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ABSTRACT 

A 5G technique which is used in developing a popular IoT will require MIMO antenna 

and it is also challengeable as well as interesting to know 5G mobile communication 

devices uses MIMO/Massive MIMO. The MIMO antennas can significantly enhance 

communication capacity in the sub-6 GHz band and widely increases the channel 

capacity by employing multiple antennas at the transmitter and receiver with spatial 

multiplexing to overcome multipath fading.  The MIMO antenna will improve range of 

communication and can increase channel capacity widely by increasing more numbers 

of antennas at transmitter and receiver by using spatial multiplexing and to encounter 

multipath fading. Due to its unique standards, such as improved data speed and channel 

capability and to reduce absorption from the close proximity of EM (electromagnetic) 

waves, MIMO technology has emerged as the most challenging communication system. 

Additionally, the demand for 5G is the antenna size reduction and improved MIMO 

performance parameter such as correlation among antenna element isolation 

(ECC<0.5), adequate bandwidth, maximum efficiency and reduction in mutual 

coupling which makes it an incomparable antenna which within acceptable range.  

 In the beginning, the partial ground structure with square-shaped patch and 

parallel stub line is implemented for single element MIMO configuration and after the 

optimization, the implementation of 2-element MIMO array with dimension of 34×20 

mm2 is formed. To improve mutual coupling among neighbouring antenna, an an 

inverted T-shaped ground is developed. Also, the two symmetrical antenna elements 

with asymmetric feed line are used in this structure with frequency vary from 2.92 to 

5.72 GHz. The minimum efficiency and gain were obtained around 86 % and upto 3.1 

dB across the band of interest respectively. 

 Secondly, in order to improve necessary mutual coupling, the quad patch 

elements are arranged in face-to-face method with adequate spacing between antenna 

elements. The enhanced structure consists of inverted T-shape partial ground and 

square type patch with stub elements on both sides to enhance impedance matching. 

Also, the role of twin stub and rectangular notch on top right corner of patch is 

deliberated. The operation of Quad port antenna with a structure of dimension (W × L) 

31 × 40 mm2. With this compact size, the impedance bandwidth (-10 dB) of 2.27 to 

5.34 GHz is attained. The analysis of antenna performance parameters like ECC, DG 
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and isolation have been measured. Furthermore, it exhibits a remarkable ECC ≤ 0.3 in 

the working band. 

 Finally, the four-element microstrip fed modified rectangular U-shape radiating 

elements are placed in same orientation with mirror image so as to achieve antenna 

diversity, resulting in good isolation. The overall dimensions of protype antenna are 52 

mm × 31mm × 1.6mm. This quad-port MIMO operates in sub-6 5G-NR band which 

includes n77/ n78/ n79 and WLAN band with Wi-Fi-5 (5.15-5.85 GHz) & Wi-Fi-6 

(5.925-7.125 GHz) band. The antenna structure using a single-element antenna, and 

subsequently design a four-port enhanced MIMO antenna with an uneven but parallel 

strip-line on the ground side to enhance mutual coupling. The antenna covers the band 

from 3.06 GHz to 7.56 GHz with a maximum gain from 2 to 7 dBi and efficiency of 

more than 82%. Further, the proposed 5G LTCC/diversity antenna is designed with low 

temperature co-fired ceramic (LTCC) and effect of device housing on antenna 

parameter is studied. 
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 1 

"Antennas are the eyes and ears of wireless communication." 

-- John D. Kraus 

1.1 Introduction 

The journey of wireless communication began in the pre-cellular era (1921 to 1980), 

marked by the initiation of mobile communication through electromagnetic waves. 

Earlier telephone network faced challenges such as handoff and limited coverage [1]. 

The World War II in 1940, encouraged advancements in radio communication, leads to 

the extensive development of integrated network handheld devices. This revolutionized 

mobile communication marked as the cellular era. In the last two decades, there has 

been a significant transformation in communication technologies [2].  

