity of order 2. This agrees with the diversity results noted earlier, where the multi-
hop and direct paths should both fall into outage for an end-to-end outage to occur. It can
be seen also that SDF-FDR/ISDF-FDR further outperform the selective/incremental HDR
at low-to-moderate (practical) transmit power values.

In Fig. 4.4b, we account for the loopback interference link whose gain scales linearly with
the relay transmit power. We can notice that the diversity order of the full-duplex schemes
drops by 1, i.e., BMSC-FDR experiences an error floor while the SDF-FDR/ISDF-FDR
schemes have a unity diversity order which agrees with the results noted earlier. However, as
discussed earlier, the performance of the FDR schemes can be significantly enhanced if the
loopback interference isolation and cancellation techniques can control its growth to be rather
sublinear with an exponent 0 < § < 1, i.e., scales with P°. In this case, the diversity order
of the SDF-FDR/ISDF-FDR schemes becomes equal to 2 — §. Even in this case of linearly
scaling loopback interference link, the FDR schemes can still offer better performance than
that offered by the HDR schemes at practical transmit power values as shown in previous

figures.
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4.9.3 Outage vs. Rate
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Figure 4.5: Outage probability vs. rate, for msg = mrp = 20 dB, mrgr = 3 dB, mgg = 3,
mgrr = Mgrp = 2, and mgp = 1.

In Fig. 4.5, we plot the outage performance versus the source rate of the DT baseline,
denoted by R, which also represents the attempted level of spectral efficiency. As shown in
Fig. 4.5a, SDF-FDR indeed offers better outage performance than all existing schemes for
reasonable RSI levels and low direct link gains. As the direct link gain increases, we start to
notice in Fig. 4.5b that the performance of IDF-HDR is enhanced. This is due to the fact
that its rate/spectral efficiency is significantly enhanced and approaches that of DT as the
direct link outage probability decreases, yet it does not suffer from any RSI in the events
of direct link outage. Thus, its performance curve shifts down as well as to the right as we
increase the direct link gain, and we find that IDF-HDR becomes more desirable for low

attempted rates while SDF-FDR remains of better performance for higher rates.

4.9.4 Outage vs. RSI Link Gain

We further clarify the aforementioned observation from a different perspective in Fig. 4.6,
where we plot the outage probability versus mrgr. It can be easily expected that the perfor-
mance of all HDR protocols remains unchanged as no simultaneous source/relay transmission

occurs, while that of FDR protocols suffers gradual deterioration and intersects with the dif-
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ferent HDR protocols at different mgrgr levels for any given set of channel parameters. This
is obviously caused by the deterioration of the multi-hop path due to the increased level of

self-interference.

4.9.5 Outage vs. First and Second Hop Gains

In Fig. 4.7a and Fig. 4.7b, the outage probability is plotted versus msg and wrp, respectively.
The general trend is as shown where the performance is enhanced till reaching the bottleneck
of the multi-hop path defined by the other hop, set to 20 dB in both figures. We noticed

however that the relative performance of the incremental/selective HDR and FDR schemes
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heavily depends on the direct link gain and the targeted spectral efficiency level as previously
discussed in Fig. 4.5. Specifically, the IDF-HDR scheme is significantly improved as the
direct link gain increases since its rate Ry approaches that of the DT. It is also improved as
the the spectral efficiency level, R, decreases. On the other hand, the SDF-FDR/ISDF-FDR

scheme offer superior performance as the spectral efficiency level decreases.

4.10 Concluding Remarks

° When comparing the outage performance of HDR protocols, we can easily notice as
expected that MRC-HDR uniformly dominates MHDF-HDR owing to leveraging the
redundant information that arrives via the direct path. Further, SDF-HDR by its turn
also uniformly dominates MRC-HDR since it still enjoys the benefits of signal combin-
ing, yet it further eliminates unnecessary interference components from the combining
stage when the S — R link falls into an outage state. IDF-HDR offers further perfor-
mance enhancements by simultaneously eliminating the resource under-utilization in
SDF-HDR and adjusting its source rate to meet the same level of attempted informa-
tion rate. Since Rj is upper bounded by 2R, IDF-HDR replaces ngp in the outage
expression of SDF-HDR by n; < ngp, and hence, it yields lower outage probability.
Indeed, it is worth mentioning that besides the rate adjustment which IDF-HDR of-
fers, it simultaneously captures the gain of selective relaying in SDF-HDR too. This is
due to the fact that, due to the incremental nature of IDF-HDR, an event where the

multi-hop path disturbs a possibly outage-free direct path can never occur.

° On the other hand, FDR protocols demand about half the source rate of their HDR
counterparts to communicate the same amount of information, which should yield a
lower outage probability in ideal conditions. Nonetheless, RSI jumps into the picture
as an additional challenge that draws the S — R link, and consequently the multi-hop

path, into outage more frequently than its HDR counterpart. Thus, an efficient FDR
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protocol is desirable in which two requirements are simultaneously attained, namely, a)
mitigation of the multi-hop path adverse effect on the end-to-end performance in the
event of S — R link outage, and b) leveraging of the channel diversity elsewhere. From
the shown results, we can notice that both requirements are not met in MHDF-FDR,
only the second is met in BMSC-FDR regardless of the S — R link state, while both
are attained by SDF-FDR/ISDF-FDR.

In comparing HDR and FDR protocols, the additionally introduced RSI level in FDR
plays a pivotal role in determining which of the two modes might be preferable over
the other, which comes in agreement with recent studies [34]. Indeed, in the absence of
RSI, SDF-FDR/ISDF-FDR outperform all existing HDR and FDR protocols in terms
of outage for all possible channel parameters. Yet, depending on the level of RSI, the
performance of IDF-HDR gradually improves and can outperform all FDR protocols

as we increase the direct link gain or by increasing the source power.
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Appendix

Appendix 4.A Eigenvalues of H"H

Let ¢ = kd, k € Z", and consider a family of square matrices A(«; 5;¢;d) = (aq,- -+ ,ay) of

the form:
A(a; B;4;d) = al,+ BB+ 3°F,%, (4.53)

where a € RT, g € C, while B, (F;) denotes a square backward (forward) shift matrix of
size ¢, with ones only on the first subdiagonal (superdiagonal) and zeros elsewhere. Consider

the eigenvalue problem:
Au = \u. (4.54)

It can be noticed that the nonzero elements of A are limited to positions on the form
(td+7,7), ¥V je{l,--- ¢}, i € {-1,0,1}, and 1 < id + j < £. This makes a column
linearly dependent only on its two neighboring d-spaced columns and orthogonal on all
others. Motivated by this special structure, we can split A as the sum of d matrices with
orthogonal column spaces:

A=) A (4.55)

J=1
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where the matrix A; holds only k£ nonzero columns corresponding to the k d-spaced columns
of A with shift j, i.e., {a@u-1a4+;}71, at their respective positions, while the remaining
columns are all zeros. Similarly, let us project the ¢ x 1 eigenvector u = (u[l],- - ,u[ﬁ])T

onto d orthogonal subspaces, such that:
d
u = Z u;, (4.56)
j=1

where the vector u; holds only k£ nonzero elements corresponding to the k d-spaced elements
of w with shift j, i.e., {u[(i — 1)d + j]}¥_,, at their respective positions, while the remaining

elements are all zeros. Thus, the eigenvalue problem can be rewritten as

d d d
ZAquj = )\Z’U,j, (457)
j=1 j=1 j=1

It is clear that u, lies in the nullspace of A; V i # j. Hence, due to orthogonality, the

eigenvalue problem can be split into d eigenvalue problems:
Aj'u,j = )\’U,j, \V/j S {]_, ce ,d} (458)

Since the ¢ x ¢ A; has zero rows and columns corresponding to the zero elements of u;, we

can eliminate them and alternatively solve the reduced k-dimensional eigenvalue problem:

Ajﬂ’j = )\Ia’j? vj € {17 e >d}7 (459>

where A; and u; are k x k and k x 1, respectively. We can easily notice that Aj =
A(a; B g, 1),Vj € {1,--- ,d}, which is a a tridiagonal Toeplitz matrix with known k eigen-
values as given in (4.12). Thus, A(«a; B; ¢, d) has the k eigenvalues of A(«; §;k, 1), each with

multiplicity d, i.e.,

)\d(i—l)—l—l:di = Oé—|—2’ﬁ|COS 1 E {1,2, ,k’} (460)

17T
kE+1’
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Accordingly, its determinant is that of A(«;;k,1) raised to the d** power. For B € Z*,

substituting with £ = BL and d = BD in (4.60) gives the expression in (4.13).

Appendix 4.B Derivation of F(z|A;)

o o . . o o .- o. ) ’YRD
0 r<n x>7

Figure 4.8: Integration regions: a) x < n (checkerboard), b) x > n (dotted).

Given A,, vsp is confined to the range 0 < x < 7, thus having the distribution:

benl®) g < ¢ <,
frsn (2]A2) = (4.61)

0, elsewhere,

while yrp remains as G (mgp, PrOrp) RV due to independence. Thus, with the regions of

integration depicted in Fig. 4.8, the CDF of 7.9, conditioned on A, is given by:

F .. (x]A2) ~ P{vsp +rp < 7|As}
Fi(z), 0<z<n,
_ 1 () U (4.62)
FQ(x)a n<x<oo,
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where

Fi(e) = / Fra (1501 A2) Fon (& — 50) s, (4.63)
Ysp=0
n

Fye) = / Fren (15Dl A2) Fy (2 — s dys (4.64)
Ysp=0

Substituting (3.4) and (4.61) in (4.63), we get

z ’Y;nSD_le_%So%‘y(mRD7m)
Fl(l') = / D TRIRD d’YSD- (465)
YSD=

Psp(Psbsp)"SP T (msp )T (mrp)

For integer mgrp, we can use the following series expansion of the lower incomplete Gamma

function [57, Eq. 8.352-1]:

MRD, L28D ) e, MRD=1 (:C—’YSD > m
Y < RD> Prorp 1 PRGE{?D Z PrOrD . (4.66)
r (mRD) 0 r (m + 1)

Substituting (4.66) in (4.65), and by the Riemann-Liouville integral form in [57, Eq. 3.383-1]

we get
Iy — 1o
Fi(z) = - , 4.67
(@) Psp(Psbsp) "I (mgp) (4.67)
where
i msp—1 — 25D
I, = Y$p e PSGSDdfySD
Ysp=0
= B(1,mgp)z™" 1 Fy (WSD;WLSD + 1 —L) (4.68)
PsOsp
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and

xT

mrp—1 z—vgp \™
I _ msp— 16 psselgD e ;Rgig (PRGRD> d
12 = Ysp T(m+1) ¢7SD
¥sp=0 m=0
mgp—1 z
PgOgp—PRO
- PRén PsOsp—PRORD

_ e "RRD msp—1 . M “PobarPrl YSD
- T(m+1)(PrOrp)”" / Ysp (z —ysp)™ e Ps%spPrfrD PP dygp

7¥sp=0
mrp—1 __ o
e PRORD B(m+1,mgp)z"sSD ™

- Z T'(m+1)(PrOrp)™

m=0
X 1Fy | msp; msp +m + 1; Lo x (4.69)
141 SD) SD ) PRHRD PSQSD 3 .
with
I' ()T (y)
B (x, —_— 4.70
(,y) T (z+y) (4.70)

denoting the beta function [57, Eq. 8.384-1]. Substituting (4.68) and (4.69) in (4.67) we

obtain (4.37). Similarly,

]21 - 122
Psp(Psbsp) "I (mgp)’

Fy(z) = (4.71)

where

Iy, =B (1, mgp)n™=" 1 Fy <mSD§ msp + 1; — 7 ) (4.72)
PsOsp

and

mrp-1 e PsOsp—PRORD
[ Z e PRORD D™ (n—ysp+a—m)™e Ts%pPR%D PP
2= T(m+1)(PrOrp) ™ 78D

7SD

m - x
— (%) (@=n)™~Fe PRORD B(k+1,mgp)n™sD+*
o Z T'(m+1)(PrOrp)™

1 1
F : k+1; — . 4.73
xX1F7 <m5D,m8D +r+ 1 (PR9RD PS9SD> 77) ( )
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In (4.73), we replaced (x —~sp) by [(x — 1) + (7 — vsp)] and then used the binomial theorem
to put the integral on the Riemann-Liouville form in [57, Eq. 3.383-1]. With the substitution
of (4.72) and (4.73) in (4.71) and after some manipulations, we get (4.38). In the first term
of (4.37) and (4.38), we used the relation between the confluent hypergeometric function
and the lower incomplete gamma function in [39, Eq. 6.5.12]. Also, in (4.38) we used [39,

Eq. 13.1.27] to put it on the form in (A.1).
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Chapter 5

Full-Duplex Relay Selection

5.1 Introduction

All the work in the previous chapters considered the simpler setting where only a single relay
node is available for cooperation. In order to further boost the end-to-end performance,
multiple relay cooperation is known to offer a higher diversity gain with the adoption of
sophisticated space-time coding/beamforming techniques. Unlike multi-relay cooperative
diversity systems where all intermediate relays cooperate, single relay selection has been
proposed in [58, 59| in order to offer an enhanced end-to-end performance relative to single
relay settings. Specifically, it was shown in [58, 59] that single relay selection achieves an
equal diversity order to that of cooperative diversity systems while maintaining a simple
single relay cooperation.

Following the work in [58, 59], several contributions have been published to analyze the
end-to-end outage performance of AF and DFhalf-duplex relay selection (HDRS) systems.
For DF relaying, the end-to-end performance of opportunistic relay selection has been an-
alyzed under Rayleigh [60, 61, 62] and Nakagami-m [63, 64] fading, when either selective
combining (SC) or MRC is applied to the direct link and the best-relayed link. Recently,

full-duplex relay selection (FDRS) has been investigated for AF networks in [65, 66].
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Figure 5.1: A full-duplex cooperative setting with opportunistic relay selection.

In this work, we evaluate the performance of opportunistic DF FDRS with fading RSI and
direct links for the MHDF-FDR and SDF-FDR protocols. For both protocols, we present
a closed-form expression for the end-to-end SINR CDF which readily yields the outage
probability and system throughput for fixed-rate transmission systems. Also, we derive the
exact SNR CDF for the hybrid MHDF-FDR/DT scheme that exploits the direct link as
an additional diversity branch. Furthermore, we derive the diversity order of each of the
FDRS protocols as a function of the RSI scaling exponent, §. Finally, and via numerical
simulations, we validate our theoretical results, and assess the effect of the severity of fading

on the residual self-interference link.

