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Abstract

Simultaneous wireless information and power transfer (SWIPT) has been identified as

a promising technique for addressing the energy-constrained issues in wireless communi-

cation systems. Meanwhile, intelligent reflecting surfaces (IRS) can customise wireless

channels and enhance the spectral and energy efficiency of wireless communication sys-

tems. As such, IRS-aided SWIPT has the potential to realise long-distance wireless com-

munication with high data rates, device density, reliability, and energy endurance in the

upcoming sixth-generation (6G) era. In this thesis, we study the resource allocation opti-

misation problem in an active IRS-aided SWIPT system. Specifically, with the assistance

of an active IRS, a multi-antenna access point (AP) simultaneously transmits informa-

tion and energy to multiple single-antenna information users (IU) and energy users (EU).

The objective of our design is to maximise the weighted sum-rate by jointly optimising

the transmit beamforming of the AP and the reflection beamforming of the active IRS,

subject to the constraints of individual signal-to-interference-plus-noise ratio (SINR) at

the IUs, individual harvested energy at the EUs, and communication security. Due to the

non-convexity of the problem, we adopted the alternating optimisation (AO) method to

decompose the original problem into two subproblems and solve them alternately until

convergence. The simulation results based on MATLAB present the feasibility of the solu-

tion to the problem and substantiates the effectiveness of improving system performance

by introducing IRS into the communication system.
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Notations

x Scalar x

x Vector x

X Matrix X

K Set K

Cx×y Space of x× y complex-valued matrix

E (·) Statistical expectation

CN (x,Σ) CSCG random vector with a mean vector x and a covariance matrix Σ

∼ Distributed as

≜ Define as

|x| Absolute value of x

∥x∥ Euclidean norm of vector x

∥X∥F Frobenius norm of matrix X

diag (x) Diagonal matrix with its diagonal elements being the corresponding ele-

ments of vector x

(·)H Conjugate transport of a vector or matrix

K \ {i} Elements of set K excluding i

tr(X) Trace of matrix X
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Chapter 1

Introduction

“When wireless is perfectly applied, the whole earth will be converted into a huge brain. . . You

will communicate instantly by simple vest-pocket equipment”, predicted in 1926 by Nikola

Tesla, one of the greatest scientists and inventors in human history [1]. What he predicted

is the modern wireless communication technology. In fact, over the past few decades,

wireless communication technology has undergone revolutionary development. Generally

speaking, a new generation of wireless cellular communication networks has developed

approximately every 10 years since the 1980s, which has revolutionised our society and

daily lives [2].

1.1 Evolution from 1G to 5G

The first-generation (1G) network became operational in the early 1980s, which was to-

tally based on analog signalling. It could only provide voice services with a low data rate

of 2.4 kbps. At that period, various countries deployed their own cellular networks by

different technologies, which means that these networks were isolated in specific coun-

tries and roaming services were not supported [3]. Moreover, the information transmitted

as frequency-modulation-based analog signals over the airwaves and could be easily in-

tercepted by unauthorised parties [4]. Due to its disadvantages of low data rate, lack

of standardisation and insecurity, 1G was quickly replaced and phased out by the new

generation of communication technologies.

The second-generation (2G) of mobile communication systems, which adopted digital

signals for wireless communication, was launched in the late 1980s. In particular, time
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division multiple access (TDMA) and code division multiple access (CDMA) technologies

were introduced that improved the spectral efficiency and data rate. In addition to con-

ventional voice services, 2G began to provide short message services (SMS). Furthermore,

2G adopted various digital encryption technologies, which encoded and encrypted commu-

nication content to enhance the security of information [5]. Although the 2G systems in

USA and Europe developed differently adopting incompatible technologies, global system

for mobile communications (GSM) became the mainstream around the globe, ultimately

occupying 90% of the market share [6].

Despite 2G enabled voice communication and SMS services, the need for higher data

transmission rate had never stopped. To address the emerging needs, 2.5G, also known

as general packet radio service (GPRS), was introduced, providing data rates of up to

115 kbps [4]. In practice, GPRS enabled versatile services such as e-mail, web browsing,

and multimedia messaging. To further enhance data transfer speeds, the network was

upgraded to 2.75G or enhanced data rates for GSM evolution (EDGE). With a theoret-

ical maximum data rate of 384 kbps, EDGE enabled faster Internet access, multimedia

messaging, mobile gaming, etc.

The third-generation (3G) was based on the International Telecommunication Union

(ITU) International Mobile Telecommunications (IMT)-2000 standard, with the aim of

achieving a data transmission rate of 2 Mbps and standardising a global communication

system [7]. However, there were three main technologies for implementing 3G: CDMA

2000 evolving from 2G CDMA, wideband code division multiple access (WCDMA), and

time division-synchronous code division multiple access (TD-SCDMA). Indeed, 3G pro-

vides users with higher data rate and bandwidth such that Internet web browsing ap-

plications with audio and video files on mobile devices is possible. In addition, 3G also

provides broader and seamless coverage thanks to the soft handover technology, ensuring

that the mobile users would not suffer from connection loss or interruption of service [8].

Subsequently, two variants of 3G, high speed downlink packet access (HSDPA) and high

speed uplink packed access (HSUPA) increased the downlink speed to 14.6 Mbps and up-

link speed to 5.8 Mbps, respectively, which greatly improve the resolution and smoothness

of video calling. In this marked, HSDPA and HSUPA are also considered as 3.5G and

3.75G and they are collectively referred to high speed packet access (HSPA) [3, 9].

In 2009, 4G long-term evolution (LTE) was commercially launched in Norway and
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Sweden [10]. LTE is a re-design of 3G to achieve low-latency high-data-rate transmission.

It adopts new switching types and core networks [9], and introduces orthogonal frequency-

division multiplexing (OFDM) as a new modulation scheme. These improvements enable

LTE systems to achieve a maximum downlink speed of around 100 Mbps and an uplink

speed of 50 Mbps. Although the early LTE did not fully satisfy the original technical

requirements of 4G, considering its significant improvements over 3G and the fact that

it had already fulfilled the preliminary 4G standards, the ITU eventually decided to

classify it as 4G. Along with worldwide interoperability for microwave access (WiMax),

4G provides users with faster and more reliable data connections [11], enabling a wide

range of applications and services, e.g., video calling, online gaming, widespread global

positioning system (GPS) navigation, mobile payments.

The fifth-generation (5G) networks were first deployed in 2019. By utilising new

channel access method such as space-division multiple access (SDMA) and technologies

such as mmWave [12], massive multiple-input multiple-output (MIMO) [13], network slic-

ing [14], and virtualisation [15], 5G networks offer significantly higher capacity and bit

rates, significant reductions in latency, improvements in security and network reliability,

enhanced cost and power efficiency [16,17] compared with previous generations of commu-

nication technology. The 5G networks have three main application scenarios: enhanced

mobile broadband (eMBB), ultra-reliable and low-latency communication (URLLC), and

massive machine-type communication (mMTC). In particular, eMBB is designed for tra-

ditional mobile internet scenarios, providing seamless and continuous network coverage

and high data rate to fulfil the needs of applications such as virtual reality (VR), aug-

mented reality (AR), immersive games, three-dimensional (3D) virtual conferences, and

ultra-high-definition (UHD) videos. URLLC achieves extremely low latency at the 1 ms

level and supports high-speed and reliable network connections under high-speed mobil-

ity, serving for applications such as unmanned aerial vehicles (UAV) [18,19], autonomous

driving cars, and remote medical services. On the other hand, mMTC is mainly aimed at

the realisation of Internet-of-Things (IoT), supporting connection density of one million

devices per square kilometre [20].

A brief comparison of these generations of wireless communication systems are shown

in Table 1.1.
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Table 1.1: Comparison of 1G, 2G, 3G, 4G, and 5G Systems

1G 2G 3G 4G 5G

Period 1980s 1990s 2000s 2010s 2020s

Maximum Data Rate 2.4 kbps 64 kbps 2 Mbps 1 Gbps 100 Gbps

Maximum Frequency 894 MHz 1900 MHz 2100 MHz 6 GHz 100 GHz

Multiplexing FDMA TDMA, CDMA WCDMA, HSPA OFDMA OFDMA, SDMA

Switching Type Circuit Circuit Packet Packet Packet

Core Network

Public switched

telephone network

(PSTN)

PSTN,

Packet Network
Packet Network Internet Internet

Main Technology Analog Cellular Digital Cellular CDMA, IP
Unified IP,

MIMO

mmWave,

Massive MIMO,

Network Slicing

Key Feature Voice SMS Multimedia Video VR/AR

1.2 The Era of 6G

The world has been experiencing the rapid growth of mobile data traffic since the com-

mercial launch of 5G. According to Ericsson’s statistics, the global mobile network traffic

has nearly doubled in the past two years, reaching 108 EB per month in 2022 Q3, while

it was only 55 EB per month two years ago [21]. Furthermore, Ericsson predicts that

in 2028, the number of 5G subscriptions will surpass 5 billion. Meanwhile, the emerging

intelligent and automatic applications of the Internet-of-Everything (IoE) place higher de-

mands on wireless technologies [22]. Applications such as extended reality (XR), wireless

brain-machine interfaces (BMI), and telemedicine require higher data transmission rates

and lower latency that current 5G URLLC cannot cope with [23]. Though the massive

connectivity of one million devices per square kilometre have not been satisfied in cur-

rent 5G networks, the increasing industrial automation and IoE pose unique challenges to

the current design specification of 5G [24]. Thus, the 6G, a new generation of instanta-

neous and unlimited wireless technology with considerably enhanced system performance

is required [25,26].

