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ABSTRACT

Green communication technology is expected to be widely adopted in future generation
networks to improve energy efficiency and reliability of wireless communication network.
Among the green communication technologies, simultaneous wireless information and
power transfer (SWIPT) is adopted for its flexible energy harvesting technology through
the radio frequency (RF) signal that is used for information transmission. Even though
existing SWIPT techniques are flexible and adoptable for the wireless communication
networks, the power and time resources of the signal need to be shared between infor-
mation transmission and RF energy harvesting, and this compromises the quality of the
signal. Therefore, SWIPT techniques need to be designed to allow an efficient resource
allocation for communication and energy harvesting.

The goal of this thesis is to design SWIPT techniques that allow efficient, reliable and
secure joint communications and power transference. A problem associated to SWIPT
techniques combined with multicarrier signals is that the increased power requirements
inherent to energy harvesting purposes can exacerbate nonlinear distortion effects at the
transmitter. Therefore, we evaluate nonlinear distortion and present feasible solutions to
mitigate the impact of nonlinear distortion effects on the performance. Another goal of
the thesis is to take advantage of the energy harvesting signals in SWIPT techniques for
channel estimation and security purposes. The performance of these SWIPT techniques is
evaluated analytically, and those results are validated by simulations. It is shown that the
proposed SWIPT schemes can have excellent performance, outperforming conventional
SWIPT schemes.

Keywords: Simultaneous wireless information and power transfer, channel estimation,

nonlinear distortion, physical layer security.



ReEsumMmo

Espera-se que as chamadas tecnologias de green communications sejam amplamente ado-
tadas em futuras redes de comunicagao sem fios para melhorar a sua eficiéncia energética
a fiabilidade. Entre estas, encontram-se as tecnologias SWIPT (Simultaneous Wireless
Information and Power Transference), nas quais um sinal radio é usado para transferir
simultaneamente poténcia e informacoes. Embora as técnicas SWIPT existentes sejam fle-
xiveis e adequadas para as redes de comunicagoes sem fios, os recursos de energia e tempo
do sinal precisam ser compartilhados entre a transmissao de informacdes e de energia, o
que pode comprometer a qualidade do sinal. Deste modo, as técnicas SWIPT precisam ser
projetadas para permitir uma alocacao eficiente de recursos para comunicagao e recolha
de energia.

O objetivo desta tese é desenvolver técnicas SWIPT que permitam transferéncia de
energia e comunicagoes eficientes, fiaveis e seguras. Um problema associado as técnicas
SWIPT combinadas com sinais multi-portadora sao as dificuldades de amplificagao ine-
rentes a combinagao de sinais de transmissao de energia com sinais de transferéncia de
dados, que podem exacerbar os efeitos de distor¢ao nao-linear nos sinais transmitidos.
Deste modo, um dos objectivos desta tese é avaliar o impacto da distor¢ao nao-linear em
sinais SWIPT, e apresentar solugdes viaveis para mitigar os efeitos da distor¢ao nao-linear
no desempenho da transmissao de dados. Outro objetivo da tese é aproveitar as vantagens
dos sinais de transferéncia de energia em técnicas SWIPT para efeitos de estimacao de
canal e seguranga na comunicagao. Os desempenhos dessas técnicas SWIPT sao avaliados
analiticamente, sendo os respectivos resultados validados por simulagdes. E mostrado que
os esquemas SWIPT propostos podem ter excelente desempenho, superando esquemas
SWIPT convencionais.

Palavras chave: SWIPT (Simultaneous Wireless and Power Transference), estimacao

de canal, distor¢ao nao-linear, seguranca na camada fisica.

vi



CONTENTS

List of Figures X
List of Tables xiii
Acronyms xiv
Symbols xvii

1 Introduction 1
1.1 Scopeand motivation . . . . . ... ... o o o o oo 1
1.2 Problem introduction . . . .. ... ... ... ... . 0L 2
1.3 Research question and hypothesis . . . . ... ... ... ... ... .. 3
1.4 Contribution . . . . ... ... L 4
1.5 Outline . . .. ... ... ... 7

2 Literature review 8
2.1 Energy harvesting in wireless communication . . . . .. ... ... ... 8

2.1.1 Wireless channel capacity . . ... ................. 10
2.2 Simultaneous wireless information and power transfer . . . . . . .. .. 12
2.3 Frequency-division multipleaccess . . . . .. ... ... ... ... ... 16
2.3.1 Orthogonal Frequency division multiple access . . . . . ... .. 17
2.3.2 Single Carrier Frequency division multiple access . . .. .. .. 19
2.4 Multiple Input Multiple Output System . . .. ... ... ... ..... 22
2.5 SWIPT for Channel estimation . . . . .. ... ... ... ......... 24
2.6 SWIPT for Physical layer security . . . .. ... ... ... ... ..... 25

3 Modulation-based simultaneous wireless information and power transfer 28

3.1 Systemmodel . ... ... ... ... 29
3.1.1 Modulation-based SWIPT Technique . . . . . ... ... ..... 29
3.1.2 Hybrid constellation shapingin M-QAM . . . . . . ... ... .. 30
3.1.3 Comparison of M-SWIPT and PS-SWIPT . ... ......... 31

vii



CONTENTS

3.1.4 Theoretical symbol error and achievable rate of M-QAM with M-
SWIPT . . ..
3.2 Numericalresults . . . . ... ... ...

3.3 Conclusions . . . . . . . . e e e

Frequency-Splitting SWIPT Signals with Strong Nonlinear Distortion Effects
4.1 SystemModel . ... ... .. ... .
4.2 Analytical Characterization of Nonlinear FS-SWIPT Signals . . . . . . .
4.2.1 Nonlinear FS-SWIPT OFDM Signals . . . . ... ... ... ...
4.2.2 Time-domain Characterization of Nonlinear FS-SWIPT OFDM Sig-
nals . . ...
4.2.3 Frequency-domain Characterization of Nonlinear FS-SWIPT OFDM
Signals . . . ... ... . L
4.2.4 Self-to-interferenceratio . . . . . ... ... ... ... ... ..
4.3 Receiver Design for Nonlinearly Distorted FS-SWIPT OFDM Signals . .
4.3.1 Received Signal . ... ... ... .. ...
4.3.2 TIterative Bussgang Receivers . . ... .. .............
4.3.3 Optimum Receivers . . ... ... ... ... ... . . ....
4.4 PerformanceResults. . ... . ... ... ... . ... . . ...

4.5 Conclusions . . . . . . . . . e e

Simultaneous wireless information and power transmission with joint CFO

and channel estimation

5.1 SystemModel . ... ... ... ...

5.2 Joint CFO and Channel Estimation withIB-DFE . . . . . . ... ... ..
5.2.1 Carrier Frequency Offset Estimation . . . .. ... ... ... ..
5.2.2 Channel Estimation . . . . ... ... ... ... ... .......
5.2.3 Channel Estimation and Information Detection with IB-DFE . .

5.3 Numericalresults . . ... ... ... ... ... ... . oL
5.3.1 Performance Analysis of CFO Estimation . ... .. ... .. ..
5.3.2 Performance Analysis of Channel Estimation . . ... ... ...

54 Conclusion . . . ... ... ..

Secure Information Transmission in a Wiretap Channel

6.1 Secure Information Transmission by using Self Jamming SWIPT with IB-
DFEreceiver . . . .. . . . ... . .
6.1.1 Systemmodel . .. ... ... ... ... .. L.
6.1.2 Numericalresults . . . ... ....... ... ...........

6.2 Energy Efficient Secure Communication Model Against Cooperative Eaves-
dropper . . . . . .
6.2.1 SystemModel . ... ... ... . o oo
6.2.2 Numerical Results. . . ... ........... ... .......

33
35
37

38
40
42
43

44

45
46
47
47
49
51
54
58

60
62
64
65
66
67
69
70
72
76

77

78
78
85

89
90
96



CONTENTS

6.3 Conclusions

.................................. 100
7 Conclusion 104
Bibliography 107

ix



2.1
2.2
2.3
2.4

2.5
2.6
2.7
2.8
2.9

List OF FIGURES

Rayleigh fading channel with AWGN and power constraint . . . .. .. ..
SWIPT based on antenna architecture. . . . ... ... ... .........
PS-SWIPT and TS-SWIPT architectures. . . . .. ... ... .........
Block diagram of transmitter and receiver section of OFDM (single user)/
OFDMA (multiuser). . . . . . . . o o
Block diagram of transmitter and receiver section of SC-FDE. . . . . . . ..
Basic IB-DFE block diagram for single user SC-FDE. . . . . ... ... ...
Block diagram of transmitter and receiver section of SC-FDMA. . .. ...
Generation of SC-FDMA symbols in transmitter block. . . . . ... ... ..
System model of MIMO. . . . .. ... ... ... .. ... ... ... .

2.10 Awiretapchannel. . ... ... ... o Lo Lo

3.1

3.2

3.3

3.4
3.5

4.1
4.2
4.3

The CPs of MS, MS, and MSj are illustrated without considering their re-
spective per symbol transmit power. The models are described in Sec. 3.2 and
its alphabets are mentioned in Tab. 3.1. The HCS of M S3 model is illustrated
inFig. 3.2, . . . . e
The symbols distributed across the CPs of 16-QAM signal based on HCS model
Bj are described in Sec. 3.2 and its alphabets are mentioned in Tab. 3.1. . .
The minimum distance between CPs of MS{, MS3; and PS; are illustrated as
given in Tab. 3.2. Note that the position of CPs in the M-SWIPT scheme varies
when compared to their respective position illustrated in Fig. 3.1 because of
the consideration of their respective P,,,. . . . .. .. ... ... ... ....
A comparison between the AIRof MS;and PS¢+« o o oo oot
A comparison between SER of MS;and PS¢,q. o o oo oL

Simulated and theoretical PDF of the envelope of the FS-SWIPT OFDM con-
sidering f = 10 dB and different valuesof C. . . . . .. ... .. ... ....

10
13
14

17
19
20
21
22
23
26

30

31

32
36
37

40
40

43



LIST OF FIGURES

4.4 Simulated and theoretical PSD of nonlinearly distorted FS-SWIPT OFDM sig-
nals considering f=15dB. . . . . .. ... ... L o oo
4.5 Simulated and theoretical PSD of the NLD term considering nonlinearly dis-
torted FS-SWIPT OFDM signals with p=15dB. . . . . ... ... ... ...
4.6 Simulated and theoretical SIR considering f=15dB. . . . . ... ... ...
4.7 Evolution of the average, maximum and minimum SIR with the normalized

clippingleveland .. . . . . . . . ... L

4.9
4.10 Simulated and theoretical average SED and potential asymptotic gain of FS-
SWIPT OFDM signals submitted to an envelope clipping considering different
valuesof B. . . . . . L
4.11 Distribution of the optimum asymptotic gain in frequency-selective channels.
412 e

414 e
4.15 Asymptotic optimum performance of nonlinear FS-SWIPT OFDM schemes in

frequency-selective channels. . . .. ... ... ... ... ... ...

5.1 Receiver Design for SWIPT with Joint CFO and Channel Estimation. . . . .

5.2 Frame structure of the proposed system, where T; and T; are the time duration
of a symbol and a block, respectively. . . . . . ... ... ... ... ... ..

5.3 Comparison of BER performance of system with CFO based on L blocks used
for CFO estimation with constant P;and P, . . .o oo oo oo oo

5.4 Comparison of BER performance of system based on the power of the trans-
mitted signal. Each curve demonstrates system performance based on P,. .

5.5 The figure demonstrates the results of estimate error versus the F; at SNR 5 dB,
10 dB and 15 dB, respectively. The expected value of channel estimate error
with iterative receiver is denoted as A and the expected value of information
estimate error with IB-DFE receiver is denotedas B. . . ... ... ... ..

5.6 Comparison of BER performance of system based on the power of the trans-
mitted signal. Each curve demonstrate system performance based on F,.

5.7 Comparison of BER performance of system with iterative receiver based on
the number of slots used to average the channel estimates. P, and P is at 21
dBm and 25 dBm, respectively. . . ... ... ...

5.8 Comparison of BER performance of the system based on two different methods
to estimate information. . . ... ... ... Lo L L Lo

5.9 BER performance based on the ratio of power between pilot and information

in the superimposed signal. . . . . ... ... ... ... . . 000
6.1 System model of Self Jamming SWIPT in a wiretap channel. . . . . . .. ..

xi

46

47
48

49

50
52

54
55
56
57
58

59

63

63

70

71

72

73

74

75

75

78



LIST OF FIGURES

6.2 Frame structure of the proposed system, where T; and T; are the time duration
of a symbol and a block, respectively. . . . . . ... ... ... ... ...
6.3 BER performance of R(a)and R(b). . . .. ... ... ... ... .......
6.4 BER performance of & in all the scenarios with €7, = 0.02 in scenario B.
6.5 BER Performance of R(b) and R; with ¢j;r = 0.02, where R; denotes R(b) with
an improved feedback loop in the IB-DFE receiver. . . . . . ... ... ...
6.6 BER performance of R; in Rician fading and Rayleigh fading condition. . .
6.7 The secrecy rate of R(a) and R(b), and in scenario B, ¢j;g = 0.02. . . .. ..
6.8 Cooperative eavesdroppers in the system model. In this model, the jamming
signal does not interfere with legitimate users. . . . . ... ... ... ...

6.9 The BER results of &; without the feedback of jamming signal estimate, where

Re, =2, Tr=1. . oo
6.10 The BER results of &; without the feedback of jamming signal estimate, where
Re, =2, Tr=1. ..o

6.11 The expected jamming signal estimate error at &, with the feedback of infor-
mation signal estimate, where Ty =Rg,. . . . . . . .. ... ... ...

6.12 The performance of IB-DFE versus ZF at &,, where the feedback of information
signal estimate is included to reduce interference.. . . . . . ... ... ...

6.13 The BER results of £; with the feedback of the jamming signal estimate, where

6.14 The performance of IB-DFE versus ZF at &;, where the feedback of the jam-

ming signal estimate is included to reduce interference. . . .. ... .. ..

xii

79

86

87

87

88

88

95

97

98

100

101

102

103



3.1

3.2

5.1
5.2
5.3

6.1

6.2

List oOF TABLES

Probability and amplitude of the alphabets, d, , of the alphabets in B; and
H(X)Of Bj. o o
EH models and B; of the respective EH models, d, , of the alphabets in EH
models, H(x;) of MS;, N;,and N of EHmodels. .. .............

CFO estimate error (e5f) based on L blocks are used for the estimation

CFO estimate based on the power of the pilot signal is used for the estimation
The amount of energy harvested at receiver and the expected value of infor-
mation estimate error based on the power of pilot signal. . . .. ... ...

The received signal power of X; and X; at &; and &, B¢, and B, for the given
transmit power, and ¢x ; (is considered at 12 dB SNR) from Figure 6.9.
Tabulation of E[{¢x j}] from Figure 6.11. . . . ... ... ..........

xiii

35

36

70
71

74

99
99



ACRONYMS

AIR Achievable information rate 11, 29

AN Artificial noise 3, 25, 77

AWGN Additive white Gaussian noise 10, 29, 62, 80, 90
BER Bit error rate 39

CFO Carrier frequency offset 7, 25, 60

Ccp Constellation point 28

CPs Constellation points 28

CSI Channel state information 24, 77

DC Direct current 24

DFT Discrete Fourier transform 18, 64

EH Energy harvesting 8, 28, 61, 77

FDE Frequency domain equalization 17, 60, 61
FDMA Frequency division multiple access 1, 16

FS-SWIPT Frequency splitting based SWIPT 3, 4, 38

HCS Hybrid constellation shaping 4, 28, 104
HPA High power amplifier 38

IB-DFE Iterative block decision feedback equalization 5, 20, 60, 78, 89, 105

ID Information decoding 31, 62

IDFT Inverse discrete Fourier transform 18, 66
IMP Intermodulation product 39

IoT Internet of things 1, 8

Xiv



ACRONYMS

ISI
IT

MFB
MIMO
MMSE
M-SWIPT

NLD

OFDM
OFDMA

PAPR

PAS

PLNC

PLS
PS-SWIPT

QAM

QoS
QPSK

RF
RF-EH

SC-FDE
SC-FDMA
SER

SIC

SINR
SNR
SWIPT

TDMA
TS-SWIPT

WCNs
WPT

Inter symbol interference 18

Information transmission 28

Matched filter bound 21

Multiple input and multiple output 22, 77, 105
Minimum mean squared error 20

Modulation based SWIPT 4, 28, 104

Nonlinear distortion 38

Orthogonal frequency division multiplexing 1, 38

Orthogonal frequency-division multiple access 60

Peak to average power ratio 18, 38
Probabilistic amplitude shaping 28
Physical layer network coded 78
Physical layer security 3, 25, 77
Power splitting based SWIPT 4, 12, 31

Quadrature amplitude modulation 79, 96
Quality of service 2, 9
Quadrature phase shift keying 62

Radio frequency 1, 8

Radio frequency based energy harvesting 8

Single carrier with frequency domain equalization 16, 60

Single carrier frequency division multiple access 2, 16, 60, 78, 90
Symbol error rate 9, 29

Successive interference cancellation 22

Signal-to-interference plus noise ratio 25, 77

Signal-to-noise ratio 1, 10, 12, 29

Simultaneous wireless information and power transfer 1, 10, 28, 38, 60, 77

Time division multiple access 1, 16
Time switching based SWIPT 12

Wireless communication networks 1, 8

Wireless power transfer 1, 9, 77

XV



ACRONYMS

ZF Zero forcing 67, 85, 96

XVi



SYMBOLS

Maximum achievable information rate of a MS-SWIPT model 33
Total number of receiving antennas at &; 91

Total number of receiving antennas at &, 91

Total number of transmitting antennas at ] 91

Average estimate of channel frequency response 64

Feedback coefficient in IB-DFE block, where i denotes the number of iteration
in IBDFE 21

Carrier frequency offset 63

Carrier frequency offset estimate 64

Channel link between legitimate transmitter (T) and receiver (R). Note: All
channel links between 2 nodes follow same notation pattern in Chapter 6 and
Chapter 7. 79

Field of complex numbers 18

Correlation factor of data symbol in IB-DFE block 21

Constellation points in QAM, where s denotes the index of the constellation
point 29

Constellation points selected for data transmission, where s denotes the index
of the constellation point 29

Constellation points selected for energy transmission, where s denotes the index
of the constellation point 29

Cyclic prefix 19

The minimum distance between x; and its neighbouring symbol 32
The distance between T and R 30

Energy harvested from MS-SWIPT 30

XVii



SYMBOLS

&1
&
E[.]

G(i.Af)
Xk,l,F

Energy harvested from PS-SWIPT 12, 63

Energy harvested from TS-SWIPT 15

Energy harvester at the legitimate receiver 78

The total amount of energy present in EH symbols 30

The total amount of energy present in EH symbols 30

Estimate of channel frequency response 64

Estimate of SC-FDMA pilot symbol with carrier frequency offset Af, where |
denotes the index of carrier block in the signal and k denotes the index of symbol
in the /th block. 64

Estimate of SC-FDMA data symbol with carrier frequency offset Af, where j is
the number of IB-DFE iteration, I denotes the index of carrier block in the signal
and k denotes the index of symbol in the I/th block. 64

General notation for eavesdropper 78

First eavesdropper 90

eavesdropper 90

Expected value of a variable or an array 10

Final estimate of SC-FDMA data symbol with carrier frequency offset Af, where
j is the number of IB-DFE iteration, / denotes the index of carrier block in the
signal and k denotes the index of symbol in the /th block. 64

Feed forward coefficient in IB-DFE block, where i denotes the number of itera-
tion in IBDFE 21

Generic symbol for SNR of the received signal 10, 11
SNR of the PS-SWIPT signal 12
SNR of the TS-SWIPT signal 15

Generic symbol for the harvested energy from the RF signal 10

HCS model, where j denotes a model in Table 3.1 35
Rayleigh fading channel 64

Mutual information 11
MS-SWIPT technique based on j HCS model 35

Non-uniform probability occurrences of a, where a is magnitude of the symbol
31

Outage probabilty 11

Phase rotation of the symbol 63

Xviii



SYMBOLS

SER(,
SERy,
SER;,
SER,,
H(x)

(Af)
Yk,l,i

Cp

Cr

Average power of data signal from MIMO/SISO transmitter 91
Power of jamming (EH) signal from a single antenna 91

Power of data signal 62

Power of pilot signal 62

Pulse shaping filter 18

SER of the symbols present in the corner of QAM constellation 33
SER of the symbols present in the edge of QAM constellation 33

SER of the symbols present in the inner part of QAM constellation 33
SER of individual symbol present in QAM constellation 34

Shannon entropy of the signal, where x is the signal 33

Target bit rate 11

Channel co-efficient in time domain 29
Transmit power of the signal 29
Symbol time duration 17

Signal time duration 10
Uniform probability occurrences of a, where a is magnitude of the symbol 31
Path loss factor of the RF signal in free space 10

Symbols used for data transmission is denoted in time domain 29

Symbols used for energy transmission is denoted in time domain 29

SC-FDMA data symbol with carrier frequency offset Af, where I denotes the
index of carrier block in the signal and k denotes the index of symbol in the /th
block. 64

Time domain signal at ¢; time instance 18

Received SC-FDMA signal with carrier frequency offset Af, where | denotes the
index of carrier block in the signal and k denotes the index of symbol in the /th
block. 64

The value of E—;’ 30

Percentage of the total transmit power allocated for information decoding in
PS-SWIPT 13, 32, 62

Percentage of the total transmit time allocated for information decoding in TS-
SWIPT 15

Xix






INTRODUCTION

1.1 Scope and motivation

The evolution of Wireless communication networks (WCNs) over past decades has dras-
tically introduced many novel technologies to improve communication and provide a
variety of services in all the aspects of human life. For example a single entity like Ama-
zon Web Services platform offers a variety of solutions using WCNs and among them
Internet of things (IoT) services and solutions operates/manages billions of communica-
tion devices for on-demand cloud computing platforms and application programming
interfaces and so on. Therefore, an enormous increase in network equipment and service
requirement for the WCNs increases the spectrum resource and energy consumption and
the resource requirement will further increase for the future generation WCNs. Green
communication is a paradigm that involves adopting all possible energy efficient hard-
ware and communication practices, and providing novel ways to harvest energy from the

renewal resources through unconventional and conventional means [1].

In this thesis, the practical application of energy harvesting solutions combined with
energy efficient signal transmission techniques are discussed in detail. Among them,
one of the most interesting energy harvesting techniques is harvesting energy from the
Radio frequency (RF) signal, which is called Wireless power transfer (WPT). There are
some special communication techniques which support energy harvesting by using RF
signals and simultaneously allow information transmission, which is called Simultaneous
wireless information and power transfer (SWIPT). Both WPT and SWIPT are explained
detailedly in the following sections and SWIPT is the topic of interest in this thesis, mainly
due to its adaptability with communication protocols and as a main enabling technique
for green communication [2]. In general, the communication standards such as 4G and
5G adopt Frequency division multiple access (FDMA) and Time division multiple access
(TDMA) for signal transmission and whereas FDMA is dominantly used for both uplink
and downlink communication. While there are many existing SWIPT techniques that can
be combined with Orthogonal frequency division multiplexing (OFDM), all the existing
SWIPT techniques affect the Signal-to-noise ratio (SNR) of the transmitted data signal.

1



CHAPTER 1. INTRODUCTION

FDMA techniques such as Single carrier frequency division multiple access (SC-FDMA)
and OFDM signal transmission techniques can be adopted with SWIPT technique for both
energy harvesting purposes and to improve Quality of service (QoS). Especially when
combining SWIPT with OFDM is a novel and interesting idea since OFDM has high data
rate and can be used for both uplink and downlink in 3G, 4G and 5G communications.
Therefore, this work introduces novel SWIPT techniques that are more suitable for FDMA
than existing SWIPT techniques. This work also addresses exacerbation of nonlinear
distortion associated with the multicarrier signal when adopting FDMA with SWIPT
techniques.

In addition to introducing novel SWIPT techniques, there is an opportunity to address
drawbacks of both the existing and novel SWIPT techniques. Also, there is huge scope
for adopting SWIPT with signal processing applications like channel estimation and
carrier frequency offset estimation, and for improving secrecy rate of information signal.

Therefore, in this work, we explore SWIPT for these signal processing applications.

1.2 Problem introduction

The energy harvesting techniques like SWIPT techniques can be adopted with FDMA
for indoor communication and vehicular communication technologies to improve energy
efficiency and provide a flexible power source for very small sensor devices where battery
or other power source is not feasible. One of the major challenges for communication
between the transmitter and receiver is to know the channel state information between
them for accurate information transmission. So, apart from using SWIPT techniques
for transmitting information and power, SWIPT needs to perform channel estimation
and needs to be adapted for security purposes. These additional functions allow SWIPT
techniques not to be only an energy source but also to improve QoS. However, existing
SWIPT techniques such as power splitting based SWIPT use excess power resources for
channel estimation purposes, and this could affect the performance of the system in terms
of energy efficiency. Therefore, novel SWIPT techniques are introduced in this thesis to
address these issues.

This work also addresses the issues related to combining SWIPT with OFDM, and one
of the main problems is the exacerbation of nonlinear distortion of the OFDM signal at
the transmitter. OFDM signal suffers nonlinear distortion at the transmitter side when the
OFDM signal is amplified with a high power amplifier. One of the reasons for nonlinearity
is the peak to average power ratio of the signal, which can be exacerbated due to SWIPT
techniques. Apart from energy harvesting, SWIPT techniques can also be used for other
signal applications that can improve QoS. The main motivation of this work is to improve
energy efficiency while providing flexible power supply for the network nodes and also
to improve QoS.

On the other hand, when adopting SWIPT techniques to improve energy efficiency, the

transmitted signal tends to have high power as in case of power splitting based SWIPT
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and this, in turn, leads to reducing secrecy of information components of the signal
in a wiretap channel. To overcome this major drawback, there are already research
works focussed on improving Physical layer security (PLS) by using security measures
like introducing Artificial noise (AN) to jam eavesdroppers [3]. However, this leads to
usage of additional power and network resources and therefore, we focus on reducing the

resource usage and improving energy efficiency.

1.3 Research question and hypothesis

In this thesis, the following research questions and hypotheses were considered:

Research Question

Is it possible to use SWIPT techniques for channel estimation and/or security purposes in
addition to its information transmission and energy harvesting functions?

Hypothesis

All the existing SWIPT techniques can be used for channel estimation and/or security
purposes, however additional resources should be allocated for these purposes. Therefore,
novel approaches should be adopted to optimize resource allocation for these purposes
and explore alternative SWIPT techniques to address these issues.

Research Question

It is possible to accurately characterize nonlinearly distorted OF DM signals when it is combined
with SWIPT technique and whether it will be useful for improving information decoding?
Hypothesis

Although in general it is difficult to analyse nonlinear effects in communication sys-
tems, the Gaussian-like nature of multicarrier signals can be used to simplify the inter-
modulation analysis, providing a simple, yet accurate, framework for an analytical per-
formance evaluation of nonlinear effects on SWIPT signals, both for conventional and

optimum receivers.

Research Question

It is possible to adopt a SWIPT technique with OF DM signal that specifically takes advantage
of frequency division method without affecting the SNR of the signal?

Hypothesis

In general, all the existing SWIPT techniques can be adopted with OFDM but SNR of
the signal is reduced due to power allocation from the RF signal for energy harvesting
purposes. Yet, it is possible to adopt Frequency splitting based SWIPT (FS-SWIPT) with
OFDM, which takes advantage of frequency division method to segregate symbols used
for energy harvesting purposes from other symbols and avoids allocating power resources
from the symbols that are used for information transmission. However, as compared to

other SWIPT techniques, FS-SWIPT increases nonlinear distortion of the signal which
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subsequently degrades the SNR of the signal. But this problem can be reduced through a

proper nonlinear distortion compensation technique.

