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ABSTRACT 

Wireless mobile communication has seen evolution of technology from first generation 

(1G) to fifth generation (5G) networks in recent times. The proposed 5G technology relies 

upon two major frequency divisions, the sub 6 𝐺𝐻𝑧 band (frequencies lower than 6 𝐺𝐻𝑧) 

and the mmWave band (24 𝐺𝐻𝑧 to 100 𝐺𝐻𝑧). Initially 5G services are being offered in 

non-standalone mode along with 4G services however, later on standalone 5G networks 

will also be deployed. It is need of the hour to design smart and intelligent multiband 

antennas for the modern 4G and 5G wireless communication systems that can improve the 

overall performance of a communication network by reducing size, complexity, and cost 

of the antenna structure. This thesis presents three antenna designs that have been 

developed smartly and intelligently to meet the demands of modern wireless 

communication systems. All the developed antenna designs have been manufactured and 

tested for significant antenna performance parameters.  

The first developed structure consists of a printed patch antenna design to achieve 

frequency and bandwidth reconfigurability. Two RF PIN diodes are simultaneously 

operated to achieve the multi-reconfigurability operation. The patch is inspired from a 

circular loop design. The antenna operates in dual band configuration at 3.42 and 

8.02 𝐺𝐻𝑧 in the diodes ‘OFF’ state, whereas the antenna switches to triple band operation 

at 2.21, 4.85, and 10.19 𝐺𝐻𝑧 in the diodes ‘ON’ state. Moreover, the antenna also exhibits 

an increased bandwidth from 7.54 to 12 𝐺𝐻𝑧 in the diodes ‘ON’ state, as compared to a 

narrow bandwidth from 7.71 to 8.48 𝐺𝐻𝑧 in the diodes ‘OFF’ state. The implemented 

design exhibits measured gains of 3.06 𝑑𝐵𝑖, 2.81 𝑑𝐵𝑖, and 2.92 𝑑𝐵𝑖 at 2.21, 4.85, and 

10.19 𝐺𝐻𝑧 in the PIN diodes ‘ON’ state, respectively, while in the PIN diodes ‘OFF’ state, 

at 3.42 𝐺𝐻𝑧 the gain is 3.03 𝑑𝐵𝑖 and at 8.02 𝐺𝐻𝑧 the gain is 3.37 𝑑𝐵𝑖.  
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The second developed design is a quadband two element MIIMO antenna based on a multi-

slotted structure. The design demonstrates the applicability of proposed MIMO antenna 

for 4G and 5G systems. A simple de-coupler structure has been incorporated on the bottom 

side to reduce the mutual coupling at operating frequency bands of 

2.5 𝐺𝐻𝑧, 3.7 𝐺𝐻𝑧, 4.3 𝐺𝐻𝑧, and 5.5 𝐺𝐻𝑧. Furthermore, it is also observed that the 

measured envelope correlation coefficient of the designed MIMO antenna is considerably 

lower than 0.05. Also, the design exhibits measured gains of 3.49 𝑑𝐵𝑖, 

2.97 𝑑𝐵𝑖, 2.93 𝑑𝐵𝑖, and 2.54 𝑑𝐵𝑖 at 2.5 𝐺𝐻𝑧, 3.7 𝐺𝐻𝑧, 4.3 𝐺𝐻𝑧, and 5.5 𝐺𝐻𝑧, 

respectively.  

Finally, the third developed design is a compact multi-slotted antenna array structure. The 

antenna array is able to resonate at four distinct mmWave bands with centre frequencies 

of 30.58, 34.5, 38.3, and 49.3 𝐺𝐻𝑧. Rogers RT Duroid 5880 with a relative permittivity 

of 2.2, loss tangent of 0.0009 and thickness of 0.5 𝑚𝑚 has been used for fabrication of 

the array antenna. The proposed array structure exhibits measured gains of 

7.98, 8.43, 9.93, and 9.87 𝑑𝐵𝑖 at 30.58, 34.5, 38.3, and 49.3 𝐺𝐻𝑧 respectively. The 

antenna array due to its compact size, simple design and quadband resonance can 

effectively find applications in the proposed future 5G mmWave bands. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background:  

History is evident that human beings, in order to establish connectivity, have always 

strived to develop communication networks that can reliably transfer information over 

long distances. Communication networks based upon the involved transmission 

medium can be classified into two major categories: wired and wireless. Wired 

communication networks have certain advantages over the wireless networks in terms 

of speed and security etc, wireless networks however, support mobility, can offer 

greater coverage, access, and flexibility [1]. Earliest examples of wireless 

communication can be traced back to primitive human civilizations using light and 

smoke signals, drums, bells, pigeons etc to convey information from one point to 

another. Later on, these ancient forms of wireless communication were gradually 

replaced with technologically advanced inventions like radios, telegraphs, telephones, 

satellites etc [2]. 

Wireless communication networks have had a profound impact on human lives since 

past few decades. Life today has become completely dependent upon wirelessly 

connected devices. Technologies like mobile communication, WiFi, Bluetooth, and 

satellite communication etc have transformed the human lives completely and have 

turned the world into a well-connected global village. Wireless communication 

technology finds applications in almost every field of life today, like multimedia 

communication, security and surveillance systems, smart homes, teleconferencing, 

remote classrooms, remote hospitals, monitoring systems, detection and tracking 

systems, automated vehicles etc [3].  
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1.2 Evolution of Mobile Communication Technology Generations – 1G to 5G: 

The wireless communication technology primarily came into being due to the existence 

and discovery of radio waves. The spectrum of radio waves ranges from 3 𝑘𝐻𝑧 to 

300 𝐺𝐻𝑧 [4]. These waves practically allow connections “anywhere and anytime”. The 

advent of mobile wireless communications can be traced to radio telegraph 

transmissions by Marconi in 1899. Early applications involved voice transmission only 

and services were designed to predominantly cater for the military requirements. Radio 

telephones were commercially put to use in ships travelling through the Atlantic around 

1929. Also, around late 1920s land mobile systems were made available and different 

government departments particularly the police in the US started using these services 

[5]. The BELL labs US launched the first commercial mobile phone service around 

1946. A concept of frequency reuse was introduced by the BELL labs US known as the 

principle of cellular concept. The principle aimed at providing efficient coverage by 

exploiting the frequency reuse concept. Although frequency reuse concept originated 

in the US, the practical demonstration of this concept in a commercial mobile phone 

system was provided by the Nordic countries with the development of Nordic Mobile 

Telephone (NMT) in 1981, hence giving birth to cellular mobile communication [6]. 

Evolution of modern mobile communication technology is frequently described 

through the term “generation”, where each generation represents a significant and 

important breakthrough in the development and deployment of mobile communication 

networks.  

The term First Generation (1G) is used to describe the earliest generation of cellular 

mobile phone technology. The initial incidents of formal deployment of mobile phone 

technology can be attributed to the Nippon Telephone and Telegraph Company also 

termed NTT, in Japan around late 1970’s. In addition, the Nordic Mobile Phone System 
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(NMTS), Advanced Mobile Phone System (AMPS), Total Access Communication 

System (TACS), and European Total Access Communication System (ETACS) also 

appeared as popular First Generation (1G) mobile communication systems in the 

1980’s [7]. The First Generation (1G) systems were analog in nature, they were based 

upon the concept of frequency modulation and frequency division multiple access 

(FDMA). These systems were designed to offer voice services only with speeds up to 

2.4 𝑘𝑏𝑝𝑠. Frequency of operation generally involved the 800 𝑀𝐻𝑧 and 900 𝑀𝐻𝑧 

bands [7]. These First Generation (1G) systems owing to their analog nature were not 

secure and reliable, and offered limited coverage and capacity. Also, the concept of 

roaming was not supported and lack of standardization between different operating 

systems resulted in compatibility issues [8].  

A major breakthrough in the history of mobile communication technology happened 

with introduction of Second Generation (2G) communication technology. Instead of 

analog signals, digital signals were used for the first time in order to provide secure and 

reliable communication services. Global System for Mobile Communication (GSM) 

offered the 2G services for the first time in Finland around 1991 and later on went to 

become a global standard for all future mobile communication system development [7]. 

The Second Generation (2G) communication systems adopted time division multiple 

access (TDMA) technology, provided security and better voice quality, supported the 

concept of roaming, and introduced exciting services like the short message service 

(SMS), multimedia message service (MMS), conference calls, call hold etc. The Second 

Generation (2G) GSM systems offered speeds of up to 64 𝑘𝑏𝑝𝑠 [9]. These systems 

were able to improve the compatibility, coverage and capacity issues faced by the First 

Generation (1G) systems. The frequency of operation primarily involved the 

800 𝑀𝐻𝑧, 900 𝑀𝐻𝑧, 1800 𝑀𝐻𝑧, and 1900 𝑀𝐻𝑧 bands [10]. Another system, based 



4 
 

upon the concept of code division multiple access (CDMA), was introduced by 

Qualcomm, around the mid 1990’s, however GSM remained the most fundamental and 

famous Second Generation (2G) system. Efforts to improve the services and data rates 

offered by GSM led to development and deployment of two major and noteworthy 

systems the General Packet Radio Service (GPRS) and the Enhanced Data for GSM 

Evolution (EDGE) [8]. GPRS is famously referred to as the 2.5 G technology and 

provided data rates of up to 160 𝑘𝑏𝑝𝑠 whereas EDGE is popularly referred to as the 

2.75 G technology and was successful in supporting data rates of up to 473 𝑘𝑏𝑝𝑠 [9].  

The ever-increasing demand for high data rate applications led to the development of 

Third Generation (3G) communication technology systems. The Third Generation (3G) 

technology was primarily based upon Universal Mobile Telecommunications Systems 

(UMTS) and launched formally around 2000. These systems adopted the concept of 

packet switching and successfully provided appealing services like web surfing, map 

navigation, tracking, video conferencing, media streaming, social media, 3D gaming 

etc [7]. Data rates of up to 2 𝑀𝑏𝑝𝑠 were offered by 3G systems. The major frequency 

bands utilized for providing 3G services ranged from 1.6 𝐺𝐻𝑧 to 2 𝐺𝐻𝑧 [10]. Devices 

known as smart phones were introduced to cater for the huge surge in applications 

supported by 3G systems. Further technological improvements led to the development 

of new systems known as High Speed Downlink Packet Access (HSDPA), High Speed 

Uplink Packet Access (HSUPA) and High Speed Packet Access Plus (HSPA+) [7]. All 

these systems aimed to enhance the data rate (up to 14 𝑀𝑏𝑝𝑠) and efficiency of the 

fundamental 3G communication network.  

The Fourth Generation (4G) communication technology systems were developed to 

provide higher capacity and speed along with better quality. The Fourth Generation 
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(4G) technology is based upon Long Term Evolution (LTE) systems and was first put 

to commercial use around the year 2009 [7]. These systems allow the deployment of an 

Internet Protocol (IP) based network thereby providing sophisticated applications like 

cloud computing, high-definition Television, high-definition 3D gaming, mobile web 

access etc. The 4G systems are capable of offering data rates up to 1 𝐺𝑏𝑝𝑠 [8]. 

Operational frequencies ranging from 2 𝐺𝐻𝑧 to 8 𝐺𝐻𝑧 are utilized for providing 4G 

services [10]. Advanced technologies such as Orthogonal Frequency Division 

Multiplexing (OFDM) and Multiple Input Multiple Output (MIMO) have been 

integrated into the Fourth Generation (4G) systems in order to deliver seamless and 

efficient services.  

The massive growth of communication networks and modern applications called for 

further developments in communication system technology, giving rise to the current 

Fifth Generation (5G) communication technology. 5G aims at achieving much faster 

data rates with lower latency and also promises to provide a better connection density 

[7]. The systems being developed and deployed target a wireless system with an overall 

better coverage. Battery consumption issues of devices at the user end are also being 

dealt with. Initial 5G deployments will be based upon a non-standalone mode of 

configuration (along with 4G systems), but later on the proposed 5G technology 

systems will be gradually transferred into standalone configuration mode [8]. Advanced 

technologies such as Multiple Input Multiple Output (MIMO), Millimetre wave 

(mmWave) technology, cloud computing, New Radio (NR) and Internet of Things 

(IoT) have been integrated into modern 5G communication systems. These highly 

developed systems have been proposed to offer data rates up to 10 𝐺𝑏𝑝𝑠 [11].  

5G systems aim to completely transform human lifestyle. With the development and 

deployment of practical 5G systems, high end applications like self-driving cars, smart 
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cities, virtual and augmented reality, metaverse etc have become a possibility. The 

operating frequency range for 5G systems is quite diverse. Two frequency bands have 

been recommended in order to provide the 5G services, the sub 6 𝐺𝐻𝑧 band 

(frequencies lower the 6 𝐺𝐻𝑧) and the mmWave band (24 𝐺𝐻𝑧 to 100 𝐺𝐻𝑧) [12]. The 

sub 6 𝐺𝐻𝑧 band will primarily be used in the non-standalone mode whereas mmWave 

band will find applications in the future standalone mode of configuration for the 5G 

communication technology. The mmWave band, hence, may be termed as the sweet 

spot for 5G as its capabilities are widely unexplored.  

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Evolution of Mobile Communication Generations – 1G to 5G 

Figure 1.1 summarises the evolution of mobile communication generations by 

highlighting the significant achievement of every generation.  
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1.3 Significance of Antennas in Wireless Communication: 

In order to establish a complete and comprehensive wireless communication system, 

many significant components are required like encoders, modulators, multiplexers etc. 

at the transmitter end and decoders, demodulators, demultiplexers etc. at the receiver 

end. However, the most important component that defines the very basic nature of a 

wireless communication system, that is, its ‘wireless’ nature, is the component known 

as an ‘antenna’. Figure 1.2 represents the block diagram of a typical wireless 

communication system. An antenna is generally defined as “a means for radiating or 

receiving radio waves” [13]. It is one of the most crucial and vital component that is 

required by a wireless communication system to operate accurately. An efficiently 

designed antenna can therefore serve to enhance the overall performance of a wireless 

communication system. According to C. A. Balanis, antennas are the “Eyes” of a 

communication system [14].  

The history of antenna originated when James Clark Maxwell published his famous 

Maxwell’s Equations [15] and Rudolph Hertz established the first electromagnetic 

system [14]. Later on in 1901, Marconi performed his famous transatlantic transmission 

[14], thereby formally giving birth to the development of antenna technology. Initially, 

all antenna technology was based on the primitive wire antennas, but the World War II 

era led to the introduction and deployment of many other antenna types like horns and 

reflectors etc. [16]. 1950s saw massive developments in the field of antennas, with most 

popular being the induction of antennas used for Television reception [17]. About 

twenty years later, in 1970s a new radiating element was conceived, known as the 

microstrip patch antenna, this class of antennas continues to offer innovative and 

inciting applications [18]. The antenna technology development continues today, with 

latest and better performing antennas being developed for the existing as well as 
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upcoming wireless systems such as 4G and 5G communications including the mmWave 

applications. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 A Typical Wireless Communication System 

1.4 Significance of Microstrip Patch Antennas in Wireless Communication:  

Microstrip patch antennas have become more and more prevalent today due to their 

many advantages. The earliest concept of a microstrip patch antenna was given in a 

paper in 1953 [19], a patent on the same topic can also be tracked back to year 1955 

[20]. The microstrip antennas are inherently simple, cost effective, easily realizable, 

have low profile, and are conformable. They can be readily manufactured using the 

widely available printed circuit board technology. The radiating element involved in 
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such antennas is termed ‘patch’. Different performance characteristics of the antenna 

like operating frequency, radiation, polarization, and impedance characteristics can be 

determined by the shape and structure of the ‘patch’. Due to their versatile nature, these 

antennas find applications today in a wide range of devices, especially devices used in 

modern communication systems, military, satellite, and space technology. These 

antennas generally consist of a metallic patch realized on a grounded substrate. The 

substrate usually is a dielectric sheet, made up of material having a dielectric constant 

anywhere between 2.2 and 12 [14]. The patch and feeding line are commonly printed 

using photoetching and laser printing on the substrate sheet.  

Microstrip patch antennas due to their inherent advantages and adaptability are a 

popular choice for modern wireless communication systems today. These antennas find 

applications in mobile phones, laptops, wireless routers, base stations, and other 

wireless communication equipment. Microstrip antennas can be conveniently designed 

as per the device specifications and performance metrics and are also easily integrable. 

The desired frequency, bandwidth, polarization, and impedance characteristics can be 

easily achieved by the design diversity and versatility offered by microstrip patch 

antennas. Different design techniques are constantly being researched and developed, 

allowing this class of antennas to be used in a wide range of wireless communication 

equipment today.  

1.5 Thesis Motivation: 

Wireless communication technology has seen rapid advancements in recent times. With 

introduction of Fifth Generation (5G) technology, the world today is moving towards 

the concept of wireless systems and devices that are able to provide multiple services 

with high data rate and remain interconnected all the time. Such modern systems and 
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devices will find useful applications in many different areas of communication, 

government, and military facilities like Internet of Things (IoT), smart cities, modern 

mobile terminals, emergency health care etc. As a result, the already deployed Fourth 

Generation (4G) communication systems along with in-deployment Fifth Generation 

(5G) communication systems will experience an enormous growth and surge in terms 

of performance and capacity. Moreover, the Fifth Generation (5G) communication 

systems in their initial deployment phase will be deployed in non-standalone 

configuration and will coexist with the Fourth Generation (4G) communication 

systems, by utilizing the sub 6 𝐺𝐻𝑧 band. Later on, in advanced stages of deployment, 

the standalone Fifth Generation (5G) communication systems operating in the 

mmWave frequency range will also be deployed. Therefore, to cater the immense 

capacity growth and performance advancements of modern communication systems 

there is a huge demand for compact antenna designs that can operate on multiple bands 

for both non-standalone and standalone Fifth Generation (5G) communication systems. 

