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Abstract  

SIMULATION, DESIGN, AND IMPLEMENTATION 
OF ANTENNA FOR 5G AND BEYOND WAVE 

COMMUNICATIONS 
 

Simulation, Design, and Measurement of New and Compact 5G Antennas 
and Investigation of Their Fundamental Characteristics for Future 

Smartphone Applications   
 

Keywords 

Fifth Generation (5G); Mobile Terminals; multiple-input-multiple-output 
(MIMO); Polarisation and Pattern Diversity; Smartphone Antenna, Slot Anten-
nas, Beam-Steerable Phased Array; End-Fire Radiation; Specific absorption 

rate (SAR); User-Impact. 
 

The fifth generation (5G) has developed a lot of interest, and there have been many reported 
initiatives in both industry and academics. Multiple-input-multiple-output (MIMO) is the most 
promising wireless access technique for next-generation networks in terms of spectral and 
energy efficiency (MIMO). In 4G systems, 2-Element MIMO antennas are already used, while 
5G mobile terminals for smartphone hand-held devices are projected to use a bigger number 
of elements. 
 
The placement of many antennas in the restricted space of a smartphone PCB is one of the 
most critical challenges. As a result, for sub-6 GHz 5G applications, a new design technique 
based on dual-polarised antenna resonators for 6-Element, 8-Element MIMO configuration is 
proposed. The proposed MIMO design could improve the smartphone antenna system's chan-
nel capacity, diversity function, and multiplexing gain, making it appropriate for 5G applica-
tions. For distinct prospective bands of the sub-6 GHz spectrum, such as 2.6, 3.6, and 5.8 
GHz, different types of novel and compact diversity MIMO antennas using Patch, Slot, and 
Planar inverted F antenna (PIFA) resonators are examined. Unlike previously reported MIMO 
antennas, the proposed designs provide full radiation coverage and polarisation diversity, as 
well as adequate gain and efficiency values to support several mainboard sides. 
 
Apart from sub-6 GHz frequencies, 5G devices are projected to support the centimetre/milli-
metre wave spectrum's higher bands. To create linear phased arrays, small antennas can be 
placed at various locations on a smartphone board. For 5G smartphones, we propose novel 
linear phased arrays with tiny parts like Dipole and Quasi-Yagi resonators. In comparison to 
previously published designs, the suggested phased arrays have desirable qualities such as 
compact size, wide beam-steering, broad bandwidth, end-fire radiation, high gain, and effi-
ciency. 
 
With a reduced mutual coupling function, the suggested 5G antennas can provide single-band, 
multi-band, and broad-band characteristics. Both models and measurements are used to an-
alyse the fundamental features of 5G antennas, and good agreement is found. Furthermore, 
in the presence of the user and the smartphone components, good features are seen due to 
the small size and superior arrangement of elements. Because of these benefits, the sug-
gested antennas are well-suited for usage in 5G smartphone applications.  
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1. Chapter One : Introduction  

  Introduction  

In this chapter, the background and evolution of smartphone mobile antennas 

for mobile communication have been defined. Further to require the 5G net-

work's necessities and specifications for upcoming smartphones have also 

been addressed in this chapter.  Moreover, the principal purposes, innovative 

contributions, and summary are listed. 

 

  Overview  

Mobile communication refers to communication between mobile users, or be-

tween mobile users and fixed-line users [1]. Due to the reckless uprising of 

integrated technologies and a very extraordinary rise in mobile consumers, 

mobile and wireless communication is very common in the previous couple of 

spans. The G in 1G, 2G, 3G, 4G, and now 5G means the generation of wireless 

and communication technology. In communication technology, every genera-

tion has been defined with different wireless specifications such as data trans-

mission speed, encoding methods, or air interference that make every gener-

ation incompatible with the previous generation. From 1G to 4G the User 

equipment (UE), Core networks, and base station (BS) are the main equipment 

for mobile and wireless communication [2]. Figure 2.1 shows a brief compara-

tive summary of the evolution from 1G to 4G is given.  
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Figure 2.1: Evaluation of mobile communications [3] 

 

Almost every 10 years new standard generation comes for mobile communi-

cation. In 1982 standard First Generation was introduced and these standards 

are developed to serve the current and future demands of mobile communica-

tion. However, each year the demand is exponentially increasing so fast and 

will continue to increase mobile traffic in the next decades. The first-generation 

(1G) was analog mobile cellular communication that used analog modulation 

techniques which could provide voice-only services to the 1G cell phones, was 

introduced in the early 1980s, and used frequency division multiple access 

(FDMA). However, due to high interference, 1G phones had poor voice quality.  

The second-generation (2G) technology was developed in the early 1990s. 

Principally it was the advance and digital version of 1G networks mainly for 

better voice quality, high speed, and voice transmission with digital signals [3]. 

The 2G technology was working on CDMA (Code Division Multiple Access), 

GSM (Global System for Mobile communications), and TDMA (Time Division 
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Multiple Access) which enabled more users to benefit from this emerging tech-

nology, The most important feature of 2G compared to 1G is the ability to pro-

vide SMS (Short Messaging Services) and basic emails apart from voice ser-

vices which make 2G prominent technology in the early 1990s. 

In the late 1990s, the 3G (Third generation) of mobile communication was de-

veloped and was introduced in the early 2000s. 3G is based on WCDMA 

(Wideband code division multiple access), CDMA 2000, EVDO (Evolution-

Data Optimised), HSPA (High-speed Packet Access), and UMTS (Universal 

Mobile Telecommunication Systems) technologies. The advanced feature of 

3G compared to 2G is to provide web browsing, MMS (Multimedia message 

support) with SMS, and voice Services which take speeds from 200kbps to 

megabits per second [4]. Because of their high speed and advanced features, 

3G smartphones were very popular in the mid-2000s. 

4G (Fourth generation) is the next step forward which is introduced in the early 

2010s. Compare with the previous generations 4G networks use WIMAX and 

LTE, which brought speed to hundreds of gigabits to megabit level. Because 

of the high data rate, 4G offers a better quality of Services (QoS). It also has 

feasible compatibility with previous-generation networks. 4G mobile technol-

ogy has integrated all access technologies, services, and applications such as 

video conferencing and online gaming [5]. As the data traffic increased, so fast 

from the last decade to the next decade but 4G cellular network capacity will 

not be supported in the long term.  

Worldwide mobile data traffic will most certainly continue to grow quickly in the 

next decade. Naturally, there are rising fears that the current capacity of 4G 
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wireless networks will be unsustainable in the long run. Several research foun-

dations and business partners have been studying the concept of a 5th gener-

ation (5G) mobile network that improves capacity, latency, and mobility in re-

cent years [6]. Millimetre-wave (mm-Wave) bands have been getting a lot of 

attention as an additional spectrum band for 5G cellular networks due to spec-

trum shortages in traditional microwave bands [7].  

Scientists and researchers are researching the concept of the 5th Generation, 

which will bring three new features such as greater speed, lower tenancy, and 

the capacity to connect many devices at once. The fundamental goal of 5G will 

be to increase network capacity while lowering costs and improving coverage. 

The critical and most important objective of 5G is the capacity as it directly 

relates to growing user demand and faster and high data rates. The generation 

of mobile communication is presented in Table 2.1. 

Table 2.1: Summary of Mobile Communications Generations 

Cellular Phone 

generation 

1G 2G 3G 4G 5G 

1st Year Deploy-
ment 

1981 1992 2001 2010 2020 

Peak Supported 

Data rate  

2 Kbps 64 Kbps 2 Mbps 100 Mbps 10 Gbps 

Frequency 900 MHz 900MHz 

& 

1.8GHz 

800/900 
MHz 

1.7-1.9 GHz 

2.100 GHz 

800MHz 

900MHz 

1800MHz 

2100MHz 

2600MHz 

28GHz 

37 GHz 

39 GHz 

64 �± 71 GHz 

General Func-
tional 

Analog 

Cellular 

Digital Cel-
lular 

First mobile 

broadband 

The mobile 

broadband 

Tactile internet 
�±Enhance 
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description phones Phones 
(GSM/CD
MA) 

utilising IP 

protocols 

(WCDMA20
00) 

on a unified 

standard (LTE) 

M2M commu-
nications net-
work 

 

 5G-The Future Mobile Network  

With the development of the 4G mobile communication system, people's re-

quirements for the speed of mobile communication are rapidly increasing. The 

researchers and scientists studied, investigated, and explore actions on 5G 

mobile communication systems have been carried out [8]. In demand to en-

counter these necessities (Wireless broadband connections, enormous ma-

chine-to-machine communications, and highly reliable networks are just a few 

examples). 5G is presently in its early ages to be employed and it will deliver 

admission to diverse wireless technologies at a similar time with mixtures of 

diverse currents. Significant improvements will be made in various areas, such 

as data rate speed and resolution, mobility, latency, and so on [9, 10]. Figure 

2.2 identified the crucial geographies and interesting provisions.  

Peak data rates of up to 10 Gb/s with a minimum cell-edge data rate of 100 

Mb/s, mobility of up to 500 km/h, spectral efficiency close to 10 bits/s/Hz, 

around 1M simultaneous connections per km2, latency less than 1ms, and cost 

efficiency at least 10 times better than 4G have all been demonstrated. Diverse 

judgments of 5G demonstrate structures are approved with several mobile ex-

pertise establishments intricate [11].  
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Figure 2.2: Expected 5G requirements [11]  

 

As indicated in the diagram Figure 2.3, 5G will be a key enabler for the internet 

of things (IoT) by offering internet connectivity to a massive number of objects. 

 

 
Figure 2.3: Internet of Things [12] 
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Various operating frequencies are categorized for 5G communications [13, 

14]. According to the Office of Communications (Ofcom), 5G new radios (NR) 

are essentially categorized as squat (low), normal (mid), and high bands as 

revealed in Figure 2.4. 

i. Low bands below 1 GHz, (e.g., 700 MHz): to enable wide area 

coverage.  

ii. Mid bands 1 GHz to 6 GHz, (e.g., 3.6 GHz): to allow for a large 

number of connected devices to run at quicker rates.  

iii. High bands at MM-Wave, (e.g., 26 GHz): Cells operating at these 

frequencies will have very limited coverage but very broad band-

widths, allowing for extremely high throughput and minimal la-

tency. 

 

 
Figure 2.4: 5G Coverage [14] 

 

  Mobile Phones Antennas  

The primary commercially existing handheld mobile phone was announced in 

1983, which was Dyna TAC 8000x. Charge this device it virtually acquired 10 
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hours of charging and the mass of this device was 1kg. After the introduction 

of this first device now presently more than seven billion individuals using mo-

bile phones globally which is virtually one mobile phone for every single indi-

vidual in this universe. The progression and development of mobile phones 

are revealed in Figure 2.5. It is hard enough to say what forthcoming 5G 

smartphones will look like and one can only visualize what they will be profi-

cient of.  

 

 
Figure 2.5: Evaluation of mobile phones [15] 

 

For transmitting and receiving from one station to another station, the antenna 

acts as a precarious part of mobile communications. In 1888 Heinrich Hertz 

[16] was the first scientist who announced and presented the concepts of the 

antenna. One or more conductors can work as an antenna for transmission 

and receiver when one or more conductors are substantially composed. The 

antenna terminal produced the radiofrequency current while working in the 

transmission approach, which produces the electromagnetic field and antenna 

to radiate. While working as a receiver approach from an alternative source 

encourages a voltage and consistent current at the antenna's terminal via an 
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electromagnetic field [17, 18]. Antennas entertain as converters among con-

ducted waves and electromagnetic waves propagating in free space as shown 

in Figure 2.6�����9�D�U�L�R�X�V���W�\�S�H�V���R�I���D�Q�W�H�Q�Q�D�V���D�U�H���X�V�H�G�����L�W�¶�V���G�H�S�H�Q�G�H�G���R�Q���W�K�H���W�H�F�K��

nologies and for what purpose it is used. Monopole antennas are considered 

as one of the modest and omnidirectional antennas while log periodic antenna 

type antenna is called directional antennas with more complex circuitry.  

 

 
Figure 2.6: Antenna functionality 

 

In the early ages of mobile, an external peripheral antenna was used for 1G 

mobile phone, which was normally understood by a non-uniform helix, to reg-

ulate the higher frequency band it has a non-uniform diameter while a quarter-

wave monopole is used when functioning at a lesser frequency [19]. The inner 

antenna has underway to appear and antennas were established inside mobile 

phones in the late 90s. The frequently used inner mobile antenna strategies 

are loop, Planar inverted-F antenna (PIFA), and monopole antennas [20]. An 

alternative kind of mobile phone antenna that could deliver robust motorised 

toughness and can be incorporated with other antennas is called a metal bezel 
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antenna [21]. Figure 2.7 represented enormous sorts of antennas, which are 

commonly used in mobile phones. 

  

 
Figure 2.7: Different types of mobile phone antennas 

 

  MIMO and Phased Array Antennas  

The designs of wireless communication systems are swiftly changing and 

modifying, Because of this modification and rapid changes Industrial multiple-

input and multiple-output (MIMO) phased arrays are influencing the market for 

5G [22]. Due to this influence of 5G, the structures with delivered MIMO array 

structural design will be controlled by sub 6 GHz bands for 5G Applications 

[23, 24]. On the other hand, phased array architectures and hybrid beamform-

ing are proposed for 5G MMW frequencies. Figure 2.8 demonstrated the struc-

tural design of the phased array and MIMO system. Higher data can be 

achieved throughput in comparison to single-input single-output (SISO) by 
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transmitting multiple independent data streams with the MIMO technology. 

MIMO structural design allows us to trade off the spatial diversity of the channel 

because of the greater hardware footprint [25]. A phased array, in contrast, 

is an array whose single radiators can be fed with different phase shifts. It can 

create an arbitrary pattern for a single stream or multiple streams. The accu-

rate development of such a system must account for the interaction between 

the elements and the driving feed network [26]. 

 

 
 

(a) (b) 
Figure 2.8: Architectures of (a) MIMO system and (b) phased array 

 

 Wave frequencies Plane antenna at mm  

Frequencies used above 24 GHz such as 26, 28, 38, and 60 GHz are called 

Millimetre band frequencies, and Massive MIMO (64-256 antennas) are called 

5G while Operational frequencies above 600 MHZ used are called low band 

5G. A peak data rate of 10 Gb/s for static users, 1 Gb/s for mobile users, and 

no less than 100 Mb/s in urban areas is the broad consensus among several 

research organizations working on 5G technology. Massive MIMO is the tech-

nology being tested to accommodate these enormous data rates [27]. Massive 
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MIMO is a possible approach for considerably increasing user throughput and 

network capacity by providing beam-formed data transmission and interfer-

ence management. It extends the multi-user MIMO idea to hundreds of anten-

nas at the base station. Higher antenna gains are required to compensate for 

the greatly increased path loss in very high frequencies, which is made possi-

ble by increasing the number of antennas at the base station. The goal of 5G 

research and development is to achieve sub-1ms latency and reduced energy 

usage than 4G equipment. 5G connections must be based on 'user experi-

ence, system performance, enhanced services, business models, and admin-

istration & operations, according to the Next Generation Mobile Network's 5G 

white paper. Furthermore, according to the Group Special Mobile Association 

(GSMA), a connection must match the majority of these eight criteria to qualify 

for 5G:  

�¾ One to 10Gbps connections to endpoints in the field 

�¾ One millisecond end-to-end round-trip delay  

�¾ 1000x bandwidth per unit area   

�¾ 10 to 100x number of connected devices  

�¾ Perception of) 99.999 percent availability  

�¾ (Perception of) 100 percent coverage  

�¾ 90 percent reduction in network energy usage   

�¾ Up to ten-year battery life for low-power, machine-type devices  

 

Moving 5G mobile stations to mm-wave frequencies necessitates new antenna 

design techniques for the mobile station (MS) and base station (BS) systems. 
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Smaller antennas stacked in an array can be used to generate an effective 

beam-steerable phased array antenna, which is one of the most critical as-

pects of the 5G cellular system [28].  Because of many new applications out-

side personal communications, the number of devices could reach tens or 

even hundreds of billions by the time 5G is fully implemented. Previous gener-

ations, like 3G, marked a watershed moment in communications. 3G receives 

a signal from the nearest phone tower and is used for phone calls, messaging, 

and data. 4G works the same as 3G but with a faster internet connection and 

a lower latency (the time between cause and effect). Theoretically, 4G may 

give download speeds of up to 100Mbps, which is five times quicker than con-

temporary 3G services. The 5G network will be substantially faster than the 

4G network. With a theoretical download speed of 10,000 Mbps, this should 

allow for increased productivity across all capable devices. "Current 4G mobile 

standards have the potential to provide 100s of Mbps. 5G offers to take that 

into multi-�J�L�J�D�E�L�W�V�� �S�H�U�� �V�H�F�R�Q�G���� �J�L�Y�L�Q�J�� �U�L�V�H�� �W�R�� �W�K�H�� �µ�*�L�J�D�E�L�W�� �6�P�D�U�W�S�K�R�Q�H�¶�� �D�Q�G��

hopefully a slew of innovative services and applications that truly need the type 

of connectivity that only 5G can offer with greater bandwidth comes with faster 

download speeds and the ability to run more complex mobile internet apps. 

 

  Why 26 GHz 

Unused or underutilized Local Multipoint Distribution Service (LMDS) broad-

band spectrum exists at 26 GHz, and given the low atmospheric absorption, 

the spectrum at 26 GHz has very comparable free space path loss as to to-

�G�D�\�¶�V����-2 GHz cellular bands. In addition, the rain attenuation and oxygen loss 
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do not significantly increase at 26 GHz and may offer better propagation con-

�G�L�W�L�R�Q�V���D�V���F�R�P�S�D�U�H�G���W�R���W�R�G�D�\�¶�V���F�H�O�O�X�O�D�U���Q�H�W�Z�R�U�N�V���Z�K�H�Q���R�Q�H��considers the avail-

ability of high-gain adaptive antennas and cell sizes on the order of 200 me-

ters. As shown in Figure 2.9 atmospheric absorption at 26 GHz is negligible 

(0.06 dB/km) [29]. 

 

 

Figure 2.9: Air attenuation at different frequency bands [29] 

 

 Research Aims and Objectives  

The topic of this thesis is in increasing the functionality of future smartphone 

antennas and the properties are being improved of the antenna systems. To 

deal with sub-6 GHz and MM-Wave 5G cellular communications, multiple so-

lutions will be provided. The thesis' major objective is to research and design 

new 5G antennas for future smartphone applications. To achieve this aim, the 

following objectives are defined. 
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�¾ Study and investigate the state-of-the-art techniques and recent 

progress in the design and development of the sub 6 GHz and 

MM-Wave 5G antenna arrays for future smartphone applica-

tions.  

�¾ Design requirements include compact size, high efficiency, im-

proved radiation coverage, low mutual coupling, and wide imped-

ance bandwidth.   

�¾ New MIMO antenna systems with improved characteristics for 

sub-6 GHz smartphone applications are being developed.   

�¾ To investigate the characteristics of several antenna types such 

as slot, patch dipole, loop, and PIFA radiators with radiation pat-

tern and polarisation diversity.   

�¾ Design of compact phased array antennas with end-fire radiation 

beams for mm-wave 5G mobile communications.  

�¾ To study and design reconfigurable antenna arrays for multi-

mode smartphone applications. 

All these objectives will be fulfilled through the analysis, investigation, and 

evaluation being carried out through this ongoing research work. 

 

  Thesis overview    

Chapter 1:  In this chapter, the evolution of mobile communications and mobile 

phones, from their first generation to the latest 4G are addressed. In addition, 

the specifications, and requirements of 5G networks and future smartphones 

are described. Besides, the architectures of MIMO and phased array antennas 
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suitable for 5G communications are described. Furthermore, the main objec-

tives and original contributions of this thesis are listed. 

Chapter 2: In this chapter, first the theoretical background, operation princi-

ples, and the key parameters of 5G MIMO and phased array antennas are 

represented. Then, a literature review of recently proposed antenna designs 

suitable for use in 5G smartphones is provided. Several examples of MIMO 

smartphone antennas with different characteristics are studied for sub-6 GHz 

cellular communications. Besides, major design improvements of MM-Wave 

smartphone phased array antennas are highlighted. The radiation behavior 

and fundamental properties of the antennas are investigated. 

Chapter 3: This chapter introduces five new MIMO smartphone antenna ar-

rays with polarisation and radiation pattern diversity for sub 6 GHz 5G mobile 

terminals. Different design techniques are employed in the configurations of 

the proposed MIMO antenna. The radiation behaviours and fundamental prop-

erties of different dual-polarised antenna types with reduced size, improved 

isolation, and increased impedance bandwidth are investigated. Unlike the re-

ported smartphone antennas, the proposed MIMO antenna systems provide 

full radiation pattern coverage with sufficient gain values at each side of the 

smartphone PCB. The proposed MIMO antennas offer good features for Sub 

6GHz applications and are suitable for use in 5G smartphone applications.  

Chapter 4: This chapter presents and investigates three new multi-band 

MIMO antenna arrays with diversity functions for sub 6 GHz 5G mobile termi-

nals. Due to the dual-band and polarisation diversity, the antennas can be con-

sidered for multi-mode future handset applications. The antennas offer good 
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features at different frequencies and are suitable for use in multi-band 5G 

smartphone applications. In addition, the characteristics of the designed an-

tennas in the presence of user-hand/user-head have been discussed in simu-

lations.  

Chapter 5: In this chapter, five new phased array 5G antennas with improved 

characteristics in terms of efficiency, gain, impedance bandwidth, and radiation 

coverage are presented. Fundamental radiation properties of the designed an-

tenna are discussed, and good results are achieved. Also, the performances 

of the antennas in the vicinity of the user are studied. 

Chapter 6: In this cheaper, five more new designs of phased array antennas 

with compact antenna elements arranged in linear forms are introduced for 

multi-mode 5G mobile terminals. The antennas are designed to operate at dif-

ferent candidate frequencies of the 5G spectrum. In addition, new frequency 

and radiation pattern reconfigurable antenna arrays suitable for MM-Wave 5G 

cellular communication are provided. 

Chapter 7: This chapter provides an integrated conclusion to this thesis and 

indicates a series of recommendations to improve the depth of coverage for 

the 5G smartphone antenna design. The recommendations focus on tech-

niques and processes to promote the integration of 3G to 5G antenna elements 

as well as reconfigurable and tenable antennas with compact size and suffi-

cient characteristics into future smartphones. In addition, more investigation 

and practical studies are suggested to be carried out on phased arrays, user 

effects, and channel characteristics of the MIMO antenna system. 
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2. Chapter T wo: Literature Review   

 

  Theoretical Background and Literature Review  

In this chapter, I discussed the phased array antennas and Key parameters of 

MIMO, operational principles, and theoretical background.  Further, a literature 

analysis and review of recent progress in the design and development of 5G 

smartphone antenna arrays and investigate the state-of-the-art techniques.  

 

 Theoretical Background and Key Parameters  

To generate various spatial channels, which primes to improve the data rate, 

multiple antenna elements at the transmitter and receiver sides are used. 

Through diverse antenna elements, multi-antenna classifications can create 

parallel data streams [30]. Various independent data streams through those 

independent paths can be transmitted between the transmitter and receiver by 

applying multiple independent signal paths. Further, the signals can be se-

lected by the multi-antenna schemes from diverse propagation routes and are 

formerly more composed productively. Overall, for multi-antenna schemes, 

phased array, and MIMO is the two contradictious concepts for multi-antenna 

schemes. Operation principles and the key parameters of MIMO and phased 

array antennas are discussed in this segment. 
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 Theoretical Background of MIMO and Phased Array Systems  

 MIMO System  

After the Introduction of MIMO technology classification, the Base station as 

well as the user terminal has received countless study considerations and de-

veloped one of the greatest substantial expertise in recent wireless infrastruc-

tures technologies such as 5G. Figure 2.1 represents the Standard maneuver 

for an orthodox MIMO antenna scheme. Multiple transmitting and receiving 

antennas are employed in the MIMO system. It is observed that the same fre-

quency channel by a different antenna chain that each spatial stream is trans-

mitted. On collectively of its undistinguishable chains, the receiver obtains an 

individual stream. It contains modernises innovative streams because the re-

ceiver knows the phase offsets of its antennas [31]. 

 

 

Figure 2.1: Conventional MIMO system 

 

The corresponding received signal with MT elements at the transmitter and MR 

elements at the receiver for a MIMO with a time-variant channel can be calcu-

lated as 
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�U�:�P�; 
L �ì �* �:�P�á�ì�;�T�:�P
F�ì�;
��

��

E�ß�:�P�;   (2.1) 

 

Where the transmitted and received signals �T�:�P�; and �U�:�P�; represent [32] 

 

�T�:�P�; 
L 
c�T�5�á�T�6�á�å �á�T�Æ�ß

g    (2.2) 

 

�U�:�P�; 
L 
c�U�5�á�U�6�á�å �á�U�Æ�ß

g    (2.3) 

 

�ì Signify the delay, �*  is the �/ �Ë 
H�/ �Í  channel matrix and �ß�:�P�;�� is an additive 

noise.  