These systems owe much to the development of MIMO antenna technologies, 

acting as an essential pillar that has propelled the technology to remarkable heights and 

emerged as a pivotal game-changer, enhancing the capabilities and efficiency of 

wireless networks. The world has witnessed this transformation through advanced 

communication technology like 5G, that reshaped the deployment of various MIMO 

structures and enables a wide range of communication possibilities. At present, the 

demands for robust internet connectivity with high data rates has become crucial for 

global economic growth and the digitalization of cities. The evolution from 1G to 5G, 

with each generation offering improved data rates and service quality as shown in figure 

1.1. The 1G supported only voice, while 2G introduced GSM, the first global standard. 

3G adopted IMTS, enabling faster downloads and separate voice/data channels [3]. 

Enhancements like 3.5G, 3.75G, 4G, and LTE-Advanced (LTE-A) further improved 

speed, latency, and capacity [4]. Growing internet demand led to 4G, which uses VoIP 

for efficient data management [5]. The 5G, aims to address the increasing necessity for 

faster data rates. This wireless communication technology enables seamless wireless 

communication between individuals and machines, emphasizing high data rates and 

expected to integrate various technological advancements such as sub-6 GHz, 

millimetre wave and MIMO communication [6].  
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Figure 1.1 Evolution of various generation of cellular communications 

In near future, more than 100 billion devices are expected to be connected to a 

global network, requiring high bandwidth and low latency to meet the growing demand 

for faster data transmission on mobile networks. Moreover, by offering scalability, 5G 

enhances data transfer rates on wireless networks and is anticipated to meet these 

demands [7]. 

 

Figure 1.2 Cellular Generations  

The figure 1.2 displays the different access techniques employed in each generation 

along with the allocation of physical resources to users and the key applications. The 



 
 
 

 
 

3 
 

TDMA and FDMA scheme allocate time and frequency among users whereas in 

CDMA, multiple users utilize the available spectrum. while, OFDMA employs 

orthogonality, by employing suitable network to users so as to avoid interference among 

each other [8]. The OFDMA approach achieves significant spectral efficiency, which 

leads to better data transfer. Currently, the 5G uses the NOMA technique, which 

consists of a power domain and a code domain with flexible and scalable time intervals. 

In addition, the full duplex communication methods such as Time Division Duplex 

(TDD) and Frequency Division Duplex (FDD) are used. [9].   

  The primary need in today's cellular communication framework to achieve high 

data rates (in Gbps) and a widespread spectrum of 5G, in conjunction with MIMO 

(Figure 1.3). The 5G-IoT in integration with MIMO has applications, like Augmented 

Reality, video streaming, smart cities, e-health monitoring, (AI) artificial intelligence, 

machine and deep learning, distant monitoring and several value-added services etc. 

All these applications require huge amount of data and higher bandwidth [10]. A 5G 

technique which is used in developing a popular IoT will require MIMO array antenna 

and it is both challenging and interesting to note 5G mobile communication devices use 

a single element MIMO as well as multi-element MIMO array antenna [11]. This 

unique combination of MIMO array antenna for IoT and 5G communication which will 

make the system more efficient. The MIMO antennas can significantly enhance 

communication capacity in sub-6 GHz bands by employing multiple antennas at 

transmitter and receiver which improves the communication range up to Terahertz 

(THz) and results in wider channel capacity [12]. 

1.2 5G Technology and its key capabilities by ITU-R 

Due to the widespread use of wireless technology around the world, there is a need for 

5G wireless communication equipment’s to accommodate increased traffic [13]. To 

address the issue, wireless local area networks (LANs) are spaced only a few hundred 

meters apart are installed at various locations as these devices offer rapid data speed in 

gigabits per second (Gbps) range, minimal delay, efficient radiation, quality of service 

(QoS), broader bandwidth, polarization, and reduced power consumption. Figure 1.4 

outlines some prominent characteristics of 5G [14]. 
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Figure 1.3 Key applications of the 5G [4] 

 

Figure 1.4 Key features of 5G 

Additionally, ITU-R stated two primary spectrums used by the 5G system: mm-

wave (> 6 GHz) and sub-6 GHz (< 6 GHz). The 3rd generation partnership project (3 

GPP) has released a new standard for 5G communication [15].  They have introduced 

NR bands, namely n77, n78 & n79 operates within the frequency ranges of 3300–4200 

MHz, 3300–3800 MHz, and 4400–5000 MHz respectively. Moreover, several nations 
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employ the frequency bands FR-1 (3.4–3.8 GHz) and FR-2 (24.25–27.5 GHz) for 5G 

communication [16]. 

