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ABSTRACT 

Over the past decade, there has been a significant increase in the need for multi-functional antenna 

designs, driven by stringent design prerequisites in wireless systems. Simultaneously, different 

challenges arise because of the requirements for the antenna module in limited design space. 

Electromagnetic simulation of parametric changes in traditional patch antennas generally result in 

sub-optimal designs due to topological complexity. 

In this thesis, novel systematic approaches to design pixelated antennas to support 

multistandard wireless application have been presented. Firstly, a low-profile dual-band pixelated 

defected ground antenna has been proposed. The design introduces the idea of utilizing pixelated 

defected ground for efficient antenna design without depending on geometric optimization of 

design parameters of defected ground area, unlike conventional defected ground antenna. Compact 

antenna design can be achieved by making the best use of designated design space on the defected 

ground plane.  

Secondly, a systematic approach to achieve optimal design of a Pixelated Stacked Antenna 

has been presented. The antenna design uses pixelization on the two radiating patches to enable 

simultaneous optimization of multiple layers, resulting in improved optimization balance. The 

design methodology utilizes a combination of triangular and square pixel shapes where triangular-

shaped pixels are used to form the principal radiating patch, and square-shaped pixels are 

implemented on the stacked parasitic patch.  

Thirdly, a pixelated cubic antenna with enhanced isolation and diverse radiation pattern 

has been presented. The issue of mutual coupling comes into effect when multiple antenna 

elements are closely placed together. The presented antenna system with four patches has been 

pixelated and optimized simultaneously to achieve desired performance and high isolation without 

using any additional resonators or elements.  

Finally, a novel approach to increasing bandwidth in log periodic antennas has been 

investigated. This research involves novel design of Pixelated Log Periodic Antenna (PLPA), 

which demonstrates remarkable improvements in bandwidth compared to conventional printed log 

periodic antennas of similar size. The study showcases the potential of PLPAs to achieve 

significant enhancements in fractional bandwidth. In the first design case, PLPAs achieved a 
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substantial 13% increase in fractional bandwidth. Notably, in the second design case, the antenna 

reached an even more impressive 22.2% improvement in fractional bandwidth.  

It is anticipated that the presented pixelated antennas and the illustrated design 

methodologies in this thesis will find wide applications in present and future wireless systems to 

support the trend towards multistandard wireless systems to enable fast, secure, and reliable 

communications. 
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Chapter 1 

Introduction 

1.1 Introduction 

The emergence of rapidly growing Internet-of-Things (IoT) has introduced numerous 

interconnected electronic devices and sensors through the Internet [1, 2]. The number of 

connected devices will expand to be 30.9 billion by 2025 [3]. Antennas serve a crucial 

role in both wireless communication and wireless power transmission, as they send and 

receive electromagnetic (EM) waves that convey energy or data wirelessly.  

 

Antennas are used in wireless communication to send and receive electromagnetic waves 

that transport information between devices. The sending antenna generates 

electromagnetic waves that convey the data, while the receiving antenna receives the 

waves and turns them back into electrical signals. Antennas are utilized in a number of 

wireless communication technologies, including Wi-Fi, Bluetooth, cellular networks, and 

satellite communication. Dipole antennas, patch antennas, Yagi antennas, and helical 

antennas are examples of antennas utilized in wireless communication. Antennas are used 

in wireless power transfer to generate and receive electromagnetic fields that carry 

electrical energy from a transmitter to a receiver. The transmitter antenna generates an 

electromagnetic field that induces a current in the receiving antenna, so facilitating the 

transmission of energy. Coil antennas, resonant antennas, and patch antennas are some 

examples of antennas used for wireless power transfer. Antennas are also utilized in 

numerous applications that require both wireless power transfer and wireless 

communication, such as mobile device wireless charging systems. These systems use 

antennas to both deliver power wirelessly and communicate wirelessly between the 

charging pad and the device being charged.  
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Autonomous operation of low-power sensors and electronic devices require sustainable 

power supply rather than just relying on the stored energy in batteries. A sensor node's 

operational duration is determined by its battery capacity or available energy resources. 

Historically, batteries have been the most reliable source of energy for sensor nodes and 

portable electronic gadgets. Periodic battery replacement is required to extend the life of 

a sensor network [4]. However, there are scenarios where wireless sensor networks 

(WSNs) are deployed in remote areas or inaccessible locations such as the deep sea, 

underground, chemical plants, areas of environmental disasters and agricultural farmland 

monitoring, where it is difficult to replace batteries [5-8]. Moreover, sensor nodes may be 

left unchecked for weeks, months or years. The task of replacing or charging of batteries 

for a large number of wireless sensor nodes is impractical. Replacement of batteries after 

a finite time is also troublesome in context of maintenance cost and self-sustainability of 

devices [9-11], not to mention the environmental impacts.  

 

Researchers have been studying various energy harvesting approaches to reduce 

maintenance costs and enable self-sustainability for remotely deployed low-power 

sensors [12, 13] and devices. Ambient energy from the environment could be used to 

energize wireless sensor devices, prolonging operational time [14-16]. Solar, heat, wind, 

electric field, magnetic field, vibration, and RF are the most common sources of ambient 

energy; an overview of these common sources of ambient energy is depicted in Figure 1.1 

and Table 1.1 [4, 8, 17-28]. The exponential growth of RF and wireless sources including 

AM/FM radio, cellular networks, Wi-Fi signals, and digital/analogue TV makes RF 

energy an excellent ambient energy source. An advantage of RF energy harvesting is the 

ability to convert ambient signals to useful DC power throughout day and night, both 

indoor and outdoor.  Penetration of RF signals into obstacles such as opaque walls or 

enclosed spaces, makes it a good candidate for indoor applications. In addition, the small 
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physical size and lightweight of RF energy harvesting systems enable portable and 

wearable applications [9, 29-31]. Other ambient energy harvesting technologies, 

including solar cells, can be paired with various antennas to enable hybrid energy 

harvesting solutions [32, 33].  

 

Notably, RF power density is low in rural areas. Wireless sensor networks (WSNs) or IoT 

devices in remote places can be powered via dedicated RF sources [17, 34, 35]. 

Automatically transmitting power to the device in need of charge or power can be a viable 

option to provide a cordless experience using WPT [36, 37].  WPT technologies can be 

categorized according to the method of coupling, i.e. inductive coupling, EM radiation 

and magnetic resonance coupling [38]. Most of the WPT research have been on inductive 

coupling and magnetic resonance coupling. Numerous studies have been documented on 

magnetic coupled or inductive coupled WPT schemes. These schemes operate in the 

evanescent or near-field region [39]. However, inductive coupling and magnetic 

resonance coupling are appropriate for short-range applications in which the transmitter 

and receiver are within a few meters of each other and the distance is strictly related to 

the loop's dimension and frequency [36, 38]. The research scope of WPT based on 

microwave power transmission (MPT) has been expanding as it can facilitate long-

distance operation. Unidirectional and omnidirectional antennas can be used to sustain 

the power link for interaction in far-field radiative WPT. Radiated power in propagating 

electromagnetic waves is received using antennas in the far-field region [38, 40]. 

However, the efficiency of this method is lower than magnetic resonance and inductive 

coupling [41] at present and researchers have been investigating different techniques to 

improve the system efficiency. General frequencies of interest for radiative WPT are 900 

MHz, 2.4 GHz and 5.8 GHz [41]. Nevertheless, research on radiative WPT schemes are 

still in its infancy, and have numerous future applications [42, 43].   
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Receiving side of RF energy harvesting and radiative WPT systems generally include 

receiving antenna, matching network, rectification circuit and power management unit. 

The receiving antenna and the rectifier when combined, are defined as a rectenna. 

Performance of RFEH or WPT significantly depends on the radiation performance of the 

receiving antenna. The antenna is the key element of a rectenna that determines the 

performance of RFEH or WPT, as the antenna is required to capture RF signals. However, 

impedance matching between the rectifier circuit and the antenna also impacts the optimal 

efficiency [17, 44]. Design of an appropriate antenna is of paramount importance. Design 

of the antenna depends on application specific conditions and antenna properties. For 

example, operating frequency, impedance bandwidth, gain, efficiency, radiation pattern 

and polarization have significant impact on the received power. Many antenna topologies 

have been proposed in the literature for ambient RF energy harvesting (RFEH) and 

wireless power transfer (WPT) applications, focusing on performance enhancement of 

antennas. Since the advancement of electronic circuits requires low-profile antennas, it 

becomes a challenge to meet all the strict design requirements. Table 1.2 illustrates some 

key challenges of receiving antennas in RFEH and WPT systems. 

Table 1.1 Overview of Ambient Energy Sources 

 Solar [8, 18, 19] Heat/ Thermal [8, 19-21] Wind [4, 22] 
Piezoelectri

c[23, 24] 

Ambient RF [8, 

17, 19, 25, 26] 

Source Sun 
Sun, system losses, 

body 
Wind flow 

Difference 

in pressure, 

Vibrations, 

Radio/TV 

stations, Mobile 

phone & base 

stations, 

wireless 

networks, radar, 

wireless routers 

Availability 
During daylight 

(4-8 Hours) 

Continuous based on 

the activity or 

operation of the system 

Depends on 

weather 

Dependent 

on activity 
Always 

Harvesting 

mechanism 

Solar/photovoltai

c cell 

Thermoelectricity, 

Seebeck effect 

Turbine, DC 

motor, aero-

elastic, 

Anemometer [4] 

Piezoelectri

c devices 

interfaced 

with power 

Rectenna 
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electronic 

equipment 

Power 

density [19, 27, 

28] 

100 μW/cm2 60 μW/cm2 177 μW/cm2 [22] 
250 

μW/cm3 
40 μW/cm2 

Efficiency 
[17, 18, 20, 21] 

11.7% to 26.7% 

depending on 

different 

classification [18] 

5-15% [20, 21] --- ∼5-30% 

0.4% to over 

50% at -40 to -5 

dBm input 

power[17, 25] 

(Can be 

increased with 

more input 

power) 

Advantages 
[45] 

Large amount of 

energy, low-

profile harvester, 

commercially 

available, well 

developed 

technology 

Available 

commercially, compact 

harvester 

Harvesting can 

be possible even 

in low wind 

Simple and 

fast power 

conversion, 

Output 

voltage 

high High 

durability, 

Certainty [26] of 

available 

power, 

commercially 

available, low-

profile 

harvester 

circuitry 

Disadvantage

s [45] 

Severely 

dependent on 

climatic 

condition, large 

area requirement, 

incident light 

orientation issue 

Thermal matching 

issue, low power, large 

area requirement 

Availability is 

not steady, 

harvesting 

system can be 

bulky 

Material 

properties 

linked with 

coupling 

coefficient, 

Expensive 

material, 

Dependent 

on material 

property 

Dependent on 

distance and 

availability of 

wireless signal 

power, 

propagation 

medium (e.g., 

multipath 

effects and 

attenuation 

through 

buildings) or 

weather 

conditions (e.g., 

fog, rain, or 

humid air) can 

have a 

significant 

impact on the 

propagation of 

EM waves 

affecting the 

received power, 

low 

rectification 

efficiency at 

low input 

power. 
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Figure 1.1 Overview of prominent ambient energy sources (based on the data in Table 1.1) 

Table 1.2 Important metrics in the receiving antennas 

Metrics Reasons 
Received signal amplitude, polarization, 

frequency, and bandwidth 
Unknown received signal polarization in RFEH 

Size 
Low-profile antenna is required for compact 

harvester or portable devices. 

Sensitivity 
Ability to harvest energy and operate at low input 

power. 

Directivity 
Omnidirectional radiation pattern is required for 

ambient source. Unidirectional radiation pattern is 
required for known dedicated RF source. 

Integrability with planar structure 
Integration with PCB and matching network or 

rectification unit for practical applications. 

Mechanical robustness 
For long operation period or application in 

inaccessible/harsh environment or underwater 
Stable performance with varying environmental 

condition 
Temperature or humidity variation. 

Circular polarization/ dual-polarization 
Eliminate polarization mismatch for ambient 

source 

Multi/wideband performance 
To maximize harvested power, reception from 

multiple frequency. 

Fabrication techniques 
Performance trade-offs for low-profile and cost-

effective manufacturing process 

 

1.2 Challenges 

Antenna design plays a crucial role in wireless systems, as the performance and reliability 

of these systems depend heavily on the antennas. However, there are several issues that 
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must be fixed in antenna design before wireless communication can be made more 

efficient and effective. Different wireless communication standards use different 

frequency bands, so it's crucial to design antennas that can work across a wide range of 

frequencies.  

Also, the wireless power transfer system consists of two subsystems; transmitter and 

receiver. The core device of the receiver is the rectenna (rectifying antenna) which mainly 

consists of two components: a receiving antenna to harvest RF signals and a rectifier 

circuit to convert RF energy to DC power. The antenna plays a critical role in the rectenna 

system efficiency, as it is the front-end component to capture RF power from the 

transmitting device. Due to the small form factor of IoT devices, low-profile and efficient 

rectennas are required to remotely charge low-power IoT devices in WPT scenario. Over 

the past decades, WPT and RF energy harvesting (EH) technologies have introduced 

many types of receiving antennas [46-50]. These receiving antennas utilized typical patch 

antenna design techniques including simple rectangular patch [46, 48, 51], circular ring 

slot [49], sickle shaped patch like folded meanderline for long current path [50], etc. 

Antennas for low-power IoT devices should be compact and integrable with planar 

circuits as large antennas are less suitable to fit into the subsystem of small IoT devices 

and sensors due to large antenna dimension [49, 52, 53]. Nevertheless, designing a small-

size antenna with a significant wireless signal capture capacity while attaining good gain 

and efficiency is incredibly challenging. Moreover, it is also difficult to achieve desired 

antenna structure with required performance using standard electromagnetic (EM) 

simulation (such as changing the patch shape or using different slot shapes) as they are 

limited to parametric study within a number of dimensional parameters.  

Most of the antennas published in the literature for RFEH, WPT and wireless 

communication modules are based on traditional design approaches using 
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electromagnetic (EM) simulation with geometrical modifications such as variation of 

radiating element, changing the dimension of patches or the ground plane [48, 50, 54, 55]. 

However, the implementation of optimization algorithms to design antenna in the field of 

RFEH and WPT is relatively unexplored. Moreover, the emergence of different IoT 

applications poses new challenges in designing compact antenna as limited design space 

is available for the communication module which is comparatively difficult task using 

orthodox antenna design methods.  

Moreover, in multi-antenna systems, isolation improvement is crucial for several reasons. 

In a multi-antenna system, the antennas are typically close together, which can cause 

coupling between the antennas. This coupling can result in interference, which can 

degrade the system's performance. By enhancing isolation, the level of coupling between 

antennas can be decreased, resulting in enhanced performance and dependability. 

Optimal antenna performance can only be achieved through the application of 

sophisticated simulation and optimization methods, both of which are essential for 

overcoming these obstacles. The application of Computational Intelligence (CI) to 

complicated problems in antennas and propagation has received increasing attention 

recently. One of the main cornerstones of CI has always been evolutionary computation 

(EC). Evolutionary computation's primary unifying principle is based on the evolution 

principle from biology, which provides a methodology for embedding the principles of 

evolution within computer algorithms that can deal with complex engineering problems 

[56-59]. An evolutionary algorithm (EC) starts by creating a population of possible 

solutions of a problem. After that, the starting population is randomly varied to produce 

new solutions. Finally, all solutions are evaluated based on their task-solving ability. 

Evolutionary algorithms (EA) have been used to solve a wide range of antenna design 

problems, where EAs have been integrated with numerical approaches in 
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electromagnetics and yielded a variety of notable and effective outcomes [60]. Among 

the EAs applied in solving antenna design problems, Genetic Algorithm (GA) and Particle 

Swarm Optimization Algorithm (PSO) have been remained most prominent in the past 

decades [61-63]. These optimization techniques enable the investigation of designs that 

would otherwise be impossible to achieve using conventional methods. PSO has been 

employed in solving variety EM problems due to its straightforward and effective way in 

antenna design [63-65]. In applications involving antenna design, PSO has also been 

demonstrated to be more suited than other evolutionary optimization methods like genetic 

algorithms (GA), in context of algorithmic simplicity and feasibility of implementation. 

While the particle swarm optimizer shares the genetic algorithm's capacity to handle any 

nonlinear cost functions, its considerably simpler implementation and less computational 

budget requirement clearly illustrates its potential for wider usage in electromagnetic 

optimization. Further, the ability of PSO to efficiently handle various design goals 

contributes to its prominence in antenna designs [66, 67]. When dealing with multi-object 

or high-dimensional situations, the standard PSO technique suffers from early 

convergence issues and has difficulty processing them. Recently, it has been demonstrated 

that modified PSO algorithms have a greater way of searching for optimal solutions [68-

71]. 

 

1.3 Research Objectives  

Several objectives have been considered to address the challenges in state-of-the-art 

antenna design using pixelated configuration to develop and optimize different antenna 

designs. The objectives of this dissertation are listed below: 
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i. To design and optimize a low-profile defected ground antenna for dual-band 

application using pixelated configuration and binary optimization.  

ii. To design a multi-layered multiband pixelated antenna using different pixel 

shapes with improved optimization performance and design flexibility.  

iii. To investigate the performance of a multidirectional antenna with enhanced 

isolation using optimized pixelated patch configuration.  

iv. To enhance the bandwidth of printed log periodic antenna using pixelated 

configurations.  

 

1.4 Research Questions 

This research aims to address the identified gaps and potential requirements for the 

widespread implementation of pixelated antenna design method by answering these 

research questions:  

 How does the use of the proposed methods alleviate antenna performance? 

 How can the use of different pixel shapes be leveraged to improve the process of 

antenna optimization? 

 How the patch antenna can be optimized to operate at multiple frequency bands? 

 Is it possible for pixelated antennas to achieve wider bandwidth compared with 

the conventional antennas? 

 

1.5 Contributions 

The key contributions of this dissertation are advancing receiving antenna methods or 

designs of receiving antennas for portable wireless devices or ambient RF energy 

harvesting and wireless power transfer. Specific contribution is investigation of binary 



 

 

11 
 

optimization based pixelization method in receiving antenna design with novel design 

topology where the conventional antenna design methods are limited upon certain shapes 

or geometric parameter optimization using standard electromagnetic simulation for 

antenna designs.  

The first contribution is investigation and design of dual-band pixelated defected 

ground antenna (DGA). Compact antenna design can be achieved by making the best use 

of designated design space on the defected ground (DG) plane. Further, a V-shaped 

transfer function based BPSO with fast convergence allows us to implement the PDG 

technique efficiently. In the design procedure, pixelization is applied to a small 

rectangular region of the ground plane. The square pixels on the designated defected 

ground area of the antenna have been formed using a binary bit string, consisting of 512 

bits taken during each iteration of the algorithm. The PDG method is concerned with the 

shape of the DG and does not rely on the geometrical dimension analysis used in 

traditional defected ground antennas. Initially, three single band antennas have been 

designed at 3.5 GHz, 5.2 GHz and 5.8 GHz using PDG technique. Finally, same PDG 

area has been used to design a dual-band antenna at 3.5 GHz and 5.8 GHz. The proposed 

antenna exhibits almost omnidirectional radiation performance with nearly 90% 

efficiency. 

The second contribution is a stacked antenna for dual-band application at 5.2 GHz and 

5.8 GHz bands. The proposed antenna topology consists of two pixelated layers of 

radiating patch which have been evolved using an enhanced binary particle swarm 

optimization algorithm (BPSO). The proposed technique offers essential aspects that are 

valuable in the design of compact single band or multi-band antennas for wireless 

systems. A binary string determines the shape of the radiating patches without depending 

on parametric study of conventional EM (electromagnetic) simulation. In the design 
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procedure, triangular-shaped pixels were used to form the principal radiating patch, while 

square-shaped pixels were implemented on the stacked parasitic patch. This approach 

provides considerable computational flexibility to achieve an optimal pixelated layout for 

the desired frequencies. The proposed design technique employs pixelization on both 

patch layers of the antenna and optimizes them simultaneously. With a compact design, 

the antenna achieved 4.7 dBi and 4.4 dBi gain at 5.2 and 5.8 GHz, respectively. The 

proposed antenna design exhibits characteristics nearly equivalent to larger and heavier 

alternatives that are often more challenging to develop and implement in practical 

scenarios. 

The third contribution is a cubic antenna design with enhanced isolation and diverse 

radiation pattern for vehicular applications. The design consists of four radiating patches 

to take advantage of a nearly omnidirectional radiation pattern with enhanced isolation 

and high gain. The antenna system with four patches has been pixelated and optimized 

simultaneously to achieve desired performance and high isolation at 5.4 GHz band. The 

antenna achieved measured isolation of more than -34 dB between antenna elements. The 

overall isolation improvement obtained by the antenna is about 18 dB compared to a 

configuration using standard patch antennas. Moreover, isolation improvement is 

achieved through patch pixelization without requiring additional resonators or elements. 

The antenna achieved up to 6.9 dB realized gain in each direction. Additionally, the cubic 

antenna system is equipped with an E-shaped GPS antenna to facilitate connectivity with 

GPS satellite. Finally, the antenna performance has been investigated using a simulation 

model of the vehicle roof and roof rack. The reflection coefficient, isolation and radiation 

patterns of the antenna remains unaffected. The antenna prototype has been fabricated on 

Rogers substrate and measured to verify the simulation results. The measured results 

correlate well with the simulation results. The proposed antenna features low-profile, 
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simple design for ease of manufacture, good radiation characteristics with 

multidirectional property and high isolation, which are well-suited to applications where 

high isolation between multiple antennas is required. 

The fourth contribution is the investigation of a bandwidth enhancement method using 

pixelated radiating element. As a design case, a log periodic patch antenna has been 

utilized. Pixelated dipole element has been used to design and optimize pixelated log 

periodic antenna with enhanced bandwidth. Two design cases has been investigated in 

this study where they achieved up to 22.2% increment in fractional bandwidth than the 

conventional design of printed log periodic antenna. Finally, the antenna prototype has 

been fabricated and measured to validate the design.  

 

1.6 Thesis Organization 

This thesis is organized as follows: 

 Chapter 1: The first chapter provides introductory background of RF energy 

harvesting and wireless power transfer. The chapter also includes key roles of 

receiving antennas in RFEH and WPT. Research motivation, challenges and 

contribution are presented. 

 

 Chapter 2: This chapter presents a well-rounded review of recent 

advancements of receiving antennas for RFEH and WPT. Antennas discussed 

in this chapter are categorized as low-profile antennas, multi-band antennas, 

circularly polarized antennas, and array antennas. A number of contemporary 

antennas from each category are presented, compared, and discussed with 

particular emphasis on design approach and performance. 
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 Chapter 3: This chapter presents design guideline and analysis of pixelated 

defected ground antenna. A dual-band pixelated defected ground antenna 

design has been proposed in this chapter along with a flexible design guide for 

different single-band antennas at different operating frequencies. The PDGA 

design is performed using the VBPSO algorithm. This chapter introduces the 

idea of utilizing pixelated defected ground for efficient antenna design without 

depending on geometric optimization of design parameters of defected ground 

area, unlike conventional DG antenna. The PDG configuration has the 

potential to achieve different antenna characteristics including, single or multi-

band antenna design, gain or efficiency enhancement etc. using distinct 

configuration with a great degree of freedom. This leads to create multi-

functional customized antennas for diverse applications. 

 

 Chapter 4: This chapter presents a systematic approach to achieve optimal 

design of a Pixelated Stacked Antenna. An enhanced binary particle swarm 

optimization algorithm with a V-shaped transfer function has been utilized to 

obtain the pixelated layout of the patches on the bottom and top layers. By 

applying pixelization on the two radiating patches of the antenna, the antenna 

design enables simultaneous multilayer antenna optimization, which provides 

added benefits to the design procedure. 

 

 Chapter 5: This chapter presents design of a cube shaped multidirectional 

pixelated antenna system. A pixelated multidirectional cubic antenna for 

automotive application has been designed. The evolution of the design of the 

antenna with a cube shape is based on a pixelated patch. The design technique 

and results indicate the benefits of the cubic configuration and the antenna's 
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characteristics. A binary optimization approach is used to design the antenna 

in order to obtain the specified operating band and better isolation. The 

isolation between antennas has been greatly enhanced in comparison to the 

same cubic antenna design with normal patch layout. High isolation is 

obtained without the use of extra hardware or filters. 

 

 Chapter 6: The chapter presents an innovative technique to enhance bandwidth 

in log periodic antennas (LPA) using an enhanced binary particle swarm 

optimization approach. The resulting pixelated log periodic antenna (PLPA) 

design outperforms conventional printed LPAs in bandwidth. In the first 

design case, PLPAs achieved a 940 MHz bandwidth, showcasing a 13% 

fractional bandwidth increase. In the second case, the bandwidth extended to 

1240 MHz, boasting a remarkable 22.2% improvement in fractional 

bandwidth. This method highlights the potential to create compact pixelated 

antennas with significantly enhanced bandwidth compared to traditional 

designs. 

 

 Chapter 7: A summary of the thesis contents and achievements are given in 

the final chapter. Future work and plans to further develop this research topic 

are also discussed. 
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Chapter 2 

Literature Review 

2.1 Introduction 

RF energy has the potential to wirelessly power a wide range of applications in situations 

when other ambient energy sources such as light, vibration, and thermal gradients are 

absent. RF energy harvesting refers to converting energy from electromagnetic field into 

electrical energy [72]. RF energy harvesting system or rectenna comprised of receiving 

antenna that captures RF signals, impedance matching network and rectifier circuit to 

generate DC power and power management unit. In radiative WPT a dedicated RF source 

transmits power toward a specific direction where the receiver is located. Emitted energy 

from electromagnetic radiation is transmitted via transmitting antenna from a power 

source to a receiving antenna by electromagnetic waves [38]. 

Figure 2.1  Block diagram of (a) RFEH and (b) WPT system 

The communication channel could be the same for WPT and ambient RFEH scenarios, 
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but the signal source (transmitter) is different. Figure 2.1 and Table 2.1 provide basic 

illustration on ambient RFEH and WPT. RF signals are captured by the receiving antenna 

from various ambient sources like, TV towers, FM/AM radio station, mobile phones, base 

stations, wireless network or dedicated RF sources in case of WPT. The receiving antenna 

can operate on single band, multiband or broadband to receive power from different 

frequency bands simultaneously. The license-free ISM bands can be used for dedicated 

RF energy transfer. However, regulations are imposed on the maximum transmitting 

power of the dedicated RF sources by Federal Communications Commissions (FCC) [73, 

74]. 

Table 2.1 Comparison of Ambient RFEH and WPT Techniques 

 RFEH WPT 

Power source 

Ambient sources such as wireless 

networks, radio/TV station, mobile 

tower, wireless router etc. 

Dedicated RF power transmitting 

antenna 

Known source (e.g. 

direction, 

polarization, 

frequency, 

transmitting power) 

No Yes 

Receiving antenna 

properties (For ideal 

case) 

Omnidirectional, 

multiband/wideband, capture RF 

energy from random polarization 

High gain, multiband/wideband 

Availability 
Decreases due to lack of source, 

mostly in rural areas 
Can be available on demand 

Efficiency 
Low efficiency in most cases (can 

be lower in low power density area) 

High due to the availability of dedicated 

source 

 

The path loss equation can be used to estimate power in RF energy harvesting scenario 

[75]. In addition, measurement of RF fields can be used to obtain the notion about 

maximum available power at different location in RFEH scenario. Table 2.2 depicts 
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example of maximum signal level available in different metropolitan areas in Australia 

“Table 2.2-A” and different locations (Metro stations and residential areas) in Canada 

“Table 2.2-B”. The table can demonstrate the feasibility of RFEH in civil environments. 

`Table 2.2(A)  Available RF Signal Level At Different Metropolitan Area In Australia At Different 

Frequency Ranges [76] 

Location 1 

Frequency bands (MHz) 50 100 200 500 800 1000 2000 3000 

Available signal level (dBuV) 

(Approx.) 