In 2018, Finland announced to start the first 6G research program over the world,

an eight-year 6Genesis Flagship program [27]. Subsequently, various other countries have

started research on 6G. In June 2022, ITU held a workshop on “IMT for 2030 and Beyond”,

during which discussions were held on the applications, technologies, spectrum aspects,

and capabilities of 6G. Figure 1.1 describes some potential use cases and metrics of 6G.
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Figure 1.1: Potential 6G application scenarios and some key performance metrics [2].

While the ITU has not yet established official standards for key performance indicators

(KPI) of 6G, the tentative values are provided by various experts and scholars [22–24,28].

Table 1.2 presents these KPIs and compares them with the widely deployed 4G and the

gradually mainstream 5G.

1.3 Main Challenges of 6G and Potential Solutions

The main KPIs shown in Table 1.2 become severe challenges faced by 6G. Specifically, 6G

imposes stringent connectivity density and energy efficiency KPI requirements. A key ap-

plication for 6G networks, the IoE, aims to integrate people, things, data, and processes

into a cohesive, interconnected system via a connected network [29]. This integration

necessitates the deployment of a massive number of portable devices and sensors, the

majority of which are passive devices powered by batteries. However, frequent battery

replacement incurs time, labour, and economic costs, as well as inconveniences during bat-

tery replacement. Furthermore, the batteries of some devices, such as biomedical devices,

cannot be replaced at all [30]. To satisfy this emerging power supply demand, energy har-

vesting (EH) from renewable sources such as wind, solar, thermal, tidal, and vibration,

has emerged as a promising method to achieve self-sufficiency in energy supply [31]. How-

ever, EH depends on local environmental conditions and lacks universality. Additionally,
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Table 1.2: Comparison of 4G, 5G, and 6G KPIs, adapted from [2,23,28]

4G 5G 6G

Peak Data Rate 1 Gbps 100 Gbps 1 Tbps

Experienced Data Rate 10 Mbps 100 Mbps 1 Gbps

Spectral Efficiency 1× 3× that of 4G 5-10× that of 5G

Network Energy Efficiency 1× 10-100× that of 4G 10-100× that of 5G

Maximum Channel Bandwidth 20 MHz 1 GHz 100 GHz

Area Traffic Capacity 0.1 Mb/s/m2 10 Mb/s/m2 1 Gb/s/m2

Connectivity Density 105 Devices/km2 106 Devices/km2 107 Devices/km2

End-to-end (E2E) Latency 10 ms 1 ms 10-100 µs

Mobility Support 350 km/h 500 km/h ≥1000 km/h

E2E Reliability Requirement 99.99% 99.999% 99.9999%

natural energy sources are intermittent and uncontrollable, making it difficult to provide

energy stably and guarantee the quality of service (QoS) requirements of wireless devices.

Compared with other environmental resources, radio-frequency (RF)-based EH offers

numerous advantages. Specifically, the far-field characteristics of propagating electro-

magnetic waves enable long-distance EH (up to several hundred meters), making energy

harvesting more accessible. Additionally, various advanced wireless communication tech-

niques, e.g, MIMO, cognitive radio (CR), software-defined radio (SDR) are applicable to

RF transmission. Moreover, RF can also serve as dual-purpose carriers to carry informa-

tion and energy concurrently [30]. Thus, SWIPT has become promising approach in 6G

networks for enabling efficient transmission and enduring batteries.

However, due to severe path loss in long-distance transmissions and the stochasticity

of wireless channels [32, 33], energy efficiency and SINR of information receivers cannot

be always guaranteed. Though large-scale and high-gain antennas serve as the simplest

method for compensating path losses, they require high implementation cost. In par-

ticular, beamforming in MIMO is the most commonly performed technologies, while it

requires more antennas and active RF-chains and power-hungry digital signal processing

chip, thus increasing operating power, hardware complexity and cost. Compared with

those technologies, IRS can reshape wireless channel and radio propagation environment,

enhance energy efficiency and signal strength, and help optimise reflective beamforming

to reduce interference and improve spectral efficiency [19]. Moreover, IRSs are small,
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lightweight, and low-cost that have been prospective method for compensating path loss

effect. Therefore, in this thesis, we will focus on an IRS-aided SWIPT system.

1.4 Organisation of this Thesis

In this chapter, we have discussed the evolution of wireless communication technologies

from 1G to 5G, the necessity of developing 6G, KPIs, and major challenges of 6G. We have

proposed that SWIPT and IRS technologies can effectively enhance the communication

quality of 6G systems. The rest of this thesis is organised as follows. Chapter 2 states the

basic concept of SWIPT and IRS by providing a thorough overview on prior works on IRS-

aided SWIPT. Chapter 3 establishes an IRS-aided SWIPT system model and formulates

the resource allocation design as an optimisation problem. Chapter 4 transforms the

original problem to a feasible convex problem and proposes an algorithm to obtain a

high-quality solution. Chapter 5 verifies the feasibility of the solution to the optimisation

problem based on MATLAB simulation and analyses the result. Chapter 6 summarises

the work conducted in this thesis and points out identified limitations.
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Chapter 2

Background

2.1 SWIPT Technology

2.1.1 WPT Concept

The concept of wireless power transfer (WPT) was proposed by Nikola Tesla [34]. Specifi-

cally, he attempted to realise this idea in practice in the early 1900s [35]. However, due to

the low efficiency of transmission and conversion, as well as the large and energy-inefficient

devices during that era, WPT was not successfully implemented.

WPT refers to delivering power from a source to a destination through wireless

medium. Based on the physical mechanisms employed, WPT can be classified into non-

radiative (near-field) coupling-based WPT and radiative (far-field) RF-based WPT [36].

The near-field WPT, which mainly utilise electromagnetic (EM) induction, includes in-

ductive coupling and magnetic resonance coupling. On the other hand, the far-field WPT

is mainly achieved through electromagnetic radiation by serving RF or laser as a medium

to carry radiated energy. These types of WPT are illustrated as follows [37]:

1. Inductive coupling: Inductive coupling is based on the principle of electromagnetic

induction. When an alternating current (AC) passing through a main coil, a sinu-

soidally varying magnetic field is generated that induces an AC in the coupled sec-

ondary coil, thus realising wireless power transfer. Although the transmission range of

inductive coupling is limited, its transmission efficiency is high if the coils are strongly

coupled with each other [38]. In addition, as the AC frequency increases, the efficiency

can be further improved [39]. This technology has been widely adopted for charging
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Figure 2.1: A typical MPT system [49].

mobile devices wirelessly such as laptops and smartphones, as well as in radio frequency

identification (RFID), implanted medical devices, electric vehicles [40,41], etc.

2. Resonant coupling: The circuit of resonant coupling is based on two resonators

satisfied the strongly coupled condition, i.e., they are tuned at the same resonant fre-

quency [42,43], thus offering robust transmission, higher efficiency and longer distance.

Meanwhile, resonant coupling can support several receive resonators with one single

transmit resonator, allowing multi-user WPT served by one AP [43].

3. RF radiation: Far-field WPT primarily employs microwaves in the frequency range

of 300 MHz to 300 GHz to carry radiation energy, which is also known as microwave

power transfer (MPT). In addition to its ability to propagate over long distances, RF

signals can penetrate obstacles such as walls, becoming the appealing option imple-

menting indoor WPT. Furthermore, APs such as base stations, radio stations, TV

towers, and even mobile phones can serve as energy sources for RF WPT [44]. Addi-

tionally, RF-based WPT offers mobility due to the small size and lightweight of the EH

systems [45] such that it is a favourable choice for applications in RFID and sensors.

A typical RF-based MPT system framework is shown in Figure 2.1.

4. Laser: Laser is another approach to transfer wireless energy in long-distance. After

being converted into a monochromatic light and shaped, the power-bearing laser can

form a beam and direct to the photovoltaic array at the receiver [46]. In practice,

laser power transfer (LPT) can reach very high accuracy, up to 1 µ rad in 500 m

transmission distance [47]. As such, LPT is proposed to apply in space mission [48].

The important characteristics of these WPT technologies are shown in Table 2.1.

