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Abstract

In recent years, the application of simultaneous wireless information and power trans-
fer (SWIPT) in the energy-limited wireless system has attracted much attention from
researchers around the world. This is due to the SWIPT technology’s capability to
prolong the limited lifetime of wireless sensor networks (WSNs) by harvesting energy
from radio frequency (RF) signals while receiving information from the transmitter. A
relay node plays a vital role in a wireless communication system when the transmitter
and receiver cannot communicate due to long transmission distance. Relay node helps
to extend the network coverage of the wireless communication system. Moreover, the
multiple-input multiple-output (MIMO) technique, which can be easily implemented
by installing multiple antennas at the system nodes, is a promising technique to en-
hance the system performance of a wireless communication network. In this thesis, the
investigation concerning the application of SWIPT in the MIMO relay system is inves-
tigated with the consideration of practical aspects of the wireless channel, e.g., channel
estimation errors.

The impact of channel state information (CSI) mismatch between the exact CSI
and estimated CSI is investigated for the MIMO relay system with a general system
model setup. The precoding matrices for the source nodes, relay nodes, and destination
nodes are optimized to minimize the system’s weighted mean square error (WMSE).
The complex optimization problem is decomposed into several subproblems with low
computational complexity by deriving the optimal structure for the relay precoding
matrices. The subproblems are tackled using optimization techniques such as Karush-
Kuhn-Tucker (KKT) conditions and the semi-definite programming (SDP) technique.
The proposed transceiver design is equipped with robustness to counter the degradation
caused by the CSI mismatch.

Next, the hybridized power-time splitting-based relaying (HPTSR) protocol is in-
troduced to the SWIPT amplified-and-forward (AF) MIMO relay system. The HPTSR
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protocol is an innovative SWIPT relaying protocol that combines the time-switching re-
laying (TSR) protocol with the power-splitting relaying (PSR) protocol. By combining
the two well-known SWIPT relaying protocols, the system is equipped with a higher
degree of freedom in optimizing the system’s performance. The optimal structures for
the source and relay precoding matrices are proposed to simplify the complicated opti-
mization problem, which maximizes the system mutual information (MI) between the
source and destination node. The lower bound and the upper bound of the system MI
are exploited in solving the optimization problem. With the convexity theorem, the
optimization problems are shown to be convex and solved by using CVXtoolbox. The
system MI provided by the HPTSR protocol is shown to be better than the existing
SWIPT relaying protocols.

Then, the source and relay precoding matrices for a TSR decode-and-forward (DF)
MIMO relay system are jointly optimized to maximize the system MI with the consid-
eration of CSI mismatch. The system performance is investigated for the fixed power
transmission scheme and the flexible power transmission scheme. In the fixed power
transmission scheme, the optimization problem can be solved by using the KKT condi-
tions. In the flexible power transmission scheme, the primal decomposition method is
used to decouple the coupled constraint. Moreover, the practical peak power limits are
introduced to the flexible power transmission scheme. With the consideration of CSI
mismatch, the proposed algorithms with robustness show better system performance
than the existing non-robust algorithm.

Lastly, the transceiver design is investigated for an AF MIMO relay system with
an energy harvesting (EH) relay node. The relay node forwards the received informa-
tion data by using the energy harvested based on the RF signal transmitted by the
source node using the TSR protocol. The CSI mismatch is considered in the proposed
transceiver design, and it is modeled based on the Gaussian Kronecker model. The
source and relay precoding matrices are jointly optimized to maximize the system MI.
The optimization problem is solved using several optimization techniques, such as the
primal decomposition method, the KKT conditions, Lagrangian multiplier method, and
water-filling algorithms. Through numerical simulations, it is shown that the proposed
algorithm is equipped with robustness to reduce the degradation caused by the CSI

mismatch.



Publications arising from the

Thesis

Parts of this thesis and concepts from it is submitted to the following journal which will

be published in the near future.
Journal Papers

[1] J. L. Bing, Y. Rong, L. Gopal, and C. W. R. Chiong, “Transceiver Design for
SWIPT MIMO Relay Systems with Hybridized Power-Time Splitting-Based Re-
laying Protocol”, IEEE Access, vol. 8, pp. 190922-190933, Oct. 2020.

[2] J. L. Bing, L. Gopal, Y. Rong, C. W. R. Chiong, and Z. Zang, “Robust Transceiver
Design for Multihop AF MIMO Relay Multicasting from Multiple Sources”, IEEE
Trans. Veh. Technol., accepted, Dec. 2020.

[3] J. L. Bing, Y. Rong, L. Gopal, and C. W. R. Chiong, “Robust Transceiver Design
for SWIPT DF MIMO Relay System with Time Switching Protocol”, IEEE Trans.
Commun., submitted, Dec. 2020.

[4] J. L. Bing, Y. Rong, L. Gopal, and C. W. R. Chiong, “Joint Transceiver Design for
AF MIMO Relay System with Time-Switching Relaying Protocol and Imperfect
Channel State Information”, IEEE Transactions on Green Communications and

Networking, submitted, Dec. 2020.






Contents

Acknowledgements i
Abstract i
Publications arising from the Thesis Ay
List of Figures kil
List of Acronyms XV
1 Introduction 1
1.1 Background of the Study . . . . . ... ... ... ... ... il
1.1.1  Simultaneous Wireless Information and Power Transfer . . . . .
1.1.2  Energy Constricted Relay Communication System . . .. .. .. [
1.1.3 MIMO Wireless Communication System . . . . . . ... ... .. B
1.1.4 SWIPT in MIMO Relay Communication System . . . .. .. .. 10
1.2 Thesis Objectives . . . . . . . . . . L [12]
1.3 Thesis Overview . . . . . . . . . . . e e I3
1.4 Thesis Contributions . . . . . . . . . ... ... . ... ... . ... ... 14
1.5 Notations . . . . . . . . . . 0 e e e 1|

2 Robust Transceiver Design for Multihop AF MIMO Relay Multicast-
ing from Multiple Sources 19
2.1 Overview of Existing Techniques . . . . . . .. ... ... ... ..... 20
2.2 Multihop Multicasting Relay System Model . . . . . . . ... ... ... 23
2.3 Proposed Transceiver Design . . . . . . ... ... ... ... ...... 27

2.3.1 Optimization of W, and G; . . . . . .. ... ... ... .... 29



viii CONTENTS

2.3.2 Optimization of {Fr} . . ... ... ... ... .. ...
2.3.3  Optimization of {Ty} . . . ... .. ... .. ... ... 33
2.3.4 Optimization of T, . . . . . .. ... ... 34
2.4 Numerical Example . . . . . . .. ... o L 36]
2.5 Chapter Summary . . . . . . . . ..o 41
2.6 Appendices . . . ... [42]
2.6.1 Derivation of 222 . . . .. ... ... ... . 421
2.6.2 Proof of left-hand side of 242 . . . . . ... .. ... ... ..... 43
2.6.3 Proof of left-hand side of 258 . . . . . .. ... ... ... .... a4

3 Transceiver Design for SWIPT MIMO Relay Systems with Hybridized

Power-Time Splitting-Based Relaying Protocol 47
3.1 Overview of Existing Techniques . . . . . . ... ... ... ... .... 48
3.2 SWIPT Relay System Model with HPTSR Scheme . . . . . . ... ... 531
3.3 Proposed Transceiver Design . . . . . . ... ... ... ... ...... 6]
3.4 Lower Bound Based Algorithm . . ... ... ... ... ... ...... [6T]
3.5 Upper Bound Based Algorithm . . . .. .. ... ... .......... 62
3.6 Numerical Example. . . . . . .. .. ... L 64
3.7 Chapter Summary . . . . . . . ... 0]

4 Robust Transceiver Design for SWIPT DF MIMO Relay System with

Time Switching Relaying Protocol rdi |
4.1 Overview of Existing Techniques . . . . . . .. .. .. ... ... .... [72]
4.2 SWIPT DF Relay System Model with TS Relaying Scheme . . . . . .. [75]
4.3 Optimization Problem under Fixed Power Scheme . . . ... ... ... 79
4.4 Optimization Problem under Flexible Power Scheme . . . . . .. .. .. R3l
4.5 Optimization Problem with Peak Power Constraints . . . . . ... . .. $6)
4.6 Numerical Example. . . . . . ... .. ... ... 89
4.7 Chapter Summary . . . . . . . . . ... 7]

5 Robust Transceiver Design for AF MIMO Relay System with Time-

Switching Relaying Protocol 99
5.1 Overview of Existing Techniques . . . . . ... .. ... ... ...... 100l
5.2 SWIPT AF Relay System Model with TSR Scheme . . . . . . ... ... 103

5.3 Proposed Transceiver Algorithm with Robustness . . . . . . . .. .. .. 107



CONTENTS ix

5.3.1 Peak Power Constraints . . . . . . . .. .. .. ... .......

5.4 Numerical Example. . . . . . ... ... . o oL 118
5.5 Chapter Summary . . . . . . . . . . ... [126]

6 Conclusions and Future Works 127
6.1 Concluding Remarks . . . . . .. ... . o [127]
6.2 Future Works . . . . . . . . e 129

Bibliography 133l






List of Figures

1.1

1.2

1.3

1.4
1.5

1.6

1.7

2.1

2.2

2.3

24

2.5

2.6
2.7

2.8

Practical implementation for SWIPT system with separated receiver ar-
chitecture. . . . . . . ... L
Practical implementation for SWIPT system with a co-located receiver
under TS receiver architecture. . . . . . .. .. ... ... ...
Practical implementation for SWIPT system with a co-located receiver
under PS receiver architecture. . . . . . ... ...
The simplest relay system with three communication nodes. . . . . . . .
HPTSR framework with a full communication cycle split into three time
intervals. . . . . . ...
HPTSR framework with a full communication cycle split into two time
intervals. . . . . . . oL oL

Practical SWIPT receiver structures in the MIMO system. . . . . . . ..

Block diagram of a multihop AF multicasting MIMO relay system with
multiple sources. . . . . . ... L
Example 1: NMSE versus number of iterations at different SNRy. 02 =
0.0001 and SNR; =25dB.. . . . . . .. ...
Example 2: MI versus SNRo. ag =0.0001 and SNR; =25dB. ... ..

Example 3: BER versus SNR; at various Jg. M =4 and SNRy = 25 dB.

Example 4: NMSE versus SNR; at different 0. M = 4 and SNRy = 25

Example 4: BER versus SNRy at different 02. M = 4 and SNR; = 25 dB.

Example 5: BER versus SNRy at different M. 03 = 0.0001 and SNR; =

23
39



xii

LIST OF FIGURES

3.1

3.2
3.3
3.4
3.5

3.6
3.7

3.8
3.9

4.1

4.2
4.3

4.4
4.5

4.6
4.7

4.8

4.9

4.10

4.11

5.1

5.2

Block diagram of a dual-hop AF SWIPT MIMO relay system with the
HPTSR protocol. . . . . . . . . .
The diagram of the HPTSR protocol. . . . . ... ... ... ... ...
Position of source, relay, and destination nodes in the simulation. . . . .
Example 1: MI versus P; with n =0.8, Ny= N, =Ng;=2,and [ = 1.

Example 1: Harvested energy at the relay node versus Ps with n = 0.8,
Ne=N,=Ng=2,andl=1.. ... ... ... . ... ... .......

Example 2: MI versus [ with P; = 15dBm, n = 0.8, and Ny = N,, = Ny = 2.

Example 2: Harvested energy at the relay node versus [ with Py =
15dBm, n =08, and Ny =N, =Ng=2.. . . . . . ... ... ....
Example 3: MI versus [ at various N with P; = 25dBm and n =0.8. . .
Example 3: MI versus Ps at various N, with [ =1, n = 0.8, and Ny =

Block diagram of a dual-hop MIMO relay system with EH relay using
TS protocol. . . . . . . .
Unimodality of Jgp at Ps = 20dBm and Ng = Ng=Np=2. .. ...
Placement of the source, relay and destination nodes in relay communi-
cation system. . . . . . . . ... Lo
Example 1: MI versus P with v =1,02=0.15. . .. ... .. .....

Example 1: Harvested energy at the relay node versus Ps with v = 1 and

Example 2: MI versus v at Ps = 10dBm and 02 =0.1. ... ... ...
Example 2: Harvested energy at the relay node versus v at P; = 10 dBm
and 02 = 0.1, ...
Example 3: MI versus Py withv=1.. ... ... ... .. ........
Example 4: MI versus Ps with 02 =0.15andv=1. ... .. ... ...
Example 5: MI versus P;s for robust transceiver design with peak power
constraint at various [Ng,Ng,Np], 7 =2, v=1and 02 =0.15. ... ..

Example 6: MI versus Ps with v =1,02=0.05. ... ..........

Block diagram of a two-hop MIMO relay system with EH relay using TS
protocol. . . . ...

Framework of TS protocol. . . . . . .. ... ... ... ...

66|
6]

(ol

94]
90
90|



LIST OF ACRONYMS

xiii

5.3 Location of the source, relay, and destination nodes in the relay commu-
nication system. . . . . ... L. 118]

5.4 Example 1: MI versus Ps with g =2, d =1 and Ng = Ngp = Np = 3 at
02=005and 62 =10.25. . . . . ... 120

5.5 Example 2: MI versus d with ¢ = 2, Py = 15dBm, o2 = 0.05 and
Ns=Np=Np=3. . . . . it 21

5.6 Example 3: Harvested energy at the relay node versus Ps; with g = 2,
d=1,and Ns=Ngr=Np=3ato?=0.15ando?>=03.........

5.7 Example 4: MI versus Ps with different g at d = 1, 02 = 0.01, and
Ns=Nrp=Np=3. . . . . . it 2]

5.8 Example 5: MI versus Ps for robust transceiver design without peak
power limits at different [Ng,Ng,Np] at g =2, d =1 and o2 = 0.01. 124

5.9

Example 6: MI versus Ps with g =2, d =1 and Ng = Ng = Np =3 at






List of Acronyms

1D

2D

5G

AF

AWGN

BER

CClI

CSI

DF

EH

EVD

ID

KKT

LMMSE

MI

MIMO

NMSE

One-Dimensional

Two-Dimensional

Fifth-Generation
Amplify-and-Forward

Additive White Gaussian Noise
Bit-Error-Rate

Co-Channel Interference

Channel State Information
Decode-and-Forward

Energy Harvesting

Eigenvalue Decomposition

Independe and Identically Distributed
Information Decoding
Karush-Kuhn-Tucker

Linear Minimum Mean-Squared Error
Mutual Information

Multiple-Input Multiple-Output

Normalized Mean-Squared Error



xvi LIST OF ACRONYMS
NOMA Non-Orthogonal Multi-Access

NP Non-deterministic Polynomial

OFDM Orthogonal Frequency-Division Multiplexing
OSTBC Orthogonal Space-Time Block-Code

PS Power-Splitting

PSD Positive Semi-Definite

PSR Power-Splitting-based Relaying

QoS Quality of Services

QPSK Quadrature Phase Shift Keying

R-E Rate-Energy

RF Radio Frequency

SDP Semi-Definite Programming

SISO Single-Input Single-Output

SNR Signal-to-Noise Ratio

SQP Sequential Quadratic Programming

STC Space-time Coding

SWIPT Simultaneous Wireless Information and Power Transfer
TS Time-Switching

TSR Time-Switching-based Relaying

WIT Wireless Information Transfer

WMMSE Weighted Minimum Mean-Squared Error
WMSE Weighted Mean-Square Error

WPT Wireless Power Transer

WSN Wireless Sensor Network



Chapter 1

Introduction

Over the years, energy harvesting (EH) has been a popular research topic that attracted
attention from researchers around the world. This is because EH provides the capa-
bility to extend the lifetime of energy-constraint wireless communication devices and
break the limitation for replenishing energy-depleted wireless devices physically and/or
economically. The innovative EH method, which harvests energy from radio frequency
(RF) signals, has been widely investigated in recent years. Besides being recognized
as a potential alternative source of wireless power transfer (WPT) , RF signals are
commonly used for wireless information transfer (WIT) . Thus, the EH method, which
exploits the usage of RF signals in both WPT and WIT simultaneously, is known as
simultaneous wireless information and power transfer (SWIPT). In this introductory
chapter, the study’s necessary background about the SWIPT multiple-input multiple-
output (MIMO) relay system is briefly presented. Moreover, the aim and objectives of
the research are discussed. An overview of the thesis and its contributions are described

in the following section.

1.1 Background of the Study

In Section the background of the research study is presented. The history and the
existing research works regarding the SWIPT are discussed in Subsection Then,
the knowledge of SWIPT is extended to the relay communication system with the relay
node being considered energy constricted wireless device will be presented in Subsection
Next, the well-known MIMO technology, which is installing multiple antennas at
the communication nodes, is introduced in Subsection Lastly, the application of
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SWIPT in the MIMO relay communication system with the relay node being considered

an energy-constricted wireless device is discussed in Subsection |1.1.4

1.1.1 Simultaneous Wireless Information and Power Transfer

Over the years, the amount of wireless communication devices is significantly increased.
However, the performance of wireless communication devices is limited due to its con-
fined lifetime. Even though the mentioned limitation of energy constricted wireless
communication device can be solved by replacing its battery, it will sometimes be as-
sociated with some physical and/or economic constraints, which will result in high cost
and high difficulties to perform the battery replacement for those devices. As an il-
lustration, some wireless devices are installed inside living bodies to collect essential
data [I]. As an alternative solution to extend the limited lifetime of the wireless com-
munication devices, the EH technique, which is capable of harvesting energy from the
environment, is adapted. Traditional EH techniques such as harvesting energy from
solar, wind, and vibrations are heavily relying on natural resources. Hence, it limits the
application of the traditional EH techniques in wireless communication devices due to
the unreliability in providing necessary energy in a critical scenario, e.g. a solar-powered
sensor unable to function when it is out of battery at night or during the day’s time
without solar power available. As the traditional EH techniques are not convenient to
provide a reliable energy source to wireless communication devices, an alternative EH
technique is introduced in [2] and adapted to the wireless communication devices. This
EH technique, which is by harvesting energy based on the RF signal transmitted from
the transmitter, is introduced based on the WPT concept introduced by Nikola Tesla
in the 1980s. The alternative EH technique is a promising solution as it is capable of
providing stable and controllable wireless energy supply to the energy-constraint wire-
less communication devices [3]. Besides WPT, RF signals are often used for WIT. The
concept which exploits the usage of RF signals in both WPT and WIT at the same time
is known as SWIPT.

In the early day, the proposed SWIPT system [2, 4] is assumed to be able to perform
information decoding (ID) and EH from the same received RF signal simultaneously,
This type of SWIPT system is known as the ideal SWIPT receiver architecture. How-
ever, the circuits applied for EH in the practical scenario cannot perform ID directly
from the information-bearing signal [1I]. Besides, the WIT and WPT are operated at

different sensitivity in practice. Hence the conventional ID receiver may not provide
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optimal performances for the SWIPT system [5]. Thus, the ideal SWIPT receiver faced
difficulties when it comes to practical realization. In [6], the practical SWIPT receiver
architectures are proposed to overcome the practical limitation for SWIPT system im-
plementation in practice, namely, separated SWIPT receiver and co-located SWIPT

receiver.

EH

Receiver 1

Y

Y
/
Transmitter \1/_ ID

Receiver 2

Figure 1.1: Practical implementation for SWIPT system with separated receiver archi-

tecture.

1D
aoT o/
Y LYy
Transmitter (1-(1)%\‘ EH

Receiver

Figure 1.2: Practical implementation for SWIPT system with a co-located receiver under

TS receiver architecture.

The separated receiver architecture for the SWIPT system is illustrated in Fig.
It can be noticed that the EH functioning block and the ID functioning block are
implemented as two independent receivers with the RF signals transmitted by a common
transmitter. The implementation of this SWIPT architecture is easy as both the EH
and ID receivers can be obtained from commercialized products. For co-located receiver
architectures, the receiver is installed with both EH and ID functioning blocks. There
are two types of co-located receivers, namely, time-switching (TS) receiver and power-
splitting (PS) receiver. The TS receiver architecture is illustrated in Fig. while the
PS receiver architecture is shown in Fig. In TS receiver architecture, a time switch

is implemented at the receiver antenna to systematically switch between EH and ID
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/ ID
\i/ > \i/ PS unit
Transmitter \ EH

Receiver

Figure 1.3: Practical implementation for SWIPT system with a co-located receiver under

PS receiver architecture.

function blocks based on the designed TS sequences [6]. By denoting a € [0, 1] as the
TS factor, the received RF signal at the receiver during « portions of time in a single
communication cycle will be used for EH while the remaining time will be used for 1D.
In PS receiver architecture, the received RF signal is divided into two separated signal
streams by the PS unit installed at the receiver antenna. Then, these signal streams
will be forwarded to the corresponding EH and ID functioning block to perform EH and
ID [6, [7].

In the next subsection, understanding of a relay-assisted communication system with

the application of SWIPT in the relay node is briefly described.

1.1.2 Energy Constricted Relay Communication System

R

Relay

S D

Source Destination

Figure 1.4: The simplest relay system with three communication nodes.

One of the wireless communication system’s limitations is that the transmitter and
receiver’s placement are too far apart, and this results in the transmitter and receiving
failing to communicate with each other. Generally, relay technology is applied as a
promising strategy to solve the limitation. Relay nodes can help to expand the network
coverage of wireless communication [§]. The primary relay system is illustrated in

Fig. where it consists of three communication nodes in the system, which are the
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source, relay, and destination nodes. A relay node can be applied to a half-duplex
system and/or full-duplex system. A half-duplex relay is required to function in two
separated channels, while a full-duplex relay is operated at the same channel [9]. There
are two types of relay schemes on how the relay operates to transmit the received
signals to the consecutive communication node [8], namely, regenerative scheme and
non-regenerative scheme. In the regenerative scheme, the relay node will first decode
the received RF signals; it will then re-encode the decoded information signals before
transmitting the re-encoded signals to the next communication node. The relay that
adapted the regenerative scheme is also known as decode-and-forward (DF) relay. In
the non-regenerative scheme, the relay node will not decode the received RF signals
but boost the received signals and transmit the amplified signals to the next node.
The relay that adapted the non-regenerative scheme is also known as the amplify-and-
forward (AF) relay. In [I0], the performance-complexity tradeoffs for the AF relay and
DF relay are investigated. The DF relay provides better performance compared to the
AF relay as it does not amplify the noise which is induced at the relay node. However, it
required higher complexity with associated decoding delay and great processing power.
On the other hand, the AF relay provides low complexity and zero-decoding delay with
low processing power compared to the DF relay. It is believed by many that the AF
relay offers a better tradeoff between the performance and the implementation costs [§].

