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Abstract

The wireless industry plays a vital role in the economic development and prosperity
of a country. Future wireless systems aim to achieve over 20 Gbps of data rates and
less than 1 ms latencies for a large number services and applications. Thus, Fifth
Generation (5G) wireless systems have been proposed to satisfy these demands.
Massive multiple-input multiple-output (mMIMO), non-orthogonal multiple access
(NOMA), and cognitive radio (CR) are some of the novel technologies envisioned
for 5G systems. On the other hand, cooperative communications or the use of
wireless relays have proven to improve the reliability and the energy efficiency of
a wireless system. Thus, the primary objective of this thesis is to investigate the
use of two-way relay networks (TWRNSs), multi-way relay networks (MWRNs), and
relay selection for wireless systems. First, the performance of multi-pair mMIMO
TWRNSs is analysed with channel imperfections. Second, relay selection in underlay
CR mMIMO TWRNSs is investigated. Third, a NOMA based MWRN scheme is
proposed to significantly improve the sum rate. Finally, a machine learning based
multiple relay selection scheme is proposed. This thesis demonstrates that the use
of cooperative technologies significantly improves the data rate and energy efficiency

of wireless systems.
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Chapter 1

Introduction

Wireless communication plays a vital role in daily life. Similar to food, water, shel-
ter, and clothing, access to the Internet has become a necessity for most people.
Social media, file sharing, and online gaming have become the most popular appli-
cations of the wireless communication devices |2|. Global mobile data traffic grew by
71% during the year 2017 and is expected to increase sevenfold by the year 2022 [3].
Furthermore, the number of mobile-connected devices per capita will reach 1.5 by
year 2022. The highest increase in the usage will be from the developing coun-
tries while the industry in developed countries is somewhat saturated [2]. At the
same time, with the emergence of the Internet of Things (IoT), the total wireless
connections globally is expected to increase by three-fold to 25 billion.

Mobile cellular industry has a huge impact on the global economy. In the year
2017, it generated $3.6 trillion in economic value, which corresponds to 4.5% of
the global GDP [2]. It supported 29 million jobs globally and generated over $500
billion in revenue for the public sector through taxation and spectrum auctions [2].
Its impact is not limited to the economy, but has become a necessary infrastructure
for the development of a country. Moreover, it plays a critical role in natural disaster
relief such as recently in Nepal and USA [4]. Furthermore, it plays a vital role in
agriculture, health-care, and finance sector to achieve sustainability goals [2] in

developing countries.

1.1 Fifth Generation (5G) wireless systems

To cater for the aforementioned growth, 5G and beyond 5G wireless technologies are
being developed [5]. 5G will be significantly faster than its predecessor 4G, enabling

higher productivity across all 5G capable devices [6,/7]. However, 5G must overcome



overcrowding and/or scarcity of the wireless spectrum. Unlike the previous wireless
generations, 5G must support a wide variety of wireless applications that may not
even be imagined yet [8,9].

The 5G physical layer was introduced as 5G-new radio (NR) [5]. Early stan-
dardization of 5G systems was done in 3GPP Release-15 [10] and will continue on
3GPP Release-16 [11]. According to International Mobile Telecommunications-2020
(IMT-2020) standards [5], 5G NR is expected to provide 20 Gbps peak data rates,
with 1 ms of latency for 10° devices/km? density with 100 times higher energy ef-
ficiencies and 3 times higher spectrum efficiencies than Fourth generation cellular
networks (4G). Although 5G wireless must cater for a large variety of use-cases,

three major categories have been identified as follows [5]:

1. Enhanced mobile broadband (eMBB)

This is the evolution of current 4G-LTE systems [12]. This service provides
high data rates to enable various data consuming applications and must con-
tinuously provide these data rates even highly-mobile users. As an exam-
ple, 5G NR must support uninterrupted connectivity for passengers in high
speed trains. Thus, eMBB can be seen as the first phase of 5G. And Phase
2 will go beyond eMBB services to more transformative ultra-reliable, low-
latency communication (UR-LLC) and massive machine-type communication

(mMTC) applications.

2. mMTC

This service allows for different devices such as sensors and actuators to com-
municate without human intervention. These will include IoT applications,
smart cities and homes and more. This service has the ability to provide con-
nectivity to a large volume of devices which transmit a large number of small

data packets [5[12].

3. UR-LLC

This use-case focuses on applications which requires higher reliability with a
very low latency. Commercial health monitoring systems and self driving vehi-
cles are some examples. The reliability required by these types of applications

are in the order of 99.999% [13].

One major component of mMTC is the use of IoT. IoT devices can be classified



as resource-constrained and resource-rich devices [14]. However, most of IoT devices
are considered to be low-powered resource-constrained devices with low data rate

requirements and simple hardware capabilities [154|16].

1.2 Overview

1.2.1 Massive multiple-input multiple-output (mMIMO) Systems

Massive MIMO systems are identified as a critical component of 5G wireless. They,
also known as Large Scale Antenna Systems (LSAS) |17], are an extension of multi-
user (MU) multiple-input multiple-output (MIMO). They are characterized by the
use a large number of antennas at the base station (BS). This massive degree of
spatial diversity enables the BS to use linear processing techniques to create almost
orthogonal channels between users and it [18]. This factor results in high spectral
and energy efficiencies [6,7]. However, there are several performance limiting fac-
tors. The main one is pilot contamination, which is the residual interference caused
by the reuse of non-orthogonal pilot sequences [17,|19]. Others include co-channel
interference (CCI), imperfect channel-state information (CSI) and antenna correla-
tion [6].

Massive MIMO, considered to be the next revolution of wireless systems, has
lived up to these expectations. For instance, mMIMO base stations have been
successfully implemented commercially. As an example, Sprint wireless (Texas) has
obtained 3.4x and 8.9x gains in downlink and uplink sum rates in a LTE network by
using a 64-antenna BS instead of a 8-antenna BS [20]. High data rates for thousands
of fans were provided by using mMIMO bases stations in Russia during the FIFA
2018 World Cup [21]. Furthermore, 95% of BS solutions of Huawei are mMIMO-
enabled [22]. Thus, mMIMO has become the cornerstone for 5G and other future

wireless networks.

1.2.2 Cooperative Communications

Cooperative Communication is the utilization of neighbouring wireless nodes as
helpers to support the communication between different nodes [23]. This means
that wireless nodes work together to achieve different performance gains [24]. For
instance, several single-antenna mobiles share their antennas and generate a vir-
tual MIMO system. As a result, effective quality of service of the network can be

improved. Some benefits of cooperation includes interference management, energy



savings, improved system throughput, seamless service provision, operational cost
reductions, and efficient utilization of resources [24H26]. Thus, cooperative commu-
nications play a significant role in 5G systems.

Cooperative wireless communications can be implemented in various ways. 1. Us-
ing wireless nodes as repeaters (e.g., relays) to assist the communication between
other wireless nodes, 2. Opportunistically exploiting resources allocated to other
users without affecting their transmissions (e.g., cognitive radio), 3. Intentionally
allowing interference to achieve a higher overall performance (e.g., non-orthogonal
multiple access (NOMA)).

Despite the improved performance, cooperative communications faces several
implementation challenges. Timing of cooperative transmissions, managing the in-
terference, optimal selection of cooperative nodes, and incentives for cooperation
are some of the challenges [24]. In this thesis, the following cooperative technologies

are analyzed.

1.2.3 Cooperative Relays

Cooperative relays increase the coverage [27] by acting as intermediate repeaters
between the transmitter and receiver. Since the use of relays results in an increase
in the overall quality of service of the network, they have already been included in
wireless standards such as IEEE 802.16 J [28] and Long Term Evolution-Advanced
(LTE-A) [29]. In 5G systems, relay systems are expected to play a vital role [30],
especially in IoT and mmWave systems.

Cooperative relay nodes can be categorized depending on the mode of their
operation [26,31]. Amplify-and-forward (AF) relays amplify the received signal and
forward it to the destination node, while decode-and-forward (DF) relays will decode
the received data, encode it again and retransmit to the destination. The problem
with AF relays is that they amplify the noise in the received signal and the amplified
noise ends up arriving at the destination. That is not a problem in DF relays, but

they can make decoding errors, which will be propagated to the destination node.

One-way relay networks (OWRNS)

These employ relays that are uni-directional at a given time. Thus, full mutual data
exchange between two end nodes, say, S1 and S, requires four time slots. In the

first two time slots, data from S is sent to Ss while the next two time slots are



used for the data transfer from S to S;. However, note that only two time slots are
required for the full data exchange if S; and Sy have a direct communication link.

Thus, this relaying approach results in an spectral efficiency loss of 100%.

Two-way relay networks (TWRNSs)

TWRNS utilizes interference cancellation/physical layer network coding and require
only two time slots to transfer data between two end nodes [32,33]. In the first
time slot, both S and S transmit their data to the relay. Next, the relay combines
the received signal and broadcasts it in the next time slot. Thus, at the end of
the second time slot, each end node has received the superimposed signal, which
consists of the transmitted signal of its own and that of the other node. Each end
node then performs self interference cancellation and recovers the data transmitted
by the other node [32]. Thus, this relaying approach the same spectral efficiency
as that of direct transmission. Thus, we see that the spectral efficiency of TWRNs
is twice that of OWRNs. TWRNs can also be integrated with MIMO to further
improve the achievable data rate and the reliability due to spatial multiplexing and

diversity gains [34,35].
Multi-way relay networks (MWRNS)

MWRNSs are a generalization of both OWRNS and TWRNS and enable data ex-
change among three or more users (or nodes) [36-38]. They are suitable for IoT
applications where a large number of devices mutually exchange their data [39].
Several time slots are utilized for the data transfer between the users. With the use

of spatial multiplexing, for K users, K time slots are used for the data transfer [40].

Relay Selection

Several nodes may be available to relay signals between a sender and a destination
nodes. Thus, one or more nodes from this pool of nodes can be selected to act as
relays [41]. This can be single relay selection where only a single node is selected to
act as a relay or multiple relay selection where several nodes are selected to support
the transmission [42]. Single relay selection schemes include best relay selection,
nearest neighbor selection and best worse channel selection [43,|44].

Selecting multiple relays will increase the complexity of the system as well as

the complexity of the relay selection procedure. System complexity arises due to



the phase adjustments required at the sender to enable the coherent addition of
multiple received signals at the destination. Relay selection complexity is due to
the exponential number of possibilities when selecting multiple relays (if the number
of potential relays are L, there are 2 — 1 possible ways to select multiple relays).

In [43], relay ordering is presented for multiple relay selection.

1.2.4 Cognitive Radio (CR) Systems

Spectrum availability is a critical problem faced by wireless engineers [45]. Wireless
spectrum is expensive and allocated only through regulatory bodies. For exam-
ple, spectrum chunks at 700 MHz, 2.3 GHz, and 2.5 GHz for different Canadian
provinces were auctioned for $43 million in 2019 [46]. However, experimental re-
sults [47] demonstrate that some of the allocated spectrum is not being utilized due
to outdated applications such as over-the-air TV in some locations. Such tempo-
rally unused allocated spectrum bands are called spectrum holes. They exist in
different geographical locations and temporally when primary users are not trans-
mitting. Cognitive radio (CR) systems attempt to utilize these spectrum holes
cooperatively [45].

The licensed users of the spectrum are identified as primary users (PUs) and CR
users are called secondary users (SUs). Based on the mode of operation, CRs are

classified as follows [48].

1. Underlay: In this mode, the SUs can simultaneously access the PU spectrum
provided that the interference on the PUs is below a certain threshold. The
SU have the responsibility to meet this threshold by adjusting their transmit

powers, and if they are unable to do so, they should stop their transmission.

2. Overlay: In this mode, PUs share knowledge of their signal codebooks and
messages with the SUs. The SUs will assist in the data transfer between PUs.
When the PUs are inactive, SUs can transmit their own data among each

other.

3. Interweave In this mode, the SUs can only use the PU spectrum when no
PUs are transmitting. Thus, before each transmission, SUs have to sense the

spectrum to make sure that there are no active PUs in the vicinity.

With the use of a large number of devices in 5G, the efficient use of spectrum [9)

is vital and thus, cognitive radio is one of the exciting technologies. An example



are IoT devices, which can reuse the licensed spectrum that has been allocated
to different users when they are not actively transmitting. Furthermore, CRs are
already included in different wireless standards such as IEEE 802.11.af [49], which
highlights the use of Wi-Fi in VHF and UHF television bands.

1.2.5 NOMA

Historically, multiple access in wireless systems is implemented with orthogonal
channels either in the time, frequency, code, or spatial domain and non-orthogonality
caused by channel and system imperfections was considered as a drawback. In
contrast, NOMA [50] is the use of non-orthogonal channels for multiple access, where
the interference from other users are either decoded via cooperation or treated as
noise. NOMA offers improved spectral efficiencies, reduced latency, and massive
connectivity [51H55].

NOMA can be categorized into power-domain NOMA and code-domain NOMA
[56-63]. In power-domain NOMA, different power levels are used to differentiate
the signals transmitted by different users. The transmitter superimposes the signal
and the receiver uses successive interference cancellation (SIC) to decode the data.
NOMA has been identified as one of the main enabling components of 5G wireless
systems [50,57,/61}64] especially for mMTC applications due to its ability to provide
connectivity for a higher number of users compared to orthogonal multiple access
schemes. However, the use of NOMA for eMBB applications to provide higher sum
rates has also been considered recently [58].

Some challenges faced by NOMA are imperfect CSI, imperfect SIC, power al-
location, and user ordering methods [58]. Specifically, due to imperfect SIC, the
errors during each stage of the iterative decoding process will propagate to the fol-
lowing stages. The end result can thus be a significant degradation of the overall
error performance. Furthermore, the user pairing in NOMA requires considering an

exponentially high number of possible of orderings [58].

1.3 DMotivations and and Literature Review

The aforementioned technologies have a significant potential to improve the per-
formance of 5G systems. Specifically, TWRNs, MWRNSs, relay selection, CR, and
NOMA combined with mMIMO will reduce the inter-user interference and provide

higher sum rates. However, the use of these technologies gives rise to a myriad of



challenges. Thus, the main objectives of this thesis are listed as follows.

1.3.1 Performance analysis of multi-pair mMIMO TWRNs

Massive MIMO TWRNSs enable data exchange among multiple pairs of users [65,66]
with a two-fold increase in the achievable data rate compared to OWRNs [32].
Multiple TWRNs can accommodate more users spread through out over different
geographical locations. Massive MIMO TWRNs have a wide range of potential ap-
plications. For example, it can be used as a heterogeneous wireless entity in an
existing cellular network for reducing the workload of the BS [67] by bypassing the
BS. Service providers can thus use TWRNSs to improve the data throughput without
making drastic changes to their existing infrastructure. Another potential applica-
tion scenario is IoT, which connects multiple wireless devices and sensors |14} 6§].
For example, a cooling system might require data from temperature sensors while a
security system might require data from the motion sensors. This scenario fits the
model of a multi-pair relay network with a central relay node. Moreover, when mul-
tiple IoT networks coexist, CCI can be a significant impairment. Furthermore, these
IoT devices often rely on battery power and thus, the energy efficiency is critical.
In [69], the asymptotic performance of multi-pair OWRNs with very large relay
antenna arrays is investigated without CCI and for perfect CSI and asymptotic
signal-to-interference-plus-noise ratio (SINR) and sum rate expressions are derived.
In [70,/71], the achievable asymptotic sum rates for dual-hop OWRNSs are derived
when the relay or/and destination are mMIMO enabled. In [72], the sum rate of
a MIMO TWRN has been analyzed under zero forcing (ZF) beamforming at the
relay or user nodes and closed-form results and approximations for sum rate are
obtained. Furthermore, in [73], the channel aging effects of multi-cell MWRNs
with mMIMO are investigated. In [74], the asymptotic achievable sum rates are
derived for mMIMO MWRNs with perfect CSI. In [65], multi-pair TWRNs with
mMIMO are investigated by employing linear precoders and detectors, where again,
the perfect CSI and CCI/pilot contamination free scenario is assumed. To this
end, this considers three transmit power scaling laws. Several recent publications
have analyzed multi-pair mMIMO TWRNSs. In [75] and [76], multi-pair mMIMO
TWRNSs have been analyzed for maximal ratio combining (MRC)/maximal ratio
transmission (MRT) beamforming. While [75] assumes perfect CSI, [76] analyzes

the system under imperfect CSI scenario. Furthermore, [77] analyzes multi-pair



mMIMO TWRN with imperfect CSI under ZF beamforming. In [78], a full-duplex
multi-pair mMIMO system is analyzed under imperfect CSI with ZF beamforming.
In [79], a cognitive mMIMO TWRN has been analyzed with perfect CSI.

However, none of these work analyze the system under CCI, imperfect CSI,
and pilot contamination in the context of two-way multi-pair mMIMO relaying.
Furthermore, also lacking are closed-form solutions for sum rate and signal-to-noise

ratio (SNR), when the relay has a finite number of antennas.

1.3.2 Relay selection in mMIMO cognitive TWRNs

In 5G wireless systems, the two design goals are improving the energy efficiency
(the number of bits that can be sent per unit energy consumption [80,81]) and
the spectral efficiency (the number of bits that can be transmitted per second in a
unit of bandwidth). The use of mMIMO TWRNSs in an underlay CR environment
can achieve both of these goals. The spectral and energy efficiency may further be
improved by using relay selection [41}|42]82,83].

However, when secondary TWRNs operate over the same primary spectrum si-
multaneously with primary users, several interference problems will occur. The main
one is that the interference on the PUs occur due to the two end nodes transmitting
simultaneously during the first time slot. To reduce it, one option is to coordinate
the transmissions of these two end nodes to adjust their transmit powers in unison.
Such coordinated transmissions are unrealistic for user nodes, and thus TWRNs,
despite their spectral efficiency advantage, have not been considered for cognitive
radio networks.

Cognitive relays have been analyzed in [84-87]. Specifically, [84] analyzes a
system where the primary and the secondary systems mutually coordinate to enable
relay assisted communications and [85] derives detection and outage probabilities
in the overlay mode. Also, [86] analyzes an underlay CR system with filter-and-
forward relays. Overlay systems with multiple relays have been analyzed in [88].
Furthermore, relay selection and optimal power allocation is analyzed for single
antenna nodes [89]. In [90], cognitive mMIMO systems are analyzed for power
allocation under pilot contamination. Furthermore, in [91], the performance of
a MIMO secondary network under a MIMO primary network has been analyzed,
with asymptotic results when the number of antennas at PU increases to infinity.

However, this work does not analyze the effect of multiple relays in the secondary



system. More recently, underlay mMIMO system have been analyzed in the presence
of multiple primary MIMO nodes in [92]. This work analyses a secondary network
with single-antenna users and a mMIMO BS. This work shows that a mMIMO PU
can fully mitigate the co channel interference from the secondary network. However,
none of these work focuses on relay selection for secondary mMIMO. Relay selection
for cognitive full duplex one-way relay networks has been analyzed in [93] and relay
selection for a full duplex energy harvesting system is analyzed in [94]. However,
these result cannot be extended to TWRNs because of the interference constraints

during the simultaneous data transmission of two nodes.

1.3.3 NOMA-aided mMIMO MWRNs

MWRNSs enable data exchange between multiple users (or nodes) [36-38] and are
suitable for IoT applications where a large number of devices mutually exchange
their data [39]. Achievable information rates of the MWRN channel were first de-
veloped in [36]. In this network, multiple users first transmit their messages to the
relay and then the relay will transmit signals over multiple time slots to enable
message exchange among the users. In full data exchange, each user has a com-
mon message to all the others. There are no direct links among the users due to
propagation impairments such as large-scale fading and/or shadowing effects. The
applications of MWRNS include conference calls via a BS, wireless sensor networks,
and satellite communications [36] and will increase with the emergence of IoT for
the next-generation wireless systems [39]. Thus, beamforming methods [95}96], re-
lay selection schemes [97], and coding schemes [98] have been developed recently for
MWRNS.

The integration of mMIMO with MWRN is an important topic [40,/99}/100].
For instance, the MWRN scheme in [38] is used on a multi-cell mMIMO system to
quantify the achievable rates in the presence of imperfect CSI [40]. For the same
system of [40], an efficient transmit power allocation scheme has been proposed
in [99]. However, the number of time slots required for the full data exchange in
a typical MWRN is equal to the number of users K [38,/40,/99] or more recently
to K /2 |100]. As the date rate per user is the scaled version of total data rate by
%, the data rate per user tends to saturate or reduces as the number of users is
increased. A MWRN scheme where full data exchange is completed in 2 time slots,

or at-least in a constant number of time slots independent of K, is not available in
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the literature.

1.3.4 Machine learning for multiple relay selection

As mentioned in Section multiple relay selection introduces several additional
challenges compared to single relay selection. System complexity arises due to the
phase adjustments required at the transmitter to enable the coherent addition of
multiple received signals at the receiver. Also, if the number of potential relays is
L, there are 2F — 1 possible ways to select multiple relays. Thus, the relay selection
complexity is increased due to the exponential number of possibilities.

The work in [43] uses the relay ordering proposed in [101] to design a linear
complexity relay selection scheme. Furthermore, it proposes a quadratic complexity
multiple relay selection scheme. Although the performance of the quadratic com-
plexity relay selection achieves almost the same performance as the optimum relay
selection, the performance of the linear complexity relay selection method is lower.
Thus, designing a multiple relay selection which achieves the performance of opti-
mum method with a linear complexity with respect to the number of relays is a

challenging problem.