Since the non-standalone Fifth Generation (5G) communication systems will coexist 

with the Fourth Generation (4G) communication systems, using multiple antennas for 

these hybrid systems will contribute towards increasing the cost as well as complexity 

of wireless devices. Therefore, designing intelligent multiband antennas for different 

deployment configurations of Fifth Generation (5G) communication systems is a 

challenging task. Instead of using conventional antennas, there is a need to smartly 

design compact, efficient, and multiband antennas with low fabrication cost that are 

able to target the current and future operating frequency bands of the wireless 

communication system by performing effectively in the 4G/ 5G transitional (non-

standalone 5G) deployment stage as well as in the advanced stages of 5G (standalone 

5G) communication system deployment.  
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Existing literature regarding this research challenge concerning design of simple and 

compact multiband antennas for different deployment configurations of 5G 

communication systems is limited. Multiband antenna designs available in the literature 

mostly are dual or triple band designs primarily targeting the 3G/ 4G communication 

systems. Very limited research is available related to 5G multiband antenna designs 

that target operating frequencies from 3 𝐺𝐻𝑧 to 6 𝐺𝐻𝑧 (for the sub 6 𝐺𝐻𝑧 band of 5G 

communication systems). Interestingly 5G frequency bands above 3 𝐺𝐻𝑧 have been 

proposed for applications in a lot of world regions including China and Europe [21] as 

well as for many 5G New Radio (NR) services [22] and hence appear as potential bands 

of fascination for research related to 5G antenna development.  

Also, many available antenna designs have complex multi-layered structures and are 

larger in size which limits their application in future wireless communication systems. 

Similarly, few efficient multiband antenna designs are available for the mmWave 5G 

band. The available mmWave multiband antenna designs are mostly either dual or triple 

band and are generally concentrated towards the 28 𝐺𝐻𝑧 band. The diversity and 

versatility of advanced 5G communication systems call for designing simple, low cost, 

compact, efficient, and multiband antennas targeting multiple proposed 5G frequency 

bands that are expected to be utilized in current as well as future wireless 

communication devices, for both non-standalone and standalone 5G deployment 

configurations. Microstrip patch antennas owing to their ease of fabrication, 

conformability, versatility, and adaptability can be smartly developed using modern and 

efficient design techniques for use in the transitional 4G/5G (non-standalone 5G) and 

advanced stages of 5G (standalone 5G) communication system deployment. 
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1.6 Thesis Contributions: 

The thesis contributions include design, development, measurement, and analysis of 

three different compact, simple, smart, efficient, and low cost, multiband microstrip 

antennas for modern 5G communication systems. The research for this thesis was 

conducted between years 2019 and 2021. High Frequency Structure Simulator (HFSS) 

software has been used for simulation purposes. Two developed antenna designs have 

been published in reputed impact factor journals whereas the third developed antenna 

design has been presented and published in a reputable IEEE sponsored conference. 

Key characteristics and properties of each developed microstrip antenna design are 

briefly described below. 

The first designed and developed smart microstrip patch antenna is based on a multi-

reconfigurability approach. The antenna consists of a simple and compact circular loop 

type structure exhibiting frequency as well as bandwidth reconfigurability using PIN 

diodes. The antenna is able to target multiple frequency bands for 4G and 5G 

communication technology applications with high gain and radiation efficiency, and 

hence can be used in non-standalone deployment configuration of 5G communication 

systems. Frequency switching capability of antenna is demonstrated by operating the 

antenna in diodes ‘ON’ state in a tri band mode (at 2.21, 4.85, and 10.19 𝐺𝐻𝑧) and then 

by operating the antenna in diodes ‘OFF’ state in dual band mode (at 3.42 and 

8.02 𝐺𝐻𝑧). On the other hand, bandwidth switching capability of antenna is 

demonstrated by operating the antenna in diodes ‘ON’ state in a wideband from 

7.54 𝐺𝐻𝑧 to 12 𝐺𝐻𝑧 and then by operating the antenna in diodes ‘OFF’ state in a 

narrowband from 7.71 𝐺𝐻𝑧 to 8.48 𝐺𝐻𝑧. The proposed antenna design offers a unique, 

smart, and intelligently futuristic approach of multi-reconfigurability that allows it to 
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be deployed in 4G devices, 5G devices, 4G/5G hybrid devices as well as devices 

utilizing both terrestrial and satellite communication services.  

A multi-slotted, compact, quadband, two element Multiple Input Multiple Output 

(MIMO) microstrip patch antenna is designed and developed in the second phase of 

research for this thesis. The designed MIMO antenna is able to resonate at four different 

frequency bands (2.5, 3.7, 4.3, and 5.5 𝐺𝐻𝑧) with reduced mutual coupling and 

compact size. A simple decoupler structure has been incorporated in the antenna design 

to improve the isolation performance without adding any design complexity. The 

antenna is able to resonate at all four frequency bands with a mutual coupling value of 

less than −20 𝑑𝐵. Radiation characteristics, efficiency and gain results of the proposed 

MIMO antenna authenticate the effective performance of proposed antenna design and 

render it appropriate for use in modern 4G and 5G communication applications. The 

proposed MIMO antenna due to its quadband nature, compact size and minimal 

structural loading is especially suitable for already present 4G applications and non-

standalone 5G applications. 

The third and final compact smart microstrip patch antenna developed for this research 

is based on a multiband mmWave array antenna design. Although the initial targeted 

area for 5G communication technology deployment is the sub 6 𝐺𝐻𝑧 band, primarily 

being used to offer 5G services in the non-standalone mode, the future scenario will 

however change and mmWave band will be needed to offer 5G services, due to its 

importance and need. The present mmWave antenna designs generally target the initial 

frequencies of the mmWave band. Also, many of the existing or proposed design 

structures operate in a single or dual band configuration. Hence a mmWave antenna 

array resonating at multiple frequency bands appears as a prospective candidate for 

future 5G communication applications. The proposed multi-slotted mmWave antenna 
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array structure is able to resonate at four different frequency bands 

(30.58 𝐺𝐻𝑧, 34.5 𝐺𝐻𝑧, 38.3 𝐺𝐻𝑧, and 49.3 𝐺𝐻𝑧) with high gain and radiation 

efficiency. The mmWave antenna array is designed using plain slot structures to avoid 

any additional complexities thereby keeping the proposed design very simple. 

1.7 Thesis Organization: 

The thesis is divided into six chapters.  

Chapter 01 introduces the thesis topic by giving a background of wireless 

communication technology. The chapter also briefly narrates the evolution of wireless 

communication generations from 1G to 5G. Then the chapter discusses the basics of 

antennas. Importance of microstrip patch antennas along with thesis motivation is 

emphasized in context of their utility in modern communication systems. The chapter 

then briefly highlights the significant thesis contributions. 

Chapter 02 describes the literature review carried out before proceeding with the three 

smart multiband microstrip patch antenna designs. Different research papers have been 

presented and discussed. The chapter highlights significant contributions of papers 

present in the previous literature. The chapter also attempts to emphasise the research 

gap and challenges that led to the development of microstrip patch antennas presented 

in this thesis. In the end a clear research approach, constituted in light of discussed 

research papers, has been elaborated.  

Chapter 03 introduces and describes the design, development, and analysis of the first 

smart multiband microstrip patch antenna structure of this research. The antenna is 

based upon the concept of frequency as well as bandwidth reconfigurability using PIN 

diodes. The chapter introduces the concept of reconfiguration and discusses the relevant 
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available literature. The antenna design development is explored in detail. Later on, the 

simulated and measured results of different important antenna performance parameters 

have been presented, discussed, and analysed. The chapter also compares significant 

results of developed antenna with other relevant and recent antennas from literature in 

the form of a table.  

Chapter 04 introduces and describes the design, development, and analysis of the 

second smart multiband microstrip patch antenna structure of this research. The antenna 

design is based upon the concept of Multiple Input Multiple Output (MIMO) 

technology. The chapter introduces the concept of MIMO antennas and discusses the 

relevant available literature. The design process of two element quadband multi-slotted 

MIMO antenna is explored in detail by this chapter. Then simulated and measured 

results of several significant individual as well as MIMO antenna performance metrics 

have been described and analysed in the chapter. Finally, before concluding, the chapter 

compares significant results of developed MIMO antenna with other relevant and recent 

MIMO antennas from literature in the form of a table. 

Chapter 05 introduces and presents the design, development, and analysis of the third 

smart multiband microstrip patch antenna structure of this research. The antenna has 

been designed to operate in the mmWave range and utilizes the concept of an array 

structure. The chapter also discusses relevant available literature. The chapter explores 

design and development process of the antenna in detail. Several important simulated 

and measured results for different essential antenna parameters have been discussed 

and analysed in this chapter. In the end before concluding, the chapter compares 

important results of quadband microstrip patch antenna array with other relevant and 

recent antennas from literature in the form of a table. 
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Chapter 06 compares the three smart multiband microstrip patch antenna structures that 

have been designed and developed in this research. The chapter narrates significant 

features of all developed antennas and gives a comparative insight towards the unique 

performance capability offered by each design. The chapter ends by presenting the 

future work and conclusion. 

Finally, at the end of the thesis, references used in writing this dissertation have been 

enlisted.  
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CHAPTER 02 

LITERATURE REVIEW 

A thorough literature survey was carried out before proceeding with the design of 

different smart multiband microstrip patch antennas. The literature survey comprised 

of studying, existing antenna structures for currently deployed communication systems, 

as well as techniques that allow an antenna to operate intelligently over multiple 

frequency bands. This chapter presents a generalized overview of certain significant 

papers that played a vital role in channelling the research of this thesis. First a 

comprehensive description of the recent trends in microstrip patch antenna design 

technology is presented followed by a review of frequency reconfigurable, MIMO and 

mmWave patch antenna designs. 

2.1 Recent Trends in Microstrip Patch Antenna Design Technology: 

Over the last decade microstrip patch antenna design technology has evolved 

substantially. Many new design techniques specially related to multiband patch 

antennas have been introduced in literature to meet the demand of modern 

communication, military, and satellite related equipment. A 60 × 60 × 1.56 𝑚𝑚3 split 

ring resonator inspired triband patch antenna has been presented in [23]. Figure 2.1(a) 

represents layout of the antenna structure. The antenna top side consists of a square 

shaped slotted structure with four split ring resonators located at every corner of the 

square slot whereas a feedline is present on the bottom side of antenna. The complete 

structure is able to resonate at 2.7, 4.3, and 4.7 𝐺𝐻𝑧. A dual band antenna utilizing the 

composite right- and left-hand transmission line zeroth order resonator (CRLHTR–

ZOR) is presented in [24]. The CRLHTR–ZOR consists of a rectangular shaped 
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structure, a serpentine line, and a notch in the shape of trapezoid. In addition, a 

monopole and a triangle shaped radiator have also been included in antenna design. The 

complete antenna has a size of 105 × 60 × 0.8 𝑚𝑚3and is able to operate at two low 

frequency bands, 698 –  960 𝑀𝐻𝑧 and 1710 –  2690 𝑀𝐻𝑧 with a reflection coefficient 

value of less than – 6 𝑑𝐵. However, when the reflection coefficient value of less than 

– 10 𝑑𝐵 is considered the antenna bandwidth becomes narrow for the first band (from 

698 –  810 𝑀𝐻𝑧) and second band vanishes completely. The antenna may find 

applications in 4G mobile devices. 

 

Figure 2.1 Antenna Geometry Presented in (a) [23] (b) [25] 

A two-element triband antenna is proposed in [25]. The antenna design is based upon 

two different meandered line structures, which allow the antenna to resonate at 1.8, 2.4, 

and 2.6 𝐺𝐻𝑧. The antenna however posses a large size of 85 × 80 𝑚𝑚2. Substrate used 

for antenna design is FR4 epoxy with a height of 0.035 𝑚𝑚. The two meandered line 

structures have been placed orthogonally to increase the isolation between two antenna 

elements to 15 𝑑𝐵. Figure 2.1 (b) represents the geometry of proposed antenna design. 

The antenna is suitable for LTE and WLAN applications; however, the antenna 
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prototype has not been fabricated and paper only contains simulated results. A 

transmission line metamaterial (TL-MTM) inspired antenna operating on dual 

frequency bands has been investigated in [26]. The TL-MTM is further based upon 

complementary split ring resonator structures and a mushroom type structure. F4B 

substrate of 3 𝑚𝑚 thickness has been used to realize the antenna design. Four TL-MTM 

structures along with two ring shaped slots surrounding the antenna feed have been 

used in the design. Overall dimensions of the antenna including ground plane come out 

to be 30 × 30 𝑚𝑚2. The antenna is able to resonate at 2.4 𝐺𝐻𝑧 and 3.5 𝐺𝐻𝑧 but with 

a narrow bandwidth, particularly for the lower band. For 2.4 𝐺𝐻𝑧 band the measured 

bandwidth is 35 𝑀𝐻𝑧 whereas for 3.5 𝐺𝐻𝑧 band the measured bandwidth is 60 𝑀𝐻𝑧. 

[27] presents another dual band antenna based upon a TL-MTM structure. The antenna 

consists of a single layered design containing four TL-MTM inspired structures along 

with two ring shaped slots on the top side. Overall dimensions of the antenna are 

36 × 36 × 3  𝑚𝑚3 and the design is able to resonate at 2.76 𝐺𝐻𝑧 and 5.23 𝐺𝐻𝑧. The 

bandwidth for the first band is relatively narrow and ranges from 2.74 –  2.76 𝐺𝐻𝑧 

whereas the bandwidth for second band ranges from 5.15 –  5.31 𝐺𝐻𝑧.  

A slotted multiband patch antenna is presented in [28]. The antenna utilizes multiple 

U-shaped slots on the top side along with two I shaped slots on the bottom side and ten 

metal vias in the structure to achieve multiband performance. Figure 2.2 represents the 

antenna geometry. The antenna is 40 × 40 × 1.964 𝑚𝑚3in size. The presented 

antenna, with three U-shaped slots on the top side, is able to resonate at 3.04, 3.83, 4.83, 

and 5.76 𝐺𝐻𝑧, however the bandwidth achieved for all resonating bands is narrow. 

Operating bandwidth recorded at 3.04, 3.83, 4.83, and 5.76 𝐺𝐻𝑧 is 25, 25, 39, and 

41 𝑀𝐻𝑧 respectively. For modern 5G communication devices at sub 6 𝐺𝐻𝑧 band a 
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bandwidth of 100 𝑀𝐻𝑧 is required between 2 to 6 𝐺𝐻𝑧 [29]. The efficiency of antenna 

falls between 42 % to 60 % for all resonating frequency bands.  

 

 

 

 

 

 

Figure 2.2 Antenna Geometry Presented in [28] (a) Top Side (b) Bottom Side 

Another slotted patch antenna with a wideband has been presented in [30]. 

Conventional microstrip patch antennas generally suffer from the problem of narrow 

bandwidth. [30] investigates inclusion of a complementary structure in shape of a titled 

rectangular slot, in the ground plane of a patch antenna. The added structure is termed 

as a complementary rhombus resonator (CRR). Additional structures are usually added 

into a patch antenna for achieving desired performance results. The antenna design is 

represented in Figure 2.3 (a). CRR is placed just under the line feed to enhance the 

bandwidth, allowing the antenna to operate over a wideband from 5.5 to 6.7 𝐺𝐻𝑧. The 

antenna structure has been created using FR4 epoxy substrate and has a size of 

40 × 49 × 1 𝑚𝑚3.  

Design of a plain rectangular microstrip antenna with X shaped slots has been presented 

in [31]. Five X shaped slots have been inserted in the patch on the antenna top side 
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whereas a partial ground plane is present on the bottom side of the antenna structure. 

The complete layout of antenna is given in Figure 2.3 (b). The antenna is able to 

resonate at 9.9 𝐺𝐻𝑧 with a relatively wider bandwidth (from 8.49 –  11.3 𝐺𝐻𝑧). Overall 

dimensions of the complete design are 20 × 24 × 0.01 𝑚𝑚3, however only simulated 

results have been presented and no antenna prototype has been fabricated.  

 

Figure 2.3 Antenna Geometry Presented in (a) [30] (b) [31] 

A dual band square shaped single patch antenna for 3G/ 4G applications has been 

investigated in [32]. The antenna design structure is multi-layered and has been inspired 

from a rat race network arrangement with two feeding ports. The base of antenna 

structure is 160 × 160 𝑚𝑚2 in size. Two different substrates have been used; a 

polytetrafluoroethylene (PTFE) substrate is present at the bottom of antenna structure 

whereas FR4 epoxy substrate is present at the top of antenna structure. Both substrates 

have a separation of 16 𝑚𝑚 among each other. Operating bands of antenna range from 

1.59 to 2.34 𝐺𝐻𝑧 when port 1 is excited and from 1.88 to 2.76 𝐺𝐻𝑧 when port 2 is 
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excited. A wideband patch antenna for 3G/ 4G applications is presented in [33]. The 

antenna structure is non-planar and consists of two L shaped feeding probes placed 

between the ground layer and the patch layer. The Two L shaped feeding probes have 

been placed in an antisymmetric configuration to increase the operational bandwidth of 

the proposed antenna. The antenna is able to resonate from 1580 –  2750 𝑀𝐻𝑧. A 

200 × 200 𝑚𝑚2 ground plane is present at the base of antenna structure whereas a 

square shaped 50 × 50 𝑚𝑚2 patch is located at a height of 24 𝑚𝑚 above the ground 

plane. Design of a stacked non-planar dual band antenna is given by [34]. The antenna 

structure is represented by Figure 2.4 (a). The antenna is multi-layered and uses four 

FR4 substrate sheets equipped with annular patches and ring-shaped slots. The antenna 

has an overall size of 60 × 30 × 21 𝑚𝑚3 and is able to operate at 2.5 𝐺𝐻𝑧 and 

3.5 𝐺𝐻𝑧. The antenna may find suitable applications in WiMAX devices.  