1.4 Contribution

We introduces a novel SWIPT technique called Modulation based SWIPT (M-SWIPT),
where the transmitter adopts high amplitude symbols for energy transfer and low am-
plitude symbols for information transmission. Since the characteristics of M-SWIPT
technique depend on the signal modulation scheme, we define a generic M-SWIPT tech-
nique for M-QAM and further improvise the performance of M-SWIPT by shaping the
constellation points of the modulated signal. In general, the error rate performance and
achievable information rate of the M-SWIPT should be lower than the existing model
such as Power splitting based SWIPT (PS-SWIPT), since high amplitude symbols are not
used for information transmission purpose and to reduce these impacts, we adopt non
uniform M-QAM constellation points. Therefore, we introduce a new constellation shap-
ing technique called Hybrid constellation shaping (HCS) to shape the constellation points
of the M-QAM signal. With the help of HCS, we could increase the maximum achievable
information rate of the signal in M-SWIPT than that of PS-SWIPT, while maintaining the
error rate performance comparably similar to that of PS-SWIPT. We study the advantages
and disadvantages of M-SWIPT technique over PS-SWIPT with different HCS levels and
study the impact of HCS on M-SWIPT technique. An exceptionally good achievable in-
formation rate performance at low SNR region is one of the key features of M-SWIPT
technique.

We study another novel SWIPT technique called FS-SWIPT, where the transmitter
adopts a multi-carrier signal transmission scheme i.e. OFDM with FS-SWIPT, in which
high frequency signal carriers are used for energy transfer and low frequency signal
carriers for information transmission. We present a simple, yet accurate analytical char-
acterization of FS-SWIPT signals submitted to nonlinear devices. This characterization
combines the use of Bussgang theorem, to decompose the nonlinearly distorted signal as
the sum of uncorrelated useful and distortion terms, with the spectral characterization of
those signals using intermodulation product (IMP) analysis. This characterization is then
used to obtain the signal-to-noise plus interference levels for the different subcarriers. It
is shown that performance degradation due to nonlinear effects on FS-SWIPT signals are
much higher than with conventional OFDM signals, especially for the data subcarriers
close to the EH subcarriers. We present an iterative receiver, inspired based on Bussgang
receivers for conventional OFDM signals, that estimates and cancels NLD effects. It is
shown that, in spite of the stronger NLD effects, we can still have good performance
with that iterative receiver. The good performance of this receiver is due to the fact that
the signals associated with high-power EH subcarriers are known and do not need to be
estimated, leading to more accurate estimates of the NLD term, even in the presence of
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decision errors in the data estimates. Therefore, by employing this receiver the bit error
rate (BER) of nonlinear FS-SWIPT signals can almost match the BER associated with lin-
ear transmissions. Finally, we study the optimum performance of nonlinearly distorted
FS-SWIPT signals. Contrarily to the OFDM case, where stronger NLD levels can lead to
higher performance gains for the optimum receiver, it is shown that performance gains
for the nonlinear FS-SWIPT case relatively decrease with the increase in the power of the
EH component. However, the NLD can still lead to performance improvements when
compared with the linear transmission scenario.

We design a receiver for SWIPT with joint CFO and channel estimation. The pilot
symbols, which are superimposed, with the information symbols are used for EH, CFO
and channel estimation. Here, the overall transmit power of the pilot signal is higher than
that of other competitive models such as techniques which employ multiplexing pilot
symbols with the information symbols. We improve the channel estimation accuracy
with the help of Iterative block decision feedback equalization (IB-DFE) and an algorithm
is introduced with IB-DFE to increase the accuracy of the channel estimation with the
estimated feedback in IB-DFE. We find the minimum power required for the pilot signal
to estimate the channel condition and CFO with achievable accuracy for the given power
of the information signal. Also, we find the optimum power allocation ratio between the
information and the pilot signals by using simulation results.

We present two wiretap physical layer security models in two different scenarios and
study threats from passive and active eavesdroppers, further we provide countermeasures
against those eavesdroppers and improve the secrecy rate of legitimate networks. In both
the models, energy harvesting signals are used as jamming signals against eavesdrop-
pers. The first model explains the impact of high channel correlation between legitimate
receiver and eavesdropper and provides solutions by using IBDFE to improve the se-
crecy rate of the legitimate network. The second model presents a solution to overcome
challenges posed by two active cooperative eavesdroppers, where one located near the
transmitter and other located near the receiver of the legitimate network. Both eavesdrop-
pers estimate both jamming and information signals separately and share the estimates
to improve the accuracy of estimation. Even though we present robust cooperative eaves-
droppers, we could present solutions based on the analysis antenna diversity order and
transmission power of jamming and information signals. The secrecy rate of legitimate
networks is improved by adopting an IB-DFE receiver and by optimising the transmit
power of information and jamming signals.

The list of publications during the PhD period are as follows:
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“Receiver Design to Employ Simultaneous Wireless Information and Power Trans-
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2 Akashkumar Rajaram; Rabia Khan; Selvakumar Tharranetharan; Dushantha Jayakody;
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1.5 Outline

The outline of this thesis is as follows:

Chapter 2 includes the introduction to RF energy harvesting and SWIPT techniques
and explains the necessity for novel SWIPT techniques. Apart from this, the introduction
includes the basics of signal transmission schemes, channel estimation technique and
physical layer security models that can be combined with the SWIPT systems.

Chapter 3 introduces M-SWIPT technique and studies the error rate and achievable
rate of SWIPT. The performances of M-SWIPT based on four different HCS models are
compared with PS-SWIPT based on the theoretical and simulated results.

Chapter 4 introduces another novel SWIPT technique called FS-SWIPT, which can
effectively adopt an OFDM multi carrier signal. The chapter provides a novel solution to
address nonlinear distortion effects associated with the high data rate OFDM signal.

Chapter 5 presents a robust channel estimation technique combined with SWIPT
to provide accurate channel and Carrier frequency offset (CFO) estimates, making it
particularly interesting for fast fading channel links. Furthermore, the chapter provides
an analysis of optimum power allocation ratio between data and pilot symbols.

Chapter 6 presents two wiretap physical layer security models, the first model presents
a wiretap channel with passive eavesdroppers and it is assumed that they are closely lo-
cated to the receiver with high channel correlation. The second model presents more
challenging circumstances, where two eavesdroppers cooperate with each other to esti-
mate both jamming and information signals. The study explains the impact of channel
estimation errors, and channel correlations between the eavesdroppers and the legiti-
mate network. Further, feasible solutions to improve the secrecy rate of these models are
provided in this chapter.

Chapter 7 provides the conclusion and future work of this thesis.
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LITERATURE REVIEW

2.1 Energy harvesting in wireless communication

Energy harvesting (EH) in wireless communication networks is one of the enabling tech-
nologies for future generation networks [2]. EH is a green communication scheme for
harvesting energy from RF signals [4]. In the age of modern wireless communication
networks, the advancement of communication protocols and wireless communication
devices, supported by other technological innovations in the engineering fields have re-
sulted in rapid development and utilization of wireless communication devices like sensor
devices for many applications. The application of sensor devices with IoT technologies
have deeply impacted every aspect of human life. The emergence of IoT sensors have
underscored the need of WCNSs for assisting our day to day life activities. The increase
in the growing number of sensor devices has resulted in increased demand for energy
and other radio resources. Therefore, efficient energy and radio resources management
is required to support the evolving wireless communications network. Efficient energy
resource management provides huge opportunities for the researchers to innovate new
technologies and they are specifically focused on technologies to conserve and harvest
energy from the available resources. These energy efficient technologies are standardized

and incorporated in the green communication paradigm [2].

There are many energy harvesting techniques available for wireless communication
networks. Among these techniques, there are notable renewable EH techniques that use
solar energy, wind energy and piezoelectricity and so on. Another unconventional energy
harvesting technique is Radio frequency based energy harvesting (RF-EH). RF-EH in
wireless communication is a green communication technology which allows communica-
tion devices to harvest energy from the received RF signals There are several advantages
in adopting RF-EH for sensors over conventional harvesting techniques. The drawbacks
in adopting conventional techniques (like solar energy, wind energy and piezoelectricity)
with sensors are mainly due to factors like size and locations of the sensor devices. In

many practical communication scenarios without access to natural light or wind sources,
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conventional energy harvesting techniques are not applicable, which motivates the con-
cept of wireless RF-EH. RF-EH and energy transfer has been regarded as a promising
avenue for power constrained wireless networks and harvesting typically refers to the
capability of wireless devices to convert the received RF signals into usable energy, while
the RF energy transfer refers to delivering energy associated with the RF signal from a
transmitter to a receiver by leveraging the far-field radiation properties of electromagnetic

waves.

Traditionally, the wireless terminals are normally powered by the batteries with lim-
ited operation duration. Frequent battery recharging/replacement is inconvenient due to
huge numbers of devices in use, hazardous for the devices located in toxic environments,
or even impracticable in many applications, e.g., medical devices. In these scenarios, the
RF energy harvesting technique becomes an attractive approach to charge the batteries
of wireless devices. The feasibility of this technique has been experimentally demon-
strated by prototypes, such as [5]. This results in significant gains in terms of spectral
efficiency, time delay, and the energy consumption. Based on the source of RF signals for
energy harvesting, there are two types of harvesting techniques, dedicated and ambient
RF energy harvesting techniques. Dedicated RF energy harvesting technique refers to
transmitting RF signal solely for the purpose of energy harvesting purpose and in most
cases, the RF signal is transmitted with a comparatively higher power level than the sig-
nal normally used for information transmission purpose. Ambient RF energy harvesting
technique refers to utilizing ambient RF signals irrespective of their power level for en-
ergy harvesting purposes. Due to the fact that ambient RF signals are freely available,
it is more beneficial to adapt ambient RF energy harvesting techniques than adopting
dedicated RF energy harvesting techniques [6] but ambient RF signals are uncontrollable

and unpredictable.

In the dedicated RF energy harvesting technique, a transmitter adopts WPT protocol
under which a dedicated high power RF signal is transmitted solely for the purpose of
RF energy harvesting. One of the main disadvantages of WPT is the amount of time
allocated for transmitting information is reduced due to energy harvesting purpose, this
in turn degrades the Symbol error rate (SER) performance and outage probability of
signal increases with the time allocated for energy harvesting purposes. However, WPT is
used in cooperative communication and can be effectively used in the available time slots
which are not used for information transmission [7], [8]. The sensor nodes which harvest
energy from the dedicated high power signal can also take advantage of the broadcasted
information signal for harvesting energy. The results of [7], [8] shows that the adopting
WPT in cooperative communication networks is beneficial in increasing energy efficiency
and also increases the QoS. The increase in number of nodes allows the cooperative
communication networks to be more flexible in harvesting energy, this improves SER and

outage probability performance of the received signal.
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Figure 2.1: Rayleigh fading channel with AWGN and power constraint

The amount of harvesting energy from the received signal for a given time Ty is

nP|H[*Tx

L = (2.1)

where £ is the harvested energy, 1, is the rectenna conversion efficiency and P is the
power of the received signal. H is the channel coefficient, d is the distance between the
transmitter and the receiver, and x is the path loss factor.

However, WPT has one major drawback as this technique does not allow the receiver
to harvest energy and receive information at the same time slot. Even though cooperative
communication networks can allocate time slots in an opportunistic way, this does not
allow the receiver to share the same time slot for both the functions. In order to overcome
this drawback, researchers have envisaged another major technique called SWIPT in
which dedicated RF signals can be adopted for both energy harvesting and information
transmission purposes.

Throughout all the chapters, matrices or vectors are denoted by bold letters and scalar
variables are denoted by italic letters. The variables associated to frequency domain and
time domain are denoted by capital letters and small letters, respectively. (.)*, ()7, ()T,
|l.Il, E[.] and y denotes the conjugate, transpose, Hermitian, trace, expectation operation,
SNR of the received signal respectively.

2.1.1 Wireless channel capacity

The capacity of the channel is defined in [9] as the maximum of the mutual information
between the input and the output over all distributions on the input that satisfy the power
constraint. Channel capacity is derived for various communication scenarios by Claude
E. Shannon [10]. It characterizes the maximum information rate for which reliable
communications are possible. Let us consider a simple communication model as in Fig.

2.1 and the received signal Y at the receiver is given as
Y =VPHX +N, (2.2)

where X, H, P and N are the modulated signal, the channel fading coefficient, the power
constraint of the signal and the Additive white Gaussian noise (AWGN), respectively. The
channel capacity of Rayleigh fading channel is given as

C(H;y) = E{log,(1 + [H[*y)}, (2.3)
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where y is the signal to noise ratio. y is expressed as

_ Power constraint of signal _ E[(VP)'] _ E[(VP)] _

P
~ Power constraint of noise ~ E[N?] T E[N?] No’

where Nj is noise spectral density power. P, is denoted as the outage probability of a
wireless communication channel, which is dependent on the channel capacity C and
target rate R;,. If the channel capacity is less than the target rate then an outage event

occurs.

Py = Pr(C(H;) < Ryg) = Pr(EE{log, (1 + [HI*y)} < Ryg) 2.4
= Pr(R; <Ryg),
where R; is the information rate of the signal based on the channel condition and P, is
the probability event. Pr(R;) can be expressed using the probability density function of
Rayleigh fading channel and y is distributed according to the exponential distribution
[11, Sec. 2.2.1], and P, is given as
R

Pozl—exp(—f). (2.5)

The channel mutual information represents an upper limit or maximum limit of the
Achievable information rate (AIR) for a signal based on its given modulation format in an
information-theoretic perspective. In general, for any modulation scheme, the generated
bits are assumed as in uniform distribution. Bits are denoted as b;, where i =1, 2,...m and
m = 2log, M and M is the total number of constellation points in a quadrature amplitude
modulation. Similarly, the modulated symbols i.e. X generated by using these bits are in
uniform distribution. The following mutual information definitions are derived in [12],
[13]. The generalized mutual information for a bit-wise decoder in a memoryless channel

is denoted as II;,, which is given as

Hb_ZII bi;Y) = ZIE[ Ry, Yl)b)], (2.6)

where b; is a discrete random input and its corresponding continuous output is Y =
[Y1,Ys,...Y,]. nyp, the channel transition probability of the channel, T denotes mutual
information, then I(b;;Y) is the mutual information between the bits and the output
symbols. Similarly, the generalized mutual information for a symbol-wise decoder in a

memoryless channel is denoted as I, which is given as

(Y|X
I = Z]E[ Py|x Yl) )]’ (2.7)

where X = [X1,Xj,...X,,] is a discrete random input and its corresponding continuous
output is Y = [Y,Y>,...Y,]. Based on the symbol wise mutual information, the AIR for
symbol wise decoder can be computed [14, Sec. VI]. In chapter 3, we use I for computing
AIR of signal with on-uniform and non-equidistant constellation point distribution.
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2.2 Simultaneous wireless information and power transfer

This technique allows the receiver to simultaneously harvest energy and decode informa-
tion by using various strategies and receiver architectures. Traditionally, based on the
receiver architectures, SWIPT are classified into four types, they are: separate antenna
architecture based SWIPT, Time switching based SWIPT (TS-SWIPT), PS-SWIPT and
Antenna switching based SWIPT [4]. Types of SWIPT based on antenna architecture are
given in Fig. 2.2.

» Separate antenna architecture: In this architecture, receiver uses separate rectenna
for energy harvesting and another antenna for information decoding (ID), this ar-
chitecture has very simplistic approach and it will not affect the performance of

information decoding process [15].

* Antenna switching architecture: This architecture is similar to separate antenna
architecture, however, in this architecture a set of antennas is used for ID and a set
of antennas is used for EH. The number of antennas used for EH and ID can be
allocated based on the requirement of energy needs. Also this architecture can be

adapted with PS-SWIPT to optimize power allocation [16].

The main drawback of having a dedicated antenna for energy harvesting and also
antenna switching architecture is that it can not be adopted by single antenna sensor
devices. Therefore due to hardware restriction, power splitting architecture and time

switching architecture could be adopted for SWIPT schemes in sensor devices.

* Power splitting architecture: In this architecture, the receiver shares the same
antenna for EH and ID, and the receiver uses a special circuit to divide the power of
the received signal for EH and ID. This enables the receiver to adjust the available
energy resources between the EH and ID process. The PS-SWIPT architecture is
given in Fig. 2.3.

In PS-SWIPT, the amount of harvesting energy from the received signal is denoted

as Epg, which is expressed as

_ enP(1=Cp)|HPt

Eps I

(2.8)

where (1 — Cp) is the percentage of power allocated for energy harvesting.

This power allocation can directly reduce SNR of the received signal during infor-
mation decoding. The SNR of signal with PS-SWIPT is denoted as ypg, which is

given as

_ PCplHPd

o (2.9)

Yps
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Figure 2.2: SWIPT based on antenna architecture.

where Nj is the power of noise and Cp is the percentage of power remaining in the
signal after energy harvesting. The SNR affects both SER and outage probability.
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Figure 2.3: PS-SWIPT and TS-SWIPT architectures.

The outage probability of the PS-SWIPT is given as
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Pr(PS) = Pr(yps < 2(%) - 1)

2(%)_1 (2.10)

Tx

where Ry, is the target bit rate, which is bits per channel use. Therefore, SNR can

directly increase the outage probability of the received signal.

* Time switching architecture: In this architecture, the receiver shares the same
antenna for EH and ID, and uses a special circuit that periodically switches the
antenna for EH and ID. The TS-SWIPT architecture is given in Fig. 2.3. In TS-
SWIPT , the amount of harvesting energy from the received signal is denoted as

Ers, which is expressed as

 nenTx(1=Cp)PIHP
_ - ,

Ers (2.11)

where C7 is the percentage of time allocated for information decoding and (1 - Cr)
is the percentage of time allocated for energy harvesting. This directly reduces the
total energy harvested from the signal as the time allocated for energy harvesting
indirectly affects the total power of the signal. The amount of energy is measured
in Joules and the power is measured in Joules per second, so the time allocated for
energy harvesting directly reduces the power of the signal. The SNR of signal with
TS-SWIPT is denoted as yrg, which is given as

Tx(1-Cr)P|H[d™*

, 2.12
Xy (2.12)

YTs =

where E is the total energy of the received signal. The amount of total received
power is reduced due to time allocated for energy harvesting. Therefore, TS-SWIPT
suffers SNR degradation at the receiver due to energy harvesting and the overall
signal throughput is lost due to time resource allocation for the energy harvesting
process. The outage probability of TS-SWIPT is given as

Pr(TS) = Pr(yTS < 2(TXR(T))
(2.13)

. o)y
el )

The reduction in time leads to reduced throughput and leads to SNR degradation

which in turn increases outage probability of the given signal.

Thus, we understand that all the existing SWIPT techniques suffer performance degra-
dation due to resource allocation for energy harvesting purposes. Furthermore, the per-

formance analysis of PS-SWIPT in [17] explains the trade off between the performance
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of the received signal and energy harvested from the received signal. The performance
metric like information rate, symbol error rate indicates that lower amplitude symbols of
the M-ary modulated signal suffer excessively as compared to higher modulated signal
due to power loss.

Therefore, a novel approach envisaged to adopt symbol wise energy harvesting tech-
nique in SWIPT and this technique is called Modulation based simultaneous wireless
information and power transfer (M-SWIPT) [18]. Another approach to allocate by using
a specific symbol for EH called FS-SWIPT is used in [19]. These two techniques explore
unique ways to allocate a specific set of symbols for EH and the remaining set of symbols
for ID.

Traditional SWIPT techniques which are based on power splitting, time switching
and antenna splitting schemes allocate power, time and hardware resources respectively,
between data and energy transmission. Whereas both M-SWIPT and FS-SWIPT allocate
specific symbols for data transmission and remainders for energy transmission. The
idea of using transmitted symbols as a resource will allow the system to improve its
performance and as an additional benefit, the symbols allocated for energy harvesting
can be exploited for other signal processing applications. M-SWIPT technique can be
adopted with time division multiple access (TDMA) and also with frequency division
multiple access (FDMA) signal transmission techniques, whereas FS-SWIPT can be only
adopted with FDMA. Therefore, in this thesis novel SWIPT techniques such as M-SWIPT
and FS-SWIPT are studied and analysed in following chapters for practical applications.

2.3 Frequency-division multiple access

FDMA is a channel access technique which allows multiple network nodes in the physical
layer to transmit and receive at the same time. This technique separates channels by
frequency and allows the nodes to transmit and/or receive signals in different frequen-
cies. The FDMA technique has several advantages over TDMA, mainly the spectrum
bandwidth can be allocated based on its different frequency band for multiple nodes to
communicate at the same instant. Due to the versatility and adaptability of FDMA, FDMA
is most commonly adopted in 4G and 5G communications as compared to TDMA. There
are many FDMA techniques used in wireless communication and among them, the most
common FDMA techniques are orthogonal FDMA technique and single carrier FDMA.
While SC-FDMA as the name implies, it can be used for single carrier based communica-
tion and OFDMA can be used for both multiple carrier and single carrier communication.
OFDMA is most suitable for multiple carrier communication as compared to SC-FDMA.
SC-FDMA based on discrete Fourier transform spread OFDM (DFT-S-OFDM) is used
for the uplink in 5G [20] and SC-FDMA specially useful for combining FDMA technique
with SWIPT in a point to point communication model of 5G networks. So, both 4G and
5G networks use multi carrier and single carrier waveforms. The SC for uplink and MC
modulation for downlink is proved to be the best choice [21]. The Single carrier with
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frequency domain equalization (SC-FDE) is the combination of single carrier modulation
with the Frequency domain equalization (FDE), which is found to be suitable for the
transmission of high data rate signal over severely time dispersive channels for single
user than OFDM and OFDMA is most suitable for transmitting high data rate signal for

multiple users at the same time slot [21].

Fig. 2.4, Fig. 2.5 and Fig. 2.7 illustrates the simple block diagram of the transmitter
and receiver section of OFDMA, SC-FDE and SC-FDMA, respectively.

N-point
IDFT
(OFDM)/
Single user/ Subcarrier Add cyclic prefix
i > T itt
Multi user mapping > M-point > and pulse shaping —»| [ransmitter
IDFT
(OFDMA) l
Channel
N-point
DFT
Subcarrier OFDM)/
Single user/ d ) ( ) Remove Recei
Multi user ¢ cmapping ¢ ) < cyclic prefix ~ [€ ecetver
and FDE M-po]nt
DFT
(OFDMA)

Figure 2.4: Block diagram of transmitter and receiver section of OFDM (single user)/
OFDMA (multi user).

2.3.1 Orthogonal Frequency division multiple access

The 'Orthogonal’ FDMA is a special case of FDMA, where all the subcarriers in OFDMA
signal are the multiple of a fundamental integral component that forms an orthogonal
relation between them. The main advantage of OFDMA is the possibility of parallel
transmission of all the subcarriers and therefore OFDMA results in a high data rate.
Commonly in FDMA, multiple subcarriers are used in different frequencies f., where
ce{l,2,...,N — 1} and the subcarriers are filtered based on f.. Whereas in OFDMA,
specific frequency interval is allotted in between each subcarrier inorder to improve the
spectral efficiency of the OFDMA signals and to maintain orthogonality between the
subcarriers. The interval between each subcarrier is 1/T;, where T; is the symbol time

duration. The complex envelope of an OFDM signal or an OFDMA signal of a given time
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instant t; is denoted as x(t;), which is expressed as

N-1

ZXkexp(]ZT(k ) (t;), 0<t;<T,, (2.14)
where X is the data symbol of k" subcarrier with k = 1,2,...,N -1 and w(t;) = (Ti)
where r(.) is the pulse shaping filter function. The waveform of kth subcarrler is ¢k( i) =

exp( j 27'(k—). The orthogonahty property of OFDMA signal can be proved by the dot
product of ¢y (t;) and ¢y (t

T
(Pr(t;), Prr(t;)) :%L (exp (j27'(kTi))(eXp(—j2T(k’Ti))dt

1 (T t
:TJO exp(jZn(k—k')Ts)dt (2.15)
L k=k
- 0, k=k'

The OFDMA signal i.e. Xj = [X;X,...Xy_1]T € Cis converted to the time domain from
the frequency domain by using Inverse discrete Fourier transform (IDFT) , which is given

as
1 = n
xn:ﬁ§Xkexp(]2nkﬁ), (2.16)

where n=1,2,...,N -1 and N is the total number of subcarriers. After converting the
signal from frequency to time domain, cyclic prefix is included for every subcarrier as
a guard interval and pulse shaping techniques are applied to reduce Inter symbol inter-
ference (ISI) before the signal transmission. At the receiver, the cyclic prefix and pulse
shaping is removed before converting the time domain version of OFDMA signal into
frequency domain using Discrete Fourier transform (DFT) as in Fig. 2.4. Even though
OFDM is able to transmit data at high data rate and reduce the ISI by using orthogonality
property, it still suffers from ISI especially due to multipath propagation. However, ISI
can be avoided with proper cyclic prefix and pulse shaping. One of the main problem
of OFDM signal is that it can have large envelope fluctuations in its waveform and it is
incremental in case of OFDMA due to the summation of N modulated subcarriers as in
(2.14). Therefore, IDFT output of a multicarrier signal with a large envelope results in
very high peak power and subsequently leads to problems in operations such as amplifi-
cation and quantization at the transmitter. The most common way to quantify these peak
power outputs of multicarrier signals is to calculate peak to average power. The ratio
of peak power to the average power of a signal is commonly called the Peak to average
power ratio (PAPR). The mathematical expression for PAPR is given as

max(|x,*) _ max(|x,|*)

PAPR = = ,
IE[lxn|2] 20)?

(2.17)
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where max(|x,|%) gives the instantaneous peak power of the signal and 207 is the expected
average power of the signal. It should be noted that this PAPR will increase with the
increase in the number of subcarriers of the signal transmit power and also higher order

modulation can exacerbate PAPR.

2.3.2 Single Carrier Frequency division multiple access

Sinele user N Subcarrier R Add cyclic prefix o Transmic
e » mapping P and pulse shaping —y| Transmitter
A
Channel
\
Subcarrier . Apply matched filter
Single user <« "M e demapping DI R P and remove Receiver
~ | oFT [T < DFT . ! N
and FDE cyclic prefix

Figure 2.5: Block diagram of transmitter and receiver section of SC-FDE.

Single carrier transmission scheme combined with FDE i.e. SC-FDE can be comple-
mentary transmission scheme multicarrier modulations such as OFDM, mainly due to
presence nonlinear equalizer structures in the frequency domain transmission chain [22].
Another advantage is the lower level of PAPR in SC-FDE as compared to OFDM, de-
spite having similar performance and complexity levels of OFDM [23]. When comparing
SC-FDE (see Fig. 2.5) and OFDM (see Fig. 2.4), SC-FDE structure is similar to that of
OFDM but the main difference is the presence of IDFT block at the receiver side in the SC-
FDE instead of transmitter side. Due to this main difference, OFDM has several parallel
transmissions carrying a single data stream and in case of SC-FDE, the data streams are
transmitted serially in a single carrier. Even though SC-FDE (DFT-S-OFDM) is similar
to OFDM, the PAPR in SC-FDE is reduced as the symbol energy in a single subcarrier
spreads over all the subcarriers before the IDFT function. A single carrier modulation is a
modulation in which the energy of every symbol spreads throughout the all the transmis-
sion band. The signal transmission for n*" block in time domain of SC-FDE modulation

is written as
N-1

x(t) = Z x,r(t; —nT,), (2.18)

n=-Ns
where x,, is the complex data symbol with n =1,2,...,N —1. r(.) and Ns are the pulse
shaping filter function and the cyclic prefix, respectively. The usage of block wise trans-
mission technique with a cyclic Prefix before each block reduces ISI from the previous
block. To avoid inter block interference between the blocks, cyclic prefix length should
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be greater than channel impulse response. The block-wise transmission in SC-FDE at the
receiver can be implemented by using DFT, this reduces the complexity of the receiver
while having low PAPR due to low envelope fluctuations. Therefore, when combining the
time domain processing technique with the usage of a cyclic prefix, SC-DFE has the same
performance and low complexity level of OFDM [22]. However, the receiver section of

SC-FDE is more complex than OFDM and thus, requires proper equalization techniques.