The 5G enables real-time machine control using mobile devices through device-

to-device (D-D) and appliance-to-appliance (A-A) approach. The key capabilities 

investigated by ITU-R by considering IMT 2020 and 3-GPP standard are, massive 

machine-type communications (m-MTC), ultra-reliable low-latency communications 

(u-RLLC), and enhanced mobile broadband (e-MBB) [17-18]. 

1.2.1 eMBB: The primary goal of eMBB is to offer rapid data transmission with the 

ability to dynamically and adaptively distribute information in real-time. Additionally, 

it facilitates the services such as augmented and virtual reality. 

1.2.2 uRLLC: It improves the latency to minimum of one millisecond and has 

applications in smart transportation, industrial automation, public safety, e-health etc. 

1.2.3 mMTC: It provides a wide range of internet enabled devices and provides various 

applications like IoT based smart farms, smart cities, advanced power grids and many 

more. 

1.3 Planar Monopole Antenna 

The wireless communications technology would not have advanced to this point 

without antennas. As per the IEEE, Antenna term is explained as a device used for 

radiating and receiving radio waves. Therefore, the growing popularity of wireless 

devices requires high performing antennas owing to properties like compact, 

lightweight, and low-profile without compromising characteristics [19]. 

In communication systems, the primary concern is to develop a compact, and 

versatile antenna that seamlessly integrates with portable devices [20]. This section 

elucidates the fundamentals of planar monopole antenna. The monopole antenna comes 

into existence when one arm of a dipole is halved which replaces infinite ground plane. 

The setup primarily consists of a short wire, 'l' in length, positioned above an infinitely 

large ground plane. The monopole is placed over a metallic ground plane, which 

transforms into a dipole antenna. The EM field of the monopole antenna, positioned 

above the ground plane can match with the dipole. The long monopole radiator is 

notable for its lack of radiation below the ground plane and ability to effectively match 

a 50 Ω impedance. As a result, it effectively connects to a feed point and ground plane. 
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The requirements of forthcoming communication system necessitate antennas 

capable of operating across multiple bands with wide bandwidth while ensuring cost-

effectiveness and optimal performance. Planar monopole antennas have emerged 

through the replacement of the wire component in traditional monopole antennas with 

a planar element. These antennas offer considerable advantages owing to their planar 

structure, cost-effectiveness in fabrication, compact size, lightweight design, and 

seamless integration, making them highly suitable for a variety of wireless applications 

[21]. 

 

Figure 1.5 Monopole Antenna 

 

Figure 1.6 Different planar monopole radiator shapes 

Unlike conventional monopole designs, planar configuration offer variations 

such as rectangular, triangular, elliptical, square, cross, circular, pentagon and corner 
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etched shapes, contributing to increased surface area. This increased surface area 

directly influences the bandwidth capacity and reliable radiation properties. Hence, in 

this design approach a planar monopole is considered as the primary radiating 

component for the sub-6 GHz 5G system [22]- [24]. 

1.4 Multiple Antenna Features and Types of MIMO  

Across the world, cellular communication technology uses MIMO systems on an 

extensive scale. Hence to improve performance and reliability, MIMO system requires 

a plenty of antennas on the transceiver link. Figure 1.7 (a-d) illustrates various 

configurations used in transmitter and receiver antennas. Previously, 5-G 

predominantly utilizes MIMO technology to meet the demands of high data rates within 

constrained bandwidth and power limitations. MIMO technology utilizes numerous 

antennas for trans-reception, resulting in improved performance and reliability. The 

objective is to enhance the data rate by utilizing numerous antennas while operating 

within the constraints of restricted bandwidth and power levels.  