  

 

 

 

 

 

 

Figure 2.4 Antenna Geometry Presented in (a) [34] (b) [37] 

A disc shaped multi-layered dual band patch antenna is proposed in [35]. Two-disc 

shaped substrate layers (each with a radius of 30.8 𝑚𝑚) of Rogers RO4003C have been 

incorporated in the antenna structure. The upper substrate layer consists of two 
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radiators, a square shaped radiator on the top side and a circular radiator on the bottom 

side. The top circular radiator further consists of four slots placed symmetrically with 

respect to each other whereas the bottom square shaped radiator contains a U-shaped 

slot. Ground is present on bottom side of the lower substrate. Two substrate discs are 

connected with the help of four metallic posts. The complete antenna structure targets 

resonant frequencies of 2.45 and 5.8 𝐺𝐻𝑧. Another multi-layered multiband antenna 

structure is proposed by [36]. Five different substrate layers have been used to realize 

the antenna design with improved efficiency. Four substrate layers are composed of 

FR4 epoxy material whereas one substrate layer is composed of Rogers RT/Duroid 

5880 material. Each substrate layer used has similar area of 74 × 70 𝑚𝑚2, however the 

thickness of each substrate layer is different. Moreover, each substrate layer contains 

patches of different shapes and dimensions. Antenna is able to operate in dual band 

configuration from 2.25 –  2.9 𝐺𝐻𝑧 and from 4.95 –  5.94 𝐺𝐻𝑧 thereby targeting the 

WLAN frequency bands. A multiband E shaped antenna with two layers is proposed in 

[37]. Figure 2.4 (b) highlights the antenna structure. The antenna has two substrate 

layers, the top substrate layer contains a patch with U-shaped slot whereas the bottom 

substrate layer contains a patch with an E-shaped slot. On the base of the antenna a 

100 × 100 𝑚𝑚2 ground plate has been provided. Height of the complete structure is 

12 𝑚𝑚. Antenna design operates from 2.4 –  2.48 𝐺𝐻𝑧 and 3.4 –  3.61 𝐺𝐻𝑧 and is 

suitable for use in WLAN and WiMAX application devices.  

A rectangular patch antenna design with a parasitic element for 4G/ LTE applications 

is researched in [38]. The antenna design is given in Figure 2.5 (a). Parasitic element 

has been inserted to enhance the operating bandwidth of the design. The antenna is able 

to operate in the frequency range from 800 –  2400 𝑀𝐻𝑧. Antenna has been realized 

using FR4 epoxy substrate of 1.6 𝑚𝑚 thickness. The presented antenna has an overall 
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large size of 140 × 120 𝑚𝑚2. Also, no measured results have been discussed by the 

paper. Another multiband patch antenna utilizing the defected ground approach has 

been presented in [39]. Figure 2.5 (b) highlights the antenna design. The antenna has 

been created using Rogers RO4350 substrate with a thickness of 0.76 𝑚𝑚. The overall 

antenna size is 18.8 × 20 𝑚𝑚2. The design targets the WLAN frequency bands. 

Considering the –  6 𝑑𝐵 bandwidth the antenna is able to operate at 2.43 𝐺𝐻𝑧 (with 

40 𝑀𝐻𝑧 bandwidth) and at 5.2 𝐺𝐻𝑧 (with 1.2 𝐺𝐻𝑧 bandwidth). However, when 

– 10 𝑑𝐵 bandwidth criterion is considered, the first operating frequency band almost 

vanishes whereas the second frequency band then ranges from and the second band 

ranges from 4.8 to 5.6 𝐺𝐻𝑧. Also, the antenna has a gain of –  1.7 𝑑𝐵 at 2.43 𝐺𝐻𝑧 and 

a gain of 2.4 𝑑𝐵 at 5.2 𝐺𝐻𝑧.  

 

 

  

 

 

 

 

 

 

Figure 2.5 Antenna Geometry Presented in (a) [38] (b) [39]  

It can be assessed from the presented literature that many different techniques can be 

used to design microstrip patch antennas like split ring resonator structures, 

transmission line based structures, meandered line inspired structures, slotted 

structures, or structures involving parasitic elements or defected ground. However, 
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most of the developed antennas are either dual band or triple band in nature and 

generally cater for the operating frequencies around or below 2 𝐺𝐻𝑧. Also, many 

designs have relatively large size and are complex involving multi-layered nonplanar 

structures.  

2.2 Review of Frequency Reconfigurable Microstrip Patch Antenna Design 

Technology: 

Need for smaller electronic equipment with multiband performance has led to research 

in achieving antenna compactness. Many ideas have been presented to reduce the size 

of antenna; one such idea is that of a frequency reconfigurable antenna. These antennas 

are able to change their operating frequency in real time.  

The printed antenna in [40] proposes a reconfigurable antenna using two lumped 

components (a chip inductor and a PIN diode) placed in a C shaped monopole inspired 

patch structure. The inductor is inserted in the middle rectangle of C shaped monopole 

structure whereas PIN diode is inserted in the top rectangle of C shaped monopole 

structure. Arlon CuClad 217 with a height of 0.787 𝑚𝑚 has been used as the antenna 

substrate. The total size of the antenna is 20 × 28.5 𝑚𝑚2. It is observed that in the 

‘ON’ state the antenna resonates at 2.2 𝐺𝐻𝑧 whereas in the ‘OFF’ state the resonance 

band shifts to 2.4 𝐺𝐻𝑧. The antenna has a relatively low gain, 0.05 𝑑𝐵 at 2.2 𝐺𝐻𝑧 and 

0.65 𝑑𝐵 at 2.4 𝐺𝐻𝑧. The presented antenna may find applications in devices utilized 

for providing UMTS and WLAN communication services. An aperture coupled 

frequency reconfigurable antenna with two substrates has been proposed in [41]. The 

antenna design is represented in Figure 2.6 (a). The antenna utilizes the concept of 

defected ground structure (DGS). The upper substrate contains a rectangular patch on 

the top side whereas the bottom substrate contains the DGS with two dumbbell shaped 
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geometries on top side and aperture coupled feedline on the bottom side. A switch has 

been placed in the feedline to realize the frequency reconfigurability operation. When 

the switch is in ‘ON’ state the antenna resonates at 8.85 𝐺𝐻𝑧 while the antenna 

resonates at 7.5 𝐺𝐻𝑧 when the switch is in ‘OFF’ state. 

Another dual band frequency reconfigurable antenna is given by [42]. Two similar 

metasurfaces inspired from meandered line structures have been placed on top of the 

main slotted radiating element. Mechanically controlling the arrangement and 

positioning of two metasurfaces executes the frequency reconfigurability operation. 

The dimensions of radiating element and metasurfaces are 65 × 65 𝑚𝑚2, whereas the 

two metasurfaces have been placed at a distance of 2 𝑚𝑚 from each other. Overall 

height of the complete structure is 6 𝑚𝑚. Antenna is able to resonate in three different 

states; in state 1 the antenna operates from 3.1 to 3.3 𝐺𝐻𝑧 and from 4.4 to 4.7 𝐺𝐻𝑧, in 

state 2 the antenna operates from 3.3 to 3.5 𝐺𝐻𝑧 and from 4.65 to 4.8 𝐺𝐻𝑧, and finally 

in state 3 the antenna operates from 3.53 to 3.69 𝐺𝐻𝑧 and from 4.83 to 5.07 𝐺𝐻𝑧. 

 

 

 

 

 

 

Figure 2.6 Antenna Geometry Presented in (a) [41] (b) [43]  

A dual band coplanar waveguide-based frequency reconfigurable antenna is presented 

in [43]. Figure 2.6 (b) highlights the antenna design. The patch consists of a T shaped 
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radiator with a PIN diode. When the switch is operating in the ‘ON’ state the antenna 

operates at 1.59 𝐺𝐻𝑧 whereas when the switch is turned ‘OFF’ the antenna starts to 

operate in dual band configuration at 1.55 𝐺𝐻𝑧 and 3.65 𝐺𝐻𝑧. The proposed antenna 

has a size of 82 × 80 𝑚𝑚2. A rectangular microstrip antenna with full ground a slotted 

feed line capable of offering frequency reconfigurability has been proposed by [44]. A 

T-shaped slotted feedline equipped with three PIN diodes is responsible for 

implementing the reconfiguration operation. The antenna has an overall size of 

120 × 120 𝑚𝑚2. Based upon different configuration states of PIN diodes the antenna 

can resonate at either 1.8, 2.3, or 2.4 𝐺𝐻𝑧. However, only simulated results have been 

presented and no prototype has been fabricated. A frequency reconfigurable antenna 

for LTE and WLAN application devices is proposed in [45]. The antenna design is 

represented in Figure 2.7 (a). The antenna structure consists of four similar rectangular 

dielectric resonators separated by feed line containing PIN diodes. Four different 

narrow operating bands at 1.89, 2.14, 2.53, and 2.77 𝐺𝐻𝑧 can be achieved by operating 

the three PIN diodes in different configurations. The biasing circuit placed besides the 

antenna structure consists of many components, and contains two dc bias lines, two 

inductors and a resistor for every PIN diode and four capacitors in total.  

Another frequency reconfigurable microstrip patch antenna based on a conventional 

dipole structure is given by [46]. The dipole arms have been equipped with split ring 

resonator structures. Four PIN diodes have been placed in gaps of each split ring 

resonator structure. Antenna has a size of  40 × 70 𝑚𝑚2 and is capable of switching 

from a single resonant band at 2.5 𝐺𝐻𝑧 to dual resonant bands at 1.55 𝐺𝐻𝑧 and 

2.6 𝐺𝐻𝑧. A frequency reconfigurable antenna based upon a very basic square shaped 

radiating patch is presented in [47]. Figure 2.7 (b) illustrates the antenna structure. 
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Figure 2.7 Antenna Geometry Presented in (a) [45] (b) [47]  

The antenna also contains a parasitic rectangular radiating element which is connected 

with the square shaped patch using three PIN diodes. When all diodes are turned ‘OFF’ 

the antenna operates at 2.45 𝐺𝐻𝑧 but when all diodes are turned ‘ON’ the antenna starts 

to operate at 2.2 𝐺𝐻𝑧. Proposed antenna design has a size of 80 × 56 𝑚𝑚2. Another 

frequency reconfigurable antenna designed for LTE and GPS mobile handset 

applications is proposed by [48]. The design consists of an L shaped feeding strip and 

two grounded strips (one short and one long). The long-grounded strip is made to 

connect with four inductors using an RF switch. These connections between the 

inductors and the RF switch are used to exhibit the frequency reconfiguration operation. 

Overall dimension of the antenna is 140 × 70 𝑚𝑚2. Considering the − 6 𝑑𝐵 
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bandwidth, proposed antenna structure can offer operating frequencies from 

683 –  960 𝑀𝐻𝑧 and 1460 –  2820 𝑀𝐻𝑧 based upon the RF switch configuration. 

From the presented literature it can be observed that the concept of frequency 

reconfigurability can be used to effectively design microstrip patch antennas, with 

reduced antenna size, that can intelligently operate on different frequency bands, 

thereby enhancing the efficiency of the antenna structure.  

2.3 Review of Multiple Input Multiple Output (MIMO) Microstrip Patch Antenna 

Design Technology: 

Another smart and intelligent antenna design approach for modern communication 

devices is offered by Multiple Input Multiple Output (MIMO) antenna design 

technology. Different microstrip patch antennas have been designed using this 

approach. Few investigated MIMO antenna designs have been presented in this section. 

A small size multiple input multiple output (MIMO) antenna for UMTS and LTE 

applications, operating in two frequency bands is proposed in [49]. L shaped radiating 

elements have been utilized to design the antenna structure. Coplanar waveguide 

(CPW) feeding technique with a slotted circular shaped ground has been adopted. 

Parasitic strips along with slits have also been incorporated to improve the isolation 

performance. Figure 2.8 (a) shows the complete antenna structure. Antenna has a total 

size of 120 × 120 × 0.8 𝑚𝑚3. The final antenna design exhibits a dual band resonance 

with centre frequencies of 0.7 𝐺𝐻𝑧 and 1.8 𝐺𝐻𝑧. The antenna, however, has low gain 

value of –  6.5 𝑑𝐵 for the lower resonant band. The isolation is more than 13 𝑑𝐵 for 

both resonant bands. A multiband MIMO antenna with high isolation is proposed in 

[50]. The antenna utilizes radiating elements in the shape of trapezoids. Moreover, 

defected ground structure (DGS) and meander line structures have been included in the 



30 
 

design to reduce mutual coupling and improve the overall antenna performance. The 

size of proposed two element MIMO antenna is 17 × 42 × 1.6 𝑚𝑚3. The MIMO 

antenna is able to operate in two frequency bands centred around 7.2 𝐺𝐻𝑧 and 8.6 𝐺𝐻𝑧. 

The antenna has an isolation greater than 17 𝑑𝐵 for both operating frequency bands 

due to the insertion of a defected ground structure.  

 

 

 

 

 

 

 

 

Figure 2.8 Antenna Geometry Presented in (a) [49] (b) [51]  

Another MIMO antenna design for WLAN applications with reduced mutual coupling 

is presented in [51]. The fundamental antenna element has been created using T shaped 

resonators. A simple metal strip is used to decrease the mutual coupling between the 

two antenna elements. The design is able to resonate in two different frequency bands. 

Complete antenna geometry is given in Figure 2.8 (b). Total size of the MIMO antenna 

comes out to be 26 × 50 × 0.8 𝑚𝑚3. The reduced mutual coupling two element MIMO 

antenna is able to operate in two frequency bands centred around 2.5 and 5.5 𝐺𝐻𝑧. 

Moreover, the isolation between antenna elements is more than 20 𝑑𝐵. A dual band 

MIMO antenna for WLAN devices inspired from inverted F shaped antenna design has 

been reported by [52]. The antenna structure also utilizes a T shaped slot on the ground 
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along with a meandered line to improve the isolation performance. Two U-shaped slits 

have also been incorporated in the design to enhance the return loss performance. The 

antenna has a size of 52 × 77.5 × 1.6 𝑚𝑚3 and is able to operate from 2.4 to 2.8 𝐺𝐻𝑧 

and from 5.15 to 5.825 𝐺𝐻𝑧 with an isolation of 15 𝑑𝐵 for both resonant frequency 

bands.  

An interesting multiport MIMO antenna design for WLAN devices resonating in dual 

band configuration is presented in [53]. The antenna design is represented in Figure 2.9 

(a). The antenna utilizes multiple rectangular slots along with a T-shaped slot to achieve 

the desired performance. Overall structure is a combination of a two-port antenna 

resonating from 2.4 to 2.5 𝐺𝐻𝑧 with a four-port antenna resonating from 4.9 to 

5.725 𝐺𝐻𝑧. The antenna has a total dimension of 46 × 20 × 1.6 𝑚𝑚3 but possesses 

relatively lower isolation of 12 𝑑𝐵 between antenna ports. A multi-layered MIMO 

antenna operating at two different frequency bands is presented in [54]. The antenna 

operates at 3.7 𝐺𝐻𝑧 and 4.1 𝐺𝐻𝑧. The main radiator consists of a simple rectangular 

patch for both MIMO antenna elements. An H shaped decoupler has also been inserted 

along with the two rectangular patches in the antenna design. Moreover, a layer of 

modified decoupling surface, comprising of rectangular slots and plus shaped 

structures, has also been added to enhance the isolation between two MIMO antenna 

elements to 30 𝑑𝐵. The antenna has an overall large dimension of 48.5 × 60.6 ×

20 𝑚𝑚3. 

Another planar MIMO antenna design is given by [55]. Figure 2.9 (b) illustrates the 

structure of proposed antenna. The antenna design consists of two similar elements 

utilizing simple and meandered striplines on the top side and plain striplines with a 

notched ground plane on the bottom side. 
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Figure 2.9 Antenna Geometry Presented in (a) [53] (b) [55]  

Overall size of the antenna is 89 × 115 × 0.3 𝑚𝑚3 and the design is able to resonate 

from 890 to 960 𝑀𝐻𝑧 as well as from 1.88 to 2.69 𝐺𝐻𝑧. A parasitic element has been 

utilized to improve the MIMO antenna isolation performance. The isolation between 

two antenna elements comes out to be 10 𝑑𝐵. It can be seen from the survey conducted 

on MIMO antennas, that efficiency and performance of a microstrip patch antenna can 
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be increased by utilizing this technology, however, special attention needs to be paid 

towards the isolation between antenna elements. Generally, reduction of isolation 

between MIMO antenna elements may result in an increased antenna size if an efficient 

decoupler structure is not used. 

2.4 Review of mmWave Microstrip Patch Antenna Design Technology: 

As discussed in chapter 1, mmWave frequencies have been proposed for the 5G 

technology. Antenna designing for mmWave is a popular research topic today. Few of 

the explored papers have been described in this section. 

A mmWave dual band printed antenna array is given by [56]. The single element 

antenna consists of a T shaped radiator placed on antenna top side whereas a triangle 

shaped radiating structure with a triangle shaped slot is present on antenna bottom side. 

Six elements have been combined to form an array with an overall dimension of 

35 × 25 × 1.575 𝑚𝑚3. The antenna array is able to resonate at 28 𝐺𝐻𝑧 and 38 𝐺𝐻𝑧. 