5.2 MHDF-FDRS

We consider the communication setting depicted in Fig. 5.1, where the source S intends to
communicate with the destination D via a full-duplex relay. In order to boost the system
performance and alleviate the aforementioned RSI effect, the source may select one relay out

of a cluster of K full-duplex relays, R = {R;,Rq, -+ ,Rx}.
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5.2.1 System Model

Channel Model

The fading coefficient of the ¢ — j link is denoted by h;;, for i € {S,1,2,--- K} and j €
{1,2,---, K,D}, with k£ € K denotes the relay index, with IC = {1,2,--- , K} being the set
of all possible relay indices. Moreover, the i — j link gain is denoted by g;; = |h;;[*. All
channels are assumed to follow a block fading model, where h;; remains constant over one
block, and varies independently from one block to another following a Nakagami-m fading
model with shape parameter m;; and average power E {g;;} = m;;.

All channel fading gains are assumed to be mutually independent. The source and the
k" relay powers are denoted by Ps and P, respectively. Also, nj, and np denote the com-
plex AWGN components at the k™ relay and the destination, with variance o7 and o3,
respectively.

As commonly assumed in the literature, for instance in [67], we assume the relays are
clustered somewhere between the source and the destination. Hence, the distances among
the relays are much shorter than those between the relays and the source/destination. Thus,
it is reasonable to assume the following symmetric scenario where all source-relay links have
an average gain of E{gsr} = msr, while all relay-destination links have an average gain of
E{gkp} = mrp, Vk € K. Also, we assume that all relays have their RSI links with the same
average gain, i.e., E{gxx} = mrr. Further, it is assumed that mgy = mgr, myp = mrp and
myr = mgg for all & € K. Although the analysis of asymmetric scenarios remains possible,
the previous assumptions allow for simpler final expressions, and yet maintain the same
diversity order of the system. Therefore, it follows that fs, = Osr, 0p = Orp and Oy, = Orr
for all k € K. Finally, we assume that o7 = o3 = 1, while all relays have the same transmit

power P, = Pg.
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Signal Model

When the k™ relay is selected, and following the same model in (3.5) and (3.6), the received

signals at the k' relay and destination at time ¢ are given, respectively, by

wlt] = VPrhuozilt] + v/ Pshspas[t] + nolt]. (5.2)

The system is assumed to adopt the simple MHDF protocol, where the signal transmitted
by the relay (source) is considered as an additional noise term at the relay (destination) as
commonly treated in the related literature [34]. Accordingly, the received SINRs at the k'

relay and at the destination are given respectively by
(5.3)

In the following, we analyze the performance of opportunistic FDRS in the absence/p-

resence of a direct S — D link.

5.2.2 Outage Analysis of MHDF-FDRS

In this section, we derive the end-to-end SINR CDF for opportunistic FDRS with /without
a direct S — D link. Specifically, when K DF full-duplex relays are available, the end-to-end
SINR is given by

Yeze = MAx {7}, (5.4)
where
Ye = min{vysk, Vkn} - (5.5)
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In the absence of a direct link, vxp is calculated for ysp = Psgsp = 0. The expression in (5.4)
also applies to the scenario where the direct link exists, yet it is treated as mere interference.
Alternatively, if direct transmission is taken into account as a possible diversity branch, the

end-to-end SINR is given by

Ye2e = max {Ilglea’é( {%} ;WSD} : (5.6)

In what follows, we derive the exact end-to-end SINR CDF for three MHDF scenarios; 1)

no direct link (NDL), 2) interfering direct link (IDL) and 3) hybrid IDL/DT.

CDF of Link SINRs

First hop: According to the channel model explained in Section 5.2.1, the CDF of the
SINR pertaining to the first hop of the £*" path follows from Theorem 4 and Corollary 2 in

Appendix A for the cases of Nakagami-m and Rayleigh fading RSI channel, respectively, as
F’YSk (ZL‘) =Fy (x;pl) and F’YSk (l’) = Iy (ZL‘; ’01) ) (57)

where p; = (mSR, PsOsr, mgr, Pg@RR) and v; = (mSR, PsOsg, 1, PfiTrRR). Depending on the
communication setup, it is recently shown that passive cancellation in recent implementations
can provide up to 65 dB cancellation, which eliminates the LoS effects and renders Rayleigh
fading a quite reasonable model for the residual channel [24, 26]. For such scenarios, the
latter distribution, F (x;v1), given in Corollary 2 yields simpler expressions.

Second hop: Since the direct link SNR, vgp, is a common RV among all the multi-
hop paths, all the second-hop gains are clearly correlated. However, they are conditionally
independent given ysp = . Thus, in the presence of a direct link, we are only interested in

the conditional distributions of the second-hop gains given vsp = (3, which follow vp|vsp ~

g (mRD, B E-ﬁD) Vk € K. On the other hand, when no direct link exists, it is clear that

%D|’VSD ~ G (mRDa PRQRD)-
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The k'™ multi-hop path: According to (5.5) and with the above-mentioned distribu-
tions of the hop SINRs, the conditional CDF of the SINR over the k' path given the direct

link SNR ~sp = [ is given by

(5.8)

_ _ Pro
Foen (@]B) =1 = Fz (z;p,) Fx ($§mRD7 u RD) ;

B+1

where F(-) = 1 — F(-) denotes the complementary CDF. It is clear that in the absence of a
direct link, the CDF of the k" path SINR is given by

F,, () =1 — Fz (x;p;) Fx (2;mrp, Pafrp) - (5.9)

End-to-end SINR CDF

No direct link: In the absence of a direct S — D link, the end-to-end SINR CDF has the

following simple form:

FNPL () = F,, (1) = (1~ Fy (2:p,) Fx (a;mnp, Prfrn)) " | (5.10)

Ye2e

which is explicitly given in (5.11) for real-valued mggr and mgp, and integer-valued mgg.

F < ,L> 1 x 1 m
FNDL () — (1_ "'RD: Brfrp (I‘ <m5R, T ) _675(%7%> ( a: ) -

Te2e r (mSR)I‘ (mRD) PSHSR PgﬁSR
_ mgRr+{+1
MmRRr—1 ( T + ; K
PsOsr Pﬁs{gRR ( x 1 )
X [‘[’ m —l-1 —m —1 +
; (Pifrr)’ YT \Rbse - Pifer

(5.11)

For mgr = 1, we get the simpler form in (5.12) via Corollary 2 as
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1

T p— 5
e PR™RR (zPgmrr) "R T ( mg, PSGSR;JCPRWRR r(m - K
NDL T Ps PROSRTRR RD: Prorp
Freze (@) = (1= [T {msr, 5 - . (5.12)
SUSR

(PSQSR + ngWRR)mSR T (mgr)T (mrD)

Further, under Rayleigh fading, i.e., mgg = mrr = mgrp = msp = 1, we get

TRD

P . (5.13)

Psmgr

K
ML)y =1 - e_I(PS;SR’LPR1 )

Interfering direct link: In this scenario, the end-to-end SINR, CDF is given by

FiPM ()

/ Fyhso (IW)Kfz (8; msp, Psbsp) dB
0

K z(B+1)
=

oo T' (mgp, 5 )"
= Zc(x’k)/ ( PRQRD) ﬁmstle_PSgSDdﬂ’
0

0 F (mRD)k J

I

with

— k
K\ (=Fz(z:p))
Clx, k) = —_— 5.14
(®:5) </<7>F(WSD)(PSGSD) P (5.14)
where the binomial expansion is exploited in the last step. We are now interested in solving

the integral Z;. Using the finite series expansion of the upper incomplete Gamma function

in [57, Eq. 8.352-2], for integer values of mgp, we get

n—1\ k
z(B+1)
[ sty &R (pRaRD) B
I, = e PrYrRD E - ﬁmSD e PSGSDdB
0 o I'(n)

(5.15)
SaBP kn=k
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where

(8 + 1)Ptm grso =l g, (5.16)

)
1 xk
. | 5.17
PsOsp PRQRD) (5.17)

e =

-
<

SRD ky (n—1)

T (k+1) (
Clky = HmRD 1>1-1( )hn) ) (5.18)

MRD

Digy = Y haln—1), (5.19)

with (5.15) obtained via the multinomial theorem [39, Section 24.1.2]. By substitution of
variables, y = S+ 1, the integral Z, in (5.16) is on the form of the Riemann-Liouville integral
in [57, Eq. 3.383-4]. Hence,

I, = enk/ yD{kn}(y_]_)mSD_le_ynkdy
1

mSD+D{kn}+1

N —
k 2

= eTnk

r (mSD>WD{kn}_mSD+1 _ msp+D(k,} (nk> (5'20)
3 . 3

Accordingly, FIDU(z) is given by (5.21) for integer-valued mggr and mgp, and real-valued

mgr and mgsp.

K 1 =zk - MSR
B AT (e ) 5
oz k) (Psbsp) =P I (mgr) PsOsr

mgRr+i+1
— TSRt

RR—1 <7PS§SR + 7Pf{éRR> . 1 . k
i WmSR—L—l —mgRr—1 W + o | T r MSR, ﬁ
=0 (P6rRr) T 0T 2 slsr  PRORR sOsr

SnBP kn(n—1)
T (k+1) (55)
> [[27 (T (ky + DT (n)*) e

Z:,g{lD kn=k n=l

3

X

msp+, RDk L (n—1)+1

X szlle Fn(n=1)-msp+1 _ mgptrak 1 K (n—1) (Mk:)-
2

(5.21)
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In the special case when the R—D link is Rayleigh-fading, i.e., mgrp = 1, much simpler ex-
pressions can be obtained which also avoids the use of the multinomial theorem. Specifically,

the integral Z; reduces to
zk o0 zk
7, = e ™rrD / Bmse—le=Pmed R = ¢ oo T (mgp)n;, P, (5.22)
0

using [57, Eq. 3.351-3].
Furthermore, in the case when all links are Rayleigh-fading, i.e., msg = mgrr = mgrp =

mgp = 1, then

- Sy g—. -

IDL e Psmgr = PRTRD e Psmsp
F'YeQe (x) = 1 - P(SWRR P dﬁ (523)

8=0 (1+ x%) STSD

Using the binomial expansion, and after integration, we get

K /i —o( it ) g 1
IDL B —e STSR ' PRTRD
F%2c (:B) - Z (k) 1 PrrR . Persn . (5.24)
k=0 ( T Psmsr, ) 1+z PrTRD

Hybrid multi-hop/direct transmission: When the direct S — D link is leveraged as
an additional diversity path, vsp = [ is bounded above by z. Hence, the CDF expression
is similar to that of the IDL case, however with the upper integration limit changed to x.

That is,

FWIPQS/DT(LE) = /Ox F’Yk|’YSD (x’B)fo (/87 msp, PSQSD) ds. (5.25)

The evaluation of such an integral follows the same steps, except that the integral 7, is
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changed to

I,= /z(ﬂ + 1) Pt grse=le=ed 3 (5.26)

0
Dkny D o

S (2 [ o o
r=0 0
Dikn} D

= < f“)m‘”m”)v (r +msp, z7k), (5.28)
r=0

for integer-valued mgp due to the use of the binomial theorem, with the last integral evaluated
using [57, Eq. 3.381-1]. Hence, Fvlgf/DT(a:) is finally given by (5.29) for real-valued mgr and

integer-valued mgrgr, mgrp and mgp.

K ek m
FIDL/DT((E) _ Z (K) e PRQZD 67% (ﬁ*%) ( xT ) SR
Te2e —o k)T (mSD) (PSQSD) sor (mSR)k PsOsgr
_mSR2+l+1
mRR—l (L + #) k
PsOsr PgaRR x 1 X
X : W onen —1—1 —man— -  +— |- ,—
; (P&HRR)Z Sy, =g (PS9SR " P§9RR) (mSR PS9SR>>
o\ 2P kn(n=1)
) T+ 1) (b )
[[27 (T (kn + DT (n)kn)

Yo EP kn=k

X

ZZL=R1D kn(n—1) MRD
P kp(n—1 _
2 : (Zn—l ( )) " (7"+msD),.), (r + msp, 1))

r
r=0

(5.29)

Also, simpler expressions can be obtained in the special case when mgp = 1 since the

integral 7, (Z; with the upper integral changed to z) reduces to

I, =e o [T pmso-le=fdg (5.30)

zk
= e TR0y (msp, 21k, "7, (5.31)

using [57, Eq. 3.351-1].
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In the Rayleigh-fading scenario, it can be verified that the expression simplifies to

K
FIDL/DT( ) /x ] e_m(PS;SR_FPFf:Fl{D) e PS7B"SD a5 (5 32)
Tr) = — . .
Ye2e 5=0 (1 + l’%) PST(SD

Again, using the binomial expansion, and after integration, we get

(k1
oY (U R | Fl1_—e x<PRTrRD+PS7"SD>
—e Pgmsr ~ PRTRD

(5.33)
(1+ x—Pg‘ﬂRR) (1 + phkLsmsp >

(K
P =3 ()

Psmsr PrmRD

5.2.3 Diversity Analysis of MHDF-FDRS

MHDF-NDL

By setting Ps = Pr = P, and by substituting the outage threshold 7 into the derived CDF

expression in (5.13), the outage probability under Rayleigh fading is given by
e P K
L) = (11— —— ) . 5.34
Pout ( ) 1 4 bP5_1 ( )

« —_a
where a = n (ﬁ + $> and b = 7777?;—11:. As P increases, e” 7 approaches 1 — . Hence,

bP +a\ ™
NDL(P) m (D .
Pout (P) PP (5.35)
Therefore, the diversity order is given by
<b+P1—‘; )
DL = im K~ _ (1 - 6). (5.36)

P=oo  log (P)
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MHDF-IDL

By substituting Ps = Pr = P and x = 7 in (5.24), we get

K K ( —675% )k K K (aPé—l—l )k
IDL 1+bP3—1 bP —T_1
P)= — & -_— 5.37
Pout( ) %(k) Ck %(lﬂ) Cr ’ ( )
where ¢, = nk:fTDD + 1. Hence,

Koy ()

log | > ko (k;)T+
DL —lim — =0, (5.38)

P00 log (P)

regardless of the exact value of 0 < § < 1, since PDF(P) is finite and not a function of P as

P — 0.