 

Figure 1.7 Different MIMO configurations [26] 

According to Shannon and Nyquist's, the channel capacity rate in a multipath 

environment is proportional to the amount of trans-receiver antennas [25]-[26] 

   Cc = B log2(1 + m × n × SNR)   ----(1) 

 Where, Cc represents the channel capacity; B indicates the bandwidth; m & n 
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indicates transmitter and receiver antennas, and SNR signifies signal to noise ratio. This 

provides insights into various MIMO antennas design and their inherent characteristics 

which makes MIMO technology as an important candidate for consumer electronics. 

1.5 Necessities for sub-6 GHz 5G MIMO antenna 

MIMO deploy its services on extensive scale for the cellular communication as well as 

for the base station antennas. This widespread deployment caters to numerous 

autonomous terminals globally. MIMO involves two or more antennas for trans-

reception on transmission channel. This inclusion enhances performance through 

approaches like spatial multiplexing and diversity MIMO array antennas in 5G involve 

a substantial number of antennas at base station. Their functionality is designed to 

operate efficiently with numerous terminals, employing the principle of spatial 

multiplexing [27]-[28]. The fundamental requirements for a 5G antenna are outlined 

below. 

1.5.1 Reflection Coefficient and VSWR 

The FCC (federal communication commission) designated frequency spectrum for sub-

6-5G band require the designed antenna to demonstrate excellent impedance matching 

characteristics to ensure a good impedance bandwidth. The impedance in terms of load 

(Zo) for antenna must match the source impedance (Zi), typically 50 Ω or 75 Ω for 

maximum power transfer. When the impedances are mismatched, some power is 

reflected back to the source, generating standing waves and resulting in energy loss. We 

calculate the energy loss in terms of reflected power using the reflection coefficient 

[29]. 

     Γ =  
𝑍𝑜

𝑍𝑖
    ----(2) 

     VSWR = 
1+ |Γ|

1− |Γ|
   ----(3) 

The antenna broadcasts all the input power across the entire operational spectrum. 

Under the most demanding conditions, achieving a VSWR of unity within the 

operational range is the top challenge. The sub-6 GHz-5G band with 50-ohm impedance 

match throughout the spectrum poses a substantial challenge. Conversely, antenna 

impedance matching is accomplished through the utilization of impedance matching 
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networks. These networks effortlessly transform any impedance to 50 ohms. 

Nevertheless, as the bandwidth increases, the complexity of designing a matching 

network grows. 

1.5.2 Spatial Multiplexing  

Prior to transmission, the spatial multiplexing divides a data with high rate into several 

data low-rate streams as seen in figure 1.8. This process enhances the data transfer rate. 

using spatial multiplexing, multipath fading encounter is possible. The spatial 

multiplexing used in MIMO can serve many terminals for the integration of various 

application those are associated with 5G-IoT. MIMO technology enhances channel 

capacity by employing multiple antennas to allow simultaneous communication with a 

base station using the same frequency [30]. 

 

Figure 1.8 Data stream transmitted through spatial multiplexing 

1.5.3 Multipath Diversity: Multipath propagation causes attenuation, phase delay, 

time delay, and other factors that result in multipath fading as shown in figure 1.9. The 

MIMO antenna can mitigate the effects of multipath fading in situations with 

substantial scattering [30]. 
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Figure 1.9 Multipath diversity [30] 

1.5.4 MIMO Performance Parameters 

The MIMO antenna performance is evaluated using Isolation, ECC, DG, TARC, CCL 

and MEG [31]. These characteristics are stated as follows. 

I. The ECC provides the correlation between a practical MIMO antenna. Its 

computation involves the utilization of scattering parameters with the resulting 

value being dependent on the radiation efficiency. The ECC is considered as 

acceptable when it attains a value of 0.5, as required [31], [32]. 