However no fabricated prototype has been demonstrated and only simulated results 

have been depicted. [57] reports a single band single element mmWave antenna for 

applications targeting the concept of Internet of Things (IoT). The antenna structure is 

highlighted by Figure 2.10 (a). The antenna resonates at a frequency of 60 𝐺𝐻𝑧. 

Geometry of proposed antenna consists of a rectangular loop type structure containing 

two U-shaped parasitic patches on the top side and a full ground on the bottom side. 

The overall dimensions of mmWave antenna are 14 × 10.5 × 1.15 𝑚𝑚3.  

A proximity feeding based stacked mmWave microstrip antenna using three substrate 

layers is proposed by [58]. The first substrate layer contains two feedlines on the top 

side and a full ground plane on the bottom side, whereas on the top side of second 
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substrate a square shaped patch and two strip lines are present. The third substrate layer 

contains a square slotted radiating element. The dimensions of antenna come out to be 

10 × 10 × 0.387 𝑚𝑚3. The final antenna design is able to resonate at 28 𝐺𝐻𝑧 and 

39 𝐺𝐻𝑧. A slotted H shaped microstrip patch antenna structure is presented in [59]. 

Figure 2.10 (b) highlights the antenna design. The antenna operates in a dual band 

configuration at 37 𝐺𝐻𝑧 and 54 𝐺𝐻𝑧. Size of complete structure is 7.2 × 5 ×

0.787 𝑚𝑚3. The realized gain at 37 𝐺𝐻𝑧 is 5 𝑑𝐵𝑖 whereas the realized gain at 54 𝐺𝐻𝑧 

is 6 𝑑𝐵𝑖. Moreover, no antenna prototype has been fabricated and only simulated results 

have been presented.  

 

 

 

 

 

 

 

Figure 2.10 Antenna Geometry Presented in (a) [57] (b) [59]  

A multi-layered double cavity backed microstrip antenna array is investigated by [60]. 

The single element is composed of a double cavity slotted antenna with 8 stacked 

layers. Four single elements have been combined to form a mmWave antenna array that 

is able to resonate at 28 𝐺𝐻𝑧 and 38 𝐺𝐻𝑧. However, the achieved bandwidth for both 

resonant bands is relatively narrow. The designed antenna array has an overall size of 

20.04 × 3.065 × 0.905 𝑚𝑚3. A triple band mmWave patch antenna is reported in 

[61]. The antenna structure has been represented in Figure 2.11 (a). The antenna design 

utilizes a fractal structure with partial ground plane approach. Moreover, an 
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electromagnetic band gap structure has also been incorporated in the basic antenna 

design to enhance the gain. The complete antenna structure is able to resonate at 

29.05 𝐺𝐻𝑧, 35.75 𝐺𝐻𝑧, and 41 𝐺𝐻𝑧. The realized antenna has a size of 20 × 20 ×

0.762 𝑚𝑚3. 

 

 

 

 

 

 

Figure 2.11 Antenna Geometry Presented in (a) [61] (b) [63] 

A multi-layered wideband stacked four element mmWave antenna array design is 

presented in [62]. Detailed single element antenna design consists of two Rogers 4350 

substrate layers and four metallic layers. The sandwiched metallic layers contain 

coupling slots whereas the top metallic layer contains a multi-slotted structure of 16 

slots and the bottom metallic layer four radiating structures and antenna feed line. The 

size of antenna structure comes out to be 12 × 12 × 0.762 𝑚𝑚3. Operating frequency 

of antenna ranges from 71 𝐺𝐻𝑧 to 86 𝐺𝐻𝑧. Design of another dual band mmWave 

antenna is investigated in [63]. Figure 2.11 (b) shows the layout of the proposed antenna 

structure. Antenna design consists of a T-shaped radiating structure containing four 

different slots for performance enhancement. The complete antenna structure has a size 
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of 12.5 × 10.1 × 0.87 𝑚𝑚3 and it resonates at 27.5 𝐺𝐻𝑧 and 35.7 𝐺𝐻𝑧. However, no 

antenna prototype has been manufactured and only simulated results have been 

presented. In [64] 2 × 2 microstrip patch antenna arrays with different substrates have 

been realized and investigated. The basic antenna design consists of four rectangular 

patches excited using inset feeds. The designed arrays are made to operate in a single 

band configuration at 28 𝐺𝐻𝑧. The best and efficient antenna design has been realized 

using Astra M77 substrate and has a size of 14.5 × 14.5 × 0.35 𝑚𝑚3. It can be 

observed from the reviewed literature on mmWave antenna designs that most designs 

are dual band or triple band designs and target operating frequencies around 28 𝐺𝐻𝑧. 

Also, mechanisms and techniques need to be investigated and adopted in order to 

improve the gain and radiation efficiency of this class of antennas. Moreover, mmWave 

antennas will find potential applications in future standalone 5G communication 

devices.  

2.5 Summary: 

The conducted comprehensive literature review greatly helped in channelling the 

direction of this research. It can be asserted that microstrip patch antennas are an 

effective and in-demand antenna type for future wireless communication devices. The 

basic design of microstrip patch antennas need to be intelligently and smartly modified 

in order to adapt these antennas to be used in future communication applications and 

devices. Microstrip patch antennas with efficient and effective multiband operation 

need to be designed for current 4G, and upcoming 5G non-standalone and standalone 

devices. Reconfigurable antennas offering frequency switching capability may present 

an interesting antenna solution to modern wireless communication applications. 

Moreover, MIMO antennas resonating on multiple frequency bands of 4G and 5G 
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technology can also offer a smart and crafty design solution for future communication 

devices. Also, mmWave technology-based antennas can be designed smartly for future 

stand-alone 5G communication devices.  

Three different smart, compact, efficient, multiband microstrip antenna structures were 

developed and analysed in the next phase of this research. The upcoming chapters 

describe the design and results of the three developed antennas in detail along with a 

more specific literature review focused on the techniques utilised for antenna structure 

development and evolution to meet the desired performance specifications.  
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CHAPTER 03 

ANTENNA DESIGN 1: A MULTI-RECONFIGURABLE 

ANTENNA BASED ON CIRCULAR LOOP DESIGN 

3.1 Introduction: 

Advances in modern wireless communications has resulted in congestion of the 

available electromagnetic spectrum. Frequency reconfigurable microstrip patch 

antennas have been proposed as one effective solution to overcome this congestion 

issue. These antennas have been successfully able to gain a lot of attention during the 

past few years. In addition, frequency reconfigurable antennas offering switching 

between different frequency bands lessen the complexity of involved hardware because 

they offer several functions in a single design. The frequency reconfigurable antennas 

can decrease the cost, complexity, and overall size of an antenna structure, thereby 

improving the efficiency and performance of a wireless system. These antennas 

therefore can be a very promising choice for modern 4G and 5G wireless 

communication system devices.  

As discussed in chapter 2, many techniques have been explored in literature to attain 

frequency reconfigurability. A lot of these techniques are based on changing the flow 

of current in an antenna structure. Different current paths are developed with the help 

of strips, stacking structures and addition of elongated arms in the shape of an antenna. 

But many such adopted techniques rely on the involvement of a larger ground plane 

and can increase structural complexity of the antenna design [65]. LC (inductor-

capacitor) resonator loading is one other technique that has been adopted to induce the 

reconfigurability operation. The method relies on embedding different LC components 
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into the patch antenna structure, these components then allow the antenna to operate at 

different frequency bands [66]. Techniques exploiting defected ground structures for 

frequency reconfigurability are also present in literature [67]. Moreover, frequency 

reconfigurability operation using ring shaped structures has also been explored [68].  

The reconfigurability operation offered by microstrip patch antennas is not limited to 

the operating frequency only. Antenna performance parameters such as radiation 

pattern, bandwidth, and polarization can also be targeted using the reconfigurability 

approach. Usually, the number of active components involved in antenna design 

structure determine the number of executed reconfigurability operations [14] [69]. In 

order to allow the microstrip patch antenna structure to attain the reconfigurability 

function, generally mechanical switches or electronic switches are utilized. Common 

examples of mechanical switches include use of reed switches for achieving 

reconfigurability, whereas PIN diodes are a typical example of electronic switches used 

for achieving reconfigurability in an antenna design. Varactor diodes and radio 

frequency (RF) microelectromechanical systems (MEMS) switches are also employed 

in design of reconfigurable patch antennas [70] [71]. Low switching speeds of around 

1 to 200 𝜇𝑠 are generally provided by RF MEMS switches for most applications [70], 

whereas PIN diodes provide relatively faster switching speeds of around 1 to 100 𝑛𝑠 

[72]. Integration of mechanical switches on patch antennas creates heavy and complex 

structures while on the other hand, PIN diodes are easily integrated on patch antenna 

substrates making them a comfortable and potentially appropriate choice for 

reconfigurable antenna designs. PIN diodes have been used to achieve reconfigurability 

operations targeting frequency, polarization, and radiation pattern [73] – [75]. 

Moreover, idea of bandwidth reconfigurability for 4G applications has also been 

explored [76]. Ideas of incorporating slits, slotted structures, modified ground planes 
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and parasitic patches along with PIN diodes have been exploited in literature to attain 

reconfigurability targeting different antenna parameters [77] [78].  

In this chapter the first antenna design for this research is presented. The antenna is 

based on a circular loop structure exhibiting frequency as well as bandwidth 

reconfigurability using PIN diodes. The antenna is able to target multiple frequency 

bands for 4G and 5G communication technology applications. The detailed design, 

development, results, and analysis of the proposed antenna structure are explored in 

subsequent sections of the chapter.  

3.2 Design of Proposed Multi-Reconfigurable Antenna: 

The design of proposed multi-reconfigurable antenna is based primarily on a circular 

loop shaped structure. The loop has been evolved to fit in two PIN diodes. The antenna 

design is represented in Figure 3.1. The two PIN diodes have been smartly placed in 

such a way that both these diodes can be simultaneously turned ON and OFF. The 

antenna is able to resonate at three different frequency bands, 2.21, 4.85, and 10.19 

GHz when both diodes are in ON state. While a dual band operation at 3.54 and 8.02 

GHz is observed when both diodes are in OFF state. Moreover, bandwidth 

reconfigurability is also noticed, from narrowband to wideband, when both diodes are 

turned ON. Hence the proposed multi-reconfigurable antenna is able to offer both 

frequency and bandwidth reconfigurability approaches. 

The proposed multi-reconfigurable antenna design is based on a circular loop design 

[79]. A modified ground plane approach has been used in design. High Frequency 

Structure Simulator (HFSS), which is a full wave 3D electromagnetic software has been 

used for antenna design and analysis. A multiband microstrip antenna can be designed 

using rings or circular loops [80]. At the beginning a typical circular loop antenna was 
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designed. The radius of the loop 𝑟 was taken as 10 𝑚𝑚. The strip width 𝑑 was taken as 

1.5 𝑚𝑚. 

 

 

 

 

 

 

 

 

 

Figure 3.1 Final Design of Proposed Multi-Reconfigurable Antenna, Patch Structure 

(Left) and Modified Ground Structure (Right) 

Wire radius can be obtained from given strip width using the following equation [81]: 

𝑊𝑖𝑟𝑒 𝑅𝑎𝑑𝑖𝑢𝑠 (𝑤𝑟) =
𝑆𝑡𝑟𝑖𝑝 𝑊𝑖𝑑𝑡ℎ (𝑑)

4
 

The wire radius in this case can be computed by inserting the value of strip width 𝑑 as 

1.5 𝑚𝑚.  

𝑊𝑖𝑟𝑒 𝑅𝑎𝑑𝑖𝑢𝑠 (𝑤𝑟) =
1.5 𝑚𝑚

4
 

𝑊𝑖𝑟𝑒 𝑅𝑎𝑑𝑖𝑢𝑠 (𝑤𝑟) = 0.375 𝑚𝑚 

For loop antennas an interesting parameter termed the thickness factor can be 

determined from the values of loop and wire radius. Any loop antenna can be 

categorized as a thick or thin antenna based upon the value of thickness factor. Thin 
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antennas are efficiently able to operate at multiple frequencies [81]. Thickness factor 

can be determined using the following equation [82]: 

𝑇𝐹 = 2 𝑙𝑛 (
2𝜋𝑟

𝑤𝑟
) 

The thickness factor can hence be calculated by inserting the values of loop and wire 

radius as 10 𝑚𝑚 and 0.375 𝑚𝑚 respectively.  

𝑇𝐹 = 2 𝑙𝑛 (
2𝜋10

0.375
) 

𝑇𝐹 = 10.24 

Thus, the initially designed loop antenna has a thickness factor value of 10.24. Loop 

antennas having thickness factor values of greater than 9 are characterized as thin 

antennas [82]. Therefore, the initially designed loop antenna structure can be 

categorized as a thin antenna, capable of exhibiting multiband operation.  

The antenna is designed using commonly available FR4 epoxy substrate with a 

thickness of 1.6 𝑚𝑚. The complete layout of antenna design is given in Figure 3.1. The 

dimensions highlighted in Figure 3.1 are detailed in Table 3.1. 

Table 3.1 Detailed Dimensions of Multi-Reconfigurable Antenna 

Dimension Value 

(𝒎𝒎) 

Dimension Value 

(𝒎𝒎) 

𝐿𝑠 55 𝑓 8.19 

𝑊𝑠 50 𝑔 17 

𝑎 28 ℎ 1 

𝑏 15.75 𝑖 10 

𝑐 8.02 𝐿𝑔 8 

𝑑 1.5 𝑊𝑔 22 

𝑒 5.25 
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 As represented in Figure 3.1 the final patch design is based on a fundamental circular 

loop structure. A horizontal strip of length 𝑔 and width 𝑑 has been inserted in middle 

of the loop and an arc of length 𝑒 has been taken out from the loop to obtain the final 

design of proposed antenna. The antenna is excited using a 50 Ω microstrip line feed. 

The addition of horizontal strip in middle of circular loop [83], removal of arc from the 

circular loop [79], and insertion of a partial ground plane [84] into the antenna structure 

allow the proposed antenna to achieve multiband resonance as well as increased 

bandwidth. Finally, a small strip of 1 𝑚𝑚 width and 10 𝑚𝑚 length, in the shape of a 

rectangle is placed 0.5 𝑚𝑚 above the partial ground plane to further enhance the 

bandwidth and efficiency of proposed antenna structure.  

3.2.1 Antenna Design Evolution: 

Figure 3.2 represents important evolution steps involved in the antenna design. In order 

to observe the impedance matching performance, Figure 3.3 represents the 

corresponding reflection coefficient plots for every design in Figure 3.2.  

 

 

 

 

 

 

 

 

Figure 3.2 Evolution Steps for Antenna Design (top and bottom): (A) Design A (B) 

Design B (C) Design C (D) Design D 
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Figure 3.3 Reflection Coefficient Results for Antenna Evolution Steps 

Design A highlights the first step in the antenna design evolution process. As it can be 

seen Design A consisted of a plain circular patch and a rectangular partial ground plane. 

The corresponding reflection coefficient plot for Design A in Figure 3.3 shows the 

antenna resonating around X band (8.4 to 12 GHz), as well as from 6.5 to 8 GHz. Design 

A was then evolved into Design B by converting plain circular patch into a circular loop 

structure in order to allow the antenna to resonate at multiple frequencies. Reflection 

coefficient results of Design B in Figure 3.3 highlight a multiband operation. More 

precisely Design B is able to resonate at three different frequency bands from 3.1 to 4.1 

GHz, 6.4 to 7.1 GHz, and 8.6 to 11.7 GHz. Next step in the design evolution process 

involved further adjustment of resonant frequencies and bandwidth of the X band. In 

Design C a horizontal strip of length 17 𝑚𝑚 and width 1.5 𝑚𝑚 is added in the middle 

of circular loop structure [83]. The corresponding reflection coefficient results for 

Design C in Figure 3.3 represent a triband operation. Design C was able to resonate 

from 3.1 to 4.1 GHz, 5.6 to 5.8 GHz, and 7.4 to 12 GHz. Hence Design C is able to 

operate in the entire X band. Lastly Design D was developed by taking out an arc of 
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length 5.25 𝑚𝑚 from the circular loop structure on the top side of antenna design [79], 

and by placing a small strip above the partial ground on the bottom side of antenna 

design [84]. Design D, as it can be seen in Figure 3.3, was able to operate from 2.16 to 

2.27 GHz, 4.3 to 5.3 GHz, and 7.54 to 12 GHz.  

3.2.2 Parametric Analysis: 

In order to clearly understand the impact of various radiating elements present in the 

final antenna design a detailed parametric study was carried out targeting certain 

geometric parameters. In the beginning the arc length 𝑒 taken out from circular loop 

structure was changed from 1.25 𝑚𝑚 to 7.75 𝑚𝑚. Figure 3.4 represents the 

corresponding reflection coefficient results for different arc length values. It can be 

assessed from the reflection coefficient plots that change in removed arc length affects 

the operating frequency of the first band. Increasing the value of removed arc length 

gradually increases the centre frequency of the first resonant band. For the final design 

value of removed arc length has been chosen as 5.25 𝑚𝑚 in order to attain the desired 

operating frequency of 2.21 GHz.  

   

 

 

 

 

 

 

Figure 3.4 Reflection Coefficient Results for Removed Arc Length Variation 
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Next parametric study was carried out on length of horizontal strip present in centre of 

the circular loop structure. Length of the horizontal strip has been represented as 𝑔. 

