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ABSTRACT

The rapid evolution of wireless communication technologies toward beyond-5G (B5G)

and sixth-generation (6G) networks has unlocked a new era of massive connectivity and

intelligent automation, where billions of Internet-of-Things (IoT) devices are expected to

reshape the application areas ranging from remote environmental monitoring to precision

agriculture. Such areas require the self-sufficiency of IoT devices with higher data rate and

energy harvesting (EH) solutions that are convenient, safe, uninterruptible and flexible. The

conventional EH options like wind, solar, etc., are highly unpredictable, thus harnessing

radio frequency (RF) electromagnetic (EM) waves and convert them to usable direct current

(DC) serves our purpose.

In this context, Simultaneous Wireless Information and Power Transmission (SWIPT)

has emerged as a promising approach capable of jointly delivering information and RF

energy to wireless devices, having potential to reduce the need for frequent battery replace-

ment. When extending the coverage of SWIPT receivers, a green communication solution

lies in integration of SWIPT with Reconfigurable Intelligent Surfaces (RIS) technology. RIS

has gained considerable attention due to its ability to intelligently manipulate the wireless

propagation environment, thereby significantly enhancing the communication reliability and

energy efficiency (EE). Motivated by these advancements, this thesis presents a comprehen-

sive investigation of RIS-assisted SWIPT systems for next-generation IoT-enabled wireless

networks under practical deployment constraints.

The first chapter of this thesis presents a comprehensive overview of the considered

research topic, which establishes the fundamental basis for the subsequent studies. It high-

lights the key contributions of the thesis, discusses about the adopted optimization tools,

and provides a structured outline of the overall organization of the work. Following this, a

detailed overview of SWIPT, RIS technology and their advanced integration into the wire-

less communication systems is provided. Fundamental concepts, practical EH models, and

RIS hardware variants are systematically discussed to establish the theoretical foundation

of the thesis. Furthermore, a case study on diverse areas of smart agriculture highlight-



ing the compatibility of RIS-assisted SWIPT-IoT with emerging technologies is presented.

Furthermore, the thesis work has been divided into four main research topics, summarized

as follows. Firstly, a multiple RIS-assisted SWIPT-IoT frameworks considering practical

hardware impairments is investigated, with distinct tri-optimization problems of data rate,

EH, and EE under Quality-of-Service (QoS) constraints using both time-switching (TS) and

power-splitting (PS) SWIPT protocols. Next, the system is advanced with multiple RIS-user

pair, dealing with joint rate-energy (R-E) optimization problem. Subsequently, the heart and

core of RIS system with active and passive beamforming optimization, considering multi-

user (MU) multiple-input single-output (MISO) systems is examined. Then, Simultaneously

Transmitting and Reflecting RIS (STAR-RIS) system is studied with energy splitting (ES)

and mode switching (MS) operational protocols, to provide full-space intelligent signal ma-

nipulation and extending coverage of RIS. Practical considerations such as discrete phase

shift (DPS) constraints, phase-dependent amplitude reflection, non-linear energy harvest-

ing (NL-EH) models, and imperfect channel state information (ICSI) are incorporated to

capture real-world deployment scenarios. To address the highly coupled and non-convex

optimization problems, several advanced optimization frameworks and algorithms are de-

veloped. Extensive numerical simulations are conducted to validate the effectiveness, ro-

bustness, complexity, latency and convergence behavior of the proposed algorithms under

varying system parameters. Lastly, the thesis concludes to provide a unified and practical

perspective on optimization, resource allocation, and hardware-aware design of RIS-assisted

SWIPT-IoT systems. Additionally, future research directions are highlighted for sustainable

and intelligent 6G wireless networks.

Keywords: Beamforming, Energy Efficiency (EE), Energy Harvesting (EH), Internet-

of-Things (IoT), Optimization Techniques, Reconfigurable Intelligent Surfaces (RIS),

Simultaneous Wireless Information and Power Transmission (SWIPT), Simultaneous

Transmitting and Reflecting RIS (STAR-RIS).
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Chapter 1

Introduction

The International Mobile Telecommunications (IMT)-2020 usage scenarios for beyond

5G (B5G) communications include Enhanced Mobile Broadband (eMBB), Ultra-Reliable

and Low Latency Communications (URLLC) and Massive Machine Type Communications

(mMTC) [5]. These impact the prospect rapid digital transformation of agriculture, driven

by the integration of advanced communication, sensing, and automation technologies aimed

at improving productivity, sustainability, and operational efficiency [6]. Advanced Internet-

of-Things (IoT) sensor nodes with embedded data analytics have made it possible to monitor

crops, soil, temperature, weather and livestock in real time, enabling data-driven decision-

making for better yield and resource management. The interconnection of millions of such

sensor nodes is the main characteristic of the mMTC technology. Such techniques are ex-

pected to be cost effective and have a very low battery drainage. For the energy storage de-

vice to last over an year post installation in an IoT system, efficient power-saving solutions

are desirable. However, existing wireless systems in rural and agricultural environments

face inherent challenges such as intermittent connectivity, high device density, and limited

power availability [7].

The concept of Energy Harvesting (EH) in Wireless Communication Networks repre-
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sents an approach that enables the devices to replenish their batteries using external sources

of energy present in the surrounding environment. Renewable energy sources like solar,

wind, etc., are highly unpredictable and cannot be used for high Quality-of-Service (QoS)

centric applications due to their dependence on favorable environmental conditions. In such

a case, Simultaneous Wireless Information and Power Transmission (SWIPT) is a prudent

EH solution, where the terminal node batteries are charged from the received electromag-

netic (EM) radiations in a regulated manner [8]. Depending on the received RF power, en-

ergy conversion efficiency, and harvesting duration, SWIPT-enabled RF energy harvesting

can accumulate harvested energy from the nanojoule to microjoule range, which is suffi-

cient for many low-duty-cycle micro scale IoT devices employing modern ultra-low-power

CMOS technologies [9, 10].

The emergence of joint Reconfigurable Intelligent Surfaces (RIS) and SWIPT offers a

transformative solution to these limitations. RIS allows intelligent control over signal re-

flection, phase, and amplitude through programmable low cost metasurfaces. By adaptively

adjusting these parameters, nearly passive RIS can direct, focus, and strengthen wireless sig-

nals toward target devices, improving coverage, reducing path loss, mitigating interference,

and saving power [11]. In parallel, the SWIPT technology enables concurrent transmission

of energy and information over the same radio frequency (RF) signals [12]. This capability

allows the distributed IoT sensors, actuators, and communication nodes to harvest energy

from the ambient RF environment while maintaining a continuous data exchange. The

harvested energy can be used to power low-power sensors, communication modules, and

even small-scale controllers, leading to self-sustaining, and a maintenance-free operation.

The joint RIS-SWIPT framework thereby enables a ubiquitous coverage, enhanced energy

sustainability, and long-term operational autonomy, which are critical requirements for the

next-generation communication.
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To proceed, we provide an overview of the problem statement and main motivation in

Section 1.1, thesis objectives in Section 1.2 and major contributions in Section 1.3. A brief

discussion regarding optimization tools used is given in Section 1.4. Finally, we provide

details about the thesis organization and a chapter-wise summary in Section 1.5.

1.1 Problem Overview and Motivation

The emergence of 6G envisions a hyper-connected ecosystem, where billions of IoT

devices operate seamlessly, particularly in remote and energy-constrained smart agricultural

environments [7]. This intensifies the need for sustainable, energy efficient and reliable

wireless communication system. SWIPT has evolved as a promising solution to prolong the

lifetime of IoT device by enabling concurrent data transmission and EH [8]. However, the

SWIPT system often suffers from severe performance degradation due to signal blockage

and limited coverage in challenging propagation environment.

RIS has emerged as a transformative technology, controlling the propagation channel

through its nearly passive elements by phase adjustments, to enhance the signal quality,

coverage, and energy efficiency (EE) [13]. The advantages favor its integration with SWIPT-

enabled networks [14]. Despite these advantages, RIS-SWIPT systems introduce significant

challenges including, joint maximization of rate and energy, efficient resource allocation,

RIS surface scalability, and robustness under imperfect channel state information (CSI).

Furthermore, the reliance on ideal assumptions such as continuous phase shift (CPS) and

linear EH model limits the practical applicability, necessitating realistic modeling with dis-

crete phase shift (DPS), phase-dependent amplitude model for reflectivity and non-linear EH

(NL-EH) behavior [15]. These challenges are further intensified with system advancements

like multi-RIS, multi-antenna, multi-user and simultaneous transmitting and reflecting RIS

(STAR-RIS), which demands joint active-passive beamforming and efficient solution for
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highly coupled non-convex optimization problems [16], [17][18].

Motivated by the aforementioned challenges, this thesis focuses on developing opti-

mization frameworks for RIS-assisted SWIPT-IoT systems, targeting the key performance

metrics such as: data rate, harvested energy, EE, and transmit power. The work systemati-

cally investigates practical system model, including multiple RIS deployments with strategic

selection schemes, RIS-user pairing, DPS constraints, and sigmoid function based NL-EH

model. Subsequently, the RIS framework is extended to STAR-RIS for a full-space coverage

by utilizing energy-splitting (ES) and mode switching (MS) protocols [19].

Through the application of advanced optimization techniques including alternating op-

timization (AO), fractional programming and convex relaxation methods, this thesis aims to

bridge the gap between theoretical performance limits and practical constraints [20]. The

insights derived from this work contribute to the robust design, scalable, and energy effi-

cient next-generation wireless networks capable of supporting diverse IoT applications in

the real-world environments.

1.2 Major Objectives of this thesis

The objective of this thesis is to explore and develop advanced optimization techniques

to enhance the coverage, robustness, and overall performance of practically constraint RIS-

assisted SWIPT-enabled IoT systems. The core objectives are listed as follows.

Objective 1: To design and optimize a multi-RIS assisted SWIPT-IoT system for enhanced

performance.

Objective 2: To design and solve a fractional programming strategy for Rate-Energy (R-E)

optimization in RIS-assisted SWIPT-IoT system with multiple RIS-user pair.

4



CHAPTER 1. INTRODUCTION

Objective 3: To design and solve a joint active-passive beamforming optimization in RIS-

assisted SWIPT-IoT system with multiple users.

Objective 4: To design and optimize STAR-RIS aided SWIPT-IoT system.

The highlighted major contributions of the thesis will be discussed in next section.

1.3 Contributions and Main Highlights

In this thesis, we address several critical challenges, including low network coverage in

the remote locations, limited operational lifetime of IoT devices, channel reliability issues,

and constraints in resource allocation. To tackle these challenges, various system models

are investigated encompassing multiple RIS deployments with selection strategies, RIS-

user pairing, multi-user scenarios, multi-antenna systems with active beamforming, and

practical RIS beamforming designs. These models are analyzed with the aim of optimizing

key system parameters while maximizing or minimizing relevant performance metrics using

advanced convex optimization techniques. All the designed system models involve practical

sigmoid/logistic function based NL-EH analytical model. In this regard, a step-by-step

highlights on main contributions of this work are provided in Fig.1.1. The summary of the

principal contributions of this thesis are enumerated as follows.

Contribution I: The integration of multiple RIS units into SWIPT systems is studied in

chapter 3. Three distinct objectives of data rate, EH and EE are maximized under

the Time-Switching (TS) and Power-Splitting (PS) SWIPT protocols. Two types

of RIS selection strategies, namely, exhaustive RIS approach (ERA), and optimal

RIS approach (ORA), are analyzed and compared. The Karush-Kuhn-Tucker (KKT)

conditions, alternating optimization-based algorithm, and fractional programming

based Dinkelbach Transform is proposed to jointly optimize the TS or PS ratio and
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Figure 1.1: Main contributions of this thesis in a nut-shell.
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the transmit power. Numerical simulations are conducted to evaluate the system

performance highlight the R-E trade-off across different scenarios, considering

factors such as surfaces count, element count, separation distance, EH and data rate

demands. Additionally, the imperfect CSI is considered to analyze the performance

of the proposed system.

Contribution II: The combination of conflicting metrics of data rate and EH in RIS-

SWIPT systems is addressed in chapter 4 by introducing a weighted optimization

objective, aiming to jointly maximize the fractional utility function of data rate, EH,

and transmit power. This approach involves optimizing the PS ratios and transmit

power under practical phase-dependent amplitude model for each RIS element

reflectivity. To tackle these problems, fractional programming-based Dinkelbach and

Quadratic transform algorithms are proposed and compared with KKT conditions

based solutions. In addition, the impact of DPS on the RIS model is analyzed too.

Numerical results show that deploying more RIS elements and placing them closer

together enhances both the information rate and EH, whereas performance nearly

saturates with incremental DPS levels.

Contribution III: Considering a smart farming scenario, the integrated RIS-SWIPT

system is extended to support multi-antenna and multiple IoT users for enhanced

coverage with the corresponding performance is presented in chapter 5. Temperature

and moisture sensors use the PS-SWIPT protocol, while RIS performs passive

beamforming with hardware-constrained DPS. We intend to minimize the transmit

power by optimizing transmit beamforming, the RIS phase shift matrix, and the PS
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factor under QoS constraints. The developed complex non-convex sub-problems

are addressed using two methods: (i) a sub-optimal Zero-Forcing (ZF) approach,

and (ii) an optimal solution based on Semidefinite Relaxation (SDR) with Gaussian

Randomization (GR). An alternate one-dimensional search strategy is used for RIS

phase shift optimization. The resulting sub-problems are iteratively solved through

an Alternating Optimization (AO) approach. Finally, the numerical simulations

validate the proposed framework in terms of performance and convergence. The

results demonstrate robustness under imperfect channel state information (ICSI) and

varying system parameters for next-generation IoT-enabled smart farming use-case.

Contribution IV: The limited half-space coverage of the reflect-only RIS is considered as

an extension in chapter 6, wherein we introduce the STAR-RIS. In this work, we ex-

amine the STAR-RIS assisted SWIPT-IoT network for ES and MS operational mode,

serving the Energy Receiver (ER) and Information Receiver (IR). For the considered

DPS STAR-RIS reflectivity model, we aim to maximize the Weighted Rate-Energy

(WRE) function, with certain QoS constraints by optimizing power parameters. An

AO algorithm solves the complicated WRE maximization problem. Numerical re-

sults highlight the impact of varying the energy split ratio and element division on

the performance, with the critical selection of DPS level (quantization bits) balancing

device’s bulkiness (phase control bits) and system efficiency.

1.4 Discussion on Optimization Problems and Techniques

Optimization techniques have become an essential mathematical tool for the design and

analysis of modern wireless communication systems. Since, wireless communication sys-

8
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Figure 1.2: Taxonomy of optimization problems and list of convex optimization techniques
used in this thesis.

tems involve multiple interacting parameters, optimization frameworks help in obtaining the

best possible operating conditions under the given system limitations.

An optimization problem aims to determine the optimal values of decision variables

that maximize or minimize a desired system performance metric while satisfying all the

practical system constraints. It generally consists of an objective function, optimization

variables, and a set of constraints, detailed as follows.

• Objective Function: The objective function represents the system performance met-

ric that is required to be optimized. Depending on the communication protocols, the

objective may involve either maximization or minimization of a function comprising

certain performance parameter or a combination of several parameters together.

• Optimization Variables: These are referred to as decision variables or unknown

9
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parameters, which represents the system parameters whose optimal values are deter-

mined during the optimization process.

• Constraints: These are the conditions (strict or relaxed) that must be met by the

optimized solution. In other words, constraints define the feasible region of the opti-

mization problem and impose practical limitations on the optimizing variable.

Following step in the optimization process is to identify the type of optimization problem,

which help in seeking a tractable solution. To be specific, Fig. 1.2 gives a broad taxonomy

of the various optimization problem categories. The specifically used optimization tech-

niques in this thesis are explicitly marked in magenta. The final stage of the optimization

framework involves employing suitable optimization techniques to obtain the desired solu-

tion. Subsequently, the obtained solution is validated via simulations and implementation

using appropriate computational tools and software platforms like MATLAB©, Python and

CVX©. Various optimization methods employed in this thesis for solving different cate-

gories of optimization problems are briefly discussed in Appendix A.

1.5 Organization of the thesis

This thesis is organized into seven Chapters. The title and short summary of the Chapters

are structured as follows.

Chapter 1 (Introduction)

A comprehensive overview of the topic is presented herein, highlighting the motiva-

tions behind various problem formulations. Comprehensive chapter-wise objectives

are discussed, followed by a brief summary of the major contributions of this work.

Chapter 2 (Review of RIS-SWIPT Systems)

This chapter presents an overview of the RIS-assisted SWIPT systems for future

10
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Energy-Efficient IoT communications. Emerging RIS architectures such as STAR-

RIS, BD-RIS, and hybrid active-passive RIS are discussed along with their advan-

tages over conventional reflect-only RIS. The fundamentals and operational protocols

of SWIPT are also reviewed. Furthermore, RIS-SWIPT integration is illustrated for

improving coverage, spectral efficiency, EH, and communication reliability. A smart

agriculture case study demonstrates the applicability of RIS-SWIPT for sustainable

large-scale IoT deployments. The insights obtained from this chapter serves as the

foundation for the RIS-assisted SWIPT-IoT frameworks developed in the subsequent

Chapters of this thesis.

Chapter 3 (Integrating Multiple RIS for Enhanced SWIPT-IoT Performance)

In this chapter, we investigate a half-duplex SWIPT-enabled multi-RIS communica-

tion framework with two RIS utilization schemes, namely the ERA and ORA, an-

alyzed under the TS and PS SWIPT architectures for achievable rate, EH, and EE

optimization problems. Closed-form KKT solutions, alternating optimization, and

Dinkelbach-based approaches are respectively developed and comparatively evalu-

ated. The study highlights the benefits of intelligent RIS selection, increased RIS

deployment, higher transmit power, and reduced communication distance in improv-

ing system performance. Finally, the imperfect CSI analysis confirms the robustness

of the proposed framework.

Chapter 4 (Joint Rate-Energy Optimization in RIS-assisted SWIPT-IoT System)

This chapter evaluates a practical multiple RIS-user paired communication system

employing PS-SWIPT with phase shift dependent RIS reflection amplitude. A uni-

fied utility function considering achievable rate, harvested energy, and transmit power

consumption is optimized under QoS constraints. The KKT, Dinkelbach transform,

11



CHAPTER 1. INTRODUCTION

and Quadratic Transform based approaches are developed and comparatively ana-

lyzed, where the Dinkelbach method exhibited the fastest convergence performance.

The study also validates the inherent R-E tradeoff in SWIPT systems and demon-

strates that system performance improves with higher RIS elements, larger transmit

power budgets, and shorter communication distances. Additionally, the impact of

DPS resolution on RIS implementation complexity is highlighted.

Chapter 5 (Active and Passive Beamforming in RIS-assisted SWIPT-IoT System)

Herein, we discuss an RIS-assisted multi-input single-output (MISO) PS-SWIPT

framework for supporting multiple IoT-enabled users in smart farming applications.

A joint optimization framework for active beamforming, passive beamforming, and

PS ratios is developed for the minimized transmit power with RIS quantized phase

shift constraints. The strongly coupled complex optimization optimization problem is

solved using ZF, SDR, GR, and alternate search-based optimization techniques within

an AO framework. The numerical results demonstrate that the proposed framework

effectively minimizes the transmit power while preserving as well as maintaining

the robust system performance under ICSI and diversified network conditions in-

cluding RIS element number, user densities, discrete levels of DPS, and signal-to-

interference-plus-noise ratio (SINR) targets.

Chapter 6 (STAR-RIS assisted SWIPT-IoT System)

This chapter explores the STAR-RIS assisted SWIPT framework to evaluate the max-

imization of Weighted Rate and Energy metric with DPS based STAR-RIS phase

model. Both ES and MS operational protocols are considered, where the selection

depends on the reflection and transmission region’s parameters. Consequently, the se-

lection of the energy split ratio and STAR-RIS element allocation is essential for sys-
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tem performance. Numerical results present the effective WRE improvements with

increasing STAR-RIS element count, higher transmit power budgets, more resolu-

tion of DPS levels and superiority of STAR-RIS SWIPT system than the conventional

reflect-only RIS architecture.

Chapter 7 (Conclusion and Future Directions )

In this chapter, we summarize the major conclusions of the thesis, and also outline

potential directions for future research.

In this chapter, we have introduced problem statement and motivation behind carrying out

this research. In subsequent Chapters, we discuss the RIS-assisted SWIPT-IoT systems in

detail along with their corresponding analyses, respectively.
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Chapter 2

Review of RIS-SWIPT Systems

Reconfigurable Intelligent Surface (RIS)-assisted Simultaneous Wireless Information

and Power Transmission (SWIPT) has emerged as promising paradigm for enabling energy-

efficient and sustainable wireless communication system for future sixth-generation (6G)

enabled Internet-of-Things (IoT) networks. This chapter presents a comprehensive review

of RIS-SWIPT system by discussing the fundamentals of RIS architecture, SWIPT receiver

schemes, and practical Energy Harvesting (EH) models. Various RIS variants including

Simultaneous Transmitting and Reflecting RIS (STAR-RIS), hybrid active-passive RIS and

beyond diagonal RIS (BD-RIS) are examined with an emphasis on operational protocols

and potential advantages. This chapter further depicted two basic RIS-SWIPT systems em-

ploying the time-switching (TS) and power-splitting (PS) SWIPT protocols, respectively,

followed by the IoT user. SWIPT-RIS integration is advocated for enhanced spectral effi-

ciency, coverage, EH capabilities and robust propagation environment. Finally, a use case of

RIS-assisted SWIPT-IoT for smart agriculture is presented across multiple agricultural do-

mains including smart farming, livestock tracking, storage management, and agri-logistics.

It enables sustainable wireless communication, monitoring and action oriented future agri-

cultural networks.
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Figure 2.1: Basic structure of RIS.

The chapter is organized as follows. Section 2.1 provides an introduction to RIS and its

variants. Section 2.2 describes SWIPT and various associated EH models. In Section 2.3,

we present basic SWIPT-RIS system models. The case study related to smart agriculture is

scripted in Section 2.4. The chapter finally rests with summary in Section 2.5.

2.1 Reconfigurable Intelligent Surfaces (RIS)

The notion of RIS refers to an upcoming technology in the realm of next-generation

Wireless Communications [21]. This innovative solution offers numerous benefits includ-

ing coverage, enhanced spectral efficiency, improved energy efficiency (EE), and reduced

cost [22]. It is composed of multiple reflecting elements constructed with near-passive

electromagnetic meta-material. The RIS has capabilities of controlling the scattering envi-

ronment in a way that the electromagnetic wave impinging on its elements can be steered

into desired direction. This is done by configuring each element’s phase shift, reflectivity,

directivity, and other related relevant parameters, with external stimuli circuit consisting of

PIN diode, FPGA, microcontroller, etc., as shown in Fig. 2.1 [13, 23].
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The debate concerning the already existing relay technology and the upcoming paradigm

of RIS is poised more towards the fact that for high-rate transmissions scenarios, nearly-

passive RIS can surpass the decode-and-forward (DF) relay considering the EE aspect. Ad-

ditionally, the RIS elements require considerably lower power compared to the active relays.

Though very large sized RIS are anticipated to increase the signal-to-noise ratio (SNR), the

energy consumption for configuring phase shifts of each element cannot be ignored either.

Moreover, the efficacy of RIS may notably be reduced by the hardware impairments like

e.g., restricted resolution due to phase shift. A variant of RIS named as STAR-RIS, can per-

form transmission and reflection in two directions, fulfilling both the concerned half-spaces

[17]. RIS too finds its application in the underwater, underground, industrial and disaster

environments. In this context, there is a significant propagation loss due to electromagnetic

wave absorption and heavy scattering, resulting in a poor signal strength at the receiver. RIS

with its high directivity and passive beam forming works as a healer for such predicaments

[24].

2.1.1 RIS and its variants

Technological advancements have extended reflect-only RIS to STAR-RIS and similar

variants, as discussed below.

2.1.1.1 Reflect-only RIS

The conventional RIS can reflect the incident signals to serve the users/devices on the

same side and covers only the half wave space. This reflect-only RIS is made up of nu-

merous configurable meta-material elements on the opaque substrate, visualized as equally

spaced chips arranged on a metal plate.
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Figure 2.2: STAR-RIS operates via three main protocols, mode switching (MS), energy
splitting (ES), and time switching (TS); serving the information receivers (IRs) in the re-
flection zone as well as energy receivers (ERs) in the transmission zone.

2.1.1.2 STAR-RIS

The π (half-space) coverage of reflect-only RIS can be extended to 2π (full-space) in

the 2-D regime, by introducing STAR-RIS which can serve IoT devices not only on the

same side (reflection side) but also on the transverse side (transmitting side). The STAR-

RIS elements submerged in transparent substrate, can be visualized as ice-cubes in a glass

of water (e.g., DOCOMO’s smart glass) [11]. While several other patch-array based pro-

tocols exist in the literature, STAR-RIS operates using three protocols: energy splitting

(ES), mode switching (MS), and time switching (TS), as illustrated in Fig. 2.2. In the ES

mode, the incident energy on each element is split for transmission and reflection opera-

tion, identified by their respective coefficients guiding the split. Concerning the MS mode,

each element is chosen to perform either reflection or transmission operation solely, but not

both. In TS, complete STAR-RIS with all its elements can be reflect-only in one time frame

while transmit-only in another frame. A detailed STAR-RIS communication system model

will be studied in chapter 6. A similar variant to STAR-RIS is the Intelligent Reflecting

and Refracting Surfaces (IR2S), distinguished by providing decoupling of reflection and re-

fraction operations, and providing individual control by exploiting the physical properties

of an individually specific element [25]. Another variant is the multi-functional RIS (MF-
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RIS) architecture, which overcomes the limitation of single operation RISs (reflect/transmit

only RIS) by harvesting energy from RF signals to support the simultaneous reflection, re-

fraction/transmission, and amplification of incident signals [26]. In the context of smart

agriculture, STAR-RIS is well suited for low-power IoT deployments requiring dual-sided

coverage, whereas MF-RIS is more appropriate for self-sustainable and data-intensive appli-

cations owing to its EH and signal amplification capabilities at the cost of higher hardware

complexity.

2.1.1.3 Hybrid Active-Passive RIS

Hybrid RIS is comprised of both active and passive elements, to mitigate the signal at-

tenuation and improved EE [11]. The fewer active elements are capable of signal processing

for channel state information (CSI) estimation and amplifying the signal, while the majority

of passive elements continue to give cost and power advantages. Autonomous RIS has mul-

tiple unit cells (UCs), in which a portion of the UCs is dedicated to beam steering, while the

remaining UCs operate in energy-absorbing mode for EH from the incident signals. This

clustering can be optimized for energy efficient system.

2.1.1.4 Beyond Diagonal RIS (BD-RIS)

Extensive research focus has been directed towards the utilization of traditional RIS

employing diagonal phase shift matrices, such that there is no interconnection between

the RIS element and they are independently connected to its ground load. The conven-

tional RIS architecture restricts its ability to manipulate passive beamforming, therefore

some researchers have analyzed the BD-RIS thus far [27]. The BD-RIS offers greater flex-

ibility in manipulating both diagonal and non-diagonal elements of the scattering matrix,

significantly enhancing the performance in various wireless systems. Consequently, while
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Figure 2.3: The TS and PS-SWIPT receiver architecture.

considering the RIS to have discrete values, BD-RIS provides increased proficiency. Even

though, the conventional RIS covers only the half-space, the BD-RIS utilizing appropri-

ate group-connected reconfigurable impedance network and antenna array arrangement can

support the hybrid and multi-sector modes to realize a full-space coverage. It has advantages

for simplifying practical deployments and enhancing the overall spectral efficiency. After

counting for various advantages of the BD-RIS, it has greater issues from the viewpoints of

equipment deployment, structural planning, RF deficiencies, signal analysis, and wideband

modeling.

2.2 Simultaneous Wireless Information and Power Trans-

mission (SWIPT)

SWIPT is regarded as a promising technology for sustainable (green) wireless com-

munications because it enables the simultaneous transmission of information and energy

using the same RF waveform, thereby improving spectrum utilization and reducing the de-

pendence of energy-constrained IoT devices on batteries [8]. Although its end-to-end RF

energy transfer efficiency is limited by propagation losses and RF-to-DC conversion effi-

ciency, SWIPT can extend the operational lifetime of low-power sensor nodes, reduce bat-

tery replacement frequency, and lower the associated environmental impact, making it an

attractive solution for sustainable IoT networks [28]. There exists four SWIPT approaches
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Figure 2.4: Power harvested by various models along with the energy conversion efficiency.

depending upon time, power, antenna, and space domain for signal switching between in-

formation decoding (ID) and EH. Out of the several existing architectures, TS and PS are

widely adopted in the literature from an investigation viewpoint [29]. In the TS protocol, the

overall time slot is divided between ID and EH. While in PS protocol, the received signal

power is being split for the SWIPT operation. TS-SWIPT has benefit pertaining to higher

SNR and simpler hardware architecture, whereas PS-SWIPT with complex receiver works

perfectly for applications with data, EH, and delay constraints [8]. The receiver architecture

for both the protocols are depicted in Fig. 2.3.

2.2.1 Energy Harvesting (EH) Models

After several decades of research in the field of wireless radio frequency (RF) power

transfer, it is evident that the backbone of all the EH circuits is the rectenna, composed of

an antenna and a rectifier. The standard approach involves converting the incoming wireless

RF signal into a DC equivalent, using single or multiple diodes. These series of diodes

introduces non-linearity to the system operation. It is crucial to closely or exactly model

the non-linearity in the EH circuit, especially concerning SWIPT. The literature is served
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Table 2.1: Comparison of existing literature and present work.

EH Model Harvested Power Expression

Linear Plin
(︁
Pin
)︁
= ζlinPin

Constant Linear PCL(Pin) =

{︄
0, Pin ∈ [0, Psen)

ζCL (Pin − Psen) , Pin ∈ [Psen,∞]

Constant-Linear-Constant PCLC(Pin) =

⎧⎪⎨⎪⎩
0, Pin ∈ [0, Psen)

ζCLC (Pin − Psen) , Pin ∈ [Psen, Psat)

ζCLC (Psat − Psen) , Pin ∈ [Psat,∞]

Sigmoid based non-linear PNL = E′

1−χ

(︃
1

1+exp
(︁
−aPin+ab

)︁ − χ)︃

with various types of linear and approximated non-linear type models listed in Table 2.1 and

plotted in Fig. 2.4 [30, 31]. The detailed mathematical expressions are given as follows.1

• Linear EH model: The linear EH model stands out as the most basic and commonly

employed in a significant portion of literature related to SWIPT. It expresses the har-

vested power as a linear function of input RF power (Pin) in the following manner

Plin = ζlinPin, (2.1)

where ζlin ∈ (0, 1] is the constant energy conversion efficiency (ECE) of the linear

EH receiver. The non-practicality of linear model is acknowledged by subsequent

models.

• Constant-Linear EH model: The Constant-Linear (CL) model considers the sensi-

tivity of the receiver (Psen), a threshold below which RF conversion does not occur,

1Here, we use power and energy as interchangeable terms considering unit time.
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given by

PCL =

⎧⎪⎨⎪⎩0, Pin ∈ [0, Psen),

ζCL(Pin − Psen), Pin ∈ [Psen,∞),

where ζCL ∈ (0, 1] is the fixed ECE of the CL-EH receiver. This model lacks in

considering the input power saturation.

• Constant-Linear-Constant EH model: The Constant-Linear-Constant (CLC) model

considers the sensitivity of the receiver (Psen) as well as saturation power level (Psat)

represented as

PCLC =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
0, Pin ∈ [0, Psen),

ζCLC(Pin − Psen), Pin ∈ [Psen, Psat),

ζCLC(Psat − Psen), Pin ∈ [Psat,∞).

In between the saturated and sensitivity power levels (Psat − Psen), linear operation

of RF conversion is carried with a conversion efficiency of ζCLC ∈ (0, 1] .

• Non-Linear EH model: The sigmoid/logistic function based non-linear (NL) EH

model truly replicates NL behaviour of diodes, it is given by [32]

PNL =
E ′

1− χ

(︃
1

1 + exp(−aPin + ab)
− χ

)︃
, (2.2)

where χ = (1+ exp(ab))−1 guarantees a zero input for a zero output in the model. E ′

is the circuit’s saturation point, a and b are related to the circuit’s capacitor and diode

turn-on voltage, respectively. A curve-fitting tool is used to analyze the experimental

data and to find the values of the constant parameters (E ′, a, b) [32, 33].

Note: A different nomenclature is adopted by some authors while mentioning CLC model
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Figure 2.5: Basic system model for SISO RIS-assisted SWIPT-IoT system, considering PS-
SWIPT and TS-SWIPT user receiver.

as NL or piece-wise NL model [34, 35, 36, 37]. However, we shall restrict our discussion to

sigmoidal function based NL-EH model in this chapter and for the remainder of this thesis.

Figure 2.4 sketches the NL nature of ECE for the above mentioned models, i.e., ζk∀k ∈

[lin, CL,CLC]. ECE is considered to be a constant value for linear, CL and CLC models,

which is not practical due to the non-linearity of circuits [38].

2.3 Amalgamation of RIS and SWIPT

In the conventional SWIPT systems, the performance is severely affected by the prop-

agation losses, blockage effects and the conflicting requirements between the information

rate and harvested energy. RIS effectively addresses these issues by intelligently reconfig-

uring the channel propagation environment through adjustable phase shifts of its reflector

elements. By coherently combining the signal at the intended receiver, RIS enhances the re-

ceived signal strength, thereby increasing the overall spectral efficiency and EH capabilities.