 

 Phased Array System  

An identified electric field (amplitude and phase) through a radiation aperture 

is to create the basic concept of phased arrays [33]. Half of a frequency wave-

�O�H�Q�J�W�K�� ���G� ���������� �L�V�� �H�P�S�O�R�\�H�G�� �W�R�� �V�H�S�D�U�D�W�H�� �W�K�H�� �V�S�H�F�L�I�L�F�� �D�Q�W�H�Q�Q�D�� �V�S�D�F�H�� �W�\�S�L�F�D�O�O�\������

Coupling is reduced and marks the physical realisation of antennas easier be-

tween the antennas if the distance between the antennas becomes larger. But 

essentially the pattern lobes become discordant. To permit the mutual signal 

to turn as the signal of a solo antenna with performance massively diverse 

from the discrete antennas in the array by adding a phase shift to the received 

or transmitted signals via respectively antenna essentials of an array [34]. Fig-

ure 2.2 represents the operation principle of the phased array. 
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Figure 2.2:  Phased array system [34] 

 

In a receiver-agreed array (through N antennas agreed with a distance of d), 

a signal with an �L�Q�F�L�G�H�Q�F�H���D�Q�J�O�H�����3�����D�U�U�L�Y�H�V���D�W���W�K�H���Qth element, after experienc-

�L�Q�J���D�Q���H�[�F�H�V�V���G�H�O�D�\�����2n, the phase shifter in the nth element adds a phase shift, 

�à�á 
L �:�0 
F �J�;�à [33]. As a result, the output signal before combining is  

 

�8�á�:�P�; 
L �8�:�P
F�ì�á�;�…�‘�•���:�ñ�Ë�¿�:�P
F�ì�á�; 
F �à�á�;   (2.4) 

 

The output signal of the array after combining is 

 

�8�â�è�ç�:�P�; 
L �Ã �8�Ç�?�5
�á�@�4 �:�P
F�ì�á�;�…�‘�•���:�ñ�Ë�¿�:�P
F�ì�á�; 
F �à�á�;   (2.5) 

 

Where �î 
L �ñ�Ë�¿�ì is the phase difference between the input signals of ele-

ments. For an incidence angle, �î , the maximum amplitude of �8�â�è�ç�:�P�; is 

achieved when 

 

�à
L �ñ�Ë�¿
�×���æ�Ü�á��

�Ö
      (2.6) 
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 Key Parameters  

 Scattering Parameter (S -Parameter)  

The S-�S�D�U�D�P�H�W�H�U�� �L�V�� �D�� �P�H�D�V�X�U�H�� �P�D�W�U�L�[�� �R�I�� �W�K�H�� �V�L�J�Q�D�O�� �D�W�� �W�K�H�� �D�Q�W�H�Q�Q�D�� �V�\�V�W�H�P�¶�V��

port in terms of incident and reflected power. S-parameters are denoted by �5�Ü�Ý, 

which gives the response at port I due to an incident signal at port j.  

 

�5
L 
e
�5�5�5 �® �5�5�Ç
�­ �° �­

�5�Ç�5 �å �5�Ç�Ç


i     (2.7) 

 

�5�Ü�Ü is the ratio of the reflected wave voltage to the incident one at the port of 

the ith element. While �5�Ý�Ü indicates the ratio of the transferred voltage from the 

jth element port to the ith element port to the incident voltage at the jth element 

port. �5�Ý�Ü is also known as the mutual coupling of the elements which is an im-

portant parameter of the antenna and requires careful considerations in the 

design of MIMO or phased array antennas. 

 

 Envelope Correlation Coefficient (ECC)  

The envelope correlation coefficient (ECC) of antenna pairs is a typical 

function to judge the multiple port performance of the MIMO antenna. This 

parameter evaluates the correlation among the embranchment signals re-

ceived by different antennas  [34]. The lower ECC means more diversified pat-

terns as a rule. An acceptable standard for a desirable MIMO system is ECC 
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< 0.5. In the case of loss-free antennas, this independence can be measured 

and quantified from the S-parameters. 

 

�'�%�%
L
�Z�Ì�Ô�Ô

�Û�Ì�Ô�Õ�>�Ì�Õ�Ô
�Û�Ì�Õ�Õ�Z

�.

�@�5�?�+�Ì�Õ�Õ�+
�.
�?�+�Ì�Ô�Õ�+

�.
�A�@�5�?�+�Ì�Õ�Ô�+

�.
�?�+�Ì�Õ�Õ�+

�.
�A

�Û��    (2.8) 

 

 

 Diversity Gain (DG)  

Another vital parameter of the array antennas is diversity gain (DG). It defines 

the amount of reduction in the transmission power without a performance loss 

after a diversity scheme is used for the array antennas [35]. In some cases, it 

is important to know how the diversity gain varies as a function of frequency. 

The DG function can be calculated from the ECC results between the meas-

ured samples from each branch using the following relation: 

 

�&�) 
L �s�r
¥�s
F �:�'�%�%�;�6��    (2.9) 

 

 Total active reflection coefficient (TARC)  

The total active reflection coefficient (TARC) is another parameter that must 

be also considered in MIMO antennas. It is a new metric to incorporate the 

overall combined effect of all antennas in a multiple-antenna system. It also 

verifies the behavior of the isolation parameters �5�Ý�Ü for phase angle(s) between 

ports. 
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 Channel Capacity Loss (CCL)  

Channel capacity loss (CCL) is one of the parameters in the MIMO system 

which mainly depends on the S-parameters of the system with the accepted 

�O�L�P�L�W���R�I���”���������E�S�V���+�] [36]. The CCL function can be calculated using the below 

formulas: 

 

�%�%�.
L 
F�H�K�C�6�†�‡�–���:�ð�Ë�;    (2.11) 
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Where,  
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 Channel Capacity (CC)  

Another important parameter to evaluate the MIMO performance of the multi-

ple-antenna design is channel capacity (CC). It is the tight upper bound on the 

rate at which data can be reliably transmitted over a communication channel 
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[37]. To estimate and optimise the channel capacity in multiple antenna sys-

tems, several parameters such as channel bandwidth, noise, and transmit 

power are playing an important part. The CC is defined as the maximum pos-

sible transmission rate, such that the probability of error is arbitrarily small. It 

is defined as:  

 

�%�%
L �' �D�H�K�C�6�B�@�A�P�@�+
E
�Ì�Ç�Ë

�á�Å
�A�*�æ�Ö�Ô�ß�Ø�*�æ�Ö�Ô�ß�Ø

�Í �C�E   (2.13) 

 

where the channel matrix �*�æ�Ö�Ô�ß�Ø can be calculated using the: 

 

�*�æ�Ö�Ô�ß�Ø
L 
¥�é�æ�Ö�Ô�ß�Ø�á�Ë�Ñ���*�Ü�ä�Ü�ä�×��
¥�é�æ�Ö�Ô�ß�Ø�á�Í�Ñ    (2.14) 

 

 

 Beamforming (BF)  

In beamforming, the MIMO or phased array processor steers the radiation 

beam to a certain direction by computing a properly weighted sum of the indi-

vidual antenna signals just as a finite impulse response filter generates an out-

put, at the desired frequency [38]. Beamforming can be performed by compu-

ting multi-channel filters whose output is �5���:�P�; an estimate of the desired source 

signal. The output can be expressed as: 

 

�5���:�P�; 
L �Ã �Ã �S�Ü�á�ã�T�Ü
�É�?�5
�ã�@�4

�Ç
�Ü�@�5 �:�P
F�L�;   (2.15) 
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Where p-1 is the number of delays in each of the N filters and �S�Ü�á�ã��denotes the 

transmit downlink beamforming vector. 

 

 Antenna Diversity  

Antenna diversity techniques tend to achieve sufficient decorrelation between 

the elements and generate replicas of a signal. As shown In Figure 2.3 there 

are three types of diversity techniques like Spatial, polarisation, and pattern 

[39]. Spatial diversity is the most common form and simplest type of antenna 

diversity with widespread use in mobile communications. Spatial diversity uses 

two or more antennas separated and spaced typically ten or more wavelengths 

apart in space for reception or transmission. 

Unlike spatial diversity, the benefits of antenna polarisation diversity include 

the ability to locate the closely spaced dual-polarised antenna elements in the 

same place which could achieve almost the same channel capacity achieved 

through spatial diversity. Moreover, in pattern diversity, the antenna system is 

composed of two or more co-located antennas with different radiation patterns. 

This could improve the radiation coverage and MIMO performance of the an-

tenna system. 
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(a) (b) (c) 

Figure 2.3: (a) Spatial, (b) polarisation, and (c) pattern diversity techniques 

for multiple antennas [39] 

 

 

 Literature Review on Design of 5G Smartphone Antennas  

To empower coverage interoperability of Cell phone services, 5G needs an 

amplified quantity of antenna elements at individually transmit and receive 

wings for the speedy development of mobile architectures [40, 41]. A higher 

channel capacity can be obtained if more elements in the antenna system are 

employed [36]. The MIMO and phased array classifications functioning in ei-

ther the sub-6 GHz bands or MM-Wave antenna array will be installed in the 

mobile terminals to encounter the obligation of the 5G mobile terminals [42-

44]. In the chapter, the design, and characteristics of several 5G smartphone 

antennas are discussed. 

 

 MIMO Antenna Designs for Sub -6 GHz 5G mobile terminals  

Exploiting the ergodic capability for the upcoming 5G at the sub-6-GHz spec-

trum, the aptitude to empower large-scale MIMO at the mobile device level 

becomes a dominant factor. The central fear will be defining the determined 
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amount of MIMO antenna elements restricted in upcoming mobile phones that 

will similarly preserve extraordinary port-to-port isolation and envelope-corre-

lation coefficients, from the antenna perspective [45]. There are numerous 

MIMO maneuvers such as 2×2 as well as 4×4 have been employed for existing 

4G structures. On the other hand, functioning at the sub 6 GHz spectrum must 

be quartered in a size-limited atmosphere, in 5G smartphone antennas are 

approximately eight MIMO antennas [46]. It has been a test to plan a com-

pressed multi-element MIMO antenna array with superior isolations for the 5G 

mobile communication systems, Due to the inadequate galaxy in smartphones. 

Recently, several MIMO terminal antenna designs were reported and dis-

cussed in the following. 

 

 PIFA for 5G MIMO  

A compact, two-element antenna, four-port, low-profile antenna for the 5G In-

ternet of Things (IoT) and handheld applications is presented in this research 

study [47]. As shown in Figure 2.4 the antenna arrangement comprises dual 

planar inverted-F antenna (PIFA) elements consuming identical outlines. Indi-

vidual antenna element has dual feeding source positioned at the correct angle 

to each other to mark them cross-polarised for the utilisation of polarisation 

diversity, however, spatial diversity is active by placing two antennas diago-

nally on different edges of the antenna arrangement.  For reducing mutual 

coupling, the design of the rectangular slots separating adjacent to the ground 

plane below the upper plate of the individual element has been done to halt 

the stream of current among two ports of the similar antenna element. Extreme 
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isolation attained between ports is less than -25 dB, and the envelope correla-

tion coefficient is lower than 0.009 in bands of interest. Figure 2.5a shows the 

minimum frequency range covered by the four ports of this antenna is from 

around 2.7-3.6 GHz for S11 < -10 dB while Figure 2.5b, represents the mutual 

coupling, thus covering the expected future 5G band (3300-3600 MHz), and 

may be used for small portable and handheld the IoT and cellular applications 

as a diversity/MIMO antenna. 

 

 
 

 

(c) Fab 3D View 

 

(a) Sim 3D View (b) Sim Back View (d) Fab bottom view 

Figure 2.4: Structure of the four-port, Two-element antenna 

 

  

(a) Snm (b) Smm 

Figure 2.5: Simulated and Measured S parameters 
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Another MIMO antenna for sub 6 GHz 5G smartphone applications is pro-

posed in [48]. It contains eight platform-free PIFA elements with 2.6 / 5.2 GHz 

dual-band operation placed at different sides of the smartphone board. As 

shown in Figure 2.6a, the configuration of the antenna element has a PIFA 

resonator. In addition, another PIFA is employed to excite the antenna ele-

ment. Due to the vertical patch element, the antenna is compatible with differ-

ent working platforms and is not affected by other components. The dual-band 

operation of the antenna is achieved by coupling the feed PIFA resonator 

which also helps to minimise the overall size of the antenna element. The 

MIMO configuration of the design with eight elements is shown in Figure 2.6b. 

Four elements have been placed at different corners of the mainboard and the 

others along the side edges. The fabricated prototype of the MIMO antenna is 

displayed in Figure 2.6c. It is evident from Figure 2.6d that the antenna perfor-

mance is not affected by the presence of the battery and exhibits a dual-fre-

quency operation at 2.6/5.2 GHz. 

 

  

  

(a) (b) 
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(c) (d) 

Figure 2.6: (a) Design details of the PIFA element, (b) Simulated and (c) fab-

ricated designs, and (d) S-parameters results for the antenna in [48] 

 

 Compact Building Block With Two Shared -Aperture Antennas  

In this research study [49] slots and a loop antenna are poised by a compact 

building suggested. To increase the smallness of the building block excellently 

the slot antenna and the loop antenna share a rectangular clearance. While 

the slot and the loop have touched each other totally, the planned building 

block exhibits good isolation (better than 19 dB) without any external decou-

pling structure. Four such building blocks are used to implement a compact 

eight-port multiple-input multiple-output (MIMO) array operating at a 3.5 GHz 

band (3.4�±3.6 GHz) for fifth-generation (5G) metal-rimmed smartphone appli-

cations. Figure 2.7 represents the simulated and fabricated Configuration of 

the proposed antenna While Figure 2.8 represent the simulated and measures 

reflection coefficient and mutual coupling of the proposed antenna. The meas-

ured S-parameter results approve well with the simulated ones. The measured 

6 dB impedance bandwidths of Ants 1 and 2 can cover the whole operating 

band, and the measured isolations between antenna elements in the same 
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compact building block were better than 17 dB within the entire operating band. 

Furthermore, the measured isolation between the antennas of two different 

compact building blocks was better than 16 dB. The proposed eight-antenna 

MIMO array exhibits good isolation of better than 16 dB across the complete 

operating band. The measured results confirm that the proposed MIMO array 

is a good candidate for 5G terminals. 

 

 

 
 

 
(a) Simulated Top view 

 
(c) Fabricated Top 

View 
(d) Fabricated 

Side view 
(b) Simulated Side view 

 
Figure 2.7:  Configuration of MIMO Array 

 

 
 

(a) (b) 
Figure 2.8: S-parameters of the 8-Elements MIMO System  (a) Simulated (b) 

Measured 
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 Monopole Antenna with Enhanced Isolation   

A compact dual-band MIMO antenna array has been proposed for 5G 

smartphone Applications [50]. The MIMO antenna involves 8 folded monopole 

antennas and the operational frequency for this antenna array is the 3.45 GHz 

band (3300-3600MHz) and the antenna elements with a size of 6.8 x 6.6 mm2 

(about 0.078�� x 0.075�� x 0.046�� at 3.45 GHz) are disposed along each edge 

of the system circuit board. Figure 2.9 shows the simulated and fabricated con-

figuration of this presented eight-antenna MIMO array. Figure 2.10 shows the 

simulated and measured result of reflection coefficients and transmission co-

efficients while Figure 2.11 Represents the comparison of the reflection coef-

ficient and transmission coefficient of the MIMO antenna with/without decou-

pling structures.  

 

 

 

  

(a (b) 

Figure 2.9: Configuration of the eight-antenna MIMO Array (a) Simulated De-

sign of proposed Antenna (b) Fabricated Design of Antenna 
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(a) (b) 

Figure 2.10: Simulated and Measured (a) Simulated design (b) Fabricated 

Design 

 

 

 
 

(a) (b) 
Figure 2.11: Simulated and Measured Result (a) Reflection Coefficient (b) 

transmission Coefficient 

 

By introducing the decoupling structures, the isolation between inner antenna 

elements is improved from 10dB to 15.1dB in the 3.45 GHz band (3300-

3600MHz). Meanwhile, the inner antenna units can generate an additional op-

erating band covering 2400-2700MHz due to the coupling effect between the 

antenna elements and the proposed decoupling structures, which is promising 

for solving the problem of terminal space shortage. The way of improving an-

tenna space utilisation provides a new idea and direction for the design of a 

dual-frequency terminal MIMO antenna. 
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 High -Isolated MIMO Antenna Based on Pattern Diversity  

In this proposed study [51]. A dual-functional antenna array operating in the 

long-term evolution (LTE) band 42 (3.4-3.6 GHz) and 5.8-GHz wireless wide 

area network (WLAN) band (5.725-5.875 GHz) for multiple-input multiple-out-

put (MIMO) applications in 5G smartphones is proposed. The proposed 8-an-

tenna array is composed of two different antenna elements, namely, the folded 

L-shaped antenna and the couple-fed U-shaped antenna. It can be applied in 

the 8 x 8 (by using 8 antenna elements) and 4 x 4 (by using 4 antenna ele-

ments) MIMO system across the LTE band 42 and 5.8-GHz WLAN band, re-

spectively. The quasi-orthogonal polarisation, balanced mode excitation, and 

pattern diversity are properly used to achieve high isolation within the opera-

tion bands. Figure 2.12a shows the geometry and detailed structure of this 

project's MIMO system. (a) overall view of the antenna array, the folded L-

shaped antenna (FLA), the couple-fed U-shaped antenna (CUA) (b) Photos of 

the fabricated 8-antenna array, Overall view of the proposed antenna. En-

larged photo of the FLA, Enlarged photo of the CUA. A prototype of the pro-

posed antenna array was fabricated which is shown in Figure 2.12b. The sim-

ulated and measured isolations in the LTE band 42 (6-dB impedance match-

ing) and 5.8-GHz WLAN band (10-dB impedance matching) are better than 

17.1 dB and 34.6 dB, respectively as shown in Figure 2.13. Figure 2.14 repre-

sent three different scenarios of usage of the smartphone (a) Date mode (b) 

Read Mode and (c) Talk mode while Figure 2.15 Shows the simulated S pa-

rameters results with hand and head effects. (a) LB, DM. (b) HB, DM. (c) LB, 

RM. (d) HB, RM. (e) LB, TM. (f) HB, TM.  The above results show that this 
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proposed antenna array is a good candidate for MIMO applications in 

smartphones. 

 

  

(a) (b) 

Figure 2.12:  Geometry and detailed structure of the proposed MIMO an-

tenna array 

 

  

(a) Simulated S-Parameters (b) Measured S-Parameters 

Figure 2.13: S parameters results of the MIMO antenna array in the LB, HB 
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Figure 2.14:  Three typical usage scenarios of smartphones (a) Data 

Mode (DM) (b) Read Mode (RM) (c) Talk Mode (TM) 

 

 

Figure 2.15: Simulated S parameters results with hand and head effects.  

(a) LB, DM. (b) HB, DM. (c) LB, RM. (d) HB, RM.  (e) LB, TM. (f) HB, TM 
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A compact MIMO antenna design with a pattern diversity scheme is proposed 

in [52] for 5G smartphone applications. As shown in Figure 2.16a, the config-

uration of the antenna contains four blocks with two face-to-face elements 

which are excited simultaneously. The face-to-face monopole elements are 

employed at the edge of the smartphone PCB. The pattern diversity can be 

achieved using in-phase and out-of-phase signals. Therefore, a compact two-

port feed network is designed to provide the required feed signals. The simu-

lated and measured S-parameters of the antenna elements are provided in 

Figure 2.16b. As shown, the MIMO smartphone antenna exhibits an imped-

ance bandwidth of 3.4-3.6 GHz, with a resonance frequency of 3.5 GHz. Also, 

the antenna elements exhibit better than 40% efficiencies, as illustrated in Fig-

ure 2.16c. Furthermore, the elements can be arranged in vertical form as 

shown in Figure 2.16d.  

 

  

(a) (b) 

  

(c)  (d)  

Figure 2.16: (a) Fabricated prototype, (b) S-parameters, efficiencies, and ver-

tical arrangement of the MIMO smartphone antenna in [52] 
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In this study [53], An operational frequency band 3.45-GHz band (3.3-3.6 GHz) 

for 5G smartphone applications of an eight-element MIMO is proposed. This 

presented MIMO array for a 5G smartphone consists of two types of four an-

tenna arrays (L & U shaped coupled-fed loop elements), which are symmetri-

cally distributed in the inner of the smartphone frame. The proposed MIMO 

array is simulated, and a prototype is fabricated which is shown in Figure 2.17a 

& Figure 2.17b, and tested. The simulated and measured reflection coefficient 

and transmission coefficient result of this proposal is shown in Figure 2.17c 

and Figure 2.17d. The results show that all the elements can cover the desired 

band of 3.3-3.6 GHz under the condition of -6 dB impendence. This proposed 

and projected eight-element MIMO array is a prospective candidate for future 

5G smartphone applications.  

 

  

(a) Simulated Design (b) Fabricated Design  

  

(c) Simulated reflection Coefficient 

and Mutual coupling 

(d) Measured reflection Coefficient 

and Mutual coupling 

Figure 2.17: MIMO antenna Array and Result 
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 Dual -Band Dual -Antenna Arrays (DAAs)  

In this proposed study [54], For the new 5G radio band n77 (3300�±4200 MHz) 

and 5 GHz band (4800�±5000) operation frequency for the mobile handset, an 

8-element dual-band multiple-input�±multiple-output (MIMO) antenna is pro-

jected.  The 8-element MIMO antenna is designed by utilising four arrange-

ments of dual-antenna arrays (DAAs) that are correspondingly printed along 

with the two long side�±edge frames of the smartphone. Each DAA is composed 

of two double-branch monopoles and a T-shaped decoupling stub, in which 

good mutual coupling reduction can be realised via the decoupling structures. 

Furthermore, the decoupling structures can also aid in improving the imped-

ance matching of the array units for achieving wideband operation. Figure 

2.18a shows the geometry and detail dimension of the proposed 8-antenna 

array while Figure 2.18b represents the structure of the fabricated MIMO an-

tenna. Figure 2.19 shows the simulated and measured S-parameters of the 

proposed MIMO antenna. Here, the measured results are well-validated with 

the simulated ones, and the slight differences between them are due to minor 

fabrication errors. In Figure 2.19, Ant 1 to Ant 4 can fully support the LB and 

HB operation with 6 dB bandwidth. Within the two bands of interest, the meas-

ured isolation between Ant 1 and Ant 2 was better than 12.5 dB, and nearly 

the same result can be found between Ant 3 and Ant 4 as they are mirrored 

with Ant 1 and Ant 2. As for the measured isolation between the two DAAs, 

namely S23, it has demonstrated an acceptable isolation level of better than 
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15 and 11.5 dB in the HB and LB, respectively. In addition, the measured re-

sults have also shown isolation between Ant 1 and Ant 5 better than 20 dB in 

both the LB and HB. 

 

  

(a) (b) 

Figure 2.18: (a) Geometry and detailed dimensions of the 8-antenna array (b) 

Fabricated MIMO antenna. Front view. Back view. Side view 

 

 

Figure 2.19: Measured and simulated S-parameters for Ant 1�±Ant 4. (a)  

Reflection coefficients of Ant 1 and Ant 2. (b) Reflection coefficients of  

Ant 3 and Ant 4. (c) Transmission coefficients 
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 Tri -Polarised  QMSIW MIMO Antenna Array  

A tri-polarised Smartphone antenna array with 12 radiation elements is pro-

posed in [55]. The quarter mode substrate integrated waveguide (QMSIW) 

technique is used in the configuration of the tri-polarised antenna blocks with 

a small volume of 17×17×6 mm3. As shown in Figure 2.20: (a) Simulated and 

(b) fabricated prototypes, (c) reflection, and (d) transmission coefficient results 

of the antenna in [56]. Figure 2.20a, by employing four tri-polarisation blocks 

at different edge corners of the smartphone mainboard, a 12-antenna MIMO 

array is designed for 3.5 GHz 5G applications. Due to the orthogonal polarisa-

tion characteristics, the closely spaced antennas could work well inde-

pendently. However, to reduce the mutual coupling between the elements a 

pair of decoupling structures composed of a neutralisation line (NL) and also 

two phase-shifting lines (PSL) are embedded in the array. The fabricated pro-

totype of the design is shown in Figure 2.20b. The simulated and measured 

reflection coefficient of the antenna elements is represented in Figure 2.20c. 

As shown, the antenna elements of the design exhibit a 200MHz impedance 

bandwidth at 3.5 GHz. In addition, the maximum transmission coefficient of the 

antenna array is less than -13 dB, as shown in Figure 2.20d. Furthermore, the 

calculated channel capacity of the proposed MIMO antenna system is about 

57 bps/Hz. 
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(a) (b) 

 
 

(c) (d) 

Figure 2.20: (a) Simulated and (b) fabricated prototypes, (c) reflection, and 

(d) transmission coefficient results of the antenna in [56] 

 

 

 Tightly Arranged Orthogonal -Mode Pairs Ante nna  

In this interaction [57], a 4 × 4 multiple-input-multiple-output (MIMO) system 

and an 8 × 8 MIMO system operating at 3.4�±3.6 GHz for fifth-generation (5G) 

mobile phones are tightly arranged pairs in this novel compact proposed study. 