IDL/DT

Substituting Ps = Pg = P and = 7 in (5.33) yields

d

K 1—6 15)
IDL/DT K —e F
P) = .
Pow (P) ;(k) (bpg 1“) ” (5.39)
~ i " ‘o1 (5.40)
= \k bP5+P msp P '
n 1
— _DF( bP6+P> (5.41)
1 [b+aP
- F(b+P1 5) , (5.42)
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with d, =17 (ﬂ + L) % — 1 while (5.41) follows from the binomial theorem. Hence,

TRD msp )7 ck TSD

the diversity gain is given by

pPH/OT I 5.43
et log (P) (5.43)
= K(1-6)+1L (5.44)

5.3 SDF-FDRS

When SDF is adopted, the instantaneous SNR in the first hop via the k" relay, its virtual

MISO channel, and the direct link are given, respectively, by

Psgst
Do L1 5.45
sk Pl + 1 ( )
Ysk-p =~ Prgep + Psgsp, (5.46)
Ysp = Fsgsp. (5.47)

Seeking the highest instantaneous SNR when opportunistic relay selection is adopted, the

end-to-end SNR via the best relay is given by

VYe2e = Max {II?S%( {min {’Yszm ’Y(s,k)—m}} ) ’YSD} . (5-48)

Now, we need to characterize the CDF of v9.. From the link gains independence assumption,
we can notice that the end-to-end SNRs of all K paths are conditionally independent given
the direct link SNR, vgp. Thus, the end-to-end SNR CDF is given by

Fo (z) = /0 (nyskl\jffsn (xm))KP{WSD < z|vsp = B} frep (8)dS, (5.49)
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where F $?$ (z|B) is raised to the K power due to the independent and identically dis-

tributed (i.i.d.) link gains assumption. It can be easily seen that

1, B<u,
P{ysp < z|ysp = B} = (5.50)

0, elsewhere.

Hence,
Foor (2) :/0 (FS0E (18))" frop (B)B. (5.51)

5.3.1 Rayleigh Fading

The conditional CDF of the k' path given the direct link gain is given by

JSDF .
FSPF @l8) = P{min {ys s} < ohso = 8) (5.52)
_ SDF FSDF
= 1- F’YSk|’YSD< ’B) 'Y(Sk)—>D|'YSD< ’B> (5'53>
o _ (z=8)
L= €P5iSR§R (6 PRWRD) ;x> P,
R
~ “Temsn (5.54)
. e PSTSR
1 ~ran o) elsewhere,
Psmsr
since y(s,k)—D =~ YRD + YsD = Ysp- Hence,
T P - P<I - " P s
e Psmsr  PR7RD e Psmsp
FWS[;F(x) R~ / 1— - d
cze 0 pPRTRR | Psmgp
Pymsgr

k 1 k
@ —B(W—W>
/ e sTSD  PRTRD
0

Psmgp

(K) o (Psrent Prrmn)

RWRR 1
L Psmen Psmsr +

ds

k
1 41 (1 Kk
<K) e x(PS”SR+PR”RD) 1—¢e m(PS'”SD PRTFRD)

P37RR _ 1.Bs7sp
o +1 1=k Pr7RD

(5.55)

Ps7sr
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It can be verified from (5.55) that when no relays exist, i.e., K = 0, the end-to-end SNR

CDF boils down to the CDF of the direct link.

5.3.2 Nakagami-m Fading

The conditional CDF of the k* path given the direct link gain, using (4.27) and (4.28), is

given by
JSDF
’Yk|’YSD($|6) =1- WSSIZFWSD( |5) 'YS(]SDP;)—)DHSD( ‘6)
1_F_Z(xépl)F_X(x—5;mRD,PR9RD), x> f3, (5.56)
1—Fy(z;py), elsewhere,

also since (s .x)—p ~ YrD + Ysp > Ysp- Hence,

I (mrp) I' (msp) (Psfsp)

K * 1
— ZO ( > ( ( ap1)> T (mSD) (PSQSD)mSD
) /z (1“ (maw, 752 ) )kBMSD—le_Psgstﬁ’ (5.58)

-~

L

A e AN
Fi]f(fff)%/o (1—Fz(rc;p1) — msdB (557

where the binomial theorem is utilized in the last step. For integer mgrp, we can use the

following series expansion for the upper regularized Gamma function [57, Eq. 8.352-2]:

T (mrp, 752 ) L st (g52)"
RD» Prorp — ¢ PrOrD Z PRO&. (5.59)
F (mRD) =0 F (m —|— 1)
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Hence,

n—1
x MRD L k
1, = e_PRkQQ;D/ < M) ﬁmSDfle_ﬁ<Ps;SD_PR§RD)dﬁ (5.60)
0

n=1 r (n)
__ kx ~ ~
= e PrPrD Z C{kn}IQ’ (561)
S B kn=k
where
7, — / (z — )Ptk gmsp=1—inq (5.62)
0
1 k
A _ ’ 5.63
Tk (PSGSD PR9RD> (5.63)
S BD ki (n—1)
A F(k+1) (PRéRD>
C’{];"n} — = n y (564)
7 (T (Jy + 1)T () )
A mRD A~
D{fcn} = kn(n —1), (5.65)
n=1

with (6.13) obtained via the multinomial theorem [39, Section 24.1.2]. Now, the integral Z,
in (5.62) is on the form of the Riemann-Liouville integral in [57, Eq. 3.383-1] when 7 < 0.

Hence,

7, = xD{;;n}+mSDB (ﬁ{f%} +1, mSD> 1Fi (mSD; D{,;n} + mgp + 1; —xﬁk> (5.66)

On the other hand, when 7 > 0, we can use the change of variables y = x — 3 and again

use [57, Eq. 3.383-1] to get

i2 _ efxﬁkxf){fcn}‘f'mSDB <mSD7 D{fcn} + 1) 1Fy <D{i€n} —+ 1, b{ffn} + msp + 1, xﬁk) . (567)
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Finally, substituting back, we get

FSDF(x)Ni(K><F(mSR7%> +exp <—% (%—%)) ( " )mSR

Te2e o k T (mSR) T (mSR) PSHSR
_mgRrtitl
mrr—1 ( 1 2 k
PsOsr P5 2 ORR x 1
X W —m,
Z P59RR)Z m SR = 1 SR ! (PSQSR PgeRR)>
1 __ka A N
X e PrOrD Z Cii L. (5.68)
r Pyflsp)™sP {hn)
(mSD) ( S SD) Z:::RlD IAank

5.3.3 Diversity Analysis

In the Rayleigh-fading scenario with Ps = Pgr = P, we have

“o\ﬁ

Pout (P) = i( )( o 1+1)k1_6_1}§ (5.69)

=0 qk

K 1—4a k T 1
;( )( bP3- 1+1) Psmsp P’ (5.70)

Q

1k
Psmsp Pr7RrD

where p, = x( ) and g = 1 — k%, also using the same approximation

for large P in (5.70). Clearly, this yields the same diversity order of the hybrid IDL/DT

protocol. That is,

DSPY — K(1-6)+ 1. (5.71)

5.3.4 Summary of FDRS Diversity Results

Table 5.1: Diversity order of Full-Duplex Relay Selection Protocols with K Relays

Protocol/Scenario | Diversity Order
NDL K(1-9)
MHDF IDL 0
IDL/DT K(1-9) + 1
SDF K(1-9) + 1
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5.4 Numerical Evaluation

In this section, we numerically evaluate the performance of FDRS, and verify the theoretical
findings derived in previous sections. All numerical results are evaluated by averaging over
107 sets of channel realizations with the parameters summarized in the caption of each figure.
Also, for clarity of presentation, solid lines with unfilled marks are used to plot the theoretical
results, while the same filled marks with no connecting lines are used for simulation results.
Hence, curves with solid lines and filled marks indicate perfect matching between theoretical

and simulation results.

5.4.1 End-to-End CDF

—A— MHDF-IDL
0.8 — MHDF-IDL/DT | |
-8 MHDF-NDL
-6~ SDF
06 |
=
f
0.4 .
0.2 |
O | |
20 25 30

x (dB)

Figure 5.2: CDF of the end-to-end SNR, for ngg = mrp = 15 dB, mrr = msp = 5 dB,
mSR:mRD:2, mRR:mSDzl,ézl, PS:PR:17 andK:’c')relays.

The end-to-end SNR CDF of the derived expressions for MHDF-FDRS and SDF-FDRS
are shown in Fig. 5.2. The empirical CDF's are also plotted for validation, and as shown,

they perfectly match with theory.
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Figure 5.3: Outage probability vs. No. of Relays, for msg = mrp = 10 dB, mgg = 3 dB,
msp =5 dB, mgg = mrp =mrr =msp =2,0 =1, Ps= Pg =1, and R =1 bpcu.

5.4.2 Outage Probability vs. No. of Relays

In Fig. 5.3, the outage performance is shown versus K for the three scenarios of MHDF-
FDRS under consideration, as well as that of SDF-FDRS. As expected, when opportunistic
relay selection is considered only among the available K dual-hop paths, the performance of
the system can be seriously degraded as soon as a direct link starts to get into the picture.
This can be seen from the relative performance of the NDL and IDL schemes, which is caused
by the introduced direct-link interference in all second hops. It can be also noticed that the
performance enhancement in IDL due to additional relays has diminishing returns. This is
due to the fact that is performance is primarily limited by the average gain of the interfering
direct link. On the other hand, when DT is also considered as an additional diversity branch,
the performance can be significantly enhanced to the extent that the hybrid IDL/DT scheme

may even outperform the NDL case depending on the average direct link gain.

5.4.3 Diversity Order: Outage Probability vs. Transmit SNR

In Fig. 5.4, the outage performance is plotted versus the transmit power, P, for K = 3. For
a linearly-scaling RSI, i.e., 6 = 1, both the NDL and IDL scenarios suffer from an error floor

indicating a zero diversity order as shown in Fig. 5.4a. However, the schemes which exploit
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Figure 5.4: Outage probability vs. Transmit Power, for msg = mrp = 15 dB, mrg = wsp = 4
dB, msg = mrp = mrr = msp = 1, K = 3, and R = 2 bpcu.

the direct link (IDL/DT and SDF) maintain a minimum diversity of order 1 regardless of
the RSI scaling factor. On the other hand, the diversity gain of IDL/DT and SDF grows as
shown to 3(1 — §) + 1 = 4, while that of the NDL reaches 3, which agrees with the earlier
analysis. The diversity of the IDL scenario remains of zero order since selection is performed

among K zero-order branches.

5.4.4 Throughput vs. Source Rate

In Fig. 5.5, we plot the throughput versus the fixed transmission rate of the source in bpcu.

For fixed-rate transmission, the end-to-end throughput, 7, is obtained simply as

T = R(1 — Pout) bpceu, (5.72)

where R is the fixed source transmission rate in bpcu, and P,y is the end-to-end outage
probability when the source rate is equal to Rate. The shown figure emphasizes the perfor-
mance gap between the NDL and IDL scenarios. As shown, exploiting the direct link as an
additional non-cooperative path in the hybrid IDL/DT scheme offers throughput enhance-

ments relative to the IDL scheme even with treating direct link as interference to all other
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Figure 5.5: Throughput vs. rate, for (7wsr, Trp, TrR, 7sp) = (15, 15, 4, 4) dB, (mggr, mrp,
mrr, Msp) = (2,2,3,1), 0 =1, Ps = Pg = 1, and K = 4 relays.

dual-hop paths. This is due to the elimination of the particular error event caused by having
large-valued realizations of the direct-link gain which prohibits the communication via all
cooperative dual-hop paths while DT can take place.

It has been found that the fading severity of the RSI link, mgg, is of minimal effect
on the end-to-end performance in the scenarios of practical interest. Specifically, when the
average gain of the first hop is well above that of the RSI link, it was found that the outage
performance almost does not change. The performance can be slightly affected only in the
scenarios where the RSI link gain approaches that of the S—R link. However, the end-to-end
communication in the latter scenarios tends to fail due to the communication failure in the
first hop. This result agrees with a recent result that has been reported in [68] for the single

relay scenario.

5.5 Conclusion

In this chapter, closed-form expressions for the CDF of the end-to-end SNR were derived
for opportunistic DF FDRS, taking the self-interference of the relays into account. The
performance was analyzed when the different links experience general Nakagami-m fading,

and compared in the scenarios where either coverage extension or throughput enhancement is

118



targeted. The derived analytical results were shown to perfectly match with those obtained
via numerical simulations. In the scenarios where a direct source-to-destination link exists,
and even when the direct link is treated as interference to all dual-hop paths, it was shown
that considering direct transmission as a possible diversity branch has the potential to offer
significant performance enhancements that can reach and may exceed the scenario with no

direct link.
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Chapter 6

Full-Duplex Cooperation in Underlay

Cognitive Networks

Spectrum sharing represents one network paradigm for the now celebrated cognitive radio
technology in which adequate means are offered to resolve the scarcity problem of wireless
resources [69, 70]. Also known as underlay cognitive radio, spectrum sharing allows the traffic
of secondary cognitive users to coexist with that of the primary spectrum users as long as
a certain interference level is not exceeded. In particular, when the secondary source and
destination are spatially isolated, relay assistance becomes inevitable to establish successful
communication via relay listening/forwarding, while satisfying the coexistence constraints
with the primary user. Cognitive relay networks continue to draw a noticeable interest
of the wireless communications community for its coverage extension capabilities under an
efficient spectrum usage [71].

Adhering to the interference constraints in underlay networks, however, can considerably
limit the throughput of the secondary system, especially when a single relay is leveraged to
assist the communication between the secondary source and its far destination. To tackle
such a challenge, relay selection [58, 59, 60] was introduced to underlay cognitive relay

networks, and it was shown to offer remarkable performance gains relative to its fixed relaying
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counterpart. Cognitive relay selection was fairly investigated in the literature under the

relaying strategies of AF [72, 73, 74, 75] and DF [76, 67, 77, 78, 79].

6.1 Spectrum Sharing with Full-Duplex Relaying

All the aforementioned efforts considered relays to operate in the conventional half-duplex
mode. However, as discussed earlier, HDR is known to suffer from a spectral efficiency loss
when compared to DT due to its time-orthogonal relay listening /forwarding. Recent efforts
were directed to study FDR in cognitive radio networks [80, 81, 82, 83]. Contrary to HDR,
FDR enables simultaneous listening/forwarding at the secondary relay, thereby allowing for
a higher spectral efficiency. However, since the source and relay simultaneously transmit
in FDR, their superimposed signal at the primary receiver should now satisfy the existing
interference constraint which can considerably limit the secondary network throughput.