In recent years, the knowledge of SWIPT is extended to relay communication sys-
tems considering the relay is an energy-constricted wireless communication device. In
[11], the TS and PS SWIPT receiver architectures are implemented to the relay node.
The relaying protocol where the relay node adapts the TS receiver structure is known
as the TS-based relaying (TSR) protocol. The relaying protocol where the relay node
adapts the PS receiver structure is known as the PS-based relaying (PSR) protocol. The
energy harvested at the relay node through the TSR and/or PSR protocol will be fully
used to process and forward the received signals to the destination node. In the past
few years, several research works were carried out to investigate the relay communica-
tion systems with SWIPT relay nodes [ITHI9], which adapted the TSR protocol and/or
PSR protocol. In [12], 13], the authors investigate the influence of different power allo-
cation strategies adapted at the relay node with regard to the harvested energy to the
system performance for a cooperative communication system, in which multiple pair of
transceivers communicate with the corresponding partner. In [I4], the power allocation

problem for SWIPT in interference relay communication networks is tackled by the
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authors using the game-theory mathematical model. In [I5], the authors study the sys-
tem performance for the harvest-use and the harvest-use-store models in a full-duplex
EH relay communication system with PSR protocol. In [I6], the authors investigate
the effects of co-channel interference (CCI) to the SWIPT relay communication system
with full-duplex relay under PSR protocol. The authors view the CCI as an additional
energy source that could be harvested using the in-built EH circuit. However, with the
increase in the power of CCI signals, the system performance can be heavily influenced.
In [I7], the achievable capacity of the system is investigated for the SWIPT relay com-
munication system with TSR protocol for the regenerative and non-regenerative relay.
In [I§], the system performance for the SWIPT DF relay system with PSR protocol is
studied considering the decoding cost introduced at the relay and the destination node
to perform ID. In [19], the authors demonstrate that the EH relays capable of achieving
the same diversity gain as self-powered relays for the SWIPT system with randomly
placed DF relays.

Source node — Relay node

Source node — Relay node Information Transmission (EH at Relay) Relay node — Destination node
Energy Transmission . .
(EH at Relay) Source node — Relay node Information Transmission

Information Transmission (ID at Relay)

A

«—T

\4
A

(1-a)TR2 >
< T >

(1-aT/p——

Figure 1.5: HPTSR framework with a full communication cycle split into three time

intervals.

Source node — Relay node

Information Transmission (EH at Relay) Relay node — Destination node

Information Transmission

Source node — Relay node
Information Transmission (ID at Relay)

- aoT
- T >

\J
A

1-a)T——»

Figure 1.6: HPTSR framework with a full communication cycle split into two time inter-

vals.

An innovative EH relaying protocol, known as hybridized power-time splitting-based
relaying protocol (HPTSR), is introduced to improve the system performance by in-

creasing the amount of energy harvested at the relay node. There are two distinct
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frameworks for the mentioned HPTSR protocol as illustrated in Figll.5 and Fig.
As illustrated in Fig. a full communication cycle is divided into three time inter-
vals. For the first time interval, the relay node harvests RF signals transmitted from the
source node. For the second time interval, the relay node splits the received RF signals
with one portion of the received RF signal used for EH, while the remaining portion of
the received RF signal is used for ID. In the last time interval, the relay node forwards
the processed information signals to the destination node. This HPTSR framework
can be viewed as the conventional TSR protocol with the inclusion of PSR protocol
during the second time interval. Throughout the years, the existing studies with re-
gard to the SWIPT relay communication system with the relay adapting the HPTSR
framework illustrated in Fig. are carried out in [20H23]. In [20], the authors inves-
tigated the system performance of the SWIPT AF relay system with HPTSR. protocol.
It is demonstrated that the TSR and PSR protocol will have a throughput crossover
point while the HPTSR protocol outperforms the TSR and PSR protocol at the point.
In [21], the system throughput for the SWIPT relay communication system with the
HPTSR protocol is investigated, and it is shown that the HPTSR protocol provides
better system performance compared to the TSR and PSR protocol. The authors also
provide a unified system and analytical model for regenerative and non-regenerative EH
relay with the HTPSR, TSR, and PSR protocols. In [22], the authors investigated the
system performance for the proposed improved-HPTSR protocol with the consideration
of direct communication between the transceiver. The improved-HPTSR protocol ex-
ploits the direct link between the transceiver where the receiver decodes the RF signals
transmitted by the transmitter during the relay energy harvesting phase. In [23], the
authors investigated the system performance for the HPTSR protocol adapted to the
non-orthogonal multi-access (NOMA) relay system.

As illustrated in Fig. a full communication cycle is divided into two time
intervals. In the first time interval, the relay node splits the received RF signal into
two individual streams and forwards the split streams to the EH circuit and ID circuit.
In the next time interval, the relay node forwards the processed information signals to
the destination node. With the introduction of the TS ratio, this HPTSR framework
can adjust the time allocated for the relay node to perform EH and ID. This HPTSR
framework can be viewed as the PSR protocol adapting the TSR protocol to provide
the optimal amount of time for EH and ID at the relay node. The existing studies with
regard to the SWIPT relay communication system with the relay adapting the HPTSR
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framework illustrated in Fig. are carried out in [24H26]. In [24], it is demonstrated
that the secrecy performance of the EH relay system using the HPTSR protocol provides
better performances compared to the conventional relay system at high signal-to-noise
ratios (SNRs) . In [25], the system performance of the SWIPT relay system with
HPTSR protocol is investigated with the existence of a direct link. In [26], the system
throughputs for the regenerative and non-regenerative relay system are investigated with
the relay node adapting the HPTSR protocol. The system performance of the HPTSR
protocol is compared to the TSR protocol and the PSR, protocol, and it is shown that
the HPTSR protocol provides a significant gain in terms of system throughput at high
SNRs.

In the next subsection, the studies concern that the single-antenna wireless commu-

nication system is replaced with a multi-antenna wireless communication system.

1.1.3 MIMO Wireless Communication System

MIMO is a well-known technique in enhancing the system performance for the con-
ventional communication system with a single antenna installed at the communication
nodes. It can be easily implemented by installing multiple antennas at the communi-
cation nodes. Compared to the single-input single-output (SISO) system, the MIMO
system can provide a higher data rate at the same power and bandwidth. With the
MIMO technology, the improvement on the system performances is due to the array
gain, diversity gain, spatial multiplexing gain, and interference mitigation provided by
the MIMO configuration[27, 28].

e Array gain can be achieved through processing at the transmitter and the receiver.
Besides, the average receive SNR of the system is significantly increased due to
the coherent combining effect of the received RF signals. The array gain is relying
on the number of antennas at the transmitter and receiver. Besides, the channel

knowledge of the transmitter and receiver are required.

e In the wireless communication system, the signal power fades. Diversity is a
promising method to reduce the fading effects of wireless communication system.
The diversity method depends on the signal transmission over a different inde-
pendently fading path in time, frequency, or space. Compared to the time and
frequency diversity, spatial diversity is usually preferred as it does not subject

to the transmission time and bandwidth. Moreover, the spatial diversity gain
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is obtainable without the channel knowledge of the transmitter and receiver by
using suitably designed transmit signals where this type of method is known as

space-time coding [29H32].

e Increments in channel capacity without extra cost in power and bandwidth can
be achieved by MIMO technology through spatial multiplexing gain [33]. Spatial
multiplexing gain is actualized by the independent transmission of RF signals from
individual antennas. As the receiver can distinguish the different streams under

conducive channel condition, the channel capacity is linearly increased.

e In the wireless communication system, frequency reuse often results in CCI. The
MIMO system can mitigate the interference by exploiting the differentiation be-
tween the expected signal and co-channel signals through the spatial pattern.
Interference mitigation is also applicable to the transmitter to minimize the inter-
ference energy transmitted to the co-channel users. With frequency mitigation,

the limitation of frequency reuse is mitigated while the multicell capacity is in-

creased.
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Figure 1.7: Practical SWIPT receiver structures in the MIMO system.

As the MIMO technique can improve the spectral and energy efficiency of the com-
munication system [34], 35], WPT in the MIMO system is more efficient than the SISO
system. The practical SWIPT receiver in the MIMO system is illustrated in Fig.
[36). As illustrated in Fig. (a), separated SWIPT receiver protocol consists of EH
and ID functioning blocks, which are implemented as two independent receivers with
individual sets of receiving antennas. For PS receiver architecture as illustrated in Fig.
(b), a PS unit is implemented at each antenna to perform PS on the receiving RF
signals. In TS receiver protocol as illustrated in Fig. [1.7] (c), a time-switch is installed
at each antenna to rhythmically switch between the EH and ID functioning blocks ac-

cording to the designed T'S-sequences. Existing works with regard to the application of
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SWIPT in the MIMO system have been carried out in [0, 37H41]. In [6], the rate-energy
(R-E) region for a MIMO system with the application of SWIPT using the separated
receiver, TS receiver, and PS receiver is studied. In [37], the joint optimization of sta-
sis PS ratio and transmitter precoding matrix for the MIMO system with PS receiver
is investigated with the objective is to maximize the energy harvested under system
capacity constraint. In [38], the RE regions for the SWIPT MIMO system with the
separated receiver, TS receiver, and PS receiver under the non-linear EH model are in-
vestigated. The tradeoffs between the maximal energy transfer and information rate are
identified. In [39], the transmitter precoding matrix and PS ratios are jointly optimized
for SWIPT multiuser MIMO system using the PS protocol at the receivers with the ob-
jective is to minimize the transmit power under mean-square error (MSE) and provided
EH constraints. In [40], the authors studied the energy efficiency optimization problem
with the consideration of transmit power and EH constraints for the multiuser MIMO
system with receivers using TS protocol. In [4I], a two-dimensional (2D) search method
is proposed to jointly optimize the transmitter precoding matrix and stasis PS ratio,
which maximizes the energy harvested at the receiver for the SWIPT MIMO system.
In the next subsection, the literature reviews with regard to the existing studies are
presented for the application of SWIPT in the MIMO relay system where the relay is

an energy-constricted wireless device.

1.1.4 SWIPT in MIMO Relay Communication System

MIMO relay system is a relay system with the system nodes are installed with more
than one antenna. The application of SWIPT in MIMO relay systems with energy-
constrained relay node have been investigated in recent years [Il, 42H56]. In [I], the
authors investigate the joint optimization problem in maximizing the achievable rate
for AF MIMO relay system with TSR and PSR protocol by obtaining the optimal source
and relay precoding matrices. In [42], the energy efficiency optimization problem for a
two way AF MIMO relay system with an EH relay using the PSR protocol is investi-
gated. In [43], the authors investigated the MSE optimization problem for an AF MIMO
relay network with a relay node adopting the PSR protocol to harvest energy. Two ap-
proaches are proposed to tackle the optimization problem presented in [43], namely,
alternating optimization scheme and diagonalization scheme. In [44], the maximization
of system capacity for a DF MIMO relay system with the TSR and PSR protocol is

studied with finite-alphabet input instead of having Gaussian distribution entries as the
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input signals of the system. In [45], the authors investigate the AF massive MIMO relay
system with the TSR and PSR protocol implemented at the relay node. Besides, the au-
thors derived asymptotic harvested energy, SNR, and sum-rate expressions when there
are infinite relay antennas in the system. In [40], energy-flow assisted relaying proto-
col for a multi-antenna relay system with single antenna transceiver nodes is proposed,
and the system performance is investigated. Dissimilar to the non-energy-flow assisted
relaying protocol, energy-flow assisted relaying protocol performs EH by processing the
superposition of the energy flow from the destination and the source information signals.
In [47], the authors extend the work in [46] from a single antenna transceiver system to
a multi-antennas transceiver system. It is shown that the energy flow is beneficial to
the energy-flow assisted relaying protocol in improving the system performance when
the relay is located closer to the destination node. In [48], the maximization of the
system capacity for the SWIPT AF MIMO relay system is investigated under power
constraint. The authors proposed to tackle the maximization problem by using an it-
erative scheme. In [49], the authors investigate SWIPT in the MIMO AF relay system
by obtaining the optimal source and relay precoding matrices to characterize the R-E
region introduced by the system capacity and stored energy at the relay node for the
PSR and TSR protocol. In [50], the work performed in [49] is extended to a similar
system with DF relay instead of AF relay. In [51], the capacity optimization problem for
a half-duplex AF MIMO relay system with an energy-constrained relay node using PSR
protocol with non-uniform PS ratio is investigated and tackled by using the primal-dual
algorithm. In [52], the work carried out in [51] is extended to a full-duplex DF relay.
In [52], the self-interference signals at the relay node are exploited as an additional
form of energy to be harvested by the energy-constrained relay node. In [53], the joint
optimization problem for source and relay precoding matrices and TS ratio is studied
for AF MIMO relay system with TSR protocol under the consideration of where the
source and destination node are able to communicate with each other directly. In [54],
the authors extend the work in [53] to the case where the direct link between the source
and destination node is absent. It is also shown in [54] that the optimal TS ratio can be
obtained via a one-dimensional (1D) search. In [55], the MIMO relay communication
system with the EH relay adapting the PSR protocol is investigated with the PS ratio
implemented at each relay antenna is not uniformed. The optimization problem arose in
[55] is tackled by three proposed algorithms, namely, sequential quadratic programming

(SQP) algorithm, upper boundary algorithm, and lower boundary algorithm. In [56],
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the existing work carried out in [54] and [55] is extended to an energy-constrained DF
relay system.

It can be observed that the channel state information (CSI) of the source-relay and
relay-destination link in the existing research [I], 42H48|, [51TH56] are assumed to be fully
known at the receiving nodes, which is impractical in practice. In the practical scenario,
the receiving nodes do not have the channel knowledge, and the CSI between the trans-
mitting node and receiving node is estimated. Hence, channel mismatch between the
exact CSI and the estimated CSI will arise. The channel mismatch is produced due to
the channel noise, quantization errors, channel estimation error, and feedback delay er-
ror. When the MIMO relay system with energy-constrained relay is optimized based on
estimated CSI, the quality of services (QoS) of the existing proposed transceiver design
will experience degradation. In other words, the expected QoS of the proposed system
with regard to the system mutual information (MI) between the transceiver, system
capacity, and MSE is not achieved due to the degradation caused by the CSI mismatch.
Thus, a more realistic assumption is that the true channel matrices have their entries
selected based on the independent and identically distributed Gaussian distribution.
Its mean value considered as the estimated channel matrices, and the channel estima-
tion errors are modeled based on the well-known Gaussian-Kronecker model [57]. With
the consideration concerning the channel estimation error, the QoS of the proposed
transceiver design will be provided with robustness to counter the degradation caused

by the CSI mismatch.

1.2 Thesis Objectives

The aim of this research is to investigate and propose transceiver design schemes for
the SWIPT MIMO relay communication systems with the consideration of imperfect
CSI between the source-relay link and the relay-destination link based on the QoS
performance, such as, the system MI and the MSE. Furthermore, the EH and the
harvested energy consumption are jointly investigated in this research.

In particular, the objectives for the research are to:

e investigate the existing popular transceiver design approaches to optimize the QoS

of the SWIPT MIMO relay communication systems for further improvement.
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e design new and inventive transceiver design schemes for the SWIPT MIMO relay
systems, which are robust against the CSI mismatch with theoretical justifications

using computationally efficient optimization algorithms.

e justify and validate the performance of the proposed design schemes with numer-

ical analysis and computer simulations.

In order to achieve the objectives of the research, several optimization techniques
are applied, such as the Karush-Kuhn-Tucker (KKT) conditions and the semi-definite

programming (SDP) technique to solve the formulated optimization problems.

1.3 Thesis Overview

According to [58], the next-generation wireless communication system is shifting to-
wards a “greener” communication system to reduce the carbon footprint by minimizing
the power consumption in a wireless communication system. The next-generation wire-
less communication system is also required to meet the demands of improved system
capacity, communication data rate, and enhanced QoS. Based on [19], it is noted that
the EH relay is capable of providing almost identical performance as the self-powered
relay node. Hence, the application of SWIPT in relay-assisted communication networks
plays a vital role in providing a “greener” communication system for the next-generation
wireless communication system. Moreover, MIMO technology can boost the spectral
and energy efficiency of the communication system, enhancing the WPT and WIT in
the communication system.

In recent decades, the application of SWIPT in the MIMO relay communication
system have attracted many research interests from researchers worldwide. However,
in the existing research [Il, 42H48, 51H56], the CSI is assumed to be known at receiving
nodes, which is impractical in practice. In the practical scenario, the receiving nodes
do not have the channel knowledge, and the CSI between the transmitting node and
receiving node is estimated. Hence, channel mismatch between the exact CSI and the
estimated CSI will arise. The channel mismatch is produced due to channel noise, quan-
tization errors, channel estimation error, and feedback delay error. When the MIMO
relay system with energy-constrained relay is optimized based on estimated CSI, the
performances of the existing proposed transceiver design will experience degradation.

Thus, the true channel matrices considered in this thesis is have their entries selected
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based on the independent and identically distributed Gaussian distribution, the mean
value is considered the estimated channel matrices. The channel estimation errors are
modeled based on the well-known Gaussian-Kronecker model [57]. With the considera-
tion with regard to the channel estimation error, the algorithms are proposed to optimize
the system performance for the MIMO relay system with an energy-constrained relay.
In Chapter [2], the optimization problem of transceiver design to minimize MSE of
the received signal waveform estimation at the destination nodes for a multi-hop AF
MIMO relay system with self-powered relay is investigated with the consideration of
channel mismatch. The system considered in the chapter consists of multiple sources
node transmit individual information signals to multiple destination nodes via relays
node arranged in series. In Chapter [3] the maximization of MI between transceiver
for the MIMO relay system consisting of one source node, one EH relay node, and one
destination node is studied. An innovative EH relaying scheme inspired by the works of
[20-23] is proposed for the MIMO relay system. The system performance of the proposed
EH relaying scheme is investigated and compared to the existing EH relaying schemes.
The study is carried out in the assumption of full CSI is available at the receiving
nodes. In Chapter 4] the optimization problem for the MIMO DF relay system with
EH relay adapting the TSR protocol is investigated with the consideration of channel
mismatch. The system performance is optimized for fixed power schemes and flexible
power schemes with and/or without peak power limits. The joint optimization problem
of source and relay precoding matrices and TS ratio to maximize the MI between the
source and destination node is solved by the proposed algorithms. In Chapter 5 a
robust transceiver design is presented to maximize the MI between the transceiver of
the considered system, which consists of one transmitter, one EH relay node, and one
receiver. Each node is equipped with multiple antennas. The proposed robust algorithm
is investigated by comparing its performance to the existing algorithm. In Chapter [6]
thesis’s conclusions are drawn with the future works which can be carried out in the

research field are highlighted.

1.4 Thesis Contributions

Chapter [2; Robust Transceiver Design for Multihop AF MIMO Relay Mul-

ticasting from Multiple Sources is based on the following journal submission:
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e J. L. Bing, L. Gopal, Y. Rong, C. W. R. Chiong, and Z. Zang, “Robust transceiver
design for multi-hop AF MIMO relay multicasting from multiple sources”, IEEFE
Trans. Veh. Technol., accepted, Dec. 2020.

The investigation regarding the transceiver design optimization problem for a multi-
hop multicasting AF MIMO relay system is carried out. In the considered approach,
numerous transmitters transmit independent information signals to a group of receivers
with a series of relay nodes. All the system nodes are equipped with multiple anten-
nas. The CSI mismatch between the exact CSI and estimated CSI, which is modeled
based on the Gaussian-Kronecker model, is considered in developing the transceiver
design. The transceivers design with robustness is proposed to minimize the maximal
weighted mean-square error (WMSE) of the received message at all destination nodes.
The WMSE is made statistically robust against the CSI mismatch by average through
the exact CSI distributions. A low computational complexity algorithm is developed
by decomposing the WMSE optimization problem into multiple optimization subprob-
lems. Through numerical simulations, the proposed transceiver design with robustness

outperforms the existing non-robust transceiver design.

Chapter Transceiver Design for SWIPT MIMO Relay Systems with Hy-
bridized Power-Time Splitting-Based Relaying Protocol is based on the follow-

ing journal publication:

e J. L. Bing, Y. Rong, L. Gopal, and C. W. R. Chiong, “Transceiver Design for
SWIPT MIMO Relay Systems with Hybridized Power-Time Splitting-Based Re-
laying Protocol”, IEEE Access, vol. 8, pp. 190922-190933, Oct. 2020.

A dual-hop SWIPT AF MIMO relay communication system with an energy-constraint
relay node is investigated. In the considered system, the relay node harvests energy
from the RF signals transmitted by the source node through the proposed EH relaying
scheme, which is called the HPTSR protocol. The relay node fully uses the harvested
energy to forward information signal to the destination node. The joint optimization of
the TS ratio, source and relay precoding matrices, and the PS ratio vector is proposed
to maximize the MI between the source and destination nodes. The optimal structure
for the source and relay precoding matrices are derived to simplify the transceiver op-

timization problem. The upper-bound and lower bound of the objective function are
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exploited to solve the optimization problem efficiently with low computational com-
plexity. Through numerical examples, the performance of the proposed algorithms is
demonstrated, and it shows that the proposed HPTSR scheme provides better system

performance compared to the TSR scheme and the PSR scheme.

Chapter Robust Transceiver Design for SWIPT DF MIMO Relay Sys-
tem with Time Switching Relaying Protocol is based on the following journal

submission:

e J. L. Bing, Y. Rong, L. Gopal, and C. W. R. Chiong, “Robust Transceiver Design
for SWIPT DF MIMO Relay System with Time Switching Protocol”, IEEE Trans.
Commun., submitted, Dec. 2020.

A two hop SWIPT DF MIMO relay communication system is studied with the
consideration of channel estimation error. In the considered system, the relay node is
an energy-constrained device and required to harvest energy based on the RF signal
transmitted from the source node through the TS protocol. The harvested energy is
used to decode and forward the re-encoded information to the destination node. Joint
optimization of the TS factor, source and relay precoding matrices is proposed with
robustness against the CSI mismatch to maximize the MI between the source and des-
tination node. Under fixed and flexible power constraints, the optimal structure for the
source and relay precoding matrices are derived to simplify the transceiver optimization
problem. It is shown through numerical examples that the proposed algorithm with

robustness provides better MI performance than existing non-robust algorithms.