A compact size of 7 × 12 mm2 with a bent monopole and an edge-fed dipole 

with each tightly arranged pair is composed. To alleviate the mutual coupling 

of the tightly arranged pairs without any external decoupling structure is pre-
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sented with the orthogonal-mode method. Figure 2.21a Represent the geom-

etry of the 4-Elements MIMO systems composed of two tightly arranged dual 

antenna pairs while Figure 2.21b Shows the fabricated 4-Elements MIMO an-

tenna system and 8-Elements MIMO antenna system. The back view of the 4-

Elements MIMO system and the sideboard are enlarged in the red dashed 

square, as the Back view of the 8-Elements MIMO system, and the Side view 

of the 8-Elements MIMO system. Figure 2.22 shows the simulated and meas-

ured reflection coefficient and isolation of 4-Elements MIMO and 4-Elements 

MIMO systems respectively. With the help of the orthogonal mode, isolation 

performances across the desired band of the 4-Elements MIMO system and 

the 8 × 8 MIMO system are better than 20 and 17 dB, respectively, with the 

elements closely spaced. Figure 2.23 shows the Simulated S-parameter of the 

8×8 MIMO system with and without a display panel while Figure 2.24 shows 

the simulated results with the �X�V�H�U�¶�V���K�D�Q�G���R�I���W�K�H���S�U�R�S�R�V�H�G����-Elements MIMO 

system. (a) The front side of the single-handhold scenario. (b) the Backside of 

the single-handhold scenario. and (c) the Reflection coefficient. (d) Transmis-

sion coefficient. The proposed MIMO systems provide a promising solution to 

compact 5G MIMO mobile phone antennas with good isolation and diversity 

performance.  
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(a) (b) 

Figure 2.21: a) Geometry of the 4-Elements MIMO system composed of two 

tightly arranged dual antenna pairs (b) Photographs of the proposed 4-Ele-

ments and 8-Elements MIMO systems 

 

 

 

 
 

  

(a) (b) 

Figure 2.22: (a) Simulated and measured reflection coefficient and Isolation 

of the 4-Elements MIMO system. (b)  Simulated and measured reflection co-

efficients and Isolation of the 8-Elements MIMO system 
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Figure 2.23: Simulated S-parameter of the 8-Elements MIMO system with 

and without the display panel 

 

 

 

Figure 2.24: Simulated results with the �X�V�H�U�¶�V���K�D�Q�G���R�I���W�K�H���S�U�R�S�R�V�H�G��8-Ele-

ments MIMO system 
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 MultiBand MIMO Antenna Array  

In [58], substantial multiple-input multiple-output (MIMO) applications for po-

tential upcoming 5G smartphones for sub-6-GHz spectrum (LTE bands 42/43 

and LTE band 46) by employing a multi-band 10 antenna array are proposed. 

To achieve 10 x 10 MIMO applications in three LTE bands, 10 T-modelled 

coupled-fed slot antenna aspects that can stimulate dual resonant approaches 

are unified into a structure circuit board. To achieve and improve the isolation 

and alleviated coupling effects, Spatial and polarisation diversity procedures 

are employed in these elements. The projected antenna array was first simu-

lated and then manufactured and experimentally measured which is shown in 

Figure 2.25. (a) Structure of the proposed antenna array, (b) fabricated an-

tenna array (c) Simulated Reflection coefficients and Transmission coefficients 

(d) Measured Reflection coefficients and Transmission coefficients The pro-

posed antenna array was manufactured and experimentally measured. Desir-

able antenna efficiencies of higher than 42% and 62% were measured in the 

low band and high band, respectively. The calculated ergodic channel capac-

ities of the 10 x 10 MIMO system working in the LTE bands 42/43 and LTE 

band 46 reached up to 48 and 51.4 b/s/Hz, respectively. 
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(a) (b) 

 
 

(c) (d) 

Figure 2.25: Design and Result of MIMO Array  

 

 

 Wideband MIMO Antenna Array with Hybrid Inverted -F Ante nna 

In [59], New Radio Unlicensed (NR-U) applications in metal-rimmed 

smartphones covering 3.3-7.1 GHz for Fifth Generation (5G) sub-7 GHz MIMO 

antenna array with a wideband 8-element antenna are proposed. The open 

slot-loaded metal rim is directly fed by a microstrip line in this proposed design. 

slot modes and Inverted-F Antenna (IFA). To achieve a wideband operational 

band and to reduce the size by employing matching and reactance loading, 

the two modes are moved and combined. The proposed MIMO antenna array 

is fabricated and measured which is shown in Figure 2.26. (a) Structure of the 
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proposed antenna array, (b) fabricated antenna array (c) Simulated Reflection 

coefficients and Transmission coefficients (d) Measured Reflection coefficients 

and Transmission coefficients. The proposed design can achieve desirable an-

tenna performances, including isolation >11 dB with the desired wide fre-

quency band from the shown result. The proposed metal-rim-integrated MIMO 

antenna array features a small size, a simple structure, and wide bandwidth. It 

can be a good application-oriented design in next-generation 5G mobile com-

munication.  

 

   

(a) (b) (c) 

 
 

(d) 

Figure 2.26: Design and Result of MIMO Array  
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 4×4 Conjoined Open -Slot MIMO Antennas Fed by Grounded 

Coplanar Waveguides  

In [60], a Low-profile 4×4 MIMO antenna design is proposed for sub 6 GHz 5G 

operation. As shown in Figure 2.27 the configuration of the design is composed 

of four-grounded coplanar waveguide (GCPW)-fed open-slot antennas that 

have been conjoined into a cross shape with a 0.4 mm thick FR4 substrate. 

Th�H�� �R�S�H�Q�� �V�O�R�W�V�� �R�I�� �W�K�H�� �G�H�V�L�J�Q�� �K�D�Y�H�� �E�H�H�Q�� �D�U�U�D�Q�J�H�G�� �W�R�� �E�H�� �����•-sequentially to 

each other and separated by vias between them. The Snn results of the an-

tenna elements are displayed in Figure 2.27b. As shown, the proposed MIMO 

antenna provides a wide impedance bandwidth of 3.3�±4.2. Due to the 1mm 

thickness of the design, the proposed MIMO antenna can be integrated into 

the back cover of the smartphone board. The placement of the proposed MIMO 

antenna within the 5G smartphone is shown in Figure 2.27c. The design pro-

vides good features in terms of impedance bandwidth, and efficiency, and 

could be used for 5G mobile device applications. 

 

 

  

(a) (b) 
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(c) 

Figure 2.27: (a) Fabricated prototype, (b) Snn result, and placement in the 5G 

terminal device for the antenna in [61] 

 

 

 Dual -Band Platform -Free PIFA for 5G MIMO  

In this presented study [62], a MIMO array eight-element dual-band utilising a 

multi-slot decoupling technique for the 5th generation (5G) mobile communi-

cation is proposed. The proposed MIMO array was simulated, fabricated, and 

measured. Figure 2.28a represents the design structure while Figure 2.28b 

fabricated the design of this proposed antenna. Figure 2.28c and Figure 2.28d 

represent the simulated and measured reflection coefficient and mutual cou-

pling of the proposed antenna. The proposed array obtains two broad band-

widths of 12.2% and 15.4% for sub-6 GHz operation by applying a compact 

dual-loop antenna element. A novel dual-band decoupling method is proposed 

by applying a multi-slot structure for the purpose to reduce the mutual coupling 

among the antenna elements. Simulations and Experimental results agreed 

well compared, showing that the dual-band MIMO array has high isolation, 
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high efficiency, and good matching impedance. Such a dual-band high-isola-

tion eight-element MIMO array with zero ground clearance is a promising can-

didate for 5G or future mobile applications. 

 

  

(a) Overall view. (b) Photographs of the fabricated 
eight-element array, Front view, 

Back View 

 

  

(c) Simulated S parameters results (d) Measured S parameters 

Figure 2.28: Configuration of the eight-element array 

 

  Wideband MIMO Antenna Systems Based on Coupled -Loop 

Antenna  

In [63], a wideband MIMO smartphone antenna design is proposed for 5G cel-

lular communications. The configurations of the antenna element and the pro-

posed 5G MIMO are provided in Figure 2.29a. As illustrated, the loop antenna 
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element is composed of four radiating branches which are symmetrically lo-

cated along the central line of the element. The inner and outer branches of 

the design are around a small PCB. The 8-antenna MIMO system is located 

along the edges of the mainboard. The measured and simulated S-parameter 

results of the antenna are illustrated in Figure 2.29b. As seen, the antenna 

elements provide a wide bandwidth covering the frequency range of 3.3-5.0 

GHz. In addition, the mutual coupling of the element is less than -14 dB over 

the entire operating band. The calculated channel capacity of the MIMO an-

tenna system is better than 35 bps/Hz, as displayed in Figure 2.29c. Further-

more, as can be observed from Figure 2.29d, the proposed smartphone an-

tenna exhibits sufficient efficiencies in the presence of the user's hand.  

 

 
 

(a) (b) 

  

(c) (d) 

Figure 2.29: (a) Single element and MIMO configurations (b) S-parameters, 

(c) channel capacity, and (d) efficiencies in data mode for the design pro-

posed in [63] 
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 Phased Array Antennas for MM -Wave 5G Mobile Terminals  

Frequencies in the range of 20�±80 GHz concurrently with sub-6 GHz bands 

are expected to be used in future 5G smartphones [64]. Thus, new antenna 

structures are needed in mobile devices to support the upcoming mm-wave 

bands. To maximise the gain within the wireless link budget of the system, 

phased arrays and beam-switching antennas are proposed [65]. For MM-

Wave, the RF transceiver, beam steering topologies, and algorithms should be 

developed to meet the stringent requirements of the mobile device [66]. Figure 

2.30a shows the block diagram of the radio-frequency integrated circuit (RFIC) 

chip. The phased array is accomplished by controlling the oscillator phase 

shifters within the RFIC chip based on the beam steering schematic. Figure 

2.30b shows the diagram of the beam steering phased array. The MM-Wave 

antenna of the mobile device should be regarded as part of the front-end mod-

ule and placed within extreme proximity to the 5G radiofrequency (RF) trans-

ceiver chip [67]. Recently, several phased array designs for smartphones were 

reported. The design and characteristics of some phased array 5G antennas 

are described. 

 

(a) 
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(b) 
Figure 2.30: (a) Front-end RFIC chip and (b) beam steering array[67] 

 

 Beam Steering Phased Array for 5G Mobile Device With Metallic 

Casing  

A practical 28 GHz phased array smartphone antenna is presented [67] for 5G 

applications. The simulated design and fabricated prototype of the antenna are 

shown in Figure 2.31a. As shown, the design is composed of two sub-arrays 

with cavity-backed slot antenna elements that have been placed on the left- 

and right-side edges of the smartphone mainboard. The design details of the 

antenna element are represented in Figure 2.31b. The 3D radiation beam-steering 

for one of the arrays is illustrated in Figure 2.31c. The proposed antenna exhibits 

end-fire radiation and could cover different scanning angles. In addition, the antenna 

performances in the vicinity of the user's hand are sufficient, as shown in Figure 

2.31d.  
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(a) (b) 

 
 

(c) (d) 

Figure 2.31: (a) Schematic, (b) design details, (b) 3D beam-steering, and (d) 

hand-effect study of the phased array 5G antenna in [68] 

 

 Multilayer Phased  Array  with Meshgrid Solutions  

Another MM-Wave 5G smartphone antenna solution is proposed in [69] and 

its design and characteristics are described. As shown in Figure 2.32a, its 

schematic is based on mesh grid antennas and contains 16 compact antenna 

elements arranged in the top and bottom portions of the 5G smartphone plat-

form. The design details of the antenna element are represented in Figure 

2.32b. The 3D radiation beam-steering for one of the arrays is illustrated in 

Figure 2.32c. The proposed antenna exhibits end-fire radiation and could 
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cover different scanning angles. In addition, the antenna performances in the 

vicinity of the user's hand are sufficient, as shown in Figure 2.32d.  

 

  
(a) (b) 

  
(c)                                               (d) 

Figure 2.32: (a) Designed (b) prototype and (b) reflection coefficient, 

and beam-steering of the antenna in [70] 

 

In this research [71] study, the Simple Scheme idea of mm-wave 5G antennas 

for cellular phones at 28 GHz is presented. In this proposed study, using two 

sets of PCB the proposal of 1 X 16 mesh-grid antenna-element phased arrays 

at the upper and lower locations of cellular phones has been gathered which 

is represented in Figure 2.33. Each bend of the cellular phone PCB mesh grid 

antenna rudiments is settled in biased angles of nearly 500.  As presented in 

Figure 2.33e. The planned mesh-grid mm-wave antenna array establishment 

reveals a fan-beam radiation characteristic. The measurement consequences 

demonstrate a 1300 and 120 3 dB beam width in the advancement and azimuth 
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planes, correspondingly. At 27.9 GHz center frequency, the planned array an-

tenna demonstrates a 10-dB impedance bandwidth of 1 GHz. More than 10.5 

dBi of peak gain has been measured inside the cellular device of this proposed 

antenna array. Between the free-space and integrated scenarios, there is a 

mismatch in the radiation pattern it is because of the spreading and alteration 

between the frame and antenna elements of cellular phones. The radiation 

patterns of an mm-wave antenna array in specific beam directions for both 

free-space and integrated scenarios are shown in Figure 2.33f. 700 of an an-

gular scanning range is demonstrated by the measurement. The proposed an-

tenna array configuration on the top and bottom of the cellular device achieved 

an almost spherical radiation coverage, as shown in Figure 2.33e. 

 

  
(a) (b) 

 
  

(c) (d) (e) 

 
(f) 

Figure 2.33: Configuration and Result of Design Antenna  
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 Multilayer Multipolarzied Phased -Array Antennas  

To improve the diversity, gain in 5G mobile terminals, the use of multi-polarised 

antenna arrays is a desirable solution to overcome the polarisation mismatch 

problem. A simple demonstration dual-polarised mm-wave antenna with good 

isolation is reported. To achieve dual polarisation at 28 GHz, the topology of a 

side-by-side arrangement of horizontal and vertical Yagi-Uda antennas is used 

[72]. In [73], an aperture antenna array with a dual-polarised unidirectional pat-

tern through a back cavity on multilayer PCB technology is proposed. A multi-

polarised antenna array that integrates the horizontally and vertically polarised 

quasi-Yagi antennas into a single area was implemented and demonstrated in 

[74] for 5G mobile terminals, achieving polarisation diversity and size reduc-

tions. To achieve polarisation diversity along with the beam-scanning capabil-

ity, dual-polarised quasi-Yagi-Uda antennas for both the corner edges and a 

lateral array design were addressed, as illustrated in Figure 2.34a. The pro-

posed array antenna was implemented on a three-layer structure on a Rogers 

4003 substrate with a total thickness of 1.93mm, which has a dielectric con-

stant of 3.38 and a tangent loss of 0.0027. The implemented horizontally po-

larised and vertically polarised antenna array designs for the lateral edge as 

well as the multi-polarised antenna for the corner edges are shown in Figure 

2.34b. The 10-dB impedance bandwidth is 25% with port isolation of more than 

20 dB. The peak realised gain of the array exceeds 11.8 dBi, with an overall 

efficiency of more than 80%. 
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(a) (b) 

Figure 2.34: (a) Geometry of the mobile terminal with array position in lateral 

and corner edges. (b) Prototype photograph of the multi�æpolarised quasi�æ

Yagi�æUda antenna arrays for lateral and corner edges 

 

A multi-polarised mm-wave antenna array configuration for 5G mobile termi-

nals was demonstrated in [75]. The proposed work is the continuation of the 

previously reported work of Hong et al. The reported research focuses on 

losses incurred by the polarisation mismatch to enhance the mm-wave trans-

mission and reception efficiency. At mm-wave frequencies, it is complicated to 

transmit high-power energy because of well-understood propagation and ab-

sorption losses. The 5G wireless communication link budget estimation has 

become more inflexible owing to real-life constraints such as limited battery 

life. Because mobile antennas integrated inside the mobile terminals face dif-

ferent angular motions, polarisation mismatches between transmit (Tx) and re-

ceive (Rx) antennas have become an important loss factor for mm-wave cel-

lular communication. To overcome the polarisation mismatch loss factor, two 

different antenna-element designs based on the antenna array schematic are 

demonstrated and investigated. A coplanar waveguide-fed horizontally polar-

ised planar Yagi-Uda antenna-element configuration together with a multi-

plate antenna-element topology, which excites a vertically polarised electric 
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field, is proposed, as shown in Figure 2.35. (a) Two discrete 28�æGHz mm�æwave 

antenna elements, i.e., the horizontally polarised planar Yagi�æUda antenna 

(left), and the vertically polarised multi�æplate antenna (right). (b) Final topology 

of vertically polarised multi�æplate antenna. (c) 16�æelement phased�æarray config-

uration at the edge of the mobile terminal. (d) Photograph of the prototype 

testing in an anechoic chamber and close�æup view of 5G mm�æwave phased�æ

array antenna The 16-element phased-array antenna depicted in Figure 2.35b 

is designed by deploying the two linearly polarised antenna elements alterna-

tively along the edge of the mobile terminals with an angular scanning range 

800. By maintaining the distance at less than 3 mm, isolation of more than 40 

dB was achieved between the horizontally polarised and vertically polarised 

multi-antenna elements. The two sets of 16-element phased-array antennas 

on the opposite corners at the top and bottom sides of the cellular device pro-

vide maximum spherical coverage and polarisation diversity. An antenna array 

with a maximum height of 0.8 mm was fabricated using 10-layer FR-4 lamina-

tion. The dielectric constant and tangent loss at 28 GHz is determined to be 

4.2 and 0.09, respectively. 

 

 

 
 

(a) (b) 
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(c) (d) 

Figure 2.35: Configuration and Placement of the Antenna Design  

 

 Dual -Polarised  End-Phased Array Antenna inside a Metal -Framed 

Mobile Phone  

In [76], a dual-polarised MM-Wave end-fire antenna array is proposed for 5G 

smartphone applications. The antenna array is integrated inside the 

smartphone metal-framed and radiates through a compact window. The con-

figuration of the antenna array and a transparent view of the antenna elements 

are illustrated in Figure 2.36a. As shown, a reflector isolates the antenna from 

the other metallic parts of the phone. End-fire Yagi-Uda antenna elements with 

different configurations are employed to generate different polarisations includ-

ing vertical and horizontal. The fabricated prototype of the proposed dual-po-

larised MM-Wave array is shown in Figure 2.36b. Six antenna elements includ-

ing three vertically polarised and three horizontally polarised antenna elements 

are considered in the configuration of the proposed 5G smartphone antenna. 

As shown in Figure 2.36: c and Figure 2.36d, the elements could provide a 

broad bandwidth in the MM-Wave spectrum. 
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                                    (a)                                                    (b)     

   

       (c)                                                   (d) 

Figure 2.36: (a) Design, (b) fabricated prototype, and reflection coefficient of 

the (c) horizontally-polarised and (d) vertically polarised antenna array in [76] 

 

 Radiation -Pattern Reconfigurable Array With p -i-n Diodes  

A radiation-pattern reconfigurable phased array 5G antenna is proposed in 

[77]. As shown in Figure 2.37a, the configuration of the array contains four 

multi-layer reconfigurable dipole elements with PIN diode switches.  As shown 

in Figure 2.37b, the proposed array has three working modes, including one 

end-fire mode and two broadside modes. The beam switching can be obtained 

by employing a pair of reconfigurable directors on both sides of the dipole res-

onators. The S11 results of the element for different modes are illustrated in 
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Figure 2.37c. The wide bandwidth of 24-27.5 GHz is achieved for the switcha-

ble dipole element in different radiation modes. The spatial coverage results 

illustrated in Figure 2.37d indicate that the array covers more than 90% of 

space at a 0-dBi gain. At higher gain levels, the spatial coverage of the array 

is sufficient and suitable for 5G beam-steering. 

 

 

(a)                                                (b) 

 

(c)                                        (d) 
Figure 2.37 (a) Schematic, (b) radiation coverage, (b) S11, and (b) coverage 

efficiency of the 5G phased array antenna in [77] 

 

 SAR Reduced MM -Wave Antenna Array with Improved Radiation Cov-

erage 

A SAR-reduced mm-wave antenna array with improved radiation coverage is 

proposed in [78]. It has a dual-mode operation and contains two subarrays for 
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metal-covered 5G smartphones. The configuration of the proposed design is 

shown in Figure 2.38a. As shown in Figure 2.38b, subarray 1 is placed on the 

side edge metal-covered handset and provides broadside radiations. This 

placement is very suitable for talk mode since it could reduce the SAR level on 

�W�K�H���X�V�H�U�¶�V���K�H�Dd. On the other hand, subarray 2 is employed on the upper frame 

of the handset for data mode. This subarray exhibits end-fire radiation with 

hemispherical beam coverage. The reflection coefficient results of the subar-

rays are represented in Figure 2.38c. As shown, the proposed array demon-

strates good reflection coefficients from 27.2 to 28.2 GHz. The SAR levels of 

the design for different subarrays are shown in Figure 2.38d. It can be ob-

served that the proposed 5G antenna design exhibit very low SAR levels at 

both talk mode and data mode. 

 

 

 

(a)                                                   (b) 
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(c)                                                     (d) 

Figure 2.38 (a) schematic, (b) radiation modes, (c) reflection coefficients, and 

(b) SAR levels of the 5G phased array antenna in [78] 

 

 Comparison  

Table 2.1 provides a comparative summary of the recently proposed 5G array an-

tenna designs reported in the literature. Fundamental characteristics in terms of an-

tenna type, number of feeding ports, operation frequency, and the main radiation fea-

tures of the antennas are provided and have been compared. This is intended to help 

readers to determine what types of 5G antennas are most suitable for their applica-

tions. 

 

Table 2.1: Comparative summary of 5G antennas described in the literature 

Ref Antenna Type 
Number 
of ports 

Frequency Main Feature 

MIMO sub 6 GHz 5G Smartphone Antennas 

[45] platform-free dual-PIFA 8 2.6/5.2 GHz Dual-band function 

[46] face-to-face monopole 8 3.4-3.6 GHz High-Isolation 
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[52] QMSIW cavity blocks 12 3.4-3.6 GHz Tri-polarisation  

[55] GCPW-fed open-slot 4 3.3�t4.2 GHz back-cover integration 

[60] Non-planar Coupled-Loop 8 3.3-5.0 GHz Broad Bandwidth 

Phased array MM-Wave Smartphone Antennas 

[67] cavity-backed slot 16 28 GHz Suitable for Metallic Casing 

[69] mesh grid monopole 16 28 GHz 
Highly Miniaturized ele-

ments 

[76] Yagi-Uda antenna pairs 6 24-35 GHz dual-polarised end-fire 

[77] multi-layer dipole/patch 4 23-32 GHz Pattern Reconfigurable 

[78] Metal-Framed slot 16 27.2- 28.2 GHz SAR Reduced 

 

 

 Summarized key design points  

This chapter has been divided into two sections including theoretical back-

ground and a literature review of the MIMO and phased array antennas. The 

operation principles and key parameters of the antenna array are discussed. 

The important parameters such as S-parameters, ECC, DG, TARC, CCL, CC, 

BF, and antenna diversity are explained. In addition, the fundamental proper-

ties of recently reported 5G smartphone antennas for sub 6 GHz MIMO anten-

nas and MM-Wave phased arrays are discussed. For sub-6 GHz applications, 

different designs including high-isolated MIMO antenna, tri-polarised QMSIW 

MIMO array, 4×4 conjoined open-slot antennas, dual-band platform-free PIFA, 

and wideband coupled-loop antennas are discussed. Single-band, dual-band, 

and broadband are provided for the discussed MIMO smartphone antennas. 

For MM-Wave 5G smartphone applications, beam steerable phased array an-

tennas with liner form are placed at the edge side of the smartphone PCB. 

Several characteristics include a fully metallic casing array, multi-layer mesh-
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grid phased array solution, dual-polarised end-fire phased array, radiation-pat-

tern reconfigurable with p-i-n diodes, and SAR reduced with improved radiation 

coverage are discussed. In the following chapters of this thesis, new and com-

pact antenna arrays are proposed for the 5G smartphone application. A new 

design technique using dual-polarised antenna resonators for 8×8 MIMO con-

figuration is proposed for sub 6 GHz 5G applications. In addition, new linear 

phased arrays with compact elements are introduced for 5G smartphones. 

Compared with the recently reported designs, the proposed antennas exhibit 

satisfactory features such as compact size, broad bandwidth, polarisation di-

versity, high gain, and efficiency characteristics.  
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3. Chapter Three: Sub 6 GHz �$�Q�W�H�Q�Q�D�¶�V 

 

 Multi -Band MIMO Antennas for Multi -Mode 5G Mobile Phones  

The most important frequency bands are LTE band-41 (2.6 GHz), band-42 (3.5 

GHz), band-43 (3.7 GHz), and band-47 (5.8 GHz) for sub-6 GHz 5G cellular 

communications  [79, 80]. 2.6 GHz LTE can be considered a default for future 

mobile communications, and it has recently attracted a great deal of interest 

because of the available radio frequency (RF) circuit and test system. Besides 

this, as the first step in demonstrating 5G systems, 3.4�±3.8 GHz (LTE band 

42/43) is also recognized by many countries. LTE band 47, which is also known 

as the wireless wide area network (WLAN) operation band, can be considered 

for 5G massive MIMO antenna design to further support more potential sub-6 

GHz frequency bands [81].  

In this chapter, new designs of multi-band MIMO antenna arrays with polarisa-

tion and radiation pattern diversity are introduced for sub 6 GHz 5G mobile 

terminals [82-84]. Due to the tri-band and polarisation diversity, the antenna 

can be considered for multi-mode future handset applications [85, 86]. The 

antennas are designed and tested, and good agreements have been obtained 

between the simulation and measurements. Good performances have also 

been obtained for the antennas in the presence of user-head/user-hand. The 

antennas offer good features in multi-resonance applications and are suitable 



 

 

70 

 

for use in 5G smartphone applications. The design details and radiation char-

acteristics of the proposed multi-band MIMO smartphone antennas are dis-

cussed in the following. 

 

 Dual -band MIMO Antenna System for Next Gener ations Smart Phone 

Applications  

A different model of dual-band MIMO compact antenna array is proposed for 

the upcoming fifth-generation smartphone mobile terminal. The antenna con-

tains eight antenna elements covering a dual-frequency range including 3.18-

3.96 GHz and 4.95-5.52 GHz of sub 6 GHz 5G spectrums. The elements are 

fed by modified F-shaped microstrip feeding lines. Essential characteristics of 

the suggested model are examined. It proposes adequate S-parameters, suit-

able isolation, sufficient radiation analysis, and efficiency. At 3.6 GHz the Ant 

5 has a maximum return loss of -25dB while Ant 7 has a maximum return loss 

of -26dB at 5.2 GHz of the proposed dual-band frequency of 5G smartphones. 

 

 Antenna  Design and Configuration  

The design of this compact mobile MIMO 8-terminal antenna array is estab-

lished via CST Microwave Studio electromagnetic simulation software [87]. 