70 110 78 110 97 88 80 41 

Location 2 

Frequency bands (MHz) 50 100 200 500 800 1000 2000 3000 

Available signal level  

(dBuV) (Approx.) 

41 92 82 88 72 80 78 41 

Location 3 

Frequency bands (MHz) 50 100 200 500 800 1000 2000 3000 

Available signal level 

(dBuV) (Approx.) 

96 101 78 100 68 70 72 40 

Location 4 

Frequency bands (MHz) 50 100 200 500 800 1000 2000 3000 

Available signal level 

(dBuV) (Approx.) 

61 72 67 82 62 84 85 42 

Location 5 

Frequency bands (MHz) 50 100 200 500 800 1000 2000 3000 

Available signal level 

(dBuV) (Approx.) 

87 104 88 108 78 99 95 83 

 

Table 2.2(B) Available RF Signal Level At Various Areas In Canada Over Different Frequency Ranges 
[77] 

Location 1 (Metro stations) 

Frequency 

bands 

DTV LTE700 GSM/LTE850 LTE1700/2100 GSM/LTE 

1900 

WiFi LTE2600 

Available 

signal level 

(dBm)  

Max.: 

-

19.97 

Min.: 

-

66.27 

Max.: 

-19.08 

Min.:  

-63.91 

Max.:  

-19.73 

Min.: 

-60.86 

Max.: 

-27.11 

Min.: 

-65.79 

Max.: 

-20.16 

Min.: 

-63.13 

Max.: 

-

58.25 

Min.: 

-

72.98 

Max.: 

-34.34 

Min.: 

-78.89 

Location 2 (Residential areas) 

Frequency 

bands 

DTV LTE700 GSM/LTE850 LTE1700/2100 GSM/LTE 

1900 

WiFi LTE2600 

Available 

signal level 

(dBm) 

Max.: 

-

25.97 

Max.: 

-37.38 

Min.:  

-58.72 

Max.:  

-41.62 

Min.:  

-62.22 

Max.:  

-44.17 

Min.:  

-62.94 

Max.:  

-42.95 

Min.:  

-66.09 

Max.:  

-

59.80 

Min.:  

Max.:  

-54.26 

Min.:  

-75.86 
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Min.: 

-

68.12 

-

74.53 

 

In case of WPT, the power received by an antenna at the receiving end of WPT system 

can be estimated by Friis transmission equation [75, 78],  

  �� = ������ �
�

���
�

�

                                                               (2.1) 

Where, Pr is the received power, Pt  is the transmitted power,  Gt denotes the transmitting 

antenna gain, Gr is receiving antenna gain, λ refers to the wavelength of RF signal, and R 

is the far-field distance from the transmitting antenna. This equation can provide a useful 

estimation for the possible upper limit of the range with a given transmitted power. 

However, it does not consider environmental attenuation that will affect available power 

at low levels. 

 

An impedance matching network is required to decrease transmission loss and enhance 

voltage gain and sensitivity from the receiving antenna to the rectifier circuit [79]. Design 

of matching circuits requires a combination of real (resistor) and reactive (inductor or, 

capacitor) components to avoid power loss that may occur due to using only resistors.  

Performance of the matching circuit is crucial to achieve an optimum output from the 

whole system. The main challenge in designing a matching network is the non-linearity 

of the rectification device with input power and frequency (especially in ambient RFEH 

scenario). A wide input power range is required as the input power level fluctuates 

frequently in RF energy harvester. The RF signal received by the antenna is converted to 

DC voltage by the rectifier circuit [80].  
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2.2 Applications of Wireless Charging 

Ambient RF energy harvesting and WPT are sustainable, cost-effective and green energy 

solutions. They can provide an alternative energy source for portable low-power devices 

that have a broad range of applications in different sectors such as agriculture, healthcare, 

manufacturing, mining, smart cities, etc. RFEH and WPT are expected to revolutionize 

the wireless charging technology of smart devices (smartphone, smart watch) and other 

consumer electronics (GPS devices, e-readers, wireless headphone, smart wearable 

sensors in medical healthcare) with true cordless experience. Smart farming or precision 

agriculture can be facilitated by remotely powered IoT sensors, wireless devices for 

tracking and monitoring of livestock and equipment, and sensing devices such as soil 

moisture, water tank level and temperature sensors. Other long-range application may 

include home automation and industrial control. On demand or schedule-based power can 

be also provided depending on the application requirements. The benefit of wireless 

power transfer solutions, is that the cost of manual labour can be reduced significantly in 

the case of large scale deployment of sensors [81]. Some of the application schemes are 

highlighted and explained in the subsequent sub-sections. 

 

2.2.1 Wireless Sensor Networks 

One of the major design constraints of wireless sensor networks (WSN) is the power 

scarcity associated with the sensors. Researchers are exploring new energy sources with 

enhanced reliability for WSNs. WSNs are comprised of many sensor nodes which are 

typically supplied by batteries. They are usually equipped with low processing power, 

short data storage capacity and limited power capacity [82, 83]. In addition to the finite 

life span of some batteries used as an energy source for WSNs, the problem of leakage 

current consumes the power even in unused low power states. Moreover, unavoidable 
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weather conditions (e.g. extreme temperature) may damage batteries which will also lead 

to environmental pollution. Two models of RFEH can be used in WSN. One with two 

radios, in which one radio is used for RF energy harvesting while the other one 

communicates with the rest of the sensor nodes. The other model employs the same radio 

for RFEH and communication purpose simultaneously. However, using a single radio 

model can minimize the design complexity of hardware as the dual-radio model may 

require separate antennas operating at different frequency [84, 85]. Moreover, dedicated 

RF sources using WPT can be used to keep sensors alive. In addition, simultaneous 

wireless information and power transfer (SWIPT) technology has the potential to combine 

power and information transfer aspects in modern wireless sensor networks [86]. The 

SWIPT concept merges the WPT schemes with WIT (Wireless Information Transfer) and 

introduces a new research direction, whereas WIT used to be a separate research area [87]. 

Nevertheless, the application area of RFEH and WPT in wireless sensor network is 

evolving. However, most of the literature that investigated the feasibility of RFEH and 

WPT in WSNs, did not consider long distance performance of the sensor network. 

Sensing devices that have a low power requirement are capable of utilizing harvested RF 

power [88]. Distance from the RF power source is vital to estimate the maximum input 

power available at the receiving end. In addition, the sleep time of sensors in the network 

is one of the major concerns during the charging process of the device [89]. Investigation 

of maximum time delay allowed between data transfer cycles is required in time-

dependent applications. Table 2.3 provides an overview of RF powered WSNs using WPT 

and ambient energy harvesting techniques. 
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Table 2.3   Overview of RF powered WSNs 

Refs. Application 
RF power 

source 

Receivin

g antenna 

Distance 

covered 

Wireless 

power 

charging 

technique 

Output Remarks 

[90] 

Powering up 

autonomous 

WSN device in 

vehicles 

Agilent 

N5158A 

50 Ω 

COTS 

3dBi 

antenna 

1-4 

meters 

WPT 

(Dedicated) 

Max. 

DC 

output 

500µW-

10 µW 

At 4 meters 

distance the 

WSN device 

can transmit a 

packet at each 

20 seconds of 

interval 

[91] 

Measurement 

of light level 

and 

temperature 

and 

transmission of 

measurement 

data wirelessly 

1 MW UHF 

television 

broadcast 

transmitter, 

cellular base 

transceiver 

station 

6dBi gain 

10.4 km 

(From 

1MW TV 

transmitt

er), 200 

meters 

(From 

cellular 

base 

transceiv

er 

station)  

Ambient 

RFEH 
--- 

Fully ambient 

RF powered 

prototype, 

sensitivity -

18dBm 

[92] 

Wireless 

humidity and 

temperature 

sensor 

--- 

8.655 cm 

long 

quarter 

wave 

monopole 

antenna 

2.5 m 
Ambient 

RFEH 

48 µJ; 

1.8 V for 

4 ms (1 

operatio

n cycle) 

Picking up the 

sensing values 

and 

transmission is 

performed 

within 1 

operation cycle 

(4ms); 

sensitivity -6 

dBm 

[93] 

Autonomous 

Wireless 

Sensor 

Networks 

Ambient RF 

energy at 

GSM-1800, 

UMTS-2100 

and LTE-

2600 

Horn 

antenna; 

0.8-18 

GHz, 7-

13 dBi 

gain 

--- 
Ambient 

RFEH 

Harveste

d power 

approx.  

25 µW 

Harvested 

power will 

suffice to power 

up temperature, 

humidity, 

Bluetooth 

transmitter, 

wake-up 

receiver and 

RFID based 

sensors. 

However, horn 

antenna has 

been user as the 
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receiver in this 

experiment. 

[94] 

Powering 

wireless gas 

sensor node 

Ambient RF 

energy at 900 

MHz 

--- --- 
Ambient 

RFEH 

Chargin

g of 

supercap

acitor up 

to 5V by 

400 

seconds 

at 0 dBm 

input 

power 

Perpetual 

operation of 

sensor node has 

been claimed. 

However, -20 to 

10 dBm input 

power range has 

been considered 

in the 

application. The 

supercapacitor 

will take more 

time at less than 

0 dBm input 

power changing 

the data 

transmission 

cycle. 

 

2.2.2 Wireless Body Area Networks and Wearable Devices 

 

Figure 2.2 Future battery-less body area network sensor [95] 

Long-term monitoring of health can be performed by wireless body area networks 

(WBANs) without affecting people’s daily lives. WBANs provide a smart and 

inexpensive solution to health monitoring as a part of medical diagnostics [96, 97]. 

WBANs have received increasing recognition along with the emergence of wearable 

technology for Internet of Things (IoT) based healthcare applications [98].  
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Many low-power wearable communication and sensing technologies are being inspired 

for WBANs. Researchers emphasize wearable/on-body and implantable sensors to 

capture and transmit vital health parameters. On-body wearable devices or in-body 

implantable devices such as, pacemakers are expected to operate for long periods without 

replacing batteries. Moreover, batteries are usually the heaviest component in almost 

every WBAN devices [99]. Furthermore, most battery technologies come with corrosive 

electrolytes or flammable organics which is a health hazard and incompatible for in-body 

or wearable application from biomedical point of view [100].  RFEH and WPT provides 

an alternative green energy solution to wirelessly charge wearable or implantable devices.  

Radiative near-field WPT based solutions can also be suitable for on-body or, implantable 

application. Moreover, this method is less prone to the misalignment issue between 

transmitter and receiver that happens in near-field coupling based WPT [101].  There are 

still challenges for RF powered wearable devices in context of flexibility; fabrics are 

broadly suitable for lightweight, low-cost and flexible performance [102]. Stable radiation 

pattern and reliable efficiency of the antenna in the receiving system is one of the most 

crucial factors if the person is mobile. In addition, reliability for interfacing rigid and 

flexible subsystems and efficient power management circuit for extremely low RF input 

power are required [102-104].  

 

2.2.3  Internet of Things (IoT) 

The quality of life is expected to be improved in large scale by the intelligent 

infrastructure of IoT, enabling the utilization of numerous devices connected through 

Internet. Most modern industries will see a new paradigm of advancement through IoT. 

IoT devices typically have wireless transceivers, sensors, processors, and a power source 

for data acquisition and communication [105]. However, power source issue is one of the 
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main constraints that have limited the full-scale adoption of IoT technology.  RF energy 

scavenging and WPT can provide a sustainable energy solution for long term operation 

of IoT devices, where replacing or recharging batteries is not feasible. The efficiency of 

embedded systems in IoT framework has been advanced in recent years towards 

achieving the target of fully autonomous sensors with the help of low power radio and 

microcontrollers [106, 107]. Stability and viability of RFEH and WPT in IoT devices need 

to be considered by removing the local on-board energy sources, reducing environmental 

pollution and maintenance cost as well as making the device compact. 

 

2.2.4 Smart Farming/Agriculture 

The demand for food is rising prominently with the rapid growth of world population. 

Food security will be a significant concern as the population of the world is expected to 

be approximately 9.7 billion by the year of 2050 [108]. Deployment of wireless sensor 

networks (WSNs) has been an acceptable solution over the years for precision agriculture; 

smart agriculture with process automation [109, 110]. In addition, a paradigm shift in 

agricultural technology is emerging due to the application of IoT sensors along with the 

WSNs [108, 111]. However, power supply for autonomous sensors in the agricultural 

domain is still a dominant issue. Table 2.4 illustrates power consumption information of 

some sensor nodes available for agriculture. Solar power has been utilized to extend the 

battery lifetime of agriculture sensor kits such as the ‘Davis 6345CSAU’ [112]. 

Nevertheless, the dependence of solar power on climatic condition is inevitable.  

Table 2.4  Wireless Sensor Nodes for Agriculture [110, 112, 113] 

Name Sensors included 

Power 

consumption in 

active mode 

Power 

consumption in 

sleep mode 

Power 

supply 
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MICA2DOT 
Accelerometer, temperature, 

light 
15 mW (@3V) 75 μW 

3V Coin 

cell battery 

MICAz 

Light, temperature, 

humidity, barometric 

pressure, accelerometer, GPS, 

RH, acoustic, video sensor, 

microphone, sounder, 

magnetometer 

24 mW (@3V) 75 μW 
2×AA 

Battery 

MICA2 

Light, temperature, humidity, 

barometric pressure, 

accelerometer, GPS, RH, 

acoustic, video sensor, 

microphone, sounder, 

magnetometer 

24 mW (@3V) 75 μW 
2×AA 

Battery 

Cricket 

Light, temperature, humidity, 

barometric pressure, 

accelerometer, GPS, RH, 

acoustic, ultrasonic, video 

sensor, microphone, sounder, 

magnetometer 

24 mW (@3V) 75 μW 
2×AA 

Battery 

TelosB Light,temperature, humidity 10 mW (@3V) 8 μW 
2×AA 

Battery 

IRIS 

Light, temperature, RH, 

barometric pressure, 

acceleration, seismic, 

acoustic, magnetic and 

video 

24 mW (@3V) 24 μW 
2×AA 

Battery 

Davis 

6345CSAU 

[112] 

Wireless Leaf & Soil 

Moisture/ Temperature 

Station 

0.42 mW (@3V) --- 

CR123A 

3V Lithium 

battery 

(Extended 

lifetime by 

solar panel) 

 

These sensors could be repowered by replacing the battery [110]. However, this becomes 

a significant challenge for mass deployment of sensors over large area, leading to great 

human effort as frequent change of batteries is not a viable solution for farmers. In such 
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cases, RFEH or WPT technology-based sensors can provide an alternative solution for 

self-powered operation or, extending the lifetime of sensors without having to replace 

batteries often. Architectures of WPT enabled IoT devices are of increasing interest to 

researchers. Figure 2.3 depicts a potential application architecture of RF Energy 

Harvesting/WPT based solution for remotely deployed wireless sensors in agricultural 

farmland. Extending the operating time of soil sensors in agriculture by RFEH/WPT can 

provide a long-term solution to remotely charge wireless sensor with minimum 

maintenance, irrespective of climatic condition. More controlled and reliable monitoring 

over agricultural services like irrigation, fertilization, pesticide spraying, animal and 

pastures can also be achieved. 

 

Figure 2.3 Potential Architecture of RF Energy Harvesting/WPT for Remotely Deployed Wireless Sensor 
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2.3 Antenna Design Requirements  

Wireless communication receiver devices and RFEH system receives RF power from 

ambient sources which are usually unknown. Unlike RFEH, in case of WPT system, 

transmitting antenna comes into play, which is responsible for providing dedicated power 

to the rectenna. High gain transmitting antenna is preferred to overcome the challenge of 

long-distance transmission, as the transmitted power becomes radiated to the surrounding. 

Maximum efficiency in WPT can be achieved with the combination of high gain 

transmitting antenna and well-designed rectenna. In this chapter, we focus on the 

receiving antenna designs. The selection of receiving antenna is crucial for RFEH and 

WPT since antenna plays the key role in receiving electromagnetic wave from free space.  

Usually GSM900, GSM1800, UMTS2100, LTE2600 and Wi-Fi band 2.45 GHz bands are 

used for ambient RF energy harvesting due to wide availability. So, combining all 

available sources from different frequency bands is recommended for increasing 

scavenged power. However, in WPT scenario different factors of the transmitting antenna 

such as operating frequency, transmitting power, polarization, directivity, and gain are 

controlled and hence receiving antenna design is straightforward. In order to manage the 

separation distance, WPT receiving antennas should be designed to adapt with the 

properties of the known transmitting antenna, including bandwidth, polarization, and 

gain. Evidently, while WPT antennas work primarily in predictable propagation 

conditions, ambient RFEH antennas perform in unpredictable electromagnetic 

environments. The low RF power levels in the surroundings make efficient RF energy 

harvesting a very crucial issue. The scavengeable power levels can be affected by a variety 

of factors, including received signal parameters (frequency, bandwidth, polarization, 

power flux density etc.), telecommunication traffic densities and antenna orientation. 

Hence, RFEH antennas should be able to collect incoming waves with changing 
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polarization and bandwidth considering the unforeseeable conditions. The goal is to 

provide enough power to switch on the rectifier circuit which is challenging in real-world 

scenario with only one antenna. Several types of antennas including microstrip patch, 

spiral, inkjet printed, differentially fed, flexible, array, multiport etc. are found in 

literature for RFEH and WPT applications. Each type has their pros and cons.  Below are 

the basic selection properties of receiving antennas. 

2.3.1 Frequency 

The operating frequency of the antenna depends on the available frequency at the targeted 

location of application. Multiband antennas are preferred for harvesting more power than 

single-band antennas. At higher frequency of operation, amount of received RF power 

reduces due to high free space path loss (FSPL) over long distances. Multiband antennas 

designed at reasonably low frequency can be used to avoid FSPL. However, capturing 

power from several frequency ranges can also be covered with wideband antenna. 

Wideband antennas have comparatively easier design and can be used in different 

countries with diverse frequency assignments [114]. Figure 2.4 illustrates the received 

power at different frequencies with the same transmitting power. The illustration is based 

on Friis law [75]. However, in realistic RFEH and WPT scenarios, there will be multi-

path loss in real propagation environment hence, the amount of the received power will 

vary.  
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Figure 2.4 Variation of received power at different frequency, considering the receiving antenna (Grx=2 

dBi) is 100 meters from the transmitting antenna (Gtx=16 dBi), transmitting power is 20 dBm 

2.3.2  Radiation Pattern 

Direction and shape of radiation pattern, beamwidth and polarization of the receiving 

antenna play significant role in capturing the electromagnetic wave. In ambient 

conditions, as the orientation of the incoming EM wave is unknown, an omnidirectional 

antenna is preferred. Unidirectional antenna is required for the dedicated RF transmitter 

for WPT to cover longer ranges.  

2.3.3 Polarization 

Polarization can be defined in terms of the direction of a transmitted or received wave 

from an antenna. A mismatch in the polarization of the antennas results in decreased 

received power. A circularly polarized (CP) antenna is useful because it can receive 

electromagnetic energy from a variety of polarizations. As a result, a wideband CP 

antenna can be advantageous for harvesting energy from random polarization especially 
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for RFEH. Moreover, dual linearly polarized antenna provides further advantage in 

receiving RF power by avoiding polarization mismatch [115], since achieving wide CP 

bandwidth using a compact structure is challenging. In case of WPT, the polarizations of 

the transmitted waves is known beforehand. Therefore, choice of receiving antenna can 

be broad having different kind of polarizations, including linear polarization (LP), right-

hand and left-hand circular polarizations (RHCP/LHCP) as long as appropriate level of 

beam-pointing (from transmitter) and polarization matching can be established and 

maintained.  

2.3.4 Gain 

High gain antennas are useful in RFEH and WPT application. In RFEH scenario, 

increased dimension of an omnidirectional antenna can achieve more power. According 

to [116], higher directivity in antenna design does not improve harvested power in 

ambient RFEH. Hence, moderate amount of gain will suffice for ambient RFEH, as long 

as the antenna is efficient enough. However, high gain antenna will enhance the received 

power if the power is transmitted from a known source [117]. Gain and directivity are 

related according to the equation (2.2) [118]. Low-gain receiving antenna reduces the 

received power in WPT. 

 

� = Ɛ��                                      (2.2) 

 

Where G, ƐR, and D are gain, radiation efficiency and directivity of the antenna 

respectively [8, 119]. 
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2.3.5 Bandwidth 

The receiving antennas can be designed to operate at multiple frequency or single 

frequency. Wide bandwidth is preferred to harvest RF power from multiple RF sources 

simultaneously. Bandwidth of the antenna is related to antenna Q-factor by the following 

equation: 

� =  
��

��
                                                                            (2.3) 

Where, Q is the quality factor, BW is the bandwidth and fr is the resonant frequency of 

the antenna. This equation is applicable to resonant antennas. Bandwidth becomes 

narrower for high Q antenna. Moreover, the Bode-Fano criterion illustrates that, broader 

bandwidth can be achieved at the expense of higher value of reflection coefficient and 

good impedance matching is achieved at finite number of frequencies only [120].  

Generally, dimension of wideband antennas tends to be larger compared to the 

narrowband antennas. Design of ultra-wideband antenna will be quite inefficient 

considering the antenna performance bounds. On the contrary, designing multiband 

antenna with stable radiation pattern, polarization and efficiency with wide frequency 

band is crucial and challenging. Achieving wideband performance in multi-band antenna 

design is difficult because of competing requirements. Broadband performance usually 

requires a wide frequency range, which can be challenging to maintain while keeping all 

desired bands at high efficiency, stable radiation patterns, and consistent polarization.  

Sophisticated design strategies as well as trade-offs on certain antenna performance 

elements are needed to balance these factors. Wide bandwidth multiband antennas are 

necessary for contemporary wireless communication systems. Because these antennas can 

function in different frequency bands, there is greater flexibility, better usage of the 

spectrum, and compatibility with a wider range of communication standards. Generally 
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antennas with reflection coefficient of less than -10 dB are accepted. However, the 

reflection coefficient requirements are met in most multiband antennas at the cost of 

degraded radiation efficiency at higher frequency [121, 122]. 

2.3.6 Efficiency and Size 

Antenna efficiency is dependent on shape, size, material of antenna structure, frequency, 

and impedance of the antenna. The antenna efficiency decreases by reducing the physical 

size of the antenna [123]. A trade-off between antenna efficiency and size is expected in 

RFEH or WPT depending on the intended application. 

2.3.7 Sensitivity 

The ability to capture extremely low power in ambient condition is one of the main design 

limitations of designing rectifying antenna (Rectenna). Losses from dielectric substrate, 

rectification device, and matching network should be limited as much as possible to 

increase the rectenna sensitivity and to enable operation in ultra-low power environments 

[124]. Additionally, the choice of diodes and rectifier circuit design have foreseeable 

effects on sensitivity. 

2.4 Antenna Technologies in RFEH, WPT and Wireless 

Communication 

The antenna is the front-end component of every RF power receiving device, and its 

performance has a direct impact on the overall RFEH/WPT system efficiency. Hence, the 

selection and proper antenna design must be approached with particular care. The 

antennas for RFEH must face critical operational conditions like randomly changing 

incoming waves covering multiple polarization, ultra-low power density and fluctuating 

levels of incident power. However, receiving antennas for WPT are designed with the 

objective of capturing maximum power from a dedicated transmitting antenna in 
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deterministic propagation conditions (known source parameters). In this section, different 

state of the art designs and types of antennas have been discussed. 

 

2.4.1 Low-Profile Antennas 

The emergence of modern compact electronic devices enables the antenna engineers and 

researchers to design small antennas. Patch antennas are one of the most convenient 

antenna types as low-profile candidate that can be employed for RFEH and WPT. Patch 

antennas are extremely compatible with wireless devices considering their small foot-

print, light weight and inexpensive fabrication cost. Different types of low-profile antenna 

designs are listed in Table 2.5 to provide an overview of the state of the art. 

Table 2.5 Overview of different low-profile antennas 

Refs. 
Antenna 

type 

Design 

technique/geometry/substra

te 

Dimensions 
Operating 

frequency 

Gain 

(dBi) 

RF-DC 

efficiency 

of the 

rectenna 

(%) 

[125] 

Apertur

e-

coupled 

dual 

linearly 

polarize

d patch 

antenna 

Three layers based, 6 mm 

foam layer between Arlon 

A 25 N substrate, cross 

shaped slot on the patch 

Patch size 

34×34×7 mm3, 

Area of foam 

unspecified, 

however bigger 

than the patch. 

2.45 GHz 7.7 

38.2 @ 

1.5 

uWcm2 

power 

density 

[126] Patch 

Modified Koch fractal 

patch on high permittivity 

substrate, Rogers RO6010 

with Rogers RO6002 

superstate. 

20×20 mm2 2.45 GHz -.25  --- 

[127] 

CPW 

fed 

patch 

T-shaped monopole loaded 

with interdigitated 

capacitor on FR4 substrate 

101.8×46.5 mm2 866 MHz 2  

54 % @ 

80 

uW/cm2 

power 

density 

[128] 

Microst

rip-fed 

dipole 

Two poles of the antenna 

are folded on Rogers 

5880 substrate, separated 

by a ground plane. 

62×62 mm2 900 MHz 1.84 --- 
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[129] 

coplana

r strip-

line fed 

Slotted and folded dipole 

on Teflon substrate 
53×17.375 mm2 2.45 GHz 

2.65-

3.9 

55% @ 1 

mW/ cm2 

power 

density 

[130] 

Three-

layer 

planar 

inverted

-F 

Circular shaped planar 

inverted-F antenna (PIFA) 

with two radiating layers, 

on 0.765 FR4 substrate 

3.14×62×1.584 

mm3 
915 MHz -20.2 

53% 

(Between 

20 cm 

separatio

n of Tx 

and Rx) 

[131] 
Folded 

dipole 

Folded dipole using 0.1 

mm thick copper sheet 
30×30×10 mm3 918 MHz 1 

23% @ 1 

mW input 

power 

[132] Patch 

Slotted fractal radiating 

patch with partial 

grounding on 1.6 mm thick 

FR4 substrate 

31×18.5 mm2 
2.15-2.9 

GHz 

2.2 

@ 

2.45 

GHz 

62% @ 0 

dBm 

input 

power, 

28% @ -

10 dBm 

[133] 

CPW 

fed 

patch 

CPW fed radiating patch 

with 4 rectangular slots 
18 mm × 30 mm2 2.45 GHz 5.6 

42 % @ -

10 dBm 

input 

power 

[134] 

Double 

layer 

Patch 

Fractal patch with bent 

corners, helical patch 

between ground and main 

radiating patch, FR4 

substrate 

38×38 mm2 2.45 GHz 3  

24% @ -

10dBm 

input 

power 

[135] 

Proximi

ty 

coupled 

patch 

Two annular slot-based 

patch on thin paper 

substrate 

110×110 mm2 

0.79–0.96 

GHz 

1.71–2.17 

GHz, 

2.5–2.69 

GHz 

2.5–2.69 

GHz 

2.3 

@ 

940 

MHz

, 

 

20% @ 

2600 

MHz, 

22% @ 

1800 

MHz, 

44% @ 

900 MHz 

(Power 

density 1 

uW/cm2 ) 

[136] 

Rectang

ular 

patch 

Double layer FR4 substrate 

based, separated by airgap 
100x100x5 mm3 2.45 GHz 8.35  --- 

[137] 

Printed 

flat 

dipole 

antenna 

Quasi-circular shaped, 

modified radiating 

structure from half-

wavelength dipole 

antenna with rectangular 

loop on 0.8 mm thickFR4 

substrate 

110×60 mm2 

ISM 868-

/915-

MHz 

2.6  

25% @ 

0.25 

μW/cm2 

power 

density 

[138] 

Co-

axial 

fed 

Fractal geometry based 

radiating patch on 1.6 mm 

thick FR4. 