1.4 Significance of this thesis

As mentioned earlier, 5G networks must provide higher sum rates with higher en-
ergy efficiencies and, thus, mMIMO, relay systems and NOMA will play a vital
role in 5G networks. This thesis address the use of cooperative communications
in 5G systems. Specifically, the work done in mMIMO TWRNs with channel im-
perfections will help the implementation of mMIMO systems by providing a closed
form solutions for performance metrics. This will help the designers to decide on
various system parameters such as number of antennas and the time used for pilot
training. Furthermore, the use of cognitive radio will enable higher data rates by
freeing up the spectrum that is underutilized in wireless systems. The use of the CR
technologies with mMIMO and TWRNs combined with relay selection will enable
future systems to achieve the required spectral and energy efficiencies. The work
completed on this thesis on the use of NOMA for MWRN will allow wireless systems
to exchange their signal within a fixed time period and thus will provide higher sum
rates. Furthermore, it will be useful in mMTC communications as well. The last

work done on this thesis on the use of machine learning for the relay selection will
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be useful in systems where a lot of periodic data will be used in the system.

1.5 Outline and Contributions

The outline of this thesis is as follows. Chapter [I] provides the introduction and
highlights the motivation, contributions, and the impact of the completed work.
Chapter [2] reviews the basics about the topics covered in the thesis. The novel
contributions of the thesis are provided in Chapters [3] to [6] and highlighted next.
Chapter [7] provides the conclusion and the discusses possible future research based

on this thesis.

1.5.1 Novel contributions of this thesis

The major contributions of this thesis are highlighted as follows.

e In Chapter 3, a multi-cell TWRN consisting of single-antenna user nodes and
AF relay nodes with very large antenna arrays is considered. The total impact
of CCI, imperfect CSI, pilot contamination, and the antenna correlation at the
mMIMO node is investigated. Closed-form approximations for the sum rate
are also derived. It is shown that the use of mMIMO mitigates the effect of
CCI. However, the effects of imperfect CSI and pilot contamination degrade
the performance even with a large antenna array. Yet, the use of mMIMO
allows power scaling at the user nodes and relays and thus, even with channel
imperfections, the benefits of employing a mMIMO enabled relay on transmit
power savings are significant. Also, the analysis of antenna correlation shows
that a large antenna array mitigates the resulting impact. Furthermore, the
optimal pilot sequence length to maximize the sum rate of the system is ob-

tained.

o In Chapter [, a mMIMO TWRN with relay selection in CR setting is in-
vestigated. Specifically, optimal selection of an AF TWRN is considered to
maximize the sum rate and to keep the interference on the PU below an in-
terference threshold. Asymptotic SINR values for two scenarios are obtained:
(1) the relays and the two end nodes use transmit power scaling and (2) only
the end nodes use transmit power scaling. For these two cases, optimal power
allocations subject to the PU interference constraints are derived. With these

optimal power allocations, effect of relay selection on the outage, the sum rate,
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and the energy efficiency of the network is analysed. For the first scenario, the
outage can be reduced to zero with appropriate power allocation and the relay
selection can be done offline. For the second scenario, outage will depend on

the instantaneous channel state between the relays and the PU.

In Chapter [5] a novel transmission scheme for MWRNS is proposed to enable
the full data exchange among any number of users within two time slots by
using NOMA. First, the users transmit their signals to the relay, which uses
maximal ratio combining reception. Next, the relay transmits a superposition-
coded signal for all users by using a maximal ratio transmission based precoder.
Fach user node then performs SIC decoding of data symbols of the other
K — 1 user nodes. Worst-case Gaussian approximation is used to derive the
overall sum rate. A relay power allocation matrix is designed to maximize
the minimum sum rate achievable by each user and to maximize the fairness
among the users. Furthermore, the effects of imperfect SIC and imperfect CSI

on the overall sum rate are analyzed.

In Chapter [6] machine learning techniques are used for multiple relay selection.
Specifically, deep neural networks (DNNs) are utilized to perform multiple re-
lay selection in a cooperative wireless system where L AF relays enable the
data transmission between a source and a destination node. Relays either sup-
port the transmission with their full power or they do not transmit at all. This
problem is modeled as a multi-class multi-label classification problem. Classi-
fication accuracy of up to 96% and sum rate accuracy of up to 99% is obtained
compared to the optimum relay selection solution which has an exponential
complexity with the number of relays. In contrast, the proposed method has
a linear complexity with the number of relays and through simulations, it is

shown that full diversity is achieved in 96% time by the proposed method.
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Chapter 2

Background

This chapter presents necessary background for the thesis research. Specifically
the basics of massive multiple-input multiple-output (mMIMO) and non-orthogonal

multiple access (NOMA) systems are discussed.

2.1 Massive MIMO

2.1.1 Basic system model

A basic mMIMO system consists of L adjacent cells having K single antenna users
in each cell. The users in the [th cell are denoted as (Up1,-- -, U k), where the Uy ;s
are connected to the base station (BS) in each cell. The base stations are represented
by B; for 1 <11 < L and each BS have M antennas where M is significantly higher
than K. For instance K will be in the range of 10 to 100 while M will be in the
range 100 to 1000. The performance of mMIMO will be analyzed as M goes to
infinity.

The channel matrix from K users in the jth cell to the [th BS is represented as
1
G =F;D3, (2.1)

where Fj; ~ CNyxi (Omxri, I ® I) accounts for small-scale fading, and Dj; =
diag (n;.1,--.,1;1,Kk) represents large-scale fading. The channel gains are indepen-
dent and identically distributed (i.i.d.) and are assumed to remain fixed over the
channel coherence time. Furthermore due to reciprocity, the BS to user channel

matrix becomes G;Fl.
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2.1.2 Channel Estimation and Pilot Contamination

The performance gains in mMIMO systems depends on the availability of channel-
state information (CSI) |102]. Thus, obtaining the CSI is one of the main compo-
nents of a mMIMO systems. The CSI acquisition is mainly done using uplink pilot
transmissions. However, the time taken for pilot transmissions is limited by the
coherence time of the system. Furthermore, if the time spent on pilot transmissions
is high, it will result in lower data transmission time.

Due to the limited time allocated for pilot transmission, number of available pilot
symbols will be limited. Thus, the same pilot has to reused in nearby cells. This will
result in pilot contamination. Moreover, increasing the number of antennas at the
BS does not reduce this problem. Some possible solutions include pilot scheduling
algorithms and intelligent pilot sequence allocation algorithms [103]. Thus, when-
ever performance analysis of a mMIMO system is done it is important to consider
pilot contamination and the effect of imperfect CSI.

The Ith BS tries to estimate Gy by using the pilot sequences transmitted by
the users. During the training period, all users in the cell [ simultaneously transmit
mutually orthogonal pilot sequences of length 7. The pilot sequences used by K
users can be represented by a 7 x K matrix /PpI; , which satisfies I‘lH I = Ig.
Due to the unavailability of orthogonal pilot sequences for all users in L cells, the
same sequence is reused by the L — 1 adjacent co-channel cells. Thus, I'; =I'y =T

for j € {1,2,---,L}. Under these conditions, the received signal at By is given as
L
Ypi=+Pp» Gul'] + Ny, (2:2)
j=1

where N; is an K x 7 noise matrix with i.i.d. CN(0,1) elements and Pp is the
transmit power of the pilot sequence. The minimum mean square error (MMSE)

estimate of Gy, corresponding to (2.2 can be derived as [104,/105]

A,

1 . L -
Gll = fTPYRlF Dll = Z Gjl + Vl/\/gp Dll 9 (23)
7=1

where the elements of V; are distributed as independent CN (0, 1) random variables,
. -1 -1 N

D, = (Pl,p (Z}Zl Dﬂ) + IK) . The estimation error is E; = Gy — ZJL:1 Gji.
The elements of the kth column of E; is Gaussian distributed with mean zero and
variance Zle njk/ (Pp Zle njk + 1). Due to the MMSE properties, the matrices

E, and Gy are statistically independent. Here the pilot transmit power will be a
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portion of the full transmit power of the user. Thus P, = 7Py where Py is the
transmit powers of the users and 7 is the portion of the time allocated for the pilot

transmission.

2.1.3 Downlink signal-to-interference-plus-noise ratio (SINR) val-
ues

Let z; be the data that has to be transmitted by B; to U . B transmits K x 1
signal vector x;, which is the concatenated data signals of K users in the [th cell.
The signal vector x; satisfies £ [XleH } = Ix. The base stations use beamforming for
transmitting data to the K users in the cell. Here, any linear beamforming method
can be used and in this chapter maximal ratio transmission (MRT) is considered.
The beamforming matrix at B; is given as GZ Then the received signal at U, is

written as
L A K
yYir =V Ps Z gﬁvaijj + nk, (2.4)
j=1

where ny, is the additive white Gaussian noise (AWGN) at the user with power o2

and Pg is the transmit power of the base stations. Here, gj; j is the kth column of
the matrix Gj; which represent the channel from U to B;. This can be expanded

to the following form

L
Ak A K
Yik = V Psgﬁ,kGqu +VPs Z gﬁijij + Nk,

J=1j#l
K
= VPsgi 8tk +VPsghr > &hmTim
m=1,m#k
L K
+VPs > D &iaimTim + (2.5)

j=1,j#lm=1
where the first term represents the intended signal to the user, the second term
represent the inter-user interference within the cell, and the third term represent
the inter-cell interference. Based on this equation the SINR of the user U;; can be

obtained as

2
T A%
Ps Hgll,kgll,kH

Nk = (2.6)

P K T & 2 P L K T * 2 2.
s Zm:Lm;ék ngl,kgll,mH + s Zj:Lj;ﬁl > m=1 ngz,kgjj,mH +o
The asymptotic value (when the number of antennas at the base stations goes to

infinity) can be obtained as follows. For mMIMO, the base stations can scale their
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power according to the number of antennas at the the BS. Thus, Pg = Eg/vV M.
Thus, (2.5) can be written as

v Ps VP
) Z gllmxlm

Yk = ﬁgu kgllk Lk T =8k
M M m=1,m#k

\ﬁ Z Zgjlkgjj,mxj+nlk' (2.7)
j=1,j#lm=1

Asymptotic results are obtained by utilizing the following two limit results.

T s L

811,851,k s Epmjikdilimink

MJ Ma = = Pp=Ep, (2.8)
o 1+EPZ] 1 M5,k

T A
8i1.k8jim  a.s.
M M— o0

0, Pp:Ep,k#m, (29)

By using (2.8)) and (2.9)), the SINR of the system can be written as

-9

B Psniy k

= T 2
Ps> i1 j21 M50k

e (2.10)

It is evident from (2.10), that mMIMO suppresses the effects of noise,co-channel

interference (CCI), and the inter-cell interference.

2.1.4 SINR with perfect CSI

When there are no estimation errors on CSI, the precoding vector becomes Z]L:1 ;l'
With this, 7, ,, = 1j1,m and the SINR is given as
Pt
e 4 (2.11)

~ Ps Ej]\/il,j;él 77]2'71719'
2.1.5 Cell-free mMIMO

The mMIMO concept can be used in a distributed manner without cells. This
is called cell-free mMIMO [106]. A cell-free mMIMO system consists of a central
processing unit (CPU) and a set of distributed access points (APs) |[107]. The APs
are single or multiple antenna nodes that are connected to the CPU via a front-haul
link. The large number of distributed APs will facilitate the data transfer for a
smaller number of UEs in the system. All the APs will simultaneously take part in
the communication process with all the UEs. The APs will send the received signal
from UEs via the uplink to the CPU and CPU will perform joint decoding. During

the downlink, the CPU will send the transmission coefficients and the downlink data
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Figure 2.1: Uplink data transmission in NOMA systems

to all the APs. Both during the uplink and the downlink, the channel statistics
(instead of the instantaneous CSI) are used for precoding and beamforming.
Cell-free mMIMO provides higher performance than the small cell systems [106]
and as result has been identified as a potential technology for 5G wireless systems
[107). The main advantages of cell-free mMIMO are high energy efficiency, high
spectral efficiency, flexibility and ease of deployment, and the uniform quality of
service for UEs. Some potential research problems for cell-free mMIMO are channel

estimation, power control, and AP selection methods.

2.2 NOMA Systems

This section provides the basic system model for a two-user NOMA system [504(61].

2.2.1 Uplink NOMA transmission

First the uplink transmission of NOMA is analysed. It is assumed that User 1 is
near the BS and thus, the channel between the User 1 and the BS is stronger than
the channel between User 2 and the BS. Both the users transmit at the same time
using the same frequency and the BS receives a superimposed signal from both the
users. However, the signal power from User 1 is higher due to its stronger channel.

BS will first decode the signal from User 1 by assuming the signal from User 2 as
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Figure 2.2: Downlink transmission of NOMA systems

noise. Next it will remove this decoded signal and then decode the signal from User
2. Similar steps can be done when the number of users is greater than 2. The
mathematical expressions for this case can be given as follows.

The channel between the BS and the users 1 and 2 are given as h; and hy and
h1 > ho respectively. The transmit signals from User 1 and User 2 are x1 and xzo
and the transmit powers from User 1 and User 2 are assigned according to «; and

g where a2 + a2 = 1. The received signal at the BS can be written as follows.
yr = @1 Phix1 + agPhaxo + ny, (2.12)

where n, is the noise at the BS and P is the maximum transmit power of users.

The SINR of the User 1 71, and User 2 y3, can be written as follows:

2 p2 2
aiP? |k

’ylvu = O-,?.L M (2.13)
a2 P2 |hy|?

- afP2 |hf’ o2
By changing the values of a; and ao, different data rate values can be achieved for

User 1 and User 2.

2.2.2 Downlink NOMA transmission

For downlink NOMA, the BS will broadcast a a superimposed signal to both users.

As the channel for User 2 is weaker, BS will assign more power to the User 2 signal.
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After receiving the signal, User 2 will just decode its signal by considering the
signal for User 1 as noise. However, User 1 will first decode the signal intended
to User 2 and then remove this from the received signal. This decoding process is
known as the successive interference cancellation. A similar setup can be used for
more than two users as well. The transmit signal of the BS can thus be written as

follows:

Yt = Prw1 + Baxa, (2.15)

where x; and xo are the signal intended for User 1 and User 2 respectively. The

received signal at User 1 and User 2 can be written as follows:

y1 = hi Pg (Brz1 + Paza) + na, (2.16)
and

Yo = h3 P (B1z1 + Boxa) + na, (2.17)

where n1 and ny are the noise terms at User 1 and User 2. Pg is the transmit power

of the BS. The SINR of User 1 v 4 and User 2 v, 4 can be expressed as follows:

2P2 h 2
a= B 0{92‘ i (2.18)
ni
2p2|p 2
Np— i 1Ml (2.19)

- BEPR el + 02,
2.2.3 Comparison with orthogonal multiple access (OMA) methods
The sum rate of a similar system with orthogonal multiple access with time division
can be given as follows. The results for OMA is only given for uplink only. Similar

rate regions can be obtained for downlink as well. The received SINR under OMA

can be written as follows:

P2y
o _ 1
lu — O_% ) (220)
and
P2 |hy|?
gu > (2.21)
Un
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Figure 2.3: Uplink data rate for NOMA vs. and OMA

Suppose that 71 and 7 are the fractional times assigned for user 1 and user 2
respectively where 7 + 7o = 1. Based on this, the total sum rate of the system can

be written as follows:
ROMA — 71og (1 + 71O,u) + mlog (1 + vgu) . (2.22)
The sum rate of the NOMA system can be written as follows:
RNOMA —1og (1 + 71,,) +log (1 + y2.) - (2.23)

The achievable rate regions under NOMA and OMA schemes are plotted in Fig.
by varying 71, 72, a1, and s values. It can be seen that NOMA offers a higher

sum-rate region compared to OMA.

2.2.4 NOMA with multiple users

The use of NOMA with more than two users for the downlink can be explained as
follows. When there are K users in the systems, the users are ordered according to
the channel quality between the users and the BS. Thus without loss of generality,
hi1 > ho > hg > ... > hg_1 > hg. Let oy represent the power allocation for the

user U and Zﬁil a% = 1. User Uy will decode all the signals that are intended
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to users Ug4q to Ug and perform successive interference cancellation (SIC). The
signals that are transmitted to other users are considered as noise. Thus, the SINR
of Uy is given as

_ BRPE [l

= 2 —k—1 :

Vk,d (2.24)

Similar steps are taken for the uplink as well.

2.3 Conclusion

This chapter provided basic principles of mMIMO and NOMA systems. In sum-
mary, mMIMO systems provide higher spectral efficiencies and energy efficiencies
by utilizing the spatial degrees of freedom offered by the large antenna array. But
CSI estimation errors and pilot contamination are as the main performance bot-
tlenecks. On the other hand, NOMA utilizes non-orthogonal channels for multiple
access and has shown significant spectral efficiency gains compared to orthogonal

multiple access.
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Chapter 3

Performance Analysis of
mMIMO TWRNs with Channel
Imperfections

This chapter considers multi-cell multi-pair two-way relay networks (TWRNS) con-
sisting of single-antenna user nodes and massive multiple-input multiple-output
(mMIMO) amplify-and-forward (AF) relay nodes. The combined effects of co-
channel interference (CCI), imperfect channel-state information (CSI), pilot con-
tamination, and the antenna correlation is analysed. It is shown that the effects of
CCI and the antenna correlation can be completely mitigated by using mMIMO.
However, the effects of imperfect CSI and pilot contamination degrade the perfor-
mance even with a large antenna array. Yet, the use of mMIMO allows power scaling
at the user nodes and relay and thus, even with channel imperfections, the benefits
of employing a mMIMO enabled relay on transmit power savings are significant.
Furthermore, the closed-form approximations for the sum rate are derived. This
result helps to decide the required number of relay antennas to obtain a certain
percentage of the asymptotic sum rate. Furthermore, the optimal pilot sequence

length to maximize the sum rate of the system is derived.

3.1 Introduction

Multi-pair mMIMO TWRNs are used to enable pairwise data exchange among
a set of users. With dense deployment of these wireless systems, CCI and pilot
contamination are dominant performance limiting factors [19]. Moreover, because
precoders/detectors need CSI, channel estimation errors (imperfect CSI) severely

degrades the overall performance. However, many works [65}(75-78] assume per-
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fect CSI. In contrast, this chapter analyzes the effects of CCI, imperfect CSI, pilot
contamination, and antenna correlation for multi-pair mMIMO TWRNSs.

More specifically, the contributions of this chapter can be listed as follows.

1. The asymptotic signal-to-interference-plus-noise ratio (SINR) and sum rate
expressions are derived for three transmit power scaling laws: namely (i)
power scaling at user nodes, (ii) power scaling at the relay, and (iii) power
scaling at both the relay and user nodes. For these three cases, it is shown
that the asymptotic SINR expressions become independent of the number of
co-channel interferers (L). This suggests that the CCI degradation can be
cancelled asymptotically if the relay antenna count grows unbounded. Nev-
ertheless, the asymptotic performance is limited by the residual interference
from pilot contamination, which cannot be completely mitigated even with
infinitely many relay antennas. Notably, the asymptotic performance metrics
are independent of the fast fading component of the wireless channel. The
insight of this fact is that the cross-layer resource scheduling becomes simple.
The analysis and Monte-Carlo simulations reveal that very large relay antenna

arrays achieve substantial sum-rate gains.

2. The asymptotic results are valid only when the number of antennas at the relay
is infinite. However, for practical purposes, a finite number of antennas must
be considered. Thus closed-form sum rate results are derived in this chapter.
To make analysis tractable, perfect channel conditions (no CCI, no pilot con-
tamination and perfect CSI) are assumed. Nevertheless, the result is useful to
decide the optimal number of relay antennas to obtain a certain percentage
of the asymptotic performance and to determine how fast the performance of

the system approaches the asymptotic performance. -

3. Asymptotic SINR and sum-rates for multi-pair mMIMO TWRNs with relay
antenna correlation are derived. Although the effect of antenna correlation on
the performance can be drastic, our analysis shows that the correlation impact

can be mitigated by using a large antenna arrays.
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3.2 System, channel, and signal model

3.2.1 System and channel model

The system model consists of L adjacent TWRNs having 2K number of users
each. The users in the [th TWRN are denoted as (U1, --,U;2xk), where Uy
exchange data signals with its paired-user Uj i via the half-duplex AF relay R;
for k, k" € {1,--- 2K} and | € {1,---,L}. Here, R;s are specialized relay nodes
with higher power availability than users. Users are single-antenna terminals, and
the relays are equipped with N antennas. The number of relay antennas are
unbounded with respect to the total number of users (N > 2K). The chan-
nel matrix from 2K users in the jth TWRN to the [th relay is represented as
G = FleJ%, where Fj; ~ CN nxox (Onx2k, In ® Ing) accounts for small-scale
fading, and Dj; = diag (9,1, ,7mj1,2K) represents large-scale fading. As is cus-
tomary, the channel gains are independent and identically distributed (i.i.d.) and
are assumed to remain fixed over two consecutive time-slots and reciprocal, and
hence, relay-to-user channel matrix becomes Gﬁ. The CCI on the Ith TWRN oc-
curs due to the data transmissions of the other L —1 TWRNs with relay R;, where

je{l,---,L}and j #1.
3.2.2 Channel estimation

The lth relay tries to estimate Gy by using the pilot sequences transmitted by the
users. During the training period, all users in the cell [ simultaneously transmit
mutually orthogonal pilot sequences of length 7. The pilot sequences used by 2K
users can be represented by a 7 x 2K matrix /PpI'; , which satisfies I‘lH I = Dy
Yet, due to the unavailability of orthogonal pilot sequences for all users in L TWRNs,
the same sequence is reused by the L — 1 adjacent co-channel TWRNs. Thus,
'y =T, =T for j € {1,2,---,L}). Under these conditions, the received signal at

the relay is given as
L
Yg, = \/PpZGle?—&—NZ, (3.1)
j=1

where N; is a 2K X 7 noise matrix with i.i.d. CN(0,1) elements and Pp is the

transmit power of the pilot sequence. The MMSE estimate of Gj; corresponding to
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(3.1) can be derived as [104,/105]

A

1 . L I
Gy = \FTPYRZF D, = E Gjl + Vl/ Pp Dy, (3'2)
j=1

where the elements of V; are distributed as independent CN (0, 1) random variables,
. -1 -1
D, = (1%,, ( L Dﬂ) + IK) , and Gy; is defined in the previous section. The

j=1

estimation error is E; = Gll —Zle Gjl The receive zero forcing (ZF) detector and
transmit ZF precoder are constructed at the relay by using the CSI with estimation
errors. The elements of the kth column of E; is Gaussian-distributed with mean
zero and variance ZjLzl njk/ (Pp ZJL:1 njk + 1). Due to the MMSE properties, the

matrices E; and Gll are statistically independent.