Although non-radiative WPT technologies generally exhibit higher efficiency and safety,
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Table 2.1: Characteristics of different WPT technologies, adapted from [52,53]

Inductive coupling
Resonant

coupling
RF radiation Laser

Category Non-radiative (near-field) Radiative (far-field)

Power transfer W to hundreds of kW Hundreds of W Tens of kW MW

Range cm m Tens of km Tens of km

Frequency kHz kHz to MHz GHz THz

Efficiency Very high High Low to medium Low to midium

Biological Impact Minor Midium Significant Significant

their limited operating distance restricts their wide implementations. In practical SWIPT

applications, it is common for devices to be located several tens of meters away from the

AP. Therefore, radiative WPT technologies with longer transmission distances become

preferable choice. Between microwave and laser, it should be noted that the performance

of lasers is sensitive to weather and air quality, and their transmission efficiency and range

would significantly reduce during rainy, snowy, foggy, and poor air quality conditions [50].

In addition, laser-based WPT requires strict line-of-sight (LoS) conditions between the

devices and AP [51], which is difficult to achieve in modern cities with buildings and

skyscrapers. Therefore, RF radiation is almost the most proper WPT method in SWIPT

due to its overall reliability and practicality.

2.1.2 SWIPT Concept

In addition to serving as an energy carrier for WPT, RF signals have been widely adopted

for information transmission for decades. The characteristic of RF signals, which allows

them to carry both information and energy, has led to the development of a technology

that supports transfer both information and energy at the same time, known as SWIPT.

The concept of SWIPT was first proposed by [54], by which discussed the trade-off

between information rate and harvested energy under a flat fading channel, while [55] anal-

ysed that under a frequency-selective channel. However, SWIPT was not implemented in

practice at that time due to the significant difference in sensitivity between information

decoding (ID) and EH, i.e., -60 dBm and -10 dBm, respectively [56], the modulated infor-

mation of received signal cannot be extracted after performing EH. Therefore, researchers

have proposed various schemes to split between the ID and EH processes at the receivers.
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Figure 2.2: Structures of four described SWIPT receivers. (a) Separated receiver; (b)

Time switching; (c) Power splitting; (d) Antenna switching. αi, βi, T , i, denote the time

switching factor, power splitting ratio, transmission block duration and antenna index,

respectively [57].

Four common architectures are shown in Figure 2.2.

1. Separated receiver: In the separated receiver structure, a multi-antenna transmit-

ter simultaneously serves multiple single-antenna receivers. The receivers are spatially

separated and can observe different channels. This method perform EH or ID from the

broadcast transmitted signal concurrently and independently [58]. The hardware com-

plexity of this architecture is minimal, while maximising the EH efficiency. However,

due to the separation of different receivers, it requires a larger footprint.

2. Time switching: The time switching (TS) technique allows the receiver to switch

between information decoding and energy harvesting in a synchronised manner, per-

forming information decoding or energy harvesting in one time slot by exploiting the

entire received signal. This approach can significantly improve the energy efficiency

and exhibits a simple hardware implementation, but an accurate time synchronisation

information is required [59].

3. Power splitting: Power splitting (PS) divides the received signal into two streams of
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different power levels, with one stream is exploited for energy harvesting and the other

for information decoding [56]. In fact, PS can realise instantaneous SWIPT, which

is well-suited for applications with strict requirements on time delay, and is close to

the theoretical optimal performance [60]. Nevertheless, PS demands the optimisation

of the PS ratios, bringing increased complexity and making it less favourable for low-

power and low-complexity devices [59].

4. Antenna switching: Antenna switching (AS) divides the received antennas into two

groups, each of which perform ID or EH separately. It can be considered as a special

case of PS, in which each antenna has a binary PS radio. AS requires neither any

time synchronisation nor extra hardware complexity compared to TS and PS and has

become the structure of ideal receivers in practice [61].

Each of the four different receiver architectures has its own strengths and limitations

that has been applied in various SWIPT systems depending on the specific scenario and

requirements. In this thesis, we primarily focus on the performance of multiple receivers

within a single time slot, and therefore choose to employ the separate receiver architecture.

2.1.3 EH Model

Once the RF signals are transmitted successfully through the wireless medium to the

receiver, they must be converted into direct current (DC) electric power for future use.

This process is known as EH. To quantify the system performance of EH, it is necessary

to consider the relationship between the RF-DC conversion efficiency and the input power

level of the EH circuit. Two commonly-used EH models are shown as follows:

1. Linear model: In the traditional linear EH model, a fixed conversion efficiency con-

stant is obtained by measuring and curve fitting the collected DC power [62]. In this

case, the conversion efficiency is independent to the input power and the DC power

collected by the EH circuit is linearly proportional to the input. This model is simple

and widely used in early SWIPT systems for resource allocation algorithm design and

system performance analysis [63]. In practice, when the received RF power is small,

e.g., in the order of microwatts (µW) or milliwatts (mW), the total harvest power at

an energy harvesting circuit is linearly proportional to its input power [64, 65]. The
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specific power threshold may vary depending on the circuit design and environmental

conditions.

2. Non-linear model: However, in practical RF-based EH systems, a rectenna, which

consists of an antenna and a rectifier, is widely employed [62]. In the rectifier, the

diodes may suffer reverse breakdown phenomenon at high input powers and the impedance

also varies with frequency and input power [66], resulting in significant losses and sub-

sequent reduction in the conversion efficiency. In practice, a generalised non-linear EH

model proposed by [67,68] is commonly used:

ΦPractical
ERj

=

[
ΨPractical

ERj
−MjΩj

]
1− Ωj

, Ωj =
1

1 + exp(ajbj)
, (2.1)

ΨPractical
ERj

=
Mj

1 + exp
(
−aj(PERj

− bj)
) , (2.2)

where aj and bj are constant related to specific circuit hardware, which can be easily

measured. Once the EH circuit is fabricated, Mj is the maximum harvested energy in

the saturated circuit, ΨPractical
ERj

is a logistic function related to the received RF power

PERj
. Ωj is a constant to guarantee the model satisfies zero-input zero-output [67].

The benefit of this model lies in its ability to strike a good balance between mod-

eling accuracy and feasibility. The non-linear model is generally applicable to all

rectifier-based circuits with different hardware configurations, and it allows more pre-

cise analysis to be performed. However, it introduces complexity to algorithm design

and performance analysis.

2.2 IRS Technology

In current wireless communication systems, the propagation of information-carrying sig-

nals are frequently impacted by buildings, obstacles, and other sources of interference,

resulting in attenuation and multipath effects. Additionally, traditional optimisation

methods for wireless networks are unable to fully utilise channel resources and achieve the

optimal performance due to the difficulty in obtaining channel state information (CSI).

Moreover, the complexity, energy consumption and hardware cost when performing dense

active nodes in modern network become key issues in practical systems [69]. These issues
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Figure 2.3: A typical IRS architecture [72].

pose additional challenges to the further development and performance enhancement of

existing wireless communication systems. Indeed, IRS is an effective solution to address

the aforementioned issues, due to its ability of reconfiguring wireless channels, low cost

and small footprint.

IRS is a planar array consisting of large amounts of reconfigurable passive elements

(e.g., diodes, printed dipoles, and phase shifters [70, 71]), where each element is capable

of producing controllable amplitude, phase and/or polarisation variations to the incident

signal independently, thus collaboratively altering the propagation characteristic of the

reflected signal, improve the received signal power or reduce interference, and reshape the

channel between transceivers. The structure of an IRS is shown in Figure 2.3.

IRSs enjoy numerous advantages. For instance, by utilising beamforming, an IRS

can reshape the wireless channel by independently adjusting the amplitude and/or phase

of each reconfigurable element, which allows constructive superposition of the reflected

signal to enhance received signal power and system performance [73], or destructive su-

perposition to reduce interference and improve information security [74]. Moreover, IRSs

are small, lightweight and low-cost, making their large-scale deployment easily and flex-

ibly [75]. Additionally, IRS can be seamlessly integrated into existing communication

systems, making it highly compatible with current wireless networks [76]. Some typical

IRS applications are shown in Figure 2.4.

14



Figure 2.4: Some typical applications of IRS [72].

Due to these significant benefits, IRS has received considerable attention since its emer-

gence. However, the main focus was on passive IRS in early research for not realising the

full potential of IRS. Recently, researchers have proposed the concept of active IRS, which

achieves significant improvements in spectral efficiency [77], energy efficiency [78], and re-

liability [79], but only increases energy consumption and hardware complexity slightly.

The two types of IRS are shown as follows:

1. Passive IRS: Compared with half-duplex active relays, passive IRS operates in full-

duplex mode and has higher spectral and energy efficiency [76]. By adapting the

passive reflecting elements, passive IRS can adjust the phase and amplitude (no larger

than 1) of the reflected signal. However, due to the double path loss effect [80], the

equivalent path loss of the base station (BS)-IRS-receiver is always larger than that

of LoS path in practice [81], severely impacting the system performance of passive

IRS. Two methods can be performed to address this issue. The first is to increase

the number of reflecting elements for form a massive IRS. However, this approach

introduces higher cost and larger physical size. The second is to deploy passive IRS
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closer to the transmitter and/or receiver, which imposes higher requirements on the

spatial deployment of IRS [82]. Both methods are only suitable for specific scenarios

due to their large size or stringent location, making them challenging to implement in

practice.