In [82], a cognitive underlay setting is studied in which a secondary system shares the
spectrum with a primary system under a certain interference constraint. The secondary sys-
tem comprises a source, a destination and a full-duplex DF relay. Under the aforementioned
interference constraint, optimal source and relay power allocation was investigated with the
objective to minimize the end-to-end outage probability.

Despite its anticipated performance merits, the incorporation of relay selection techniques
into cognitive full-duplex relay networks remained untackled before this work. In this work,
we aim at bridging this gap by introducing relay selection to cognitive full-duplex relay
networks and analyzing its offered performance gains. In underlay settings with FDR, the
performance of the secondary users can be seriously limited due to the fact that now the su-
perimposed source and relay interference components should satisfy the existing interference
constraint which was previously imposed in HDR on each transmitting node at a time. In
this regard, relay selection techniques can offer an adequate solution to boost the secondary

network throughput. Unlike in underlay HDRS settings, since the source interference signal
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is a common random variable when any of the K relays is selected, the superimposed in-
terference signals at the primary receiver are not independent. In this work, we derive the
exact CDF of the end-to-end SNR for opportunistic FDRS in an underlay cognitive system

when an interference constraint is imposed by the primary user.

6.2 System Model

We consider the underlay cognitive setting depicted in Fig. 6.1. As shown, a secondary
source S intends to communicate with a secondary destination D in the presence of a primary
receiver P. In agreement to similar recent studies of underlay cognitive settings, for instance
in [67], the primary source is assumed to be far enough that its interference effect on the
secondary system can be reasonably ignored. The direct secondary source-destination link is
assumed of a relatively weak gain due to distance and shadowing effects. Hence, a full-duplex
relay is utilized to assist the end-to-end secondary communication, taking the interference
constraint on the primary receiver into account. Although FDR can offer higher spectral
efficiency when compared to its half-duplex counterpart, it introduces an additional challenge
in cognitive settings where higher interference levels may be experienced by the primary user
of the spectrum band, due to simultaneous source/relay transmissions. Also, FDR suffers

from a residual self-interference level which imposes an additional communication challenge.

6.2.1 Channel Model

The fading coefficient of the i — j link is denoted by h;;, for i € {S,1,2,--- K} and j €
{1,2,---,K,D,P}, where k € {1,2,--- , K} denotes the relay index. Moreover, the i —j link
gain is denoted by g;; = |h;;|?. All channels are assumed to follow a block fading model, where
hi; remains constant over one block, and varies independently from one block to another
following a Nakagami-m fading model with shape parameter m,; and average power E {g;;} =

m;j. Accordingly, |h;;| is Rayleigh distributed, while g;; follows an exponential distribution
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Figure 6.1: Spectrum sharing network with full-duplex relaying.

with mean 7;;. All channel fading gains are assumed to be mutually independent. The relays
operate in a full-duplex mode where simultaneous listening/forwarding is allowed with an
introduced level of loopback interference. The link gain hy, is assumed to represent the
residual self-interference after undergoing all possible isolation and cancellation techniques,
as for instance [34] and the references therein. The source and the k'™ relay powers are
denoted by Ps and Py, respectively. Also, n, and np denote the complex AWGN components
at the k™ relay and the destination, with variance o} and o3, respectively.

As commonly assumed in the literature, for instance in [67], we assume the relays are
clustered somewhere between the source and the destination. Hence, the distances among
the relays are much shorter than those between the relays and the source/destination. In this
setting, it is reasonable to assume the following symmetric scenario where all source-relay
links have an average gain of E{gsx} = msr, while all relay-destination links have an average
gain of E{gxp} = mrp, Yk € {1,2,--- , K}. Also, all relays have the same average gain to the
primary receiver, denoted as mrp. Moreover, we assume that all relays have their loopback
interference links with the same average gain, i.e., E{gxx} = mrr. Although the analysis
of asymmetric scenarios remains possible, the previous assumptions allow for simpler final

expressions, and yet maintain the same diversity order of the system. Finally, we assume
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that o7 = 03 = 1 and P, = Py for ease of notation.

6.2.2 Signal Model

The adopted signal model follows directly from that in section 5.2.1. However, in an underlay
setting, the introduced interference level on the primary receiver is constrained not to exceed
a certain threshold, ;. Thus, when the k™ relay is selected, the interference constraint is

given by
Iy = Isp + Ixp < Iin, (6.1)

where Isp = Psgsp and Ip = Prgrp are the interference components imposed on the primary
receiver due to the source and the k™ relay, respectively, while I;, denotes their sum. When
no relays are selected while a direct source-destination link exists, the interference constraint
is simply given by

Isp < Iy. (6.2)

6.3 Performance Analysis

There exists an interference threshold, Iy, that the secondary system cannot exceed. Now,
we are interested in the probability to have L out of the K available relays that satisfy the
interference constraint Ii;,. Let us denote this probability by P,. We first start with the

NDL scenario.

6.3.1 No Direct S— D Link

The end-to-end SNR CDF when no direct S — D link exists is given as

FNDPL( ZFNDL z|L)Py, (6.3)

’YeQe
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where FggL(ﬂL) is that derived in the previous chapter when L relays are available. Now,
we derive Pr. The same expression also applies to the IDL scenario where the direct link is

not leveraged. Specifically,

K

Faocle) = D FoilL)Pr, (6.4)

L=0

We now need to derive the probability of L feasible relays, Py.

Rayleigh Fading

When the k™ relay is active, the interference constraint is given by (6.1). Unlike half-
duplex cognitive relay settings, full-duplex operation causes a superposition of the source
and relay interference at the primary receiver. Since the source interference is a common
random variable when any of the K relays is selected, the superimposed interference signals
are correlated. However, they are conditionally independent given Igp. Conditioned on

Isp = 8 > 0, the probability that the &' relay is feasible is given by

I, —8
1—e PRh"RP, if Iiy, > 06,
FIkUSP(IthW) = (6.5)

0, elsewhere.

Accordingly, conditioned on Isp = 8 for 0 < § < I}, and due to the considered symmetric

scenario, Pz, (3) is given in terms of a binomial distribution as

K _ Ity —8 L _ Ith =8 KL
PLUSP(/B) = (L) (1—6 PR’TRP) (e PRWRP) (66)

L
K L _(E=L+h(Usp—B)
B <L)Z<l)(_1)le P (6.7)

=0

where the binomial expansion is again utilized. It is straightforward to see that when g > [,
Priige(B) =0for L =1,2,---, K, while Py, (f) = 1 for L = 0. Hence, for the case when

L =0, the support of fis 0 < 8 < oo, while it is 0 < < I, for 1 < L < K. Now, we can
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obtain Py, for L=1,2,--- | K as

Iy

e PSWSP e Psmsp
Pr = / Prisse (B dg = Prizse (B)
0

Psﬂ'sp PSWSP
Ly (K—L+1) Iy
(— 1)l e Prmrp — e Psmsp

K\ < (L
- (L) Z <l) 1— (K—L+!l)Psmgp ’ (6'9)
=0

Prmrp

s (6.8)

For L =0, Py is given by

I K ——B o - B
th LB e Psmsp e Psmsp
Py = e PrTRP dg + dg (6.10)
0 Psmsp L, PsTsp
Ky Teh

_ Prmrpe Mrre — K Pymgpe 5se (6.11)
B Prmrp — K Psmsp ‘ '

Nakagami-m Fading

Similar to (6.7),

> K—L+I

Pt = (53 (D F(:Tm) N CEE

Hence,

. l ; F( Loy — B) K—L+1
t m s
O (o TR G L <
T (msp) PSHSP) 0 ' (mgp)
7

The integral in the last step can be evaluated with the aid of the multinomial theorem

expansion as done in the previous chapter in (5.58). Specifically, it is given by

_(K—L+D)Iy . .
Il = e PR9RPI Z C{kn}zg, (613)
SIRP kp=K—L+l
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where

~ Ith - -~
I, = / (I, — B)D{fm}ﬁmsp—le‘ﬁmdﬁ, (6.14)
0
1 K—-L+1
o= - : 6.15
n (PSQSP PrOrp > (6.15)
Z?:RP kn(n_l)
) I‘(K—L+l+1)(m) '
C{kn} - MRP > k 5 (616)
127 (T (ko + 1T (n)kr)
MmRrp
Dy = O ku(n—1), (6.17)
n=1

with (6.13) obtained via the multinomial theorem [39, Section 24.1.2]. Now, the integral Z,
in (6.14) is on the form of the Riemann-Liouville integral in [57, Eq. 3.383-1] when 7, < 0.

Hence,

7 Dy tmse 4o (- > -

I, = I, B (D{kn} +1, msp> 1 Fy (msp; Dy y +msp + 1; —Ithnl>. (6.18)
When 7, > 0, we can again use the change of variables y = I;;, — 8 then [57, Eq. 3.383-1] to

get

D, m . . .
Tp = e T B (msp, Dyg oy + 1) 1Fy (Dyg,y + 15 Dy +msp + 15 I ). (6.19)

Therefore, Py, is finally given as
- (K7L+Z>Ith

K\ < (5)(=1)le” mme T(K—-L+1+1
PL:<)Z(F)() 3 ( +141)

(mgp) (Psfsp)™" e [T (T (K + 1)T (n)Fe)

n=1
L) e 7 6.20
X <PR0RP) 9. ( . )
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For L =0, Py is given by

K
P / o (T (mee. 752 gree e T s + I (s i) (6.21)
R A T (map) T (msp) (Psfsp) "™ T (mgp) '

Again, the integral involving higher powers of the upper regularized Gamma function is
solved via its series expansion, multinomial theorem, then with the aid of the Riemann-

Liouville integral in [57, Eq. 3.383-1] for (% — Boorn

L) <0 to yield

T Iin _ KLy
Do (mSPv Psasp> n e PrOrp Z T (K + 1)
0 I’ (mgp) I (msp) (Psfsp)™"

s s IET (T (Fa 1) T ()

1 D{kn} D, +m ,
X < ) Ith{kn} SPB (D{];;n} + 1, msp)

PRQRP
x1Fy (mSP; D{,;n} + mgp + 1; — Iy, (PSESD - PR[;RP)) (6.22)
or, alternatively for (% — ﬁ) > 0, we get
, _ T (msv, 755 X o P o (K +1)
T (msp) [ (msp) (Psfsp) ™" smie e LIy (F (l%n + 1>I‘ (n)’%n>
: <PR103p)é{kn} et e st ) [0 <m8P7D{zén} + 1)
x 1 Fy <D{,én} + 1Dy +msp + 13 Iy (PS;SD — PRIERPD’ (6.23)
with
mrp
Dy = > kaln—1). (6.24)
n=1
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6.3.2 Leveraging Direct S — D Link

The analysis of Py, follows directly from the no direct link case for L = 1,2, --- | K. However,
when a direct S — D link exists, communication can still take place even when no feasible
relays exist. Thus, the event with probability Py in the no direct link case is now further split
into two sub-events. Specifically, communication can still succeed in the sub-event when the
sum of the source and relay transmissions do not satisfy the interference constraint for all
relays but the source alone does. Let us denote the probability of this sub-event by Py. It is

then given by

Po=P { (ﬁ (x> [th)> N (Isp < fth)} : (6.25)

Note that I, depends on Isp. Nonetheless, {I}}5_ | are mutually independent given Igp, and
distributed as in (6.5).

Finally, when Isp > Ii),, with probability Py — Py, communication fails resulting in an
end-to-end SNR of 7., = 0, and hence the distribution is a unit-step function at e, = 0.
We can now write the end-to-end SNR CDF as

FIPL/DT () <730 B 730> F, (z) Py + Z FDL (z|L)P (6.26)

Ye2e

- P()— A/SD P0+ZFDL JZ|L (627)

P, is given as follows for Rayleigh and Nakagami-m fading.
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Rayleigh Fading

__B
5 Ity Ly -8 K e Psmsp
Po = e FPRrRTRP dﬁ
5=0 Psmsp

_ Ky __Itn
Prmrp | € PR™RP — e Ps7sp

= , 6.28
Prrp — K Psmgp (6.28)
. I,
Py—Py = e Torsr. (6.29)
Nakagami-m Fading
~ r <mSP7 pltgh >
Py = Po— Sl (6.30)

F (msp)

6.4 Numerical Evaluation

In this section, we numerically verify the theoretical findings derived in previous sections.
All numerical results are evaluated by averaging over 107 sets of channel realizations with
the parameters summarized in the caption of each figure. Also, for clarity of presentation,
solid lines with unfilled marks are used to plot the theoretical results, while the same filled
marks with no connecting lines are used for simulation results. Hence, curves with solid lines

and filled marks indicate perfect matching between theoretical and simulation results.

6.4.1 End-to-End CDF

In Fig. 6.2, the CDF of the end-to-end SNR is plotted for the different relay selection
protocols. As shown, since exact performance expressions were derived, the theoretical and
simulation results match perfectly. It can be noticed that the CDF does not start from
zero, which is typically encountered when the analysis involves mixed random variables.

Specifically, this shift is due to the unit-step distributions in the events when the end-to-
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Figure 6.2: CDF of the end-to-end SNR, for msg = mrp = 15 dB, mrr = msp = 5 dB, wgp = 2
dB, mrp = 4 dB, I;;, = 6 dB, msg = mgrp = 2, mrr = Mmsp = Msp = Mrp = 1, 0 = 1,
Ps = Pr =1, and K = 5 relays.

end communication totally fails due to the infeasibility of the relays/source transmissions,
thereby yielding an SNR value of zero regardless of the secondary link gains. The event of
total communication failure is less probable when a direct link exists, which can be easily
noticed from the theoretic expressions, and hence, the shift has a lower value in the scenarios
leveraging the direct link (IDL/DT and SDF). This shift is mainly controlled by Iy, and it

decreases as [, increases.