Length of horizontal strip was changed from 5 𝑚𝑚 to 17 𝑚𝑚 by keeping it intact with 

the right side of circular loop structure. Corresponding reflection coefficient results 

have been plotted in Figure 3.5. The results clearly indicate that length of horizontal 

strip controls the second resonant band. Also increase in bandwidth of X band, the third 

resonant band, depends on length of horizontal strip. The position for first PIN diode 

was mainly selected based on this specific parametric analysis. It can be observed that 

best results are achieved when length of horizontal strip is taken as 17 𝑚𝑚 and it is 

connected to the circular loop structure from both ends.  

Another parametric study was performed based upon variation of the strip length 𝑑. As 

discussed previously strip length 𝑑 plays an important role in determining the thickness 

factor of the loop antenna design. 

 

Figure 3.5 Reflection Coefficient Results for Horizontal Strip Length Variation 

This significance of strip length is also evident through the executed parametric study. 

The strip length 𝑑 was altered from 1.5 𝑚𝑚 to 4.5 𝑚𝑚. The corresponding reflection 
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coefficient results have been presented in Figure 3.6. It can be seen that a thin antenna, 

as defined previously can operate at different frequency bands. The strip width of 

1.5 𝑚𝑚 has been selected for the final antenna design. Increase in value of strip width 

strongly affects the second resonant band and it starts to disappear.  

 

 

 

 

 

 

 

Figure 3.6 Reflection Coefficient Results for Strip Width Variation 

 

Figure 3.7 Reflection Coefficient Results for Partial Ground Length Variation 

In order to observe the effects of partial ground on antenna performance another 

parametric study was carried out. This particular study targeted the length of rectangular 

partial ground, referred to as 𝑊𝑔. The length of partial ground was altered from 10 𝑚𝑚 

to 22 𝑚𝑚. Reflection coefficient results for partial ground length alterations are shown 
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in Figure 3.7. It can be seen that change in length of partial ground affects reflection 

coefficient values of all three resonant bands. Moreover, bandwidth of the third 

resonant band (X band) also changes with partial ground length variation. Optimum 

results are attained when length of partial ground is taken as 22 𝑚𝑚.  

The final antenna design with selected optimum dimensions as represented in Figure 

3.1, is able to successfully exhibit a triband operation from 2.16 to 2.27 GHz, 4.3 to 5.3 

GHz, and 7.54 to 12 GHz. The final antenna design can be realized using a 

22 × 30 𝑚𝑚2 substrate, but the substrate dimensions were later increased to 

comfortably adjust the PIN diodes and their DC biasing circuit.  

3.2.3 Integration of PIN Diodes in Final Antenna Design: 

In order to introduce the reconfigurability approach, PIN didoes positions were 

identified after the triband antenna has been designed and optimized. Identification of 

PIN diodes positions involved understanding and analysis of triband antenna design, 

close examination of implemented parametric studies and assessment of the surface 

current on designed antenna structure. Identified PIN diode positions are highlighted in 

Figure 3.8, which depicts the patch of antenna under consideration. The dimension ‘𝑗’ 

in Figure 3.8 has a value of 1 𝑚𝑚. PIN diode positions were selected in such a way that 

multiple paths could be provided to RF current from feed to patch, thereby altering the 

electrical length of antenna structure. After position identification PIN diodes were 

integrated into the antenna structure. From Figure 3.8 it can clearly be assessed that two 

PIN diodes have been placed in the antenna design. The diode at position 1 is 

responsible for controlling the 2.21 GHz frequency band. On the other hand, bandwidth 

of the X band is controlled by diode at position 2. Moreover, simultaneous operation of 

both PIN diodes results in switching between the 3.42 GHz and 4.85 GHz frequency 
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bands. It is pertinent to mention that both PIN didoes have been placed in the antenna 

structure in such a way that they can be operated simultaneously, that is both PIN diodes 

can be turned into ‘OFF’ and ‘ON’ states simultaneously.  

RLC boundary conditions were exploited to include PIN diode structures in HFSS 

simulation. The effects of PIN diodes on impedance matching and radiation 

characteristics of the designed antenna were carefully optimized after inclusion of PIN 

diodes in the simulation model. In order to realize PIN diodes in HFSS simulation a 

small rectangle shaped strip was assigned the RLC boundary. In particular for realizing 

the ‘OFF’ diode state, a 1 𝑘Ω resistor was placed in parallel with a 0.1 𝑝𝐹 capacitor, 

this component arrangement was then placed in series with a 0.5 𝑛𝐻 inductor. On the 

other hand, to realize the ‘ON’ diode state a 0.5 𝑛𝐻 inductor was put in series with a 

0.8 Ω resistor [85]. When the PIN diodes are turned ‘OFF’, the antenna operates in dual 

band configuration and the frequency band from 2.16 GHz to 2.27 GHz gets 

suppressed. While the antenna is able to operate in tri band configuration when the PIN 

diodes are turned ‘ON’, this happens due to provision of constant current path to the 

antenna patch.  

 

 

 

 

 

 

 

 

Figure 3.8 Marked Diode Positions on Antenna Radiating Patch 

j
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Position 1

Diode 

Position 2
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3.2.4 Investigation of Surface Current Distribution for Designed Antenna: 

To better understand resonance behaviour of the designed antenna, surface current 

distribution for different resonant frequencies has been plotted in Figures 3.9 and 3.10. 

Contribution of different antenna sections in generation of respective frequencies can 

be clearly assessed from these figures. Figure 3.9 represents the surface current 

distribution plot of designed antenna in PIN diodes ‘OFF’ state, for both radiating patch 

and ground structure at frequencies of 3.42 GHz and 8.02 GHz. The figure has two sub 

parts, Figure 3.9 (A) represents the surface current distribution at 3.42 GHz. It can be 

seen that horizontal rectangle shaped strip placed in centre of circular loop along with 

lower half of circular loop supports generation of 3.42 GHz resonant frequency. Figure 

3.9 (B) on the other hand, highlights the antenna sections responsible for generation of 

8.02 GHz operating frequency. Lower and upper both halves of circular loop play 

important part in realization of 8.02 GHz frequency. It can also be evidently seen in 

Figure 3.9 that the small horizontal rectangle shaped strip on antenna bottom side has 

also a significant role in generation of the 8.02 GHz operating frequency.  

Figure 3.10 highlights the surface current distribution plots of designed antenna in PIN 

diodes ‘ON’ state, for both radiating patch and ground structures at frequencies of 2.21, 

4.85, 8.02 and 10.19 GHz. Surface current distribution at 2.21 GHz has been plotted in 

Figure 3.10 (A), it can be seen that both PIN diodes contribute towards generation of 

2.21 GHz operating frequency. Moreover, the rectangle shaped horizontal strip placed 

in centre of circular loop along with upper and lower sections of the circular loop also 

contribute towards attainment of 2.21 GHz operating frequency.  

Observing Figure 3.10 (B) reveals that PIN diode at position 2 plays significant role in 

realization of 4.85 GHz operating frequency along with lower section of the circular 
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loop structure of radiating patch. Surface current distributions corresponding to 8.02 

GHz and 10.19 GHz, for PIN diodes ‘ON’ state, have been plotted in Figure 3.10 (C) 

and Figure 3.10 (D) respectively.  

It can be assessed that wideband from 7.54 GHz to 12 GHz is achieved when both PIN 

diodes are turned ‘ON’, as whole antenna structure is responsible for generation of 

10.19 GHz operating frequency, which can also be noticed in Figure 3.10 (D). 

Moreover, contribution of partial ground structure in generation of all three operating 

frequency bands can also be evidently appreciated from Figure 3.10.  

  

 

 

 

 

 

 

 

Figure 3.9 Surface Current Distribution (for patch and ground) in PIN diodes ‘OFF’ 

state at: (A) 3.42 GHz and (B) 8.02 GHz 

3.3 Significant Antenna Results and Analysis: 

In order to validate and estimate the effectiveness of final antenna design, a prototype 

of the proposed antenna structure was fabricated using FR4 epoxy substrate with a loss 

tangent value of 0.02, relative permittivity of 4.4 and a height of 1.6 𝑚𝑚. PIN diodes 

manufactured by Skyworks having part number SMP 1322 were incorporated in the 

fabricated prototype [85]. 
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Figure 3.10 Surface Current Distribution (for patch and ground) in PIN diodes ‘ON’ 

state at: (A) 2.21 GHz (B) 4.85 GHz (C) 8.02 GHz and (D) 10.19 GHz 

RF chokes produced by Minicircuit having part number ADCH-80A were also 

integrated in the developed prototype in order to separate DC currents from RF currents. 

ADCH-80 A chokes were chosen as they offer decreased parasitic capacitance, 

decreased DC resistance and high impedance for the selected frequency range [86]. The 

fabricated antenna prototype is illustrated in Figure 3.11. 
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Figure 3.11 Fabricated Antenna Prototype 

3.3.1 Reflection Coefficient Results: 

To assess impedance matching of the proposed design, magnitude reflection coefficient 

results of the fabricated prototype were measured using a well calibrated Network 

Analyzer (Agilent N5245B PNA-X). Measured results presented a good agreement 

with the simulated results. However, nonideal PIN diode behaviour and fabrication 

imperfections can be held responsible for small differences between the measured and 

simulated results. Despite small differences the simulated and measured magnitude 

reflection coefficient values remain below – 10 𝑑𝐵 for all operating frequency bands in 

both diodes ‘OFF’ and ‘ON’ states. Simulated magnitude reflection coefficient results 

for all four possible configurations related to the two PIN diodes are represented by 

Figure 3.12. Role of PIN diode 2 in generation of 4.85 GHz resonant band can be 

evidently observed from Figure 3.12. Moreover, significant contribution of PIN diode 

2 in controlling the bandwidth of X band can also be comprehended from Figure 3.12. 
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It can also be seen that both PIN diodes 1 and 2 are responsible for generation of 2.21 

GHz and 3.42 GHz resonant bands.  

Figure 3.13 illustrates the simulated and measured magnitude reflection coefficient 

results for PIN diodes ‘OFF’ and ‘ON’ states. As stressed previously the placement 

positions of both PIN diodes allow them to be turned ‘ON’ and ‘OFF’ simultaneously. 

It can be seen that antenna resonates at 3.42 GHz and 8.02 GHz when both didoes are 

turned ‘OFF’ while the antenna resonates at 2.21, 4.85 and 10.19 GHz when both diodes 

are turned ‘ON’. From Figure 3.13 it can be noticed that the resonant frequency band 

at 3.42 GHz present in the PIN diodes ‘OFF’ state shifts to 4.85 GHz when both PIN 

diodes are turned ‘ON’. Increase in bandwidth of third resonant band (X band) can also 

be observed evidently when PIN diodes switch from ‘OFF’ state to ‘ON’ state. 

Table 3.2 records the detailed magnitude reflection coefficient and bandwidth results 

for PIN diodes ‘OFF’ and ‘ON’ states. From Table 3.2 and Figure 3.13 it can be 

observed that the proposed antenna design offers both frequency as well as bandwidth 

switching capability. Therefore, the proposed antenna design can be attributed as a 

multi-reconfigurable antenna design.  
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Figure 3.12 Simulated Reflection Coefficient Results for Four Possible 

Configurations of PIN Diodes 

 

Figure 3.13 Simulated and Measured Reflection Coefficient Results for PIN Diodes 

‘OFF’ and ‘ON’ States 
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Table 3.2 Detailed Magnitude Reflection Coefficient Results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.2 Far Field Results: 

In order to understand the far field properties of proposed antenna, radiation pattern 

results were plotted in PIN diodes ‘OFF’ and ‘ON’ states. Figure 3.14 illustrates the 

simulated and measured radiation pattern plots in PIN diodes ‘OFF’ state whereas 

 Diodes State ON Diodes State OFF 

Simulated 

Results 

Band 1: 2.155 GHz to 2.34 

GHz (Bandwidth = 0.185 

GHz) 

Centre Frequency = 2.265 

GHz (|𝒔𝟏𝟏|  =  −19.12 𝑑𝐵) 

 

Band 2: 4.52 GHz to 5.29 

GHz (Bandwidth = 0.77 

GHz) 

Centre Frequency = 4.905 

GHz (|𝒔𝟏𝟏|  =
 − 38.99 𝑑𝐵) 

 

Band 3: 7.625 GHz to 12 

GHz (Bandwidth = 4.375 

GHz) 

Centre Frequency = 10.35 

GHz (|𝒔𝟏𝟏|  =
 − 21.63 𝑑𝐵) 

Band 1: 3.061 GHz to 

4.025 GHz (Bandwidth = 

0.964 GHz) 

Centre Frequency = 

3.54 GHz (|𝒔𝟏𝟏|  =
 −30.23 𝑑𝐵) 

 

Band 2: 7.73 GHz to 8.36 

GHz 

(Bandwidth = 0.63 GHz) 

Centre Frequency = 

8.03 GHz (|𝒔𝟏𝟏|  =
 −16.31 𝑑𝐵) 

 

Measured 

Results 

Band 1: 2.16 GHz to 2.27 

GHz (Bandwidth = 0.11 

GHz) 

Centre Frequency = 2.21 

GHz (|𝒔𝟏𝟏|  =  − 12.4 𝑑𝐵) 

 

Band 2: 4.3 GHz to 5.3 

GHz (Bandwidth = 1 

GHz) 

Centre Frequency = 4.85 

GHz (|𝒔𝟏𝟏|  =  − 37.5 𝑑𝐵) 

 

Band 3: 7.54 GHz to 12 

GHz (Bandwidth = 4.46 

GHz) 

Centre Frequency = 10.19 

GHz (|𝒔𝟏𝟏|  =  − 19.7 𝑑𝐵) 

Band 1: 2.92 GHz to 3.97 

GHz (Bandwidth = 1.05 

GHz) 

Centre Frequency = 

3.42 GHz (|𝒔𝟏𝟏|  =
 −28.48 𝑑𝐵) 

 

Band 2: 7.71 GHz to 8.48 

GHz 

(Bandwidth = 0.77 GHz) 

Centre Frequency = 

8.02 GHz (|𝒔𝟏𝟏|  =
 −17.03 𝑑𝐵) 
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Figure 3.15 illustrates the simulated and measured radiation pattern plots in PIN diodes 

‘ON’ state. The radiation patterns were measured using an anechoic chamber facility.  

 

 

 

 

 

 

 

Figure 3.14 Simulated and Measured Radiation Patterns for PIN Diodes ‘OFF’ State 

at (A) 3.42 GHz and (B) 8.02 GHz 

E plane (yz plane) and H plane (xz plane) radiation patterns have been plotted in Figure 

3.14 at 3.42 GHz and 8.02 GHz. Whereas E plane (yz plane) and H plane (xz plane) 

radiation patterns have been plotted in Figure 3.15 at 2.21, 4.85, 8.02 and 10.19 GHz. 

It can be inferred from comparison that simulated and measured results agree with one 

another. Nonideal PIN diode behaviour, fabrication and testing equipment 

imperfections can be deemed responsible for slight disagreements between simulated 

and measured results. Simulated and measured radiation efficiency and peak gain 

values for diodes ‘OFF’ and ‘ON’ states at different resonant frequencies are given in 

Table 3.3. Peak gains have been evaluated in the E plane. It can be noticed that although 

the radiation pattern at 8.02 GHz attains the same plot in diodes ‘OFF’ and ‘ON’ states 

however the value of peak gain in ‘OFF’ state is higher than the value of peak gain at 

8.02 GHz in the ‘ON’ state. This decrease in the peak gain value at 8.02 GHz can be 

attributed to integration of active devices (PIN diodes) in the antenna structure.  
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Figure 3.15 Simulated and Measured Radiation Patterns for PIN Diodes ‘ON’ State at 

(A) 2.21 GHz (B) 4.85 GHz (C) 8.02 GHz and (D) 10.19 GHz 

Table 3.3 Peak Gain (dBi) and Radiation Efficiency (%) Results 

 

 

Diodes 

State 

Freq 

(GHz) 

Simulated Results Measured Results 

Peak Gain 

(dBi) 

Radiation 

Efficiency 

(%) 

Peak Gain 

(dBi) 

Radiation 

Efficiency 

(%) 

OFF 3.42 4.09 88.03 3.03 82.48 

OFF 8.02 3.82 86.67 3.37 81.31 

ON 2.21 3.53 89.42 3.06 83.27 

ON 4.85 3.49 85.56 2.81 78.64 

ON 8.02 3.78 85.14 3.26 77.39 

ON 10.19 3.32 84.26 2.92 78.48 
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The highest measured radiation efficiency of 82.48 % is recorded at 3.42 GHz in PIN 

diodes ‘OFF’ state whereas highest measured radiation efficiency of 83.27 % is 

recorded at 2.21 GHz in PIN diodes ‘ON’ state.  

3.3.3 Comparison with Related Literature: 

A comparison of proposed multi-reconfigurable antenna design with related literature 

is presented in Table 3.4. The advantages of proposed antenna design can be assessed 

from this comparison. It can be noticed from literature comparison that the proposed 

design is unique in offering frequency and bandwidth switching capability not only 

concerning the 4G and 5G communication frequencies but also the X band frequency.  