3.2.3 Signal model

During two time-slots, 2K users in each TWRN exchange their information pair-
wisely via their assigned relay. Specifically, the paired users (Uj2i—1, U} 2;) exchange
their data signals (721, 22;), where i € {1,--- K} and [ € {1,---,L}. In the
first time-slot, users transmit 2K x 1 signal vector x;, which is the concatenated
data signals of 2K users in the Ith TWRN, towards the relay R;. The signal vector

x; satisfies &£ {xlel } = Irx. The received signal at R; is written as

L
YR, =V PS Z Gjlxj + ng,, (3.3)
Jj=1

where np, is the N x 1 additive white Gaussian noise (AWGN) vector at the relay
satisfying &£ [n R, ngl} =1 N012%z and Pg is the transmit power of the users. During the
second-time slot, relay first amplifies and then forwards its received signal towards
the users. The transmitted signal from the relay is y’Rl = @VAVlle, where W,
is the concatenated beamforming-and-amplification matrix at the relay and §; is
the amplification factor to satisfy the relay power constraint which is presented in
the sequel. Here, W, is designed to cancel sub-channel interference within a given
TWRN, and hence, it is constructed by using receive-ZF and transmit-ZF precoding
and detection concepts as follows [108, 109]E|

a Ak AT Ax ~H A~ 1 aH
W, = Gll<Gll Gll) 1P(G'll Gll) 1Gll ) (3'4)

I This definition for estimation error instead of E; = Gll — Gy is used, as even with a perfect MMSE
estimation, the estimated channel will be the sum of all the channels that have used the same pilot
sequence (Zle Gj).

2The results obtained in this chapter can also be obtained for other detection and precoding methods
such as matched filter and MMSE.
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where P is the block diagonal permutation matrix for user pairing, constructed as

P = dlag(Ph 7PK) and Pz - (0 L

1 O) for i € {1,---, K}. Moreover, the relay

power constraint is
Pp=FE [Tr (ygly’f{l)} : (3.5)

Next, the received signal at U; j is given as

Y = BwYr +nuw = B/ Psgiln WiGux,
L
+ BV Psg;",;,Wl Z Gjix; + ﬂlngk,Wlan + Nk, (3.6)
J=1,5#l

where Up ;, and Up s are the paired-users exchanging their data signals with (k, k) =
(2 — 1,2i) for i € {1,--- ,2K}. Moreover, g is the k’th column vector of the
matrix Gy for k € {1,---, K} and n;x is the AWGN at the k'th user of the Ith
TWRN with variance U%l)k,. 1' is further simplified as

2K
e = BiVPsglhWignaie+BivVPsgly Wi > 8mTim
m=1,m#k

L
BV Psgly Wi Y Gyxj+Bigily Wing+ny o, (3.7)
J=1,5#1

where the first term is the desired signal at U; ;» and other terms are the interferences

and noise. Thus the end-to-end SINR at Uj s, ;4 is given as

B?Ps HgﬂfwngkHQ

~92 ~2 s 12
2 L T W 2
B Ps© + 3, OR, Zj:l,j;él Hglk/ ZH + Oy pr

Mg = 7 (3.8)

where © = Py 32K, Hg?,;,nglmuz + Ps Yy ju Hg;—,I;/WlGleQ.

3.2.4 Calculation of value Bz

By using lj and lel = BZWZle, the power constraint 1} is simplified as

L
~2 A < H
Pr = BE|Tr (Wl (PSZGJ-IGJ’{JFJ%ZIN) W, )
j=1
22 O ~ H A2 o oa H
= BPsE|Tr|Wi Y GuGHW, | | + B0k E [T (WW, )] (3.9)
j=1
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By substituting W, into (i 31 is obtained as follows:

. [ Pr
=, | — 3.10

A TaHA T 1Al AT Lo TaH A 1T AH
where 7.1 = Zle E l:TI' (GJZGJI—{G” |:Gll Gll:| P |:Gll Gll] P |:Gll Gll] Gll >:| and
~H -~ -1 AT A7~ 1
3.2.5 Overall sum rate of the system

The average sum rate for the [th 2K-user TWRN with estimated CSI at the relay
is defined as [17]

R—szm (14 4] (3.11)
1= e Z 0og Yi,k)| .

where T and 7 are the coherence time of the wireless channel and length of the
pilot sequence used for channel estimation. In particular, the pre-log factor (T¢ —
7)/Tc accounts for the pilot overhead [17]. The two time-slots required for the data

transmission between the paired users results in the pre-log factor of 1/2.

3.2.6 Energy efficiency of the system

As mentioned in the introduction, for many applications such as low-power sensor
networks, the energy efficiency of the system will be very important. Thus, the
energy efficiency of the system defined as [65)

_ SRS Eflog (1+ )]
2K Ps + Pg

, (3.12)

where the denominator consists of the total power consumption of the system and

the numerator consists of the overall sum rate.

3.3 Asymptotic performance analysis

This section derives asymptotic SINR and sum rate for the three power scaling
lawsﬂ [65] at the user nodes and relay whenever the relay antenna count grows
unbounded (N — oo). Moreover, the detrimental impacts of CCI, imperfect CSI,

and pilot contamination on the SINR of the system are analysed.

3Specifically, transmit power scaling laws are designed to achieve the highest power scaling coeffi-

cient at the transmitters that results in a non zero SINR. In this context, both the spectral and
energy efficiency of the proposed mMIMO TWRNs can be substantially improved subject to a
fundamental trade-off.
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3.3.1 Transmit power scaling at the user nodes

Whenever the transmit power of user nodes is scaled inversely proportional to the
relay antenna count, the power of the pilot sequence is also scaled accordingly. Thus,
the overall transmit power can only be scaled inversely proportional to the square-
root of the relay antenna count (v/N) for estimated CSI. The normalized relay
gain for unlimited number of relay antennas is obtained by letting Ps = Eg/ VN,
Pp = 7Eg/v/'N and Pr = Eg where Eg and Eg are fixed, as

2

]\}gnoo /BZlV - L K 0710 120 = 2 K ~ ~ —2 (3'13)
Es Zj:l >ie1 (T;;S*nlsznlzzl) + QURZ >im1 (TESm,melTll,Qi)
See Appendix @ for the proof. Here, ); ;, is defined as
L
Mg = an,l,k- (3.14)
j=1

The parameter 7); 5, is a measure of the pilot contamination experienced by U
and will extensively appear in SINR equations in the sequel. Furthermore, if pilot
contamination is absent, then 7); , = n . Eqn. is rewritten by dividing both
sides by v/N and substituting Eg values as

A A 2K
Yk By T & By T A
— = —VEsgpWigunri ikt —— Esgi W E Sim T,
4N N l N * m=1m=#k e

A L
8 -
+\/7le\/ ESg’iZ];IWl Z Glej

J=15#1

+ﬂ7]lv Wgﬂ/Wlan +

\/7 %nl,k“ (315)

Next, the asymptotic limit of the intended signal term in (3.15)) is obtained by using
the limits given in Appendix [A1] as

- AT A%\ —1 ~H A -1 . H
g?,;,G” <G51G11> P<Gu Gll) Gllglkx

E T/W a5 E
V LS8 181kTL K m Vs \/N \/N \/N \/N 1Lk
= Eg ARk 4 (3.16)
Nk

Similarly the asymptotic limit of the second term, which represents the inter-user

interference in (3.15]), is obtained as

2K
VEsglhy Wi Y gimtim —— 0. (3.17)
m=1,m#k o
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Above, the inter-user interference is removed due to ZF receiving and transmission
at the relay. Even with a different beamforming method, it can be shown that this
value asymptotically goes to zero. Furthermore, the asymptotic limit of the third
term in , which is the co-channel interference from the nearby jth TWRN is

derived as

-1

A X AT A % ~H ~ -1.H7
glj;c’Gll<GllGll> P<Gu Gll) G, G

T XX ) ) a.s. )
@glk/WlG]lXJ Noes VEs iy i i i X;

1,0,k 5,0,k
= \/Eg%l‘ik. (318)
Uins

Also, the fourth term in (3.15]), which represents the added noise at the relay, is

given as
\4/>T A . \4/>TA* ATA*—I ~H ~ _1/\H
NgpWimpg, = VNguwGy(GyGy) P(Gy Gy) ™ Gy ng,
T A* AT A % -1 ~H ~ 71AH
8w Gu [ GuGy Gy Gu Gy ng, (3.19)
VN VN VN v N
Based on ([3.19)), the asymptotic distribution of the fourth term is given as
& d LLE — ~
VNgh Wing, —2— LM 5 (3.20)

N—oo TEgi)),

where 7y ~ CN (0, TES’?]ZZ,kO-IQ%l)' Furthermore, the asymptotic limit of the last term

in (3.15)) is written as

1 a.s.
! 7 . 21
W”l,k T 0 (3.21)

By using the above asymptotic values and distributions of the terms in (3.15]), the

asymptotic SINR for transmit power scaling at the user nodes can be written as

2 2
Esmyy ik
lim e = U
K= 2 L 2 ;
N—oo Esnty i 251,524 ik Mk o
'fﬁl,k TESﬁ?,k R
2.2
TES

- . — Yoo (3.22)
TESY o1 e+ R,

3.3.2 Transmit power scaling at the relay

In this case, the asymptotic SINR is derived by scaling the transmit power at the

relay inversely proportionally to the number of relay antennas. Thus the asymptotic
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SINR is obtained by substituting Pr = Er/N , Ps = Eg and P, = 7Eg where Eg
and Eg are fixed. The asymptotic value of the normalized relay gain is obtained as

2

ER
lim ﬂl 5 - 5 -
N—o00 E ZL Z‘K (”j,z,m;l(1+TE5771,22')+77;‘,1,21‘(1+TE5771721'71))
S Luj=1 Lui=1 TESﬁl%Zi—lﬁlZ,Zi

(3.23)

The proof of (3.23)) is based on the results in Appendix Similar to the previous
case, the received signal at Uj s is given by (3.7)). Limits on each term of (3.7) are
used to obtain the SINR value at Uj ; as

V2Egn?, . n?
lim = ! ° NN AINN” 7 (3.24)
N—=oco

2, 2 2 4 2
Ui Esni i w Z Mtk + MNkTn,
=Ll

where U; = limpy_ o0 Bl and given in l)

3.3.3 Transmit power scaling at the user nodes and relay

This section obtains the asymptotic SINR for the transmit power scaling at the
relay and user nodes (where Ps = Eg/v/N, Pp = 1Es/vV'N, Pr = Eg/V/N, and Eg
and Fpr are fixed). As in the previous section, the proofs are omitted due to their
similarity to the results in Section [3.3.1] The asymptotic value of the normalized

relay gain is obtained as

Nl

b P Er (3.25)

N—oo v/ N 1,23 1"'77121 2 K “ N -2
Bs T Xita (Tés*m st ) T2 2ic1 (TEs 2i-1fl2)

By substituting the Eg values, (3.7)) is rewritten for the received signal as

B .
Y1,k :#\/ Esgl, Wigioy

%glkwl Z 8imTl, m,+ \/ Esglklwl Z G]K]
m=1,m#k 7j=1,5#l
By
+
VN
By using the same procedure as in Section [3.3.1] the SINR is obtained as

VNgl, Wing, + . (3.26)

272, 2 2
TA] Es”l,l,k'nl,z,k
L )
22, 2 2 2 2 2 4 2
TAlESnl,l,k’ § nj,l,k+Alnl,l,k’URf"TESnl,kJnlyk/
J=1,j#1

o = (3.27)
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Remark V.1: It can be seen that the asymptotic SINRs (3.22)), (3.24)), and (3.27))

where A; = limpy_ o and given in (]3.25]).

are affected by the pilot contamination. Interestingly, whenever n;;; = 0 for j # [ or

when L = 1, the asymptotic SINRs results in (3.22)), (3.24]), and (3.27)) approaches
the same SINRs provided in [65]. Furthermore, by substituting asymptotic SINRs

(3-22)), (3.24), and (3.27) into (3.11) and (3.12), the overall sum rate and the energy

efficiency of the system is obtained.

3.4 The optimal pilot sequence length

This section analyses the optimal pilot sequence length to maximize the sum rate of
the system for the case with L = 1 under power scaling at the user nodes scenario.

For this case, (3.22)) can be written as

TEsUl Lk _

lim vy = —5= = 7&K, (3.28)
N—o0 O'Rl

ESnl 1,k

where & 1, = . By substituting this value into (3.11)), the overall sum rate of

l
the system is written as

(Te - 1)

Ri= 2oT.

Zlog (1+ &%) (3.29)

By taking the partial derivation of (3.29) with respect to 7 and by equating it to

zero, the following equation is obtained.

2 1+7¢ k7 =2 I+ 76). (3.30)
k=1 ) k=1

Since the total sum rate can be maximized by maximizing the sum rates of individual
user nodes, above equation can be rewritten and rearranged as

exp ( (Te — )&k

1+ 78k * 1) = (L4 &) exp(l), (3.31)

1+Tc&k (1 + Tk
ex

L+ 78k 1+ 78k > = (L4 Toge) exp(l). (3.32)

By using the Lambert-W function [110], (3.32) is solved as

1+Tcék

W ([1+ Togylexp(1)) = et

(3.33)
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The optimal value for 7 to maximize the sum rate can be derived as

«_ | L 1+ Tcik B
E \‘gl,k (W([l +TC§l,k] exp(l)) 1>J ’ (334)

where |.] is the floor function. Analysis on the second partial derivative of R; with

respect to 7 shows that the solution in (3.34]) maximizes the sum rate of the system.

3.5 Analysis for a finite number of antennas

This section derives the approximate closed-form sum rate for the three power scal-
ing laws at the user nodes and relay with a finite number of antennas. Moreover,
for mathematical tractability, the analysis is limited for the CCl-free, perfect CSI
and no pilot contamination case. Furthermore, the cumulative distribution function
(CDF) and the probability distribution function (PDF) of the end-to-end SINR at

Ui i are obtained. For this case, the beamforming matrix Wl can be rewritten as
W, =W, = G;(G;G;) 'P(Gj/ Gu) "G/, (3.35)

By using W, the amplification factor §; is given as

_ B
B = J pse [T ([GfG;) )] + ok E [T (G Gu] ' P(GhGH) ' P)] (3.36)

Using W, and the absence of co-channel interfering TWRNs, (3.6) is further sim-
plified as

Y = BV Psaig + Bl P(GH Gy) ' Gling, +nyp, (3.37)

where 1, represents a 1 x 2K vector with value 1 at the k' location and zeros in all

other places. Thus the end-to-end SINR at Uj 3/, v 1 is derived as

BEPs
8%, [(GlGu) ], + o2

Mk = (3.38)

ny g

-1 -1
where [(Gﬁ[G“) } is the k'th diagonal entry of the matrix (GﬁIGlO . To

1% .
begin the derivation of the SINR value, the long-term power amplification factor 3,
is used. Here, the following matrix identities from [111] are used.

—1 _
Tr <IE [(Gﬁ’Gu)l]) = T;(?;}() = %Vﬂil ZZI’; (3.39)
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Tr (PD;,'PD;;") N Tr (PTr (PD;') DY)
(N —2K)*—1 ((V=2K)* = 1) (N = 2K)

2K (maaiamio) "
(N-2K)>—-1

T (E (Gl Gu) ' P (GGi) ' P|) =

(3.40)

By using the above equations, the value of B ; is rewritten as

i ((N = 2K)* = 1) (N - 2K) Pg
B = 3 Y P —- (3.41)
(N—28)*=1) Pe 22 i)y + 2 (N =2K) 03 S (mg2i-1m.0,21)

By substituting the value of ,5’1 to 1} the approximated SINR is obtained as
aWX

By = — R 3.42
B e X+ Qe (3.42)
where X = ([(G{l{ G”> } > and other symbols are given as follows:
K
ap = ((N=2K)*=1) (N - 2K) PpPs. (3.43)
Gr = ((N=2K)"=1) (N - 2K) Pro},. (3.44)
2K
2 _
My = ((N —2K)" - 1) PSUZW D i
i=1
a 1
+  2(N=2K)oy 05 Y (mizi-impz) - (3.45)
i=0

By using distribution of the kth diagonal element of the inverse Wishart matrix [112],
the CDF of v, ;» was obtained as [72]:

SLk®
1 r N_QK—H’% PR 0 K
F’~Yl k! (I‘) = B F(N—-2K+1) ’ SES k! (346)
’ 63
1, > Lk
M,k

By differentiating (3.46|) by using the Leibniz integral rule the PDF is obtained as

Sk @
d Qe Qra N
f%’k/ (1‘) - dw[al,k/—m’k/x](alyk/—mk/x) F(N — 2K + 1)
G
al’k/(<l7k,)N72K+1xN72Ke Qp o TN ! @

- , 3.47
F(N — 2K +1)(O¢l7k_/—77l7k/l’)N72K+2 ( )

34



Q
Mk

ﬁ@) Joo In(1 + ) fr, 0 (7) do as

where 0 < o < The average sum rate can be approximated by solving R; =

— 1 1
Re- = 2In(2) (N — 2K)!

Iy, (3.48)

where I is defined as follows:

Lk’ N-2K
I = o N*2K+1/"l”“' ‘
= AN -
, 0 (oup — mpm) V2K T2
LT
X exp __GkT In(1+ z) dz, (3.49)
Quk — MLk

By substituting the dummy variable t = (; p/(ayp — i) into (3.49) the integral

I; can be simplified as

0 ’ ’ Nt
L = / (V2K oty (S )t gy (3.50)
0 Gk 1kt

Next, I in (3.50) can be solved in closed-form as follows:

Li=] (N-2K,§p,oup +mp) — I (N=2K, G mw) , (3.51)

where the function J(z,y, z) is defined as

Jap2) = [ Nexp(-N)In(y+23) dn
0

= TD(xz+1) x
(05" ey (2 o)) S (2] oo

By substituting (3.51)) into (3.48]), an approximation of the average sum rate can be

derived in closed-form as:

_ N — 2K, G, o 1) = I (N = 2K, G, mw
Ry — J( , Gk ke + ) — I ( > GLIY > Tk )‘ (3.53)
2mn(2) (N — 2K)!

The sum rates under different power scaling scenarios can be obtained by substitut-
ing the Ps and Pg values to oy, ¢ and 1, 5. The results obtained in (3.53) will
be useful to identify the number of antennas required to obtain a certain percentage

of the asymptotic sum rate.

3.6 Asymptotic analysis for relay-antenna correlation

This section derives asymptotic results for the SINR and sum-rate under the antenna

correlation at the relay nodes under the three power scaling scenarios identified in
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Section [3:3] Moreover, for mathematical tractability the analysis is limited for the
CCl-free, perfect CSI and no pilot contamination case.

When there is antenna correlation at the relay the channel vector to the re-
lay from the user k is written as gﬁjk = (\Illk)% fl%?kdl%k, where W, is the N x N
correlation matrix at the relay. Furthermore, flr‘lp’ i is the kth column vector in the
matrix Fy and dj is the kth diagonal entry of the matrix Dy that is given in
Accordingly the channel matrix between all relay and all the users is given
as Gy = [gﬁl gﬁ,z gﬁ,QK]. This corresponds to the max-semi-correlated
Rayleigh fading scenario presented in [34,38]. For this case, the beamforming matrix

Wl can be rewritten as
= ok =T =k “H= \_1~H
W, = G(G;Gy) 'P(G; Gu)'Gyy (3.54)

By using W, the amplification factor 3, is given as

B = 1 Un 1 1
pate (B |[GhGi] | ) + b e (B |[GiG] P lGiGi] P

By using the similar steps as in Section the end-to-end SINR at Uj s, 5 is

.(3.55)

obtained as
-2
B; Ps
- - N1
Biog, [(Gll Gll) ]kl + 00

’yl’k/ = s (3.56)

~Ha 7 . o (AHA T
where {(G” G”> } is the k’th diagonal entry of the matrix (G” G”) .
k/
To analyse the asymptotic performance of antenna correlation at the relay, the

limit results relevant to the channel matrix Gy are considered. Here,

- 1/2

G Gu 1/2 £ (‘I’{i‘ylﬂ) fuj 10

T :dli N dlj .
i?j

By using the limit results, it can be shown that if i # j, then the value of (3.57)

(3.57)

goes to zero. If i = j then the above value equals Tr(¥; ;), which is equal to N for

correlation matricesﬁ Based on this, the limit result can be given as

Gll Gll a.s.
—— | ——D .
N N—oo i (3 58)

4Tt is assumed that the correlation matrices have full rank. However, in mMIMO channels, the
correlation matrices can be rank-deficient [113|. In this context, the similar results will hold if the
spectrum of the correlation matrices follow the conditions in |114, Theorem 3.4].
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Figure 3.1: Spectral efficiency versus the number of relay antennas of an 12-user
TWRN with different L values. The channels in Gj; are i.i.d. Rayleigh RVs with
Dy = Lk and Dj; = $Iok, where j,l € {1,--- ,L} and j # L.

and coincidentally the asymptotic results for the case with antenna correlation is
equal to the results obtained for the case without any antenna correlation. This
shows that by using mMIMO, the degenerative effect of antenna correlation can be

removed in the system model.