II.  Antenna coupling plays a crucial role in energy consumption, especially in 

MIMO systems where numerous antennas are positioned closely. For instance, 

when one antenna transmits a signal and the receiving antenna on the other side 

picks it up, the adjacent antenna may absorb energy. To achieve a sufficiently 

favourable ECC and robust MIMO diversity, it is imperative to maintain better 

isolation and correlation. 

III. Diversity is calculated using 4×4 antenna combination, the transmitter obtains 

data in the form of streams from different paths. To achieve an improved SNR 

value, the signal must maintain a sufficient SNR at the receiving end. By 

lowering the correlation coefficient value, the diversity enhances. 

IV.  To calculate MIMO metrics like bandwidth and efficiency may not always be 

sufficient, particularly when several antennas are operating simultaneously. 

Then, it becomes a concern for the complete operational bandwidth and 

efficiency of the antenna systems. Hence, other/alternative methods are 
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necessarily required to obtain better results based on the antenna characteristics 

such as TARC [33]. 

V. The MEG is determined by considering propagation statistics and radiation 

patterns to estimate the actual power of each element in a MIMO system, 

particularly in a fading environment [31], [34].  

VI. CCL measures the performance of an antenna array within a MIMO 

environment. For practical MIMO applications, CCL should remain below 0.5 

bits/s/Hz across the operational bandwidth to be considered acceptable [31], 

[35]. 

Figure 1. 10. Various performance parameter of the MIMO antenna. 

1.6 Motivation for the present research 

• In recent years, the progress in 5G technology has significantly intensified the 

focus on creating high-performance MIMO antennas characterized by compact 

size and high operational frequencies. As a result, there is a substantial demand 

for devices that claim a modernized structure while remaining cost-effective.  

• In the design of diversity antennas, to achieve the antenna miniaturization is 

critical concern in the given confined space for integration within portable 

devices like laptops and mobile devices and to expand bandwidth serves as a 

foremost task for researchers. 

• The motivation of this work, revolves around exploring and designing sub-6 

GHz 5G MIMO antennas to address complex demands. Therefore, the primary 
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objective is to broadly investigate the wideband performance of 2-element and 

4-element diversity antennas along with packaging. These standards include 

high data rates, enhanced channel capacity, efficiency, and reduced absorption 

of electromagnetic waves (EMW) due to their close proximity.  

1.7 Research gaps/ Challenges in the Antenna Design 

The difficulties associated with designing the antenna are as follows: 

1. Current 5G devices require compact antennas, but limited space for multiple 

elements affects radiation patterns and increases antenna correlation (ECC), 

impacting performance. 

2. The key challenge in the sub-6 GHz band is designing compact MIMO antennas 

with high isolation (> -15 dB), reduced mutual coupling in 2×2 and 4×4 arrays, and 

broad impedance bandwidth using advanced decoupling techniques. 

3. Another challenge in wideband antenna systems for sub-6 GHz and WLAN 5G 

applications is electromagnetic interference (EMI). This interference can be 

reduced using mitigation techniques such as Defected Ground Structures (DGS), 

ground plane optimization, and Antenna-in-Package (AiP) design. 

4. Achieving multi-resonant functionality in compact antennas, which are naturally 

narrowband, remains a significant challenge. This is often tackled by modifying the 

ground plane with defected structures like slots or stubs to create multiple 

resonances without increasing antenna size. 

1.8 Research Problem Statement 

The objectives of the research are stated as follows:  

To design and develop  

1. Two element MIMO antennas for 5G (5th generation) applications. 

2. Four element MIMO antennas for 5G (5th generation) applications. 

3. Antenna-in-package in 5G communication band based on low temperature co-

fired ceramic technology (LTCC). 

1.9 Design methodology 

In this section, the methods employed for designing, fabricating, and evaluating the 

proposed antennas are explored and the design flow for obtaining desired result is 

shown in figure 1.11 
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 A variety of approaches have been deployed to address the electromagnetic 

challenges which includes techniques such as analytical techniques (e.g., by the 

separation of variables, series expansion, conformal mapping, integral solutions and 

more) as well as numerical methods (such as the transmission-line modelling (TLM), 

finite element method (FEM), and finite difference method (FDM)).  