Table 3.4 Related Literature Comparison 

Ref 

Antenna 

Shape/ 

Targeted 

Parameter 

Antenna Size 

(mm2)/ 

Switching 

Elements 

 Operating 

Frequency 

Bands 

Biasing 

Network 

Peak 

Gain 

[70] 
Octagon/ 

Polarization 

50.8×50.8/ 4 

MEMS 

Switches 

3.8 GHz 

Microstrip 

lines and 

radial stubs 

4.9 dBi 

[71] 

Dual Side 

Vivaldi/ 

Frequency 

30×30/ 

Varactor 

Diode 

6.16 – 6.6 

GHz 

External 

Biasing Tee 

6.77 

dBi 

[72] 

Annular Slot/ 

Frequency, 

Radiation 

Pattern 

50×50/ 4 PIN 

Diodes 

5.2, 5.8 & 

6.4 GHz 

Microstrip 

radial stubs 
- 

[73] 

Square Ring/ 

Frequency, 

Polarization 

60×65/ 2 PIN 

Diodes 

2.4, 3.4 & 

4.18 GHz 
RF Chokes 

4.01, 

3.65 & 

3.07 

dBi 

[74] 
Planar Inverted 

F/ Frequency 

42.5×80/ 3 

PIN Diodes 

1.8, 2.1, 2.4, 

3.5, 3.7 & 

5.8 GHz 

RLC Circuit 

3.34, 

2.8, 

5.16, 

3.95, 

5.05 & 

6.98 

dBi 
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3.4 Summary: 

A smart and intelligent multi-reconfigurable antenna design is prosed in this chapter. 

The antenna is capable of offering not only frequency switching but also offers 

bandwidth switching capability. PIN diodes have been incorporated in the antenna 

design to execute the switching operation. The antenna results indicate that PIN diodes 

can efficiently control the operating frequency and bandwidth of a microstrip patch 

antenna. Switching operation can be implemented to selected desired operational bands 

as and when required. Frequency switching capability of antenna is demonstrated by 

operating the antenna in diodes ‘ON’ state in a tri band mode (at 2.21, 4.85 and 10.19 

GHz) and then by operating the antenna in diodes ‘OFF’ state in dual band mode (at 

3.42 and 8.02 GHz). The 2.21 GHz band present in diodes ‘ON’ state gets suppressed 

in the diodes ‘OFF’ state whereas the 4.85 GHz band present in diodes ‘ON’ state shifts 

to 3.42 GHz in the diodes ‘OFF’ state. Bandwidth switching capability of antenna is 

demonstrated by operating the antenna in diodes ‘ON’ state in a wideband from 7.54 

GHz to 12 GHz and then by operating the antenna in diodes ‘OFF’ state in a narrowband 

from 7.71 GHz to 8.48 GHz. The proposed antenna design was fabricated and tested. 

Measured results validate the antenna design.  

 [76] 

Slotted 

Rectangle/ 

Bandwidth 

25×50/ 2 PIN 

Diodes 

2.4 – 5.5 

GHz 
RLC Circuit - 

 [78] 

Ring Slot 

Inspired/ 

Frequency, 

Bandwidth 

60×80/ 2 PIN 

Diodes & 2 

Varactor 

Diodes 

1.35 – 6.2 

GHz, 2.55 – 

3.2 GHz 

RF Chokes 
5.12 

dBi 

This 

Work 

Circular Loop 

Inspired/ 

Frequency, 

Bandwidth 

50×55/ 2 PIN 

Diodes 

2.21, 3.42, 

4.85, 8.02, 

10.19 GHz 

RF Chokes 

3.53, 

4.09, 

3.49, 

3.82 & 

3.32 

dBi 
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The proposed antenna design can be used in 4G and 5G communication devices such 

as devices used in 4G Advanced Wireless Services (AWS from 2180 to 2200 MHz 

[87]), WiMAX applications (3400 to 3600 MHZ [88]), 5G New Radio service bands 

like n48 (3550 to 3700 MHz [22]) and n78 (3300 to 3800 MHz [22]), licensed 5G bands 

in China (3300 to 3600 MHz, 4800 to 5000 MHz [21]), licensed 5G bands in Europe 

(3400 to 3800 MHz [21]) and X band (8 to 12 GHz [89]) satellite services (fixed and 

mobile). The antenna design offers a unique, smart, and intelligently futuristic approach 

of multi-reconfigurability that allows it to be deployed in 4G devices, 5G devices, 

4G/5G devices as well as devices utilizing both terrestrial and satellite communication 

services.  
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CHAPTER 04 

ANTENNA DESIGN 2: A QUADBAND MIMO ANTENNA BASED 

ON A MULTI SLOTTED STRUCTURE 

4.1 Introduction: 

5G services in their initial deployment phase will be provided in a non-standalone 

configuration and will share operating bands with the already deployed 4G networks 

[90]. Deployment of Multiple Input Multiple Output (MIMO) antenna technology for 

providing 4G and 5G services can result in significant improvement of channel capacity 

as well as spectrum utilization without any increase in the transmission bandwidth and 

power. Many antenna designs exploiting the MIMO technology have been proposed in 

literature [91 – 98]. These proposed antenna designs target a variety of operating 

frequency bands. A MIMO antenna resonating at 0.75 GHz and 1.9 GHz has been 

presented in [91]. A MIMO antenna with a relatively larger size of 33.5 × 22 ×

5.4 𝑚𝑚3, based on an inverted F shape design structure is presented in [92]. A MIMO 

antenna consisting of four elements and operating at 2.4 GHz and 5.5 GHz is reported 

in [94]. [95] proposes another MIMO antenna structure consisting of two elements and 

resonating at 7.2 GHz and 8.6 GHz, the proposed structure however suffers from low 

isolation.  

A key challenge in designing MIMO antenna structures is to mitigate the mutual 

coupling, a parameter which signifies the extent of electromagnetic contact between 

multiple antenna elements [99]. Generally, if distance between multiple antenna 

elements is small then the electric field radiated out of one antenna element can alter 

the current distribution of other antenna elements [100]. Many different solutions have 
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been reported in literature for reduction of mutual coupling between different elements 

of a MIMO antenna. Some notable solutions include use of electromagnetic band gap 

(EBG) structures [101] [102], artificial metamaterials [103], parasitic branching [104] 

and neutralization lines [105] [106]. Literature also reports structures termed as 

‘decouplers’, with various different shapes, slits, and slots, which have been 

incorporated in MIMO antenna designs to reduce mutual coupling [107] [108]. MIMO 

antenna design for the sub 6 GHz 5G band is an interesting research phenomenon today 

as this band offers huge integration capability with the already existing 4G 

communication technology systems. At the same time design of MIMO antennas with 

compact structures and low mutual coupling is a daunting endeavour. MIMO antennas 

with increased isolation and low mutual coupling, operating on multiple frequency 

bands are in great demand nowadays.  

In this chapter a smart two element MIMO antenna based on a multi slotted structure is 

proposed. The designed antenna is able to resonate at four different frequency bands 

with reduced mutual coupling and compact size. A simple decoupler structure has been 

incorporated in the antenna design to improve the isolation performance. Subsequent 

sections of the chapter highlight detailed development of antenna design, results and 

analysis of significant parameters including MIMO antenna performance parameters.  

4.2 Detailed Design Development of Proposed Antenna Structure: 

Development of proposed antenna structure began with design of a single element 

antenna. Once successfully realized, the single element antenna was then transformed 

into proposed two element MIMO antenna design. A simple decoupler structure has 

also been incorporated in final two element MIMO antenna design to enhance the 

isolation performance.  
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4.2.1 Development of Single Element Antenna: 

Figure 4.1 represents complete layout of the developed single element antenna 

structure. Total size of the antenna is 18.5 × 28 𝑚𝑚2, which corresponding to the 

lowest operating frequency of 2.5 GHz comes out to be 0.154 𝜆𝜊 × 0.233 𝜆𝜊. The 

single element antenna structure is conceived using FR4 epoxy substrate having a 

relative permittivity value of 4.4 and height of 1.6 𝑚𝑚. The formulation of single 

element antenna began with a simple rectangular patch without any slots. Antenna 

design evolution led to incorporation of a multi-slotted patch structure on the antenna 

top side along with introduction of a partial ground structure on the antenna bottom 

side.  

 

 

 

 

 

 

Figure 4.1 Complete Layout of Single Element Antenna (a) Top (b) Bottom 

The incorporated multi-slotted structure enables the single element antenna to resonate 

at multiple frequencies targeting the 4G and 5G communication technologies. The 

multi-slotted structure consists of L shaped and I shaped slots. The slots are smartly 

placed on opposite edges of the initial rectangular patch structure. The introduced slots 

allow the antenna to not only resonate at multiple frequencies but also enable the 
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antenna structure to achieve compactness [109 – 111]. Further optimization and tuning 

of slot dimensions led to gain and bandwidth improvement along with miniaturization 

and multiband resonance [112]. The complete multi-slotted patch structure in detail is 

represented by Figure 4.2. Dimensions involved in Figures 4.1 and 4.2 are given by 

Table 4.1. 

 

  

 

 

 

 

 

 

 

Figure 4.2 Detailed View of Multi-Slotted Rectangular Patch Loaded with L and I 

Shaped Slots 

Table 4.1 Dimensions Involved in Figures 4.1 and 4.2 

Dimension Value 

(𝒎𝒎) 

Dimension Value 

(𝒎𝒎) 

Figure 4.1 

𝐿1 14.5 𝑊1 15 

𝐿2 3 𝑊2 9 

𝐿10 18.5 𝑊13 18.25 

Figure 4.1 

𝐿3 5.25 𝑊5 9 

𝐿4 1.8375 𝑊6 7.8 

𝐿5 2.5375 𝑊7 8.8 

𝐿6 2.8375 𝑊8 8.8 

𝐿7 2.6 𝑊9 7.8 

𝐿8 5.25 𝑊10 9 

𝑊3 1.6 𝑊11 8.4 

𝑊4 8.4 
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Analysis of Figure 4.2 reveals that a total of eight I-shaped slots together with a single 

L-shaped slot exist on the dense slot side (the left side) of rectangular patch structure. 

The eight I-shaped slots on the dense slot side have different dimensions. While on the 

sparse slot side (the right side) a total of two I-shaped slots together with a single L-

shaped slot are present. The two I-shaped slots on the sparse slot side possess different 

dimensions.  

Considering Figure 4.2, five different width measurements (towards the x-axis) for L-

shaped and I-shaped slots can be noticed. The values for these width measurements 

have been taken as 0.1625, 0.2, 0.3, 0.4, and 1 𝑚𝑚. Also, the dense and sparse slot 

sides have been placed in an upside-down position with respect to each other, on the 

opposite sides of the initial rectangular patch structure, in order to achieve compactness 

in antenna size [113]. A comprehensive design evolution process, based upon the 

targeted performance parameters and consisting of many iterations, helped in selection 

of the number, size and respective locations of L- and I-shaped slots present in the final 

single element antenna structure. Figure 4.3 highlights the significant design evolution 

steps. The corresponding reflection coefficient results of different design evolution 

steps are represented in Figure 4.4. The design evolution process started with 

development of a simple rectangular based patch antenna resonating at 4.3 GHz, with 

the help of already founded empirical formulas [14]. Two L-shaped slots were then 

incorporated in the rectangular patch, in an upside-down position and on opposite edges 

(Design A in Figure 4.3), in order to achieve multiband operation with compact size 

[113]. As it can be seen in Figure 4.4 that Design A was able to operate at 3.4 GHz and 

4.3 GHz. To introduce further multiband operation, an I-shaped slot was inserted 

individually with both L-shaped slots (Design B in Figure 4.3). After incorporation of 

I-shaped slots, Design B was able to operate at 2.7, 4.1, and 4.6 GHz as indicated by 
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Figure 4.4. The simple rectangular patch structure produced a single operating 

frequency, the other two resonant frequencies for Design B can be attributed to the L- 

and I-shaped slot incorporation.  

 

 

 

 

 

 

 

 

 

Figure 4.3 Design Evolution Steps 

 

Figure 4.4 Magnitude Reflection Coefficient Results for Figure 4.3 

Next stage in the evolution process was to tune the resonant frequencies to desired 
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multiple L- and I-shaped slots with different number, size and placement positions were 

merged and evaluated. A partial rectangular shaped ground was also introduced on the 

antenna bottom side to improve the operating bandwidth [114]. In order to properly 

tune the antenna to desired resonant frequencies the number, size and respective 

locations of the involved slots were continuously altered in an iterative process. Finally, 

after many iterations Design C as highlighted in Figure 4.3 was achieved. Design C as 

represented in Figure 4.4 was able to successfully operate at 2.5, 3.7, 4.3, and 5.5 GHz.  

4.2.2 Development of Two Element MIMO Antenna: 

The single element antenna design was finalized with attainment of quadband 

frequency operation. The developed single element antenna design was then converted 

into a two element MIMO antenna. The two antenna elements involved in creating the 

MIMO antenna design were put in an upside-down position with respect to each other 

in order to improve the isolation performance [115]. The two element MIMO antenna 

design is depicted in Figure 4.5. The dimensions involved in Figure 4.5 are given by 

Table 4.2.  

On the top side, two antenna elements are separated by a distance of 8 𝑚𝑚. 50 Ω 

microstrip line feed structure is used to feed the MIMO antenna. The two element 

MIMO antenna design was conceived using FR4 substrate with a height of 1.6 𝑚𝑚. A 

simple decoupler, comprising of three rectangle shaped strips having a width of 1 mm 

each, has been introduced on the bottom side of MIMO antenna design. The simple 

decoupler structure serves to enhance the isolation performance of MIMO antenna by 

reducing mutual coupling between the two antenna elements. A strong decoupling 

method is offered by the three rectangular strips as they are able to provide dummy load 

and reactive loading to the MIMO antenna design.  
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Figure 4.5 Two Element MIMO Antenna Design (a) Top (b) Bottom 

 

Table 4.2 Dimensions Involved in Figure 4.5 

Dimension Value 

(𝒎𝒎) 

𝐿 18.5 

𝑊 56 

𝐿9 16 

𝑊14 5 

 

4.2.3 Investigation of Surface Current Distribution for Two Element MIMO 

Antenna: 

In order to understand and interpret the radiation as well as decoupling mechanism of 

the proposed two element MIMO antenna, surface current distribution has been plotted 

in Figure 4.6. Figure 4.6 has been divided into four sub-parts, where each sub-part 
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represents the surface current distribution plot corresponding to a specific operating 

frequency. The contribution of decoupler structure in reduction of mutual coupling 

between two antenna elements is clearly highlighted by the current distribution plots. 

For all operating frequency bands, a mutual coupling value of less than −20 𝑑𝐵 has 

been attained due to reactive loading. Hence it can be asserted that dummy loads serve 

as band stop filters. From Figure 4.6 it can be seen that current is concentrated towards 

the righthand side port (excited port) of MIMO antenna. The three strips of decoupler 

structure enhance the isolation performance of MIMO antenna by reducing coupling 

current of nonexcited antenna element thereby limiting current propagation and 

decreasing the mutual coupling.  

Contribution of muti-slotted structure on antenna top side along with partial ground 

plane on antenna bottom side in generation of all four operating frequencies can be 

witnessed effectively in Figure 4.6. Thus Figure 4.6 can be used to conveniently 

interpret the radiation mechanism of proposed two element MIMO antenna design. As 

represented in Figure 4.6 (a) the 2.5 GHz operating frequency is generated primarily by 

the central area of rectangular patch together with a major section of the sparse slot 

side. Meanwhile the 3.7 GHz operating frequency is generated majorly by the dense 

slot side of the rectangular patch along with some contribution by outer edges of the 

sparse slot side as indicated by Figure 4.6 (b). Resonant frequency of 4.3 GHz is 

generated due to contribution from both sparse and dense slot sides as highlighted by 

Figure 4.6 (c). Lastly the operating frequency of 5.5 GHz is generated by significant 

portion of two L shaped slots present in the rectangular patch structure as seen in Figure 

4.6 (d). Contribution of partial ground structure, on the MIMO antenna bottom side, in 

bandwidth improvement and impedance matching at all operating frequencies can also 

be assessed from Figure 4.6.  



71 
 

4.3 Important Antenna Results and Analysis: 

The proposed two element MIMO antenna design was manufactured and tested for 

several antenna performance parameters. The simulated and measured antenna results 

along with their analysis are presented in the subsequent sub-sections.  

 

 

 

 

 

 

 

 

Figure 4.6 Surface Current Distribution for MIMO Antenna (Top and Bottom) (a) 2.5 

GHz (b) 3.7 GHz (c) 4.3 GHz (d) 5.5 GHz 

4.3.1 Reflection Coefficient Results: 

Figure 4.7 illustrates the simulated and measured magnitude reflection coefficient 

(|𝑆11|) results for the proposed two element MIMO antenna design. The simulated 

results shown in Figure 4.7 include results with as well as without the decoupler 

structure. Agilent N5245B PNA-X vector network analyzer was used to measure the 

magnitude reflection coefficient (|𝑆11|)  results. 
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Due to symmetry of antenna elements, results were measured at port 1 of MIMO 

antenna while port 2 was terminated with a 50 Ω  load. The simulated and measured 

results agree well with each other. Slight disagreements between the simulated and 

measured results can be associated with fabrication imperfections. From Figure 4.7, it 

is evident the proposed MIMO antenna is able to resonate at four frequency bands. 