Chapter 5t Joint Optimization Precoder Design for SWIPT AF MIMO Re-
lay System with Time-Switching Protocol and Imperfect Channel State In-

formation is based on the following journal submission:

e J. L. Bing, Y. Rong, L. Gopal, and C. W. R. Chiong, “Joint Transceiver Design for
AF MIMO Relay System with Time-Switching Relaying Protocol and Imperfect
Channel State Information”, IEEFE Transactions on Green Communications and

Networking, submitted, Dec. 2020.

A dual-hop AF MIMO relay communication system with an EH relay node is in-

vestigated with channel mismatch. The relay node harvests energy based on the RF
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signal transmitted by the source node through the TS protocol, and the harvested en-
ergy is used to precode the received signal and forward it to the destination node. The
TS factor, source and relay precoding matrices are jointly optimized to maximize the
system MI. The optimization problem is simplified to a power allocation problem by
introducing the optimal structure for the source and relay precoding matrices. The
proposed algorithm with robustness is shown through numerical examples to provide

better system MI than the non-robust algorithm.

1.5 Notations

In this thesis, the notations used are as follows: Boldface lower case letters such as x
and A are used to denote vectors. Boldface upper case letters such as A and A are used
to represent matrices. Non-bold lower and upper case letters such as «, k, N, and Y
are used to denote scalars. Identity matrix of size N is denoted as Iy. Note that the

scope of any variable in each chapter is limited to that particular chapter.






Chapter 2

Robust Transceiver Design for
Multihop AF MIMO Relay
Multicasting from Multiple

Sources

In this chapter, the transceiver design optimization problem is investigated for multi-
hop multicasting AF MIMO relay systems, where multiple source nodes broadcast their
message to multiple destination nodes via multiple relay nodes. Multiple antennas are
installed at the sources, relays, and destination nodes. In the transceiver design, the CSI
mismatch between the true and the estimated CSI is considered. The CSI mismatch is
modeled based on the Gaussian-Kronecker model. In the proposed transceiver design,
a robust transceiver design algorithm is developed to jointly optimize the matrices of
source, relay, and destination nodes to minimize the maximal WMSE of the received
message at all destination nodes. In particular, the WMSE is made statistically ro-
bust against the CSI mismatch by averaging the exact CSI distributions. Moreover,
the WMSE decomposition is exploited to decrease the computational complexity of
the transceiver optimization. Numerical simulations show a better performance of the
proposed transceiver design with robustness against the channel mismatch.

In Section an overview of existing techniques provided in the literature is pre-

sented. The system model of a multihop multicasting relay system with multiple trans-
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mitters is presented in Section In Section the optimal structures for the
transceiver designs are proposed with derivation. In Section simulation results are
presented to demonstrate the performance of the proposed designs. Lastly, the chapter

is summarized in Section 2.5l

2.1 Overview of Existing Techniques

With the recent booming of wireless applications such as streaming media and geo-
graphic information services, wireless multicasting systems have attracted significant
research interest as they enable common information to be concurrently transmitted to
multiple recipients. This significantly enhances the bandwidth efficiency and reduces
the power consumption at the source node side [59]. The wireless channel is undoubt-
edly the choice for multicasting applications due to its broadcasting nature. Wireless
multicasting technology has been included in communication standards such as WiMAX
802.16m and evolved multimedia broadcast/multicast service standards defined by the
Third Generation Partnership Project for LTE-advanced networks [60].

Generally, the design of the optimal beamforming vectors for multicasting is com-
plicated due to its non-convex nature. In [61], the transmit beamforming vector for the
multicasting problem has been investigated, considering the perfect CSI is known at the
source node. In [61], two design criteria are formulated based on the minimum trans-
mission power and the max-min received power, respectively, and both optimization
problems are shown to be non-deterministic polynomial (NP) hard. In [62], the channel
capacity for a multi-antenna broadcasting system is investigated. The influence of cor-
related fading channels on the system capacity for a multi-antenna broadcasting system
has been investigated in [63]. Two broadcasting schemes have been proposed in [32],
namely the stochastic beamforming and the Alamouti-assisted rank-two beamforming,
where the latter technique is a combination of source beamforming and the Alamouti
space-time coding. Precoder design for multi-group multicasting with a common mes-
sage has been addressed in [64].

The works in [32], 61H64] focused on multicasting systems with single-antenna desti-
nation nodes, and these works have been extended to multi-antenna destination nodes
to improve the system performance. A generalized block diagonalization is developed in
[65] to distinguish different multicasting groups. In [66], the design of linear precoders

based on the maximization of the achievable rate and minimization of the weighted sum
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delay problem has been proposed for multicasting systems with multi-antenna trans-
mitter and receivers.

While the works discussed in [32, 61H66] considered single-hop multicasting systems,
it becomes necessary to deploy relay nodes when the source-destination transmission dis-
tance is long, or the wireless channel is strongly shadowed [67]. The relay node helps to
mitigate the wireless channel pathloss and the shadowing effect of wireless links due to
obstacles such as tall buildings and hills. In [68], a distributed beamforming algorithm
has been proposed for single antenna communication with multi-group multicasting
relay networks to minimize the power consumption of the relays. In [69], jointly op-
timization problem of source and relay precoder design is investigated for a dual-hop
multicasting MIMO relay system, where all nodes are installed with multiple antennas.

A more general multicasting relay network is studied in [70] and [71]. In particular,
transceiver design for dual-hop multicasting MIMO relay system with multiple trans-
mitters has been investigated in [70]. In [71], the transceiver design for communication
system proposed in [70] is extended to a multihop MIMO relay system with multiple
transmitters and receivers. A multihop relay system is necessary when dual-hop multi-
casting relay systems cannot provide a reliable link between transmitters and receivers.
The transceiver designs in [69H71] were developed with the assumption that the full CSI
is provided at the source node. However, the full CSI is unavailable in the practical
wireless system, and there is always a mismatch between the exact and estimated CSI.
Such CSI mismatch degrades the performance of the proposed algorithms in [69-71],
and thus, a more robust transceiver design is needed. The works in [69] and [70] have
been extended in [72H74] to consider the channel mismatch between the waveform of
the exact and estimated signal in the transceiver optimization. This improves the per-
formance of the transceiver optimization against the channel mismatch. However, the
transceiver design algorithms in [72H75] are for systems with only one source node and
one relay node.

In [76], a robust transceiver optimization problem for AF multihop MIMO relay
networks has been developed based on various design criteria, and a general design
algorithm was proposed based on the majorization theory and properties of matrix-
monotone functions. This work has been further extended in [77] and [78], where the
covariance shaping constraints and per-antenna power constraints have been consid-

ered in the transceiver design of multihop AF MIMO relay networks. However, the
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transceiver design algorithms developed in [T6H78] are for systems with only one source
node and one destination node.

The CSI mismatch is explicitly considered to develop a transceiver design with ro-
bustness for a multihop AF MIMO relay multicasting system. In the system, multiple
source nodes multicast their information to a group of destination nodes through a line
of relay nodes. All the system nodes are installed with multiple antennas. Different
from [71], the impact of the channel estimation error is examined using the Gaussian-
Kronecker model. Then, the transceiver optimization problem is formulated to mini-
mize the maximal WMSE of the estimated signals at all destination nodes, where the
WMSE is made statistically robust against the CSI mismatch by averaging through the
distributions of the true CSI. Hence, various robust transceiver design problems such
as the WMSE minimization and the system capacity maximization can be solved via
transferring into a weighted minimum mean-squared error (WMMSE) problem.

The contributions and challenges faced in this chapter are summarized below:

e The impact of channel estimation error modeled by the Gaussian-Kronecker model
towards the system performance of multihop multicasting AF MIMO relay systems

is examined.

e The transceiver design proposed can provide robustness to combat against the
unavoidable channel mismatch between the exact and the estimated CSI in the
practical scenario, which improved the system performance of existing transceiver

design under the similar system model [71].

e The works carried out in this chapter is extended from the existing works carried
out in [72H75] in which the system model only considers a single source node and
a relay node to multiple source nodes with multiple relay nodes arranged in series.
In other words, the system model investigated can support a very long-distance
communication system with more transmitters for multicasting the signal infor-
mation simultaneously through multiple relay nodes to the multiple destination

nodes.

e The works carried out in this chapter is extended from the existing works carried
out in [76H78] in which the system model only considers a single pair of source-
destination node to the system model with multiple source nodes and multiple
destination nodes. In other words, the system model considered in this chapter is

more general in which there are multiple transmitters transmit information signals



2.2. Multihop Multicasting Relay System Model 23

simultaneously to multiple destination nodes by exploiting the broadcasting nature
of the RF signal.

e Compare to the existing works [72H78], more relay nodes are considered, which

significantly increase the challenge in solving the optimization problem.

e A robust transceiver design with low computation complexity is proposed, which

reduces the computation time required to achieve the optimum result.

e The optimization problem for transceiver design with the WMSE objective func-
tion is more challenging to solve than those in [7IH75], particularly when the

weight matrix is not an identity matrix.

The optimal structure of the multihop relay matrices is derived to simplify the
transceiver optimization problem, enabling the objective function to be decomposed into
the sum of L WMSE terms, where L is the number of hops. It is shown that the original
problem can be decomposed into L subproblems under high SNRs assumption. By
exploiting upper-bounds of the objective functions, the precoding matrices for the first
L —2 relay nodes are noted to have a closed-form water-filling solution. For non-identity
weight matrices, the subproblems of optimizing the source matrices and the precoding
matrix at the last relay node are non-convex. Hence, iterative algorithms are proposed in
order to tackle these challenging subproblems. It is shown through numerical simulations
that the developed transceiver design with robustness outperforms the transceiver design

algorithm developed in [71].

2.2 Multihop Multicasting Relay System Model

In the proposed system as shown in Fig. a multicasting MIMO relay system with
L-hop (L > 2) is considered where K source nodes concurrently multicast their infor-
mation to M destination nodes via L —1 AF relay nodes. N, and N, ; are the numbers
of antennas installed at the kth source node and the [th relay node, respectively. For
simplicity, each destination node is installed with Np antennas. However, the algorithm
proposed is easily extended to multicasting systems with various multi-antennas destina-
tion nodes. Direct links do not exist between the source nodes and destination nodes as
well as those between any two non-consecutive relays due to severe pathloss/shadowing.

As the relay nodes are assumed to work in the half-duplex mode to avoid self-

interference, the data communication between the source and destination nodes takes
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Figure 2.1: Block diagram of a multihop AF multicasting MIMO relay system with

multiple sources.

place over L time slots. The kth source node precodes the modulated signal vector
sy € CNBxX1 by a linear precoding matrix Fj, € CNs#*NBk and transmits the pre-
coded vector Fys; to the first relay node at the first time slot. The covariance ma-
trix of s; is given as E{skskH} = Iny, with Ny < Ngy, where E{-} represents
statistical expectation with respect to the signal and noise, I, represents as identity
matrix with order n, and (-)7 represents the matrix Hermitian transpose. Let intro-
duce Np = Zszl Np . as the total number of signals from all K users, which satisfies
Np <min(Ng1, -+, Nr,—1,Np).

The received signal vector at the first relay node is expressed as

K
yi = Z Hy Fisp +n,1 £ HiGis+n,1 £ Hix; + 0, (2.1)

k=1
where Hy j, € CNr1xNsk is the MIMO channel matrix between the kth source node
and the first relay node, n,; € CVr1*! is the additive white Gaussian noise (AWGN)
vector induced at the first relay node, H; = [H; ;,Hy o, - ,HLK], x1 = Gis, G £
bd(Fi,Fy,--- ,Fg), and s £ [sT,sT ... sL]T. Here (-)7 represent the transposition of
a matrix and bd(-) represent the block-diagonalization of matrices.

It is noted that the transmitted signal vector from the [th relay node is expressed as
X1 =Gy, I=1,---,L—-1 (2.2)

where G 1 € CNR1*NRU is the Ith relay linear precoding matrix and y; € CVr*1 g



2.2. Multihop Multicasting Relay System Model 25

the received signal at the Ith relay node which is expressed as
:Hle—l-nT,l, l=1,---,L—1. (23)

where H; € CNVrXNRi-1 ig the Ith hop MIMO channel matrix (Ngo = Zf; Ngs ), and
n,; € CNrix1 is the AWGN vector induced at the Ith relay node. In general scenario,
i.e. L > 3, the received signal vector (2.3)) at the lth relay node by applying (2.1)) and

(2.2)) is equivalently expressed as

HHG s+Z(H nr7j1>+nnl l=2,---,L—1 (2.4)
=l = 1=l

where H?:l X; represent multiplication over a series of X; from the [th to the kth terms.

The received signal vector xz, at the last relay node is multicast to all M destination

nodes. Based on ([2.4)), the received signal at the mth destination node can be expressed

as
1 L-1 J
Yam = Hrm Gy H (H;G))s+H,,G, ( H (H;Gy) nr,j—l) +n, 751
I=L—1 =2 \iI=L—1
+nd,m
L2 ALS+ Vi, m=1,---,M (2.5)

where Hy, ., € CNp*Nr,.L-1 ig the MIMO channel matrix between the last relay node
and the mth destination node, ng,, € CNpx1 is the AWGN vector induced at the mth
destination node. For m = 1,---, M, the equivalent MIMO channel matrix between
source nodes and the mth destination node can be written as

1

A, =H,,G, [[ HG) (2.6)
I=L—-1

and the equivalent noise vector received at the mth destination node is given by

L—-1 J
Vim :HL,mGL Z( H HlGl n,;_ 1>+an 1] +10gm- (27)

l=L—

It is observed that although the system model is developed for a narrow band
system, for orthogonal frequency-division multiplexing (OFDM) based broadband mul-
tihop AF multicasting MIMO relay systems, the developed algorithm can be applied to
each subcarrier of the OFDM system.
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Usually, the perfect CSI is needed for the optimal precoder matrices design. How-
ever, the exact CSI is unavailable in practice due to channel estimation errors, which
results in a mismatch between the true and estimated CSI. Thus, the true channel

matrices H; , H;, and Hy, ,,, can be modelled as [75, [76, [79, [80]

Hy=H +Ay, k=1, ,K (2.8)
H, =H, + A, |=2,---,L—1,L>3 .
HL,m = I:\IL,m+AL,m7 m = 17 7M (210)

where I/IIL;C, ﬁl, and H L,m are the estimated channel matrices between the kth source
node and the first relay node, the (I — 1)th relay node and the Ith relay node, and the
last relay node and the mth destination node, respectively, Aq x, A;, and Ay, are the
corresponding CSI mismatch matrices. The CSI mismatch matrices are modelled based

on the Gaussian-Kronecker model [75] which are given as

App~CN(0,3 ;@ 1) (2.11)
A~ CN(0,2; @ B (2.12)
ALy~ CN(0,5,, @ W] ) (2.13)

where ® represents as the Kronecker product, 31 ;, 3; and X, ,, are the row covariance
matrices for Ay, A; and Ay, respectively, and ¥y, ¥; and ¥, ,, are the column
covariance matrices for Ay, A; and Ay, respectively. These covariance matrices
model the correlation among antennas at each node [75].

Based on —, the true channel matrices Hy j, H;, and Hp j,, is rewritten
into [75]

~ 1 1
Hyy=H+ 37 H, P7,, k=1,--- K (2.14)
~ 1 1
H =H +X’H, ¥/, l=2,--- , L—-1 (2.15)
~ 1 1
HL,m = HL,m + EZ,meL,m‘I’z,m7 m=1,---,M (2.16)
where Hy, ., Hy,, and H,, . elements drawn from independent and identically dis-

tributed (i.i.d.) complex Gaussian distribution with zero mean and unit variance.

Lemma 1: [75], [81] For H ~ GN(ﬁ, > ® ¥T) and any constant matrix A, there is
E{HAH"} = HAH" + tr{A®}% (2.17)

where tr{-} stands for matrix trace.
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Due to simplicity, a linear receiver with a weight matrix W,, is adapted at the mth
destination node to recover the transmitted signal waveform. Thus, the estimated signal

vector at the mth destination node is expressed as
Sm=Wunydm, m=1--,M. (2.18)

It is shown in [76] that various performance metrics for transceiver design such as
weighted MSE and system capacity are functions of the MSE matrix of the estimated
signal waveform at the destination nodes. Moreover, considering that capacity max-
imization can be solved via transferring into a WMMSE problem [82], a Hermitian
weight matrix O is introduced. Similar to [83], the weight matrix O is used to convert
the capacity maximization problem to a weighted MSE minimization problem. When
solving the capacity maximization problem, the weight matrix O can be updated iter-
atively following [82]. Thus, by applying and , the WMSE of the estimated

signal waveform at the destination nodes can be expressed as

E,, = E{tr{OE, —s)(Em —s)}} (2.19)
= tr{O(WmE{yd,myg{m}Wg -~ WA, - AW +1y,)}, m=1,--- M.

The transmission power needed by the kth source node is tr{FyFZ} k =1,.-- K.
From ([2.2)), the transmission power required by the Ith relay node can be derived as

P(Gp1) = tr{E{xl_HxlIil}}
= tr{Gi1 E{yiy{ }G11}, 1=1,---,L—1. (2:20)

2.3 Proposed Transceiver Design

From , it can be concluded that it is difficult to design W, to optimize F,, without
the perfect Hy y, H; and Hp ,,. If designing W,,, G;, and F}, is based on estimated
channel matrices, the system performance may degrade significantly due to the channel
estimation errors Ay, A;, and Ay, ,,. Thus, instead of optimizing F,,, the transceiver

precoding matrices is designed to minimize .J,, which is given as
Jm & Eg{Epn} (2.21)

where Ep{-} denotes the statistical expectation with respect to MIMO channel matrices
with distributions in (2.8))-(2.13). Using Lemma 1, the WMSE function in (2.21) can
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be written as
Jm = tr{O(In, + WyRy, WH W, A, — AW} m=1... M (222)

The detailed derivations of can be found in Appendix m Form=1,--- , M,
Km is the estimated MIMO channel matrix from all source nodes to the mth destination
node and Ry, is the expectation of the covariance matrix of yq,, with respect to the
distribution in - (2:16). It is noted that Ry, = Ex{E{y;y{'}} is the expectation
of the covariance matrix of y; with respect to the distribution in and is calculated

recursively by

Ry, = HiGRy, \GI'H! + tr{GRy, Gl E}S +1y,,, 1=2,-,L-1
and for [ =1
R R K
Ry, = HiGIGIH{ + ) tr{FF{ ¥, 1} 34 + Iy,
k=1

As the exact MIMO channel matrices are not available, the power constraints at the

Ith relay node ([2.20)) can be expressed as
Eg{P(Gi11)} = tr{G 1Ry, G}, 1=1,--- ,L—1. (2.23)

The objective of the proposed robust transceiver design is to minimize the maximal of

WMSE given in (2.22)) across all destination nodes restricted by the power constraints

at the source and relay nodes. Based on ([2.22) and ([2.23)), the optimization problem

can be rewritten as

min max Jy, (2.24a)

{Fr} {Gi} AW} m
st. tr{GRy, G} <P, 1=2,---,L (2.24b)
tr{FFi} < Py, k=1, K (2.24c)

where {Fy.} £ {Fy,k=1,--- ,K},{G} 2 {Gy,l=2,--- ,L},and {W,,} & {W,,,, m =
1,---, M}, is the power constraint at the (I —1)th relay node with a power limit
of P.; > 0 and is the transmission power constraint at the kth source node with
the power budget Psj > 0. Due to the complicated objective function , it is very
challenging to determine the solution to the min-max problem with a reasonable
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computational complexityﬂ A low computational complexity approach is developed to

solve the problem (2.24)).

2.3.1 Optimization of W,, and G,

For any given {Fj} and {G;}, the optimal W, which minimizes J,, in (2.22) is the
linear minimum MSE (LMMSE) receiver expressed as [85]

W, =AIR:! | =1, M (2.25)

m Yd,m’
where (-)~! represent the inverse matrix. By substituting (2.25)) to (2.22), the WMSE

function can be rewritten as

Jm = tr{O(In, — AHR;! A,)). (2.26)

mYYd,m
With the input-output relationship (2.4)), it can be shown that the optimal G; has
the optimal structure of [82], [86]

G =TD;, [1=2--,L (2.27)
where T; € CNr1-1XNB ig g linear filter which is viewed as the transmitting precoder
matrix for the effective [th hop MIMO channel, and D; = O%KZ 1R;l L € CNB>*NRri-1

is the LMMSE receiver weight matrix for the (I — 1)th relay node received signal. Here

K, = H}:l(ﬁi(}i), l=1,--- L —1. Using QD 1) is equivalently expressed as
the sum of L MSE functions as

T = tr{O (Iy, + GITHI='H,G,) ™)

—I—Ztr{Z +THH=E'H 1))

—|—t7“{ (Z; +THHfm:L1mHL,mTL)—1} (2.28)
where
K
B = Ztr{FkaH\IILk}ELk +1In,, (2.29)
leozKHlRyl K, 1,02, 1=2..-,L (2.30)
2 = tr{TZ/ T/ ¥}% +1Iy,,, 1=2--,L—1 (2.31)
Epm =tr{TLZ/ T 320 et In,,m=1,--- M. (2.32)

'For systems with perfect CSI, the problem can be solved by an iterative algorithm sim-
ilar to [7I] based on the conditional quadratic structure of J, [84] with respect to the variables
{Fr},{G:i},{Wm}. However, when the CSI mismatch is considered, such structure does not hold
in (2.24a) and (2.24b)).
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When the perfect CSI is available, it can be noted that & = Iy, ,, [=1,---,L—1,
and By, = In,, m=1,--- , M. Then can be viewed as the MSE decomposition
based on multihop multicasting MIMO relay systems without channel estimation error,
ie., ITIL;,C = H,y, ﬁl = H;, and ITIL,m = Hp, ,,. Moreover, it can be noticed that the
first term in is actually the WMSE of the first-hop signal waveform estimation
with the LMMSE receiver I' = G ﬁ{{ R;,ll at the first relay node which is expressed as

Js = By {E{tr{O((Ty1 —s)(Ty1 —s)")}1}}
= tr{O(TRy, T —TH,G, - GITHIT? 1 1y,)}
= tr{O(In, + GI'HI'=[H,G1) 7).

The subsequence terms in (2.28)) can be considered as the increments of the MSE caused

by the consecutive hops.