60 × 60 × 1.6 

mm3 

0.8–1.2 

GHz, 

1 @ 

900 

28% @ 

900 MHz, 
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square 

patch 

1.6–2.1 

GHz, 

2.2–2.8 

GHz, 

3.1–4.0 

GHz, 

5.3–6.4 

GHz, 

7.0–7.8 

GHz 

 

MHz

, 

3@ 2 

GHz, 

5@ 

5.5 

GHz, 

4@ 7 

GHz 

24% @ 

2.5 GHz, 

9% @ 1.8 

GHz, 

17% @ 

3.5 GHz, 

13% @ 

5.5 GHz, 

36% 7.5 

GHz 

 (input 

power 0 

dBm) 

 

According to the Table 2.5, one of the most common techniques used in compact antenna 

for RFEH application is employing fractal geometry in the patch antenna structure. Due 

to the property of self-similarity, embedding fractal geometry in antenna structure is a 

potential solution to design compact rectenna [126, 132, 134, 138-142]. With the 

increment of iteration order in fractal structure, the effective length increases. However, 

fractal geometry can be limited to a few iteration orders. As the number of iterations 

increases, the complexity of the design geometry increases, which is likely to increase the 

difficulty of fabrication. [132]. Introducing slots on a patch is also a popular technique to 

miniaturize antenna  [129, 135, 143, 144]. Slots in antenna can effectively alter the surface 

current distribution of the antenna which can contribute to reduction of size and desired 

design goals. The proposed rectenna in [132] utilized both fractal and slotted geometry 

technique for the compact design of receiving antenna. The antenna design is depicted in 

Figure 2.5. Second iteration of the fractal shape is used in the patch, etched about in the 

middle of the radiating element on FR4 substrate with 1.6 mm thickness.  
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Figure 2.5 Slotted fractal antenna for RF energy harvesting [132]. 

The fractal geometry is achieved by the algorithm of iterative function system (IFS), an 

advantageous method to generate fractal structures based on different transformation 

techniques like rotation, translation and scaling. The final design of the antenna achieved 

a dimension of 31×18.5×1.6 mm3, which is quite compact for applications where more 

space is required for other circuitry. The antenna operating frequency ranges from 2.15-

2.9 GHz. As the iteration of the fractal increased, the antenna obtained better impedance 

matching with optimum bandwidth of 850 MHz. RF-DC conversion efficiency of 28% is 

achieved by the rectenna employing the proposed antenna at 2.42 GHz, when the input 

power is −10 dBm. It can be assumed that, the RF to DC rectification efficiency of the 

rectenna reduces with the decrement of the antenna dimension. However, selection of 

antenna dimension should be considered based on the intended application.  

Dedicated RF transmitter can be used as a source instead of ambient RF energy in WPT 

scenario, where it is required for application specific condition [145, 146]. For instance, 
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a tiny circular antenna has been proposed for a deep brain stimulation (DBS) device - a 

head-mountable device to perform experiment on animals [130]. The tiny planner 

inverted-F antenna is based on two layers of circular structure, employing meander-line, 

shorting and stacking technique for the miniaturization of the antenna on 0.765 mm thick 

FR4, depicted in Figure 2.6. 

 

Figure 2.6 Design configuration of the double-layered PIFA antenna [130]. 

Effective current flow length has been increased in the antenna due to meandering and 

shorting techniques  leading to two additional antenna miniaturization methods proposed 

in [147]. The PIFA structure is made circular to facilitate the utilization in the DBS device. 

The antenna layers are connected via shorting pin, where the location of the shorting pin 

is crucial in context of antenna performance.  However, the antenna suffers from low gain 

and radiation efficiency due to substantial miniaturization [148, 149], which finally 

affected the rectenna performance. The proposed PIFA antenna achieved only −20.20 dB 

of gain, which is substantially smaller than conventional PIFA. Significant amount of 
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transmitting power, 34.77 dBm is required to receive only −3.193 dBm within a 20 cm 

distance.  

The objective of miniaturizing antennas is to use the available space effectively to fit a 

compact antenna with competitive gain and efficiency performance compared with its 

equivalent conventional large antenna. An insightful discussion on antenna 

miniaturization has been documented in [150]. Meander-line, fractal geometry, ground 

plane engineering, use of capacitive or reactive loading and others are effective antenna 

size reduction techniques. Meandering technique can be useful in UHF [151] and 

implantable applications. However, high gain cannot be expected from meander-line 

antennas as the close radiating arms tend to cancel each other’s respective radiation in the 

far field. Fractal antennas can be potentially used for miniaturization as well as multiband 

operation. Sierpinski gasket is one of the promising fractal geometries that can lead to 

multiband antenna design [152, 153]. Other fractal geometries include Sierpinski carpet, 

Giuseppe Peano, Koch snowflake. All of them have their own drawbacks such as 

limitation in applying at antenna edge, complex geometry and narrowband operation. 

However, the enhancement of bandwidth and miniaturization both have been reported by 

using complementary Minkowski fractal [154].  

Ground plane engineering methods are usually associated with slots that can arise 

coupling or interference with nearby electronic devices which can further introduce 

electromagnetic incompatibility issues. Overall, the trade-off between low-profile 

antenna and antenna performance is huge, as different design techniques applied to 

compacting antenna come with the degradation of bandwidth, gain, efficiency and 

impedance mismatch [150].  
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Innovative antenna designs are required to provide a balanced trade-off between antenna 

dimension and size with a view to achieving maximum efficiency with minimum antenna 

size. Wheeler was the first one to illustrate the maximum dimension of electrically small 

antenna is to be ‘λ/2π’ [149]. This can be defined further by ‘�� < 0.5’, where ‘k’ is the 

radian/meter and ‘a’ is the sphere radius of the antenna’s maximum dimension [155]. An 

electrically small antenna restricted by a volume limit, is followed by a minimum Q factor 

value. The impedance bandwidth decreases with higher Q factor value. Moreover, in 

comparison with radiation loss of antenna, losses in dielectrics, conductors and other 

materials in antenna have significant impact on electrically small antenna’s efficiency �; 

illustrated as:  

� =
��

�����
 × (1 − Γ�)                                                                            (2.4) 

where, Rr and Rm are radiation resistance and resistance of material loss in the antenna 

and Γ is the reflection coefficient. In addition, due to the existence of capacitive input 

impedance of electrically small antenna, additional matching network might be required 

for the system to work, which can impact on overall antenna efficiency [156]. 

Nevertheless, this can be reduced by applying different antenna techniques such as 

capacitive loading or, inductive loading.  

Applying topological optimization method of antennas can benefit in achieving low-

profile receiving antennas [157, 158]. Pixelated antennas feature designing antennas 

within application specific boundaries. Three antennas are designed using pixelization 

technique for the same frequency with three different size that demonstrates the potential 

of this method in miniaturized antenna design [157]. Although the work focused mostly 

on impedance optimization, gain optimization is also possible. 
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Table 2.6 Overview of common antenna miniaturization techniques [150, 159-163] 

Antenna design technique Pros Cons 

 
Meander-line antenna [159, 164] 

 Reduction in antenna 

dimension by 

introducing meandered 

microstrip line 

consisting right angle 

bends. 

 Simple design 

structure. 

 Potential for lower 

UHF. 

 Unable to provide high 

gain. 

 Low radiation 

efficiency. 

 

 
Fractal-based antenna [160, 161] 

 Requires smaller area 

than Euclidean 

geometry-based 

antennas. 

 Can provide input 

impedance and 

radiation pattern like 

large antennas. 

 Efficient use of volume 

due to space filling 

geometry. 

 

 Radiation efficiency 

degrades due to 

miniaturization. 

 May lead to 

sophisticated design 

and fabrication 

complexities. 

 Numerical design 

limitations. 

 
Defected-ground-structure-based 

antenna [162] 

 Increased slow wave 

factor providing 

compact design. 

 Simpler to design and 

fabrication. 

 Easier realization of 

equivalent circuit. 

 Reduced dimension 

than photonic band gap 

(PBG) and 

electromagnetic band 

gap (EBG) structures. 

 Embedded slots may 

create unwanted 

coupling. 

 Directivity may reduce 

due to unintended 

radiation. 

 Application limited to 

planer antennas. 

 

 
Other techniques [150, 165, 166]: Slot 

antenna example [167] 

 Slotting 

 Optimizing geometrically, topological optimization 

 Using shorting pins 

 Using metamaterial, electromagnetic band gap (EBG) 

structures etc. 

 

 

The miniaturization of antenna is limited by the application specific RFEH or, WPT 

condition. It should be noted that common small communications antennas are 
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incompatible with RFEH and WPT. The amount of power received by the device is 

directly proportional to the effective aperture size and efficiency of the antenna. 

Regardless of those parameters, wireless communication antennas can be made compact, 

as the sensitivity of communication devices can be as low as -100 dBm. However, 

rectifiers can only operate at a particular power level. The practical challenge in designing 

antennas with small form factor for energy harvesting is to control the performance 

degradation with reduction of antenna size. Very tiny antennas will be impractical for 

ambient RF energy harvesting application. Autonomous implantable or wearable 

applications are also subjected to FCC rules [168]. 

 

2.4.2 Multi-band Antennas 

Designing an antenna system that can perform well across a variety of frequency bands is 

necessary to achieve multi-band antenna performance. This requires setting considerable 

thought to a number of variables, including the choice of frequency band, kind of antenna, 

radiation pattern optimization, required bandwidth, choice of material, simulation, and 

testing.  For constant coverage, radiation patterns must be optimized, and there must be 

enough bandwidth available to cover all of the frequencies in each band of interest. 

Simultaneous power reception from different radio frequency bands can be useful where 

more than one RF source operate at different frequency bands. Moreover, the sources may 

be located at a random distance from the receiving antenna with varying power budgets 

[169]. The available RF signals in ambient condition are low in power, typically –5 to – 

30 dBm, usually multiple frequency bands are used to distribute the signals [170]. Hence, 

multiband antenna can enhance RFEH in such cases. This section discusses the multi-

band antenna designs for RFEH/WPT. Multiband antenna/rectenna for RFEH is 

challenging due to non-linear variation of the rectifier input impedance with input power 



 

 

43 
 

level, frequency and load impedance. Input power of a multiband antenna is the 

summation of available input power at individual frequency bands, it can be illustrated as 

[171], 

�� = Σ��� 
� ���     (2.5) 

Where, n is the number of frequencies, Pfi is the power received at i’th frequency and PT 

is the total available power due to multiband operation. Table 2.7 summarizes some recent 

multi-band antennas for RFEH/WPT. 

Table 2.7 Multi-band antenna/rectennas reported in literature 

Refs. Antenna design 

type 

Operating 

bands 

Size Gain Antenna 

efficiency 

Single 

frequency 

rectenna 

efficiency 

(RF-DC) 

Combined 

Dual/multi

band 

rectenna 

efficiency 

(RF-DC) 

[172] π-shaped 

multilayered PIFA 

meandered strip 

on Rogers 3210 

402 MHz, 

433 MHz, 

2.45 GHz 

10×10×2.

54 mm3 

-7 dB at 

402 MHz, 

-11 dB at 

433 MHz, 

-15 dB at 

2.45 GHz 

--- --- --- 

[173] Intermittent 

meander-line on 

Duriod 5880 

600 MHz to 

2 GHz 

52×50 

mm2 

-2 to 6 dB --- --- --- 

[174] Slot loaded folded 

dipole on Arlon 

25N 

915 MHz, 

2.45 GHz 

60×60×29 

mm3 

1.87 dB @ 

915 MHz 

4.18 @ 

2.45 GHz 

--- 33% @ 915 

MHz; 

23 % @ 

2.45 GHz 

(Input power 

-10dBm) 

34% @ -10 

dBm input 

power 

[175] Printed monopole 

with meander-

lines on 0.83 mm 

thick Rogers 4003 

900 MHz, 

1800 MHz 

46×30 

mm2 

--- --- --- 40.8% 

(Input 

power @ -

20 dBm) 

[170] Planar cross 

dipole with bow-

tie shaped patch 

on 1.6 mm thick 

FR4 

550 MHz, 

750 MHz, 

900 MHz, 

1.85 GHz, 

2.15 GHz, 

2.45 GHz 

160×160 

mm2 

2.5 dB @ 

550 MHz, 

3.4 dB @ 

750 MHz, 

3.6 dB @ 

900 MH, 

4.9 dB @ 

1.85 GHz, 

--- --- 80% (Input 

power 

unspecified

) 
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5 dB @ 

2.15 GHz, 

4.4 dB @ 

2.45 GHz 

[53] L-probe stacked 

patch using 

Rogers 3003 

925MHz, 

1850 MHz, 

2150 MHz 

200×175×

46.6 mm3 

8.15 dB @ 

915 MHz, 

7.15 dB @ 

1850 MHz, 

8.15 dB @ 

2150 MHz 

--- 25% @ 

2170 MHz, 

32 % @ 

1820 MHz, 

42% @ 925 

MHz (-10 

dBm input 

power) 

50% 

[176] CPW fed patch 

with stepped 

ground plane on 

FR4 

900 MHz, 

1800 MHz, 

2100 MHz, 

2.4 GHz 

48×42 

mm2 

1.1 dB @ 

900 

MHz, 

2.2 dB @ 

1800 MHz, 

2.1 @ 2100 

MHz, 

2.2 @ 2.4 

GHz 

--- 38% @ 900 

MHz, 

27% @ 

1800 MHz, 

(Input power 

0 dBm) 

--- 

[177] Circular shaped 

printed monopole 

on FR4 

900 MHz, 

1800 MHz, 

2100 MHz, 

2.45 GHz 

130×80 

mm2 

2.6 dB @ 

900 MHz, 

3.6 @ 1800 

MHz, 

3.8 @ 2100 

MHz, 

4.7 @ 2.45 

GHz 

94-96% 25%@1820 

MHz, 

27% @ 

2150 MHz 

(Input power 

– 7dBm) 

--- 

[95] Corrugated slot 

line based 

microstrip patch 

on Rogers  

RO4350 

900 MHz, 

2100 MHz, 

2.36 GHz 

70×66 

mm2 

1 dB @ 

900 MHz, 

2.64 dB @ 

2.025 GHz, 

-0.19 dB @ 

2.36 GHz 

42.2% at 

0.9 GHz, 

61.3% at 

1.575 GHz, 

72.6% at 

2.025 GHz, 

32.8% at 

2.36 GHz 

47 % @ 

2.025 GHz, 

(Input power 

@ -11.1 

dBm) 

 

--- 

[178] Printed monopole 

with fractal 

element on 0.8 

mm thick Arlon 

substrate 

900 MHz, 

1800 MHz 

100 × 60 

mm2 

0.95 dB @ 

870 MHz, 

3.15 @ 

1830 MHz 

90% at 

0.87 GHz, 

83% at 

1.83 GHz 

62 % @ 880 

MHz (15.9 

μW/cm2 ) 

50% @ 

1910 MHz 

(19.1 

μW/cm2) 

--- 
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[179] Truncated square 

patch with slots 

on FR4 substrate 

4.75 GHz, 

5.42 GHz, 

5.76 GHz, 

6.4 GHz, 

6.9 GHz, 

7.61 GHz 

40×45 

mm2 

5.5 dB @ 

4.75 GHz, 

6.3dB @ 

5.42 GHz, 

6.75 dB @ 

5.76 GHz, 

7.1 dB @ 

6.4 GHz, 

7.1 dB @ 

6.9 GHz 

 

--- 2% @ 4.75 

GHz, 

1% @ 5.76 

GHz, 

0-2 % @ 

6.4,6.9,7.1 

GHz (Input 

power -10 

dBm) 

--- 

[180] Cube antenna 

using 3D printing 

and screen 

printing 

900 MHz, 

1800 MHz, 

2100 MHz 

50×50×50 

mm3 

-0.8 dB @ 

900 MHz, 

4.7 dB @ 

1800 MHz, 

2.3 dB @ 

2100 MHz 

--- --- --- 

[52] Differentially fed 

slot antenna using 

FR4 substrate and 

copper sheets 

2.1 GHz, 

2.4-2.48 

GHz, 

3.3-3.8 GHz 

120×120×

30 mm3 

7 dB @ 2 

GHz, 

5.5 dB @ 

2.5 GHz, 

9.2 dB @ 

3.5 GHz 

85% at 

2GHz, 

75% at 

2.49 GHz, 

72% at 3.4 

GHz 

37% @ 2 

GHz, 

19% @ 2.5 

GHz, 12% 

@ 3.5 GHz 

(Input power 

-15 dBm) 

--- 

[135] Nested annular 

slot based dual 

antenna approach 

on paper substrate 

900 MHz, 

1750 MHz, 

2.45 GHz 

110×110 

mm2 

1.3 dB @ 

900 MHz, 

5 dB @ 

1750 MHz, 

5.5 dB @ 

2.45 GHz 

--- 47% @ 900 

MHz, 

22% @ 1.8 

GHz, 

20% @ 2.6 

GHz (At 1 

μW/cm2) 

--- 

[181] Stacked circular 

slotted patch 

0.908-0.922 

GHz, 

2.35-2.50 

GHz 

120×120 

mm2 

5.41 dB @ 

918 MHz, 

7.94 dB @ 

2.48 GHz 

--- 19% @ 900 

MHz, 

17% @ 2.45 

GHz 

(Input power 

-10 dBm) 

--- 

 

Most multiband antennas are proposed to cover GSM-900, GSM-1800, 2100 MHz and 

2.4 GHz bands due to the availability in environment. However, other bands are also 

considered like medical implant communication system (MICS) , industrial, scientific and 

medical (ISM) and C band [172, 179]. It has been shown that PIFA structures with 

meander stripes and π-shaped radiating element can obtain resonance in dual band [182, 

183]. This method has been applied in implantable triple band rectenna design for 
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biotelemetry application [172]. The two fundamental frequencies are achieved by 

meander-line and stacking of the radiating strips. Excitation of a harmonic mode in the 

meander shaped strips enabled a third operating band at 2.45 GHz. Folding half-wave 

dipole antenna and introducing slots can provide dual resonances [174]. High gain dual 

band antenna using printed broadband Yagi antenna has been proposed for ambient RF 

power scavenging. Broad half power beamwidths (HPBWs) has been achieved, 110° and 

170° at 2.15 and 1.85 GHz, respectively, which can facilitate less precise placement of 

the rectenna to achieve good power conversion efficiency (PCE) [184]. Dual band 

rectenna operation is introduced based on printed monopole antenna, inspired by second 

order Koch fractal based arm for low frequency and folded strip-line for higher frequency 

bands [178]. Multiband antennas based on spoof localized surface plasmons (LSP) 

resonator, dual-port L-probe feeding, multiple radiating line with stepped ground plane, 

slot loaded square patch, 3D printed cantor fractal, differentially fed slot have been also 

reported in literature for different rectenna applications [52, 53, 95, 176, 179, 180]. 

Impedance bandwidth of a quad band ‘circular arc connected strip-line’ patch based 

antenna has been improved by using  stepped ground plane [176]. Proximity coupled 

feeding can help improving the impedance bandwidth of the receiving antenna as well 

[179]. Figure 2.7 illustrates some multiband antenna designs opted for RFEH/WPT.  

Several antenna techniques that have been reported for multiband RFEH/WPT are 

highlighted below.  

 Slotted ring antenna 

 Stack antenna 

 Differential antenna 

 3D printed antenna 

Resonance at multiple bands have been obtained by slotted ring antenna depicted in 

Figure 2.7(a). Multiple resonant modes have been achieved using annular ring slot patch 
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surrounded with T-shaped periodic array of slots.  The degree of electromagnetic energy 

coupling has been enhanced  using a metal disk by the end of the microstrip conductor 

and Rogers RO4350 has been used as the antenna substrate [95].  

 

Back to back placement of patch antennas using stacking technique and dual port feeding 

is an effective way of achieving high gain with the ability to capture RF power from nearly 

all directions at GSM-900, GSM-1800 and UMTS-2100 bands [53].  L probe feeding 

method [185] is found to be improving the bandwidths of the operating bands as well. 

High isolation is provided by back to back placement of the ground plane, enabling similar 

performance for both antennas with unidirectional radiation. Rogers 3003 has been 

utilized as substrate and superstrate for this antenna.  

 

Multiband antenna with differential feeding can be useful in suppressing harmonics with 

reduced cross-polarization levels while yielding larger output power than that of single 

ended patch antennas [52]. Multiband characteristics have been achieved by two square 

slots on the ground plane. The antenna is printed on 1.6 mm thick FR4 substrate and a 

metal reflector plane has been placed to enhance the gain. 

 

Figure 2.7 Multiband antennas for RFEH; (a) LSP resonator based annular ring slot [95], (b) slotted 

differentially fed with reflector [52], (c) stacked dual port with L probe feeding [53] 
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3D printing technology can facilitate low-cost fabrication of antenna and rectenna by 

proficient use of volume. A 3D printed multiband antenna based on system-on-package 

concept facilitated the rectenna circuit inside a cube structure [180]. Cantor fractal 

structures have been utilized in this antenna as multiband radiating element on different 

faces of the cube package.  

 

Figure 2.8 illustrates the RF-DC power conversion efficiency of different rectenna based 

on multiband receiving antenna at different frequency bands. Antennas that operate at the 

lower end of the frequency spectrum captured more power. As seen from the figure, the 

rectennas achieved considerably low RF-DC efficiency at higher frequencies.  

 

 

Figure 2.8 RF-DC efficiency of rectennas utilizing different dual/multiband antennas; Rectenna 1 [174], 

Rectenna 2 [53], Rectenna 3 [176], Rectenna 4 [177], Rectenna 5 [52], Rectenna 6 [181] 
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2.4.3 Antenna Polarization 

Performance of an RFEH or WPT system could make significant difference based on the 

choice of circularly polarized (CP) or linearly polarized (LP) receiving antenna. Since 

electromagnetic waves are broadcast on single plane in linear polarization, a linearly 

polarized receiving antenna is required to be fixed upon the same plane as the transmitting 

antenna, to receive optimum RF power. Hence, a linearly polarized receiving antenna 

does not have much of freedom of orientation. However, greater range can be achieved 

by LP antennas due to concentrated emission, which is more than a CP antenna of same 

gain. Conversely, the vagueness of incoming ambient RF signals negatively affects the 

received power of the ambient RFEH system, if linearly polarized antennas are used. For 

instance, performance of wearable RF energy harvester can be degraded with the motion 

of the object or human. On the contrary, electromagnetic waves are emitted in a corkscrew 

style in CP antennas. Now, applications can decide the type of antenna to be used. If the 

orientation of the transmitting signal is known and receiving appliance can be located on 

the same plane of the transmitting antenna, a linearly polarized antenna can be considered. 

However, if the incoming RF signals’ polarization is inconsistent, appliances could be 

benefited more by circularly polarized receiving antenna with stable performance. A 

comparison between LP and CP antennas is given in light of RFEH and WPT application 

in Table 2.8.  

Table 2.8  LP antenna vs. CP antenna for wireless applications 

Features [186-191] Linearly polarized 

antenna 

Circularly polarized 

antenna 

Collection of RF energy from random 

polarization 

No Yes 

Long range power 

transmission/reception 

Yes No 

Variation of output voltage in rectenna 

due to change in Tx/Rx rotation 

Yes No 

Fade resistant  Less More 
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Alignment to the Tx antenna Necessary Not necessary 

Feasibility of energy transmission to 

mobile devices 

Less More 

Optimised global efficiency Less More 

Multipath effects Sensitive Insensitive 

 

A wave’s polarization can be defined with regards to the radiated wave or received wave 

in a specific direction by an antenna [118]. CP antennas can provide better flexibility than 

linearly polarized antennas in wireless systems. CP antennas are well-found with certain 

advantages such as reduction of fading effect or multipath interference due to reflected 

RF signals from different objects and ground, independence of orientation between 

transmitter and receivers and immunity to the effect of ‘Faraday rotation’ in ionosphere 

[192-196]. RFEH and WPT system performance can be significantly enhanced by using 

CP antennas due to their improved invulnerability of polarization mismatch loss and 

multipath distortion which can facilitate RFEH or WPT system with greater flexibility of 

placement and signal reception [197]. Two orthogonal components of electric field are 

the requirements to achieve circular polarization in the far field region. A circularly 

polarized antenna design can be obtained, if the total electric field of the antenna has two 

orthogonal components with 90° phase difference and equal magnitudes [118, 192, 198, 

199]. Generally, CP antenna performance is evaluated by considering axial ratio (AR) 

<3dB as a figure of merit. However, most conventional circularly polarized microstrip 

antennas suffer from low AR bandwidth [200]. Table 2.9 illustrates some of the basic CP 

antenna types and some common techniques to design circularly polarized antennas. 

Though most antennas reported for the application of RFEH or WPT system are linearly 

polarized [53, 133, 201-204] , applications such as RFEH and the WPT system will 

necessitate the development of novel circularly polarized antennas with great 

performance.  
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As seen from Table 2.9, dual or multiband CP antennas tend to have low axial ratio 

bandwidth. Most sophisticated and geometrically large CP antenna designs resulted in 

good performance in lower operating frequency bands [205-207]. These kind of antenna 

designs can be useful in RFEH or WPT at the cost of design complexity or large size. 

However, cavity backed, and crossed-dipole antenna designs may not be potential for 

RFEH or WPT based portable applications due to their comparatively large structure 

[207-210]. In addition, CP antennas with omnidirectional radiation pattern provide 

additional advantage in RFEH system since these antennas can independently receive 

radio frequency irrespective of wave’s polarization diversity and insensitive to multipath 

effects. 

Table 2.9 Examples of CP antenna designs 

Basic CP 

antenna 

types [192] 

 CP Microstrip Patch Antennas 

 CP Slot Antennas 

 CP Wire Antennas 

 Spiral Antennas 

 Helix Antennas 

 Quadrifilar Helix Antennas and Printed Quadrifilar Helix Antennas 

 CP Dielectric Resonator Antennas 

 CP Horn Antennas 

 CP Arrays 

Refs. CP  

Antenna Design 

type/technique 

Operating 

frequency 

3 dB AR 

bandwidth 

Gain 

(dB) 

 Remarks 

[205] Bowtie dipole with co-axial 

feeding 90° hybrid feed 

network  

0.94-1.7 

GHz 

51.8% 9 Gain increased by 

connecting bowtie 

patches. However, 

large reflector 

ground plane 

increased overall 

size. Supporting 

frame is required for 

mechanical stability.  

[200] CPW feed nesting L slot on the 

ground 

1.77-6.06 

GHz 

60.9% 3.9 

(Avg.) 

Simple feeding 

structure is used with 

80 mm reflector.  

[211] Ground slotted triangular 

monopole with branched 

microstrip feed 

1.99-4.28 

GHz 

46.8% 2-2.6 Broadband circular 

polarization 

performance 
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achieved with simple 

compact design 

structure.  

[212] Dual band dielectric resonator 

with modified patch 

1.9 GHz, 

2.4 GHz 

3.16%, 

5.06% 

1.4, 1 

(Avg) 

Compact design with 

low AR bandwidth 

and gain.  

[213] Dual band printed monopole 

with semi-circular patch and 

Rectangular L-shaped 

adjusting stubs, ground 

connected complementary 

metal structure 

2.5 GHz, 

5.8 GHz 

1.65%, 

11.9% 

<2 dB, 

1.3-4.5 

dB 

Single fed, simple 

and compact antenna, 

advantageous for 

easy circuit 

integration.   

[214] Dual band folded annular slot 

with meta surface 

2.5 GHz, 

3.5 GHz 

0.0032%, 

4.28% 

6.52, 

7.04 

Simple design but 

low AR bandwidth 

with moderate 

antenna size.  

[215] Square radiating element with 

cross slot and no-resistor feed 

network  

0.961-

1.204 GHz 

6.8% 5.4 PTFE substrate-

based design with a 

large height of 20 

mm.  

[216] Radiating patch with inverted 

U-shape and I and L structured 

strips, simple square shaped 

frequency selective surfaced 

placed below the patch 

2.4, 3.5, 

5.3, 5.8 

GHz 

5.4%, 8.3%, 

3.7%, 2.9% 

5.95, 

6.92, 

6.37, 

6.07 

Simple design. 

However, overall 

antenna height is 

large, about 30 mm.  

[217] Slot loaded open ended ground 

plane with stair formed 

dielectric resonator and a stub 

with open circuit 

3.844-

8.146 GHz 

46.0% 3.9 Wideband 

performance, 92% 

radiation efficiency 

with simple hybrid 

structure.  