From the measured results the four operating frequency bands, where magnitude 

reflection coefficient (|𝑆11|)  has a value of less than −10 𝑑𝐵, come out to be 2.43 to 

2.57 GHz, 3.37 to 3.8 GHz, 4.25 to 4.5 GHz, and 5.09 to 6.25 GHz. Also, from Figure 

4.7 the measured magnitude reflection coefficient values corresponding to centre 

frequency of each resonating band can be recorded as −13.64 𝑑𝐵 at 2.5 GHz, 

−15.24 𝑑𝐵 at 3.7 GHz, −16.35 𝑑𝐵 at 4.3 GHz, and −25.43 𝑑𝐵 at 5.5 GHz. 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Magnitude Reflection Coefficient (|𝑆11| (𝑑𝐵))  Results of Proposed 

MIMO Antenna 
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4.3.2 Mutual Coupling Results: 

Figure 4.8 highlights the simulated and measured results for mutual coupling between 

the MIMO antenna elements. The simulated results in Figure 4.8 have been plotted with 

as well as without the decoupler structure. The role of decoupler structure in 

suppressing mutual coupling and improving the isolation performance of proposed 

MIMO antenna is evidently depicted by Figure 4.8. With the incorporation of decoupler 

structure in MIMO antenna design, |𝑆21| remains below −20 𝑑𝐵 for all operating 

frequency bands. The measured |𝑆21| values at central operating frequencies of all four 

resonant bands come out to be −28.98 𝑑𝐵 at 2.5 GHz, −26.33 𝑑𝐵 at 3.7 GHz, 

−22.44 𝑑𝐵 at 4.3 GHz, and −27.82 𝑑𝐵 at 5.5 GHz. A good concurrence between 

simulated and measured results validates the role of reactive loading on MIMO antenna 

bottom side to improve the overall isolation performance. It can also be inferred from 

Figure 4.8 that positioning of single antenna elements with respect to each other 

together with the decoupler structure allow the proposed MIMO antenna to resonate 

with reduced mutual coupling.  

  

Figure 4.8 Mutual Coupling (|𝑆21| (𝑑𝐵))  Results of Proposed MIMO Antenna 
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4.3.3 Radiation Characteristics: 

Simulated radiation patterns of proposed MIMO antenna design are represented by 

Figure 4.9 whereas the measured radiation patterns of proposed MIMO antenna design 

are given by Figure 4.10. Both Figures 4.9 and 4.10 have been divided into four subparts 

where each subpart corresponds to a particular operating frequency. An in-depth 

inspection of the radiation pattern plots reveals that the H plane pattern at all four 

resonant frequencies (2.5, 3.7, 4.3, and 5.5 GHz) is omnidirectional in nature, the E 

plane pattern on the other hand, has a shape resembling that of a dipole pattern without 

any nulls. The nature and shape of radiation patterns render the proposed MIMO 

antenna suitable for use in modern and future practical communication applications. An 

overall agreement between the simulated and measured radiation patterns can also be 

ascertained from Figures 4.9 and 4.10. Nonetheless few differences between the results 

can be attributed to measurement apparatus limitations and fabrication defects.  

4.3.4 Peak Gain and Radiation Efficiency Results: 

The simulated and measured peak gain values for proposed MIMO antenna are 

illustrated by Figure 4.11. The simulated values have been plotted for two cases, 

without the decoupler structure and with the decoupler structure. It can be observed 

from the figure that peak gain values with decoupler structure are greater than the peak 

gain values without the decoupler structure. The simulated peak gain values (with the 

decoupler structure present) at the operating frequencies of 2.5, 3.7, 4.3, and 5.5 GHz 

come out to be 4.13, 3.38, 3.34, and 2.85 𝑑𝐵𝑖 respectively. It can also be assessed by 

observing Figure 4.11 that the measured peak gain for all operating frequencies remains 

greater than 2.5 𝑑𝐵𝑖. The measured peak gain at the operating frequencies of 2.5, 3.7, 

4.3, and 5.5 GHz comes out to be 3.49, 2.97, 2.93, and 2.54 𝑑𝐵𝑖 respectively.  
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Figure 4.9 Radiation Pattern Plots (Simulated) of Proposed MIMO Antenna at (a) 2.5 

GHz (b) 3.7 GHz (c) 4.3 GHz (d) 5.5 GHz 

  

 

 

 

 



76 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 Radiation Pattern Plots (Measured) of Proposed MIMO Antenna at (a) 

2.5 GHz (b) 3.7 GHz (c) 4.3 GHz (d) 5.5 GHz 
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Figure 4.11 Simulated (with and without decoupler) and Measured Peak Gain Results 

Figure 4.12 illustrates the simulated and measured radiation efficiency results for the 

proposed MIMO antenna design. The simulated results have been plotted for two cases, 

with the decoupler structure and without the decoupler structure. Again, it can be 

evidently observed from Figure 4.12 that the radiation efficiency values with the 

decoupler structure present are higher than the radiation efficiency values without the 

decoupler structure. Simulated (with the decoupler structure present) radiation 

efficiency values at the operating frequencies of 2.5, 3.7, 4.3, and 5.5 GHz come out to 

be 90.8%, 87.5%, 86.8%, and 85.4% respectively. It can also be ascertained from 

inspecting Figure 4.12 that the measured radiation efficiency remains above 79.5% for 

all operating frequencies. Slight differences between the measured and simulated 

radiation efficiency results can be effectively ascribed to SMA connector soldering and 

fabrication tolerances. The measured radiation efficiency values at operating 
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frequencies of 2.5, 3.7, 4.3, and 5.5 GHz come out to be 87.3%, 82.5%, 81.4%, and 

79.7% respectively.  

Figure 4.12 Simulated (with and without decoupler) and Measured Radiation 

Efficiency Results 

4.4 MIMO Antenna Performance Results: 

Certain parameters like the envelope correlation coefficient (ECC), channel capacity 

loss (CCL), total active reflection coefficient (TARC) and diversity gain (DG) are used 

to describe and assess the performance and behaviour of a MIMO antenna. These 

parameters have been evaluated for the proposed two element MIMO antenna design 

and are presented in the subsequent sections.  

4.4.1 Envelope Correlation Coefficient: 

Envelope correlation coefficient (ECC) is a significant parameter that is used to assess 

the cross-correlation performance and channel capacity of a MIMO system. Ideally the 

value of ECC must be zero. Nevertheless, for practical MIMO systems a value of ECC 

less than 0.5 is considered acceptable as an optimum performance measure [116]. ECC 

for the proposed MIMO antenna design can be calculated using far field radiation 

results through the following equation [117]: 
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𝐸𝐶𝐶 =
|∯ 𝐸𝜃𝑖. 𝐸𝜃𝑗

∗ + 𝐸𝜙𝑖 . 𝐸𝜙𝑗
∗ 𝑑Ω|

2

(∯ 𝐸𝜃𝑖. 𝐸𝜃𝑖
∗ + 𝐸𝜙𝑖. 𝐸𝜙𝑖

∗ 𝑑Ω)(∯ 𝐸𝜃𝑗 . 𝐸𝜃𝑗
∗ + 𝐸𝜙𝑗 . 𝐸𝜙𝑗

∗ 𝑑Ω)
 

where ‘𝑖’ and ‘𝑗’ represent port numbers and 𝐸 represents the electric field vector.  

Simulated and measured ECC results are represented by Figure 4.13. The simulated 

results have been plotted for both cases, without the decoupler structure and with the 

decoupler structure. It can be conveniently observed from Figure 4.13 that ECC remains 

below 0.05 for all resonant bands, thereby authenticating optimum MIMO antenna 

performance with respect to the correlation coefficients.  

Figure 4.13 Simulated (with and without decoupler) and Measured ECC Results 

4.4.2 Channel Capacity Loss: 

Channel capacity loss (CCL) is another significant parameter that is used to depict the 

performance of a MIMO antenna. CCL allows the expression of lost transmission bits 

for high data rate transmission scenarios. For the proposed two element MIMO antenna 

design, CCL has been computed numerically using equations given in [118]. The 

simulated and measured CCL results are represented in Figure 4.14. The simulated 

results have been plotted for both cases, without the decoupler structure and with the 

decoupler structure. Inspection of Figure 4.14 highlights the fact that measured CCL 
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values remain below 0.4 𝑏𝑖𝑡𝑠/𝑠/𝐻𝑧 for all resonant frequency bands, thereby 

validating an efficient MIMO antenna performance along with high throughput [118].  

Figure 4.14 Simulated (with and without decoupler) and Measured CCL Results 

4.4.3 Total Active Reflection Coefficient: 

Total active reflection coefficient (TARC) represents the complete return loss of a 

MIMO antenna system. TARC is a notable parameter that is used to analyse the 

diversity performance of a MIMO antenna. TARC for the proposed two element MIMO 

antenna is determined using the computation mechanism given in [119]. The 

computation mechanism involves calculating square root of total reflected power to the 

total incident power. For an effective MIMO system, the value of TARC should be 

below 0 𝑑𝐵 [119]. The simulated (with and without decoupler structure) and measured 

TARC results for the proposed two element MIMO antenna are represented in Figure 

4.15. As indicated by Figure 4.15, the values of TARC remain less than −10 𝑑𝐵 at all 

resonant frequency bands, hence validating an effective performance of the proposed 

MIMO antenna. 
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Figure 4.15 Simulated (with and without decoupler) and Measured TARC Results 

4.4.4 Diversity Gain: 

Diversity gain (DG) is another important parameter that is used to ascertain the diversity 

performance of a MIMO antenna. DG can be computed from the previously determined 

ECC values using the following equation [120]: 

𝐷𝐺 = 10 × √1 − |𝐸𝐶𝐶|2 

The simulated (with and without decoupler structure) and measured DG values have 

been plotted in Figure 4.16. It can be assessed that the DG values remain above 9.98 𝑑𝐵 

at all operating frequency bands representing an effective antenna performance.  

From Figures 4.13 to 4.16 the significant role of decoupler structure in improving 

MIMO antenna performance can be evidently witnessed. Improved performance in 

ECC, CCL, TARC and DG plots for simulated results with decoupler structure is clearly 

indicated as compared to the simulated results without the decoupler structure.  
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Figure 4.16 Simulated (with and without decoupler) and Measured DG Results 

4.5 Comparison with Related Literature: 

Comparison of the proposed two element MIMO antenna design with recent work 

presented in the literature is given in Table 4.3. The list of papers quoted in the table is 

not all inclusive but still provides a decent comparison. Number of MIMO antenna 

elements, resonant frequencies, size, isolation and far field ECC values have been 

recorded in the comparison table. It can be observed from the comparison presented in 

the table that many antennas are not compact in size and fail to resonate at the frequency 

bands targeted by the proposed two element MIMO antenna. On the other hand, 

antennas which are compact in size involve complex design structures and resonate at 

higher frequency bands. Some recent published work does not include ECC values 

computer using the far field parameters. It can, hence, be ascertained that the proposed 

MIMO antenna design is compact, effective, and has the capability to resonate at four 

different operating frequency bands, with a mutual coupling value of less than −20 𝑑𝐵 

and ECC value of less than 0.05 at all resonant frequencies.   
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Table 4.3 Comparison of Proposed MIMO Antenna with Related Literature 

 

4.6 Summary: 

The design and analysis of a quadband two element MIMO antenna based on a multi-

slotted structure has been presented in this chapter. The proposed MIMO antenna is 

able to operate at 2.5, 3.7, 4.3, and 5.5 GHz with a magnitude reflection coefficient 

(|𝑆11|) of less than −10 𝑑𝐵. The multi-slotted structure present at the antenna top side 

comprises of L and I shaped slots. In order to improve the MIMO antenna isolation 

performance a simple decoupler structure consisting of three rectangular strips has been 

incorporated on the antenna bottom side. The antenna is able to resonate at all four 

frequency bands with a mutual coupling (|𝑆21|) value of less than −20 𝑑𝐵. The 

simulated and measured results are in good concurrence with each other. Apart from 

conventional antenna performance parameters, certain other parameters were also 

Ref 

Number 

of 

Elements 

Central 

Frequency of 

Operating 

Bands (GHz) 

Antenna 

Size (mm2) 

Mutual 

Coupling 

(dB) 

ECC (using 

far field 

parameters) 

[91] 2 0.75 / 1.9 120 x 120  13 < 0.13 

[92] 2 1.8/2.4/5.2 44 x 70 < 20 Not Given 

[93] 2 2.4 / 5.2 / 5.8 50 x 26 < 20 Not Given 

[94] 4 2.4 / 5.5 50 x 50 < 17.5 < 0.0576 

[95] 2 7.2 / 8.6 17 x 42 < 13 Not Given 

[96] 4 3.5 150 x 75 < 17 < 0.1 

[97] 4 4.1 / 5.3 52 x 53 < 23 Not Given 

[98] 4 3.4 /4.7 /5.4 150 x 75 < 17 < 0.1 

This 

Work 
2 

2.5 / 3.7 / 4.3 / 

5.5 
18.5 x 56 < 20 < 0.05 
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evaluated to ascertain the MIMO performance of proposed antenna design. It was 

noticed that ECC remains below 0.05 and TARC value remains lower than −10 𝑑𝐵 at 

all resonant frequencies. The novelty of the proposed two element MIMO antenna is 

suggested by (i) incorporation of multi-slotted structure (consisting of L- and I-shaped 

slots) for attaining compact antenna size, multiband resonance, gain improvement and 

bandwidth enhancement, (ii) reduction of mutual coupling between antenna elements 

by introducing reactive loading on the antenna bottom side instead of using EBGs or 

metamaterial which would have resulted in additional structural loading and design 

complexities, (iii) MIMO antenna performance evaluation through parameters like 

ECC, CCL, TARC and DG, and (iv) comparison of proposed MIMO antenna design 

with recent literature to emphasise compact size, effective isolation and ECC results.     

Radiation characteristics, efficiency and gain results of the proposed MIMO antenna 

authenticate the effective performance of proposed antenna design and render it 

appropriate for use in modern 4G and 5G communication applications. The proposed 

MIMO antenna due to its quadband nature, compact size and minimal structural loading 

is especially suitable for already present 4G applications and non-standalone 5G 

applications. The proposed two element MIMO antenna can find applications in current 

LTE networks operating at 2.5, 3.5, and 5.2 GHz [121]. The proposed MIMO antenna 

can also be deployed in WiMAX networks operating at 2.5, 3.5, and 5.8 GHz [122] as 

well as WLAN networks operating at 2.4, 3.6, 4.3, and 5.9 GHz [123, 124]. Moreover, 

the proposed MIMO antenna is an effective candidate for 5G New Radio n7 band 

operating from 2.5 to 2.57 GHz as well as the 5G New Radio n48 band operating from 

3.55 to 3.7 GHz [121].  
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CHAPTER 05 

 ANTENNA DESIGN 3: COMPACT MMWAVE MULTIBAND 

ANTENNA ARRAY 

5.1 Introduction: 

As discussed in chapter 1, the suggested frequency bands for 5G communication 

technology can be divided into two main categories, the sub 6 GHz band (focusing on 

frequencies below 6 GHz) and the mmWave band (from 24 GHz to 100 GHz) [21]. 

Although the initial targeted area for 5G communication technology deployment is the 

sub 6 GHz band, primarily being used to offer 5G services in the non-standalone mode, 

the future scenario will however change and mmWave band will be needed to offer 5G 

services, due to its importance and need. mmWave band can be referred to as the sweet 

spot for 5G communication services as a lot of capabilities and properties of this band 

are still widely unexplored. mmWave band has the capacity to provide higher data rates 

and throughput with relatively much smaller antenna sizes. As higher frequencies are 

dealt with by the mmWave band a key drawback can be the higher propagation loss 

[125]. Hence device components including antennas having higher efficiency and gains 

need to be designed for this particular band.  

Microstrip patch antennas have been a popular choice for current and proposed 

communication system devices. These antennas with evolved architecture and design 

can also be employed for the proposed mmWave band based 5G communication 

applications. [126] suggests a mmWave antenna resonating at 28 GHz but the proposed 

design is relatively complex in nature. Another antenna operating at 37 GHz and 54 

GHz has been proposed in [127]. A complex mmWave antenna array with a triple 
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layered design has been presented in [128]. The presented antenna is able to resonate 

at 45,67, and 76 GHz. [129] suggests a microstrip antenna with defected ground 

structure resonating at 28 GHz and 38 GHz. 

 Another array structure taking advantage of the proximity coupling feeding method 

and resonating at 28 GHz is presented in [130]. Whereas an array consisting of sixteen 

elements operating from 27.5 to 28.35 GHz is proposed in [131]. [132] proposes a 

wideband complex antenna array structure operating from 24.35 GHz to 31.13 GHz. A 

wideband antenna array resonating from 50 GHz to 67.8 GHz is also suggested by 

[133]. An antenna array design derived from a clover like structure and operating from 

24 GHz to 28 GHz is proposed by [134]. Another array design resonating from 23 GHz 

to 29 GHz is suggested by [135] but again the design is structurally complex. [136] 

highlights the design of an array operating at 28 GHz and inspired by a shell shape 

design. 

The present mmWave antenna designs generally target the initial frequencies of the 

mmWave band. Also, many of the existing or proposed design structures operate in a 

single or dual band configuration. Hence a mmWave antenna array resonating at 

multiple frequency bands appears as a prospective candidate for future 5G 

communication applications.  

This chapter presents the design, results, and analysis of a simple mmWave antenna 

array structure that is able to resonate at four different frequency bands. The antenna 

array design is based on a multi-slotted structure. The proposed mmWave antenna array 

provides high gain values at all four operating frequencies. The mmWave antenna array 

is designed using plain slot structures to avoid any additional design complexities 

thereby keeping the proposed design very simple. The detailed antenna design, results 
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and analysis of the proposed antenna array are presented in the subsequent sections of 

this chapter.  

 5.2 Detailed Design of the Proposed Antenna Array: 

The detailed design of the proposed antenna array is represented in Figure 5.1. As it 

can be observed from Figure 5.1 that the top side of proposed antenna array structure 

consists of eight multi-slotted rectangular elements, whereas on the bottom side a 

complete ground structure is present. The dimensions highlighted in Figure 5.1 have 

been provided in Table 5.1. Moreover, the feedline involved in proposed antenna array 

structure has a width of 0.5 𝑚𝑚. The multi-slotted single element rectangle shaped 

structure on the top consists of six similar sized rectangular slots. A single slot involved 

in the multi-slotted structure has a size of 0.5 𝑚𝑚 (along the y-axis) and 0.7 𝑚𝑚 (along 

the x-axis).  