3.7 Simulation Results

This section presents the simulation results and comparisons with the derived asymp-
totic results. The power at the user nodes and the relay nodes is taken as Eg =
Er =10, and the noise powers at user and relay nodes is taken as U%M = J,%R =1.
The pathloss exponent 7 is assumed to be two. The normalized pilot sequence power
factor 7/T¢ is 0.8. Spectral and energy efficiencies under different power scaling sce-
narios, different K values, and different L values are presented in the sequel. What
is the effect of having multiple TWRNs on the spectral efficiency and the energy

efficiency? In Fig. 3.1 and Fig. [3-2] the spectral efficiency and the energy efficiency
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Figure 3.2: Energy efficiency versus the number of relay antennas of 12-user, L
TWRNs. The channels in Gj; are i.i.d. Rayleigh RVs with Dy = Iy and Dj; =
%Igm where j,1 € {1,--- ,L} and j # l.

are presented for power scaling at user nodes (case 1), for L =2, L =4 and L =8
values, when K = 6, respectively. The obtained asymptotic values are also
plotted for comparison. It can be seen in Fig. that for all L values, the spec-
tral efficiency asymptotically reaches the analytical results, validating the derived
results. Furthermore, as the number of TWRNs (L) in the system is increased, the
achievable spectral efficiency and the energy efficiency of a single TWRN decreases
due to the interference and pilot contamination introduced by other TWRNs. As
an example, a L = 2 system can obtain 4.9 bps/Hz efficiency while an L = 8 system
can only achieve a spectral efficiency of 3 bps/Hz. However, if the spectral efficiency
of the whole system is considered (by multiplying the spectral efficiency of a single
TWRN by L), it can be concluded that the bandwidth can be utilized further by
increasing the number of TWRNs. According to the values obtained in Fig.
the total spectral efficiency is 9.8 bps/Hz when L = 2 and approximately 15 bps/Hz
when L = 8. Thus it can be concluded that by using multi-pair mMIMO TWRNs
for pairwise communications between nodes, that the limited bandwidth can be

utilized effectively.
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The effect of number of users in a single system (2K) is analysed in Fig. |3.3
Specifically, the sum rate is plotted for a system with eight relay networks under
power scaling at the relay nodes for K = 2 and K = 6 (case 2). A four-user
TWRN achieves 0.62bps/Hz while a 12-user TWRN obtains 1.28bps/Hz. Fig.
shows that the analytical results match the simulated values. Note that the
spectral efficiency increases as the number of users increases, as the same bandwidth
is used by the additional users. Thus, a mMIMO pairwise TWRN improves the
bandwidth utilization by serving more users. However, there will be countering
factors that will limit the number of user pairs in a network, such as the number of
available orthogonal pilot sequences which is limited by the coherence time of the
system.

The spectral efficiency gains and energy efficiency gains of different power scaling
scenarios are compared in Fig. and Fig. for 12-user TWRNs (L = 8). The
analytical results (3.22), (3.24)), and (3.27)) are also plotted for comparison purposes.

Power scaling at the user nodes has the highest asymptotic of 7.2bps/Hz out of
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all the three cases while case-2 and case-3 achieved asymptotically 5.2 bps/Hz and
1.8 bps/Hz, respectively. Moreover, in Fig. power scaling at both user and relay
nodes obtains the highest energy efficiency as expected. Furthermore, the energy
efficiency of case-2 (power scaling at the relay only) is very low compared to other two
cases. This result is expected as the power of user nodes are kept unchanged in this
scenario. Thus the numerator in is relatively constant for different N values,
and thus the power efficiency will be low. How accurate are the analytical results
when the number of antennas is finite? In Fig. [3.6] the sum rate results are plotted to
answer this question. The simulated sum rate values match with closed-form results
in , justifying the accuracy of the approximation. For example, as few as 14
relay antennas yields about 85% of the asymptotic performance (N = occ0). Moreover,
increasing to N = 22 relay antennas yields a 92%. This is good news because more
or less the performance of mMIMO is possible with a finite number of antennas. How
much degradation of the sum rate occurs due to antenna correlation? In Fig.
the antenna correlation model in [115, Eqn. (4)] is used. Here, the (p, ¢)th element

of correlation matrix is given as e~ 72m(p=9)lcos(8) o~ 3 (2m(p—q)lsin(6)o) [38], where [ is
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the relative antenna spacing, 6 is the average angle of arrival /departure, and o is the
standard deviation of the angle of arrival/departure. The sum rate of the system
under low correlation and high correlation at the relay as well as with no correlation
is plotted. Fig. [3.7 shows that although antenna correlation degrades the sum rate,
as the number of relay antennas increases, it approaches to that of the uncorrelated
antenna case. This observation corroborates the analysis that antenna correlation

can be mitigated by a massive antenna array at the relay.

3.8 Conclusion

This chapter investigated the impact of several key impairments, namely co-channel
interference, imperfect CSI, antenna correlation and pilot contamination for multi-
pair mMIMO TWRNs. The asymptotic SINR, sum rate, and energy efficiency are
derived for the three transmit power scaling laws. Importantly, it is shown that the
user transmit power can be scaled down inversely proportionally to the square-root
of the number of relay antennas. Even better, if power scaling is limited to the relay

node, it can be inversely proportional to the number of relay antennas without any
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performance penalty. The analytical and simulation results reveal that substantial
sum-rate gains and energy-efficiency gains can be achieved by adopting mMIMO at
the relay. Also, the closed-form results for a finite number of relay antennas may
help wireless researchers to estimate the number of antennas required to obtain a
certain percentage of the asymptotic sum rate. Furthermore, the results in this
chapter show that mMIMO is an antidote to the degenerative effects of antenna

correlation.
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Chapter 4

Relay selection in massive
multiple-input multiple-output
(mMIMO) cognitive two-way
relay networks (TWRINSs)

This chapter analyses a relay-assisted wireless communication link between two
underlay mMIMO terminals. Specifically, an amplify-and-forward (AF) relay is
optimally selected to maximize the sum rate and to keep the interference on the
primary user (PU) below an interference threshold. Signal-to-interference-plus-noise
ratios (SINRs) are obtained for two scenarios: (1) the relays and the two end nodes
use transmit power scaling and (2) only the end nodes use transmit power scaling.
For these two cases, optimal power allocations to satisfy PU interference are derived.
With these optimal power allocations, the impact of relay selection on the outage,
the sum rate, and the energy efficiency of the network is analysed. For the first
scenario, the outage can be reduced to zero with appropriate power allocation and
the relay selection can be done offline. For the second scenario, outage will depend
on the instantaneous channel-state information (CSI) between the relays and the
PU. Furthermore, the energy efficiency of the system is obtained by using a realistic
power consumption model and it is shown that relay selection increases the energy

efficiency.

4.1 Introduction

Several significant problems are faced by cognitive radio (CR) TWRNs. These prob-

lems are due to the fact their transmit powers must not cause too much interference
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at the primary users. During the operation of the TWRN, interference on the PU
is generated over two time slots. In the first one, both the end nodes generates it
and in the second slot, the relay will generate it. How to control this interference on
the PU so that the outage of the underlay network is avoided? What is the limiting
behaviour of interference for a large number of antennas? Does relay selection help
to reduce the interference? How to scale down the transmit powers of the end nodes
as a function of the number of antennas? What power allocation maximizes the sum
rate while limiting the interference?

In order to answer some of these questions, the cognitive two-way relay selection
problem of a particular network (Fig. is analyzed in this chapter. The source
and destination nodes S; and Sy (also called the end nodes) are mMIMO-enabled
and the relay nodes (R; to Rj) are multiple-input multiple-output (MIMO) enabled.
Sp and S perform zero forcing (ZF) based transmission and receiving while enabling
multiple data sub-streams and the relay performs amplify and forwarding. Further-
more, S1 and Sy perform self-interference cancellation. S7, S3, and the relay nodes
all act as secondary users in the presence of a PU. Relay selection is performed to
maximize the sum rate between S; and So while limiting the interference on the PU.
This system setup is ideal for Internet of Things (IoT) applications where networks
are often deployed in an ad-hoc fashion. Such IoT networks operate in the underlay
mode without affecting the licensed systems while improving energy efficiency [116].

In the considered network, the main interference issue arises during the first time
slot when the two end nodes transmit simultaneously to the relay. This interference
must be below the threshold at the PU. If not, the secondary system will go to
outage. The key question is how to reduce or eliminate this outage. There are
two immediate solutions. The first solution is to coordinate the transmissions of
the two end nodes to reduce the joint interference. The problem is, however, that
implementing coordination among two different end nodes is difficult. For instance,
to do so, each end node will require the CSI between the other node and the PU.
For example, S7 needs to know the channel between Sy and the PU node. This will
require additional pilot overheads. The second solution is to use two separate time
slots for S7 and Ss to transmit data to the relay. This solution avoids the cumulative
interference, and it is proposed in [117,|118]. But the penalty is the 33% reduction
of spectral efficiency as three time-slots are required for bidirectional data transfer.

Herein, an alternative solution without constraining the end users to transmit in
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Primary User (PU)

Figure 4.1: The network with K relay nodes and two end nodes, S; and Ss.

different time slots is proposed. It is based on the use of a large number of antennas,
power scaling, and power allocation. Furthermore, relay selection is employed to
obtain significant sum rate and energy efficiency gains. Specifically, the objective is
to maximize the sum rate of an underlay TWRN through relay selection subject to

the interference constraints on the PU.

Contributions:

e The SINR and the sum rate for a certain data sub-stream are obtained, when

a certain relay is selected.

e Two possible power scaling scenarios are proposed to limit the interference at
the PU. In power scaling one (PS-1), the transmit powers at the end nodes

and the relays are scaled down according to the number of antennas at the
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end nodes. In power scaling two (PS-2), only the power at the end nodes is

scaled down according to the number of antennas at the end nodes.

e Asymptotic sum rates under the proposed power scaling scenarios and the

aggregated sum rate for the selected relay is obtained.

e Optimum power allocation to maximize the sum rate and to satisfy the maxi-
mum interference constraint at PU for each relay under the two power scaling

methods is proposed.

e Three relay selection criteria are proposed to maximize the sum rate. Specif-
ically, one relay selection method for PS-1 and two relay selection methods
for PS-2 are proposed. These relay selection methods are analysed for their
performance in terms of the achieved sum rate, the outage probability of the

secondary system, and the requirement of instantaneous channel information.

o Energy efficiency is analysed under PS-1 and PS-2 as the number of antennas at
the end nodes are increased. For this analysis, a practical model is used which
takes the power consumption in transceiver chains and the computational

power consumption at the end nodes into account.

4.2 System, channel, and signal model

4.2.1 System and channel model

The system model consists of one PU and the secondary network (Fig. 1). Sec-
ondary TWRN consists of two user nodes (S; and S3) and K relay nodes (Ry
for k € {1,---,K}). The PU is equipped with N antennas and user node S;
is equipped with N; antennas for i € {1,2}, and the kth relay node has Npg,
antennas. All secondary nodes are assumed to be half-duplex terminals, and all
channel amplitudes are assumed to be independently distributed, frequency flat-
Rayleigh fading. The wireless channel from S; to PU is defined as F; = ]511 /2]?‘1-,
where F; ~ CNNxn, (Onxn,, In ® Iy,) captures the fast fading and D, = ;1N
accounts for the pathloss. The channel between Rj and PU is defined as G =
D,/*Gy, with Gi ~ CN Ny, (ONxNRk,IN ®INRk) and Dy = mIy. Similarly,
the channel matrix from S; to Ry is defined as H;; = D%fI:Ii,k, with I:I“,C ~
CNNkaNZ. (ONRkXNHINRk ® INi) and D; ;, = ni,kINRk‘ The detailed system model
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is shown in Fig. Here, the sets {nx}, {7);} and {n; x} represent the pathloss
components in the Rg-to-PU, S;-to-PU and S;-to-Rj. channels.

The channel coefficients are assumed to be fixed during two consecutive time-
slots (a time-slot is the time used for a single transmission between two wireless
nodes) and, hence, the reverse channels are assumed to be the transpose of forward
channel by using the reciprocity property of wireless channels. The additive noise
at all the receivers is modelled as complex zero mean additive white Gaussian noise
(AWGN). The direct channel between S; and Sy is assumed to be unavailable due

to large pathloss and heavy shadowing effects [32,35].

4.2.2 Signal model

S1 and Sy exchange their signal vectors x; and x2 by selecting one of the available
relays using two time-slots. Here the selected relay is denoted as Ry, for the analysis.
First, S1 and Ss transmit x; and xo, respectively, towards Ry by employing transmit-
ZF precoding over the multiple access channeﬂ The received signal at Ry can then

be written as

YR, = mi gV x1+mo g Ho k Vi, X9 + np, +ig,, (4.1)

where the Npg, x 1 signal vector x; satisfies E[xile} = INRk for i € {1,2} and

ke {l,---,K}. Thus, the N; x 1 precoded-transmit signal vector at .S; is given by

VTi’ka-. Here, ig, is the Ng, x 1 interference vector on the secondary relay by the

2
IRk

PU, which is modelled as AWGN with average power 0% = Pyni, where Py is the
transmit power of PUE| In (4.1), m; is the power normalizing factor at S; and is

designed to constrain its transmit power as follows [35]:

mi,k:\/Pi,k/Tr (VTi,kV%’k), (4.2)

where P;j, is the transmit power at S; to satisfy the interference constraints at PU.
Further, in (4.1, ng, is the Ng, x 1 zero mean AWGN vector at R} satisfying
5(1’1Rk ngk) = INRk ngVRk’ and V7, is the transmit-ZF precoding matrix at S; given

by [119]

-1
Vi, = Hf (H ) (4.3)

n order to use transmit-ZF at S7 and Sa, the constraint min(Ny, N2) > maXge(1,..., K} Ng,, needs
to be satisfied.

2Here, as no coordination between the primary and secondary networks is assumed and the average
interference power at the relay when the PU is transmitting. Similar assumptions are made in [89].
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In the second time-slot, Rj, amplifies yr, and broadcasts this amplified-signal to-
wards both user nodes. Each node then performs ZF receiving and obtains the

following signal vector:
Ysi, = VR, (McHyyr, +1; + 1), (4.4)

where M, is the amplification factor at Ry and is defined as

My, = \/PRk/ (m%k +m3 )+ 0k, T U%Rk)a (4.5)

where m; j, is defined in (4.2]) and Ppg, is the transmit power at R} to satisfy the
interference constraints at PU. Moreover, in , H; ;= Hg:k, and n; is the N; x 1
zero mean AWGN at S; satisfying £ (nin{{ ) =1 Nia?\,i. Also, i; is the interference on
S; by PU with average power Ui = Pyf);. Besides, Vg, , is the receive-ZF matrix

at S; and can be written as [119)
-1
VRi,k = (HkH,sz,z) ng (4.6)

4.2.3 CSI requirements

The CSI in the system can be categorized as (1) CSI within the secondary system
and (2) CSI between the PU and the secondary system. Since no coordination
between the PU and the secondary system is assumed, acquiring type two CSI is
harder than acquiring type one CSI (for related issues see |[120-122] and references

therein). The full CSI requirements can be listed as follows.

1. CSI within the secondary system: End node S; (S2) requires the CSI
between it and the selected relay Ry, Hyj (Hgy) to perform transmit beam-
forming and receive beamforming. The selected relay Ry only performs the AF
operation. Thus, it will only require the information about the amplification
coefficients at the end nodes my ;, and mg . Although m; j (mg ) depends on
the CSI between the S; and Ry (S2 and Ry), full CSI is not required at the
R;.. For self interference cancellation, My should be known by both the end
nodes. This knowledge can be acquired by the end nodes through a broadcast
from the relay. Alternatively, all the nodes can decide to use the long term
average values for m; s and Mj,. This will relax the CSI requirements on the

system.

49



2. CSI between the PU and secondary system: Apart from the CSIs re-
quired for the data transmission between S; and S5, the underlay operation
requires all the nodes to limit the interference on the PUs. Thus when Ry
transmits its signal, it should have the CSI between itself and the PU. Fur-
thermore, when the end nodes transmit simultaneously in the first time slot,
the end nodes must have the CSI between S; and PU and also between Ss
and PU (i.e. both F; and Fy should be known by S; and S3). This work
will show that this CSI is not required when mMIMO and appropriate power

scaling methods are used.

4.2.4 Effect on the primary user

In underlay cognitive radio, the secondary users should transmit their data without
exceeding the interference temperature at the PU. This section obtains the equations
for the received interference at the PU during the two time-slots. During the first

time-slot, the received interference signal at PU can then be written as
il,k = ml,kFlVTkal + m27kF2VT2’kX2. (47)

Similarly, in the second time-slot, the received interference signal at PU can then

be written as

oy = MpGryg,
= mypMpGrH1 Vo x1 + mo e MipGiHa Vi, X2
+MGrng, + M Giig, . (4.8)

The interference constraints at the PU are given as

Ly = P,Tr (F¥F1)+P2,kTr (F?FQ) <1, (4.9)

Ly = Pp,Tr(GIGy) <1, (4.10)
where I; is the interference threshold.

4.2.5 Outage of the secondary system

The outage in the secondary TWRN with relay Ry will occur if the interference
constraints (4.9) and (4.10) are not satisfied. Let the random variable Og, = 1
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denote outage and Og, = 0 denote non-outage of the secondary TWRN with relay
Ry.. The probability of outage can be defined as

Poutx =Pr[Os, = 1]=Pr[I1, > It or Iy > I7]. (4.11)
Since Iy, and I, are independent of each other P, k can also be written as
Powtx=1—Pr[Iy < I7|Prly; < I7|. (4.12)

The outage of the whole system happens if all the relays are in a outage (i.e. Og, =1
for all k € {1,---,K}). Let I; be the interference on the PU when the two end
nodes transmit simultaneously in the first time slot. As I; is common for all the

relays, this outage can be written as

Pout :PI‘[Il > IT or ( 12,1 > IT and --- IQ,K > IT)} . (4.13)
Since I, Ia 1, -, I> i are independent of each other P, can also be written as
Pout:1 — Pr[h S IT] (1 — PI‘ [12’1 2 IT] .. PI“[IQJ( 2 IT]) . (414)

4.2.6 Exact conditional end-to-end SINR

Theorem 1 The post processing end-to-end SINR of the lth data sub-stream at S;
under the transmit powers of Py j,, Paj and Pr, when Og, = 0 and relay Ry, is used,

1S given as

2.2
Mkmi’,k

2 (= H -1
Mioh,+ 2 | |

531050 ’ (419

1l
where {i,7'} € {{1,2},{2,1}}, 1 € {1,--- ,Ng,}, and k € {1,--- ,K}. Also the

- 2 _ 2 2 2 _ 2 2
summed noise terms are defined as o, = Oln, T ONg, and o7 = o7, + o} -

Proof

By substituting (4.1)), (4.3), and (4.6) into (4.4), the received signal

vector at S; can be written in an alternative form as follows:

YSix = My (mixXi + my pXy + npg, +ig,) + 0y, (4.16)
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where {7,i'} € {{1,2},{2,1}}. Further, n; is the filtered, colored noise
and is given by #i; = Vg, , (n; +1;). Next, by using self-interference
cancellation to (4.16)), the signal vector of S; received at S; can be

extracted as follows:
S’Sm = M, (mi/,kxi/ +ng, + iRk,) + n;. (4.17)

By using (4.17]), the post-processing end-to-end SINR of the /th data
sub-stream at S; can be derived as (4.15]). |

Corollary 1.1 By substituting My, , Mgk and the result Tr (VTi’kV% k) =
—1
Tr ([Hz,kak] ) into (4.14), the end-to-end conditional SINR in (4.15) can be

written in a more insightful form as

—1
Pr, Py i/ Tr ([szHsz] )

2 Py P 1 2 a7 T 1 -0 (
PR’CO—RI@ + (Tr([Hl,kH{{k]l) +Tr<[H2,kH§k]7l) * 0Rk> i,k [(Hk’ZI_Ik’Z‘) :|l l

Yo 0=
57108, =0

4.2.7 Sum rate analysis when R is selected

This subsection obtains sum rate expressions when the relay Ry is selected assuming
that the interference constraints at PU are satisfied. To correctly decode the data
sub-streams by the receivers, each node needs to transmit the data with a common
rate in MIMO TWRNs. Thus, the sum rate obtained by selecting the kth relay can

be defined as follows:

Ry — {2min (Rsl,k7RS2,k> , if OSk =0 (4.19)

0, if Og, =1

where Rg, is the sum of data sub-streams rates at Sy ; for i € {1,2}, and can be

written as

IS VE Jog (1 + ysglliosk()) , ifOg, =0
07 lf OSk — ]_

Rsip = (4.20)

The factor of two appears in (4.19) due to the presence of two user nodes in the

TWRN of interest. Further, the pre-log factor of one-half in (4.20)) is due to the use

of two time-slots.

52



4.3 Asymptotic analysis

The asymptotic analysis when the number of antennas at the end nodes goes to
infinity (i.e. N, N — o0) is provided in this section. Specifically, while N; and
N5 grow unbounded, the number of antennas at relay R and PU remains constant.
For simplicity, it is assumed that as N1, No — oo, the ratio between them remains
constant:

=¥ (4.21)

(07

Next the asymptotic sum rate and the interference constraints for the two different

power scaling scenarios are obtained.