By adapting (2.27)) and (2.30), the (I — 1)th relay node required transmission power

is expressed as

tr{GRy, G} =tr{TyZ, T}, 1=2,--- L. (2.33)

Substituting (2.33)) into (2.24)), the optimization problem ([2.24) can be obtained as

min max J, 2.34a
{Fp} AT} m " ( )
st tr{TyZ TPy <P, 1=2,---,L (2.34D)
tr{FFi} < Py, k=1,--- K (2.34c¢)

where {T;} = {T;,l = 2,--- ,L}. Based on the matrix inversion lemma [87], 1' can

be rewritten as

H 1
Z; =02 K" (K K, +9,,)7 'K, 102
= 02K/ QK (K Q7K 1 +1y,)'02  1=2--- L (2.35)

where

ks
Il
I

||
MN

J l
H G)E;_ HGHHH =.,0=2---,L.

i=l

I
[\

It is noted that Z; can be approximated as O with high SNRs i.e. Kﬁlﬂl__llKl,l >
I, Hence, the problem (2.34) is expressed into
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. HiyHe=—1§ -1
{Fir}l}{rlTl} max tr{O(In, + G'HE] ' HGy)" '}
L—1
+> {07t + T H Y TH/T) '}
1=2

+tr{ (O~ +TH] Y} HyTL) ™"} (2.36a)
st tr{TOTHY <P, 1=2,---,L (2.36b)
tr{FFi} < Py, k=1,---,K (2.36¢)

where {Y¥;,l=2,--- L —1} and {Y ,m =1,--- , M} are given as

Y, = tr{TOT¥,}%, + Iy, (2.37)
Yim=tr{T,OTH ¥ 15+ 1y, (2.38)

When the exact CSI is available, there are 81 = In,,, Y = Ing,, { =2,--- L — 1,
and X7, = In,, m = 1,---, M, and the problem can be viewed as a non-
robust transceiver design problem. In other words, the proposed transceiver design with
robustness extends the non-robust transceiver design algorithm to the general practical
multicasting MIMO system with CSI mismatch and WMSE objective function.

It can be observed that each trace term in can be optimized independently.
Thus, the problem can be decomposed into L subproblems. In particular, the

problem of optimizing the source precoding matrices can be written as

mmin tr{O(Iy, + GIHI=E'H,G) ™1} (2.39a)
k
st tr{FyFI} < Py, k=1, ,K. (2.39D)

For L > 3, the problem of optimizing the (I — 1)th relay node precoding matrix, [ =
2,---,L—1, is given by
min tr{(0~' + TR Y, 'H,/T) !} (2.40a)
1
s.t. tr{T;OT{} < P,,. (2.40b)

The precoding matrix at the last relay node is optimized by solving

min max tr{O(In, + TngmTZ}mHLmTL)*l} (2.41a)

T

st tr{T Ty < P, (2.41b)

where TL = TLO%.
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2.3.2 Optimization of {F;}

When O = I, the problem (2.39) can be modified to a convex SDP problem. However
in general case (O # Iy, ), the problem (2.39) is difficult to be formulated into a convex
optimization problem. Thus, (2.39a]) is reformulated as follows

tr{O(Iy, + GFAIE'H,G)) 1) = min Ep {tr(OE{(Ly1 —s)(Ly1 —5)"})}
(2.42)
where L is the weight matrix of a linear receiver for the MIMO system in ({2.1)). Further,

the proof of left-hand side of (2.42)) is detailed in Appendix By utilizing ([2.42]),
the problem (2.39) can be solved through the following problem

{%niflLtr{(O%LHﬁlGl ~02)(02LFH,G; - 07%)" + O%LHEILO%}@Aaa)
kS

st tr{FyFIY < Py, k=1, K. (2.43b)

In general cases of Wy ; # USINSJC, the problem is difficult to solve as a
result of E; being a function of {Fj}. Thus, the following inequality [88] is applied to
overcome the challenge

tr {AB} < tr{A}\, (B) (2.44)

where A, (+) is defined as the maximal eigenvalue of a matrix. By applying the inequality
(2.44), an upper-bound of E; is given by

K
E1 <> Podn(¥1)Tik +Ing, £ @1 (2.45)
k=1

Using ([2.45]), the problem ([2.43]) can be written as

[nin tr{(o%LHﬁlc;l ~0%)(0>L7H,G, - 0%)7 ¢ O%LH<I>1LO%}(2.46a)
kS

st tr{FyFIY <Py, k=1, K. (2.46D)

In the following, an iterative algorithm is proposed to solve the problem ([2.46]).
In the proposed iterative algorithm, L is optimized by (2.66|) based on {Fy} from the
previous iteration. Then using the L obtained from the current iteration, {F} are

optimized by solving the following problem,

H H
in trd (PG; — 02 )(PG; — 02)# 2.4
‘I{%Ik% 7‘{( 1 2 )(PGq 2) } (2.47a)

st tr{FyFI} < Py, k=1, K (2.47b)
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where P = O L H;. The {F} and L are alternatively updated until convergence.
By introducing Py and Oy, which contain the Z?;é Ngj+1to Z?:o Ng ; columns of
P and the Zj:é Npj+1to Z?:o Np,j columns of lo}3 respectively, k = 1,--- , K, with
Ngo = Npo =0, the objective function (2.47al) can be rewritten as

K
k=1

It can be seen from (2.47b) and (2.48) that the problem (2.47)) can be decomposed

into K subproblems. By solving the following optimization problem, each Fj can be

obtained.
n%in tT{(Pka - O]C)(Pka - Ok)H} (2.49&)
k
st tr{FyFI} < P, . (2.49D)

The Lagrange multiplier method [89] can be used to solve the optimization problem

(2.49) and solution to the optimization problem ([2.49) is
Fi, = (PIPr+ My, ) 'PHOy (2.50)

where A\; > 0 is the Lagrangian multiplier, for k =1,--- | K.

Based on (2.66) and (2.50]), the computational complexity order of optimizing {Fy}

at the first relay node can be estimated as O(ci (K N3, +N§m)), where c; is the number

of iterations till the convergence of {Fy}.

2.3.3 Optimization of {T;}

In general cases of W; # O'EINRJ, the problem 1) is difficult to solve as Y; is a
function of T;. Thus, the inequality (2.44]) is applied to overcome the challenge. By

applying the inequality , an upper-bound of is given by
Y < Podn (BT + Iy, £ P (2.51)
Using , an upper-bound of is given by
tr{ (0~ + TFB,T)) "} (2.52)

where B; £ ﬁﬁ@flﬁl. From (2.52)), the problem ([2.40]) can be written as
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min tr{(0~' +T/'B,T)) "} (2.53a)

!
s.t. tr{T;OT{} < P,,. (2.53b)

The eigenvalue decomposition (EVD) of O and B is introduced as O = UpXoU¥ and
B, = VZABlVZH respectively, where the diagonal elements of ¥ and Ap, are sorted
in descending sequence. The optimization problem can be solved by using the
Lemma 2 in [86]. Using the Lemma 2 in [86], the linear filter matrix T; can be written
as

1
T, = VMAE’FlUg (2.54)

where V; 1 contains the leftmost Np columns of V;, and AT, is a diagonal matrix with
nonnegative diagonal entries. By applying (2.54)), the problem (2.53|) can be converted

to the following problem with scalar variables

Np

1
min — (2.55a)
A} i—1 %0,i + )‘Tm)‘Bz,i
Np
s.t. Z)‘Tl,iUO,i S PTJ (2.55b)
=1
At >0, 1=1,---,Np (2.55¢)

where {\rt,;} = {Ar,s,i = 1,--- ,Np}, A1,4, 004, and Ag,; are the ith diagonal
elements of Ar,, ¥p, and Ag,, respectively. By applying the Karush-Kuhn-Tucker
(KKT) optimality conditions, the optimal solution for the problem (2.55) is obtained

as
1 AB,.i 1 !
Aty = i _ , i=1,---,Np (2.56)
AB,,i OO 00
where (x)*™ = max(z,0) and gp; > 0 is the solution to the non-linear equation of

+

; AB, i . . . .

> ]\131 704 Bui L = P,;. This solution is also known as the water-filling so-
1= )‘Bl,z Hi00O,i 00,i ’

lution. As the most computationally intensive operation of optimizing T; is calculating

the EVD of O, the complexity order of optimizing T; is O(N3).

2.3.4 Optimization of T

Similar to the problem (2.39)), the problem (2.41)) can be converted to a convex SDP

problem if O = Iy,. But for O # I, the problem is unable to formulate into a convex
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optimization problem. Considered a single-hop MIMO channel with
Yam =HrmTrs + 04, (2.57)

and by using (2.57)), the function in (2.41a]) can be reformulated as

tr{O(y, + TR, Y| HenT1) ™'}

= min Eyr{tr(OE{(©/154, — 5)(Of5m —)"}) (2.58)
where ©,,,m = 1,--- , M is the weight matrix of the mth linear receiver for the MIMO
system in (2.57)), for m = 1,--- , M. Further, the proof of the left-hand side of ([2.58)

is presented in Appendix By utilizing (2.58)), the problem ([2.41) can be solved
through the following problem

_min  max tr{(ogefgﬁmh—og)(ogeﬁﬁL,mTL o
TL7{®m} m

+o?®§n,m®mo%} (2.59a)

st. tr{T,TH} < P (2.59b)

where {©,,} = {©,,,m =1,--- , M}. Based on the technique used for optimizing {Fy}
and {T;}, an upper-bound of X, ,,,,m =1,---, M is given by

TL,m < PT,L)\m(‘I’L,m)ZL,m —+ IND £ ‘I’L’m,m =1,---, M. (2.60)

Using (2.60)), the problem ([2.59)) can be written as

. H HA ~. H H H/\ ~
_min max t'r{(O 20, H;,,T,-02)(020,,H,, T
TL:{@m} m

—0%)H 4 o%@gcpmemo%} (2.61a)
st tr{T, T < P p. (2.61b)

Because of high complexity objective function , the min-max problem is
difficult to solve. Hence, an iterative algorithm is proposed to obtain the solution of
the problem . In the proposed algorithm, ®,, is optimized by based on T,
from the previous iteration. Then using {©®,,} obtained from the current iteration, Ty

is obtained by optimizing the following problem

min max tr{(O%@gﬁL’m’i‘L - og)(()%@gﬁL,mTL - O%)H} (2.62a)

T, ™

st tr{T T}y < P, . (2.62b)
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The {©,,} and T}, are iteratively updated till convergence.
A real-valued slack variable v and positive semidefinite (PSD) matrices C,,, m =

1,---, M, are introduced with

C, > (020HH,,T,—-02) 020 H,,T,-0%)"

and Q > ’TLT? By applying the Schur complement, the optimization problem ([2.62))

can be expressed as

min v (2.63a)
7,Q{Cm}, TL
st tr{Cn} <7, m=1--- M (2.63b)
Cn. K.
- > -1 ... .
(Kg INB) >0, m=1,---,M (2.63c)
Q) <Py Q0 (2.63d)
Q T
~ > 2.
(Tg L, )20 (2.63¢)

where K, = 02 ©@HH, ,, T, 0%, m=1,--- ,Mand {Cp} = {Cp,m =1,--- , M}.
The problem is a convex SDP problem which can be solved by the convex pro-
gramming toolbox CVX [90]. The complexity of the optimization problem will
increase in the complexity order of (‘)((N%L_l + (M +1)N3)*(M + 1)15NZP).

2.4 Numerical Example

In this section, the performance of the proposed transceiver design algorithm with ro-
bustness for multihop multicasting MIMO relay system is investigated through sim-
ulations. AF MIMO relay multicasting system with L = 3 hops and K = 2 source
nodes where Ng1 = Ngo = Ng = 2, N1 = 8, Nro = 4, and Np = 8 is simulated.
The information-carrying symbols are modulated by Quadrature Phase Shift Keying
(QPSK) constellations. Py = Ps2 = Ps and the SNRs of the first hop and the other
two hops are set as SNR; = P;/Ng and SNRg = P, 1/Ng, = Pr2/Ng,, respectively. In
each channel realization, each source node sends 1000 randomly generated bits. The
mean simulation result from 1000 independent channel realization is obtained.

In the simulations, the weight matrix, O, is set as O = Iy,. The correlation matrices

of channel estimation errors are modeled as the following [91]
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where o € [0,1] and 3 € [0, 1] are correlation coefficients, and o2 represents the variance
of the estimation error. @ = 0.1 and 8 = 0.01 are set in the simulations. The estimated
channel matrices fILk, fIl, and IA{Zm are modelled through the distributions given as

[75]
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The system performance of the proposed robust algorithm (Robust) is compared
against the algorithm given in [71] using only the estimated CSI I?ILk, k=1,--- K,
ﬁl, [=2,---,L—1, and ITIL’m, m = 1,---, M (denoted the Non-Robust algorithm).
The performance of the algorithm in [71] with full CSI, Hy s, &k = 1,--- , K, H;, | =
2,---,L—1,and Hy 5, m =1,--- , M (denoted the FCSI algorithm) is also shown and
included as a benchmark.

In the first numerical example, the convergence rate of the proposed transceiver
algorithm is investigated with the predefined value set as SNR; = 25dB, L =3, M =4,
Jg = 0.0001, & = 0.1 and B = 0.01 for the simulation. The simulation is carried out at
three different values of SN Ry, i.e SNRy = 5dB, SNRy = 10dB and SNRy = 15dB,
while the proposed transceiver algorithm is initialised as a scaled identity matrix or a
square matrix with randomized entries. Fig. illustrates the number of iterations
required for the proposed robust algorithm to achieve the convergence value of the
normalized MSE (NMSE) for the system. It can be noted from the Fig. that the
NMSE decreases until it reaches the optimal value of the given system with an increment
of the number of iterations. It is also observed that the convergence rate of the proposed

transceiver algorithm increased with SNRy. Based on the comparison between the
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Figure 2.2: Example 1: NMSE versus number of iterations at different SNRy. o2 = 0.0001
and SNR; = 25 dB.

randomized square matrix initialization and the scaled identity matrix initialization,
it can be seen that the algorithm initialized with scaled identity matrix requires less
number of iterations to achieve the convergence value of the system. Thus, the robust
algorithm is initialized with a scaled identity matrix for a greater convergence rate in
the remaining numerical examples.

In the second numerical example, the MI between the source and the destination
nodes is investigated for the proposed robust transceiver design algorithm. Fig.
demonstrates the system MI versus SNRy at K =2, L =3, M = 4, 02 = 0.0001 and
SNR; = 25dB. It can be noticed that the system MI with FCSI is the upper-bound
for the simulated system, while the proposed robust algorithm outperforms the existing
non-robust algorithm across SN Rs. It is important to note that the FCSI system is the
ideal condition where the full CSI is known at the receiving nodes, which is unavailable
in practice. Through this numerical example, it is shown that the maximal capacity of
the system can be obtained via a WMMSE problem as proposed in the chapter, where
the weight matrix O is updated iteratively, and usually, it is not an identity matrix
after the first iteration. In the subsequent iteration, the weight matrix is equal to the

inverse of the MSE matrix [82]. In the remaining numerical examples, the NMSE and
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Figure 2.3: Example 2: MI versus SNR». 02 = 0.0001 and SNR; = 25 dB.

BER performance of the proposed robust system are investigated. In the simulation
examples, initially, the weight matrix, O is set as an identity matrix.

In the third simulation results, the bit-error-rate (BER) performance of the proposed
robust transceiver design algorithm is studied. Fig. illustrates the BER performance
of the three algorithms versus SNR; at SNRy = 25 dB with 02 = 0.001 and ¢ = 0.0001.
In this simulation, the SNRy = 25 dB is set. This is because the assumption where
Z; ~ O is achieved at high SNR. Hence, for the sake of simplification, the SNRy is
set as 25dB. This consideration (SNR; = 25dB and/or SNRy) is remain the same in
the followings simulation results. It is noted from Fig. that the proposed robust
algorithm consistently outperforms the non-robust algorithm over the entire SNR; re-
gion. Moreover, the results in Fig. demonstrates that the FCSI algorithm provides
a lower bound of the system BER. When CSI mismatch is small, the performance of
the proposed robust optimization algorithm is close to that of the FCSI scheme.

In the fourth simulation results, the proposed algorithm system performance at
SNR; = 25 dB with ¢ = 0.001 and ¢2? = 0.0001 is studied. The NMSE performance
is illustrated in Fig. and the BER performance is illustrated in Fig. for all
the algorithms versus SNRo. It is noticed from Figs. and that the system
performances of the proposed robust algorithm in term of NMSE and BER are better
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Figure 2.4: Example 3: BER versus SNR; at various ag. M = 4 and SNRy = 25 dB.
than that of the non-robust algorithm over the entire SNRy range. When o2 is reduced,
the system NMSE and BER decrease for both the proposed robust and non-robust
algorithms. When o2 = 0.0001, the performance of the proposed algorithm is very close
to that of the FCSI scheme.

In the fifth simulation results, the BER performance of the proposed robust al-
gorithm with vary number of destination nodes is investigated. In this simulation,
SNR; = 25 dB and o2 = 0.0001 are set. Fig. displays the BER performance of the
proposed algorithm and the FCSI scheme versus SNRy for M =2, M =4, and M = 8.
It can be seen from Fig. 2.7 that as the number of destination nodes increases, the BER
keeps increasing, which is analogous to the results obtained in [72]. This is because it is
more likely to find a worse relay-receiver channel among an increased number of users,
and the worst-user MSE is selected as the objective function. For a various number of
destination nodes, the average BER of the users are very similar up to SNRy = 15 dB.

In the last simulation example, the NMSE performance of the proposed robust algo-
rithm is studied with a different number of relay nodes of the MIMO relay communica-
tion system. SN Ry = 25dB, 02 = 0.0001, K = 2 and M = 4 are set for the simulation.
Fig. [2.8|illustrates the NMSE performance of the tested algorithms, i.e. proposed robust
algorithm and FCSI algorithm, versus SN Ry for L = 3, 4 and 5. It is noticeable that
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Figure 2.5: Example 4: NMSE versus SNRy at different ag. M =4 and SNR; = 25 dB.

the NMSE increased with the number of hops in the MIMO communication system.
With a larger number of hops, the communication between the source nodes and the
destination nodes is over a longer distance. With the mathematical representation as
provided in , it can be noted that with an increasing number of hops, there are
more subsequent terms in the WMMSE function. Hence, the NMSE of the system is

increased by increasing the number of hops.

2.5 Chapter Summary

In Chapter [2] the problem of robust transceiver design for multihop multicasting AF
MIMO relay systems from multiple sources is investigated with the consideration of
channel mismatch between the exact and estimated signal waveform. Multiple source
nodes broadcast their message to a group of destination nodes through multiple relay
nodes in the investigated system. In the proposed transceiver design, the Gaussian-
Kronecker model was adopted for the CSI mismatch. Furthermore, a robust transceiver
design algorithm was developed to jointly optimize the source, relay, and destination
matrices to minimize the maximal WMSE of the received signal at all destination nodes.

It can be noticed that the WMSE is made statistically robust against the CSI mismatch
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Figure 2.6: Example 4: BER versus SNR; at different 02. M = 4 and SNR; = 25 dB.

by averaging through the distributions of the exact CSI. Moreover, the WMSE decom-
position was exploited in the proposed transceiver design to reduce the computational
complexity of the transceiver optimization problem. Numerical examples demonstrated
improved performance of the proposed transceiver optimization algorithm against the

channel mismatch between the exact and estimated signals waveform.

2.6 Appendices

2.6.1 Derivation of [2.22

In the appendix, the derivation of (2.22)) is presented. By substituting (2.19)) into the
WMSE function (2.21)), the following is obtained,

Im étr{o(WmEH{E{Yd,ngm}}Wg ~ W Bn{An} — EH{Aan}Wg + INB)}
=tr{O(Iyn, + WRy, WH_W_ A —AZWI) = 1... M  (264)

Yd,m

where Ry, =~ and Km are derived as the following
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Figure 2.7: Example 5: BER versus SNRy at different M. 02 = 0.0001 and SNR; = 25
dB.

RYd,m = EH{E{Yd,ngm}}
= EH{HL,mGLRnyleHg} + IND
—H, G Ry, GYHY +tr{GRy, GI®, . }Z1 . +1n,
A, = Eg{An}

YL-1

By applying Lemma 1, third equation of Ry, is derived.

2.6.2 Proof of left-hand side of

In the appendix, the proof of the left-hand side of ([2.42)) is presented. By resolving the
right-hand side statistically expectation of (2.42)) and using Lemma 1, the following can
be obtained,

Ey{tr(OB{(L"y, —s)(L"y, —s)7})}
= Ex{tr{O[LY(H,G,GHY + 1y,)L - L"H,G, - GIHIL + 1y,]}}
= tr{O[L"(H,G,GIH} + 2))L - L"H,G, — GI'HIL + Iy,]}. (2.65)
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dB.

It is obvious that the optimal L minimizing ([2.65)) is the Wiener filter [85] which is given
by
L= (I/:IlGlG{{I/:I{I + El)_lﬁlGl. (266)

After substituting (2.66|) back into (2.65)), the left-hand side of (2.42) is obtained.

2.6.3 Proof of left-hand side of 2.58

In the appendix, the proof of the left-hand side of ([2.58)) is presented. By resolving the
right-hand side statistically expectation of (2.58)) and using Lemma 1, the following can
be obtained,

Eu{tr{OE{(®]F4m —)(OfFam —s)"}}} (2.67)
= Eg{tr{0[®](H.,, T, T{H{, +1In,)On — OH.,,T, — T/H}, 0, + In,]}}
=tr{O[®(H,, T, THHY, +Y1,,)0, - ©1H,, T, - THHI ©,, +1Iy,]}.

It is clear that the optimal @,,,m = 1,---, M minimizing (2.67)) is the Wiener filter
[85] given by
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~ ~ ~ ~ 1. ~
®m = (HLymTLTIIT/{Hﬁm + TL,m) HL,mTL' (268)

After substituting (2.68]) back into (2.67)), the left-hand side of (2.58)) can be obtained.






Chapter 3

Transceiver Design for SWIPT
MIMO Relay Systems with
Hybridized Power-Time
Splitting-Based Relaying Protocol

A dual-hop SWIPT based AF MIMO relay communication system with an energy-
constraint relay node where the relay node harvests energy based on RF signals trans-
mitted from the source node through the HPTSR protocol to forward information to
the destination node is investigated in this chapter. The joint optimization of the TS
factor, source, and relay precoding matrices, and the PS ratio vector is proposed to
maximize the MI between the source and destination nodes. The optimal structure for
the source and relay precoding matrices are derived to simplify the transceiver opti-
mization problem. Two algorithms based on the upper bound and lower bound of the
objective function are proposed to solve the optimization problem efficiently with low
computational complexity. Numerical examples demonstrate that the proposed algo-
rithms provide a better MI performance compared with TS based and PS based EH
relay systems.