The proposed design was developed on an FR4 substrate with relative permit-

�W�L�Y�L�W�\���0�U = ���������D�Q�G���G�L�H�O�H�F�W�U�L�F���O�R�V�V���W�D�Q�J�H�Q�W���/ = 0.019. The size of the main sub-

strate is 150×75 mm2 while the height of the substrate is 0.8 mm. Every ele-

ment of the antenna is located sideways on the two wide sides of a 130×75 
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mm2 �J�U�R�X�Q�G���S�O�D�Q�H�����Z�K�L�F�K���L�V���D�O�P�R�V�W���W�K�H���L�G�H�Q�W�L�F�D�O���P�H�D�V�X�U�H�P�H�Q�W���R�I���W�R�G�D�\�¶�V���V�P�D�U�W��

mobile phones. Eight antenna components are designed on two minor sub-

strates, which are placed perpendicular to the central system substrate [88-

91].  

The detail size of the small substrate is 130×6 mm2 and the height of the sub-

strate is 0.8 mm as the main substrate, the 8 elements are designed on the 

�)�5�����V�X�E�V�W�U�D�W�H���Z�L�W�K���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\���0�U��� �����������D�Q�G���G�L�H�O�H�F�W�U�L�F���O�R�V�V���W�D�Q�J�H�Q�W���/ = 

0.019 which is shown in Figure 3.1. Two clearance ways are situated at the 

upper and lower sides of the main substrate which is kept for 4G LTE and other 

�D�Q�W�H�Q�Q�D�V���X�V�H�G���L�Q���W�R�G�D�\�¶�V���V�P�D�U�W�S�K�R�Q�H���P�R�E�L�O�H���K�D�Q�G�V�H�W�V����Figure 3.2 displays the 

transparent view and design details of the single-element antennas and Table 

3.1 shows the detail dimension of the project antenna. 

 

 

Figure 3.1: Schematic structure of the designed MIMO smartphone antenna 

 

  

(a) (b) (c) 

Figure 3.2: The design details of (a) Ants.1, 4, 5, 8, (b) (a) Ants.2, 3, 6, 7, and 

(c) F-shaped feeding line 
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Table 3.1: Final Dimension of the antenna Parameters 

Parameter W L h W L1 W2 L2 W3 L3 W4 L4 W5 

Value (mm) 75 150 6 18.6 0.8 9 1.5 1.75 1 6.2 2.8 3.7 

Parameter L5 W6 L6 W7 L7 W8 L8 W9 L9 W10 L10 W11 

Value (mm) 6 14.7 2.5 3.7 3 3.2 0.8 9 2 1 3.8 8 

Parameter L11 W12 L12 W13 L13 W14 L14 L15 L16 L17 L18 hSUB 

Value (mm) 2 7 2 4 6 1 0.8 1 2.2 5 2 0.8 

 

 Results and Discussions  

The parameters and performance of the suggested 8-terminal MIMO antenna 

arrays are investigated using CST software. Every element is attached to a 50-

ohm SMA connector to attain adequate S-parameters and the antenna was 

focused on attaining the detailed polarisation return loss, radiation pattern, res-

onant frequency, and gain are the constraints that will be discussed in this 

study. The proposed 8-elements MIMO array operates at the dual-band from 

3.18-3.96 GHz and 4.95 to 5.52 GHz covering the sub-6 GHz frequencies for 

5G mobile communications. Figure 3.3a shows the return loss (Snn) of the pro-

jected antenna while Figure 3.3b demonstrates the mutual coupling (Smn) of 

the projected antenna. As presented, the simulated S22, S33, S66 and S77 are 

smaller than 15dB & -25dB at 3.6 & 5.2 GHz, respectively. However, for an-

tenna elements including S11, S44, S66, and S88, the Snn results are less than   

-25 dB at both resonance frequencies. This is principally due to the arrange-

ment of the antenna elements [92-95]. As illustrated in Figure 3.3b the antenna 

elements exhibit good mutual coupling results better than -12 dB and -20 dB 

at two operation bands. 
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(a) 

 
(b) 

Figure 3.3: Simulated return loss (Snn) and Mutual Coupling (Smn)  of the 

MIMO antenna array 

 

The 3D radiation shapes for the eight elements of the core design at both op-

eration frequencies including 3.6 GHz and 5.2 GHz are displayed in Figure 3.4. 
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It can be observed that the 8-element MIMO antenna can recommend ade-

quate radiation coverage for each radiator [96-99]. As demonstrated, 3.6 GHz, 

the IEEE gain intensity of the design differs from 5.3 to more than 6.4 dB. 

However, at the second operation band (5.2 GHz), the elements exhibit con-

stant gains of 4.9 dB. 

 

 

(a) 

 

(b) 
Figure 3.4: 3D radiation shapes (a) 3.6 GHz (b) 5.2 GHz 
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The efficiencies (radiation and total) of the antenna resonators are also pre-

sented in Figure 3.5 and Figure 3.6 respectively. Superior efficiencies with mi-

nor alterations are attained within the operation bands [100-102]. More than 

85% and 80% radiation efficiencies were noticed for the elements of the pro-

jected MIMO design at the first and second operation bands. Moreover, as 

shown in Figure 3.7, the antenna elements provide more than 60% and 70% 

total efficiencies. The maximum gain results of the antenna elements are 

shown in Figure 3.7. It is seen that all antenna elements exhibit more than 4.5 

dBi up to 7 dBi maximum gains at different frequencies. As shown, unlike the 

first operation band with a center frequency of 3.6 GHz, the maximum gains of 

the antenna at the second resonance are almost constant with the value of 5 

dBi. 

 

 

Figure 3.5: Radiation efficiencies of the MIMO antenna over its operation band 
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Figure 3.6: Total efficiencies of the MIMO antenna over its operation band 

 

 

Figure 3.7: Maximum gains of the MIMO antenna over its operation band 
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 Summarised Key De sign Points  

In this proposed study, a dual-band 8-port MIMO antenna array for 5G appli-

cations is presented. Utilizing a part of the copper edge as a radiation branch, 

the antenna array can work appropriately in a metal-frame smartphone. The 

consequences demonstrate that the working frequency band of the presented 

mobile antenna array can cover 3.18�±3.96 GHz & 4.95-5.52 GHz. The antenna 

radiation and total efficiencies within the operating bandwidth are higher than 

80% and 60% respectively. All results specify that the suggested MIMO an-

tenna array is a worthy candidate for the future 5G massive MIMO mobile com-

munication systems. 

 

 Dual -Band MIMO Antenna Array for Sub 6 GHz 5G Smartphone Appli-

cations  

A new MIMO smartphone antenna array with compact resonators is introduced 

for the fifth-generation mobile terminals. The proposed design was developed 

�R�Q���D�Q���)�5�����V�X�E�V�W�U�D�W�H���Z�L�W�K���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\���0�U = 4.3 and dielectric loss tangent 

�/ = 0.025. The antenna contains eight modified monopole antenna compo-

nents. The elements are fed by improved L-shaped microstrip feeding lines 

and cover dual-band frequency ranges including 3.30-3.65 GHz and 5.25-5.85 

GHz of sub-6 GHz 5G. At 3.47 GHz the Ants. 1, 4, 5, and 8 have maximum 

reflection coefficients of -25 dB while Ants. 2, 3, 6, and 7 have reflection coef-

ficients of -20 dB at 5.5 GHz. Essential features of the designed smartphone 

antenna including S-parameters, radiation patterns, gains, and efficiencies are 
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inspected, and sufficient results are observed. The design is highly compact 

and can be integrated into smartphone circuits.  

 

 Antenna Design and Configuration    

The scheme of this solid mobile MIMO 8-terminal antenna array is recognized 

via CST Microwave Studio Electromagnetic simulation software. The proposed 

�G�H�V�L�J�Q���Z�D�V���G�H�Y�H�O�R�S�H�G���R�Q���D�Q���)�5�����V�X�E�V�W�U�D�W�H���Z�L�W�K���U�H�O�D�W�L�Y�H���S�H�U�P�L�W�W�L�Y�L�W�\���0�U = 4.3 

�D�Q�G���G�L�H�O�H�F�W�U�L�F���O�R�V�V���W�D�Q�J�H�Q�W���/ = 0.025. The size of the main substrate is 150×75 

mm2 while the height of the substrate is 1.6 mm. All elements of the antenna 

are established sideways on the two wide sides of a 140×75 mm2 ground 

�S�O�D�Q�H���� �Z�K�L�F�K�� �L�V�� �S�U�D�F�W�L�F�D�O�O�\�� �W�K�H�� �P�D�W�F�K�L�Q�J�� �G�L�P�H�Q�V�L�R�Q�� �R�I�� �W�R�G�D�\�¶�V�� �V�P�D�U�W�� �P�R�E�L�O�H��

phones. Eight monopole antenna mechanisms are designed on right and left 

vertical substrates which are located steeply on the central system substrate 

[103, 104]. The employed monopole antenna elements have low profiles, and 

their configuration contains a modified L-shaped microstrip feeding. In addi-

tion, modified rotated E-shaped conductor-backed structures with different 

sizes are employed in the configurations of the antenna elements. Their size 

difference is mainly due to their center and end placements which provide dif-

ferent performance (due to mutual couplings) and need to be adjusted. The 

detail size of the small substrate is 150×6.8 mm2 and the height of the sub-

strate is 1.6 mm as the key substrate, the 8 elements are planned on the FR4 

�V�X�E�V�W�U�D�W�H�� �Z�L�W�K�� �U�H�O�D�W�L�Y�H�� �S�H�U�P�L�W�W�L�Y�L�W�\�� �0r=4.3 and �G�L�H�O�H�F�W�U�L�F�� �O�R�V�V�� �W�D�Q�J�H�Q�W�� �/� ������������

which is shown in Figure 3.8. Figure 3.8 displays the transparent view and 
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design details of the single-element antennas. While Table 3.2 shows each 

parameter value of the single antenna. 

 

 

(a) 

 

 

(b) (c) 
Figure 3.8: Design details, (a) 3D-transparent structure, (b) feeding line, and 

(c) conductor-backed plane 

 

Table 3.2: Final Dimension of the antenna Parameters 

Parameter W L h W1 W2 W3 W4 W5 W6 W7 W8 

Value (mm) 75 150 6.8 9 4.2 24 11 2 1 24 11 

Parameter W9 L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 

Value (mm) 1 1.3 3.9 6.8 3 6 5 6.8 2 6 3.8 
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 Result and Discussion  

Each element is attached to a 50-ohm SMA connector to conquer satisfactory 

S-parameters and the antenna was concentrated on to accomplish the in-

depth polarisation return loss, radiation pattern, resonant frequency, and gain 

are the limitations that will be discussed.  

The offered 8-elements MIMO array functions at the dual-band from 3.30-3.65 

GHz and 5.25 to 5.85 GHz covering the sub-6 GHz frequencies for 5G mobile 

communications. Figure 3.9a shows the return loss (Snn) of the projected an-

tenna while Figure 3.9b demonstrates the mutual coupling (Smn) of the pro-

jected antenna. As presented, the simulated S22, S33, S66 and S77 are smaller 

than -16dB & -25dB at 3.5 & 5.5 GHz, respectively. However, for antenna ele-

ments including Ant1, Ant4, Ant5, and Ant8, the Snn results are less than -25 

dB & -20dB at 3.5 and 5.5 at both resonance frequencies. This is principally 

due to the arrangement of the antenna elements. As illustrated in Figure 3.9b, 

the antenna elements exhibit good mutual coupling results better than -10 dB 

and -15 dB at two operation bands. 

 



 

 

81 

 

 

(a) 

 

  

 

(b) 

Figure 3.9: (a) Snn characteristics of the antenna elements (b) Smn character-

istics of the antenna elements 
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The 2D-cartesian radiation profiles for the eight elements of the fundamental 

scheme at both effective frequencies containing 3.5 GHz and 5.5 GHz are 

demonstrated in Figure 3.10. It can be perceived that the 8-element MIMO 

antenna can endorse tolerable radiation coverage for each radiator [105, 106]. 

As demonstrated, 3.5 GHz, the IEEE gain intensity of the design differs from 

5.3 to more than 6.4 dB. However, at the second operation band (5.5 GHz), 

the elements exhibit constant gains of 4.9 dB. 

 

 

 

(a) (b) 

Figure 3.10: (a) 2D radiations patterns (Phi=0) at 3.6 GHz for all elements (b) 

2D radiations patterns (Theta=90) at 5.5 GHz for all elements 
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The efficiencies (radiation and total) of the antenna resonators are also pre-

sented in Figure 3.11 & Figure 3.12 respectively. It is evident that superior 

efficiencies with minor alterations are attained within the operation bands [107, 

108]. More than 80% and 70% radiation efficiencies were observed for the 

elements of the projected MIMO design at the first and second operation 

bands. Moreover, as shown in Figure 3.12, the antenna elements provide more 

than 70% and 60% total efficiencies. 

The maximum gain results of the antenna elements are shown in Figure 3.13. 

It is seen that all antenna elements exhibit more than 3.5 dBi up to 6.5 dBi 

maximum gains at different frequencies. It is worth noting that due to different 

placements and configurations of the antenna elements, slight variations are 

observed in the efficiency and gain levels of the central and end antenna ele-

ments. However, all the antenna elements provide sufficient performance for 

5G smartphone applications. 

 

 
Figure 3.11: Simulated radiation efficiencies of the design 
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Figure 3.12: Simulated total efficiencies of the design 

 

 

Figure 3.13: Simulated maximum gains of the design 
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 Summarised Key Design Points  

A dual-band 8-port MIMO antenna array for 5G applications is presented. Uti-

lising a part of the copper edge as a radiation branch, the antenna array can 

work appropriately in a smartphone mainboard integration. The consequences 

demonstrate that the working frequency band of the presented mobile antenna 

array can cover 3.30-3.65 GHz and 5.25 to 5.85 GHz. The antenna radiation 

and total efficiencies within the operating bandwidth are higher than 75% and 

65% respectively. All results specify that the suggested MIMO smartphone an-

tenna array is a worthy candidate for the future 5G massive MIMO mobile com-

munication systems. 

 

 F-Shape Dual -Band MIMO Antenna System for Next -Generation 

Smartphone Applications  

This work presents an innovative L-shape slot fed by an F-shape dual-band 

six-elements multiple-input multiple-output (MIMO) antenna for mobile phones 

that operate in a 5G spectrum is demonstrated. This proposed antenna has 

six antenna elements that can operate in dual band sub-6 GHz for 5G band 

spectrums at 3.42�±3.77 GHz and at 5.30�±5.63 GHz. Every antenna element 

has an L-shaped slot in the ground fed by the same feedline that supports the 

matching of the F-shaped microstrip lines. Important features of the anticipated 

layout are examined. It provides excellent efficiency at the operation band, ap-

propriate isolation, adequate radiation coverage, and good S-parameters. Ant 

3's provided the maximum return loss at 3.6 GHz which is -35 dB, whereas Ant 
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5 and Ant 6 provide the highest return losses at 5.4 GHz which is -38dB of the 

suggested dual-band frequency of 5G smartphones. To validate the exactness 

of the constructed MIMO antenna performances, the sample prototyping and 

experimentally measured outcomes were carried out in the Lab. Both simu-

lated and measure result assessments revealed an extremely excellent under-

standing of both results. satisfactory input impedance and mutual coupling 

characteristics. Future smartphones can leverage the proposed design for high 

data-rate cellular connectivity because of these appealing properties. 

 

 Antenna De sign and Configuration  

With the aid of CST Microwave Studio electromagnetic simulation software, an 

F-shaped 6 Terminal antenna array is designed for this compact mobile MIMO 

system [109]. FR4 was used with a dielectric loss of �/ = �������������D�Q�G���0�U = 4.3 in 

the proposed project. The dimension of the central substrate is 140×70 mm2 

shown in Figure 3.14. Figure 3.14a and Figure 3.14b show the Front Side and 

Backside respectively. Table 3.3 demonstarte the comprehensice scopes of 

anteena parameters. 

 

(a) Front View 
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(b) Bottom View 

Figure 3.14: Schematic structure of the planned MIMO smartphone antenna  

 

Table 3.3: Concluding magnitudes of the antenna parameters 

Parameter W L hSUB X X1 X2 X3 X4 X5 

Value (mm) 140 70 0.8 48 4 8 18 2 1 

Parameter X6 X7 X8 X9 X10 X11 X12 X13  

Value (mm) 2 11.5 41.5 1 9.5 1 32 1.5  

 

 
 Result and Discussion  

The characteristics and performance of the suggested six-element MIMO an-

tenna arrays are analysed using CST software in this research. The antenna 

was developed to achieve the specified divergence return loss, radiation pat-

tern, resonance frequency, and gain, and it uses a 50-ohm SMA connector to 

produce the required S-parameters.  

To support Sub 6GHz of 5G mobile communications, 6-fundamentals MIMO 

elements offer dual-band radio frequencies from 3.42 to 3.77 GHz and from 

5.30 to 5.63 GHz. Figure 3.15a shows the planned antenna's Snn.  The pro-

posed antenna's Smn (m not equal to n) is shown in Figure 3.15b.  
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These are the main graphs to illustrate the energy-efficient power consumption 

and the interference that could be caused by the MIMO antenna in terms of 

the self and mutual scattering parameters. The computer-generated S11, S22, 

S33, and S55 are fewer than -21 dB at 5.45 GHz while the computed S55 and 

S66, as seen, are lesser than -20 dB respectively as shown in the figure. Al-

though, the Snn values for antenna components 1, 2, 3, and 4 are fewer than -

35 dB at 3.6 GHz, although the Snn for antenna elements 5 and 6 are fewer 

than -40 dB is the outcome at 5.45 GHz. The position of the antenna funda-

mentals is primarily to blame for this. At dual working bands, the antenna fun-

damentals show good mutual coupling results better than -15 dB and -12 dB, 

as shown in Figure 3.15b 

 

 

 

(a) Snn 
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(b) Smn 

Figure 3.15: measured characteristics of the antenna elements  

 

The suggested MIMO scheme has been prototyped and verified by the net-

work analyzer and in the Anechoic chamber. Figure 3.16a and Figure 3.16b 

demonstrate the top layer and bottom layer of the manufactured sample. Ad-

ditionally, Figure 3.17a shows the prototype's combined SMA feeding mecha-

nism and measurement setup with a network analyzer while Figure 3.17b 

shows the measurement setup in an anechoic chamber. In Figure 3.18a and 

Figure 3.18b, correspondingly, the measured and cyber reflection/transmis-

sion coefficients (S11 and S21) of the accurately spaced antennas (Ant. 1 and 

Ant. 2) have been associated and explained. As revealed, the confirmed an-

tenna resonators impair various effects, as was made clear. In total, the meas-

urements and simulations concur well, with acceptable impedance bandwidth 
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�D�Q�G�� �V�T�X�D�U�H�� �F�R�X�S�O�L�Q�J�V�� �”-10 dB. A very slight minor difference has been per-

ceived which might be due to the predictable inaccuracies in prototyping, feed-

ing the antennas, and the experimental setup. 

 

 

(a) Front View 

 

 

 

(b) Bottom View 

Figure 3.16: Fabricated structure of the planned MIMO smartphone an-

tenna 
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(a) Setting with Network Analyzer 

 
 
 
 

 

(b) Measurement in Anechoic chamber 

Figure 3.17. Feeding/measurement mechanism of the Proposed MIMO an-

tenna 
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(a) 

 

(b) 

Figure 3.18.  Measured and simulated (a) S11 (operation bands) and (b) S21 

(mutual couplings) 

 

Figure 3.19 show the 3-D radiation patterns for the six fundamental compo-

nents of the primary design at both frequencies. This approved 6-part MIMO 
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antenna is capable of providing sufficient radiation analysis for individual radi-

ators [110]. Based on the illustrated results, this varies from 3.1-3.11 dB. How-

ever, at 5.45 GHz, the fundamentals exhibit a constant gain of 5.8 dB.  

 

 

(a) 

 

(b) 

Figure 3.19: 3D radiation patterns (a) 3.6 GHz (b) 5.45GHz 
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In Figure 3.20 & Figure 3.21, we also show the antenna efficiencies. Inside the 

operating bands, extraordinary efficiencies with minor variations can be at-

tained [111]. It is well noted that the variations of the reduced total efficiency 

(even if it is bigger than 80%) belong to the loss consistent with the array an-

tennas and handset. At the primary and additional working bands, radiation 

efficiencies exceed 95% and 90%, respectively, for the fundamentals of the 

proposed MIMO project.  

The maximum gain models and experimental results for the antenna are 

shown in  Figure 3.22. All antenna elements show maximum gains of over 3 

dBi and up to 6.5 dBi across a wide range of frequencies. In contrast to the 

first function band's base frequency of 3.6 GHz, the peak gains of the antenna 

at the succeeding resonance are practically constant by a rate of 6 dBi. 

 

 

Figure 3.20: Variations of radiation efficiency versus frequency 
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Figure 3.21: Variations of total efficiency against frequency 

 

 

Figure 3.22: Measured and Simulated Power gain distribution 
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 Summarised Key Design Points  

An F-shape double-band 6-port 5G MIMO handset has been presented in this 

study. By exploiting some of the copper's radiation properties, the antenna ar-

ray should suitably operate in a metal-framed smartphone. It is confirmed that 

3.42 - 3.77 GHz and 5.30 - 5.63 GHz covered the required bandwidth. The 

antenna achieved 80% and 90% radiation and total efficiencies. Averaged over 

the bandwidth. 

 

 

 Internal MIMO Antenna Design for Multi -Band Mobile Handset  Appli-

cation s 

A new 2×2 interior multi-band MIMO antenna is introduced for smartphone us-

age. The alignment of the antenna element contains a multi-mode monopole 

radiator with three L-shaped slits positioned at the border of the printed circuit 

board (PCB) of the cellular platform. The low-cost FR4 substrate is used for 

this new design with a total dimension of 60×135×0.5 mm3. For S11�”�í�����G�%�����W�K�H��

antenna is covering the operational ranges of 0.79�±0.92, 1.5�±2.7, 3.5�±3.85, 

and 5�±9.5 GHz supporting IMT, PCS, UMTS, DCS, WLAN, LTE, and X bands. 

The premeditated MIMO antenna delivers appropriate gains different at fre-

quency bands and worthy efficiencies, particularly at the upper bands. In ad-

dition, the considered ECC, DG, and TARC outcomes of the antenna are ap-

propriate over the operational bands.  
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 Multi -Band Mono Pole  Antenna Design and Result  

The outline along with the projected parameters of the individual component 

smartphone antenna is characterized in Figure 3.23. It comprises a monopole 

radiator with three L-shaped slits. The antenna is accomplished on a low-

priced FR-4 with particulars of loss tangent=0.025, permittivity=4.4, and thick-

ness of 0.5 mm. The constraint principles of the antenna are registered in Ta-

ble 3.4. 

 

Figure 3.23: Design details of the antenna 

Table 3.4: Parameters Values of the Design 

Parameter W L W1 W2 W3 W4 W5 W6 W7 W8 W9 

Value (mm) 20 10 2 30 2 6 16 30 48 2 26 

Parameter W10 W11 WX WX1 L1 L2 L3 L4 L5 L6 LX 

Value (mm) 1 17 105 15 8 4 8 4 5 1 60 

 

 Result and Discussion  

The return loss of the antenna is managed in Figure 3.24. As seen, for S11�”�í����

dB, the planned antenna covers the operational bands of 0.79�±0.92, 1.5�±2.7, 

3.5�±3.85, and 5�±9.5 GHz. However, for S11�”�í�������G�%�����W�K�H���D�Q�W�H�Q�Q�D���R�S�H�U�D�W�H�V���D�W��

0.84-0.9 GHz, 1.7-2.4, 3.55-3.7, and 5.2-9 GHz.  
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Figure 3.24: S11 characteristic of the planned antenna 

 

To analyse the working principle of the proposed multi-band antenna design, 

the design evolution and simulated return loss result of each antenna are pre-

sented in Figure 3.25 and discussed in Figure 3.26. As illustrated in Figure 

3.25, by adding three modified L-shaped slits in the configuration of the mon-

opole antenna (from Ant. 1 to Ant. 4), not only new resonances are generated, 

by also the impedance bandwidth of the design has been improved [112].  

 

 

(a) (b) (c) (d) 

Figure 3.25: Design evolution; (a) Ant. 1, (b) Ant. 2, (c) Ant. 3, and (d) Ant. 4 



 

 

99 

 

 

Figure 3.26: Return loss characteristics for various evolutions are shown in 

Figure 3.25 

 

As a directive to validate the multi-operational working frequency to distinguish 

the model, the virtual current densities of the loop antenna by diverse working 

frequencies have been demonstrated in Figure 3.27. It would be distinguished 

that the supreme ascending for all shapes is identical. It can be detected that 

currents are vastly scattered around the L-shaped slits. The inferior reso-

nances are accomplished by the superior L-shaped slit [102].  

The antenna provides sufficient maximum gains. Figure 3.28 presented the 3D 

radiations at dissimilar operational bands. It is witnessed that sufficient gain 

value for each radiator of the smartphone antenna design can offer. As demon-

strated, the gain of the presented antenna varies from 2 to more than 6 dBi. 

The upper and lowest verges of the mainboard of the smartphones provide 

sufficient radiation coverage. 
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Figure 3.27: Current distributions at (a) 0.9, (b) 1.9, (c) 2.1, (d) 4.5, (e) 5.5, 

and (f) 7 GHz 

 

 

Figure 3.28: 3D Radiation patterns at (a) 0.9, (b) 1.9, (c) 2.1, (d) 3.6, (e) 4, 

and (f) 4.5, (g) 5.5, and (h) 7 GHz 
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The efficiency along with extreme gain characteristics of the model are demon-

strated in Figure 3.29. As can be witnessed appropriate efficiencies are deliv-

ered by every single antenna. Better than 50% and 40% radiation efficiency, 

as well as total efficiency, are accomplished respectively for the antenna at 

diverse resonance frequencies [113].  