6.4.2 Outage Probability vs. No. of Relays

When a fixed-rate transmission is adopted, the SNR CDF' directly yields the outage prob-
ability in the channel. In Fig. 6.3, we plot the outage probability versus the number of
relays, K, with a source rate of R = 1 bpcu, yielding an SNR threshold of a = 2% — 1
below which outage is declared. There are two important observations in this figure that
need to be highlighted. First, it is clear that relay selection has a promising potential to
boost the performance of the secondary system in underlay networks, in both scenarios of
coverage extension and throughput enhancement. Even when a high interference threshold
Iy, is allowed by the primary user, the performance can be seriously limited for single relay

cooperation, while noticeable enhancements can be offered when more relays are available,
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Figure 6.3: Outage probability vs. No. of Relays, for msg = nrp = 25 dB, mgr = 3 dB,
msp = H dB, msp = 0 dB, mgp = 1 dB, mgg = mgrp = mrr = msp = msp = mgrp = 2, 0 = 1,
Ps=Pr=1, Iy, € {4,6,8} dB, and R = 1 bpcu.
especially when no direct link exists. Second, a plateau exists as K increases, and its value
depends on the interference threshold and the average interference link gains. The aver-
age secondary link gains are found to only impact the behavior of how fast this plateau is
eventually reached. Clearly, since the S — P link is a common interfering link whenever any
secondary communication occurs, its average gain significantly influences the value of such
a plateau. This plateau effect can be considerably enhanced if means are proposed to make
use of the diversity of the relays in the specific channel realizations of the S — P link that

exceed [y, and prevent any secondary system communication.

6.5 Conclusion

In this work, the performance of FDRS techniques was analyzed in underlay networks where
a primary user dictates an interference threshold that cannot be exceeded by the secondary
transmissions. The performance is analyzed for both relaying scenarios where either coverage
extension or throughput enhancement is targeted. The derived exact analytical results are

shown to perfectly match with those obtained via numerical simulations.
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Buffer-Aided Relaying
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Chapter 7

Buffer-Aided Half-Duplex Relaying

Until this point, it was assumed that no packet queuing is allowed at the relay. Such a
physical restriction at the intermediate node causes two main performance limitations over

fading channels:

1.  Instantaneous End-to-End Capacity Bottleneck: First, the relay does not have
information of its own, and hence, it can forward only what it has instantaneously
received over its incoming link. Second, without a queuing capability, it cannot store
any excess information that exceeds the capacity of its outgoing link. Hence, the
instantaneous end-to-end capacity is limited by the minimum of the instantaneous
capacities of the incoming and outgoing links. Accordingly, the average end-to-end
capacity is the statistical average over such a minimum, multiplied by a factor of % due

to half-duplex relay operation.

2. Round-Robin Listening/Forwarding: The round-robin first-/second-hop activa-
tion is also a direct consequence of buffer-less relaying. After the relay forwards the
packet it instantaneously received, it can do nothing except to listen again to the

source. This happens regardless of the relative incoming/outgoing link qualities.

Keeping these two limitations in mind, we go over the main performance enhancement mile-

stones in the available buffer-aided relaying literature in the following section.
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7.1 Related Work

Buffer-aided relaying was first proposed in [84] in order to boost the average capacity of
DF HDR, which is known to be limited by the minimum instantaneous capacity of the
first and second hops. The idea can be easily explained as follows. As noted earlier in
buffer-less relaying, the average end-to-end capacity can be simply given as the statistical
average of the minimum of the relay’s two instantaneous incoming/outgoing link capacities.
Now, assume the relay is equipped with a sufficiently large buffer, and that a round-robin
listening/forwarding is still adopted. If both the listening and forwarding phases are allocated
a longer time that spans a sufficiently large number of channel realizations, with the received
packets queued at the relay in the listening phase, the average capacity can be enhanced.
Specifically, as the phase time and buffer size increase, the capacity of each hop approaches
its statistical average. Accordingly, the average end-to-end capacity is hence enhanced to
approach the minimum of the two link averages, multiplied by the half-duplex rate loss
factor, i.e., % Therefore, the buffering capability has relaxed the capacity bottleneck from
being the average of the minimum to the minimum of the averages. In other words, the
impact of packet loss at the relay due to instances of a severely attenuated R — D link is
mitigated by the ability to queue data until the link becomes reliable. Of course this comes
at the expense of an increased end-to-end packet delay due to queuing.

Further capacity gains were demonstrated by Zlatanov et al. in [85] via the relaxation
of the round-robin listening/forwarding phase allocation and adopting instead an adaptive
link selection approach based on the instantaneous quality of the two hops. This adaptive
link selection allowed for the further harvesting of the benefits of multi-hop diversity [86].
Through such an adaptive link selection, the instantaneous end-to-end capacity in essence
tends to approach the maximum of the two instantaneous capacities, taking empty and full
relay buffer states into account. The half-duplex rate loss of % should be still taken into

account.
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Previous research on buffer-aided relaying with adaptive link selection only utilized the
available CSI at the transmitters. In the available literature, however, the system perfor-
mance did not exploit any possible knowledge of the BSI. In specific, the designed and
analyzed protocols in the literature did not distinguish between the relay buffer states ex-
cept for the full-buffer and empty-buffer ones. Such protocols first check to eliminate the
outgoing link selection if the buffer is empty, and eliminate the incoming link selection if
the buffer is full, then select the link with maximum instantaneous capacity out of the re-
maining. At channel instances where both links can be utilized, i.e., the buffer is neither full
nor empty, the link with the maximum instantaneous capacity is always favored regardless
of the number of packets in the relay’s queue. From an average capacity perspective, this

instantaneous maximization approach can be still a shortsighted one.

7.1.1 Potentials of Leveraging BSI

To easily imagine the behavior of the buffer-aided half-duplex two-hop channel with the
knowledge of only full or empty buffer states, we examine two limiting cases. Let us call
the specific probabilities of a buffer being in the full or empty state as the relay queue’s
blocking and lacking probabilities, respectively. In the limiting cases when either the first
or the second hop has a much larger average gain, the average performance of buffer-aided
relaying will end up to be very similar to buffer-less relaying, if only the full and empty buffer
states are considered. On the one hand, if the S — R link has a much larger gain on average,
the S — R link will be mostly favored, causing the relay to build up in the beginning, then
continue to forward a packet and receive a packet in a round-robin fashion. This behavior
is caused by the high blocking probability. On the other hand, when the R — D link has
a much larger average gain, the relay will be selected to forward as soon as it receives a
packet. It is then expected to continue like that in the same round-robin manner due to the
high lacking probability. This behavior is not limited only to such limiting cases, but it can

be easily expected to exist at some level in any scenario with asymmetric average gains of
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the two hops, while its effect becomes more severe as the asymmetry widens. Hence, when
considering the optimization of the average performance over fading channels, it is important
to minimize these blocking and lacking probabilities. The knowledge of all the buffer states
can help in this direction. For instance, the system can proactively advise the relay node,
based on the channel /buffer states and statistics, to either forward or listen early enough to

minimize the blocking and lacking effects, respectively.

7.1.2 Leveraging BSI in Fixed-Rate Transmission

The previous work mainly discussed variable-rate transmission where the information content
in each packet varies according to the instantaneous channel quality. To emphasize the idea
that link selection based only on the instantaneous CSI can limit the performance, we add
the following for fixed-rate transmission scenarios. In fixed-rate transmission systems, link
selection based on the exact channel qualities is of less significance compared to variable-rate
systems. Indeed, what matters most in the former systems is whether the link supports such
a fixed-rate or not, i.e., its binary outage state. In other words, if the two links are outage-
free, instantaneously favoring the stronger link over the other would be pointless, even from
an instantaneous performance point of view. In this scenario, leveraging instantaneous BSI
in addition to the outage state information can significantly boost the end-to-end throughput

when taken into account.

7.1.3 Contribution

In this work, we consider exploiting both the BSI and partial transmit CSI (knowledge of
binary outage state) at the transmitters in buffer-aided relaying. In this chapter, we study
the impact of the additional utilization of BSI on the performance of buffer-aided HDR

systems, followed by studying buffer-aided FDR in the following chapter.
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7.2 System Model

7.2.1 Channel Model

wn
=)

Figure 7.1: A buffer-aided half-duplex relay channel.

We study the two-hop cooperative setting depicted in Fig. 7.1, where a source S com-
municates with a destination D via a half-duplex DF relay R. The relay R is equipped with
a buffer of size N data packets. As shown, gsgr, grp and gsp denote the fading gains, i.e.,
the squared magnitude of the complex fading coefficients, for the S— R, R — D and S — D
links, respectively. The channels are assumed to experience block fading, where the channel
gains remain constant over one block, and vary independently from one block to another
following a general probability distribution, i.e., the analysis to follow is not limited to a
specific fading model.

It is assumed that the BSI is known at the source via acknowledgment (ACK)/negative
acknowledgment (NACK) messages from the relay, like for instance in [87]. Also, CSI is
assumed available at the transmitters, not necessarily of the exact channel state, but only of
its outage state. This can be provided, for instance, via one-bit feedback messages. Finally,
the link outage probabilities are calculated at the transmitters with their knowledge of the

transmission rate and the channel statistics.
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7.2.2 Signal Model

We assume that the source adopts a fixed rate transmission with a source rate of R bpcu.
Unlike in the previous part where outage probability was taken as the main performance
metric, it is more convenient in the subsequent queuing analysis to analyze the end-to-end
throughput. Accordingly, when comparing DT, HDR, and FDR, or in hybrid systems that
involve switching between more than one transmission scheme, we fix the source rate to
that of DT, i.e., R, calculate the link outage probabilities, then account for the rate loss in
HDR in the calculation of the final throughput expressions. The transmission power is fixed
for the source and the relay to Ps and Py, respectively. Also, the received signals at the
relay and the destination are perturbed by AWGN with zero mean and variance o3 and o3,
respectively.

The instantaneously received SNR via the S—R, R—D, or S—D link is given, respectively,

by
P P P
VSR = SgQSR> YRD = RgQRD7 and ~ysp = SgQSD- (7.1)

7.3 'Transmission Scheduling Scheme

The cooperative system seeks to adopt a source/relay transmission scheduling scheme that
maximizes the end-to-end throughput. For this purpose, the access to the channel utilizes
all the available BSI and/or CSI.

The packet queuing at the relay node can be modeled as a birth-death Markov chain as
shown in Fig. 7.2, where the different states represent the number of packets in the relay’s
queue. The birth-death model is enforced by the fact that the relay neither receives nor
transmits more than one packet in any given slot.

Let €, denote the steady-state probability of the queue being in state n, while A, and

1 respectively denote the state increment and decrement probability when the queue is at
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Figure 7.2: Birth-death Markov process. Transitions from a state to itself are omitted for
visual clarity.

state n. The local balance equations of the Markov chain are given by
Gn)\n = €Ept+1ln+1, 0 S n S N —1. (72)

: N
Since ), €, = 1, we have

n—1
)\é . N n— -1
€, = €p H _//Lé_"_l s Wlth €) = (1 + Zn:l ngol #jﬁl) . (73)
£=0

Based on the ACK/NACK messages sent by the destination near the end of the time slot,
the relay decides whether or not to keep a correctly received packet in its buffer. Specifically,
the relay keeps the packets that it decodes correctly, but have not been successfully decoded
at the destination. If the relay can decode the source packet, it sends back an ACK; otherwise,
it sends back a NACK. In case of failure in decoding the source’s packet at both the relay
and the destination, a re-transmission of the packet by the source is required in the following
time slot.

In what follows, we study the queue dynamics based on the available BSI and/or CSI at

the transmitters.

7.3.1 Transmit BSI/No Transmit CSI

We study here the buffer-aided relaying setting assuming only BSI knowledge at the source,

with no available instantaneous CSI knowledge at the transmitters. Accordingly, the source/re-
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lay channel access can be only based on the instantaneous BSI knowledge, in addition to
statistical CSI. Specifically, when the relaying queue contains n packets, the channel is ac-
cessed by the source with probability 0 < 3, < 1, while it is accessed by the relay when
the source is inactive, i.e., with probability 8, = 1 — 3,. If the buffer is empty, the source
accesses the channel with probability 1, i.e.; fy = 1. A handshaking mechanism is assumed
available between the source and the relay, which can take place, for instance, via a dedicated
low-rate control channel.

Let Q(b) denote the number of packets in the queue at the beginning of block b. The

transition probabilities of the states are given as follows.

M= P{QOB) =n+1Q(b—1)=n} = B,PsrPsp, 0<n <N —1, (7.4)

pn= P{Q(O)=n—-1Q0b~1)=n} =5, Prp, 1<n<N. (7.5)

The source throughput, 7gs, is defined as the probability of successful packet delivery to

the relay/destination. Hence, it is given by

N-1

Ts = (1 — PsrPsp) Z €nfn + Pspenn. (7.6)

n=0

The expression of 75 can be explained as follows. A data packet is delivered successfully if
either the S—D link or the S—R link is not in outage. If the buffer is full, it would not accept
any extra packets from the source regardless of the S — R link outage state. In this case,
the transmitted packet must be delivered only through the S — D link. It should be noted
that the throughput calculated from (7.6) implicitly accounts for the HDR rate loss. Indeed,
(7.6) only counts the time slots where the relay listens to the source, while ignoring those for
relay forwarding to reflect the rate loss effect. It should be also noted that, since the relay
has a finite buffer size, the throughput calculated from the source departures, i.e., 7g in 7.6)
is also equal to that calculated from the destination’s perspective as arrivals, denoted as Tp.

We analytically show this in Appendix 7.A.
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7.3.2 Transmit BSI/Partial Transmit CSI

We assume here that the transmitters know the channel outage states in addition to the
buffer state. This can be attained, for instance, via one-bit feedback messages from the
receivers. Due to the existence of three fading links, each with a binary state space, a

channel can fall into one out of eight possible states.

° If the S — D link is not in outage, which covers four out of the eight possible channel
states, then direct transmission is successful regardless of the state of the other two

links.

. If the S — D is in outage, then the access scheme depends on the outage states of the

other two links as follows:

—  If the S — R link is in outage, then the relay transmits if the R — D link is not in

outage and the buffer is nonempty.

—  If the R — D link is in outage, then the source transmits if the S — R link is not

in outage and the buffer is not full.

—  If both the S — R and R — D links are not in outage, we use &, to denote the
probability of source transmission when the relay has n packets. Hence, the
probability of relay transmission is &, = 1 — &, if the buffer has n packets. It is

clear that o =1 and &y = 0.

— If both the S— R and R — D links are in outage, it is clear that the opportunity

is missed and no communication can take place.