[206] Crossed dipole with reflector, 

rotating circular and straight 

dipole printed on FR4 substrate 

1.01-2.01 

GHz 

41.3% 6 Large in overall 

dimension with 50 

mm antenna height.  

[218] Extended stub from square 

slotted ground plane, 

perpendicular to modified 

microstrip feedline 

3.5-9.25 

GHz 

40% 0.8–4.5 Single fed, simple 

and compact antenna 

with 25×25 mm2 size 

[207] Crossed stripped dipole with 

dual cavity backplane 

1.9–4.4 

GHz 

66.7% 9.7 Overall antenna 

dimension increased 

due to dual cavity, 36 

mm height.  

[208] Cross-looped parasitic radiator 

based cavity-backed crossed 

dipole 

3.14-6.34 

GHz 

53.4% 10.2 Antenna mounted by 

semi-rigid coaxial 

cable with cavity 

backed structure. 

Could be vulnerable 

in context of 

mechanical stability 

during integration.  

[219] Multilayered patch fed by 

aperture coupling with dual Y 

shaped slot 

3.28-6.76 

GHz 

50.4% 8.5 Compact design with 

large ARBW 
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[209] Differentially fed cross dipole 

with parasitic patch and delay 

line phase shifter 

1.5-2.8 

GHz 

31% 8 Large in dimension, 

140×140 mm2.  

[210] Parasitic element based crossed 

dipole with shorting pin 

0.65-1.25 

GHz 

51.6% 4.03 Large in dimension, 

138×138 mm2, height 

16.6 mm.  

[220] 3D printed square patch with L-

slot, loaded with shunt 

varactors at edges.  

1.65-2.17 

GHz 

(Tunable) 

3% 2.6-4.5 

(at 

differen

t bias) 

Complex antenna 

fabrication process.   

[221] Microstrip fed inverted L-

shaped parasitic radiating 

element and modified slot 

loaded ground plane 

3.2-8.4 

GHz 

82% 3.3 Compact and simple 

design with wide 

ARBW.   

 

 

Figure 2.9 Circularly polarized antennas for WPT/RFEH; (a) wide slot [222], (b) implantable 

miniaturized [73] and (c) tapered slit [191] 

 

CP microstrip antenna or CP slot antennas are good candidates for  RFEH and WPT 

systems due to their low-profile, low manufacturing cost as well as ease of integration 

with power conversion circuitry [181, 223]. Figure 2.9 depicts different designs of 
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circularly polarized antenna for RFEH/WPT application.  Recently, circularly polarized 

receiving antennas are being reported for RFEH and WPT  [73, 224, 225]. Design of a 

patch antenna with dual circular polarization has been also illustrated for wireless power 

transmission [226]. The antenna is facilitated with harmonic rejection property by T-

shaped slot and U-shaped resonator. A circularly polarized antenna design based on two 

cascaded skew planar wheel antenna has been reported for RF energy harvesting to power 

up IoT connected temperature sensor  [227]. Other straightforward design methods of CP 

antenna include circular radiating patch along with L-shaped perturbation [191], adding 

diagonal slits at the edge of radiating patch and symmetrical meandered slits [222]. 

Gradually decreasing the length of tapered slots in diagonal direction on radiating element 

is also able to generate CP radiation effectively with simple antenna design for wireless 

power transfer and energy harvesting. Table 2.10 illustrates CP antenna design techniques 

reported in literature for RFEH and WPT. Nonetheless, a dual linearly polarized (LP) 

antenna may be found useful in some applications as it is difficult to achieve large CP 

bandwidth and CP beamwidth values with complex design. Dual-LP rectennas can extract 

orthogonal waves and combine them to form a DC signal using two rectifiers [228, 229].  

Table 2.10 Different kind of CP antennas for RFEH/WPT applications 

Refs. Antenna design 

technique 

Operating 

frequency 

(GHz) 

3dB AR ratio 

bandwidth 

Gain (dBi) RF-DC Efficiency  

[188] Coaxial fed circular 

patch with 

unbalanced circular 

slots on FR4 

2.45  1.22% 3.6 55% @ 

10mW/cm2 Power 

density 

[226] Square patch with 

45° rotated U-

shaped resonator 

inserted in T-shaped 

slot on FR4 

2.45 4.08% 8 70% @ 10 dBm 

input power 

[190] Circular shorted 

annular ring-slot on 

appropriate position 

of the Arlon 25 N 

substrate  

2.45  8.34% 5.25 50% @ 10 

µW/cm2 
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[225] Coaxial fed circular 

patch with e-shaped 

slot on Rogers 4003  

2.4 1.24% 5  --- 

[222] Circular radiating 

patch along with L-

shaped perturbation 

and wide slot on 

Teflon substrate 

5.8 37.7% 6.4 63% @ 10 

mW/cm2 power 

density 

[73] Diagonal slits at 

patch edge and 

symmetrical 

meandered slits on 

Rogers 3010 

.915 1.21% -29 N/A (Intended for 

implantable 

application) 

[191] Gradually 

decreasing in length 

tapered slots in 

diagonal direction 

on radiating element 

printed on Rogers 

4003 and feedline 

and ground printed 

on another Rogers 

4003 

.900 3.3% 5.6 40% @ 10dBm 

input power 

[230] Square loop slotted 

patch fed by a feed 

network containing 

microstrip feedline, 

phase shipter, 

Wilkinson power 

divider, Y-structured 

feeding stubs using 

Rogers 4003 

substrate  

1.68-2.8 GHz 48.4% 2.9-4.5 42% @ 15  

µW/cm2 (2.4 

GHz) 

 

2.4.4 Antenna Arrays 

Some applications require more power than a single rectenna can provide. Mobile phone 

manufacturers and researchers have been already racing to develop self-charging devices 

using RFEH or WPT techniques [231-233]. Powering  unmanned aerial vehicles (UAVs) 

wirelessly while in mid-flight is a great area of interest for research as well [234, 235]. In 

such cases, single antenna is unable to suffice the power-hungry application. For instance, 

array antenna inspired microwave powered mini electric vehicles were introduced in 2007 

[236]. The received power could be more useful for power hungry applications if a 
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rectenna array or antenna array is used to capture RF power rather than using a single 

rectenna in RFEH or WPT application.  

 

Electromagnetic waves can be captured using two or multiple antennas. An antenna is 

referred to as array antenna, if the total received signal power is enhanced using two or 

more antenna elements by combining the output of each antenna [237]. Improved 

performance over a single antenna is obtained through combination and processing of 

signals from multiple antennas. The signal combination through feed network is equally 

vital as the antenna elements of the array. Advantage of array antennas include overall 

increment in gain, rejection of interference, beam steering for sensitivity towards a fixed 

direction, diversity reception etc.  There are some factors that control the radiation 

characteristics of an array of identical elements, such as, design configuration of overall 

array, relative structure of different element, amplitude of element excitation, distance 

among elements of array and array element’s phase of excitation [118, 237, 238]. 

 

It has been investigated and illustrated that an increase in the number of antenna elements 

in an array can lead to better performance of the DC-combiner. The research was 

conducted using a planar 2×2 array antenna, as higher available RF power leads the 

rectifier to work in  a higher efficiency region, [239]. Recently, more attention is being 

given to antenna array design for WPT and RFEH. Different designs including Printed 

Yagi antenna array [240], square patch array [241], dielectric resonator antenna array 

[242], differentially fed array [243] and solar-cell integrated antenna array [244] have 

been reported in literature recently.  Figure 2.10 depicts some designs of antenna array 

reported for RFEH or WPT. 
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Figure 2.10 Array antenna for RFEH/WPT; (a) microstrip antenna array [241], (b) 1×4 patch array [245], 

(c) solar cell antenna array [244] 

 

Collected RF energy can be enhanced by antenna arrays with large aperture dimension. 

Antenna arrays with uniform excitations distribution are typically used as the receiving 

components of rectennas in order to maximize the amount of captured power. The amount 

of harvested RF power sharply decreases with the variance of incident angle of incoming 

wave, if the beamwidth of the receiving array is relatively narrow. Rectenna arrays with 

enhanced beamwidth could address the issue [245]. On the flip side, rectenna arrays may 

suffer degraded efficiency due to close position of antenna elements and inter-coupling 

effect. Investigation of isolation structure in rectennas are performed to decrease level of 

coupling effect, raising efficiency and gain of the array [246, 247]. Recently, rectenna 

designs based on solar cell integrated antenna array are also proposed in literatures [244] 

, [248, 249]. Transparency of the antenna materials can be an issue since the incident light 

may be absorbed by the material. This will likely affect the efficiency of solar cell. 

Moreover, fabrication process of these kind of transparent antennas is expensive.  
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Nevertheless, array-based RF power harvesting system can be comprised of two different 

array configurations. These two topologies have been used in conjunction with 2×2 

antenna and rectenna elements to compare the performance [239]. One of them is to 

arrange the antenna array to channel the RF power to a single rectifier. Due to the higher 

power delivered to a single rectifier, this architecture harvests more power near the main 

beam. Another strategy is to use a different rectifier for each antenna in order to harvest 

DC power independently. The DC power harvested from all rectifiers can then be 

combined in a variety of ways, including parallel, series, and hybrid configurations. Using 

this design, more received power is obtained with a broader pattern, which made the 

arrangement less sensitive to incident angle variations. 

 

 Though array antenna designs are reaching a level of maturity with the advent of modern 

design methods and technology [250-253], new rectenna research based on innovative 

array antenna with additional features is still in infancy. Antenna array design and 

investigation in WPT/RFEH system design is one of the most important research issues 

for rectenna. Compact array structures overcoming the constraints of RFEH or WPT 

receiving network scheme and array configuration have potential research scope. The 

price of using attractive features of array antenna is paid by increased cost and complexity. 

The issues related to array antenna feed network are balanced and traded-off with the 

mechanical constraints of single elements. However, inexpensive and effective feeding 

network can be designed and fabricated with the advanced application of solid-state 

technology [118]. The discussion below briefly highlights some of the array antenna 

design aspects and techniques. 
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2.4.4.1 Feed Network  

Distribution of excitation in feed network is one of the major steps in designing antenna 

array. It is a significant challenge to reduce the complexity of the feeding network while 

maintaining efficiencies that are comparable to the theoretical maximum. Since each 

antenna element is responsible for gathering the impinging RF wave and converting it to 

DC power, it is preferable for the feed network in receiving arrays to be simple, light, and 

straightforward [254]. A microstrip array antenna design method has been documented 

based on efficiency of power transmission optimization [241, 255, 256]. Feasibility of 

feed network fabrication is investigated based on the optimization procedure. Amplitude 

and phase distribution of incident wave on antenna elements are generated by the 

optimization. The optimized values of phase and amplitude have been used to design the 

feeding network of the antenna, depicted in Figure 2.10(a). The feeding network of the 4-

element antenna depicted in Figure 2.10(b) is designed using a distribution of optimal 

excitation. In [244], solar cell based two element antenna array feed network is designed 

using parallel microstrip feedline. Simple 2-element series-fed network based array 

antenna and 4-element cascaded array based T-junction power divider and two 2-element 

series-fed array are also reported  for WPT application [257].    

 

2.4.4.2 Uniform and Non-uniform Arrays 

Uniform array antennas are those consisting of uniformly excited radiating elements with 

similar layouts. In non-uniform arrays, amplitude distribution is non-uniform while the 

inter element spacing remains uniform. High directivity with smaller beamwidth is 

achieved in uniform array [258]. In WPT scenarios, uniform transmitting arrays can 

facilitate simplicity and ease of maintenance [254]. 
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Table 2.11  Overview of array antennas for RFEH/WPT 

Refs. Design 

configuration 

Antenna 

array 

elements 

Operating 

frequency 

Size Gain 

(dBi) 

Radiation 

efficiency 

(%) 

RF-DC 

efficiency 

(%) 

[239] Modified 

Koch-fractal 

structure based 

radiating 

element on 

high dielectric 

2×2 2.45 GHz 360×340 

mm2 

4.5 --- 70% (Input 

power 

unspecified) 

[259] Printed quasi-

yagi with 

double sided 

parallel feeding 

on RT/Duroid 

5870 substrate 

1×4 1.8-2.2 

GHz 

190×100 

mm2 

10.9 

dB @ 

1.85 

GHz 

--- 34% @ 1.8 

GHz (Input 

power -20 

dBm); 50% 

expected @ -

10dBm input 

power 

[241] Square patch 

array with inset 

feeding on FR4 

substrate 

3×3 915 MHz 300×300 

mm2 

10.5 84.14 41% @ 10 

dBm input 

power 

[260] Dual monopole 

array with 

folded 3D 

meandering on 

0.1 mm thick 

flexible 

substrate 

2-

element 

folded 

structure 

900 MHz 35×56×12 

mm3 

0.3 dB 48 --- 

[242] Rogers 

TMM10i 

material based 

dielectric 

resonators on 

0.1 mm copper 

ground plane 

5×5 5.5 GHz 148×122.6 

mm2 

--- 65% 

(Power 

absorbing 

efficiency) 

--- 

[245] Dual Rogers-

4350B 

substrate based 

patch array, 

feedline and 

patch printed 

on opposite 

substrate 

1×4 5.8 GHz 129×30 

mm2 

--- --- 50% @ 1276 

μW/cm2 

Power 

density 

[243] Differentially 

fed Dolph-

Tschebyscheff 

on RT Duroid 

substrate 

1×6 5.8 GHz --- 14.29 

dB 

--- 22% @ -10 

dBm input 

power 

(Approx.); 

82.4% at 232 

μW/cm2 

 

[244] 

Multicrystalline 

solar cell based 

1×2 2.4 GHz --- 6.24 

dB 

54.5 35% @ 6 

mW/m2 
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 planar array on 

FR4 substrate  

power 

density 

 

2.4.4.3 Beamforming, Beam Scanning and Beam Steering 

Beamforming technique using antenna arrays can result in high-gain multiple beams 

simultaneously with controlled beamwidth. Steering and changing the direction of a 

single main beam of an array is referred to as beam scanning. The beam scanning method 

is potentially a promising technique to direct microwave power after finding the location 

of receiving appliance in WPT scheme [261-263]. The pivotal component for 

beamforming and beam steering is phased array antenna [264]. Electronic beam steering 

has certain advantages over mechanical beam steering in terms of compatibility with 

different application, size and speed [265]. Printed microstrip-fed reflect array antennas 

are advantageous in the application of WPT system as transmitting antenna. High gain 

directive performance can be achieved from reflector antennas along with beam steering 

facility [266]. Nevertheless, adaptive beamforming technique can provide solution to 

transfer radiated power towards desired direction, if the location of receiving device 

remains unknown or power required by multiple remote devices [267]. Above all, a robust 

and efficient antenna array with impeccable scanning performance and high gain is a vital 

requirement of wireless power transmitting system. Major design challenges in WPT 

beam scanning antenna array includes, mutual coupling of array elements, beam steering 

capability of ±45° and antenna efficiency [268].  

 

2.5 Summary  

The performance of a wireless communication system and WPT or RFEH system is 

significantly dependent on the antenna module. This chapter reports the state-of-the-art 
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and recent progress in antenna designs for RFEH and radiative WPT. This chapter is 

intended to help the reader understand the current receiving antenna trends in different 

circumstances. It started with an introduction of RFEH and WPT, their applications and 

enveloped a range of topics including wireless charging, the required receiving antenna 

specifications and state-of-the-art antenna technologies and designs for RFEH/ WPT. 

Different antennas are reviewed with a focus on design architecture and performance. 

This study has explored various antenna designs while categorizing them in context of 

low-profile, multiband, LP/CP and antenna arrays. Performance and advancements of the 

antennas are compared considering practical realization of antenna design for future 

multistandard applications. 
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Chapter 3 

 Dual-band Low-Profile Defected Ground Antenna 

3.1 Introduction 

The quality of life is being transformed by the internet of things (IoT), which is creating 

an ecosystem of smart and highly diverse devices that can support a wide range of new 

applications. The internet of things (IoT) is the next generation of global wireless platform 

of connectivity comprised of a diverse range of electronic circuits, integrated radio 

frequency (RF) sensors, and antenna systems. The IoT is continually and rapidly 

expanding, as new technologies are introduced and existing technologies are adapted to 

new applications including intelligent home control, precision farming, driver-less cars, 

simultaneous wireless information and power transfer, energy harvesting, logistics 

control and location tracking [2, 30, 269-274] . In IoT devices, antenna is an essential part 

of wireless communication modules [275, 276]. Several antenna design challenges arise 

from the vast range of IoT applications including compact dimensions for small IoT 

devices and multistandard antenna with a low profile structure [277-282].  

 

Variety of antenna designs have recently been presented in the literature for IoT devices 

including single and multi-band antennas with low profile, covering different frequency 

bands. In recent years, the design of compact and easily integrable antennas have attracted 

a lot of attention because of the increased need for multi-frequency and multi-function 

antennas in IoT communication technologies [283] as well as in small IoT devices for 

ambient radio frequency energy harvesting [284, 285] and wireless power transfer [51] 

application. Moreover, the IoT applications demand low-profile and lightweight antenna 

that can be easily integrated with multistandard IoT devices. 
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Defected ground (DG) refers to the compact geometrical slots embedded in the ground 

plane. The DG has also been proven to improve the bandwidth, gain, radiation property 

and other characteristics of microstrip antennas [286]. DG has acquired prominence 

among other strategies stated in literature for achieving desired antenna performance 

parameters. Several kinds of DG shapes are used in antenna design such as, U-slot [287], 

“L”, extended arc, asymmetric arc-shaped [288], etc. A U-slot DG approach has been 

proposed as an effective way to design a low-profile dual-band antenna [287]. However, 

the antenna has negative gain and quite narrow bandwidth at the lower band. 

Nevertheless, the conventional methods of DG are based on traditional EM simulation 

which are restricted by modifications of geometrical design parameter. It becomes 

difficult to select the proper defected ground shape with desired antenna performance. 

Conversely, pixelated DG configuration using V-shaped Binary Particle Swarm 

Optimization (VBPSO) algorithm has not been investigated in antenna design yet. The 

DG slot has the ability to alter the current path by perturbing the current distribution on 

the ground plane which directly impacts the antenna characteristics. Hence, subdividing 

a single DG slot into many little DG slots or pixels using the pixelization approach will 

enable antenna design flexibility by accessing the unexplored part of the defected ground 

area with different pixelated configurations.  

 

The majority of existing antennas are based on electromagnetic (EM) simulations with 

geometrical alterations, such as changing the radiating element, patch shape, or ground 

plane, as the primary design technique. Also, for the case of defected ground antenna 

design using conventional approach, it is challenging to select the proper defected ground 

shape with desired antenna performance. The main benefit of using PDG in antenna 

design is the freedom in efficiently exploring complicated defected ground shapes that 

can contribute to its prominence in antenna designs. For instance, when designing a low-
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profile single-band or dual-band antenna, the pixelated defected ground technique can be 

used to explore the designated ground area and find a balance between improved gain, 

operating frequency, bandwidth and size. By applying PDG topology, this work proposed 

a compact dual-band antenna with balanced performance in terms of gain and bandwidth 

in both bands considering a limited defected ground space. Figure 3.1 depicts a general 

idea of obtaining desired antenna for IoT application using PDG technique. The PDG 

technique can be employed to achieve multistandard and customized antenna 

performance for application specific conditions.  

 

 

Figure 3.1 Customized antenna design for IoT application using pixelated DG technique 

 

In this chapter, a low-profile pixelated defected ground antenna has been presented for 

dual-band application. The pixelated defected ground antenna (PDGA)  design is 

performed by VBPSO. To the best of our knowledge, the pixelated defected ground 

antenna topology using VBPSO algorithm proposed in this chapter has not been 
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implemented in any prior work. The main contribution of this work is flexibility of 

achieving single-band and dual-band antenna within a compact structure (with reasonable 

performance metrics such as acceptable gain, bandwidth, dual-radiation pattern etc.) only 

by exploring the pixel configurations in the DG area. The VBPSO algorithm has been 

applied to explore the degree of freedom in pixelated DG configuration due to VBPSO’s 

faster convergence speed and ability to avoid falling into local minima. Initially, three 

single-band antennas have been designed to explore the flexibility of the design 

methodology and finally a dual-band antenna design is performed. The proposed antenna 

exhibits dual-band operation at 3.5 GHz and 5.8 GHz. Unlike the typical defected ground 

antenna simulation, this method emphasizes on the pixelated DG shape rather than any 

dimension based DG analysis. The proposed antenna with PDG achieved 5.63% fractional 

bandwidth with 2 dBi measured gain at the lower band and 4.1% fractional bandwith with 

3.1 dBi measured gain at the higher band. The antenna also achieved dual radiation pattern 

characteristics with nearly omnidirectional radiation patterns having different polarization 

at both operating bands. The antenna has potential for multipurpose application in IoT 

platform. 

 

3.2 PDG Antenna Design Methodology 

This section presents a detailed description of the antenna design methodology. First, a 

brief overview of binary particle swarm optimization is presented. Subsection 3.2.1, 

describes the PDG antenna design method, beginning with a simple patch antenna. 

Problem formulation and simulation method are discussed in subsection 3.2.2.  

 

3.2.1 BPSO and VBPSO 

The Particle Swarm Optimization (PSO) algorithm was first introduced in 1995 by 

Eberhart and Kennedy [289]. The PSO's initial version only works with continuous search 
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spaces. Following that, in 1997, the binary variant of the PSO (BPSO) was introduced in 

response to the high demand for binary or discrete search space optimization problems 

[290]. In PSO, a swarm or population of candidate solutions moves around the search 

space. The velocity of the particles is varied based on their own experiences and in 

accordance with the best one, which is obtained by swarm in the search area. The velocity 

equation of BPSO is mathematically modelled as [290]:  

 

��
��� = ���

� + �� × ���� × (������ − ��
�) + �� × ���� × (����� − ��

�)   (3.1) 

 

Where, � denotes a weighting function, ��
� indicates i-th particles velocity at iteration t, 

�� and �� are acceleration coefficients, pbest is the i-th particle’s best solution, ��
� 

represents the position of i-th particle at iteration number t, and gbest designates the best 

result of the swarm that has been obtained till current iterations. 

 

Equation (3.1) obtains the real values of velocity. However, the BPSO algorithm deals 

with binary-valued (0 or 1) position vectors. So, a transfer function is required to convert 

real values of velocities to binary values as depicted below:  

 

�(��
�(�)) =

�

������
�(�)

                                 (3.2)

  

Where, ��
�(�) denotes i-th particle’s velocity in the k dimension at t-th iteration. After 

that, the i-th particle’s position at t-th iteration is updated according to equation (3.3).  

 

��
�(� + 1) = �

0, �� ���� < �(��
�(�))

1, �� ����  > �(��
�(�))

                     (3.3) 

 

The transfer function in equation (3.2) refers to the original version of BPSO. The 

position update function is the fundamental difference between the PSO and the BPSO, 
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where the probability of any binary variable change is determined by particle velocity. 

This is accomplished by using the transfer function to convert velocity to probability. The 

chances of a bit change in a particle's position vector is determined by this probability. 

BPSO is utilized generally in discretized applications, unlike the PSO which only deals 

with real numbered variables. In some engineering problems and other applications where 

the search space is discretized, 0 and 1 can be utilized as degrees of freedom in variables. 

However, the standard BPSO suffers from the issue of local minima and slower 

convergence. As a result, the algorithm struggles to discover the optimal solution to the 

optimization or antenna design challenge. As previously stated, transfer functions define 

the likelihood of changing elements of a position vector from “0” to “1” and vice versa. 

Transfer function is the vital part of the BPSO algorithm, and BPSO performance can be 

enhanced significantly by selecting a proper transfer function. When dealing with multi-

objective or high-dimensional situations (as in the case of pixelated DG antenna design 

with hundreds of pixels), the traditional BPSO approach has difficulties with early 

convergence and processing local minima. Recently, it was proved that updated BPSO 

algorithms perform better at finding optimal solutions. As an approach to improve the 

BPSO, six new transfer functions have been proposed, and their performance have been 

analyzed [71]. They were divided into two different families, namely “S-shaped” and “V-

shaped”. The findings demonstrate that the newly introduced V-shaped family of transfer 

functions can considerably improve the performance of the original BPSO in terms of 

avoiding local minima and convergence rate by using their unique approach of updating 

position vectors. Some initial simulations have been performed using the three new 

transfer functions of the V-shaped family to select the transfer function for designing PDG 

antenna. The following transfer function (3.4) from V-shaped family showed promising 

results. So, we have utilized VBPSO using the following transfer function (4) from the 
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V-shaped family for the PDG antenna design. The V-shaped family of transfer functions 

differs from the S-shaped family, and they follow entirely new position updating rules in 

(3.5), where position of particle i is denoted by ��
�(�) and ��

�(�)indicates velocity of 

particle i at iteration t in k-th dimension. The complement of  ��
�(�) is ���

�(�)�
��

. This 

approach has the advantage of encouraging particles to remain in their current places at 

low velocity. The name V-shaped binary particle swarm optimization (VBPSO) is based 

on the shape of the characteristics curve of the new family of transfer functions. The shape 

of the characteristics curve of the transfer functions resembles the English letter ‘V’. 

Hence, the name V-shaped binary particle swarm optimization algorithm (VBPSO) is 

given to this algorithm [71]. 

 

� ���
�(�)� = �

���
�(�)�

������
�(�)�

�
�         (3.4) 

��
�(� + 1) = �

���
�(�)�

��
     If rand < ����

�(� + 1)�

��
�(�)     If rand ≥ ����

�(� + 1)�
    (3.5) 

 

3.2.2 Pixelated Defected Ground (PDG) Antenna 

The PDG antenna design starts with a basic patch antenna. The initial antenna consists 

of a small rectangular patch with a dimension of Lp×Wp and a rectangular ground plane 

with the size of Lg×Wg. The antenna ground plane is modified by introducing a 

rectangular slot, inspired by defected ground antenna design. The antenna geometry and 

design dimensions are illustrated in Figure 3.2 and Table 3.1. The rectangular slot on the 

ground plane is introduced to define an area for pixelization to realize single-band or dual-

band performance. The dimensions of the defined area for pixelization is inspired by the 

sizes of different DG shapes available in state-of-the-art literature [287, 288]. 
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Additionally, the dimensions of rectangular slot should be able to accommodate adequate 

number of pixels for satisfactory optimization. DG is used in the field of microstrip 

antennas for enhancing performance as the anomaly on the ground plane disrupts the 

current distribution of the ground plane. Followed by this disruption, slot inductance and 

slot capacitance are introduced, which can change the characteristics and performance of 

the antenna [162]. However, in conventional approaches, DG design is limited by 

geometric change of design parameters (usually with different slot shapes) which makes 

the method difficult to design and select proper DG shapes for the antenna. On the flip 

side, pixelization technique is not bound by this limitation. Hence, we used pixelization 

method to effectively design the defected ground slot area based on the positions of binary 

bits from the VBPSO, which is discussed further in the following section. The patch 

antenna is excited by co-axial feeding method. A shorting pin has been used to provide 

miniaturization to the proposed antenna as the resonant frequency of the patch antenna 

can be lowered down with shorting pin than the unloaded patch antenna's lowest operating 

frequency [291]. The design dimensions of the antenna are included in Table 3.1. The 

following section provides the design methodology of the proposed PDG antenna.  

 

 

(a) 
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       (b) 

Figure 3.2 Initial defected ground antenna design with a rectangular slot on the ground plane of the 

antenna, (a) top view- rectangular patch (b) ground plane with rectangular slot; blue area defines 

substrate.  