 

 

Figure 3.29: Radiation and total efficiencies of the design 

 

 MIMO Smartphone Antenna  

The outline of the presented MIMO smartphone antenna is demonstrated in 

Figure 3.30. As revealed, it is poised of two monopole radiators that have been 

organized at the upper and lower verges of the central board. The S parame-

ters (including S11 and S21) of the projected smartphone antenna are revealed 

in Figure 3.31. As explained, the antenna demonstrates decent S parameters 
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at working bands covering the identical spectrums of the single-element an-

tenna system. In addition, sufficient mutual coupling is observed in the pro-

posed MIMO system between the two antenna elements, exclusively at the 

higher operational frequency bands [114]. 

 

 

Figure 3.30: 2×2 MIMO smartphone design 

 

 

Figure 3.31: S-parameters of the 2×2 MIMO smartphone design 
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Figure 3.32 shows the radiation patterns of the MIMO design for composed 

antenna elements at different frequencies. As seen, the presented MIMO an-

tenna can deliver decent radiation patterns with necessary gain values for an 

apiece radiator. It is understood that 2.6~6.2 dBi IEEE gain distinctive is gotten 

for each antenna feature. 

 

Figure 3.32: Radiation patterns of the MIMO design at (a) 1.9, (b) 2.1, (c) 3.6, 

and (d) 7.5 GHz 



 

 

104 

 

The total active reflection coefficient (TARC) and envelope correlation coeffi-

cient (ECC), features of dual elements can be considered from the S-parame-

ters using the below equation [115, 116]. 

 

�'�%�%
L
���Ì�Ø�Ø

�Û �Ì�Ù�Ø�>�Ì�Ø�Ù
�Û �Ì�Ù�Ù���.

�:�5�?���Ì�Ø�Ø���. �?���Ì�Ø�Ù���. �;�:�5�?���Ì�Ù�Ø���. �?���Ì�Ù�Ù���. �;�Û
��                            (3.1) 
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�6
��                                  (3.2) 

 

As marked in Figure 3.33 & Figure 3.34, the ECC results are very low at the 

working operation bands (less than 0.025). It can be also noticed that the 

TARC value of the projected design is fewer than -10 dB.  An additional signif-

icant parameter for the MIMO performance of the antenna is diversity gain 

(DG) which can be considered using the subsequent relation:  

 

�&�) 
L �s�r
¥�:�s
F �'�%�%�;�6��                                       (3.3) 

 

Figure 3.35 shows the diversity gain utility of the presented antenna over its 

working band. More than 9.75 dB over the operating frequency bands is ob-

tained. 
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Figure 3.33: ECC function of the MIMO design 

 

 

Figure 3.34: TARC characteristic of the MIMO design 
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Figure 3.35: DG result of the MIMO design 

 

 Summarised Key Design Points  

A 2×2 multi-band MIMO antenna is planned for smartphone applications. The 

formation of the antenna element consists of a multi-mode monopole radiator 

with three L-shaped slits placed at the edge of the smartphone PCB. The low-

cost FR4 working substrate is used for this new design with a total dimension 

of 60×135×0.5 mm3�����)�R�U���6�����”�í�����G�%�����W�K�H���0�,�0�2���G�H�V�L�J�Q���I�X�Q�F�W�L�R�Q���Z�L�W�K�L�Q���W�K�H���I�U�H��

quency ranges of 0.79�±0.92 GHz, 1.5�±2.7 GHz, 3.5�±3.85 GHz, and 5�±9.5 GHz 

covering IMT, PCS, UMTS, DCS, WLAN, LTE, and X bands. The MIMO an-

tenna delivers appropriate gains and efficiencies at different frequency bands. 
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4. Chapter F our : Wide bandwidth Dual -Polaris ed 

Antenna  

 Compact Design of Orthogonally Dual polarised  antenna for Ult ra-

wideband, Imaging, and Radar Applications  

A new design of a dual-polarised ultra-wideband (UWB) antenna is proposed. 

The antenna design contains a circular ring slot radiator fed by two inde-

pendently semi-arc-shaped microstrip feeding lines which can exhibit polarisa-

tion diversity characteristics. A low-cost FR-���� �G�L�H�O�H�F�W�U�L�F�� ���0� �� ���������� �/� �� ������������ �L�V��

used as the substrate. The characteristics of the dual-polarised UWB antenna 

are examined using both simulations and measurements and good results are 

�D�F�K�L�H�Y�H�G�����$�Q���L�P�S�H�G�D�Q�F�H���E�D�Q�G�Z�L�G�W�K�����6�������”��-10 dB) of 2.5-10.2 GHz with 121% 

�I�U�D�F�W�L�R�Q�D�O���E�D�Q�G�Z�L�G�W�K�����)�%�:�����L�V���D�F�K�L�H�Y�H�G���I�R�U���W�K�H���G�H�V�L�J�Q�����+�R�Z�H�Y�H�U�����I�R�U���6�������”��-6 

dB, this value is more than 130% (2.2-11 GHz). The proposed UWB antenna 

offers good isolation, dual-polarised function, and sufficient efficiency which 

make it suitable for different applications such as radar and microwave imag-

ing. 

 

 Antenna Schematic  

A new design of a dual-polarised ultra-wideband (UWB) antenna is proposed. 

The antenna design contains a circular ring slot radiator fed by two inde-

pendently semi-arc-shaped microstrip Figure 4.1 depicts the schematic of the 

designed dual-polarised UWB antenna. As shown, the design is composed of 
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an open-ended circular-ring slot radiator differently fed by a pair of semi-arc-

shaped microstrip-line. The parameter values of the design are specified in 

Table 4.1.  

 

 

(a) 

 

(b) (c) 
Figure 4.1: Overall view of the dual-polarised UWB MIMO antenna, (a) side 

view, (b) top, and (c) bottom layers 

 Table 4.1: Parameters Values of the proposed antenna design 

Parameters Ws Ls hs Wf LS d W 

Value (mm) 34 34 1.6 5.5 3 7.5 1 

Parameters L Ws L1 r r1 r2 r3 

Value (mm) 11 1.5 1.5 11.5 8.5 8 14 
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 Results and Discussions  

Simulated S parameters of the dual-polarised microstrip-fed slot antenna with 

a conventional circular-ring slot radiator. Figure 4.2a, with an open-ended cir-

cular-ring slot radiator Figure 4.2b, and the proposed design Figure 4.2c are 

illustrated and compared in Figure 4.3 a, b, and c, respectively. As illustrated, 

by converting the circular-ring slot radiator to the open-ended circular-ring slot, 

not only the impedance bandwidth is improved but also the isolation charac-

teristic of the design has been improved significantly. Finally, by adding pairs 

of small strips under the antenna feedlines, the antenna provides good match-

ing with wide bandwidth and high isolation characteristics at the desired band 

(2.5-10 GHz).  

 

 

 

(a) (b) (c) 

Figure 4.2: Various structures of the UWB antenna, (a) antenna with a circu-

lar-ring slot radiator, (b) the antenna with an open-ended circular-ring slot (c) 

the proposed antenna design 



 

 

110 

 

 

(a) 

 

 

 

(b) 
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(c) 
Figure 4.3: S parameter results of the various antenna designs are illustrated 

in Figure 4.2 (a), (b), and (c), respectively 

 

The simulated radiation and total efficiencies of the design are shown in Figure 

4.4. It can be seen from the figure that the proposed antenna achieves more 

than 75% radiation efficiency over the band of interest with a maximum value 

of 90% at the lower band. This is caused by the enhanced isolation character-

istic of the antenna. Furthermore, as seen, the designed dual-polarised slot 

antenna provides good total efficiencies over the operation band. The total ef-

ficiency results of the design are above 50%~75% throughout the entire band. 

Figure 4.5 depicts the simulated maximum gain and directivity characteristic of 

the designed UWB antenna within the investigated frequency range. It is ap-

parent that although the antenna maximum gain varies with frequency, it is still 
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higher than 3.1 dBi within the frequency band of interest. The difference be-

tween directivity and maximum gain values is small which is mainly because 

of the high-efficiency characteristic of the antenna. The overall variation of the 

antenna gains and efficiency is within 3 dBi in the entire frequency band, which 

is very good for wideband and multiband systems.  

 

 

 
Figure 4.4: Radiation and total efficiencies of the antenna from different ports 
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Figure 4.5: Simulated maximum gain and diversity characteristics of the design 

 

Figure 4.6 shows simulated 2D-polar radiation patterns of the antenna at 3, 6, 

and 9 GHz. These three frequencies are chosen from the lower, middle, and 

upper frequencies, respectively. In this design, the xz plane is the H-plane 

���3� ���ž�����D�Q�G��the yz-plane is the �(���S�O�D�Q�H�����3� �����ž�����I�R�U���W�K�H���D�Q�W�H�Q�Q�D�����)�U�R�P��Figure 

4.6, we can see that the antenna can give dumbbell-like radiation characteris-

tics in the E-plane and nearly Omni-directional characteristics in H-plane [117-

119]. It was found that the radiation patterns of the UWB antenna deteriorate 

more or less with increasing frequency. However, the radiation characteristics 

are still stable. 
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Figure 4.6: 2D-Polar radiation patterns of the antenna at (a) 3 GHz, (b) 6 

GHz, and (c) 9 GHz 

 

A prototype sample of the proposed UWB dual-polarised slot antenna was fab-

ricated and tested. Figure 4.7 shows the fabricated prototype. The measured 

and simulated S-parameters (S11 & S21) of the fabricated sample, using a vec-

tor network analyser and CST software, are compared and illustrated in Figure 

4.8. It should be noted that it is sufficient to show the fundamental character-

istic of the antenna from one port since the dual-polarised antenna structure is 

symmetric with similar characteristics from the two feeding ports. It is observed 

that the fabricated antenna works properly and provides an acceptable agree-
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ment with the simulated results, which helps to verify the accuracy of the sim-

ulation. The small differences between the simulated and measured values 

may be due to the errors of the manufactured antenna.  

 

 
Figure 4.7: The fabricated prototype of the UWB antenna 

 
Figure 4.8: Measured and simulated S-parameters of the proposed UWB-

MIMO antenna 
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�$�V�� �V�K�R�Z�Q���� �D�� �J�R�R�G�� �L�P�S�H�G�D�Q�F�H�� �E�D�Q�G�Z�L�G�W�K�� ���6������ �”��-10 dB) of 2.5-10.2 GHz is 

achieved for the fabricated dual-polarised �8�:�%���D�Q�W�H�Q�Q�D�����+�R�Z�H�Y�H�U�����I�R�U���6�������”��

-6 dB, this value could be from 2.2-11 GHz. In addition, the mutual coupling of 

the design is less than -10 dB over the entire UWB operation.  In a UWB sys-

tem, the antenna needs to possess a high level of pulse-handling capability to 

handle high-frequency impulses [120]. Hence, the time-domain properties are 

equally as important as the frequency domain. Two identical designs of the 

dual-polarised antenna are mounted on the surface of the dielectric surface 

with a 100 mm shift of their center points. To evaluate the pulse transmission 

characteristic, two configurations, including side-by-side and face-to-face ori-

entations, have been selected. The correlation between the transmitted and 

received signals is calculated using the fidelity factor, as defined below:  

As shown in Figure 4.9, although the received pulses in each of the two orien-

tations are broadened, a relatively good similarity exists between the RX and 

TX pulses. Using (1), the fidelity factors were obtained equal to 0.85 and 0.75, 

for the face-to-face and side-by-side configurations, respectively. 

 
(a) 
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(b) 

Figure 4.9: Transmitted and received pulses for (b) side-by-side and (c) face-

to-face orientations 

 

 Summarised Key Design Points   

A compact design of a dual-port ultra-wideband (UWB) antenna is proposed 

in this study. Its schematic contains a circular-ring slot radiator differently fed 

by a pair of semi-arc-shaped microstrip lines. By adding a bridge strip inside 

the circular-ring slot radiator, the mutual coupling of the design has been im-

proved significantly. The antenna is designed on cheap FR4 material. Dual 

orthogonal polarisation and good differential isolation are obtained for the pro-

posed design. A prototype of the antenna was fabricated and tested. Results 

show that the proposed antenna achieves an impedance bandwidth of larger 

than 110% (2.5 to 10.2 GHz). Besides, the high-efficiency characteristic has 

been obtained. 
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 Gain Enhancement of Diversity Slot Antenna Using FSS with Met-

amaterial Unit Cells for UWB Systems   

This study represents the design of a dual-port / diversity antenna with en-

hanced gain property ultra-wideband (UWB) systems. It contains a small-size 

open-ended slot resonator fed by a pair of semi-arc feed lines providing radia-

tion/polarisation diversity function. An FR-4 dielectric with a thickness of 1.6 

mm is employed as the design dielectric. To improve the gain characteristic a 

10×10 frequency-selective-surface (FSS) is used below the dual-port UWB 

slot resonator operating at 3.2-10.8 GHz. The deployed unit cell is containing 

a square-ring radiator with a diamond-ring strip inside it. 8-9.2 dBi maximum 

gain level with low variation and almost constant values are observed over the 

desired band. The main parameters of the design in terms of scattering pa-

rameters, gain, and efficiency levels were investigated with/without the FSS, 

and sufficient results are observed. Therefore, it can be used in high-gain UWB 

communications. 

 

 Configuration and Design Detail  

The introduced FSS-based dual-port antenna is illustrated in Figure 4.10. The 

dual-port resonator contains an open-ended slot resonator fed by a pair of 

semi-arc feed lines. It is implemented on an FR-4 material with a size of 

W×W×h = 34×34×1.6 mm3. The values of the design parameters are given in 

Table 4.2. 
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Figure 4.10: The introduced FSS-based UWB dual-port slot antenna 

Table 4.2: Parameters Valve of the design 

Parameters W L Wf Lf Wx Lx 

Value (mm) 34 34 3 5.1 13.5 5.65 

Parameters Wx1 Lx r r1 r2 r3 

Value (mm) 10.8 1 8.5 12 7 13.5 
 Dual Polarised  UWB Slot Resonator  

Figure 4.11 illustrates the design evaluation and different steps to accomplish 

the dual-port slot antenna resonator. Their various S-parameter results are 

shown in Figure 4.12. As illustrated, the design includes two semi-arc feed-

lines. 

 

 
(a) (b) (c) 

Figure 4.11: Dual-port antenna with (a) circular, (b) circular-ring, and (c) 

open-ended ring radiator 
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(a) 

 

 

(b) 
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(c) 
Figure 4.12: S-parameter results of the various dual-port antenna design rep-

resented in Figure 4.11 

 

As can be observed from Figure 4.11, the first step was to use a conventional 

circular ring which has been converted into a circular-ring slot. As seen in Fig-

ure 4.12 (a-c), by modifying the main radiator to the open-ended circular slot, 

the impedance operation and mutual coupling function of the slot antenna has 

been improved significantly. The efficiency results of the represented UWB 

dual-port antenna are investigated in simulation and reported in Figure 4.13. It 

should be mentioned that due to the identical characteristics of the antenna 

ports, the characteristics of one port have been studied. It is evident that suffi-

cient and high-level efficiencies have been achieved at the operating fre-

quency band of the designed antenna. As shown, for 3-11 GHz, higher than 
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80% radiation efficiency characteristics and more than 60% total efficiencies 

have been discovered[121, 122].  

The three-dimensional variation of the antenna radiation patterns for the intro-

duced antenna is studied at multiple frequencies including 4, 7, and 10 GHz, 

and is represented in Figure 4.14. This figure gives more appreciation of the 

field shape and shows the antenna is capable of supporting omnidirectional 

and constant radiation behavior over the ultra-wide operation band of the de-

sign [123, 124]. Besides, sufficient gain values are achieved for the slot an-

tenna resonator. 

 

 

 
Figure 4.13: Simulated antenna efficiencies 
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(a) (b) (c) 

Figure 4.14: Antenna 3D radiations at (a) 4, (b) 7, and (c) 10 GHz 

 

 Fundamental Characteristics  

The schematic of the single metamaterial unit cell and its feeding method is 

shown in Figure 4.15a and Figure 4.15b, respectively. As seen, the deployed 

unit cell is containing a square-ring radiator with a diamond-ring strip inside it 

and is arranged on an FR4 material. Figure 4.16 depicts the S11/S21 results 

of the single metamaterial unit cell. As depicted, the employed unit cell exhibits 

high performance over the required UWB frequency range and has achieved 

a good stopband response from 3 to more than 10.5 GHz. It is shown that the 

S11 parameter of the designed unit cell is around 0 dB while the S21 character-

istics are very low, especially in the middle band with less than -65 dB. 

 

 



 

 

124 

 

 
 

(a) (b) 
Figure 4.15:(a) Schematic and (b) waveguide feeding of the employed unit 

 

 
Figure 4.16: S11/S21 results for the unit cell 
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 Fundamental Characteristics  

The side/top views of the introduced FSS-based dual-port antenna are shown 

in Figure 4.17. As it is evident, the FSS is placed below the slot resonator at a 

distance of 16 mm. As mentioned earlier, both the antenna resonator and the 

FSS have been designed on FR4 materials with a thickness of 1.6 mm. The 

simulated S-parameters of the UWB dual-port slot resonator with/without the 

discussed FSS have been compared and the results are represented in Figure 

4.18. As shown, the slot resonator offers quite-good S-parameter perfor-

mances for both cases without any significant compromising of the required 

ultra-wide bandwidth [125, 126]. It can be seen that the antenna S11/S21 results 

are below -10 dB at the frequency range of 3.1-10.6 GHz. On the other hand, 

the proposed FSS layer has not affected the efficiency results of the antenna 

and as shown in Figure 4.19, almost similar performance with a slight variation 

is discovered for the antenna radiation and total efficiencies. 

 

 

 
(a) 
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(b) 

Figure 4.17: (a) Side view (b) Front view of FSS-based design 

 

 
Figure 4.18: S-parameter result comparison with/without the FSS 
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Figure 4.19: Efficiency result comparison with/without the FSS 

 

However, unlike the S-parameters and antenna efficiencies, a significant vari-

ation has been discovered in the antenna gain level as represented in Figure 

4.20. This is the main target of the proposed design, and it is due to the nature 

of the employed FSS which has enhanced the antenna gain levels at various 

frequencies. As shown, the antenna gain has been improved from 1~3 dBi 

(without FSS) to 7.5~9.5 dBi (with FSS). The 3D transparent views of the an-

tenna radiations at multiple frequencies are studied in Figure 4.21. As shown, 

well-defined high-gain and high-directivity radiation patterns have been ob-

served. It can be noticed that the maximum radiations of the FSS-based an-

tenna are along with broadside mode [127, 128]. The variation of proposed 

antenna gain with different FSS distances is studied. The simulated gain re-

sults of the antenna over its operation band are depicted in Figure 4.22. As 

shown, the investigated results indicate that the antenna provides better gain 

levels with d=16 mm. 
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Figure 4.20: Max. gain result comparison with/without the FSS 

 

 
(a) (b) (c) 

Figure 4.21: 3D Radiation of the FSS-based design at (a) 4, (b) 7, and (c) 10 

GHz 
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Figure 4.22: Max. Gain results for different FSS distance 

 

 Summarised Key Design Points   

Characteristics of a new FSS-based dual-port antenna with UWB property are 

studied in this manuscript. The main resonator is a dual-polarised slot antenna 

with a modified configuration to support the UWB spectrum. The FSS is com-

posed of a 10×10 metamaterial array. The critical radiation properties of the 

design were investigated with/without the FSS, and quite-promising results are 

achieved. The antenna could be used in various UWB and broadband wireless 

communication networks. 

 

 Frequency Reconfigurable MIM O Antenna Design for Sub 6 GHz 

Smartphone Applications  

The attractive features of reconfigurable antennas have made them widely 

popular in the field of wireless communications. Here is an innovative design 
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for reconfigurable MIMO antennas applicable to future smartphones. Eight re-

configurable open-ended slot radiators are etched onto the corners of the 

handsets and have miniaturized sizes. The antenna elements of the introduced 

MIMO design have been fed using rectangular microstrip lines from another 

side of the substrate. It has a simple configuration with ease of fabrication. By 

switching the ON/OFF states of the embedded PIN diodes in the slots, the 

frequency reconfigurability characteristic can be achieved to switch the an-

tenna operation between 2.6 and 3.6 GHz. For S11 �”��-10 dB, the antenna res-

onators provide good impedance bandwidths of 200 and 350 MHz for the 

OFF/ON states of the embedded diodes, respectively. The antenna elements 

exhibit quasi-end-fire radiations supporting half-space coverage. Its critical 

properties are studied in detail. It has been determined that the optimal S-pa-

rameters, patterns, and gain are all achievable with the planned 8×8 MIMO 

array design and meet the needs of future handheld smartphones for sub-6 

GHz 5G applications. 

  

 Design and Configuration Details  

Figure 4.23 shows how the introduced smartphone antenna array is structured. 

As shown, it is composed of eight open-ended slot resonators integrated with 

PIN diodes positioned at different sides of the PCB plane. The antenna ele-

ments have been etched onto the same layer as the ground plane. Table 4.3 

shows the parameter values of the designed antenna. 
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Figure 4.23: Detail diagram and design details for the introduced frequency 

reconfigurable MIMO antenna 

 

Table 4.3: Parameter values of the designs 

Parameters W L W1 L1 W2 

Value (mm) 75 150 15 12 11.85 

Parameters g W W1 W2 W3 

Value (mm) 0.5 17.8 14 18 13.3 

                
 

 �7�K�H���'�H�V�L�J�Q�¶�V���(�V�V�H�Q�W�L�D�O���&�K�D�U�D�F�W�H�U�L�V�W�L�F�V 

Figure 4.24. Illustrates the frequency characteristics of the designed reconfig-

urable MIMO array including Snn (reflection coefficients) of different states for 

the embedded diodes. The investigated design includes four diodes that were 

in the OFF state and four that were in the ON state. Based on the results the 

MIMO design offers excellent frequency responses of the Snn function (for -10 

dB) operating at 2.6 and 3.6 GHz.  
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Figure 4.24: Snn results for the analysed reconfigurable MIMO antenna 

 

The current distributions of the single open-ended antenna for different diode 

states are represented in Figure 4.25 (a) & (b). As shown, the electrical length 

of the resonator can be changed by changing the state of the embedded diode. 

Despite this, the currents flow in opposite directions, which accounts for the 

antenna's resonant frequency switching [129-132]. Therefore, the reconfigur-

ing resonant frequency bands between 2.6 and 3.6 GHz will be achieved by 

this altering. 

 
 

(a) 2.6 GHz (D: OFF) (b) 3.6 GHz (D: ON) 

Figure 4.25: Current distribution 
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Figure 4.26: 3D Radiations of the elements at 3.6 GHz (diodes: ON) 

 

Figure 4.26 illustrates the three-dimensional variation of the radiated field at 

the second operation frequency (2.6 GHz) when all diodes are ON at the ele-

ments of the introduced antenna array. A better understanding of the field 

shape can be gained from this figure, showing how MIMO antenna elements 
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enable the handset's multiple sides to be supported and improve its perfor-

mance [133-135].  

Figure 4.27 illustrates side views for 3D transparent views of radiations for two 

antenna elements (element 1 and element 2) at 2.6 GHz. Both top/bottom 

sides of the PCB are covered by symmetrical radiation patterns thanks to the 

quasi-end-fire radiation of the employed elements. 

 Additionally, each antenna resonator achieves good gain values at different 

operation bands of the suggested reconfigurable slot antenna. Figure 4.28 

plots the maximum gain results at two antenna operations. As represented, at 

the first resonance band of 2.6 GHz, the resonating element exhibits sufficient 

maximum gain levels which is varying between 3-4.1 dBi while high maximum 

gains of 5.8-6.2 have been observed at the second operation band of the open-

ended reconfigurable slot elements [136]. 

 

 
(a) element 1 (b) element 2 

 
Figure 4.27: Side-views of the antenna radiations 
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Figure 4.28: Maximum gains of the suggested reconfigurable antenna for 

its different antenna bands 

 

 

 Summarised Key Design Points   

A new array design with open-ended slot resonators that are compact with 

frequency reconfigurability is described for future handheld devices. In the in-

troduced design schematic, eight compact slot resonators integrated with PIN 

diodes are arranged at various sides of the smartphone substrate to operate 

at 2.6 and 3.6 GHz with sufficient operation bandwidth and gain levels. Various 

properties of the designed array were examined and sufficient results have 

been observed. 
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5. Chapter Five: Millimetre -Wave (MM-Wave) An-

tenna handset  

 Improved -Performance Phased Array Antenna Designs for MM Wave 

5G Mobile Terminals  

Apart from the sub-6-GHz spectrum, 5G smartphones are also expected to 

support the higher spectrums [137, 138]. The centimetre / millimetre-wave 

bands could provide bandwidths several times broader. According to the Friis 

transmission equation [139], by increasing the operation frequency, the signal 

wavelength becomes shorter and the path loss increases. So, to get the 

required gain overcoming attenuation effects, physically smaller antennas 

arranged as an array are desired for millimetre applications. Compact anten-

nas arranged as an array can be employed in different portions of a 

smartphone PCB to form linear phased arrays with high gain and directional 

radiation beams [140, 141]. In contrast to conventional antennas, such as 

patch, slot, or monopole antennas, end-fire antennas are more suitable to 

achieve the required radiation coverage [142]. Phased array antennas with 

high performance are highly desirable for MM-Wave 5G communications as 

they can increase the radiation and the connectivity of the system [143, 144]. 