4.3.1 Requirement of power scaling

Scaling the transmit power inversely with the number of antennas has been widely
used in the literature to limit the total transmit power of a node. In [123] three
power scaling scenarios has been analyzed for mMIMO two-way relay networks.
These includes power scaling at the end nodes, power scaling at the relay, and
power scaling at both the end and relay nodes. However, not all these power scaling
methods can be used in an underlay setup. To clarify this situation, the interference

I i during the first time slot is rewritten as
Ly = P T(FHF) P Tr(FHF> 4
1k = Pipdr(FiyF )+ Py s Fa. (4.22)

But if P; ; and P, are constants, as N1 and N2 become extremely large the value
Tr (F{"’ F1) and Tr (Ff Fg) reaches infinity (the asymptotic limit results in Ap-
pendix . Thus without scaling down Pj ; and P, the interference constraint
at the PU can not be satisfied for a large number of transmit antennas. Thus, there
are two ways to scale down Pj and Py, and they are analyzed in the next two

subsections.

4.3.2 Power scaling at the end nodes and the relay (PS-1)

Theorem 2 When, the transmit powers of user nodes Sy and Ss and relay nodes
Ry for k € {1,--- , K} are scaled inversely with the number of antennas at the end
nodes(i.e. PS-1) and condition is satisfied, the asymptotic SINR is given as

Er, E2 kM1 ,kM2,k
ot (Erpmk + Bagnag) + 0k, N, (Erymy +07)’

0o = 4.23
50 2
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and

aER, E1 k1 kn2,k
o3 (Evkmy + Bagnar) +0g, Nr, (aERr,mo ) + 03)

V2 = (4.24)
2,k

Proof

The two end nodes and the relays can scale down their transmit power

as follows:

E; E
P==-"* for iec{l1,2} and Py = A’é’f (4.25)

where F i, Ey ) and Eg, are fixed constants. To prove the asymptotic
SINRs in (23) and (24), the exact expression of SINR (4.18]) are utilized,
which contains several matrix trace terms and the diagonal term of an

inverse matrix. All these terms have asymptotic limits (see proof in

Appendix [B.1]). |

Interestingly, the asymptotic SINRs and are independent of the small-
scale fading and only depend on the pathloss. Note that they are also independent
of the data sub-stream index, I, and hence, 72?;1 = ’ygjk forl e {1,---,Np,}.

Next it is shown that the interference constraints are satisfied during the two
slots given the power scaling scenario (25). First, consider the second time slot

where only the selected relay is transmitting. By substituting P; 5, and Pg,, (4.10)

is rewritten as

Tr (G Gy,)

Ly = Eg, <1, (4.26)

1

Tr(GHG . e . .
and as r(+1k) — 0 as N1 — o0, this condition is asymptotically satisfied for

any value of Eg,. Second, consider the first time slot where the two end nodes are

transmitting. By using the limits on (4.22)), the interference constraint is obtained

as (see Appendix [B.1)

lim I1, = Eiph N+ EypisN < 1. (4.27)

Ni—o0

The constraint does not contain any random quantities. Thus, it can be
strictly satisfied by carefully selecting F1 ) and Esj at the end nodes of the sec-
ondary network. Therefore, the secondary system can operate without an outage

(1e Pout == 0)
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By using asymptotic SINR (4.23)) and (4.24)), the sum rate between U; and Ry,

is obtained as

1
R, = 5 Nrdog (1445, - (4.28)

Further, the total sum rate when Ry, is selected is given as

Ri° = Npg,log (1 + min (vgcl”k,'@;k)) . (4.29)

Remark I: The results obtained in and , only depend on the pathloss
component and the average noise values. Thus, the total sum rate will be a fixed
value for a given relay. Thus, relay selection can be done off-line and no instanta-
neous channel state is necessary for the relay selection process. Furthermore, outage

P,y can be set to zero by scaling the transmit powers of S and Ss.

4.3.3 Power scaling at the end nodes - (PS-2)

Theorem 3 The asymptotic SINR when the transmit power at the user nodes Sp
and So are scaled inversely proportional to the number of antennas at the user nodes
(i.e PS-2) is given as

o E2kmkNg,

= , 4.30
WS% Ulz?.k ( )
and
Eykm xNr
'7;%) = : 7727 E, (4.31)
2.k URk
Proof
The transmit power scaling can be given as
Pi= A for ie{l,2} and Pg, = Eg,, (4.32)
i

where Ey ., Fsj and Eg, are fixed. The equations for SINRs are ob-
tained by substituting P; ; and Pg, values and by using the asymptotic
limit results on . Proofs are omitted due to the similarity to the
proof of SINRs in Appendix [ |

Remark II: Similar to (4.23) and (4.24)), the SINR values in (4.30]) and (4.31]) only

depend on the pathloss component and the average noise values. Furthermore, they

are independent of the interference and noise levels at the end nodes (o?).
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Proposition 3.1 The average sum rate of the secondary system under PS-2 is given
as follows:

77320 = (1 — Pout,x)Nr,log (1 + min <7§‘;k,’y§2k)>

T (NNg,, 5ot B2 Nr, Evpm N
_ (1_ ( k nkERk))NRklog <1—|—min< 2,k712,k Rk’ 1,k:7]12,k Rk.)) (4.33)

T (NNg,) TRy TR

Proof

As mentioned before, (4.27)) provides the interference constraint during
the first time-slot. This constraint can be satisfied by selecting E1 j, and
Es ;. appropriately. However, the PU interference from the selected relay

during the second time slot must also satisfy the interference constraint:
~ H ~
Ly = Br, Tr(GHGy) = mEr, Tr (G Gy) < L. (4.34)

Unlike the PS-1 case, this is a random event, whose likelihood depends
on channel quality between the selected relay and the PU. Thus the
outage of the secondary system (i.e. Py ) is unpredictable. The outage

probability may be expressed as

- I
Pousx =Pr[loy > ) =Pr [Tr (Gf Gk> 2 EER ] . (4.35)
k

It is well known that Tr (GkHék> is Gamma-distributed with shape pa-

rameter of N x Npg, [124]. Thus P, can be expressed as

1 I
P, =————INNp,—|. 4.36
By using the obtained SINR values, the sum rate can be written as
R — Np,log (1 + min <7§<fk7§§k)) 105, =0 (4.37)
0, if Og, =1,
and (4.33) can be obtained. |

4.4 Optimal power allocation

Optimal power allocation schemes are designed to maximize the sum rates given in

(4.29) and (4.37)) under the interference constraint in (4.27)) for PS-1 and PS-2. The

optimal power allocations at S1 and Sy are presented as Ef , and Ej ;. Furthermore,
it is assumed that the transmit power at the selected relay Eg, is a fixed value for

the following two cases.
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4.4.1 Power scaling at the end nodes and the relay (PS-1)

Maximizing R;° in 1D corresponds to maximizing the minimum of ’yg‘ik and fyg‘;’k
by selecting F j, and s} which satisfies 1} It can be seen that both ’ygik and
ng , are increasing with respect to F j, and Ej3 ;. Thus, the maximum of RZ° occurs

when (4.27)) becomes an equality. Thus

1 1
Ef, = —|——==01—E;;7 ), 4.38
1,k kY <(1+6)N t 2,k772> ( )

where 0 < § < 1 is used to make sure that the interference on PU is significantly
less than the threshold interference level. Furthermore, it can be seen that the
maximum value for the minimum between two asymptotic SINR, values occur when

'@?,k = 'ygf;k Thus, the following equation is obtained:

2 2 2 *,2 2 2
02 7]2,kNRkE§,k - aalnl,kNRkEl,k + (02771,k: - aUl’le)NRkEik,kE;,k

+(aBr,nok + 03)0%, B3y — a(BErym i + 7)o, Ef p = 0. (4.39)

Then solving and provides the optimal values Efk, and Ej ;. By using
these values, 'ygi’;:, ’yz::, and R, is obtained which are the asymptotic optimal
values of SINRs and sum rate, respectively.

As an special case, if a = 1 and 11 = 72, then it can be concluded that
Bl = E5 And the optimum power allocation values are given by using , as
1
(L46) (i +12) N

Efp=E5) = I;. (4.40)

4.4.2 Power scaling at the end nodes (PS-2)

This section provides the optimal power allocation scenario for the power scaling at
the end nodes case. Unlike in the previous scenario, the sum rate also depends on
the outage probability P,,; » which depends on the transmit power at the relay node
Pg, . However, the asymptotic SINR values in (4.30) and are independent
of Eg,. Thus, similar to the previous case this corresponds to the case where the

equality condition in (4.27) is satisfied. Thus,

oo x
Yol Yo
Ci S
EskmoxNr,  ErpmiNr, 441
o2 - o2 ' (4.41)
Ry, Ry
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By using value for E7 ; from (4.38) in (4.41), the following is obtained:

* 2.k
LY, = —— I, 4.42
= T8 (p + g N (442)

* M,k
Ef, = _ Tk L. 4.43
2k (1+9) (in2k + Hom k) N ! (4.43)

Thus, the optimal average sum rate is written as

L (NN, i) N
Ry =1- 20 ) ) N, log |1+ LU LA 1) (444
: ( TvNg) ) R\ TS G + A Mo, ) 44

4.5 Relay selection with optimum values

This section presents the relay selection criteria for the two power scaling strategies,
PS-1 and PS-2. For both these cases, the objective of relay selection is to maximize
the achievable asymptotic sum rate of the secondary system. The relay selection
criterion may be stated as:
K* = argmax [R}"], (4.45)
ke{l,- K}

where K* is the index of the selected relay. Next two subsections analyse the relay

selection criteria under PS-1 and PS-2.

4.5.1 Power scaling at the end nodes and the relay (PS-1)

The relay selection can further be simplified to the following;:

K* = argmax [R;”"] = argmax [Np%log (1 + ygj’k)} , (4.46)
ke{l,- K} ke{l,- K} ’

Thus, relay selection is deterministic as all the RZO’* are fixed values. Further,
shows that the choice of optimal relay highly depends on the maximum value
of Ng, . Since the log of (1 + 'ygcl’k) is taken, the impact of Ng, is higher than that
of the logarithm. Thus, for most cases the relay selection simply boils down to the

selection of the relay with the maximum number of antennas.

98



4.5.2 Power scaling at the end nodes (PS-2)

Unlike in the previous case, here the sum rate of R° and outage are inter-related.
Since outage is random, the relay selection will no longer be a deterministic process.
Yet, motivated by the simplicity of relay selection for deterministic sum rates (46),
two relay selection methods are proposed where, one of them does not require the

instantaneous channel knowledge. The proposed relay selection methods are to
1. Maximize the instantaneous asymptotic sum rate (RSS-1),
2. Maximize the average sum rate (RSS-2).

Next the advantages and disadvantages of these two relay selection schemes are

discussed, and their performances are compared in Section [£.7]

Maximize the instantaneous sum rate

The relay selection criterion may be stated as

K* = argmax [R;"]. (4.47)
ke{l, K}

However, when some of the relays are in outage, the optimal selected relay will be
among the relays that are not in outage. Thus, in this case relay selection clearly
provides higher sum rates and lower outage probabilities. However, the knowledge
of the channel states is necessary for the relay selection process, whose complexity

will thus increase. By satisfying Pr[I; < I7] = 1 with power allocation, and by using

the outages related to I s from (4.36)), (4.14) is rewritten as

T (NNRk, L)

NeER),

K
Pt =
o kl;[l ['(NNg,)

(4.48)

As a special case, if all the relay nodes are identical (i.e. Ng, = Ng and Eg, = Eg

for all k € (1,---, K)), the average sum rate with relay selection is given aSE|

t
N LR

I (NNg)*

= OO0, *

1, T (W ) v
1- Pr) | Nplog <1+ k2R TR . It) . (4.49)
(1+6) (n2k+i2m k) Nog

3Even in this case, the parameter values 7,  and 72, will be different. However, for simplification
it is assumed that 71, and 72, are approximately equal for all k.
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Eq. shows that relay selection significantly decreases the outage probability
and hence increases the average sum rate compared to a single relay system. How-
ever, instantaneous channel knowledge for the relay selection will cost bandwidth,
energy and complexity. The reason is that channel estimation requires the trans-
mission of pilot sequences and channel state feed back to the transmit node and to

the relay selector.

Maximize the average sum rate

For this case, the relay selection equation can be given as

K* = argmax {7%20*}
ke{l,- K}
F(NNRk 17)
’ e ERy, M,kM2,kNR
= argmax||1— k2 | Ng, log |1+ o S ok I; ||(4.50
5 I'(NNg,) fu 108 (1+0) (72 +9m 1) Nog, " (4:50)

Since the average sum rate, which is a deterministic value, is used, the relay selec-
tion becomes deterministic. Thus the relay selection complexity for this scenario is
significantly less than the previous case as the instantaneous channel conditions of all
the relays are not required for the relay selection. However, the channel conditions
of the required relay is still required for the beamforming and interference control.
Similar to the power scaling at the end nodes and the relay case, the number of
antennas at the relay Ng, has the highest impact on the relay selection.

As a special case, if the case with identical relays is considered, the average sum

rate is given by

i T (NNg, 72-) N
Roo,*: 1— NkLr NRlog 1+ Anl’k,r/Q’kA R I . 451
k ' (NNg) (1+0) (2 +iem i) Nog, ' o0

It is evident from and that the increased sum rate in the previous case
is due to the increased relay selection complexity.

Remark III: As evident from the above two cases, the number of antennas at a
given relay Npg, has the highest impact on the achievable sum rate of a system.
Thus, if all other parameters are approximately equal, then selecting the relay with
the highest number of antennas will provide the highest sum rate for the secondary
system.

Remark IV: It can be seen that the sum rate RZO’* is a deterministic variable.
Thus, the relay selection also becomes a deterministic task. Thus, relay selection
can be done during the system design stage. That is, the end and relay nodes need

not implement real-time relay selections.
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4.6 Energy efficiency analysis

This section analyses the energy efficiency under the power allocation conditions in
Section .41

Some analyses are based on the assumption that the power consumption at the
nodes is only due to the wireless data transfers between nodes. In this case, energy
efficiency of PS-1 approaches infinity and the energy efficiency of PS-2 approaches
an asymptotic limit. However, the processing done at the nodes consumes more
than 50% of the total in mMIMO [80]. Thus, both power consumption at circuit
components and that for ZF computations done at the end nodes must be considered.
Therefore, a more accurate mMIMO energy efficiency analysis is proposed in [125].
According to this, the power consumption during time-slot 1, P51 can be given

as
Piotis1 = Pry + Poy + Pisire + Pisi,o + Prg,op + PogLp, (4.52)

where P; j is the transmit power at the ith end node, P;s1 7¢ is the power consumed
in transceiver chains in time-slot 1, P ¢ is the power consumed for coding in time-
slot 1, and P;  1.p is the power consumed in node 7 for linear processing (in this case

ZF). The values for these power consumption components are given as follows:

Pisirc = N1Ppn + NoPpn + K Pre + Psyn, (4.53)

Pis1,c = 2R, Pcop, (4.54)

2BN;Np, B ( Nj  3NiNj + NiNRk> (4.55)

FoLp = " Lps | U \3Lps Lps
where Pgrpy and Pge; are the powers required to run the circuit components at the
end nodes and relays, Psy  is the power of the local oscillator, Poop is the coding
power consumption at the end nodes, B is the bandwidth, Lgg is the computa-

tional efficiency (given in flops/W) of the end nodes, and U is the coherence block.

Similarly, the power consumption during time-slot 2 is given as
Piot ts2 = Pr, + Pisorc + Pisa.p + Pra,np + Pr2,nps (4.56)
where Pisorc = Pisire, Prirp = Pik,Lp, and
Piso.p = 2Ry PpEc, (4.57)
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where Ppgc is the decoding power consumption at the end nodes. Based on theses

values the average energy efficiency of the secondary system is defined as

R

E = ) 4.58
P Priot 451 + Prot,ts2 ( )
Based on (|4.58)), the energy efficiency under PS-1 can be written as
Ry
Pk,PS1 = F— (4.59)

EQ’k ERk ’
N, + N, + N +Pres

Here, Pres = 2 ((N1 + N2)Ppn + K Pret + Psyn)+2Ri (Pcop + Ppec)+2P1 k. np+
2P, . p. Furthermore, P ; rp and Py 1p is given by . Note that the con-
sumed power does not go to zero as the number of antennas is increased. Instead,
the consumed power increase with N1 and Ny due to the second term in the above

equation. Similarly, the energy efficiency under PS-2 is written as

Ry
Pk,PS2 = E 5 .
’ 1,k 2,k
T1+T1+ERI€ + Pres

(4.60)

4.7 Numerical results

This section presents the numerical and simulation results of the proposed selection
strategies. Specifically, the average and asymptotic sum rates are computed and
simulated. The interference threshold at PU is I = 10 dB, the pathloss components
between PU and S; and S as 7); = ), = 1/16, and the noise powers 012\[1_ = 012?46 =1.
Also o = 1 and transmit power at the relay Ry is taken as E = 25 dBm. The
primary user has 6 antennas (N = 6). Figs. to represent the results for PS-1
while the Figs. to show the simulation results for PS-2.

In Fig. [4.2] four cases with different numbers of relays for end-node power scaling
are analysed. Case 1 consists of a single relay node (K = 1) with a single antenna. In
Case 2, K = 4 and the numbers of relay antennas (Ng, ) are 1, 1,4, 4, respectively. In
Case 3, K = 8 and the numbers of relay antennas are 1,1,4,4,8,8, 8,8, respectively.
In Case 4, the sum rate is plotted, when the relay with the highest number of
antennas is selected (relay with 8 antennas). The optimal power allocation scheme
with § = 0.1 is used. It can be seen that multiple relays bring about significant
sum rate gains. For example a single relay with a single antenna can only achieve a
sum rate of 2.5bps/Hz while the four-relay system, which has 1, 1,4, and 4 antennas
each can obtain a sum rate of 5.5bps/Hz. Also, with eight relays, the achievable
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Figure 4.2: Sum rate as a function of the number of S; antennas.

sum rate is 7.2bps/Hz, which is a significant increase compared to previous two
cases. The asymptotic analysis perfectly matches the simulated sum rates when the
number of antennas are increased. Selecting the relay with the highest number of
antennas (Case 4) provides the same asymptotic sum rate as Case 3, which uses
relay selection. However, without relay selection, more antennas are required to
achieve asymptotic performance.

Fig. H plots the energy efficiency given in for system configuration cases
that were analyzed in the previous figure. The parameter values for Pry, Pgrel,
Psyn, Pcop, Pprc, B, U, and Lpg are adopted from [125]. For Case 1, the
energy efficiency increases as the number of antennas are increased up-to around
40. However, after that, energy efficiency reduces as the number of antennas are
increased and asymptotically reach zero. For Case 2 and Case 3, there are multiple
local maxima for the energy efficiency. The reason behind this is that different relays
have different number of antennas (i.e. for Case 3, two relays have single antennas
and two relays have 4 antennas and the other relays have 8 antennas). Regardless of
the number of antennas available at the relays, more relays always improve energy

efficiency.

63



3.5

n
o

\V]

—_
(&)}

—_

Energy effciency (bps/J)

I
(S}
T
P,
1

0 1 1 1 1
0 50 100 150 200 250 300

Number of antennas (N1)

Figure 4.3: Energy efficiency comparisons as function of the number of S; antennas
for PS-2.

To investigate the effect of identical antenna configurations, the energy efficiency
is plotted when all the relays have 8 antennas for PS-1 in Fig. [£.4] Tt clearly shows
that more relays improve energy efficiency at any number of antennas at S; and
also, the peak energy efficiency value can be obtained for fewer antennas at .Sj.
For instance, the peak energy efficiency of 1.9 x 10°bps/J can be obtained with
around 170 antennas at the end nodes for Case 3 while the peak energy efficiency of
1.7 x 10°bps/J can be obtained with around 190 antennas for Case 2. The energy
efficiency increase with the number of relays (especially in the low antenna regime)
is due to the fact that more relays increase the sum rate of the system.

Fig. [£.5] analyzes the sum rate with different number of relays, but when those
relays have the same number of antennas (Ng, = 8 for all the relays). Cases one, two,
and three corresponds to 1, 4, and 8 relays respectively. Optimal power allocation
with 6 = 0.1 is used. Unlike in Fig. it can be seen that the achievable asymptotic
sum rates for different cases are the same. The reason is that the achievable sum rate
depends on the relay with the highest number of antennas. However, with multiple

relays, the asymptotic performance can be obtained by using a smaller number of
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Figure 4.4: Energy efficiency as a function of the number of S; antennas. All the
relays are equipped with 8 antennas each.

antennas at the end nodes. Also it can be seen that until the number of antennas
at the end nodes surpasses a threshold (in this case around 120), the achievable
sum rate is zero. This is due to the interference constraint at the PU. Although
is satisfied asymptotically for any Fg,, when N; is low this constraint may
not be satisfied and the secondary system will remain in outage state. Thus, until
the number of antennas at the end nodes increases to a certain limit, the secondary
network cannot start the transmission.

Fig. |4.6 plots the outage when the PU interference exceeds the threshold. (1)
interference during the first time-slot (when both the end nodes are transmitting)
causes the outage, (2) interference during the second time-slot causes the outage
when having 8 antennas, and (3) interference during the second time-slot causes the
outage when the relay with the highest number of antennas is selected is plotted in
this figure. As seen from Fig. the first-time slot outage rapidly reduces with
the number of antennas. For instance, with 200 antennas the outage is less than
10~'2. This shows that, with a large antenna array at the end nodes and with power

scaling, the interference on the PU approaches zero and thus, the end nodes do not
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Figure 4.5: Sum rate comparisons as a function of the number of S; antennas. All
relays are equipped with 8 antennas.

need to know each other’s channel matrices to decide whether to transmit or not.
Also, the interference during the second time-slot approaches zero but with a lower
convergence rate. As an example with 250 antennas, relay selection provides less
than 10~'? outage while the outage with a single relay is around 1075.