According to the explanation above, the transition probabilities of the birth-death process

for state increments and decrements are given, respectively, by

An = PSDP_SR (PRD + 7D_RD§n> , 0<n< N -1, (77)
ttn = PspPrp (Psr 4+ Psr &), 1 <n < N. (7.8)
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It also follows that the source throughput is given as
N—-1
Ts = Psp + PspPsePro(l — ex) + PspPsi Prp ) _ &nén, (7.9)

n=0

with {e,}N_, having the same form as in (7.3).

7.4 End-to-End Throughput Maximization

In this section, our objective is to design the source access probabilities in order to maximize

the end-to-end throughput expressions given in (7.6) and (7.9).

7.4.1 Transmit BSI/No Transmit CSI

Our objective is to solve the following maximization problem:

max  Tg, s.t. By = 1. (7.10)

0<{Bn o<1

The objective function, 7g, in this optimization problem is not concave in the optimization
variables, {3,}Y_,. Fortunately, it can be solved as follows.

Let K = %. Using (7.3), (7.4), and (7.5), the term €,0, can be written as

n—1

Ar
6nﬁn = € H
=0 Het1

By =K "], % = K", (7.11)

=1 p;

where T, =[], g: Note that Yo =1, T, = g: T, = Tl%, T3 = T,2 and so on. Since

T, = Tn,lg:n, then

KT K (Tl + L) s (7.12)
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and

T,
—0, 1 =12,.. N. d
Bn = T Y orn (7.13)

With such an adopted substitution of variables, we can then write the throughput maxi-

mization problem as:

PsrPsp 3o K'Y+ Psp KN Ty
max TJg= x
{Tn}ilo20 L+ K" (Y, +7T, )

Note that {3, })=' can be obtained back from the optimal values of {T, }Y = using (7.13).
In what follows, we provide an analytical solution to this problem. The denominator of

the objective function of (7.14) can be rewritten as (1 + K)(1 + Z S KT, + 11-(+11V<TN)

Therefore, the objective function becomes Tg = 7951117;{513 Zﬁ%N where § = 1+ ZN KT, >

1,9 = PJ;S’ES K" and e = 1 - The first derivative of Ts with respect to Yy is given by

0Ts _ PsgPsp 0() —¢)
aTN_ 1+K (9+8TN)2'

(7.15)

Note that given K, ¢ and ¢, it is straightforward to show that ¥ < ¢ when Prp < Psp.
In this case, the derivative with respect to T is always negative and the maximum of 7g

is attained when Ty = 0. This means that when Prp < Psp, the optimal Sy = 0, and

Ts = (1-PsrPsp)

T regardless of 6. This has the following intuitive explanation. When Ty = 0,

7Ts becomes independent of T,, and hence 3, for all n € {1,2,...,N — 1}. If {3,}2-! are
set to zero, then whenever the relay gets a packet, it will just attempt to transmit it to the
destination while the source remains silent. Once it succeeds, the source transmits a new
packet with probability one. If §,, n € {1,2,..., N —1}, are set to one, the source transmits
with probability one in each time slot, any packet that fails to reach the destination but
reaches the relay will be stored in the relay. Once the buffer is full, the relay transmits (and

the source remains idle) with probability one. This renders the buffer size unimportant.
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If ¥ > ¢, or equivalently if Prp > Psp, then the derivative is always positive and the
maximum of 7g is attained when Yy = oo (or equivalently Sy = 1). It can be shown that, in
this case, the corresponding optimal @ is * The optimal 7g is thus given by Pﬁ‘f‘s{smz Psp,
thereby indicating that the relay is not helpful to the source in this case. This also has the
following intuitive explanation. If the outage probability of the direct path is lower than that
of the two-hop path, the source justifiably neglects the relay cooperation with the additional
rate penalty it incurs due to two-hop transmission, where a packet needs at least two time
slots to be delivered to the destination through the relay. Hence, it relies solely on the direct
link which accordingly provides higher throughput. Therefore, the average throughput in
this case is equal to the probability of the direct link being not in outage.

To summarize, the optimal throughput with BSI and without transmit CSI is given by

PsePsp Prp <
To = Prp+PsrPsp ’ if Pro < Psp, (7 16)

Psp, if Prp > Psp.

The optimal throughput is attained when Prp < Psp via setting Sy = 1 and Sy = 0 for any

values of {3, 2!, while it is attained at Prp > Psp when the relay is deactivated.

7.4.2 Transmit BSI/Partial Transmit CSI

When outage state information is further supplied to the transmitters, the throughput in

(7.9) can be written as

Ts = Psp + PspPsrPrp + PspPsr s, (7.17)

'This can be shown using BTS CIfe >0, % is always negative regardless of the other parameters, e.g.,
{T,})_,. Hence, the value of 9 that maximizes 7Tg is its lowest feasible value. Since 6 =1 + ZN KT,

and Zf:;ll K™Y, >0, then the lowest feasible value of 8 is equal to 1.
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where

5, 5 —N-1 n—1 )\ N-1 _A
Prp + Prp anl &n He:o Wil — Pro Hﬁ:ﬂ :U‘Zfl (7.18)
S pum . .

N T

Maximizing g is equivalent to maximizing ¢s. We define a new set of variables, {¥,}Y_

as

n—1

A
U, =[] forn=1,2,...,N. (7.19)
1—o He+1

With the definition in (7.19), we can express (7.18) as

_ Pro + Pro SN, — PrpUy

ds
1+50, 0,

(7.20)

N-1

. . . N—1
.1 as a linear combination of {¥,}

n=1"»

Now, by expressing {£,V,,} the objective function
of the optimization problem becomes a linear-fractional function in {¥,})_, that can be

efficiently solved. From (7.19), and Vn € {2,3,--- | N}, we get

Wy A1 Psr (Prp + Prpén-1) B Psr (Prp + Proén-1)

= — — 7 — —— (7.21)
Uy P, Prp (Psr + Psr &) Pro (1 — Psrés)
Therefore, we get the following recurrence relation between ¥ ,£, and ¥, _1&,_1 as
v, & =aV, —bV, 1 — V¥, &1 (7.22)

with a = and b = % Since Uy = % from (7.19), then by substituting for \g and p;

1
Psr

from (7.7) and (7.8), we get

\Iflfl = (1\111 — Q, (723)
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where a = %. Starting from (7.23), we can finally obtain W,&, as:
Wb = aWy + 300 (=1)" " a +b) U, + (=1)"a.
Noting that Z;Zl(—l)n = —1 when [ is odd and 0 when [ is even, we get

G\I’N_l—b\I/N_Q—f—CL\I/N_g—"'—b\Ifl, NOdd,

N—-1
n=1

aVny_ 1 —b¥y_o+aVy_3—---+a¥V; —a, N even.

Substituting (7.25) in (7.18), we obtain the following linear-fractional program:

cfw4d

max
o 1Tw+1

Cnf n
st 0 < et <1 W€ {1,2,--- N -1},

en'® +dy =0,
where the superscript 1 denotes the vector transposition and

v = [‘I/Na\IjN—la"' 7\];[27‘;[]1]T7

cC = PRD[_b,a,—b,CL?-H]T,
Prp, N odd,
d =
Prp(l —a), N even,
cn = [0,---,0,a,—(a+0b),(a+0), -],
\_v_/
N —n zeros
dn - (_1)710(‘

(7.24)

(7.25)

(7.26)

(7.27)

(7.28)

(7.29)

(7.30)

(7.31)

Note that ¥, ¢, and ¢,, are N-dimensional column vectors, while d and d,, are scalars. Linear-

fractional programs like that in (7.26) are easily converted to standard linear programs [88],

and hence, can be efficiently solved using standard numerical linear/convex programming

tools. For instance, we used CVX, a MATLAB package for solving convex programs [89].
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Figure 7.3: Throughput vs. buffer size.
Afterwards, we obtain {&,}" ' as
g
c +d
& = %,vne{m,--- ,N —1}. (7.32)
n

7.4.3 Partial Transmit CSI only

For comparison purposes only, we consider the case where only partial CSI is available at
the transmitters. Since the source cannot distinguish between the different queue states at
the relay, the case of CSI-only can be simply obtained from the system with BSI and CSI

via setting 3, = p € [0,1] for all n and finding p that maximizes the throughput.

7.5 Numerical Results

In this section, we numerically evaluate the proposed access schemes for half-duplex buffer-

aided relaying.

7.5.1 Throughput vs. Buffer Size

In Fig. 7.3a, we examine the case when no direct link exists (i.e., Psp = 1) and investigate the

impact of knowing the BSI as compared to the CSI-only system. In this case, the throughput
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is ultimately limited to 0.5 packets/slot, or equivalently 0.5 bpcu when R = 1 bpcu, due to
the half-duplex operation of the relay. The figure shows that knowing the BSI at the source
with the availability of CSI improves the performance relative to the CSI-only and BSI-only
cases. As shown in the figure, at low buffer size, specifically for 1 < N < 5, the BSI-only
system outperforms the CSI-only system. The behavior is reversed for N > 5. This behavior
can be interpreted as follows. Since in the CSl-only system the source is oblivious to the
relay’s buffer state, a time slot is wasted when either 1) the source transmits and the buffer
is full, or 2) the slot is dedicated for the relay at an empty buffer. At low buffer sizes, and
for the same set of channel parameters, the probability of finding either a full or an empty
buffer is higher than for those higher buffer sizes. Thus, knowing the BSI for the case of short
buffer size is important to avoid wasted transmission instances. For the BSI/CSI case at
N =5, the optimal value of only & = 1, while it is in the order of 107 for all higher states,
as compared to an access probability of p = 0.3193 in the CSl-only case for all n. Since
the second hop has much lower average gain than that of the first hop while the direct link
experiences deep fading, this result agrees well with intuition where the BSI/CSI protocol
allows the relay to drain its queue whenever it is possible so that it avoids building up and
blocking future packets. This is further confirmed by knowing that the resulting full-buffer
state probability, €y, is equal to 0.008 in the CSI/BSI case as compared to 0.167 when CSI
only is available. The figure is generated using R = 1 bpcu, ysp = —10 dB, ysgr = 20 dB,
and yrp = 5 dB.

In contrast to Fig. 7.3a, which shows the case of Psp > Prp, in Fig. 7.3b, we plot the
throughput versus the buffer size for the case Psp < Prp. The parameters used to generate
the figure are: R = 1 bpcu, ysg = 10 dB, 7gp = 3 dB and ~sp = 4 dB. As shown in Fig.
7.3b, the proposed scheme with BSI and with or without the availability of CSI outperforms
the case of no relay. The CSl-only system outperforms the BSI-only system for the used
parameters. Knowing the BSI and CSI provides further gains. Like Fig. 7.3a, the figure

also shows the fact that the BSI with no CSI does not change with the buffer size of the
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Figure 7.4: Throughput vs. rate for N = 4 packets, vsg = 15 dB, ygp = 15 dB and ~sp = 2
dB.

relay. Consistent with the analytic result provided earlier, the figure shows the fact that for
Psp < Prp, the relay provides no gains to the source when the BSI is known at the source
and the CSI is unknown to transmitters. For the BSI/CSI case at N = 5, the optimal value
of & is {§ = & = 1 and & = 0 for n > 1, while the optimal access probability for the

CSl-only case is p = 0.2272.

7.5.2 Throughput vs. Source Rate

In Fig. 7.4, we show the source throughput versus R. We can notice that the CSI-only and
BSI-only scenarios exchange the performance superiority over different transmission rate
ranges. Specifically, the CSI-only scenario always yields higher throughput both at low and
high transmission rates. This is due to the fact that, at low rates, the buffer occupancy is
very low due to low link outage probabilities. Also, at high rates, the outage probability
becomes higher, which also alleviates the load on the available buffer, and thus reduces the
buffer size effect on the performance. Contrarily, the BSI becomes of immense importance
at the intermediate rate range due to the higher buffer occupancy, and hence the BSI-only
scenario performs better as explained earlier in Fig. 7.3a. The figure is generated using the

following parameters: N = 4 packets, vsg = 15 dB, ygp = 15 dB and ~sp = 2 dB.
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7.6 Conclusion

In this chapter, we have studied buffer-aided HDR when BSI and/or partial CSI is available

at the transmitters.

In the following chapter, buffer-aided FDR is further studied, where BSI and/or partial

CSI is provided to the transmitters.
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Appendix

Appendix 7.A Source/Destination Throughput

The average number of packets received successfully at the destination is given by
N N
To =Psn Y B+ Prp Y _ b, (7.33)
n=0 n=1

In (7.33), Psp >, €nBn denotes the average number of packets directly delivered from the
source to the destination, while Pgrp ZnNzl EnE denotes those delivered to the destination
through the relay. Summing both sides of (7.2) from n = 0 to N — 1, we get Zi:fz_ol Enp =

S 0| €nftn. Substituting by A, = 8,PspPsp and ju, = B, Prp, we get the following:
N-1 N
PSDPSR Z Enﬁn = PRD Z Enﬁw (734)
n=0 n=1
Using (7.34) in (7.6), we reach

N N
7é - 7)SD Z Enﬁn + 7)RD Z enE - 75 (735)
n=0 n=1

Hence, it is equivalent to calculate the throughput from the source or the destination per-

spectives.
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Chapter 8

Buffer-Aided Full-Duplex Relaying

8.1 System Model

! — Desired Signal |
: _______ - => Interference :
| . JRR  "u -
vy ] 1
! Y 1
: o o !
| SR RD
| S R :
1 N - .
! s ~ - i 1
L T ~e e ___---- - 1
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I gsp )

Figure 8.1: A buffer-aided full-duplex relay channel with self-interference.

We study the two-hop full-duplex cooperative setting depicted in Fig. 8.1. Now, the
relay R is also equipped with a buffer of size N data packets, but suffers a residual level of
self-interference while operating in the full-duplex mode. As shown, grr denotes the RSI
fading gain.

In the presence of a direct source-destination link, the source is free to decide, according
to channel and buffer states, whether to adopt DT or to seek the relay’s cooperation for
packet delivery. Further, while in the cooperative mode, the relay is assumed to adopt a

hybrid HDR/FDR scheme according to the link outage states. For instance, when the S —R
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link undergoes an outage while the relay is active due to RSI, time-orthogonal transmission,
i.e., HDR, may still take place. In this channel state, the relay may either individually
access the channel to forward the accumulated packets in its queue, or go into a listen-only
mode while the source transmits. The latter case gives a higher chance for successful packet
delivery from the source to the relay by eliminating the RSI effect. As commonly assumed in
the literature, an RF-chain conserved scenario [33] is assumed when switching between HDR
and FDR, i.e., the relay is equipped with exactly one transmit and one receive RF-chains.
Therefore, single-antenna HDR is only possible when reverting to orthogonal transmission.