The rest of this chapter is organized as follows. In Section an overview of exist-
ing techniques provided in literature is presented. In Section the system model of a
dual-hop AF SWIPT MIMO relay system with the HPTSR protocol is introduced. In
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Section the optimization problem for the proposed transceiver design is mathemat-
ically presented and simplified to a power allocation problem by adapting the proposed
optimal structure for precoding matrices. To solve the power allocation problem, a lower
bound based algorithm is derived in Section [3.4] and an upper bound based algorithm is
developed in Section In Section numerical examples are displayed to illustrate
the performance of the proposed algorithm compared with existing works. A summary

regarding to this chapter is drawn in section

3.1 Overview of Existing Techniques

The number of wireless devices around the world is having a skyrocketing increase for the
past few years. However, the performance of these devices is highly limited due to their
finite lifetime and tight energy constraint. Even though battery replacing is a solution
to prolong the lifetime of those devices, physical and/or economic constraints often
make it hard to perform battery replacing for the devices. For instance, some wireless
devices are lodged inside building structures or human bodies to collect information
[1]. Thus, EH is suggested as an alternative solution that can prolong the lifetime of
wireless devices [92]. Conventional EH methods have limitations as they heavily rely on
natural resources to harvest energy, which is unreliable as natural resources are difficult
to manage. Thus conventional EH methods are not convenient to provide reliable energy
sources to wireless devices. To overcome the limitation of conventional EH methods,
a new EH method that can harvest energy from RF signals is proposed to provide
stable and controllable wireless energy supply [3]. Moreover, the EH method based on
RF signals has noticeable advantages for wireless networks as RF signals are not only
used for transferring power but also for delivering information. The EH method which
exploits the usage of RF signals in WPT and WIT simultaneously is known as SWIPT
[M4].

In [2], an ideal SWIPT receiver design is proposed to perform ID and EH simul-
taneously, and the tradeoff between the harvested energy and achievable MI rate is
investigated using the capacity-energy function. However, the ideal SWIPT receiver
has limitations in practical applications [5] as EH-circuits in practice are unable to
perform ID for the information carried in the same signals directly. Two SWIPT re-
ceiver architectures, namely the TS protocol and the PS protocol, are presented in [5]

to overcome the limitation through coordinated WIT and WPT at the receiver.
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The PS and TS protocols for the SWIPT receiver are extended in [II] to relay
communication systems by introducing TS-based and PS-based relaying protocols to
perform EH and ID at the relay node. Relay technology is commonly used to extend
the network coverage of wireless communication [8]. A relay node implemented in a
SWIPT relay communication system with the EH relaying protocol introduced in [11]
is capable of performing EH and ID from the received signals transmitted from the
source node. The SWIPT relay node exploits the harvested energy to process and for-
wards the received signals to the destination node. Relay communication systems with
SWIPT relay nodes have been investigated in [I3HIg]. In [13], a cooperative communi-
cation system is investigated where multiple pairs of transmitter-receiver interact with
each other through an EH relay node; the focus is on the relay’s strategies regarding
user power allocation of the harvested energy and influences on the system perfor-
mance. In [I4], the authors designed a game-theoretical scheme to tackle the power
distribution problem for SWIPT in interference relay communication networks. In [15],
the harvest-use and harvest-use-store models are investigated with full-duplex EH relay
communication systems using the PS-based relaying protocol. In [16], the impact of
CCI towards a wireless communication system using a SWIPT full-duplex relay with
the PS-based relaying protocol has been studied. In [I7], the achievable rate of full-
duplex relay communication systems is studied on both the AF relaying scheme as well
as the DF relaying scheme under the TS-based EH relay protocol. In [I8], the authors
investigated the influence of decoding cost on the performance of the communication
system with a DF relay using the PS-based protocol by deriving and optimizing the sys-
tem achievable rate. The decoding cost is introduced at both the relay and destination
nodes to perform ID.

By installing multiple antennas at nodes in wireless communication systems, the
MIMO technique is famous for its capability in boosting the spectral and energy ef-
ficiency of communication systems [34]. With multiple antennas at nodes compared
with single-antenna, RF energy transmission to wireless devices is more efficient. Stud-
ies regarding the application of SWIPT in MIMO relay communication systems have
emerged rapidly in recent years [Il, 36, [46H50] 5456, 93]. In [I], an AF MIMO OFDM
EH relay communication system adopted with T'S-based and PS-based EH relaying pro-
tocols is investigated by jointly optimizing multiple system configuration parameters to

achieve the maximum achievable rate. In [36], the R-E region which demonstrates the
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energy-rate tradeoffs under several EH relaying schemes in a SWIPT MIMO relay com-
munication system is investigated. Moreover, the challenges faced in this research field
are introduced and discussed in [36]. In [46], the authors investigated the relay matrix
optimization of a communication system with single-antenna source and destination
nodes and a multi-antenna relay node. In [47], two approaches, known as the iterative
algorithm and the channel diagonalization-based algorithm, are developed to solve the
joint source and relay precoder optimization problem in wireless powered MIMO relay
networks. In [48], a SWIPT MIMO relay communication system with PS-based relaying
scheme is investigated with iterative algorithms for uniform and arbitrary source precod-
ing scenarios. In [49], a SWIPT MIMO AF relay communication system is investigated
by designing the optimal source matrix and relay matrix to characterize the R-E region
defined by the achievable rate of the system and harvested energy at the relay node
for the ideal EH scheme, the PS relaying scheme, and the TS relaying scheme. In [50],
the work of [49] is extended to the DF relaying scheme with possibly imperfect channel
knowledge. The optimization problem for SWIPT MIMO relay communication systems
with TS-based relaying scheme is investigated in [54] for non-regenerative relays. In
[55], the joint optimization problem of a source precoding matrix, relay matrix, and PS
factor matrix is solved with the SQP approach, the SDP approach, and the primal-dual
search approach. In [56], the works of [54] and [55] are extended to regenerative relay-
ing scheme. In [93], the performance tradeoff of an orthogonal space-time block-code
(OSTBC)-based non-regenerative MIMO OFDM relay communication system with two
destination nodes performing EH and ID separately is investigated; the joint source
and relay precoder optimization problem is proposed to achieve the R-E region which
characterizes the system performance tradeoff.

In this chapter, a dual-hop MIMO relay communication system with an EH relay
node using the AF relaying protocol is investigated. Relay nodes play an important role
in communication systems where the direct link between the source and destination node
is unavailable due to shadowing and pathloss effects [1I, 48-50, [54H56), 93]. Unlike existing
works using the PSR protocol [1}, 48H50] [55] and the TSR protocol [I}, [49] 50} 54 [56],
a hybrid EH scheme, which is known as HPTSR protocol, is adopted at the relay node
to increase the energy harvested at the relay node. The HPTSR protocol is expected
to provide better performance for the proposed system. The HPTSR scheme works
by transmitting energy-bearing RF signals to the relay node for EH in the first time

slot while transmitting information-carrying RF signals to the relay node for ID in
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the second time slot. In particular, in the second time slot, the received signals are
split into two portions for EH and ID, respectively. Therefore, the existing knowledge
with regard to EH relaying protocols is extended to the innovative HPTSR. protocol.
Introducing PS in the second time slot provides additional degrees of freedom to optimize
the system performance. For instance, if the relay node requires additional power,
instead of adjusting a single TS factor to allow additional time for energy harvesting as
in the TS protocol, which affects all sub-channels, introducing PS in the second time
slot allows adjusting the PS ratio in each sub-channel for an optimal energy harvesting
and information transmission.

It is noted that several existing works have considered the HPTSR protocol [24-
20, 94]. However, the system nodes in previous research are installed with one antenna,
and as mentioned before, MIMO techniques provide better performance for SWIPT
communication systems. In this chapter, the application of the HPTSR protocol is ex-
tended from the SISO relay communication systems to the MIMO relay communication
systems. Moreover, compared with existing PS-based MIMO relay systems where a
constant PS ratio is usually adopted for all antennas [46H50], a more general system
with corresponding PS ratio for each antenna is considered, which enhances the system
performance.

It is clear that the transceiver optimization problem is much more challenging in
an HPTSR-based MIMO relay system. The optimal structure of the source and relay
precoding matrices are derived to simplify the transceiver optimization problem to a low
complexity power allocation problem with scalar variables. However, the non-convexity
of the power allocation problem remains. Two approaches by exploiting the lower and
upper bounds of the objective function are proposed to tackle the non-convexity. It
is demonstrated that both the upper bound and lower bound based problems can be
converted to convex optimization problems, which can be solved with low computational
complexity. Simulation results show that the proposed HPTSR based MIMO relay

system achieves better performance compared with existing approaches.

3.2 SWIPT Relay System Model with HPTSR Scheme

A dual-hop three-node MIMO relay communication system where the source node trans-
mits information signals to the destination node with the help of a single relay node as

displayed in Fig. is considered. The source, relay, and destination nodes are installed
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Figure 3.1: Block diagram of a dual-hop AF SWIPT MIMO relay system with the HPTSR

protocol.

with Ny, N, and Ny antennas, respectively. The source node is considered as a self-
powered node. Besides, the relay node requires to be powered by energy harvested from
received RF signals. In a single communication cycle, there are two phases. The source
node transmits energy-carrying and information-bearing signals to the relay node in the
source phase. The energy-carrying signals are harvested by the relay node with the TS
protocol, while the information-bearing signals are directed to the PS unit to undergo
EH and ID with the PS protocol. Due to the simplicity of the AF relaying scheme, it
is implemented at the relay node. Moreover, the AF scheme reduces the decoding cost
required in a DF scheme to decode and re-encode the received signals, which helps in
energy saving. Thus, with the AF scheme, the portion of information-bearing signals
at the relay node for ID is linearly precoded and transmitted to the destination node at
the relay phase. Due to severe pathloss and shadowing, the source node cannot commu-
nicate with the destination node directly without the help of the relay node. Besides,

the source, relay, and destination nodes are perfectly synchronized.

Source node — Relay node
Source node — Relay node Information Transmission (For EH) Relay node — Destination node
Energy Transmission . .
(For EH) Source node — Relay node Information Transmission
Information Transmission (For ID)
«—T > (1-a)T/2 > (1-0T2——
< T >

Figure 3.2: The diagram of the HPTSR, protocol.

The diagram of the HPTSR protocol is shown in Fig. It can be seen that the
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total time of one communication cycle 7' is divided into three time-intervals. In the first
time-interval, for a duration of o1, the energy-carrying signal is transferred from the
source node to the relay node, where « € [0, 1] represents the TS factor. In the second
time-interval, for a duration of (1 — a)7/2, the source node transmits the information-
bearing signal to the relay node. Then, the received signal at the ith antenna of the
relay node is split into two independent signal streams with a PS ratio of p;, where
p; € [0,1] for i = 1,--- | N,. One of the signal streams with a power ratio of p; is sent
towards the ID receiver, while the other signal stream with a power ratio of (1 — p;) is
sent towards the EH receiver. In the last time-interval, for the remaining duration of
(1 — «a)T'/2, the relay node precodes the signal stream at the ID receiver and transmits
the precoded signal to the destination node. Due to simplicity, T" = 1.

CMNx1 with a

During the first time-interval, the energy-carrying signal vector s €
covariance matrix given by E{s;si’} = I, is transmitted from the source node with
the source precoding matrix By € CNs*M to the relay node, where I,, is an identity
matrix of size n x n, E{-} denotes the statistical expectation, and (-)¥ stands for the
Hermitian transpose. Thus, the received signal at the first time-interval y, 1 at the relay

node is given as

yr1=HBisi + 1. (3.1)

where H € CN*Ns is the MIMO channel matrix between the source and relay nodes,
while n,; € C¥ ! is the AWGN vector at the relay node during the first time-interval.
From (3.1), the RF energy harvested during the first time-interval at the relay node

without the noise component [6] is written as
E.1 = antr{HB,B{H"} (3.2)

where n € [0,1] is the conversion efficiency at the relay node and ¢r{-} denotes the
matrix tracell
During the second time-interval, the information-bearing signal vector sp € CN2*1

with a covariance matrix given as E{sysi’} = I, is transmitted from the source node

!t is shown [95H98] that in practice the energy harvesting efficiency is a function of input power, and
for input power below the harvesting circuit power sensitivity threshold, the harvested power can be
zero. Similar to [1], [54], [99], a simplified linear energy harvesting model is considered with a constant
n. It is important to highlight that the algorithms proposed in this chapter can be applied to any given
7.
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with the source precoding matrix By € CNs*N2 to the relay node. The received signal

at second time-interval y, o at the relay node is given as

Vr2 = HBss, + n,o (33)

CNr*1 with a covariance matrix of E{nr,gn,{{g} = 021y, is the AWGN vec-

where n, o €
tor at the relay node during the second time-interval. At the relay node, the received sig-
nal is split into two signal vectors with a diagonal PS matrix P = diag(pi,--- ,pn,.),
where P%yng is for information transmission and (I, —P) %yng is for energy harvesting.
Here diag(-) denotes a diagonal matrix. The RF energy harvested during the second

time-interval at the relay node without the noise component [6] is written as

l—«

Epp =51 tr{(In, — P)HB,B{H"}. (3.4)

)

From (3.2)) and (3.4)), the total available transmission energy at the relay node obtained

from the RF energy harvested during the first and second time intervals is given as
1 —
E, = an tr{HB,B/H"} + Tan tr{(Iy, — P)HB,BYH"}. (3.5)
During the last time-interval, the linearly precoded signal vector x, given by
1
x, = FP2y, (3.6)

is transmitted to the destination node, where F € CN-*Nr ig the relay precoding matrix.

The received signal at the destination node is given as

ya = GX, +ny
— GFP:HBss; + GFn,., + ny (3.7)

where G € CNe*XNr is the MIMO channel matrix between the relay and destination
nodes and ng € CNex! is the AWGN vector at the destination node with a covariance
matrix of E{ndnfl{ } = 0%Iy,. From 1) the mutual information between source and
destination is written as
11—«
MI(a, P, By, F) =~ log ’INQ + BIHIPsFHGH

(3.8)
(62GFFIGY + 521y,) ' GFPZHB,

where (-)~! denotes the matrix inverse and | - | stands for the matrix determinant. For

simplicity, the MIMO channel matrices H and G are are assumed to be fully-known by
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the relay and destination nodes, respectively. Moreover, the value of N is set to satisfy
Ny < min(rank(H), rank(G)) and rank(B2) = rank(F) = N; in order not to waste the
transmission power available at the source and relay nodes.

The required transmission energy at the source node to transmit signal vectors s;

and s9 is written as the following, respectively

Eys1 = atr{BB{} (3.9)

1—
—— tr{B:BJ'} (3.10)

Eu,s,Q =

where the total transmission energy required by the source node can be considered as
E,s = FEys1+ Eys2. Thus, the transmission energy constraint at the source node is

considered as
1+«

Eu,s <

P, (3.11)

where Py > 0 is the power budget available at the source node. In [I], the authors
assumed that a constant power is used for both energy-transferring and information-

bearing signal transmission which is given by
tr{B;B} < P, tr{B,Bi} < P,. (3.12)

It is noticeable that (3.12) is a special example of (3.11). In other words, (3.11)) has
a larger feasible region compared to (3.12)). It can be observed the source precoding

matrices By and By are connected through a single energy constraint in . This

enables the source node to transmit at different power levels accommodated to the pur-

pose of energy-transferring and information transmission. Thus, is more general

than and the transceiver designs proposed under are expected to provide

a better performance compared to the transceiver designs proposed under (3.12)).
From , the transmission energy required by the relay node is written as

l—«

Fup = 222 1 [F(PYHB.BIHIP + 021y )F7). (3.13)

All energy harvested at the relay node given by (3.5)) is used to transmit information
signals received from the source node to the destination node. Thus, the transmission

energy constraint for the relay node is considered as

Eu, < E,. (3.14)

The objective in the proposed transceiver design is to maximize the mutual infor-

mation (3.8]) between the source and destination nodes subjecting to energy constraints
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at the source and the relay nodes given by (3.11]) and (3.14]), respectively. From (3.8]),
(3.11]), and (3.14)), the transceiver optimization problem for dual-hop HPTSR-based AF

MIMO relay systems can be written as

max MI(a, P, B;, F) (3.15a)
a,P,B1,Bs,F
1 1
st. atr{BB{'} + ——=tr{ByB{'} < Tap, (3.15b)
1—
—tr{F(P*HB,BHP? + oLy, )F''}
1—
< an tr{HB,BI/H"} + Tan tr{(Iy, — P)HB,BYH"}  (3.15¢)
0<p; <1, i=1,- N, (3.15d)
0<a<l. (3.15¢)

3.3 Proposed Transceiver Design

It is noticeable that the problem is nonconvex in nature with matrix variables,
which is quite hard to solve. Moreover, compared with existing T'S and PS based system
designs, the transmission energy constraint from the HPTSR protocol further
increases the technical difficulty in solving the problem . In this section, the
optimal structure of By, Bo, and F are derived to solve the nonconvex optimization
problem .

It can be observed that B; is not in the objective function , but it can influ-
ence by varying the feasible region of the problem specified by constraints
and ([3.15d). Thus, in order to maximize the feasible region of the problem
, for any tr{B;B¥} in the left-hand side of , it is important to maxi-
mize tr{HB;BIH} in the right-hand side of . This constrained maximization
problem can be formulated as the problem below [1], [54]

max tr{HB, B H} (3.16a)
1
s.t. tr{B;Bf} =\, (3.16b)

1
where A1 is a positive scalar value. The SVD of H is introduced as H = U, A} V}IL{ with
the diagonal elements of Aj, are arranged in descending order. The EVD of BB is

introduced as Uy AU, where the diagonal elements of A; are arranged in descending
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order, too. Based on [8§], the following inequality is given as
tr{UV}=>_ X(UV) <> XN(U)N(V) (3.17)

where \;(X) indicates the ith eigenvalue of X and A\;(U) and A;(V) are arranged in the

same order. By applying (3.17)), the SVD of H, and the EVD of B1B# (3.16a]) can be
upper-bounded by

N,
tr{HB B H"} = tr{ApAp} <) it (3.18)

i=1
where \p, ; and Ay, ; are the ith diagonal entry of Aj and Ay, respectively. It is noticeable
in 1' that the equality is achieved when Uy = Vhi, where I € CN+*Ns ig a diagonal
matrix with unit norm diagonal elements. For simplicity, Iisset tobel N, and U, = Vy,.
Thus, by exploiting the upper bound in (3.18]), the optimization problem (3.16) is

rewritten into

Ns

max > Api (3.19a)
{)\b,i} i—1
Ns

st Y A=A (3.19D)
=1

where {A\p;} = {Mpi,4 = 1,---,Ng}. The solution to the problem (3.19) is Ap1 = A\
which results in BlB{{ = )\1Vh,1V£{1 where vy, 1 is the first column of Vj,. Therefore,

the optimal structure for B; is given by
3 H
By = A/ vpiv (3.20)

where v can be any N; x 1 vector with vv = 1. It is interesting to note that the optimal
B; derived in has a rank-1 structure matched to vy, ;1. Thus, to maximize the
energy harvested at the relay node, all transmission power during the first time interval
at the source node is allocated to the channel linked to the largest singular value of H.
In other words, only A; need to be optimized in By and tr{B1B#} = \;. By applying
, the optimization problem is equivalently converted to



Chapter 3. Transceiver Design for SWIPT MIMO Relay Systems with

58 Hybridized Power-Time Splitting-Based Relaying Protocol
max _ ~%log 1y, + BYH'PIFY G (o2G
aA1,P.Bo,F 2 2 r
FFIGH 4 aglNd)*IGFP%HBQ‘ (3.21a)
1- 1

st ah+— ©r{B,BI} <~ %p, (3.21b)

tr{F(PZHByBYHP2 + 021y, )F7} <
knA1 +n tr{(Iy, — P)HB,BYH"} (3.21c)
0<p; <1, i=1,---,N, (3.21d)
0<a<l (3.21e)

where £ = 2a), 1/(1 — ).
By applying the Weinstein-Aronszajn identity [L00], the objective function ([3.21al)
can be rewritten as

l—«o
2

log )INd + GFEF/ G (s2GFFI G + aﬁINd)‘l‘ (3.22)

where & = P3 HB,BIHY P> is considered and designed into a diagonal matrix as based
on the Hadamard’s inequality [101] on matrix determinant, the objective function ([3.22))
is maximized when GFEF?GH (UEGFFHGH + (7311\&)71 is diagonal. For any given

value of a, A1, P, and By, the optimization problem for F is viewed as

l—-—«a
2
st. tr{F(E+ oIy, )F7} < knphi +ntr{(Iy, — P)HB,BYH"}. (3.23h)

max log ’INd + GFEF?G" (c?GFF”G" + aﬁINd)’l‘ (3.23a)

1
The SVD of G is introduced as G = UgA g Vf with the diagonal elements of A, sorted
in descending order. From [I02], it is noted that the optimal structure of F under the

optimization problem (3.23) with a diagonal = is given as

(3.24)

AN NI

F=V,A

where A JAS CNr*Nr ig a diagonal matrix. As the maximal number of concurrent data
streams for information transmission by the relay system is No, the optimal Af =
bd(Af,On,—n,) where Ay € CN2XN2 i5 a diagonal matrix and bd(-) represents a block
diagonal matrix. Similarly, with the consideration of the maximal number of concurrent
data streams, the optimal P is given as bd(Pys,0n, _n,), where Py, € CN2XN2 5 g

diagonal matrix containing the PS ratios p; for ¢ = 1,--- , Na. In other words, the
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remaining N, — Ny antennas are solely used for EH with the corresponding PS ratios
set to 0.