In this chapter, new designs of phased arrays with compact antenna elements 

arranged in linear forms are introduced for 5G mobile terminals. New antennas 

are introduced with improved characteristics in terms of efficiency, impedance 

bandwidth, radiation coverage, antenna gain, etc. The antennas are designed 
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to operate at centimetre / millimetre spectrums of 5G communications. Funda-

mental properties of the designs are discussed, and good results are achieved 

from the proposed antenna.  

 

 Eight -Element  Phased Antenna Array with Improved Efficiency and 

Insensitivity Characteristics  for Future Smartphones  

One of the challenges in designing antennas for 5G mobile phone devices is 

the implementation of antenna arrays using low-cost materials such as FR-4. 

The FR-4 is lossy for high-frequency antenna designs using traditional antenna 

structures such as printed patch antennae, where both the gain and efficiency 

of the antenna would be deteriorated [145]. A novel phased array antenna with 

improved performance and insensitivity characteristics are proposed. The an-

tenna is designed on an FR-4 substrate while maintaining good performance 

in terms of gain and efficiency which is achieved by employing new slot-loop 

radiators. 

This study aims to introduce a new phased array design with improved radia-

tion properties for future cellular networks. The procedure of the array design 

is simple and has been accomplished on a low-cost substrate material while 

offering several interesting features with high performance. Its schematic in-

volves eight air-filled slot-loop metal-ring elements with a 1×8 linear arrange-

ment at the top edge of the 5G smartphone mainboard. For maximum area 

utilisation purposes, the proposed antenna elements occupy a small area con-

cerning the whole board area. The antenna elements are covering the range 

of 21-23.5 GHz sub-mm-wave 5G bands. Due to the air-filled function in the 
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configurations of the elements, low-loss, and high-performance radiation prop-

erties are observed. In addition, the fundamental characteristics of the intro-

duced array are insensitive to various types of substrates. Moreover, its radia-

tion properties have been compared with conventional arrays and better re-

sults have been observed. The proposed array appears with a simple design, 

and low complexity profile and its attractive broad impedance bandwidth, end-

fire radiation mode, wide beam-steering, high radiation coverage, and stable 

characteristics meet the needs of 5G applications in future cellular communi-

cations. In addition, the introduced smartphone array design also provides suf-

ficient efficiency in the appearance of the user and integrated components. 

Thus, the proposed array design could be used in 5G hand-portable devices. 

 

 Antenna Design Details  

The presented phased array is designed on a low-cost FR-4 dielectric with 

properties of hsub� ���������P�P�����S�H�U�P�L�W�W�L�Y�L�W�\�����0r��� �����������D�Q�G���O�R�V�V���W�D�Q�J�H�Q�W�����/��� ����������. The 

schematic diagram of the design is represented in Figure 5.1. As depicted, 

eight elements of the air-filled/substrate-insensitive elements are adopted to 

form a 1×8 linear array at the edge of the smartphone board with an overall 

size of Wsub×Lsub=55×110 mm2. The employed linear array has a compact size 

of 8.5×43 mm2. To obtain full radiation coverage in 5G mobile communication, 

another set of the presented phased array can be deployed at the bottom edge 

of the mainboard. The parameter values of the array design are specified in 

Table 5.1. 
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Figure 5.1: Proposed 5G mobile-phone antenna configuration 
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Table 5.1: Parameter values of the designs 

Parameter  Wsub Lsub hsub W W1 

Value (mm)  55 110 0.787 5.25 1.5 

Parameter  W2 W3 W4 L L1 

Value (mm)  0.5 3.125 3.125 8.3 7.8 
 

Since the main substrate of the resonators is the air, it is insensitive to different 

values of permittivity and loss tangent. The presented antenna array with eight 

elements of the slot-loop resonator (with an interval distance of ������� �G����could 

be used in two sets of phased arrays in the top and bottom portion of the mobile 

phone PCB [146].  

Figure 5.2a depicts an ideal system architecture that can be used for a linear 

phased array antenna system. To have the beam-steering function within wide 

scanning angles, it is required to employ a 1×8 configuration for the array. The 

feeding network and beam steering can be accomplished by employing cheap 

phase shifters, such as HMC933LP4E [147]. It should be noted that each an-

tenna radiator must be excited with equal magnitude and different phases 

[148, 149]. The shape of the radiation beams can be defined by applying the 

relative phase amplitudes to each antenna radiator as below: 

 

�î 
L �t�è���@
�×

�›
�A�O�E�J���à    (5.1) 

 

�:�K�H�U�H���G���L�V���W�K�H���G�L�V�W�D�Q�F�H���E�H�W�Z�H�H�Q���H�O�H�P�H�Q�W�V���������L�V���W�K�H���Z�D�Y�H�O�H�Q�J�W�K���R�I���W�K�H���G�H�V�L�U�H�G��

�I�U�H�T�X�H�Q�F�\�����D�Q�G�������L�V���W�K�H���V�F�D�Q�Q�L�Q�J���D�Q�J�O�H�� There are various techniques of feed 

network design for this purpose: parallel Figure 5.2(b), series, etc. The power 
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dividers (such as Wilkinson) divide the power equally 1: N and also unequally 

by changing the input and output [150]. In general, in the microstrip-line power 

dividers, the number of junctions from the input to each output is controlled for 

tapering amplitude. Moreover, the overall performance of the power divider 

mainly depends on the power-split level for each output; therefore, the design 

process can be simple, and the fabrication sensitivity can be insignificant [151]. 

 

 
(a) 

 
(b) 

Figure 5.2: Phased array architecture. 
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 Single -Element Antenna  

In general, the microstrip printed slot antenna is a resonator that can be easily 

formed by cutting a thin slot in a metal-sheet plane. Its size is a half-wavelength 

(�ã/2) of the antenna operation frequency [152, 153]. It can exhibit different po-

larisations (vertical/circular/horizontal polarisations) depending on its place-

ment, feeding, and antenna configuration. This work has been started by 

designing a typical slot antenna operation at 21-23.5 GHz. In this study, to 

improve the radiation performance of the slot radiator and also dispel the 

impact of high-loss FR-4 dielectric, the rectangular slot resonator is converted 

to the rectangular metal-ring resonator with the same thickness of the 

employed substrate (hsub). The design evaluation and structures of the 

conventional slot and rectangular metal-ring antennas are depicted in Figure 

5.3a and Figure 5.3b. It can be also observed, that the discrete feeding 

technique is employed to feed the radiator in the simulations. 

 

 
(a) (b) 

Figure 5.3: Conventional �ã/2 slot resonator and (b) the configuration of the 

proposed metal-ring/air-filled slot 
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As shown in Figure 5.4, the proposed design is flexible and by changing the 

size of the main radiator (L1), the antenna operating frequency can be easily 

tuned to the desired band. 

 

 
Figure 5.4: Operation-frequency tuning of the designed antenna for 

different lengths of the slot resonator 

 

Figure 5.5a plots the distributions and densities of the surface currents at the 

resonating frequency in the top and back layers of the suggested antenna, 

respectively. It can be observed that the currents are significantly distributed 

around the slot resonator. Moreover, the embedded metal-ring loop appeared 

highly active with the surface currents flowing around it. The 3D radiation of 

the introduced design has been plotted in Figure 5.5b. It is observed that the 

introduced metal-ring/air-filled resonator offers good radiation, supporting the 

top/bottom sides of the substrate dielectric. Moreover, the element provides a 

high gain level of 5 dB at 22.25 GHz. Furthermore, It is worth mentioning that 
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-0.35 and -0.38 (radiation & total) efficiencies are discovered for the element 

at the resonating frequency. 

 

 
(a) (b) 

Figure 5.5 : (a) The current densities and (b) radiation at 22.25 GHz 

 

 Characteristics of the Proposed  5G Smartphone  Phased Array  

This section describes and studies the main properties and radiation parame-

ters of the represented array with beam-tuning characteristics. The S parame-

ters (S11~S81) of the introduced linear array design are represented in Figure 

5.6. As shown, the design offers 2.5 GHz operational bandwidth with a single 

resonance at 22.5 GHz, and with lower than -17 dB couplings of the slot radi-

ators. The current distribution at 22.25 GHz is plotted in Figure 5.7. As can be 

observed, the currents have mainly concentrated on the top portion of the 

mainboard. It can be seen that the employed metal-ring radiator is very active 

and the current flows are mainly distributed around them [154].  
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Figure 5.6: S-parameters for the proposed phased array 

 
 

 
Figure 5.7: Current distribution at 22.25 GHz for 0° beam of the phased array 

 

Figure 5.8 shows the 3D beams of the introduced array radiations for various 

tuning angles at 22.25 GHz. As can be noticed the array beams exhibit a wide 
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scanning property over 0°-70°. On the other hand, we observe well-defined 

end-fire radiations and quite sufficient gains and directivity over the scanning 

angles. As represented, the array offers quasi-end-fire mode at 0°,15°, 30°,45°, 

60°, and 70° which could provide half-space coverage with point-to-point and 

smart sensing possibilities at different desired angles [155]. As mentioned 

earlier, to acquire full radiation coverage, another set of the introduced array is 

required to be located at the bottom side of the mainboard PCB.  

 

 
Figure 5.8: Simulated 3D radiation patterns 
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Figure 5.9 shows the simulated 2D-cartesian gain levels of the suggested 

array beam-steering at minus/plus scanning angles. It is shown that the 

antenna provides wide-scan and high-gain beam-steering. At 0° to ±50° 

scannings, the array gains are almost constant and offer greater than 11 dB 

gains.  

 

 

Figure 5.9: Array gain levels for the scanning-radiation beams 

 

The critical characteristics of the design radiations such as directivities and 

efficiencies for the various radiation beams of the suggested smartphone array 

at 22.25 GHz have been represented in Figure 5.10. Across the range of 0o-

60o, the array efficiencies are greater than 90%. In addition, for the angles 

below ±50, the directivity value varies from 10-12 dBi. The efficiency charac-

teristics of the introduced array in the operating frequency range at the 00 scan-

ning angle are plotted in Figure 5.11. It is discovered that the designed 5G 
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smartphone antenna provides good efficiencies over the frequency band. As 

represented, more than -0.15 (97%) radiation efficiency and -1 (80%) total ef-

ficiencies have been achieved for the array at the operation band of 21-23.5 

GHz. Moreover, the design exhibits sufficient gain values over the targeted 

frequency band. It was realised that the maximum gain improves while moving 

to the higher frequencies.  

 

 

Figure 5.10: Simulated fundamental radiation parameters at 22.25 GHz 

 

 

Figure 5.11: Fundamental radiation parameters over the array impedance 

bandwidth 
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 Comparison of  the Proposed Design  with  the Conventional Arrays  

To clarify the improved and higher performance of the introduced phased array 

compared with the conventional arrays (such as patch and slot antenna ar-

rays), the main properties have been compared and discussed in this section. 

All designed arrays with eight resonators and a distance of 6.75 (������) are 

placed in identical smartphone mainboard with FR4 substrate materials to op-

erate at the target frequency of 22.25 GHz. The radiations, beam-steering, S-

parameters, and efficiencies are studied. Figure 5.12 illustrates the schematics 

of the cited 5G array antennas.  

 

 
Figure 5.12: Side views of the smartphone mainboard with conventional (a) 

patch and (c) slot array antenna, (b) the detailed (c) patch, and (d) slot ar-

ray arrangements 
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Both conventional arrays have been designed to resonate at 21-23.5 GHz. Fig-

ure 5.13 depicts their S-parameters. As shown, the antennas exhibit good be-

havior with sufficient couplings. Compared with the S parameters of the pro-

posed design (in Figure 5.6), the conventional arrays provide sufficient and 

almost similar S-parameter results. Therefore, they can be good candidates 

for radiation comparison.  Figure 5.14 compares the radiation efficiency of the 

designed arrays for various angles of 0o to 60o. It can be seen, compared with 

the conventional slot and patch array, that the introduced array offers very high 

efficiency. It should be noted that using x = 10log10k, the percentage (linear) 

value of the antenna efficiency can be converted to dB (logarithmic). There-

fore, as observed, even though the proposed antenna is designed on a lossy 

substrate (FR4), it offers a much higher efficiency (almost 100%) compared to 

the conventional designs (80�±85%). This is mainly due to the employed design 

technique which eliminates the loss of the substrate material [156]. 

 

 
(a) 
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(b) 

Figure 5.13: S-parameters of the conventional array antennas, (a) slot an-

tenna, and (b) patch antenna 

 

 
Figure 5.14: Comparison between the radiation efficiencies of the arrays il-

lustrated in Figure 5.11 and the proposed design 

 

Figure 5.15 plots and compares the 3D beam-steering radiations of the se-

lected antenna arrays with gain levels in the range of 0-60 degrees. As repre-

sented, compared with the conventional antenna arrays [Figure 5.15 (a) and 
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(b)], the suggested array design offers improved and almost constant radiation 

gains at various degrees. In addition, higher efficiency results are discovered 

for the proposed design. The simulations and efficiency/gain calculations for 

each radiation beam were carried out using computer simulation technology 

(CST) software. As shown, the efficiency values of the proposed design are 

better �W�K�D�Q���í���������G�%�����������������Z�K�L�O�H���I�R�U���W�K�H���F�R�Q�Y�H�Q�W�L�R�Q�D�O���G�H�V�L�J�Q�����W�K�H���S�D�U�D�P�H�W�H�U���L�V��

�O�H�V�V���W�K�D�Q���í�����G�%�����������������,�Q���D�G�G�L�W�L�R�Q�����K�L�J�K�H�U���H�I�I�L�F�L�H�Q�F�\���U�H�V�X�O�W�V���D�U�H���G�L�V�F�R�Y�H�U�H�G���I�R�U��

the proposed design. Even though the conventional patch antenna is higher at 

0 degrees, when moving the scanning to higher levels, both conventional ar-

rays (patch and slot) have significantly lower gain levels. Moreover, for the 

patch array placed at the top side of the mainboard, the radiation coverage will 

be limited, and achieving full coverage would be challenging. While, as shown 

in Figure 5.15c, the introduced array design generates end-fire beams with 

increased radiation coverage. Therefore, using the proposed design technique 

and applying the air-filled metal resonators, the antenna's critical properties 

can be improved for better communications [157, 158]. 
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Figure 5.15: 3D radiation beams of the antennas shown in Figure 5.7 and 

proposed design 

 

 Insensitivity Function  of the Proposed Array Design  

As mentioned above, the fundamental properties of the introduced array de-

sign are insensitive to different substrate characteristics. The properties of the 

dielectric substrate including permittivity and loss tangent are critical parame-

ters to control the radiation and performances of the small antennas [159]. To 

clarify this property, the array coefficient reflection (Snn) for various dielectric 
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constant ���0r) values are studied in Figure 5.16. For the conventional slot an-

tenna array plotted in Figure 5.12b, when the value of the antenna permittivity 

���0r) increases from 2 to 6, the resonating frequency of the conventional slot 

antenna (S11) decreases from 28 to 18 GHz. However, as can be observed 

from Figure 5.16, unlike the conventional array design, the introduced air-filled 

array offers similar S11 results for various values of substrate permittivity. From 

this result, it can be concluded that the array design is insensitive and its re-

flection coefficient remains constant for various types of substrates. 

 

 
Figure 5.16:  S11 results of the array for various values of Epsilon (�0r) 

 

The �/�R�V�V���W�D�Q�J�H�Q�W�����/�����L�V���D�Q�R�W�K�H�U���V�X�E�V�W�U�D�W�H���F�K�D�U�D�F�W�H�U�L�V�W�L�F���W�K�D�W���V�K�R�X�O�G���E�H���F�R�Q�V�L�G��

ered for the insensitivity function of the proposed array design [160]. It plays a 

vital role and can affect both the cost and radiation characteristics of an an-

tenna design. The Fundamental radiation properties of the introduced array 

design including realised gain, radiation, and efficiencies at different scanning 
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degrees at 22.25 GHz of the presented array design for various loss tangent 

values are illustrated in Figure 5.17. The studied loss tangent varies from 0.005 

to 0.5. As shown, changing the value of �/���G�R�H�V�Q�¶�W���D�I�I�H�F�W���W�K�H���U�D�G�L�D�W�L�R�Q���S�U�R�S�H�U�W�L�H�V��

of the phased array. The design exhibits similar behavior with high efficiencies. 

It can be found that the designed phased array offers almost the same values 

of efficiencies (radiation & total) and very insignificant variation. In addition, at 

different degrees, the gain characteristic of the introduced array does not 

change. 

 

 
Figure 5.17: �(�I�I�L�F�L�H�Q�F�L�H�V���D�Q�G���J�D�L�Q���U�H�V�X�O�W�V���I�R�U���G�L�I�I�H�U�H�Q�W���O�R�V�V���W�D�Q�J�H�Q�W�V�����/�����D�W��

22.25 GHz for different scanning angles 

 

The radiation characteristics of the introduced design with various lengths of 

the ground plane have been studied in Figure 5.18. As illustrated, as the array 

elements are the insensitive slot-loop radiators with the air substrates, the 
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ground plane impact on the array performance is insignificant. However, as 

can be seen, using different lengths for the ground plane, different values of 

the fundamental radiation properties can be obtained.  

 

 

Figure 5.18: Fundamental radiation properties of the antenna with different 

sizes of the ground plane 

 

Table 5.2 exhibits a comparative summary of the antenna characteristics for 

the proposed design with the recently reported smartphone 5G phased ar-

rays available in the literature [157, 158, 161-167]. As depicted in the table, 

the suggested design can support wide scanning angles with better gain and 

efficiency characteristics. In addition, different from the reported designs, the 

gain and efficiency characteristics of the design are almost constant over the 

main scanning angles (0�±60 degrees). In addition, the antenna elements 

have more than 17 dB isolation. Furthermore, unlike the reported design, the 
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proposed antenna is insensitive to different substrate materials which is a 

unique function and can be demonstrated in low-cost substrates. Its perfor-

mance is also almost constant for different ground-plane lengths as dis-

cussed in Figure 5.18. 

Table 5.2: Comparision Between the Proposed and the reported mobile 
handset antennas 

Refer-
ence 

Bandwidth 
(GHz)  

Efficiency 
(%) 

Gain 
(dB) 

Isolation 
(dB) 

Scanning 
Range 

Insensi-
tivity  

Function  

[157] 21�±22 - 8�±12 14 0°~75° No 

[158] 27.5�±28.5 70 7�±11 11 0°~60° No 

[161] 21-23 85 9�±11.5 12 0°~60° No 

[162] 27.4�±28.8 - 7�±11 16 0°~60° No 

[163] 27�±29 80 5�±9.5 13 0°~75° No 

[164] 27.5�±28.5 - 8�±11.5 15 0°~60° No 

[165] 27.75-28.25 - 10-13 20 0°~50° No 

[166] 25-29 75-90 8-11 15 0°~75° No 

[167] 27.5-29.5 - 6-8 20 0°~30° No 

Pro-
posed 21�±23.5 80-95 10�±

12.5 17 0°~75° YES 

 

 Fabricated Prototype and Exp erimental Results  

The proposed substrate-insensitive phased array was fabricated in a standard 

FR-4 dielectric. Figure 5.19 (a) shows the front/back views of the prototype 

sample. During the fabrication process, eight-slot holes with a distance of ��������

have been made to hold the metal-ring resonators. In the next step, The metal-

ring resonators were made separately and then inserted into the slot holes on 

the PCB. Due to some restrictions in terms of equipment and also because the 
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antenna elements exhibit almost identical frequency/radiation behavior, the 

S11 and radiation pattern of one antenna element placed at the corner are 

measured for the introduced phased array. Due to the similar frequency/radia-

tion behavior of the elements, the S11 and radiation pattern of the antenna 

element are measured for the introduced phased array. As can be observed 

frm Figure 5.19a, to measure the S11 characteristic of the single-element 

resonator, the inner conductor of a coaxial cable was extended across the ring 

resonator and soldered on the PCB ground plane. Simulated/measured S11 

results of the single-element radiator placed in the mainboard are also plotted 

and compared in Figure 5.19b.  

 

 

(a) 
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(b) 

Figure 5.19: (a) Fabricated prototype sample with the coaxial feeding 

mechanism of the element and (b) measured/simulated comparison for the 

antenna reflection coefficient (S11) 

 

As evident from the figure, the antenna element exhibits sufficient 

measured/simulated S11. In addition, a good agreement is observed between 

the experimental and simulation results. It is worth mentioning that due to the 

flexibility of the employed feeding method and also to acquire the best possible 

measured result and also eliminate the SMA connector/cable losses, the 

feeding point of the antenna element can be slightly adjusted to obtain a better 

result. 

The radiation patterns (including E&H planes) of the single-element antennas 

are also measured. Figure 5.20a plots the measured 2D polar patterns for the 

element under the experiment. As shown, the single-resonator exhibits quasi 
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omnidirectional radiation shape in E-plane while in H-plane, the radi�D�W�L�R�Q�¶�V��

main direction ended in end-fire mode. Furthermore, using the data of the sin-

gle antenna, the beam patterns of the introduced array have been synthesized 

[168, 169]. The calculated results in the scanning range of 0°~70° were illus-

trated in Fig. 20 (b). As can be observed, a well-defined beam steering function 

is obtained for the synthesized beams in the range from 0o to 70°. It is worth 

mentioning that in the realist approach (where all the elements are measured 

and mutual couplings and phase shifting are included), the obtained results 

might be slightly different. 

 

  

 

(a) (b) 

Figure 5.20: (a) Measured radiation patterns and (b) synthesized array 

beams using the single-element experiments 
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 Effect of User  Hand in Data -Mode 

The user-hand effect is a critical part of smartphone applications on handheld 

platforms and usually creates negative impacts on radiation and properties of 

the smartphone antennas [170, 171]. This section studied and compared the 

radiation beams, antenna gain, and efficiencies of the introduced array in the 

appurtenance of the user's hand for the Data-mode scenario. Figure 5.21 rep-

resents the array beams at different scanning degrees (0°~75°). It is clearly 

shown that the introduced array design offers well-defined radiations with suf-

ficient gains and radiation coverage in quasi-end-fire radiation mode. However, 

as mentioned before, due to the negative impact of the user-hand phantom, a 

slight reduction in the array performance was observed. Figure 5.22 illustrates 

and compares the losses of the performances of the phased array design in 

terms of realised gain and efficiencies in Data-Mode (DM) compared with Free-

Space (FS). As seen, the total losses of the designed array parameters for the 

antenna gain are around 0.5 to 1.5 dB. In addition, in the scanning range of 0° 

to 50°, the efficiency reduction is less than 0.25 dB (5%). However, as ex-

pected, by moving to the higher scanning angles (60°~70°), about a 15�±20% 

reduction is observed in the antenna efficiency. Therefore, it can be concluded 

�W�K�D�W���W�K�H���H�I�I�H�F�W���R�I���W�K�H���X�V�H�U�¶�V���K�D�Q�G���L�V���Q�R�W���V�L�J�Q�L�I�L�F�D�Q�W�� 
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Figure 5.21: 3D beams of the array radiation in Data Mode 

 

 
Figure 5.22: Comparison between the characteristics of the array in FS and 

DM 
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 Summarised Key Design Points   

This manuscript proposes a new beam-steerable array antenna design with 

improved performance and substrate insensitivity for modern 5G smartphones. 

The antenna array is designed on the FR-4 dielectric and its configuration con-

tains eight slot-loop/metal-ring resonators with the air-filled substrate in a 1×8 

array form located at the edge of the smartphone board. Simulation and meas-

urements are discussed to validate the usefulness of the introduced array for 

5G applications. The proposed design provides a wide impedance bandwidth 

of 21-23.5 GHz. It also exhibits constant radiation properties with very low 

losses in terms of antenna gain, S-parameters, and efficiency for different sub-

strate materials. It also offers high gains and efficiencies at different frequen-

cies of its operating band. In addition, sufficient radiation is observed in the 

�S�U�H�V�H�Q�F�H���R�I���W�K�H���X�V�H�U�¶�V hand in data mode. These advantages make the intro-

duced array highly suitable for use in modern 5G smartphones. 

 

 Phased Array Antenna Package with Switchable Radiation Coverage 

for Future Smartphones  

A dual-band array antenna design with beam steerable property in a standard 

PCB technology for MM-Wave 5G mobile terminals is proposed. The proposed 

antenna design consists of three dual-band sub-arrays located along the edge 

region of the handset PCB. The array elements are divided into three sub-

arrays, and each sub-array is employed on different sides of the PCB edge 
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region. S-parameters, realised gain, radiation beams, directivity, and beam 

steering characteristics of the proposed 5G antenna are studied.  

 

 Design Details  

Eight elements of dual band microstrip patch antennas are used for each sub-

array. For the proposed design, �����L�V���W�K�H��guided wavelength at the middle fre-

quency (23 GHz). As can be observed in  

Figure 5.23, the compact antenna package ( 

Figure 5.23b) is deployed at the edge side of the PCB. The proposed mobile 

phone 5G antenna has a full ground plane. The antenna design has an overall 

dimension of Wsub × Lsub = 55 × 110 mm2. The top and bottom layers of the 

single antenna array are displayed in  

Figure 5.23 (c) and (d). The values of the proposed antenna parameters are 

specified in Table 5.3. Figure 5.24 illustrates a system architecture in which 

the proposed antenna package can be used for 5G applications. For opera-

tions using a time division duplex, the feed network can be implemented using 

low-loss phase shifters for beam steering, and the selection among the sub-

arrays can be easily achieved by using a microwave switch (such as SP3T 

AlGaAs PIN Diode Switches [172]. 