2. Active IRS: Active IRS is normally equipped with active reflection amplifiers (e.g.,

tunnel diode and negative impedance converter) [83]. Compared to passive IRS, active

IRS can not only alter the phase of the input signal, but also amplify its amplitude,

meanwhile provides higher transmission rate [84], more degrees-of-freedom (DoF), and

more accurate reflecting beamforming [85]. It can also compensate the “double path

loss” without introducing extremely high hardware complexity [81]. In contrast to

amplify-and-forward (AF) relays, which operate in half-duplex mode and utilise RF

chains for signal reception, amplification, and transmission, active IRS operates in full-

duplex mode by amplifying and reflecting the signal simultaneously [69, 86]. Active

IRS performs better in terms of spectral and energy efficiency, cost, and time.

On the other hand, active IRS also has certain drawbacks. Different from passive IRS

which does not incur additional thermal noise, the active IRS will impose non-negligible

thermal noise at every reflecting element and amplify it along with signal, leading to

lower SINR [87]. Additionally, active IRS necessitate extra power to amplify the signal,

resulting in relatively less number of reflecting elements comparing with passive IRS

for a fixed power budget. This, in turn, may lead to a lower reflected signal. Therefore,

the trade-off between increasing the reflecting signal and reducing noise, and the trade-

off between amplification power for each reflecting element and the total number of

reflecting elements, are crucial considerations in the design of active IRS [77].

2.3 Physical Layer Security

Information security is a crucial consideration in wireless communication systems, SWIPT

included. Due to the broadcasting nature of wireless channels, the information signals of a

SWIPT system can also be received by the EUs and other unintended receivers, which are

potential eavesdroppers, and thus leading to information leakage. Traditionally, cryptog-

raphy and other higher layer protocols and approached are performed as communication

security measures. However, in cryptography, an additional secure channel needs to be
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established between the transmitter and the legitimate receiver to provide the receiver

with certain private keys [88], which can be challenging or even impossible to achieve in

mobile or unstructured networks [89]. In addition, the encryption and decryption process

brings calculating complexity and time delay, leading to significant energy consumption

and transmission time [90].

Recently, physical layer (PHY) security has been recognised as a promising approach

for achieving information security in wireless communication. It cleverly exploits the vul-

nerabilities of wireless communication, such as fading, noise, and interference, to degrade

the signal quality at potential eavesdroppers [91]. In the seminal work of information

security, the channel between the transmitter and the legitimate receiver is denoted as

the main channel, while the channel between the transmitter and the eavesdropper is

denoted as wiretap channel [92]. The essence of PHY security is to maximise the differ-

ence in capacity between these two channels [93]. Simultaneously increasing the signal

received by legitimate receivers and decreasing the signal received by eavesdroppers seem

to be the most intuitive approach. However, this strategy is not always viable in SWIPT.

In SWIPT, the EUs are generally regarded as potential eavesdroppers [91]. When the

power of information signal is increased to achieve higher data rates, the EUs would also

receive a stronger information signal strength, thus compromising information security.

Therefore, the trade-off between PHY security and information rate needs to be carefully

considered in SWIPT.

2.4 Previous Work

IRS-aided SWIPT has become a promising wireless communication technology due to its

ability to simultaneously transfer energy and signals to multiple users with high efficiency.

The introduction of IRS can equip the upcoming 6G systems to satisfy the requirements of

dense device coverage, high transmission rate, high energy endurance, and may be widely

deployed in the upcoming era of 6G. Inspired by these potential gains, numerous research

works have been devoted to the design and system performance optimisation of IRS-aided

SWIPT systems. In the following, we outline the corresponding literature review.

Transmit beamforming (also known as transmit precoding) and reflecting phase shift

at the IRS are two most commonly optimised variables for improving system performance.
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By optimising these two variables, the authors of [94] considered an IRS-aided SWIPT op-

timisation problem for the first time. With the consideration of total transmit power and

the minimum SINR constraints of the IUs, the maximisation of the weighted sum-power

problem was addressed. The problem was optimised by performing AO and semidefinite

relaxation (SDR). These two methods are also frequently employed in solving subsequent

problems of similar systems. Since then, different optimisation problems based on IRS-

aided SWIPT emerged. Similarly, in [95], the authors maximised the weighted sum-rate

subject to the total transmit power and minimum harvested energy at the EUs, applied

the block coordinate descent (BCD) to decouple the complex problem into several sub-

problems, and solve them alternately. The authors of [96] minimised the total transmit

power at the AP subject to SINR of IUs and harvested energy of EUs (i.e., QoS). The

problem was decoupled and solved by employing penalty-based methods and AO. The

achievement of max-min power at the EUs subjected to total transmit power and SINR

was presented in [97]. Also, [98] studied the max-min energy efficiency under a non-linear

EH model and PS receiver.

The information security of the IRS-aided SWIPT system is also an important indi-

cator that needs to be taken into consideration. In [99], the authors introduced artificial

noise (AN) to guarantee the QoS and the information security simultaneously for the first

time, in which the energy efficiency was maximised by optimising the transmit beamform-

ing, phase shift, and additionally the AN, and a non-linear EH model was performed to

achieve more accurate optimisation. [100,101] adopted separate and PS receivers, respec-

tively, while both of these papers considered the maximum secrecy rate can be achieved

subject to total transmit power and individual energy at the EUs.

As the transmission power of the transmitter is limited, the information signal and en-

ergy signal cannot increase indefinitely. Therefore, there is a crucial trade-off between the

information rate and the harvested energy. For instance, in [102], the authors considered

the trade-off between sum-rate and sum-power by creating a multi-objective optimisation

(MOOP) framework. The problem was simplified into a single-objective optimisation

(SOOP) problem, and optimised by majorise-minimisation (MM) and inner approxima-

tion (IA). In another system equipped with a PS receiver described in [103], the PS ratio

was also served as an optimisation variable. This article analysed the trade-off between

data rate and harvested energy. To handle this problem, MM, AO and SDR were utilised.
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On the other hand, various researchers have taken a different approach and made

improvements on the IRS. For instance, in [33], a massive IRS was partitioned into several

tiles. Several different IRS channel models was introduced. The authors minimised the

transmit power by operating different transmission mode of the IRS subjected to various

QoSs. In particular, branch-and-bound (BnB) approach was adopted to solve this complex

problem optimally at the expense of exceedingly high computational complexity.

However, in practice, due to double path loss effect and the difficulty of implementing

massive IRS, active IRS has been introduced into IRS-aided SWIPT system to compensate

the path loss in recent years. [32] and [104] studied two active-IRS aided SWIPT systems

with separated receivers and PS receiver, respectively. Although the system structures,

proposed problems, constraints and approaches vary, both of these works proved the per-

formance improvement brought by active IRS. We summarise the aforementioned works

on IRS-aided SWIPT and list them in Table 2.2.

As can be seen from the previous works, the majority of the IRS-aided SWIPT re-

search is based on passive IRS, while the research on active IRS, as a promising emerging

technology, has not been sufficiently explored. Meanwhile, when taking information secu-

rity into consideration, most researchers introduced AN and maximise the secrecy rate to

achieve information security. Although the introduction of AN may confuse eavesdrop-

pers, the interference received by the IUs brought by AN will also increase and the SINR

at the IUs may be affected. Moreover, in extreme cases, the channel capacity between the

transmitter and the eavesdropper can be large. However, as long as the channel capacity

between the transmitter and the receiver is larger, the secrecy rate can still be high. In

this case, the potential information leakage to the eavesdropper can still compromise in-

formation security. Thus, in this thesis, we consider an active IRS-aided SWIPT system,

in which information security is guaranteed by limiting the SINR of EUs for decoding

information of IUs.
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Table 2.2: Summary of literature review

Ref Variables Objectives Constraints
Receiver

type

IRS

type

EH

model
Approaches

[94]
Transmit beamforming,

reflection phase shifts

Maximize

the weighted

sum-power

Total transmit

power,

individual SINR

Separate Passive Linear AO, SDR

[95]
Transmit beamforming,

reflection phase shifts

Maximize

the weighted

sum-rate

Total transmit

power,

total harvested

power

Separate Passive Linear BCD, AO

[96]
Transmit beamforming,

reflection phase shifts

Minimize

the transmit

power

individual SINR,

total harvested

power

Separate Passive Linear
Penalty-based

method, AO

[97]
Transmit beamforming,

reflection phase shifts

Maximize

the minimum

power

Total transmit

power,

individual SINR

Separate Passive Linear AO, SDR

[98]

Transmit beamforming,

PS ratio,

reflection phase shifts

Maximize

the minimum

energy efficiency

Total transmit

power,

individual SINR,

individual energy

PS Passive Non-linear
Penalty-based

method, IA

[99]