Correspondingly, the dual combination of SWIPT and RIS results in increased data

transmission rates and coverage extension owing to its near-passive nature, while keep-

ing the power consumption in check [8]. Specifically, the signal-to-noise ratio (SNR) of
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information receivers (IRs) is enhanced via constructive reflection by the RIS, thereby re-

ducing the outage probability. Concurrently, the focused beamforming capabilities increase

the incident RF power at the energy receiver (ER), enabling efficient EH at the low-power

IoT devices and sensor nodes. In the same context, Fig. 2.5 depicts the system model of a

basic single-input single-output (SISO) RIS-assisted SWIPT-IoT system, considering block

transmission of Ns transmitting symbols per block from BS for time duration T = NsTs

(seconds), where Ts is the symbol period. For PS-SWIPT, the received signal y is divided

into two parts. A fraction of
√
βy is used for EH, and remaining part of the received sig-

nal
√
1− βy is used for ID. Here, β represents the PS factor. For TS-SWIPT, each block

is divided into two phases of αT and (1 − α)T duration. We define time switching (TS)

factor as α ∈ [0, 1]. The advanced system configuration with detailed analysis on system

performance under strict constraints will be studied in the upcoming Chapters.

The integration of RIS with SWIPT also improves fairness among the users by enabling

an optimized allocation of reflected energy and information beams according to channel

conditions and Quality-of-Service (QoS) requirements. Through the joint optimization of

transmit beamforming, power allocation, and RIS phase shifts, a desirable trade-off between

the harvested energy and achievable rate is realized. Such capability becomes highly rel-

evant for emerging 6G applications involving smart agriculture, intelligent transportation,

industrial automation, and massive IoT networks, where sustainable operation of battery-

constrained devices is a critical requirement.

2.4 Case Study: Smart Agriculture

Fig. 2.6 describes the smart agriculture use case, majorly divided into four subsys-

tems: (i) advanced farming, (ii) animal husbandry, (iii) storage management, and (iv) agri-

logistics. In each subsystem, the IoT sensor’s data is transmitted through Wireless Sen-
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Figure 2.6: Identified areas of agriculture: advanced farming, animal husbandry, storage
management and agri-logistics, with the showed impact of RIS-SWIPT in improving cov-
erage and saving energy.
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sor Networks (WSNs) to the local information centers, processed, and then forwarded to

a central management center for optimized decision-making, which is controlled by the

farmer [39]. To enable large-scale smart agriculture, numerous WSNs are needed, causing

high energy consumption and signal degradation. To address this issue, RIS-assisted and

SWIPT-enabled WSNs are proposed, wherein the RIS enhances the overall coverage and

transmission efficiency by reflecting the signals toward SWIPT-IoT sensor nodes, which

simultaneously harvest energy from RF signals for sustainable data transmission. This ap-

proach ensures energy-efficient, reliable, and green communication for smart agriculture. In

the subsequent section, we assess how and where can the integration of SWIPT-RIS be opti-

mized to achieve energy-efficient and sustainable green communication in smart agriculture

systems ?

2.4.1 Advanced Farming

By strategically deploying the RIS units on poles, silos, nearby infrastructure, green-

house panels, and irrigation sensors, the wireless environment can be reconfigured to pro-

vide uniform coverage maintaining a continuous field monitoring by SWIPT-IoT nodes de-

spite physical obstructions over extended ranges. The inaccessible nodes are served by an

Uncrewed Aerial Vehicle (UAV) integrated with RIS as well. Concurrently, SWIPT allows

these energy-constrained devices to harvest power from RF signals, reducing dependence

on batteries, solar panels, and wired connections. As a result, RIS-SWIPT based smart

farming supports consistent crop yield and resource efficiency. It also supports adaptive

irrigation scheduling, preventing over-watering or drought stress, while conserving water

and energy resources. Moreover, the autonomous pest detection network enables targeted

pesticide application, reducing the chemical usage and preventing crop damage.
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Figure 2.7: Integrated V2I-UAV-assisted communication system employing an RIS for en-
hanced coverage between a BS and a vehicle equipped with SWIPT-IoT sensor. The UAV
positioned at a height performs EH to support its operation.

2.4.2 Animal Husbandry Management

RIS panels on barns, fences, poles, and aerial platforms dynamically direct energy to

mobile livestock, ensuring reliable communication with wearable IoT devices. SWIPT en-

ables RF-EH, while RIS acts as transceiver in integrated sensing and backscatter communi-

cation (ISABC) systems to alleviate the energy constraints of IoT sensors in tracker and to

enable non Line-of-Sight (NLoS) sensing [40].

2.4.3 Storage Management

The integrated SWIPT-RIS system supports reliable monitoring of storage conditions,

automatic ventilation or cooling adjustments, and reduced wastage, thereby improving food

preservation and operational efficiency in post-harvest management.
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2.4.4 Agri-logistics Monitoring

RIS-assisted Vehicle-to-Infrastructure (V2I) communication, integrated with SWIPT-

enabled IoT nodes, can dynamically shape and direct wireless signals between moving ve-

hicles, RIS-embedded UAVs, and roadside units, as illustrated in Fig. 2.7. This ensures

uninterrupted tracking, condition monitoring, and real-time data exchange, thereby enhanc-

ing traceability, operational efficiency, and quality control throughout the agricultural sup-

ply chain [41]. Furthermore, Integrated Sensing and Communication (ISAC) optimizes the

resource utilization by performing joint sensing and communication.

2.5 Summary

In this chapter, we provided a review on the evolution and integration of RIS and SWIPT

technologies directed towards realizing energy efficient and intelligent Wireless Communi-

cation system for future IoT applications. The fundamentals of emerging RIS evolutions

including STAR-RIS, BD-RIS, and hybrid active-passive RIS were discussed highlighting

the differential improvement with respect to reflect-only RIS. Moreover, the importance of

SWIPT and its operational protocols are highlighted. The RIS-SWIPT integration through

a simple system model with TS-based and PS-based SWIPT-IoT has been demonstrated

for enhanced coverage, spectral efficiency, EH capabilities, and communication reliability.

A case study related to the RIS-assisted architecture with SWIPT-enabled IoT devices is

proposed as a unified and energy-efficient solution for large-scale agricultural deployments,

encompassing precision farming, agri-logistics, livestock monitoring, and storage manage-

ment. This enables reliable, green, and self-sustaining wireless sensing and monitoring sys-

tem. Based on some major insights from this chapter, we intend to develop the RIS-assisted

SWIPT-IoT framework in the succeeding parts of this thesis.
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Chapter 3

Integrating Multiple RIS for Enhanced

SWIPT-IoT Performance

In this chapter, we study the integration of multiple Reconfigurable Intelligent Surfaces

(RIS) units into Simultaneous Wireless Information and Power Transmission (SWIPT) en-

abled systems. We aim to optimize the performance of multi-RIS assisted SWIPT-IoT

systems, focusing on maximizing three distinct objectives of data rate, energy harvesting

(EH) and energy efficiency (EE), under Time-Switching (TS), and Power-Splitting (PS)

SWIPT protocols. Herein, two types of RIS selection strategies, namely, exhaustive RIS ap-

proach (ERA), and optimal RIS approach (ORA) are analyzed, and compared. The Karush-

Kuhn-Tucker (KKT) conditions, alternating optimization-based algorithm, and fractional

programming based Dinkelbach Transform is proposed to jointly optimize the TS or PS

ratio, and transmit power. Numerical simulations are conducted to evaluate the system per-

formance highlighting the Rate and Energy trade-off across different scenarios, considering

factors such as RIS surfaces count, element count, separation distance, EH, and data rate de-

mands. Additionally, the proposed system has been analyzed while assuming an imperfect

Channel State Information (CSI).

The chapter is organized as follows. Section 3.1 provides introduction, research gap, and
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contributions, followed by discussion system setup in Section 3.2 encapsulating signal mod-

eling, RIS selection, and SWIPT. Section 3.3, 3.4, 3.5 presents optimization problem and

related solution of data rate, EH, and EE respectively. The results and related discussions

are scripted in Section 3.6. The chapter finally rests with summary in Section 3.7.

3.1 Introduction to Multi-RIS assisted SWIPT-IoT Sys-

tems

RIS with SWIPT has emerged as a transformative technology for 6G networks, address-

ing the bottle-neck of the massive and seamless IoT connectivity while simultaneously sup-

porting energy-efficient and battery-saving communication paradigms [42]. Time switching

(TS) SWIPT offers relatively simpler receiver design while power splitting (PS) SWIPT

achieves superior data rate and EH performance, particularly in highly resource-constrained

environment [8].

The amalgamation of RIS-SWIPT has been explored in the literature with the adoption

of EH modeling as linear or linear-type variants, i.e., constant-linear, piece-wise linear, and

constant-linear-constant [36, 37, 43]. A limited number of studies have considered practi-

cal non-linear EH (NL-EH) by partitioning single RIS into separate groups (unit segments)

dedicated either to perform EH or reflection operation [14], thereby enabling autonomous

operation of RIS without requiring external power supply. Along the similar lines, authors in

[44] divide RIS cells into two operational modes namely, ‘S’ mode, which performs simul-

taneous reflection and amplification and the ‘H’ mode, exclusive to EH process.1 Advancing

further, multiple RIS-assisted communication frameworks have been explored to enhance

the coverage and resilient information signal delivery to the user node. Such distributed RIS

1The EH and signal relay mode are depicted as ‘H’ and ‘S’ mode, respectively.
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Table 3.1: General survey based on recent RIS-SWIPT frameworks.

Ref. EH Model SWIPT ar-
chitecture

RIS Objective Function Imperfect
CSI

[36, 37] CLC Hybrid TS-PS Single Performance Analysis X

[45] NL-EH Hybrid TS-PS Multiple Performance Analysis X

[46, 47] Linear WPCN Multiple Performance Analysis X

[34, 48] X X Multiple Performance Analysis X

[16] X X Multiple Number of elements in each RIS X

[49] X X Multiple Energy Efficiency X

[50] X X Multiple SNR Maximization X

[43] Linear PS Single Weighted sum of rate and EH X

[14] NL-EH WPCN Single SNR Maximization X

[51] Linear PS Single Weighted utility function of rate,
EH, and total power consumption

X

[52] NL-EH TS Multiple Rate and EH maximization X

[53] NL-EH PS Single Rate, EH maximization, and
Power minimization

X

[54] NL-EH TS Single Weighted function of rate, EH,
and transmit power

X

[55] NL-EH PS Multiple Weighted function of rate, EH,
and transmit power

X

[44] NL-EH Separated IR
and ER

Single Sum rate maximization X

[56] Linear Separated IR
and ER

Single Power Minimization ✓

This
work

NL-EH TS and PS Multiple Rate, EH, and Energy Efficiency
maximization

✓

deployments naturally introduce the requirement of efficient RIS selection strategies.

Authors in [45] use all the RIS surfaces and related elements for communication pur-

poses, with limited-to-no mention of SWIPT operation. To further reduce the resource con-

sumption in multiple-RIS scenarios, selection planning of the RIS is given by authors in [52]

for Vehicular Communication based on the highest end-to-end instantaneous SNR between

road-side source to vehicle destination. Similarly, the authors in [50] developed location

based selection approach considering product-scaling and sum-scaling path loss models, to

provide maximized end-to-end SNR. The elevated EE performance through dynamic ON-

OFF controlling of multiple RISs, jointly optimizing RIS phase shifts and beamforming
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design has been investigated in [49]. Furthermore, a Wireless Powered Communication

Network (WPCN) framework for distributed RIS systems is studied in [47], where the de-

vice first harvests energy from the access point (AP) through one RIS, and later utilizes the

harvested energy to transmit information back to the AP via another RIS. However, the EH

is modeled as a linear function and the study primarily focuses on performance analysis.

In addition, a weighted objective function involving the data rate, EH, and transmit power

is optimized with respect to the TS ratio for a single RIS case in [54], and with respect

to PS factor in distributed RIS systems under NL-EH in [55]. A comparable objective is

used in [51] with linear EH model. Moreover, the authors in [56] assessed a SWIPT ar-

chitecture with separate information resource (IR) and energy resource (ER) users under

the assumption of imperfect Channel State Information (CSI) analysis, while adopting a

linearly modeled EH at the ER.

The existing literature suggests a scarcity of works exploring practically accurate NL-

EH models in the RIS-assisted SWIPT-IoT systems. Limited works addresses the SWIPT

protocol (TS and PS inclusive) for the multi-RIS configured system, under accurate EH

model for optimization of EH, achievable data rate, and EE in the presence of imperfect

CSI, as highlighted in Table. 3.1. Motivated by these research shortcomings, this chapter

focuses on addressing these challenges, with the main contributions listed below.

• Practical EH modeling: The considered IoT device operates using either the TS or

PS based SWIPT architecture while adopting a logistic non-linear EH model. Unlike

conventional linear, piece-wise linear, or constant-linear-constant (CLC) models that

assume simplified harvesting behavior, the adopted model more accurately reflects

the practical non-linear characteristics of RF-to-DC energy conversion circuits.

• Distributed multi-RIS framework: To capture the realistic deployment scenarios,

the study considers non-identically and independently distributed (ni.i.d.) channels
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among multiple RISs. Within this framework, two RIS utilization strategies, namely,

the ERA and ORA, are investigated and compared. In the ERA scheme, the signals

from all RISs and their reflecting elements are received at user, whereas ORA selects

the most suitable RIS for communication out of all.

• Optimization framework and solution: Three separate optimization problems corre-

sponding to achievable rate, EH, and EE maximization are formulated respectively

for both TS and PS protocols. The optimization jointly considers transmit power

allocation and TS or PS ratio design under the associated system constraints. To

solve maximization of rate and EH, the Karush-Kuhn-Tucker (KKT) conditions gives

closed-form expressions for the optimal variables, and an alternating optimization-

based framework is developed. The proposed method leverages a divide-and-conquer

strategy to simplify the originally challenging optimization problem into tractable

sub-problems. For the fractional EE maximization problem, the Dinkelbach transfor-

mation is utilized to obtain an efficient solution.

• Performance evaluation and insights: A comparative analysis between the TS or PS

SWIPT architectures and RIS selection strategies is presented in terms of achievable

rate, EH, and EE repectively. Detailed insights are obtained by varying the number of

RISs, number of reflecting elements per RIS, separation distance, maximum transmit

power, target EH and rate. In addition, the impact of imperfect CSI is thoroughly

examined through CSI error analysis, highlighting its influence on the system perfor-

mance for both the TS and PS schemes.
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3.2 System Model

We consider a half-duplex (HD) communication network consisting of a single antenna

base station (BS), a single antenna IoT user equipment (UE) node, and a set of N RISs

deployed at random locations from each other. The BS and UE exists in the far field region

from all the RISs [34]. Each RIS is denoted by {Rn}Nn=1 having a total of {Mn}Nn=1 re-

flecting elements. It is noteworthy that the direct communication between the BS and UE is

obstructed. Fig. 3.1 depicts the communicating signal path from the BS, directed to ith ele-

ment of the nth RIS (Rn) {i ∈ [1,Mn]}, and received at the UE. A low-mobility deployment

scenario is considered in this work, where the RISs are well distant strategically mounted

on structures such as building walls and billboards to provide a reliable connectivity in the

coverage-deficient regions. The SWIPT-IoT UE node concurrently harvest energy and de-

codes data in accordance with either the TS or PS-SWIPT receiver architecture. However,

for the considered scenario2 the inter-RIS interference is significantly weak as compared to

the intended RIS-assisted signal, such that it does not much contribute to either EH or data

rate at UE.3

We consider α and β as TS and PS ratios, respectively. In the TS receiver, EH is per-

formed for a time period (α) followed by ID for the remaining period (1− α). Whereas in

the case of PS protocol, the received power is divided for EH and ID, such that the former

receives
√
β times the power while rest is dedicated for the latter. It is important to note that

for both the architectures sigmoid/logistic function based NL-EH model is utilized for its

practical relevance in the context of RF-to-direct current energy conversion. The literature

has proved its closeness to the practical model on several instances, while maintaining sev-

2Example of such scenarios is when one RIS can be installed on a building facade and another on a high-
altitude roadside structure (billboard), which leads to large spatial separation.

3The same assumption holds good in the rest of the chapter for analytical and simulation part as well
[34, 47, 49].
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RN

IoT UE

 R1

R2

BS

Figure 3.1: System model of IoT UE employing SWIPT in multi-RIS scenario.

eral reasons for other linear-like models to fail. Subsequently, we present the mathematical

signal model in the next section.

3.2.1 Signal Modeling

We define the signal received from BS→ ith element ofRn RIS as h̃
Rn(i)

and ith element

of Rn RIS→ UE as g̃
Rn(i)

, where i = 1, 2, . . .Mn. The channel coefficients are assumed to

be the identical and independently distributed (i. i. d.) complex values, having magnitude of

h
Rn(i)

and g
Rn(i)

, with ejϕRn(i) and ejψRn(i) as the phase angles respectively. The RIS surfaces

are assumed to be sufficiently separated, resulting in the channels associated with them to be

ni. i. d [34]. For instance, h̃
R1(i)

and h̃
Rn(i)
∀n={2, · · · , N} are ni. i. d. The received signal

at the UE via integrated reflected signals from all Mn elements of nth RIS (Rn) is given by

yn =
√︁
Pb

(︄
Mn∑︂
i=1

g̃
Rn(i)

η
Rn(i)

e
jθRn(i) h̃

Rn(i)

)︄
s+ wn, (3.1)

where η
Rn(i)

denotes the amplitude of the reflection coefficient, whose value lies between 0

to 1, and θRn(i)
∈ [−π, π] represents adjustable phase shift by the ith element ofRn RIS. The

phase tuning plays essential role in focusing reflected signal to the intended user, making it
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a key distinguishing characteristic of RIS. The transmitting signal is s with unit power and

Pb is the power available at the BS for transmission. The associated i. i. d. additive white

Gaussian noise (AWGN) at UE is wn ∼ CN (0,W 2
0 ) with zero mean and W 2

0 variance. The

related Signal-to-Noise ratio (SNR) at the UE is mathematically represented as

Γn=
Pb
W 2

0

⃓⃓⃓⃓
⃓
Mn∑︂
i=1

g
Rn(i)

η
Rn(i)

h
Rn(i)

e
j(θRn(i)

+ϕRn(i)
+ψRn(i)

)⃓⃓⃓⃓⃓2 . (3.2)

The perfect CSI is assumed to be present globally, which will be ruled out in section 3.6 as

an extensive ICSI analysis. In order to enhance the signal reception at the UE by maximizing

the end-to-end SNR is by tuning the RIS phase adjustment reconfigurable controller in such

a way that the total phase is nullified, i.e., θRn(i)
+ ϕRn(i)

+ ψRn(i)
= 0 [22, 36, 57]. The

maximized SNR is

Γn =
Pb
W 2

0

⃓⃓⃓⃓
⃓
Mn∑︂
i=1

g
Rn(i)

η
Rn(i)

h
Rn(i)

⃓⃓⃓⃓
⃓
2

=
PbZn
W 2

0

. (3.3)

Rewriting (3.3), the summation part consists of channel coefficients of all Mn RIS elements

termed as the ‘channel term’ is written as Zn =

⃓⃓⃓⃓
Mn∑︁
i=1

g
Rn(i)

η
Rn(i)

h
Rn(i)

⃓⃓⃓⃓2
. If a negligible

direct BS-UE link exists, the received signal is the superposition of the direct and RIS-

reflected components 4. However, the direct link is assumed to be severely attenuated and

its contribution to the received signal is negligible compared with the RIS-assisted link and

4The received signal at the UE consists of the superposition of the direct BS-UE signal (hBUejϕBU ) and
the RIS-reflected signals, is given as [58][47]

yn =
√︁
Pb

(︄
hBUe

jϕBU +

Mn∑︂
i=1

gRn(i)
ηRn(i)

hRn(i)
e
j(θRn(i)

+ϕRn(i)
+ψRn(i)

)

)︄
s+ wn, (3.4)

The corresponding maximized SNR with perfectly matched phase i.e., (θRn(i)
= ϕBU − ϕRn(i)

− ψRn(i)
), is

expressed as

Γn =
Pb
W 2

0

⃓⃓⃓⃓
⃓hBU +

Mn∑︂
i=1

gRn(i)
ηRn(i)

hRn(i)

⃓⃓⃓⃓
⃓
2

. (3.5)
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is therefore ignored for analytical tractability [16, 34].5

The main system concerns are threefold as follows: (i) How these RIS surfaces are to be

selected ? (ii) How it is being processed ? (iii) What will be the precursors on the system

performance ? We will address these issues in the subsequent section.

3.2.2 Multi-RIS Selection Strategies

When multiple RISs are nearby, selecting the best among them becomes crucial for an

optimal performance. In this context, two potential methods for RIS selection are ERA and

ORA [34], which are discussed below.

3.2.2.1 Optimal RIS Approach (ORA)

The ORA approach utilizes only the most appropriate RIS for transmitting the signal s,

rather than employing all RISs
{︁
{Rn(i)}Mn

i=1

}︁N
n=1

. In order to achieve an optimum perfor-

mance, the selection of the RIS surface yielding the highest SNR at the UE will be the wise

decision to go with. Considering (3.3), the SNR depends majorly on the channel term (Zn)

involving nth RIS surface for a fixed transmit power. Hence, the selection criteria being

highest SNR, in fact implies stronger channel condition for the suitable RIS with maxi-

mum channel term. To achieve the said criteria, initially ‘channel term’ for all RIS surfaces

are assumed to be known at the UE by the channel estimation techniques (ie., perfect CSI

assumption). The selection process undertaken by the UE is mathematically given by

ˆ︁Zn∗ = max
n=1,...,N

⎧⎨⎩
⃓⃓⃓⃓
⃓
Mn∑︂
i=1

g
Rn(i)

η
Rn(i)

h
Rn(i)

⃓⃓⃓⃓
⃓
2
⎫⎬⎭ . (3.6)

5This interesting problem of direct link is left for future work, where the proposed method can be extended
to more complex physical models.
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The received signal and SNR with the selected RIS (n∗ = arg( ˆ︁Zn∗)), is modified to

yn∗=
√︁
Pb

(︄
Mn∗∑︂
i=1

g̃
Rn∗(i)

η
Rn∗(i)

e
jθRn∗(i) h̃

Rn∗(i)

)︄
s+ w, ˆ︁Γn∗ =

Pb ˆ︁Zn∗

W 2
0

. (3.7)

Herein, the transmit power at BS is assumed to be Pb, circuit power of BS is P̌BS and at the

UE, it is P̌UE , along with dynamic P̄RIS and static power ¯̄PRIS consumption at selected RIS

Rn∗ constitutes total power consumption given by

ˆ︁PT = Pb + P̌BS + P̌UE + ¯̄PRIS + P̄RISMn∗ (3.8)

3.2.2.2 Exhaustive RIS Approach (ERA)

In this method, all RISs and their respective elements,
{︁
{Rn(i)}Mn

i=1

}︁N
n=1

, aid in transmit-

ting the signal from the BS to the UE on the same time-frequency resource. Each RIS is

designed to enhance the SNR at UE by skillfully directing the incoming signals (multiple

copies from the BS) towards UE. This approach assumes there is no interference between

the RISs, as noted in [34, 59]. The modified channel parameter and SNR for ERA case are

mathematically represented as

Z =

⃓⃓⃓⃓
⃓
N∑︂
n=1

Mn∑︂
i=1

g
Rn(i)

η
Rn(i)

h
Rn(i)

⃓⃓⃓⃓
⃓
2

, Γ =
PbZ
W 2

0

. (3.9)

The total power in ERA case is

PT = Pb + P̌BS + P̌UE +
N∑︂
n=1

( ¯̄PRIS + P̄RISMn). (3.10)

Remark: In the subsequent discussion, the channel parameter is denoted by Zn ∈

[ ˆ︁Zn∗ ,Z], the SNR as Γn ∈ [ˆ︁Γn∗ ,Γ] and total power consumption as PT ∈ [ ˆ︁PT , PT ] de-

pending on the ORA (3.7), (3.8) or ERA (3.9), (3.10) approach.
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3.2.3 Simultaneous Wireless Information and Power Transmission

(SWIPT)

The UE is capable of SWIPT operation being equipped with either the TS or PS based

receiver. We shall compare and analyze both the architectures and later concludes the best

among them for the considered multi-RIS scenario. The respective information rate for

(1 − α) time duration in the TS scenario, and for PS it is
√
β times of received power,

mathematically given as [31, 60].

RT
u = (1− α) log2(1 + Γn), RP

u = log2(1 + (1− β)Γn). (3.11)

The sigmoid/logistic function based practical EH model capturing the non-linear energy

conversion efficiency (RF to battery current) represents the TS or PS-based EH part [32, 60],

represented as follows

ET
h=

αE ′

1−χ

(︃
1

1+ exp(−aPbZn+ab)
−χ
)︃
, EP

h =
E ′

1−χ

(︃
1

1 + exp(−βaPbZn+ab)
−χ
)︃
, (3.12)

where χ depends on electronic circuit elements a and b, associated with the capacitor and

diode turn-ON voltage respectively. Specifically, it is defined as χ = (1 + exp(ab))−1. The

constant E ′ represents the maximum harvested energy when the EH circuit is operating in

saturation. The values of the constant parameters (E ′, a, b) are typically determined through

the utilization of a curve-fitting tool applied to the analytical data, as discussed in [31]. It is

worth noting that the given sigmoid NL-EH model is for far-field propagation [32].

The EE is the ratio of data rate to the total combined power consumption by BS, RIS

and UE. It is respectively defined for the TS and PS protocols as

ΞT =
RT
u (α, Pb)

PT
, ΞP =

RP
u (β, Pb)

PT
. (3.13)
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To improve the clarity of notation, we present the following quad (rate, EH, EE, and TS or

PS ratio) (3.14) in the rest of the discussions, i.e., for TS (Φ = α) and for PS (Φ = β), as

follows.

(Ru, Eh,Ξ,Φ) :=

⎧⎪⎨⎪⎩(RT
u , E

T
h ,Ξ

T , α) : For TS

(RP
u , E

P
h ,Ξ

P , β) : For PS.
(3.14)

In the subsequent section, we articulate the primary problem concerning the maximiza-

tion of rate, EH, and EE distinctly.

3.3 Data Rate Maximization

We formulate the rate maximization problem while optimizing the transmit power and

TS or PS factor along with the constraints on rate, EH, maximum transmit power (Pmax),

and available range of TS or PS ratio. The overall optimization problem is mathematically

expressed as

(P1): maximize
Φ,Pb

Ru(Φ, Pb) (3.15)

subject to : Ru ≥ Rth, (3.16)

Eh ≥ ξth, (3.17)

0 < Pb ≤ Pmax, 0 ≤ Φ ≤ 1, (3.18)

where the demanded rate and EH areRth and ξth, respectively, which confirms the satisfac-

tory data rate and varying energy demands in context to environmental changes. The choice

of TS or PS is taken care of by the notations and the expressions related to (3.14).
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3.3.1 Optimized solution for TS

Herein, we address the problem (P1) for the TS receiver by invoking (3.14)-(3.18). This

problem is a non-linear programming challenge that entails simultaneous computation of

α and Pb, making it difficult to obtain an exact solution. Given that the constraints exhibit

partial convexity when the other variables are held constant, we consider employing the

KKT conditions to address this issue [20]. For KKT, the initial step is to find the Lagrangian

dual of (P1) for the TS case, given by

L(α, Pb;Λ)=RT
u + λ1(R

T
u−Rth) + λ2(E

T
h − ξth)+λ3(Pmax − Pb)+λ4(1− α). (3.19)

To achieve (local or global) optimality, it is necessary for ∆L(α, Pb;Λ) = 0 to be satisfied.

Consequently, we express the equations that ensures the fulfillment of the optimal conditions

as follows

∂L(α, Pb;Λ)

∂Pb
=
∂L(α, Pb;Λ)

∂α
= 0, (3.20)

(1− α)Zn(1 + λ1)

(W 2
0+PbZn) ln(2)

+

(︃
λ2αE

′(aZn exp(Σ)

(1− χ)(1 + exp(Σ))2

)︃
−λ3=0, (3.21)

− log2

(︃
1+

PbZn
W 2

0

)︃
(1 + λ1)+

(︃
λ2E

′

(1−χ)

(︃
1

1+ exp(Σ)
−χ
)︃)︃
−λ4=0. (3.22)

Here Σ = −aPbZn + ab. The feasible conditions include: RT
u − Rth ≥ 0, ET

h − ξth ≥ 0,

Pmax − Pb ≥ 0, and 1 − α ≥ 0. The complimentary slackness conditions are stated as

λ1(R
T
u −Rth)=0, λ2(ET

h − ξth)=0, λ3(Pmax − Pb)=0, and λ4(1− α)=0. The Lagrangian

variables along with optimizing variables must be a positive quantity, i.e., Λ, α, and Pb > 0.

From all the KKT complementary slackness conditions, it is obvious that λ4 must be zero,

implying α ̸= 1. This leaves us with eight different possibilities (see Appendix B.1) for

seeking an optimal solution, out of which the final (potential) solutions are provided in
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Theorem 1 and Theorem 2, discussed below.

Theorem 1: If λ1 = 0 ⇒ (RT
u − Rth) ̸= 0; λ2 ̸= 0 ⇒ (ET

h − ξth)=0; λ3 ̸= 0 ⇒

(Pmax − Pb)=0, and the optimal values are

P ∗
b = Pmax, α∗ =

ξth(1− χ)

E ′
(︂

1
1+exp(−aPbZn+ab)

− χ
)︂ . (3.23)

Proof : See Appendix B.1

Theorem 2: If λ1 ̸= 0 ⇒ (RT
u − Rth)=0; λ2 ̸= 0 ⇒ (ET

h − ξth)=0; λ3 ̸= 0 ⇒

(Pmax − Pb)=0, and the optimal values are

P †
b = Pmax, α† = min(α1, α2), (3.24)

where

α1 = 1− Rth

log2

(︂
1 + PbZn

W 2
0

)︂ , α2 =
ξth(1− χ)

E ′
(︂

1
1+exp(−aPbZn+ab)

− χ
)︂ . (3.25)

Proof : See Appendix B.1.

It is worth noting that a KKT point may not only represent a local optimum but could

also denote a saddle point or even a point of maximum value.

The following section provides an optimized solution for the considered PS case to

maximize the rate.

3.3.2 Optimized solution for PS

We tackle the problem (P1) for the PS mechanism, referring to equations (3.14) through

(3.18). To address the complex non-convex problem, we propose employing the KKT-based

solutions for determination of optimized β and Pb. The Lagrangian dual for problem (P1)
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in the PS case is

L(β, Pb;ν)=R
P
u+µ1(R

P
u −Rth)+µ2(E

P
h − ξth)+µ3(Pmax − Pb)+µ4(1− β). (3.26)

The local optimality is satisfied by ∆L(β, Pb;ν)=0 given by

∂L(β, Pb;ν)

∂Pb
=
∂L(β, Pb;ν)

∂β
= 0, (3.27)

(1− β)Σ′(1 + µ1)

ln(2)
+

(︃
µ2βE

′Σ′′

(1− χ)

)︃
−µ3=0, (3.28)

− W 2
0PbΣ

′

ln(2)
(1 + µ1)+

(︃
µ2E

′PbΣ
′′

(1− χ)

)︃
−µ4=0. (3.29)

Here Σ′ = Zn

W 2
0+(1−β)PbZn

and Σ′′ = aZn exp(−aβPbZn+ab)
(1+exp(−aβPbZn+ab))2

. The feasibility conditions include:

RP
u −Rth ≥ 0, EP

h − ξth ≥ 0, Pmax−Pb ≥ 0, and 1−β ≥ 0. The complimentary slackness

conditions are: µ1(R
P
u − Rth)=0, µ2(E

P
h − ξth)=0, µ3(Pmax − Pb)=0, and µ4(1 − β)=0.

The variables ν, β, Pb must be positive, considering all the KKT conditions gives µ4 = 0

and β ̸= 1. All the possibilities are given in Appendix B.1 with concise solution provided

herein in the form of Theorem 3 and Theorem 4, respectively discussed as follows.

Theorem 3: If µ1 = 0 ⇒ (RP
u − Rth) ̸= 0; µ2 ̸= 0 ⇒ (EP

h − ξth)=0; µ3 ̸= 0 ⇒

(Pmax − Pb)=0, and the optimal values are

P ∗
b = Pmax, β∗ =

1

PmaxZn

(︃
b− 1

a
ln

(︃
(1− χ)(E ′ − ξth)
ξth(1− χ) + χE ′

)︃)︃
. (3.30)

Proof : See Appendix B.1.

Theorem 4: If µ1 ̸= 0 ⇒ (RP
u − Rth)=0; µ2 ̸= 0 ⇒ (EP

h − ξth)=0; µ3 ̸= 0 ⇒

(Pmax − Pb)=0, and the optimal values are

P †
b = Pmax, β† = min(β1, β2). (3.31)
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where

β1 = 1− W 2
0 (2

Rth − 1)

PmaxZn
, β2 =

1

PmaxZn

(︃
b− 1

a
ln

(︃
(1− χ)(E ′ − ξth)
ξth(1− χ) + χE ′

)︃)︃
. (3.32)

Proof : See Appendix B.1.