To design E into a diagonal matrix for maximizing the objective function , the
following is introduced,

H)B,BIHI = A, (3.25)

where Hj; contains the first Ny rows of H and Ay € CV2*M2 ig a diagonal matrix. By
1

introducing the SVD of Hys as Hy = Uy 1A} 1V,I;{1 where the diagonal entries of Ay, 1

are arranged in descending order, the optimal structure of Bo is proposed to be written

as

1 1
By = Vi1A, U A3 (3.26)

By applying the optimal structure of the precoding matrices F and By given by

(3.24) and ([3.26)), respectively, the optimization problem (3.21)) is rewritten as

a,)\l,lgjlv?,}j\g,Af 1—a log [In, + AgAfP A (U?AgAf + O'ﬁINQ)_l‘ (3.27a)
st oM+ ATy < 2P, (3.27b)
tr{As(ParAs + 02In,)} < kAt + ntr{ (¥ — Pyr)As} (3.27¢)

0<pi<1, i=1,-,Ny (3.27d)

0<a<l1 (3.27¢)

PP _1
where Y = Uy, A, J U, @ =1y, + HPH, H = H,,V;, 1A, 3 Uf!|, and H,, contains
the last N, — No rows of H. It is noticeable in (3.27a) that Ay, Ay, Py, and Ay
are diagonal matrices, hence the problem ([3.27)) can be equivalently rewritten into the

following power allocation problem with scalar variables

1— Ao Nrs N
max  — =% log (1 + M) (3.28a)
adprads 2 Afidgi+1
N2
11—« 14+«
st ah +— o2 z; 0i dai < —— P (3.28b)
-
N2 N2
D Api(pi e+ 1) < mmhi 007> (60— pi) Ao (3.28¢)
=1 =1
A2 >0, Api >0 (3.28d)
ngigl, izl,"',NQ (3288)

0<a<l (3.28f)
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where \g; = ngi/af, Afi = fof’i, Agi = Xg,i/afl for i = 1,---, No, X27i, Xfﬂ-, Ag,is
d;, and €; represent the ith diagonal elements of Ag, Ay, Ay, T, and W respectively,
P=[p1, Nl Ae =21 o)t Ap =M1, Ara,) T, and (+)T denotes the
matrix and vector transpose.

With the introduction of z; = Ag;(p; A2; +1),i =1,---, Na, the optimization prob-

lem (3.28) can be written as

l—a 2 Di Zi A2 Agii
- 1 1 1 <1 N2,1 Ng,i 9
a,)\?,lg,)z(,kg 2 ZZ_; 8 ( + Di )\gi + z; )\gi + 1> (3 9a)
1
stoad + 2 225 Aoi < —o P, (3.29b)
Z zi < knA1 + no;; Z pZ )\2 i (3.29¢)
/\271' Z 0, Z; Z 0 (3.29d)
0<p; <1, i=1,---,Ny (3.29¢)
0<a<l (3.29f)

where z = [21,- -+, 2n, |7 .
Since (3.29a)) is an increasing function of z;, for any given «, A1, and p, the optimal

z must satisfy the equality in (3.29¢) which is given as
Z 2 = KA1 + 1o Z — Pi) A2 (3.30)

By applying (3.30)) to the optimization problem (3.29)), the problem ({3.29) is equivalently

converted to

-« i 25 A2,i Ngi
s 15 Yt (1 PR e
3 i+ BTy, < 1E p 3.31b
s.t. ZUQnAhl ;(1+ >\h,1 ) 27i—1_a0r s ( : )
A2i >0, 2 >0 (3.31c)
0<pi<1, i=1,---,Ny (3.31d)
0<ac<l (3.31e)

By introducing a; = 51-_1, b; = afn)\h71)\g,i, Ti = 0iN24, Yi = Zi/Uzn)\h,l, and w; = p;x;
for i =1,--- | Na, the optimization problem ({3.31) is rewritten into
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1—a 2 a; w; b; y;
_ log (14 ——— 22 3.32
a%?’zy 2 Z o8 < + 1 + a; W; + bzyz> ( a)
a;wj a; €; 1 +a 4
s.t. Zyﬁ—z » +Z<1—Ah1> <10 P (3.32b)
xZZwlZO, y; >0, i=1,---,No (3.32¢)
0<ac<l (3.32d)

where x = [21,--- ,2n,]T andy = [y1,--- ,yn,|’. As the problem is a non-convex
optimization problem with multiple variables, its globally optimal solution is difficult
to obtain with a tractable computational complexity. In order to solve the problem
with a polynomial computational complexity, in the following sections, the lower
bound and the upper bound of the objective function are exploited to solve the

optimization problem (3.32]).

3.4 Lower Bound Based Algorithm

In this section, an algorithm is proposed to solve the optimization problem (|3.32)) based

on a tight lower bound of (3.32a]) given as

14 iwibiyi (A +aeiw)(A+biy) (1 +aiwi)(1+biyi) (3.33)
1+ ajw; +b;yi L+aiwi +biyi  —  2+awi+biy; '
The optimization problem (3.32)) is rewritten into the following
Na
11—« 1 1
i 1 3.34
awxy 2 ;og(l—l—aiwi_'_l-i-biyi) (3:3%0)
s, Z +Z +Z 1= %) g < 1 ap ()
yZ )\hl 1 —« T S *
$12w1207 ylzoa iz]—a"'aNZ (334C)
0<ac<l. (3.34d)

By introducing w; = fw;, ; = Bx;, and y; = By; for i = 1,--- , Ny, where § =1 —
the optimization problem (3.34)) is equivalently rewritten as
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min = Z ( L ) (3.35a)
2
~ Q; Wj ;&5\ ~ )
.t. ; 1-— < (2 — P, 3.35b
. ;yz+;m+;( L) E<@-pe R (o
0<p<1 (3.35d)
where w = [y, -+, 0N, )7, X = [T1,-+ ,ZN,]7, and ¥ = [91, -+ , Yn,]T . By introducing
1 1 !
— + = > q; 3.36
<5+aiwi 5+biyi> ' (3:36)
for i =1,---, Na, the optimization problem (3.35)) can be rewritten into
B gi
max — lo z) 3.37a
Bwxya 2 ; ¢ <B (3:570)
- (et o) 2
s.t. — — ;
/8+aiwi B+ biyi =&
i=1,---,No (3.37b)
Gl 2 a; €;
+ — + <1— d Z>~ 2 — B)o; 2P, 3.37c
Zyz Z R Pl U vy Kt (3.37¢)
xZZwZZO, 7 >0, i=1,---,Ny (3.37d)
0<p<i1 (3.37e)

where q = [q1, -+ ,qn,]T. Since the left-hand side of is a harmonic mean,
the constraint is convex [89]. Moreover, the objective function is a
perspective function [89], which is concave with respect to ¢; and 3. Thus, the problem
(13.37)) is a convex optimization problem. By using the convex programming toolbox
CVX’s [90] in-built primal-dual interior-point solver, the convex problem can be
solved with a computational complexity of O((6 Ny + 2)3) per iteration.

3.5 Upper Bound Based Algorithm

In this section, an algorithm is proposed to solve the optimization problem ([3.32]) based
on a tight upper bound of (3.32a)) written as

a; w; b; y; a; w; b; y;
14+ a;wi+biyi = aiwi+biy;

(3.38)
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By exploiting the upper bound given in (3.38]), the optimization problem (3.32) is rewrit-

ten as

a; w; b Yi
a log [ 1+ 3.39a
of“l/,;{y Z g< 1w1+bzyz) ( )
a;w; a; &; 1 +a _,
s.t. Zyﬂrz +Z(1—Ah1) <o (3.39D)
a:szZZO, yZZO, t=1,---, N (3.39¢)
0<a<l. (3.39d)

By applying variable substitutions of w;, T;, and y; for i = 1,--- , Ny, which lead to
(3.35)), the optimization problem (3.39)) is equivalently converted to

No ~ ~
B ( a; (wi/B) b (¥i/B) )
max_ — log | 1+ — — 3.40a
B 32 @ (@/5) + bi (5:/9) (3:400)
Nz Nz a; W; N a; €;
s.t. Ui + AuS 1- 223 < (2-B)o 2P, 3.40b
EDY e > (1-5)a<e-p (3.400)
0<B<I. (3.40d)

For ¢ =1,---, Ny, by introducing

a; (wi/B)bi (yi/B) _ ti
o (@i/B) + b (5./8) — B (3.41)

the optimization problem ([3.40)) can be rewritten as

B t
,B,x%l,%%m 5 ; log (1 + 5) (3.42a)
or, @RGP Ly (3.42b)

az (wl/ﬁ) +0i(mi/B) ~ B

S S (g oo

=1
$12w1207 y120> Z:17 7N2 (342d)
0<B<1. (3.42¢)

From (3.42b)), the following can be derived

(ai (Wi/B) + bi (5i/8))* — (ai (w:/B))? = (bi (§i/B))* _ti
2(a; (wi/B) + bi (5:/5)) 520 (3.43)
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for i =1,---, No. The inequality can be equivalently expressed as
ai (wi/B) +b; (4i/B) — ai (wi/B)(ai (0i/B) + bi (§i/8)) " ai (wi/B)
—bi (5i/B)(ai (wi/B) + b (4i/B)) " "bi (5i/B) — 2(t:/B) = 0 (3.44)

for ¢ = 1,---, Na, which can be further written as a positive semidefinite (PSD) con-

straint given as

a; w; + b; y; — 2t; a; W; b; y;
a; W; a; w; + b; y]l 0 > 0. (3.45)
b; y; 0 a; w; + b; y;

The matrix written in (3.45)) is a PSD matrix. By applying (3.45)) to the optimization
problem (3.42)), the optimization problem can be expressed as

B t
max — log | 1+ Z) 3.46a
BW Xyt 2 ; g < p (346
a;w; + biy; — 2t; a;wj by
s.t. a; W; a;w; + biy; 0 >0, ¢=1,---,No (346b)
biyi 0 a;w; + by;

N2 N a;w; N ai€;
Sa+d 52 +Y (1-42) < - gn (3.460)

i1 -1 "l 4 hi1
0<B<1. (3.46e)

The optimization problem is an SDP problem which can be efficiently solved by
the disciplined convex programming toolbox CVX [90]. Based on [103], the computa-
tional complexity of solving the problem is O(c2(4N2)?(12N3 + 2)), where c3 is
the number of iterations till convergence. It will be shown in Section VI that the upper
bound and lower bound based algorithms have a similar performance. This indicates
that the problem can be solved via the upper bound and lower bound based

algorithms with a high accuracy.

3.6 Numerical Example

In this section, the performance of the proposed lower bound algorithm (HPTSR-LB)
and upper bound algorithm (HPTSR-UP) is investigated through numerical simula-

tions. The source, relay, and destination nodes in the relay communication system are
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Source Relay Destination
@ @ @
- Dgr S Drp >
< Dsp = Dsg + Drp >

Figure 3.3: Position of source, relay, and destination nodes in the simulation.

positioned as demonstrated in Fig. for the investigation of the system performance

against the relay position. The source-destination distance is set to Dgp = 20 meters,

where the source-relay distance is Dgrp = 10l meters and the relay-destination distance

is Dpp = 10(2 — ) meters. The value of [ (0 <[ < 2) is normalized over a distance of

10 meters. This normalization provides easy identification of the position of the relay

node. For 0 < [ < 1, the relay position is nearer to the source node, and for 1 <[ < 2,

the relay position is nearer to the destination node. In the simulation, 0.2 <1 < 1.8 is

selected such that Dgr > 2 m and Dgrp > 2 m.

3.5

—_ [\
—_ (V)] \S] (V)] w
T

Mutual Information (bits/s/Hz)
<
W

T

—o—HPTSR-LB
—»—HPTSR-UP
—6—TSR
—8— PSR

Figure 3.4: Example 1: MI versus P; with n =0.8, Ny= N, =Ng=2,and | = 1.

Similar to existing works [46], 47, 54, [55], the channel matrices are set as H = Dgf%/ NE|

and G = D;fD/Z(_} where D;I% and D}E% represent the large-scale pathloss with £ being

the pathloss exponent. By considering the suburban communication scenario, £ = 3
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Figure 3.5: Example 1: Harvested energy at the relay node versus P, with n = 0.8,
Ns=N,=Ng=2,and [ = 1.

[T04]. H and G are constructed according to the Rayleigh fading model with their
elements drawn from i.i.d. complex Gaussian distribution with zero mean and variances
of 1/Ng and 1/N,, respectively. The noise variance at the relay and destination nodes
as 02 = 03 = —50dBm. The performances of both proposed algorithms are compared
with the TS-based relaying (TSR) protocol for the AF MIMO relay system given in [54]
and the PS-based relaying (PSR) protocol for the AF MIMO relay system given in [55].
The upper bound based algorithm in [54] is used to demonstrate the performance of
the system with the TSR protocol. While the proposed method 2 in [55] which exploits
the upper bound of the MI in the given system is used to demonstrate the performance
of the system using the PSR protocol. All the numerical example results are averaged
over 1000 independent channel realizations.

In the first numerical example, n = 0.8, and Ny = N,, = N; = No = 2 are defined,
and the system MI for the tested algorithms versus the source node power with the relay
node located at [ = 1 are studied. Fig. demonstrates the MI performance versus
the source node power P;. Fig. shows the harvested energy at the relay node using
the tested systems versus Ps. It is observed that the MI performance of the HPTSR-



3.6. Numerical Example 67

LB algorithm and the HPTSR-UP algorithm outperform the TSR algorithm given in
[54] and the PSR algorithm in [55]. It is also noticed that the system performance of
the HPTSR-LB algorithm is similar to that of the HPTSR-UP algorithm. With the
increase of Ps, the MI gap between both the HPTSR-LB algorithm and the HPTSR-UP
algorithm to the TSR algorithm as well as the PSR algorithm increases. This is because
the harvested energy at the relay node using the HPTSR protocol is higher than that
using the TSR protocol and the PSR protocol, which can be seen from Fig. In other
words, both the HPTSR-LB algorithm and the HPTSR-UP algorithm provide a higher
power efficiency in terms of the MI per unit power available at the source node compared
with the existing TSR algorithm and PSR algorithm, as the two proposed algorithms
(HPTSR-LB and HPTSR-UP) yield a larger MI with the same transmission power
budget at the source node. From the numerical results, it is clear that by hybridizing
the TSR protocol and the PSR protocol, the system performance is greatly improved
compared to the system with only the TSR protocol or the PSR protocol. This is
because the HPTSR, protocol provides more degrees of freedom for the optimization of

system performance.

4.5 w w w
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ot ]
151 1
1k ]
0.5 ‘ ‘ ‘
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[

Figure 3.6: Example 2: MI versus [ with Ps = 15dBm, n = 0.8, and Ny = N,, = Ng = 2.
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Figure 3.7: Example 2: Harvested energy at the relay node versus ! with Ps = 15dBm,
n=0.8, and Ny = N, = N; = 2.

In the second numerical example, the system MI of the tested algorithms at various
positions of the relay node is investigated. Fig. and Fig. correspondingly show
the MI performance and the energy harvested at the relay node of the tested algorithms
versus [ at Ps = 15dBm, n = 0.8, and Ny = N,, = Ngj = 2. From Fig. it is observed
that both the HPTSR-LB algorithm and the HPTSR-UP algorithm have the highest MI
at all [ compared to the TSR algorithm and the PSR algorithm. This indicates that the
proposed HPTSR protocol outperforms the existing TSR protocol and PSR protocol
regardless of the position of the relay node. This can be explained from Fig. where
it can be seen that the HPTSR-LB algorithm and the HPTSR-UP algorithm provide
more harvested energy at the relay node compared to the TSR algorithm and the PSR
algorithm. Besides, it is also noticeable from Fig. that the harvested energy at the
relay node for all the tested algorithms is reduced when the relay node is located further
away from the source node. This results in the decrease of the system MI for all the
tested algorithms as illustrated in Fig.[3.6|when 0.2 <[ < 1. However, when 1 <1 < 1.9,
the system MI for all the tested algorithms as illustrated in Fig. increases with [ even

though the available transmission energy at the relay node gained from the harvested
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energy reduces with [. This is due to the shorter distance between the relay and the
destination nodes, which leads to a better second-hop channel and thus improves the

system MI.
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Figure 3.8: Example 3: MI versus [ at various N with P; = 25dBm and n = 0.8.

In the third numerical example, the MI performance of the HPTSR-LB algorithm
and the HPTSR-UP algorithm at various positions of the relay node with different
combinations of Ny, N, and Ny is studied. Fig. illustrates the system MI of the
HPTSR-LB algorithm and HPTSR-UP algorithm versus [ with P; = 25dBm and n = 0.8
at Ny = N, = Ng = N with N =2, N =4, and N = 6. It can be noticed that the
system MI increases with N. This is because, with the increase of N, the number of
concurrent data streams Ny also increases, which results in a higher system MI. Fig.
illustrates the MI performance of the proposed algorithms versus the source node power
P, with the same largest number of concurrent data streams No = Ny = Ny = 2 when
N, =2 N,=4,and N, =6 at n =0.8 and [ = 1. It can notice that the system with
a larger number of relay antennas provides a better MI performance. This is because
the relay antennas which are unused for ID are solely used for EH, which also increases
the energy harvested at the relay node. Thus, the MI performance of the system can

be effectively improved by installing more antennas at the relay node.
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Figure 3.9: Example 3: MI versus P; at various N, withl =1, n = 0.8, and Ny = Ng = 2.

3.7 Chapter Summary

The transceiver design for a dual-hop MIMO AF relay communication system with the
HPTSR-based EH relaying protocol is investigated in this chapter. The architecture of
the HPTSR-based protocol combines the T'S-based and PS-based EH relaying protocols.
The optimal structure of the source and relay precoding matrices is proposed to convert
the highly challenging joint transceiver design problem to a joint transceiver power
allocation problem with low complexity. T'wo algorithms are derived to solve the optimal
power allocation problem. In general, the two proposed algorithms provide a better MI
performance compared to existing TSR and PSR based algorithms. It is obvious to
notice that the system MI performance is better when the relay node is located closer
to the source or destination nodes. Moreover, the MI performance of the system can be

improved by installing more antennas at the relay node.



Chapter 4

Robust Transceiver Design for
SWIPT DF MIMO Relay System
with Time Switching Relaying

Protocol

A dual-hop SWIPT DF MIMO relay communication system in which the relay node
harvests energy based on the RF signal transmitted from the source node through the
TS protocol to decode and forward the re-encoded information to the destination node
is investigated in this chapter. With consideration of the channel estimation error, the
joint optimization of the TS factor, source and relay precoding matrices is proposed
with robustness against the CSI mismatch to maximize the MI between the source and
destination node. The optimal structure for the source and relay precoding matrices
is derived to simplify the transceiver optimization problem under fixed and flexible
power constraints. Numerical examples illustrate that the proposed algorithms with
robustness provide better MI performance compared with the non-robust algorithm.
The remainder of this chapter is structured as follows. In Section an overview of
existing techniques provided in literature is presented. In Section the system model
of a dual-hop MIMO relay system with EH relay adopting T'S protocol and consideration
of the CSI mismatch is presented. In Section[4.3] the robust transceiver design algorithm

is developed with a fixed transmission power scheme at the source node. In Section
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the robust transceiver design algorithm is developed with a flexible transmission power
scheme at the source node. In Section[4.5] the peak power limits for the source node and
relay node are considered in the optimization problem. Numerical results are presented

in Section .6l and conclusions are drawn in Section .71

4.1 Overview of Existing Techniques

Recently, the application of SWIPT technology in the energy-limited wireless system
has attracted much attention from researchers around the world. This is due to the
capability of the SWIPT technology to prolong the lifespan of a wireless system by
harvesting energy from RF signals while receiving information date from the transmitter.
There are two types of SWIPT receivers in practice, which are known as the TS and
PS SWIPT receivers [6].

In a scenario where the source and destination nodes are located over a long dis-
tance, it is necessary to deploy relay nodes for the wireless system. By utilizing relay
technology, the network coverage of wireless communication is extended [8]. There are
mainly two types of relaying schemes commonly used in practice, namely the AF relay-
ing scheme and the DF relaying scheme. The AF relaying scheme amplifies the received
signal and forwards it to the next nodes, while the DF relaying scheme decodes the re-
ceived information and then encodes it before forwarding the information signal to the
next node. In [I], the TS and PS protocols for SWIPT receiver are adopted to wireless
relay system by introducing T'S-based and PS-based relaying protocols to perform EH
and ID from the received signal at the relay node. The SWIPT relay node processes and
forwards the received signals to the destination node by utilizing the energy harvested.

The MIMO technique, which is implemented by installing multiple antennas at the
system nodes, can enhance the spectral efficiency of a relay system [105]. MIMO relay
communication systems with application of SWIPT relay node have been investigated
in [I, 45, 54H56]. In [I], the authors investigated the dual-hop SWIPT AF MIMO
OFDM relay system and developed the TS and PS protocols for the relay system. In
[45], SWIPT AF massive MIMO relay networks with PSR scheme and TSR scheme
were investigated. The authors derived the asymptotic harvested energy and sum rate
expression for a relay with infinite number of antennas. In [54], the joint optimization
problem in maximizing the MI between the source and destination node for SWIPT

AF MIMO relay communication system with TSR scheme was investigated. The joint
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optimization problem was solved by using the primal decomposition based algorithm and
upper bound based algorithm. In [55], the authors investigated a two-hop SWIPT AF
MIMO relay communication system with PSR scheme. The source and relay precoding
matrices with the PS factor matrices were jointly optimized by the SQP approach, the
SDP approach, and the primal-dual search approach to achieve the maximal system
MI. In [56], the authors extended the work in [54] and [55] to a dual-hop SWIPT DF
MIMO relay communication systems.

In [I), 45, [54H56], the authors assumed that the exact CSI is available. However, the
exact CSI is unobtainable in practice due to the CSI mismatch between the exact CSI
and estimated CSI. The channel mismatch between the exact and estimated CSI dete-
riorates the performance of the proposed relay systems [72, [79]. Studies regarding the
imperfect CSI in SWIPT MIMO relay systems have been carried out in [49], 50, TO6HI0S].
In [49)], the authors investigate a dual-hop SWIPT MIMO AF relay communication sys-
tem for the ideal EH scheme, the PSR scheme and the TSR scheme. Furthermore, the
authors consider the imperfect CSI when optimizing the SWIPT MIMO AF relay com-
munication system with the TSR scheme. In [50], the work in [49] is extended to a DF
relay communication system. Similarly, the impact of the imperfect CSI is considered
for the TSR scheme. It is noted that the imperfect CSI considered in [49] and [50] is a
special case, where the authors assumed scaled identity matrices as the row and column
covariance matrices of the CSI mismatch matrices, and the CSI mismatch is treated as
noise. However, in many practical applications, there is channel correlation. Hence, the
correlation matrix is not an identity matrix. Thus, the assumption made in [49] and
[50] is not valid. In [106], a dual-hop multirelay SWIPT wireless communication system
with the TSR protocol was investigated with the consideration of CSI mismatch. The
wireless communication between the multi-antenna source node and destination node
is carried out with multiple single-antenna relay nodes arranged in parallel. In [107],
a SWIPT MIMO AF relay communication system is investigated with imperfect CSI.
The TSR protocol is used to perform EH and ID at the relay node. In the considered
system, the transmit antenna selection strategy is used to reduce system complexity.
The system nodes transmit information signal, e.g., the source node and relay node,
are treated as single-antenna system nodes during the signal transmission. In [10§],
an energy-efficient optimization design for a two-way MIMO relay networks with PSR
protocol is investigated with the consideration of the CSI mismatch. It is observed that

the CSI mismatch considered in [I0§] is modelled based on the Euclidean-norm bounded
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model. Unlike [49, [50] 106 T08], the well-known Gaussian Kronecker model is adopted
in this chapter to model the CSI mismatch. The Gaussian-Kronecker model is used
because, in the practical scenario, there is always correlation of the channel. Different
to [106], the system node considered in this chapter are all equipped with multiple an-
tennas. Moreover, different to [I07], all the antennas installed at the system nodes will
be used.