2.3.2.1 [Iterative block decision feedback equalization decoder

There are many FDE schemes available for single carrier modulation to reduce the impact
of channel impulse response on the transmitted signal. Although single carrier modula-
tion can employ FDE schemes such as Minimum mean squared error (MMSE), usually
the residual interference could lead to performance degradation. In general, nonlinear
time domain equalizers are known to outperform linear equalizers and therefore one of
the promising nonlinear FDE technique which is iterative block based FDE i.e. IB-DFE
is introduced [24]. Due to its low complexity, IB-DFE is proposed for FDE in diversity
scenarios [25], for MIMO systems in [26], and for multiple user case in [27]. The IB-DFE
is further improved by adopting frequency domain feed forward and frequency domain
feedback loop for SC-FDE in [28].

{z0}

Decision
IDFT
Block

{x 0} { 20}

(r)

(£

Figure 2.6: Basic IB-DFE block diagram for single user SC-FDE.

The IB-DFE receiver block diagram for single user SC-FDE is given in Fig. 2.6, where
v, and Y}, respectively are the received signal in time and frequency domain and 32,(;) is
the estimated information (modulated symbols as in the transmitter side) in time domain
for the given IB-DFE iteration (i), where i = 0,1,..., N and i is the number of iterations
followed in an IB-DFE receiver. We assume that the communication channel is Rayleigh
frequency selective fading channel and it is denoted by the coefficient Hy. The IB-DFE

based estimate for X;{J Vis given as

o) _ o pli)_ gli=1) pli)
%) =xF-X"""BY, (2.19)
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where X,(:_l) is the previous iteration value of X,(f), F]((i) and Bgf) are the iteration of feed

forward coefficient and feedback coefficient, respectively. F ]((l) is given as

(i Hy
Fp=— . (2.20)
0; 2 i .
() (1o
. o(i)_(i)
where p("l) = IE[DC”—’_C’;] is the correlation factor of x,,. 0'13, and 0)2( are the variance of noise

Ellx," ]
and Xy, respectively. The feedback coefficient is written as

A=D1 a2

In general, the accuracy of 92,(11 ! increases with each iteration up to its saturation point
which is closer to Matched filter bound (MFB) and this makes IB-DFE technique as one
of the most preferred FDE technique for SC-FDE.

-poi Subcarri -poi Add cyclic prefi
Multi user «| N-point u Can'ner - M-point cyclic pre' ix o] Transmitter
> prr [ mapping IDFT [~ ”] and pulse shaping [ 2
A
Channel
\
Subcarrier Apply matched filter
Multi user < N-point «- demapping < M-point <] and remove < Receiver
IDET and FDE DFT cyclic prefix

Figure 2.7: Block diagram of transmitter and receiver section of SC-FDMA.

Another important technique in single carrier modulation is SC-FDMA or DFT-S-OFDM
and the main difference between SC-FDE and SC-FDMA is the presence of DFT and IDFT
block at the transmitter side of SC-FDMA. Similar to OFDMA, SC-FDMA transmits the
signal as blocks of symbols sequentially in multiple linear subcarriers within a single
subcarrier at the same instant. However, SC-FDMA has an additional DFT block at the
transmitter side before the subcarrier mapping of the symbols as in Fig. 2.7. The time
domain data symbols, x,,n=1,2,...,N —1 in N subcarriers are converted to frequency
domain symbols, X;,k =1,2,...,N —1 by using N-point DFT as in Fig. 2.8. Then, Xj
which is N subcarriers are mapped with M subcarriers level X;,1 =1,2,...,M -1 by us-
ing distributed subcarrier mapping. There are two main subcarrier mapping methods,
they are distributed or interleaved subcarrier mapping method and localised subcarrier
mapping method [29]. SC-FDMA has a gain of 4 to 7 dB in PAPR when using distributed
subcarrier mapping as compared to localised subcarrier mapping, however adopting lo-
calised subcarrier mapping approach gives better throughput than adopting distributed
subcarrier mapping [29].
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M point - IDFT

{ xnt

Figure 2.8: Generation of SC-FDMA symbols in transmitter block.

The main difference between OFDMA and SC-FDMA in terms of signal transmission
block is an additional DFT block at the SC-FDMA transmitter. Also, the receiver side, SC-
FDMA has an additional IDFT block after the subcarrier demapping function. In general,
both OFDMA and SC-FDMA employ equalization techniques to reduce distortion of time
dispersive signal that is transmitted over fading channels. Even if both the techniques can
employ low complexity frequency domain equalization schemes like MMSE, SC-FDMA
can additionally employ IB-DFE along with Successive interference cancellation (SIC) to

increase the gain close to the level of MBF [30].

2.4 Multiple Input Multiple Output System

Multiple input and multiple output (MIMO) system is one of major technologies in the
wireless communication network, which lead to drastic increase in capacity of wireless
channel links. The main motivation of the MIMO concept is to increase throughput
of the communication network. In wireless communication networks, throughput is a
measurement of successfully transferring bits per second to the receiver. Throughput
(bits/s) is a product of bandwidth (Hz) and spectral efficiency (bits/s/Hz), so throughput
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can be increased by bandwidth or/and spectral efficiency. A fixed bandwidth is not
easy to change and bandwidth in a way can decrease SNR, in a wider bandwidth, the
receiver gets additional noise associated with the frequency range of wider bandwidth.
So the focus on increasing throughput by using spectral efficiency is explored with MIMO
technology [31]. MIMO antenna increase the spectral efficiency by utilizing the antenna
diversity at both transmitter and receiver, where signal streams are multiplexed into
several separate signal streams depending on number of antennas used at transmitter
and receiver [32], [33]. MIMO improves the reliability of the communicating channel by
offering redundant channel links, which can also be used for diversity gain and capacity
gain. So, MIMO can be adopted for different scenarios, even for the channel with a
strong fading environment [32]. The introduction of MIMO has led researchers to explore
space-division multiple access, which is used to reuse intracell bandwidth by adopting
spatial multiplexing techniques [34, 35]. Therefore, when the hardware requirements are
increased due to the MIMO system, the power and hardware requirements are optimised
by evolving MIMO techniques that exploits space diversity and other radio resources [36,
37].

Transmitter Receiver

Figure 2.9: System model of MIMO.

In this section, we present a simple MIMO system model in Fig. 2.9, where the to-
tal number of transmitting antennas and receiving antennas is T and R, respectively.
The X;;t = 1,2,..,T is transmitted from the transmitter to the receiver over H, ;;t =
1,2,..,T;r = 1,2,..,R channels, here the signal will have diversity order depending on
the number of transmitting and receiver antennas. Then the received signal at receiving

antenna r is given as

Y, =

T
PX,H,,+N,, (2.22)

t=1

where N, and P are the AWGN and average power constraint for all the received signal,
respectively and the average noise power of N, is denoted as Ny. Therefore, the average
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SNR for all the received signal is given as y = N%,' The received signal in the matrix format
is given as
Y Xy ||Hiy ... Hyr| [N
= N A (2.23)
Yr| [Xr[[Hr1 --- Hrr] |Nr
Here, a MIMO channel capacity is derived by using singular value decomposition
(SVD) as in [38]. Based on SVD, the channel matrix is given as h = usv’, where u and v
are left and right singular vectors of h, respectively. u and v can be used as combining
matrix and precoding matrix, respectively. From this, we can write x = v% and % = uf'y,
where x is a precoded signal of X or IDFT of X. So based on SVD, the MIMO can be
equivalent to parallel single input and single output systems with different SNRs values
and equal SNR if all links have the same transmit power and noise power. Since, we
consider y is equal for all channel links, the capacity for a random MIMO channel with

the assumption that T = R is given as

C =Tlog,(1+y). (2.24)

2.5 SWIPT for Channel estimation

The channel estimation and signal detection techniques are fundamental part of signal
processing as well as the most critical to wireless communication. The Channel state
information (CSI) obtained by the communication networks by using channel estimation
techniques is imperative for signal detection at the receiver side. The CSI is crucial for
achieving reliable communication with high data rates in multi antenna systems. So
there are several channel estimation techniques in practice for estimating the CSI of the
communicating channel, however it is impossible to have full knowledge of CSI and the
main contributors for the imperfect CSI are channel estimation error, delay and frequency
offset. Therefore, it is imperative to reduce channel estimation and frequency offset ratio
errors as much as possible. The effectiveness of channel estimation technique depends
mainly on the fading condition of the channel and the channel estimation errors are
comparatively higher in fast fading channels than that of slow fading channels. The
imperfect CSI condition leads to an increase in signal detection errors and this situation
exacerbates when SWIPT or WPT techniques are adopted under imperfect CSI conditions
[39]. For example, by studying the impact of imperfect CSI on TS-SWIPT, we can attribute
that the increase in energy harvesting time in TS-SWIPT leads to the increase in signal
detection errors and outage probability [39], since the channel estimation errors indirectly
decreases SNR of the received signal.

The efficiency of energy harvesting in WPT and SWIPT can be improved with CSI by
adopting channel adaptive waveform for converting RF signal energy to Direct current
(DC) [40]. The general simplistic approach involves non-adaptive waveforms without con-
sidering CSI, however the efficiency of RF energy to DC is lower and unreliable, which
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then depends on the fading scenario of the communicating channel. Therefore without
considering multipath fading, the expected power out cannot be achieved and hence, the
waveform of the transmitting EH signal needs to be optimized in accordance with the CSI.
There are several research works that are focused on designing channel-adaptive wire-
less power waveform to maximize RF to DC efficiency and in this approach transmitter
acquires CSI and sends EH signal waveform accordingly [41, 42].

In practice, the channel estimates are obtained by using pilot symbols, which are
either in time or frequency domain [43]. Most commonly, frequency domain is used for
OFDM modulations while both time and frequency domain is used for SC modulations.
In block transmission techniques, the channel impulse response may be very long and the
record over-heads for channel estimation is possibly very high. As a solution, the pilot
symbols are superimposed with the information symbols,instead of multiplexing the pilot
symbols with the information symbols. This increases the density of pilots with respect to
information symbols without comprising spectral efficiency. This helps in improving the
amount of EH. The disadvantages of using a superimposed pilot signal, is the interference
of pilot signal with the information signal with increase in transmit power of pilot signal.
Then, the interference of the pilot signal with the information signal can be reduced by
averaging the channel estimate of the respective frequency. The proposed technique helps
in estimating CFO as shown in [44] by using the highly energized identical pilot signal
sequence on each block. Thereby with the help of SWIPT, pilot signals will be more robust
for signal interference and noise. Therefore, in the upcoming chapters our research work
is focused on adopting SWIPT techniques for supporting channel estimation and signal

detection techniques.

2.6 SWIPT for Physical layer security

Apart from harvesting energy by using SWIPT techniques, SWIPT could be adopted
for PLS purposes [46]. One of the most important technique in improving PLS of a
wiretap channel, is using AN in the communication channel to degrade the Signal-to-
interference plus noise ratio (SINR) of eavesdroppers; and thereby, improving the security
of legitimate users [3]. The high energy signal that is used for harvesting energy in
SWIPT can also be adopted for creating AN to improve PLS as in [47]. The secrecy rate
of legitimate users in a wiretap channel can be improved with the SINR degradation
of eavesdroppers as in [48, 49]. Furthermore, the secrecy rate for the MIMO system
model is established in [50]. A simple wiretap channel is presented in Fig. 2.10, where
two jamming signals are used to jam the eavesdropper. When transmitter broadcasts
the signal, the eavesdroppers can receive the signal as like the receiver and the main
idea using jammer are in introducing AN to the wireless network. To avoid the impact
of AN to the legitimate receiver, AN is introduced in the null space of the legitimate
receiver’s channel matrix. The channel link from the jammers J; and ], to the receiver

R are denoted as Hj g and Hj,g, respectively. The following equations presents simple
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precoded jamming symbols X](f() and X}f) from J; and J,, respectively as

X = 400
k) oK)y K) :
X), =Ap Hyp

where k =1,2,...N, Ayf) and AYZ() are the k" entry of the precoding vectors Ay, and Ay,

respectively. The precoding vectors are chosen such that, under any SINR condition
H](]H{X](f) + H](ZQX](;() = 0, however there could be slight precoding error due channel esti-
mation error or a change in channel impulse response and this error can be consider as
noise N, at the receiver side. Whereas eavesdropper will receive the jamming signal as

an AN. Therefore SNR of R and Eavesdropper & are respectively given as

P P

_ ; __r 2.26
TRENg+N,” 787 No+Nay (2.26)

where Ny and N,y are the noise power of AWGN and AN, respectively, and P is the

transmit power of a data signal. Then, secrecy capacity rate can be written as

1+|HTR|27/R)

2.27
1+ |HT5|27/§ ( )

Cr= log(
where Hrp is the channel link between the transmitter and receiver, and Hr is the
channel link between the transmitter and eavesdropper. From this, we could understand
that the secrecy rate depends on the channel gains as well as Ny, Nay and N,,. Thereby,

Jammer 2
Receiver

R @é@

- ~..

(«gb

Transmitter \“\ ................ » Jamming signal 1
L » Jamming signal 2
S - Infomation Signal

Eve 2

Figure 2.10: A wiretap channel.

AN degrades SINR of eavesdroppers without compromising the quality of the legitimate
users’ signal [51]. However, the successful negation of AN is dependent on the CSI of
the receiver at the legitimate transmitter and can be effectively used against much robust

eavesdroppers as in [52]. This is considered as a challenge in imperfect CSI condition [53,
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54]. Another challenge in using AN against eavesdroppers lies in the fact that a jamming
attack depends on the channel correlation between the eavesdroppers and legitimate
receiver; if the channel correlation is very high, then AN can be partially cancelled out by
eavesdropper [55, 56].

Therefore, the high channel correlation between the eavesdroppers and legitimate re-
ceiver is considered as a major limitation of jammers in a wiretap channel. It is mitigated
by increasing the jamming signal power that amplifies the error due to the difference
in CSI between both channels. The increment in jamming signal power can degrade
the eavesdropper’s SNR, but this can also increase the negative impact of the jammer’s
precoding error at legitimate receiver. The effect of the jammer’s precoding error at a
legitimate receiver can be reduced by using the expected jammer’s precoding error as
additional noise power feedback in the IB-DFE decoder [57]. Even though the increase
in jamming signal power can increase SNR degradation at the eavesdropper, this is not
energy efficient and can degrade the performance of the legitimate receiver, if there is any
channel estimation error or precoding error in the legitimate network. In [57], the passive
eavesdropper does not estimate jamming signal and in this research, the idea of cooper-
ative eavesdropper is explored to estimate jamming signal. Therefore, it is necessary to
optimize the jamming signal power and explore counter measures for a cooperative eaves-
dropper scenario. In chapter 6, our research is focused on optimizing the transmitting
power of EH components in SWIPT to improve energy efficiency and improve secrecy

rate of information components.
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3

MODULATION-BASED SIMULTANEOUS
WIRELESS INFORMATION AND POWER

TRANSFER

In this chapter, we introduce a new SWIPT scheme called M-SWIPT! and it does not
explicitly use power or time resources instead it allocates Constellation points (CPs) of
the modulated signal for energy harvesting EH. In [58], researchers investigated the
performance of SWIPT adopting an M-ary modulation scheme, which represents a major
leap forward as it does not require a dedicated beam as in the case of wireless power
transfer. However, this comes at the expense of some loss in the system throughput since
part of the transmitted signal is used for power transfer. Furthermore, EH is beneficial
only when the received signal power is greater than a certain sensitivity level. Henceforth,
it is necessary to conceive an alternate SWIPT concept.

M-SWIPT technique uses specific CPs for EH and then the remaining ones for Infor-
mation transmission (IT) . This suggests that the CPs intended for IT do not suffer direct
power loss due to EH, which is different from how CPs are used in traditional power
splitting and time switching architectures [2], [4]. However in M-SWIPT, the excess
amount of energy will be spent in transmitting symbols for EH. Alternatively, symbols
carrying information and energy can be transmitted in two separate signal streams using
two different time slots, but this consumes excess time resource, decreasing the spectral
efficiency [2]. Due to the nature of CPs usage in M-SWIPT, it gives us an opportunity to
shape the CPs to improve the performance of M-SWIPT. The idea of shaping the CPs is
introduced in [59] and their performance is studied in [60] and [61]. We can improve
the spectral efficiency of M-SWIPT by utilizing HCS [62] and in M-SWIPT, HCS of M-ary
modulation is adopted. HCS is a hybrid geometric and probabilistic shaping method
that modifies the nature of the signal to a non-uniform and non-equidistant constellation
point distribution. HCS is preferred over geometric shaping and Probabilistic amplitude

shaping (PAS) as it maintains the total amount of energy of each Constellation point (CP)

n the figures and tables M-SWIPT is shortly denoted as (MS).
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like regular M-QAM. This helps in allocating fixed amounts of energies for IT and EH,
regardless of the degree of constellation shaping.

In contrast with existing SWIPT techniques, we show that M-SWIPT has better SER
and maximum AIR for low SNR operating regions. However, at high SNR, the AIR of
M-SWIPT does not reach its maximum rate due to the fact that some CPs are used for EH.
AIR of M-SWIPT can be further improved for certain SNR regions by using HCS. Thus,
HCS is effective for our proposed M-SWIPT scheme to improve AIR as compared to using
a regular M-QAM scheme for EH and IT.

3.1 System model

We assume a point-to-point communication system comprising a transmitter Tx and a
receiver R. The input signal x is transmitted by using the transmit power P over Rayleigh
fading channel and the channel co-efficient is given as h, where h ~ CN(0,0?) and the
channel power gain is |h|?, which has an exponential distribution. The channel noise n
is AWGN with zero mean and variance O‘%R, n~ N(0, U%R) = N(0,Ny/2). x has N symbols
and the nth individual symbols of x are denoted by x,, n = 1,...,N 2. The CPs of x are
based on a square M-QAM modulation, where M = 2%, and b is the number of bits per
symbol. CPs are denoted as AlS], where s is the index of CP, with s = 1,.., M.

3.1.1 Modulation-based SWIPT Technique

In the M-SWIPT, all the highest energy CPs (with same magnitude) are selected for EH
and are denoted by the set ALS]. The rest of the CPs are used for IT, and define the set
AE;]. Here, {ALS],AE;]} € Alsl and M-SWIPT are illustrated in Fig. 3.1. Ifx, e A[es], then it
is denoted as x,, ., else it is denoted as x, 4. Here, x,, ; and x,, , are orderly positioned in a
pattern known to T and R, and based on this pattern and amplitude of the symbols, the
receiver separates the symbols for IT and EH.

The basis of selecting CPs for EH in M-QAM is dependent on two factors. Firstly, the
amount of energy to be harvested. Since each constellation point has a fixed amount of
energy level, the fraction of CPs for EH can be used to select the desired energy ratio
between EH and IT. Secondly, while choosing the CPs for EH, ALS], if high amplitude CPs
are chosen for EH and other CPs for IT, then it will be comparatively easy for the receiver
to distinguish specific symbols for IT and this simplifies the receiver synchronization
between EH and IT. Moreover, the EH signal should be designed to avoid undesirable
spectral lines, which is achieved with a pseudo-random selection within ALS] and a set A[es]

with zero mean (that is the case of the set of higher energy CPs in a QAM constellation).

y:,[%hx+n, (31)

2In this chapter, irrespective index # of the symbol, only the set of symbols used for IT is considered for
calculating SER and AIR performance.
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Figure 3.1: The CPs of MS;, MS, and MSj are illustrated without considering their
respective per symbol transmit power. The models are described in Sec. 3.2 and its
alphabets are mentioned in Tab. 3.1. The HCS of M S3 model is illustrated in Fig. 3.2.

where E), is the average amount of energy of the symbol and P is the transmit power. The
amount of energy harvested from the received signal at R is is denoted as £j;s, which is

expressed as
_ Men?P |nl*C

n ’

Ens (3.2)

drRr
where 1y is the RF energy harvesting efficiency, the distance between T and R is denoted
as drr and x is the path loss factor. C = E,/Es, E, and Eg are the total amount of energy
present in x, and x, respectively and T; is the time taken for transmitting x. E, and Eg
are given as E, = [E[|x,|?] and Es = [E[|x|?], respectively®. The transmit SNR of x is denoted

asyandyzfj—f).

3.1.2 Hybrid constellation shaping in M-QAM

HCS shapes the CPs by changing the amplitude and probability of occurrence of the
symbols of each CP and thereby changes the percentage of symbols present in each CP
and the amplitude of respective symbols. The HCS model is illustrated in Fig. 3.2% and
in Fig. 3.1. An important feature of HCS is that irrespective of the degree of shaping,
the total amount of energy in each CP is constant. Al is represented in a complex form
by the combination of the individual alphabets, where the alphabets are denoted as a,

3The expected value operator is denoted as [E[w], where w is a variable.
4For our convenience, only the B3 model is illustrated.
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Figure 3.2: The symbols distributed across the CPs of 16-QAM signal based on HCS
model Bj are described in Sec. 3.2 and its alphabets are mentioned in Tab. 3.1.

where a in real and imaginary axis are denoted as a and ja, respectively. The value of a is
(2m—1), whereif M > 16 thenm=1,..., ‘/TM, or else if M = 4, then m = 1. The value of Als]

due to HCS is expressed as
Pu(a) pu(ja) .

azx

o(a) “ = p(ja) !

where the non-uniform probability and uniform probability occurrences of a in CPs

All = 4+

a, (3.3)

are denoted as p(a) and p,(a), respectively. Similarly, the non-uniform probability and
uniform probability occurrence of ja in CPs are denoted as p(ja) and p,(ja), respectively.
To validate perfect HCS of M-QAM signal, the signal stream x,, belonging to Al*l should
satisfy the following condition.

pula)  pulja)
B 0@t ol

jal = E[+p,(a)ja+p,(ja)jal, (3.4)

where (3.4) is a condition in which the expected value of individual CP with HCS as
in (3.3) should always be equal to the expected value of its respective CP with uniform
symbol distribution.

3.1.3 Comparison of M-SWIPT and PS-SWIPT

The M-SWIPT is compared with the traditional PS-SWIPT?. Both M-SWIPT and PS-
SWIPT schemes divide the transmit power for EH and Information decoding (ID) but the
method of dividing the power is different for both the schemes. In PS-SWIPT, energy is
harvested from y by using a power splitting circuit and this circuit divides the power of
the signal for EH and information decoding [1], [2]. Thus, in PS-SWIPT all the symbols are

5In the figures and tables PS-SWIPT is shortly denoted as (PS).
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Figure 3.3: The minimum distance between CPs of MS;, MS3 and PS; are illustrated
as given in Tab. 3.2. Note that the position of CPs in the M-SWIPT scheme varies when
compared to their respective position illustrated in Fig. 3.1 because of the consideration
of their respective P,,.

used for EH, whereas in M-SWIPT, EH only comes from the specific CPs of y. In M-SWIPT,
the total number of symbols used for IT and EH are denoted as N; and N,, respectively. N;
should be equal in both M-SWIPT and PS-SWIPT, and then K = N;/(100 — p(x,))%, where
pu(x.) is the probability of x, present in x and N, = N — N;. Irrespective of additional
symbols present in M-SWIPT, N; should be equal in both M-SWIPT and PS-SWIPT and
also P should be equal in both PS-SWIPT and M-SWIPT to compare both the EH schemes.

The transmit power used in M-SWIPT for each symbol is given as
P, = P(N;/(N, +Nj)), (3.5)

where P is the transmit power of each symbol present in PS-SWIPT. The SER performance
of M-SWIPT and PS-SWIPT models are dependant on SNR condition and minimum
distance between x; and its neighbouring symbol, which is denoted as drg. d,, , of both
the schemes are dependent on the position of CPs and the power allocated for the symbols
to perform IT. In uniform CPs distribution, the relationship between M-SWIPT and PS-

SWIPT in terms of d, , and transmit power per symbol is given as
pmdxn,d = CPden,d' (36)

where Cp is the fraction of P allocated for IT and the value of d, , varies depending on
HCS models. The minimum distance of a 16-QAM signal using M-SWIPT and PS-SWIPT

models with equal number for symbols for IT and also with equal value of P are illustrated
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in Fig. 3.3. The figure shows that d, , in M-SWIPT is greater than that of PS-SWIPT. Also
by using HCS, it is possible to increase d, , of symbols in M-SWIPT. Fig. 3.3 illustrates
dy,, of MS; and MS3 and the value is calculated in Tab. 3.1. As compared to M Sy, in
MS 3, the HCS reduces the amplitude of symbols in low amplitude CPs and increases the
amplitude of symbols in high amplitude CPs and this decreases N, of MS3 over MS,
thus P, increases with the decrease N,.

The basis of selecting the degree of HCS is dependant on the operating SNR region
of the system and Shannon entropy of the signal, which is denoted as H(x). For different
operating SNR region, the system can be adapted by adjusting P,, value with the change
in the degree of HCS. H(x) is maximum under uniform HCS. For a regular M-QAM signal
with uniform probability occurrence of CPs, H(x) = Zé\il pu(AS])log(l/pu(AE])), where

pM(AE;]) is the uniform probability of symbols belonging to AEIS] is present in x. Similarly,

for M-QAM signal with HCS, we should considered only the CPs used for IT. Also, the
percentage of excess symbols used in AE;] should be considered in calculating Shannon

entropy of M-SWIPT and it is given as

M . ‘ Alsly-1
H(Xd) — Z[p(AEi])NeN‘FNz]log({p(Neil\Zl} ], (37)

s=1

N,

where (N, + N;)/N; is the percentage of increase in the symbols belonging to AE;] and

p(AE;]) is the non-uniform probability of symbols belonging to A[;] is present in x. Even
though N; is equal for both the regular signal and M-SWIPT signal, H(x) decreases with
the decrease in randomness. AIR of M-SWIPT signal is denoted as AIR);. The maximum
AIR) of the signal is determined by the value of H(x;) and it is also necessary to select
HCS models based on its H(x;) value and operating SNR region where the maximum
AIR) can be achieved.

In general, PS-SWIPT should have better AIR performance than that of M-SWIPT due
to the usage of all the CPs of regular M-QAM signal and uniform CPs distribution. In
PS-SWIPT, due to the fact that the energy is harvested from all the symbols in the signal,
the SNR of the symbols in low amplitude CPs suffers energy loss as opposed to the case
of low amplitude symbols in M-SWIPT and it is illustrated in Fig. 3.3. Thus, at low SNR,
the HCS models in combination with M-SWIPT having low H(x) can possibly perform
better than the models with high H(x) value.

3.1.4 Theoretical symbol error and achievable rate of M-QAM with
M-SWIPT

In this section, average SER is derived for the proposed system using the M-QAM signal
with HCS. The symbols of M-QAM are located in three regions of CPs. There are 4
symbols in the corner, 4(VM — 2) symbols on the edge of CPs and (VM — 2)? symbols in
the interior. The approximated SER of individual symbols located in corner, edges and
interior is 2 SER¢,, 3 SERg; and 4 SER,,, respectively. The SER of an individual symbol
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is denoted as SER,,. Depending on the location of symbols in the constellation map,
SER,, C {SER(,,SERE4, SERy,}. Thus, SER,, is given as

SER,, = | Q(2d, 0720 exp(~(0,2)day

3.8
_l 1 _ dxn,dy ( )
2 L+de v/

where ay, is the amplitude of the channel /# and day, is the differential of aj,. The neighbour-
ing CPs are used for either IT or EH. In the case of 4-QAM, all the symbols are considered
as corner symbols. Thus, depending on the energy requirement, the symbols in 4-QAM
are used for either EH or IT.