Considering the solutions for Problem (P1) provided in Theorems 1 and 2 for TS, and

Theorems 3 and 4 for PS, the maximized information rate is given by optimized variables

P †
b and Φ† ∈ [α†, β†] as Ru(Φ

†, P †
b ) ∈ [RT

u (α
†, P †

b ), R
P
u (β

†, P †
b )]. The classical trade-off

between rate and EH for SWIPT will be explained in next section, where we maximize the

EH for both TS and PS protocols.

3.4 Harvested Energy Maximization

We define the problem of maximizing EH while optimizing the transmit power and the

TS or PS ratio. This is performed under various constraints, including those related to rate,

EH, Pmax, and the permissible range of TS or PS ratio. This formulation is expressed as

(P2): maximize
Φ,Pb

Eh(Φ, Pb) (3.33)

subject to : (3.16)− (3.18) (3.34)

The constraints for (P2) remain the same as for Problem (P1). The determination of the TS

or PS is managed through the notations and expressions associated with (3.14).

3.4.1 Optimized solution for TS

This section addresses (P2) for the TS receiver considering (3.14), (3.33)-(3.34). The

problem is non-convex in nature due to the non-linear sigmoid objective function and finding

an exact solution for it, is quite cumbersome. The KKT conditions have proven to provide
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near-optimal solutions for such non-convex problems, hence we utilize it for solving (P2).

As an initial step, we need to find the Lagrangian dual for the TS case in (P2), given by

L(α, Pb;Λ)=ET
h+λ1(R

T
u −Rth)+λ2(E

T
h − ξth)+λ3(Pmax − Pb)+λ4(1− α). (3.35)

The optimality condition, whether local or global, is fulfilled by ∆L(α, Pb;Λ) = 0 ⇒
∂L(α,Pb;Λ)

∂Pb
= ∂L(α,Pb;Λ)

∂α
= 0. Solving further

(︃
eΣ(1 + λ1)αE

′aZn
(1− χ)(1 + eΣ)2

)︃
+

λ2(1− α)Zn
(W 2

0 + PbZn) ln(2)
− λ3 = 0, (3.36)

(1 + λ1)E
′

(1− χ)

(︃
1

1 + exp(Σ)
− χ

)︃
− λ2 log2

(︃
1 +

PbZn
W 2

0

)︃
− λ4 = 0. (3.37)

The feasibility and complementary conditions are : RT
u−Rth ≥ 0,ET

h−ξth ≥ 0,Pmax−Pb ≥

0, and 1−α ≥ 0; λ1(RT
u −Rth)=0, λ2(ET

h − ξth)=0, λ3(Pmax−Pb)=0, and λ4(1−α)=0;

respectively. The variables Λ, α, Pb should be positive in nature. For all the above stated

conditions to be satisfied, λ4 must be zero, thereby resulting in α ̸= 1. The Theorems 5 and

6 represents the cases which satisfies the above conditions and provide a sub-optimal (or

optimal) solution.

Theorem 5: If λ1 ̸= 0 ⇒ (RT
u − Rth)=0; λ2=0 ⇒ (ET

h − ξth) ̸= 0; λ3 ̸= 0 ⇒

(Pmax − Pb)=0, the the optimal values are

P ∗
b = Pmax, α∗ = 1− Rth

log2

(︂
1 + PbZn

W 2
0

)︂ , (3.38)

Proof : See Appendix B.2.

Theorem 6: If λ1 ̸= 0 ⇒ (RT
u − Rth)=0; λ2 ̸= 0 ⇒ (ET

h − ξth)=0; λ3 ̸= 0 ⇒
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(Pmax − Pb)=0. Optimal values are

P †
b = Pmax, α† = max(α1, α2) (3.39)

where α1 and α2 have values from (3.25).

Proof : See Appendix B.2.

In the upcoming section, we provide optimized solution for considered PS case for EH

maximization.

3.4.2 Optimized solution for PS

Herein, we handle (P2) for the PS receiver by solving it using KKT, as (P2) is inherently

non-convex in nature. As a preliminary step, we derive the Lagrangian dual for the PS case

of (P2) as follows.

L(β, Pb;ν)=EP
h +µ1(R

P
u −Rth)+µ2(E

P
h − ξth)+µ3(Pmax − Pb)+µ4(1− β). (3.40)

For Step 2, following condition should be meet.

∆L(β, Pb;ν)=0⇒∂L(β, Pb;ν)
∂Pb

=
∂L(β, Pb;ν)

∂β
=0, (3.41)

which further solves to

(1− β)Σ′(1 + µ1)

ln(2)
+

(︃
µ2βE

′Σ′′

(1− χ)

)︃
−µ3=0, (3.42)

−W
2
0PbΣ

′

ln(2)
(1 + µ1)+

(︃
µ2E

′PbΣ
′′

(1− χ)

)︃
−µ4=0. (3.43)

Expressions for Σ′ and Σ′′ are the same as given in Section 3.3.2. As a part of the KKT,

the feasible conditions and complimentary slackness conditions include, RP
u − Rth ≥ 0,

EP
h − ξth ≥ 0, Pmax − Pb ≥ 0, and 1 − β ≥ 0; µ1(R

P
u − Rth)=0, µ2(E

P
h − ξth)=0,
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µ3(Pmax−Pb)=0, and µ4(1−β)=0, respectively. The always positive quantities are ν, β, Pb.

The above conditions are satisfied only when µ4 = 0 and β ̸= 1. The rest of the cases count

to eight (Appendix B.2), out of which, Theorems 7 and 8 represent the satisfied cases leading

to an optimal solution.

Theorem 7: If µ1 ̸= 0 ⇒ (RP
u − Rth)=0; µ2=0 ⇒ (EP

h − ξth) ̸= 0; µ3 ̸= 0 ⇒

(Pmax − Pb)=0. Following provides optimal values

P ∗
b = Pmax, β∗ = 1− W 2

0 (2
Rth − 1)

PmaxZn
. (3.44)

Proof : See Appendix B.2.

Theorem 8: If µ1 ̸= 0 ⇒ (RP
u − Rth)=0; µ2 ̸= 0 ⇒ (EP

h − ξth)=0; µ3 ̸= 0 ⇒

(Pmax − Pb)=0. The optimal values are

P †
b = Pmax, β† = max(β1, β2). (3.45)

where β1 and β2 is similar to (3.32).

Proof : See Appendix B.2.

Taking into account the solutions for combined Problem (P2) furnished by Theorems 5

and 6 for TS; and Theorems 7 and 8 for PS, the maximized EH is provided by optimized

variables P †
b and Φ† := {α†, β†} as Eh(Φ†, P †

b ) := {ET
h (α

†, P †
b ), E

P
h (β

†, P †
b )} In the next

section we pursue the algorithmic aspect for providing solution to Problems (P1) and (P2).

3.4.3 Algorithmic Solution for Rate and EH Maximization

Based on the aforementioned analysis, we were able to obtain reasonable solutions via

KKT methodology. This section provides algorithmic solution to the inter-twinned optimiz-

ing variables Φ (i.e., α or β) and Pb of the primal problems (P1) for rate maximization and

(P2) for EH maximization. Since both the problems have the same set of constraints, we will
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define a new notation Zx∀x ∈ [t, p] that takes either TS
(︁
Zt(α, Pb)

)︁
or PS

(︁
Zp(β, Pb)

)︁
case

at a time. The case for TS or PS is further divided into two cases of rate or EH maximization

objective function at a time. Thus, (3.46) facilitates four cases, i.e., EH maximization with

TS or, TS for rate maximization or, PS for EH maximization, or rate maximization with PS,

out of which only one will be considered at a time. The overall encapsulated form is defined

as follows

Zx(Φ, Pb)
∀x∈[t,p],Φ∈[α,β]

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

Zt(α, Pb)=

⎧⎪⎨⎪⎩R
T
u (α, Pb) : Rate for TS

ET
h (α, Pb) : EH for TS

Zp(β, Pb)=

⎧⎪⎨⎪⎩R
P
u (β, Pb) : Rate for PS

EP
h (β, Pb) : EH for PS

(3.46)

A commonly developed primal problem that takes into account both (P1) and (P2) given by

(P3): maximize
Φ,Pb

Zx(Φ, Pb) ∀x ∈ [t, p],Φ ∈ [α, β] (3.47)

subject to : (3.16)− (3.18). (3.48)

The problem (P3) encapsulates four distinct cases of rate maximization for TS or PS (i.e.,

RT
u (α, Pb) or RP

u (β, Pb)) resembling (P1) in (3.15), and EH maximization for TS or PS

(i.e., ET
h (α, Pb) or EP

h (β, Pb)) akin to (P2) as in (3.33). Due to presence of Φ and Pb in

both constraints and objective function(s), (P3) becomes non-convex problem. Here, we

will adopt the divide-and-conquer (DAC) approach by breaking the primal problem (P3)
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involvingZt into sub-problems (P3)a and (P3)b for TS. It is mathematically given as follows

(P3)a : maximize
α

Zt(α, Pb) (3.49)

subject to : α ≤ 1− Rth

log2

(︂
1 + PbZn

W 2
0

)︂ , (3.50)

α≥ ξth(1− χ)

E ′
(︂

1
1+exp(−aPbZn+ab)

−χ
)︂ , (3.51)

0 ≤ α ≤ 1. (3.52)

(P3)b : maximize
Pb

Zt(α, Pb) (3.53)

subject to : Pb ≥
W 2

0

Zn

(︂
2

Rth
(1−α) − 1

)︂
, (3.54)

Pb ≥
b

Zn∗
− 1

aZn∗
ln

(︃
(1−χ)(αE ′−ξth)
ξth(1−χ)+χαE ′

)︃
, (3.55)

0 < Pb ≤ Pmax. (3.56)

Similar DAC approach gives sub-problems concerning PS and Zp as follows

(P3)c : maximize
β

Zp(β, Pb) (3.57)

subject to : β ≥ 1

PbZn

(︃
b− lnΣ′′′

a

)︃
, (3.58)

β ≤ 1− W 2
0

PbZn
(2Rth − 1), (3.59)

0 ≤ β ≤ 1. (3.60)

(P3)d : maximize
Pb

Zp(β, Pb) (3.61)

subject to : Pb ≥
1

βZn

(︃
b− lnΣ′′′

a

)︃
, (3.62)

Pb ≥
W 2

0

(1− β)Zn
(2Rth − 1), (3.63)

0 < Pb ≤ Pmax. (3.64)
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where Σ′′′ = (1−χ)(E′−ξth)
ξth(1−χ)+χE′ . Inspired by the AOA [61], Algorithm 3.1 regulates the above

stated sub-problems (P3)a as in (3.49) and (P3)b as in (3.53) for TS, and (P3)c as in (3.57)

and (P3)d as in (3.61) for PS, respectively. We shall be writing Algorithm 3.1 for equivalent

primal problem (P3), which takes care of all the associated four subordinate cases (3.46). We

commence by initializing an array Zx(Φ, Pb)∀x ∈ [t, p],Φ ∈ [α, β], along with the variable

Pb, which is assigned two similar feasible values. The procedure unfolds as follows: First,

we set Pb at a constant value and calculate (Φ = α) as part of sub-problem (P3)a as in (3.49)

for TS, on the other hand for PS evaluates (Φ = β) using (P3)c as in (3.57). Subsequently,

we determine the value of Pb in (P3)b as in (3.53) or (P3)d as in (3.61) using the Φ = α or β

obtained from solving the preceding sub-problem (P3)a or (P3)c, respectively. We then

utilize the found values of Pb and Φ to address Zx(Φ, Pb). If the current value of Zx(Φ, Pb)

is lower than the previous value or the iteration reaches its upper limit k′, we terminate the

loop. Otherwise, we preserve the current value and continue the iteration until we reach

a lower value. This iterative process ultimately yields the optimized value of P ∗
b and Φ∗

with maximized objective function. The proposed Algorithm 3.1 is presented as follows

Algorithm 3.1 Maximization Algorithm based on AOA

1: Initialize variables: Z(1)
x =Z(2)

x ∀x ∈ [t, p],Φ ∈ [α, β], P (1)
b =P

(2)
b , k′, k=2.

2: For TS: Solve (3.49) with given P (k)
b and find α(k+1).

3: For PS: Solve (3.57) with given P (k)
b and find β(k+1).

4: For TS: Solve (3.53) with obtained α(k+1) from step 2 and find P (k+1)
b .

5: For PS: Solve (3.61) with obtained β(k+1) from step 2 and find P (k+1)
b .

6: Evaluate Z(k+1)
x with Φ(k+1) and P (k+1)

b obtained from step 2 and 3 respectively.
7: If Z(k+1)

x ≥ Z(k)
x and k ≤ k′, then Go to step 2 with updated P (k+1)

b and k = k + 1.
8: If Z(k+1)

x < Z(k)
x or k > k′, then loop stops. Go to step 7.

9: Output: Z(k−1)
x , P ∗

b ← P
(k−1)
b , Φ∗ ← Φ(k−1).

Initiating Zx with an initial feasible value is essential to ensure that subsequent values are

obtained while maintaining the condition Z(k+1)
x ≥ Z(k)

x . The convergence plot is given in

Fig. 3.2.
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Figure 3.2: Convergence plot of Algorithm 3.1 for rate and EH maximization with TS or PS
cases.

The computation complexity for solving step 2 of Algorithm 3.1 is κ1(NM2) and step

3 is κ2(NM2), also it takes AI iterations for the maximization of Zx. The overall asymp-

totic complexity of Algorithm 3.1 is O
(︂
AI
(︁
κ1(NM

2) + κ2(NM
2)
)︁)︂

, which grows with

the RIS elements and surfaces in the vicinity. Apart from the circuits of BS and UE, the

nearly passive RIS surface too utilizes some power for its phase reconfiguration. In the next

section, we demonstrate how this power consumption impacts the data rate and how the

system parameters are optimized to make the system robust.

3.5 Maximization of Energy Efficiency (EE)

Another performance metric to evaluate the practical implementation and robustness of

the multi-RIS SWIPT system is the EE. In this section, we will define the EE maximization

problem (P4) for optimized TS or PS ratio and transmit power with the set of constraints

on data rate, EH, transmit power and TS or PS ratio Φ := {α, β}. The overall optimization
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problem is mathematically expressed as

(P4): maximize
Φ,Pb

Ξ(Φ, Pb) =
Ru(Φ, Pb)

PT
(3.65)

subject to : (3.16)− (3.18). (3.66)

The Problem (P4) takes both the TS and PS scenarios into consideration and the related rate

and EH. The non-convex fractional nature of (P4) requires to find solution using fractional

programming techniques.

3.5.1 Dinkelbach based Solution

The Problem (P4) is fraction of concave-convex type problem which can be solved by

the Dinkelbach based transform from the concepts of fractional programming. In this we

convert the fraction into a substractive parametric form with q as an auxiliary variable, the

transformed problem is given as [55]

Ξd(q) = maximize
{Φ,Pb}∈D

Ru(Φ, Pb)− qPT (Pb). (3.67)

The domainD comprises the values of {Φ, Pb} which satisfies the constraints (3.16)-(3.18).

The optimized values of original problem (P4) are {Φ∗, P ∗
b } can be obtained if and only if

it satisfies the following condition for an optimized auxiliary variable q∗ = Ru(Φ∗,P ∗
b )

PT (P ∗
b )

, stated

as

Ξd(q
∗) = maximize

{Φ,Pb}∈D
Ru(Φ, Pb)− q∗PT (Pb) (3.68)

= Ru(Φ
∗, P ∗

b )− q∗PT (P ∗
b ) = 0 (3.69)

The Dinkelbach’s iterative process yields a globally optimal solution with super-linear

speed. The optimized solution of q∗ is the solution to original objective of Problem (P4).
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Figure 3.3: Convergence plot of Algorithm 3.2 utilizing Dinkelbach Transform.

The Algorithm 3.2 describes the iterative steps of Dinkelbach based transform for EE max-

imization, enumerated as follows

Algorithm 3.2 EE Maximization Algorithm based on DT

1: Initialize: {Φ(1), P
(1)
b } ∈ D, q(1)=0, j=1, ϵ : threshold error.

2: Solve (3.67) for optimal Φ(j+1) and P (j+1)
b .

3: If Ru

(︂
Φ(j+1),P

(j+1)
b

)︂
− q(j)PT

(︂
P

(j+1)
b

)︂
≤ ϵ, then loop stops, go to step 5.

4: Else set q(j+1)=
Ru

(︁
Φ(j+1),P

(j+1)
b

)︁
PT

(︁
P

(j+1)
b

)︁ , j=j + 1, go to step 2.

5: Output: q∗ ← q(j), Φ∗ ← Φ(j+1), P ∗
b ← P

(j+1)
b .

The convergence plot of Algorithm 3.2 is given in Fig. 3.3 for both TS and PS case. If

Algorithm 3.2 takes I1 iterations to converge and step 2 solves with I2 execution time, then

overall computation complexity is O(I1I2).

The impact of EE and the comparison of Algorithm 3.1 solutions with the KKT results

for two distinct objectives of rate and EH maximization, respectively while considering both

the TS and PS cases, are discussed in next section of this chapter.

3.6 Results and Discussion

In this section, we assess the effectiveness of the system proposed in this chapter based

on the solutions presented. We utilize the ITU-R P.1411-9 site general model for Urban
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Figure 3.4: Comparison of distinct solutions for rate maximization with demanded EH.

or Sub-urban propagation environment [60, 62] for deriving variance parameter of chan-

nels provided in Section 3.2.1. The channel magnitudes follow Rayleigh distribution, while

phase angles following uniform distribution of [−π, π] [22, 57, 60]. The algorithmic re-

sults following Algorithm 3.1 are obtained using MATLAB’s fmincon(·) non-linear solver

for averaged 500 Monte-Carlo channel realizations. The validation of the Algorithm 3.1

is proved by the convergence plot given in Fig. 3.2. The specific values of other param-

eters unless stated are N=3, {η
Rn(i)
}N,Mn

n,i=1=η=0.8, Rth=10 bps/Hz, Pmax=5W, ξth=1µJ,

E ′=2.8mJ, a=1500, b=0.0022. The distance between BS to nth RIS to UE is assumed to

be same as dBS−Rn=dRn−UE=d=5m, RIS’s array size {Mn}Nn=1=M=50 or 100 and carrier

frequency f = 0.915 GHz ensuring far-field propagation (d>1m) [63]. The effective noise

power at UE receiver is W 2
0= − 120 dBm [64]. The considered frequency favors higher

power transfer capabilities [60, 65].

Fig. 3.4 and Fig. 3.5 presents the three different types of solutions along with the com-

parison of TS and PS protocol for maximization of rate and EH respectively. The former

belongs to KKT solutions provided in section 3.3 and 3.4, whereas the latter, solution cor-

responds to the proposed Algorithm 3.1 for solving Problem (P3), depicted as ‘Algo’ in the
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plots. The third solution belongs to the solution by the joint optimization (JO) methodology,

in which multiple optimization variables are computed simultaneously. Consequently, for

Problem (P3) the dependent variables Φ and Pb are optimized together for selected objective

at a time out of four cases of Zx∀x ∈ [t, p],Φ := {α, β} (3.46). This process is complex

and provides sub-optimal solution since the adjustment to one variable leads to the com-

pensatory fixtures in other, so as to maximize the objective function. The outcome derived

from the joint optimization of parameters could exhibit sub-optimal conditions and is highly

reliant on the selection of a feasible initial point. The argument of sub-optimal solution dif-

ference is supported by Fig. 3.5 where Algorithm 3.1 and KKT solutions are better than JO

solutions. While all three solutions have very negligible difference for the rate case, which

implies that all three solutions reach their respective optimality or the problem becomes

convex for the selected constant parameters.

In addition, the TS performs inferior to the PS protocol for both rate and EH. As for

PS, SWIPT operations are performed for the complete time period with the split in transmit

power. For the information rate, this difference in the performance for both the protocols

becomes more pronounced at the higher demanded EH. On the other hand, for the EH case

this difference is not significant. Fig. 3.4 shows rate and EH trade-off. Fig. 3.5 depicts

the appreciation in EH with the maximum allowed transmit power (Pmax). Furthermore, the

study involves comparison of the outcomes for a scenario denoted as ‘No RIS,’ which rep-

resents the absence of RIS. In the simulations for rate and EH maximization, we consider

the absence of RIS by simulating reflections from a concrete wall with a reflectivity of 0.45

[53, 60]. It is worth noting that Algorithm 3.1 is applied with comparable channel coeffi-

cients to optimize parameters in the ‘No RIS’ scenario for both TS and PS. The necessity of

intelligent reflections by RIS is highlighted in Fig. 3.4 and 3.5, where ‘No RIS’ yields least

performance for the distinct TS and PS cases, respectively.
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Figure 3.5: Comparison of distinct solutions for EH maximization with maximum transmit
power.

In Fig. 3.6, EE maximization is compared for both selection schemes (i.e., ERA and

ORA) with EH threshold ξth. We assume equal elements {Mn}Nn=1=M for all RISs (N=3).

We observe that ERA selection scheme contributing more to power consumption as all RISs

remain ON whereas there will be an increment in channel parameter leading to lesser fading

of the signal at UE. The cumulative effect of these two factors for the optimized transmit

power and TS or PS ratio, leads to a lesser EE for ERA case than ORA with single ‘suitable

RIS’ selection, as depicted in Fig. 3.6. Again the PS performs better than the TS due to

higher data rate delivery and henceforth higher EE. The increase in element from (M=100)

to (M=150) has twin effect on increased PT , and channel parameter leading to increased

rate, which in turn increases the EE. This is because the more elements enable higher data

rate which overpowers the negligible circuit power consumption by increased RIS elements.

Additionally, EE decreases for higher harvested energy needs which is applicable for all

cases.

Fig. 3.7(a) shows higher rate and EH with the increasing number of elements, provided

all RIS surfaces (N=3) have equal number of elements (M=50 or 100). The increasing M

affects the summation in ‘channel term’ (Zn) and hence increment in rate and EH. The same
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Figure 3.7: Comparative Rate and EH maximization plots for TS and PS with the variation
of (a) Number of RIS elements (assumed to be same for all RIS surfaces) (b) BS − Rn =
Rn − UE = d distance.

condition stands true for lower BS-RISn or RISn-UE distance as depicted by Fig. 3.7(b). In

the varying network condition due to changed RIS elements or separation distance, the

Rate-Energy trade-off stands unaltered. The performance of PS, which is superior to TS, is

supported by Fig. 3.7(a)-3.7(b). Variations of distance and elements is huge for the TS rate

maximization with demanded EH than for EH maximization.

Fig. 3.8 compares EH for increasing RIS surfaces for different demanded rate. The

ERA approach provides significant changes in the EH with surfaces since all are going to
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Figure 3.9: Effect of imperfect CSI on rate maximization for both TS and PS.

contribute to the channel parameter. While this change is little less profound for ORA case,

yet inlines with the trend of EH increases with more RIS surfaces. The R-E trade-off is

again validated for the desired rate ofRth ∈ [1, 10] bps/Hz.

To assess the robustness of the multi-RIS SWIPT system and associated algorithm to

imperfect channel state information, we relax the assumption of perfect channel estimation.

Due to the environmental conditions and pilot training overhead the accuracy of CSI esti-

mation can be hampered greatly, leading to imperfect CSI. The small scale channel fading

coefficients in (3.1) are g̃
Rn(i)

and h̃
Rn(i)

. The associated imperfect CSI of these channels are
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characterized with Gauss-Markov uncertainty model as [19]

ĝ
Rn(i)

=
√
1− ϵ g̃

Rn(i)
+
√
ϵ u

Rn(i)
, ĥ

Rn(i)
=
√
1− ϵ h̃

Rn(i)
+
√
ϵ v

Rn(i)
. (3.70)

The v
Rn(i)

and u
Rn(i)

are i.i.d. complex Gaussian random variables with zero mean and unit

variance, showcasing the error variable. Another CSI error parameter is ϵ ∈ [0, 1] which

indicates the accuracy of the CSI estimation. The unity value of ϵ, implies zero correlation

between
(︁
ĝ
Rn(i)
− g̃

Rn(i)

)︁
and

(︁
ĥ

Rn(i)
− h̃

Rn(i)

)︁
, while null value is for perfect CSI estimation

(ĝ
Rn(i)

= g̃
Rn(i)

) and (ĥ
Rn(i)

= h̃
Rn(i)

). Fig. 3.9 shows the impact of imperfect CSI on rate

maximization for variousPmax values for both the TS and PS SWIPT receivers. The amount

of rate degrades with increasing value of error factor ϵ from 0.2 to 0.5 by 19% at Pmax = 5

W. The perfect CSI with ϵ = 0, performs the best with PS receiver. It is worth noting that

TS is significantly affected by increasing the CSI error in comparison to the PS, due to high

dependency of rate on channel parameter.

3.7 Summary

This chapter investigated a HD SWIPT-enabled multi-RIS communication framework

incorporating a practical NL-EH model at the IoT UE. Two RIS utilization strategies,

namely, the ERA and ORA, were comparatively analyzed. Separate optimization prob-

lems for achievable rate, EH, and EE were formulated for both TS and PS based SWIPT

architectures by jointly optimizing the transmit power and TS or PS ratio under the con-

sidered system constraints. For rate and EH maximization, closed-form optimal solutions

were derived using the KKT conditions. In addition, an alternating optimization-based algo-

rithm was developed, and its performance was compared with the obtained KKT solutions

as well as the jointly optimized parameter solutions. The fractional EE maximization prob-
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lem was addressed using the Dinkelbach transformation technique. The obtained results

demonstrated that all three optimization approaches achieve nearly identical performance

in terms of achievable rate, whereas the KKT-based solution provides slightly superior EH

performance compared to the other methods. The analysis also highlights the impact of RIS

power consumption and demonstrated the resource-saving capability of the ORA scheme

through an intelligent RIS selection. Furthermore, the study revealed that higher throughput

and improved harvested energy can be achieved by increasing the number of RIS surfaces,

increasing the number of RIS elements, allowing higher transmit power limits while re-

ducing the separation distance between communicating entities. An imperfect CSI analysis

was also carried out to evaluate the robustness of the proposed framework under practical

channel estimation errors. As a possible extension of this work, the ideal continuous phase-

shift assumption may be replaced with practical discrete phase-shift modeling. Moreover,

the considered framework can be extended to multi-user scenarios with user scheduling and

resource allocation strategies for further investigation.
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Chapter 4

Joint Rate-Energy Optimization in

RIS-assisted SWIPT-IoT System

In this chapter, we address the conflicting objectives, namely, data rate and energy har-

vesting (EH), in Simultaneous Wireless Information and Power Transmission (SWIPT) sys-

tems with Reconfigurable Intelligent Surface (RIS) by introducing a weighted optimization

objective, aiming to jointly maximize data rate, EH, and transmit power utilization. This

approach involves optimizing power splitting (PS) ratios and transmit power under prac-

tical phase-dependent amplitude model for each RIS element reflectivity. To tackle this,

fractional programming-based Dinkelbach and Quadratic transform-related algorithms are

proposed and compared with Karush-Kuhn-Tucker (KKT) conditions based solutions. Im-

pact of discrete phase shift (DPS) RIS model has been analyzed as well. Numerical results

show that deploying more RIS elements and placing them closer together enhances both

information rate and EH, whereas it nearly saturates with increasing DPS levels.

The chapter is organized as follows: Section 4.1 provides an introduction to the consid-

ered framework and Section 4.2 gives the description of the system model encapsulating the

signal modeling and phase shift models. Section 4.3 presents maximization problem of UF

and related solutions. The results and related discussions are scripted in Section 4.4. The
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chapter finally rests with concluding remarks in Section 4.5.

4.1 Introduction to Fractional Programming Strategy in

RIS-assisted SWIPT-IoT Systems

With the proliferation of IoT devices across various sectors like agriculture and health-

care, there is a pressing need for sustainable systems with reliable data throughput and low

energy consumption. SWIPT systems, capable of harvesting RF energy for both data trans-

fer and power, can address these demands effectively [8]. Integration of SWIPT with RIS

holds great potential to serve as autonomous green communication systems for future IoT

applications [66]. SWIPT systems inherently face a trade-off between data rate and EH,

prompting the need for of this study. Table 4.1 highlights the recent works on RIS-SWIPT

systems and their distinguished features regarding used EH model (linear or non-linear EH

model), objective function (maximization or minimization problem statement), SWIPT ar-

chitecture used (TS, PS, or separated EH and information decoding users) and the phase

shift model.

It is observed that most works ([67],[69]-[51],[15]-[72]) considering multiple objective

functions (or weighted sum of objectives) have assumed linear EH model, which lacks prac-

tical implementation. As the very basic component of EH circuit, the rectenna (rectifier plus

antenna) is assumed to have a linear energy conversion efficiency when estimated via linear

EH models. It contrasts with the presence of non-linear element rectifier (having diode)

which questions the suitability of the model. To the contrary the sigmoid or logistic based

non-linear EH (NL-EH) model practically justifies the RF-to-DC conversion of EH module

[32, 53], therefore this chapter utilizes the same sigmoidal model. However, due to the com-

plicated mathematical representation of sigmoid NL-EH model, it brings non-convexity to
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Table 4.1: Recent studies on RIS-SWIPT systems.

Ref. EH Model Objective SWIPT Phase shift
Function architecture model

[67] Linear Sum power maximization Separated EH-ID users Continuous
[68] NL-EH Rate Maximization PS Continuous
[69] Linear Multi-objective optimization PS No RIS

(MOO) for rate and EH
[70] Linear EE maximization Separated EH-ID users Continuous
[43] Linear weighted rate and EH PS Practical*

[51] Linear EE maximization PS Continuous
[45] NL-EH Performance analysis TS/PS Discrete
[15] Linear Maxmin SNR Separated EH-ID users Discrete
[71] Linear Sum rate Maximization Separated EH-ID users Discrete
[72] Linear MOO rate and EH Separated EH-ID users Continuous
[73] NL-EH Total energy Maximization PS Continuous
[44] NL-EH Sum rate Maximization - Continuous

Present NL-EH Weighted rate, EH, and power PS Practical*

work + Discrete
* Phase shift dependent reflection amplitude practical model.

the optimization problem involved and the direct solution is not easy to achieve. Another

notable contribution is incorporation of the practical phase shift model with discrete phase

shift. In the practical circuit implementations, the characteristics of the amplitude and phase

responses of the RIS reflecting elements are inter-dependent, i.e., the reflection amplitude

response {ηi(θi) ∈ (0, 1]} varies across different phase shifts {θi ∈ [−π, π)}. This is due

to the non-uniform nature of lumped circuit comprising the capacitor, inductor, and resis-

tor, thereby modeling individual reflecting element of RIS, and thus affecting the respective

reflection coefficient’s amplitudes as well as phases. The existing works [67], [68], [70],

[51], [44, 72, 73] on RIS-SWIPT communications are mainly based on the assumption of

continuous phase shifts at its reflecting elements. However in practice, this is difficult to re-

alize since manufacturing of each reflecting element with more levels of phase shifts incurs

a relatively higher cost, which may not be scalable since the number of elements for RIS
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is usually very large. This does not only make the element design more challenging due to

its limited size, but also requires extra controlling pins at the RIS controller to invoke more

PIN diodes. Hence we take the practical case where each element of the RIS has only a

finite number of discrete phase shifts. Later, we analyze the impact of the number of phase

shift levels required to achieve desired objective function.

Moreover, the present chapter considers three problems together as their weighted ver-

sions of rate, EH, and transmit power, termed as utility function (UF). It is defined as a

fraction of weighted sums of Rate-EH over Power, which is the reflection of energy effi-

ciency (EE) metric. This formulated objective function is unique in a way that results can

be inferred from the view point of EE, individual rate, individual EH or sum of rate, and

EH just by adjusting the weights accordingly. Whereas in literature such kind of weighted

objective problems are tackled by only very limited works [70].

This chapter bridges the aforementioned gap by exploring realistic non-linear EH (NL-

EH) models in SWIPT communication with RIS for weighted joint optimization problem

addressing rate, EH, and transmit power together, listed below.

• At the IoT user, the PS-SWIPT protocol incorporates a logistic or sigmoid-based NL-

EH model. Additionally, a functional phase shift model that depicts the amplitude

variation dependent on phase in the design of element-wise reflection is incorporated.

• Three different solution strategies are proposed for the weighted maximization prob-

lem. First solution type involves the Karush-Kuhn-Tucker (KKT) conditions. Other

two are fractional programming (FP) based Dinkelbach and Quadratic transform al-

gorithms. We additionally analyze the impact of the DPS levels on the system perfor-

mance.

• The proposed algorithmic results are analytically compared for their efficient and fast
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Figure 4.1: System model for RIS assisted PS-SWIPT communication.

convergence. Inferences are drawn based on the variation of the number of RIS ele-

ments, separation distance, maximum allowed transmit power, desired rate and DPS

levels.

4.2 System Model

The system model depicted in Fig. 4.1 illustrates Nt antenna base station (BS) com-

municates with a N single antenna PS-SWIPT operated IoT user equipment (UE) (Un, n =

1, 2, . . . , N ). 1 To facilitate the communication process to the secluded UE, each one is sup-

ported by an M element RIS, such that there are N RIS-UE pairs. Each antenna is assumed

be active for an equal fraction of overall transmission time serving each RIS-UE pair. The

direct communication path between BS and Un is assumed to be obstructed. Let us assume

that all the RISs have equal elements, i.e., M1=. . .=Mn= · · · =MN=M . The channel from

1The present system model can be taken as a specific case where a dedicated RIS is communicating with
a user group (UG), from which any one UE is selected (as shown in Fig. 4.1) using random scheduling,
making a RIS-user pair with no interference. However, it can be further extended when BS is broadcasting or
multicasting to all the UEs of a UG.
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Figure 4.2: Reflection amplitude dependency on phase with circuit constants.