Transmit beamforming,

AN covariance matrix,

reflection phase shifts

Maximize

the energy

efficiency

Total transmit

power,

individual SINR,

individual energy,

SINR at EU

Separate Passive Non-linear SDR, AO

[100]

Transmit beamforming,

AN covariance matrix,

reflection phase shifts

Maximize

the

secrecy rate

Total transmit

power,

individual energy

Separate Passive Non-linear

AO, SDR,

penalty-based

method

[101]

Transmit beamforming,

PS ratio,

reflection phase shifts

Maximize

the

secrecy rate

Total transmit

power,

individual energy

PS Passive Linear SDR, AO

[102]
Transmit beamforming,

reflection phase shifts

Jointly

maximize the

sum-power

and the

sum-rate

Total transmit

power,

individual SINR,

individual energy

Separate Passive Linear MM, IA

[103]

Transmit beamforming,

PS ratio,

reflection phase shifts

Maximize

the energy

efficiency

Total transmit

power,

PS ratio

PS Passive Non-linear
MM, AO,

SDR

[33]
Transmit beamforming,

transmission mode

Minimize

the transmit

power

Total transmit

power,

individual SINR,

individual energy

Separate Passive Non-linear BnB

[32]
Transmit beamforming,

reflection phase shifts

Maximize the

sum-power

& the

sum-rate

Total transmit

power,

individual SINR,

individual energy,

IRS consumption

Separate Active Linear
AO, SDR,

SCA

[104]

Transmit beamforming,

reflection phase shifts,

PS ratio

Minimize

the transmit

power

individual SINR,

individual energy,

IRS consumption

PS Active Non-linear
BCD, SDR,

SCA
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Chapter 3

System Model and Problem

Formulation

3.1 Signal Model

Figure 3.1: System model of an active IRS-aided SWIPT system.

In this thesis, we consider an IRS-aided SWIPT system consisting of an AP with NT

antennas, an IRS with N reflecting elements, KI IUs and KE EUs divided into two sets,

KI = {1, ..., KI}, and KE = {1, ..., KE}, respectively. The system model is depicted in

Figure 3.1. In each coherence time slot, the transmitted signal from the AP can be
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represented as

x =
∑
i∈KI

wis
I
i︸ ︷︷ ︸

Information signals

+
∑
j∈KE

vjs
E
j︸ ︷︷ ︸

Energy signals

, (3.1)

where wi ∈ CNT×1 and vj ∈ CNT×1 are the beamforming vectors for IU i, i ∈

{1, ..., KI}, and EU j, j ∈ {1, ..., KE}, respectively. sIi ∈ C and sEj ∈ C stand for

the information-bearing signal for IU i and the energy-carrying signal for EU j, re-

spectively. Without loss of generality, sIi and sEj are assumed to be independent and

identically distributed (i.i.d.) circularly symmetric complex Gaussian (CSCG) random

variables with zero mean and unit variance, denoted by sIi ∼ CN (0, 1),∀i ∈ KI , sEj ∼

CN (0, 1),∀j ∈ KE , and they are independent with each other. Since the maximum trans-

mit power at the AP is Pmax, the total transmit power constraint at the AP is given by

E{xHx} =
∑

i∈KI
∥wi∥2 +

∑
j∈KE
∥vj∥2 ≤ Pmax.

3.2 IRS-aided SWIPT System Model

On the other hand, to characterise the theoretical performance gain brought by an active

IRS, we assume that the CSI of all the channels is fully known at the AP. In practice,

various approaches, e.g., binary reflection method, machine learning and parallel fac-

tor decomposition [72, 105–108], can be adopted to acquire accurate CSI. The baseband

equivalent channels from the AP to IU i and that from the IRS to IU i are denoted by

hH
d,i ∈ C1×NT and hH

r,i ∈ C1×N , respectively. Similarly, the corresponding channels for EU

j are denoted by gH
d,j ∈ C1×NT and gH

r,j ∈ C1×N , respectively. Let C ∈ CN×NT denote

the equivalent channel matrix between the AP and IRS, Φ = diag(ϕ1, . . . , ϕN) ∈ CN×N

denote the reflection-coefficient matrix of the active IRS. In particular, ϕn = αne
jθn , n ∈

N ≜ {1, . . . , N}, where αn ≥ 0 and θn ∈ [0, 2π) represent the reflection amplitude and

phase shift of the n-th IRS element, respectively. Thus, the received signal at IU i can be

expressed as

yIi = hH
d,ix︸ ︷︷ ︸

Direct link

+hH
r,iΦ(Cx + z)︸ ︷︷ ︸
Reflected link

+ ni

=
(
hH

r,iΦC + hH
d,i

)
x + hH

r,iΦz + ni

= hH
i x + hH

r,iΦz + ni, ∀i ∈ KI ,

(3.2)
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where hH
i ≜ hH

r,iΦC + hH
d,i denotes the equivalent end-to-end channel from the AP to IU

i, z ∼ CN (0, σ2
zIN) denotes the noise introduced by the active IRS with σ2

z being the

corresponding noise variances, ni ∼ CN (0, σ2
i ) denotes the additive white Gaussian noise

(AWGN) at the receiver of IU i with a noise power of σ2
i . Then, the received SINR at the

i-th IU receiver is given by

SINRi =
|hH

i wi|2∑
k∈KI\{i}

|hH
i wk|2 +

∑
j∈KE

|hH
i vj|2 + σ2

z∥hH
r,iΦ∥2 + σ2

i

, ∀i ∈ KI . (3.3)

(3.3) shows that the reflection coefficient (i.e., amplitude and phase) of each element

in an active IRS can be adapted to the instantaneous CSI for manipulating the reflected

signals, thereby improving the signal reception at the IUs. To be specific, by adjusting

the reflection coefficient amplitude αn of each IRS element, the reflection signal can be

amplified to some extent to compensate for the signal attenuation in the two hops [32,33],

thereby increasing the received SINR at the IUs. Meanwhile, the phases of the reflected

signals can be adjusted by controlling the reflection coefficient phase θn for beamforming.

Thus, the weighted sum-information-rate of KI IUs is

R ({wi}, {vj},Φ) =

KI∑
i=1

ωi log2 (1 + SINRi) , (3.4)

where ωi ≥ 0 denotes the constant weight of the i-th IU capturing its priority. Meanwhile,

the active IRSs are equipped with reflection amplifier that can simultaneously reflect and

amplify signals. However, the power amplification of any practice amplifier is limited

due to finite power budget and the requirement of circuit stability [84, 109]. Indeed, the

specific amplification power constraint of an active IRS is given by [77]. However, in this

thesis, we mainly focus on the overall system performance of the IRS-assisted system,

rather than the specific circuit implementation of the active IRS. Therefore, a simplified

model of amplification power constraint is considered. Suppose that the maximum am-

plification power budget of the active IRS is defined as PA, the simplified amplification

power constraint is expressed as
∑

i∈KI
∥ΦCwi∥2 +

∑
j∈KE
∥ΦCvj∥2 +σ2

z∥Φ∥2F ≤ PA [32].

On a different note, similar to (3.2), the received signal at EU j is

yEj = gH
j x + gH

r,jΦz + nj, ∀j ∈ KE , (3.5)

where gH
j ≜ gH

r,jΦC + gH
d,j denotes the equivalent end-to-end channel from the AP to EU

j, nj ∼ CN (0, σ2
j ) denotes the AWGN at EU j. Thus, the received power at EU j is
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expressed by

Pj =
∑
i∈KI

|gH
j wi|2 +

∑
k∈KE

|gH
j vk|2 + σ2

z∥gH
r,jΦ∥2, ∀j ∈ KE . (3.6)

In this thesis, we consider a linear RF-to-DC conversion model with a conversion

efficiency of 0 ≤ ηj ≤ 1 at EU j [97]. Then, the harvested power is given by Ψlinear
j = ηjPj.

Moreover, information security is also an important indicator for measuring the QoS

of wireless communication systems. Due to the broadcast nature of wireless channels, the

receiver of an EU may also receive the information signal sent by the AP. Additionally, due

to the distinct power sensitivity of information receivers and power receivers, in practice,

the EUs are often in proximity to the AP, having a shorter signal propagation distance

and a stronger receiving signal. If the EUs are malicious, the information security of IUs

cannot be always guaranteed [91]. Therefore, the EUs should be considered as potential

eavesdroppers. In this thesis, to prevent the potentially eavesdropping of the information

signal by the EUs, we consider the SINR at EU j for decoding the information of IU i

which is given by

SINRi,j =
|gH

j wi|2∑
k∈KI\{i}

|gH
j wk|2 +

∑
j∈KE

|gH
j vj|2 + σ2

z∥gH
r,jΦ∥2 + σ2

i

, ∀i ∈ KI , j ∈ KE . (3.7)

3.3 Problem Formulation

In this thesis, the problem of interest is to maximise the weighted sum-information-rate

of the KI IUs subject to the total transmit power at the AP, the power consumption at

the active IRS, and the requirement of QoS for both the IUs and EUs, i.e., the SINR

of the IUs, the harvested energy of the EUs and the information security of the IUs.