A transceiver design is proposed for a dual-hop MIMO relay communication system
with a SWIPT relay using the DF relaying protocol. The transceiver is designed with
the consideration of imperfect CSI. The implementation of the robust SWIPT DF MIO
relay system can be performed in a similar way to those non-robust design. The focus of
this chapter is on system optimization. There is no existing work has been carried out
in SWIPT DF MIMO relay system with consideration of imperfect CSI, which modelled
based on the Gaussian Kronecker model. Through numerical simulations, it is shown
that the proposed scheme improves the robustness of SWIPT DF MIMO relay system
against the channel estimation error.

The contributions/challenges of this chapter are summarized below:

e The impact of the CSI mismatch modelled based on the Gaussian Kronecker
model towards the system performance of a dual-hop SWIPT AF MIMO relay
systems with energy-limited relay is examined. There is no existing work carried
out in a dual-hop SWIPT DF MIMO relay systems with consideration of practical

imperfect CSI based on the Gaussian-Kronecker model.

e The works carried out in this chapter extend the existing work [50] from the
special case where the channel correlation matrices are assumed as scaled identity

matrices to scenarios with general channel correlation matrices.

e The algorithm proposed for the transceiver design in this chapter provides robust-
ness to counter the inevitable channel mismatch between the exact and estimated
CSI in practice. The proposed algorithm helps to improve the system performance

of the existing transceiver design under a similar system mode [50].

e With the proposed optimal structure for the source and relay precoding matrices,
the complex optimization problem with any given TS ratio is simplified into two
simple power-allocation subproblems (for fixed power scheme) and/or one mas-

ter problem with two associated simple power-allocation subproblems (for flexible
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power scheme) which greatly reduce the computational complexity of the opti-

mization problem.

4.2 SWIPT DF Relay System Model with TS Relaying

Scheme

F, J Hsr L J Hrp L
 — | G || —

2 ly v Y o

Source Ns Ne Relay N No Destination

Figure 4.1: Block diagram of a dual-hop MIMO relay system with EH relay using TS

protocol.

A dual-hop three-node MIMO relay communication system is considered in this
chapter where information signals are transmitted from the source node to the desti-
nation node with the help of a relay node as displayed in Fig. The number of
antennas installed at the source, relay, and the destination node are denoted as Ng,
Ng, and Np respectively. The source node has an in-built power supply, while the relay
node is required to be powered by energy harvested from the received RF signals. It is
also assumed that the direct link between the source and destination node is negligible
due to severe pathloss and shadowing. Compared with the AF relaying scheme, the DF
relaying scheme is selected for the relay as it does not amplify and forward the noise
introduced at the relay node.

For the EH scheme at the relay node, the TS protocol is adopted to the system. In
one communication cycle, the total time T is divided into three time-frames. During
the first time-frame of oI, the source node transmits the energy-bearing signal vector
s; € CNs*1 to the relay node for EH where a € [0, 1] represents the TS ratio and
the covariance matrix of s; is given as E{s;s{’} = Fy, where E{-} and (:)¥ denote
the statistical expectation and Hermitian transpose, respectively. During the second
time-frame of (1 — «)T'/2, the source node transmits information-bearing signal vector
sy € CNs*! with covariance matrix given as F{sysl’} = Fy to the relay node for ID

where the relay decodes and re-encodes the received signal. During the final time-frame
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of (1—a)T/2, the relay forwards the encoded signal s € CV#X! to the destination node,
where § has the covariance matrix given as E{ss/’} = G. For simplicity, T = 1.

The received signal at the relay node for EH during the first time-frame is given as

yr1 = Hggrs: +n, (4.1)

where Hgpr is the MIMO channel matrix of the source-relay link and n,.; is the AWGN
at the relay node during the first time-frame. Thus, the RF energy E, harvested at the

relay node without noise component can be written as
E, = an tr{HsgF H{ } (4.2)

where 1 € [0,1] is the conversion efficiency at the relay node and tr{-} denotes the
matrix trace.
During the second time-frame, the received signal at the relay node for ID is given

as

yr2 = Hggss + 1,2 (4.3)

where n, > is the AWGN noise at the relay node with a covariance matrix of U?INR
and I, denotes an n X n identity matrix. During the final time-frame, the relay node
forwards the re-encoded information to the destination node. The received signal at the

destination node is given as

yi=HgrpS+ng (4.4)

where Hgp is the MIMO channel matrix of the relay-destination link and ng is the
AWGN noise at the destination node with a covariance matrix of 0‘62[1 Np-

In existing work, the exact CSI is assumed to be known at the relay and destination
nodes. However, the exact CSI is unavailable in the practical scenario due to the channel
estimation error, which results in the CSI mismatch between the exact and estimated
CSI. Thus, the true MIMO channel matrices with consideration of imperfect CSI are

given as

Hsp = Hsr + Asr, Hgp = Hgp + Agrp (4.5)

where ﬁSR and ﬁRD are the estimated channel matrices for source-relay link and

relay-destination link respectively, Agr and Agrp are the corresponding CSI mismatch
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matrices. Based on the Gaussian-Kronecker model, the CSI mismatch matrices are

modelled as

Asg ~ EN(0,Zsp @ ®lp) (4.6)
Agrp ~ CN(0,Zpp ® &%) (4.7)

where ® denotes the matrix Kronecker product, (-)7 stands for the matrix transpose,
Y.sr and X pp are the row covariance matrices while ®gz and ®rp are the column
covariance matrices for Agr and Agp respectively.

The MI across the source-destination link [I09], Igp is the minimum of the MI across
the source-relay link, Jgr and the MI across the relay-destination link, Jrp, and can be

expressed as
Jsp =min (Jsr,IrD). (4.8)

With the consideration of CSI mismatch, Jgr and Jgp can be written as [110]

11—« 1 ~ _H
Isk = —5— logy |Iny + ToHspFoHip T (4.9)
l-a -3 SH My
jRD = B log2 IND + TRDHRDGHRDTRD (4.10)
where
Tgop = UglNR + tr{Fo®Psr}Xsr (4.11)
Trp = 021y, + tr{G®rp}Zrp. (4.12)

Moreover, with the consideration of the CSI mismatch, F, from (4.2)) is rewritten into
E, = an tr{HggF1HY, + tr{F1® 55} Zsr}. (4.13)

In the TS protocol, there are two schemes of transmission power constraint [6] which
are known as the fixed power scheme and the flexible power scheme. The transmission
power constraint for the source and relay nodes in the case of the fixed power scheme

is given as
11—«

tr {Fl} <P, tr {FQ} < P, tr {G} < FE, (4.14)

and in the case of the flexible power scheme is given as

1- 1 1
Yr{Fo) < ;QPS, . Y{G} < E, (4.15)

atr{Fy} +
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where P; > 0 is the power budget available at the source node.
The main objective of the proposed transceiver design scheme is to maximize Jgp
subjecting to each variation of transmission power constraints at the source and relay

nodes as given in (4.14)) and (4.15|).

Different from [50], CSI mismatch covariance matrices, ®sr, ®rp, Xsr and Xgp
in general cases are not scaled identity matrices which result in difficulties when solving
the optimization problem. In general cases where ®gr # 021y, and ®rp # 02In,, the

inequality [75] as follows is introduced to overcome the challenge.
tr{AB} < tr{A}\y(B) (4.16)

where Ajp/(-) denotes the maximal eigenvalue of a matrix. By applying (4.16) to (4.11])
and (4.12), the upper bound of Tgr and Tgp are given as

Tsr = 071N, + tr{Fa}eosrSsr (4.17)
Trp = UCZIIND +tr{G}¢rpERD (4.18)

where pgr and prp denote the maximal eigenvalue of ®gr and ®rp respectively. By
substituting (4.17) and (4.18) to (4.8)), the objective function Jgp which exploited the
lower bound of Jgr and Jgp is optimized. Notably, (4.17)) and are also applicable
in the case where ®gp = J?INS and $rp = J?INR. By applying , the upper

bound of E, which is exploited is given as

E, = antr{HgzgF1HY, + tr{F1}pspZsr}. (4.19)

In general cases where Xgr # In, and Xgp # Iy, the EVD of X5 and Xgp are

introduced as follows to reduce the complexity of the objective function
_ H _ H
Ysr = VygpAssn Vg, 2RD = VyppAsp, V- (4.20)

With the introduction of (4.20)), Isr and Jrp are equivalently rewritten into

2

« ~ ~
Isn =~ logy |Iny, + Hnltr{F2}F2Hspltr {F})"|

(4.21)
11—«
2

T = log, ‘IND + Hpp[tr{G}YGHzrp [tr{G}]H‘

(4.22)
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where

~ -1 =
Hgpltr{Fa}] = (07In,+tr{Fo}osrAsg,) * Vi, Hsr
~ -1 =
Hppltr{G}] = (03Tn, +tr{G}erpAs,,) > VE, Hap

can be viewed as the source-relay link channel matrix with dependence on tr{Fs} and
the relay-destination link channel matrix with dependence on tr{G}, respectively, with

the corresponding compact SVD given as

Hog[tr{Fs}] = Uspltr{F2 Asgltr{F2}]2 Vep[tr{F2}? (4.23)
Hpp[tr{G}] = Urp[tr{GYArp[tr{G}]2 Vap[tr{G}Z (4.24)

where Agg[tr{Fs}] and Agrp[tr{G}] are size Ksr = min(Ng, Ng) and Kpp = min(Ng, Np)
diagonal matrices, respectively, with the diagonal elements arranged in descending or-

der. The energy harvested at the relay node E, is also rewritten as

Ngr
E, =an (tr{HSRFlﬂgR} +tr{F1}osr » AESR,Z) (4.25)

=1

where Ay, ; denotes the ith diagonal element of Ax,,.

4.3 Optimization Problem under Fixed Power Scheme

In this section, the optimization problem which maximizes Jgp is investigated with Jgr
and Jgp expressed in (4.21) and (4.22)), respectively. Subjecting to the fixed trans-
mission power constraint as given in (4.14]), the optimization problem can be written

as

J 4.26
af?,%};,c; SD (4.26a)
st.tr{F1} < Py tr{Fa} < Ps (4.26b)
1—
5 Y{G} < E, (4.26¢)
0<a<l1, F; >0, Fu>0, G>0. (4.26d)

It is noticeable that F; is not involved in the objective function, but it affects the
transmission energy available at the relay node. Thus, the optimization problem for F

can be viewed as
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Ngr

max tr{Hs rF1HL} +tr{F1}osr > Augp (4.27a)
! i=1

s.t. tT{Fl} S Ps, F1 Z 0. (427b)

As the optimal F; must achieve the equality of the transmission power constraint
, the second term of the objective function can equivalently be viewed
as a constant, and the optimal structure [I] for F; = PSVSRJGgIR’l where Vgp is the
leftmost column of VSR which can be obtained from the SVD of ﬁSR = fJSRKéR\Ang
where the diagonal elements of KSR are arranged in a decreasing order. By adopting

the optimal structure of Fi, the optimization problem (4.26]) can be rewritten as

4.2
g o (1250
s.t. tr{Fa} < P (4.28b)
tr{G} < Eq (4.28¢)
0<a<l F320, G>0 (4.284)
where E, = 2anxP;/(1 — «),
X = Asr1+ PSR Y Aspi (4.29)

=1

and /):g Rr,1 is the largest diagonal element of KSR.

The optimization problem is solved by an iterative method. Jgp{a} is denoted
as the optimal Jgp with any given « value. Firstly, the optimization problem is solved
with fixed «. It is noted that E, is a constant with any given «. It can be shown
that Jgp in is monotonically increasing with respect to tr{Fy} and IJgp in
increases monotonically with respect to tr{G}. Thus, it is obvious that the optimal
F, and G must achieve the equality of corresponding power constraints, and
(4.28c). Thus, under fixed transmission power constraint, Hgg[tr{Fs}] = Hgr[Ps] and
Hpp[tr{G}] = Hrp|E.] can be rewritten as

. 1 .
HgsgrlP] = (07Ing + PapsrAsg,) 2 Vil Hgr
- it .
Hgp|Eo] = (07In, + BarpAsy,,) >V Hpgp.

with the corresponding compact SVD written as



4.3. Optimization Problem under Fixed Power Scheme 81

- o .
Hsg[Ps] = UsrAsr[Ps]2 Vigg (4.30)
_ 7 L2

HrplEa] = UrpArplEa]?Vip (4.31)

The diagonal elements of Ask [Ps] and Agrp [E,] are arranged in descending order and
the ith diagonal element of the corresponding matrices are denoted as XSRJ[PS] for
1=1,---,Kggr and XRDJ[EQ] fori=1,---,Krp. As mentioned in [79], when tr{Fa}
and tr{G} are constants, INJSR,INJRD,\N/'SR and VRD do not depends on Fy and G. It

can be shown that the optimal structures for Fo and G are given by
Fo=VsrAVE, G =VgpA,VE, (4.32)

where Ay and A, are diagonal matrices of size Kgr and Kgp, respectively. The ith
diagonal elements for Az and A, are correspondingly denoted as Ag; fori =1,--- , Kgg
and \g; for i = 1,--- , Kgrp. By adopting the optimal structures of Fo and G, the
optimization problem is simplified to a power allocation problem with scalar
variables which can be further reduced to two sub-problems. In particular, the source-

relay link optimization problem is given as

1—a N
max — Z log, (1 + AsR,i [Ps]Ali) (4.33a)
2 =1
Ksr
st Y X< P, Xi>0, i=1,---,Kgp (4.33D)
i=1
where Ay = [Aa1, -, Ao, KSR]T, while the relay-destination link optimization problem
is given as
1—a Krp B
rr;\ax 5 Z log, <1 + )\RD,i[Ea]Ag,i> (4.34a)
i i=1
Krp
st. > Ngi < Eay Agi 20, i=1,--- Kgp (4.34D)
i=1

where Ay = [Ag1, Ay kppl - By using the KKT conditions, the optimal Ay, for

t1=1,---,Kgpg is given as

1— a Asr,i[Pi]
2  ppln2

* j—

1
24 = =
‘ )\SR,’L'[PS}

i=1,-,Ksp (4.35)
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and the optimal Ay ; for ¢ =1,--- , Kgp is written as

1
)‘g,i - =
ArD.i[Eal

=1, ,Kgp (4.36)

~ +
1 —aArp,[Eal 1l
2 o ln 2

where (-)* represents the optimal value, In denotes natural logarithm, [z]" = max(z, 0),

1 > 0 and po > 0 are the Lagrange multipliers to (4.33b]) and (4.34b)) respectively.
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Figure 4.2: Unimodality of Jsp at Ps = 20dBm and Ng = Ng = Np = 2.

It can be seen that the objective function, Jgp for fixed transmission power constraint
is an unimodal function of « as illustrated in Fig. and the feasibility region of
is monotonically increasing with «. Thus, the optimal a can be obtained through the
golden section search method with the golden number ratio 6 = 1.618 [I11I]. The
procedure of the golden section search method is presented in Algorithm [I} where ¢ > 0

is a small number controlling the convergence of the algorithm.
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Algorithm 1 Golden Section Search Method to Find the Optimal «

Initialization: ay =1 and af, =0

1. while |ay —ar| > ¢ do

2: Set p1 = (0 — )ag + (2 —9d)ay.
3: Set p2 = (2= 9d)ar + (0 — Dag.
4 Compute Jgp{p1} and Isp{p2}-.
5: if Jsp{p1} —Isp{p2} > 0 then

6: ay = P2
7 else

8: ar = p1
9: end if

10: end while

11: o = (ar +ay)/2

4.4 Optimization Problem under Flexible Power Scheme

In this section, the optimization problem which maximizes Jgp is investigated with Jgr
and Jrp expressed in and respectively. With the assumption of the ideal
scenario, i.e. the source node is equipped with infinite transmission energy, it is noted
that subjecting to the flexible power constraint as given in , the optimization

problem can be expressed as

g 4.37
ARG TP (437)
1 1
st atr{F1} 4+ — L {Fy) < —- 9P, (4.37D)
1—
Y{G} < E, (4.37¢)
0<a<l, F; >0, F;3>0, G>0. (4.37d)

It is noticeable that the optimal F is not involved in the objective function , but
it will affect the objective function by varying the feasible region of the problem. To
maximize the energy harvested at the relay node, the source node transmission power
for energy-carrying signal should be located to the strongest sub-channel of Hgr. By

assuming that tr{F;} = A1, the optimization of F; can be reduced to A; with the
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optimal structure for F; = AlGSR,lVgRJ. By adopting the optimal structure of Fy, the

optimization problem is rewritten as

aﬂnz}%{ Jsp (4.38a)
st oM+ Yy < 1Y, (4.38b)

- Oétr{G} < anAix (4.38¢)
0<a<1l \M>0, Fp>0, G>0. (4.38d)

With any given « and Aj, the transmission power constraint (4.38c) must satisfy the
equality with the optimal G, i.e.

2nx
1—«

By applying (4.39)), the optimization problem (4.38)) is rewritten as

tr{G} =

Oé)\l. (4.39)

4.4
g0 (00
1
st tr{Fo} + —tr{G} < P, (4.40b)
nx
0<a<l Fpa>0, G>0 (4.40¢)

where P, = %PS.

Similar to Section an iterative method is developed to solve the problem (4.40]).
It is noticed that the optimal Fo and G are coupled in the transmission power con-
straint (4.40b)) with any given a. By applying the primal decomposition method [112]
with introduction of k > tr{Fa} where k € [0, P,], the optimization problem is

equivalently decomposed into

11—« ~ ~
max Jsn(k) = 5 logy |In, + Horltr{Fa}FoHorltr{F})" ‘ (4.41a)
2
st. tr{Fy} <k, Fy>0 (4.41b)
and
max Ipp (k) = ;O‘ logy [Ty, + Hpp[tr{G}GHpp[tr{G}|  (4.42a)
st. tr{G} <(Po—k)nx, G=>0 (4.42b)

where Jgr(k) and IJgp(k) are the optimal Jgp and IJpp with a given k. Moreover, the

master problem of optimizing Fy and G is given as
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max min(Jsr(k),Irp(k)) (4.43a)
5.t.0< k< Py (4.43b)

It can be easily seen that the equality of (4.41b)) and (4.42b) must be achieved
with the optimal Fy for the problem (4.41) and G for the problem (4.42). Thus,
Hgrltr{F2}] = Hgrlk] and Hrp[tr{G}] = Hrp[(P. — k)nx] can be rewritten as

~ _1 ~

HSR[k‘] = (O’TQINR + k’SOSRAZsR) ? VgSRHSR
~ _1 ~
Hgp[(Pa — k)nx] = (OgIND + (Po — k)nX‘PRDAERD) ’ VgRDHRD

where the corresponding singular value matrices and are given as ./NXSR[k:]
and Agp[(P. — k)ny| with its diagonal elements arranged in descending order. The
ith diagonal element of Agg[k] and Arp[(Pa — k)nx| are correspondingly denoted as
XSR,Z‘[/{?] for: = 1,--- ,Kgr and XRDJ‘[(PQ — k)nx] for ¢ = 1,--- | Krp. Using the
optimal structure of Fo and G given in 1) and the corresponding SVDs of ﬁs rlK]
and Hp Dp[(Pa—k)nx] for the flexible power scheme, the optimization sub-problem (4.41)

can be equivalently expressed as

Ksr

1l -«
max — 2; logy (1 + a;x;) (4.44a)
1=
Ksr
st. Y wi <k, >0, i=1,--- Kgg (4.44D)
i=1
where x = [z1, - - ,xKSR]T, and fori=1,--- ,Kggr, a; = A)\VSRJ[I{:] and z; = A\o; , while

the optimization sub-problem (4.42)) is rewritten as

1—a Krp
max — z; logy (1 4 biy;) (4.45a)
1=
Krp
st. > 4i<Pa—k, >0, i=1-- Kgp (4.45D)
i=1

where y = [y1,--- ,yKRD]T, and for i = 1,--- ,Kgrp, b; = XRD,i[(Pa — k)nx]nx and

Yi = Ag,i/nx. It is obvious to note that the problem (4.44) and (4.45) are convex and

can be easily solved by the water-filling algorithm.
To obtain the optimal k, the bisection method is used to solve the master problem

(4.43). For ¢ = 1,---,n, where n is the number of iterations needed to obtain the
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optimal k, the search region in the ith iteration is denoted as [L;, R;] with L; = 0 and
Ry = P,, while the k for the ith iteration is k; = (L; + R;)/2. For each iteration,
the value of Jgr(k;) and Jgp(k;) is obtained by solving the problem and (4.45)),
respectively. In the case of Igr(k;) < Igp(ki), Li+1 = ki, and if Isg(k;) > Irp(k;), then
Ri+1 = k;. The steps of bisection are repeated until the difference between the value
of Jsr(kn) and Irp(ky) is less than ¥ where ¥ is a positive constant close to 0. The
process of solving the primal decomposition optimization problem by using the bisection

method is summarized in Algorithm

Algorithm 2 Solving the Problem (4.40) by the Primal Decomposition Method

Initialization: n =1, L1 =0, and R; = F,.

1: do

2: Obtain ky, = (L, + Ry)/2.

3. Obtain SVD of Hgp and Hpp with k.

4: Compute a;, ¢ =1,--- ,Kgr and bj, j = 1,--- , Kgrp and solve and .
5: Compute Jgr(ky) as and Jrp(ky,) as (4.454).

6: if Jsr(kn) —Irp(kn) < 0 then

7: Lyi1 = ky.