BS to nth RIS is Hn = [hn1 , . . . ,h
n
nt
, . . . ,hnNt

] ∈ CM×Nt where hnnt
= [hnnt,1, . . . , h

n
nt,M

]T .

The channel between nth RIS-UE pair is gn = [gn1 , . . . , g
n
M ] ∈ C1×M . Let {|hnnt,i|, ϕi} and

{|gni |, ψi} for i ∈ [1, . . . ,M ] denote the set of related channel magnitude and phases.

4.2.1 Practical Phase Shift Model

In the practical circuit implementations, the non-uniformity of lumped circuit models

influence each RIS reflecting element, impacting both the amplitude {ηi ∈ (0, 1]} and the

phase {θi ∈ [−π, π)} of their respective reflection coefficients. The phase dependent re-

flection coefficient amplitude for the ith RIS element is analytically provided as follows

[74]

ηi(θi) = (1− ωmin)(0.5(sin(θi −ϖ) + 1))κ + ωmin. (4.1)

For allM elements of the RIS, the circuit parameters: ωmin, ϖ, κ are non-negative constants.

The reflection amplitude is illustrated in Fig. 4.2 for different phase values, as derived from

equation (4.1). Here, ωmin represents the minimum amplitude, and κ characterizes the slope

of the curve. When the phase is π or −π, the reflectivity reaches its maximum amplitude of

unity, whereas it attains least value (ωmin) at θi = 0.

The desired phase condition, where all individual reflection coefficients ηi(θi) equal 1
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for i ranging from 1 to M , can be achieved by setting either κ = 0 or ωmin = 1.

4.2.2 Signal Model

In this section, we introduce the mathematical rigor considering the received sig-

nal, SNR, data rate, and harvested energy by the respective UE(s). Following (4.1),

the phase shift matrix is given as Θn = diag[η1(ϕ1)e
jϕ1 , . . . , ηM(ϕM)ejϕM ], ηi(θi) =

(1−ωmin)(0.5(sin(θi−ϖ)+1))κ+ωmin is a function determining the relationship between

the phase and amplitude of the reflection coefficient [74]. Assuming equal weights at all BS

antennas, it transmits x =
N∑︁
n=1

Pnsn signal, where Pn =
√︂

Pb

Nt
[1, . . . , 1]Nt×1 represents the

precoding vector for nth RIS-UE pair with a total BS power represented by Pb. The related

transmitting symbol is denoted by sn with E[|sn|2] = 1. The signal received at Un via intel-

ligent reflections from Rn is yn = gnΘnHnx+ wn, where wn ∼ CN (0,W 2
0 ) is the (i. i. d.)

additive white Gaussian noise (AWGN). To avoid interference, each BS antenna is tuned

to any one RIS-UE pair, which makes Nt = N . The present signal model is simplified to

replicate a single-input single output (SISO) system, with single antenna BS having a power

represented as a fraction of Pb to Nt (i.e., Pb/Nt) for communicating with single antenna

UE via single RIS. Henceforth, refined received signal yn is given by

yn=

(︄
M∑︂
i=1

gni h
n
nt,iηi(θi)e

j(θi+ϕi+ψi)

)︄√︃
Pb
Nt

N∑︂
j=1

sj+wn. (4.2)

The ideal phase shift θ∗i = −(ϕi + ψi) for the ith RIS element aligns with channel phases,

enhancing SNR at U under the assumption of perfect CSI, detailed in [22] as follows2

Γn =
Pt
W 2

0

⃓⃓⃓⃓
⃓
M∑︂
i=1

|gni ||hnnt,i|ηi(θ
∗
i )e

j(θ∗i ))

⃓⃓⃓⃓
⃓
2

=
PtZn
W 2

0

, (4.3)

2θ∗i = −(ϕi + ψi) is for continuous phase shift (CPS), while there exists quantization error for DPS such
that θ∗i = ∆θi, where ∆θi ∈ U(−π/L, π/L) for levels L = 2b and b bits.
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where Pt = Pb/Nt is defined as the power at each BS antenna serving related RIS-user

pair. The nth user Un is equipped with PS-SWIPT architecture having a PS factor β. The

practical sigmoid function based NL-EH and data rate are respectively given by [53]

Eh =
E ′

1− χ

(︃
1

1 + exp(−βaPtZn + ab)
− χ

)︃
, (4.4)

Ru = log2(1 + (1− β)Γn). (4.5)

The values of the constant parameters (E ′, a, b) are typically determined through the uti-

lization of a curve-fitting tool applied to the analytical data, as discussed in [31], with

χ = (1 + exp(ab))−1. In the subsequent section, we formulate the primary problem con-

cerning the overall maximization of weighted joint objective function.

4.2.2.1 Discrete Phase Shift Model

While the theoretical model considers CPS with an infinite number of levels, practical

hardware implementations use PIN diodes to facilitate phase changes and beamforming.

Each PIN diode represents a bit b, with the number of discrete phase shift levels L given by

L = 2b. As L increases, so does the number of elements in S, which becomes infinite for

CPS. Using a large number of PIN diodes (more than 100) for phase adjustment makes the

RIS module bulky and challenging to implement. Thus unlike the CPS model, the practical

DPS level requires finite control bits for providing distinct phases at each RIS element. The

discrete levels belong to the set S = {0, 2π/L, . . . , 2π(L− 1)/L} [15]. For each reflecting

element, the optimum phase shift θ∗i = −(ϕi + ψi) value is mapped to its nearest set S

element (θ̂i). The evident effect on channel parameter by the phase error ∆θi = θ̂i − θ∗i is

given by

Zn =

⃓⃓⃓⃓
⃓
M∑︂
i=1

|gni ||hnnt,i|ηi(∆θi)e
j(∆θi))

⃓⃓⃓⃓
⃓
2

. (4.6)
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A DPS model with many levels approximates a CPS model with zero phase error (∆θi = 0).

4.3 Problem Formulation and Proposed Solution

We formulate a problem with a weighted utility function (UF) to collectively optimize

the data rate, EH, and transmit power. This fractional UF J (β, Pt) has been used in litera-

ture as an interpretation to effective efficiency for information transfer (EEIT) or effective

energy efficiency transmission (EEET) which is the ratio of rate to power or EH to power, an

important QoS metric [43, 75].3 This optimization aims to guarantee that both the demanded

data rate and EH at the UE exceed specified thresholds. The comprehensive optimization

problem analytically expressed as

(P1): maximize
β,Pt

J (β, Pt) =
wrRu(β, Pt) + weEh(β, Pt)

wpPt
(4.7)

subject to : (C1):Ru ≥ Rth, (C2):Eh ≥ ξth, (4.8)

(C3):Pt ≤ Pmax, (C4): 0 ≤ β ≤ 1. (4.9)

where the demanded rate and EH areRth and ξth, respectively. Pmax denotes the power limit

on each antenna. The constants wr, we, and wp represent the weighting factors associated

with the data rate, EH, and transmit power, respectively. These non-negative weights are de-

cided by the network operator based on the pricing which controls the trade-off depends on

the priority for ID or EH [43]. As wr is indicative of currency units/bps/Hz normalized by

per bps/Hz units of spectral efficiency (data rate). The weight factor we indicates currency

units/µJ, normalized by per µJ units of energy. Even though there is no exact pricing metric

for the EH in practice, however the related works on SWIPT at IoT user provided typical

range of EH between µJ or nJ. Thus, we anticipate that the future pricing metric for har-

3As an alternative, same fractional objective function can be equivalently represented as a tractable
Quadratic transform [76] which is discussed in subsequent subsection.
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vested energy will be close to our assumption of we [77]. The power weight wp is taken as

unity which helps to convert the objective function to EE problem (ratio of rate and power)

by adjusting weights [51]. Considering the objective function, in pursuit of the crucial Rate-

Energy (R-E) trade-off in SWIPT systems, the optimizer aims to find an equilibrium point

between the two metrics, namely data rate and EH, ensuring both are maximized according

to the stringent constraints. Subsequently, we seek potential solution(s) of (P1), with (some)

relevant possibilities as discussed in the following parts.

4.3.1 KKT Conditions based Solution

The problem (P1) is difficult to solve since it has a non-convex form; therefore we

employ KKT based solution characterization and identify the locally optimal or stationary

candidate solutions under considered constraints [20]. Therefore, as the initial step to obtain

an analytical solution for the joint objective optimization problem in (P1), we represents the

corresponding Lagrangian function as follows.

L(β, Pt;Λ)=J (β, Pt)+λ1(Ru−Rth)+λ2(Eh−ξth)+λ3(Pmax − Pt)+λ4(1− β). (4.10)

The expression ∆L(β, Pt;Λ) = 0, ensures the fulfillment of the (local or global) optimal

conditions ∂L(β,Pt;Λ)
∂Pt

= ∂L(β,Pt;Λ)
∂β

= 0.

(1− β)Z ′Σr + βZ ′′Σe −
wrRu

wpP 2
t

− weEh
wpP 2

t

− λ3 = 0, (4.11)

−PtZ ′Σr+PtZ
′′Σe−λ4 = 0, (4.12)

where Z ′ = Zn

log(2)(W 2
0+Pt(1−β)Zn)

, Σr =
(︂

wr

wpPt
+ λ1

)︂
, Z ′′ =

(︂
E′

1−χ

)︂(︂
aZn exp(−aβPtZn+ab)
(1+exp(−aβPtZn+ab))2

)︂
and Σe =

(︂
we

wpPt
+ λ2

)︂
. Feasible conditions encompass Ru − Rth ≥ 0, Eh − ξth ≥ 0,

Pmax − Pt ≥ 0, and 1 − β > 0. Complementary slackness conditions are expressed as
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Table 4.2: KKT cases for UF maximization.

KKT cases Sol. Remark
λ1=0⇒Ru(β, Pt)̸=Rth; λ2=0⇒ not

Eh(β, Pt)̸=ξth;λ3=0⇒(Pmax − Pt)̸=0 Λ = −ve possible
λ1=0⇒Ru(β, Pt)̸=Rth; λ2=0⇒ not

Eh(β, Pt)̸=ξth;λ3 ̸=0⇒(Pmax − Pt)=0 Λ = −ve possible
λ1=0⇒Ru(β, Pt)̸=Rth; λ2 ̸=0⇒ not

Eh(β, Pt)=ξth;λ3=0⇒(Pmax − Pt)̸=0 Λ = −ve possible
λ1=0⇒Ru(β, Pt)̸=Rth; λ2 ̸=0⇒ not

Eh(β, Pt)=ξth;λ3 ̸=0⇒(Pmax − Pt)=0 Λ = −ve possible
λ1 ̸=0⇒Ru(β, Pt)=Rth; λ2=0⇒ not

Eh(β, Pt)̸=ξth;λ3=0⇒(Pmax − Pt)̸=0 Λ = −ve possible
λ1 ̸=0⇒Ru(β, Pt)=Rth; λ2=0⇒ Pt1 (4.13)

Eh(β, Pt)̸=ξth;λ3 ̸=0⇒(Pmax − Pt)=0 β1 possible
λ1 ̸=0⇒Ru(β, Pt)=Rth; λ2 ̸=0⇒ Pt2 (4.14)

Eh(β, Pt)=ξth;λ3=0⇒(Pmax − Pt)̸=0 β2 possible
λ1 ̸=0⇒Ru(β, Pt)=Rth; λ2 ̸=0⇒ Pt3

Eh(β, Pt)=ξth;λ3 ̸=0⇒(Pmax − Pt)=0 β3 possible

λ1(Ru −Rth) = 0, λ2(Eh − ξth) = 0, λ3(Pmax − Pt) = 0, and λ4(1− β) = 0. Lagrangian

and optimizing variables must be positive, i.e., {Λ, β, Pt} > 0. Considering the KKT

complementary slackness conditions, it is evident that λ4 must be zero, implying β ̸= 1.

Analyzing (4.11)-(4.12) for UF maximization, all the feasible solution of KKT are tabulated

in Table 4.2. It takes a total of eight cases among which three viable cases exists and its

solution is provided in detailed Lemma 1−3.

Lemma 1: If λ1 ̸=0⇒(Ru−Rth)=0; λ2=0⇒(Eh− ξth)̸=0; λ3 ̸=0⇒(Pmax−Pt)=0, and

the optimal values are

Pt1 = Pmax, β1 = 1− W 2
0 (2

Rth − 1)

PmaxZn
. ■ (4.13)

Lemma 2: If λ1 ̸=0⇒(Ru−Rth)=0; λ2 ̸=0⇒(Eh− ξth)=0; λ3=0⇒(Pmax−Pt)̸=0, and
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the optimal values are

Pt2 =
W 2

0 (2
Rth − 1) + b

Zn
− ln(Σ)

a
, β2 =

ab− ln(Σ)

aW 2
0 (2

Rth − 1) + ab− ln(Σ)
, (4.14)

where Σ =
(︂

(1−χ)(E′−ξth)
ξth(1−χ)+χE′

)︂
. ■

Lemma 3: If λ1 ̸=0⇒(Ru−Rth)=0; λ2 ̸=0⇒(Eh− ξth)=0; λ3 ̸=0⇒(Pmax−Pt)=0, and

the optimal values are

Pt3=Pmax, β3=max
(︃
β1,

1

PmaxZn

(︃
b− ln(Σ)

a

)︃)︃
. ■ (4.15)

To summarize the solutions given in Lemma 1-3, we introduce the following Algorithm

4.1, termed as UF maximization with KKT solutions, aimed at maximizing the weighted

UF (P1). The execution-complexity of Algorithm 4.1 is O(M2).

Algorithm 4.1 UF maximization with KKT solutions

1: Input: Zn, a, b, E ′,W 2
0 ,Rth, ξth,Pmax.

2: Compute Pt1 and β1 (4.13), hence find J1(Pt1, β1).
3: Compute Pt2 and β2 (4.14), subsequently find J2(Pt2, β2).
4: Compute Pt3 and β3 (4.15), thereby find J3(Pt3, β3).
5: Output: Jopt = max(J1,J2,J3).

4.3.2 Dinkelbach based Solution

As previously mentioned, the primary problem (P1) entails a non-linear FP problem,

which is non-convex and poses challenges for direct solution. In such a case, the Dinkelbach

transform (DT) proves useful for tackling this difficulty. Hence, we convert the objective

function from its fractional form to a difference of numerator and quasi-denominator form

[76]. We define

JN(β, Pt) = wrRu(β, Pt)+weEh(β, Pt), JD(Pt) = wpPt, (4.16)

Q(β, Pt) =
JN(β, Pt)
JD(Pt)

. (4.17)
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The transformed problem (P1) for a given auxiliary variable q with iterative adaptation is

represented as

(P2): maximize
β,Pt

JN(β, Pt)− qJD(Pt) (4.18)

subject to : (C1) - (C4). (4.19)

The proposed Algorithm 4.2 solves the DT based FP problem while solving dual variables

employing divide-and-conquer (DAC) approach [78].

Algorithm 4.2 Dinkelbach based Algorithm

1: Initialize: {β(1), P
(1)
t } ∈ D, q(1) = Q(β(1), P

(1)
t ), i = 1, ϵr : threshold error.

2: Solve (P2) in (5.18) to find optimal β(i+1) and P (i+1)
t using Algorithm 4.4.

3: If JN
(︂
β(i+1),P

(i+1)
t

)︂
− q(i)JD

(︂
P

(i+1)
t

)︂
≤ ϵr, then loop stops, go to step 5.

4: Else set q(i+1) = Q(β(i+1), P
(i+1)
t ), i = i+ 1, go to step 2.

5: Output: q∗ ← q(i), β∗ ← β(i+1), P ∗
t ← P

(i+1)
t .

The initial values of {β, Pt} lie within the domain D defined by constraints (C1) - (C4)

(4.19). However, due to the ongoing non-convexity of the problem in (P2), obtaining an

optimal solution directly through joint optimization is challenging. Thus, it is advisable

to explore alternative approaches to find a suitable solution. One effective strategy involves

optimizing a single parameter while keeping the others fixed, which often leads to convexity

in the problem. This alternating parameter-based optimization technique has shown effec-

tiveness in solving individual rate, EH, or transmit power-related objective functions [53].

Consequently, an AO based Algorithm (step 2) is provided in Algorithm 4.4, which decom-

poses the complex problem into sub-problems and solves them using the DAC approach.

4.3.3 Quadratic Transform based Solution

The Quadratic Transform (QT), inspired by DT, introduces an additional optimization

variable to the FP based solution, ensuring the objective function remains unchanged [76].
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Figure 4.3: Convergence plot of UF maximization by DT and QT approach, utilizing Algo-
rithms 4.2 and 4.3, respectively.

Unlike DT, which yields an optimal value at q∗, QT presents a more interpretable solution

through its enhanced objective function, offering the optimum value. This transformation of

(P1) is evident in the modified problem formulation (P3), which incorporates an additional

variable s in alignment with the principles of QT.

(P3): maximize
β,Pt,s

2s
√︁
JN(β, Pt)−s2JD(Pt) = G(β, P, s) (4.20)

subject to: (C1) - (C4), s ∈ R. (4.21)

The QT problem (P3) is concave maximization problem over {β, Pt}. Algorithm 4.3 effi-

ciently deals with finding the optimal {β, Pt}, summarized below.

Algorithm 4.3 Quadratic transform based Algorithm

1: Initialize: {β, Pt} ∈ D.
2: REPEAT
3: Update s =

√
JN (β,Pt)

JD(Pt)
.

4: Solve (P3) with fixed s from step 3 for optimal {β, Pt} using Algorithm 4.4.
5: Until CONVERGENCE

Similar to Algorithm 4.2 (step 2), for solving the complex (P3), an intermediate AO

Algorithm 4.4 is invoked (step 4), which satisfactorily solves via DAC approach. From Fig.

4.3, a comparison is made between the DT approach following Algorithm 4.2, and QT by

Algorithm 4.3, for maximizing the UF. It is notable that the DT demonstrates faster conver-
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gence (i.e., nearly 4 iterations) as claimed to be converging at super-linear rate [76], while

QT is little slower (converging in approximately 5 iterations). This observation aligns with

the convergence rate analysis presented in [76]. The computation time for Algorithm 4.4

with IA iteration is (IA
(︁
κ1(M

2) + κ2(M
2))). The iterations required for DT and QT are ID

and IQ, respectively. Thus overall asymptotic polynomial time computation complexity for

Algorithms 4.2 and 4.3 areO(IDIA(κ1(M2)+κ2(M
2))) andO(IQIA(κ1(M2)+κ2(M

2))),

respectively.

4.3.4 Intermediate Algorithmic Solution

The intermediate AO based algorithm involved in solving the Algorithms 4.2 and 4.3

involves divide-and-conquer approach. Since transformed Problem (P2) and (P3) still poses

non-convexity due to interlinked dual variables β and Pt, thus to solve either of them it-

eratively, we break complex optimization problem into two single variable sub-problem(s).

Since both (P2) and (P3) have the same set of constraints, we define a metricZx which takes

either the objective function of (P2) as in (5.18) or (P3) as in (5.53) at once.

Zx(β, Pt)
∀x∈[d,q]

:=

⎧⎪⎨⎪⎩Zd = JN(β, Pt)− qJD(Pt) : for (P2)

Zq=2s
√︁
JN(β,Pt)−s2JD(Pt) : for (P3)

(4.22)

The sub-problems are defined respectively as.

(P4): maximize
β

Zx(β, Pt) ∀x ∈ [d, q] (4.23)

subject to : β ≥ 1

PtZn

(︃
b− lnΣ

a

)︃
, (4.24)

β ≤ 1− W 2
0

PtZn
(2Rth − 1), (4.25)

0 ≤ β ≤ 1. (4.26)
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(P5): maximize
Pt

Zx(β, Pt) ∀x ∈ [d, q] (4.27)

subject to : Pt ≥
1

βZn

(︃
b− lnΣ

a

)︃
, (4.28)

Pt ≥
W 2

0

(1− β)Zn
(2Rth − 1), (4.29)

0 < Pt ≤ Pmax. (4.30)

Algorithm 4.4 initializes arrays for Zx (where x represents different objectives: Zd for

objective function (P2) or Zq for objective function (P3)) and Pt with two feasible values.

Initially, Pt remains fixed, while β is computed for the sub-problem (P4) as in (4.23). Then,

Pt is determined for (P5) as in (4.27) using the previously obtained β. The optimized values

of Pt and β are utilized to solve Zx. If the current value of Zx is lower than the previous

value or the iteration reaches its upper limit j′, then the iteration halts. Otherwise, the values

are saved, and the iteration continues until a lower value is found. This iterative process

yields the optimized set {β, Pt}, which is then employed in Algorithm 4.2 or Algorithm

4.3. The Algorithm 4.4 is presented as

Algorithm 4.4 Maximization Algorithm based on AOA

1: Initialize variables: Z(1)
x =Z(2)

x ∀x ∈ [d, q], P (1)
t =P

(2)
t , j=2, j′: Iteration limit.

2: Solve (P4) with given P (j)
t and find β(j+1).

3: Solve (P5) with obtained β(j+1) from step 2 and find P (j+1)
t .

4: Evaluate Z(j+1)
x with β(j+1) and P (j+1)

t obtained from step 2 and 3 respectively.
5: If Z(j+1)

x ≥ Z(j)
x and j ≤ j′, then go to step 2 with updated P (j+1)

t and j = j + 1.
6: If Z(j+1)

x < Z(j)
x or j > j′, then loop stops. Go to step 7.

7: Output: optimized {β(j−1), P
(j−1)
t }.

It is crucial to initialize Zx carefully to ensure that subsequent values meet the condition

Z(j+1)
x ≥ Z(j)

x .
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Figure 4.4: CDF plot of UF for number of RIS elements and ideal phase shift condition.

4.4 Results and Discussion

Herein, we assess the effectiveness of the system proposed in this chapter based on

the solutions presented. We utilize the ITU-R P.1411-9 site general model for Urban or

Sub-urban propagation environment [53] for deriving channels provided in Section 4.2.

The algorithmic result(s) are obtained for averaged 500 Monte-Carlo channel realizations.

Rayleigh fading is considered for all channels in use. The specific values of other parameters

unless stated are d=5m, M=100, Nt=2, Rth=10 bits per channel use (bpcu), Pmax=5W,

ξth=1µJ, E ′=2.8mJ, a=1500, b=0.0022, ϖ=0.43π, ωmin=0.8, κ=1.6 [74]. The effective

receiver noise level is -70 dBm [2, 79]. The considered central frequency is 0.915 GHz

for its favorable EH capabilities. The weights are selected as wr=0.01 units, we=106 units

and wp=1 units [31]. The CDF plot in Fig. 4.4 demonstrates a clear correlation, indicating

higher UF with increased RIS elements. This observation holds true under ideal conditions

of unity phase shift (ωmin) as well as under a non-practical scenario where all elements

possess the same reflection coefficient amplitude {ηi}Mi=1 = η = 0.8.

In Fig. 4.5, the study compares three solution methodologies: KKT, DT, and QT against

a baseline solution and a scenario without RIS involvement (‘No RIS’ case). Employing
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Figure 4.5: Comparative analysis of various solution types for UF vs Pmax.

a fixed parameter analysis transforms the multi-variable optimization problem into a sin-

gle variable one, albeit at the cost of precision for expedited solutions. Adopting DT, with

β=0.6 and transforming the problem into one with varying transmit power (Pt). Obtaining

closed form solutions via KKT are analytically cumbersome. Hence, DT (being computa-

tionally faster than QT), emerges as the preferred Algorithm for further analyses due to its

efficacy in addressing the joint optimization problem.

Furthermore, the study explores the joint consideration of rate, EH, and transmit power,

revealing that adjusting weights can decompose the problem into individual rate or EH max-

imization tasks. For rate maximization, weights {wr, we, wp} := {1, 0, 1} are utilized, while

for EH maximization, weights {wr, we, wp} := {0, 1, 1} are applied, thereby maximizing

the UF through DT 4. Fig. 4.6 converts the UF into separate rate (EEIT) and EH (EEET)

maximization problems and shows the R-E trade-off i.e., by increasing the EH requirement

leads to a reduction in the achievable rate and vice-versa. The results quantify how the

achievable rate and harvested energy vary with the corresponding QoS requirements and

4By adjusting weights {wr, we, wp}:={1, 0, 1} we would rather get normalized rate or EEIT metric as
objective. Similarly, with weights {wr, we, wp}:={0, 1, 1}, we get normalized energy or EEET. Both the
metrics can be later converted to extract rate or EH by simply multiplying UF with optimized transmit power
as J (β∗, P ∗

t )× P ∗
t .
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Figure 4.6: R-E trade-off by converting UF to either rate/EH maximization problem for RIS
elements and BS-RIS-U separation distance (dbr = dru = d).

RIS deployment parameters. Increasing the number of RIS elements from M = 100 to

M = 150 and reducing the BS–RIS–UE separation from d = 6 m to d = 5 m improve

both rate and EH, demonstrating the benefit of RIS dimensioning and favorable deployment

geometry. Thus, rather than merely confirming an expected trend, Fig. 4.6 provides useful

design insight into how RIS size and placement can be selected according to the desired rate-

energy operating point. This characterization is particularly relevant for SWIPT systems in

which the network operator must determine an appropriate balance between information

delivery and energy transfer. As an improvement, the fixed weights can be taken as variable

for further studies.

To ensure a fair comparison, confidence intervals are computed for the results, and cor-

responding error bars are depicted in Fig. 4.7, illustrating the maximized UF against the

number of RIS elements for required rate and BS-RIS-U separation distance. A common

95% confidence level is utilized for this analysis. It becomes evident that the rate threshold

(Rth) primarily influences the UF at lower RIS element counts. However, with an increase

in the number of RIS elements, the impact of higher demands on UF maximization dimin-
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Figure 4.7: UF comparison with number of RIS elements and demanded rate.

ishes indicating the feasibility of meeting elevated demands. In this analysis, the role of EH

demands (ξth) is negligible, thus not incorporated. Moreover, the UF exhibits an increase

with reduced BS-RIS-U separation distance (dbr = dru = d) for the given parameters.

Fig. 4.8 illustrates the variation of the UF with the number of DPS levels for differ-

ent transmit power levels. Although the UF is expected to increase with phase resolution,

the results reveal an important diminishing-return behavior: a substantial improvement is

obtained when the DPS level increases from L = 2 to L = 4, whereas the gain becomes

progressively smaller at higher resolutions and the UF nearly saturates beyond 64-128 (6-7

bits) levels. For example, at Pmax = 5 W, approximately 5-bit phase resolution (L = 32)

already provides a UF close to 50, indicating that further increasing the phase resolution

may provide limited utility improvement relative to the additional RIS hardware and control

complexity. As each resolution bit L = 2b corresponds to the PIN/varactor diode used at

each RIS element for phase control. Consequently, higher RIS elements implies more phase

bits and make RIS bulky possessing deployment challenges. Thus, the results help to iden-

tify a practically meaningful DPS resolution and avoid unnecessary hardware complexity.
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Figure 4.8: UF variations with number of DPS levels for different transmit power levels.
Tremendous change in UF is observed from L = 2 to L = 4 and its saturation after L = 64.

The analysis favors DT as the quickest and most efficient method for solving the

weighted joint optimization problem. Although QT is slightly slower, it retains the equiv-

alent objective function, offering enhanced readability. However, the KKT closed-form

solution outperforms the others but entails intricate analytic computations. By adjusting the

weights proposed previously, the defined UF can be repurposed for individual rate or EH

maximization problems accordingly. Achieving higher UF necessitates increasing the upper

limit of transmit power, augmenting RIS elements, and narrowing the BS-RIS-U separation

distance. The practical implementation which rules out CPS at each RIS element and de-

mands for DPS levels, the deciding factor becomes the optimized level (or bits) required to

have satisfactory UF.

4.5 Summary

The chapter investigates a practical multi-antenna BS assisted multiple RIS-user paired

communication system employing PS-SWIPT with NL-EH model at the UE. Unlike ide-

alized assumptions, the work incorporates a practical phase shift dependent RIS reflection
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amplitude model. A unified UF maximization problem, jointly considering the achievable

data rate, EH, and transmit power consumption, is formulated under QoS constraints. The

optimization is performed with respect to the PS ratio and BS transmit power. To solve

the formulated non-convex optimization problem, three different approaches, namely, KKT

conditions, Dinkelbach transform, and quadratic transform, are employed and compara-

tively analyzed. The KKT-based framework provides valuable closed-form insights into the

optimal resource allocation structure, while the QT-based method improves interpretability

of the fractional objective formulation. Among the considered approaches, DT demon-

strates superior convergence characteristics with super-linear and faster convergence behav-

ior, making it the most computationally efficient solution for the proposed system model.

Further analysis of the unified UF by decomposing it into individual rate and energy harvest-

ing components validates the classical rate-energy (R-E) trade-off observed in the SWIPT

systems. Numerical results reveal that the UF improves significantly with an increase in the

number of RIS reflecting elements, higher transmit power budgets, and reduced communi-

cation distances. Additionally, the study highlights the importance of the DPS resolution

level, as it directly impacts the number of control bits required for configuring practical RIS

elements, thereby influencing implementation complexity and signaling overhead. As a fu-

ture extension, this work can be further enhanced by incorporating joint active and passive

beamforming optimization, imperfect channel state information (CSI), channel estimation

errors, hardware impairments, and mobility-aware scenarios to evaluate the robustness and

applicability of the proposed optimization framework in next-generation wireless networks.
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Chapter 5

Active and Passive Beamforming in

RIS-assisted SWIPT-IoT system

In this chapter, we consider a smart farming scenario where the Reconfigurable In-

telligent Surfaces (RIS) with Simultaneous Wireless Information and Power Transmission

(SWIPT) system is extended to support multi-antenna and multiple Internet-of-Thing (IoT)

users for enhanced coverage and performance. Temperature and moisture sensors use the

power splitting (PS) SWIPT protocol with non-linear energy harvesting (NL-EH) model,

while RIS performs passive beamforming with hardware-constrained discrete phase shift

(DPS). The goal of this chapter is to minimize transmit power by optimizing transmit beam-

forming, the RIS phase shift matrix, and the PS factor under Quality-of-Service (QoS)

constraints. The developed complex non-convex sub-problems are addressed using two

methods: a sub-optimal Zero-Forcing (ZF) approach and an optimal solution based on

Semi-Definite Relaxation (SDR) with Gaussian Randomization (GR). An alternate one-

dimensional search strategy is used for RIS phase shift optimization. The resulting sub-

problems are iteratively solved through an alternating optimization approach. Finally, nu-

merical simulations are conducted to validate the proposed framework in terms of per-

formance and convergence. The results demonstrate robustness under imperfect channel
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state information (ICSI) and varying system parameters for the next-generation IoT-enabled

smart farming use-case.

The organization of this chapter is as follows. Section 5.1 outlines the introduction

of the topic, research gap and key contributions. Section 5.2 describes the system model

including signal modeling and channel imperfections. The optimization problem along with

the different optimal or sub-optimal solutions are presented in Section 5.3. The comparative

analysis based on the simulation results and related observations are discussed in Section

5.4. Finally, the chapter is summarized in Section 5.5.

5.1 Introduction to Joint Active-Passive Beamforming Op-

timization in RIS-assisted SWIPT-IoT System with

DPS

Next generation 6G network are expected to support massive machine type communi-

cation (mMTC) by enabling intelligent connectivity among billions of IoT devices. In the

same context, smart agriculture ecosystem utilizes an interconnection of sensors responsible

for real-time humidity monitoring, soil nutrient balance, weather predictions, and smart ir-

rigation systems. This data-driven agricultural management is essential for increasing farm

productivity. Although, the larger farm poses challenges in terms of reliable network con-

nectivity and long-term operation of low-power IoT devices (sensors).

RIS-SWIPT has emerged as a reliable, low-cost, and efficient solution for the imposed

challenge of the smart-agricultural systems. RIS provides aid to the non-Line-of-Sight

(NLoS) environments commonly found in the rural landscapes by intelligently adjusting

the phase shifts of incident signals to focus towards specific IoT node without active power

consumption [13, 41]. On the other hand, SWIPT eliminates the dependency on wired
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power infrastructure or conventional energy harvesting (EH) means by enabling continuous

energy replenishment thorough radio frequency (RF). It allows the simultaneous transmis-

sion of data and power over the same RF signal, enabling energy-constrained IoT devices

to harvest energy while receiving information.

Early investigations in the RIS-assisted communications mainly concentrated on beam-

forming and reflection optimization for communication-centric objectives. In particular,

the weighted sum-rate maximization and energy efficiency (EE) maximization problems

were studied in [80] and [81], respectively, where the optimization variables included active

beamforming vectors and RIS reflection matrices. Subsequently, power minimization un-

der QoS constraints was addressed in [18] through the joint optimization of beamforming

and reflection coefficients. However, these works neither considered SWIPT operation nor

practical EH models.