The average SER of M-SWIPT signal is derived based on the general SER of M-QAM
signal derivation in [63] but it varies from the SER of M-QAM signal due to non-uniform
constellation shaping, d, , of x, 4, and A([;]. The d,, , of x,, 4 is considered based on the
closest neighbouring CPs. In the case of communication error, the probability of x,, 4
occurring in CPs other than the closest neighbouring CP region is not considered. If x,
moves towards the direction of other neighbouring CPs region apart from the closest
neighbouring CP region, then the possibility of error decreases due to the increasein d, ,.
Hence, this is an upper bound SER for the M-QAM with non-uniform HCS. The SER for

individual symbol present in x,, ; is denoted as SER,, which is given as

SR = e )
3SER dr X = ilp“(u) + 'apu(]a)
SERM[xn,d] = F n.d { F()c(z;z) J p(ja) } (3‘9)
4SERyy,  xya = (505 (2m; - 1)
=l 2mi = 1)},

where if M = 16, then m; = 1 or else if M > 16, then m; = {1,...,‘/TM — 1} and the SER
of symbols in corner CPs are not considered in SERj[x, s]. The average SER of all
the symbols present in x; gives the SER of M-SWIPT signal and it is given as SERy; =
& L1 SERy[xy, 4.

The maximum AIR is one of the performance metrics which is considered for under-
standing the feasibility of M-SWIPT, since it uses the highest amplitude symbols for EH.
The symbol-wise mutual information between input and output symbols of a signal in
a finite auxiliary channel with Monte Carlo integration is given in [14, Sec. VI]. This
formula is used to find an approximate lower bound AIR for the signal with PAS by us-
ing circularly symmetric Gaussian noise statistics as in [13]. The benefit of using Monte
Carlo simulation based equation is that the impact of HCS of the given input signal is
considered in estimating its AIR. Therefore, as similar to the AIR of PAS, an approximate
lower bound AIR for the signal with HCS can be estimated by using [13, Eq.5]. The AIR
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of M-SWIPT is given as

Qy|xd Y[ Nxa)
~ 1
AIRy ~ Zl ~oT (3.10)
where yl¥! is the output symbol corresponding to the input symbol Xpd,and n=1,..,N.
Here, Qy|x, and Qy denotes the auxiliary channel and the auxiliary channel output density,
respectively. It is assumed that the transition probability distribution of Qy,, is same as
h. Qyix, (y[k]|xnld) and Qy(y[k]) are derived in [13].

3.2 Numerical results

In this section, four HCS models are presented with M-SWIPT scheme and they are
compared with PS-SWIPT to find the best M-SWIPT scheme. Four HCS models are used
over a 16-QAM signal, as shown in Tab. 3.1 with 0.05% variation in p(a) between each
model and they are named as B; where j = 1,2,3,4 and we consider p(a) and p(ja) are
equal and the amplitude of a and ja are equal. These four HCS models are applied® on
MSj. We gradually vary p(a) in B; to understand the impact of p(a) in the performance of
MS;. In the 16-QAM signal, x,, i = (13(%‘(—(5)),i3j(%)), where x, ;y denotes the highest
amplitude symbols. d, , for x, y is denoted as d, , y and for the remaining CPs, d, , is

denoted as d, , 1. By is equal to p,(a). By, B and B4 models has non-uniform probability

Table 3.1: Probability and amplitude of the alphabets, d, , of the alphabets in B; and
H(x) of B;.

Bj p(a) a dx,,d,H dxnd,L H(x)
B, |{0.25,0.25) | (#3,  +1] 2 2 4

B, | {0.20,0.30) | {+3.3541,+0.9129) | 2.44 | 1.83 |3.9419
Bs | {0.15,0.35) | {+3.8730,+0.8452) | 3.03 | 1.69 |3.7626
B, | {0.10,0.40) | {+4.7434,+0.7906) | 3.95 | 1.58 | 3.4439

distribution of a and their respective bit energy value is calculated by using (3.3) as shown
in Tab. 3.1. MS; uses x, y for EH and the rest of the CPs for IT. MS;, MS;, MS3 and
MS 4 uses 25%, 16%, 9% and 4% symbols for EH, respectively. At condition ideal, E s
of MS]- is constant with ¢ = 45%. For fair comparison of EH schemes, PS-SWIPT uses
By with (1 -Cp) =45% and it is denoted as PS¢,;. For the energy harvesting simulation
set-up, drg varies from 1 m to 5 m. It is assumed that x =2, 1jp; = 0.9, P=50dB, T; = 1
second and the signal attenuation is constant at 30 dB. EH at MS; and PS¢, are equal
as both the schemes allocate on 45% power for EH. E);s =0.036,0.009,0.004,0.002 and
0.0015 at drg =1,2,3,4 and 5, respectively. ks decreases with the increase in distance
due to path loss factor.

Tab. 3.2 illustrates d, ,; of the alphabets in EH Models, H(x4) of MS; and N;, N,,
and N of EH models. d, , is calculated for MS; and PS¢,; by using (3.5), (3.6) and

®In this section, for convenience, we use notation MS to denote the subcategory of MS scheme.
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Table 3.2: EH models and B; of the respective EH models, d, ,; of the alphabets in EH
models, H(x;) of MSj, N;, and N of EH models.

models B] dxn oL H(Xd) Ni N
MS, |B;| 2x075=1.5 |3.5850|10°10%(100/75)
MS, |B,|1.83x0.86=1.54|3.5567 | 10°|10°(100/84)
MS5; |B3|1.69x0.92=1.55|3.4573[10°|10%(100/91)
MS, |B4|1.58x0.96=1.52]3.2516|10°|10°(100/96)
PS¢, |Bi| 2x055=1.1 4 [10° 10°

Achievable information rate (Bits/Symbol)

. . . . . . . . . n
0 2 4 6 8 10 12 14 16 18 2 2 24
E/N (dB)

s 0

Figure 3.4: A comparison between the AIR of MS; and PS¢,

dy, o of Bj from Tab. 3.1. d, , p is not considered as x,, j is not used for IT and for PS¢ 1,
dy, 0 = dx, ,1- For MS3, d, .1 =1.69x0.917 =1.55, where d, , of B3 is 1.69 and P,
of x,, 4 1s 91.7%. In case of PS¢,1, dy , g = dy, , 1 for By model and dl[ =2x0.75=1.50,

x;k
where d, ; of By is 2 and P of x4 is 75%. Similarly, d, ,; of symbols in MS; are

calculated.

To analyse SER and AIR performance of MS; and PS¢,;, we set P = 1 and the distance
is not considered in this set-up. Fig. 3.4 illustrates the AIR of MS; and B}, and PS¢,;. In
general, the AIR performance is in the order of By > B, > B3 > B4 with the increase in
non-uniform HCS. For SNR region from 0 dB to 16.5 dB, all MS; performs better than
PS¢,1 and particularly the performance improves with the increase in degree of HCS
because in MS; other than the x, y symbols, x, ; does not suffer energy loss. Also the
amount of energy loss of x,, 5 is comparatively lesser in M S; with the increase in degree
of HCS. At any SNR greater than 7 dB, PS,; performs better than MS; because MS;
does not use x,, y symbols for IT. After 20 dB SNR, MS; saturates at its respective H(x,)
as illustrated in Tab. 3.2. While considering a broader operating SNR region in Fig. 3.4,
i.e., from 0 dB to 15 dB SNR, M S; performs better than MS]- and PS¢, until 15 dB and
18 dB SNR, respectively. M S3 has a SNR gain in the range of 1.5 dB to 3.5 dB over PS¢,
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Figure 3.5: A comparison between SER of MS; and PS¢,;.

from 0 dB to 16 dB SNR.

Fig. 3.5 illustrates upper bound SER of MS; and B}, and the SER of PS¢, ;. In general,
the SER performance is in the order of By > B, > B3 because higher order modulated
symbols and d, , is in the order of By > B; > B3 as in Tab. 3.1. The performance of MS;
as compared to that of B; shows that SER does not changes within MS; as like in B}, this
is due to similar d, , as result of power compensation which is illustrated in Tab. 3.2
and Fig. 3.3. Performance within EH schemes shows that, the performance of MS i is
better due to less amount of energy loss for x,, ;. Both Tab. 3.2 and Fig. 3.3 illustrate that
dy, 1 of MS; is better than PS¢, and, d, ,; of MS3 is better than MS; as explained in
Sec. 3.1.3. Therefore by considering d,, ,; of MS3 and PS¢, even with the same power
allocation for EH, at 11 dB SNR, the difference in d, , helps M S; to outperform PS¢, by
around 1 dB SNR gain.

3.3 Conclusions

In this chapter, we introduced a new SWIPT technique described as M-SWIPT technique.
This scheme can be implemented in any modulation and improves the energy efficiency
of low amplitude symbols as compared to traditional PS-SWIPT. We studied the impact
of CPs in EH using hybrid constellation shaping to improve the spectral efficiency. It was
shown that M-SWIPT has better SER performance as compared to PS-SWIPT. It can also

outperform PS-SWIPT in terms of achievable rates.
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4

FrReQUENCY-SPLITTING SWIPT SigNALS
WITH STRONG NONLINEAR DISTORTION

ErrECTS

In this chapter, we see another novel symbol allocation based SWIPT technique. FS-
SWIPT technique allocates part of the available bandwidth for EH purposes and the rest
of the frequency band for data transmission. The use of OFDM schemes with FS-SWIPT
techniques is a natural option, since it can combine the advantages of both [64] and
in [65], symbols belonging to specific frequency subcarriers are used for EH, while the
remaining symbols are used for data transmission. One of the first references of FS-SWIPT
in the literature is [66]. The frequency splitting or frequency bifurcation at the receiver
is studied in [67], [68]. The performance of FS-SWIPT technique is comprehensively
studied using a practical experimental prototype in [69] and for example in [70], it is
discussed for possible biomedical application in neural prostheses devices.

It is well known that multicarrier systems such as OFDM are particularly suitable
for high rate transmission over severely frequency selective channels, since they decom-
pose the available band in multiple sub-channels (usually called "subcarriers" ) with
narrow bandwidth, simplifying the receiver design and allowing flexible allocation of
resources. However, multicarrier signals in general and OFDM signals in particular can
have significant envelope fluctuations and a high PAPR, which makes them very prone to
nonlinear effects, such as the ones associated to an efficient power amplification [71] and
digital clipping [72], which can cause severe Nonlinear distortion (NLD) and considerable
performance degradation. By combining OFDM with FS-SWIPT, we can expect an even
worse situation, since we are usually combining the high power EH subcarriers with the
comparatively lower power data subcarriers.

Since working in the linear region of typical nonlinear devices is not feasible in most
scenarios (e.g., for High power amplifier (HPA), this would mean having large backoff
and, consequently, reduced amplification efficiency [73]), there are several approaches
to cope with nonlinear effects in OFDM signals. By using pre-distortion techniques [74,

75], we can linearize amplifiers, but only up to the saturation level (in practice, an ideal
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pre-distortion turns a given amplification characteristic into an envelope clipping). As
an alternative, we can employ iterative receivers that estimate and cancel the nonlinear
distortion [76]. Although these receivers can have excellent performance at high SNR,
there can be error propagation effects at medium and, especially at low SNR. Finally, we
can take advantage of the information on the nonlinear distortion term to improve the
performance [77].

The number of existing works that concern nonlinear distortion effects on SWIPT
signals are relatively small, especially for the particular scenario of FS-SWIPT. One of the
few papers addressing this issue is [78], where FS-SWIPT is used in such a way that the
high power signal is transmitted only in a specific frequency band but the leakage NLD
from EH subcarriers to data subcarriers is not considered.

In this chapter, we study analytically and by simulation the impact of NLD effects on
the performance of FS-SWIPT signals, as well as ways of overcoming those effects. The

main contributions of this chapter are the following:

* We present a simple, yet accurate analytical characterization of FS-SWIPT signals
submitted to nonlinear devices. This characterization combines the use of Bussgang
theorem, to decompose the nonlinearly distorted signal as the sum of uncorrelated
useful and distortion terms, with the spectral characterization of those signals us-
ing Intermodulation product (IMP) analysis. This characterization is then used to
obtain the signal-to-noise plus interference levels for the different subcarriers. It
is shown that performance degradation due to nonlinear effects on FS-SWIPT sig-
nals are much higher than with conventional OFDM signals, especially for the data

subcarriers close to the EH subcarriers.

* We present an iterative receiver, inspired on Bussgang receivers for conventional
OFDM signals, that estimates and cancels NLD effects. It is shown that, in spite
of the stronger NLD effects, we can still have good performance with that iterative
receiver. The good performance of this receiver is due to the fact that the signals
associated with high-power EH subcarriers are known and do not need to be esti-
mated, leading to more accurate estimates of the NLD term, even in the presence of
decision errors in the data estimates. Therefore, by employing this receiver the Bit
error rate (BER) of nonlinear FS-SWIPT signals can almost match the BER associated

to linear transmissions.

* Finally, we study the optimum performance of nonlinearly distorted FS-SWIPT
signals. Contrarily to the OFDM case, where stronger NLD levels can lead to higher
performance gains for the optimum receiver [77], it is shown that performance
gains for the nonlinear FS-SWIPT case relatively decrease with the increase in the
power of the EH component. However, the NLD can still lead to performance

improvements when compared with the linear transmission scenario.
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NONLINEAR DISTORTION EFFECTS

This chapter is organized as follows: The characterization of the FS-SWIPT system
considered in this chapter is described in Section ??. Section 4.2 presents the analytical
characterization of FS-SWIPT signals submitted to nonlinear devices and Section 4.3.2
presents a novel iterative receiver that estimates and compensates NLD effects in FS-
SWIPT signals. The optimum performance of nonlinear FS-SWIPT signals is studied in
Section 4.3.3 and then, the performance of the proposed receivers is analysed in Section

??. Finally, Section ?? concludes the chapter.

4.1 System Model

In this work, we consider a point-to-point communication system based on an FS-SWIPT

OFDM scheme. The main blocks of the system are shown in Fig. 5.1. The subcarrier

{wn}
{Xk,d} —  Symbol {Xk} {x”} {Zn} r+\{yn} {n} FS-SWIPT |-» {Y;c,d}
» (h- > DFT > .
(X} Combination IDFT HPA > Channel N Separation (V)

Figure 4.1: OFDM-based FS-SWIPT system model with a nonlinear transmission chain.

allocation scheme of the FS-SWIPT system is represented in Fig. 4.2. As can be noted,
the OFDM signal has a central band dedicated to the transmission of energy symbols
for EH and two sidebands adopted for the transmission of data symbols. With the EH
subcarriers in the central part of the spectrum, it is easier to meet specific out-of-band
radiation requirements since, as it will be shown, most NLD effects are in the vicinity
of the EH subcarriers, which usually have much higher power than the subcarriers used
for data transmission. Therefore, most of the nonlinear distortion is well within the data
subcarriers instead of spreading on the adjacent channels. Even though this could lead
to performance degradation, these effects can be minimized with our iterative receiver
(see Section 4.3.2), and can actually lead to performance gains if an optimum detection is

considered (see Section 4.3.3).

EH
Data Symbols Symbols Data Symbols
+ Frequency
N,) 12 LN, N,) 12 :
N
N

Figure 4.2: Subcarrier allocation for the considered FS-SWIPT OFDM system.

The frequency-domain OFDM symbols are denoted as {X;k=0,1,---,N’ -1}, where
N’ is the total number of subcarriers, from which N’ — N are left idle for oversampling
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purposes (i.e., M = N’/N is the oversampling factor). From the N used subcarriers, we
consider that N, are dedicated to EH and N; = N — N, are used for data transmission.
The ratio between the number of subcarriers used for EH to the total number of used
subcarriers is denoted as C = N,/N. Note that on one hand, C should take relatively low
values to avoid compromising the system spectral efficiency for data transmission (which
is upper-bounded by 1 — C = N;/N). On the other hand, small values of N, make the EH
component very prone to fading effects’.

The data symbols are denoted as X ; and occupy the indexes k € x4, with the set x; =

7 7 N/ N Nl N Nl N Nd
7—7,7—74-1,"‘,7—7—1}U{7+7€,7+TE+1,"‘,T-I‘Te-l-?—l}. The EHsymbols

are denoted as X, and occupy the indexes k € x,, with the set x, = {7 -5 7 ->
1, NT’ + % —1}. Regardless of their type, all symbols are selected from quadrature phase

shift keying (QPSK) constellations (the generalization to other constellations or to the case
where different constellations are employed in different subcarriers is straightforward).
However, while the data symbols are of the form Xj ; = +1 + j, which means E[|Xy 4|*] = 2,
the EH symbols are defined as Xj, = +A +jA, i.e., E[| X} |*] = 2A%.

The time-domain OFDM samples are obtained by taking the IDFT of Xy, i.e., {x, =
IDFT(Xg);n =0,1,---,N’—1}. A given time-domain sample can be separated into two
terms, one representing the contribution of the data subcarriers and another representing

the contribution of the EH subcarriers, i.e.,
Xy =Xpd+Xpe (4.1)

The average power of data symbols and the average power of the EH symbols are denoted

as P; and P, respectively, where P; and P, are calculated as:

m:m“%A1
1 2N,
= 20'; = m Z{lE[|Xk’d|2] = N_’;i'
kexq
, (4.2)
Pe = IE[|xn,e| ]
1 2A%N
= 2062 = N2 ZIE[|Xk'e|2] = N2 -
kex.

with 05 and o2 denoting the variance of x,, 4 and x,, ,, respectively. Note that P, > P, i.e.,
the power associated with the EH signal is much higher than the power associated with
the data transmission signal. The relation between these powers is given by

P, N,A?

ﬁ:P—d— Nd . (4:3)

By spreading the EH subcarriers over the transmission band we could reduce the EH susceptibility to
fading, but this leads to implementation difficulties (e.g., it complicates the filtering used to remove the EH
signal).
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It should be noted that the amplitude of QPSK symbols dedicated to EH (i.e., the value
of A) is defined according to the values of  and C, i.e.,

1-
A% = /3—C. (4.4)
C
The total average power of the FS-SWIPT OFDM signal is
P=P;+P,
1 4.5
= E[lx,P] = 207 = 7 ) B[P, (4.5)

kex.

where o7 is the variance of the real and imaginary parts of x,,.

4.2 Analytical Characterization of Nonlinear FS-SWIPT Signals

In this section, we present the analytical characterization of nonlinearly distorted FS-
SWIPT OFDM signals considering both the time and frequency domain. For readers’
convenience, we start by presenting some preliminary general definitions that are impor-

tant for understanding those characterizations.

4.2.0.1 Preliminary Definitions

We represent the continuous time-domain version of the baseband FS-SWIPT signal (i.e.,
the analog version of the time-domain samples {x,;n =0,1,---,N’ - 1}) by the function
x(t). The autocorrelation of x(t) is defined as R, (t) = [E[x(¢)x*(t — T)], where T represents
a given time delay. By defining the nonlinearly distorted version of x(t) as z(t), we can
write the cross-correlation between x(t) and z(t) as R,,(t) = E[x(t)z*(t—1)]. When it comes
to the discrete time, we define the autocorrelation of a sequence {x,;n=0,1,---,N' -1} as
{Ry(n—n") =E[x,x;,];n,n"=0,1,---,N’ - 1}. Regarding the frequency domain, the power
spectral density (PSD) of the complex envelopes x(t) and z(t) are represented as G.(f)
and G,(f), respectively, with G,(f) = F(Ryx(7)) and G,(f) = F(R,,(1)), where F(-) is the
Fourier transform operator. We also define the PSD of the discrete version of FS-SWIPT
signals {X;k = 0,1,---,N’ — 1} as G,(k) = E[|X¢|*]. The discrete autocorrelations and
PSDs are related by the discrete Fourier transform (DFT) and the inverse discrete Fourier

transform (IDFT). More concretely, the autocorrelation of the input signal can be written

as
]_ N/2-1 . k(n—n")
Ruln=n')= 5 ) Gk, (4.6)
k=—N/2

with (R (n—n');n,n’ = 0,1,---,N’ = 1} = :5IDFT {G,(k);k = 0,1, , N’ - 1}.

4.2.0.2 Gaussian Approximation

It is widely known that OFDM signals have large envelope fluctuations. In that sense,
OFDM signals can be approximately modeled by a Gaussian random process, especially
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when the number of subcarriers is large [79]. Under these conditions, the absolute value of
the complex envelope x(t), given by r(t) = |x(t)|, has an approximate Rayleigh distribution
with probability density function (PDF) defined as in [80]:

(r)—Lex (—i) r>0 (4.7)
p ) P 203 ’ = :
where r is a random variable that models the absolute value of the complex envelope of
FS-SWIPT OFDM signals. Fig. 4.3 shows the simulated and theoretical PDF (given by
(4.7)) of the envelope of the FS-SWIPT OFDM signals considering f = 10 dB and different
values of C. As can be noted in that figure, the PDF represented in (4.7) presents a
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Figure 4.3: Simulated and theoretical PDF of the envelope of the FS-SWIPT OFDM con-
sidering f = 10 dB and different values of C.

high degree of accuracy to model the statistical distribution of the envelope of FS-SWIPT
OFDM signals.

4.2.1 Nonlinear FS-SWIPT OFDM Signals

Conventional OFDM signals can easily drive the HPA into the saturation region, leading
to severe NLD effects. This can be explained by the high PAPR of the signals, combined
with the nonlinear nature of the HPA, which typically exhibits a nonlinear characteris-
tic. In FS-SWIPT schemes, this problem can be even worse since the power among the
subcarriers is not constant, which can lead to even higher envelope fluctuations. In this

43



CHAPTER 4. FREQUENCY-SPLITTING SWIPT SIGNALS WITH STRONG
NONLINEAR DISTORTION EFFECTS

work, we consider an HPA in the transmission chain, and we modeled it as a general
memoryless bandpass nonlinearity [81]. By using the bandpass model, we can write the

complex envelope of the HPA output as

2(t) = fulr(£)exp(j (arg(r(1) + £, (r(2))), (4.8)

where f,(-) is the amplitude-to-amplitude conversion function (AM/AM) and f,() is the
amplitude-to-phase conversion function (AM/PM). In this work, we specifically consider
Rapp’s model for the HPA [82], although our analysis is valid to any bandpass memory-
less nonlinearity model (this includes the Saleh model [83], as well as simple envelope
clipping models that arise when ideal predistortion techniques are employed [84]). In
Rapp’s model, we have an approximately null AM/PM function, i.e., f,(r(f)) ~ 0, and an
AM/AM function is characterized by

() = —m (4.9)

oty

where s, is the clipping level and g is the sharpness factor, which is associated with
the smoothness of the transition between linear and nonlinear operating regions of the
amplifier’s characteristic. To analyze the severity of the NLD effects independently from
the input power of the nonlinearity, we define the normalized clipping level as SU—Af and if
2—":’ is higher, then the severity of the NLD effects will be lower.

4.2.2 Time-domain Characterization of Nonlinear FS-SWIPT OFDM Signals

By taking advantage of the Gaussian nature of FS-SWIPT OFDM signals, one can con-
sider the Bussgang’s theorem to have an alternative representation of their nonlinearly
distorted version [85]. In that representation, z(t) can be separated into two uncorrelated

terms: a scaled replica of the input signal x(t) and distortion term d(t), i.e.,
z(t) = ax(t) + d(t), (4.10)

where «a is the scaling factor of x(t), which is the scaled cross correlation between the
input and output signals of the nonlinearity (in our case, the HPA) and can be calculated?

as
_ Rys(0) _ E[rfy(r)
Rxx(O) 20;?

By using Bussgang’s theorem, we can represent the nonlinearly distorted signal at the nth

] = 2;2J; rf.(r)p(r)dr. (4.11)

time instant as {z,;n=0,1,---,N’ -1}, with

z,=ax,+d,. (4.12)

2Since the input signal x(t) is approximately stationary, the time dependence of r (and, consequently, of
a) is omitted in (4.11).
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4.2.3 Frequency-domain Characterization of Nonlinear FS-SWIPT OFDM
Signals

In this section, our main goal is to obtain the PSD of the nonlinearly distorted FS-SWIPT
OFDM signals. By considering Bussgang’s theorem, we can define the frequency-domain
version of the nonlinearly distorted FS-SWIPT OFDM signals as the DFT of (4.12), i.e.,
{Zx;k=0,1,--- ,N" =1} =DFT {z,;,n=0,1,---,N’— 1}. Under these conditions, the symbol
at kth subcarrier at the nonlinearity output can be written as

Zy = aX;+ Dy, (4.13)

where {Dy;k=0,1,---,N'=1} =DFT {d;n=0,1,--- ,N' - 1}.

Since the PSD and the autocorrelation are related by the DFT (see (4.6)), we can
obtain the PSD of FS-SWIPT OFDM signals by computing first the autocorrelation of the
nonlinearly distorted signal and then obtain its DFT, i.e., G,(k) = E[|Z;|*] = DFT(R,(n —
n’)). In [86, 87] it is shown that the autocorrelation function of a nonlinearly distorted
signal can be computed theoretically as a function of the autocorrelation of the input

signal, namely

Rzz(” - n,)
N, (Ru(n=n )Ry (=) (4.14)
. ,; ot (Rexl0)) ’

where p,,1 denotes the power associated to the IMP of order 2y + 1, which can be com-
puted as explained in [86, 88]. The PSD of the distortion component G,(k) = IE[|Di/|?]
is given by the DFT of the autocorrelation of the distortion term, which is obtained by
discarding the contribution of the first IMP (i.e., the term associated with y = 0) in (4.14).

In the following, a set of results regarding the frequency-domain characterization
of nonlinearly distorted FS-SWIPT signals are presented. In all these results, it is as-
sumed that N’ = 2048 and N =512 (i.e., an oversampling M = 4 is adopted for accurate
characterization of the NLD effects).

Fig. 4.4 shows the simulated and theoretical PSD of nonlinearly distorted FS-SWIPT
OFDM signals considering f = 15 dB and different values of sy;/0, and . From the
figure, it can be noted that (4.14) shows a great degree of accuracy, with a very close
match between theoretical and simulated PSD results. The same degree of accuracy can
be observed in Fig. 4.5, which shows the PSD of the distortion component considering
the same values of f3, s);/0, and C used in Fig. 4.4. From this figure, it can be noted that
the lower the clipping level, the higher the level of nonlinear distortion. Moreover, as
expected, the EH subcarriers have stronger distortion since these subcarriers have a much
higher power. The main disadvantage of using EH subcarriers is the effect of distortion
spreading from those subcarriers to the ones associated with data transmission.
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Figure 4.4: Simulated and theoretical PSD of nonlinearly distorted FS-SWIPT OFDM
signals considering = 15 dB.

4.2.4 Self-to-interference ratio

To evaluate the NLD levels on the system’s performance, one can define the self-interference

ratio (SIR), which is given by the ratio between the power of the useful signal to the power

of the distortion component, i.e.,

_ laPE[X, )
E[|Dy/?]

G (k)

2
RLCHTEY

SIR; (4.15)

(due to the non-flat nature of the nonlinear distortion PSD, the SIR levels depend on the
subcarrier, i.e., they are a function of the subcarrier index k).