 
Table 3.1: DG Antenna Design Dimensions 

Parameters Value 

(mm) 

Parameters Value 

(mm) 

L 24.8 Lg 18.8 

W 26 Wg 20 

Lp 8.95 L3 16 

Wp 9.850 L4 8 

L1 2.5 L5 8.9 

L2 5.5   

 

In the proposed antenna design, the PDG structure is achieved by using the binary strings 

originated from the VBPSO algorithm. Figure 3.3 depicts the defined area of the antenna 

ground plane for PDG, divided into 32×16 array consisting of 512 square pixels. The pixel 

size is 0.5 mm × 0.5 mm. Increasing the number of pixels will result in large search space 

for the algorithm, which affects the algorithm performance to determine the optimum 
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structure of the defected ground region. In contrast, if the number of pixels is decreased 

the pixel size needs to be increased. For instance, if the pixel size is increased to 

1mm×1mm the defined DG area can accommodate only 128 pixels (the defined DG area 

is 16mm×8mm). This limits the exploration of the DG configuration during the 

simulation. Also, the chosen pixel size (0.5mm×0.5mm) is only about 0.58% of the 

wavelength at the lower frequency (3.5 GHz). Further reducing the size would increase 

the simulation time. To balance the trade-offs between these scenarios we have used 512 

pixels in the PDG region. 

 

Figure 3.3 Pixelization of the defected ground area 

 

The binary bit string obtained from the position of every particle in each iteration of the 

algorithm and sets the position of conductor or air. If the bit value is 1, the respective 

pixel position is filled with a conductor. If the bit value is 0, it keeps the pixel as empty 

space. 
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3.2.3 Problem Formulation and Simulation of Single-band 

and Dual-band PDG Antenna 

The PDG antenna design can be defined as a minimization problem in the VBPSO, 

using the initial geometry depicted in Figure 3.2. The design challenge is to obtain single-

band and dual-band operating frequency using the defined space as DG area on the ground 

plane. PDG is discretized within a defined area into many rectangular cells using the 

VBPSO.  

 

Figure 3.4 Single-band or multi-band antenna design flexibility using pixelated DG configuration. 

 

Figure 3.4 illustrates the flexibility of antenna design at different frequency bands by 

adopting pixelated DG configuration. Antenna sections are assigned to a preset area in 

many applications. The traditional method requires alteration of antenna size, shape etc. 

in order to obtain the desired performance at a certain frequency. However, in the 

suggested antenna design using PDG technique antenna size and shape do not need to be 
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altered. Antennas with different resonance frequency, gain, bandwidth, etc. can be 

designed using this method on a given defective ground region. Different frequency of 

operation can be achieved by changing the pixel configuration only. We can achieve 

single-band operation at multiple frequency or dual-band performance only by using the 

same defected ground area with different pixelated configuration. Initially, the design 

goals of the pixelization are to achieve single band coverage at three different commercial 

frequency bands 3.5 GHz (f1), 5.2 (f2) GHz and 5.8 (f3) GHz to demonstrate the capability 

of PDG in single-band antenna design. After that, the same PDG area is used to achieve 

dual-band coverage of 3.5 GHz (f1) and 5.8 GHz (f3) for potential applications. The lower 

band can support application in LTE band and emerging 5G mid-band [292, 293] and the 

higher band could be utilized for industrial, scientific and medical (ISM) band. Hence, 

the objective functions for the antenna design problems become: 

 

Fitness function ��� = min(�11����.� ���)         (3.6) 

Fitness function ��� = min(�11����.� ���)         (3.7) 

Fitness function ��� = min(�11����.� ���)         (3.8) 

Fitness function ��� = min(�11����.� ���, �11����.����)       (3.9) 

  

Equation (3.5), (3.6), and (3.7) are defined to improve the antenna reflection coefficient 

at single bands (denoted as f1, f2, f3). Equation (3.8) is defined to improve the antenna 

reflection coefficient at two desired frequencies (f1 and f3). Figure 3.5 shows the design 

procedure of the proposed PDG antenna using a flow chart. The VBPSO algorithm has 

been implemented in Matlab and then connected to electromagnetic (EM) simulator 

software (CSTMWS) [294]. The bit string from VBPSO is imported to the EM simulator 

using a pre-simulation module implemented in Matlab and decodes the bits to the 
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respective simulation model.  

 

Figure 3.5 Proposed PDG antenna design methodology 

 

The underlying mechanism of PDG is based on the interaction between the reflection 

coefficient and PDG pattern, which cannot be found using commercial EM solvers' built-

in optimizers. Our approach focuses on the defected ground shape rather than its 

dimensions. Hence, the pixelization technique entails deciding which part of the defected 

ground area should be covered with metal and which should not (etched). Simulation of 

the antenna model in CSTMWS is performed in Time Domain Solver. A workstation 

computer has been utilized to perform the simulation. The hardware specification of the 

computer is illustrated in Table 3.2 beow.  After performing the simulation, the results of 

reflection coefficient are exported to Matlab to evaluate the objective function in equation 
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(3.6).  Based on that, personal best score and global best score in VBPSO are updated. 

The velocity and particle position are updated according to equations (3.4) and (3.5), 

respectively. After reaching the maximum number of iterations, the pixelization stops and 

provides the best positions of the binary bits for pixelated area.  

Table 3.2: Hardware Specification of the Computer 

Subsystems Type 

Processor Intel(R) Xeon(R) Gold 5217 CPU 

@ 3.00 GHz, 2 (processors) 

RAM 64 GB 

System type 64-bit operating system 

GPU NVIDIA Quadro RTX 4000 

GPU memory 8 GB 

 

 

3.3 Results and Discussions 

Simulation of the proposed PDG antenna has been performed in CSTMWS for 100 

iterations with 13 particles to keep the number of function evaluations low and also, to 

avoid extended simulation time over the iterations with increased number of particles 

[295]. The selection of the number of particles has an impact on the convergence rate and 

fitness value of the objective function. Number of fitness function evaluations (EM 

simulation) in every iteration is determined by the number of particles. Adding more 

particles increases number of fitness function evaluation and simulation time. If the 

number of fitness function evaluation is higher, the optimization should improve in ideal 

case (fitness value and convergence). Nevertheless, using many particles may not always 

achieve meaningful results. So, there is a trade-off between both scenarios, and the 

number of particles can be tuned to produce optimal results with acceptable total 
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simulation duration. However, setting the number of particles to less than 10 has been 

found to reduce the convergence rate and make it more difficult to improve the fitness 

value, which is directly related to the antenna's reflection coefficient. Time varying inertia 

weight has been used to maintain balance between local and global search in the BPSO. 

The acceleration coefficients c1 and c2 are tuned to obtain optimum results. The pixel 

positions are obtained based on each particle’s position during each iteration.  

 

Firstly,  pixelization of the defected ground area has been performed for single-band 

antenna designs as illustrated in equation (3.6), (3.7) and (3.8) to achieve operating band 

at 3.5 GHz (Antenna A), 5.2 GHz (Antenna B) and 5.8 GHz (Antenna C) respectively. 

The same pixelated defected ground area has been utilized to design the Antenna A, 

Antenna B and Antenna C. Different pixelated configuration of the defected ground area 

result in three different single band antenna operating at different frequency. The different 

pixelated configurations are obtained from separate optimization process using VBPSO. 

Figures 3.6, 3.7 and 3.8 clearly demonstrate that pixelated DG can be utilized for single-

band antenna design at different frequencies.  

 
(a) 
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                                                                          (b)                                                        

Figure 3.6 Design configuration and results of the antenna with optimized pixel positions for FF1 (a) 

Pixelated layout of Antenna A (3.5 GHz), (b) reflection coefficient of Antenna A 

 

(a) 
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                                                                     (b) 

Figure. 3.7 Design configuration and results of the antenna with optimized pixel positions for FF2 (a) 

Pixelated layout of Antenna B (5.2 GHz), (b) reflection coefficient of Antenna B 

 

 

 

(a) 

 

                                                                           (b)           

Figure 3.8 Design configuration and results of the antenna with optimized pixel positions for FF2 (a) 

Pixelated layout of Antenna C (5.8 GHz), (b) reflection coefficient of Antenna C 
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The proposed pixelated defected ground antenna design method can be utilized to design 

dual-band antenna as well. Finally, to illustrate the flexibility of antenna design process 

for dual-band antenna, pixelization of the same DG area as previous antennas (Antenna 

A, B and C) has been performed for dual-band operation at 3.5 GHz and 5.8 GHz 

(Antenna D) using equation (3.9). The optimal placement of pixels has been achieved 

after 96 iterations using VBPSO. After 96 iterations, the optimal values of the bit strings 

are obtained as the best position for pixels and are depicted in Figure 3.9. The bit values 

resemble the numbering of pixels illustrated in Figure 3.3.  

 

 

Figure 3.9 Optimal bit values for pixel positions 

 

Figure 3.10 (a) depicts the pixelated layout of the PDG antenna (Antenna D) resulted from 

the VBPSO algorithm and the convergence curve of the pixelization process, which were 

obtained from the objective function (9) using both the VBPSO and BPSO. The small 

yellow squares represent the pixels and hence, existence of metal. From the convergence 

curves of Figure 3.10(b), it is apparent that the VBPSO outperforms the BPSO in 

Pixelated DG antenna design. Further, the VBPSO obtained a much better average fitness 

value for balancing the goals, and the convergence rate is faster than BPSO. This is due 

to the different method of updating position using equation (3.5) in V-shaped transfer 



 

 

81 
 

function. This approach has the advantage of avoiding local minima and fast convergence 

by encouraging particles to remain in their current postion at low velocity instead of 

forcing particles to take 0 or 1 values [71].  

 

(a) 

 

(b) 

Figure 3.10 Design configuration and results of the antenna with optimized pixel positions for FF4 (a) 

Final PDG layout of the proposed antenna (Antenna D), (b) Comparison of convergence curves obtained 

by using VBPSO and BPSO 
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To confirm the feasibility of the antenna design methodology using VBPSO, Figure 3.11 

represents the reflection coefficient of the PDG antenna at different iterations. Also, Table 

3.2 provides a comparison of pixelization results between VBPSO and BPSO. The results 

show that the performance of standard BPSO is below satisfactory level as expected. As 

can be seen from Figure 3.11 (a), BPSO only goes close to the design goal once at iteration 

39. However, in the next iterations, it failed to improve the results further. Conversely, 

the reflection coefficient of the antenna resulting from VBPSO algorithm appears to 

improve gradually as the iteration increased, depicted in Figure 3.11 (b). The comparison 

in Table 3.3 further illustrates the performance of BPSO and VBPSO for PDG antenna 

design at different iterations. For example, at iteration 73, BPSO obtained an average 

fitness value -7.359, whereas VBPSO obtained a better average fitness value -7.836 at 

iteration 30. The best obtained average fitness value using VBPSO is -9.650, where BPSO 

remains stuck at -7.359 from iteration 73 to 100.  

 

(a) 
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(b) 

Figure. 3.11 Simulated reflection coefficient of the antenna at different iterations 

 (a) BPSO, (b) VBPSO 

 
(a) 
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(b) 

Figure 3.12. (a) Evolution of the antenna; Antenna 1-with full ground and patch, Antenna 2-with shorting 

via, Antenna 3-with rectangular slotted ground, Antenna 4-with pixelated defected ground, Software used: 

CST Microwave Studio 2019 (b) Simulated reflection coefficient of the antenna with VBPSO vs. BPSO 

 

(a) 
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(b) 

Figure 3.13 Simulated reflection coefficient of the antenna due to change in length and width of the patch 

(a) effect of Wp, (b) effect of Lp 

The proposed antenna design using VBPSO has successfully achieved dual-band at 3.5 

GHz and 5.8 GHz. Fig 3.12(a) depicts the design evolution process of the antenna. It can 

be seen that the antenna achieved desired dual-band performance in lower bands using 

PDG with shorting pin. Figure 3.12(b) compares the reflection coefficient of the antenna 

using the final pixel positions from VBPSO and BPSO. It is evident that PDG antenna 

using BPSO struggles to achieve the desired results. The results presented in Figure 3.12 

supports the effectiveness of pixelated defected ground antenna design by achieving and 

exploring better pixel positions for the PDG area using the V-shaped binary particle 

swarm optimization.  
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Table 3.3: Comparison of pixelization results using VBPSO and BPSO 

 

The achieved -10 dB impedance bandwidth is 200 MHz (3.45-3.65 GHz) for the lower 

frequency band and 240 MHz (5.97-5.73 GHz) for the higher band (Figure 3.12), covering 

5.63% and 4.1% fractional bandwidth, respectively. The operating frequency of the 

antenna can be further tuned by changing the length and width of the patch (value of Wp 

and Lp). The impact of Wp and Lp on the reflection coefficient is shown in Figure 3.13 

(a) and (b). The length is tuned from 9.75mm to 10.05mm, and it is observed that changing 

Wp affects most on the lower band. This indicates that Wp can be used to regulate the 

difference between lower and higher bands.  Increasing the Wp shifts the lower band 

towards lower frequency with degraded reflection coefficient levels. Moreover, change in 

V-shaped BPSO Standard BPSO 

Iteration FF value S11 @3.5 

GHz (dB) 

S11 @ 

5.8 GHz 

(dB) 

Iteration FF value S11 @3.5 

GHz (dB) 

S11 @ 5.8 

GHz (dB) 

1 -2.992 -4.39 -5.67 1 -2.711 -5.57 -1.14 

2 -5.723 -8.31 -11.41 2 -2.858 -0.63 -6.46 

5 -6.096 -8.23 -11.39 3 -3.267 -0.62 -11.28 

7 -7.284 -6.98 -20.35 4 -3.629 -6.00 -1.35 

30 -7.836 -15.44 -11.17 6 -3.988 -5.82 -0.50 

45 -8.426 -9.30 -9.71 7 -4.456 -5.91 -14.52 

64 -9.016 -24.84 -10.66 14 -5.675 -7.44 -9.97 

70 -9.088 -13.25 -8.96 19 -6.252 -11.04 -10.34 

78 -9.351 -19.48 -13.18 39 -6.544 -15.86 -17.76 

81 -9.516 -19.05 -15.94 73 -7.359 -14.54 -2.16 

86 -9.614 -17.16 -15.76 100 -7.359 -14.54 -2.16 

96 -9.650 -20.56 -18.64 - - - - 

100 -9.650 -20.56 -18.64 - - - - 
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Lp influences both the higher and lower bands. The frequency shift is approximately 

similar in both bands due to a change in the length of Lp.  

 

The antenna's mechanism is further investigated by observing the surface current 

distribution at both operating frequency bands, shown in Figure 3.14. At 3.5 GHz, the 

current is primarily distributed at the left and right sides of the patch, as well as the edge 

of the pixelated region of the ground plane, with some on the PDG area, as shown in 

Figure 3.14 (a). This is due to the fact that the current goes to the ground through the 

shorting pin making the PDG part of the antenna. The resonant frequency of the lower 

band �� can be approximated by considering the patch and PDG dimension using equation 

(3.10) [296, 297]:  

 

�� =  
�

�����������������
= 3.35 ���             (3.10) 

 

where, � denotes the speed of light and ε���  is the effective dielectric constant of the 

substrate, �� indicates the patch width, �� is the length of the PDG slot area and �� 

represents the width of PDG slot. ε��� is given by ε��� = (�� + 1)/2 =2.275, where the 

relative permittivity of Rogers 4003 is �� = 3.55. At 5.8 GHz, the current is mainly 

concentrated around the top, right and bottom edges of the radiating patch as well as 

through the middle of the PDG area, travelling the approximate path length �� (Fig 3.10 

(b)). The resonant frequency of the second band �� can roughly be estimated using 

equation (3.11) [296, 297], which is also close to our desired band. 

 

�� =  
�

����������������
= 5.6 ���        (3.11) 
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(a) 

 

(b) 

Figure 3.14 Simulated surface current distribution of the antenna, Software used: CST Microwave Studio 

2019, (a) surface current distribution of the PDGA at 3.5 GHz, (b) surface current distribution of the 

PDGA at 5.8 GHz, 
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The optimal dual-band PDG antenna design depicted in Figure 3.10(a) has been 

fabricated using 1.52 mm thick Rogers 4003 substrate with dielectric constant of 3.55 and 

measured to verify its performance. The total antenna dimension is 24.8mm×26mm. 

Figure 3.15 depicts the fabricated antenna prototype and experimental set-up of the 

antenna under test (AUT). The reflection coefficient characteristics of the antenna were 

measured using a Rohde and Schwarz ZVA40 vector network analyzer. 

 

Figure 3.15 Fabricated prototype of the final PDGA (Antenna D) and measurement set up in RF and 

Communication Technologies (RFCT) Laboratory, UTS (a) Fabricated prototype of the proposed antenna 

(b) reflection coefficient measurement, (c) radiation pattern measurement 
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Figure 3.16 Simulated and measured reflection coefficient of the PDGA 

 

(a) 
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      (b) 

Figure 3.17 Simulated (a) efficiency and  (b) realized gain of the PDGA antenna 

 

Figure 3.16 shows the simulated and measured reflection coefficient of the proposed 

antenna. The measured reflection coefficient coincides well with the simulation results. 

The measured –10 dB impedance bandwidth at both frequency bands are almost similar 

to the simulated results. The simulated gain and efficiency of the proposed antenna are 

presented in Figure 3.17. The antenna obtained 2 dBi and 3.24 dBi realized gain at 3.5 

GHz and 5.8 GHz, respectively. The achieved computed efficiency is more than 90% at 

both operating frequency bands and the measured antenna gain are 2 dB and 3.1 dB at 

3.55 GHz and 5.8 GHz, respectively. 

 

The normalized radiation patterns from simulated and measured results of the proposed 

antenna at 3.55 GHz and 5.8 GHz are provided in Figure 3.18. The simulated and 

measured radiation patterns are in good agreement. The pattern is nearly omnidirectional 

in both XZ plane at 3.55 GHz and YZ plane at 5.8 GHz. The proposed antenna has 
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monopole-like omnidirectional patterns in two operating frequency bands and, it is 

evident that the measured patterns generally meet IoT application requirements. 

 

(a)                                                                              (b) 

 

(c)       (d) 

Figure 3.18 Normalized radiation patterns of the proposed antenna at (a) 3.55 GHz (XZ plane), (b) 3.55 

GHz (YZ plane), (c) 5.8 GHz (XZ plane) (d) 5.8 GHz (YZ plane) 

It can be seen that the proposed antenna has approximately similar radiation patterns with 

different polarizations at the two resonant frequencies. This is associated with the 

direction of surface current at both operating frequencies. Also, as depicted in Figure 3.14, 

the resonance frequency at both lower and upper bands are dependent on the length of Wp 
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and Lp respectively. The schematic of the surface current direction on the patch is 

depicted in Figure 3.19. Dense current is placed around the edges of the patch. The co-

axial feed excites current across the patch edges. The direction of dominant current is 

along Y direction at 3.5 GHz that is helping the radiation of the patches which conforms 

to the radiation patterns of the antenna at the lower frequency band. At the higher band, 

the current flow is along X direction with some along Y on the right edge. However, the 

net dominant current flow is along X direction, which can be attributed to the radiation 

patterns at the higher band.  

 

Figure 3.19 Schematic of surface current direction on the patch 

 

Potential application of the proposed new dual-band antenna with dual patterns can be 

illustrated by the schematic in Figure 3.20. One possible scenario for IoT application 

using portable device is shown. The two bands can be used to receive or transmit wireless 

signal to different transmitter or receiver that are positioned in different directions. This 
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type of antenna design can support efficient communication in small IoT devices/sensors, 

creating more flexible positioning possibilities.  

 

Figure 3.20 Schematic of potential applications of the proposed dual-band, dual pattern antenna 

Table 3.4 compares the proposed antenna with other antennas in the literature for IoT 

applications, designed by conventional EM simulation methods. The proposed pixelated 

DG antenna is certainly advantageous over other designs, considering the total size, and 

excellent performance in dual-band. Moreover the proposed method of PDG antenna 

design has the capability of designing single-band or dual-band antenna according to the 

requirements of application specific IoT platforms. The greatest challenge addressed in 

this work is the trade-off between  design complexity and achieving multiple functions; 

same DG area and size for single band antenna or dual-band, dual-pattern antenna with 

good gain, bandwidth and compact size.  

In summary, the compact dual-band antenna design inspired by pixelated DG starts with 

a very straightforward initial geometry. Moreover, the implementation of VBPSO 

provides an efficient design of a novel pixelated DG with good antenna performance 

without any geometrical analysis on the DG area. Also, this approach of PDG does not 

restrain the DG to any particular shape, nor does it provide symmetry that can constrain 
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the output of the pixelization process. The antenna exhibits excellent performance with a 

low profile in comparison with antennas designed by traditional EM simulation.  

Antennas with these features are comparatively easy to integrate with circuits and 

embedded electronics. Also, their size is small enough to fit into portable devices (e.g. 

IoT devices). The proposed antenna can be a potential candidate to be used in IoT 

application. This research also reveals that the VBPSO algorithm is an effective and 

powerful optimizer for PDG antenna design.  

 

Table 3.4 Comparison of the proposed PDG antenna with relevant antenna designs proposed for IoT 
applications 

Refs.  Antenna 

type 

Single/dual-band 

design flexibility 

using same DG 

design space 

No. of 

bands and 

operating 

frequency 

(GHz) 

G
ai

n
 (

dB
i)

 

Bandwidth 

(%) 

Antenna 

length 

(λ 

Considering 

lowest 

resonance 

frequency) 

Planar circuit 

integration 

feasibility for 

portable IoT 

device 

Dual-band 

dual 

vertical 

radiation 

pattern 

[298] Ground 

plane 

modified 

monopole 

No UWB; 3.1-

8.5 

-0
.1

6 
to

 -

0.
7

8 

122 0.19 λ Yes No 

[163] Modified 

meanderlin

e 

No 1; 2.4 

1
.7

3 

6 0.33λ Yes No 

[299] Additively 

manufactu

red folded 

3D  

No 2; 0.9, 1.8 

0
.9

,1
.7

 

8.9,33.3 0.32λ Less feasible 

due to 3D 

footprint with 

43.6 mm height 

No 

[300] Square 

spiral loop 

patch 

No 2; 0.92, 

2.45 

1.
8

5
,4

.1
 8.69,11.8 0.49λ Yes No 

[301] Cavity 

backed 

slot 

No 1, 0.9 

2.
4

 

6.7 0.23λ Yes. However, 

antenna height 

15mm 

No 

[302] Folded 

strip slot 

antenna 

No 1, 2.45 

N
ot

 

sp
ec

if
ie

d 

5.09 0.51λ Yes No 
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This 

work 

Pixelated 

DGA 

using 

VBPSO 

Yes, using 

different 

configuration of 

PDG with same 

space of DG; 

Can be designed 

for signle bands 

at 3.5, 5.2 5.8 

GHz and dual-

band at  3.5 and 

5.8 GHz 

2;3.5, 5.8 

 

2
, 3

.2
4

 

5.7, 4.1 .30λ Yes Yes 

 

3. 4 Summary 

A dual-band pixelated defected ground antenna design has been proposed in this chapter 

along with a flexible design guide for different single-band antennas at different operating 

frequencies. The proposed PDGA design is performed using the VBPSO algorithm. This 

chapter introduces the idea of utilizing pixelated defected ground using VBPSO for 

efficient antenna design without depending on geometric optimization of design 

parameters of defected ground area, unlike conventional DG antenna. The PDG 

configuration has the potential to achieve different antenna characteristics including 

single or multi-band antenna design, gain or efficiency enhancement etc. using distinct 

configuration with a great degree of freedom. This leads to create multi-functional 

customized antennas for diverse applications. The advantage of using VBPSO in the 

antenna design process is the V-shaped transfer function, which provides enhanced and 

faster searchability of pixel positions for the PDG antenna. The defined area for defected 

ground is pixelated using a binary string from the algorithm, and the objective function 

has been evaluated for single band as well as dual-band performance. The final PDGA 

operates at 3.5 GHz and 5.8 GHz bands with 5.63% and 4.1% fractional bandwidth, 

respectively. To validate  simulation results, the proposed antenna has been fabricated and 

measured. The measured and simulated results are in excellent alignment. The proposed 
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antenna has a nearly omnidirectional radiation pattern with 2 dBi and 3.1 dBi measured 

gain at 3.55 GHz and 5.8 GHz, respectively. The simulated efficiency is more than 90% 

at both operating bands. The proposed antenna can be a potential candidate to be applied 

in different applications in IoT platform including device to device communication, 

wireless power transfer in low power IoT devices, etc.  

Although the antenna is generally resilient to manufacturing errors, precautions have been 

taken to address potential issues stemming from contact between two pixels. Specifically, 

a small conducting area, designed to match the fabrication tolerance, has been 

incorporated at the contact point. This proactive measure has proven effective in 

preventing fabrication errors and has contributed to achieving favorable measured results 

for the antenna. Moreover, the frequency limitations of the antenna design can be 

estimated using standard equations commonly applied in patch antenna design. However, 

for lower frequencies, it is crucial that the optimization area and pixel size do not deviate 

significantly from the wavelength associated with that frequency. Also, the chosen pixel 

size can be up to 0.5% of the wavelength at the lowest operating frequency. Further 

reducing the size would increase the simulation time due to the number of mesh cells 

required in the EM simulator. 
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Chapter 4 

Multi-service Stacked Antenna with Different Pixel 

Shapes 

4.1 Introduction 

The Internet of Things (IoT) has experienced a massive rise in interest, as IoT solutions 

are being expanded to almost every aspect of life. IoT is bringing about a paradigm shift 

in emerging applications that will enhance the quality of life by connecting a wide range 

of smart devices and physical objects [301]. As the number of wireless IoT devices is 

expected to experience exponential growth in the near future, many emerging applications 

will benefit from utilizing a wide range of IoT systems [2, 278, 285, 303-307]. Antenna 

is a vital part of the wireless communication modules in IoT devices that performs crucial 

role in the system operation and performance. Due to the wide variety of IoT applications, 

designing antennas can be challenging. Antennas for low-power IoT devices should be 

compact and integrable with planar circuits as large antennas with bulky dimension are 

less suitable to fit into the subsystem of small IoT devices and sensors [49, 52, 53, 302]. 

Recent antenna designs for IoT applications include shared aperture slot antenna [308], 

meander line antenna with parasitic element [163], transparent loop antenna [309], 

frequency-tunable inverted-F antenna [310], inkjet-printed antenna [311], and multi-

standard MIMO antenna [312]. A handbag zipper antenna has been reported for IoT 

applications [305]. The structure makes use of the zipper of the handbag as antenna. 

However, it has a larger size compared to the common types of antennas with reasonable 

performance. A small monopole antenna with a slit ground plane has been proposed for 

ultra-wide band (UWB) IoT applications [298]. Nevertheless, the antenna’s average gain 

is low due to miniaturization. Besides communication, the lifespan of IoT devices can be 
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extended by radio frequency energy harvesting and wireless power transfer technology 

where antenna also plays a key role[15, 30, 76, 278, 284]. Over the past decades, wireless 

power transfer and radiofrequency energy harvesting technologies have introduced 

several types of receiving antennas [46-50]. However, low-profile and efficient receiving 

antennas are required to remotely charge low-power IoT devices due to the small form 

factor of IoT devices. 

 

With certain shapes and techniques, the aforementioned and other relevant antennas have 

achieved reasonably good performance. However, the majority of the antennas are 

designed using traditional EM simulation by changing patch or ground shape. As a result, 

the enhancement space for the antenna is limited, particularly in terms of gain, operating 

frequency, and radiation pattern. Nevertheless, designing a small-size antenna with a 

significant capacity to capture wireless signals, while attaining good gain and efficiency 

is incredibly challenging.  Most antennas published in the literature are based on 

traditional design approaches using electromagnetic (EM) simulation with geometrical 

modifications such as variation of radiating element, changing the dimension of patches 

or the ground plane [48, 50, 54, 55, 313, 314].  

 

Evolutionary Algorithms (EA) have been used to solve a wide range of antenna design 

problems, where EAs have been integrated with numerical approaches in 

electromagnetics and yielded a variety of notable and effective outcomes [56, 57, 59]. 