Table 5.3: Dimensions of the antenna parameters 

Parameter Wsub Lsub hsub WP LP 

Value (mm) 55 110 0.787 4.32 2.5 

Parameter WP1 LP1 W L W1 

Value (mm) 4.32 2.5 4 1.5 3 

Parameter L1 W2 W3 L3 d 
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Value (mm) 2.25 4 3 2 0.8 

Parameter dr d1 dr1 d2 dS 

Value (mm) 1.72 4 0.5 1.7 4 

 
                                        (a)                                                (b) 

 
(c) 

 
(d) 

 

Figure 5.23: (a) Side view of the proposed mobile phone antenna, (b) an-

tenna package configuration, (c) top, and (d) bottom layers of each sub-array 
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Figure 5.24: Phased array architecture for the proposed antenna package 

 Single -Element Antenna  

The design of the printed antennas depends on the size and shape of the ra-

diator, and the relative permittivity of the antenna substrate [173]. The pro-

posed dual-band patch antenna is designed on the N9000 PTFE substrate with 

thickness, loss tangent, and dielectric constant of 0.787 mm, 0.0018, and 2.2 

respectively. The configuration of the antenna is shown in Figure 5.25(a). To 

achieve good matching as well as the lowest input impedance, a 50-Ohm 

probe feeding with diameters of 0.5 and 1.72 for inner and outer conductors, 

respectively. The S11 result of the proposed antenna is illustrated in Figure 

5.25b. As illustrated, using the proposed design, a good dual-band function 

with improved bandwidth has been achieved. The values of the proposed an-

tenna layout parameters are specified in Figure 5.26 

 

 

(a) (b) 

Figure 5.25: (a) Configuration and (b) S11 result of the dual-band patch an-

tenna 
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The simulated S11 curves of the dual-band patch antenna for different values 

of radiation patch length (WP) are plotted in Figure 5.26a. As seen, when the 

length of the radiation patch (main radiator) increases from 3.5 to 4.5 mm, the 

center of the first resonance decreases from 21 to 16 GHz. Based on this result 

we can conclude that the first resonance can be adjusted by tuning the length 

of the main radiator (radiation patch).  

 

 
(a) (b) 

Figure 5.26: Simulated S11 results for different values of (a) WP and (b) W1 

 

Another important parameter of the proposed dual-band design is the modified 

C-shaped slot. The main effect of this structure occurs on the second reso-

nance. In the proposed structure, the lengths of W1 are the critical parameter 

to control the upper operation band. Figure 5.26b shows the simulated S11 re-

sults of the dual-band antenna with different lengths of W1. As the width of the 

C-shaped slot changes from 1.5 to 2.5 mm, the operation frequency of the 

second resonance is varied from 25 to 32 GHz. Therefore, the operation fre-

quency of the second resonance is tunable by changing the size of the C-

shaped slot. 
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To realise the phenomenon of the dual-band performance of the antenna, the 

current distributions of the dual-band antenna at 18.3 and 28 GHz are depicted 

in Figure 5.27. As seen, at the first frequency (18.3 GHz), the current concen-

trated on the edge regions of the rectangular radiating patch. Therefore, due 

to the resonant properties of the rectangular patch length, the impedance of 

the antenna can be changed at this frequency [174]. As illustrated in Figure 

5.27b, at the upper resonance frequency (28 GHz), the currents flow mainly 

around the modified C-shaped slot structure and justify the impact of the em-

bedded slot on the generation of the second resonance. 

 

 
(a)                                                         (b) 

Figure 5.27: Current distributions at (a) 18.3 GHz and (b) 28 GHz 

 

The simulated radiation patterns at 18.3 and 28 GHz are represented in Figure 

5.28. As can be seen, the antenna provides good radiation behavior in both of 

operating frequencies. In addition, sufficient realised gains (more than 6 dB) 

are obtained for the antenna at the operation bands.  
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                          (a)                                                         (b) 

Figure 5.28: 3D antenna radiation patterns at (a) 18.3 GHz and (b) 28 GHz 

 

The antenna element is fabricated, and its return loss characteristics are meas-

ured. Figure 5.29(a) illustrates the fabricated prototype. The measurement 

setup and S11 characteristics are illustrated in Figure 5.29(b). As seen, the an-

tenna provides a dual-band performance of around 18 and 28 GHz. 

 

  

(a) (b) 

Figure 5.29: (a) Top view of the fabricated antenna elements and (b) its 
measured S11 
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 Characteristics of the Proposed Phased Array  

The simulated S-parameter of a single sub-arrays is illustrated in Figure 5.30a. 

As shown, the proposed phased array dual-band antenna provides good S-

parameters with low mutual couplings between antenna elements. Figure 

5.30b illustrates couplings among the antenna elements. The maximum mutual 

�F�R�X�S�O�L�Q�J�V�� �E�H�W�Z�H�H�Q�� �U�D�G�L�D�W�L�R�Q�� �H�O�H�P�H�Q�W�V�� �R�I�� �W�K�H�� �G�H�V�L�J�Q�� �R�F�F�X�U�U�H�G�� �D�P�R�Q�J�� �µ�$�Q��

tenna_A1-�$�Q�W�H�Q�Q�D�B�$���¶���� �µ�$�Q�W�H�Q�Q�D�B�$��-�$�Q�W�H�Q�Q�D�B�%���¶���� �D�Q�G�� �µAntenna_A1-An-

�W�H�Q�Q�D�B�&���¶�����$�V���L�O�O�X�V�W�U�D�W�H�G�����D�O�O���W�K�H���P�X�W�X�D�O���F�R�X�S�O�L�Q�J�V���D�U�H���O�H�V�V���W�K�D�Q��-25 dB, -13 dB, 

and -24 dB, respectively. It can be seen that the coupling between sub-array 

A elements and sub-array B elements are higher than the other mutual cou-

plings which occurred mainly because of the distance between two sub-array 

elements [175].  

 

 
(a)                                                                (b) 

Figure 5.30: Simulated (a) S-parameters and (b) couplings of a sub-array 

 

Figure 5.31 shows the simulated directivity characteristics of the dual-band 

design for sub-arrays at the main scanning angle (0o). As illustrated, the an-

tenna provides a good directivity property for all of the sub-arrays at 00. The 
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antenna directivities for different sub-arrays are greater than 13 and 15 dBi at 

18.3 and 28 GHz, respectively. 

 

 
(a)                                                           (b) 

Figure 5.31: directivities result of the linear antenna array at 0o for (a) 18.3 

GHz, and (b) 28 GHz 

 

Simulated efficiencies of the proposed mobile phone antenna are shown in 

Figure 5.32. As shown, the antenna efficiencies are greater than -0.3 and -0.7 

dB for radiation efficiency and total efficiency, respectively.  

 

 

Figure 5.32: Simulated efficiencies of the different sub-arrays at 0o angle 
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The 3D radiation beams of the proposed dual-band antenna array at 18.3 GHz 

for each sub-array are depicted in Figure 5.33. As seen, the proposed 3D beam 

coverage antenna package with the compact dual-band sub-arrays is highly 

effective to provide the required beam coverage for 5G cellular handsets  [176]. 

Almost similar radiation behavior is also achieved at the higher band (28 GHz). 

In addition, the antenna efficiencies are greater than -0.3 and -0.7 dB for radi-

ation efficiency and total efficiency. 

 

 
Figure 5.33: 3D beams of each sub-array for different angles at 18.3 GHz. 

 

Figure 5.34 shows the radiation beams of the dual-band antenna array at 18.3 

and 28 GHz, respectively. As can be seen, the proposed dual-band antenna 
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array provides a wide-scan beam steering function with high gains for the scan-

ning angles of 0, 30, and 60 degrees. In the range of 0 to 30 degrees, the gain 

values are almost stable with values of 13 dB at 18.3 GHz and 15 dB at 28 

GHz. As shown, the sub-arrays possess relatively low side-lobe levels at a 

lower frequency (18.3 GHz). As illustrated, the side-lobe levels in the scanning 

range of 00 to 600 are less than 0 dB. However, as illustrated, at 28 GHz, the 

sub-array beams provided relatively high side lobes at the scanning de-

gree<400 which is mainly because of the distance of the elements. In general, 

the radiation-�H�O�H�P�H�Q�W���G�L�V�W�D�Q�F�H���V�K�R�X�O�G���E�H���F�K�R�V�H�Q���D�V���������� �R�I���W�K�H���R�S�H�U�D�W�L�R�Q���I�U�H��

quency [177]. It should be noted as the antenna provides a dual-band function; 

it is difficult to achieve wide-scanning properties at both operation frequencies. 

Therefore, high side-lobe levels will be appeared, especially at higher scanning 

angles of the lower frequency band. 

 

 
(a)                                                           (b) 

 
(c)                                                           (d) 
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(e)                                                           (f) 

Figure 5.34: Simulated beam-steerable realised gains for, (a) sub-array A at 

18.3, (b) sub-array B at 18.3, (c) sub-array C at 18.3, (d) sub-array A at 28, 

(e) sub-array B at 28, and (f) sub-array C at 28 GHz 

 

 Summarised Key Design Points   

The design and characteristics of a dual-band phased array antenna package 

are introduced for future cellular communication systems. Three uniform linear 

eight-element dual-band patch antenna sub-arrays are used to achieve hemi-

spherical radiation beams with 3D beam coverage. The investigated results of 

the proposed antenna package give good performance in terms of fundamen-

tal properties such as operation band, array beams, gain/directivity, radiation 

coverage, and beam steering. The obtained results show that the presented 

dual-band phased array antenna could be used in multi-user cellular commu-

nication to cover the required beam coverage. 

 

 Dual Polarised  Array Antenna with Quasi -End-Fire Radiation  

An uncomplicated design technique of a dual-polarised antenna array is sug-

gested for the fifth generation (5G) mobile terminal. Its structure contains a pair 

of conventional slot antenna arrays arranged with a 90° difference on the top 
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portion of the smartphone printed circuit board (PCB). The employed substrate 

is Rogers 5880 laminate with an overall size of 75×150×1.2 mm3. The pro-

posed design is designed to work at 28 GHz. The essential characteristics of 

the design in terms of S-parameters, radiation patterns, efficiency, and an-

tenna gain are investigated. The obtained results show good features of the 

antenna array for non-identical polarisations. 

 

 Design Details  

Conventionally, the microstrip slot antenna is a radiation element formed by 

cutting a narrow slot in a metal ground plane. The extent of the antenna is half-

wavelength (�ã/2) at operating frequency. Based on different placements of the 

rectangular slot antenna, it can provide different types of polarisation such as 

vertical and horizontal polarisation. Figure 5.35a shows the layout of the rec-

tangular antenna element. It has been cut on a Rogers RT5880 substrate with 

details of 1.2 mm thickness, 2.2 dielectric constant, and 0.0009 loss tangent. 

The discrete feeding technique is employed for the designed antenna. Its de-

sign parameters in mm are as below: W= 4.75, L= 0.45, and Wf= 1.3. The S11 

result of the antenna is plotted in Figure 5.35b. As shown, the antenna provides 

good performance with a 2 GHz impedance bandwidth at 28 GHz. 
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(a) (b) 

Figure 5.35: (a) Configuration and (b) S11 result of the conventional slot     

antenna 

 

Results of miscellaneous design specifications including Wf, W, L, and h are 

investigated in Figure 5.36. Figure 5.36a illustrates the effects of the feeding 

point (Wf) on the operation frequency and impedance matching. As seen, by 

decreasing the feeding point of the design its operating frequency and match-

ing can be decreased simultaneously. Another parameter that has a remarka-

ble impact on tuning the antenna frequency band is the length of the slot radi-

ator (L). It can be distinguished from Figure 5.36b, that when the slot size in-

creases from 4 to 5.5 mm, the antenna operation band decreases from 34 to 

less than 24 GHz. In contrast, as shown in Figure 5.36c, the matching utility of 

the antenna can be changed for different widths of the slot radiators. As seen, 

when the slot width changes from 0.3 to 0.7 mm, the impedance-matching of 

the antenna improves from -0.8 to less than -20 dB. Apart from the design 

parameters, the thickness of the employed substrate has an impact on the 

antenna performance, but not significantly. It is shown in Figure 5.36d, that 

various thicknesses of the substrate affect the antenna operation band and 

impedance matching around 28 GHz [178]. 
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(a) (b) 

 
 

(c) (d) 
Figure 5.36: The S11 results for different values of (a) Wf, (b) L3, (c) L, and 

d) h 

 

The slot antenna also delivers good radiation and total efficiencies over the 

operation band, as illustrated in Figure 5.37, more than 97% radiation effi-

ciency and 90% total efficiencies are obtained for the radiation elements at the 

frequency range of 27-29 GHz. It also exhibits a high maximum gain with a 

value of around 5.5 dBi. 

 



 

 

178 

 

 

Figure 5.37: Maximum gain and efficiencies of the designed slot antenna 

 

 Horizontally Polarised  Antenna Array  

The configuration of the antenna array with horizontal polarisation is illustrated 

in Figure 5.38a. As can be observed, eight-slot antenna radiators with compact 

sizes organized in a linear form on the upper portion of mobile-phone PCB with 

Rogers RT5880 substrate and overall dimension of 75×150×0.8 mm3. Due to 

the placement of the antenna, the array can provide end-fire radiation beams 

with horizontal polarisation. Figure 5.38c demonstrates the simulated S pa-

rameters (including S11~S81) of the design. As shown, the antenna elements 

provide sufficient S-parameter results with mutual coupling better than -15 dB. 

Figure 5.39 illustrates the 3D radiation beams of the designed array at diverse 

scanning angles. As shown, the design provides end-fire radiation beams at 

0°,30°, and 60° which could cover half the space of the required radiation cov-

erage for the smartphone [179-182]. 
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Figure 5.38: (a) Configuration, (b) placement, and (b) S-parameters of the 

horizontally-polarised antenna array 

 
Figure 5.39: 3D radiation beams at, (a) 0°, (b) 30°, and (c) 60°. 

 

 Vertically Polarised  Antenna Array  

Figure 5.40a shows the configuration of the antenna array with vertical polari-

sation. Achieving the vertical polarisation for phased array antennas with a 

simple design technique is a big challenge. As can be observed from Figure 

5.40b, we employed the eight-slot antenna radiators with a 0° difference ar-

ranged in a linear form on the top portion of the mobile-phone PCB [183, 184]. 
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The array can provide quasi-end-fire radiation beams with vertical polarisation. 

Figure 5.40c depicts the simulated S parameters of the design. As can be ob-

served, the slot array design exhibits good S-parameter results with mutual 

coupling better than -18 dB. The 3D radiation beams of the slot array at the 

scanning angles of 0°,30°, and 60° are shown in Figure 5.41. As shown, the 

design provides quasi-end-fire radiation beams with a wide radiation coverage. 

 

 
Figure 5.40: (a) Configuration, (b) Placement, and (b) S-parameters of the 

horizontally polarised antenna array 

 

 
Figure 5.41: 3D radiation beams at (a) 0°, (b) 30°, and (c) 60°. 
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 The Proposed Dual -Polarised  Antenna Array  

The configuration of the proposed design with dual polarisation is represented 

in Figure 5.42. As can be observed, the structure of the design is composed of 

two slot arrays arranged on the top portion of the smartphone PCB.   

From Figure 5.43 It can be observed that both employed arrays provide good 

radiation beams with end-fire radiation mode. However, the second array 

beams are quasi-end-fire radiation. Both antenna arrays beam could cover half 

space of the required radiation coverage for the smartphone. Another set of 

the employed slot array package can be employed at the bottom portion of the 

smartphone PCB to achieve full radiation coverage of mobile communications 

[185, 186] 

 

 

 
(a) 
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(b) 

 
Figure 5.42: Configuration and S-parameters of the proposed dual-polarised 

slot antenna array 

 

 
(a) (b) (c) 

Figure 5.43: Radiation beams of the proposed design at (a) 0°, (b) 30°, and 

(c) 60° 
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Figure 5.44, illustrates 2D-cartesian gain levels of the radiation beams at 28 

GHz. It can be observed that the proposed design features sufficient radiation 

beams with low-side lobes. More than 10 dB IEEE gain levels are achieved for 

the scanning range of 0~60 degrees. The total efficiency characteristics of the 

antenna elements for both horizontally and vertically polarised arrays are 

shown in Figure 5.45 around 80% of total efficiencies have been achieved for 

the element. 

 

  
(a) (b) 

Figure 5.44: Total efficiencies of the elements for (a) horizontally and verti-

cally polarised arrays 

 

 

 
 

(a) (b) 
Figure 5.45: Total efficiencies of the elements for (a) horizontally and verti-

cally polarised arrays 
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 Summarised Key Design Points  

A simple design of the smartphone antenna with dual polarisation is proposed 

in this study. Its configuration is composed of two slot arrays with differently 

placed rectangular antenna elements. The design offers sufficient radiation 

characteristics at 28 GHz. The design is compact and can be easily integrated 

with the smartphone circuit planar form. 

 

 A Broadband Beam -Steerable Antenna Array for Future Hand -Porta-

ble Devices  

A new design of a broadband phased array antenna with highly miniaturized 

resonators is introduced in this paper for future 5G portable devices. A straight-

forward approach is followed to design the proposed array in which eight mod-

ified circular-ring dipole resonators have been arranged linearly across the top 

edge of the smartphone board, which is made of low-loss RT5880 material. 

The suggested array design is exhibiting an impedance bandwidth from 24 to 

39 GHz (more than 15 GHz) supporting several candidate bands of the 5G 

spectrum such as 26, 28, 32, 36, and 38 GHz. In addition to its wide operation 

band and high-efficiency characteristics, the introduced array offers several 

promising features such as a highly miniaturized profile, well-defined end-fire 

radiation, and wide beam steering, as well as sufficient efficiency and gain lev-

els that verify the potential of the suggested phased array design for use in 5G 

smartphones. 
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 Design and Configuration Details  

Design details of the introduced antenna are presented in this section. Figure 

5.46 depicts how the array of smartphones is configured. As seen, it involves 

eight circular-ring dipole antenna elements with low profiles and a 1×8 linear 

arrangement (with d= 5.5 mm) at the edge of the mainboard having 0.5 mm 

RT5880 substrate material.  

 

Table 5.4 provides the parameter values of the design. 

 

 
(a) 

 

 

 
(b) 
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Figure 5.46: (a) The investigated smartphone antenna array and (b) its em-

bedded linear array 

 

 

Table 5.4: Parameter values of the designs 

Parameters W L W1 L1 W2 

Value (mm) 150 75 2 5 0.5 

Parameters L2 W3 L3 L4 h 

Value (mm) 3.15 19 9 112 1.6 

 

 The Fundamental Characteristics  

The fundamental characteristics of the investigated beam-steerable array for 

5G networks are represented in this section. The array S-parameters of the 

introduced design from S11-S81 have been provided in Figure 5.47. As seen, 

the results indicate that the suggested array design provides ultra-wide imped-

ance bandwidth band support from 24 to 39 GHz (15 GHz) with useful cou-

plings (better than -12 dB) over its operating frequency band.  

Figure 5.48 depicts the simulated efficiencies of a circular-ring dipole antenna 

element over the operation range of the proposed beam-steerable array. As 

shown, the obtained results are evidently satisfactory [43]. Radiation efficiency 

is higher than 95% (-0.25 dB), as shown in Figure 5.48. In addition, the pre-

sented array element has total efficiencies of more than 85% (-0.75 dB), as 

depicted in Figure 5.48. The main 3D radiations of the suggested smartphone 

antenna array beams at 0o for different frequencies of its bandwidth (26, 30, 
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34, 38 GHz).  have been provided in Figure 5.49. As clearly can be observed, 

stable and end-fire radiations with high-gain values have been discovered at 

different frequencies. A comparison of the gain levels for the single resonator 

and its array is shown in Figure 5.50. According to CST results, the single 

modified dipole offers 3.5~5 dBi gain at 25~40 GHz. On the other hand, the 

linear dipole array exhibits high gain values (11-13.5 dBi) over its respective 

band. 

 
Figure 5.47: Simulated scattering parameters [S21~S81] 
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Figure 5.48: Radiation efficiency and the total efficiency of the design 

 
Figure 5.49: 3D radiations of the array beams at (a) 26 GHz, (b) 30 GHz, 

(c) 34 GHz, and (d) 38 GHz 
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Figure 5.50: Maximum gain for the modified circular-ring dipole and its lin-

ear array 
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Figure 5.51: 3D beam steering with gain values at different angles (a) 15o, 

(b) 30o, (c) 45o, and (d) 60o 

 

Moreover, the 3D radiation behaviour of the suggested smartphone antenna 

array with beam-steering and gain levels at 28 GHz (5G main candidate band) 

is represented in Figure 5.51. It is evident from the plot that the investigated 

array provides very broad scanning of 0°-60°. Meanwhile, well-defined end-fire 

radiations with sufficient gains have been discovered at various angles [187-

190]. 

 

 Summarised Key Design Points  

An end-fire and broad-band phased array antenna design is investigated for 

5G smartphone applications based on a simple configuration that contains 

modified dipole resonators and a broad impedance bandwidth of 25-40 GHz. 

The working principle of the antenna is explained in detail. Multiple 5G spec-

trum bands are supported by the array, including 26, 28, 32, 36, and 36 GHz. 

As discussed, there is a small clearance between the phased array and the 

ground. Its critical parameters have been examined and sufficient results were 

observed in terms of frequency response, beam scanning, and gain/efficiency 

levels. Due to its attractive features, the suggested design could be considered 

for use in future 5G smartphones and hand-portable devices. 
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6. Chapter S ix :  5G Ultra -Wideband Phased Array 

Antenna  

 Ultra -wideband Phased Array Antenna  

One of the challenges in designing 5G antennas for smartphones is the imple-

mentation of the antenna with broadband impedance bandwidth which could 

cover multiple 5G candidate bands [191]. A compact phased array 5G antenna 

with ultra-wide bandwidth is proposed for MM-Wave 5G mobile terminals. Its 

configuration consists of eight compact folded-dipole antenna elements ar-

ranged in a 1×8 linear form on the top portion of the smartphone PCB 

smartphone printed circuit board (PCB). The employed substrate is a Rogers 

RT5880 substrate with 0.5mm thickness, 2.2 permittivity, and 0.0009 loss-tan-

gent. For ease of integration and design facilitation, the antenna elements and 

ground plane are etched on the same layer. The proposed design exhibits a 

wide impedance bandwidth of 26-43 GHz covering different 5G candidate 

bands such as 26, 28, 36, 38, and 40 GHz . Simulation results indicate the 

design's promising potential for future mobile communications. 

 

 Modified Design of Phased Array Antenna for UWB 5G Cellular Com-

munications  

Figure 6.1 shows a tiny design of an antenna array with an ultra-wideband 

(UWB) function projected for fifth-generation mobile wireless communications. 

The array is composed of eight compact modified dipole antenna radiators with 
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directors that have been positioned in a linear form on the top frame of the 

smartphone mainboard. The functional frequency band of the design expands 

from 23 to 37.5 GHz, providing more than 14 GHz impedance bandwidth. A 

Rogers RT5880 dielectric with 0.8 mm thickness, 2.2 dielectric constants, and 

0.0009 loss tangent is applied as the design substrate.  

 

 
Figure 6.1: 5G smart-phone antenna array design 

 

 Single -Element UWB Antenna  

Figure 6.2a demonstrates the arrangement and simulated S11 result of the solo 

element. As demonstrated in Figure 6.2a, the structure of the projected model 

is arranged by a modified dipole radiator with a couple of directors. It has a 

compressed size of W×L. The antenna can deliver a UWB operation band. It 

is seen from Figure 6.2b that the antenna element provides more than 14 GHz 

impedance-bandwidth for S11 �”��-10 dB covering different 5G bands in the mm-

wave spectrum. Table 6.1 shows the final dimension of the proposed and de-

signed antenna. 
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(a) (b) 

Figure 6.2: (a) Configuration and (b) S11 result of the single element antenna 

Table 6.1: Final dimensions of the antenna parameters 
Parameter W L Wf Lf Lg W1 W2 W3 
Value (mm) 6.75 4.75 1 2.3 1.3 2.3 2.9 0.4 
Parameter W4 W5 Wa Wx L1 L2 L3 L4 
Value (mm) 0.8 1.4 40 140 3.45 1.15 1.9 1.3 
Parameter L5 L6 L7 L8 L9 L10 La Lx 
Value (mm) 0.7 1 0.4 2.15 0.4 0.3 6.75 70 

 

The antenna radiation pattern in a 3D form at the middle frequency (30 GHz) 

is depicted in Figure 6.3a. As can be observed, more than 6 dB IEEE gain with 

a well-defined end-fire mode has been achieved for the antenna radiation pat-

tern. The efficiency characteristics of the antenna including radiation and over-

all efficiencies are plotted in Figure 6.3b. As shown, the antenna has terrific 

radiation execution on the frequency scale of 23 to 37.5 GHz. 
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(a) (b) 

Figure 6.3: (a) Transparent 3D radiation pattern of the antenna at 30 GHz (a) 

and (b) its efficiency characteristics over the operation band. 

 

 The Characteristics of the Array  

The diagram of the antenna array is shown in Figure 6.4. As it can be detected, 

eight elements of the designed antennas with end-fire radiation beams have 

formed the illustrated array with an overall size of Wa × La. As mentioned be-

fore, the designed phased array has a tiny size which makes it appropriate for 

use on the top of a smartphone mobile PCB. In order to cover the needed 

beam-scanning of the 5G cell phone, another set of the array is needed to use 

at the bottom portion of the PCB [192, 193]. 

 
Figure 6.4: The graphic of the linear phased array antenna with eight end-fire 

radiators 
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Figure 6.5 demonstrates the S parameters of the array design (for 5G mobile 

phones). As shown, the antenna is functional at the frequency scale of 23-37.5 

GHz (more than 14.5 GHz bandwidth). In addition, there is good isolation be-

tween the radiators of the proposed design (less than -12 dB) which creates 

the antenna appropriate for phased array and scanning applications. Figure 

6.6 relates the extreme gains of the antenna aspect and the main design over 

the operating frequency range. It is demonstrated that the antenna component 

can provide 4.5~6.5 dBi maximum gain at the frequency range of 23~37.5 

GHz. In addition, the designed array exhibits sufficient and high maximum gain 

characteristics with values of 10.5-14.5 dBi over the antenna operation band.  