Fig. 4.6 shows the simulated and theoretical SIR levels for FS-SWIPT OFDM signals
considering f = 15 dB and different values of s;/0, and C. Once again, our analytical
results are very accurate, being observed by a close matching between theoretical and
simulated results. As expected, the lower the normalized clipping level, the higher the
NLD levels. It can also be noted that the SIR is much higher at the middle of the band,
i.e., in the N, subcarriers dedicated to EH. However, since these are not used for data
transmission purposes, the SIR is only meaningful for the remaining N; subcarriers. For
those, it can be noted that the SIR levels are much higher close to the EH subcarriers, with

large variations throughout the data subcarriers.
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Figure 4.5: Simulated and theoretical PSD of the NLD term considering nonlinearly
distorted FS-SWIPT OFDM signals with g = 15 dB.

Fig. 4.7 shows the average SIR (average along all the N in-band subcarriers), the
maximum SIR, and the minimum SIR, considering different values of g, s);/0, and C. As
can be noted, all these quantities related to the SIR increase with the clipping level and

decrease with f.

4.3 Receiver Design for Nonlinearly Distorted FS-SWIPT
OFDM Signals

4.3.1 Received Signal

Let us consider a signal transmission over a frequency-selective channel (e.g., a multi-
path channel with Rayleigh fading on the different multipath components). The channel
frequency response for the kth subcarrier is denoted by Hy (since we are interested in
the achievable performance, we assumed perfect channel knowledge in this paper; in
practice, the channel can be estimated from suitable pilots or training sequences, as with
conventional OFDM schemes). The received signal associated with the kth subcarrier can

be written as
Y :Hka-i-Wk =aH Xy + H. Dy + Wy, (416)
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Figure 4.6: Simulated and theoretical SIR considering =15 dB.

where a Hy X, is the scaled version of the useful signal and Hy Dy and Wy are the NLD and
the noise component associated to the kth subcarrier, respectively.

The NLD term at the subcarrier level, Dy, is approximately Gaussian [79]. Conven-
tional OFDM receivers treat it as an additional noise-like term that is added to the channel
noise. As such, their performance is a function of the signal-to-noise plus distortion ratio
(SNDR), which is given by

|2 IE[|Hy X ]

Jkexa. (4.17)
[[Wel2]+ E[[H D]~

SNDRy = =

It can be shown that SNDR; can be obtained from |Hy|? and SIR; as follows

|Hy|?

|Hy|? 1
SIR; T 5NR;

SNDRy = k€ xa (4.18)

where SIR can be theoretically obtained with (4.15) and the SNR for the data subcarriers

is defined as 5 5
_ al“E[| Xy al7]

SNR, =
T TEWP

Since the NLD term is approximately Gaussian distributed at the subcarrier level, the

Jkexgy. (4.19)

corresponding BER of conventional receivers can be directly obtained from SNDRy [79].
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Figure 4.7: Evolution of the average, maximum and minimum SIR with the normalized
clipping level and .

For QPSK constellations the BER of the kth subcarrier is

BER; = Q(+/SNDR). (4.20)

The generalization for other constellations is straightforward [63, Sec. 5.2.2]. The SNDRy
values can also be used for obtaining the log-likelihood ratio of the different bits, required
for soft decision decoding of turbo codes, low-density parity-check codes, and other
coding schemes.

It should also be noted that for a given operating point of the nonlinear device, the
power of the NLD term increases with the average power of the input signal x,,. Therefore,
the introduction of high powered X} , symbols in Xj can negatively impact the detection
performance due to the decreased SIR; levels, especially for the subcarriers close to the

EH region.

4.3.2 Iterative Bussgang Receivers

As pointed out in the previous section, FS-SWIPT OFDM signals are much more prone to
NLD effects than conventional OFDM signals, especially when p is large. In this section,
we propose an iterative receiver for nonlinearly distorted FS-SWIPT OFDM signals that
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takes advantage of Bussgang’s theorem. As with the so-called "Bussgang receivers"for
conventional OFDM, the basic idea is to estimate and remove the nonlinear distortion
term of the received signal (see (4.16)) in an iterative way so that its impact on the perfor-
mance can be mitigated. Whereas the "conventional Bussgang receiver'"does not use the
estimates of data and distortion term as feedback in an iterative way to remove distortion
term and therefore the iterative receiver is expected to have better performance. The

proposed receiver structure is depicted in Fig. 4.8. The receiver operates in an iterative

Channel )’}( i) A
X(i)
Y Equalization kd kd
and Data
Detection x(i)
ke

X X0 > (R0 fe—

(i)
(i) 2(1) k
Z n
\T/ I NLD IDFT

Figure 4.8: Joint signal detection and NLD compensation receiver.

fashion and has two main blocks: a data estimation block and NLD estimation block.
To estimate the NLD, the receiver needs to employ the same nonlinearity used in the
transmitter as well as an estimate of the transmitted signal (naturally, the receiver only
needs to estimate the transmitted data symbols, since the EH symbols are known). With
the data estimate, the receiver estimates the NLD and cancels it from the received signal.
This process is repeated iteratively. Note that the estimate of X ; for the ith iteration is

given as

X = Yiq-DysHy (4.21)
where Dl(cfZl is an estimate of NLD term obtained from X]((i_l), which is ‘hard decision’
estimate of X; where Xj ; is replaced by their estimates )A(](:t)i (naturally, in the first iter-

ation, we have Dl(c?a)l = 0). The samples ﬁfj)d and 32,(;)

are the ‘hard decision’ estimates of
X4 and x,,, respectively (i.e., the IDFTs of the corresponding frequency-domain blocks).
Assuming that the nonlinear characteristic that takes place at the transmitter is known

by the receiver, we can obtain the NLD estimates from

dV) =5 —az)), (4.22)
where 255) = f(a%ili)) and f(-) represents the nonlinear operation. From the time-domain
NLD estimates d~,(f) , we can obtain the corresponding frequency-domain NLD estimates
{Ij](ci);k =0,1,---,N’-1} =DFT {djli);n =0,1,---,N’—1}. Therefore, estimates Xl(chi and Dl(cf()i
can be improved by using (4.21) and (4.22) in an iterative way.

The error propagation effects are the most common problem associated with the re-

ceivers that estimate NLD and then cancel it from the received signal. However, in our
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scenario the error propagation effects can be limited, since part of the estimates in X]((Z)

are error-free, i.e., the EH symbols (Xj .). In fact, although EH symbols have more NLD
effects as compared to data symbols, they are already known to the receiver, which means
that the reliability of this receiver increases with the increase of C. The reliability of the
data estimates at the 7th iteration can be defined as
BRI (4.23
E[|Xk[?]
The BER performance of this iterative receiver is presented and compared with the per-

formance of PS-SWIPT scheme in section 5.3.

4.3.3 Optimum Receivers

The conventional approach to cope with NLD is to treat it as an undesirable noise term
that is added to channel noise (this is the case of the receivers proposed in the previous
section). In contrast with this view, it has been shown that the NLD, which is a function
of the data signals to be transmitted, has useful information on those signals that can
be used to improve the performance, provided that an optimum detection is considered
[89]-[90].

The optimum maximum likelihood receiver compares the received signal with all
the possible transmitted sequences, which means that its complexity might be too high,
even for OFDM signals with a small constellation and a small number of subcarriers
[91]. However, recently proposed sub-optimum receivers can approach the optimum
performance with acceptable complexity [92]-[93].

For Gaussian signals submitted to bandpass nonlinearities, it was shown that the
potential asymptotic gain of ML receivers relative to linear transmissions is dependent
on the squared Euclidean distance (SED) between two nonlinearly distorted signals [90,
94]. The term "asymptotic gain"is related to two approximations since: (i) the gain is
calculated for signals with a large number of subcarriers (N); and (ii) the gain is calculated
for the high SNR regime. The approximation (i) is explained by the fact that the SED
is a random variable, whose variance reduces when N increases. Here, it should be
noted that the "random"nature of the SED is related to the fact that it depends on the
“original"signal and on the error position. The approximation (ii) means that the most
likely error events are the ones associated with transmitted sequences differing in one bit.
Under these circumstances, the pairwise error probability (PEP) associated with one-bit
error events dominates the BER. Studies using the PEP for obtaining the approximate BER
performance of nonlinear OFDM have shown that with ML receivers the performance
of nonlinear transmitters can outperform conventional receivers with linear OFDM [90].
As it was shown in the previous sections, the nonlinear distortion levels for FS-SWIPT
OFDM signals are much higher than the ones associated with corresponding non-SWIPT
OFDM schemes, which motivates the study of ML receivers for nonlinear FS-SWIPT
OFDM schemes.
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Let us define the time-domain FS-SWIPT OFDM signal® as x = x, + x4 and its 1-bit
variation as x" = x + &. The geometric representation of these signals is depicted in Fig.

4.9. By denoting the nonlinearity function as f(-), the SED can be computed as

D? =[If (x) = f( )P = IIf (x) = f (x + €)II. (4.24)

Moreover, by taking advantage of a Taylor approximation of f(x) (which is valid for

Figure 4.9: Geometric representation of the OFDM signal and its 1-bit variation.

reasonably smooth nonlinear characteristics), we can write
flx+e)= f(x)+f(xp)e, (4.25)

where f(-) is the first-order derivative of the nonlinear function f(:). Under these condi-

tions,
D?  ||f (xy)ell”. (4.26)

The resulting potential asymptotic gain over linear transmissions is

DZ

== 4.27
G 1E, (4.27)

where E;, denotes the average bit energy. In [94], it was shown that the average value of

SED for nonlinearly distorted Gaussian signals can be computed theoretically as

E[D?] = f(f AL 22 par, (4.28)
0

with r denoting a random variable that models the absolute value of the Gaussian signal,
p(r) being the distribution of r (given by (4.7)) and f,;(r) representing the first-order
derivative of f,(r)

Fig. 4.10 shows the average SED and the average potential asymptotic gain of FS-
SWIPT OFDM signals submitted to a soft envelope limiter (SEL) (which is equivalent to

3For the sake of notation simplicity we drop the time index .
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an HPA with the AM/AM function represented in (4.9) particularized for the case where
q — oo) with normalized clipping level sy;/0,, considering N = 512 subcarriers, M = 4
and different values of f and C. From this figure, it can be observed that (4.28) presents
a high degree of accuracy for modeling the SED (and the optimum asymptotic gain) of
FS-SWIPT OFDM signals submitted to bandpass nonlinearities. As expected, the SED
decreases when the normalized clipping level decreases. However, since the power of the
signal at the nonlinearity’s output decreases with s);/0, with a faster rate, the asymptotic
gain increases when we decrease s);/0,. The behavior is similar to the one observed for
conventional OFDM: larger nonlinear distortion effects lead to higher gains. In fact, we
can have gains close to 1.8 (around 2.5 dB) for sy;/0, = 0.5, although the gains decrease
with . In this sense, nonlinear FS-SWIPT OFDM is different from nonlinear OFDM,
since larger values of f mean larger NLD levels at the data subcarriers. This is due to the
fact that when we increase f3, the part of the NLD that is a function of the data symbols
decreases.

By considering (4.27), we can write the approximate optimum performance as [94]

e 2E,
Pb_fo Q(,/ Vo)p(G)dG, (4.29)

where p(G) is the distribution of the asymptotic gain. In additive white Gaussian noise
(AWGN) channels, p(G) tends to a unique value (i.e., the variance of p(G) is very low),
provided that N is large. As can be observed in Fig. 4.10, if the transmission is linear
we have G = 1 and no performance gains exist. In that scenario, ML receivers present
exactly the same performance as conventional receivers for OFDM and P, = Q(\/%Eob )
For frequency-selective channels, the SED between two nonlinear distorted signals can
also be used to estimate the optimum asymptotic performance [94]. By denoting the
original FS-SWIPT signal as {Z,(Cl) = aX](cl) + D](cl);k =0,1,---,N’—1} and its 1-bit variation
as {Z,(f) = aX,(f) + D;(Z);k =0,1,---,N’ -1}, and taking into account (4.13), the asymptotic

gain can be computed as

GiG o (4.30)
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where X,(cl) and X,((Z) are the original (i.e., non-distorted) OFDM symbols associated with

Z;(l) and Z](cz)
G = |Hi|? and (4.29) reduces to the conventional performance of OFDM systems in fading

, respectively. It should be noted that in a linear transmission scenario,

channels. However, in the presence of nonlinear distortion effects, (4.30) can be seen
as an equivalent fading factor that has an inherent diversity effect, since it is not only
conditioned to the fading factor associated with a given subcarrier |Hy|?.

Fig. 4.11 shows the distribution of p(G) considering frequency-selective channels
with L = 32 uncorrelated multipath components. The FS-SWIPT signals have ¢ = 1/4
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Figure 4.10: Simulated and theoretical average SED and potential asymptotic gain of
FS-SWIPT OFDM signals submitted to an envelope clipping considering different values
of B.

and = 0 dB. The distribution of the fading factor |Hy|? is also shown for comparison
purposes. As can be noted from the figure, in the presence of nonlinear distortion effects,
the distribution of the equivalent fading factor assumes higher values than p(|H|?), which
leads to performance gains. On the other hand, when the transmission is linear, p(G) =
p(IHi|?) and no gains are observed.

4.4 Performance Results

This section is dedicated for the performance analysis of the proposed receivers in Section
4.3. In all performance results, the FS-SWIPT signals have N’ = 2048 and N =512, i.e,,
an implicit oversampling of M = 4 is adopted. We consider a multipath Rayleigh fading
channel with L = 32 independent rays. In the following figures, the conventional non-
SWIPT OFDM with NLD is simply denoted as "non-SWIPT"and the conventional linear
OFDM is simply denoted as "linear OFDM".

Let us start by analyzing the performance of the iterative receiver considering i = 4
iterations (the additional gains observed after i = 4 are negligible). Fig. 4.12 considers the
simulated BER considering = 0 dB, different normalized clipping levels, and different
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Figure 4.11: Distribution of the optimum asymptotic gain in frequency-selective chan-
nels.

values of C. Clearly, we are able to approach linear performance almost in all cases. The
only exception is when sy;/0, = 1.0 and C = 1/32, which corresponds to extremely high

nonlinear distortion levels, especially for the subcarriers close to the EH region.

Regardless of the value of C, when s);/0, = 2.0, the receiver usually approaches the
linear performance. Therefore, for the following figures, the normalized clipping level is

fixed at sy;/0, = 1.5, which corresponds to a moderate NLD level.

To understand the performance of the proposed receiver for different FS-SWIPT con-
figurations, let us consider the evolution of W defined by (4.23), which is shown in Fig.
4.13. As expected, in the first iteration the estimates of the transmitted block are less
accurate since NLD is not removed. However, even for E;/Ny = 1 dB, we have W > 0.55,
i.e., the data estimates already have some accuracy. As E;/N; increases, the reliability
of the estimates improves, but it saturates due to errors driven by the NLD term. As
we increase the number of iterations, the data estimates become more reliable, with W
increasing, as well as the corresponding saturation level. After a few iterations, we start
having very reliable estimates, with W reaching values close to 1. For instance, when
p =15dB and C = 1/8,1/32, this happens for an E,/N, of approximately 13 dB. This
indicates that the proposed iterative receiver can substantially reduce the NLD levels.
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Figure 4.12: BER performance of the proposed iterative Bussgang receiver considering
different FS-SWIPT signals, different normalized clipping levels and = 0 dB.

Fig. 4.14 presents the BER performance for different FS-SWIPT schemes, as well as an
OFDM-based PS-SWIPT scheme with the same nonlinear characteristic and employing a
conventional Bussgang receiver (which, essentially, corresponds to a conventional OFDM
signal with nonlinear transmitter and a Bussgang receiver). For a fair comparison, we
assumed that PS-SWIPT and FS-SWIPT have the same normalized saturation level s;/0o,,
which means that the total NLD levels will be identical. Further, the power used for
information symbols in FS-SWIPT is equal to the power allocated for the information
part of the PS-SWIPT and therefore, both schemes harvest the equal amount of energy.
From these figures, we can make two main observations:

Firstly, for FS-SWIPT, BER improves substantially with each iteration, approaching
the non-SWIPT OFDM linear performance. Also, the better BER performance of ¢ =1/8
over ¢ = 1/32 indicates that the higher N, (when C = 1/8) leads to better NLD compen-
sation in the iterative loop (i.e. (4.21) and (4.22)), which is in conformance with the W
performance shown in Fig. 4.13.

Secondly, when we compare FS-SWIPT with PS-SWIPT at the first iteration (i.e., con-
ventional Bussgang receiver) PS-SWIPT outperforms FS-SWIPT, which is mainly due to
the higher NLD levels of the subcarriers close to the EH region in the FS-SWIPT as shown
in Fig. 4.6, which does not happen in PS-SWIPT, where the NLD is spread throughout the
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Figure 4.13: Evolution of W based on the iterative function of the receiver with the
normalized clipping level s);/0, = 1.5, where g = 15 dB.

subcarriers instead of being concentrated in a particular spectrum region. However, after
a few iterations, due to the use of known EH symbols of FS-SWIPT in (4.22), FS-SWIPT
slightly outperforms PS-SWIPT with a performance gain of approximately 1 dB gain. In
fact, at high SNR, the BER of FS-SWIPT (C = 1/8) is almost equal to the linear case, which
means that FS-SWIPT schemes are more robust against NLD.

Let us now consider the optimum detection of nonlinearly distorted FS-SWIPT. Fig.
4.15 presents the asymptotic BER for optimum receivers using (4.29).

From the figure, it can be observed that the optimum performance of the nonlinear
FS-SWIPT OFDM signal is much better than the linear performance, with larger gains
for smaller values of the normalized clipping level s);/0, as is expected from Fig. 4.11.
Although the gains are smaller for larger values of f8 (i.e., for stronger EH terms), there is
always a diversity effect that is exploited by the optimum receiver, with the approximate
BER dropping at a rate much higher than in the linear case.
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Figure 4.14: BER performance of the proposed iterative receiver for FS-SWIPT and PS-
SWIPT schemes, both with the same nonlinear characteristics.

4.5 Conclusions

In this chapter, we considered an FS-SWIPT scheme combined with OFDM modulations
for both energy harvesting and data transmission. We presented an analytical characteri-
zation of the transmitted signal and showed that FS-SWIPT OFDM signals are much more
prone to nonlinear distortion than non-SWIPT schemes, especially when the EH term
has much larger power than the data transmission term. However, we can overcome this
degradation by employing receivers that estimate and remove the nonlinear distortion
term in an iterative way, with small error propagation effects. Moreover, the performance
of the proposed iterative receiver is shown to be more robust to NLD in FS-SWIPT OFDM
than in PS-SWIPT OFDM. We also studied the optimum performance of nonlinear FS-
SWIPT OFDM schemes and showed that it can be better than the linear performance, with
gains that can be particularly high in frequency-selective channels (due to an inherent
diversity effect that is created in the transmitted signals by the nonlinear device). The
gains are higher for more severe nonlinear characteristics but decrease with the increase

in the power of the EH term.
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Figure 4.15: Asymptotic optimum performance of nonlinear FS-SWIPT OFDM schemes
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5

SIMULTANEOUS WIRELESS INFORMATION
AND POWER TRANSMISSION WITH JOINT

CFO AND CHANNEL ESTIMATION

In this chapter, we adopt a channel estimation technique with SWIPT and then optimise
minimum power required for pilot signal and information to get better error rate perfor-
mance. We use single-carrier SC-FDMA, which has several advantages over Orthogonal
frequency-division multiple access (OFDMA) as mentioned in [95]. But it also has a main
disadvantage as compared to OFDMA i.e. occurrence of CFO during signal transmission.
SC-FDMA is sensitive to CFO as compared to OFDMA [95]. CFO often occurs when the
local oscillator signal for down conversion in the receiver does not synchronize with the
carrier signal contained in the received signal [96], [97], and due to Doppler shift, and the
compensation techniques are studied in [98]. Thus, it is important to study CFO effects
and the compensation technique for the SC-FDMA signal. Frequency errors due to CFO
directly affect the performance of channel estimation and signal detection [99], [100].
There are many CFO estimation techniques proposed for OFDM schemes in [44]-[101].
Maximum likelihood frequency offset estimation technique was proposed in [44] and
this method is suitable for small CFO, because it compares two consecutive and identical
symbols with the symbol duration T; and the frequency acquisition range is +1/(2T). To
improve the acquisition range for the CFO, two separate pilot signals were employed in
[102]. Based on [102], an algorithm called best linear unbiased estimator is proposed in
[101] to improve the acquisition range.

To improve information decoding accuracy at receiver, an efficient iterative FDE for
SC-FDE is introduced [24]. It is called as IB-DFE and this technique performs better than
non-iterative methods [24]. Recently, an iterative linear minimum mean-square-error was
proposed to estimate the individual channels used in multiple input and multiple antenna
systems [103]. Thus, the iterative block based receiver structure is a predominantly
researched area, especially the IB-DFE receiver. By using an IB-DFE receiver, the channel
estimation is performed with the help of a pilot signal as in [104]. Since the optimum
FDE coefficients are a function of the channel frequency response, channel estimates are
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required at the receiver.

In this chapter, we use Moose technique, assuming that the frequency acquisition
range is within +1/(2T) and the CFO is small. Also we have the idea of using SWIPT in
the point to point communication model of 5G networks and it is applicable to both the
uplink and downlink. The 5G network uses both the single carrier modulation and the
multi carrier modulation. The single carrier for uplink and multi carrier modulation for
downlink as it proved to be the best choice [22]. The SC-FDMA with FDE is found to
be suitable for the transmission of high data rate signals over severely time dispersive
channels.

The channel estimates are obtained by using pilot symbols, which are either in time
or frequency domain [43]. Most commonly, frequency domain is used for OFDM mod-
ulations while both time and frequency domain is used for SC modulations. In block
transmission techniques, the channel impulse response may be very long and the record
overheads for channel estimation is possibly very high. As a solution, the pilot symbols
are superimposed with the information symbols, instead of multiplexing the pilot sym-
bols with the information symbols. This increases the density of pilots with respect to
information symbols without comprising spectral efficiency. This helps in improving the
amount of EH. The disadvantages of using a superimposed pilot signal, is the interference
of pilot signal with the information signal with increase in transmit power of pilot sig-
nal. Then, the interference of the pilot signal with the information signal can be reduced
by averaging the channel estimate of the respective frequency. The proposed technique
helps in estimating CFO as shown in [44] by using the highly energized identical pilot
signal sequence on each block. Thereby with the help of SWIPT, pilot signals will be more
robust for signal interference and noise.

The SWIPT improves the performance of the iterative receiver by allowing IB-DFE in
exploiting the excessive power that was originally intended for EH, to estimate channel.
This, recursively, can be used in the iterative receiver to decode. This reduces the nonlin-
ear distortion effects and minimize the estimation overheads [105]. The effective use of
SWIPT with IB-DFE not only increases the spectral efficiency, but also reduces the signal
interference and helps in signal detection.

The contribution of this chapter:

* We design a receiver for SWIPT with joint CFO and channel estimation. The pilot
symbols, which are superimposed, with the information symbols are used for EH,
CFO and channel estimation. Here, the overall transmit power of the pilot signal
is higher than that of other competitive models such as techniques which employ

multiplexing pilot symbols with the information symbols.

* We improve the channel estimation accuracy with the help of IB-DFE and an algo-
rithm is introduced with IB-DFE to increase the accuracy of the channel estimation
with the estimated feedback in IB-DFE.
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* We find the minimum power required for the pilot signal to estimate the channel
condition and CFO with achievable accuracy for the given power of the information
signal. Also, we find the optimum power allocation ratio between the information

and the pilot signals by using simulation results.

The structure of the chapter as follows. The system model is explained in Sec. 5.1.
The proposed channel estimation technique and signal detection is explained in Sec. 5.2.
The performance results are analyzed in in sec. 5.3 and the conclusion is presented in sec.
5.4.

5.1 System Model

The system uses Quadrature phase shift keying (QPSK) modulation with SC-FDE over the
Rayleigh fast fading channel. The receiver estimates the channel and information using
an iterative receiver. The system harvests energy from the received signal as shown in
Fig. 5.1. It is assumed that the system experiences AWGN with variance Ny/2 is modelled
as zero mean complex Gaussian random variable and undergoes phase rotation. The
system adopts a power splitting protocol based SWIPT (PS-SWIPT). The receiver is fitted
with a special circuit at the antenna to split the total power of the signal for information
decoding and energy harvesting [2]. The frame structure of the signal is presented in Fig.
5.2, where time duration per symbol, block duration and total time for all the blocks are
denoted as T;, T; and TjL, respectively. Frame structure is similar to the frame structure
used in [106], where the pilot and the information signals are superimposed together as
a single signal. The frame structure of the signal has a L number of signal blocks with
each signal block has a N number of symbols. The signal blocks are denoted as I, where
1 €{0,1,..,L} and the symbol is denoted as n, where n € {0, 1,..., N —1}. The received signal

'Y/ can be expressed as

YZ:HZ(\/P—xXIJr\/FqQZHWZ, 1e{0,1,..,L—-1)}, (5.1)

where Hj is Rayleigh fading channel gain, X; and Q; are the information signal and pilot
signal with the transmit power P, and P, respectively. W is the corresponding AWGN
noise.

The power allocation ratio for the ID and EH by using PS-SWIPT circuit are Cp and
(1 -Cp), respectively, where 0 < Cp < 1. The received signal obtained from the PS-SWIPT
circuit for ID and EH are denoted as Y;; and Y ,, respectively. Thus we have

Yy = Cp(Hi(WPX) + \/;qu) + W)+ W, 52)
Vi = (1= Co)(Hi(y/B X + \[B, Q1) + W) + W, |

where W, is the new AWGN noise that occurred due to the signal splitting by power
splitter circuit at the receiver [2].
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The energy harvested at the receiver from the signal Y, is denoted as Epg, which is

expressed as

ﬂeh(l —Cp)(Py + Pq)lhllTl
ax

where 7, is the rectenna conversion efficiency and P is the power of the received signal.

Eps = (5.3)

|hy| is the channel power gain, d is the distance between the transmitter and the receiver,
and x is the path loss factor.
The signal transmission for I!" block in time domain of SC-FDE modulation with

appropriate phase rotation is written as

N-1
T, T, .
X, s"(ti) = Z xnjf exp(jO,)r(t; —nTy), (5.4)
n=—Ns

where r(.) and Ns are the pulse shaping filter function and the cyclic prefix, respectively.
xlT”’x(tl-) is the samples with time domain symbols n, n € {0, 1,..., N — 1} transmitted over a
time-dispersive channel. The phase rotation of each symbol present in the / is denoted

as 0, and 0, = 2nAf T;;, where the CFO is denoted as Af and it is assumed that Af is
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constant for all the blocks. The information signal is superimposed with the pilot signal,

thus we have
T. ) [
xn,lx :exp(]Qn){ VPxxn,l+ Pan,l}; (55)

where 7 is the number of blocks symbols present in each time blocks /, withn=10,1,...,N—
land ! =0,1,..,L—-1. Since the symbols are superimposed, 0, affects both x,,; and g,,;.
Then, the superimposed time domain signal is converted to frequency domain of SC-FDE

as
T.x

X = le ’ (5.6)
where k is the frequency of block I, k = 0,1,..,K -1 and I = 0,1,..,L — 1. XI((Alf) =
DFT{x, exp(j6,);n=0,1,..,N~-1}and Q\) = DFT{g,, exp(j6,);n = 0,1,..,N-1}. X"’
and Yk(ﬁ ) are the information and pilot signals converted from time to frequency domaln,
respectively.

By using (5.6) in (5.2), we get the received signal Yk(,?,{) used for information decoding

purpose as
v40 = Cp(H (xS \fQ )+ W)+ W, (5.7)

where Hy ; is Rayleigh fast fading channel.

5.2 Joint CFO and Channel Estimation with IB-DFE

In this section, the joint CFO and channel estimation along with signal detection by using
an iterative receiver based on the IB-DFE concept is presented as shown in Fig. 5.1. CFO
and channel estimation comprise three steps as follows:

(Af)

A Computes the average CFO estimate by using Y, ;" and the CFO estimate is denoted

as Af. Estimate pilot signal with phase rotation by using Af. The estimate of pilot

(Af)

signal with phase rotation is denoted as Qk’l and it should be used for channel

estimation due to phase rotation on Qy ;.