Among the EAs applied in solving antenna design problems, Genetic Algorithm (GA) 

and Particle Swarm Optimization (PSO) algorithm have remained the most prominent in 

the past decades [61-63]. PSO has been employed in solving variety of EM problems due 

to its straightforward and effective way in antenna design [63-65]. Further, the ability of 

PSO to efficiently handle various design goals contributes to its prominence in antenna 
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designs [66, 67]. When dealing with multi-object or high-dimensional situations, the 

standard PSO technique suffers from early convergence issues and has difficulty 

processing them. Recently, it has been demonstrated that modified and updated PSO 

algorithms provide an improved way of searching for optimal solutions [68-71]. 

 

 

Figure 4.1 Potential application scenario of optimized pixelated stacked antenna in IoT devices 

 

 The emergence of different IoT applications poses new challenges in designing 

compact antenna as limited design space is available for the communication module. It is 

comparatively challenging using orthodox antenna design methods. Since antenna 

sections are assigned to a preset area in many applications, space management in antenna 

designs for communication module is as critical as cost reduction. Dual-band antennas 

can have a smaller footprint than two distinct antennas operating at different frequency 

bands. Additionally, dual-band antenna is advantageous when a device needs to transmit 

or receive over two frequency bands. Recent research has featured dual-band antenna 
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designs that incorporate elements such as the Sierpinski carpet fractal, paired L-shape 

slots, and an inset-fed patch with a partial ground [315-317].  

 

 

Figure 4.2 Pixelated stacked antenna design methodology 

 

In this chapter, a multi-service low-profile Pixelated Stacked Antenna (PSA) is proposed 

for dual-band applications at 5.2 GHz wireless local area network (WLAN) and 5.8 GHz 

Industrial Scientific and Medical (ISM) bands. These bands are established in Australia 

and globally for radio local area network equipment, ISM applications, network access 

points, radio Local Area Networks (LAN), WiFi and wireless LAN applications, wireless 

audio, and video system [318, 319]. Figure 4.1 illustrates a potential application scenario 

of the proposed antenna topology in IoT environment. The traditional antenna design 

methods require alteration of antenna size, shape etc. to obtain the desired performance at 

a certain frequency.  Antenna shape and size significantly impact performance metrics 

such as operating frequency, gain, and efficiency for IoT devices. The ideal antenna 

should blend with the device's circuit and casing. A generic commercial antenna may be 

used if it achieves the desired performance. However, fitting such an antenna into a small 
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space like a planar printed circuit board (PCB) can be challenging, limiting its 

effectiveness. This is where the proposed antenna topology serves a critical purpose as it 

can deliver optimized performance in these challenging conditions where preset limited 

design space is available for the antenna. The antenna can be designed and optimized for 

different resonance frequency, gain, efficiency, etc. only by considering a predefined area. 

 

Figure 4.2 briefly highlights major advantages of designing pixelated stacked antenna 

using the proposed methodology. In the proposed antenna design using PSA technique, 

antenna size and shape do not require to be altered. Antennas with different resonance 

frequency, gain, bandwidth, etc. can be designed using this method on given patch 

regions. Different frequency of operation can be achieved only by changing the pixel 

configuration. Also, the proposed method does not require a comprehensive 

understanding of EM (electromagnetic) formulations, or models. The proposed antenna 

design consists of two pixelated radiating patches, enabling simultaneous dual-band 

operation of the proposed antenna at desired bands. To the best of authors’ knowledge, 

pixelated stacked antenna design that simultaneously employs pixelated radiating patch 

with different pixel shapes in multilayers, has not been implemented in any prior work. 

BPSO algorithm with a V-shaped transfer function optimized the antenna's pixel position 

for dual-band operation while maintaining satisfactory performance. 

Simultaneous optimization of multilayers of the structure avoids the need for multiple 

separate optimizations of the same structure for each component or part of the antenna. 

The primary patch utilizes triangular pixels to provide major flexibility in the design 

process considering the number of required pixels in the design. The proposed antenna 

design methodology offers greater feasibility in designing single band or dual-band 

antenna. This work also investigates the performance of eight different transfer functions 
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of binary particle swarm optimization algorithm from S-shaped and V-shaped families 

for the antenna design. The transfer function with the best initial result has been 

implemented to achieve final pixelated layers of the antenna. The proposed antenna 

achieves dual-band performance at 5.2 GHz and 5.8 GHz bands. The achieved 

measurement results indicate that the proposed methodology is an effective strategy for 

designing compact, dual-band, pixelated stacked antenna with excellent performance. 

  

 The rest of the chapter is organized as follows: The design configuration and 

utilization of BPSO with different transfer functions are described in Section 4.2. Section 

4.3 evaluates the best transfer function and impact of pixels' shape, size, and number on 

antenna performance. This section also demonstrates single or dual-band antenna design 

flexibility. Results of the optimum design are presented in Section 4.4, and concluding 

remarks in Section 4.5.    

 

4.2 Pixelated Stacked Antenna Design 

This section presents a detailed description of the antenna design methodology. First, a 

brief overview of PSO, BPSO and different transfer functions (S-shaped and V-shaped) 

is presented in Subsection A. Subsection B, describes the pixelated stacked antenna (PSA) 

design evolution and formation of pixelated antenna configuration, beginning with a 

simple patch antenna. Finally, Subsection C illustrates pixelization on dual-layers of the 

antenna and problem formulation for optimization.  

  

4.2.1 PSO, Binary PSO and Different Transfer Functions  

The PSO is an evolutionary algorithm that is inspired by the social behavior of animals 

and is one of the most extensively used evolutionary algorithms in antenna design [62, 

289]. The particles in PSO move through the search space, where their positions are 
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updated by two optimum values. The first is the best solution (fitness) to date. This value 

is referred to as pbest. The other one is the best value obtained globally by any particle in 

the swarm. This optimal value is denoted by gbest. Following the determination of the 

pbest and gbest, the velocity update rule is vital in a PSO algorithm. The current position, 

current velocity, distance to their personal best solution (pbest), and the distance to the 

global best solution (gbest) should all be taken into consideration by each particle in PSO, 

while modifying its position and velocity. The following equations are used to update the 

velocity and position of each particle for each problem dimension in PSO [289]:  

 

��
��� = ���

� + �� × ���� × (������ − ��
�) + �� × ���� × (����� − ��

�)     (4.1) 

 

��
��� = ��

� + ��
���                                                              (4.2) 

 

where, the velocity and position of particle i at iteration t is denoted by vt
i and xt

i, 

respectively. c1 and c2 denote acceleration coefficient and w represents a weighting 

function. A random number between 0 and 1 is represented by rand.  

Based on equations (4.1) and (4.2), the PSO algorithm only deals with continuous 

search spaces. However, new optimization challenges arise when dealing with discrete 

binary search spaces. They need binary algorithms to solve their problem as required in 

automated pixelated antenna design methodology. Kennedy and Eberhart proposed the 

binary variant of PSO (BPSO) in 1997 [290]. Two distinct components distinguish the 

continuous and binary versions of PSO; a new position updating method and a new 

transfer function to transform a continuous search space into a binary search space. 

Mapping a sigmoid function's continuous-valued output to binary values (0 or 1) based 

on a threshold is the goal of the transfer function. The sigmoid function produces 
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continuous-valued outputs that represent probabilities. The BPSO algorithm's transfer 

function is essential in discretizing the continuous search space into a binary search space, 

which enables the algorithm to find optimal solutions in a binary domain with efficiency. 

The corresponding binary position can either be 1 or 0, as determined by the transfer 

function by applying a threshold to the sigmoid function's output. Using equation (4.3), 

all real velocities are converted to probability values in the interval of 0 and 1 where, vk
i 

is the particle i's velocity at iteration t in dimension k. After converting velocities to 

probabilities, position vectors could be updated with equation (4.4) [290].  

 

����
�(�)� =

�

������
�(�)

                                                                                                  (4.3) 

 

��
�(� + 1) = �

0     If ���� < ����
�(� + 1)�

1     If  rand ≥ ����
�(� + 1)�

                                                             (4.4) 

 

The transfer function has a great significance in optimization performance of BPSO. 

However, this standard variant of BPSO is affected by trapping into local minima. To 

address this issue, recently 6 new transfer functions for the BPSO algorithm have been 

proposed [71]. A study on 25 benchmark functions has been performed using total of 8 

transfer functions to evaluate the performance of BPSO. They were classified into two 

families called S-shaped and V-shaped transfer function due to the shape of their 

characteristics curve, which are provided in Table 4.1. The V-shaped family of transfer 

functions differs from the S-shaped family, and they follow entirely new position updating 

rules in (4.5) [71]. This approach has an advantage of encouraging particles to remain in 

their current places at low velocity. 
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�(� + 1) = �

���
�(�)�

��
     If rand < ����

�(� + 1)�

��
�(�)     If rand ≥ ����

�(� + 1)�
                 (4.5) 

 

Table 4.1: S-Shaped And V-Shaped Transfer Function For BPSO [71] 

Name Transfer functions Family 

BPSO1 
�(�) =

1

1 + ����
 

 

S-shaped 
BPSO2 

�(�) =
1

1 + ���
 

BPSO3 
�(�) =

1

1 + �(��/�)
 

BPSO4 
�(�) =

1

1 + �(��/�)
 

BPSO5 
�(�) = �erf �

√�

2
��� = �

√2

�
�  

(√�/�)�

�

����
��� 

V-shaped 

BPSO6 �(�) = |tanh (�)| 

BPSO7 �(�) = �(�)/�1 + ��� 

BPSO8 
�(�) = �

2

�
arctan �

�

2
��� 

 

The study on these transfer functions reveals that the new V-shaped family of transfer 

functions can considerably improve the original BPSO's performance in terms of avoiding 

local minima and convergence rate. These results, however, are illustrative and may not 

apply to all electromagnetic (EM) optimization situations. Also, the No Free Lunch 

theorem implies that there is no superior algorithm. The main reason for implementing 

new or modified algorithms is the possibility of performing better than others in certain 

problem categories [320-322]. One BPSO algorithm with a specific transfer function 

could perform better or worse than another BPSO with different transfer function. Hence, 

the modified versions of BPSO with different transfer functions are worth testing and 

applying the suitable one in solving our proposed pixelated stacked antenna design 
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problem. So, this chapter also investigates the performance of BPSO in solving a pixelated 

stacked antenna design problem with different transfer functions.  

 

4.2.2 Proposed Antenna Design Methodology 

The proposed antenna design methodology has the advantage of considering a specific 

region of the antenna for varied resonance frequencies, gain, efficiency, etc. This is 

particularly important for practical applications where only a predefined area is allocated 

for antenna module. It becomes challenging to determine the correct patch or ground 

shape with desired antenna performance using conventional design methodology or by 

using EM solvers’ built-in optimizers. In contrast, the pixelization technique subdivides 

the predefined regions into small pixels and determines the optimum shape using suitable 

binary optimization algorithm. Additionally, our proposed method combines the 

advantage of two different pixel shapes (Square and Triangular) that efficiently explores 

optimum configuration for the patches. Figure 4.3 depicts the design configuration of the 

proposed antenna. The proposed pixelated stacked antenna (PSA) consists of two 

substrate layers with pixelated radiating patch. Triangular pixels are used on one layer 

and square pixels are used on the second layer (parasitic layer). The total height of the 

antenna with both layers is 3 mm. As a starting point, a typical rectangular radiation patch 

is used for the initial design stage. The width and length of the patch can be approximately 

determined by the following equation (4.6)-(4.9) [323, 324], where c is the speed of light, 

fr denotes the desired operating frequency, and εr denotes relative permittivity of the 

substrate.  
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�
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                                 (4.6) 
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The length of the patch can be calculated as 

 

� =
�

�
− 2Δ�                                                                                               (4.7) 

 

where,  

 
��

�
= 0.412

(������.�)�
�

�
��.����

(������.���)�
�

�
��.��

                                                  (4.8) 
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+

����

�
�1 + 12

�

�
�

��/�
                                          (4.9) 

 

where, εeff is the effective permittivity of the substrate and h is the substrate height.  

However, a standard rectangular patch antenna with simple radiating patch is incapable 

of providing high antenna performance in terms of reflection coefficient, gain, efficiency, 

radiation patterns, etc. Slots on the radiation patch can significantly alter the antenna's 

performance due to variations in the surface current path. A rectangular slot has been 

introduced to accommodate pixels from the bit string of BPSO.  The length and width of 

the slot can be approximated by equation (4.10) considering one-wavelength distribution 

of current along the circumference of the slot at the lowest operating frequency [325], 

where l1 and w1 are length and width of the slot, respectively. After that, the parasitic 

pixelated patch is positioned above the main pixelated patch as an electromagnetically 

coupled patch to achieve enhanced optimized performance from the antenna [326].  

 

�� =
�

�(�����)
          (4.10) 
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          (f)               
Figure 4.3. Design evolution and configuration of the proposed pixelated stacked antenna; (a) initial 

slotted patch, (b) ground plane, (c) pixelated layout of the main radiating patch, (d) parasitic pixelated 

patch, (e) perspective view of the proposed pixelated stacked antenna, and (f) reflection coefficient of 

different stages of the antenna. (Green: Metal; Brown: Substrate) 
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4.2.3 Problem Formulation and Pixelization on Multilayers  

Following the methodology discussed in the previous section, a pixelated stacked antenna 

has been designed. The proposed antenna is designed to achieve dual-band operation at 

5.2 GHz and 5.8 GHz. The dimensions of the antenna substrate are 26 mm×24 mm. 

Rogers 4003 has been used as substrate and superstrate for the antenna. The height of both 

substrates H1 and H2 are 1.52 mm. W and L are the dimensions of the radiating patch and 

ground plane. w1 and l1 are the dimensions of the slot on the bottom and main patch. The 

main radiating patch is pixelated by triangular shaped pixels and the stacked parasitic 

patch utilizes square shaped pixels. The triangular shape of pixel has been utilized on the 

slot of the principal radiating patch as the principal patch is directly connected with the 

feeding. Further, a small change on the principal radiating patch has more impact on the 

resonance frequency of the antenna than the parasitic staked patch. Also, this combination 

serves the purpose of using less pixels (binary bits) for efficient search of pixel positions. 

Table 4.2 provides the design dimensions of the proposed antenna.  

Table 4.2 Dimensions of the Antenna 

Dimensional Parameters Dimension (mm) 

W 24 

L 26 

w1 17 

l1 9 

H1 1.52 

H2 1.52 

 

The correlation between the resonance frequency and geometric shape of the designated 

region for pixelization serves as the basis for the design mechanism of the proposed 

pixelated stacked antenna. Automated shape generation is not achievable using 
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commercially available electromagnetic (EM) solvers’ built-in optimizers. The built-in 

optimizers can optimize a simulation model based on different geometrical parameters 

only (e.g. length, width, etc.). On the contrary, our PSA design approach provides a 

solution that deals with the multilayered geometry or shape of the designated part of the 

antenna to achieve desired results. Further, it aids the shape optimization with better 

efficiency by employing square and triangular shapes of pixel.  

 

The rectangular slot and the stacked parasitic patch are considered for pixelization in 

the proposed antenna design method. Initially, the rectangular slot of the main radiating 

patch is divided into 17×9 rectangular pixels with a resolution of 1 mm×1 mm as shown 

in Figure 4.4. Though the rectangular pixelization provides freedom to the generated 

pixelated shape based on the binary string from BPSO, it still limits the structure within 

rectangular pixelization, which in turn limits the exploration of new patch shapes. Also, 

increasing the resolution of pixels may provide potentially better outcomes as it can 

facilitate more evaluation of small change in the design space. However, reducing the size 

of square pixels gives significant rise to the number of required pixels and corresponding 

binary bits. The presence of a large number of pixels (bits) dramatically increases the 

solution space of the optimization technique, which results in the algorithm failing to 

attain convergence with good results (shown in the following section).  To address this 

issue, each square pixel (1 mm×1 mm) on the main radiating patch is divided into two 

triangular pixels, depicted in Figure 4.3. The triangular pixels not only facilitate better 

shape exploration, but also provide a balance in the number of pixels in the BPSO, as 

significantly increased number of pixels will result in unsatisfactory performance from 

the optimization algorithm. The proposed methodology adopts a total number of 459 

binary bits to represent pixels on the antenna, 306 pixels to represent triangular pixels on 

the main radiating patch and 153 square pixels on the stacked parasitic patch depicted in 
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Figure 4.5.  

 

Figure 4.4 Pixelization area on the main patch divided into triangular pixels. 

 

 

Figure 4.5 (a) Main radiating patch on the bottom substrate; (b) parasitic patch area on the top substrate 

 

Every optimization technique necessitates the use of a fitness function in order to find 
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a potential solution. The fitness function can be constructed from the results of an 

electromagnetic simulation while designing antennas with optimization algorithms. The 

dual-band PSA design can be defined as a minimization problem in BPSO. The design 

challenge is to obtain dual-band operation using the defined space on the bottom substrate 

and the top substrate. Design goals of the pixelization are to achieve dual-band coverage 

of 5.2 GHz (f1) and 5.8 GHz (f2) simultaneously for potential applications. Hence, the 

objective or fitness function for the antenna design can be formulated as: 

 

�� = ����11����.� ��� ����) + ��( �11����.���� �����     (4.11) 

 

Equation (4.11) is defined to minimize the antenna reflection coefficient at the desired 

frequencies (f1 and f2). W1 and w2 are two weighing coefficients that can be tuned to 

achieve optimal solution. The flowchart in Figure 4.6 illustrates the design methodology 

of the proposed antenna. BPSO with V-shaped transfer function is implemented in Matlab 

while the EM simulator is interfaced with Matlab. Computer Simulation Technology 

Microwave Studio (CSTMWS) is used to evaluate the EM simulation model of the 

antenna. After initialization, BPSO sends the binary bit string to the EM simulator. 

Pixelated shape is then generated based on the binary bits, where 1 and 0 in the bit string 

represents metal and empty space (etched) inside the defined area. After the simulation, 

the EM simulator is called to send the required antenna performance to BPSO and 

evaluate its fitness function. Based on the fitness value, personal best score, and global 

best score in BPSO are updated. As iterations in the BPSO continue, the algorithm 

searches for the right position of particles. This method is repeated until the end conditions 

have been fulfilled. In this approach, the pixelization stops after reaching the maximum 

number of iterations, and then offers the best binary bits for the pixelated area. 
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Figure 4.6 Flowchart of the proposed pixelated stacked antenna design methodology 

 

4.3 Antenna Simulation 

This section presents the simulation results of the proposed antenna using different 

transfer functions of BPSO in subsection 4.3.1. In Subsection 4.3.2, a case study on the 

pixelated stacked antenna design using different pixel size and combination of different 

pixel shape is presented. Simulation results demonstrate the feasibility of the proposed 

design method for single band and dual band antenna.  

 

4.3.1 Simulation Using Different Transfer Functions 

Initial simulations have been performed to determine the suitable transfer function to 

be used in the design of the proposed antenna. As mentioned earlier, BPSO can perform 
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differently with different variants of transfer functions. The main objective of these 

simulations is to observe which transfer function of BPSO provides potentially good 

solution to achieve dual-band operation of the antenna. These simulations are performed 

for 100 iterations using 13 particles in BPSO to keep the number of function evaluations 

low. Each transfer function listed in Table 4.1 is utilized in 8 independent runs to optimize 

the fitness function of PSA design in Equation (4.11). Illustration of the convergence 

curves of various variants of the BPSO algorithm with different transfer functions is 

presented in Figure 4.7(a). BPSO4 has the lowest performance as it has stopped updating 

the fitness value around iteration 38. It is obvious that the BPSO algorithm with V-shaped 

family of transfer function performs better than the S-shaped family. BPSO6 and BPSO8 

performed almost similar in context of achieving the best fitness value. However, it may 

not always indicate that they achieved the optimization goals successfully. Further 

clarification can be obtained by looking at Fig 4.7(b), which presents the reflection 

coefficient of the antenna. As the design goal is to achieve operation at two different 

frequencies, BPSO6 and BPSO8 failed to achieve the two design goals simultaneously, 

rather they emphasized on one goal towards achieving the higher band, which may be 

mitigated by changing the cost function definition. On the contrary, BPSO7 outperforms 

the others in achieving both the optimization goals with a fitness value of -7.9. Reflection 

coefficient values of −15 dB and −14.39 dB have been achieved at 5.2 GHz and 5.78 

GHz, respectively. Results from these initial simulations can be attributed to the modified 

position updating rules which are used in the different transfer functions of BPSO. It is 

possible that BPSO7's improved findings and faster convergence are the consequence of 

a streamlined exploitation procedure, that places more emphasis on exploration initially 

than on exploitation. It suggests that BPSO7 has improved ability of exploration for the 

optimum pixel positions for the pixelated patch of the antenna.  Also, BPSO7 belongs to 
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the V-shaped family of the transfer functions that performed well in optimizing a diverse 

range of benchmark functions, including composite benchmark functions with complex 

structure similar to real world optimization problem [71].  Applying a proper transfer 

function can be crucial in pixelated antenna design as the particle positions serve as the 

pixel position and there is a direct relationship between the pixel position and antenna 

performance. Based on the results obtained, BPSO7 is utilized for further simulations in 

this work.  

 

 

(a) 
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(b) 

Figure 4.7 (a) Convergence curve of different BPSO with different transfer functions, (b) achieved 

reflection coefficient of the antenna using different transfer function in BPSO. 

4.3.2 Simulation with Different Pixel Size and Shape 

In this section, a design case with smaller pixel size and increased number of pixels has 

been investigated to compare the results with the proposed antenna design with triangular 

pixels. The pixelization designated space for each of the bottom and top substrates are 

discretized into 18×34 pixels, where the square pixel size has been decreased to 0.5 

mm×0.5 mm. Hence, the total number of pixels on the whole antenna design space 

becomes 1224. The same fitness function (4.11) is utilized to perform the simulation using 

BPSO7 with 20 particles and 100 iterations. Figure 4.8(a) illustrates the convergence plot 

of the two different design topologies for stacked pixelated antenna. As it can be seen, the 

convergence rate achieved by the antenna with triangular pixels is better. Moreover, the 

triangular pixelated antenna successfully achieved the optimization goal with better 
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reflection coefficient levels with −30.24 dB and −16.29 dB at 5.19 GHz and 5.83 GHz 

respectively.   

 
(a) 

 

(b) 

Figure 4.8 (a) Convergence curve of the antenna for different design topology (b) reflection coefficient 

of the antenna with different number of pixels. 

The results illustrated in Figure 4.8(a) and Figure 4.8(b) clearly indicate that, significantly 
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increased number of pixels on the antenna design space is more likely to result in 

unsatisfactory performance from both the algorithm and antenna under optimization 

perspectives. This poor performance is related to incomparable number of particles with 

the dimension of solution or search space. The solution space for pixelated antenna with 

1224 pixels is too large for the optimizer using 20 particles. Moreover, if the number of 

particles is increased, a substantial number of iterations is required for the particles to 

converge, resulting into a significant rise in computational cost [295, 327]. Table 4.3 

provides a detailed comparison between the two optimization methods. Further, Figure 

4.8(a) and Figure 4.8(b) demonstrate the effectiveness of the proposed design method 

using the combination of triangular and square pixels, to avoid utilization of increased 

number of small pixels in the pixelated antenna design. This method provides a balance 

among algorithm parameters, antenna performance and computational cost, leading to a 

satisfactory outcome.  

Table 4.3 Comparison of Optimization Results 

Antenna With square pixels With triangular and 

square pixels 

Total number of pixels 1224 459 

Number of particles 20 20 

Number of iterations 100 100 

Fitness value −7.75 −8.0198 

Reflection coefficient −20 dB @ 5.20 GHz 

and −10.42 @ 5.76 GHz 

−30.24 dB @ 5.196 

GHz and −16.29 @ 5.83 

GHz 

Average simulation time 

in each function 

evaluation 

95.9 Seconds 69.93 Seconds 

Total optimization time 53.33 Hours 38.47 Hours 

 

Table 4.4 illustrates the antenna simulation results from 20 independent runs using the 

proposed design methodology. The results indicate that 17 out of 20 independent runs 
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achieved the antenna design goal for dual-band operation. The results demonstrate that 

the proposed methodology of the pixelated stacked antenna design is an effective 

technique for designing compact, dual-band stacked antennas with excellent optimization 

success capability. Figure 4.9 depicts the convergence curves of the 20 test runs.  

 

Table 4.4. Simulation results of different independent optimizations 

No. Fitness 
value 
(dB) 

Reflection 
coefficient  

Obtained 
performance at 

dual-band 

No. Fitness value 
(dB) 

Reflection 
coefficient  

Obtained 
performance 
at dual-band 

Test 
run 1 

−7.90 −15 dB @ 5.19 
GHz, 

−14.39 dB @ 
5.78 GHz  

Yes Test 
run 
11 

−11.40 −16.17 dB @ 
5.25 GHz, 

 −16.62 dB@ 
5.79 GHz 

Yes 

Test 
run 2 

−7.97 −17.8 dB @ 5.26 
GHz, 

 −17.32 dB @ 
5.75 GHz 

Yes Test 
run 
12 

−9.66 −26.21 dB @ 
5.19 GHz, 

−19.46 dB @ 
5.82 GHz 

Yes 

Test 
run 3 

−10.74  
−29.21 dB @ 

5.23 GHz,  
−10.22 dB @ 

5.86 GHz 

Yes Test 
run 
13 

−6.50  
−30.55 dB @ 

5.78 GHz 

No 

Test 
run 4 

−9.17  
−13.81 dB @ 

5.23 GHz, 
 −17.57 dB @ 

5.79 GHz 

Yes Test 
run 
14 

−10.12 −18.92 dB @ 
5.20 GHz, 

−17.93 dB @ 
5.79 GHz 

Yes 

Test 
run 5 

−7.1205  
−20.4 dB @ 5.75 

GHz 

No Test 
run 
15 

−9.59 −16.04 dB @ 
5.19 GHz, 

−13.59 dB @ 
5.78 GHz 

 

Yes 

Test 
run 6 

−8.0198  
−30.24 dB @ 

5.19 GHz,  
−16.29 dB @ 

5.83 GHz 

Yes Test 
run 
16 

−8.40 −22.20 dB @ 
5.20 GHz, 

−10.24 dB @ 
5.86 GHz 

Yes 

Test 
run 7 

−8.89  
−15.56 dB @ 

5.19 GHz, 
 −21.51 dB @ 

5.78 GHz 

Yes Test 
run 
17 

−8.30 −23.37 dB @ 
5.19 GHz, 

−17.57 dB @ 
5.80 GHz 

Yes 

Test 
run 8 

−9.24  
−26.5 dB  @ 5.23 

GHz, 
 −13.3dB @ 5.75 

GHz 

Yes Test 
run 
18 

−9.47 −16.08 dB @ 
5.18 GHz, 

−25.08 dB @ 
5.81 GHz 

Yes 

Test 
run 9 

−9.57  
−13.33 dB @ 

5.23 GHz, 
−10.17 dB @ 

Yes Test 
run 
19 

−9.74 −20.25 dB @ 
5.20 GHz, 

−15.60 dB @5.78 
GHz 

Yes 
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5.75 GHz 
Test 
run 
10 

−7.07 −23.88 dB @ 
5.25 GHz, 

−12.10 dB @ 
5.85 GHz 

Yes Test 
run 
20 

−6.77 −14.11 dB @ 
5.81 GHz  

No 

 

 

Figure 4.9 Convergence curves of 20 test run. ‘T’ in figure indicates test run. 

Furthermore, to demonstrate the flexibility of the proposed antenna topology for single 

band and dual band antenna design, the pixelization and optimization of the antenna have 

been performed to achieve single bands at 5.2 GHz and 5.8 GHz, and dual-band 

performance at 5.8 GHz and the emerging Wi-Fi 6E bands. The same predefined areas of 

the antenna have been used to achieve different goals. Three sample antennas (Antenna 

X, Antenna Y, Antenna Z) have been considered using following cost functions:   

��� = ��11����.� ��� �����,        (4.12) 

��� = � �11����.���� �����,        (4.13) 

��� = ����11����.� ��� ����) + ��( �11������� �� �����    (4.14) 
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Figure 4.10 and 4.11 clearly demonstrate that the PSA can be used as single band antenna 

at different bands.  Figure 4.12 depicts that the same design with different pixelated 

configuration can be utilized for dual-band performance at different frequencies. 