To solve the EM field problems at high frequencies presents greater difficulty 

when using analytical techniques in comparison to numerical methods. While, integral 

equation and differential equation approaches are typically used to solve 

electromagnetic (EM) wave problems. Researchers commonly use FDM, MoM, and 

FEM due to their systematic approaches, precision, and ability to tackle complex 

problems. Nevertheless, the finite difference approach is not well-suited for situations 

that include complex geometries.  

On the other hand, MoM can effectively handle arbitrary structures, even those 

with highly intricate features. It proves valuable in addressing a wide range of 

electromagnetic problems, including radiation from slender wire antenna elements and 

their array configurations, scattering phenomena, and the analysis of microstrip antenna 

components and lossy structures. Despite its capabilities, MoM generates dense 

matrices, demanding additional storage resources and extended computational time. 

While MoM and FDM are more straightforward and easier to program than the FEM 

and FEM emerges as a potent, widely used, and versatile numerical technique for 

tackling intricate problems such as large and complex structures within inhomogeneous 

media. 

 In FEM, the extensive computational structure is divided into smaller finite 

element structures, which may include triangles, rectangles, tetrahedrons, and 

hexahedrons. As a result, FEM provides greater accuracy when compared to methods 

like MoM and FDM. Among these, FEM excels in terms of precision and systematic 

approximation of complex structures [36]. Accordingly, in this thesis, all structures are 

simulated and optimized using the FEM-based EM simulator known as High-

Frequency Structure Simulator (HFSS).  

The HFSS simulator simplifies the calculation of proposed antenna parameters, 

including VSWR, radiation efficiency, peak gain, radiation parameters, surface current 

distributions, S-parameters, and many more. Moreover, it allows for the easy extraction 
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of other parameters like Admittance (Y), impedance (Z), and 3-D EM near/far-fields. 

Additionally, the tool provides access to different port which helps in accurately 

simulating coplanar and microstrip lines. The HFSS simulator includes an optometric 

feature that proves highly useful for antenna designers, allowing them to optimize 

antenna designs for desired results.  

The procedure for designing the HFSS simulator's structure is described in the 

stages as follows. 

➢ Select the solution type and establish prototype units (cm, mm, etc.).  

➢ Utilize the available drawing tools to sketch the proposed structure.  

➢ Allocate boundaries to the created objects.  

➢ Employ a suitable port excitation scheme to stimulate the design structure.  

➢ Construct a radiation boundary filled with air, typically used for radiating 

structures. The size should align with a quarter of the wavelength. 

➢ In analysis setup, specify frequency and number of passes. Moreover, configure 

a frequency sweep and set the start-stop frequencies. 

➢ Authenticate the structure and conduct analysis within the specified range.  

➢ At last, generate simulation output for different parameters including efficiency, 

S-parameters, VSWR, peak gain, efficiency etc. 

➢ At microwave range of frequencies, a high-precision antenna fabrication is 

crucial. As a result, we employed the photolithographic method, milling 

machine techniques, and the MITS Eleven PCB prototype machine is used to 

create the proposed antennas. The front patch and ground plane are fabricated 

on a substrate (FR-4 material), with thickness of 1.6 mm. The antenna 

characteristics are then computed by a Rohde & Schwarz ZVL series VNA. We 

observed several parameters including S-parameters, gain CCL, radiation 

efficiency, MEG, TARC, diversity gain, ECC etc. in the frequency band of 9 

kHz to 13.6 GHz. 
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Figure 1.11 Process design flow for obtaining desired result 
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1.10 Thesis Organisation 

The work of this thesis has been divided into the following six chapters: 

Chapter1 presents the introductory section of the thesis and concise overview of 5G 

MIMO technology outlines the motivation for the study and provides an outline of the 

thesis structure. 

Chapter 2 delves into the current state of the art in this field. In this literature review 

on various 5G narrowband and wideband MIMO antennas with multiple element 

antennas for 5G NR band and wide band is presented and summarized. 