The integration of SWIPT with RIS-assisted systems has further expanded the research

direction. In [43], a linear EH model with PS-SWIPT architecture was investigated for

jointly optimizing beamforming vectors, RIS reflection matrices, and PS ratios while con-

sidering weighted rate-energy objectives. Similarly, weighted sum-rate optimization for

separated EH and information decoding users was explored in [82], whereas [83] focused

on the performance analysis under a linear EH model. In [84], a NL-EH model was incorpo-

rated for separated users with the objective of transmit power minimization through optimal

beamforming design. Weighted sum-power maximization at energy users (EUs) was further

analyzed in [85] using joint beamforming and RIS optimization.

Several studies have also investigated rate and EE enhancement in RIS-assisted SWIPT

systems. For instance, [86] considered an NL-EH based PS-SWIPT framework and

maximized achievable data rate through joint optimization of beamforming vectors, RIS

phase shifts, and PS ratios. EE maximization under a linear EH model was addressed
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in [87] using a similar optimization framework. Furthermore, ICSI was incorporated in

[88, 89, 90, 91, 92, 93], where robust optimization techniques were developed for objectives

such as power minimization, max-min EE problem, average harvested energy maximiza-

tion, and received power enhancement. These works highlighted the importance of robust

beamforming and RIS optimization under the Channel State Information (CSI) uncertainty.

More recently, practical RIS hardware considerations have been incorporated through

DPS modeling. In [15] and [94], DPS-based RIS systems were investigated for total power

minimization, and maximization of the minimum signal-to-interference-plus-noise ratio

(SINR) optimization, respectively. However, these studies neither consider SWIPT oper-

ation nor the practical EH characteristics. A more comprehensive framework was presented

in [55], where an NL-EH enabled PS-SWIPT system with DPS modeling was investigated

using weighted fractional programming for optimizing transmit power and PS ratio. Never-

theless, the work did not consider CSI imperfections and joint optimization of beamforming

and RIS reflection coefficients.

Although RIS-assisted SWIPT systems have been widely investigated, several research

gaps still exist in the literature, as tabulated in Table. 5.1. Early works mainly focused on

communication-centric objectives such as the Sum-Rate maximization, EE enhancement,

and power minimization without considering the SWIPT operation and practical EH be-

havior. Later studies incorporated SWIPT architectures; however, most adopted the ideal

linear EH models and continuous RIS phase shifts, which are impractical for real hardware

implementation. Although a few works considered NL-EH models, wherein the DPS-based

RIS operation and imperfect CSI conditions were generally ignored. Moreover, the exist-

ing DPS-enabled RIS studies either neglected the SWIPT operation or considered limited

optimization variables. Therefore, the joint investigation of practical DPS-based RIS, non-

linear EH modeling, and imperfect CSI remains largely unexplored in the existing literature.
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Table 5.1: Recent works on MISO multi-user RIS systems.

Ref. EH
Model

SWIPT
system

DPS
Model

ICSI
analysis

Objective Function Optimizing variable

[80] - X X X Weighted sum rate max-
imization

Beamforming vector and
reflection matrix

[81] - X X X Energy efficiency (EE)
maximization

Beamforming vector and
reflection matrix

[18] - X X ✓ Power minimization Beamforming vector and
reflection matrix

[43] Linear PS-SWIPT X X Weighted rate and en-
ergy

Beamforming vector, re-
flection matrix and PS ra-
tio

[82] Linear Separated
users

X X Weighted sum rate Beamforming vector and
reflection matrix

[83] Linear PS-SWIPT X X Performance analysis -
[84] NL-EH Separated

users
X X Power minimization Optimal beamforming

[85] Linear Separated
users

X X Weighted sum power
maximization at ERs

Beamforming vector and
reflection matrix

[86] NL-EH PS-SWIPT X X Data rate maximization Beamforming vector, re-
flection matrix and PS ra-
tio

[87] Linear PS-SWIPT X X EE maximization Beamforming vector, re-
flection matrix and PS ra-
tio

[88] Linear Separated
users

X ✓ Power minimization Beamforming vector and
reflection matrix

[89] Linear Separated
users

X ✓ Max-min EE maximiza-
tion

Beamforming vector, re-
flection matrix and PS ra-
tio

[90] Linear Separated
users

X ✓ Power minimization Beamforming vector, re-
flection matrix and sparse
code multiple access
(SCMA) index

[91] NL-EH Separated
users

X ✓ Max-min average har-
vested energy

Precoding vector

[92] NL-EH PS-SWIPT X ✓ Power minimization Beamforming vector, re-
flection matrix and PS ra-
tio

[93] Linear Separated
users

X ✓ Max-min received
power for ERs

Beamforming vector and
reflection matrix

[15] - X ✓ X Total power minimiza-
tion

Beamforming vector and
reflection matrix

[94] Linear Separated
users

✓ X Max-min signal-to-
interference-plus-noise
ratio (SINR)

Beamforming vector and
reflection matrix

[55] NL-EH PS-SWIPT ✓ X Weighted fractional
programming

Transmit power and PS ra-
tio

This
work

NL-EH PS-SWIPT ✓ ✓ Total transmit power
minimization

Beamforming vector, re-
flection matrix and PS ra-
tio
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The present work bridges these research gaps by contributing following points for a com-

prehensive practical RIS-assisted PS-SWIPT framework for multi-user MISO systems.

• Practical EH model: The IoT nodes adopt a PS-SWIPT protocol integrated with a

logistic NL-EH model. In contrast to the traditional linear models—such as linear,

piecewise, or CLC models—that assume fixed energy conversion behavior, the logis-

tic NL-EH model provides a more realistic representation of the inherently non-linear

and dynamic response of RF-EH circuits.

• DPS Model: The continuous phase shift (CPS) model for RIS element phase control

is impractical to implement due to the limitations of high-resolution hardware. There-

fore, a DPS model with a finite number of quantization levels is adopted instead.

• Algorithmic insights: The problem is formulated as the minimization of the total

transmit power subject to QoS constraints, with tri-optimization variables, viz., active

beamforming (transmit precoding) vectors, RIS phase-shift matrix, and PS factor.

Due to the non-convex nature of the objective function, we devise suitable algorithms

inspired from the ZF, SDR, and GR techniques for optimizing transmit beamforming

vectors and PS ratio for all users. Phase shift matrix is optimized by alternate one-

dimensional search based Algorithm. Furthermore, an alternate optimization (AO)-

based Algorithm is developed to achieve overall total power minimization.

• Numerical analysis: A comparison of the developed algorithms is presented with

respect to the computational speed and performance. The system’s behavior for min-

imized transmit power is checked for variations in the key parameters, including the

number of antennas, RIS element count, number of users, BS-RIS or RIS-users sep-

aration distance, quantization levels, target SINR, and EH requirements. Adherence

to optimizing RIS phase shifts in order to improve the system performance has also
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Figure 5.1: System model for RIS assisted PS-SWIPT communication.

been emphasized. Additionally, the perfect CSI assumption has been ruled out with

ICSI error analysis showing system’s robustness.

5.2 System Model

We consider a downlink MISO smart agriculture system, consisting of K single antenna

IoT users {U1, . . . , Uk, . . . , UK} communicating with a base station (BS) with Nt antennas

with the aid of M element nearly passive RIS over available single carrier narrowband

frequency, as depicted in Fig. 5.1. The RIS is installed on a building, such as greenhouse,

from where it is directing signals to the IoT devices or users with SWIPT architecture,

thereby collecting information about soil moisture, ambient temperature, soil pH, etc., while

additionally harvesting energy in parallel. The communicating channels are assumed to be

quasi-static in nature with flat-fading. The baseband (BB) channel from BS to RIS is ˜︁H ∈
CM×Nt and from RIS to kth user is ˜︁gHk ∈ C1×M . All channels experience both small-scale

Rician fading due to the presence of Line-of-Sight (LoS) and large-scale fading. We assume

that BS Nt antennas form half-wavelength and RIS’s M -elements form quarter-wavelength

uniform linear array (ULA) response vector with ϱ ∈ [0, 2π] as angle of departure or arrival

given by
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o(M,ϱ) =
[︂
1, e(

j2πd
λ

sin ϱ), . . . , e(
j2πd(M−1)

λ
sin ϱ)

]︂
. (5.1)

The Rician channel having LoS (H /gk) and NLoS (ˆ︁H / ˆ︁gk) component between the BS-

RIS and RIS-Uk are respectively given by

˜︁H =
√︁
PL1

(︄√︃
K1

K1 + 1
H+

√︃
1

K1 + 1
ˆ︁H)︄ , (5.2)

˜︁gk =√︁PL2

(︄√︃
K2

K2 + 1
gk +

√︃
1

K2 + 1
ˆ︁gk)︄ , (5.3)

where (PL1) and (PL2) are the large scale path loss for BS-RIS path and RIS-Uk, respec-

tively. The NLoS parts of the respective channels, ˆ︁H and ˆ︁gk follows CN (0, 1) identical

and independently distributed (i. i. d.) distribution. The LoS components for BS-RIS link

depends on the beam steering vectors ϱA1 and ϱD1 from the ULA response (5.1) represented

as

H = oH(M,ϱA1)o(Nt, ϱD1). (5.4)

Similarly for the RIS-Uk path, the LoS component depends on steering vector ϱD2 is given

by

gk = o(M,ϱD1). (5.5)

The perfect channel conditions marked as ˜︁H and ˜︁gk, can be degraded due to environmental

conditions and heavy pilot contamination. This induced ICSI is discussed in next section.

5.2.1 Imperfections in Channel

Based on the channel model given for BS-RIS link in (5.2) and RIS-Uk link in (5.3),

only the small-scale fading coefficients constituting only NLoS components for both the
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links (ˆ︁H and ˆ︁gk)∀k need to be estimated in every transmission phase. Here, Gauss-Markov

uncertainty model is utilized to introduces imperfections in these NLoS channels, by re-

placing ˆ︁H in (5.2) with Ḧ (5.6) and equivalently replacing ˆ︁gk in (5.3) with g̈k (5.7). It is

mathematically given by [19]

Ḧ =
√
1− ϵ ˆ︁H+

√
ϵEr, (5.6)

g̈k =
√
1− ϵ ˆ︁gk +√ϵ er, (5.7)

where Er and er are distributed as (i. i. d.) complex Gaussian random variables with zero

mean and unit variance CN (0, 1), representing the error vector. The accuracy of the CSI

estimation is given by the error index ϵ ∈ [0, 1]. The unit value of ϵ, implies complete

erroneous channel with Ḧ = Er and g̈k = er, whereas ϵ = 0 represents that CSI estimation

process is perfect with our NLoS channel same as in (5.2)-(5.3), i.e., Ḧ = ˆ︁H and g̈k = ˆ︁gk.

Incorporating channel imperfections, the ICSI channels are marked as H and gk. This

expression is utilized in the rest of the system analysis.

5.2.2 Signal Model

The RIS phase shift matrix consists of each element’s (mth) reflection coeffi-

cient amplitude ηm ∈ [0, 1] and phase shift θm ∈ [0, 2π], given by Θ =

diag(η1ejθ1 , . . . , ηmejθm , . . . ηMejθM ). To maximize the signal strength and for simplicity

{ηm}Mm=1 = 1, though it can be individually designed by adding extra implementation

cost. For realistic phase implementation θm is given by practical DPS model consisting

of a set S containing DPS values (angles) for a particular quantization level L = 2b,

where bit b decides the required number of PIN diodes on each RIS element for the

phase change. The individual RIS element’s phase shift takes discrete value from the set
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S = {0, 2π/L, . . . , 2π(L− 1)/L}.

We assume a scenario wherein all the K users are inaccessible to directly communicate

with BS. Thus, the cascaded channel BS-RIS-Uk is fHk = gHk ΘH. The Nt antenna BS

transmits signal x with linear precoding vector wk ∈ CNt×1 to the desired user Uk, such

that x =
∑︁K

k=1wksk. The transmitted symbol for kth user is sk, modeled as standard

normal distribution having unit power. Thus, the total transmit power from the BS is Pb =∑︁K
k=1 ||wk||2. Since we consider the ICSI, the erroneous channel H and gk affects the

cascaded channel as well. Considering all the models and assumptions, the signal received

from BS to kth user via intelligent reflections from M element RIS is given by

yk = fHk

K∑︂
j=1

wjsj + uk=fHk wksk +
∑︂
j ̸=k

fHk wjsj + uk (5.8)

The receiver noise is uk ∼ CN (0, µ2
k) and the RF-BB conversion noise is vk ∼ CN (0, ν2k),

both being characterized as (i. i. d.) additive white Gaussian noise (AWGN). We consider

PS-SWIPT protocol for quenching higher data rate and energy demands, which splits the

total received power for ID and EH needs. The received signal for ID with βk as the PS ratio

and related SINR at Uk are respectively expressed as

yIDk =
√︁
βkf

H
k wksk+

√︁
βk
∑︂
j ̸=k

fHk wjsj+
√︁
βkuk+vk, (5.9)

Γk =
βk|fHk wk|2

βk
∑︁

j ̸=k |fHk wj|2 + βkµ2
k + ν2k

. (5.10)

The received signal for EH part with (1 − βk) PS ratio and related sigmoid function based

NL-EH at Uk are [53]

yEHk = (
√︁

1− βk)fHk
K∑︂
j=1

wjsj + (
√︁

1− βk)uk, (5.11)
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Ek =
E ′

1− χ

(︄
1

1 + exp(−a(1− βk)
∑︁K

j=1 |fHk wj|2 + ab)
− χ

)︄
(5.12)

where χ = (1 + exp(ab))−1 and (E ′, a, b) are the rectenna circuit related constants

described in [31]. In the subsequent section, we formulate the primary problem concerning

the total power minimization seeking optimized values of important system parameters.

5.3 Problem Formulation and Solution

Herein, the objective is to minimize the total BS transmit power by jointly optimizing

the active beamforming vectors wk, PS ratios βk, and RIS phase-shift matrix Θ for all

K users. The optimization is subject to minimum SINR (γth) and EH (ξth) constraints to

avoid system outage, while additional constraints ensure the feasibility of the PS ratios and

DPS-compliant RIS elements. The effects of ICSI are inherently incorporated through the

modified channel expressions embedded in the system model and are implicitly reflected in

the objective and constraints. The primal optimization problem is mathematically defined

as

(P1): minimize
{βk,wk}Kk=1,Θ

K∑︂
k=1

||wk||2 (5.13)

subject to : (C1): Γk ≥ γth, ∀ k, (5.14)

(C2): Ek ≥ ξth, ∀ k, (5.15)

(C3): 0 ≤ βk ≤ 1, ∀ k, (5.16)

(C4): θm ∈ S,∀m, (5.17)

where γth and ξth are assumed identical for all K users. Problem (P1) is non-convex due

to the coupled optimization variables wk, βk, and Θ appearing in both the SINR and EH
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Figure 5.2: Solution frameworks for Problem (P1).

constraints. In particular, Θ directly affects the cascaded channel fHk and is therefore im-

plicitly coupled with constraints (C1) and (C2). Moreover, the quadratic objective and DPS

constraint further increases the problem’s complexity. Consequently, (P1) is classified as

a mixed-integer non-linear program (MINLP) and is NP-hard, with no closed-form global

optimum.

To address this challenge, a decoupled optimization framework is adopted. As shown

in Fig. 5.2, (P1) is decomposed into sub-problems (P2) and (P3). Sub-problem (P2) op-

timizes wk, βk for fixed Θ and is solved using either SDR followed by GR (Algorithm

5.1) or ZF (Algorithm 5.2). Sub-problem (P3) optimizes Θ for fixed wk, βk using alternate

one-dimensional search (Algorithm 5.3). The overall solution is obtained via an iterative

procedure (Algorithm 5.4), which takes solutions by Algorithm 5.1 and 5.3 or Algorithm

5.2 and 5.3, and iteratively update it. The detailed description is given in the subsequent

section.
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5.3.1 Joint Optimization of Beamforming Vector and PS Ratio

In this section, the primal problem (P1) is solved for {βk,wk}∀k for a fixed value of DPS

matrix. The sub-problem (P2) is described as follows.

(P2): minimize
{βk,wk}Kk=1

K∑︂
k=1

||wk||2 (5.18)

subject to : (C1), (C2), (C3). (5.19)

We seek two different types of solution to this sub-problem. The first approch provides an

optimal solution by utilizing SDR and GR technique, while the other provides a sub-optimal

yet fast converging solution with users and BS antenna limit.

5.3.1.1 Solution via SDR method

We utilize the SDR technique to jointly solve PS factor and transmit beamforming vec-

tor. As an initial step, to change the quadratic nature of the objective function in (P2), we

introduce a variable Vk = wkw
H
k , ∀ k, with condition Rank(Vk) ≤ 1, ∀ k. In SDR, we

drop the rank-one limitation of the newly introduced variable to avoid non-tractability and

therefore (P2) is transformed into a fresh problem with changed variable as

(P2)a : min.
{βk,Vk}Kk=1

K∑︂
k=1

Tr(Vk) (5.20)

s.t :
βkf

H
k Vkfk

βk
∑︁

j ̸=k f
H
k Vjfk + βkµ2

k + ν2k
≥ γth, ∀k, (5.21)

E ′

1− χ

(︃
1

1+e(−a(1−βk)
∑︁K

j=1 f
H
k Vjfk+ab)

− χ
)︃
≥ ξth, ∀k, (5.22)

0 ≤ βk ≤ 1, ∀ k, (5.23)

Vk ⪰ 0, ∀ k. (5.24)
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The modified problem (5.20) is still non-convex due to coupled optimizing variables in

(5.21) and (5.22). We need to separate them out in order to make (5.20) a convex optimizing

problem. Thus, variables in constraints are rearranged as follows

(P2)a : min.
{βk,Vk}Kk=1

K∑︂
k=1

Tr(Vk) (5.25)

s.t. :
fHk Vkfk
γth

−
∑︂
j ̸=k

fHk Vjfk ≥ µ2
k +

ν2k
βk
, ∀k, (5.26)

K∑︂
j=1

fHk Vjfk ≥
A

1− βk
, ∀k, (5.27)

0 ≤ βk ≤ 1, ∀ k, (5.28)

Vk ⪰ 0, ∀ k. (5.29)

whereA = b− 1
a
ln
(︂

(1−χ)(E′−ξth)
ξth(1−χ)+χE′

)︂
. Problem (P2)a is converted into a convex problem which

can be numerically evaluated by the convex programming tool CVX utilizing SDP methods

[20]. The optimized solution V∗
k is guaranteed only iff it remains a unit rank matrix. In this

regard, we utilize GR techniques to convert multi-ranked V∗
k (if obtained) into unit rank with

added computational complexities. As a compensation to the occurred loses, we consider

a vector uk in the direction of wk, defined as uk = wk

||wk||
for power refinement. It should

be noted that we have already obtained the optimized β∗
k by solving Problem (P2)a, thus it

does not create any hindrance while extracting a rank-1 solution. Thus, we reformulate the

Problem (P2)a into (P2)â with changed variable Pk as the power allocation to the kth user
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with uk as its direction, i.e., wk =
√
Pkuk, mathematically given as

(P2)â : min.
{Pk}Kk=1

K∑︂
k=1

Pk (5.30)

s.t. :
Pk|fkuk|2

γth
−
∑︂
j ̸=k

Pj|fkuj|2 ≥ µ2
k +

ν2k
βk
, ∀k, (5.31)

K∑︂
j=1

Pj|fkuj|2 ≥
A

1− βk
, ∀k, (5.32)

Pk ≥ 0, ∀ k. (5.33)

The optimized solution P∗
k can be solved by applying CVX optimization solver to Problem

(P2)â. The complete process involving SDR, GR, and power refinement is summarized in

Algorithm 5.1.

Algorithm 5.1 SDR and GR based Algorithm

1: Input: Channel parameters (Θ,H,gHk )∀k, randomization counts R;
2: Initialize: Find cascaded channel fk = gH

k ΘH;
3: Solution: Find {βk,Vk} ∀ k to solve SDR problem (5.25) by CVX and following steps

for GR;
4: while r ≤ R do
5: Step 1: Generate w

(r)
k ∼ CN (0,Vk) ∀ k with covariance matrix Vk obtained by

CVX solution;
6: Step 2: Define u

(r)
k =

w
(r)
k

||w(r)
k ||

and solve (5.30) for Pk by CVX solver for all k.

7: Step 3: Save valid total power P (r)
b ←

∑︁K
k=1Pk;

8: Step 4: r = r + 1, go to step 1;
9: end while

10: Output: Pb ← min
r∈R

P
(r)
b , R = {r|validated candidates}, w∗

k ← arg min
r∈R

P
(r)
b ,

β∗
k ← βk.

As an initial step, we find the cascaded channel fk. The Problem in (5.25) can now be

solved by CVX convex optimizer to give preliminary solution {βk,Vk}∀k. Here, we get

optimized β∗
k , but the Rank(Vk) > 1 (in general), and thus we apply the GR technique to

extract the rank-one matrix (V∗
k) and find corresponding beam forming vector (w∗

k). Inline

with the GR process for a given randomization count r, we generate a Gaussian random
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vector with zero mean and covariance Vk. Subsequently, we apply a power refinement by

solving (5.30) with CVX solver, and find the corresponding total power P (r)
b =

∑︁K
k=1Pk

for all the validated candidate beamformers w(r)
k ∀ k. Finding the least P (r)

b , ∀ r ∈ R, yields

the minimized total power and corresponding w
(r)
k as optimal beamforming vector w∗

k.

By implementing the GR process, it is ensured that Rank(Vk) = 1. Thus, the optimized

solution to (5.25) is in fact the solution to the sub-problem (P2). Being a convex SDP, the

SDR converges deterministically to the global optimum of the relaxed problem, such that

relaxed optimal solution provides a tight lower bound on the true non-convex objective.

The convergence of the GR stage is probabilistic, the better-found solution monotonically

improves and tends to the best solution achievable by the randomization method, though not

necessarily being the global optimum. Thus, the SDR ensures deterministic convergence

to the relaxed bound, while the GR ensures stochastic convergence toward a near-optimal

feasible solution.

The CVX utilizes the interior point Algorithm which increases the computation com-

plexity, making the overall complexity of Algorithm 5.1 as O(KM2Nt +
√
KNt(K

3N2
t +

K2N3
t ) + RKN2

t ). More the randomization counts (R), the better is the solution however,

with an increased execution time. Thus, we seek a solution which can provide satisfactory

optimal solution (sub-optimal), but with a faster speed.

5.3.1.2 ZF based Closed form Solution

For the scenarios where the number of antennas are more than or equal to the number

of users (i.e., Nt ≥ K), we utilize the ZF precoder design for optimizing beamforming

vector. It impressively cancels the interference term where multiple users are in vicinity,

i.e., fHj wk = 0, ∀j ̸= k, and simplifies the SINR and EH term. With applied ZF approach to

solve {βk,wk}∀k for a given RIS phase shift matrix Θ, sub-problem (P2) is mathematically
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modified as follows

(P2)b: min
{βk,wk}Kk=1

K∑︂
k=1

||wk||2 (5.34)

s.t. :
βk|fHk wk|2

βkµ2
k + ν2k

≥ γth, ∀ k, (5.35)

E ′

1−χ

(︃
1

1+e(−a(1−βk)|f
H
k wk|2+ab)

−χ
)︃
≥ξth, ∀ k, (5.36)

0 ≤ βk ≤ 1, ∀ k, (5.37)

FH
k wk = 0, ∀ k. (5.38)

where Fk = [f1, . . . , fk−1, fk+1, . . . , fK ] ∈ CNt×(K−1) represents all the interfering user

channels being nullified by (5.38).

Theorem 1: Problem (P2)b can be decomposed intoK sub-problems of power minimiza-

tion for all individual k user and then solving by applying ZF beamforming. The obtained

closed form solutions are given as

β∗
k = 0.5

(︂
− z1 +

√︂
z21 + 4z2

)︂
, ∀ k, (5.39)

w∗
k = Z(ZHZ)−1z4 = Z†z4, ∀ k. (5.40)

Proof. It is noted that while seeking a solution via ZF, in the transformed problem (P2)b,

both the SINR and EH constraints, i.e., (5.35) and (5.36), respectively, can be decoupled

across each user k, along with the objective function itself. As a result, (P2)b can be dis-

integrated into K independent sub-problems, where the k-th sub-problem is formulated as

follows

(P2)c: min
{βk,wk}

||wk||2 (5.41)

s.t. :
βk|fHk wk|2

βkµ2
k + ν2k

≥ γth, (5.42)

E ′

1−χ

(︃
1

1+ exp (−a(1−βk)|fHk wk|2+ab)
−χ
)︃
≥ ξth, (5.43)

0 ≤ βk ≤ 1, FH
k wk = 0. (5.44)
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The optimized solution β∗
k can be obtained if constraints related to the SINR (5.42) and NL-

EH (5.43) of problem (P2)c must be tightly bounded and hold with the equality, represented

as

βk|fHk wk|2

βkµ2
k + ν2k

= γth =⇒ |fHk wk|2 =
γth(βkµ

2
k + ν2k)

βk
(5.45)

E ′

1−χ

(︃
1

1+ exp (−a(1−βk)|fHk wk|2+ab)
−χ
)︃

= ξth,

=⇒ |fHk wk|2 =
b− 1

a
ln
(︂

(1−χ)(E′−ξth)
ξth(1−χ)+χE′

)︂
1− βk

=
A

1− βk
(5.46)

Solving (5.45) and (5.46), we get

γth(βkµ
2
k + ν2k)

βk
=

A

1− βk
=⇒ β2

k − βk
(︂ν2k
µ2
k

+
A

γthµ2
k

− 1
)︂
− ν2k
µ2
k

= 0

=⇒ β∗
k = 0.5

(︂
− z1 +

√︂
z21 + 4z2

)︂
. (5.47)

Here z1 =
ν2k
µ2k

+ A
γthµ

2
k
− 1, z2 =

ν2k
µ2k

. The optimized value (5.47) essentially satisfies the

constraint (5.44). Utilizing β∗
k in (5.45), we now find the optimal beamforming vector by

modifying problem (P2)c for single variable wk, given by

(P2)d: min
wk

wH
k wk (5.48)

s.t. : fHk wk = z3, (5.49)

FH
k wk = 0. (5.50)

where z3 =
√︂

γth
β∗
k
(β∗

kµ
2
k + ν2k). Constraints in (5.42) and (5.43) are combined together with

equality to find optimized β∗
k , this take form of constraint (5.49) in Problem (P2)d. It can be

solved by taking λ1 and λ2 as Lagrangian multipliers, mathematically represented as

L(wk, λ1, λ2) = wH
k wk + λ1(f

H
k wk − z3) + λ2(F

H
k wk − 01×(K−1)). (5.51)
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Algorithm 5.2 ZF based Algorithm

1: Input: Channel parameters (H,gHk ,Θ)∀k, γth, ξth, µ2
k, ν2k , ∀ k;

2: Initialize: Find cascaded channel fk = gH
k ΘH and interfering users channels Fk =

[f1, . . . , fk−1, fk+1, . . . , fK], ∀ k;
3: Solve: β∗

k = 0.5
(︂
− z1 +

√︁
z21 + 4z2

)︂
, ∀ k by (5.39);

4: Find pseudoinverse Z† and solve w∗
k = Z†z4, ∀ k by (5.40);

5: Output: Pb =
∑︁K

k=1 ||wk||2 , {β∗
k ,w

∗
k} ∀ k.

The optimized beamforming hence obtained is written as

w∗
k = Z(ZHZ)−1z4. (5.52)

where Z = [fHk FH
k ] and z4 = [z3 01×(K−1)]

T . Henceforth, the obtained values of {β∗
k ,w

∗
k}

are used in (5.40) and (5.39), respectively.

The optimized transmit beamforming vector w∗
k for all K users are summed up to get

total transmit power. The optimizing steps are summarized in Algorithm 5.2. Since both

the transmit beamforming and PS ratio are obtained in closed-form expressions, the conver-

gence is guaranteed. The worst-case complexity of Algorithm 5.2 is O(KM2Nt +K3Nt +

K4). For higher Nt and fewer K, complexity becomes O(KM2Nt + K3Nt). It is ob-

served that the computation time is significantly less than applying Algorithm 5.2, though

the solution obtained is sub-optimal. The convergence, execution speed, and performance

comparison will be highlighted in Section 5.4.

5.3.2 Phase Shift Optimization

From the previous section, we obtain the optimized values of the PS factor and transmit

beamformer either by applying Algorithm 5.1 or 5.2, depending on the user’s preference

for optimality or speed. In this section, we seek an alternate solution for another sub-

problem (P3) to optimize the DPS matrix (passive RIS beamformer Θ). The objective of
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total minimized power is now a function of Θ, mathematically given by

(P3): min
Θ

Pb(Θ) =
K∑︂
k=1

||wk(Θ)||2 (5.53)

s.t. : (C1), (C2), (C4). (5.54)

From (C4), it is evident that the phase shift of each m RIS element should adhere to the

DPS set S values. The direct solution to problem (P3) is not possible due to the discretized

nature of the constraint (C4), thereby leading to the intractability. Thus, we need to devise

an Algorithm which iteratively selects the best phase shift to each RIS element, to provide

an overall lowest transmit power. For all the RIS elements, we start with the allocation of

random values to Φ = [θ1, . . . , θM ] (variable containing RIS’s M element phase angles) for

a given L from set S. Now, we take the RIS elements one-by-one and assign the best phase

shift value from S, i.e., by taking mth individual element of RIS and fixing other (M − 1)

element phases, we search through set S which minimizes the overall transmit power in

iterative manner, such that

θ∗m = arg min
θm∈S

Pb(Φ). (5.55)

The one-dimensional search continues until we encounter a higher Pb(Φ) value. The

detailed procedure is given in Algorithm 5.3.

In Step 2 and Step 6 with the fixed value of Φ and Φtemp, respectively, we plug Algo-

rithm 5.1 or 5.2 to obtain optimized {βk,1,wk,1} and {βk,2,wk,2}, respectively. The com-

putation complexity for Algorithm 5.3 is O(ML(Csolver + KNt)), where Csolver is the

computation time required by Algorithm 5.1 or 5.2.
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Algorithm 5.3 Phase Optimization Algorithm
1: Input: L,M ;
2: Initialize: Random selection of Φ = [θ1, . . . , θm, . . . , θM ] where phase θm ∈ S;
3: Set of quantized levels S={s1, . . . , sl, . . . , sL},m=1, l=1.
4: Solution: Taking each elementm at a time and iteratively assign optimized phase value

from S.
5: while m ≤M do
6: Step 1: θbest = θm;
7: Step 2: Compute {βk,1,wk,1} ∀ k using Algorithm 5.1 or 5.2 with Φ;
8: Step 3: Find Pbest ←

∑︁K
k=1 ||wk,1||2; ▷ Taking each quantized phase value from S

9: while l ≤ L do
10: Step 4: θtest = sl;
11: Step 5: Replace θm ← θtest and update Φ as Φtemp;
12: Step 6: With Φtemp find {βk,2,wk,2}∀k using Algorithm 5.1 or 5.2 and find

Ptemp;
13: if Ptemp < Pbest then
14: Step 7: Update Pbest ← Ptemp;
15: Step 8: Update θbest ← θtest;
16: end if
17: Step 9: l = l + 1;
18: end while
19: Step 10: Update Φ, θ∗m ← θbest and m = m+ 1;
20: end while
21: Output: Φ∗ = [θ∗1, . . . , θ

∗
m, . . . , θ

∗
M ] and Θ∗ = diag(η1ejθ

∗
1 , . . . , ηMe

jθ∗M )

Algorithm 5.4 Overall total power minimization Algorithm

1: Input: i = 1, τ , imax, L, P (0)
b ;

2: Initialize: Cascaded channel fk;
3: Solution: Iteratively optimizing sub-problems (P2) and (P3).
4: while i ≤ imax do
5: Step 1: Calculate Θ

(i)
opt using Algorithm 5.3;

6: Step 2: Calculate {β(i)
k,opt ,w

(i)
k,opt} ∀ k using Algorithm 5.1 or 5.2 with input Θ(i)

opt

from step 1;
7: Step 3: Calculate P (i)

b ←
∑︁K

k=1 ||w
(i)
k,opt||2;

8: if |P (i)
b − P

(i−1)
b | < τ then

9: break;
10: else
11: Step 4: Update P (i−1)

b ← P
(i)
b , i = i+ 1

12: end if
13: end while
14: Output: Θ∗ ← Θ

(i)
opt, β

∗
k ← β

(i)
k,opt ,w

∗
k ← w

(i)
k,opt ∀ k
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5.3.3 Overall Transmit Power Minimization

Herein, we design an Algorithm to calculate the total minimized power consumption

by the BS. This involves the algorithms developed in Section 5.3.1 for optimized values

of beamforming vector and PS ratio, and related Algorithm in Section 5.3.2 for optimized

phase values. An AO based Algorithm is proposed for the same, which is summarized in

Algorithm 5.4. Fig. 5.3 provides a clearer visualization of each Algorithm and its corre-

sponding steps. It highlights the sequential flow of computations, decision-making loops,

and optimization updates involved in the proposed framework. This representation helps in

understanding the interaction between sub-algorithms and the iterative nature of the overall

optimization process.

We start with initializing the values of channel vector, tolerance τ , iteration limit imax

and a feasible total power for the sake of comparison for the rest of the iterations. We then

iteratively calculate Θopt and {βk,opt ,wk,opt}∀k using Algorithm 5.3 and Algorithm 5.1 or

5.2 respectively, unless we reach the tolerance τ or imax.