 

(a) 

 

(b) 

Figure 4.10 (a) Antenna X configuration, (b) Reflection coefficient of Antenna X at 5.2 GHz band 
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(a) 

 

(b) 

Figure 4.11 (a) Antenna Y configuration, (b) Reflection coefficient of Antenna Y at 5.8 GHz band 
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(a) 

 

(b) 

Figure 4.12 (a) Antenna Z configuration, (b) Reflection coefficient of Antenna Z at 5.8 GHz and WiFi 6E 

bands 

4.3 Results and Discussion 

The dual-band antenna prototype shown in Figure 4.13(a) is fabricated in accordance 

with the design specifications in Table 4.2 and the pixelated layout in Figure 4.3. The 
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main radiating patch of the antenna is fed by coaxial feeding method using SMA 

connector. The final pixelated layout on the top and bottom layer is selected based upon 

the pixelization results of 20 independent runs using BPSO (Table 4.4). The design with 

the best result (Test run 6) with good reflection coefficient and gain is finalized for 

fabrication and measurement. Figure 4.13 depicts the fabricated antenna prototype and 

experimental set-up of the antenna under test (AUT). The reflection coefficient and 

radiation patterns of the antenna are measured using Rohde and Schwarz ZVA40 vector 

network analyzer and Rohde and Schwarz HF907 double-ridged waveguide horn antenna. 

Comparison between the simulated and measured reflection coefficients of the antenna is 

depicted in Figure 4.14. Based on the measurement results, it is evident that, the proposed 

antenna satisfies the desired optimization goals, and achieves operation at 5.2 GHz 

(WLAN) and 5.8 GHz (ISM) bands successfully. At 5.2 and 5.83 GHz, the simulated 

results are found to be −30 dB and −16.29 dB, respectively, which correlate fairly well 

with the measured values of −15 dB (at 5.2 GHz) and −17.7 dB (at 5.85 GHz), 

respectively. The slight difference between the simulated and measured reflection 

coefficient is due to manufacturing tolerance.  

The simulated efficiency of the proposed pixelated stacked antenna is depicted in Figure 

4.15. The antenna's efficiency is 70 percent at 5.2 GHz and 82 percent at 5.83 GHz, 

respectively. The simulated and measured realized gain of the proposed antenna is 

depicted in Figure 4.16. The PSA achieved 4.7 dBi and 4.4 dBi realized gain at 5.2 and 

5.83 GHz in simulation, respectively. Also, the measured gain is 3.82 dB at 5.2 GHz, and 

3.46 dB at 5.8 GHz.  
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Figure 4.13 (a) Fabricated prototype of the PSA, and (b) measurement setup of the antenna in RF and 

Communication Technologies (RFCT) Laboratory, UTS.  
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Figure 4.14 Simulated and measured reflection coefficient of the PSA 

 

 

 

Figure 4.15 Simulated efficiency of the PSA 
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Figure 4.16 Simulated and measured realized gain of the PSA 

 

The simulated surface current distribution at 5.20 GHz and 5.83 GHz are presented in 

Figure 4.17. Surface current is concentrated mostly around the pixelated areas of the 

antenna at both frequencies. However, compared with that at 5.83 GHz, the currents on 

the pixelated patches are stronger at 5.20 GHz, which can be attributed to enhanced 

impedance matching at 5.20 GHz. In consequence, the obtained gain at the lower 

frequency band is slightly higher than that of the higher frequency band. 

Figure 4.18 shows the simulated and measured far-field radiation patterns in the XZ- and 

YZ-planes at 5.2 GHz and 5.8 GHz. The radiation patterns of the proposed antenna are 

stable in both operating frequencies. The antenna exhibits consistent directional radiation 

patterns at both operating bands. The simulated and measured radiation patterns of the 

antenna at XZ and YZ plane at both operating bands are in good agreement. At 5.20 GHz, 

the maximum cross-polarization levels are -0.59 dB in XZ plane and -0.54 dB in YZ 
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plane. At 5.83 GHz, the maximum cross polarization levels are -1.82 dB in XZ plane and 

-4.39 dB in YZ plane. The minor discrepancy between the levels of cross polarization in 

XZ-plane and YZ-plane could be attributed to the asymmetrical position of the feeding 

coaxial probe and asymmetrical pixelated structure. This level of cross polarization is 

reasonable as added advantages in many circumstances and has many potential 

applications, especially in portable devices for communication, wireless energy 

harvesting and wireless power transfer.  

 

 

 

Figure 4.17 Surface current distribution of the proposed antenna at 5.20 GHz and 5.83 GHz 
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(a) 

 

                                                           (b) 
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(c) 

 

 (d) 
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(e) 

 
 

(f) 
Figure 4.18 Radiation patterns of the proposed antenna (a) 5.2 GHz XZ plane, (b) 5.2 GHz YZ plane, (c) 

5.8 GHz XZ plane, (d) 5.8 GHz XZ plane, (e) simulated 3D radiation pattern at 5.2 GHz, (f) simulated 3D 

radiation pattern at 5.8 GHz 

Table 4.5 compares our proposed antenna design methodology with previously published 

antennas. It can be noted that most of the antennas are designed by traditional design 

approach using commercially available EM simulator. On the contrary, the proposed 

antenna design is achieved by intelligent EM simulation assisted with V-shaped BPSO, 
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employing both triangular and square pixelated radiating patch. The innovative concept 

is to use an initial design area that will produce the desired results, while exploring the 

radiating structure with two different pixelated shapes simultaneously. The proposed 

approach achieves dual-band performance comparable to other antennas, while being 

simpler to construct within comparatively smaller size than the other antenna topologies. 

The antenna design exhibits characteristics nearly equivalent to larger and heavier 

alternatives that are often more challenging to develop and implement in practical 

scenarios. 

Table 4.5. Comparison of the proposed pixelated stacked antenna with other reported antennas in 
literature for different wireless applications  
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4.4 Summary 

A systematic approach to achieve an optimal design of a pixelated stacked antenna has 

been presented in this chapter. The antenna design uses pixelization on the two radiating 

patches to enable simultaneous optimization of multiple layers, resulting in improved 

optimization balance. The design methodology utilizes a combination of triangular and 

square pixel shapes to achieve the design goals. Moreover, this method has an advantage 

in reduction of the solution space for pixelated layout using cost-effective computation, 

while maintaining the balance between antenna and optimization performance. The 

proposed method significantly reduces computational cost in the optimizer. Optimum 

design of the antenna can be achieved by reduced number of cost function evaluations, 

contributing to decreased computational time. Also, this method depicted an excellent 

optimization success capability with 17 successful optimizations for dual-band antenna 

out of 20 test runs. The consistency between simulated and measured dual-band 

characteristics proves the accuracy of the design methodology. The optimized antenna 

achieved 4.7 and 4.4 dBi gain at 5.20 GHz and 5.83 GHz with up to 70% and 82% 

efficiency. The proposed methodology can also be applied to design single or dual-band 

antennas at different frequencies. The proposed antenna is suitable for communication 

modules in IoT devices and other wireless systems.  
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Chapter 5 

Multidirectional Cubic Antenna with Enhanced 

Isolation 

 

5.1 Introduction 

The use of wireless technology is ubiquitous in our everyday lives. After a few decades 

of focusing on the development of wireless systems, there is now increased attention to 

vehicular communications [330, 331]. Communication between vehicles can be 

incorporated into a telemetric platform to supply the driver with real-time information. 

To provide a better user experience, mobile and wireless connectivity in vehicles is 

gaining increasing interest from academia and industry. A wireless local area network 

(WLAN) system for internet access from any location, as well as vehicle-to-vehicle 

communication systems for safe driving control could be included in future vehicles. 

Radio frequency (RF) systems such as Satellite Digital Audio Radio Service (SDARS), 

Global Positioning System (GPS), Vehicle to-Everything (V2X) communication, cellular 

communication, and Wireless Local Area Network (WLAN) are increasingly installed in 

modern automobiles for navigation, communication, and entertainment purposes [330, 

332-335].  

 

A vehicle's antenna design is challenged by stringent requirements. Vehicular 

communication modules require low-profile antennas with multi-standard characteristics, 

such as good radiation performance with the ability to communicate in multiple 

directions, enhanced isolation from antenna elements, high gain and high bandwidth. 

Increased coverage, enhanced robustness to multipath, and resistance to signal 

interception and interference are some of the benefits that smart antennas offer over 
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standard antennas. Also, smart antennas have the ability to determine the direction of 

arrival (DOA) of an incoming signal and adjust the radiation pattern to enhance  smart 

vehicular localization systems [336, 337].  

 

5.1.1 Multidirectional Antenna and Challenges 

A multidirectional antenna system is a promising approach to meet the requirements of 

vehicular technologies. There is a greater chance of improved signal reception if the 

antenna has more radiators. Because of this feature, the antenna can establish a reliable 

connection even when the vehicle is in motion. Simple omnidirectional patch antennas 

can be utilized for this purpose as omnidirectional antennas may receive signals from  any 

direction (both in terms of elevation and azimuth), but their gain is typically quite low 

[338]. In such a scenario, the receiver may feature a number of antennas oriented in 

various directions to detect signals in its various polarizations. The quality of the received 

signal is enhanced by employing appropriate switching/selection or combining strategies. 

 

Figure 5.1 Potential vehicular application scenario of the proposed multidirectional antenna in outdoor 

environment. 
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In such a scenario, the issue of mutual coupling comes into effect when multiple antenna 

elements are closely placed together. Antennas should be as far apart as possible from one 

another to minimize interference from nearby radiators and maintain signal quality. 

Therefore, the best way to establish a solid connection is through increased isolation [334, 

339, 340]. The maximum amount of mutual coupling that closely packed antennas can 

withstand varies depending on several variables, such as the demands of the particular 

application, the performance metrics that are wanted, and the antenna's design limitations. 

However, for many useful antenna system designs, a maximum mutual coupling of about 

-15 dB is can be generally regarded as acceptable. Different attempts have been made by 

the antenna research community to improve isolation. The defected ground structure 

(DGS) is a common technique for reducing mutual coupling [306, 341, 342]. 

Nevertheless, antenna radiation performance is impacted when the DGS is used as a 

decoupling element. As a result, improved isolation comes at the expense of radiation 

performance. Considerable separation between the antenna elements is required to reduce 

mutual coupling using the split-ring resonators (SRR) [343] and electromagnetic bandgap  

(EBG) [344] structures [345]. In addition, other mutual coupling reduction techniques for 

patch antennas include slotted meander-line resonators (SMLR) [346], metamaterial 

structures [347] and parasitic elements [348] between antennas. However, such methods 

involve utilization of extra space within the antenna structure, as they are mostly used as 

separate elements or resonators to suppress mutual coupling. In addition to increasing the 

antenna size, they may affect the antenna performance.  

 

5.1.2 Advantages of Multidirectional Antenna System 

As seen in Figure 5.1, multidirectional antenna systems can facilitate real-time, traffic-

based adjustment of the coverage area. High-efficiency and energy-saving 
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communication is therefore possible. Vehicle antennas should be able to communicate in 

multiple directions to provide communication dependability between the vehicle and 

other wireless infrastructure, particularly in the case of long-distance, wide-area coverage, 

and high-speed data transmission.  

 

Figure 5.2 Overview of the proposed antenna method: advantages over traditional design technique to 

enhance isolation. 

 

In this chapter, we propose a multidirectional cubic shaped antenna system with enhanced 

isolation and high gain. The structure consists of four antennas with pixelated 

configurations on the patches. The antenna design is based on binary optimization of the 

radiating patches while focusing on two design goals of reflection coefficient at the 

desired frequency (5.4 GHz) and isolation improvement. This work suggests combining 

polarization diversity measures to simultaneously take advantage of omnidirectional 

patterns with high gain. To increase the possibility of capturing wireless signals, multiple 

directional antennas are arranged in the cubic structure configuration. The antenna is 

designed using a binary optimization algorithm with pixelization of the radiating patches. 
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No extra resonator or parasitic element is placed between the antennas, leading to a 

compact antenna profile, while maintaining desired performance with increased isolation. 

Moreover, an edge-to-edge gap between the radiating elements is not required in this 

design. Figure 5.2 illustrates the proposed antenna design advantages over conventional 

methods to enhance isolation. The proposed antenna achieved up to 6.9 dBi realized gain. 

The measured results demonstrate that the isolation between the antennas is better than 

34 dB. The overall improvement of 18 dB isolation is achieved in comparison to a 

standard patch antenna system.  Additionally, an E-shaped patch has been placed on top 

of the cubic structure, which operates at GPS frequency of 1.57 GHz.  

 

5.2 Pixelated Multidirectional Antenna Design 

This section outlines the design and optimization of the proposed cubic antenna. The 

antenna design initially starts with a standard patch antenna technique using simple 

rectangular radiating patches.  

 

5.2.1 Design Using Standard Patch Antenna 

The basic microstrip patch antenna is used to design and analyze the first configuration, 

in which the maximum lobe of the pattern is perpendicular to the patch. To take advantage 

of the cubic shape from a geometric point of view, the four microstrip patch antennas 

were placed in opposite and perpendicular directions. Each antenna is designed to operate 

at 5.4 GHz on Rogers 4003 substrate. The configuration is depicted in Figure 5.3. In this 

configuration, each antenna has about 5 dBi realized gain with only 60 degree beamwidth. 

However, using standard patch antenna design is not suitable for this configuration, as the 

mutual coupling between antennas is high, as depicted in Figure 5.3. The maximum 

isolation between antennas achieved in this configuration is only about 18 dB (S21). Also, 



 

 

141 
 

the simulated efficiency is around 55% in cubic configuration. Nevertheless, the 

efficiency of each antenna is 66.3% with 6.6 dBi of realized gain, when each patch 

antenna is simulated separately. A key challenge in multi-antenna system is the reduction 

of mutual coupling between antennas that affects each antenna element's radiation 

performance. Figure 5.3(b) shows a mutual coupling of about −13 to −18 dB between 

the antennas. This configuration has degraded efficiency and radiation performance.   

 

(a) 
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(b) 

Figure 5.3 Configuration of four simple patch antennas in a cubic structure and the simulation results; 

Ws=Ls=50 mm, Wp=Lp=41.6 mm. 

5.2.2 Pixelated Cubic Antenna Configuration 

To address these challenges, in the proposed antenna design, pixelization technique is 

used to reduce the mutual coupling effect while maximizing performance of each antenna 

in the cubic configuration. In this design, pixelization of the four patch antennas is 

performed simultaneously to achieve operating frequency at the desired band with high 

isolation. Unlike any previously reported methods, our design approach is based on patch 

shape optimization without placing any decoupling resonator. This also results in 

shrinking the antenna profile because only the defined area of the patch is considered.  

 

Figure 5.4(a) depicts the initial configuration of the proposed antenna.  The antenna is 

designed on Rogers 4003 substrate with dielectric constant of 3.55 and 1.52 mm 

thickness. Each antenna of the cubic structure is fed by the co-axial feeding technique. 

The patch as a radiating element is subdivided into 26×26 array of total 676 pixels. The 

array of pixels occupies 39mm×39mm, smaller than the standard patch size simulated in 

Figure 5.3. Each pixel size is 1.5mm × 1.5mm. Then each pixel is given a value of 0 or 1, 

denoting the elimination and presence of the copper layer in each pixel's defined area, 

respectively. Table 5.1 depicts the initial design dimensions of the antenna. Mirror 

technique has been employed to avoid using a large number of pixels, as shown in Figure 

5.4(b). The same pixel configuration is applied in all antennas during simulation, where 

all antennas are considered simultaneously for the optimization process. Additionally, 

patches of antenna 1 and antenna 2 are arranged differently from antenna 3 and antenna 

4 to achieve better isolation. The pixel configuration of antennas 3 and 4 is the reverse 
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(side-by-side) of antennas 1 and 2. The feed point of the patch remains as a conductor 

during the optimization process to ensure excitation to the patch at all times. The ground 

plane of the antenna is not continuous. They are kept separated to achieve ease of 

fabrication.  

Table 5.1 Design dimensions of the proposed antenna 

Parameters Value 

(mm) 

Parameters Value 

(mm) 

Wsp 50 Lsp 50 

Wpp 39 Lg 44 

Lpp 39 Wg 44 
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Figure 5.4 Design Configuration and evolution of the proposed antenna (a) pixelization of the structure, 

(b) optimized pixelated configuration of the antenna. 

 

5.2.3 Optimization of the Antenna 

The underlying mechanism of the optimization process is based on the inherent 

relationship between the pixel configuration and S-parameters of the antenna. Each 

generated pixel configuration introduces mini slots on the antenna patch. Slots on the 

radiation patch can significantly alter the antenna's performance due to variations in the 

surface current path. The pixelization process of the patches is performed using a binary 

particle swarm optimization (PSO) algorithm with V-shaped transfer function (VBPSO) 

[71]. The configuration of pixel positions is optimized by the VBPSO. The following 

equations alter the particle's position and velocity in accordance with its prior position 

and velocity.  
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��
��� = ���

� + �� × ���� × (������ − ��
�) + �� × ���� × (����� − ��

�)                   (5.1) 

 

��
��� = ��

� + ��
���                                                                                                           (5.2) 

 

Where, the velocity and position of particle i at iteration t is defined by vt
i and xt

i 

respectively. c1 and c2 denote the acceleration coefficient, and w represents a weighting 

function. A random number between 0 and 1 is shown by rand. Based on equations (5.1) 

and (5.2), the PSO algorithm only deals with continuous search spaces. However, new 

optimization challenges arise when dealing with discrete binary search spaces. Hence, a 

binary algorithm is required to solve these problems as required in the automated 

pixelated antenna design methodology. Two distinct components distinguish the 

continuous and binary versions of PSO; a new position updating method and a new 

transfer function to transform a continuous search space into a binary search space. The 

following V-shaped transfer function in Equation (5.3) is adopted for the BPSO in the 

proposed antenna design to avoid local minima and premature convergence [71].   

 

�(�) = �(�)/√1 + ���                                                                              (5.3) 

��
�(� + 1) = �

���
�(�)�

��
     If rand < ����

�(� + 1)�

��
�(�)     If rand ≥ ����

�(� + 1)�
                                       (5.4) 

 

Using equation (5.3), all real velocities were converted to probability values in the interval 

of 0 and 1 where, vk
i is the particle i's velocity at iteration t in dimension k. After 

converting velocities to probabilities, position vectors can be updated using Equation 

(5.4). Table 5.2 illustrates the parameters used in the algorithm during optimization.  



 

 

146 
 

Table 5.2 Parameters used in the BPSO algorithm 

Number of particles in 

optimization 

20 

Number of iterations 60 

�� 1.5 

�� 2.5 

 

Two design goals are considered in the proposed antenna design: achieving operation and 

enhancing isolation at 5.4 GHz frequency band. Nevertheless, the frequency band can 

also be changed by altering the design goal in cost function. In order to achieve desired 

performance, the fitness function for the VBPSO optimizer is set by capturing the S 

parameters from EM simulator following several trials. We set the fitness function as a 

minimization problem. The reflection coefficient of antenna 1 (S11) is considered in 

Equation (5.5), where the transmission coefficients (S21, S31, S41) between all antennas 

are included. The reflection coefficients of all other antennas remain mostly similar due 

to the same pixel configuration on the patch. 

 

�� = ����11���.� ��� ����) + ��(( �21 + �31 + �41)���.���� �����              (5.5) 

 

The co-simulation is performed using binary optimization algorithm implemented in 

Matlab along with CST Microwave Studio EM simulator simultaneously. The following 

are the individual steps that were taken in the simulation and optimization process: 

 

Step 1: Initialize particle positions. Set the number of maximum iterations.  
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Step 2: Calculate each particle's fitness value in accordance with equation (5.5). A binary 

bit string with 676 bits is sent to the EM simulator to generate pixel configurations. After 

simulation, the values of S parameters are sent back to Matlab to calculate the fitness 

value.  

Step 3: Analyze each particle's fitness value. Then, update the personal best and global 

best position of particles.  

Step 4: Velocity value is calculated and updated according to Equation (1). The position 

of particles is updated in accordance with Equations (5.2) and (5.3).  

Step 5: Check the number of iterations. If the current number of iterations is less than the 

maximum iterations, return to Step 2. If maximum iterations are completed, proceed to 

Step 6.  

Step 6: Save global best score and best position. The best position of particles provides 

the optimum pixel configuration of the antenna.  

 

It takes up to 41 hours to complete the optimization procedure. However, a significant 

amount of simulation time is taken by the EM simulator to generate pixel configurations 

and simulate the cubic antenna structure. A small amount of time is required by Matlab 

for implementing the algorithm. The fitness function used in Equation (5.5) resulted in 

efficient antenna optimization. Figure 5.5 depicts the convergence curve of the 

optimization. As can be seen, the VBPSO algorithm converged at iteration 43. The fitness 

value decreased to a minimum value of −13.014 when the maximum number of iterations 

is completed.  
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Fig 5.5. Convergence curve of the optimization. 

5.2.4 E-Shape GPS Antenna as an Additional Feature 

Additionally, a simple GPS patch antenna is placed on the topside of the cube shaped 

structure to facilitate the antenna system communication with GPS satellite. A simple E 

shaped radiating patch has been utilized to achieve an operating frequency of 1.57 GHz 

for the GPS antenna. The antenna is also designed on a Rogers 4003 substrate with 1.52 

mm thickness. Figure 5.6(a) depicts the design configuration of the E-shaped GPS 

antenna. Figure 5.6(b) presents the position of GPS antenna on the topside of the pixelated 

optimized antenna. Table 5.3 provides the dimensions of GPS antenna.  

Table 5.3. Dimensions of the GPS antenna 

Parameters Dimensions (mm)  

Lg 48.75 

Wg 46 

L1 48.75 

L2 38.5 

W1 46 

W2 8 

W3 9 
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(a) 

 

(b) 

Figure 5.6 (a) E-shaped GPS antenna (b) placement of the antenna with cubic structure 
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5.3 Simulated and Measured Results 

5.3.1 Results in Free Space 

The antenna prototype is fabricated and tested to validate the performance of simulation 

model. The antenna with optimized pixel configurations has been fabricated on Rogers 

4003 substrate and its performance has been measured. Photographs of the fabricated 

prototype and measurement setup are presented in Figure 5.7. The simulated and 

measured results of the antennas’ reflection coefficient are presented in Figure 5.8. The 

simulated operating band is from 5.35 GHz to 5.47 GHz.  The measured results illustrate 

that all four antennas resonate at a nearly similar frequency band. They achieved −10 dB 

impedance bandwidth from 5.33-5.43 GHz. Good agreement between simulations and 

measurements is observed; nonetheless, a minor disparity is noted which may be 

attributable to fabrication imperfections. 

 

(a) 
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(b) 

Figure 5.7 (a) Fabricated prototype of the pixelated multidirectional antenna (b) measurement setup of the 
antenna under test (AUT) in anechoic chamber 

 

Figure 5.8. Simulated and measured reflection coefficients of the antennas (Antenna 1, Antenna 2, 

Antenna 3 and Antenna 4) 
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Enhancing the isolation between antennas is the second design goal of the cubic antenna 

structure. Figure 5.9 represents the simulated and measured S-parameters of the antennas. 

The antennas in the cubic structure are tightly packed, leading to large mutual coupling, 

as depicted in Fig 5.1. Hence, the isolation is enhanced using pixelated patch 

configuration without any decoupling resonator or components. The isolation value is 

below 34 dB at 5.4 GHz in simulation, and below 37 dB in measurement results. The 

maximum achieved isolation is 45 (S31 at 5.4 GHz) dB in simulation, while in 

measurement the maximum value is 42.5 dB (S31 at 5.43 GHz).  

 

Surface current distribution is plotted in Figure 5.10 to demonstrate the influence of 

pixelated patch configuration on the antenna elements in the cubic shaped structure. In 

Figure 5.10 (a), when the antenna 4 is excited, the surface current is coupled from one 

antenna to another. However, the surface current is suppressed after the patch layout is 

optimized using pixelated configuration. The induced surface current in the nearby 

antenna has been significantly reduced and as a result, the isolation between antennas has 

increased. 
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Figure 5.9 Simulated and measured S-parameters of the antennas. 

 

 

Figure 5.10. Simulated surface current distribution, (a) with standard patch at 5.4 GHz (b) using 

optimized pixelated patch at 5.4 GHz 
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Figure 5.11 presents the simulated and measured reflection coefficient of the GPS 

antenna. The antenna has been simulated and measured considering the placement on top 

of the four pixelated antennas structure. The measured results correlate well with the 

simulated results.  

 

Figure 5.11 Simulated and measured reflection coefficient of the GPS antenna 

 

The simulated and measured H-plane and E-plane radiation patterns of the pixelated cubic 

antenna are shown in Figure 5.12 and Figure 5.13 respectively. The radiation patterns 

measurement is performed in the anechoic chamber shown in Figure 5.7. The measured 

results of radiation patterns coincide well with the simulated results. The combined 

radiation pattern of four antennas covers all propagation directions in both planes. 

Moreover, it should be noted that, due to isolation enhancement using pixelated patch 
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technique, the radiation patterns are not affected. The achieved maximum measured gain 

is 6.4 dBi, which is close to the simulated realized gain of 6.9 dBi.  

 

(a) Simulated 

 

(b) Measured 
Figure 5.12 Simulated and measured H-plane radiation patterns of the optimized pixelated antennas. 
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(a) Simulated 

 

(b) Measured 

Figure 5.13 Simulated and measured E-plane radiation patterns of the optimized pixelated antennas 
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Figure 5.14 represents the simulated and measured H-plane and E-plane radiation pattern 

of the GPS antenna. The measured realized gain of GPS antenna is 0.9 dBi. Good 

agreement between the simulated and measured radiation patterns has been observed. The 

ripples in the measured patterns can be attributed to the presence of a metal plate in the 

measurement setup in the anechoic chamber.  

 

 

(a) 
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(b) 

Figure 5.14 Radiation patterns of the E-shaped GPS antenna (a) H-plane, (b) E-plane 

 

5.3.2 Investigation of Antenna Performance with Vehicle Roof 

and Roof-rack 

Figure 5.15 illustrates further investigation of the proposed antenna performance on the 

vehicle roof. Antenna performance can be significantly impacted by the configuration and 

dimensions of the vehicle roof  [349]. A metal plane with 105 cm length and 105 cm width 

is considered as a vehicle roof. The antenna is then placed on the metal plane. Perfect 

electric conductor (PEC) is used as the metal plane to reduce the requirement of 

computational resources. The antenna is placed on the middle of the computational roof 

model. Simulation is performed considering different gap between the antenna and roof 

model, denoted by D in Figure 5.15. D is varied from 0 to 25 cm. Figure 5.16 depicts the 

impact of the vehicle roof model on the reflection coefficients of the proposed antenna. 
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With varying gaps between the antenna and metal plane, the impedance bandwidth is 

hardly affected. However, the isolation between antennas has been slightly affected when 

the antenna is placed closest to the metal plane (D=0) as depicted in Figure 5.17. The 

isolation is 30 dB for S21, 27 dB for S31 and 29 dB for S41 at 5.4 GHz, which is still a 

lot better than the isolation between antennas with standard patch as shown in Figure 5.3. 

However, the maximum isolation is achieved when the gap between antenna and roof is 

D=5 cm. At this position, S21 is 35 dB, S31 is 41 dB and S41 is 40 dB at 5.4 GHz.  

 

 

Figure 5.15 Simulation of the proposed antenna for vehicular applications considering placement on 

vehicle roof.  
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Figure 5.16 Reflection coefficients of the antennas (S11, S22, S33, S44)  

 

Radiation patterns of the proposed antenna with metal plane is shown in Figure 5.18 when 

D=5 cm. The beamwidths of the patterns are similar to the original radiation patterns in 

Figure 5.12. In summary, although the presence of vehicle roof has negligible impact on 

the isolation of the proposed antenna, the reflection coefficient and radiation patterns 

maintain original performance that can contribute to reliable vehicular communications. 