Accordingly, the optimisation problem can be formulated as

(P1) : max
{wi},{vj},Φ

R ({wi}, {vj},Φ) (3.8a)

s.t.
∑
i∈KI

∥wi∥2 +
∑
j∈KE

∥vj∥2 ≤ Pmax, (3.8b)

∑
i∈KI

∥ΦCwi∥2 +
∑
j∈KE

∥ΦCvj∥2 + σ2
z∥Φ∥2F ≤ PA, (3.8c)

SINRi ≥ γmini , ∀i ∈ KI , (3.8d)

Ψlinear
j ≥ Eminj , ∀j ∈ KE , (3.8e)
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SINRi,j ≤ γtoli,j ,∀i ∈ KI , j ∈ KE , (3.8f)

where constraints (3.8b) and (3.8c) limit the maximal transmit power at the AP and the

amplification power at the active IRS, respectively. γmini > 0 and Eminj > 0 in constraints

(3.8d) and (3.8e), respectively, denote the minimal required SINR at IU i and the minimal

required power at EU j, respectively. γtoli,j represents the maximum tolerable SINR for

EU j to successfully decode the information of IU i.

It is difficult to solve the optimisation problem (P1) optimally due to its non-convexity.

The variables wi, vj, and Φ are intricately coupled together in objective function (3.8a),

constraints (3.8c) - (3.8f). As a compromised approach, we aim to acquire a high-quality

suboptimal solution to (P1), as will be detailed in next chapter.
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Chapter 4

Proposed Solution to the

Optimisation Problem

4.1 Proposed Algorithm

To efficiently address optimisation problem (P1), an effective approach is to decompose

the original problem into two subproblems and solve them alternately by performing

AO [19,110,111].

Problem Formulation (P1)

{wi}, {vj},Φ

Subproblem (Sub1SDR2)

{Wi}, {WE}

Subproblem (Sub2a)

{ϕ̄}

SDR; SCA SCA

AO Iteration

Figure 4.1: Algorithm flowchart.
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4.2 Subproblem: Optimisation of Transmit Beam-

forming

First, we consider the optimisation of {wi} and {vj} under given Φ. Due to the non-

convexity brought by the quadratic terms in problem (P1), we perform semi-definite

relaxation (SDR) [112] technique to solve this problem. First, we introduce the following

semi-definite matrices definition: Wi = wiw
H
i ⪰ 0, rank (Wi) ≤ 1,∀i ∈ KI , WE =∑

j∈KE
vjv

H
j ⪰ 0, rank (WE) ≤ min (M,KE) and D = CHΦHΦC. Based on this and

after dropping the rank constraints of {Wi}, WE, the subproblem of optimising transmit

beamforming {Wi}, WE can be formulated in the following form:

(Sub1SDR) : max
{Wi},{WE}

ωi log2

1 +
tr(hih

H
i Wi)∑

i∈KI\{i}
tr(hihH

i Wk) + tr(hihH
i WE) + σ̄2

i

 (4.1a)

s.t.
∑
k∈KI

tr(Wi) + tr(WE) ≤ Pmax, (4.1b)

∑
i∈KI

tr(DWi) + tr(DWE) ≤ P̄A, (4.1c)

tr(hih
H
i Wi)

γmini

−
∑

k∈KI\{i}

tr(hih
H
i Wk)− tr(hih

H
i WE)− σ̄2

i ≥ 0,

∀i ∈ KI , (4.1d)∑
i∈KI

tr(gjg
H
j Wi) + tr(gjg

H
j WE) ≥ Ēminj , ∀j ∈ KE , (4.1e)

tr(gjg
H
j Wi)

γtoli,j
−

∑
k∈KI\{i}

tr(gjg
H
j Wk)− tr(gjg

H
j WE)− σ̄2

i ≤ 0,

∀i ∈ KI , ∀j ∈ KE , (4.1f)

Wi ⪰ 0, ∀i ∈ KI , (4.1g)

WE ⪰ 0, (4.1h)

where σ̄2
i = σ2

z∥hH
r,iΦ∥2 + σ2

i ,∀i ∈ KI , P̄A = PA − σ2
z∥Φ∥2F , Ēminj =

Eminj

ηj
− σ2

z∥gH
r,jΦ∥2.

However, problem (Sub1SDR) is still non-convex since (4.1a) is non-concave. To easily

tackle this problem, we can rewrite this expression in the following simplified form:

ωi log2

1 +
tr(hih

H
i Wi)∑

k∈KI\{i}
tr(hihH

i Wk) + tr(hihH
i WE) + σ̄2

i
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=ωi log2

tr(hih
H
i Wi) +

∑
k∈KI\{i}

tr(hih
H
i Wk) + tr(hih

H
i WE) + σ̄2

i∑
k∈KI\{i}

tr(hihH
i Wk) + tr(hihH

i WE) + σ̄2
i


=ωi log2

tr(hih
H
i Wi) +

∑
k∈KI\{i}

tr(hih
H
i Wk) + tr(hih

H
i WE) + σ̄2

i


− ωi log2

 ∑
k∈KI\{i}

tr(hih
H
i Wk) + tr(hih

H
i WE) + σ̄2

i


=ωi

 A1︸︷︷︸
Concave

−B1︸︷︷︸
Convex

 , (4.2)

where

A1 = log2

tr(hih
H
i Wi) +

∑
k∈KI\{i}

tr(hih
H
i Wk) + tr(hih

H
i WE) + σ̄2

i

 , (4.3)

B1 = log2

 ∑
k∈KI\{i}

tr(hih
H
i Wk) + tr(hih

H
i WE) + σ̄2

i

 . (4.4)

Under this circumstance, the iterative SCA [113] technique can be employed to replace

the convex logarithmic term B1 with its first-order Taylor expansion. Let l denotes

the iteration index, {W(l)
i } and W

(l)
E represent the l-th feasible solution, and B

(l)
1 ≜

B1(W
(l)
i ,W

(l)
E ), the upper bound of term B1 can be expressed by

B1 ≤ B
(l)
1 + tr

(
∇H

Wi
B

(l)
1 (Wi −W

(l)
i )
)

+ tr
(
∇H

WE
B

(l)
1 (WE −W

(l)
E )
)
≜ B̃1, (4.5)

where

∇Wi
B1 =

hih
H
i( ∑

k∈KI\{i}
tr(hihH

i Wk) + tr(hihH
i WE) + σ̄2

i

)
ln 2

, (4.6)

∇WE
B1 =

hih
H
i( ∑

k∈KI\{i}
tr(hihH

i Wk) + tr(hihH
i WE) + σ̄2

i

)
ln 2

. (4.7)

With the upper bound of B1, problem (Sub1SDR) can be reformulated as

(Sub1SDR2) : max
{Wi},{WE}

ωi

(
A1 − B̃1

)
(4.8a)

(4.1b)− (4.1h) . (4.8b)

Problem (Sub1SDR2) is a standard semi-definite programming (SDP) problem, thus

can be solved by off-the-shelf convex optimisation solvers, e.g., CVX [114]. Assuming
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Algorithm 1 SCA-Based Optimisation for Subproblem 1

1. Initialise: Set iteration index l = 1, set Φ.

2. Repeat

3. For given W
(l)
i , W

(l)
E , solve subproblem (Sub1SDR2)

4. l← l + 1;

5. Until: Convergence of subproblem (Sub1SDR2) attained.

6. Output: Optimal Solution Set {W⋆
i } = {W(l)

i }, W⋆
E = W

(l)
E .

that the optimal solution to this subproblem is given by {{W⋆
i },W⋆

E}, we can propose

Algorithm 1 to solve this subproblem by employing SCA technique.

However, the solution was based on the assumption that rank(W⋆
i ) ≤ 1,∀i ∈ KI ,

rank(W⋆
E) ≤ 1. Only under this circumstance can we recover transmit beamforming

{wi}, {vj} by employing eigenvalue decomposition (EVD). Otherwise, the vector after

decomposition may not be feasible solution to the original optimisation problem. Thus,

the tightness of the SDR problem need to be further proven. We have the following

theorem.

Theorem 1: Assuming that (Sub1SDR2) is feasible for PA > 0, Pmax > 0, Eminj ≤

0, then it always has an optimal solution {{W⋆
i },W⋆

E} such that rank(W⋆
i ) ≥ 1,∀i ∈

KI , rank(W⋆
E) ≤ 1. i.e., SDR problem (Sub1SDR2) is tight.