B To compute the average channel estimate [ i1 over a set of blocks without using an

iterative receiver and analyze conditions involved to estimate the channel condition.

C To compute the information estimate X, ] A7) and new channel estimates HIEJZ) by us-
ing an iterative receiver. In each 1terat10n the new information estimate and channel
estimate are found by using their previous value and received signals. The final
information estimate found by repeating the same iterative blocks for an optimum

. . ~(7,A
number of times is denoted as X]((]l Ff).

The above three steps are explained in the following subsections.
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5.2.1 Carrier Frequency Offset Estimation

CFO is estimated by calculating phase rotation over a set of received signal blocks with
help of pilot signal. CFO is estimated by using Moose technique [44, p. 21] on the received

signal. The CFO estimate of each block is written as

A l 27‘(Tl arg{ Zyrllz yn l+1 }' (5'8)

A e (A e
where Y,f,l,]l.() =DFT {exp(j0,,)V,1i;n=0,1,..,N-1}and Y, (lf+1) = DFT {exp(jO,)Pn,(141),i51 =

0,1,...,N —1}. The mean CFO estimate of all the blocks is written as

1 (2
Af = m{ZAﬁ}, (5.9)

where the phase rotation estimate is written as exp(j0,) = 2nAf T &

The expected value of Hy;, W;, W,, X f and Q;(Alf), respectively is written as

E[H,] = 20;,, = 1, E[W] =20, |, E[W,] =20,
A
E[X] = E[X,,”] = NE[x,%] = 20

x,m,1”

E[Qu] = E[Qy)] = NE[g,,%] = 202,

(5.10)

where E[Xy ] = IE[X](ﬁf)] and E[Qy ;] = ]E[Qi’Alf)] because there is no change in variance
with or without phase rotation. The expected values in (5.10) are used to analyze (5.8).
To find CFO estimation from (5.8) and (5.9), the received signal should satisfy three

conditions, they are:

1 At the transmitter, the pilot symbols present in each block should be same, i.e.
Qi1 = Q0 = Q1. = Qg 1—1. With this condition, ideally by considering only the
pilot signal (without noise and information signal), the angle between subsequent
pilot blocks should give the perfect phase rotation estimate between the subsequent
pilot blocks.

2 Since the CFO is constant for each symbol in the block, the phase rotation is linear
and the angle between summation of all the symbols in I*" block and (I + 1) block,

respectively, should give the mean phase rotation of I!" block.

3 At receiver, converting the received signal of I blocks from frequency to time do-
main, we get exp(j@ ) of I blocks It is written as: y,(cAlf) = DFT {exp(jO,)V,,;;n =
0,1,..,N —1}. If 62 anl > {02 Oputo l+ 02 .} then, exp(j0,) of Y, | is approximately
equal to exp(j6,) of dn,- This means, if the signal strength of pilot signal is greater
than information signal combined with noise in all the blocks, then Af is estimated
using (5.8) and (5.9).
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Due to phase rotation in the received signal, the pilot signal transmitted at the source
is not used for channel estimation. Thereby, 6, is used to find the pilot signal with phase

rotation and it is written as
~(A ~
Q;glf) = DFT{eXp(]Qn)Qn,Z} , (5.11)

where n =0,1,..,N—-1and [ =0,1,...,L — 1. The estimated value of Q~,(<Alf) is written as

~(A
E[Q})] = NE[g,%] =202,

5.2.2 Channel Estimation

The channel is estimated using the received signal and the pilot signal estimate, is written
* (Af)
Yk,l,i
5(Af)
B Qs
A
Hk,l\/FxXIE,lf) +W
=tr 75
VE Qi

= CpHy + €ny -

Hy; =

(5.12)

Wel
) +CpHy + — =

5(Af)
By Qy

The channel estimate Hy; can be improved by converting {Hy ;;k = 0,1,..,K - 1} =
DFT {fln,lgn;n =0,1,..,N -1} if ny, time domain is inside the cycle prefix, then g, is either
1 or 0. After forcing zeros to the time domain samples which are not inside the cycle
prefix, again the time domain channel estimate is converted back to frequency domain
{fznll;n =0,1,..,N - 1} = IDFT {Hy,g,;k = 0,1,...,K — 1}. The channel estimate error is

written as

(Af)
Ho vEXS ) v w, W
el 7 ]+ el (5.13)

5(Af) S(Af)”
VB Qs FyQy

where epy ; denotes the channel estimation error, where ¢y ; depends on the P,, noise,

EHK = CP(

P, and pilot signal.

The frame structure is similar to [106], where each frame has N subcarriers per block.
The data X,ii‘lf ) and the pilot signal Q,((lAlf ) are in frequency domain and they have equal
number of subcarriers. In order to reduce the envelope fluctuations of the transmitted
signal, the pilot signal in the time domain should be constant. Then Q;ﬁf ) and Q,,1 are
constants by using Chu sequence as in [104]. By using (5.10) in (5.13) gives

2 2 2 )
o O + 0 o
hk,1% x,n,l w,l w,e
IE[EHk,l]:CP( 2 ]+ 2 . (514)

96,n 96,m1

The channel fades with the change in frequency, but remains constant for the respective
frequency of a set of transmitted signals. Then based on this assumption, averaging the

channel estimation reduces the error and then (5.14) can be is written as

L-1
1
€= 7 (Elerr)) 1=0,1,..,L-1, (5.15)
=0
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HY) = Cp(Hp1 +enyy), (5.16)

where the average of channel estimation error and channel estimation over / blocks are
denoted as e and I:I]i";, respectively.
Thus, the information estimated by using the received signal, pilot signal and the

channel estimate H]f | is written as

5(z,Af) klz
Xk,l - Hm/ _CP\/7Q

A (A
~ Cp(Hk,l(\/lTxX;((,lf) + \/Fquylf)) + Wl) +We, (5.17)

CP(Hkl"'eHZj/l)

(z,Af)

where X'/’ is the information estimate computed by using Zero forcing (ZF) decoder.

The expected value of information estimate error is calculated by using mean square error
(MSE) and it is written as

iA 11 A 5 (z,A
Elexy;)) = =1 BIx - X5 P, (5.18)

From the (5.14) and (5.17), we can infer the following two conditions for successful

channel estimation and information decoding;:

then interference from the information symbol would be lesser on

e 2
11fo*q’n,l anl'

the channel estimates.

2 if o2 ol > o2 ol then interference from the channel noise would be lesser on the

channel estimates and also on the information estimates.

2
in

xnl

and

xnl wl

and By are used in Sec. 5.3 to find the optimum error rate performance.

Based on the above conditions,

are denoted as o and fx. The value of g

5.2.3 Channel Estimation and Information Detection with IB-DFE

We employ an iterative receiver to improve the accuracy of the information estimates.

This process is explained below
>(j,A 5(j—1LA
X(] f kll CP\/7Q P] X(]l f kll (519)
(j=LAS)

where X/, is the previous iteration value of X, U, Af and j is the number of iteration
followed in IB-DFE receiver and, j =0, 1,...,J. In the flI‘St iteration, the channel estimate
obtained from (5.16) is used to estimate information in the IB-DFE receiver, then H,(COZ) =

H,f’f F,((]l) is the feed forward coefficient and it is written as

.1): — (5.20)
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where ](( l) is written as

l

k1~ 2 N ) ’ (5.21)
(54) I (1 e 07)
, ¢ ()
and the correlation factor pli=1) = % The feedback co-efficient B;{J; is written as
n,l

() _ pli) )

B/ =F/H)) 1. (5.22)

The channel estimates can be further refined by using information estimates obtained
from the iterative receiver. The expected value of information estimate error is calculated

by using MSE is written as

N
e~

-1
1 = (j,A
E[ex )] = = EBlIx.," - XM P (5.23)

1
€Xk,I 7

>~
Il
—
Il
(=)

0

By using X ] A and Q,((Alf) in (5.12), the new channel estimates can be written as

(Hk,l \/—X(]"Af) \/—Q;(Alf) +Wl)
x ]Af+\/—Q

W,
]Af‘i'\/—Q

There are two channel estimates that are obtained from this receiver:

(5.24)

1 The channel estimation value obtained without using iterative receiver, i.e. (5.16).

2 The channel estimation value obtained from the iterative receiver, i.e. (5.24), this

channel estimate improves with each IB-DFE iteration.

Applying (5.24) instead of (5.16) in (5.19) gives improved information estimates than

the previous estimates, which is denoted as

7 (Af)
XilE - (5.25)
The expected value of information estimate error of X]((j ;APf ' is calculated by using MSE is
written as
Af)) LN (A RUAN 2
JE[ng]l Pl=—37 1E[|Xk’ X071 (5.26)
k=0 1=0

There are three information estimates obtained from this receiver:

1 The information estimation value obtained by using average channel estimate (5.16)

without the help of iterative receiver, i.e., (5.17).
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2 The information estimation value obtained by using average channel estimate (5.16)

and also using iterative receiver, i.e., (5.19).

3 The information estimation value obtained by using improved channel estimate
obtained with the help of iterative receiver, i.e., (5.24) and also by using iterative

receiver, i.e., X](({LAF]()I as in (5.25).

The extrinsic information of X,((j 2Apf " and X;{ZZ’M ! are calculated by compensating the

phase rotation on the estimated symbols present in Xk]l Ff and X f), respectively. Con-

verting )N(,(cjiAFf) nd )N(,({ZZ’M) to time domain gives exp(jO, )X Ll) = IDFT{ k]lAFf ;k=0,1,.
1}, and exp(j6, ){ } = IDFT{X r l,k 0,1,. — 1}, respectively, where n =0,1,..., N — 1

and/=0,1,..,L—1. Then, the extrinsic information of X]((j;APf "and X]((Zl’Af ) respectively, are

written as i)
XY} . = expl(j6,) exp(~j6,) (X!
(2)
!

o S (5.27)
X, =exp(jO,)exp(-jO, IR wib

wheren=0,1,..,.N—-1land ! =0,1,...,L—1.

5.3 Numerical results

In this section, we discuss the simulation setup and demonstrate the performance of the
channel estimation method using IB-DFE receiver and SWIPT protocol. The bit error rate
(BER) performance of the system is calculated by averaging BER of 1000 signal blocks,
where N = 256 and T; = 1 second. We assume #gy = 0.9, path loss factoris 2 and Af = 0.2
with distance d = 3 m. The value of Cp is kept as 0.7, thus 70% of total transmit power is
allocated for EH and 30% of power is allocated for ID. The power of superimposed signal
is denoted as P,; and it is calculated as P;; = 107 + 1010 By using (5.2) and (5.3), the
energy harvested from the received signal can be calculated. The CFO estimation error

is denoted as ey, where e5¢ = A7 fAfl This section has 2 subsections and the subsections

are explained as follows:

A Performance Analysis of CFO Estimation - in this section, the results of €5 based
on Af, L and P, are listed in Tab. 5.1 and Tab. 5.2. Further the effect of é5¢ on the
channel estimation and information decoding based on L and F, is demonstrated in

Fig. 5.3 and Fig. 5.4, respectively.

B Performance Analysis of Channel Estimation - in this section, the signal is consid-
ered to have no CFO (i.e. Af =0) to study the impact of channel estimation. The
channel and estimation error based on the F; are demonstrated in Fig. 5.5. BER
performance of the signal based on L and P, is demonstrated in Fig. 5.7 and Fig.

5.6, respectively. In Fig. 5.8, BER performance improvement due to IB-DFE is

IWhere F in the subscript denotes the final IB-DFE iteration.
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demonstrated. Further, Tab. 5.3 illustrates the result of EH at receiver and Fig. 5.9
demonstrates the optimum B, value for the received signal depending on the noise

power at the receiver.

5.3.1 Performance Analysis of CFO Estimation

Table 5.1: CFO estimate error (e5¢) based on L blocks are used for the estimation

L

Af
0.10 | 0.0351 | 0.0067 | 0.0055 | 0.0045 | 0.0049 | 0.0035
0.15 | 0.0679 | 0.0126 | 0.0042 | 0.0053 | 0.0051 | 0.0043
0.20 | 0.0571 | 0.0081 | 0.0062 | 0.0047 | 0.0053 | 0.0038

2 3 5 7 9 10

Figure 5.3: Comparison of BER performance of system with CFO based on L blocks used
for CFO estimation with constant F; and P..

The performance of the CFO estimation method based on the number of blocks used
in the signal to find Af is demonstrated in Tab. 5.1 and Fig. 5.3.

In Tab. 5.1, exf of the received signal is measured for various blocks with P, and P,
are constant at 21 dBm and 25 dBm, respectively. The results show that at Af = 0.1, exf
of the received signal with Af = 0.1 has significant change between L = 2 to L = 3, but
from L = 3 to L = 10, the changes are not significant and does not increase or decrease
consistently. Similarly, the received signal with Af = 0.15and Af = 0.2 has characteristics
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as Af = 0.1. Therefore, it is better to fix L = 3 to improve estimation and keep the signal
transmission more practical.

In Fig. 5.3, BER performance of the received signal is demonstrated with CFO esti-
mation along with the channel and information estimation by using IB-DFE as in (5.24)
and (5.25), respectively. P, and P, are constant at 21 dBm and 25 dBm, respectively and
Af =0.2. The comparison of the signal with L = 2 over the signal with L = 3, illustrates
that the BER improves significantly for the signal with L = 3 (i.e. SNR from 12 dB to 11
dB). But comparing the signal with L = 3 over the signal with L > 3, the improvement is
relatively small by considering L blocks used (i.e. from 11 dB to 10.7 dB) and the relative
improvement in BER performance with increase in every single block is inconsistent. The
results of Fig. 5.3 is similar to Tab. 5.1 and it implies that the performance of the CFO
estimation has a direct effect on channel and information estimation. In Tab. 5.2, €5y of

Table 5.2: CFO estimate based on the power of the pilot signal is used for the estimation
P‘I

Af

0.10 | 0.0089 | 0.0084 | 0.0037 | 0.0042 | 0.0016 | 0.0018

0.15 | 0.0119 | 0.0078 | 0.0031 | 0.0016 | 0.0018 | 0.0014
0.20 | 0.0153 | 0.0090 | 0.0020 | 0.0018 | 0.0027 | 0.0021

17dBm | 19dBm | 21 dBm | 23 dBm | 25 dBm | 27 dBm

—X—iter 4 at 17 dB with CFO

101 —O—iter 4 at 19 dB with CFO a

S == iter 4 at 21 dB with CFO

—+—iter 4 at 23 dB with CFO

N —S7—iter 4 at 25 dB with CFO

~ —— iter 4 at 27 dB with CFO
@ =3 iter 4 at 21 dB without CFO

N > iter 4 at 27 dB without CFO

102 N N Match bound filter E

Figure 5.4: Comparison of BER performance of system based on the power of the trans-
mitted signal. Each curve demonstrates system performance based on P,.

the received signal is measured for various P, values with P, is constant at 25 dBm and

L = 3. The results illustrates that €5 of the received signal with Af = 0.1 has significant
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change between P, = 17 to 21 dBm, from P, = 21 to 27 dBm, there are relatively small
change and it is inconsistent. Similarly, the received signal with Af =0.15and Af =0.2
has characteristics as Af = 0.1.

In Fig. 5.4, BER performance of the received signal is demonstrated with CFO esti-
mation along with the channel and information estimation by using IB-DFE as in (5.24)
and (5.25), respectively. BER is simulated for a signal with P, = 14 to 25 and P, = 25 dBm
and L =3 and Af = 0.2. Similar to the results in Tab. 5.2, the signal with P, =17 dBm to
21 dBm has significant change in BER i.e. from 11.8 dB to 11 dB. BER performance for
signal with P, =21 dBm to 25 dBm has only 0.3 dB BER gain i.e. from 11 dB to 10.7 dB.

5.3.2 Performance Analysis of Channel Estimation

102

——A-SNRat5dB
—6—A-SNRat 10 dB
—%—A-SNRat 15 dB
——B-SNRat5dB

—O—B-SNRat10dB
—¥—B-SNRat 15 dB

Expected value of estimate error

1073 | | | | | | | | |
13 14 15 16 17 18 19 20 21 22 23

Power of the Pilot signal (dBm)

Figure 5.5: The figure demonstrates the results of estimate error versus the F, at SNR 5
dB, 10 dB and 15 dB, respectively. The expected value of channel estimate error with
iterative receiver is denoted as A and the expected value of information estimate error
with IB-DFE receiver is denoted as B.

Fig. 5.5 illustrates the optimum power to be used to transmit a pilot signal when the
information signal is transmitted at 25 dB and L = 1. The figure illustrates that curve A i.e.
the expected value of channel estimate error drastically decreases approximately when
pilot power is at 15 dBm to 17 dBm. After P, = 17 dBm, the expected value decreases
gradually with respect to the increase in F;. Curve B i.e the expected value of information
estimate error decreases with increase in Pq and after Pq = 17 dBm, the curve B is showing
constant gradient. A and B performance at high SNR is better than at low SNR. When P,
is at 25 dB, the optimum Pq is fixed 17 dBm since the curves of B at 10 dB and 15 dB SNR

saturates when Pq isat 17 dBm.
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T T T
—— 14 dBm
107" ——15dBm |
—>%—16 dBm
—¥— 17 dBm
—A—18 dBm
—6—21 dBm
—©—25dBm
102F
o
@
10°F
1074 F
| | |
0 1 2 3 4 5 6 7 8 9 10 11 12

Figure 5.6: Comparison of BER performance of system based on the power of the trans-
mitted signal. Each curve demonstrate system performance based on P,.

Similar to Fig. 5.5, Fig. 5.6 gives a conclusion based on the BER performance of
the system with increase in P,. P, is 25 dBm, F, varies from at 14 dBm to 21 dBm and
L =1. The results demonstrate that if F; is more than 17 dBm, then there is no significant
improvement in BER performance. Fig. 5.7 demonstrates that an increase in the number
of signal blocks to find the channel estimate average as in (5.16) improves the accuracy
of the channel estimate and thereby improves the BER performance of the system. The
signal blocks are averaged to improve the channel estimate accuracy by considering an
assumption that the channel fading co-efficient is same for all the blocks. The figure also
demonstrates that after using 2 slots, the channel estimate saturates to the ideal channel
condition. Based on the results, we set L = 1 in Fig. 5.5, Fig. 5.6, Fig. 5.8, Fig. 5.9 and Tab.

5.3 to make the simulation more practical.

Fig. 5.8 demonstrates the BER performance of a system based on two different meth-
ods to estimate information using an iterative receiver. The curve A denotes the infor-
mation estimate with the ideal channel condition. The information estimate obtained by
using IB-DFE receiver only with information feedback is denoted as B. The information
estimate obtained by using IB-DFE receiver with both channel feedback and information
feedback is denoted as C. The information estimate found using match bound filter is
denoted as D. P, is 25 dBm, P, is 21 dBm and L = 1. Fig. 5.8 demonstrates the improved
BER performance of the system with the IB-DFE receiver using both the channel and

information estimate feedback. Due to the usage of both using channel estimate feedback
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TR T
(S0 NI R

deal H with IB-DFE

Figure 5.7: Comparison of BER performance of system with iterative receiver based on
the number of slots used to average the channel estimates. P, and P is at 21 dBm and 25
dBm, respectively.

Table 5.3: The amount of energy harvested at receiver and the expected value of informa-
tion estimate error based on the power of pilot signal.

P, (dBm) 14 15 16 17 18 19 20 21
P,; (dBm) 25.332 | 25.414 | 25.515 | 25.639 | 25.790 | 25.973 | 26.193 | 26.455
EH (m)) 0.021 | 0.022 | 0.022 | 0.023 | 0.023 | 0.024 | 0.026 | 0.027
Elex "] at | 0.412 | 0.276 | 0.210 | 0.181 | 0.159 | 0.156 | 0.152 | 0.141
5 dB SNR

Elex "] at | 0.036 | 0.018 | 0.014 | 0.014 | 0.014 | 0.014 | 0.014 | 0.014
10 dB'SNR

Elex /] at | 0.023 | 0.014 | 0.013 | 0.013 | 0.013 | 0.013 | 0.013 | 0.013

15 dB SNR

and information estimate feedback recursively in the IB-DFE receiver, the BER perfor-

(7,Af)
k.I,F

(5.19). With each IB-DFE iteration, both the channel and information estimates improve,

mance of the information estimated as X is better than the information estimated at
but this improvement ceases at 3" iteration compared to 4!" iteration. To validate our
estimation techniques, the results are compared with the information estimate with the
ideal channel and match bound filter.

Tab. 5.3 illustrates the value of Py;, E, and IE[EXg'Iﬁ:f)] based on the value of F,. P, = 25
dBm and F; varies from 14 dBm to 21 dBm. E, increases proportionally with increase F;.

. . . A e s .
It is understood that the increase in P; reduces ]E[ex;(] ; Ff )] up to a certain limit. Since F, is
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10°

BER

—— A- IB-DFE iter 4 with ideal H

—+— B- IB-DFE iter 1 without H feedback
—E— B- IB-DFE iter 2 without H feedback
—¥— B- IB-DFE iter 3 without H feedback
—Q— B- IB-DFE iter 4 without H feedback
—+— C- IB-DFE iter 1 with H feedback
—O— C- IB-DFE iter 2 with H feedback
—%— C- IB-DFE iter 3 with H feedback
—Q— C- IB-DFE iter 4 with H feedback
-------- Match bound filter

Figure 5.8: Comparison of BER performance of the system based on two different methods

to estimate information.

considerably lower than P,, the percentage of increase in P, value is higher as compared

to percentage of increase in P;; value. Thereby, even with a slight increase in P, it is

possible to improve the BER performance drastically. Thus, this scheme is effective even

at low SNR region.

-2
10 w w N
q

© o
e 107
1]
10°F E
—6— 5dBm noise power
—/— 0dBm noise power
—E— -5 dBm noise power
10 -6 1 I 1
0.2 0.4 0.6 0.8 1
6Q

Figure 5.9: BER performance based on the ratio of power between pilot and information

in the superimposed signal.
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Fig. 5.9 demonstrates the BER performance based on the ratio of power between pilot
and information in the superimposed signal and the optimum B, value for the received
signal depending on the noise power at the receiver. This figure has different simulation
setup, where Af =0,L=1,x=2,d =3 m, (p =0.3, P,; = 28 dBm with f is varying from
0.2 to 1. There are three curves in the figure based on the signals with the fixed noise
power —5 dBm, 0 dBm and 5 dBm, respectively at the receiver. The results prove that
both the conditions qu’ > UXZ’ n and UXZ’ wl> au%’, are necessary for better BER performance.
The system with Gfu,l = 5 has better BER performance at o = 0.4 and the system with
ij’l = -5 has better BER performance at o = 0.6. The curves explains that with the
increase in noise power, the optimum S reduces in order to allocate more power for the
information signal and subsequently increasing fx. Another important observation on
Bg by considering the curve with ‘7142;,1 = -5, the BER performance is better only if S5 = 0.6
and not less than 0.6, otherwise channel estimation error will increase as compared to

channel estimation error at fo = 0.6 and subsequently degrades the BER performance.

5.4 Conclusion

In this work, the simultaneous wireless information and power transmission scheme is
employed to harvest energy, and to estimate CFO and channel condition by using the
superimposed pilot and information signal. We find the optimum ratio of the power
required for the pilot signal and information signal to achieve a desirable error rate per-
formance in respect to varying SNR conditions. Also, an algorithm is implemented at the
receiver by using the feedback of the channel and information estimation to improve the

performance. The presented analytical results are in line with the numerical results.
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6

SECURE INFORMATION TRANSMISSION IN A

WIRETAP CHANNEL

In the dense WCN:Ss, both the energy and security reliability needs to be assured. This
represents a challenge in the case of a network with a huge number of nodes [2]. Thus, in
order to keep up with the energy demands of the increasing number of network nodes,
new radio frequency EH techniques like SWIPT are investigated for 5G networks [2, 4,
107].

In this chapter, we consider the presence of multiple eavesdroppers for the purpose of
channel estimation and information estimation, and this leads to wiretap channel system
models. Therefore, smart indoor WCN requires energy efficient secure communication
and, therefore, green communication technologies, such as WPT, which can be adapted
for PLS [3]. High power signals can be used for WPT and other signal processing applica-
tions such as channel estimation [45, 107] and as a jamming signal [46, 57].

In a wiretap channel, by using AN, the jammer can degrade the SINR of the eaves-
droppers [3]. In general, the secrecy rate of legitimate users in a wiretap channel are
improved by degrading SINR eavesdroppers, as in [48, 49], and by employing MIMO
system models, as in [50]. Contrary to SINR degradation at eavesdroppers, the jammer
avoids SINR degradation at the legitimate receiver by introducing AN in the null space
of the legitimate receiver’s channel matrix. Therefore, the jammer improves secrecy rate
without compromising the quality of the legitimate users’ signal [51]. However, this is
considered as a challenge in imperfect CSI condition [53]. Eavesdropper can reduce the
impact of AN with the knowledge of CSI of the channel between jammer and receiver
but, under normal circumstances, it is highly unlikely for the eavesdropper to have the
CSI of the receiver to jammer channel link. Therefore, AN can be effectively used against

many robust eavesdroppers, as in [52, 108].

In this chapter, we present two wiretap system models. In the first model, we explain
a basic wiretap channel model and study the impact of channel estimation errors and an
unexpected channel correlation between eavesdropper and legitimate network. In the

second system model, we present cooperative eavesdroppers at a wiretap channel, where
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we provide solutions by optimizing the transmitting power of EH components in SWIPT

to improve energy efficiency and to improve the secrecy rate of information components.

6.1 Secure Information Transmission by using Self Jamming
SWIPT with IB-DFE receiver

In this section, we use energy signals as a source of AN for secure communication but
also to harvest energy at the receiver. We consider a conventional MIMO system model
with separate antennas for data and energy signal transmission and reception. AN is
created by the transmitter by using channel precoding based on the CSI of the receiver.
In this section, we analyse the impact on channel precoding based on imperfect CSI.
Furthermore, we also consider high channel correlation between eavesdroppers and the
legitimate receiver as one of the challenges in the analysis. Our main contribution in this
section involves improving the error rate and secrecy rate performance of the legitimate
receiver using IB-DFE. IB-DFE is an efficient low complex receiver and performs better
than non-iterative methods [24]. IB-DFE is effectively used with SC-FDMA transmission
technique and its performance is studied in detail [109, 110]. IB-DFE can also be used to
improve channel estimation at the transmitter side against imperfect CSI by using robust
superimposed pilot signal method for accurate channel estimate as in [45, 104]. For a fair
comparison between legitimate user and eavesdroppers, we also analyse the impact of

imperfect CSI on the legitimate user’s performance.

6.1.1 System model

Legitimate

Legitimate Receiver

Transmitter

............................... > EH Sigr‘lal 1
______ » FEH signal 2

_ » Infomation Signal

Figure 6.1: System model of Self Jamming SWIPT in a wiretap channel.