Fig. [4.7 plots the achievable sum rates for three cases for different power allo-
cations at the end nodes. In Case 1, the derived optimal power allocation scheme
in Section is used. In Case 2, % = 3/2 and in Case 3, % = 7/3. It can
be seen from the plot that the sum rate approaches the asymptotic sum rates ob-
tained through equation when the number of antennas at the end nodes
increases. Furthermore, the optimal power allocation scheme in Section [£.4.1] ob-
tains the highest achievable sum rate while the sum rates of other power allocations
are significantly less than that for the optimal power allocation.

Figs. and plot the outage, sum rate, and the energy efficiency for
end-node power scaling (PS-2) where different number of relays are available for
each case. Specifically, Case 1 has a single relay (L = 1), whereas Case 2 and Case 3
involve 2 and 8 relays, respectively. In all the three cases, each relay has 8 antennas.

Relay selection is used to maximize the instantaneous sum rate, and the simulation
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Figure 4.6: CR TWRN outage during different time slots with and without relay
selection.

results are compared with the analytical asymptotic results obtained in and
. These two figures show that the analytical results match with the simulation
results. Also, more relays will reduce the outage and increase the sum rate. For
instance, just one relay (L = 1) will experience an outage of 0.96 while the outage
of a system with 8 relays is 0.74. With further calculations, it can be shown that
the outage will drop to 0.47, if 20 relays are deployed. Furthermore, system with 8
relays can provide sum rate of 2.1bps/Hz while a system with a single relay can only
provide a sum rate of 0.3 bps/Hz. This is significantly different than that for the
previous case with all-node power scaling. In that case, the achievable asymptotic
sum rate is not increased when the number of relays are increased while all of them
had the same number of antennas. However, when power scaling is only used at the
end nodes, more relays will significantly improve the sum rate.

The energy efficiency is plotted in Fig. Similar to the case in PS-1,
the energy efficiency increases while the number of antennas is increased and then
reduces after a certain threshold. For all the cases, this threshold is around 25

antennas. This is in contrast to the energy efficiency based only on the transmit
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Figure 4.7: The achievable sum rate against the number of antennas at the end
nodes for different power allocation cases.

power where the energy efficiency approaches infinity for extremely large number of
antennas. Furthermore, more relays increases the energy efficiency and thus, relay
selection helps to make green communications a reality.

Fig. plots the sum rate against the number of antennas at the end nodes
S1 when power scaling is only used at the end nodes. In Case 1, a relay with 8
antennas is used and in Case 2 two relays with 8 antennas each are used. However
in Case 3, 8 relays where 2 relays contain 8 antennas and 6 relays with 4 antennas
each are used. It can be seen that multiple relays increase the sum rate. When the
number of antennas at different relays are not equal, no closed-form solution exists
for the achievable asymptotic sum rate.

Fig. plots the outage against the number of antennas at the end nodes
S1 when power scaling is only used at S7 and S3. The outage is plotted when the
relay is selected based on the average sum rate, labeled as relay selection scheme 2
(RSS-2). Although the outage is significantly reduces when the number of relays is
increased for relay selection to maximize the instantaneous sum rate scenario, RSS-2
can only obtain the performance equal to the case with a single relay antenna. As

an example, with 8 relay nodes, the relay selection scheme can reduce the outage
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Figure 4.8: Outage as a function the number of antennas at S for end-node power
scaling.

asymptotically to zero while the outage is 0.35 with just a single relay. Furthermore,
two relays will reduce the outage to 0.12. If RSS-2 is used, the outage value does not
change even if the number of relays is increased to 8. However, the overhead used
for the relay selection for RSS-2 is significantly low as the same relay is selected
every time regardless of the instantaneous channel conditions. The trade-off for
this simplicity will be the increased outage and eventually the reduced achievable
sum rate. Moreover, when all the relays have the same number of antennas, the
advantage of having more relays will be absent if the relay selection is based on the

average sum rate.

4.8 Conclusions

This chapter analyzed a cognitive mMIMO TWRN with relay selection which max-
imizes the sum rate. Two power scaling scenarios are identified: (1) (PS-1) the
transmit powers of Si, Sz, and the relay are scaled and (2) (PS-2) only those of
S1 and Sy are scaled. Furthermore, optimal power allocation was derived for Sp

and S5 subject to interference constraints at PU. Next, the power consumption was
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analyzed realistically for the proposed system. The analysis reveals the following.

1. It is well known that mMIMO flattens the effect of small-scale fading in
mMIMO, and that holds for cognitive mMIMO as well. In particular, the
asymptotic SINR and sum rate do not depend on small-scale fading for PS-1.
Thus, the PS-1 relay selection can be done offline. Further, the interference
on the PU can easily be reduced or eliminated when the number of antennas
at the end nodes becomes extremely large. Thus, the secondary system can

function with zero outage.

2. In PS-2, the relay will have a finite number of antennas. Then, the outage of
the TWRN will depend on the channel conditions between the relays and the
PU. Thus, although the end-to-end SINR is independent of the instantaneous

channel state, the sum rate will still depend on the instantaneous values.

3. Relay selection improves the sum rate of the secondary system and reduces
the interference on the PU. The first relay selection method is based on the

instantaneous sum rate maximization and thus, will require instantaneous CSI
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between relays and PU. The second relay selection aims for the highest average
sum rate and does not require instantaneous CSI. Thus, for this case, relay

selection can be performed offline.

4. Also, as the number of available relays are increased, the energy efficiency
is improved significantly for both PS-1 and PS-2. However, as the number
of antennas at the end nodes are increased, energy efficiency peaks and then
declines. The reduced transmit power due to power scaling improves energy
efficiency while the increased power consumption in the transceiver chains
reduces energy efficiency as the number of antennas at the end nodes are

increased.
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Chapter 5

Non-orthogonal multiple access
(NOMA )-Aided Multi-Way

mMIMO Relaying

This chapter proposes a multi-way relay network (MWRN) transmission scheme
that can complete the full data exchange among any number of users within two
time slots. This is accomplished by exploiting the performance gains of NOMA and
massive multiple-input multiple-output (mMIMO). First, the users transmit their
signals to the relay, which uses maximal ratio combining (MRC). Next, the relay
transmits a superposition-coded signal for all users by using maximal ratio trans-
mission (MRT). Each user then performs successive interference cancellation (SIC)
decoding of data symbols of the other user nodes. The derived closed form over-
all sum rates demonstrate significant spectral-efficiency gains and energy-efficiency
gains over the existing MWRN counterparts. Furthermore, the relay power allo-
cation matrix is designed to maximize the minimum sum rate among the users,
thus maximizing the user fairness. Furthermore, the effects of imperfect SIC and

imperfect channel-state information (CSI) on the sum rate are analyzed.

5.1 Introduction

This chapter considers the fundamental question of improving the spectral efficiency
of a K-user MWRN with full data exchange. In the basic configuration, with an
intermediate multiple-input multiple-output (MIMO) relay, this is possible in ex-
actly K orthogonal time slots [38]. Similarly, the MWRN protocols in [40] and [99]
require K time slots for K user nodes. Thus, the overall spectral efficiency is low

due to the 1/K pre-log factor, appearing in achievable rate expressions, and hence
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it diminishes as the number of users grows. To attack this fundamental issue, [100]
develops a new MWRN transmit protocol to do this in [(K — 1)/2] 4+ 1 time slots,
where [x] is the ceiling function. This number is roughly K/2. Thus, this state-
of-the-art protocol [100] halves the number of time slots, equivalently doubling the
spectral efficiency. This improvement stems from the adoption of linear processing,
self-interference cancellation, and SIC decoding. However, the achievable sum rate
of [100] still suffers the O (1/K) decline of spectral efficiency with the number of
users.

Herein, a novel MWRN protocol is proposed, which reduces the num-
ber of time slots to just two, regardless of the number of users. Thus, it
can provide significant spectral efficiency gains compared to those of [40,99,100]. To
realize these remarkable gains, the concept of power-domain NOMA is integrated
with mMIMO MWRNs. It is designed as follows. In the first time-slot, all user
nodes transmit simultaneously to the relay, which in turn uses MRC for reception.
The relay then generates a superposition-coded signal, applies an amplification fac-
tor, and transmits back to the user nodes by using a MRT precoder. Then each user
node performs SIC to decode the symbols belonging to the remaining K — 1 users’
messages.

Critically important for NOMA, the power allocation matrix allows different
user signals be assigned with different power levels in order to achieve the desired
performance targets. Thus, it can be designed to achieve max-min fairness, sum
rate maximization, and energy efficiency maximization [62,126]. This chapter de-
signs the power allocation to maximize the minimum achievable sum rate of the
MWRN. In addition, the performance of NOMA degrades heavily due to imperfect
SIC [58]. Indeed, modelling this effect has been the focus of several recent papers.
Imperfect SIC has been modelled as a portion of the decoded signal in [127] and as
the estimation error of the decoded signal in [128,|129]. This chapter uses the model
of [128/129] to analyze the effect of SIC on the data rate of the proposed NOMA
MWRN protocol.

More specifically, the contributions of this chapter are summarized as follows.

1. A NOMA-based mMIMO MWRN transmit protocol is proposed to enable
full-mutual data exchange among K > 2 users. The key feature is that it
uses just two time slots. Thus, it potentially achieves a sum rate gain of K/2

(approximately) over the current state-of-the-art counterpart in [100], and the
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gain scales up with the number of user nodes (K). Of course, in actuality, the
gain could be less depending on the interference issues, imperfect CSI, and

imperfect SIC.

. Closed-form results are obtained for the sum rate of the proposed scheme by us-
ing the so-called additive white Gaussian noise (AWGN) approximation [130].
The simulations and numerical results confirm the tightness of this approxima-
tion and compare the sum rate performances of the proposed MWRN protocol

against the existing counterparts.

. To reflect more accurately on practical systems, is is assumed that nodes do not
have perfect CSI. In practical systems, CSI acquisition is done through uplink
pilot transmissions and inevitable estimation errors degrade the performance
of the system. Thus, the effects of both imperfect SIC and imperfect /erroneous
CSI are analysed. They both degrade the performance, especially when the

number of users increases.

. The energy efficiency of the proposed scheme is analysed and it is shown that
the proposed scheme provides significant energy efficiency gains compared to

other methods.

. The asymptotic sum rate value when the number of antennas at the relay

grows unbounded is also obtained.

. A power allocation matrix at the relay is proposed based upon the asymptotic
sum rate values. A closed-form solution for the matrix based on the asymptotic

sum rates of the system is obtained.

This protocol achieves a full data exchange among K spatially-distributed user nodes

in exactly two time-slots. This amounts to a time-slot reduction of (1—4/K) x 100%

over the current state-of-the-art MWRN protocol [100]. For example, with K = 8

users, the time-slot saving is 50%. This reduction directly translates into a significant

spectral efficiency gain over all existing MWRN counterparts [40,99,100]. This gain

is the result of power-domain NOMA and mMIMO via superposition coding, SIC,

and linear detection/precoding.

As the number of time slots required in the proposed scheme is constant re-

gardless of the number of users, it may be a helpful step in the context of massive
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connectivity envisaged in Fifth Generation (5G) and beyond, where a massive num-
ber of new Internet of Things (IoT) devices will connect to a next-generation wireless
network. Industry estimates that the total number of IoT connected devices will be
14.7B by 2023 [131]. They will generate both data and connection traffic. Clearly,
some of these devices could be supported in the MWRN configuration, and the
spectral efficiency gains of the proposed protocol may help to mitigate the overall

traffic growth.

5.2 System, channel, and signal model
5.2.1 System and channel model

This chapter considers a system with K users and denotes the k-th user by S,
ke {l,---,K}. They all are single-antenna terminals. The data exchange require-
ment can be stated as follows. For all k € {1,--- , K}, Sy must transmit its data to
the remaining K — 1 users and must receive data from all of them too. The relay,
R, is equipped with M antennas and is of mMIMO type (M > K). Here, R is a
specialized relay with a fixed higher power availability than users. The direct chan-
nels between the user pairs are not available due to unfavorable channel propagation
conditions [32,|35] or not utilized in order to minimize mutual interference among
the users. Thus, the purpose of R is to accommodate the data transfer among the
users.

The wireless channel between S; and R is represented as hy = \/B?Bk e cM
where [ is the large-scale fading coefficient (may include range-dependent path loss

and shadow fading), and hy, is the small-scale fading vector, which is distributed as
hy, ~ CN (0,1y). (5.1)

The matrix H = [hy,--- ,hg] € CM*K represents the small-scale channel fading
channel coefficients from all the users towards the relay. Thus, this channel matrix
incorporates both large-scale and small-scale propagation effects, and it may be

expressed as
H = HD'/?, (5.2)

where D = diag(f1, ..., BKk)-
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5.2.2 Channel estimation

To design the MRC/MRT detector/precoder (Wg and Wr), the relay requires
CSI between itself and the users. This CSI could be estimated via the conventional
estimation techniques. The most common technique is the transmission of sequences
of known training symbols (pilots) periodically [17,[132]. Alternatively, blind and
semi-blind techniques have also been developed (see [133|134] and the references
therein). It is assumed that the users simultaneously transmit orthogonal pilot
sequences to the relay, to avoid mutual interference. The set of orthogonal pilot
sequences are given as ® = {®y,..., P K}T where @, is the 1 x 7 pilot sequence of
the k-th user. Here, 7 is the length of the pilot sequence used for channel estimation.
Because ®;s are mutually orthogonal, the matrix is unitary (®®7 = Ix). The

received signal at the relay during the pilot transmission period is given as
Y, = VPHA® + N, (5.3)

where N, is the AWGN at the relay with CN (0,1I57) distribution and P is the

transmit power of the users. Also A = diag(\/ozp,l, ey \/oz/pﬂK) is the power scaling
coefficient matrix, where vy, ;, corresponds to the coefficient used by Sj during the
pilot transmission. Relay multiplies the above received signal by ® to estimate

the channels [132] and obtain

i = [Y, @7, = VP Joy By + 0y, (5.4)

where n,; = [N,®];, ~ CN(0,I)). Based on the above result and by using
minimum mean square error (MMSE) criterion [132], the channel estimate for hy, is
given as [51]

by, = VP%kPE (5.5)

R Pay, 1.8 + A

For beamforming purposes, the estimated channel hy, is used. The true channel hy,
can be written in terms of its estimate by virtue of orthogonality principle of MMSE

criterion as [132]
hy, = hy + ey, (5.6)

where e;, is the error vector, which is independent from hy. The probability distribu-

P%,kﬁﬁ

tions of the kth element of estimate (hy,) and the error terms (ey,) are CA” (O

and CN (0, %), respectively.

77

) Papyk,ﬁk+l

)



5.2.3 Signal model

Data transmission among the users requires two time slots. In the first time slot,
all the users transmit to the relay R, which applies receive beamforming. Thus, for

k=1,...,K, user S; transmits the signal
T = v opPxy, (5.7)

where zj, is the data symbol, P is the allowable maximum transmit power (assumed
to be equal for all the users) and 0 < o < 1 is the power scaling factor of the k-th
user. The received signal at the relay is the sum of all user signals and the additive

noise, which is given as
yr = VPHo!'?x + np, (5.8)

where x = [z1, -+ ,2x]7, o = diag(ay, ..., ak), and ng is M x 1 AWGN vector at
the relay satisfying E[ng nR} =1 MO'%DL. Next, the relay applies receive beamforming

by multiplying by the matrix, W and the processed signal can be given as
vo = Wry, = W (VPH!/*x + ng) . (5.9)

In the second time slot, the relay transmits the following superposition-coded signal

to all the users:

A1 A2
A2 22

yi = VYWrAy, = UWry ] . Wry:, (5.10)
A1 AKK

where Wr is the MRT precoder at the relay, A is the K x K power allocation
matrix at the relay, and ¥ is the power control factor. The selection of MRC and
MRT at the relay is due to the simplicity of those methods compared to other linear

beamformers. The total power constraint at the relay is given as
_ H\ _ g2 H~H 2 2 H
Pp=Tr (yiy{') = U2PTr (VHaH" V) 4+ 92631 (VVH) | (5.11)

where Pp is the transmit power at the relay and V = WpAWg is the effec-
tive/cascaded detector/precoder at the relay, and the relay gain ¥ is computed

to constrain the average transmit power as

Pr
V= \/ PE [Tr (VHoHP V)] + 62E [Tr (VVH)]’

(5.12)
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Based on ([5.10)), the intended transmit signal for Sy is given as [y¢|x, which is the

kth row of y;. The received signal at Sy is given as

K
yr = VhiV > V/Paymhpya, + VhiVog + ny, (5.13)

m=1

where ng is an AWGN at S, with power cr,f.

5.2.4 Imperfect SIC decoding at the user nodes

After receiving yi, Sk will decode the symbols (i.e., all z; for ¥ # k and k' €
{1,---, K}) transmitted by all other users. It will use SIC decoding for this, which
is an iterative process. In each step, a symbol x; is decoded, and subtracted (i.e.,
cancelled) from yi. Due to K users in total, K — 1 decoding steps occur at each
user. The index of the user that has to be decoded at the n-th iteration at Sy is
denoted by the function fix(n). Thus, 1 < n < K —1and 1 < fi(n) < K with
fu(n) # k.

At the nth decoding step, Sy will decode the signal transmitted by user Sy, (),
denoted as zj, (,,). The estimate of xy, (,) at Sy is represented by 2y, 1, (n). Both of
these are assumed to be jointly Gaussian distributed with a normalized correlation

coefficient of py, f, () and may be expressed as [12§]

Tk fr(n) = Pk, f(n) T fr(n) T €k, fi(n)> (5.14)

. . 2 2 .
where the estimation error ey f, ;) ~ CN (O,JBMH)/, /1+ Uefk(n))’ the estimate
T o) ~ CN (0,1), and the correlation coefficient py, f, () = 1/,/1 + Ugf (- Fur-

9’ ) k n

thermore, the estimation error and the estimated value are statistically independent.

The perfect SIC case is specified by the values py, 7, () = 1 and agf = 0. Next
b k n

section investigates the effect of imperfect SIC on the system performance.

5.3 Achievable sum rate analysis

The achievable sum rate between each user pairs is derived by using the worst-case
Gaussian technique [130]. The residual signal at Sy after decoding the cancelling

signals belonging to n — 1 users can be written as

T A
Y= U\ /Pag, B (B Vhy, 2 )] + fiacn, (5.15)

where 11, i is the effective noise and the first term is the desired signal. The function

fr(n) is the index of the user that will be decoded in the n-th step. Moreover, the
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noise term in ([5.15)) can be expressed as

fin = U\ Pag, (B Vhy, oo o) ~E (b Vhy )z m)])

detection uncertainty

n—1
+ Z}l‘l’\/ Pa ey (B VI 0 )~ (B VR (| 2,10

effect of imperfect SIC

K-1
T
+Uh VoY Pag b m) 2 (m)

m=n+1

interference from other users
+ ThiVng + o . (5.16)

amplified noise =~ AWGN noise at the receiver

The matrix V in (5.15)) and (5.16|) for MRC/MRT beamforming is given as

v=man". (5.17)

Based on (5.15]) and (5.16]), and by assuming that the additive noise is independently

distributed Gaussian noise having the same variance [130], a tight approximation

for the achievable sum rate can be given as

(To —7) V2 Po, ()M,
=20 Vg (1 n 1
R, fi(n) o, s\ 1t s = (5.18)
K-1

Here J —Pafk( )Nkn+ Z POéfk( )Pk m+ Z Posz m’)Rk m/+0RQk and T¢ is
m=

the coherence time of the channel The pre—log factor (Te — 1) /T accounts for the

pilot overhead [17]. The two time-slots required for the data transmission between

the users results in the pre-log factor of 1/2. The values of My, 1, Nim, Prms Rim,

and Qg in (5.18)) are given as

Nim =V [0 AR by ] (5.19b)
r Ax A H
Py =E bl B AR hy 0 (5.19¢)

)

r Ak ~ H Ak ~ H 2
Rin =B |[0fHAH by, ()] + (1= 204 g, () E [WH AH hy )|, (5.194)

Qr =E [|nfA"Al"?]. (5.19)
The value of Ry ,, can further be written as
Rim = Prn + (1= 25 f, (m)) MR - (5.20)
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The closed-form evaluations of ([5.19)) are provided in Appendix The value for

¥ is given as
P
U=t (5.21)
PL;, + URL2

where L and Lo are given as
Ly="Tr (E [A'AR"HoHTHA'|) | (5.22a)
Ly="Tr (E[A'AR"AAA']) (5.22b)

and are derived in Appendix
The rate of data transmission for each user is limited by the achievable sum rates
among itself and all other users. Thus, the achievable transmission rate of Sy, is

given as

R = i Riem) - 5.23
ke(l,”r_rgg)’k#m( km) (5.23)

Based on this, the total achievable sum rate of the system is obtained as
K
R=(K-1)) Rpn. (5.24)
m=1

Here in ([5.24)), the factor (K — 1) represents the transmission of the data of each

user to all the other users.