The computation complexity is O(I(Csolver + Cphase)), where I is the number of it-

erations required by Algorithm 5.4 to converge, Cphase is the computation time taken by

Algorithm 5.3 for phase optimization. To validate the Algorithm 5.4, we present conver-

gence plot in Fig. 5.4, which compares Algorithm 5.1 (GR based solution) and Algorithm

5.2 (ZF based solution) utilized in Step 2. The minimized power is least when employing

GR than ZF, as it gives guaranteed optimal solution. Next, we move our focus to the exe-

cution time complexity analysis, It is evident that ZF has lesser complexity than GR based

Algorithm 5.2. A detailed analysis will be presented in the subsequent section along with

varying system parameters.
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Figure 5.3: Flow chart summarizing the Algorithms: 5.1, 5.2, 5.3 and 5.4.
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Figure 5.4: Convergence plot for the validation of various Algorithms.
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Figure 5.5: Simulation setup for BS, RIS and users placement.

5.4 Simulation Results

We provide the numerical results herein to validate the proposed algorithms and show

the impact of various system parameters on the essential system outputs. The placement

of BS, users and RIS are given by simulation setup in Fig. 5.5. To emulate a medium-

scale farm cell, the BS is at origin (0,0), RIS is at (10 m, 0) coordinates and the K IoT

users are randomly distributed within the circle with center (10 m, 10 + r m) and radius

r = 5 meters [84]. The NL-EH circuit model values are E ′=2.8 mJ, a=1500, b=0.0022,

obtained after curve-fitting for f = 0.915 GHz [55]. It is experimentally proven that at

0.915 GHz frequency, more energy can be harvested and is suitable for the ISM band typ-
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Table 5.2: Simulation parameters

Parameters Values
Number of IoT users (K) 3 [1]
Number of BS antennas (Nt) 4 [1]
Number of RIS elements (M) 50 or 100 [55, 95]
Number of DPS levels (L) 2 [94]
Rician factor (K1 = K2) 10 dB [94]
BS-RIS distance (dBR) 10 meters [84]
K User space radial distance (r) 5 meters [84]
RIS-Uk distance (dRUk

) U [10, 20] meters [84]
Frequency (f) 0.915 GHz [55]
Desired SINR (γth) 30 dBm [94]
Desired EH (ξth) 1µJ [94]
Uk receiver noise power (µ2

k) -50 dBm [1]
Uk receiver conversion noise (ν2k) -70 dBm [1]
Error index (ϵ) 0 or 0.9

ically used by IoT standards like low-range (LoRa) and narrowband IoT (NB-IoT). This

ensures its practical compatibility with existing agricultural deployments. The Rician factor

(K1 = K2 = 10 dB) models a strong LoS component characteristic of open-field rural

environments [94]. The desired SINR (γth = 30 dBm) and EH thresholds (ξth = 1 µJ) are

chosen to represent typical QoS and energy demands for distributed IoT sensor nodes. The

receiver and conversion noise powers (−50 dBm and −70 dBm, respectively) are aligned

with the practical SWIPT receiver specifications reported in [1]. The number of BS anten-

nas (Nt = 4) and RIS elements (M = 50 and 100) represents moderate and dense surface

configurations. The DPS level (L = 2) corresponding 1-bit quantization implies reduced

hardware cost and complexity. The typical simulation parameters with their corresponding

values are summarized in Table. 5.2, unless specified otherwise.

The large scale path loss for BS-RIS path (PL1) and RIS-Uk path (PL2) are given by

ITU-R P.1411-9 site general model for Urban or Sub-Urban propagation environment [62]

and the values of constants are taken from [53]. We initially analyze the simplified single
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user system and present the system analysis. Subsequently, we assess the MU system in

further evaluation.

5.4.1 Single User System

This is a special case of the generalized system model as shown in Fig. 5.1, wherein we

consider only a single U1 available over a given time-frequency dimension. Thus, there is

no interference term present in (5.10) and it changes for K = 1 as

Γ =
β|fHw|2

βµ2 + ν2
. (5.56)

Instead of solving the primal problem (P1) for all values ofK, we are now only solving it for

the case where K = 1. While solving the corresponding sub-problem (P2) for optimized

beam forming vector and PS ratio, we need not utilize the computationally heavy ZF or

SDR techniques. This can rather be solved by well-known technique of maximum ratio

transmission (MRT), which provides direct solution for beamforming vector and PS ratio as

β∗ = 0.5
(︂
− z′1 +

√︂
z′1

2 + 4z′2

)︂
, (5.57)

w∗ = z′3
fH

||f ||2
. (5.58)

Here, z′1 =
ν2

µ2
+ A

γthµ2
− 1, z′2 =

ν2

µ2
, z′3 =

√︂
γth
β∗ (β∗µ2 + ν2). For optimized values of phase

shift matrix, we utilize Algorithm 5.3, with a little change in Step 2 and Step 6, where we

seek optimized values of {βk,1,wk,1} and {βk,2,wk,2}, respectively, by (5.57) and (5.58) for

K = 1.

Fig. 5.6 shows the effectiveness of utilizing optimized phase shift Algorithm 5.3 for

single user system with beamforming vector solved by MRT along with ICSI. Here, with

the quantized levels L = 2, the optimized phase yields similar results while applying im-
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Figure 5.6: Comparison of optimized phase with random phase and CPS for single user
employing MRT based beamformer. The ICSI with error index ϵ = 0.9 shows increased
power required for both random and optimized phase, when compared with the ‘No ICSI’
case.

practical CPS, though randomly distributed phase requires higher power. Also, minimized

power increases with increase in rate and SNR thresholds. The presence of imperfect CSI,

represented by an error index of (ϵ = 0.9), results in higher power consumption for both the

random and optimized schemes, while comparing with perfect CSI condition (ϵ = 0) termed

as ‘No ICSI’. Next, we present the analysis for MU system.

5.4.2 Multiple User system

We now illustrate the effectiveness of a MU system by varying various system parame-

ters like antenna number, RIS elements count, number of users, separation distance, quan-

tized levels, desired SINR, and EH.

5.4.2.1 Algorithmic Comparison

In Section 5.3, we introduced three distinct algorithms to tackle the primal problem (P1),

each with its own strategic approach to optimization. Building upon these, a unified frame-

work (Algorithm 5.4) is developed to achieve comprehensive power minimization across the
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Figure 5.7: Comparative analysis of various Algorithmic solution forM = 20. Herein, [R1]
corresponds to [1].

Table 5.3: Comparative solution types

Solution name βk and wk optimization Phase optimization
GR opt. Algorithm 5.1 Algorithm 5.3

GR random Algorithm 5.1 Random phase

ZF opt. Algorithm 5.2 Algorithm 5.3

ZF random Algorithm 5.2 Random phase

ZF1 opt. [1] (Table II) Algorithm 5.3

ZF1 random [1] (Table II) Random phase

system. The challenge lies in identifying which of these algorithms provides the best bal-

ance between maximizing system performance and minimizing execution time. To address

this issue, a detailed comparison is presented in Fig. 5.7, wherein we illustrate the minimized

transmit power required to satisfy a given SINR threshold (γth) by different solution meth-

ods adopted, as outlined in Table 5.3. The performance evaluation considers seven distinct

solution types, which are described as follows: (1) GR Optimized Phase, which employs

the finalized Algorithm 5.4 combined with Algorithm 5.1 (SDR and GR-based beamform-

ing) and utilizes the optimized phase shift design obtained through Algorithm 5.3; (2) GR

Random Phase, which uses the same beamforming setup as in the GR-optimized case but
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replaces the optimized phase shifts with randomly assigned ones; (3) ZF Optimized Phase,

which integrates Algorithm 5.4 with Algorithm 5.2 (ZF-based beamforming) along with

the optimized phase shift matrix from Algorithm 5.3; (4) ZF Random Phase, similar in

beamforming structure to ZF-optimized but uses a random phase shift matrix instead of the

optimized one; (5) ZF1 Optimized Phase, where Algorithm 5.4 is used in conjunction with

the solution framework provided in [1] (Table II), adapted to our system, and the phase

shifts are optimized using Algorithm 5.3; (6) ZF1 Random Phase, which retains the same

beamforming structure as ZF1-optimized but employs randomly generated phase shifts; and

finally, (7) No RIS, which serves as a baseline scenario, modeled as a simple reflection off

a concrete wall, as described in [53], without any RIS-assisted transmission. The ZF based

optimized beamforming solutions by the Algorithm 5.1 and ZF1 [1] (Table II), are overlap-

ping, while there is improved transmit power for GR (Algorithm 5.2). We obtain similar

transmit power for higher values of desired SINR, when solved via any type of solution

for optimized phase shift. While employing the phase shift optimization we are able to get

better performance for all solutions types (i.e., GR, ZF and ZF1), rather than keeping it

randomly allocated.

Fig. 5.8 compares the execution time of first six solution type, viz., (1) ZF random phase,

(2) ZF optimized phase, (3) ZF1 random phase, (4) ZF1 optimized phase, (5) GR optimized

phase, and (6) GR random phase. The ‘Ref.’ is the reference parameters as mentioned in

Table 5.2 with M = 20. Later we increase antenna numbers (Nt = 10), users (K = 10),

Quantized levels (L = 8) and RIS elements to M = 50, which surely increases the ex-

ecution time. Ofcourse, applying optimized phase Algorithm would take more time with

respect to random phase allocation. It is noteworthy that GR opt.’s actual execution time is

divided by 40, for the clarity of plot and giving clear distinction with other optimizing tech-

niques, e.g., at a given ‘Ref.’ bar plot, the actual execution time is 29.6 sec which is indicated

113



CHAPTER 5. ACTIVE AND PASSIVE BEAMFORMING IN RIS-ASSISTED SWIPT-IOT SYSTEM

Ref. N
t
=10 K=10 L=8 N=50

0

1

2

3

4

E
x
ec

u
ti

o
n
 t

im
e 

t 
(s

ec
)

ZF random

ZF opt.

ZF1 random [R1]

ZF1 opt. [R1]

GR random

GR opt. (t / 40)

0

0.1

0.2

Figure 5.8: Execution time comparison for various algorithmic solutions of the primal prob-
lem.

as 29.6
40

= 0.74 sec. The execution time is considered here as a measure of computational

complexity and is not, by itself, an indicator of improved system performance. In particular,

the optimized solutions require additional computational effort to obtain the corresponding

improvement in Pb, thereby introducing a performance-complexity trade-off. ZF1 solution

with random phase nearly takes similar execution time as that of ZF solution. Among all, ZF

with randomized phase gives result very fast, followed by ZF with optimized phase, then GR

with random phase and optimized phase sequentially. For the reference case, the execution

time for ZF and ZF1 has an absolute increase in execution time of only 24 ms and 35 ms, re-

spectively when adopting optimized phase. In contrast, the GR-based optimization incurs a

substantially higher computational burden. Hence, ZF provides a computationally efficient

alternative when its resulting reduction in Pb is adequate. This does not imply that ZF is

universally superior to GR; rather, it indicates that ZF can provide a favorable performance-

complexity trade-off for the considered scenario. The performance-complexity trade-off

can be improved by using a lower-complexity initialization, such as a ZF-based solution,

and by reducing or adaptively selecting the randomization counts (R) in the GR procedure
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Table 5.4: Comparative analysis of computational complexity

Sol. type Complexity Exe. time
GR opt. O(I(CGR+MLCGR+MLKNt)) 104 sec

GR random O(I(CGR)) 0.67 sec

ZF opt. O(I(CZF+MLCZF+MLKNt)) 0.03 sec

ZF random O(I(CZF )) 0.006 sec

CGR = KM2Nt +
√
KNt(K

3N2
t +K2N3

t ) +RKN2
t

CZF = KM2Nt +K3Nt +K4

Figure 5.9: Combined impact of RIS elements and BS antenna count on transmit power.

(Algorithm 5.1) based on solution improvement or convergence.

From both the plots Fig. 5.7 and Fig. 5.8, ZF with optimized phase provides similar

minimized transmit power at 30 dBm as GR optimized phase, with 987 times faster speed

(from Ref. plot). Table. 5.4 contrasts the computation complexity in polynomial time along

with the execution time with the reference parameters termed as ‘Ref.’. Thus, for the rest of

the analysis we intend to utilize the optimized ZF and random phase algorithms to sketch

the variations and impact of various important system parameters.
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5.4.2.2 Number of RIS Elements and Antenna Count

Fig. 5.9 represents the minimized power with increasing RIS element number (M) as

well as with higher total BS antenna count (Nt). Considering Nt = 20 and M = 50, the

transmit power goes down to −4.7 dBW, a 127 times decrement as compared to (Nt =

4,M = 10) provides 16.24 dBW power. This highlights the considerable advantages of

deploying large-scale or even massive antenna arrays in MISO-SWIPT systems. With a

higher number of antennas at the base station, the system can form highly directional beams

that efficiently reduces the required transmit power at the base station, making the overall

system more energy-efficient and practical for real-world deployment.

5.4.2.3 Impact of Optimized Phase and Quantized Phase Level

Fig. 5.10, presents the clear appreciation in the transmit power for higher desired SINR

and EH demands at user. Likewise in Fig. 5.6 and Fig. 5.7, the optimized phase shift

matrix (employing Algorithm 5.3 in Algorithm 5.4) reduces the required transmit power,

while comparing it with the random allocation of phases. This comparative decrement is

approximately 19 times that for ξth = 1µJ, and γth = 10 dBm. As a reference, we compare

random and optimized phase shift matrix with the quantized phase error model and MM

based phase model, described in detail as follows.

5.4.2.3.1 Quantization Error with Projection Model (QEPM)

The authors in [2] discussed the phase error due to quantization in the DPS model and ap-

proximating it using projection method. We apply the same method to our system model for

providing a contrasting view. First we consider that mth RIS element phase θm ∈ [−π, π)

and perfect optimized phase shift (CPS) are given for mth RIS element considering kth user

is θm,opt = arg([gHk ]m[H]m). The same can be applied for all the K users. For a b-bit RIS,

each element’s discrete phase set is defined as F = {−π,−π+ 2π
2b
, . . . , π− 2π

2b
}. The quan-
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Figure 5.10: Minimized transmit power solved by ZF, varying with desired SINR and EH.
The performance gains for random, optimized and QEPM [R2] (i.e., [2]) phase shift matrix
are marked.

tized phase error θm,err is obtained by projecting the optimal continuous phase θm,opt onto

F as θm,err = ΠF(θm,opt)− θm,opt, where ΠF(·) denotes the nearest discrete phase point in

F . The corresponding projection is expressed as

ΠF(θ
opt
m ) =

⎧⎪⎪⎨⎪⎪⎩
(m− 1)π

2b−1
− π, if θoptm <

(2m− 1)π

2(2b−1)
− π,

mπ

2b−1
− π, otherwise,

(5.59)

where m =

⌊︃
2b−1(θm,opt + π) + π

π

⌋︃
. This operation minimizes the distance between the

continuous and discrete phases, ensuring each RIS element adopts the nearest quantized

phase level. The complete proof is given in Appendix A of [2]. Now, we utilize this er-

roneous phase shift matrix ∆Θ = diag(η1ejθ1,err , . . . , ηmejθm,err , . . . ηMe
j∆θM,err) in Step

1 of Algorithm 5.4, and solve Step 2 with ZF (Algorithm 5.2), to obtain the plot ZF with

QEPM in Fig. 5.10. Following the comparison, there is a 5 times performance gain with

the proposed Algorithm (indicated in the plot).
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Figure 5.11: Optimized phase by Algorithm 5.3 is compared with random phase, QEPM
[R2] (i.e., [2]) and MM phase model [R3] (i.e., [3]), for minimized power varying with
demanded EH.

5.4.2.3.2 MM based Phase Model

As another reference to optimize the RIS phase-shift vector u = [ejθ1 , . . . , ejθM ], for

given optimized beamforming vector and PS ratio {wk, βk}∀k, we utilize the MM frame-

work described in [3, 96]. The cascaded channel fHk = gHk ΘH is modified as defining

bk,j = diag(gHk )Hwj and Bk,j = bk,jb
H
k,j . The SINR (C1) and EH (C2) constraints are

modified as

uHRS
ku ≥ cSk ; uHRE

k u ≥ cEk , (5.60)

where RS
k = βk

(︂
Bk,k − γth

∑︁
j ̸=kBk,j

)︂
, cSk = γth

(︁
βkµ

2
k + ν2k

)︁
, RE

k = (1− βk)
∑︁K

j=1Bk,j

and cEk = A.

Let Rℓ = [RS
k RE

k ] and cℓ = [cSk c
E
k ] with ℓ = 1, . . . , 2K denote all the SINR and EH

constraints. In the MM step, the quadratic term is majorized by its first-order surrogate at

iteration t is

uHRℓu ≤ 2ℜ
{︂
uHd

(t)
ℓ

}︂
+ const, (5.61)

This transforms the feasibility update into maximizing a linear function of u. Aggregat-

ing all the violated constraints with weights w(t)
ℓ = max

(︁
0, cℓ − u(t)HRℓu

(t)
)︁
, the MM
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Figure 5.12: Minimized transmit power varying with desired SINR and EH for different
quantized phase levels with M = 100.

direction becomes

q(t) =
2K∑︂
ℓ=1

w
(t)
ℓ Rℓu

(t). (5.62)

The optimal unit-modulus update is then obtained in closed form as u(t+1)
n = ej arg(q

(t)
n ),

followed by a discrete projection for the adopted DPS model. This MM-based procedure

ensures a monotonic reduction of constraint violations and yields an efficient RIS phase

design without matrix convex programming solvers.

Fig. 5.11 compares MM based phase model with the three described techniques, namely,

random phase, QEPM, and proposed optimized solution given by Algorithm 5.3, for mini-

mized power with demanded EH (ξth). This demonstrates the effectiveness of the proposed

Algorithm. Between the MM-based optimized phase-shift matrix and the QEPM model, the

former exhibits superior performance, achieving nearly a 25% improvement. This addition-

ally highlights the importance of employing the optimization algorithms in the system to

make it robust.

Similarly Fig. 5.12 highlights the same trend between ξth and γth as observed in Fig.

5.10, however with varying quantized phased shift level (L = 2 or 4). As we increase
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Figure 5.13: Impact of increasing the users on transmit BS power with growing user’s radial
distance (r) and BS antenna count with M = 100.

the quantized phase shift levels, the sample space of S increases, and therefore the phase

shift error reduces. Correspondingly, the optimized phase shift Algorithm can provide bet-

ter optimized values which makes cascaded channels grow stronger. As a result, there

is impactful reduction in the transmit power of around 70% from L = 2 to L = 4, at

ξth = 1µJ, γth = 20 dBm. Although, increasing the number of levels does not only re-

duces transmit power, but also increases the overhead bits on the RIS elements for phase

tuning. Thus, we need to find a solution which balances the device’s bulkiness and accept-

able transmit power as per the requirements.

5.4.2.4 Variation in the Number of Users

Fig. 5.13 depicts the variation of the minimized transmit power as a function of the num-

ber of users for different user radial distances (r), which indirectly reflects the increase in

the RIS–Uk separation. As observed, the minimized total transmit power exhibits a mono-

tonic increase with the number of users, owing to the additional spatial degrees of freedom

required to satisfy the QoS constraints of each user. Furthermore, a larger radial distance

r results in a higher minimized power due to the increased path loss between the RIS and
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Figure 5.14: Impact of channel state error on minimized power with quantized level and
BS-RIS distance.

the users. Notably, increasing the number of BS antennas from Nt = 10 to Nt = 15 leads

to a substantial reduction in the transmit power to 88% for r = 15 m, whereas the reduc-

tion of 55% for r = 5 m. This behavior indicates that the impact of increasing Nt is more

pronounced in the scenarios with larger propagation distances and higher user densities. In

particular, the variation in minimized transmit power is significantly greater for higher user

counts (e.g., K = 10 compared to K = 2) and for larger radial distances (e.g., r = 15 m

compared to r = 5 m).

5.4.2.5 Impact of CSI Error

Following our previous analysis, where we considered the perfect CSI available glob-

ally, we now rule out the assumption of perfect CSI and bring out the imperfections in all

the related channels to observe its impact on our system’s objective function. Fig. 5.14

represents the impact of error term ϵ on the minimized transmit power for quantized level

and BS-RIS separation distance. As a proof for the theoretical explanation, with ϵ moving

close to unity, the transmit power reduces. For the plot L = 2, d = 5 m, the reduction in Pb

is 44% by increasing ϵ from 0.4 to 1. It also highlights that growing quantized levels L and
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reduced separation distance can further degrade the Pb. It is inline with the quantized phase

shift analysis provided in Fig. 5.12 and inference for separation distance given in Fig. 5.13.

We have carried out several analyses for our system under consideration by varying

different system variables to check for its impact on the objective function. For a reduced

BS transmit power, we aim at more RIS elements, higher BS antennas and quantized phase

shift levels while the desired SINR, EH requirements, and separation distance (BS-RIS or

RIS-Uk) should be downsized with the error index tending closer to unity. In terms of

algorithmic performance and speed, we have compared seven types of solutions; namely:

ZF random and quantized phase, GR based random and quantized phase, ZF1 (as given in

[1]) random and quantized phase, and no RIS condition. The number of available users and

BS antenna count, along with execution time is a sweet-sour type of condition for ZF based

Algorithm. Utilization of the GR is a suitable solution for such conditions while sacrificing

the execution time. In addition, there is a tremendous saving in the transmit power when

utilizing optimized phase Algorithm than its randomized allocation.

5.5 Summary

This chapter investigated an RIS-assisted MISO PS-SWIPT framework designed to sup-

porting multiple users (IoT-enabled devices), giving power optimized practical solution for

considered smart farming use-case. To capture real-world deployment characteristics, the

system incorporates RIS DPS model along with logistic NL-EH model at SWIPT-IoT side.

To satisfy strict QoS demands while maintaining a reliable communication, a joint op-

timization framework involving the BS beamforming vectors (active beamforming), RIS

phase shift configurations (passive beamforming), and PS ratios was developed. Owing

to the coupled variables and non-convex nature of the problem, efficient solution strate-

gies based on on ZF, SDR, and GR techniques were proposed, together with an alternate
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one-dimensional search approach for RIS phase optimization. These methods were jointly

implemented within an AO Algorithm. The numerical results demonstrated that the pro-

posed framework effectively minimizes the transmit power while preserving robust system

performance under ICSI and diversified network conditions including RIS element num-

ber, user densities, discrete levels of DPS, and SINR targets. The obtained results validate

the suitability of RIS-assisted SWIPT systems for energy-efficient IoT communications in

the next-generation smart agriculture networks. Future research will investigate intelligent

learning-driven optimization methods capable of offering faster convergence and improved

adaptability compared to conventional convex optimization methods. Specifically, rein-

forcement learning (RL) approaches such as Deep Deterministic Policy Gradient (DDPG),

Proximal Policy Optimization (PPO), and Deep Q-Network (DQN) will be explored to en-

able near real-time control of beamforming and RIS configuration in dynamically changing

wireless environments. Such AI-enabled methods are expected to reduce computational

complexity and convergence latency while maintaining near-optimal energy and spectral

efficiency. Additional extensions may include full-duplex operation, and integration with

other 6G technologies like non-orthogonal multiple access (NOMA) and integrated sending

and communication (ISAC) with RIS.

123





Chapter 6

STAR-RIS assisted SWIPT-IoT System

The conventional reflection-only Reconfigurable Intelligent Surface (RIS) limited cov-

erage is extended from 180◦ to 360◦ by Simultaneously Transmitting and Reflecting-RIS

(STAR-RIS). When integrated with the Simultaneous Wireless Information and Power

Transmission (SWIPT) Internet-of-Things (IoT) systems, performance is significantly en-

hanced by dynamically directing energy and information signals to distinct IoT nodes, en-

ergy receiver (ER) and information receiver (IR), with Energy Splitting (ES) and Mode

Switching (MS) mode of operation, enabling precise control over the energy distribution

between the transmission and reflection zones, accommodating various types of user de-

mands. For the considered practical system with discrete phase shift (DPS) model and

non-linear Energy Harvesting (EH) model, we aim to maximize the weighted Rate-Energy

(WRE) function, i.e., data rate of IR and EH of ER, with certain Quality-of-Service (QoS)

constraints by optimizing power parameters. The proposed Alternate Optimization (AO)

algorithm is used to solve the complicated WRE maximization problem. The numerical

results emphasize on the energy split ratio for ES and element division for MS that greatly

impacts the performance. The choice of DPS level (quantization bits) relies on the balance

of device bulkiness (phase control bits) and system performance.
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The organization of this chapter is as follows. Section 6.1 presents the introduction,

identifies the research gap and summarizes the major contributions. Section 6.2 details

the system model for separate ES and MS operational modes. The formulated optimiza-

tion problem along with the proposed algorithmic solutions are presented in Section 6.3.

Section 6.4 provides the simulation results together with the comparative analysis and key

observations. Finally, the chapter is concluded in Section 6.5.

6.1 Maximizing Weighted Function in STAR-RIS aided

SWIPT-IoT with Discrete Phase Shifting

The “Bharat 6G Vision” Mission of India, envisions the availability of internet connec-

tivity to 6 Lakh villages with emphasis on smart farming having use cases of Uncrewed-

Aerial-Vehicle (UAV) for pesticide application, advanced storage systems, intelligent trans-

portation solutions, and farm-to-plate tracking [97]. The extended battery life for Internet-

of-Things (IoT) devices deployed on-field for soil and weather vitals, monitoring is essential

for self-sustainable systems.

The Reconfigurable Intelligent Surfaces (RIS) has myriad advantages of spectral, en-

ergy, and cost efficiency, but its operation is limited by providing directivity to reflection

side only [53]. The coverage can be further extended to full-space smart radio environ-

ment by modified version of RIS named as Simultaneously Transmitting and Reflecting-

RIS (STAR-RIS), which can accommodate users not only on the reflecting side but also in

the transmission zone too. Structure wise, STAR-RIS consists of tiny metamaterials called

elements, that supports magnetic current on a transparent substrate, looking like “ice cubes

in a glass of water” [17]. These elements intelligently direct the incident signal, partly to the

reflection and transmission side depending on the adopted protocol. There are three oper-
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Table 6.1: Comparison of existing literature on STAR-RIS assisted SWIPT systems.

Ref. STAR-RIS
Protocol

SWIPT EH Model Phase Shift
Model

Optimization Objective

[99] - No – CPS Near and far field channel model-
ing

[100] ES, MS No – CPS Outage probability analysis
[101] ES Yes Linear CPS Rate and power outage analysis
[102] ES Yes Linear CPS Rate maximization
[103] ES Yes Linear CPS EE and sum-rate maximization
[104] ES Yes Linear CPS Weighted sum power maximiza-

tion
[105] ES/MS Yes Linear CPS RSMA-based performance en-

hancement
[106,
107]

ES/MS No – DPS Phase quantization analysis

Present
Work

ES, MS Yes Non-linear DPS Weighted rate-energy maximiza-
tion

ational protocols reported in the literature, namely Energy Splitting (ES), Mode Switching

(MS), and Time Switching (TS). Each has its own pros and cons, like ES and TS are com-

plex to implement but have great flexibility, while MS is quite easy to operate but provides

marginal gains [98].

STAR-RIS are asserted to be economical and environment friendly, when employed

with the Simultaneous Wireless Information and Power Transmission (SWIPT) systems

providing prudent solution to the longer battery life of the IoT devices [66]. In this case,

information receiver (IR) and energy receiver (ER) are served simultaneously, which are

present across the reflection and transmission zones of STAR-RIS. The recent works on

STAR-RIS are highlighted in Table 6.1. Authors in [99, 100], considers the performance

analysis in terms of outage probability comparing the ES and MS protocols. The authors

employing the STAR-RIS for SWIPT systems utilize the linear EH model, as also reported

in majority of the works in this context [101, 102, 103, 104]. The linear EH model con-

siders constant energy efficiency (EE), which lacks in replicating the non-linear behaviors

of the diodes used in the EH circuit. The rate and power outage analysis for IR and ER
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users respectively, with ES is given in [101]. While only the rate maximization is consid-

ered in [102]. The multiple-objective EE and sum rate maximization problem is considered

by Authors in [103]. The weighted sum power maximization is taken as objective by Au-

thors in [104]. Integrating advanced technology of Rate Splitting Multiple Access (RSMA)

communication with the aid of STAR-RIS considering spatial correlation is examined by

Authors in [105]. The above works consider STAR-RIS phase shift to be perfectly designed

with no errors. The concept of practical discrete phase shift (DPS) model for the STAR-RIS

element’s phase is incorporated by Authors in [106, 107], but without considering SWIPT

communication.

The main contributions of this chapter addresses the gap in above mentioned literature

are summarized as follows.

1. Practical sigmoid function based non-linear EH (NL-EH) model is used at ER, which

captures all the non-linearity of the rectenna (rectifier + antenna) circuit.

2. The continuous phase shift (CPS) model for STAR-RIS element’s phase shift is un-

feasible to realize the high resolution hardware configuration. Thus, the DPS model

is incorporated with finite quantization levels.

3. For a holistic examination of the system, a weighted rate-energy (WRE) function

is maximized for optimized power parameters, which benefits both the ER and IR

users. The proposed algorithm based on AO is utilized for possible solution pursuing

a divide-and-conquer approach.

4. ES and MS transmission protocols are compared for various cases involving energy

split ratio, element division, quantization bits and maximum allowed transmit power.

In the next section, we will discuss the system and signal model.
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Figure 6.1: System model of STAR-RIS assisted SWIPT-IoT communication operating in
ES and MS mode, simultaneously serving IR in reflection zone and ER in transmission
zone.

6.2 System Model

The system model described in Fig. 6.1, depicts the simultaneous wireless communica-

tion between the single antenna base station (BS) and single antenna IR and ER, via STAR-

RIS consisting of M elements having capabilities of serving ER present in the transmission

zone with simultaneously serving the IR in the reflection zone. The direct transmission be-

tween BS and IR or ER is assumed to be blocked by an obstacle. The complex channel vec-

tor from BS to ith STAR-RIS element is ℏ̃i = ℏ
i
ejϕi , ith element of STAR-RIS to IR is h̃r,i =

hr,ie
jφr,i and STAR-RIS ith element to ER is h̃t,i = ht,ie

jφt,i . The channel magnitudes are

denoted by (ℏi, hr,i, ht,i) and phases are represented as (ϕi, φr,i , φt,i ∈ [0, 2π)) . The trans-

mission coefficient of the ith STAR-RIS element has magnitude ηt,i and phase θt,i. Similarly,

the reflection coefficient magnitude is ηr,i with phase θr,i, such that {ηt,i, ηr,i} ∈ [0, 1] and

{θt,i, θr,i} ∈ [0, 2π) [99]. Following the law of energy conservation, (ηt,i)2 + (ηr,i)
2 = 1.

The BS with Pb power transmits signal x =
√
Pb(
√
Krsr +

√
Ktst), where Kr and Kt are

fraction of total power for IR (reflection side) and ER (transmission side) [100], sr and st as

their respective symbols with unit normalized power E{|sr|2} = E{|st|2} = 1, where E{.}

represents expectation.
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The impractical system theoretically considers the CPS with infinite (very large) phase

shift levels. The hardware implementation of RIS elements requires PIN diode for phase

change and beamforming. Each PIN diode represents a bit b. The number of DPS level

L depends on these bits as L = 2b. These discrete phase samples belong to the set S =

{0, 2π/L, . . . , 2π(L− 1)/L} [106]. Keeping large PIN diodes for each element (more than

100) for phase adjustment makes the STAR-RIS module bulky and difficult to implant [55].

Thus, we include DPS in our analysis with STAR-RIS elements phases {θt,i, θr,i} ∈ S.

6.2.1 SWIPT with STAR-RIS in Energy Splitting mode

In ES, each element of STAR-RIS operates in reflection mode and transmission mode

together, thus the users on both the sides can be served at once by each element, as illustrated

in Fig. 6.1. The incident energy on ith element is split for transmission side and reflection

side with transmitting and reflectivity factors ηt,i and ηr,i, respectively. The signal received

by IR is given by

yI=
√︁
Pb

(︄
M∑︂
i=1

ℏ̃iηr,ih̃r,iejθr,i
)︄(︂√︁

Krsr +
√︁
Ktst

)︂
+ wI , (6.1)

where wI ∼ CN (0,W 2
I ) is the additive white Gaussian noise (AWGN) at the IR. In order to

simplify the system analysis, it is assumed that the transmitted st signal is completely known

at the IR and it is capable of completely canceling out the interference caused by st. Hence,

there exists no interference term in the received SNR by the IR [101, 102], represented as

ΓI =
PbKr

W 2
I

⃓⃓⃓⃓
⃓
M∑︂
i=1

ℏiηr,ihr,iej(θ
∗
r,i+ϕi+φr,i )

⃓⃓⃓⃓
⃓
2

. (6.2)

It is assumed that the perfect Channel State Information (CSI) exists at the STAR-RIS

elements that can generate the optimum phase shift maximizing end-to-end SNR [100].
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For CPS, the optimized phase shift is θ∗r,i = −(ϕi + φr,i). In the case of DPS, θ∗r,i is

mapped to the nearest discrete values from set S, denoted as ˆ︁θr,i. There exists phase error

(∆θr,i = ˆ︁θr,i − θ∗r,i) due to the limited discrete points, which impacts the SNR as [106]

ΓI =
PbKr

W 2
I

⃓⃓⃓⃓
⃓
M∑︂
i=1

ℏiηr,ihr,iej∆θr,i
⃓⃓⃓⃓
⃓
2

. (6.3)

The related data rate is represented as

RI = log2(1 + ΓI) = log2

(︂
1 +

PKrZI
W 2
I

)︂
. (6.4)

The channel parameter related to communication with IR is ZI =

⃓⃓⃓⃓
M∑︁
i=1

ℏiηr,ihr,iej∆θr,i
⃓⃓⃓⃓2

.