The received SINR at the relay when it is silent or active is given respectively by

~ Psgsr _ DBsgsr
Nn=—%—, and Y=

OR Pryrr + 0%

(8.1)

Also, the received SINR at the destination when the source is silent or active is given by

_ Prgrp Prgrp
V3= 2 and Y4

oh ~ Psgsp + 0

(8.2)

The SNR via the direct link is also simply given by v5 = PSU—%DSD. We use O; for i € {1,2,3,4,5}
to denote a link outage event where the link capacity log, (1 + ;) falls below the source rate
R, while P; denotes the probability of occurrence of O;. In the sequel, O; will be used to
denote the complementary event of @;. Also, P; = 1 — P;. It should be noted that when
both the source and relay simultaneously transmit, the R — D and S — D link outage events
become correlated. Based on the following proposed transmission scheme and its entailed
partitioning of the probability space, we are specifically interested in the probability of the
R — D outage event conditioned on the outage of the S — D link. Hence, we take this fact
into account in the specific definition of the event O,, and accordingly for calculating Py,
while we keep the same notation of the other events for simplicity. Specifically, O, is used

to denote the conditional outage event in the R — D link given an S — D link outage.
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8.2 Transmission Scheduling Protocol

Table 8.1: Proposed Transmission Scheduling Protocol

(B) Os
(A) T3 o o () 020 0; (i) 07 —
(a) O3 (b) O3 (a) O3 (b) ©O4 N O3 (c) O4
Source Active Silent Non-full buffer w.p. Bn Non-full buffer w.p. Bn Active
Relay Silent O3 & Non-empty buffer Silent w.p. Bn Silent w.p. Bn Non-empty buffer

In what follows, we carefully explain the proposed transmission scheduling and mode

selection scheme. The probability space can be partitioned into two mutually exclusive

events based on the outage state of the direct link, namely, (A) Os, and (B) Os. When

the direct link is in outage, event (B) can be further partitioned into the following three

mutually exclusive events: (i) Os N Oy, (ii) O5 N Oy N Oy, and (iii) O5 N O,. The proposed

scheduling protocol is defined over these events as follows.

(A) When the S — D link is not in outage, the source transmits directly to the destination

without relay cooperation.

(B) When the direct link is found in outage, i.e., in Os, the access scheme is as follows:

(i)

(i)

When the S — R link is in outage even with a silent relay, i.e., in the O; event, the
source remains silent while the relay accesses the channel when the R — D link is

not in outage at a silent source (in O3) and its buffer is non-empty.

When the S—R link is in outage if the relay is active while it is not when the relay
is silent, i.e., in @y N Oy, the scheme further depends on the R — D link outage

state.
(a) When the R — D link is in outage, i.e., in Os, only the source can transmit at
non-full relaying buffer.

(b) When the R—D link is not in outage, i.e., in Os, the source and relay transmit
in orthogonal time slots due to the RSI adverse effect on the S — R link.

Moreover, the access probability will depend on the state of the relay. Let the
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probability that the source transmits be 3, when the buffer has n packets,
while the relay transmits with probability 8, = 1 — .. It is clear that 8, = 1
and By = 0 when BSI is available.

(iii) When the S — R link is not in outage even with an active relay, i.e., in Oy, also

the transmission scheme further depends on the R — D link outage state.

(a) In Oz, the relay remains silent, while the source transmits provided that the

relay’s buffer is not full.

(b) In O4 N Os, the source and the relay cannot transmit simultaneously since
the source interference drives the second hop into outage. Nonetheless, they
can still successfully transmit in orthogonal time slots exactly as in the event
(B)-(ii)-(b). Hence, the source also transmits with probability (£, when the

buffer has n packets, while the relay transmits with probability 8, = 1 — S,.

(¢) In Oy, the source and relay can simultaneously transmit, taking advantage of
FDR capability. Of course, the relay transmits when its buffer is non-empty.
Due to FDR, the relay has an additional one-packet transmission buffer. If it
transmits, the relay will take out the packet at the head of its main queue at
the beginning of the time slot and put it in the transmission buffer. The source
can then transmit concurrently with the relay even at a full-buffer state, since

there is always a room for an upcoming packet.

The above proposed transmission scheduling protocol is summarized in Table 8.1.
A state increment occurs due to one of the events (B)-(ii)-(a), (B)-(ii)-(b), (B)-(iii)-(a),

(B)-(iii)-(b), and (B)-(iii)-(c) with probability
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where

1 ifn=7y,
(SHJ == (84)
0 otherwise.

The first term in (8.3) comes from the sum of the probabilities in the events (B)-(ii)-(a)
and (B)-(iii)-(a), while the second comes from the events (B)-(ii)-(b) and (B)-(iii)-(b) after
simple manipulation. The last term in (8.3) comes from the fact that a state increment
occurs in the event (B)-(iii)-(c) only when the relay does not have packets in its queue to
forward. Otherwise, simultaneous arrival/departure occurs in the full-duplex mode which
contributes to the system throughput, however it does not alter the state of the queue. It
should be noted that the queue state cannot be altered in the event (A) since the destination
receives directly from the source while the relay remains silent.

A state decrement occurs due to the events (B)-(i), (B)-(ii)-(b), and (B)-(iii)-(b) with

probability

pin = Ps(P1Ps+ (P Ps— Py Pa) Ba) - (8.5)

It is worth mentioning that no state decrement can occur in the event (B)-(iii)-(c) due to
simultaneous departure/arrival, i.e., a transition can only take place from a state to itself,
or to state 1 when the buffer is empty.

The source throughput is then given from all the events except for the event (B)-(i) as

=2

Ts = Pt Ps(PiPs(l—en) + P Pt (PL Py~ P Y enn),  (86)

n

I
=)

where the first term in (8.6) comes from the event (A), the second is due to summing the
events (B)-(ii)-(a) and (B)-(iii)-(a) over non-full queue states, the third comes from (B)-

(ili)-(c) over all queue states, while the last term comes from the sum of the throughput

157



components in the events (B)-(ii)-(b) and (B)-(iii)-(b) also at non-full queue states.

The local balance equations of the birth-death Markov chain in Fig. 7.2 and the state
probabilities are given, respectively, by (7.2) and (7.3).

In the following section, we design the access probabilities, {3,}"_,, to maximize the

end-to-end throughput.

8.3 End-to-End Throughput Maximization

8.3.1 BSI and CSI at the Transmitter Side

When both the BSI and CSI are available at the transmitters, the end-to-end throughput

maximization problem can be formally written as

max Ts
{82300

s.t. Bo =1, By =0, (8.7)
0<8,<1, form=1,2,...,N—1.

Note that the access probabilities, {3, }._,, are only defined in the events where the system
operates in the half-duplex cooperation mode. That is why the optimization problem in
(8.7) has the constraints that the probability for the source to access the channel is equal to
zero at a full buffer, while it is equal to unity at an empty buffer, i.e., Sy = 0 and Gy = 1.
As explained in the protocol, the source always transmits regardless of the buffer state for
the event of full-duplex cooperation. For the rest of the events where one transmitter (either
source or relay) is silent due to its own channel outage, the other transmitting node can

always access the channel as explained earlier.
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First, we define a new set of variables {W,}" | as

-1
€n )\k
v, = —= . 8.8

€o kl_[(),uk-s-l ( )

It is clear that Wo = & = 1. We rewrite the throughput expression by substituting (7.2),(7.3),
and(8.8) into (8.6) as

Ts = Ps+Ps(PL Ps+Po Pa) + s, (8.9)

where

Ps(P1 Ps — P2 Py) Zi:[:_ol U8, — PsPy PaWy

s (143 w)

(8.10)

The new variables {W,}" | can be written in terms of the old variables {571}7]:[:0 by substi-

tuting (8.3) and (8.5) into (8.8) as
v, — rﬁﬁ% + (P Ps — Py Pa) B +527T45k,0‘

173 TV Ts T 2 PPk T (8.11)
P3 — Py Py — (P1 Ps — P2 Pa) Bt

k=0

Maximizing 7s is equivalent to maximizing ¢s. Moreover, we can notice in (8.10) that ¢g
can be put in the form of a linear-fractional function in {\lln}fj:l if we manage to express
(0,8, in terms of {¥,}_ only. We have, for n € {2,3,---, N},

v, PiPs + (P1 Ps — Py Pa)Bus

= U sTA 8T T2 et (8.12)
an—l 7)3 - PQ 734 - (P1 733 - PZ 7)4) ﬁn

while

g0 PPyt (PP = Pa PO+ Py P 51
H1 P3 —Pa Py — (P1 Ps — P2 Pa) B
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Hence, for n € {2,3,--- , N}, we get the recurrence relation,

/Bnlpn = a\I/n - b\I/n—l - ﬁn—llpn—la (814)

with its initial value given by

p1¥; = aV¥y — by — b, (8.15)
where
a=-PePs A o Vi W (8.16)
(P P — s Po) PP — s Po)
and
by = APt P P (8.17)

(PL Ps =Py Pu)

From the recurrence relation in (8.14) and its initial value in (8.15), we can get (3,V,, in

terms of {W,}}_; and [y only as

BV, = a¥, + "z: (=)™ (b+ a)Tp + (=1)"(Bo + bo). (8.18)

k=1

It can be shown that 25:_11 53,¥,, is on the form

N-1 (I\I’N_l—b\IfN_g—FGlIfN_g—"'—{—CL\IJl—BO—bo, if N is evel,
n=1 aVn_1 —bWpnN_o+ aVpy_g— - — b‘I’l, if N is odd.

When the BSI is available at the transmitters, the source always accesses the channel when

the relay’s buffer is empty, i.e., fp = 1. Hence, we can stack our remaining N optimization

N

N in a vector form as W = (Uy, Uy_y, -+, ¥y)", where ()7 denotes

variables, i.e., {V,}
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vector transposition. From (8.19), we can get ¢s on the following desired form of a linear-

fractional function:

ctw +d
= —_— - 8.20
¢S ]_T‘I’ T 17 ( )

where

T
(q, a,—b,a,—b,--- ,d) , if N is even,

c = 9 ; (8.21)
(q, a, —b,a, —b,- -, —l;) , if N is odd,

g = —PiPs, a=Ps—Py Py, b=TPiP; (8.22)
(ﬁﬁ—ﬁﬁ)—ﬁ, if V is even,

d = 9 (8.23)
(P1 Py — P2 Pu), if N is odd,

\

while 1 is an N x 1 vector whose elements are all equal to unity. Also, the constraints are

linear-fractional functions of {¥;}7_,. Specifically, from (8.18) and given Jy = 1 we get

aV,, + "Z (—1)"_k (b+a)¥r+ (—1)"(1 + by)

n = — 8.24
g i (8:24)
W4 d
= Cn + n’ fOI‘n:LQ,"',N, (825)
1,'®
where
T
Cn = (o 0,0, —(a+b),- - ,(—1)k(a+b),--.) , (8.26)
——
N—n zeros
d, = (=1)"(1+by), 1, = (0,... ,0,1,0,--- ’0>_ (8.27)
rf—/ N~——

Note that ¢, ¢,, 1 and 1,, are all N-dimensional column vectors. Now, since the objective

and constraint functions are linear-fractional functions in ¥, the optimization problem in

161



(8.7) is now on the form of a linear-fractional program. After solving for the optimal W,
{B,}V=! can be directly obtained from (8.25), while the throughput can be readily computed
from (8.9) and (8.20).

8.3.2 CSI Only at the Transmitter Side

For performance comparison purposes, we will briefly discuss the system where the trans-
mitters are only provided with outage state information without BSI. In this case, the source
becomes oblivious of the relay’s queue state, and hence it cannot adapt its access probabilities
accordingly. Specifically, in the event (ii)-(b), since the source cannot distinguish between
the different states, (§, can be only set to a fixed value, 0 < 5 < 1, foralln € {0,1,2,--- | N}.
In all events, the unawareness of the source about the queue state will only cause packet
transmission and dropping at queue state IV instead of remaining silent, which is equivalently
accounted for in the given throughput expression. Hence, the throughput expression is given

by
Ts = Pt PP Pt Ps(l—e)(PiPs+ (PP - Pi)B).  (3.28)

where now the state transition probabilities and the state probabilities are calculated for 3, =
B,¥n € {0,1,--- , N}. The source can still optimize the value of 8 prior to communication

in order to maximize the throughput.

8.4 Numerical Results

In this section, we numerically evaluate the theoretical results of the proposed scheme, and
compare them to those obtained via event-based simulations. In the simulations part, we
calculate the end-to-end throughput at the destination after the transmission of 10° packets.
Since block fading channels are assumed, each packet experiences a different channel gain.

For numerical evaluation purposes, we assume herein that the channels are Rayleigh fading.
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Hence, the channel gain of the ¢ — j link, i.e., g;;, is exponentially distributed with mean
mi;. Without loss of generality, we absorb the transmit powers into the channel coefficients,
while noise variances are set to unity. The channel gains thus denote the received signal-to-
noise ratio over each link. The channel outage probabilities, P; = P{v; < 2% — 1}, can be

calculated as
__n __n __n
Pi=1—e¢ mmr, P3=1—¢ ™m0, Py=1—¢ 57D, (8.29)

where n = 2% — 1, while P, can be obtained as in [41] by

e PSZSR
Pp=1————. (8.30)
1 + n R RR

Psmsr

As mentioned earlier, P, denotes the outage probability in the R — D link conditioned on

the S — D link outage. It is shown in Appendix 8.A that it is given by

R - 1
e PRTRD (1 —e 77<PR”RD+PS7TSD>)

14 nhsmsp ) (1 — ¢ Fomsp
nPRTrRD €

Py = 1- (8.31)

We compare the performance of the proposed buffered hybrid HDR/FDR scheme with
BSI/CSI with the following schemes: 1) buffered hybrid HDR/FDR with CSI only, 2) buffer-
less FDR, and 3) bufferless HDR. The throughput of the conventional bufferless schemes can
be calculated as the probability of successful packet transmission (the complement of the out-
age probability) multiplied by the attempted source rate. The throughput of the bufferless

HDR and FDR are hence given, respectively, by

1 .
Tapr = R X 3 X P Ps, (8.32)

Tepr = R x Py ﬁi, (8.33)
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Figure 8.2: Throughput vs. source rate, for rgg = mrp = 15 dB, mgr = 5 dB, wsp = 3 dB,
and N = 4 packets.

where P} is outage probability in the R — D link which is given as in [41] by
_ n
e PRTRD

o 1_|_77PS7TSD'

Prmrp

Pr=1 (8.34)

Note that providing transmit CSI to bufferless systems does not offer any performance gains
when fixed rate transmission is adopted. This is due to the causality of packet forwarding
at the bufferless relay, where it is forced to wait for the event when the two hops are si-
multaneously outage-free to attain successful delivery. We summarize the used simulation
parameters in the caption of each figure. Also, for all figures, we use unfilled plot marks
with connecting lines to represent the theoretical results, while unconnected filled marks of
the same shape are used for the simulations results. Hence, connected curves with properly
filled marks reflect how well-matching the theoretical and simulation results are.