Proof: Please refer to Appendix 1. ■

4.3 Subproblem: Optimisation of Reflection Coeffi-

cient Matrix

We then consider the optimisation of reflection coefficient matrix Φ under given {wi}

and {vj} obtained from the previous section. To effectively tackle this problem, we have

the definition of the following terms: Let ϕ = [ϕ1, . . . , ϕN ]H , ϕ̄ = [ϕ; 1] ∈ C(N+1)×1,

Hi =
[
diag

(
hH

r,i

)
C;hH

d,i

]
∈ C(N+1)×M , Gj =

[
diag

(
gH
r,i

)
C; gH

d,j

]
∈ C(N+1)×M , H̄i =

diag
([
hH

r,i, 0
])

diag ([hr,i; 0]) ∈ C(N+1)×(N+1), Ḡj = diag
([
gH
r,j, 0

])
diag ([gr,j; 0]) ∈
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C(N+1)×(N+1), F = diag ([11×N , 0]) ∈ C(N+1)×(N+1), C̄i =
[
CWiC

H ,0;0
]
∈ C(N+1)×(N+1),

C̄E =
[
CWEC

H ,0;0
]
∈ C(N+1)×(N+1).

Based on these definition, we have hH
i = hH

r,iΦC+hH
d,i = ϕ̄

H
Hi, g

H
j = gH

r,jΦC+gH
d,j =

ϕ̄
H
Gj, ∥hH

r,iΦ∥2 = ϕ̄
H
H̄iϕ̄, ∥gH

r,jΦ∥2 = ϕ̄
H
Ḡjϕ̄, ∥Φ∥2F = ϕ̄

H
Fϕ̄, ∥ΦCwi∥2 = ϕ̄

H
C̄iϕ̄.

Recall the objective function in the form of (4.2), where A and B are expressed in (4.3)

and (4.4), respectively. The objective function of the subproblem can be reformulated as:

(Sub2) : max
{ϕ̄}

ωi (A2 −B2) (4.9a)

s.t.
∑
i∈KI

ϕ̄
H
C̄iϕ̄ + ϕ̄

H
C̄Eϕ̄ + σ2

zϕ̄
H
Fϕ̄ ≤ PA, (4.9b)

ϕ̄
H
HiWiH

H
i ϕ̄ ≥ γmini · ∑

k∈KI\{i}

ϕ̄
H
HiWkH

H
i ϕ̄ + ϕ̄

H
HiWEH

H
i ϕ̄ + σ2

zϕ̄
H
H̄iϕ̄ + σ2

i

 ,

∀i ∈ KI , (4.9c)∑
i∈KI

ϕ̄
H
GjWiG

H
j ϕ̄ + ϕ̄

H
GjWEG

H
j ϕ̄ + σ2

zϕ̄
H
Ḡjϕ̄ ≥ Eminj , ∀j ∈ KE ,

(4.9d)

ϕ̄
H
GjWiG

H
j ϕ̄ ≤ γtoli,j · ∑

k∈KI\{i}

ϕ̄
H
GjWkG

H
j ϕ̄ + ϕ̄

H
GjWEG

H
j ϕ̄ + σ2

zϕ̄
H
Ḡjϕ̄ + σ2

i

 ,

∀i ∈ KI , j ∈ KE , (4.9e)[
ϕ̄
]
N+1

= 1, (4.9f)

where

A2 = log2

ϕ̄
H
HiWiH

H
i ϕ̄ +

∑
k∈KI\{i}

ϕ̄
H
HiWkH

H
i ϕ̄ + ϕ̄

H
HiWEH

H
i ϕ̄ + σ2

zϕ̄
H
H̄iϕ̄ + σ2

i

 ,

(4.10)

B2 = log2

 ∑
k∈KI\{i}

ϕ̄
H
HiWkH

H
i ϕ̄ + ϕ̄

H
HiWEH

H
i ϕ̄ + σ2

zϕ̄
H
H̄iϕ̄ + σ2

i

 . (4.11)

However, due to the convexity of −B2, the quadratic terms in the left hand side (LHS)

of (4.9c), (4.9d) along with the right hand side (RHS) of (4.9e), the subproblem is non-
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convex. To tackle this problem, we can replace these terms with their respective first-

order Taylor expansion by SCA technique. Since the first-order Taylor expansion of a

quadratic term ϕ̄
H
Qϕ̄ is given by ϕ̄

H
Qϕ̄ ≥ 2ℜ{ϕ̄H

Qϕ̄
(l)} − ϕ̄

(l)H
Qϕ̄

(l)
for a given

local feasible point ϕ̄
(l)

, where l is the iteration index, we define the following terms to

enhance notation simplicity: Q1 ≜ HiWiH
H
i , Q2 ≜ HiWkH

H
i , Q3 ≜ HiWEH

H
i , Q4 ≜

GjWiG
H
j , Q5 ≜ GjWkG

H
j , Q6 ≜ HiWEH

H
i , Ξ(l)

(
ϕ̄,Q

)
≜ 2ℜ{ϕ̄H

Qϕ̄
(l)} − ϕ̄

(l)H
Qϕ̄

(l)
,

Q ∈ {Q1,Q2,Q3,Q4,Q5,Q6, H̄i, Ḡj}. Consequently, we can reformulate these terms by

B̂2 = log2

 ∑
k∈KI\{i}

Ξ(l)
(
ϕ̄,Q2

)
+ Ξ(l)

(
ϕ̄,Q3

)
+ σ2

zΞ
(l)
(
ϕ̄, H̄i

)
+ σ2

i

 (4.12)

Ξ(l)
(
ϕ̄,Q1

)
≥ γmini

 ∑
k∈KI\{i}

ϕ̄
H
Q2ϕ̄ + ϕ̄

H
Q3ϕ̄ + σ2

zϕ̄
H
H̄iϕ̄ + σ2

i

 ,

∀i ∈ KI , (4.13a)∑
i∈KI

Ξ(l)
(
ϕ̄,Q4

)
+ Ξ(l)

(
ϕ̄,Q6

)
+ σ2

zΞ
(l)
(
ϕ̄, Ḡj

)
≥ Eminj , ∀j ∈ KE , (4.13b)

ϕ̄
H
Q4ϕ̄ ≤ γtoli,j

 ∑
k∈KI\{i}

Ξ(l)
(
ϕ̄,Q5

)
+ Ξ(l)

(
ϕ̄,Q6

)
+ σ2

zΞ
(l)
(
ϕ̄, Ḡj

) ,

∀i ∈ KI , j ∈ KE . (4.13c)

Then, problem (Sub2) can be reformulated as

(Sub2a) : max
{ϕ̄}

ωi

(
A2 − B̂2

)
(4.14a)

(4.9b) , (4.9f) , (4.13a)− (4.13c) . (4.14b)

Problem (Sub2a) is a convex quadratically constrained quadratic program (QCQP) prob-

lem, which can be solved by current convex optimisation solver, e.g., CVX [114]. Let

{ϕ̄} denotes the optimal solution set to this subproblem, we can design the following

SCA-based Algorithm 2 to solve this subproblem.

4.4 Overall Algorithm

By combining the aforementioned two algorithms, we propose a comprehensive AO algo-

rithm to solve the original problem by alternatively solve (Sub1SDR2) and (Sub2a). Let p
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Algorithm 2 SCA-Based Optimisation for Subproblem 2

1. Initialise: Set iteration index l = 1.

2. Input: {W⋆
i }, W⋆

E

3. Repeat

4. For given ϕ̄
(l)

, solve subproblem (Sub2a);

5. l← l + 1;

6. Until: Convergence of subproblem (Sub2a) attained.

7. Output: Optimal Solution Set {ϕ̄} = {ϕ̄(l)}.

denotes the obtained objective value, the overall procedure is summarised in Algorithm

3.

Algorithm 3 Alternating Optimisation Algorithm

1. Initialise: Set iteration index l = 1.

2. Input: Set a feasible ϕ̄
(1)

, set convergence tolerance ϵ;

3. Repeat

4. For given ϕ̄ = ϕ̄
(l)

, solve (Sub1SDR2) and get optimal solution W
(l)
i , W

(l)
E ;

5. For given Wi = W
(l)
i , WE = W

(l)
E , solve (Sub2a) and get optimal solution

ϕ̄
(l+1)

;

6. i← i + 1;

7. Until: Convergence obtained or p(l+1)−p(l)

p(l+1) ≤ ϵ.

8. Output: ϕ̄ = ϕ̄
(l)

, Wi = W
(l)
i , WE = W

(l)
E .
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Chapter 5

Simulation Results

In this chapter, we conduct simulation based on MATLAB to verify the proposed al-

gorithm in the previous chapter. We investigate the relationship between the weighted

sum rate of IUs and the maximum transmit power at the AP, as well as the number of

reflecting elements of the IRS. We consider an active IRS-aided SWIPT system with 4

IUs and 1 EU, while the remaining system parameters are shown in Table 5.1.