Similarly, the signal received by ER present on the transmission side is

yE =
√︁
Pb

(︄
M∑︂
i=1

ℏ̃iηt,ih̃t,iejθt,i
)︄(︂√︁

Krsr+
√︁
Ktst

)︂
+ wE, (6.5)

where wE ∼ CN (0,W 2
E) is AWGN at the ER. The ER is capable of harvesting energy,

which utilizes the complete received signal. The NL sigmoid based EH model is

Eh =
E ′

1− χ

(︃
1

1 + exp(−a(PbKr+PbKt)ZE + ab)
− χ

)︃
. (6.6)

The channel parameter associated with ER and the DPS related to transmission phase shift

error (∆θt,i) is ZE =

⃓⃓⃓⃓
M∑︁
i=1

ℏiηt,iht,iej∆θt,i
⃓⃓⃓⃓2

[107]. The other constant parameters a, b, χ, E ′

are circuit constants in the NL-EH modeling [53].

6.2.2 SWIPT with STAR-RIS in Mode Switching Framework

In Mode Switching operation of STAR-RIS, out of M total elements, Mt and Mr ele-

ments are dedicated exclusively for transmission and reflection operation, respectively such
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that Mt +Mr = M , as given in Fig. 6.1. As per the energy conservation, the elements

dedicated for reflection have ηt,i = 0, ηr,i = 1, and reverse for transmission only elements.

The signal received by IR is

Y I =
√︁
Pb

(︄
Mr∑︂
i=1

ℏ̃iηr,ih̃r,iejθr,i
)︄(︂√︁

Krsr+
√︁
Ktst

)︂
+ wI , (6.7)

With the similar argument in ES of interference cancellation and applying DPS with phase

error ∆θr,i, the end-to-end SNR and data rate at IR are respectively represented as

ΓI =
PbKr

W 2
I

⃓⃓⃓⃓
⃓
Mr∑︂
i=1

ℏihr,iej∆θr,i
⃓⃓⃓⃓
⃓
2

, RI = log2(1 + ΓI) = log2

(︃
1 +

PbKrZI

W 2
I

)︃
. (6.8)

The NL-EH at the ER is given as

Eh=
E ′

1−χ

(︃
1

1+ exp(−a(PbKr+PbKt)ZE+ab)
− χ

)︃
. (6.9)

The associated channel parameter with transmission phase shift error (∆θt,i) is ZE =⃓⃓⃓⃓
Mt∑︁
i=1

ℏiht,iej∆θt,i
⃓⃓⃓⃓2

.

Remark: In the time switching (TS) mode of operation of STAR-RIS, the whole STAR-

RIS with all its elements works in reflection mode for a time instant serving IR, for another

time instant it switches to transmission mode serving ER. Its functionality is similar to ES,

where ηr,i = 1 at a time for IR and ηt,i = 1 for ER in the next time slot [106].

6.3 Problem Formulation and Solution

In this section, we define the primal optimization problem and analyze its inherent prop-

erties to check its complexity. We then develop a suitable algorithm to guide the solution

process.
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6.3.1 Weighted Rate-Energy Maximization Problem

Herein, we present the main problem associated with the maximization of the weighted

data rate of IR and weighted EH of ER, such that holistic behavior can be analyzed.

The optimized values of transmit power and power allocation ratio for IR (Kr) and ER

(Kt = 1 − Kr) can be sought, while adhering to the constraints on data rate, EH, maxi-

mum allowed transmit power, and the allocation factor. We perform a rigorous assessment

for both the ES and MS operations. For further simplicity, we introduce the notation for

WRE function
(︁
Wx(Pb, Kr)

)︁
, which takes two different cases of ES

(︁
WE(Pb, Kr)

)︁
, and

MS
(︁
WM(Pb, Kr)

)︁
expressed as follows.

Wx(Pb, Kr)
∀x∈[E,M ]

:=

⎧⎪⎨⎪⎩WE(Pb, Kr) = wrRI + weEh : ES

WM(Pb, Kr) = wrRI + weEh : MS
(6.10)

The weights wr and we corresponds to the data rate of IR and EH of ER, respectively. The

values are adjusted by the network operator depending on the priority of the ER or IR service

required as per user demands [31]. The special notation denoted by Wx(Pb, Kr) signifies

the choice of x from the set [E,M ] based on the selected case. Specifically, Wx(Pb, Kr)

corresponds to eitherWE(Pb, Kr), orWM(Pb, Kr) at any given time, as defined in (6.10).

The objective of problem (P1) is to maximize the metricWx(Pb, Kr). The mathematical
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representation of the overall optimization problem is defined as

(P1): maximize
Pb,Kr

Wx(Pb, Kr) ∀ x ∈ [E,M ] (6.11)

subject to : (C1): R ≥ Rth, R ∈ [Ru, Ru] (6.12)

(C2): ξ ≥ ξth, ξ ∈ [Eh, Eh] (6.13)

(C3): Pb ≤ Pmax, (6.14)

(C4): 0 ≤ Kr ≤ 1. (6.15)

In (6.12) and (6.13), R ∈ [Ru, Ru] and ξ ∈ [Eh, Eh] means R = Ru, E = Eh for

WE(Pb, Kr) objective for ES case. While R = Ru, E = Eh for WM(Pb, Kr) objective

for MS case. Rth and ξth are required data rate, and corresponding desired EH. Addition-

ally, we have an upper limit on transmit power denoted as Pmax.

6.3.2 Proposed Solution

We seek suitable solution(s) of the primal weighted maximization problem (P1) with the

proposed algorithm and compare its robustness in the later section.

The weighted objective of (P1) has both Rate and non-linear Energy term with optimiz-

ing variables Kr and Pb enveloped in the objective as well as in the non-convex constraint.

Seeking direct solution of such non-convex problem possess immense challenge. Thus, we

propose an algorithm which breaks the complex problem of (P1) into sub-problems taking

one variable at a time, while fixing the other. In the convex optimization methodology, it is

termed as the AO technique which is based on the divide-and-conquer approach [108]. The

134



CHAPTER 6. STAR-RIS ASSISTED SWIPT-IOT SYSTEM

respectively broken down sub-problems (P1)a and (P1)b are mathematically defined as

(P1)a : maximize
Pb

Wx(Pb, Kr) ∀ x ∈ [E,M ] (6.16)

subject to : Pb ≥
W 2
I

KrZI
(︁
2Rth−1

)︁
,ZI∈[ZI , ZI ] (6.17)

Pb ≥
b

ZE
− ln(Σ)

aZE
,ZE∈[ZE, ZE] (6.18)

Pb ≤ Pmax. (6.19)

(P1)b : maximize
Kr

Wx(Pb, Kr) ∀ x ∈ [E,M ] (6.20)

subject to : Kr ≥
W 2
I

PbZI
(︁
2Rth−1

)︁
,ZI∈[ZI , ZI ] (6.21)

0 ≤ Kr ≤ 1. (6.22)

where Σ =
(︂

(1−χ)(E′−ξth)
ξth(1−χ)+χE′

)︂
. In (6.17), (6.18), and (6.21) ZI ∈ [ZI , ZI ] and ZE ∈ [ZE, ZE],

respectively. It means that for the ES mode of transmission, i.e., for WE(Pb, Kr) the ob-

jective assumes ZI = ZI ,ZE = ZE; while for the MS transmission mode theWM(Pb, Kr)

objective takes the value of ZI = ZI ,ZE = ZE in the constraints evaluation. The Algorithm

6.1 defines the guiding steps for solving (P1) in alternating fashion, utilizing sub-problems

(P1)a and (P1)b. We begin by initializing the array Wx with x = E or M (i.e., either for

ES case or MS case at a time) and assigning two feasible initial values to Kr. Initially, we

fix Kr and compute Pb by solving the sub-problem (P1)a. Subsequently, the value of Pb is

updated in sub-problem (P1)b as computed from the previous step, and thus the optimized

Kr is obtained. Now, with the optimized values of Pb and Kr, we proceed to solve forWx.

If the current value ofWx is less than its value from the previous iteration, or if the iteration

count reaches the predefined limit t′, the process terminates. Otherwise, the computed val-

ues are stored, and the iteration continues until a lower value ofWx is found. Through this

iterative procedure, the optimized values P ∗
b and K∗

r are obtained. The proposed method is

detailed in Algorithm 6.1.
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Algorithm 6.1 Iterative Maximization of WRE

1: Initialize: SetW(1)
x =W(2)

x , K(1)
r = K

(2)
r , and iteration limit t′. Initialize the iteration counter

t = 2.
2: Step 1: Solve sub-problem (P1)a by fixing K(t)

r to optimize P (t+1)
b .

3: Step 2: Solve sub-problem (P1)b using P (t+1)
b from Step 1 to optimize K(t+1)

r .
4: Step 3: Compute the updated valueW(t+1)

x using P (t+1)
b and K(t+1)

r .
5: Step 4: Convergence Check

• IfW(t+1)
x ≥ W(t)

x and t < t′, update t = t+ 1,K
(t)
r and return to Step 1.

• Else (ifW(t+1)
x <W(t)

x or t ≥ t′), terminate the loop.

6: Output: The optimized function valueW(t)
x .
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Figure 6.2: Convergence of WRE function for ES and MS mode of transmission considering
Case 2 (Table 6.2).

6.3.2.1 Computational Complexity

To validate the performance of Algorithm 6.1, Fig. 6.2 shows the convergence plot

(averaged 500 channel realizations) of WRE objective for both the ES and MS cases with

both converging in almost I = 5 iterations. The computation complexity is O(I(κ1 + κ2)).

Here κ1 and κ2 in the computation time of Step 1 and Step 2 respectively, which depends

on M2 for ES and M2
t (Mt > Mr) or M2

r (Mr > Mt) for MS.

6.4 Results and Discussion

This section presents the numerical evaluation pertaining to the performance of the pro-

posed solutions via simulations. As mentioned in Section 6.2, the Rician fading models all
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Table 6.2: Simulation cases for ES and MS.

ES MS
(ηr)

2 (ηt)
2 Mr Mt

Case 1 0.5 0.5 100 100
Case 2 0.8 0.2 80 120

the channels, i.e., the BS→STAR-RIS ith element (ℏ̃i), ith element STAR-RIS →IR (h̃r,i)

and ith element STAR-RIS→ER (h̃t,i), mathematically represented as [99]

ℏ̃i =

√︄
C0

dν11

(︄√︃
K1

K1 + 1
ℏ̄i +

√︃
1

K1 + 1
ℏ̂i

)︄
, (6.23)

h̃r,i =

√︄
C0

dν22

(︄√︃
K2

K2 + 1
h̄r,i +

√︃
1

K2 + 1
ĥr,i

)︄
, (6.24)

h̃t,i =

√︄
C0

dν33

(︄√︃
K3

K3 + 1
h̄t,i +

√︃
1

K3 + 1
ĥt,i

)︄
, (6.25)

where C0 is the reference path loss, [K1, K2, K3] are Rician factors, [d1, d2, d3] separation

distances, and [ν1, ν2, ν3] are the path loss exponent corresponding to the BS→STAR-RIS,

STAR-RIS→IR and STAR-RIS→ER channels, respectively. Additionally, {ℏ̄i, h̄r,i, h̄t,i}

are Line-of-Sight (LoS) component and {ℏ̂i, ĥr,i, ĥt,i} are the non Line-of-Sight (nLoS)

component, in the Rician fading model.

The specific values of other parameters unless stated are depicted in Table 6.3 with

total M = 200 STAR-RIS elements. Table 6.2, represents various simulation cases for ES

with different energy divide ratio, reflection or transmission coefficient values (i.e., letting

{ηr,i}Mi=1 = ηr, {ηt,i}Mi=1 = ηt) and MS with different element division for reflection and

transmission. Case 1 advocates for equal divide of energy (ES) and elements (MS). Both of

these cases are compared and analyzed for different parameters.
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Table 6.3: Parameter values’ initializations

Parameters Values Parameters Values
C0 -20 dB Rth 10 bps/Hz
d1 10 m Pmax 5W

d2 = d3 5 m ξth 1 µJ
ν1 = ν2 = ν3 2.2 E′ 2.8 mJ [55]
K1 = K2 = K3 2 a 1500 [55]
W 2
I =W 2

E -70 dBm b 0.0022 [55]
wr 0.01 units/bps/Hz we 106 units/J
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Figure 6.3: ES and MS comparison for various cases described in Table. 6.2.

6.4.1 Impact of Energy Split and Element Division

Fig. 6.3 provides a comparative study of various cases of energy splitting ratios of ES

and element divide cases for MS, while maximizing the WRE function for various maxi-

mum allowed transmit power. For Case 1, ES performs better than MS due to the utilization

of all elements M = 200 in ES, increasing diversity gain. Whereas for the Case 2, MS has

higher WRE function than ES because of the dropped down channel parameter in ES due to

lower transmission coefficient or energy split ratio of just 0.2. This fair comparison shows

that any of the transmission protocol (ES or MS) works better depending on the energy split

ratio and how the elements are divided.

Fig. 6.4 compares three different types of solutions for (P1), i.e., algorithmic solution,

joint optimization (JO) solution, and the baseline solution utilizing parameters of Case 1.
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Figure 6.4: Various types of solution comparisons for ES and MS with the number of STAR-
RIS elements and reflection coefficient. Here, baseline solution [R4] corresponds to [4].

WRE is varied for a total number of STAR-RIS elements in the ES mode, while different

reflection or transmission coefficients are varied to study WRE in the MS mode. It is obvi-

ous that the WRE increases with appreciating values of M and ηr or ηt. The Algorithmic

solution utilizes Algorithm 6.1, where the JO solution is given by MATLAB’s non-linear

solver fmincon(·) for jointly optimizing Kr and Pb simultaneously. The baseline solution is

constructed following the variable-fixing approach adopted in [4][109]. Specifically, Kr is

fixed to 0.5 (equal power divide), while the original objective function and constraints are

retained, and the resulting single-variable optimization problem with respect to Pb is solved.

Thus, the baseline corresponds to a restricted version of the original joint optimization prob-

lem, rather than an independently formulated optimization problem.

The closeness of the algorithmic solution to the JO, proves the effectiveness and accu-

racy of the proposed Algorithm. The baseline solution performs the least for the obvious

reason of under optimized solution.
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Figure 6.5: Impact of DPS levels on WRE function with Pmax comparing conventional RIS.

6.4.2 Impact of DPS Levels

In Fig. 6.5 and Fig. 6.6, WRE function is analyzed for the DPS levelsL, which indirectly

depends on the quantization bits b (L = 2b). The ES and MS STAR-RISs are compared with

the conventional RIS in Fig. 6.5. For replicating the conventional RIS operation, there exists

only reflection zone and thus no EH takes place. This will ultimately reduce the objective

of WRE to be just Rate Maximization. The reflection coefficient of unity i.e., ηr = 1

is assumed with ηt = 0, such that the optimization problem become single variable with

full power allocation for IR (Kr = 1). Consequently, the conventional RIS has the least

performance. The higher DPS levels provide better performance for all the ES, MS, and

conventional RIS case, but with an increased bulkiness in the device. Thus, we need to

figure out the best possible quantization level to be utilized in the RIS phase design.

Fig. 6.6 provides the Cumulative Density Function (CDF) analysis of WRE for ES and

MS protocols, respectively, with increasing DPS levels L = [2, 8, 32] considering the Case 2

parameters. The CPS is assumed to have infinite levels (L =∞) with null phase shift error

(i.e., ∆θr,i or ∆θr,i = 0, ∆θt,i or ∆θt,i = 0). The DPS modeling is used for the present

system characterization, the CPS is simulated by keeping L = 1024, b = 10. It is observed
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Figure 6.6: Impact of DPS level on CDF plot of maximized WRE for ES and MS comparing
PS.

that WRE increases with the higher number of levels. From L = 2 to L = 8, there is a 36%

increase in the WRE for ES, and 42% raise for the MS. It is worth observing that the plots

for L = 32 and CPS case are almost inline for both ES and MS. Thus, for lesser number of

level, we obtain almost similar performance. For instance, the present system works very

well with 3 quantization bits (L = 8), which saves upon need for extra control diodes in our

STAR-RIS device while ensuring good performance.

Thus, it is conferred that the competition between utilizing ES or MS protocol depends

on the choice of the parameters for reflection and transmission zone. Therefore, the energy

split ratio and STAR-RIS element’s division for transmission and reflection zones, respec-

tively, are very essential for the system design. WRE increases with total number of ele-

ments, maximum transmit power, and the number of quantization levels. The performance

is almost similar to ideal CPS model with infinite levels, which can be achieved even with

fewer quantization bits of the practical DPS model. It is evident that the conventional RIS

with reflection only capabilities performs inferior to the STAR-RIS.
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6.5 Summary

This chapter investigated a STAR-RIS assisted SWIPT framework, in which IR is lo-

cated in the reflection region and ER is placed in the transmission region. The system

performance is evaluated through the maximization of WRE metric, which jointly captures

the classic R-E trade-off. To replicate the practical hardware behavior, the NL-EH of ER

and DPS based STAR-RIS phase model is incorporated for the analytical evaluation. Both

the ES and MS operational protocols are considered, where the selection depends on the

reflection and transmission region’s parameters. Consequently, the selection of the energy

split ratio and STAR-RIS element allocation is essential for system performance. Numeri-

cal results of proposed framework present the effective WRE improvements with increasing

STAR-RIS element count, higher transmit power budgets, and higher resolution of DPS

levels. Moreover, the STAR-RIS SWIPT system outperforms the conventional reflect-only

RIS architecture. Future extensions of this work includes the consideration of ICSI, robust

optimization strategies, and inclusion of Integrated Sensing and Communication (ISAC) for

next generation 6G wireless network.

142



Chapter 7

Conclusion and Future Directions

A brief summary and the major conclusions of the work performed in this thesis are pro-

vided in Section 7.1. Subsequently, the Section 7.2 outlines the possible future extensions

of the considered frameworks.

7.1 Main Conclusions

Reconfigurable Intelligent Surfaces (RIS) is highly suitable for integration with Simulta-

neous Wireless Information and Power Transfer (SWIPT) enabled Internet-of-Things (IoT)

networks, due to its advantageous coverage extension, passive nature, signal strength, and

Energy Efficiency (EE) improvement. However, RIS-assisted SWIPT systems face critical

challenges, including the joint optimization of system metrics and inclusion of practical de-

ployable constrained. The complexity of these challenges amplifies with advanced system

scenarios.

The work in this thesis addresses the several critical issues, by developing and analyzing

a comprehensive optimization framework for the RIS-assisted SWIPT-IoT communication

systems with multi-antenna, multi-user, multi RIS-user pair and distributed-RIS scenarios.

This is done by incorporating several practical aspects such as RIS selection, imperfect
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channel state information (CSI), discrete phase shift (DPS) model, phase-dependent reflec-

tion amplitude model, and sigmoid function based non-linear Energy Harvesting (NL-EH)

model.

Next, distinct complex optimization problems were developed for maximization of Rate,

Energy Harvesting (EH), EE and minimization of power, along with the weighted fractional

formulations, under essential Quality-of-Service (QoS) and hardware related constraints,

extended to joint active-passive beamforming design. Owing to their highly coupled and

non-convex nature, these problems were addressed using advanced convex optimization

techniques, including Zero Forcing (ZF), Semidefinite Relaxation (SDR), and Gaussian

Randomization (GR) for quadratic objectives. In additions, Dinklebach Transform (DT)

and Quadratic Transform (QT) for fractional formulations were addressed while being com-

plemented by Alternate Optimization (AO) with a divide-and-conquer strategy and Karush-

Kuhn-Tucker (KKT)-based closed-form solutions where applicable.

Sequentially, the proposed algorithms were compared for their execution time and per-

formance. Numerical results showed that increasing RIS elements, RIS count, BS power and

reducing placement distance enhances the data rate and EH, with gains saturating at higher

DPS levels. Under limited base station (BS) transmit power, performance was maintained

by increasing RIS size, BS antennas, users and phase quantization levels, while relaxing

signal-to-interference-plus-noise ratio (SINR), EH targets, and separation distances.

Furthermore, Simultaneously Transmitting and Reflecting-RIS (STAR-RIS)-assisted

SWIPT system was investigated to serve Energy Receiver (ER) and Information Receiver

(IR) utilizing the Energy Splitting (ES) and Mode Switching (MS) operational means. A

Weighted Rate-Energy (WRE) maximization problem was formulated for the optimal power

parameters with practical DPS model, solved by an AO based technique. Numerical results

showed that energy split ratio and element division significantly influence performance, with
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optimal DPS selection balancing hardware complexity and efficiency.

Towards this end, the main contributions of this thesis are summarized below.

1. Different from several existing works in the literature, this thesis investigated three

distinctly novel RIS-assisted and one STAR-RIS-assisted SWIPT-IoT system designs.

2. The designed frameworks were individually examined through advanced

optimization-based mathematical rigor and analysis.

3. Suitable closed-form expressions, algorithms, and various convex optimization tech-

niques were employed to solve the developed problems.

4. The validated algorithms were compared with the existing works for computation

complexity and performance.

5. Inferences were drawn with varying system parameters, proving the robustness and

correctness of the given optimal/sub-optimal solutions.

The next section discusses how the proposed frameworks in this thesis can be extended for

the advanced wireless communication technologies.

7.2 Future Directions

Although the results presented in this thesis demonstrate the effectiveness of the pro-

posed designs and optimization techniques for various RIS-assisted SWIPT-IoT systems,

several opportunities for further research and extension still remain. This section highlights

some promising directions and emerging challenges that may possibly be explored in the

future work.
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7.2.1 Potential Extensions

The following are a few proposed directions for future research related to RIS-assisted

SWIPT systems.

1. In this thesis, an RIS-assisted communication system was developed for static SWIPT-

IoT node scenario as evident from Chapters 3 and 4, 5. As an extension, the model

could be generalized to incorporate user mobility, such as Uncrewed Aerial Vehicle

(UAV)-assisted communications or Vehicular-IoT networks. This requires incorpo-

rating the dynamic channel variations and adaptive real-time RIS configuration.

2. Future research will focus on developing Machine Learning-based Optimization

schemes that can achieve faster and more adaptive performance than the classical

convex optimization techniques. In particular, the works in chapter 3 and 5 may

further be explored with consideration of Reinforcement Learning (RL) algorithms

such as Deep Deterministic Policy Gradient (DDPG), Proximal Policy Optimization

(PPO), and Deep Q-Network (DQN) to enable joint active-passive beamforming, RIS

selection, and TS or PS optimization under dynamic wireless conditions, to reduce

computational complexity and enable real-time implementation. These data-driven

methods have shown superior convergence behavior and adaptability compared to

iterative convex solvers, and are expected to provide a 30–40% reduction in the con-

vergence time while maintaining a near-optimal energy and spectral efficiency.

3. Practical and efficient methods for CSI estimation in robust RIS-assisted SWIPT sys-

tems may be incorporated in chapter 4. Here, the larger sized RIS leads to larger

training of pilot symbols and due to highly dynamic environment, higher performance

yearns for higher RIS elements. The ON/OFF based channel estimation leads to a sig-

nificant power loss which increases the training overhead. It may reduced by grouping
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the RIS elements into sub-surfaces and then applying ON/OFF scheme on each sur-

face [110]. Another technique for mitigation of imperfect CSI due to largely scaled

RIS includes, two-time scaled channel estimation for highly dimensional cascaded

BS-RIS-user channels and Deep Learning based strategy for highly dynamic scenar-

ios [111][112].

4. In chapter 6, the presented STAR-RIS framework may be employed with Integrated

Sensing and Communication (ISAC) framework, enabling simultaneous communi-

cation, energy transfer, and environmental sensing for smart IoT applications with

extended coverage. This can serve three type of users, energy users, communica-

tion/information users, and sensing users, present all around the STAR-RIS.

5. To provide a realistic quantitative characterization of the smart-agriculture deploy-

ment as covered in chapter 5, we may employ the Siradel 3D ray-tracing (RT) plat-

form for site-specific propagation analysis. Siradel’s RT engine supports vegetation

and terrain modeling, and multi-band rural propagation prediction, making it well

suited for farm-scale evaluation despite the lack of prior agriculture-focused Siradel

studies. Existing research demonstrates ‘Siradel Inowave’ RT tool’s accuracy in com-

plex 3D environments, including RIS-enabled industrial scenarios [113]. Leveraging

these validated capabilities, realistic power map (in the range of mJ-µJ), path-loss

statistics, sensor device density (50–100 count per hectare), and BS-RIS-U channel

link parameters for representative farm layouts and sub-GHz or ISM bands are gen-

erated [114]. The resulting ray-tracing outputs are integrated into the system-level

analysis to support a quantitatively grounded assessment of RIS-assisted SWIPT per-

formance in rural IoT environments.
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7.2.2 Towards Novel Problem Formulations and Solutions

In this section, we discuss advancement of RIS technologies with possible integrated

SWIPT-IoT systems. Few novel problems which can be taken as future work are enumerated

as follows.

1. ISAC with RIS- assisted SWIPT-IoT Systems

The integration of ISAC with RIS- assisted SWIPT-IoT Systems presents a promising

approach for concurrently serving ground users and sensing targets across terrestrial,

maritime, and aerial domains. However, such a design introduces increased complex-

ity, particularly in ensuring user fairness between communication and energy services.

SWIPT technology enables dual-functional BSs (DFBS) to simultaneously transmit

signals to both information users and energy receivers. Specifically, users that decode

information from the DFBS are referred to as communication users, whereas devices

that harvest energy from the received signals are termed energy receivers [115]. These

energy receivers typically consist of low-power IoT devices that require only a mini-

mal amount of power to meet their QoS requirements.

2. RIS-assisted Free space Optics (FSO) Communication

Free Space Optics (FSO) Communication provides several benefits, such as increased

bandwidth and higher throughput, compared to RF communication. As the licensed

spectrum are limited and expensive, FSO is a potential candidate for the unlicensed

spectrum management. However, FSO links are negatively impacted by atmospheric

conditions like fog, cloud or smog, turbulence, and pointing errors, and additionally

by obstacles between the transmitter and receiver. FSO when paired with optical-

based RIS, potentially enhances its reliability and coverage, specially overcomes the

barriers in the Line-of-Sight (LoS) path [116].
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3. RIS-assisted Vehicular-to-Everything (V2X) Communication

The Internet-of-Vehicles (IoV) plays a crucial role in Intelligent Transportation Sys-

tems (ITS) and is advancing swiftly through the integration of smartly connected

vehicles. IoV enabled vehicular systems open up the prospect to interact via V2X

communications. Two primary technologies have been employed for V2X commu-

nications: one is dedicated for short-range communication (DSRC), while the other

being the Vehicular Networks based on Cellular Technology. DSRC is commercially

popular but fails for dense and high-mobility environments, adversely affecting the

coverage, QoS and data rate, leading to unreliable channel delays. Utilizing RIS for

V2X scenarios has potential for improving the QoS [41]. Though modeling RIS-V2X

scenarios with practical delay-Doppler shift is challenging, opening the doors for new

the research area.

4. Security and privacy enhancement by Rate-Splitting Multiple Access (RSMA)

RSMA enhances physical-layer security by dividing messages into common and pri-

vate parts, ensuring controlled data sharing among users. RIS element splitting is

effective with RSMA, where the optimal number of elements are configured to assist

in efficiently decoding both message components [117]. In RIS-enabled SWIPT-IoT

networks, RSMA mitigates eavesdropping risks from BS transmissions by dynam-

ically adjusting power and rate allocation. This flexible structure offers robustness

against imperfect CSI and interference, while preserving user privacy and enhancing

both the spectral and energy efficacy.

5. Stacked Intelligent Metasurfaces (SIM)

Instead of keeping the single layer of fabricated metamaterials on a substrate in con-

ventional RIS, the SIM has a multiple stacked metasurface structure [118]. De-
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ployed at the BS and receiver, SIM architecture handles transmit or receive beam-

forming directly in the electromagnetic wave domain for the implementation of

holographic multi-input-multi-output (HMIMO), using only low-resolution digital-

to-analog-converter (DAC) and fewer RF chains. This makes system more energy-

efficient.

In conclusion, this thesis presented several advanced system designs and optimization

techniques for the RIS-assisted SWIPT-IoT framework. It is expected that the insights and

findings discussed in the thesis will contribute toward the development of sustainable and

efficient next generation Wireless Communication System.
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Appendix A

Optimization Techniques

In general, an optimization problem is mathematically expressed as follows

maximize/minimize
x

f(x)

subject to: gi(x) ≤ 0, i = 1, 2, . . . ,m,

hj(x) = 0, j = 1, 2, . . . , n,

(A.1)

where f(x) denotes the objective function, x represents the optimization variables, and gi(x)

and hj(x) denote the inequality and equality constraints, respectively.

A.1 Relevant Optimization Techniques

In this section, the explanation related to the various categories of the optimization tech-

nique is covered.

A.1.1 Classification based on Uncertainty

Optimization problems can be categorized based on the availability and certainty of

system information.

1. Deterministic Optimization: All system parameters are assumed to be perfectly
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known and fixed. The objective function and constraints are represented using de-

terministic mathematical expressions.

2. Stochastic Optimization: One or more system parameters are random or uncertain

in nature. Stochastic optimization incorporates probabilistic models to optimize the

expected system performance under uncertain conditions.

A.1.2 Classification based on Optimization Objective

Optimization problems may also be classified according to the number of objectives

involved. It is divided into two categories, namely, single-objective optimization and multi-

objective optimization problem. The former is simple to solve and deals with one per-

formance metric solely, while the latter is complicated and focuses on the optimization of

multiple conflicting objectives, often looking for the balance with the metrics having trade-

offs.

A.1.3 Classification based on the Nature of Variables

Optimization problems can also be classified according to the type of optimization vari-

ables involved, defined as follows

1. Continuous Optimization: Problems involve real-valued variables that can take any

value within a feasible range. These problems are commonly solved using convex

optimization techniques and gradient-based iterative methods.

2. Discrete Optimization: The function involves integer or binary-valued optimization

variables. For example, discrete phase shift optimization in RIS-assisted communi-

cation systems, where RIS elements can only support quantized phase values due to
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hardware limitations. These type of problems are generally combinatorial and com-

putationally more complex.

3. Mixed-Integer Nonlinear Programming (MINLP): It involves both continuous and

discrete variables along with nonlinear objective functions or constraints. MINLP

problems are highly challenging due to the coexistence of integer constraints and

nonlinear relationships. Such problems are generally NP-hard and require advanced

optimization methods to solve [119].

A.1.4 Classification based on Nature of Constraints

Optimization problems may further be classified according to the nature of constraints

imposed on the optimization variables, namely unconstrained, constrained, and bound-

constrained optimization. As the name suggests, the lesser practical unconstrained opti-

mization problem does not explicitly contain any type of constraint. The objective is opti-

mized over a complete solution space. The constrained optimization involves any equality

or non-equality feasibility functions defining solution space. Bound-constrained optimiza-

tion represents a special case where optimization variables are restricted within upper and

lower bounds.

A.2 Leveraged Optimization Techniques

Several optimization techniques are employed in this Thesis to solve the RIS-assisted

Wireless Communication problems efficiently. They are listed and discussed as follows.
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A.2.1 Karush-Kuhn-Tucker (KKT) Conditions

The KKT conditions constitute one of the most important mathematical tools for solving

constrained optimization problems. It extends the classical Lagrange multiplier method to

optimization problems involving both equality and inequality constraints. For a general

constrained optimization problem mathematically represented as.

minimize
x

f(x)

subject to gi(x) ≤ 0, i = 1, 2, . . . ,m,

hj(x) = 0, j = 1, 2, . . . , n,

(A.2)

The corresponding Lagrangian function is expressed as

L(x, λi, νj) = f(x) +
m∑︂
i=1

λigi(x) +
n∑︂
j=1

νjhj(x), (A.3)

where λi and νj denote the Lagrange multipliers associated with inequality and equality

constraints, respectively. The KKT optimality conditions are given as follows:

• Stationarity Condition

∇f(x∗) +
m∑︂
i=1

λi∇gi(x∗) +
n∑︂
j=1

νj∇hj(x∗) = 0. (A.4)

• Primal Feasibility

gi(x
∗) ≤ 0, hj(x

∗) = 0. (A.5)

• Dual Feasibility

λi ≥ 0. (A.6)

• Complementary Slackness

λigi(x
∗) = 0. (A.7)
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In convex optimization problems satisfying certain regularity conditions, such as Slater’s

condition, the KKT conditions also become sufficient for achieving global optimality [95].

A.2.2 Semidefinite Programming (SDP)

Semidefinite Programming (SDP) is a powerful convex optimization framework used

for solving optimization problems involving matrix variables and linear matrix inequalities.

SDP belongs to the class of convex optimization problems and can be efficiently solved

using interior-point methods. SDP provides an effective approach to transform non-convex

problems into tractable convex forms through Semidefinite Relaxation (SDR), in which

non-convex rank-one constraints are relaxed, thereby converting the original optimization

problem into a convex Semidefinite program. For a positive Semidefinite optimization ma-

trix variable (X), the SDR problem structure is mathematically written as.

minimize
X

Tr(CX)

subject to Tr(AiX) ≤ bi, i = 1, 2, . . . ,m,

X ⪰ 0.