8: else if Jsr(ky) —Irp(kyn) > 0 then

9: Rn+1 = kn,.
10: end if
11: n+<n+1

12: while ’jSR(kn—l) — jRD(kn—1)| >
13: Find x* and y* with k* = k,_1 by solving (4.44) and (4.45)

Next, as illustrated in Fig. the objective function, Jgp with flexible power
constraint is monotically decreasing with regards to o while the feasible region of (4.38c))
is monotonically increasing with «. Hence, the optimal o can be obtained by using the

golden section search method as presented in Algorithm

4.5 Optimization Problem with Peak Power Constraints

In Section it is worth mentioning that in the problem (4.37)), the transmission
power tr{F;1} may approach infinity when « approaches 0, and the tr{Fs} and tr{G}
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may become infinite when « is close to 1. However, infinite transmission power is not
achievable in practice. Thus, ]35 and ]3r are introduced to represent the peak power
limits at the source and relay nodes, respectively, to impose practical peak transmission
power constraints which are given as tr{F} < P, tr{Fs} < P, and tr{G} < P, to
the optimization problem with the optimal structure of F; = )\1953’195}271 and
0< )\ < ]35. Hence, the optimization problem with the consideration of peak power

limits at the source and relay nodes is written as

44

g Yo (4460
1

sit. tr{Fo} + —tr{G} < P, (4.46b)
nx

tr{Fsy} < P, (4.46¢)

tr{G} < min (Ea, ﬁr) (4.46d)

0<a<l, Fy>0, G>0 (4.46¢)

where E, = 2nyaPs/(1 — a).

It is noticed that the optimization problem can be viewed as a problem ex-
tended from the problem with the introduction of peak power constraints given
as (4.46¢) and (4.46d]). Hence, the solution of with fixed o can be exploited and
denote it as F}, and G’ when solving the optimization problem with fixed a. In
the case where the peak power constraint (4.46c)) and (4.46d|) are satisfied with F, and
G’, then the optimal Fy and G for the optimization problem are F), and G'. In
the case where the peak power constraint is violated with F}, but G’ satisfies
, the optimal F5 is obtained by solving the following optimization problem

max Jsg (4.47a)
Fo

s.t. tr{Fy} < P,,F > 0. (4.47D)

As the equality of ([.47D) holds with the optimal Fy, Hgg[tr{Fs}] = Hgg[Ps] which
can be rewritten as

1 N
HsplPy] = (o2In, + Popsnhssg) © VE  Hsp (4.48)

and its singular value matrix (4.23) is given by Asg [133] with the diagonal elements ar-
ranged in descending order. The ith diagonal element of Agp[P;] is denoted as Ag RJ[ISS]
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for i =1, -, Kgr. By using the optimal structure of Fo proposed in (4.32]) with the
corresponding SVD of Kg R[ﬁs], the problem (4.47) can be rewritten as

1—a Ksr
max — 2 logy (1 + @) (4.49a)
1=
Ksgr R
st. Y T <P, >0, i=1,---,Ksp (4.49b)
=1
where X = [, - ,fKSR]T and for i = 1,--- ,Kggr, a; = XSR,Z-[E] and Z; = Ag;. The

problem (4.49)) can be easily solved by the water-filling algorithm.
In the case where the peak power constraint (4.46d) is violated with G’, but FY
satisfies (4.46¢)), the optimal G is obtained by solving the following optimization problem

m(%x jRD (4.50&)

st. tr{G} <7, G>0 (4.50b)
where 7 = min(Ea,ﬁr).~ As the equality (4.50b)) holds with the optimal G for the
problem (4.50), there is Hpp[tr{G}] = Hzp[r], which can be rewritten as

~ _1 ~
Hpplr] = (071, + TorDAS,,) 2 VE  Hrp

and its singular value matrix is given by AgrD [7] with its diagonal elements ar-
ranged in descending order. The ith diagonal element of Arp [7] is denoted as XRD’Z'[T]
fori=1,---, Kgrp. By using the optimal structure of G in with the correspond-
ing SVD of KRD [7], the problem can be rewritten as

1—a Kgrp R
myz}x 5 z; logy (1 + b;y;) (4.51a)
P
Kgrp
st. Y i<t §i=0, i=1,--- Kgp (4.51b)
i=1
where y = (71, - ,QKRD]T and for i = 1,--- , Kgp, 31 = XRD,Z-[T} and y; = Ag;. The

problem is convex which can be easily solved by the water-filling algorithm.
Finally, if both and are violated, the problem and are
solved for the optimal F9 and G, respectively. The process of solving the problem
(4.46|) is summarized in Algorithm It is important to mention that the optimal
Jsp{a} = min(Jsgr,Igp) with the optimal Fy and G obtained. The optimal « is
obtained through golden section search method which follows the Algorithm
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Algorithm 3 Solving (4.46) with given «
: Solve (4.40) with Algorithm [2|to obtain F} and G'.

2. if tr{F}} < P, then

[

3: ; = FIQ
4: else

5: Find X* by solving (4.49)).
6: Compute A5 with X* then find F} with (4.32).

7: end if

8: if tr{G’'} < 7 then
9: G* =G

10: else

11: Find y* by solving (4.51)).
12: Compute Ay with ¥* then find G* with (4.32).

13: end if

4.6 Numerical Example

< Dsp = Dsg + Drp >
o Dsgr O Drp o .
Source Relay Destination

Figure 4.3: Placement of the source, relay and destination nodes in relay communication

system.

In this section, the performance of the proposed robust transceiver designs under
fixed power scheme (Fixed), flexible power scheme without peak power limit (Flexi-
ble (w/o Peak)) and flexible power scheme with peak power limit (Flexible (w Peak))
are investigated. In the numerical examples, = 0.8. The peak power limits are as-
sumed as ﬁs = ﬁr = rP,, (r > 1) in the numerical examples. The nodes in the relay
communication system are considered to be placed as illustrated in Fig. [4.3] The
source-relay distance and the relay-destination distance are set as Dgr = 10v meters
and Drp = 10(2—v) meters respectively with the total distance between the source and
destination nodes given as Dgp = 20 meters. To determine the relay position with ease,

the value of v (0 < v < 2) is normalized over a distance of 10 meters. When 0 < v < 1,
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the relay is located closer to the source node as indicated by Dgr < Dgrp, whereas
Dgsr > Drp when 1 < v < 2 indicating the relay is located closer to the destination
node. Dgr > 2m and Dgrp > 2m is set with 0.2 < v < 1.8.

With the consideration of channel pathloss, the channel matrices Hgg and Hgp
are constructed as Hgr = Dglgﬂ <ﬁ53+ ASR> and Hrp = D;jj)/z (ﬁRD + ARD>
where Dgf% and DE% denote the largescale pathloss between the source-relay link and
the relay-destination link, respectively, with £ being the pathloss exponent. & = 3 for
suburban communication scenario [I04]. The estimated channel matrices, Hgp and

Hpp are modelled as [110]

Hgr ~CN (O, = Ysr® ¥sp

e

- 1—02 T

e

where 02 represents the variance of estimation error. Note that Hgr, Agr, Hgrp and

ARrp can be equivalently expressed as

~ 1—02 L ~ 1 1 1
— € 2 2 —_ 2 2
Hsp = o2 2 erHusr ¥ sps Asr = U5pAusr PSR
e
~ 1—0c2 1 1 1 1
— e 2 2 i 2 2
Hrp = o2 YepHurp YED, Arp = XgpAurp¥ip
e
where Hy,q ., Hypppy, Awgyr and A, are complex Gaussian matrices whose entries are

~

i.i.d. with zero mean and variance of 1/Ng (for H, and A, ,) and 1/Np (for H

and Ay, ). In the simulations, ®sr, Prp, Xsr and Xgrp are simulated as

WSR WRD

j
=m0l ij=1-- Np

[QSR]Z']‘ = ngyijl la] - 17 T 7NS
[@rply; =020 7 ij=1, Ng
(Ssrliy=p 7 i j=1,---,Ng

]

where [-];; stand for the ith row and the jth column matrix entry, p; € [0,1] and p, €
[0, 1] represent the correlation coefficients of the channel correlation matrices. In the

numerical examples, p; = 0.1 and p, = 0.01 are set. The noise variance at the relay and

2 _

destination nodes are set as 02 = 02 = —50dBm. The number of antennas at the source,

relay and destination nodes are considered as Ng = Ngr = Np = 2. These predefined
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values remain the same for all numerical examples unless specifically mentioned. The
results, which are averaged through 1000 independent channel realizations, are obtained
from the numerical simulation. The proposed transceiver design with robustness is
compared with the transceiver design in [56] using the estimated CSI which is denoted
as (Non-Rob Flexible) and the transceiver design with the full CSI which is denoted as

(FCSI) in the numerical examples.

—A— Fixed

—&— Flexible (w/o Peak)

—&— Non-Rob Flexible (w/o Peak)
—*—FCSI (w/o Peak) Xx
—-8-—Flexible (w Peak, r=2) -
—-©-—Non-Rob Flexible (w Peak, r=2)
—-%-—FCSI (w Peak, r=2)

p—
[9))
T

e
W

Mutual Information (bits/s/Hz)

0 5 10 15 20

Figure 4.4: Example 1: MI versus Ps with v =1, 02 = 0.15.

For numerical example 1, the MI performance versus P; is investigated for the pro-
posed transceiver designs with robustness and non-robust transceiver design given in
[56] using only the estimated CSI. The transceiver design in [56] using the full CSI is
set as the benchmark in the simulation. It is important to note that the transceiver
design with full CSI is unavailable in practice due to the inevitable CSI mismatch. In
this numerical simulation, v = 1 and o2 = 0.15. Fig. and display the sys-
tem MI and the amount of harvested energy at the relay node versus P; for the tested
systems respectively. For the systems with and without peak power limits (r = 2),

it is noticed that the FCSI transceiver design provides an upper bound of the system
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—A— Fixed
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E ~-8-~Flexible (w Peak, r=2) 2
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Figure 4.5: Example 1: Harvested energy at the relay node versus Ps with v = 1 and

02 =0.15.

MI, and the CSI mismatch heavily degrades the MI performance of the system when
P is high. It is noticeable that the MI performance of the system with the robust
transceiver design is higher than the system using the non-robust transceiver design.
In other words, the robust transceiver design has a better performance compared with
the non-robust transceiver design. Besides, the energy harvested at the relay node is
also influence by the CSI mismatch. The proposed transceiver design with robustness
harvest more energy at the relay node as compared with the existing transceiver design
without robustness. Moreover, the system with fixed power scheme has the lowest MI
performance. This is because the feasible region of the system with fixed power con-
straint is smaller than the system with flexible power constraint as illustrated in Fig.
It is observed that the energy harvested with fixed power constraint is smaller than
the system with flexible power constraint. In the following numerical examples, the
non-robust transceiver design and FCSI transceiver design will be carried out without

the consideration of the peak power limits. For a fair comparison, the proposed robust
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transceiver design under the flexible power scheme will be used.

3.5 ' ' '
—A— Fixed

—&— Flexible (w/o Peak)

—O— Non-Rob Flexible (w/o Peak)
—#*— FCSI (w/o Peak)
—»*— Flexible (w Peak, r=2)

(O8]
T

D
L
T

p—
[9))
T

Mutual Information (bits/s/Hz)
—_ N

©

W
)
oL
W

Figure 4.6: Example 2: MI versus v at P; = 10dBm and o2 = 0.1.

For numerical example 2, the MI performance of the transceiver designs is investi-
gated at various relay positions. Fig. displays the MI performance of the simulated
transceiver designs and Fig. displays the harvested energy at the relay node for the
tested system across various v with Ps = 10dBm and o2 = 0.1. It is observed that the
MI performance is higher when the relay node is located closer to the source node or the
destination node. This can be explained as below, when the relay node is located closer
to the source node (0 < v < 1), more RF energy can be harvested at the relay node,
which can be observed in Fig. [4.7] as the RF energy transmission loss at the source-relay
link is reduced. This enhances the MI performance of the system. Even though the RF
energy harvested at the relay node is smaller when the relay node is located closer to
the destination node (1 < v < 2), however, the relay-destination distance is shorter,
which helps in improving the MI performance of the system. Even though it is observed
that the energy harvested at the relay node by the proposed transceiver design and

the existing non-robust transceiver design across various v are approximately similar,
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Figure 4.7: Example 2: Harvested energy at the relay node versus v at P; = 10 dBm and

o2 =0.1.

the proposed transceiver design with robustness performs better than the non-robust
transceiver design at any relay node position. This indicated that the CSI mismatch
cause greater degradation to the system MI compare to the harvested energy at the
relay node.

For numerical example 3, the impact of o2 on the MI performance is investigated for
the tested systems. The MI performance versus P for the tested systems are displayed
in Fig. [l.§ with v = 1 and 7 = 2 at 02 = 0.01 and 02 = 0.3. It is observed that
when o2 is smaller, the MI performance for the tested systems are approaching the
system MI with FCSI. This observation indicates that the CSI mismatch with greater
channel estimation error will cause a significant loss in the system MI. Moreover, the gap
between the MI performance of the robust transceiver design and non-robust transceiver
design is larger with higher o2. This is because when the CSI mismatch is greater with
a higher o2, it causes more degradation to the system using the non-robust transceiver

design.
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Figure 4.8: Example 3: MI versus P, with v = 1.

For numerical example 4, the impact of peak power limits on the system MI is
investigated. Fig. displays the MI performance versus P, with various peak power
limits at r =1, r = 2, » = 5 and r = 100 for the robust transceiver design at v = 1 and
02 = 0.15. Tt can be noticed that the MI performance increases with an increase of r.
It is noticed that when r is sufficiently large, the MI performance of the system with
peak power constraint is similar to the system without peak power constraint. This is
because the peak power constraint is easier to be satisfied when the power limit is large.
It is also noticed when r = 1, the system MI for flexible power constraint with peak
power limits is approximately identical to the system MI for fixed power constraint at
low Ps. At high Py, the proposed robust transceiver design with fixed power constraint
is greater than the proposed robust transceiver design with flexible power constraint
with peak power limits.

For numerical example 5, the influence of the number of antennas at the system
nodes towards the system MI is investigated. Fig. displays the MI performance
versus Py at various combination of [Ng, Ng, Np] for the robust transceiver design under

the flexible power scheme with peak power constraint with r = 2, v = 1 and ¢? = 0.15.
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Figure 4.9: Example 4: MI versus Ps with 02 = 0.15 and v = 1.

It can be noticed when the number of the antenna at all system nodes increases from 3
to 5, and the system MI has a significant increase. It is noticed when only the number
of the antenna at the source node increase, i.e., from [3,3,3] distribution to [5, 3, 3]
distribution, the system MI is almost identical. This indicates that the increment of
the number of antennas at the source node does not heavily influence the system MI.
However, when increasing the number of antennas at the relay and/or destination node,
the system MI for [3,5,3] and [3,3,5] distributions is higher than the system MI for
[5,3,3,] distribution. This is because the system MI is limited by the MI of the relay-
destination link, which is due to the transmission energy available at the relay node is
smaller than the transmission power available at the source node. Thus, increasing the
number of antennas at the relay and destination node will enhance the MI performance
of the given system.

In the last numerical example, the performance of the proposed algorithms is inves-
tigated for the scenario where the CSI mismatch matrices is different to the presumed

one. Follows [50], the CSI mismatch matrices are modelled as Gaussian random matrices
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Figure 4.10: Example 5: MI versus Ps for robust transceiver design with peak power

constraint at various [Ng,Ng,Np], r =2, v =1 and 02 = 0.15.

with zero mean and variances equal to o2. In this numerical example, the CSI mismatch
matrices are uncorrelated with Hggr and Hgp. It is noticeable that the proposed al-
gorithms are providing better performance as compared to the non-robust algorithm.
Besides, it is observed that even though the CSI mismatch model is different to the
presumed one, the proposed algorithms achieves a good performance. This observation
indicated that the changes in the applied CSI mismatch model will not heavily influence

the performance of the proposed algorithms.

4.7 Chapter Summary

In this chapter, the robust transceiver design for dual-hop DF MIMO relay communi-
cation system with T'S-based EH protocol is investigated. The transceiver design with
robustness helps reduce the degradation caused by the CSI mismatch between the exact

and estimated CSI available in the system. With the consideration of CSI mismatch, the
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Figure 4.11: Example 6: MI versus P; with v = 1, 0% = 0.05.

optimization problem is more challenging to solve. KKT conditions are applied to solve
the source and relay precoding matrices optimization problem under the fixed power
scheme, and the primal decomposition method is applied to solve the source and relay
precoding matrices optimization problem under flexible power constraint. The golden
section search method is adopted to obtain the optimized TS factor. The proposed
transceiver design with robustness provides better performance than the non-robust

transceiver design, as shown through numerical examples.
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In this chapter, a dual-hop SWIPT AF MIMO relay communication system with an
energy-limited relay node is investigated. The relay node harvests energy based on the
RF signal transmitted from the source node through the TS protocol and fully uses
the harvested energy to precode and forward the information to the destination node.
With the consideration of the channel estimation error, the joint optimization of the
TS factor, source and relay precoding matrices is proposed with robustness against the
CSI mismatch to maximize the MI between the source and destination nodes. The
optimal structure for the source and relay precoding matrices is derived to simplify
the transceiver optimization problem. The numerical simulations show that the system
performance provided by the proposed algorithms with robustness is better than the
non-robust algorithm.

The rest of this chapter is constructed as follows. In Section an overview of
existing techniques provided in literature is presented. In Section the system model
of a dual-hop MIMO relay system with EH relay adopting TS protocol and consideration
of the CSI mismatch is presented. In Section the optimization problem for the
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proposed robust transceiver design are mathematically presented. The source and relay
precoding matrices and the TS ratio are jointly optimized to maximize the system MI.

Numerical results are presented in Section and conclusions are drawn in Section

5.1 Overview of Existing Techniques

In the fifth-generation (5G) networks, the research trends is shifting to a greener com-
munication system [58]. Besides being eco-friendly wireless networks, the 5G network
is also expected to provide an improved system capacity, data rate, and better quality
of services. Hence, SWIPT technology plays a vital role in developing the 5G networks.
The RF signals are utilized in the SWIPT technology by transferring information and
power at the same time. In the early studies of the SWIPT technology [2], an ideal
receiver structure is proposed to perform ID and EH from the same received RF signals
simultaneously. However, the ideal receiver is challenging to implement in practice [5].
This is because the practical EH circuits are unable to perform ID, and the practical ID
circuits are unable to perform EH from the same received RF signals. Besides, wireless
information transfer and wireless power transfer function in different sensitivity. In [6],
two practical SWIPT receiver architectures are proposed, namely the TS receiver and
PS receiver. In the TS receiver, a time-switch is installed at the receiving antenna to
rhythmically switch between EH and ID circuit according to the designed T'S-sequences.
In the PS receiver, a PS unit is implemented at the receiving antenna to divide the re-
ceiving RF signals into two portions of signals, where one portion is used for ID while
the remaining portion is used for EH.

In the scenario where the source and destination node are located very far apart,
a relay node is needed to improve the system performance as it helps in extending the
network coverage of wireless communication [8]. In [11], the author extended the SWIPT
receiver architectures by implementing them in the energy-constricted relay node, such
EH relaying protocols are known as the TSR protocol and the PSR protocol [11]. The
energy harvested by the SWIPT relay node is used to process and forward the received
information signals to the destination node. Generally, to improve the spectral and
energy efficiency of a communication system, the MIMO technology is usually adopted.
MIMO technology can be easily implemented by providing multiple antennas at the
system nodes. Moreover, the MIMO technology also improves the efficiency for the

RF energy transmission to wireless devices [I05]. Recently, the application of SWIPT
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in MIMO relay system with EH relay node has been studied in [I, 54H56]. In [IJ,
the source and relay precoding matrices are jointly optimized to achieve the maximal
achievable rate for the AF MIMO relay system with the relay node adopting either the
TSR protocol or the PSR protocol. In [54], the optimization problem for SWIPT MIMO
relay communication system with TSR protocol is investigated for AF relay. In [55],
the authors study the AF MIMO relay system with the relay node adopting the PSR
protocol and tackle the joint optimization problem for the source and relay precoding
matrices with the PS factor matrix by using several optimization techniques, such as
the sequential quadratic programming approach and the semi-definite programming
approach. In [56], the authors extend the investigation carried out in [54] and [55] to
regenerative relay.

It can be noticed that in the existing studies [I}, 54-56], the CSI is assumed to be fully
known at the receiving nodes. However, it is impossible to have the exact CSI in practice
due to the channel estimation error. The mismatch between the estimated CSI and the
exact CSI results in degradation of the proposed system performance [72}[79]. In [49, 50,
106HI08], the influence of the imperfect CSI in SWIPT MIMO relay systems has been
investigated. It is observed that the imperfect CSI considered in [49] and [50] is a special
case, where the authors assumed the transmit and receive antennas correlation matrices
are scaled identity matrices, and the CSI mismatch is treated as noise. However, in
practical scenario, the assumption considered in [49] and [50] concerning the identity
correlation matrix is not valid. This is because there is always correlation of the channel.
Thus, in contrast to [49] and [50], no specific forms is assumed for the transmit and
receive antennas correlation matrices, and the CSI mismatch is modeled based on the
Gaussian-Kronecker model. In [106], a SWIPT relay wireless communication system
where multi-antenna source and destination node communicate with each other via
the help of multiple single antenna relay node using the TSR protocol which arranged
in parallel is investigated with the consideration of CSI mismatch. Different to [106],
instead of using multiple single-antenna relay node, a multi-antenna relay node is used to
forward the information signal received from the source node to the destination node by
using energy harvested through the TSR protocol. Transmit antenna selection strategy
is used in [107] to reduce the system complexity for a dual-hop SWIPT MIMO AF relay
communication system with consideration of the imperfect CSI. It is observed that the
system nodes which transmit information, e.g., source node and the relay node, are

treated as single-antenna system nodes in [I07]. In contrast to [107], all the antennas
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considered in this chapter will be used to transmit/receive RF signal. In [I08], an energy-
efficient optimization design for a two-way MIMO relay networks with PSR protocol is
investigated with the consideration of the CSI mismatch. As compared to [I0§], a one-
way MIMO relay is used due to its simplicity. Moreover, the PSR protocol require
high complexity hardware implementation, thus instead of the PSR, protocol, the TSR
protocol is used in the relay node to harvest energy from the RF signal transmitted
by the source node. With the consideration of imperfect CSI, a transceiver design
is proposed for a two-hop AF MIMO relay communication system where the relay is
adopting the TSR protocol to harvest energy. Different to