The MIMO system model is shown in Figure 6.1. It is composed of 3 transmitting
antennas and 2 receiving antennas, with a dedicated transmitting antenna and a receiving
antenna for information transmission, denoted as T and R, respectively. Other two trans-
mitting antennas (Jamming antennas), /; and J,, are used for energy transmission and the
rectenna @ is used to harvest energy from the Physical layer network coded (PLNC) signal.
The eavesdropper(s) are generally denoted as &. It is assumed that J;, J, and T are not
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spatially correlated. In Figure 6.1, based on the location of &, if £ is very close to R, & is
considered to have high channel correlation with R [55]. The system adopts Quadrature
amplitude modulation (QAM) signal over Rayleigh frequency selective fading channel by
using SC-FDMA for simultaneously transfer information from T, and high energy signal
from J; and J, to both R and . The frequency domain signals transmitted from T, J;
and ], are denoted as X;k), X](lk) and X;f), respectively, where k represents the index of the
symbol with k = 0,1,...,,K and K is the total number of symbols in the respective signal
stream. The frame structure of X;, Xy, and Xj, is illustrated in Figure 6.2, where the time
duration per symbol, block duration and total time for all the blocks are denoted as T, T;
and T;L, respectively. A frame consists of L signal blocks where each signal block contains
N symbols. The signal blocks are denoted as I, where I = 0,1,...,L. We assume that X;M,
Xj(f() and X](f) are transmitted with perfect time synchronization and in equal block size.
The following system equations are considered for a single block and therefore, we set

I=1. 8,8, and S; are the unamplified version of X; , X;, and Xj, respectively and the

T

Block 1

x0 | x@ pF--| x®

T

>

X - Data symbol, L - number of blocks

Figure 6.2: Frame structure of the proposed system, where T; and T; are the time duration
of a symbol and a block, respectively.

power amplification levels of energy symbols and information symbols are at different
levels. Py, P, and P; denote the transmit powers of Xj,, Xj, and Xj, respectively. For the
sake of simplicity, without loss of generality, we assume that P; = Pj,. The relationship

between the power levels of energy and information symbols is given as

(k) _ B . (k) _ o) o (k) _ oK)y
X;'=8"P; X _S]1 P X _5]2 P

k)
I

k)
2

where f is the ratio between the transmit power of energy and information signal.
Throughout this section, the channel coefficient for the channel link between two
nodes i.e. for an example node T and R is denoted as H(Tkll, where k represents the index
of channel coefficient with respect to the transmitted symbol in the signal stream. Then,
H(Tkzi is characterised as H(Tklz ~ BN(0, aé'TR) and its channel gain is given as |(H(Tk1;)2| ~
Exp{o*fLT r), where O'I%LT r is the variance of H(Tkll. Since all the channel links between the

nodes are Rayleigh frequency selective fading channel, they follow similar notation and
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channel characterisation as like H(T 1; Similarly, the channel coefficients corresponding to

the channel link between J; and R, J, and R, Tand ¢, J; and 9, J,and 9, T and &, J; and &,
and J, and & are denoted as H](ll(;, H](gz, H(Tkgg,, H](llc)p, H](l;;y H(Tkg), H]Ul()é, and H](?g, respectively.
The received signals at R, ¢ and & experience AWGN modelled as zero mean complex
Gaussian random variable, and their respective AWGNSs are given as NK) ~ €4(0,0%),
wk GN(O, 05\,), and ](k) ~BN(0, 0]2), respectively.

The system model exploits the CSI of H](g{ and H](

the energy signals to the information signal at R. X](f) and X}f) will be precoded to

equalize H}(I;}{ and H](l;;{, respectively. Unlike R, the eavesdropper &, receives a highly

k .
1}{, to cancel the interference of

distorted signal, which makes the decoding process difficult. In general, £ can decode the
information based on the estimated value of X}lk), X](f), H](gQ and H](Iﬁ{. Also, to reduce the
accuracy of these estimated values at &, EH signal should act as AN. Similar to &, ¢ will
receive the combination of all the transmitted signals as a PLNC signal. Furthermore,
can effectively take advantage of the PLNC signal for harvesting energy, and the received

PLNC signal at ¢ is given as

k)

( K) 5 ()
YSO

x4 5 x 0wk, (6.2)

(k)
+H A

(k)
X J2¢

.
Hyy X,

e

The performance of this secure self jamming SWIPT technique is analysed based on
the secrecy rate and the bit error rate (BER). Here, three different scenarios are considered
and in all the scenarios, R and & considered to have CSI of Hrr and Hrg, respectively.
Here, both R and & do not have CSI of Hj g and Hj,. The assumptions behind the three

scenarios are explained as follows

A scenario A: T has the CSI of Hj; g and Hj,g. & is assumed to be far away from R and
& does not have channel correlation. In this scenario, £ is denoted as (a) and R is
denoted as R(a).

B scenario B: T does not have the CSI of Hj g and Hj,g, and T estimates Hj g and
Hj,gr. & is assumed to be very close to R and their channel correlation is very high.
In this scenario, ¢ is denoted as £(b) and R is denoted as R(b).

C scenario C: This scenario is similar to A where T has the CSI of Hj; gz and Hj,g but
here, £ is assumed to be very close R and their channel correlation is very high. In
this scenario, £ is denoted as £(c). Based on perfect CSI condition, R is same in

scenario A and scenario C.

Then, the received signal at R(a) is given as

0 JHRX N O; if (7)) =0, (6.3)

Ria) H;@X;k) +N® 4 H](I&X}f) + H}&X}f); otherwise, .
where Z(.) denotes linear subspace of a vector and k) = H](I&X}f) + H](];}QXI(?. Here,
H ](I&X](f) is the additive inverse of H](’;;QX}f), and this allows T to nullify the interference
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(k) (k)

of X](f) and X](f). To achieve Z( ]1RX( + H](ZQX( )) = 0, both X *) and X](f) should be

1
precoded based on the CSI of the EH signals; thereby the 1nference of EH signals to Xl(k)

can be reduced to a negligible level as in (6.3). The precoded X](lk) and X}f) are given as

(k) _ 7 (k) 5 (k)
Xy, =4, Hyapo
(6.4)
x k) AR (k)
I J» “TJIR
where A;k) and A;k) are the k' entry of the precoding vectors Aj and A, respectively.
k) (k)

The precoding vectors are chosen such that, under any SINR condition &( ]lRX](
(k) (k)
Hjyp X)) = 0.
Therefore, due to precoding, the SINR of Yg(, at R(a) does not experience any inter-

ference from EH signals, which is given as

_E[IX[Hpgl] 0% 198, TR
VR@ = R[NP 2

(6.5)

where E[|X;|*] = 0)2(,1. Thus, under the perfect channel condition, the EH signal does not
affect the performance of the legitimate receiver R.
Irrespective of its location, & receives the signal with low SINR due to the EH signal

interference. The received signal at £(a) is given as

k) k)

k
(a) = Hyp X,

X(k) ](k)

(k)
+H 7,

(k)
X J2¢

(k)
+H I,

i (6.6)

(
Y

s

where Yé(k)(a) is PLNC signal and Hy (k) (k) is the useful information component and the

EH signal components (H](IﬂE ] and H]zg ]( )) are considered as an interference to X;k).

Hence, the SINR of Y (a) at &(a) is given as

)
E[[ X Hr¢|?] Ox,10H,T&

II“:[|X]T1H]1<§|2]"'IEH H]2(,|2]+IE[||]||2] (7141]15(7)(]1 +U]§]2§UX] +(7]2

Vela) = (6.7)

Note that, the performance of the legitimate user is dependent on perfect channel
condition, that allow J; and ], to perform signal precoding using CSI. With imperfect
channel condition, the performance of R is dependent on a robust channel estimation
technique as in [45], [4]. The channel estimates of Hj;z, Hj;g are obtained by using

training symbols from R to J; and ], respectively. The channel estimates of H](If}{ and

H](Z{, respectively are given as H}(&Q = H( ;2+ 5;?12 and H I2R = H](zzz é;li)R Here, é;]i)R
and 6]2R are the channel estimation errors of H ](1;2 nd H](zizl respectively. Then, the new

precoded EH signals denoted as X’;l and X’]z), are expressed as

/(k) )

GG (k)
Xy =X tea, =4y (H]2R+ Er2R): 65)
X Z x| 6 g0 6 '
= Xp, teay, = AL (Hpg+epg),

where exi)h and EXC,)]Z are the precoding errors due to E;IE)RAYIC) and E;I;)RAY;) , respectively.
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Similarly, the received signal at R(b) based on the impact of H ]1}3 and H R is given as

(k) 5/ (k) k (k) k. . Ky _ (k)
y _ JHTRXr N e+ eny ) if L(T™) = gy (6.9)
= .
R(b) H(TkI;X;k)+N(k) H](JQX’( ) H](Z}QX’( ), otherwise,
(k) (k) (k) (k) (k) (k) (k) (k) oy
where ER(b), H]lR Ay Ry, = TI2REAT A, and ER(b)], and €R(b)), A€ the additional

(k ) k) (k) (k)

) due to precoding error. Then, Z( ](I&X;k) + H}(ZRX;2 ) = ER(b)
(k)
R(b)

noise components to Y

where ¢®) = ® L, ( ) . The SINR of Yg;) for the condition LWW)=¢

R(b) = ER®)I T ER®D)), is given

as

T 2 2
E[|X{ Hrg|*] Ox 19H,TR

VR(b) = 1k 1. (k ) 2 2"
E[(X 0 ey, D21+ BN ey, 021+ EINIE] Ok, + Oorw)), ¥ ON
(6.10)
(k) (k)

Note that, since R does not need to equalize Hj  and Hj)p , their respective channel

estimation errors S;I;)R and E;I;)R are neglected in (6.10).

The performance of £(b) is better than &(a) due to high channel correlations between
Hj ¢ and Hj g, and also between Hj,¢ and Hj,g. Lets denote the the channel correlation
between Hj¢ and Hj; g as pj,. Also, lets denote the channel correlation between between

Hj,¢ and Hjyp as py,. pj, and pj, are expressed as

_ E[||IH;1rH] 1 I
VEIE P TE(EG 1]
IE[”H]ZRH]Zg”]

U, R PV 2]

The error due to pj, and pj, is denoted as ¢, 5, and ¢, ,, respectively. The channel

(6.11)

precodings at J; and J, from &(b) perspective, respectively are given as

,(k k) ) k k k
X P+ ey) = (X)) + el )1t epp,) = A (His, + 5 (14 2p,1,),

X(k) (k) H(k) (k)

" (6.12)
ele) = 5t 5A,}2)(1 + ele) :A]2 ( J1R T eIIR)(l + gp,h)'

From ¢ perspective, (1 +¢,,) and (1 +¢,;,) are the impacts on the X’;’f) and X’;’:), respec-

tively, which degrade the precoded EH signals and increase the precoding errors.

The received signal at £(b) is given as

(k) (k) 4 ) (k) . . Ky _ (k)
H) = Hyd X+ 4 ey, ey if (7)) = ey,
(k k k (k .
HTQX} D10 4 B X (14 e,p,) + Hip X[ (1+€,,); otherwise.
(6.13)
®) (), () ®) 50, ()
(k) _ Hpr(Xp +ea s )(+epn) (k) lek(X/z +£A]2)(1+£P/2) (k) (k)
where Eeby), = X/;( €5 b)) Xh and, € ( )] and € ( ), are
k k
the additional noise components to Y(( . Then %(H}l’éx} ) ]25 ) , where
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gék()b) = eék()b)’h + eé()) . The SINR of Y¢ ;) for the condition CAVARNE eék()b) is given as
T 5 2 2
e = E[|X; Hrg|"] B Ox,19H,T¢
£(b) = " o? 2 ?
E[(y K] |g by D21+ E[(CS |e WL THEIDIPT - Pecyr, * sy, T

(6.14)
The best scenario for & is £(c), where the precoding errors due to the channel es-
timation errors can be avoided at T. However, there will be a precoding error due to

H](I;Q(l +¢&p,) and H]2R(1 +¢&p,7,)- Hence, the precoded EH signals can be written as

(k) (k) (k) .
X (1+£p]2) A]l H]ZR(1+‘;’P:]2)’

(6.15)
( ) (k) 1y (k)
X]2 (1+ 5le) = AI2 HIlR(l + ele).
Then, the received signal at &(c) is given as
(k) 5 (k) k) 4 K (k) . Ky _ (k)

(0 _ JHpeXp + N ey, vege if L(TW) = e

*e) H(Tké) x4 N +H](1;QX( )(1 + p]2)+H](2}2X( )(1 +¢&p7,); otherwise,
(6.16)

(k) (k) () (k) g x k) (k) (k)
where 5oL = Hjp(1+¢,,,) and €5 (el _HIZR(l +¢&p,)- Then, Z(H neXy, +Hppe X)) )=
(k) (k) (k) (k)

k
£(c)y where €e0) = Exon) T EE ()], . The SINR of Y¢() for the condition SAVANE 52()(:) is

given as

&

2 2

_ E[[X] Hre|?] 3 OX,190,T¢
- _ k -2 2 2°
EI(E lefi, 21+ UL efo DA+ EIDIRL  Oeio, + 9o *
(6.17)

For all the scenarios of £ and R(b), the channel precoding error is denoted as ¢4 and

its variance is denoted as aj. In this system model, both the channel estimate errors

Ve(e)

and the channel correlation errors are considered to be the sole contributors of ¢4, and
€4 proportionally increases with the increase in 5. To form generalised SINR equation,
O‘é rr and o*é T are assumed as 1; then, the SINR of received signal at R and & can be

written as 5

Ox,1
= 6.18
R o
At a very high SINR of the information signal, 0 can be neglected. Then (6.18), can be

written as
2

~ XL (6.19)
ﬁUA
Therefore, even at very high SINR condition, fo2 4 can be used to degrade the performance
of £&. The secrecy of X; can be improved at R(a) and R(b) by increasing p under the
condition that oj value in Yp(,) and Yg) is lesser than Gj value in Y¢(,), Yep) and Yg (g
Another observation from (6.18) indicates that, if § > 1, then £(a) will always be in
negative SINR region.
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6.1.1.1 Secrecy rate analysis

The secrecy rate analysis of this system model is based on the Gaussian wiretap channel
secrecy capacity, which deduces the difference between Shannon’s capacity of R and &.
The maximum achievable secrecy rate is the secrecy capacity of R [48, 49]. The secrecy
capacity of R(a) with respect to &£(a) and secrecy capacity of R(a) with respect to &£(c),
respectively are given (The notation for the secrecy rate of R(a) with respect to &(c) is
given as C() 4, where (c) denotes &(c) and A denotes R(a). Similar rule is followed for the

other three secrecy rate notions.) as:

_ k
c A E 1+ IH(TZQZVR(Q)
(@A = T )
k=0 I+ |HT5| VE(a) 6.20
K-1 1+1HM2 (6.20)
Af +| TRl VR(a)
Coa="% © ®)1
k=0 1+|HT§| &(c)

where 2Af is the bandwidth and Af is the peak frequency deviation. The secrecy capacity
of R(b) with respect to £(a) and secrecy capacity of R(b) with respect to £(b) , respectively

are given as

_ k
_AfK 1(10 (1+|H§"I;|27R(b)))

Cla)B == 2
k= 1+ |H;“§)|27/6(a) 601
K-1 (k)2 (6.21)
Af L+ [Hrpl“vrp)
C(b),B = ? lo |
k=0 I+ |HT§|27’5(17)

Here, the interference of EH signals is used as the external noise to improve the maximum
achievable secrecy rate of R, and by increasing 8, secrecy capacity can be improved in
all scenarios. Even though S can reduce the capacity of R(b) due to the amplification of
channel estimation errors, since &(b) also has channel correlation error in addition to the

channel estimate errors, p will improve R’s secrecy capacity.

6.1.1.2 Iterative block decision feedback equalization receiver

In this system model, it is assumed that both R and & employ IB-DFE to improve the
accuracy of information estimates as proposed in [24]. The IB-DFE based estimate for
Xl(k) at R1is given as

£ - y W) _ Ui, (622

where j =0,1,...,] and j is the number of iteration followed in IB-DFE receiver and X;];l'k)

is the previous iteration value of X;] ®) R0 i the iteration of feed forward coefficient

and it is given as

FGK)
1

k
S EVETEN (6.23)
T k=0 F(]’k)HTR )
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where FUF is written as

(j k)
» H
k) _ TR
FUR = : , (6.24)

(;’%) + |H(T];<k)|2(1 ~ (pti=1)2)

ajm) _ (j.mx)

. i E[£]" x|

and the correlation factor p(] D= %, where x
Efjx;"" ]

ik A7,n) . ... . i,
X 1(] ) and xEJ ") is the extrinsic information of xf.]

(jm)

;" is time domain equivalent of

n)

. Furthermore, {X;j’k);k =0,1,..,K-1} =
DFT {ng'n)gn;n =0,1,..,N -1}, and if the n;;, time domain inside the cycle prefix, then g,
is either 1 or 0. The feedback co-efficient BUK) is written as

UK — Elik g Tk

oy, (6.25)

)

(k) . . . . . . .
In fact, the accuracy of X;] increases with each iteration up to its saturation point.

Similarly, the accuracy of information estimate can be improved at R and ¢ for all the
scenarios except &(a). For &(a), X}j’k) is completely distorted by EH signals.

The performance of IB-DFE receiver can be improved at R(b) with improved feed for-
ward input in the iteration. The feed forward estimate, FU/X) is derived in (6.24) and this
estimate can be improved by including the impact of /iaj in the SINR of the information

signal. Therefore, by using (6.18) in (6.24), we get
(j k)
Hrp

Flik) _ i ,
oy tBo; (k) i~1))2
(NGTJA)HHTR | (1_(p(1 ) )

(6.26)

Here, unlike the eavesdropper, R(b) can take advantage of the available knowledge from
the legitimate transmitter and improve the performance of R(b) and therefore, R(b) with

improved feedback estimates can perform better than &.

6.1.2 Numerical results

In this section, the BER performance of the legitimate user and the eavesdroppers in
the system model is analyzed by using Monte Carlo simulations. The signal uses 2.4
GHz frequency band, T; = 4 x 107 and it is considered that all the communication nodes
including the eavesdroppers are operating in non line of sight channel condition. The
secrecy rate is another performance metric of legitimate user in presence of eavesdropper
at various conditions and is analyzed through simulations. In the following simulations,
system adopts 4-QAM signal with K = 256 and L = 200, and IB-DFE receiver is used in
R and & for improving their error rate performance. The channel estimate error of Hyg
and Hj,r links i.e. £71r and ¢j,g, respectively are assumed to be equal i.e. ¢, g = €j5r and
€y is either 0.02 or 0.1. We assume, that under an exceptionally favorable circumstance,
p7, = Py, = 0.99 and 0.98; this allows £(b) and &(c) to perform better than {(a). In the
following figures, the BER performance results by default illustrates the 4!" iteration of
IB-DFE decoder unless it is specified as ZF decoding.
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Figure 6.3 demonstrates the BER performance of R(a) and R(b). We see that the BER
performance of R(a) does not vary with the change in 8, due to the successful channel
precoding, which is based on complete CSI of EH signals i.e. jamming signals. Also the
results of R(a), demonstrate the performance of IB-DFE receiver and BER improves up to
4*1 jteration. In 1% iteration, without any feedforward and feedback values, the resultant
BER of 1% iteration is equal to the ZF decoding. For R(b), channel precoding error occurs
due ¢j;r, where ¢z = 0.02 and 0.1 and the results demonstrate that due to precoding
error at transmitter, the BER performance of R(b) is poorer as compared R(a). When
ej1r = 0.2, up to = 4, the performance of R(b) is equivalent to that of R(a), whereas
for p > 4, the performance of R(b) degrades with the increase in . The precoding error
increases proportionally with the increase in j; ¢ and f acts as a multiplication factor in

increasing the precoding error.

———————

R(), ZF
--—-R(a), IB-DFE:i=2
R(a), IB-DFE:i=3

R(a), IB-DFE :i=4
—o—R(b), #=2,¢jyq =002
o R(b), G=4, ¢ =002
—5—R(b), #=6, ;5 =002
10° |- | _4—R(b), 3=8 €15 =002
R(b),0=8, ¢ ,,=0.02,ZF

— R(b),g=1
—e—R(b),5=2
~a-R(b), B=3, ) p=
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Figure 6.3: BER performance of R(a) and R(b).

Figure 6.4 demonstrates the BER performance of £ in all the scenarios with compari-
son to BER of R, and &(a) receives an incompatible signal for decoding the information.
Unlike &(a), with py = p;, =0.99 and 0.98, £(b) and &(c) can partially decode the signal
and their performance degrades with the decrease in pj, as in turn increases the precod-
ing errors. Due to high channel correlation between Hj; and Hj; g and similarly between
Hji s and Hj;g, the jamming EH signals are partially cancelled out in &(b) and &(c) and
allows them to perform better than &(a). With €j,r = 0.02, £(b) performs slightly poorer
as compared to &(c). Even though £(b) and £(c) can decode information in high channel
correlation condition, the BER results of R demonstrate that, by increasing f3, the jamming
signals can degrade & performance, while R suffers a negligible loss.

Figure 6.5 demonstrates the impact of inclusion of fo} in the IB-DFE receiver and
the results validate the advantage of using (6.26) over (6.24) in the iterative loop. R; has
significant SINR gain over R(b) with the increase in . At § =10, R; has 0.5 dB SINR gain
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Figure 6.5: BER Performance of R(b) and R; with &,z = 0.02, where R; denotes R(b) with
an improved feedback loop in the IB-DFE receiver.

over R(b) and when > 12, R; has more than 6 dB SINR gain over R(b). The results also
illustrate the BER difference between the best performance of £(c) i.e. £(c) with =1 and
7, = pj, = 0.99 versus the performance of R; with g =13.

In Figure 6.6, we compare the BER performance of R; in Rician fading and Rayleigh
frequency flat fading channel conditions. For the simulation of Rician fading, we set,
T; = 4x 107 for 256 symbols, multi path gain range is 0 : =3 : —45, Doppler shift is 50
and k factor is 10. The results of Figure 6.6 demonstrates that the BER performance
of R; under both the fading conditions have similar effects on the signal performance.
The fading effects are relatively low due to the application of SC-FDMA and the BER

performance improves with the IB-DFE receiver.
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Figure 6.7: The secrecy rate of R(a) and R(b), and in scenario B, £;;g = 0.02.

Figure 6.7 demonstrates the secrecy rate of R(a) and R(b) based on (6.20) and (6.21),
respectively. Since &(a) is always in negative SINR region, C(,) 4 has the best performance
over C) 4, Cis),p and C) . For any given B value, C) 4 always performs better than
C(p),p because in C(.) 4 both &(c) and R(a) does not experience channel estimation error.
The performance of C,) p and C;)p does not improve, when SINR is greater than 20
dB because R(b) experience precoding error due to channel estimate error of EH signals,
which is €j1g = 0.02 and it is independent of SINR of information signal as observed in
(6.18) and (6.19). The results of C() 4 and C(,) p proves that, at high SINR (i.e greater than
20 dB) C¢)4 can perform better than C(,)p, irrespective of &’s condition. At low SINR
(i.e less than 20 dB), performance of C(, g as compared to C() 4 is better because R(b)
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takes advantage of £(a)’s poor performance and this characteristics validates (6.18) and
(6.19). Similar to the BER results, the secrecy rate performance of C( 4 and Cy) p are
better when p;, = 0.98, than their performance when p; = 0.99. The secrecy rate of R(a)
improves with the increase in g but in case of R(b), on contrary to the BER results, the
secrecy rate degrades with the increase in f due to channel estimate error. Unlike the
secrecy rate results of R(b), the impact of channel estimate error on the BER of R(b) is
reduced due to the implementation IB-DFE receiver.

Therefore, the results show that the secrecy rate can be improved with the support of
accurate channel estimates of legitimate network links and, also by taking advantage of
the IB-DFE receiver.

6.2 Energy Efficient Secure Communication Model Against

Cooperative Eavesdropper

In the first wiretap model, the system was considered to have a passive eavesdropper
with high channel correlation to the legitimate receiver, which is considered as a major
limitation of jammers in a wiretap channel. It is mitigated by increasing the jamming
signal power that amplifies the error due to the difference in CSI between both channels.
The increment in jamming signal power can degrade the eavesdropper’s signal to noise
ratio (SNR), but this can also increase the negative impact of the jammer’s precoding error
at legitimate receiver. The effect of the jammer’s precoding error at a legitimate receiver
can be reduced by using the expected jammer’s precoding error as additional noise power
feedback in the IB-DFE decoder [57]. Even though the increase in jamming signal power
can increase SNR degradation at the eavesdropper, this is not energy efficient and can
degrade the performance of the legitimate receiver, if there is any channel estimation
error or precoding error in the legitimate network. In [57], the passive eavesdropper does
not estimate jamming signal and in this research, the idea of cooperative eavesdropper is
explored to estimate jamming signal. Therefore, it is necessary to optimize the jamming
signal power and explore counter measures for a cooperative eavesdropper scenario.

In this research work, we consider that the eavesdropper can estimate the CSI between
the eavesdropper and its nearest node. With this assumption, we explore the limitation
of a legitimate network to act against a robust MIMO cooperative eavesdropper network.
There are several studies focused on optimum power allocation at jammer nodes and
information transmitter nodes [3, 111]. In [111], the power optimization of the jamming
signal based on the CSI of a legitimate receiver to save energy and avoid interference to
the legitimate receiver based on its CSI. There are few research works that are focused
on multiple eavesdropper scenarios in a wire-tap channel [112-114]. In [113], the eaves-
droppers cooperate with each other to detect the information transmission between the
transmitter and relays and do not consider detecting jamming signals to remove interfer-

ence. In [114], the research work is focused on a scenario where multiple eavesdroppers
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decode information from the base station and the legitimate network with the help of
multiple friendly jammers to degrade the SINR of the cooperative eavesdroppers. How-
ever, in our work, we consider that the MIMO eavesdropper is closer to the jammer and
detects the jamming signal and cooperates with the eavesdropper nearer to the trans-
mitter to estimate information. Thus, under these special circumstances, the research
work is focused on hardware configuration and optimum power allocation for the jammer
node. We consider that the eavesdropper employs MIMO IB-DFE. IB-DFE is an efficient
low complex receiver, as compared to the non-iterative decoder [24, 109] and it can be
effectively used with SC-FDMA transmission techniques [110, 115].

In this section, we present an unique scenario in which one eavesdropper detects the
jamming signal and another eavesdropper estimates the information signal, and then
cooperate with each other to improve both the jamming and information signal estimate.
The SINR of improved jamming signal estimate and information signal estimate at the
eavesdroppers is derived. The performance of the MIMO IB-DFE receiver with the change
in antenna configuration and the impact of change in the SNR of the jamming signal
is analysed with the simulated results. The ratio between jamming signal power and
information signal power for the given operating SNR is optimized with the support of
simulated results. Furthermore, we make the system model more energy efficient by

optimizing the power of the jamming signal.

6.2.1 System Model

The system model consists of transmitter A, receiver B, jammer J, and eavesdroppers &;
and &, in a wire tap channel. It is assumed that &; is closer to A, while &, is closer to J. A
and B use a single input and single output antenna (SISO) system for information trans-
mission and reception. B has an additional antenna for energy harvesting application. ]
uses MIMO system for broadcasting jamming signals and it has a separate communica-
tion setup to find the location of B and to avoid jamming B. Eavesdroppers use MIMO
system model for receiving information and jamming signals. All the nodes in the system
model experience Rayleigh frequency selective fading channels. The SISO channel link
between A and B is denoted as H,g, whereas the MIMO channel link between ] and &;
is denoted as Hj¢, and, likewise, all the MIMO single inputs with multiple outputs and
the multiple inputs with single output channel links are denoted by using H and their
respective nodes. Hj¢, is characterized as Hjg, ~ 6N (0, 012{’]51 ), where UJEI,AB is the channel
variance. It is assumed that the expected values of channel variances of all the channel
links in the system model are equal. All communication nodes experience AWGN and are
modeled as zero mean complex Gaussian random variables. AWGN, experienced by A, is
denoted as N4 and is characterized as Ny ~ 6N (0, O‘I%],A), where O‘I%],A is the noise variance.
Similarly, AWGN is experienced by how all nodes are denoted and characterized. All
the legitimate users and jammers are considered to have full channel knowledge. Eaves-
droppers are considered to have the channel estimate of all the nodes and this channel
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estimate depends on the SNR at the eavesdropper node. The channel estimate and the
channel estimation error of Hy¢, are denoted as I:IA,S1 and €y a¢,, respectively, where A is
the transmitting node and & is the receiving node. In similar way, the channel estimate
and channel estimation error of the channel between eavesdropper and remaining nodes
are denoted. The SNR and SINR of the receiving node &; are denoted as y¢ and yg ,
respectively. In a similar way, the SNR and SINR are denoted for all the receiving nodes.
The SNR of the receiving node considers the power ratio between the received signal
and AWGN in an AWGN channel and, therefore, SNR excludes fading coefficient. The
SINR of the receiving node considers the power ratio between the received signal and the
interference of other signal along with AWGN. The information signal from A, jamming
signals from ] are denoted as X; and X;. The distance between A and &; is denoted as
Dp ¢,; similarly, the distance between any two nodes in the system model is denoted. In
general, the index of transmitting antennas and receiving antennas are denoted as ¢, and
r,, respectively, where t, = 1,..., T, with T, is denoted as the total number of transmitting
antennas and r, = 1,...,R,, with R, denoted as the total number of receiving antennas.
The total number of R¢, transmitting antennas at ] is denoted as Tj. The total number of

receiving antennas at &; and &, are denoted as R¢, and R, respectively.