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Detailed Antenna Array Design (a) Top (b) Bottom 
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Table 5.1 Dimensions Involved in Figure 5.1 

 

 

 

 

 

5.2.1 Antenna Design Evolution: 

At the beginning a plain rectangular patch antenna resonating at 34.5 GHz was realized 

with the help of empirical formulae provided in [14]. Multiple rectangle shaped slots 

were then incorporated into the design, in order to make it resonate at different 

frequency bands [109]. The single element antenna structure was then transformed into 

an array structure consisting of eight similar elements. The number, location, and size 

of rectangle shaped slots on antenna array top side were selected carefully to allow the 

antenna array to resonate at targeted frequency bands. Rogers RT Duroid 5880 (relative 

permittivity 2.2 and loss tangent 0.0009) has been used as the substrate to realize the 

proposed antenna array structure. Figure 5.2 highlights the significant steps involved in 

antenna design evolution. It can be seen that only top side of antenna structure is altered 

in the design evolution process. On the bottom side of all antennas shown in Figure 5.2 

a complete ground structure is present. The corresponding reflection coefficient 

(|𝑆11| 𝑑𝐵) results for each step involved in the antenna design evolution have been 

plotted in Figure 5.3. It can be observed clearly from Figure 5.3 that the proposed 

mmWave antenna array structure, referred to as Design D, is able to resonate at four 

distinct frequency bands and is hence quadband in nature.  

Dimension Value 

(𝒎𝒎) 

𝐿 34 

𝑊 6 

𝐿𝑝 2.29 

𝑊𝑝 3.2 

𝐿𝑓 1.9 

𝐿𝑔 34 
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Figure 5.2 Antenna Design Evolution Steps (a) Design A (b) Design B (c) Design C 

(d) Design D 

 

Figure 5.3 Reflection Coefficient Results (|𝑆11| 𝑑𝐵) for Design Evolution Steps 

Shown in Figure 5.2 
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5.2.2 Analysis of Current Distribution Plots: 

The surface current distribution for the single element involved in the proposed array 

structure has been plotted at all four resonant frequencies. Through the surface 

distribution results, the single element antenna regions responsible for generation of 

respective resonant frequencies can be identified and their contribution can be assessed. 

The surface current distribution results are shown in Figure 5.4. The figure has four 

subparts, where each subpart corresponds to a particular resonant frequency. It can be 

observed from Figure 5.4 (a) that the vertical walls (along the y-axis) of all six 

rectangular slots, specially the upper three rectangular slots have a significant 

contribution in generation of first operating frequency band centred at 30.58 GHz. From 

Figure 5.4 (b) it can be assessed that all six rectangular slots are involved in generation 

of second operating frequency band centred around 34.5 GHz. However, again the 

vertical walls (along the y-axis) of all six rectangular slots and the bottom three slots 

have a relatively stronger contribution in generation of the second operating frequency 

band centred around 34.5 GHz. The third operating frequency band with centre 

frequency of 38.3 GHz is being generated due to contribution from all rectangular slots 

specially the outermost vertical walls (along the y-axis) lying around the boundary of 

the single element top side, as can be evidently witnessed from Figure 5.4 (c). Lastly 

the contribution of rectangular slots in production of fourth operating frequency band 

centred around 49.3 GHz can be observed from Figure 5.4 (d). It can be seen that the 

uppermost and lowermost horizontal walls (along the x-axis) lying around the boundary 

of the single element top side have a more significant contribution towards generation 

of this particular resonant frequency band.  
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Figure 5.4 Single Element Surface Current Distribution at (a) 30.58 GHz (b) 34.5 

GHz (c) 38.3 GHz (d) 49.3 GHz 

5.3 Significant Results and Analysis of the Proposed mmWave Antenna Array: 

Proposed antenna array structure has also been manufactured and tested using Rogers 

RT Duroid 5880 of 0.5 𝑚𝑚 height as substrate. Different important performance 

parameters were tested, measured, and analysed for the proposed antenna array design. 

Manufactured prototype of the proposed array design is shown in Figure 5.5.  

 

 

 

 

 

 

Figure 5.5 Manufactured Antenna Array Top and Bottom View 

(a) (b) 

(d) (c) 
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The presented antenna array structure is capable of resonating at four frequency bands 

in the mmWave region thereby rendering it a quadband array design. The proposed 

mmWave antenna array was tested for different significant parameters and the obtained 

results were analysed. The obtained results and their analysis are presented in the 

subsequent subsections under this heading.  

5.3.1 Reflection Coefficient Results: 

The proposed antenna array structure has the ability to operate at four mmWave 

frequency bands. The simulated and measured reflection coefficient (|𝑆11| 𝑑𝐵) results 

have been plotted in Figure 5.6. From the measured results the operating frequency 

bands can be identified as 30.27 to 30.88 GHz, 33.3 to 35.6 GHz, 37.3 to 38.9 GHz, 

and 45.1 to 53.5 GHz.  

 

Figure 5.6 Reflection Coefficient Results (|𝑆11| 𝑑𝐵) Simulated and Measured 

Table 5.2 represents in-depth simulated and measured results concerning the reflection 

coefficient in terms of bandwidth and centre frequency. The four operating frequency 

band possess a simulated bandwidth of 0.78, 2.21, 1.68, and 8.2 GHz respectively. The 

corresponding measured bandwidths for the four resonating bands, on the other hand, 
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come out to be 0.61, 2.3, 1.6, and 8.4 GHz respectively. Slight variations between the 

simulated and measured results can be ascribed to the manufacturing process and 

connector losses.  

Table 5.2 In-depth Simulated and Measured Reflection Coefficient (|𝑆11| 𝑑𝐵)  

Results 

Results Parameters 1st Band 2nd Band 3rd Band 4th Band 

Simulated 

Results 

Operating 

Frequency 

Range 

30.42 to 

31.2 𝐺𝐻𝑧 

33.5 to 

35.71 𝐺𝐻𝑧 

37.52 to 

39.2 𝐺𝐻𝑧 

45 to 

53.2 𝐺𝐻𝑧 

Bandwidth 0.78 𝐺𝐻𝑧 2.21 𝐺𝐻𝑧 1.68 𝐺𝐻𝑧 8.2 𝐺𝐻𝑧 

Centre 

Frequency 
30.85 𝐺𝐻𝑧 34.5 𝐺𝐻𝑧 38.42 𝐺𝐻𝑧 49.1 𝐺𝐻𝑧 

|𝑺𝟏𝟏| 𝒅𝑩 at 

Centre 

Frequency 

−20.51 𝑑𝐵 −23.22 𝑑𝐵 −16 𝑑𝐵 −19.4 𝑑𝐵 

Measured 

Results 

Operating 

Frequency 

Range 

30.27 to 

30.88 𝐺𝐻𝑧 

33.3 to 

35.6 𝐺𝐻𝑧 

37.3 to 

38.9 𝐺𝐻𝑧 

45.1 to 

53.5 𝐺𝐻𝑧 

Bandwidth 0.61 𝐺𝐻𝑧 2.3 𝐺𝐻𝑧 1.6 𝐺𝐻𝑧 8.4 𝐺𝐻𝑧 

Centre 

Frequency 
30.58 𝐺𝐻𝑧 34.5 𝐺𝐻𝑧 38.3 𝐺𝐻𝑧 49.3 𝐺𝐻𝑧 

|𝑺𝟏𝟏| 𝒅𝑩 at 

Centre 

Frequency 

−16.34 𝑑𝐵 −22.14 𝑑𝐵 −20.06 𝑑𝐵 −17.75 𝑑𝐵 

 

5.3.2 Radiation Characteristics of the Proposed mmWave Antenna Array: 

Figure 5.7 illustrates the simulated and measured radiation pattern plots for the 

proposed mmWave antenna array structure. The figure has been divided into four 

subparts, where each subpart represents the radiation pattern plot of a particular 

resonant frequency at 30.58, 34.5, 38.3, and 49.3 GHz. Both E plane and H plane 

radiation patterns have been plotted in Figure 5.7. The radiation patterns were measured 

in an anechoic chamber facility. By observation of the radiation pattern plots it can be 

seen that the H plane radiation pattern plots are almost omnidirectional in nature. The 
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E plane radiation pattern plots, on the other hand, appear to be more directional in 

nature.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 Simulated and Measured Radiation Pattern Plots at (a) 30.58 GHz, (b) 

34.5 GHz, (c) 38.3 GHz, and (d) 49.3 GHz 

5.3.3 mmWave Antenna Array Peak Gain Results: 

The simulated and measured peak gain results, at all four operating frequencies, for the 

proposed mmWave antenna array structure are provided in Table 5.3. It can be 

evidently observed from the table that for all operating frequencies simulated peak gain 

values are greater than 8.53 dBi whereas for all operating frequencies measured peak 

gain values are greater than 7.98 dBi. Maximum simulated peak gain of 10.62 dBi is 
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observed at 38.3 GHz, whereas the maximum measured peak gain of 9.93 dBi is also 

observed at the same operating frequency of 38.3 GHz.  

Table 5.3 Simulated and Measured Peak Gain Results for Proposed mmWave 

Antenna Array 

 

 

 

 

5.3.4 mmWave Antenna Array Radiation Efficiency Results: 

The simulated and measured radiation efficiency results, at all four operating 

frequencies, for the proposed mmWave antenna array structure are provided in Table 

5.4. It can be evidently observed from the table that for all operating frequencies 

simulated radiation efficiency values are greater than 85.22% whereas for all operating 

frequencies measured radiation efficiency values are greater than 78.45%. Maximum 

simulated radiation efficiency is recorded as 88.04% at 30.58 GHz, meanwhile 

maximum measured simulated radiation efficiency is recorded as 84.71% also at 30.58 

GHz.  

Table 5.4 Simulated and Measured Peak Gain Results for Proposed mmWave 

Antenna Array 

 

 

 

 

Frequency 

(GHz) 

Simulated 

Peak Gain 

(dBi) 

Measured 

Peak Gain 

(dBi) 

30.58 8.53 7.98 

34.5 9.24 8.43 

38.3 10.62 9.93 

49.3 10.45 9.87 

Frequency 

(GHz) 

Simulated 

Radiation 

Efficiency 

(%) 

Measured 

Radiation 

Efficiency 

(%) 

30.58 88.04 84.71 

34.5 86.16 82.03 

38.3 85.22 78.45 

49.3 85.86 79.68 
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Tables 5.3 and 5.4 present an insight into the high gain and radiation efficiency 

performance of the proposed mmWave antenna array structure thereby validating the 

proposed array to be used effectively in future mmWave 5G applications.  

5.4 Comparison with Related Literature: 

Table 5.5 highlights a comparison of the proposed mmWave antenna array with related 

work in the literature. It can be evidently observed the proposed antenna array is 

compact in size, offers quadband resonance ability and is very simple in design. Many 

of the array design structures in Table 5.5 include a complex design approach, whereas 

the proposed design is quite simple and can be fabricated and deployed without any 

additional design complexity. 

Table 5.5 Comparison of Proposed mmWave Antenna Array with Recent Literature 

Ref 
Center Operating 

Frequency (GHz) 

Antenna 

Size (mm2) 

Simulated 

Peak Gain (dBi) 

Design 

Complexity

/ Array 

[126] 
28 15 × 9 8.5 High/ No 

[127] 
37.2, 54.5 7.2 × 5 5, 6 Low/ No 

[128] 
45.2, 67.3, 76 10 × 8.9 8.65 High/ Yes 

[130] 
28 102 × 96.5 21 High/ Yes 

[132] 
28.3 99.2 × 17.5 19.88 High/ Yes 

[134] 
25.7 41.5 × 4 9 

Medium/ 

Yes 

[137] 
28.65 30 × 15 6.49 Medium/ No 

This 

Work 
30.58, 34.5, 38.3, 49.3 34 × 6 8.53, 9.24, 10.62, 10.45 Low/Yes 
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5.5 Summary: 

In this chapter a mmWave quadband antenna array is proposed. The array design is 

based on a multi-slotted structure. The proposed design has been manufactured using 

Rogers RT Duroid 5880 substrate of thickness 0.5 mm. The manufactured array has 

been tested and measured. The proposed mmWave antenna array is compact in size, 

has a very simple design and is able to resonate at four distinct frequency bands with 

centre frequencies of 30.58 GHz, 34.5 GHz, 38.3 GHz, and 49.3 GHz. In addition, the 

proposed mmWave antenna array has high measured gains of 7.98 dBi, 8.43 dBi, 9.93 

dBi, and 9.87 dBi at 30.58 GHz, 34.5 GHz, 38.3 GHz, and 49.3 GHz. The compact 

simple design and quadband resonance capability with high gain render the proposed 

antenna array suitable to be effectively used in future standalone 5G mmWave 

applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 



98 
 

CHAPTER 06 

 CONCLUSION AND FUTURE WORK 

6.1 Conclusion: 

Smart and intelligent antenna designs for current 4G, and future 5G communication 

systems have been presented in this dissertation. The antenna structures proposed and 

presented are based on intelligent design techniques like reconfigurability, MIMO and 

array approach. Table 6.1 presents a summarized comparison of the three developed 

antennas.  

Table 6.1 Summarized Comparison of Presented Antennas 

Antenna 

Design 

No. 

Design 

Technique 

Adopted 

Antenna 

Design 

Basic 

Shape 

Operating 

Frequency 

Bands 

Gains 

Achieved at 

Operating 

Frequencies 

Major 

Application 

Antenna 

Design 1 
Reconfigurability 

Circular 

Loop 

3.42 GHz and 

8.02 GHz 

(PIN diodes 

OFF state), 

2.21 GHz, 

4.85 GHz, 

and 10.19 

GHz (PIN 

diodes ON 

state) 

3.03 dBi at 

3.42 GHz, and 

3.37 dBi at 

8.02 GHz 

(PIN diodes 

OFF state), 

3.06 dBi at 

2.21 GHz, 

2.81 dBi at 

4.85 GHz, and 

2.92 dBi at 

10.19 GHz 

(PIN diodes 

ON state) 

Current 4G and 

in-deployment 

non-standalone 

5G 

communication 

services 

Antenna 

Design 2 
MIMO 

L and I 

shaped 

slotted 

patch 

2.5 GHz, 3.7 

GHz, 4.3 

GHz, and 5.5 

GHz 

3.49 dBi at 

2.5 GHz, 2.97 

dBi at 3.7 

GHz, 2.93 dBi 

at 4.3 GHz, 

and 2.54 dBi 

at 5.5 GHz 

Current 4G and 

in-deployment 

non-standalone 

5G 

communication 

services 

Antenna 

Design 3 
Array 

Patch 

consisting 

of 

rectangular 

slots 

30.58 GHz, 

34.5 GHz, 

38.3 GHz, 

and 49.3 GHz 

7.98 dBi at 

30.58 GHz, 

8.43 dBi at 

34.5 GHz, 

9.93 dBi at 

38.3 GHz, and 

9.87 dBi at 

49.3 GHz 

Future 

standalone 

mmWave 5G 

communication 

services 
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Antenna design 1 consists of a reconfigurable antenna that offers frequency and 

bandwidth switching using PIN diodes. The antenna design is based on a circular loop 

structure. The proposed reconfigurable antenna resonates at 3.42 GHz and 8.02 GHz in 

PIN diodes ‘OFF state whereas the antenna is able to resonate at 2.21 GHz, 4.85 GHz 

and 10.19 GHz in PIN diodes ‘ON’ state. The antenna can find applications in current 

4G and in-deployment non-standalone 5G communication systems. The detailed 

structure and results of ‘Antenna Design 1’ have been discussed in Chapter 3. Antenna 

design 2 consists of a two element MIMO antenna that offers multiband resonance with 

high isolation and decreased mutual coupling. The antenna design utilizes L and I 

shaped slots. The proposed MIMO antenna resonates at 2.5 GHz, 3.7 GHz, 4.3 GHz, 

and 5.5 GHz. The antenna owing to its results and performance can find suitable 

applications in current 4G and in-deployment non-standalone 5G communication 

systems. The detailed structure and results of ‘Antenna Design 2’ have been presented 

in Chapter 4. Antenna design 3 consists of a multi-slotted array antenna structure. The 

antenna design utilizes several rectangular slots for multiband resonance. The proposed 

array antenna is able to resonate at mmWave frequencies of 30.58 GHz, 34.5 GHz, 38.3 

GHz, and 49.3 GHz. The mmWave antenna array can find effective applications in 

future standalone mmWave based 5G communication systems. The detailed structure 

and results of ‘Antenna Design 3’ have been discussed in Chapter 5. Overall, the three 

antenna structures presented have been intelligently designed using smart antenna 

design techniques like reconfigurability, MIMO and array-based approach. These 

intelligent and smart antenna designs can effectively find applications in modern 4G 

and 5G communication systems.  
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6.2 Future Work: 

The antenna designs presented in this thesis have been developed primarily for 4G/ 5G 

communication devices. The developed antenna designs can be utilized in current 4G/ 

5G as well as future 5G applications. Some recommendations as described, may be 

employed on the developed antenna designs for future work. 

‘Antenna Design 1’ and ‘Antenna Design 2’ can be altered in shape and size to resonate 

at certain other sub 6 GHz frequency bands in order to accommodate different 

applications like WiFi, cognitive radio platforms, access points etc. Massive MIMO 

technology may also be explored for ‘Antenna Design 1’ and ‘Antenna Design 2’. 

‘Antenna Design 3’ may be evolved to resonate at frequency bands targeting satellite 

communications along with the mmWave frequency bands. Research related to this 

particular approach (termed 6G) can be used in antenna development for modern 6G 

communication devices. ‘Antenna Design 3’ can also be evolved into a frequency 

reconfigurable antenna.  
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