Table 5.1: System parameters

Minimal required SINR at IU γmin = 10 dB

Minimal required power at EU Emin = 1 µW

Maximum tolerable SINR at EU γtol = 0 dB

Maximum transmit power Pmax = 23 dBm

Maximum amplification power at IRS PA = 36 dBm

System bandwidth BW = 180 Hz

Carrier frequency fc = 2.1 GHz

Distance between AP and IUs dAP−IU = 300 m

Distance between AP and EU dAP−EU = 10 m

Distance between AP and IRS dAP−IRS = 150 m

Distance between IRS and IUs dIRS−IU = 150 m

Distance between IRS and EU dIRS−EU = 140 m

Transmit antenna gain Gt = 0 dB

Received antenna gain Gr = 0 dB
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IRS noise power σ2
z = -100 dBm

AWGN noise power σ2
i = -110 dBm

RF-DC efficiency η = 0.8

Convergence tolerance ϵ = 10−3

Path loss exponent n = 3.6

5.1 Average Weighted Sum Rate versus the Maxi-

mum Transmit Power

Figure 5.1: Average weighted sum rate versus the maximum transmit power.

Figure 5.1 illustrates the relationship between the average weighted sum rate of IUs and

the maximum transmit power at AP for different numbers of antennas of the transmitter.

It can be observed that the rate increases consistently with the growth of maximum

transmit power. This can be attributed to the elevated received signal strength at each

IU due to higher transmit power, which enhances their individual SINR and consequently

leads to a higher information transmit rate.
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Furthermore, it can be seen that a larger number of transmitter antennas substantially

enhances the average weighted sum rate. This is because an increased number of antennas

introduces additional DoF, thereby enhancing the spatial efficiency and channel gain of

the communication system.

However, from the gap between the three curves, it is evident that with the same

transmit power, the average weighted sum rate does not exhibit a proportional increase

with a multiplicative number of transmit antennas. This phenomenon arises due to the

diminishing gain when the number of antennas increases, limited transmit power con-

straint, which in turn, reduces the allocated power per antenna, subsequently leading

to a reduction in signal strength. Additionally, the decreasing spacing between adjacent

antennas strengthens spatial correlation, consequently impeding the potential growth of

system performance.

5.2 Average Weighted Sum Rate versus the Number

of IRS Elements

Figure 5.2: Average weighted sum rate versus the number of IRS elements.
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Figure 5.2 depicts the relationship between the average weighted sum rate and the num-

ber of IRS elements. The rate demonstrates an increase with the growing number of

IRS elements. However, it exhibits diminishing returns as the quantity of IRS elements

continues to rise. The growth of average weighted rate implies that deploying a sub-

stantial number of low-cost IRS elements can significantly enhance system performance

within a specific number range of IRS elements. More IRS elements can amplify the

signal strength of the reflective link, thereby establishing a more favourable propagation

environment and providing additional DoF for resource allocation. However, the dimin-

ishing returns also indicates the presence of an upper bound on the system performance

enhancement achieved by solely increasing the number of IRS elements. This limitation

arises because, as the number of IRS elements increases, not only the desired signal but

also the interference from other users and the noise introduced by IRS are amplified,

resulting in a diminishing growth rate of the overall system performance.

Thus, to attain further improvements in system performance, joint optimisation of

multiple parameters is necessary. Moreover, though the cost of IRS elements and power

consumption of active IRS may be relatively low, the cumulative cost and power consump-

tion can be significant when massive IRS was employed. Therefore, there is a trade-off

between system performance and the quantity of IRS elements deployed.
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Chapter 6

Conclusion

In this thesis, we investigated the resource allocation algorithm for an active-IRS aided

SWIPT system. Specifically, we focused on maximising the weighted sum transmission

rate of the system subject to constraints on the maximum transmit power at the trans-

mitter, maximum reflective power at the IRS, minimum required SINR at IUs, minimum

harvested energy at the EUs, and information security at the IUs.

To effectively tackle this problem, AO, SDR, and SCA techniques were employed. The

effectiveness of resulting resource allocation algorithm was validated through MATLAB

simulations, and the relationship between the average weighted rate at IUs and the trans-

mit power, as well as the number of IRS elements, were discussed. The simulation results

demonstrated that an increase in the number of low-cost and easily deplorable IRS ele-

ments can effectively enhance system performance within a certain number. IRS might

be a key method to enhance QoS in the forthcoming 6G era.

On the other hand, there are a few possible future research directions inspired by this

thesis. For instance, we assume that the CSI of all the channels is fully known at the AP

in this thesis. However, in practical communication systems, the IRS cannot modulate

and demodulate signals, acquiring accurate CSI at an IRS is challenging since it does

not equip with advanced signal processing ability and active RF chains. Moreover, this

thesis adopts a simplified amplification power constraint for the IRS and a linear RF-

to-DC conversion model, while non-linear energy harvesting characteristic of EH circuits

should be considered. Additionally, we only investigate a single IRS scenario in this

thesis. However, numerous researches had proposed the effectiveness of adopting double

or more IRSs of enhancing the QoS of communication systems [115, 116]. In additional,
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the notion of IRS and SWIPT can also be applied to the emerging integrated sensing and

communication which paves the way for the development of next generation perception

networks with numerous of IoE devices [117,118]. Consequently, there remains significant

potential for further exploration in IRS-aided SWIPT systems.
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Appendix 1

We aim to prove the tightness of problem (Sub1SDR2). (Sub1SDR2) is a convex problem,

thus all constraints satisfy Slater’s condition, strong duality holds, and optimal solution

satisfies Karush-Kuhn-Tucker (KKT) conditions [119]. We first express the Lagrangian

function of this problem:

L = ωi

(
A− B̃

)
+ λ1

(∑
k∈KI

tr(Wi) + tr(WE)− Pmax

)

+ λ2

(∑
k∈KI

tr(DWi) + tr(DWE)− P̄A

)

+ λ3i

 ∑
k∈KI\{i}

tr(hih
H
i Wk) + tr(hih

H
i WE) + σ̄2

i −
tr(hih

H
i Wi)

γmini


+ λ4j

(
Ēminj −

∑
i∈KI

tr(gjg
H
j Wi)− tr(gjg

H
j WE)

)

+ λ5i

tr(gjg
H
j Wi)

γtoli,j
−

∑
k∈KI\{i}

tr(gjg
H
j Wk)− tr(gjg

H
j WE)− σ̄2

i


−
∑
i∈KI

tr(Λ1Wi)

− tr(Λ2WE) (A1.1)

where λ1, λ2, λ3i, λ4j, λ5i,Λ1 and Λ2 are the corresponding Lagrange multipliers of con-

straints (4.1b) to (4.1h), respectively. The Lagrange dual function is given by

g(λ1, λ2, λ3i, λ4j, λ5i,Λ1,Λ2) = inf L (A1.2)

And then, the KKT conditions can be expressed by

K1: λ⋆
1 ≥ 0, λ⋆

2 ≥ 0, λ⋆
3i ≥ 0, λ⋆

4j ≥ 0, λ⋆
5i ≥ 0,Λ⋆

1 ⪰ 0,Λ⋆
2 ⪰ 0
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K2: Λ⋆
1W

⋆
i = 0,Λ⋆

2W
⋆
E = 0

K3: ∇Wi
L(W⋆

i ) = 0,∇WE
L(W⋆

E) = 0 (A1.3)

where λ⋆
1, λ

⋆
2, λ

⋆
3i, λ

⋆
4j, λ

⋆
5i,Λ

⋆
1 and Λ⋆

2 are dual optimal. Expand ∇Wi
L(W⋆

i ) = 0 of K3, we

can obtain the Lagrange multiplier Λ⋆
1 as

Λ⋆
1 = λ⋆

1IM −E⋆, (A1.4)

where E⋆ denotes all other terms with respect to λ⋆
2, λ

⋆
3i, λ

⋆
4j, λ

⋆
5i and Λ⋆

2. Based on

complementary slackness (K2), we can conclude that the space spanned by {W⋆
i } is

a null space of {Λ⋆
1}. Consequently, we can apply the rank-nullity theorem to obtain

rank(W⋆
i ) + rank(Λ⋆

1) = M . Let λmax represents the maximum eigenvalue of E⋆, we now

consider the following three scenarios [120]:

(1) In the case where λmax ≤ λ⋆
1, the matrix {Λ⋆

1} would then be a full-rank matrix.

Consequently, from complementary slackness (K2), we deduce that rank(W⋆
i ) = 0, which

conflicts with the minimum SINR requirement γmini > 0.

(2) If λmax ≥ λ⋆
1, Λ

⋆
1 ⪰ 0 can no longer be satisfied.

(3) Therefore, we conclude that λmax = λ⋆
1, which yield in rank(Λ⋆

1) = M − 1. Conse-

quently, it follows that rank(W⋆
i ) ≤ 1,∀i ∈ KI .

Thus, we have successfully demonstrated that rank(W⋆
i ) ≤ 1,∀i ∈ KI . The proof of

rank(W⋆
E) ≤ 1 is similar and thus can be omitted. Based on the above analysis, problem

(Sub1SDR2) is proven to be tight.
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