It was also found that the high gain levels of the designs have been developed 

with increasing frequency. To establish the adequate characteristics of the pro-

jected phased array across its operation bands, the focal radiation beams (0°) 

of the phased array model at selected frequencies over its operating frequency 

band are represented in Figure 6.7. It is obvious that the projected layout deliv-

ers terrific radiation beams with superior gain characteristics at various fre-

quencies. 
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Figure 6.5: Simulated S-parameters Snn & Snm for Antenna Array 

 

 
Figure 6.6: Gain of the Single Element and Array of the Proposed Antenna 
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(a) (b) (c) 

Figure 6.7: Radiation patterns of the 5G antenna array at (a) 24 GHz, (b) 30 

GHz, and (c) 35 GHz 

 

Figure 6.8 illustrates the 3D radiation beam-steering purpose of the created 

phased array 5G antenna with directivity values at the middle frequency (30 

GHz). As can be observed, sufficient radiation beams with high directivities are 

obtained at the scanning angle of 0°~60°. It can be witnessed that the pro-

jected model structures appropriate radiation beams with low-side lobes. More 

than 11 dB IEEE gain degrees are accomplished for the examining range of 

0~60 degrees at the selected frequency [194]. 

 

 
(a) (b) (c) 

Figure 6.8: 3D beams of the proposed design at (a) 0°, (b) 30°, and (c) 60° 
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 User-Impact Investigation  

The antenna characteristics in the presence of the human body including the 

consumer's hand and consumer's head can be reduced [195-197]. This also 

depends on the distance and placement of the antenna. The placement of the 

proposed array in the mainboard of the 5G smartphone with a size of Wx × Lx 

is shown in Figure 6.9a. In addition, Figure 6.9b represents the data mode when 

the user's hand touched the smartphone in the data mode. Figure 6.10 investi-

gated the accomplishment of the antenna in data mode for various examining 

angles. As demonstrated, the antenna has decent radiation beams and a 

beam-steering function at different scanning angles. This might be due to the 

miniaturized and compact sizes of the employed element which are not cov-

ered by the user's hand. 

 

 
(a) 
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(b) 

Figure 6.9: (a) 5G smartphone antenna array design and (b) its placement in 

Data-mode 

 

 
(a) (b) (c) 

Figure 6.10: 3D radiation beams of the smartphone antenna design in data 

mode at (a) 0°, (b) 30°, and (c) 60° 

 

This document proposed a broadband phased array with compact antenna el-

ements for 5G cellular phone communications. The configuration of the pro-

jected design is composed of eight modified dipole antennas with a pair of 

directors arranged in a 1×8 linear form on the top section of the smartphone 
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PCB. Simulated outcomes of the antenna's fundamental characteristics have 

been examined. The outcomes show that the proposed phased array exhibits 

sufficient characteristics over its operation band, which can be suitable for 

multi-mode communications in 5G systems. The antenna also exhibits suffi-

cient performance in data-mode. 

 

 Summarised Key Design Points  

This document proposed a broadband phased array with compact antenna el-

ements for 5G cellular phone communications. The configuration of the pro-

jected design is composed of eight modified dipole antennas with a pair of 

directors arranged in a 1×8 linear form on the top section of the smartphone 

PCB. Simulated outcomes of the antenna's fundamental characteristics have 

been examined. The outcomes show that the proposed phased array exhibits 

sufficient characteristics over its operation band, which can be suitable for 

multi-mode communications in 5G systems. The antenna also exhibits suffi-

cient performance in data-mode. 

 

 Beam-Steerable Antenna Array  

Figure 6.11 shows the design of a beam-steerable antenna array for future cel-

lular communication (5G). The configuration of the proposed beam-steerable 

array antenna is designed on a Rogers RT5880 substr�D�W�H�� ���0�� � �� �������� �D�Q�G�� �/�� � ��

0.0009). The proposed design contains eight elements of compact end-fire an-

tennas arranged on the top edge of a smartphone printed circuit board (PCB). 



 

 

201 

 

Configuration of the antenna element consists of the conductive patterns on 

the top and bottom copper foil layers and a substrate layer with a via-hole. The 

simulated results including input-impedance and also fundamental radiation 

properties have been presented and discussed. The impedance bandwidth 

(S11 �”��-10 dB) of the antenna spans from 17.5 to 21 GHz (more than 3 GHz 

bandwidth) with a resonance at 19 GHz. The antenna exhibits end-fire (direc-

tional) radiation beams with wide-angle scanning properties and could be used 

for future 5G beamforming. Furthermore, the characteristics of the array de-

sign in the vicinity of the user's hand are studied. As can be observed eight 

elements of compact end-fire antennas are located on the top side of the 

smartphone PCB to form a beam-steerable array and also to exhibit the re-

quired radiation coverage of 5G cellular systems. Another set of the embedded 

linear array with the same performance and size could be used at the bottom 

side of the PCB.  

 

 
 

(a) (b) (c) 

Figure 6.11: The Proposed 5G mobile-phone antenna schematic, (a) side, (b) 

top, and (c) bottom profiles 
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 Single -Element Antenna Characteristics  

Figure 6.12 displays the schematic of the designed end-fire antenna element. 

As illustrated, the antenna configuration consists of conductive patterns on the 

top and bottom copper foil layers and a middle dielectric layer. In addition, a 

metallised via hole is used to make a connection between the top and bottom 

copper-foil layers. The rectangular arms of the ground plane work as dipole 

arms to provide an end-fire radiation pattern. The parameter values of the de-

signed antenna are specified in Table 6.2. Figure 6.13 displays the S11 char-

acteristic of the antenna. As shown, the antenna has good impedance match-

ing and wide bandwidth of around 19 GHz. 

 

  

(a) (b) (c) 
Figure 6.12: Single element antenna configuration, (a) transparent view, (b) 

top view, and (c) bottom view 

  Table 6.2: Detail Dimension of the designed Antenna  

Parameter Ws Ls hs Wf Lf Wsub W W1 W2 

Value (mm) 8 8 0.8 0.6 4.7 60 2.45 3 0.75 

Parameter W3 Wa L L1 L2 L3 L4 Lsub hsub 

Value (mm) 1 8 0.6 2.5 4.25 0.75 1 110 0.8 
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Figure 6.13: S11 characteristic of the antenna 

 

In addition, the simulated current distribution of the antenna at 19 GHz is dis-

played in Figure 6.14. As can be observed, the current flows are dominant 

around the antenna arms . The antenna radiation pattern in 3D and 2D (polar) 

forms are depicted in Figure 6.15.  More than 4.85 dB realised gain with a well-

defined end-fire mode has been achieved for the antenna radiation pattern at 

19 GHz [198]. The radiation characteristics of the antenna including maximum 

gain, radiation, and total efficiencies are plotted in Figure 6.16. As seen, the 

antenna has good radiation performance in the frequency range of 17.5 to 20.5 

GHz.  
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Figure 6.14: Simulated current distribution at 19 GHz 

  

(a) (b) 
Figure 6.15: (a) 3D and (b) 2D radiation patterns at 19 GHz 

 
Figure 6.16: Fundamental properties of the single-element antenna 
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 Characteristics of the Beam Steering Array  

The schematic of the antenna array is displayed in Figure 6.17. As can be 

observed, eight elements of the designed antennas with end-fire radiation are 

arranged in a linear form. As mentioned before, the designed array has a com-

pact size which makes it suitable for use on the top of a mobile phone PCB. 

However, to cover the required beam-scanning of the 5G cell phone, another 

set of the array is needed to use at the bottom portion of the PCB. Due to the 

same performance of the phased array at different sides of the PCB, the radi-

ation characteristics of the 5G mobile phone with one set of the array have 

been investigated in this section. Figure 6.18 shows a phased array system 

architecture that can be used in feeding a linear antenna array antenna for 5G 

communications. Different feeding networks such as parallel and series can 

be implemented using phase shifters for beam steering. For the proposed 

beam-steerable array design, a 1×8 uniform linear array could be used and 

each radiator with equal magnitude must be excited [199]. There are various 

techniques of feed network design for this purpose: parallel, series, etc. 

 

 
(a) 
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(b) 

 
(c) 

Figure 6.17: (a) 3D, (b) top, and (c) bottom views of the linear array 

 

 
Figure 6.18: Phased array architecture for the proposed array 

 

Figure 6.19 illustrates the S parameters of the final design (5G mobile phone 

antenna). As illustrated, the antenna is working in the frequency range of 17.5-

21 GHz (more than 3 GHz bandwidth). The mutual coupling characteristic of 

the radiation elements is shown in Figure 6.19, as well. There is good isolation 

between the radiators of the proposed design (less than -14 dB) which make 

the antenna suitable for phased array and scanning applications.  
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Figure 6.19: S parameters Snn & Snm of the designed 5G antenna 

 

3D-directional radiation beams of the proposed phased array antenna at the 

scanning range of 0-75 degrees are displayed in Figure 6.20. It can be ob-

served that the proposed antenna has wide-scan and well-defined radiation 

beams with sufficient gain levels. The antenna beams have end-fire behavior 

and can cover more than half the space in H-plane as shown in Figure 6.20. 

They also have low side lobes and maximum gains of the beams are concen-

trated in the desired scanning angles. 

 
(a) (b) 
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(c) (d) 

 
(e) (f) 

 
Figure 6.20: Simulated array beams at (a), 0°, (b) 15°, (c) 30°, (d) 45°, (e) 

60°, and (f) 75° 

 

The fundamental properties of the antenna beams including directivity and ef-

ficiency (radiation and total) characteristics are shown in Figure 6.21. From 

these results, it can be found that the antenna has good radiation behavior with 

high-directivity/high-efficiency properties. The realised gains of the antenna in 

the Cartesian mode for plus/minus (+/-) angles of scanning have been repre-

sented in Figure 6.22. Similar performances with almost the same gain values 

are obtained for the proposed phased array antenna.  
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Figure 6.21: Fundamental radiation properties (efficiency & directivity) of the 

5G antenna at different angles 

 
(a) 

 
(b) 

Figure 6.22: Realised gains of the antenna at (a) plus and (b) minus scanning 

angles 
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 Array Performance i�Q���W�K�H���9�L�F�L�Q�L�W�\���R�I���W�K�H���8�V�H�U�¶�V���K�D�Q�G�V�� 

In this section, the radiation performance of the antenna in terms of efficiency, 

scanning, and gain values in the presence of human-hand are discussed. Gen-

erally, we should expect a negative impact of the hand on the antenna radia-

tion performance. It can also influence the impedance matching and frequency 

response of the antenna. In addition, by changing the position of the hand the 

amount of the loss would be increased/decreased. 

Figure 6.23 displays the 3D directional radiation beams of the antenna in the 

vicinity of the human hand at 19 GHz. It can be observed that the antenna has 

a good scanning function with sufficient directivity values in the presence of 

the human hand.  The fundamental radiation characteristics of the antenna 

beams at different angles are specified in  

Table 6.3. The total losses of antenna parameters in terms of radiation effi-

ciency, total efficiency, directivity, and realised gain, are about -2 dB, -2 dB, 1 

dBi, and 3.5 dB, respectively.  

 

 
(a) (b) 
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(c) (d) 

 
(e) (f) 

 
Figure 6.23: Radiation beams of the antenna in the presence of the �X�V�H�U�¶�V��

hand at (a) 0°, (b) 15°, (c) 30°, (d) 45°, (e) 60°, and (f) 75° 

 
Table 6.3: Properties �R�I���W�K�H���$�Q�W�H�Q�Q�D���$�U�U�D�\���Z�L�W�K���8�V�H�U�¶�V���K�D�Q�G�
�V���,�P�S�D�F�W 
Param / Angle 0° 15° 30° 45° 60° 75° 
Rad. Effic. (dB) -1.4 -1.6 -2 -2.2 -2.35 -2.5 
Tot. Effic. (dB) -1.7 -1.9 -2.2 -2.4 -2.75 -3.2 
Directivity (dBi) 10.8 10.8 10.4 8.65 8.52 8 
Rlzd. Gain (dB) 8.98 8.85 8.18 6.21 5.72 4.7 

 

 Summarised Key Design Points  

A design of a wide-scan beam-steerable 5G mobile phone antenna array is 

presented for cellular communication applications. The antenna configuration 

consists of a 1×8 beam-steerable array antenna placed on the top portion of 
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the smartphone PCB with a size of 60×120 mm2. The radiation elements of 

the employed array are designed to work at 19 GHz and have compact. Fun-

damental radiation characteristics of the 5G antenna along with hand impact 

have been investigated study. 

 

 PIFA Array for 5G MM Wave  

This manuscript studies the design and radiation characteristics of a new 

phased array with highly miniaturized broadband and omnidirectional radiation 

properties. The procedure of the phased array design is simple and can be 

easily accomplished on a single-layer substrate material. Its schematic in-

volves eight planar inverted-F antennae (PIFA) resonators with a 1×8 linear 

arrangement at the edge of the smartphone mainboard having RT5880 mate-

rial with 1 mm thickness. The PIFA resonators have compact structures with 

discrete feedings. The introduced array design represents a broad frequency 

response of 28 to 38 GHz covering multiple candidate bands in the 5G spec-

trum including 28, 30, 36, and 38 GHz. In addition, the mutual coupling function 

of the array elements is less than -15 dB. The proposed array appears with a 

straightforward design procedure, low complexity profile, attractive broad im-

pedance bandwidth, omnidirectional radiation mode, and stable characteristics 

that meet the needs of 5G applications in cellular communications. 
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 Configuration and Design Details  

The PIFA elements of the proposed design were etched on the ground layer, 

which gives a full utilisation of the PCB area to be used for other circuit com-

ponents. The configuration of the introduced smartphone PIFA array is illus-

trated in Figure 6.24.  As seen, it involves eight PIFA with compact profiles, 

omnidirectional radiation, and a 1×8 linear array from at the edge of the board 

having 1 mm RT5880 material. The values of the parameters are given in Ta-

ble 6.4. 

 

 
(a) 

 
(b) 

Figure 6.24: (a) The introduced antenna and (b) its PIFA array 

Table 6.4: Parameters Values of the Antenna 

Parameters Wsub Lsub hsub d Wa La W L W1 W2 

Value (mm) 150 75 1 4.75 35.75 1 2.5 0.5 0.5 0.5 
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 Fundamental Characteristics  

The S-parameter outputs are depicted in Figure 6.25. As shown, the design 

offers 28 to 38 GHz operational bandwidth with a resonance at 32 GHz, and 

with lower than -15 dB couplings of the PIFA radiators. Moreover, the PIFA 

resonators show high-efficiency performance, as illustrated in Figure 6.26 

more than 80% of total efficiencies are observed over the operation band of 

the designed array (28-38 GHz). 

 

 

Figure 6.25: S-parameters of the PIFAs 

 
Figure 6.26: Total efficiency output 
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The radiations of the introduced PIFA array (at 0°) for various frequencies are 

studied in Figure 6.27. As shown, highly satisfying radiations with almost om-

nidirectional and constant performance supporting full radiation coverage have 

been observed for different frequencies [200]. In Figure 6.28, a gain-level com-

parison has been studied for a single PIFA and its linear array, and the results 

are represented in Figure 6.28. According to the achievement in Figure 6.28, 

the single PIFA exhibits 3~4.5 dBi gain, while the array shows 9.5-11.5 dBi. 

 

 
Figure 6.27: Main radiation beams at various frequencies. 
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Figure 6.28: Gain comparison for the PIFA element and array design 

 

2D and 3D array beam-steering functions with gain levels at the middle reso-

nance frequency (33 GHz) have been studied in Figure 6.29 and Figure 6.30, 

respectively. As can be noticed the array beams exhibit a wide scanning prop-

erty over the range of 0°-70°. On the other hand, we observe well-defined end-

fire radiations and quite sufficient gain levels over the scanning angle of 0-70 

degrees . 
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Figure 6.29: 2D-cartesian beam steering with directivity values 

 
Figure 6.30: 3D beam steering with gain values at (a) 0, (b) 15, (c) 30, (d) 45, 

(e) 60, and (f) 70 degrees 
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 Summarised Key Design Points  

An omnidirectional phased array with a simple structure containing compact 

PIFA resonators, broad impedance bandwidth of 28-38 GHz, and wide-scan-

ning beams are reported for 5G smartphone platforms. The array supports 

multiple bands in the 5G spectrum such as 28, 38, 36, and 38 GHz. The main 

parameters of the array design in terms of scattering parameters, point-to-point 

beam steering, gain, and efficiency levels were investigated, and sufficient re-

sults are observed for the proposed antenna array. Due to the low profiles of 

the employed PIFAs, as shown in Figure 6.31, there is a possibility of employ-

ing 16 elements on the top edge of the mainboard which can improve the ra-

diation characteristics of the phased array and could be a topic for future re-

search. 

 

 

Figure 6.31: The introduced array with the increased number of PIFA ele-

ments 
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 Multi/Broad -Band Phased Array Enabling Capacity and Physical -

Layer Security in Cyberspace Mobile Communications for 5G and Be-

yond  

Figure 6.32 plots how the suggested phased array is configured on a 

smartphone board. As seen, the array involves Yagi-dipole resonators with low 

sizes and a 1×8 form (with d= 5.35 mm) at the mainboard containing 1 mm 

RT5880 Rogers material. Table 6.4 listed the values of the suggested array 

parameters. 

 

 
(a) 

 
(b) 

Figure 6.32: (a) The suggested 5G mobile-phone antenna and (b) its phased 

array  

Table 6.5: Parameters Values of the Antenna 
Param.  WS  LS W L W1 L1 W2 L2 
 (mm)  150  75  31 4.25 1 0.3 1.2 1.9 
Param.  W3 L3 W4 L4 W5 L5 hS d 
 (mm)  0.8 0.3 1.35 3.5 0.85 0.3 0.3 4 
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 Fundamental Characteristics  

The S-parameters of the suggested phased array design has been depicted in 

Figure 6.33 and show the bandwidth and mutual coupling properties. As 

shown, the design offers coverage of two broad bands including 22-33 GHz 

and 38-65 GHz which can support multiple bands such as 28, 38, 45, and 60 

GHz in the 5G and beyond 5G spectrums. Additionally, the resonators offer 

low mutual couplings of less than -10 dB over the broad/multi-bandwidth of the 

suggested array.  

CST 2020 has been used to simulate the investigated antenna. The surface 

currents of the single Yagi-dipole element at its selected frequency resonances 

(including 24, 32, and 57 GHz) have been studied and represented in Figure 

6.34. It can be clearly observed that different parts of the suggested Yagi-di-

pole and its rectangular arms are actively involved in generating the reso-

nances and improving the bandwidth [201].  

 

 

Figure 6.33: Simulated Scattering Parameters of Array 
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(a) (b) (c) 

Figure 6.34: Current densities at (a) 24, (b) 32, and (c) 65 GHz 

 

As shown, the largest area coverage with high current densities is representing 

the lower band and vice versa. Furthermore, the antenna resonators show 

high-efficiency performance over its broad bandwidth, as illustrated in Figure 

6.35. More than 90% radiation efficiencies and 75% total efficiencies are ob-

served over the operation band of the designed array which is quite satisfac-

tory. For various frequencies, the main radiations from the array beams (at 0°) 

are shown in Figure 6.36. As shown, highly satisfactory radiations which sup-

port half radiation coverage with end-fire modes and constant performance 

have been discovered for different frequencies. Another set of the suggested 

array can be deployed at the bottom side of the board for full coverage pur-

poses.  
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Figure 6.35: Efficiencies of a single Yagi-dipole. 

 

 
Figure 6.36: Main radiations of the suggested super-wideband phased array 

at (a) 25, (b) 32, (c) 37, (d) 45, (e) 55, and (f) 65 GHz 
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Figure 6.37: Gains of the Yagi-element and its linear array configuration 

 

 
Figure 6.38: 3D beam steering at 30 GHz with gain values at different angles 
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The gain levels of the single Yagi-dipole and its linear array and the results 

have been conducted and shown in Figure 6.37. The single Yagi-dipole ele-

ment exhibits 3.5~6.5 dBi gain, while its array shows 10-15 dBi. 3D beam-

steering at 30 GHz is represented in Figure 6.38. A broad scanning range of 

0°-60° is evident in the investigated array. As well as this, effective end-fire 

radiations at various angles have been discovered that offer sufficient gains. 

 

 Summarised Key Design Points  

A new broadband/multiband phased array containing low-profile eight Yagi-

dipole resonators is reported for enabling capacity and physical-layer security. 

The array supports multiple bands such as 26, 28, 38, 45, and 60 GHz in the 

5G and beyond 5G spectrums. The investigation of scattering parameters, ra-

diation steering, the levels of antenna gain, and efficiencies showed sufficient 

results with our array design. 
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7. Chapter Seven: Conclusions and Future Work  

This chapter summarizes the complete work in this research and also provides 

the necessary information on both the ongoing work and the future planned 

work. 

 

 Summarized Conclusions  

Chapter 1:  In this chapter, the evolution of mobile communications and mobile 

phones, from their first generation to the latest 4G are addressed. In addition, 

the specifications, and requirements of 5G networks and future smartphones 

are described. Besides, the architectures of MIMO and phased array antennas 

suitable for 5G communications are described. Furthermore, the main objec-

tives and original contributions of this thesis are listed. 

Chapter 2: In this chapter, first the theoretical background, operation princi-

ples, and the key parameters of 5G MIMO and phased array antennas are 

represented. Then, a literature review of recently proposed antenna designs 

suitable for use in 5G smartphones is provided. Several examples of MIMO 

smartphone antennas with different characteristics are studied for sub-6 GHz 

cellular communications. Besides, major design improvements of MM-Wave 

smartphone phased array antennas are highlighted. The radiation behavior 

and fundamental properties of the antennas are investigated. 

Chapter 3: This chapter introduces five new MIMO smartphone antenna ar-

rays with polarisation and radiation pattern diversity for sub 6 GHz 5G mobile 

terminals. Different design techniques are employed in the configurations of 
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the proposed MIMO antenna. The radiation behavior and fundamental proper-

ties of different dual-polarised antenna types with reduced size, improved 

isolation, and increased impedance bandwidth are investigated. Unlike the re-

ported smartphone antennas, the proposed MIMO antenna systems provide 

full radiation pattern coverage with sufficient gain values at each side of the 

smartphone PCB. The proposed MIMO antennas offer good features for Sub 

6GHz applications and are suitable for use in 5G smartphone applications.  

Chapter 4: This chapter presents and investigates three new multi-band 

MIMO antenna arrays with diversity functions for sub 6 GHz 5G mobile termi-

nals. Due to the dual-band and polarisation diversity, the antennas can be con-

sidered for multi-mode future handset applications. The antennas offer good 

features at different frequencies and are suitable for use in multi-band 5G 

smartphone applications. In addition, the characteristics of the designed an-

tennas in the presence of user-hand/user-head have been discussed in simu-

lations.  

Chapter 5: In this chapter, five new phased array 5G antennas with improved 

characteristics in terms of efficiency, gain, impedance bandwidth, and radiation 

coverage are presented. Fundamental radiation properties of the designed an-

tenna are discussed, and good results are achieved. Also, the performances 

of the antennas in the vicinity of the user are studied. 

Chapter 6: In this cheaper, five new designs of phased array antennas with 

compact antenna elements arranged in linear forms are introduced for multi-

mode 5G mobile terminals. The antennas are designed to operate at different 
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candidate frequencies of the 5G spectrum. In addition, new frequency and ra-

diation pattern reconfigurable antenna arrays suitable for MM-Wave 5G cellu-

lar communication are provided. 

Chapter 7: This chapter provides an integrated conclusion to this thesis and 

indicates a series of recommendations to improve the depth of coverage for 

the 5G smartphone antenna design. The recommendations focus on tech-

niques and processes to promote the integration of 3G to 5G antenna elements 

as well as reconfigurable and tenable antennas with compact size and suffi-

cient characteristics into future smartphones. In addition, more investigation 

and practical studies are suggested to be carried out on phased arrays, user 

effects, and channel characteristics of the MIMO antenna system. 

 

 

 Future Work  

The work done in this thesis has the potential to play a major role in the design of 5G 

antennas for future smartphones. However, there are some challenges and improve-

ments that should be met. Based on the summarized conclusion of the work pre-

sented, future work can be carried out in the following areas. 

�¾ Integration of 3G and 4G antennas with 5G antennas into future 

smartphones. The design of other antennas to support other technologies, 

like Bluetooth and Wi-Fi, should be also considered in the structure of the 

smartphone antenna system. Figure 7.1 illustrates an example of future 

smartphones with the incorporation of sub-6-GHz and MM-Wave antennas 

[23]. 
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Figure 7.1: An example of a future smartphone with the full incor-

poration of sub-6-GHz and MM-Wave 5G antennas [23] 

 

�¾ More investigation in phased array antennas in terms of different concepts 

such as feeding network and controlling the phase shifters. For MM-Wave, 

the RF transceiver, beam steering topologies, and algorithms should be 

developed specifically to meet the stringent requirements of the mobile 

device. 

�¾ Using reconfigurable and tuneable antennas in both sub-6 GHz and MM-

Wave spectra could improve the functionality of smartphone antenna sys-

tems. The reconfigurability can be done in terms of operating frequency, 

beam pattern, and polarisation which all could improve the performance of 

antenna systems. Dynamic tuning can be achieved by manipulating a cer-

tain switching mechanism through controlling switches. 

�¾ For future smartphone antennas, the SAR analysis investigation of the 

user effect on the characteristics of the antenna is indispensable. Practical 

studies should be carried out to be extended to a more realistic situation. 
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�¾ Investigation and analysis of channel characteristics of the MIMO antenna 

system could be another challenge in future smartphone antennas as long-

term future work. 
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