6.2.1.1 System Model Equations

The relationship between transmit power of jamming signal and information symbols is

given as
X;=851P; X;=8;P;
;P (6.27)
B = B
The unamplified version of X; and X; are denoted as S; and Sj, respectively. S; =

[511512...S]TI]T, where Sj1, §1...5;7, are the unamplified version of modulated signals
(X]1X]2...X]T]) transmitted from ]. The transmit powers of X; and X; are denoted as P
and TjPj, respectively, where P is the transmit power of single jamming signal stream
and all the jamming signal streams are considered to have equal expected values. The
ratio between the total transmit power of the Jamming signal and information signal is

denoted as . The relationship between transmit SNR at A and ] is given as
2
= E[IX/1*] _ox1 _ P
E[INg Pl 03 4 o4

CEIX[ VT o3,/ B

’

Yy = _b. (6.28)
E[INg ] 0%,  o%,

nTh_ f Ui

VA By

where o*ﬁj 4= 0‘13,’]. The received power of X; and X; at &; and &, are, respectively, given
in the following equations and for the sake of simplicity, only the path loss factor is
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considered and the channel fading co-efficient is neglected. The received power of X; and
Xy at &; are denoted as TP ¢, and P ¢, respectively. The received power of X; and X at
&, are denoted as Pj ¢, and Py ¢, respectively. Then, the relationships between transmit

power and received power at &; and &, are, respectively, given as

TP
Dy, . _ p-Dag, . _ e
P}"El :P] Fe PI,<E1 =Py /551 - Pjg 1:
.0, (6.29)
P —P_Dl,éz- P —p—DA,gz. _ ]P],Ez
L6 =B Prg, =B fe, = Pre, ’
/&2

where f¢ and f, are denoted as the ratio between the total received power of jamming
signal and information signal at &; and &,, respectively. The received signal at B is given

as
HpX; + Np; ifZ(7)=0,
v, = | TanX1+ Mg (7) (6.30)
HABXI +NB+H]BX]} otherwise,
where Z(7') = 0 denotes the null space vector of the precoded jamming signal for the

respective channel link. The received signal at &; is
Yél :HA51X1+H]51X]+N51, (6.31)

where Hj¢ X;; is considered as a noise term. The channel estimate error at &; is given
as €pag, = fMSE{ﬁAgl —Hyg, ), where fyrsg(x) represents the expected minimum mean
square error function. In similar way, the channel estimates and the channel estimate

errors of other channels are denoted. The SINR of Y, are, respectively, given as

E[|Hag, X11?]

ep,ag, E[1X11?] + E[|H) ¢, X}‘r||2] +E[|Ng, 7]
2 2

(62 o
- XL AL (6.32)

- 2 2 2 2
€H,AEOX,1 T OX, 101,18, T ONe,
PI,EL
. 2 :
(€mag, +Be)Prs, + 0N ¢,

ve =

For the sake of simplicity, af] A, and ‘71%1 je, are set to 1. The received signal at &, is
given as
Yéz :HA52X1+H]52X]+N52, (633)

where Hj¢ X is considered as a noise term. The SINR of Y, is given as

_ E[lIH,, XTIPYTy
Ve = e e B IPT + Bl gz, XiP] + E[ING, 1]

_ 7%/ T (6.34)
€H,J&, U>2<,] + %2(,1‘713,1452 + ‘71%1,52 .
Pre,
Ty(en e, + (1/Bs,))P e, + o—fuz’
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where the SINR of each jamming signal stream is estimated separately. For the sake of
simplicity, 012”52 and Gfméz are considered as 1. ¢, and y¢, can be improved by reducing
the signal interference.

We consider that &; is closer to J and the information signal strength is lower than
the jamming signal and, with this condition, by using IB-DFE, the impact of signal in-
terference can be reduced. The following section briefly explains IB-DFE for the MIMO

model.

6.2.1.2 Iterative Block Decision Feedback Equalization Decoder

All the communicating nodes use the SC-FDMA transmission technique and the decoders
use IB-DFE. It is assumed that R, > T, with perfect receiver synchronization for all
antennas. The information symbol in the time and frequency domains are denoted as
{x;ti);n =0,1,..,N -1} and {X](:");k =0,1,..,K — 1}, respectively, where x and X are the
information symbol in time and frequency domain, # and k are the index of the symbol in
time and frequency domain, respectively. The received signal in the time and frequency

domains are denoted as {yfzr);n =0,1,..,N—-1}and Y,fr);k =0,1,..,K -1, respectively. The

ved sienal i ) ) (1 _ (1) (2) (R);T
received signal in matrix format is denoted as Y, ' = [Yk Y, Y ] and Y at the

receiver is given as

Ye = H" X, + N, (6.35)

where H,ir’t) denotes the R x T channel matrix with k" frequency. N; is AWGN with

variance Ny/2 = 02. The linear minimum mean square error (LMMSE) decision of xff”

o o) 52 R .
from the IB-DFE receiver is X = [X, ', X, ..., X, | , which is given as
i Y H

% = , (6.36)
HeHE +In(yx) ™

()2
EXR)
where yx, = TEmpr

LMMSE for the massive MIMO low complex receiver is given in [116],

and yyx, is assumed to be equal for all the values of ¢, and r,. The

Xy = Yo Fr — Xi By, (6.37)

where Fj, and Bj are the feed forward and feedback of the IB-DFE receiver. By reduces
the residual interface in each iteration. Fy and By are, respectively, given as
F=WAIH],
By = HiFy — I,

(6.38)

where [A]; 7 = exp(jarg[H]; /), and (i, i') denotes the index of an element in the matrix.

W denotes a diagonal matrix and its (t, t)th element is given as Z,Ifz_ol 521 |H,£r't)|2.
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6.2.1.3 Decoding Information by Using Jamming Signal Estimate

The information signal can be decoded at &; by following the next steps.

1 The information signal estimate and estimate error are given as X; and ¢x j, respec-

tively. Estimate the jamming signal at &,, by using ex 1, Hy¢, and Hj, in (6.37).

2 The jamming signal estimate and estimate error are given as X; and ¢y j, respectively.

Estimate the information signal at &;, by using ¢y ;, ﬁAél and ﬁ]gl in (6.37).

The SINR of jamming signal at &, can be improved by using Hug, and (6.34) can be

written as

, E[|[H;¢, X[ IP)/T;

é =

’ 5H,]52E[||X]T||2] + e as, E[IX; 7] + E[|INg, 2]
PIIEZ

EH,AS TEX I ) 2

TP, (en e, + —p N&

(6.39)

The SINR of the information signal at £; can be improved by using I:IAgl, and (6.32)

can be written as

Ve = E[|Hae, X [°]
. =
Y epag BIIXP]+ (eppe, + €X,])1E[||X;T||2] +E[|Ng, 7]
15t
_ 43 . (6.40)
Pre, (em,a¢, + (€m,e, +€x,7)Be,) + 0N ¢,
TjP ¢,

= 2 .
TyPre,(em,ae, + (€n e, + €x,)Be) + 0N ¢,

From the legitimate users’ perspective for the given scenario, as in Figure 6.8, where
&; is located in such a way that reduces the interference of X; in the best possible way at
&1 and &, is located in such a way that reduces the interference of X; in the best possible
way at &,. If ] reduces the transmit power of jamming signal to reduce the SINR at &,,
then this will reduce the interference of X; at &; but, at the same time, the quality of
jamming signal estimate will reduce at &,. Thus, ] needs to find an optimum transmit
power for the jamming signal.

The jammer can take counter measures against the active cooperative eavesdropper by
adjusting B. The desired value of B, and f¢, for the legitimate usersis fz, > 1and ¢, <1,
respectively, but this desired condition is not feasible, since received power will change
for eavesdroppers at different locations. If B¢, =1 or ¢, <1, then from (6.34) and (6.39),
we can understand that the SINR will be below the threshold to estimate X;. Even though
Be, =1 or B, <1is the desired condition for countering &, from estimating X;, and
this condition will eventually allow &; to estimate Xj, even without estimating X, since
the interference of X; is minimal. Therefore, ] should keep B¢, > 1 and ¢, < 1 and
should also maintain the best possible balanced X interference at ¢; and Xj at &,. One

of the main advantages of ] is that two jamming signals combined to form the artificial
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Eavesdropper &, and §2
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— Information Signal (Time slot 1)

— Jamming Signal (Time slot 1)
——— Eve cooperation (Time slot 2)
—>  Eve cooperation (Time slot 3)

G » Distance between 2 nodes

Figure 6.8: Cooperative eavesdroppers in the system model. In this model, the jamming
signal does not interfere with legitimate users.

noise interference for eavesdroppers, but &, should estimate both the jamming signals
individually, and this is evident from (6.34) and (6.39). From (6.28), it is evident that ]
can use two jamming signals with approximately equal power to create artificial noise.
Contrary to ], this adversely affects &, estimation of X, the SNR of Xj; and Xj, as an
independent signal stream is half the SNR of X;. Thus, J can counteract against the
active cooperative eavesdropper network by adjusting p value while considering the
SINR value from (6.34), (6.39), (6.32) and (6.40). The following steps are required to find

the optimum p value.

1 Find the approximate SNR value for the system model and it is denoted as yys.
Follow further steps to determine optimum f, based on yyy,.

2 Set the maximum acceptable BER performance level of &; at y;,s under the non
cooperative scenario and the SINR is given in (6.32) and under the non cooperative
scenario T does not impact the BER of &;. In cooperative eavesdropper scenario,
for both &; and &, their BER performance for a given y;, is dependent on SINR,
Tj, the number of receiving antenna and IB-DFE, the BER performance of &;.

3 Then, the BER performances of £, and &; can be degraded by optimizing the  value
and by increasing Tj.

The equation for ey ; at &, is given as

2

P o

] X,J

Ex,JZfMSE{ } ;b= . (6.41)
Ry + (ex1/Be,)(1 +empe,) Ui

In general, ex ; increases with the increase in ¢, but in contrast 1/f¢, decreases the ¢x ;
value. Therefore, for a given s, the optimum S, is the maximum B¢, value at which
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the value of (¢x 1/f¢,) is maximum. In general, the rate of increase in ¢x ; will gradually
decrease after certain f¢, value.
In the following Section, we estimate the approximate  value through Monte Carlo

simulation.

6.2.2 Numerical Results

In this section, the BER performance of the information signal estimate at &; and the
expected error estimate of the Jamming signal estimate at &, are demonstrated and an-
alyzed by using Monte Carlo simulations. The signal uses a 2.4 GHz frequency band
and it is considered that all the communication nodes including the eavesdroppers are
operating at line of sight channel condition. As in the Figure 6.8, Dy ¢, =5m, Dyj =5
m, D¢, =15m, D¢ ; =10m, Dg,; =5 m and Dpg, =10 m. The path loss factor for
an indoor environment is considered as 2. In the following simulations, the system uses
the 4-QAM modulation signal and adopts the IB-DFE receiver at &; and &, for improving
their error rate performance. We have adopted 4-QAM modulation over other higher
order modulations because 4-QAM signal has better error-rate performance over other
higher-order modulation signals. This approach gives an advantage to eavesdroppers in
estimating information signal and, if the jammer can successfully obscure eavesdroppers
from estimating the 4-QAM signal, then this jamming approach can be easily adopted
for other higher-order modulation signals. The channel estimate error for the channel
links between the nearest node to &; and &, are considered as 0.01 (In this system model,
for the indoor environment with slow varying fading scenario, we consider SC-FDMA
model with Rayleigh frequency selective fading channel condition between all the nodes.
The channel estimation error of the Rayleigh frequency selective fading channel for the
system that uses a robust channel estimation technique is less than 0.01 [45]. Since A and
J are in a fixed location, to estimate the channel condition between A and ¢&;, the passive
eavesdropper transmits a low power pilot signal to £; from the location of A, and then &;
estimates the channel condition. Similarly, the channel condition between J and &, can
be estimated. To avoid detection, passive eavesdroppers use a low power pilot signal, but
this can lead to an increase in the channel estimation error with the increase in distance
between the passive eavesdropper and the active eavesdropper. Therefore, in this system
model, the channel estimation between A and &,, and ] and &;, are not considered. For the
sake of simplicity, the passive eavesdroppers that are used for estimating A to &;, and ]
to &, channel links are not mentioned in the system model. ). In the following figures, all
BER curves, by default, illustrate the 4/ iteration of the IB-DFE decoder unless specified
as ZF decoder and, by default, T; = 1. For this system model to find the optimum p value,
P is changed in order to change the f value and P; = 1 in all simulations. P; is constant
to avoid performance degradation at an legitimate receiver.

Figure 6.9 demonstrates the BER performance of &; with R, = 2. In this simulation,
&1 does not receive the jamming signal estimate feedback from &,. The BER performance
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degrades with the increase in f¢ value and also by increasing R¢ . In Figure 6.10, the
comparison of BER results demonstrates that &; can improve BER by increasing R¢, when

Be, = 0.375, as compared to that of when s =1.

f — - T T T T
107
i
102
o
w
m
103 || —0—B,, = 0375
[ |—<— B, =0.500
[ +ﬂ£1:0,625
L |8 =0.750
L +ﬂ£1=0.875
—+—fy =1
— == By =1125
—— =B, =1250
10-4 | | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20

E/N,(dB)

Figure 6.9: The BER results of &; without the feedback of jamming signal estimate, where
Re =2, Ti=1.

Table 6.1 is an tabulation of Figure 6.9 values and, with this, 8¢, and g, are calculated
based on the path loss factor, distance between signal transmitting node and receiving
node, and P; and P.

In the following simulations, y,ys = 12 dB is considered as an operating SNR and, for
this operating SNR, we determine the optimum f, that is suitable for legitimate users
to degrade the performance of the cooperative eavesdropper. In Figures 6.11 and 6.12,
for the fixed operating SNR, i.e., 12 dB, the performance of &, is measured for f, values
against the expected jamming signal estimate error. Since the jamming signal is random
in nature, instead of BER, the expected error for detecting jamming signal is considered

for performance measurement.

Figure 6.11 demonstrates that the expected error of the jamming signal estimate error
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Figure 6.10: The BER results of &; without the feedback of jamming signal estimate,
where Rg, =2, T; = 1.

reduces with the increase in ¢, value, but the rate of reduction in error saturates with the
increase in f¢,. In this simulation, the performance of &, can be degraded by increasing
T; at the J. By increasing the T;, we can reduce the SNR of individual jamming signals
while keeping the total power of combined jamming signals at constant. In order to use
the IB-DFE receiver, &, should satisfy R¢, > Tj. Thus, in this simulation, we set R¢, = Tj.
The observation of the results of Figure 6.11, based on the increase in Tj, degrades the per-
formance of &,, even if Rg, = Tj, which satisfies (6.41). Therefore, by increasing T}, J can
degrade &, performance. Figure 6.12 demonstrates the drastic performance improvement
of &, with the application of the IB-DFE decoder over the ZF decoder with the increase
in Rg,. The increase in Tj, degrades SNR, as in (6.41), but this SNR degradation impact is
reduced with the increase in feedback diversity order in IB-DFE, due to R¢,. Therefore,
with the increase in R¢,, the performance degradation due to SNR degradation is lower
in IBDFE, as compared to ZF.

Figure 6.13 demonstrates the BER results of the information signal after reducing
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Table 6.1: The received signal power of X; and X; at &; and &, B¢, and fg, for the given
transmit power, and ¢x ; (is considered at 12 dB SNR) from Figure 6.9.

B ;B Be By Be, B, Bg o B X1

1 100 150 4 1.5 0.375 1 3 3 0.0022
2 100 200 4 2.0 0.500 1 4 4 0.0184
3 100 250 4 2.5 0.625 1 5 5 0.048
4 100 300 4 3.0 0.750 1 6 6 0.086
5 100 350 4 3.5 0.875 1 7 7 0.1125
6 100 400 4 4.0 1.000 1 8 8 0.1399
7 100 450 4 4.5 1.125 1 9 9 0.1685
8 100 500 4 5.0 1.250 1 10 10 0.1878

the interference of the jamming signal by using the jamming signal estimate from ¢&,.
The expected jamming signal estimate error is tabulated in Table 6.2. To degrade the
performance of &; and &, ] increases Tj, this is observed from the BER results. When T;
is increased, the performance of &, degrades and the error in the jamming signal estimate
feedback increases, as in Table 6.2. The BER results show that, by increasing the Be, value
above 1 and by increasing Ty, ] can degrade &; performance. Even though increase in f¢,
degrades the BER results of &;, it is optimal to set f¢, = 1 instead of increasing f¢ above
1. This is observed with the increase in T;. Therefore, from the simulated results, for

operating SNR at 12 dB, it is optimal to set B¢ = 1.

Table 6.2: Tabulation of E[{¢x j}] from Figure 6.11.

TI E[{SX,]}] at /351 =1 E[{EX,]}] at ﬁ‘fl =1.125 E[{EX,]}] at ﬁ‘fl =1.250

1 6 0.2522 0.2210 0.2087
2 8 0.3374 0.2615 0.2477
3 10 0.3880 0.3203 0.2797
4 11 0.4790 0.4087 0.3450

Figure 6.14 demonstrates the advantage of using IB-DFE over the ZF decoder at &;.
Even though IB-DFE performs better than ZF, the increase in Tj can degrade the perfor-
mance of IB-DFE and the performance gap between IB-DFE and ZF decreases with the
increase in Tj. Therefore, with the help of Tj and $3, ] can degrade cooperative eavesdrop-
per performance with the least possible energy expenditure. The comparison of results
of the ZF and IB-DFE decoder at Tj = 11 shows that the performance of IB-DFE is better
than that of ZF. The comparison of IDBFE performance in terms of SNR shows that there
is a slight performance degradation at SNR—18 dB over SNR 15 dB—and this result is
contrary to the expected result. The reason for this unexpected degradation in BER is
due to the incorrect noise power input in the feed forward in (6.38), and for the single
antenna case, refer to [57] (eq. 21). The amount of energy saved at ], when s =1 over
Be, = 1.25, is calculated as 25%.
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Expected value of error estimate

Figure 6.11: The expected jamming signal estimate error at &, with the feedback of
information signal estimate, where Ty = R, .

6.3 Conclusions

In this chapter, we present two wiretap physical layer security models in two different
scenarios and study threats from passive and active eavesdroppers, further we provide
countermeasures against those eavesdroppers and improve the secrecy rate of the legiti-
mate network. In both the models, energy harvesting signals are used as jamming signals
against eavesdroppers. In the first system model, we implemented a SWIPT based self
jamming physical layer security model which relies on the channel precoding method to
securely transmit information to the legitimate user. We considered different case studies
by assuming that eavesdropper has high channel correlation with the legitimate user. We
also consider the possibility of channel estimate error (channel link between jamming
antennas to the legitimate user) that negatively affects the channel precoding. All the
study cases are analysed with the theoretical expressions supported by the simulation

results.
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Figure 6.12: The performance of IB-DFE versus ZF at &;, where the feedback of informa-
tion signal estimate is included to reduce interference.

The BER performance of legitimate user and eavesdropper are improved by using IB-
DFE receiver and we conclude that, the channel precoding error can be further reduced
at legitimate user by taking advantage of all the available knowledge (i.e. including
variance of channel precoding error) in IB-DFE receiver. Thus, legitimate users could
perform better than the eavesdropper and the performance of legitimate users improves
over eavesdropper with the increase in jamming signal power. The secrecy rate analy-
sis of legitimate users demonstrates that the performance of legitimate users with the
channel precoding error does not improve beyond 20 dB SINR and slightly degrades with
increase in jamming signal power. In case of perfect channel precoding, the secrecy rate
performance of legitimate users improves proportionally with the increase in SINR and

with the increase in jamming signal power.

Since the result of the first model shows that the secrecy rate of legitimate networks
can be improved if it has lower channel estimation error than eavesdroppers. Therefore,

in the second system model, we study a cooperative eavesdropper model in a wire-tap
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Figure 6.13: The BER results of &; with the feedback of the jamming signal estimate,
where Tj = Rg, .

channel and derive the SINR of the jamming signal and information signal for the cooper-
ative eavesdroppers network. We specifically consider that the eavesdropper has the CSI
of the nearest node with negligible channel estimate error in order to study the optimum
B (i.e., power ratio between the jamming signal and information signal). The simulated
results of the expected jamming signal estimate error at the nearest eavesdropper (i.e.,
&,) to the jammer shows that, by increasing the total of number of antennas at the jam-
mer, the jammer can degrade the performance of &,, even if £, has an equal number of
receiving antennas. Therefore, jamming the signal SNR degradation at &, can degrade
the performance of the MIMO IB-DFE receiver.

The BER results of the information signal at the nearest eavesdropper (i.e., &) to the
transmitter show that the BER of &; can be degraded by optimizing the g value at &; to
1. The optimization of § leads to energy efficient and secure communication, since g =1
at & is better for the legitimate network than for using a g greater than 1. Therefore, we

conclude that, under a severely restricted environment, a legitimate network can improve
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Figure 6.14: The performance of IB-DFE versus ZF at &;, where the feedback of the
jamming signal estimate is included to reduce interference.

the secrecy rate and can achieve better energy efficiency by increasing the number of

antennas at a jammer and by optimizing f.

103



7

CONCLUSION

This thesis studies novel SWIPT techniques and adopts SWIPT for channel estimation
and physical layer security purposes.

In chapter 3, we introduced a new SWIPT technique described as M-SWIPT technique.
This scheme can be implemented in any M-QAM modulation and with the help of HCS,
we can increase the power of low amplitude symbols and thus increase the SNR of low
amplitude symbols. Furthermore, this improves the energy efficiency of low amplitude
symbols as compared to traditional PS-SWIPT. We studied the impact of CPs in EH using
hybrid constellation shaping to improve the spectral efficiency. It was shown that M-
SWIPT has better SER performance as compared to PS-SWIPT. It can also outperform
PS-SWIPT in terms of achievable rates. Especially at low SNR regions, the performance
of M-SWIPT is much better than PS-SWIPT. In terms of maximum achievable rate, M-
SWIPT has a SNR gain between 2 to 7 dB at the low SNR region (i.e. between 2 to 18 dB).

Therefore, M-SWIPT could be a suitable candidate for low powered IoT sensors.

In chapter 4, we considered a FS-SWIPT scheme combined with OFDM modulations
for both energy harvesting and data transmission. We presented an analytical characteri-
zation of the transmitted signal and showed that FS-SWIPT OFDM signals are much more
prone to nonlinear distortion than non-SWIPT schemes, especially when the EH term
has much larger power than the data transmission term. However, we can overcome this
degradation by employing receivers that estimate and remove the nonlinear distortion
term in an iterative way, with small error propagation effects. Moreover, the performance
of our iterative receiver is shown to be more robust to NLD in FS-SWIPT OFDM than in
PS-SWIPT OFDM. We also studied the optimum performance of nonlinear FS-SWIPT
OFDM schemes, and showed that it can be better than the optimum linear performance,
with gains that can be particularly high in frequency-selective channels (due to an in-
herent diversity effect that is created in the transmitted signals by the nonlinear device).
The gains are higher for more severe nonlinear characteristics, but decreases with the
increase in the power of the EH term. In future work, we will consider imperfect channel
estimation and explore novel methods to estimate the channel for the data subcarriers by

using the limited number of known EH symbols.
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In chapter 5, PS-SWIPT scheme is employed to harvest energy by using superim-
posed pilot and information signals. We present a systematic model to estimate CFO and
channel condition by using the pilot signal, and improve the channel and information
estimation accuracy with the help of IB-DFE. We find the optimum ratio of the power
required for the pilot signal and information signal to achieve a desirable error rate per-
formance in respect to varying SNR conditions. Also, an algorithm is implemented at the
receiver by using the feedback of the channel and information estimation to improve the
performance. The presented analytical results are in line with the numerical results. This
system can be extended to a massive MIMO system model.

In chapter 6, we study two wiretap physical layer security models in two different
scenarios and study threats from passive and active eavesdroppers, further we provide
countermeasures against those eavesdroppers and improve the secrecy rate of the legiti-
mate network. In both the models, energy harvesting signals are used as jamming signals
against eavesdroppers. In the first system model, we implemented a SWIPT based self
jamming physical layer security model which relies on channel precoding method to se-
curely transmit information to the legitimate user. We considered different case studies
by assuming that eavesdropper has high channel correlation with the legitimate user. We
also consider the possibility of channel estimate error (channel link between jamming
antennas to the legitimate user) that negatively affects the channel precoding. All the
study cases are analysed with the theoretical expressions supported by the simulation
results. Furthermore, BER performance of legitimate users and eavesdroppers are im-
proved by using IB-DFE receiver and we conclude that IB-DFE can be used to improve the
performance of legitimate networks and eventually improve secrecy rate of the network.

The second model presents a solution to overcome challenges posed by two active
cooperative eavesdroppers, where one located near the transmitter and other located
near the receiver of the legitimate network. Even though we present robust cooperative
eavesdroppers, we could present solutions based on the analysis antenna diversity order
and transmission power of jamming and information signals. We specifically consider
that the eavesdropper has the CSI of the nearest node with negligible channel estimate
error in order to study the optimum f (i.e., power ratio between the jamming signal
and information signal). The simulated results of the expected jamming signal estimate
error at the nearest eavesdropper (i.e., &,) to the jammer shows that, by increasing the
total of number of antennas at the jammer, the jammer can degrade the performance
of &, even if &, has an equal number of receiving antennas. Therefore, jamming the
signal SNR degradation at &, can degrade the performance of the MIMO IB-DFE receiver.
The BER results of the information signal at the nearest eavesdropper (i.e., &;) to the
transmitter show that the BER of &; can be degraded by optimizing the f value at &; to
1. The optimization of § leads to energy efficient and secure communication, since § = 1
at &; is better for the legitimate network than for using a p greater than 1. Therefore, we
conclude that, under a severely restricted environment, a legitimate network can improve

the secrecy rate and can achieve better energy efficiency by increasing the number of
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CHAPTER 7. CONCLUSION

antennas at a jammer and by optimizing . In future, this work can be extended with
multi-user scenerio under imperfect channel conditions as well as adopting this model
with novel SWIPT techniques.

We summarise that in this thesis, we study SWIPT techniques for energy constrained
networks and adopt SWIPT in signal processing applications. We introduce M-SWIPT
technique, which is even compatible with the low powered sensors at low SNR region and
thus improving network reachability. We also provide solutions for nonlinear distortion
problems associated with the multi carrier signals and illustrate that the performance
gain of the nonlinear signal can be even greater than the linear signal. We optimize energy

requirements in a way to improve error and secrecy rate performance of the networks.
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