In Fig. 8.2, we plot the end-to-end throughput versus the source attempted rate R.
As shown, the proposed buffered hybrid HDR/FDR scheme when it is only provided with
transmit CSI outperforms both bufferless HDR and FDR. This is due to the ability of the
scheme to jointly preserve three desirable aspects, namely, 1) the acceptance of additional
packets and their storage at the relay’s queue when the R — D link experiences outage for

possible future forwarding which increases the occupancy of the second hop and hence the

164



—e— Buffered FDR/HDR/DT (BSI/CSI)
—v— Buffered FDR/HDR/DT (CSI only)
—+— Buffered FDR/DT (BSI/CSI)

—<— Buffered FDR

—o— Buffered HDR/DT (BSI/CSI)

—— Buffered HDR (BSI/CSI)

—A— Bufferless FDR

—o— Bufferless HDR

—+—DT

0.9 |

Throughput [bits/sec/Hz]

0.7 i
0.6 |- =
4
04 L L L L L L L L L
0 2 4 6 8§ 10 12 14 16 18 20

Buffer Size (Packets)

Figure 8.3: Throughput vs. buffer size, for 7gg = mrp = 15 dB, mrr = 5 dB, msp = 3 dB,
and R =1 bits/sec/Hz.

throughput, 2) the ability of the full-duplex relay to simultaneously listen and forward which
avoids the known rate penalty in HDR, and 3) the agility of the relay to resort to half-duplex
operation whenever the self-interference link prevents simultaneous transmission. Further,
it can be noticed that providing the source with the BSI can offer further throughput gains.
These gains arise from the additionally offered flexibility in link selection, where the source
can now avoid transmission whenever the relay’s queue is full, and give the opportunity for
the relay to drain and recover a room in the queue to accept more packets.

We plot the throughput versus the size of the relay’s buffer in Fig. 8.3. As shown,
the throughput of the proposed hybrid scheme with either CSI only or BSI/CSI clearly
outperforms that of the bufferless FDR and HDR schemes. Moreover, the throughput gains
increase with increasing the buffer size. We can notice that the throughput of the CSI-only
scheme approaches that of BSI/CSI as the buffer size increases. This behavior takes place
due to the fact that the probability of a full buffer, ey, decreases with buffer size, and the

need for the knowledge of BSI at the source diminishes.
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8.5 Conclusion

In this work, we have proposed a hybrid half-/full-duplex buffer-aided relaying scheme that
leverages the available outage and buffer state information to maximize the end-to-end
throughput. The formulated optimization problem is put in a linear-fractional program
form, which is in turn converted to a linear program that is efficiently solvable using stan-
dard numerical linear programming tools. Performance gains are shown to exist when the
source is further provided with the relay’s buffer state information, compared to systems
with only outage state information at the transmitters, especially at low buffer sizes. The
exact theoretical paper findings are validated via event-based simulations, which are shown

to be in excellent agreement with theory.
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Appendix

Appendix 8.A R — D Outage Probability Given S — D
outage

The outage probability in the R — D link conditioned on the S — D link outage is given by

I | gsp < 1} (8.35)

Py =P{yu<n]| Os} :P{1+QSD

Since all link gains are exponentially distributed, we get

1 n e_PS:iSD
Po = o [ Plown < o+ 1) s (8.36)
Ps Jo Psmsp
1 i _ (z+1)n e PS:SD
= — 1 —¢e Pr™rD dz, 8.37
735/0 ( ) Pymgp (8.37)

which is readily given as in (8.31).
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Part 1V

General Conclusion and Future Work
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Chapter 9

Conclusion

9.1 Summary of Results

In the presented thesis, several aspects of full-duplex cooperative communications have been

studied when either buffer-less or buffer-aided relays are employed.
e Buffer-less Relaying:

— Single Relay Cooperation: Two selective cooperation protocols are proposed to en-
hance the end-to-end outage/throughput performance, and to boost the diversity order of the
system. The end-to-end CDF SNR is derived in closed-form over Rayleigh and Nakagami-m
fading channels. Also, several existing HDR and FDR protocols are studied in comparison,

with the outage performance and diversity results summarized in Table 4.1.

— Relay Selection: The outage performance of FDRS was analyzed by deriving the end-
to-end SNR CDF in closed-form over Rayleigh and Nakagami-m fading channels for several
FDR protocols. The diversity order of each is also derived, with the results summarized
in Table 5.1. It was shown that a significant diversity gain can be attained if the direct
source-destination link is leveraged as an additional diversity branch, even for simple full-
duplex cooperative protocols that treat the direct link as interference to each relayed path.

Closed-form expressions were also presented for FDRS in cognitive underlay settings were
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an interference threshold is imposed by the primary user of the spectrum.

e Buffer-Aided Relaying: Hybrid buffer-aided HDR/FDR was studied. In order to max-
imize the end-to-end throughput, protocols that utilize different combinations of BSI/CSI
knowledge were studied and compared. It was shown that hybrid buffer-aided half-/full-
duplex relaying with outage and buffer state information yields throughput values that out-
perform those of all pure half-duplex and full-duplex strategies, being either buffer-aided or

buffer-less.

9.2 Future Research Work

Inspired by the results presented in this thesis as well as those in the recent literature, several

research directions are yet to be investigated:

e Hybrid FDRS/HDRS: As shown earlier, the diversity order of FDRS depends on the
RSI model. On the other hand, HDRS suffers from the known spectral efficiency loss. Using
relay selection with adaptive duplexing mode selection would enjoy the benefits of both,

while avoiding their drawbacks.

e Buffer-aided Opportunistic Mode and Relay Selection in Underlay Networks:
In underlay networks with buffer-less relaying, being either full-duplex or half-duplex, the
secondary system’s throughput is limited by the S — P interference link bottleneck regardless
of the state of the Ry —P interference links. Buffer-aided relaying can alleviate this limitation
in such an interference limited setting since round-robin source/relay activation is no longer
mandated. This can allow the existing multiple relay’s not only to offer diversity to the
end-to-end secondary communication, but also to allow the diversity effect to go beyond

that to include the diversification of the interference link.

e Network-wide Interference Management /Cell Association: Even in non-cooperative

settings, while a full-duplex (FD) BS can support uplink and downlink for one FD user or
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two different /distant half-duplex (HD) users over the same resource, inter-cell interference

from nearby BSs (macro, pico, femto) can seriously limit the potential gains.
— Advanced (Massive) MIMO techniques can be used for interference mitigation, e.g., Adap-
tive pencil-beamforming, also utilizing higher mmWave communication bands.

— Stochastic-geometric tools can be used to spatially analyze inter-cell interference coordi-

nation (ICIC)-enabled scenarios for UE/FD-BS association.

— Like in HD heterogeneous networks, a user may typically be better served with two dif-
ferent BSs, one for uplink (UL) and one for downlink (DL). Decoupled UL/DL association

now needs to be studied.

— Further studies are also necessary for more advanced cooperative scenarios where FD relay

tiers exist; which users to serve directly through BS, which to serve via relays,etc.
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APPENDICES

Appendix A

Useful Probability Distributions

A.1 Sum of Two RVs: S = X; + X5

A.1.1 Gamma Distributed X; and X,

Theorem 3 (CDF of S = X + X5). For two independent Gamma RVs, X; ~ G (my, 6;)
and Xo ~ G (ma,0s), with integer shape parameters and possibly distinct scale parameters,
S = X1 + Xy has the following CDF [56]:

Y <m27 é) m1—1 A

Fs (s;p) = T T ()

k

s

(9—) 1F1 (u;0;w), (A1)

k=0 1
. . m2

where p = (my, 01, ms, 03) is a vector holding the shape and scale parameters, A = (%) exp (—%) ,

u=k+1l,v=mo+k+1, w= %s and 1 Fy (u;v;w) is the Kummer’s confluent hyper-

geometric function [39, Eq. 13.1.2].
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A.1.2 Exponentially Distributed X; and X,

Corollary 1 (Special case when my; = mg = 1). For two independent exponential RVs,
X1 ~ Exp(m) and Xy ~ Exp (m), S = X; + X5 is a hypoexponential RV which has the
following CDF [55, Eq. (5.9)]:

Fo(s) = 1- M€ 7me ™ (A.2)

T — T2

A.2 Ratio of Two RVs: 7 = X;/(Xy+1)

A.2.1 Gamma-Distributed X; and X,

Theorem 4 (CDF of Z = %) The CDF of Z = X);lrw where X; ~ G (m;,0;), for
i € {1,2}, are independent but not identically distributed (i.n.i.d.) RVs, for general real-

valued my; > % and integer-valued mq > 1, is given by [42, 43]:

Y (m1, é) m2—1 Cfd
—_— + B _Wa c), A3
i)+ 5 3 g Wesl® 9

Fz(z;p) =
where p = (my, 01, ma, 0) is a vector of distribution parameters, v («, 5) = foﬁ tole=tdt is
the lower incomplete Gamma function, W,y (¢) is the Whittaker function [39, Eq. 13.1.33],

_ mi—k—1 _ —mi1—k _ =z l _ maitk+1
a= "5 b= " ,e=g + g, d="5" and

. exp (—1 (- ) <z>’” (A4)

a I (my)
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A.2.2 Gamma-Distributed X; and Exponentially-Distributed X,

Corollary 2 (Special case when my = 1). When Xy ~ Exp(ms), i.e., mg = 1, the CDF of

Z = X);j-l is given, for p = (my,01,1,m), by:

() e Pl td)

Fz(zp) = I (m1) " (le + 1>m1 r'(my) 7

(A.5)

where T (a,b) = [ t* ‘e~ 'dt and v (a,b) = T (a) — T (a,b) denote the upper and lower

incomplete Gamma functions [39], respectively.

Proof. By conditioning/deconditioning on X7, we have

o T, — 2 xml_le_%
Fz(zp) = / P{X2 > 1z X, = 951} del
0 1

dzy, (A.6)

Y (ml, é) 1 /ool{m—le—ml(z%—i-ell)
= 4 e
r (ml) z
which yields (A.5) using [57, Eq. 3.381-3]. This can be verified to be a special case of
(A.3) when my = 1 using the relation between Whittaker’s function W.. () and Tricomi’s

confluent hypergeometric function U (-,-,-) in [39, Eq. 13.1.33] and the special case of
Tricomi’s function in [39, Eq. 13.6.28]. O

A.2.3 Exponentially-Distributed X; and X,

Corollary 3 (Special case when m; = mg = 1). When X; ~ Exp(m) and Xy ~ Exp(m2),

the CDF of Z = X);lrl is given, for p = (1,m,1,ms), by [41]:

Py (sp) — 1—# (A7)
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Papers Submitted and Under

Preparation

Journal Papers

[J.5] M. G. Khafagy, M.-S. Alouini, and S. Aissa, “Full-Duplex Relay Selection in Cog-

9

nitive Underlay Networks,” submitted to IEFEFE Transactions on Wireless Communications,

second round.

[J.4] M. G. Khafagy, A. El Shafie, A. Sultan, and M.-S. Alouini, “Buffer-aided hybrid
half- /full-duplex relaying with self-interference,” IEEE Transactions on Wireless Communi-

cations, in preparation.

[J.3] M. G. Khafagy, A. Ismail, M.-S. Alouini, and S. Aissa, “Efficient cooperative pro-
tocols for full-duplex relaying over Nakagami-m fading channels,” IEEFE Transactions on

Wireless Communications, vol. 14, no. 6, Jun. 2015.

[J.2] A. El Shafie, M. G. Khafagy, and A. Sultan, ”Optimization of a relay-assisted link
with buffer state information at the source”, IEEFE Communications Letters, Vol. 18, no.

12, pp. 2149-2152, Dec. 2014.

[J.1] M. Khafagy, A. Ismail, M.-S. Alouini, and S. Aissa, “On the outage performance
of full-duplex selective decode-and-forward relaying,” IEEE Communications Letters, June

2013.
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Conference Papers

[C.5] M. Gaafar, M. G. Khafagy, O. Amin, and M.-S. Alouini, “Improper Gaussian sig-
naling in full-duplex relay channels with residual self-interference,” IEEE ICC16, Kuala

Lumpur, Malaysia, accepted for publication.

[C.4] M. G. Khafagy, M.-S. Alouini, and S. Aissa, “On the performance of future full-
duplex relay selection networks,” in Proc. IEEE CAMAD, Guildford, United Kingdom,

Sept. 2015 (invited paper).

[C.3] M. G. Khafagy, M.-S. Alouini, and S. Aissa, “Full-duplex opportunistic relay se-
lection in future spectrum-sharing networks,” in Proc. IEEE ICC’15 Workshops, London,
United Kingdom, Jun. 2015.

[C.2] M. G. Khafagy, A. El Shafie, A. Sultan, and M.-S. Alouini, “Throughput maximiza-
tion for buffer-aided hybrid half- /full-duplex relaying with self-interference,” in Proc. IEEE
1CC"15, London, United Kingdom, Jun. 2015.

[C.1] M. Khafagy, A. Ismail, M.-S. Alouini, and S. Aissa, “Energy-efficient cooperative pro-
tocols for full-duplex relay channels,” in Proc. IEEE GLOBECOM’13 Workshops, Atlanta,
GA, USA, Dec. 2013.
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