Also, the minor decrease in isolation when D=0 cm is expected as it is the closest position 

of the antenna to the metal plane. Required isolation level can be maintained by placing 

the antenna on the vehicle rooftop with a proper gap, such as D=5 cm.  
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Figure 5.17 S-parameters of the antenna with metal plane 

 

 

Figure 5.18 Radiation patterns of the optimized pixelated antennas with metal plane 
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Another simulation setup of the proposed antenna is shown in Figure 5.19, where the 

antenna is positioned at the corner of a car roof rack, as it can achieve the highest coverage 

with least interference from obstacles. Since the roof usually remains open and high above 

the ground, an automobile's roof or roof rack can be chosen by car manufacturers for the 

antenna placement. In general, a car's antenna should be placed practically at a higher 

place off the ground. The position aids in getting a high reception rate in nearly all antenna 

directions. The simulation setup in Figure 5.19 considers a realistic car roof rack. 

Aluminium has been used as the material of the roof rack. A foam has been considered 

below the antenna as a holder for the antenna. The height of the foam holder is 2.5 cm. 

Simulation is performed to investigate the S-parameters and the radiation pattern of the 

antenna with roof rack. Figure 5.20 presents the S-parameters of the antenna when placed 

at the corner of car roof rack. Reflection coefficients of the antenna is similar to the 

reflection coefficient of the antenna in free space, resonating at 5.4 GHz for all four 

antennas. The values of isolation ranges from 32 dB to 44 dB for S21, S31 and S41. The 

isolation is still 18 dB higher in comparison to the results of the antenna with standard 

patch in free space illustrated previously in Figure 5.3. Figure 5.21 represents the H plane 

radiation patterns of the antenna while mounted on the roof rack. There are some apparent 

ripples in the radiation patterns of antenna 1 and antenna 2, preserving the original 

radiation patterns in all directions. The slight variations could be attributed to the presence 

of uneven metallic structure of the vehicle roof rack. Despite the slight alterations brought 

on by the roof rack arrangement, the antenna radiates effectively within the desired 

directions as determined by the radiation patterns in free space (Figure 5.12 and Figure 

5.13). The pixelated cubic antenna may be installed in a variety of locations because of 

its relatively compact structure in relation to the vehicle roof. 
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Figure 5.19 Simulation of the proposed antenna for vehicular applications considering placement on a car 

roof rack. 

 

Figure 5.20 S-parameters of the proposed antenna when placed on a car roof rack 
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Figure 5.21 Radiation patterns of the proposed antenna when placed on a car roof rack 

5.3.3 Experimental Results of the Antenna with Vehicle Roof-

rack 

To demonstrate the potential practical application of the proposed antenna, an experiment 

has been performed to measure the level of received power of the proposed antenna 

system with a real roof rack, illustrated in Figure 5.22. The antenna has been placed on a 

car roof rack. A metal plane has also been placed to represent the metallic car roof right 

below the roof rack. A signal generator has been used to transfer 0 dBm power at 5.4 GHz 

using a horn antenna with 10.8 dB gain at 5.4 GHz (Rohde and Schwarz HF907). A 

spectrum analyzer (Rhode & Schwarz, FSH8, 9 kHz-8 GHz) has been utilized to measure 

the received signal power level. 
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Figure 5.22 Experimental setup of the power measurement using the proposed pixelated multidirectional 

antenna as receiving antenna in RFCT Laboratory, UTS  

The received power has been measured for all four antennas by rotating the roof rack to 

cover all four directions. 4 meters of distance has been considered between the 

transmitting horn antenna and the receiving multidirectional pixelated cubic antenna. 

Figure 5.23 depicts the received power level of the 4 pixelated antenna used in the cubic 

antenna configuration. The power levels of the Antenna 1, Antenna 2, Antenna 3 and 

Antenna 4 are -43.3 dBm, -44.2 dBm, -43.2 dBm and -44.4 dBm respectively. The 

experimental results entails that the proposed antenna system is capable of receiving 

wireless signal efficiently from multiple direction in vehicular or automotive system. 
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(a) 
 
 
 

 
(b) 
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(c) 
 
 
 

 
 

(d) 
Figure 5.23 received power by the proposed vehicular antenna; (a) Antena 1, (b) Antenna 2, (c) Antenna 

3, (d) Antenna 4 

5.4 Summary 

In this chapter, a pixelated multidirectional cubic antenna has been proposed for vehicular 

applications. The design evolution of the cube shaped antenna is based on a pixelated 

patch. The design methodology and the results demonstrate the advantages of the cubic 

configuration and merits of the proposed antenna. The antenna is designed with a binary 
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optimization algorithm to achieve a desired operating band and enhanced isolation. The 

isolation between antennas has been significantly improved considering the counterpart 

cubic antenna design with standard patch configuration. High isolation is achieved 

without using any additional hardware or filters, while the measured gain in each direction 

is about 6.4 dBi. The antenna performance has also been investigated by placing the 

antenna on a vehicle roof and roof rack model in CST software. The antenna performance 

is nearly unaffected by the presence of a metal plane on the vehicle roof and roof rack. 

There is no requirement for metallic components or grounding on the bottom side of the 

antenna which simplifies installation at different areas of the vehicle. Featuring compact 

size, enhanced isolation, multidirectional radiation pattern, lightweight, low cost, 

straightforward design, and simple manufacturing, the proposed antenna is well-suited for 

vehicle systems. 
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Chapter 6 

Optimized Log Periodic Antenna with Pixelated 

Configuration for Enhanced Bandwidth 

6.1 Introduction 

Antennas with a broad frequency range are needed for a variety of telecommunications 

applications. Recent years have seen rapid advancements in wireless communication 

technology, leading to a dramatic increase in the demand for small, low-profile antennas 

with a wide frequency range. Due to many attractive characteristics, including its light 

weight, low volume, low cost, low profile, small dimensions, and ease of production and 

conformality, etc., patch antennas have remained a strong candidate for consideration in 

practical applications [118, 350]. Antenna design remains a challenging issue, particularly 

for applications that require a wideband antenna. Broadband antenna properties are 

required in communication systems, electromagnetic field (EM) metrology, and EM field 

sensing, for instance. In addition, certain systems, such as cognitive radio, require an 

antenna capable of emitting and/or receiving signals in the desirable frequency ranges in 

a dynamic and autonomous manner [351]. Moreover, in MIMO, WLAN, and similar 

applications, communication systems require that they be equipped with an antenna that 

can support a wideband or even ultra-wideband (UWB) frequency range [352, 353].  

The inherent narrowband performance of patch antennas restricts their application to 

broadband systems. Microstrip antennas in the low microwave frequency range are 

typically too large to be installed in a mini-system. Thus, the issue of attaining a large 

impedance bandwidth in a small antenna has remained a paramount concern in 

contemporary antenna design. 
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A diverse range of techniques has been documented to enhance the bandwidth of 

microstrip patch antennas. Initial research were based on utilizing low permittivity 

substrates, thick substrates, and wide patch [354]. Adopting metamaterial concept is one 

of the recent approaches to enhance bandwidth of patch antennas [355] [356]. A novel 

bandwidth enhancement technique has been suggested, which capitalizes on increasing 

the average substrate thickness in the vicinity of the metal patch, while keeping the rest 

of the dielectric substrate thin [357]. Other efficient methods to improve bandwidth 

includes using E-shaped patches [358], U-shaped-slot patches [359], Folded patch [360] 

etc.  

The log-periodic dipole array (LPDA) antenna is be one the best candidates for wideband 

applications due to its relatively excellent broadband characteristics. Microstrip-based 

LPDA antennas are simple to design and implement. In the 1950s and 1960s, the geometry 

and electrical properties of log-periodic antennas were developed. The microstrip based 

LPDA antennas are very useful in practical applications. Nevertheless, they do have some 

drawbacks, to achieve excellent periodic performance, the antenna should have many 

dipoles, which increases its size [361]. Several methods have been reported to achieve 

desired performance using printed LPDA antenna where different types of dipoles are 

used including, meandered dipole, dielectric loaded dipole, Koch-dipole, and parasitic 

element loading [362-365].  

In this chapter, a pixelated log periodic antenna (PLPA) with enhanced bandwidth has 

been proposed. The PLPA is designed using an enhanced binary particle swarm 

optimization. In the design process, pixelated dipole configuration has been utilized as 

the dipole elements.  
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The optimization process depends on how the pixels are arranged and how this affects the 

antenna's behaviour, measured by S-parameters. Changing the pixel layout introduces 

small slots on the antenna, which can alter how the antenna's surface currents flow and, 

as a result, impact its performance. The optimized pixelated log periodic antenna achieved 

significantly enhanced bandwidth than the counterpart conventional printed log periodic 

antenna of similar size. The antenna operates at 1.62 GHz to 2.56 GHz covering a wide 

band.  

 

6.2 Pixelated Log Periodic Antenna Design Methodology 

This section illustrates the proposed antenna design methodology. To achieve wideband 

performance, a pixelated configuration is used in the initial design of a log periodic 

antenna element. Broadband antennas are essential in various use cases such as wireless 

personal area networks, satellite communication, and radar systems. The Log-periodic 

dipole array (LPDA) antennas offer numerous benefits, including consistent gain, 

extensive bandwidth, and cost-effectiveness. As a result, they are highly suitable for a 

wide range of wideband wireless communication systems. 

6.2.1 Conventional Log-Periodic Antenna 

The initial design of the proposed antenna is based on a conventional log-periodic 

antenna, that consists of multiple dipoles and a transmission line. Log-periodic antennas 

are employed in wireless applications due to their ability to achieve a wide frequency 

range while maintaining high directivity and low cross-polarization ratio.  

An initial design of the log-periodic patch antenna has been simulated as Figure 6.1(a). 

The antenna has been designed on FR4 substrate with 1.6 mm thickness. The dimension 

of the initial antenna is 60mm × 55mm. The antenna has been designed to operate at 2-
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2.7 GHz frequency range. The design process consists of several essential steps. The first 

step entails determining the scaling factor τ, spacing factor σ, and number of dipole 

elements N [118, 366]. In this initial design, number of dipole elements N=6 is chosen 

where the scaling factor τ=0.88 and spacing factor σ=0.09. The corresponding design 

dimensions can be initially estimated according to the equations (6.1-6.5) [366]. The 

length of the longest dipole that responds to the lowest resonance frequency can be 

approximated by (6.1).  

�� =
�eff max 

�
                                                                   (6.1) 

�eff max =
�

���������
                                                                   (6.2) 

Where, �eff max corresponds to longest operating wavelength and it can be determined by 

the following equation. ���� is the effective dielectric constant and � denotes speed of 

light in free space. Also, for the initial dipole case, the effective dielectric constant for 

microstrip lines can be used to approximate the ����  according to following equation. In 

the equation, W1 represents largest dipole width.  
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          (6.3) 

Additionally, the following equation can be used to estimate the relationship between 

dipole spacing and element length. Once the longest dipole element's length is obtained, 

the lengths of the remaining dipole elements can be estimated with the following formula. 

���� = 4���; where � = 1,2, . . ,5.        (6.4) 
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= �          (6.5) 
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Based on the initial dimensions enlisted in Table 6.1, the initial antenna has been 

designed, depicted in Figure 6.1(a). The antenna achieved operating bandwidth at 2.00-

2.77 GHz. To achieve impedance matching within the desired frequency band, the 

PLPDA's dimensions as shown in Table 6.1 have been tuned. 

 

 

Figure 6.1 Initial design of the log-periodic antenna (a) and pixelization of the initial layout (b). 

 

Table 6.1: Design dimensions of the antenna 

Conventional LPDA (mm) Pixelated log periodic antenna (PLPA) 
(mm) 

Lc 60 Wc 55 Lp 60 Wp 48.2 

Lc6 14 Wc6 2.7 Lp5 16 Wp5 4 

Lc5 15.8 Wc5 3.1 Lp4 18 Wp4 5 

Lc4 17.8 Wc4 3.4 Lp3 21 Wp3 6 

Lc3 20 Wc3 3.8 Lp2 23 Wp2 7 

Lc2 22.6 Wc2 4.3 Lp1 26 Wp1 8 

Lc1 25.3 Wc1 4.8 
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Overall antenna size 
0.48λ×0.44λ×0.012λ  

Overall antenna size 
0.42λ×0.33λ×0.012λ. Overall antenna 
size reduced by 34.3%. 

λ is the free-space wavelength of the 
center frequency of conventional LPDA 

λ is the free-space wavelength of the 
center frequency of PLPA design case 1 

 

6.2.2 Pixelated Log Periodic Antenna Design 

After that, considering the initial design of the conventional LPDA, the proposed design 

configuration, the dipoles of the antenna have been divided into pixels as seen in Figure 

6.2. A binary particle swarm optimization (BPSO) algorithm has been utilized to optimize 

the pixel positions. To reduce the number of pixels on the design five poles has been 

considered in the design for optimization. The design dimensions of the antenna are 

enlisted in Table 6.1. All poles of the antenna in each side have been discretized into 649 

small pixels with a dimension of 1 mm × 1 mm. The top side and the bottom side of the 

antenna represent similar pixel configuration.  

 

Figure 6.2 Block diagram of the antenna design procedure 

The optimization process relies on the intrinsic connection between the arrangement of 

pixels and the antenna's S-parameters. By generating different pixel configurations, small 

slots are introduced on the antenna poles. These slots can bring significant changes in the 

antenna's performance by affecting the path of surface currents. Each pixel is given a 
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binary value of 0 or 1, with 1 indicating that the copper layer is left intact on the surface 

and 0 indicating that it should be removed. 

The pixelization process of the patches is performed using a binary particle swarm 

optimization (PSO) algorithm with V-shaped transfer function (VBPSO) [71], 

implemented in MATLAB and applied to optimize the binary values of the bits. This 

algorithm searches the solution space for the optimal way to reach optimization goals 

using a population of candidate solutions (each solution is a particle). Particles maintain 

their inertia using a straightforward formula that allows them to accelerate to both their 

own and the population's highest levels of prior experience [290, 295, 367, 368]. 

 

6.2.3 Problem Formulation and Optimization for Enhanced Bandwidth 

The objectives of our optimization are to increase the antenna's bandwidth while 

maintaining its radiation pattern with satisfactory gain. In order to accomplish these 

objectives, the cost function (CF) that the optimization procedure aims to minimize was 

defined as follows: 

 

CF = �� ⋅ �� + �� ⋅ ��         (6.6) 

�� = ���
[��](��−��);  ����

[��](��−��)� < 10       (6.7) 

�� = ������� ���� (��−��)       (6.8) 

 

Where, �� and �� are the two terms of the cost function of the optimization goals and �� 

and �� are weighting coefficients. In (6.7) �� considers the value of reflection coefficient 

in EM simulator after each simulation based on the pixel positions. By this definition, �� 
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considers the antenna reflection coefficient values which are better than -10 dB over the 

desired operating band (��−��). �� is related to the conservation of satisfactory gain with 

radiation pattern in specific direction in H-plane. Different gain values were considered 

at specific angles of the H-plane radiation pattern over the desired operating band from 

the EM simulator after each simulation of the antenna with different pixel configuration. 

It is worth mentioning that the desired operating bandwidth can be controlled by defining 

the CF properly. The weighting coefficients can be tuned to provide balance between the 

two terms of the cost function (6.6). The following are the individual steps that were taken 

in the simulation and optimization [71] process: 

 

Step 1: Initialize particle positions. Set the number of maximum iterations.  

Step 2: Calculate each particle's fitness value in accordance with equation (5). A binary 

bit string with 649 bits is sent to the EM simulator to generate pixel configurations. After 

simulation, the values of corresponding result values are sent back to Matlab to calculate 

the fitness value.  

Step 3: Analyze each particle's CF value. Then, update the personal best and global best 

position of particles.  

Step 4: Velocity value is calculated and updated accordingly. The position of particles is 

updated accordingly. They follow the equations illustrated in [71], which have been 

mentioned in earlier chapter 1.  

Step 5: Check the number of iterations. If the current number of iterations is less than the 

maximum iterations, return to Step 2. If maximum iterations are completed, proceed to 

Step 6.  
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Step 6: Save global best score and best position. The best position of particles provides 

the optimum pixel configuration of the antenna.  

 

A link was established between the binary algorithm (implemented in MATLAB) and 

CST Microwave Studio (as the full-wave electromagnetic simulator) for the pixel position 

optimization procedure. By considering 17 populations the optimization has been 

performed for 60 iterations for both design cases. The convergence was achieved at the 

50th iteration for case 1 and at the 47th iteration and desired bit strings were obtained. 

Figure 6.3 illustrates the convergence curves of the optimization process.  

 

6.2.4 Optimization Outcome 

In this study, two design cases have been considered. The desired operating band as 1.6-

2.6 GHz has been considered in ‘case 1’ and 1.7-2.9 GHz in ‘case 2’.  Figure 6.4 and 

Figure 6.5 represent the pixelated configurations of the optimized antenna for the two 

design cases. The reflection coefficients of the conventional LPDA and pixelated LPDA 

have been illustrated in Figure 6.6. The conventional LPDA achieved operating band at 

2.00-2.76 GHz. The pixelated LPDAs have achieved operating bandwidth of 1.62-2.56 

GHz and 1.67-2.91 GHz in design case 1 and case 2 respectively. The conventional LPDA 

has a bandwidth of 760 MHz with 31.9% fractional bandwidth. The pixelated LPA in case 

1 has achieved 940 MHz bandwidth with 13% increment in fractional bandwidth. Also, 

the PLPA in case 2 has achieved a bandwidth of 1240 MHz with 22.2% increment in 

fractional bandwidth. These results clearly demonstrate that the proposed pixelated log 

periodic antenna design methodology has potential in designing pixelated antennas with 

enhanced bandwidth with compact dimension than their conventional counterpart design. 
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Figure 6.3 Convergence curves of optimization 

 

Figure 6.4 Pixelated log periodic antenna (Case 1) 
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Figure 6.5 Pixelated log periodic antenna (Case 2) 

 

Figure 6.6 Simulated reflection coefficient of different log periodic antenna 
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6.3 Results and discussion 

A prototype of the pixelated log periodic antenna has been fabricated and measured to 

validate the proposed antenna design and methodology. The optimized pixelated 

configuration in ‘Case 1’ has been fabricated on FR4 substrate with 1.6 mm thickness. 

Figure 6.7 illustrates the fabricated prototype and the measurement set-up of the antenna 

in anechoic chamber in Figure 6.8. The simulated and measured reflection coefficient of 

the proposed antenna has been depicted in Figure 6.9. The antenna achieved operating 

bandwidth at 1.62-2.56 GHz in simulation.  

 

 

Figure 6.7 Fabricated prototype of the proposed pixelated log periodic antenna 
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Figure 6.8 Radiation performance measurement set-up of the proposed antenna in anechoic chamber 

 

Figure 6.9 Simulated and measured reflection coefficient of the proposed pixelated log periodic antenna 
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In the measured results of reflection coefficient, the antenna operates at 1.58-2.49 GHz. 

The simulated and the measured results are in good agreement. In Figure 6.9, the 

operating frequency range has shifted slightly, which can be attributed to fabrication 

tolerances and the type of coaxial cable used to connect and excite the antenna. The 

simulation did not account for the effects of the coaxial cable, leading to a discrepancy 

between the simulated and actual operating bands. 

 
(a) 

 

(b) 

Figure 6.10 Simulated and measured radiation patterns at 1.7 GHz (a) Simulated (b) Measured 
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(a) 

 
(b) 

Figure 6.11 Simulated and measured radiation patterns at 2.2 GHz (a) Simulated (b) Measured 
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(a) 

  
 (b)   

Figure 6.12 Radiation patterns at 2.5 GHz (a) Simulated (b) Measured 

 

The simulated and measured radiation patterns of the proposed antenna have been 

presented in Figure 6.10-Figure 6.12 at 1.7 GHz, 2.2 GHz, and 2.5 GHz respectively. The 

simulated and measured patterns corelate very well. In Figure 6.13, the simulated and 

measured realized gain have been presented. The simulated peak realized gain of 5.7 dBi 
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achieved at 1.95 GHz. In the measurement, the peak measured gain of 5.45 dBi has been 

achieved at 1.85 GHz.  

 

Figure 6.12 Simulated and measured realized gain of the proposed antenna over the frequency 

Table 6.2 presents a comparison between the antenna introduced in this work and other 

planar log-periodic antennas that have been previously published. The proposed pixelated 

log periodic antenna design methodology is able to achieve antenna designs with 

enhanced bandwidth within significantly compact size.  

Table 6.2: Comparison of several log-periodic antenna topology with the proposed antenna technique 

Refs. Design Methodology % Bandwidth Overall Size (λ) 
[369] Monopole based printed log 

periodic antenna 
53.9 2.88 λ×0.98λ× 0.03λ 

[370] Monopole based log periodic 
antenna loaded with top hats 

108 5.81 λ×3.32λ× 0.13λ 

[371] CPW-fed printed log periodic 
dipole 

66.7 1.76 λ×1.08λ×0.02λ 

[363] Dielectric loaded log periodic 
dipole 

120 0.96λ×0.7λ×0.05λ 

Conventional Conventional printed log 
periodic dipole illustrated in 
this study 

31.9 0.48λ×0.44λ×0.012λ 

This work Pixelated log periodic dipole Up to 54.1% (With 
flexibility to increase or 
decrease according to 
design requirements) 

0.46λ×0.37λ×0.012λ 

λ is the free-space wavelength of the centre frequency 
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6.4 Summary 

This chapter presents a novel approach to enhancing the bandwidth of log periodic 

antennas (LPAs) through the utilization of an enhanced binary particle swarm 

optimization technique. The proposed pixelated log periodic antenna (PLPA) design 

showcases remarkable improvements in bandwidth compared to traditional printed log 

periodic antennas of similar dimensions. Notably, the PLPAs in design case 1 achieved a 

bandwidth of 940 MHz, indicating a 13% increment in fractional bandwidth, and the 

antenna in design case 2 reached an even more impressive bandwidth of 1240 MHz, 

featuring a 22.2% increment in fractional bandwidth. These outcomes collectively 

highlight the potential of the presented LPDA antenna design methodology. It 

demonstrates the ability to create pixelated antennas with significantly enhanced 

bandwidth within compact dimensions compared to their conventional counterparts.  

The goals of optimization can change based on what a particular application need. In this 

study, the focus is on exploring and suggesting a structured method for creating a 

wideband printed log periodic antenna. The purpose of the study is to develop a systematic 

approach, likely involving computer simulations and optimization algorithms, to design 

such an antenna with the desired wideband characteristics. This systematic approach 

ensures that the antenna meets the specified performance requirements and can be reliably 

manufactured for practical use. 
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 Chapter 7 

Conclusion and Recommendations for Future Work 

7.1 Conclusion 

Antenna technology has become more demanding due to the evolution of wireless mobile 

communication systems and the rapid surge in data traffic. New antenna design strategies 

and technologies to meet wireless communication system requirements are expected to 

develop with further miniaturization and integration.  

A comprehensive survey of literature is conducted to explore various antenna designs, as 

well as existing solutions and significant challenges in the development of multifunctional 

receiving antennas for wireless systems are included in Chapter 1 and Chapter 2. In this 

thesis, four antenna design methods have been examined. This thesis presents four 

systematic approaches to design and optimize antenna to achieve desired performance.  

  Chapter 3 investigates a novel dual-band pixelated defected ground antenna 

(PDGA) design that utilizes a flexible design guide for achieving single-band and dual-

band antenna configurations. The unique pixelated defected ground is designed using the 

binary particle swarm optimization (BPSO) algorithm, which provides enhanced 

searchability of pixel positions for efficient antenna design. The proposed PDG 

configuration allows for achieving different antenna characteristics, including single or 

multi-band antenna design, gain or efficiency enhancement, etc., with a great degree of 

freedom. The final PDGA operates at 3.5 GHz and 5.8 GHz bands, exhibiting almost 

omnidirectional radiation performance with nearly 90% efficiency. The proposed antenna 

is suitable for different applications in the Internet of Things (IoT) platform, including 

device to device communication and wireless power transfer in low power IoT devices. 

The simulated and measured results of the antenna are closely correlated, validating its 
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performance. The proposed antenna can be a potential candidate for future 

multidimensional antenna design capability using VBPSO. 

 

Chapter 4 presents a new design methodology for multi-service pixelated stacked 

antennas, which can be optimized for various design goals with reduced computational 

time. The proposed antenna topology consists of two different pixel shapes, triangular and 

square, implemented on two radiating patches of the antenna to achieve low-profile single 

or multi-band antennas for wireless systems. The design methodology utilizes an 

enhanced V-shaped binary particle swarm optimization (VBPSO) algorithm to optimize 

the pixel positions of the radiating patches. The antenna is simulated using CST 

Microwave Studio and fabricated on Rogers 4003 substrate, and the measurement and 

simulation results are in good agreement. The proposed design methodology offers great 

potentials to be aligned with specific design requirements of wireless low-profile IoT 

devices and is a potential candidate for communication modules in portable IoT devices 

and other wireless communication systems. 

 Chapter 5 presents a pixelated cubic antenna design with enhanced isolation and 

diverse radiation patterns for vehicular applications. The antenna system consists of four 

radiating patches, pixelated and optimized simultaneously to achieve desired performance 

and high isolation at 5.4 GHz band. The antenna achieved measured isolation of more 

than -34 dB between antenna elements, and an overall isolation improvement of about 18 

dB compared to a configuration using standard patch antennas. The antenna achieved up 

to 6.9 dB realized gain in each direction and is equipped with an E-shaped GPS antenna. 

The antenna prototype has been fabricated on Rogers substrate and measured to verify the 

simulation results, showing good correlation. The proposed antenna features low-profile, 

simple design for ease of manufacture, good radiation characteristics with 
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multidirectional property and high isolation, which are well-suited to vehicular 

applications in different environments. 

Chapter 6 introduces a new method for enhancing log periodic antenna (LPA) 

bandwidth using an enhanced binary particle swarm optimization technique. The design, 

called pixelated log periodic antenna (PLPA), surpasses traditional printed LPAs in 

bandwidth. In design case 1, PLPAs achieved a 940 MHz bandwidth, marking a 13% 

increase in fractional bandwidth. In design case 2, the bandwidth expanded to 1240 MHz, 

with a 22.2% fractional bandwidth improvement. This innovative approach showcases 

the potential to create compact pixelated antennas with significantly enhanced bandwidth 

compared to conventional designs. 

 

7.2 Recommendations for Future Work 

Antenna module is often one of the most critical limiting factors for the 

widespread development of smart technology, WSNs, wearable electronics, wireless 

systems, portable electronic devices and IoT sensors. Looking into the future, making the 

receiving antennas efficient, compact, cheaper, and practically feasible are some of the 

viable solutions to achieve the optimum performance. The methods for designing 

antennas that are presented in the thesis could potentially be extended to accommodate 

multiple standards and a variety of applications. The following are some potential 

unexplored areas for future research: 

 In this thesis, the antennas are optimized using two square and triangular 

shaped pixels. Other pixel shapes can be considered for better exploration 

of design configurations.  
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 New fabrication methods hold great potential for efficient and effective 

manufacturing of optimized pixelated antenna designs. Antenna can be an 

outer casing of portable device. Exploration of advanced pixelated antenna 

design considering 3D shapes could be advantageous. Moreover, efficient 

use of volume can be achieved with 3D printing technology that can 

facilitate low frequency of operation with a small antenna volume. 

Investigation of antenna performance using new substrates based on novel 

efficient materials has a great research scope. However, exploration of new 

fabrication techniques should be cost-effective. 

 Although a wide range of binary optimization algorithms are available, 

many of them have not yet been utilized for antenna designs. Nature-

Inspired Algorithms, for example Particle Swarm Algorithm (PSO), 

Differential Evolution (DE), Ant Colony Optimization (ACO) etc. are 

gaining prominence in the antenna designers’ community as examples of 

computational intelligence approaches. Also, there are many variants and 

hybrid version of these mainstream algorithms that perform better than 

their original version. They can be used to achieve innovative antenna 

structures that are not possible to design using the built-in optimizers of 

conventional electromagnetic simulators. 
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