5.4 Asymptotic sum rate analysis

Asymptotic refers to the fact that the number of relay antennas M grows unbounded.
The significance of this condition is that the relay can then scale down the transmit
power inversely proportional to the number of antennas [135], which tends to im-
prove the energy efficiency overall. Therefore, it is important to find the sum rate

under this condition. The relay transmit power may thus be expressed as
Pr = ER/M, (5.25)

where Fg is fixed. First an asymptotic limit for ¥ is derived for the transmit power
control factor at the relay. To obtain W, the limits of L; and Ly for extremely large
values of M are needed. Generalized forms of the law of large numbers is utilized.
The details are given in Appendix and by using the fact that H and E are

independent of each other, the following asymptotic result is obtained:

I, K K e
e PILA LA (>:20)

i=1j=1
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Here, the j3 i values are defined as 1) in Appendix Similarly, an asymptotic

limit for L9 is derived as

L as
T Z Z 2;BB;. (5.27)

i=1j5=1

By using (5.26)) and (5.27)), the limit for ¥ can be obtained as

M2y &5 L = P>, 5.28
M—c0 ¢EZZ&;1%@ﬁ52 (5.28)

By using the above asymptotic results and the value for V (5.15)) is written as

A ~ H
Yen = \/ afk (n) M M mflv(”)

K-1 o e
hiH H h
2 k fr(m)
MW S Pag = A )
m=n+1

* o~ H
MQ\IJ = P th AH hfk:(ml) 2
+ Z V() T r M (‘Tfk(m') - xkvfk(ml)>

h,ZI:I* AI:IHIIR
M M

+M?¥

+ ng. (5.29)

The asymptotic results for each term in (5.29)) are derived as follows:

k
A ~ H
h%H H hf (m) a.s. AA
AT T ) T M) BB m) (5.31)
Ak ~ H
hW'H H
ST Ve (5.32)

The asymptotic limit of the effect of imperfect SIC can be written as

Ak ~ H
th H hf (ml) N a.s. ~ ~
A @aenn — Eenomn) 552 (0= Pkgeomn) Mg BB )+ (5:33)

By using the aforementioned asymptotic results, the asymptotically achievable sum

rate is given as

o (Tc—7) P (%) 0 A2 1 Bl
Rin = T log (1 + P02 % + = , (5.34)
where 1 = fu(m) and K= S (1=ppp) a2 BB + 5 and uBib

m/=1 m=n-+1
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5.5 Energy efficiency of the system

This section analyzes the energy efficiency of the proposed MWRN. Energy effi-
ciency, i.e., the number of information bits per unit of transmit energy, has been
studied extensively [41]. Tt is defined as

R
PTot’

p (5.35)

where P,y is the total power consumption and R is the overall sum rate. The value

for Py, can be written as follows [125]
Prot = KP + Pr + Pyrc + KPrrc + Po/p + PrLp, (5.36)

where Py rc and Prrc are the power consumed in the transceiver chains in each
user and the relay, Po/p is the power consumed for coding and decoding, and Pg 1p
is the power consumed in the relay to perform for linear processing. The values for

these power consumption components are given as follows |125]:

Pyrc =2Pyc+2Psyn  Prrc =2MPgc + 2Psyn, (5.37)

Pcyp = 2R(Pcop + Ppec), (5.38)

2BKM | B3MK
Lps U Lps’

Prrp = (5.39)

where Py and Pr ¢ are the powers required to run the circuit components at the
users and the relay, Psyy is the power of the local oscillator, Pcop and Ppgc
is the coding and decoding power consumption, B is the bandwidth, Lpg is the
computational efficiency (given in flops/W) of the end nodes, and U is the coherence

block.

5.6 Comparison with other MWRN operations

The existing MWRN protocols in [40,/100] are analysed for comparison purposes.
First, the MWRN in [40] requires K time slots to transmit the data of all the users

to all other users. The use of time slots in [40] can be summarized as follows:

1. Time-slot 1: All the users transmit to the relay. This step is similar to the

first step in the proposed NOMA-aided protocol.
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2. Time-slots 2 to K: In these time slots, the relay transmits to all the users
using beamforming. However, instead of sending a superposition-coded signal
of all the other received signals, the data of a single user is transmitted to each
user. Thus, K — 1 time slots are required to send the data of all the users to

all other users.

The beamforming matrix at the relay for the j-th time slot (2 < j < K) is given as
V,; = H*A,;H. (5.40)

In , A; is a permutation matrix in which each row consists of a single one
and all zeros. The location of the number one, decides the transmitted signal of the
initial set of users. The approximation for the end-to-end data rate between each
pair of users can be obtained by using the same steps as the previous case. However,
when calculating the achievable data rate, the pre-log factor 1/K is used, as K total
time slots are required for the data transmission.

Secondly, the performance of the proposed MWRN is compared with that of
[100], which utilizes [(K —1)/2] 4+ 1 time-slots. The above two methods (i.e. [40]

and [100]) are used as performance benchmarks.

5.7 Design of power allocation matrix

This section analyzes the design of A while satisfying the relay power constraints.
By changing the values in A, different sum rates can be achieved for different users
in the system. Several optimization problems can be formulated to design A based
on different criteria such as maximizing the minimum data rate (max-min fairness),
maximizing the total sum rate, etc. The objective functions of these problems are
constrained by three variables, namely A, a, and fi(n). Here, A is a K x K matrix,
while @ = {ay,...,ax} is a vector of length K. Furthermore, fy(n) is a R — R
function which can be represented by K x (K — 1) matrix.

The achievable rates that are used in the optimizing problems under the worst-

case Gaussian technique can be written as

W2y, ()\zﬁAk,ﬁ + AkadakBra + A%,kck,ﬁ>
‘IIQaﬁg + Z

(Te—1)
Rpw = 20T [ 1
kiv = "op 08 | L

(5.41)

K K
Here, G = Zl Zl (ANi;aAjaDi g+ Ak Aj k Dig e+ AaiNa,j Bi i+ Aki Ak i Bij k) and 2
i=1j=
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is given as

K-1 K K
Z= 3" 33 NimAmGijm + XipAjwGijik

m=n+11i=1 j=1
i Hijm + Meide i Hi jx) + o, (5.42)

where Aps, Bra, Cras Dija, Eija, Gija, and H; ;s are functions of M. As
evident from , the sum rate between each pair is a complex function of a, A,
and V. Furthermore, the second degree terms of A components appear on the sum
rate equation. Due to these reasons, solving optimizing problems involving
appear intractable.

To overcome this problem and to formulate solvable optimization problems, the
following three steps are taken: (1) the above sum rates are replaced by their asymp-
totic values, (2) the asymptotic rates are simplified by assuming perfect SIC, and
(3) the decoding order functions f;(n) are determined according to the large-scale

fading coefficients. The simplified asymptotic sum rate is obtained as follows:

1 (T — A2 oo My
iffk(n)ZQ( = Diog [ 1+ o lul) P , (5.43)
“ 2 Az,fk(m)Mk’m + 0%

where My, = Eay, () Bi,@;k(n) This is obtained by removing the terms correspond-
ing to the imperfect SIC in and replacing ¥ with 1. The decoding order is
defined as follows:
n n<k
Jr(n) = {n+ L nsk (5.44)
where the users are ordered according to the descending order of large-scale fading
coefficients between them and the relay (i.e., 81 > f2 > --- > k). Based on the

above simplifications, the max-min fairness power allocation optimization problem

is presented as follows:

Tr — A2 M,
Max/i\mize min (gTT)log L k. fi (n) 2R fie () (5.45)
- -
m§+1 Aifk(m)Mkvfk(m) + 0}
K K o
subject to EZZ%A?J@@ < ER. (5.46)
i=1j=1

The constraint ([5.46)) is the power constraint at the relay. It can be proven that the
maximum value for ((5.45]) can be obtained when the data rates between all the users
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are equal to each other and when the inequality (5.46) becomes an equality (i.e.,
when the relay uses the maximum available power for the transmission). Assuming
that the signal-to-interference-plus-noise ratio (SINR) between each user reaches a

common SINR ¢, the optimal values for A fo(n)’s are obtained as follows:

A2 . n=K-—1,...,1 (5.47)
Sr(n) = Mk,fk(m

The values for A g, () can be found by solving (5.47) starting from n = K — 1
to n = 1 for each k value. By observing the pattern, a generalized expression for

)\i Fo(n) €A be written as

2+ e+ ) "

22 (5.48)
Je(n) = 22 22
’ My, fin) Eag, (BB, )
Then by using those obtained values on ([5.46), the following is obtained

K 02 K-1 )

SN iE+1) T = B (5.49)

~ B =
This can be simplified as follows and the value for ¢ can be written as

E
Ztt+ e R A e s (5.50)
>im1 3

The non-negative real solution for the above polynomial can be derived as

_ E
f= s 14— -1 (5.51)
>im1 671

It can be seen that the asymptotically achievable sum rate under max-min fairness
does not depend on the values of transmit power at the user nodes (i.e., P and «).
Furthermore, the simulations show that it is independent of the decoding order at

the user (i.e., fx(n)).

5.8 Numerical results

This section investigates the performance gains of the proposed NOMA scheme via
simulations. Apart from the power allocation obtained in Section the following

sub-optimal power allocation matrix is used for comparisons.
A=D"'(B+B"), (5.52)
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Figure 5.2: Average sum rate versus K for M = 64.

where B is the K x K matrix with [B];; = \/% when ¢ < j and zero otherwise.

This power allocation is based on the following observations.
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e Each row in A corresponds to the power allocation factors to each user. Thus,

to compensate for the downlink path-losses, more power is allocated to the
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users which have the highest path-loss by multiplying each row of A by the

inverse of the path-loss component of each user.

e The ratios between the non-zero coefficients in a single row determines the

data rate between the users. Here, the ratios are designed in the form of
VI/K,\2/K, - /K —-1/K.

Fig. plots the achievable sum rate of the proposed MWRN system and those
of [40] and [100] against the number of relay antennas. The power allocation matrix
(52) with eight users (K = 8) and path-loss components D = diag(1, 0.875, 0.75,
0.625, 0.5, 0.375, 0.25, 0.125), and a, = 1 for 1 < k < K is considered. The proposed
scheme clearly provides a higher achievable sum rate compared to the other two. For
instance, with 100 relay antennas, it provides a sum rate of 25.2 bps/Hz while [40]
and [100] achieve only 12.2bps/Hz and 17.1 bps/Hz. This amounts to 106% and
47% gains respectively. Furthermore, it can be observed that more relay antennas
increase the sum rate of the proposed system.

Fig. plots the achievable sum rates for the proposed system and the two other
MWRN schemes against the number of users (K). While the achievable sum rate
reaches a constant value under [40] and |100], the proposed method provides constant
sum rate improvements as the number of users are increased. For instance, both the
proposed scheme and [100] has the same sum rate performance with 4 users. But
with 10 users, the proposed scheme provides a sum rate of 33 bps/Hz, while |100]
and [40] only provides 16 bps/Hz and 10bps/Hz, respectively. Furthermore, the
performance gap increases as the number of users are increased. As an example,
with 8 users, the proposed system provides 47% and 127% increase of sum rate
compared to |[100] and [40] while this gain increases to 123% and 280% for 12 users.

Fig. plots the energy efficiency against the number of relay antennas
M for K = 12 users. The values for Py ¢, Prc, Psyn, Pcop, Ppec, B, U, and
Lpg are adopted from [125]. It can be seen that the proposed protocol provides
higher energy efficiency compared to two other methods. As an example, with 100
relay antennas, the energy efficiency is 2.94 x 10* bps/J while the energy efficiency
of [40] is only 1 x 10*bps/J. This is almost a 300% increase. This gain is both due
to the sum rate increae as well as lower transmit powers due to the reduced number
of time slots.

Fig. plots the total sum rate of the system under the proposed two power
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allocation schemes namely the max-min power allocation and the sub-optimal power
allocation for four users (i.e., K = 4 and D = diag(1,0.75,0.5,0.25)) with 7 = 0.3
and perfect SIC scenario. The sum rate from for different M values and the
asymptotic value from are plotted. The figure shows that the sub-optimal
power allocation results in slightly higher total sum rate than the min-max fairness
power allocation. Also this shows that the asymptotic result is accurate.
Fig. 5.5| plots the individual sum rate for user 1 and user 3 for the same system
setup. It can be seen that the max-min power allocation scheme obtains 1bps/Hz
sum rate for all the users, while the sum rate obtained from the sub optimal power
allocation scheme differs for different users. As an example, in this case user 1
(the user nearest to the relay) obtains 1.25 bps/Hz while the user 3 (user far away
from the relay) only obtain 0.87 bps/Hz. Thus, this shows that the proposed power
allocation can provide fairness to all users regardless of the distance between the
relay and the users. This will be useful when all the users have to be treated equally.
Fig. [5.6) analyzes the effect of CSI availability on the performance of the system.
Specifically, the achievable sum rate is plotted with 128 antennas and the asymptotic

sum rate for three different K values (i.e., K =4, K =8, and K = 12) against the
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pilot training time (7). Note that sum rates increase with 7 up to a certain point
and then starts to decrease. As an example, for K = 8, 7 = 0.1 provides 19 bps/Hz
and increasing 7 to 0.2 provides 22.3 bps/Hz. However after this, the achievable sum
rate starts to decrease. A lower value for 7 results in poorly estimated channel and
lead to lower sum rates, while a higher value for 7 will limit the time used for data
transmission and also result in lower sum rate for the system. According to Fig.[5.6
the optimum 7 values for K =4, K = 8, and K = 12, are 7 = 0.35, 7 = 0.2, and
7 = 0.3 respectively for M = 128. This shows that the existence of optimum 7 value
based on the number of antennas, number of users, and other system parameters.
However, this optimization of 7 is not attempted and is left as a future research
topic.

Next, in order to analyze the effect of imperfect SIC, the sum rate of user 1
against the number of relay antennas is plotted in Fig. Here, it is assumed
K =8 and 7 = 0.3. The sum rate is plotted under four scenarios; namely perfect
SIC, imperfect SIC with py, 1, = 0.9, pp, . = 0.7, and p,, p, = 0.5 for all m, k values.
As evident from this figure, when SIC is free from error propagation, the system
sum rate increases significantly. As an example, with 500 antennas, user 1 obtains

1.4bps/Hz with perfect SIC, but only 0.9bps/Hz when p = 0.9. This shows the
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significant effect of SIC on NOMA systems.

To analyze this detrimental impact of imperfect SIC further, the total sum rate
is plotted against the number of users K in Fig. Here three different values for p
are analysed along with the perfect SIC scenario. It can be seen that imperfect SIC
reduces the achievable sum rate of a system. As an example with 6 users, the sum
rate of the system will degrade to 7.5 bps/Hz from 11.9 bps/Hz when imperfect SIC
is present with p = 0.95. This value further decreases to 6.8 bps/Hz when p = 0.9.
This shows the importance of accurate SIC in NOMA systems.

5.9 Conclusion

A NOMA-aided mMIMO MWRN which enables data exchange between K users
within only two time slots is proposed in this chapter. This is a drastic reduction
compared to [(K 4 1)/2] 4+ 1 time slots of the current state-of-the-art in MWRN.
In the first time slot, all user nodes transmit simultaneously to the relay, which in
turn applies a linear MRC detector. In the second time slot, for each user, the relay
constructs a superposition-coded signal consisting of data symbols belonging to all
other users to be transmitted by using linear MRT precoding. Upon receiving this
superposition-coded signal, users adopt SIC to decode the data from each user. The
asymptotic sum rate is derived in closed-form. The proposed scheme provides a sum
rate gain of (1 —4/K) x 100% over the current state-of-the-art MWRN. The gain
is more significant when the number of users (K) is increased. Also, the use of two
time slots enables the use of MWRNS5 in fast fading channels with small coherence
times. Also, the proposed scheme provides significant energy efficiency gains due to
the improved sum rate and the reduced number of time slots. Furthermore, a power

allocation scheme, which improves user fairness in designed.
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Chapter 6

Machine Learning for Multiple
Relay Selection

This chapter proposes a multiple relay selection scheme based on machine learning.
Specifically a cooperative wireless system where L amplify-and-forward (AF) relays
enable the data transmission between a source and a destination node is analysed.
Relays either support the transmission with their full power or do not transmit at
all. Relay selection is modelled as a multi-class multi-label classification problem
and a deep neural network (DNN) based solution is provided. Obtained results show
that a DNN based linear method obtains 96% classification accuracy compared to
the optimum relay selection method. Also, the proposed method achieves 99% of the
sum rate performance of the optimum method, which has an exponential complexity
with the number of relays. In comparison, our method has only a linear complexity
with the number of relays and, through simulations it is shown that full diversity is

achieved in 96% cases in our method.

6.1 Introduction

Multiple relay selection introduces several additional challenges compared to sin-
gle relay selection schemes [42]. If the number of potential relays is L, there are
2L — 1 possible ways to select multiple relays. Thus, the relay selection complexity
is increased due to the exponential number of possibilities. The work in [43] uses re-
lay ordering proposed in [101] to design a linear complexity relay selection scheme.
Furthermore, it proposes a quadratic complexity multiple relay selection scheme.
Although the performance of the quadratic complexity relay selection achieves al-

most the same performance as the optimum relay selection, the performance of the
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linear complexity relay selection method is lower. Thus, designing a multiple relay
selection that achieves the performance of optimum method with a linear complexity
with respect to the number of relays is a challenging problem.

Motivated by this, this chapter proposes a linear complexity relay selection based
on machine learning. Multiple relay selection is formulated as a multi-class multi-
label classification problem and DNNs are used to solve the problem.

The use of machine learning for wireless communication have been studied in
[136-139]. Specifically, in [136], k-nearest neighbour and support vector machines
are used for for antenna selection in wireless systems by modelling it as multi-class
classification problem. [137] uses DNNs to solve antenna selection and the multi-cast
beamforming. Relay selection in the presence of an eavesdropper is solved using
neural networks in |138]. In [139], DNNs are used for transmit antenna selection
in a untrusted relay network. More recently, machine learning has being used for
multiple relay selection in [140]. However, [140] looks at selecting a fixed number of
relays and uses independent machine learning agents to decide the selected relays and
their beamforming coefficients. In contrast, this work considers all the relays as a
interdependent system and uses DNN to obtain the solution. Furthermore, |[141] uses

multi-armed bandit based relay selection for a power line communications system.

6.2 System, channel, and signal model

The system model consists of one source node (), one destination node (D), and
L relay nodes (R; for [ € {1,2,...L}). All the nodes are single antenna nodes. The
channel between S and R; is represented by hg; and the channel between R; and D is
given by h; p. The system model is shown in Fig. For simulations, independent
and identically distributed (i.i.d.) Rayleigh fading channels are assumed. The direct
channel between S and D is assumed to be not available due to large pathloss and
heavy shadowing effects [32].

Thus, the data transmission between S and D is supported by one or multiple
relays. Each relay will either cooperate with it’s full power or does not cooperate at
all. The transmit power at S is P while the transmit power of R; is P,. The data
transmission process takes two time slots. In the first time slot S transmits its data
x to relays. And in the next time slot the selected relays will transmit the amplified
version of the received signal to D. Binary variable a; indicates whether relay R;

cooperates or not for the data transmission process.
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Figure 6.1: System model with L relays

The received signal at D at the end of data transmission can be written as

L L
hs.ih P, h P
y— VP ai |hs,hup| vV Ly 4 arlpl VP

=1 14+ ‘hs)l|2 P 1=14/1+ \hs,z|2 P

where n; is the noise at R;, and n is the noise at the receiver. Here, all the noises are

1+ n, (6.1)

assumed to be i.i.d. Gaussian random variables with zero mean and unit variances.
In (6.1} the first term is the required signal, the second term is the amplified noise
transmitted from relays, and the last term is the noise at the receiver itself. Based

on this the received signal-to-noise ratio (SNR) can be written as [43]

2
= (ZZLI al|hs,lhz,D’\/ﬁl)

\/ 14| ks |*P

ar|hi,p |2Pz
1+|hs,|*P

v = (6.2)

1+,
Based on , the instantaneous sum rate of the system is defined as follows.
R = %log (147) (6.3)
Furthermore, the average block error rate of the system is defined as
Py =E[Q(VEy)]. (6.4)
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where k is a constant based on the modulation method and Q (x) is the Q function.

6.3 DNN solution

The optimal relay selection problem, under the given conditions (i.e., relays either

use full power or no power), can be presented as follows.

maximize 7y a; € {0,1}. (6.5)

ai,..,ar,

The result of this maximization problem produces not only the highest SNR, but
also lowest error rate and highest sum rate. However, this problem is a general non-
linear 0 — 1 programming problem which is NP-hard. Furthermore, for L relays,
there are 2% — 1 choices and thus the brute-force search is exponentially complex in

the number of relays.

6.3.1 DNN structure
Input layer

The input layer consists of 4L nodes. These corresponds to the channel values of L
relays. For R;, (Re(hs;),Im(hs;),Re(h;p),Im(h; p)) are used as the inputs to the
DNN. The training inputs are normalized and fed in to the DNN.
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Hidden layers

Five dense hidden layers are used in the proposed DNN. The number of nodes in
each layer is a hyper parameter that will be optimized during the training period.
Furthermore, to mitigate the over-fitting in the system, random dropout of nodes
in each layer is used. The dropout rate is another hyper parameter that will be

optimized during the training of the system.

Output layer

The output layer consists of L nodes which outputs a binary value. The nodes are
activated using the Sigmoid function. The [th output node indicates whether relay

R; cooperates or not.

6.3.2 Dataset

For simulations 100000 mmWave channel realizations each at P values of ranging
from 0dB to 16dB with 2dB increments are generated. The relay powers (FP;s) are as-
sumed to be proportional to the source power (i.e. P, = b P where b;s are constants).
For these channel realizations, the optimal relay selection solution is calculated by
using exponentially complex brute force approach to be used for training and to

check the accuracy of the proposed solution.

6.3.3 Training and validation

From the data set, 80000 channel realizations (and their corresponding outputs) at
6dB are selected and used to train the network for 300 epochs by using the Adam
optimizer [142|. After the training, the model is validated on the remaining 20000
data. The results on this validation step is used to find the optimal hyper parameters
for the system. Through this, it is shown that the optimum values for the number

of nodes is 256 and the dropout rate is 10%.