(A.8)

The relaxed problem can then be solved efficiently using standard convex optimization

solvers such as CVX [119].

A.2.3 Gaussian Randomization

After applying SDR, the original rank-one constraint is relaxed, which results in a con-

vex SDP problem. However, the obtained solution matrix may not satisfy the required

rank-one constraint i.e., rank(X) = 1. Gaussian Randomization is therefore employed to

recover an approximate feasible rank-one solution from the relaxed SDP solution. Initially,

L number of randomized candidate vectors are generated according to the complex Gaus-
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sian distribution, mathematically given by

vl ∼ CN (0,X), (A.9)

where vl denotes the lth randomized vector and X represents the covariance matrix ob-

tained from SDR. The generated L random vectors are normalized to satisfy the problem

constraints, and the best feasible solution is selected based on the objective function as

v∗ = argmax
vl

f(vl). (A.10)

The accuracy of Gaussian Randomization generally improves with an increase in the num-

ber of randomized trials L [119].

A.2.4 Fractional Programming

Fractional Programming framework is used for solving optimization problems involving

ratio-based objectives. A general fractional optimization problem can be represented as

maximize
x

η(x) =
R(x)

P (x)
, (A.11)

Using Dinkelbach’s transformation, the fractional objective function can be converted into

the following subtractive form [54, 55, 95]

maximize
x

R(x)− µP (x), (A.12)

where µ is iteratively updated as

µ(k+1) =
R(x(k))

P (x(k))
. (A.13)
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The iterative process continues until the convergence is achieved, i.e.,

R(x(k))− µ(k)P (x(k)) ≤ ϵ, (A.14)

where ϵ denotes the convergence tolerance. Using the quadratic transform, the above frac-

tional function can be equivalently rewritten as

2y
√︁
R(x)− y2P (x), (A.15)

where y is an auxiliary variable introduced to decouple the numerator and denominator

terms. The optimal value of the auxiliary variable is obtained as

y∗ =

√︁
R(x)

P (x)
. (A.16)

The quadratic transform converts the original non-convex fractional problem into an equiv-

alent optimization problem that can be efficiently solved using iterative optimization tech-

niques [55].

A.2.5 Alternate Optimization (AO)

It is an iterative optimization framework widely used for solving coupled non-convex

optimization problems [120, 121]. Joint optimization of all variables simultaneously is

often mathematically intractable. AO addresses this issue by decomposing the original op-

timization problem into smaller sub-problems.

Consider an optimization optimization problem involving two coupled variable blocks

x and y, as follows.

maximize
x,y

f(x,y). (A.17)
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In AO, one group of variables is optimized while keeping all remaining variables fixed. The

process is repeated iteratively until convergence is achieved. At iteration k, the optimization

steps are given as

x(k+1) = argmax
x

f(x,y(k)), y(k+1) = argmax
y

f(x(k+1),y). (A.18)

The iterative optimization process continues until the convergence criterion is satisfied, i.e.,

⃓⃓
f (k+1) − f (k)

⃓⃓
≤ ϵ. (A.19)

where ϵ denotes the convergence threshold.
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Appendices for Chapter 3

B.1 Rate Maximization using KKT Optimization

After analyzing the Rate Maximization problem (P1) in Chapter 3 under the TS pro-

tocol, all the possible solution cases of KKT-based solution are summarized in Table B.1.

Similarly, for the considered PS protocol, the possible KKT-based cases are tabulated in

Table B.2. A total of eight cases are obtained, out of which only two possible cases are

feasible, and their corresponding solutions are provided in the main discussion on Chapter

3.

B.2 EH Maximization using KKT Optimization

For EH maximization involving the TS and PS protocols, the eight available KKT con-

ditions are cataloged in Table B.4 and Table B.3, respectively. The possible two cases for

individual TS and PS cases, respectively, have been marked with corresponding equations

as well. Their complete solution which maximizes the EH is given in the main text of the

Chapter 3.
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Table B.1: Rate maximization: KKT cases for TS scheme.

KKT cases (TS) Sol. Remark
λ1=0⇒RT

u (α, Pb)̸=Rth;
λ2=0⇒ET

h (α, Pb)̸=ξth; λ3=0⇒(Pmax−Pb)̸=0
α=1 not possible

λ1=0⇒RT
u (α, Pb)̸=Rth;

λ2=0⇒ET
h (α, Pb)̸=ξth; λ3 ̸=0⇒(Pmax−Pb)=0

Pb=0 not possible

λ1=0⇒RT
u (α, Pb)̸=Rth;

λ2 ̸=0⇒ET
h (α, Pb)=ξth; λ3=0⇒(Pmax−Pb)̸=0

λ2=-ve not possible

λ1=0⇒RT
u (α, Pb)̸=Rth;

λ2 ̸=0⇒ET
h (α, Pb)=ξth; λ3 ̸=0⇒(Pmax−Pb)=0

P ∗
b (3.23)
α∗(3.23)

possible

λ1 ̸=0⇒RT
u (α, Pb)=Rth;

λ2=0⇒ET
h (α, Pb)̸=ξth; λ3=0⇒(Pmax−Pb)̸=0

λ1=−1 not possible

λ1 ̸=0⇒RT
u (α, Pb)=Rth;

λ2=0⇒ET
h (α, Pb)̸=ξth; λ3 ̸=0⇒(Pmax−Pb)=0

λ1=−1 not possible

λ1 ̸=0⇒RT
u (α, Pb)=Rth;

λ2 ̸=0⇒ET
h (α, Pb)=ξth; λ3=0⇒(Pmax−Pb)̸=0

λ1=−1 not possible

λ1 ̸=0⇒RT
u (α, Pb)=Rth;

λ2 ̸=0⇒ET
h (α, Pb)=ξth; λ3 ̸=0⇒(Pmax−Pb)=0

P †
b (3.24)

α†(3.24)
possible

Table B.2: Rate maximization: KKT cases for PS scheme.

KKT cases (PS) Sol. Remark
µ1=0⇒RP

u (β, Pb)̸=Rth;
µ2=0⇒EP

h (β, Pb)̸=ξth; µ3=0⇒(Pmax−Pb)̸=0
Pb=0 not possible

µ1=0⇒RP
u (β, Pb)̸=Rth;

µ2=0⇒EP
h (β, Pb)̸=ξth; µ3 ̸=0⇒(Pmax−Pb)=0

Pb=0 not possible

µ1=0⇒RP
u (β, Pb)̸=Rth;

µ2 ̸=0⇒EP
h (β, Pb)=ξth; µ3=0⇒(Pmax−Pb)̸=0

Pb=0 not possible

µ1=0⇒RP
u (β, Pb)̸=Rth;

µ2 ̸=0⇒EP
h (β, Pb)=ξth; µ3 ̸=0⇒(Pmax−Pb)=0

P ∗
b (3.30)
β∗(3.30)

possible

µ1 ̸=0⇒RP
u (β, Pb)=Rth;

µ2=0⇒EP
h (β, Pb)̸=ξth; µ3=0⇒(Pmax−Pb)̸=0

µ1=−1 not possible

µ1 ̸=0⇒RP
u (β, Pb)=Rth;

µ2=0⇒EP
h (β, Pb)̸=ξth; µ3 ̸=0⇒(Pmax−Pb)=0

µ1=−1 not possible

µ1 ̸=0⇒RP
u (β, Pb)=Rth;

µ2 ̸=0⇒EP
h (β, Pb)=ξth; µ3=0⇒(Pmax−Pb)̸=0

µ1=−1 not possible

µ1 ̸=0⇒RP
u (β, Pb)=Rth;

µ2 ̸=0⇒EP
h (β, Pb)=ξth; µ3 ̸=0⇒(Pmax−Pb)=0

P †
b (3.31)

β†(3.31)
possible
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Table B.3: KKT cases for EH maximization in TS scheme.

KKT cases (TS) Sol. Remark
λ1=0⇒RT

u (α, Pb)̸=Rth;
λ2=0⇒ET

h (α, Pb)̸=ξth; λ3=0⇒(Pmax−Pb)̸=0
α=0 not possible

λ1=0⇒RT
u (α, Pb)̸=Rth;

λ2=0⇒ET
h (α, Pb)̸=ξth; λ3 ̸=0⇒(Pmax−Pb)=0

– not feasible

λ1=0⇒RT
u (α, Pb)̸=Rth;

λ2 ̸=0⇒ET
h (α, Pb)=ξth; λ3=0⇒(Pmax−Pb)̸=0

λ2=−1 not possible

λ1=0⇒RT
u (α, Pb)̸=Rth;

λ2 ̸=0⇒ET
h (α, Pb)=ξth; λ3 ̸=0⇒(Pmax−Pb)=0

λ2=−1 not possible

λ1 ̸=0⇒RT
u (α, Pb)=Rth;

λ2=0⇒ET
h (α, Pb)̸=ξth; λ3=0⇒(Pmax−Pb)̸=0

λ1=-ve not possible

λ1 ̸=0⇒RT
u (α, Pb)=Rth;

λ2=0⇒ET
h (α, Pb)̸=ξth; λ3 ̸=0⇒(Pmax−Pb)=0

P ∗
b (3.38)
α∗(3.38)

possible

λ1 ̸=0⇒RT
u (α, Pb)=Rth;

λ2 ̸=0⇒ET
h (α, Pb)=ξth; λ3=0⇒(Pmax−Pb)̸=0

λ1=-ve not possible

λ1 ̸=0⇒RT
u (α, Pb)=Rth;

λ2 ̸=0⇒ET
h (α, Pb)=ξth; λ3 ̸=0⇒(Pmax−Pb)=0

P †
b (3.39)

α†(3.39)
possible

Table B.4: KKT cases for EH maximization in PS scheme.

KKT cases (PS) Sol. Remark

µ1=0⇒RP
u (β, Pb)̸=Rth;

µ2=0⇒EP
h (β, Pb)̸=ξth; µ3=0⇒(Pmax−Pb)̸=0

β = 0

Pb = 0
not possible

µ1=0⇒RP
u (β, Pb)̸=Rth;

µ2=0⇒EP
h (β, Pb)̸=ξth; µ3 ̸=0⇒(Pmax−Pb)=0

Pb=0 not feasible

µ1=0⇒RP
u (β, Pb)̸=Rth;

µ2 ̸=0⇒EP
h (β, Pb)=ξth; µ3=0⇒(Pmax−Pb)̸=0

µ2=−1 not possible

µ1=0⇒RP
u (β, Pb)̸=Rth;

µ2 ̸=0⇒EP
h (β, Pb)=ξth; µ3 ̸=0⇒(Pmax−Pb)=0

µ2=−1 not possible

µ1 ̸=0⇒RP
u (β, Pb)=Rth;

µ2=0⇒EP
h (β, Pb)̸=ξth; µ3=0⇒(Pmax−Pb)̸=0

Pb=0 not possible

µ1 ̸=0⇒RP
u (β, Pb)=Rth;

µ2=0⇒EP
h (β, Pb)̸=ξth; µ3 ̸=0⇒(Pmax−Pb)=0

P ∗
b (3.44)
β∗(3.44)

possible

µ1 ̸=0⇒RP
u (β, Pb)=Rth;

µ2 ̸=0⇒EP
h (β, Pb)=ξth; µ3=0⇒(Pmax−Pb)̸=0

µ1=0 not possible

µ1 ̸=0⇒RP
u (β, Pb)=Rth;

µ2 ̸=0⇒EP
h (β, Pb)=ξth; µ3 ̸=0⇒(Pmax−Pb)=0

P †
b (3.45)

β†(3.45)
possible
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[57] E. Björnson, Özdogan, and E. G. Larsson, “Intelligent reflecting surface versus

170



BIBLIOGRAPHY

decode-and-forward: How large surfaces are needed to beat relaying?” IEEE Wire-

less Commun. Lett., vol. 9, no. 2, pp. 244–248, 2020.

[58] Z. Li, M. Hua, Q. Wang, and Q. Song, “Weighted sum-rate maximization for multi-

IRS aided cooperative transmission,” IEEE Wireless Commun. Lett., vol. 9, no. 10,

pp. 1620–1624, 2020.

[59] D. L. Galappaththige, D. Kudathanthirige, and G. Amarasuriya, “Performance anal-

ysis of distributed intelligent reflective surface aided communications,” in IEEE

Global Commun. Conf. (GLOBECOM), 2020, pp. 1–6.

[60] N. Sharma and S. Gautam, “Optimizing RIS-assisted wireless communication sys-

tems with non-linear energy harvesting,” in Int. Conf. Energy, Power and Environ-

ment (ICEPE), 2023, pp. 1–5.

[61] J. C. Bezdek and R. J. Hathaway, “Convergence of alternating optimization,” Neural,

Parallel Sci. Comput., vol. 11, no. 4, p. 351–368, 2003.

[62] P. Series, “Propagation data and prediction methods for the planning of short-range

outdoor radiocommunication systems and radio local area networks in the frequency

range 300 MHz to 100 GHz,” ITU recommmendations, pp. 1411–9, 2017 .

[63] W. Mei and R. Zhang, “Cooperative beam routing for multi-IRS aided communica-

tion,” IEEE Wireless Commun. Lett., vol. 10, no. 2, pp. 426–430, 2021.

[64] Y. Zhang, J. Zhang, M. Di Renzo, H. Xiao, and B. Ai, “Reconfigurable Intelligent

Surfaces With Outdated Channel State Information: Centralized vs. Distributed De-

ployments,” IEEE Trans. Commun., vol. 70, no. 4, pp. 2742–2756, 2022.

[65] S. Gautam, S. Kumar, S. Chatzinotas, and B. Ottersten, “Experimental evaluation

171



BIBLIOGRAPHY

of RF waveform designs for wireless power transfer using software defined radio,”

IEEE Access, vol. 9, pp. 132 609–132 622, 2021.

[66] Q. Wu, X. Guan, and R. Zhang, “Intelligent reflecting surface-aided wireless energy

and information transmission: An overview,” Proc. IEEE, vol. 110, no. 1, pp. 150–

170, 2022.

[67] Q. Wu and R. Zhang, “Weighted sum power maximization for intelligent reflecting

surface aided SWIPT,” IEEE Wireless Commun. Lett., vol. 9, no. 5, pp. 586–590,

2020.

[68] X. Peng, P. Wu, H. Tan, and M. Xia, “Optimization for IRS-assisted MIMO-OFDM

SWIPT system with nonlinear EH model,” IEEE Internet Things J., vol. 9, no. 24,

pp. 25 253–25 268, 2022.

[69] J. Tang, Y. Yu, M. Liu, D. K. C. So, X. Zhang, Z. Li, and K.-K. Wong, “Joint power

allocation and splitting control for SWIPT-enabled NOMA systems,” IEEE Trans.

Wireless Commun., vol. 19, no. 1, pp. 120–133, 2020.

[70] V. Sharma, J. Yaswanth, S. K. Singh, S. Biswas, K. Singh, and F. Khan, “A pricing-

based approach for energy-efficiency maximization in RIS-aided multi-user MIMO

SWIPT-enabled wireless networks,” IEEE Access, vol. 10, pp. 29 132–29 148, 2022.

[71] Z. Chen, J. Tang, N. Zhao, M. Liu, and D. K. C. So, “Hybrid beamforming with dis-

crete phase shifts for RIS-assisted multiuser SWIPT system,” IEEE Wireless Com-

mun. Lett., vol. 12, no. 1, pp. 104–108, 2023.

[72] A. Khalili, S. Zargari, Q. Wu, D. W. K. Ng, and R. Zhang, “Multi-objective resource

allocation for IRS-aided SWIPT,” IEEE Wireless Commun. Lett., vol. 10, no. 6, pp.

1324–1328, 2021.

172



BIBLIOGRAPHY

[73] Y. Xu, B. Gu, Z. Gao, D. Li, Q. Wu, and C. Yuen, “Applying RIS in multi-user

SWIPT-WPCN systems: A robust and environmentally-friendly design,” IEEE Trans.

Cognitive Commun. Netw., vol. 10, no. 1, pp. 209–222, 2024.

[74] S. Abeywickrama, R. Zhang, Q. Wu, and C. Yuen, “Intelligent reflecting surface:

Practical phase shift model and beamforming optimization,” IEEE Trans. Commun.,

vol. 68, no. 9, pp. 5849–5863, 2020.

[75] S. Zargari, A. Khalili, and R. Zhang, “Energy efficiency maximization via joint ac-

tive and passive beamforming design for multiuser MISO IRS-aided SWIPT,” IEEE

Wireless Commun. Lett., vol. 10, no. 3, pp. 557–561, 2021.

[76] K. Shen and W. Yu, “Fractional programming for communication systems—part I:

Power control and beamforming,” IEEE Trans. Signal Proc., vol. 66, no. 10, pp.

2616–2630, 2018.

[77] S. Gautam, E. Lagunas, S. Vuppala, S. Chatzinotas, and B. Ottersten, “Pricing per-

spective for SWIPT in OFDM-based multi-user wireless cooperative systems,” in

IEEE Wireless Commun. Netw. Conf. (WCNC), 2019, pp. 1–7.

[78] A. T. Phillips, Quadratic fractional programming: Dinkelbach method. Boston,

MA: Springer US, 2009, pp. 3149–3153. [Online]. Available: https://doi.org/10.

1007/978-0-387-74759-0 535

[79] S. Zargari, A. Hakimi, C. Tellambura, and S. Herath, “Multiuser MISO PS-SWIPT

Systems: Active or Passive RIS?” IEEE Wireless Commun. Lett., vol. 11, no. 9, pp.

1920–1924, 2022.

[80] H. Guo, Y.-C. Liang, J. Chen, and E. G. Larsson, “Weighted sum-rate maximization

173

https://doi.org/10.1007/978-0-387-74759-0_535
https://doi.org/10.1007/978-0-387-74759-0_535


BIBLIOGRAPHY

for reconfigurable intelligent surface aided wireless networks,” IEEE Trans. Wireless

Commun., vol. 19, no. 5, pp. 3064–3076, 2020.

[81] C. Huang, A. Zappone, G. C. Alexandropoulos, M. Debbah, and C. Yuen, “Recon-

figurable intelligent surfaces for energy efficiency in wireless communication,” IEEE

Trans. Wireless Commun., vol. 18, no. 8, pp. 4157–4170, 2019.

[82] C. Pan, H. Ren, K. Wang, M. Elkashlan, A. Nallanathan, J. Wang, and L. Hanzo,

“Intelligent reflecting surface aided MIMO broadcasting for simultaneous wireless

information and power transfer,” IEEE J. Selected Areas Commun., vol. 38, no. 8,

pp. 1719–1734, 2020.

[83] B. Zhang, K. Yang, K. Wang, and G. Zhang, “Performance analysis for RIS-assisted

SWIPT-enabled IoT systems,” IEEE Trans. Wireless Commun., vol. 23, no. 8, pp.

10 030–10 043, 2024.

[84] D. Xu, V. Jamali, X. Yu, D. W. K. Ng, and R. Schober, “Optimal resource allocation

design for large IRS-assisted SWIPT systems: A scalable optimization framework,”

IEEE Trans. Commun., vol. 70, no. 2, pp. 1423–1441, 2022.

[85] Y. Gao, Q. Wu, G. Zhang, W. Chen, D. W. K. Ng, and M. D. Renzo, “Beamform-

ing optimization for active intelligent reflecting surface-aided SWIPT,” IEEE Trans.

Wireless Commun., vol. 22, no. 1, pp. 362–378, 2023.

[86] X. Peng, P. Wu, H. Tan, and M. Xia, “Optimization for IRS-assisted MIMO-ofdm

SWIPT system with nonlinear EH model,” IEEE Internet Things J., vol. 9, no. 24,

pp. 25 253–25 268, 2022.

[87] J. Tang, Z. Peng, D. K. C. So, X. Zhang, K.-K. Wong, and J. A. Chambers, “Energy

174



BIBLIOGRAPHY

efficiency optimization for a multiuser IRS-aided MISO system with SWIPT,” IEEE

Trans. Commun., vol. 71, no. 10, pp. 5950–5962, 2023.

[88] J. Yaswanth, S. K. Singh, K. Singh, and M. F. Flanagan, “Energy-efficient beam-

forming design for RIS-aided MIMO downlink communication with SWIPT,” IEEE

Trans. Green Commun. Netw., vol. 7, no. 3, pp. 1164–1180, 2023.

[89] V. Sharma, R. Allu, S. K. Singh, K. Singh, T. Q. Duong, and T. A. Tsiftsis, “Robust

transmission design in multiobjective RIS-aided SWIPT IoT communications,” IEEE

Internet Things J., vol. 11, no. 10, pp. 18 605–18 618, 2024.

[90] L. Chai, L. Bai, T. Bai, J. Choi, and W. Zhang, “RIS-aided SCMA-based SWIPT

systems: Design and optimization,” IEEE Trans. Veh. Technol., vol. 72, no. 5, pp.

6238–6252, 2023.

[91] M. Mohammadi, H. Q. Ngo, and M. Matthaiou, “Phase-shift and transmit power op-

timization for RIS-aided massive MIMO SWIPT IoT networks,” IEEE Trans. Com-

mun., vol. 73, no. 1, pp. 631–647, 2025.

[92] Y. Zheng, S. A. Tegos, Y. Xiao, P. D. Diamantoulakis, Z. Ma, and G. K. Karagian-

nidis, “Zero-energy device networks with wireless-powered RISs,” IEEE Trans. Veh.

Technol., vol. 72, no. 10, pp. 13 655–13 660, 2023.

[93] C. Zhang, Y. Huang, C. He, C. Pan, and K. Wang, “Energy optimization for IRS-aided

SWIPT under imperfect cascaded channels,” IEEE Trans. Veh. Technol., vol. 72,

no. 9, pp. 11 631–11 643, 2023.

[94] S. Gong, Z. Yang, C. Xing, J. An, and L. Hanzo, “Beamforming optimization for

intelligent reflecting surface-aided SWIPT IoT networks relying on discrete phase

shifts,” IEEE Internet Things J., vol. 8, no. 10, pp. 8585–8602, 2021.

175



BIBLIOGRAPHY

[95] N. Sharma, S. Gautam, S. Chatzinotas, and B. Ottersten, “Integrating multiple RIS for

enhanced SWIPT-IoT performance: Optimization strategies,” IEEE Access, vol. 12,

pp. 182 841–182 855, 2024.

[96] Q. Xue, R. Wei, Z. Li, Y. Liu, Y. Xu, and Q. Chen, “Beamforming design for cooper-

ative double-RIS aided mmWave MU-MIMO communications,” IEEE Trans. Green

Commun. Netw., vol. 9, no. 2, pp. 645–657, 2025.

[97] “Bharat 6G vision statement,” March 2023, https://dot.gov.in/circular-and-

notifications/3199.

[98] X. Mu, Y. Liu, L. Guo, J. Lin, and R. Schober, “Simultaneously transmitting and

reflecting (STAR) RIS aided wireless communications,” IEEE Trans. Wireless Com-

mun., vol. 21, no. 5, pp. 3083–3098, 2022.

[99] J. Xu, Y. Liu, X. Mu, and O. A. Dobre, “STAR-RISs: Simultaneous transmitting and

reflecting reconfigurable intelligent surfaces,” IEEE Commun. Lett., vol. 25, no. 9,

pp. 3134–3138, 2021.

[100] D. Gunasinghe and G. Amarasuriya, “Performance analysis of STAR-RIS for wire-

less communication,” in IEEE Int. Conf. Commun. (ICC), 2022, pp. 3275–3280.

[101] H. Zhang, J. Nie, Y. Yu, Z. Xiong, W. Jiang, and D. Niyato, “Performance analysis

for STAR-RIS assisted SWIPT system over rayleigh fading channel,” in IEEE Int.

Conf. Commun. (ICC), 2023, pp. 1468–1473.

[102] P. Zhao, J. Zuo, and C. Wen, “Power allocation and beamforming vectors optimiza-

tion in STAR-RIS assisted SWIPT,” in IEEE Int. Conf. Commun. Tech. (ICCT), 2022,

pp. 1174–1178.

176



BIBLIOGRAPHY

[103] A. Farhadi, M. Moomivand, S. K. Taskou, M. R. Mili, M. Rasti, and E. Hossain,

“A meta-DDPG algorithm for energy and spectral efficiency optimization in STAR-

RIS-aided SWIPT,” IEEE Wireless Commun. Lett., vol. 13, no. 5, pp. 1473–1477,

2024.

[104] Y. Li, J. Wang, Y. Zou, W. Xie, and Y. Liu, “Weighted sum power maximization for

STAR-RIS assisted SWIPT systems,” IEEE Trans. Wireless Commun., pp. 1–1, 2024.

[105] S. Dhok and P. K. Sharma, “Rate-splitting multiple access with STAR RIS over

spatially-correlated channels,” IEEE Trans. Commun., vol. 70, no. 10, pp. 6410–

6424, 2022.

[106] Y. Liu, Y. Ni, H. Zhao, Y. Yang, S. Qiao, and H. Zhu, “STAR-RIS Assisted wireless

communications with discrete phase shifter,” IEEE Wireless Commun. Lett., vol. 13,

no. 11, pp. 3152–3156, 2024.

[107] J.-C. Chen, “Designing STAR-RIS-assisted wireless systems with coupled and dis-

crete phase shifts: A computationally efficient algorithm,” IEEE Trans. Veh. Technol.,

vol. 73, no. 7, pp. 10 772–10 777, 2024.

[108] N. Sharma and S. Gautam, “Optimization strategy for RIS-assisted SWIPT-IoT with

non-linear energy harvesting,” in National Conf. commun. (NCC), 2024, pp. 1–6.

[109] Q. Gao, Y. Liu, X. Mu, M. Jia, D. Li, and L. Hanzo, “Joint Location and Beam-

forming Design for STAR-RIS Assisted NOMA Systems,” IEEE Trans. Commun.,

vol. 71, no. 4, pp. 2532–2546, 2023.

[110] S. Basharat, S. A. Hassan, H. Pervaiz, A. Mahmood, Z. Ding, and M. Gidlund,

“Reconfigurable intelligent surfaces: Potentials, applications, and challenges for 6G

wireless networks,” IEEE Wireless Commun., vol. 28, no. 6, pp. 184–191, 2021.

177



BIBLIOGRAPHY

[111] Z. Chen, G. Chen, J. Tang, S. Zhang, D. K. So, O. A. Dobre, K.-K. Wong, and

J. Chambers, “Reconfigurable-intelligent-surface-assisted B5G/6G wireless commu-

nications: Challenges, solution, and future opportunities,” IEEE Commun. Mag.,

vol. 61, no. 1, pp. 16–22, 2023.

[112] S. Dhok and N. B. Mehta, “Two-timescale channel estimation for RIS-assisted

near-field communication,” in IEEE Int. Conf. Acoustics, Speech, Signal Process.

(ICASSP), 2026, pp. 21 536–21 540.

[113] Siradel, “How to improve 5G coverage in a factory using reconfigurable in-

telligent surfaces (RIS)?” 2025, [Online]. Available: https://www.siradel.com/

ris-for-improved-5g-in-factories/.

[114] H. M. Jawad, R. Nordin, S. K. Gharghan, A. M. Jawad, and M. Ismail, “Energy-

efficient wireless sensor networks for precision agriculture: A review,” Sensors,

vol. 17, no. 8, p. 1781, 2017.

[115] Y. Li, K. Xiong, W. Zhang, W. Chen, P. Fan, Y. Zhang, and K. B. Letaief, “Robust

transmit beamforming for integrating communication, sensing and power transfer

systems,” IEEE Internet Things J., pp. 1–1, 2026.

[116] S. Uniyal, N. Vishwakarma, S. Sharma, and R. Swaminathan, “Intelligent reflecting

surfaces-aided mixed FSO/RF communication system,” in IEEE Wireless Commun.

Netw. Conf. (WCNC), 2023, pp. 1–6.

[117] D. Shambharkar, S. Dhok, A. Singh, and P. K. Sharma, “Rate-splitting multiple ac-

cess for RIS-aided cell-edge users with discrete phase-shifts,” IEEE Commun. Lett.,

vol. 26, no. 11, pp. 2581–2585, 2022.

178

https://www.siradel.com/ris-for-improved-5g-in-factories/
https://www.siradel.com/ris-for-improved-5g-in-factories/


BIBLIOGRAPHY

[118] H. Liu, J. An, X. Jia, L. Gan, G. K. Karagiannidis, B. Clerckx, M. Bennis, M. Deb-

bah, and T. J. Cui, “Stacked intelligent metasurfaces for wireless communications:

Applications and challenges,” IEEE Wireless Commun., vol. 32, no. 4, pp. 46–53,

2025.

[119] N. Sharma, S. Gautam, S. Chatzinotas, and B. Ottersten, “Power optimization in

RIS-assisted SWIPT-IoT system with discrete phase shift,” IEEE Internet Things J.,

vol. 13, no. 11, pp. 22 770–22 786, 2026.

[120] N. Sharma, M. B. Kokare, S. R, and S. Gautam, “Distributed RIS SWIPT-IoT sys-

tems: Optimizing spectral efficiency and energy harvesting,” in IEEE Wireless Com-

mun. Netw. Conf. (WCNC), 2025, pp. 1–6.

[121] N. Sharma, M. B. Kokare, R. Swaminathan, and S. Gautam, “Maximizing weighted

function in STAR-RIS aided SWIPT-IoT with discrete phase shifting,” in IEEE Veh.

Technol. Conf. (VTC2025-Spring), 2025, pp. 1–5.

179




	 List of Figures
	 List of Tables
	 List of Abbreviations
	 Notations
	 List of Publications
	Introduction
	Problem Overview and Motivation
	Major Objectives of this thesis
	Contributions and Main Highlights
	Discussion on Optimization Problems and Techniques 
	Organization of the thesis

	Review of RIS-SWIPT Systems
	Reconfigurable Intelligent Surfaces (RIS)
	RIS and its variants
	Reflect-only RIS
	STAR-RIS
	Hybrid Active-Passive RIS
	Beyond Diagonal RIS (BD-RIS)


	Simultaneous Wireless Information and Power Transmission (SWIPT)
	Energy Harvesting (EH) Models

	Amalgamation of RIS and SWIPT
	Case Study: Smart Agriculture
	Advanced Farming
	Animal Husbandry Management
	Storage Management
	Agri-logistics Monitoring

	Summary

	Integrating Multiple RIS for Enhanced SWIPT-IoT Performance
	Introduction to Multi-RIS assisted SWIPT-IoT Systems
	System Model
	Signal Modeling
	Multi-RIS Selection Strategies
	Optimal RIS Approach (ORA)
	Exhaustive RIS Approach (ERA)

	Simultaneous Wireless Information and Power Transmission (SWIPT)

	Data Rate Maximization
	Optimized solution for TS
	Optimized solution for PS

	Harvested Energy Maximization
	Optimized solution for TS
	Optimized solution for PS
	Algorithmic Solution for Rate and EH Maximization

	Maximization of Energy Efficiency (EE)
	Dinkelbach based Solution

	Results and Discussion
	Summary

	Joint Rate-Energy Optimization in RIS-assisted SWIPT-IoT System
	Introduction to Fractional Programming Strategy in RIS-assisted SWIPT-IoT Systems
	System Model
	Practical Phase Shift Model
	Signal Model
	Discrete Phase Shift Model


	Problem Formulation and Proposed Solution
	KKT Conditions based Solution
	Dinkelbach based Solution
	Quadratic Transform based Solution
	Intermediate Algorithmic Solution

	Results and Discussion
	Summary

	Active and Passive Beamforming in RIS-assisted SWIPT-IoT system
	Introduction to Joint Active-Passive Beamforming Optimization in RIS-assisted SWIPT-IoT System with DPS
	System Model
	Imperfections in Channel
	Signal Model

	Problem Formulation and Solution
	Joint Optimization of Beamforming Vector and PS Ratio
	Solution via SDR method
	ZF based Closed form Solution

	Phase Shift Optimization
	Overall Transmit Power Minimization

	Simulation Results
	Single User System
	Multiple User system
	Algorithmic Comparison
	Number of RIS Elements and Antenna Count
	Impact of Optimized Phase and Quantized Phase Level
	Variation in the Number of Users
	blackImpact of CSI Error


	Summary

	STAR-RIS assisted SWIPT-IoT System
	Maximizing Weighted Function in STAR-RIS aided SWIPT-IoT with Discrete Phase Shifting
	System Model
	SWIPT with STAR-RIS in Energy Splitting mode
	SWIPT with STAR-RIS in Mode Switching Framework

	Problem Formulation and Solution
	Weighted Rate-Energy Maximization Problem
	Proposed Solution
	Computational Complexity


	Results and Discussion
	Impact of Energy Split and Element Division
	Impact of DPS Levels

	Summary

	Conclusion and Future Directions
	Main Conclusions
	Future Directions
	Potential Extensions
	Towards Novel Problem Formulations and Solutions


	Optimization Techniques
	Relevant Optimization Techniques
	Classification based on Uncertainty
	Classification based on Optimization Objective
	Classification based on the Nature of Variables
	Classification based on Nature of Constraints

	Leveraged Optimization Techniques
	Karush-Kuhn-Tucker (KKT) Conditions
	Semidefinite Programming (SDP)
	Gaussian Randomization
	Fractional Programming
	Alternate Optimization (AO)


	Appendices for Chapter 3
	Rate Maximization using KKT Optimization
	EH Maximization using KKT Optimization