6.3.4 Obtaining final results

Next, by using the model obtained at 6dB, the results for other channel realizations
under different power values are obtained. Due to the use of normalization before
feeding the data to the input layer, similar accuracy results can be obtained for
the system. The classification accuracy (the correct number of predicted relays

compared to the optimum relay selection criteria) and the sum rate accuracy (the
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Figure 6.3: Sum rate versus SNR

percentage of the sum rate achieved by the DNN method compared to the optimum

relay selection method) is measured for the system.

6.4 Numerical results

This section presents the numerical results for the proposed method. For com-
parison, following four methods are implemented. 1. Optimum multiple relay se-
lection. 2. Linear complexity multiple relay selection based on SNR relay order-
ing [43]. 3. Quadratic complexity multiple relay selection [43]. 4. Single relay se-
lection based on the best SNR. The numerical results with L = 5 and L = 10 are
obtained. The powers of the relays are fixed as P, = P; = 2P, P, = Py = 3/2P,
Py = Ps =Py =5/4P, Py = Pip = 1/2P, and P5 = 3/4P.

In Fig. the average sum rate, the average of , against P for different
relay selection strategies is plotted. It can be seen that the proposed DNN-based
relay selection achieves almost the same sum rate as the optimum relay selection
method. Furthermore, it outperforms single relay selection and linear complexity

relay selection. As an example, at 10dB, the proposed method obtains 1.6bps/Hz
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Figure 6.4: Block error rate versus SNR

while single relay selection obtains only 1bps/Hz and linear complexity algorithm
obtains 1.5 bps/Hz. This is a gain of 60% and 6% respectively.

In Fig. the average block error rate under the considered relay se-
lection schemes assuming BPSK is plotted. It can be seen that proposed method
outperforms single relay selection and the linear complexity relay selection method.
However, the performance of the proposed DNN method is only slightly lower than
the optimum method and quadratic complexity method in [43]. In Fig. ac-
curacy of the proposed method is presented. It can be seen that from sum rate
perspective, the DNN method achieves over 99% accuracy compared to the optimal
method. However, the classification accuracy is lower than this value. The highest
classification accuracy is obtained at 6 dB power value. This is expected as the
initial training was done at P = 6dB value. The lowest accuracy of 93.4% occurs
at 0dB and the accuracy increases until 6 dB. Then it will go down to 95% when
P =16 dB.
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6.4.1 Diversity order

The diversity order of a system is defined as the ratio between the logarithm value
of the error rate and the logarithm value of the power at asymptotically large power
domain [42]. It has been proven that, the multi relay selection methods proposed
in [43] achieves diversity order of L. However, as with the use of DNN, obtaining
performance guarantees via a closed form proof is impossible. However, the block
error rate versus P value is plotted in Fig. for different L values. It can be
seen that as the number of relays in the system is increased, the slope of the block
error rate reduces. Also, from Fig. [6.5] it is clear that the obtained relay selection
is same as the optimum selection in 96% of the cases. Thus, it can be deduced that
the diversity order of the proposed method should be L in at-least 96% of the time.
Also, by comparing the slope of block error rate with other relay selection schemes
in Fig. [6.4] it can be seen that the proposed method has the same slope as the

optimum relay selection scheme.
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6.4.2 Complexity analysis

As mentioned in the introduction, computational complexity and feedback com-
plexity are two important metrics for multi-relay selection algorithms. As no re-
lay ordering is used, the feedback complexity of the proposed method is L. The
predictions obtained through the DNN system are based on the calculation of L
output nodes. The total number of calculations required for predicting the results is
4LN1+ N1No+- -+ NgL, where N; is the number of nodes in ¢th hidden layer. Thus
the complexity of the proposed method is linear relative to L. Feedback and com-
putational complexities along with the achievable diversity orders for the considered

relay selection methods are highlighted in the following table.

6.5 Conclusion

This chapter proposes a DNN-based multi-relay selection approach for amplify and
forward relays. Specifically, the multi relay selection problem is modelled as a multi-

class multi-label classification problem. The resulting method has a linear complex-

'For at-least 95% of the time a diversity order of L can be obtained in proposed DNN method.
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Table 6.1: Complexity of the compared methods

Method Feedback ‘ Complexity | Diversity
Proposed DNN method L L L'
Single relay selection 1 L L
Linear relay selection [43] 1 L L
Quadratic relay selection [43] L L? L
Optimum relay selection L 2l —1 L

ity in the number of relays and through numerical simulations it is shown that full
diversity can be obtained for 96% of the time. Also, the sum rate and block er-
ror rate performance of the proposed method is better than single relay selection
schemes. Classification accuracy of up to 96% and sum rate accuracy over 99% are
obtained compared with optimum relay selection method which has an exponential

complexity with the number of relays.
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Chapter 7

Conclusion and Future Research
Directions

7.1 Summary of contributions and conclusions

Cooperative communication expands the coverage region and reduces the energy
consumption of wireless networks. It has been identified as a key component for
Fifth Generation (5G) networks to accommodate exponentially increasing data rate
and energy efficiency requirements [143]. Early work and surveys on the use of
cooperative communications in 5G wireless systems have shown encouraging results
[30,143]. Furthermore, the use of relay selection has shown promising results for 5G
systems [144].

This thesis analyses the use of two-way relay networks (TWRNs), multi-way
relay networks (MWRNS), and relay selection in different wireless settings. In sum-
mary, use of TWRNs, MWRNs, and relay selection resulted in improved sum rates,
improved spectral efficiencies, and improved energy efficiencies. In summary, con-

tributions of each chapter is listed as follows:

« In Chapter 3| a multi-cell two-way relay network (TWRN) consisting of single-
antenna user nodes and amplify-and-forward (AF) relay nodes having very
large antenna arrays is analysed. The combined impact of co-channel interfer-
ence (CCI), imperfect channel-state information (CSI), pilot contamination,
and the antenna correlation at the massive multiple-input multiple-output
(mMIMO) node is analysed. By using a large number of antennas at the re-
lay, it is shown that the effect of CCI can be mitigated. However, the effects
of imperfect CSI and pilot contamination degrade the performance even with

a large antenna array. Nevertheless, the use of mMIMO allows power scaling
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at the user nodes and relay and thus, even with channel imperfections, the
benefits of employing a mMIMO enabled relay on transmit power savings are
significant. Furthermore, closed-form approximations for the sum rate were
derived. This will help to decide on the required number of relay antennas
to obtain a certain percentage of the asymptotic sum rate. Also, analysis on
antenna correlation shows that it can be mitigated by using a large antenna
array. The optimal pilot sequence length that maximizes the sum rate of the

system was also derived.

In Chapter 4, TWRNs in an underlay cognitive radio (CR) setting is anal-
ysed. Specifically, optimal selection of an AF two-way relay is considered to
maximize the sum rate and to keep the interference on the primary user (PU)
below an interference threshold. Asymptotic signal-to-interference-plus-noise
ratio (SINR) values for two scenarios are obtained: (1) the relays and the two
end nodes use transmit power scaling and (2) only the end nodes use transmit
power scaling. For these two cases, optimal power allocations subject to the
PU interference constraints are derived. With these optimal power allocations,
the effects of relay selection on the the outage, the sum rate, and the energy
efficiency of the network are analysed. For the first scenario, the outage can
be reduced to zero with appropriate power allocation and the relay selection
can be done offline. For the second scenario, the outage will depend on the

instantaneous channel state between the relays and the PU.

Chapter [5| has introduced a MWRN transmission scheme which completes the
data exchange among users in just two time slots. The so-called worst-case
Gaussian approximation was used to derive the overall sum rate. The relay
power allocation matrix is designed to maximize the fairness among all the
users. Furthermore, the effects of imperfect successive interference cancellation

(SIC) and imperfect CSI on the overall sum rate were analyzed.

In Chapter [6] the use of DNNs for multiple relay selection in wireless has
been proposed. Classification accuracy of up to 96% and sum rate accuracy
of up to 99% are achieved. More importantly, the proposed method obtains
the full diversity (at-least 96% time) and have a linear complexity with the
number of relays in the system. In contrast, the optimum relay selection has

an exponential complexity with the number of relays.
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7.2

Future research directions

In Chapter [3] multi-pair mMIMO TWRNs are analyzed where each cell has a
single relay with a massive antenna array. It will be an interesting to study the
effect of using cell-free mMIMO in such a system. Also, an analysis on relay

selection for mMIMO cell free TWRNs will be an interesting future work.

The analysis of CR relay selection in TWRNs in Chapter [ is limited to un-
derlay CR setting. Analysis of TWRNs and relay selection under overlay and

interweave CR settings will be an useful future research direction.

The power allocation scheme proposed in Chapter [5|is based on fairness among
users. It will be interesting to see the ways to design the power allocation ma-
trix to achieve different data rates for different users based on their require-

ments.

In Chapter@ the analysis is limited to the use of deep neural networks (DNNs).
However, there are other machine learning techniques that have shown signifi-
cant performance in multi-class multi-label classification problems. Utilization
of such machine learning methods, including reinforcement learning, will be a
future research direction. Furthermore, obtaining performance guarantees for

DNN-based multiple relay selection scheme will be an interesting problem.

The DNN approach used in Chapter [6]can be applied to other wireless commu-
nication problems that can be modelled as multi-class multi-label classification

problems. Codebook-based hybrid beamforming is one such problem.
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Appendix A

Appendices for Chapter 3

A.1 Proof of limits

In this section, several important limit results are provided.Following three re-
sults |145] are used to obtain these limits. For two independent vectors, p ~

CN N1 (0, 0’2) and q ~ CN nyx1 (O, 02), the following identities are valid.

p’p/N L> 02 and pfq/N Na—5> 0, (A.1)
—00
p'a/vVN —ﬁCN(, o20?), (A.2)

where subscripts a.s. and d stands for almost sure convergence and the convergence

of distributions, respectively. By using the aforementioned identities, it can be

shown that
Gbl[Gjl 1 F%Fjl 1 a.s.
N ~Di( Ty ) Phno D and 3
GﬁGml % Fﬁle % a.s. -
—N  =Da| T ) Pt O for j#Am .

Furthermore, by using the above two results, following limit can be obtained.

~H A L
G” Gll Vl ~
= G,1+—— | Dy Gz+ 5 Dy

_ D” Zi GﬁG V{{Z]‘:1 Gjl
j=1m=1 Vv PpN
G VEV, \ -
ZJ L M + - l) Dy

\/EN N
~ H L ~
= Dy Zlez + Lo | Du ——— Huy, (A.5)
=

123



I 2
Pp (21:1 ﬂj,z,k)
1+Pp Zle 5,0,k '
Furthermore when transmit power scaling is done at the users (ie. Pp = Ep/V/N),

where Hj; is a diagonal matrix with kth diagonal entry given by

the following limit can be obtained.

Gu Gu T} (A.6)
N N—ooco

. 2
where Hj; is a diagonal matrix with kth diagonal entry given by Ep (Zle an,k) .

Furthermore, the following limit results are obtained using the same procedure.

GIGy ., j Lo, ok SN niek
J]l\f U as. Epdiag Mj,1,1 ijl 51,1 e 5.1, ZJL_l Mj,1,2 . Pp—Ep (AT)
N=voo 1+Ep ) i 1Mt 1+Ep > i Mji2K
GHGy L L E
gl a.s. . P
——— Epdiag | 70,1 > M1, M2k Y M2k |, Pp=—— (A.8)
] (TS oS i -

A.2 Proof of limits for power scaling at the user nodes

This section provides a sketch of the proof of signal-to-interference-plus-noise ratio
(SINR) for the transmit power scaling scenario. First limits for the power normaliz-
ing factor Bl is obtained. The first term in the denominator in ((3.10)) can be written

as

Tr <GleﬁGll GG PlGiG] PlGrc] G )

A ~H .~ 771 AT a1 ~H~ 7171 AH
L o GilGu | Gy Gy G, Gy G, Gy| Gy Gjl< 9)
VN VN VN VN VN VN |

By using the limit results (A.5)) and (3.58) given in Appendix on each term in

the above equation, following result is formulated as:
A [AHA 171 AT ax7 1 A Ha 171 AH
VNTr (szGﬁGu {Gu Gu} P {G” Gu} P [G” Gu} Gu)
a.s. 1§:< 77]2',1,22‘—1 n 7732',1,21‘—1 ) (A.10)
? N - N ) .

N—ooo Ep — T7Z2,2i—177l,2i N1.2i—17 24
Here in 1) My = Zle n;k- Similarly, the limit of the second term in the
denominator in (3.10]) is derived as

! (A.11)

NTr ([6riG] PleiGi] ) st 5 )
0 4 (Epﬁl,mqﬁl,zi)
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By using the above two results, (3.13) is obtained.

A.3 Proof of limits for power scaling at the relay nodes

This section provides a sketch of the proof of SINR for the transmit power scaling
at the relay. The first term in the denominator in can be written in a similar
way by replacing v'N by N in in Appendix By using the limit results
and given in Appendix

N m (GGG (GG PlGG] PG &)
a.s. i (1 + PPﬁz,2i—1> (1 + PPﬁz,zi—l)
Pl%ﬁl,%—ﬂ?z,%

N
— 00 i—

Mj1,2i—1 (1 + PPTAll,ziq) N Mj1,2i (1 + PPﬁl,?i)
X _ _ .
Ppi) 91 Ppi) o

(A.12)

Similarly, the limit of the second term in the denominator in (3.10)) is derived as

AH oA 17l AT e K14 Ppityo; 1 \2 /14 Ppito; \ 2
N2Ty ([Gﬁ Gu| P[GyGy P)& 23" ( ki ”“21—1) ( ki mm) (A.13)
N—oo - Ppi) 91 Ppi); o;

By using the above two results, (3.23]) is obtained.
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Appendix B

Appendices for Chapter 4

B.1 Asymptotic signal-to-interference-plus-noise ratio (SINR)
with power scaling at all nodes

This Appendix provides the sketch of the proof for SINR values (4.23) and (4.24).
Based on (A.1]) and (A.2), the following limit results are obtained:

o e H
S L D2 o7 D2 — D B-l
N; ik N, ik m i,k ( )
5~ H
GkaH é Gka 1 as
Ni — Dk NZ Dk} Nq; 4 ONXNJ (B 2)
~H~
FAF;, L (F/F;\ Al .. -
X =D? L D? > D;. B.
Ni ! ( Nl ! N;—00 ! ( 3)

The asymptotic limit of (B.1]) shows that the left hand side converges to the diagonal
matrix. Since the trace of the inverse of a diagonal matrix can be readily determined,

the following limits are obtained:

N;—o0 N;—o00

-1 H,HZ ™
lim NiTr<[Hi7kak} ) —  lim Tr (lf\["’] ):Nm.,g. (B.4)
7: b
Furthermore, (B.2) and (B.3) immediately lead to the following limits:

lim M =0 and lim M

N;—o00 i N;—o0 Nz

Now the proofs of (4.23)) and (4.24)) can be outlined as follows. First, scaled transmit
powers (4.25)) are substituted on the SINR expression (4.18)) to yield the following:
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Vs 105, =0 ~ , (B.6)

~H o -1 o . (=H 6
where ¥ = | Ny (Hk,lHk,l) . Here, the limit of the matrix (Hk,lHk,l) /N7 as

1l
Nj tends to infinity is the identity matrix of size N, x Ng,, which follows from

(A.1) and (A.2). By using this result and by replacing the trace terms in
by (B.4), (4.23)) is obtained. With similar steps, (4.24)) can be obtained. Also, by
using the second limit of (B.5)) on (4.22]), the interference constraint (4.27)) can be

obtained.
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Appendix C

Appendices for Chapter 5

C.1 Expected value results for Imperfect channel-state
information (CSI)

C.1.1 Derivation of My,

First, by using ((C.14b)),the term inside the expected value of My, ,, is rewritten as

h{H AH hy, ZZA,]hk By, (- (C.1)
i=17=1

By substituting the value for hy, (C.1) is written as
Mygm = Z Z Aij (hk +ef ) hih; (hfk(m) +esm) - (C.2)
i=1j=1
As ep’s are independent from flk’s, only the first term of the above summation can
have a non-zero expectation. Next, by considering different ¢ and j combinations
(ie., i =k, j = fr(m) and j = k, i = fr(m) and using the fact that k # fi(m)) in

the double summation in (C.1f), the expected value can be written as

ZZAzahTh*hHhMm) = A, g o) R B ) 12 Aoy e B oy 2. (C3)
i=1j5=1

Finally, by using the expected value results given in Appendix the value for

M, , is obtained as
My = M (N g (m) M+ Afy k) BiBons (C.4)

where (3, is given as

N N Pap’kﬂ,%
P = (Papifr +1) (G:5)

Here, B 1 acts as a correction for fj values due to the imperfect CSI. When perfect

CSI is available, B i Will become .
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C.1.2 Derivation of Ny,

In order to compute Ny ,,, the value of Nk’m =F Uh{H*AHthk(m)\Z] is derived

by using the same procedure as in Mjy,,, and obtained as

+MB;, By ((M +1) BmBk (Ak,m (M +1)+ 2/\331,k)
+(M +1) (3Bi + Baie) (8, M + 22,1
+ M) ()\im + >‘12ﬁ,k))
2Nk N, M B, B ((M +1)3, + ﬁk) ((M +1)3, + ﬁm)
K
+ Z Z NMPBB; BB+ Y AL M(M + 1B BB
z;ék: mj;ﬁk i z;é%,lfn
+2 Z MeaXiaMBiBy (B + i) (M + 1By + )
j;ék: m
+2 Z A i Njin M B s, Bj (Bk "‘ﬁk) ((M+ 1B, +ﬁm)
Hﬁk m
+ Z )‘%,jMQBkBj (Bm +77m) ((M"‘l)Bk"‘ﬁk)
#;m
" Z N MBaB, B+ i) (M 4+ D)3, + Miyy,)

J#k m

=1

+ Z N M2 BB (B + ) (M + DB+,

175/4: m

Here, m = fr(m) and 7, is defined as

. B
= — C.7
e (Pay kB + 1) (©7)
Here, 7);, acts as an error term due to imperfect CSI. When perfect CSI is available,

this term vanishes. The value of Ny, ,, is then derived as

Nin = Ngm — M} (C.8)

m:*
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C.1.3 Derivation of @),
Similar to the previous cases, the value of @)y is written as

K K
A2 A A~ A
Qr = N pM(M+1)5), ((M +2)B + ﬁk) + Z Z iy MB; BB (Nji + Xi g M)
=Ltk =174k

ZKj MBS (2Akidin (M + 1B, + ) + AM (M +1)By + 1)

i=1,

ik
(M+1 VB, +Mnk)> (C.9)

C.2 Derivation of ¥ for imperfect CSI

This section computes the average value of ¥, which will be used for the signal-to-

interference-plus-noise ratio (SINR) calculations.

C.2.1 Computation of I,

This section derives L;. By using matrix multiplication identities, L1 can be sim-

plified as follows:

K K K K K
=3NS Nkt (B B By By by | +E [ By enellhy] ) (C.10)
i=1j=1k=1I=1 m=1

Then, L; can derived in closed-form by looking at all the possibilities for used

variables as

K K
Z)\ (MA+ DB (M+25+0)+3> > > AMBBi8,

i Y w, (XM +1)B,8; + X2, (M + )3, (B; + MB,)
i=1j=1,j7#1
+Ai A (M + 1)Bj (Bz + B;) + Az?,jMBj (771‘ + 773>
+Xi N iB; (771' + ﬁj)) : (C.11)

C.2.2 Computation of L,

By using matrix multiplication theories, Lo can be simplified as follows.

Ly = 33 AE [h AT R (C.12)
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By using the results in (C.4)), (C.12) is written as

K K
Ly = Y% (NigM +Xji) MAiiBiB;.

i=1j=1
C.3 Important Results

The following results are used to derive (5.19a)):

n-mn

K
H'H? =HH" =Y h;h?
n=1

K K
H*AH" = HAH" =) ) A jhh.
i=1j=1

(C.13)

(C.14a)

(C.14b)

Next, some of the important expected value results that were used in Appendices

and [C2] are listed.

B (6] — & [16ul?] = 3 ot
h'h| =0 k#j

Bl b2 = MBB,  k#7

E [[hg Byf2] = (M +1)p

(Pozp’kﬁk +1)
E[lefle;2] = Miyi;,  k#.
E [leflex|?] = M(M +1)7}.

C.4 Asymptotic SINR with power scaling

= Mp,.

= Mij,.

(C.15a)

(C.15b)
(C.15¢)
(C.15d)
(C.15¢)

(C.15f)
(C.15g)

Based on (A.1)) and (A.2]), the following asymptotic limit results can be established

[135,[145):

H i
H H:D% (H H) D% a.s. D7

M M M —o00
VIH 0

M M—o0 K>
HIV 0

M M—o0 K>
VIH ;

M M—o0 K
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(C.16a)

(C.16b)
(C.16¢)

(C.16d)



By using (IC.lGab, (]C.lﬁbb, (]C.16c|) and 1D the asymptotic limit for H can be

derived as follows:

~ H A~ H
HH 1 V \- AV .
—_— = — ||H+ —= |D H+—|D
M M ( +wa,,> ] ( +,/Pp>
a.s. ~ H ad . PP,B%
— D (D+1Ix)D= —= . 1
M —oc0 ( + K) dlag<1+Pp,8k (C 7)

Similarly, when the pilot power Pp is scaled as Pp = Ep/v/ M the limit results can

be written as

.\ H oA
HH ., . 9
VM M- diag (Epﬁk) ' (C.18)
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