Chapter 3 introduces a compact and effective 2-element MIMO antenna built for the 

sub-6 GHz 5G (NR) frequency spectrum. The proposed antenna has dual element with 

ground of an inverted T-typed. We conduct an analysis on various antenna attributes 

like S-parameters, ECC, efficiency, DG, TARC, realized gain, current distribution, and 

radiation patterns. 

Chapter 4 discusses the quad element patch MIMO system arranged in face-to-face 

method with adequate spacing between antennas so as to progress necessary mutual 

coupling. The enhanced structure consists of inverted T-shape partial ground and square 

type patch with stub elements on both sides to enhance impedance matching. Also, the 

role of twin stub and rectangular notch on top right corner of patch is discussed. 

Chapter 5 discusses the implementation of a modified rectangular U-shape radiating 

element in a microstrip-fed antenna system. The MIMO antenna utilizes an 

asymmetrical strip line to enhance isolation, together with a partially grounded and 

parallel metal strip line on the ground side to enhance mutual coupling. This quad-port 

MIMO device functions in the sub-6 -5G bands, as well as the 5 GHz WLAN bands. 

We evaluate many characteristics like ECC, reflection coefficient, mutual coupling, DG 

and TARC. Moreover, the investigation to validate the housing effect by utilizing a 

diverse range of materials was carried out. 

Chapter 6 summarizes the thesis work done through comprehensive research carried 

under three different work chapters as well as explores the potential avenues for future 

research. 
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1.11 Summary 

This chapter provided a concise overview of 5G technology, followed by a detailed 

examination of several MIMO antenna. This chapter also summaries the motivation and 

challenges underlying the current investigation. Essentially, this chapter presents a 

comprehensive and exhaustive overview of the thesis. The next chapter provides a 

concise overview of 5G monopole and MIMO antennas. 
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" Effective antenna design demands careful impedance matching and minimal losses." 

         David M. Pozar 

2.1 Introduction 

This chapter includes a comprehensive exploration of various and widely adopted 5G 

antenna technologies intended for deployment in 5G mobile devices, WLAN, and 

diverse IoT applications like smart devices and smart houses, etc. Adding 5G to the IoT 

is the most difficult communication systems because it has its specific regulations about 

fast data transfer, more efficient channels, and reducing the effects of electromagnetic 

(EM) waves.  To boost performance during transmission and reception, the use of 

MIMO technology involves many antennas at one or both ends of a communication 

link. This technology provides spatial multiplexing diversity and also helps to increase 

communication range. As the numerous wideband MIMO designs are available, 

incorporating both omnidirectional and directional patterns. The chapter presents 5G 

MIMO design approach to improve diversity gain and provide sufficient data rate. 

Further, a widely used printed design is surveyed, which includes tapered, circular, 

hexagonal, semi-circular, and elliptical shapes, as well as tuning stub antenna design, 

including T-shaped, fan-shaped, rectangular, and DRA-type structures [10]. 

 In the year 2020, Kumar et al. [37] presented the various substrate materials 

used, as listed in figure 2.1. The antenna design includes a printed and planar monopole, 

a square monopole, and other types, such as circular, elliptical, trapezoidal, and PICA 

(planar inverted cone type antenna). Another popular approach to design is to use slot-

on patches, periodic structures, stub lines, and hybrid techniques. Generally, 5G, 

WLAN, and WiMAX are compatible with these techniques. The antenna's primary 

requirement is a wide bandwidth with an improved radiation pattern and efficiency, but 

the antenna design confronts difficulties in terms of size, integration, and shape, making 

it unique. Choosing materials with lower loss tangent and permittivity values enhances 

gain, efficiency, compactness, and bandwidth [38]-[39]. Therefore, by utilizing a 

quarter-wavelength line, we examine conventional microstrip configurations, such as 
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monopoles and dipoles. These devices are simple to design and manufacture, but they 

require a large ground plane. However, opting for materials with low permittivity might 

be expensive and dependent on their availability. The high-permittivity materials 

greatly enhance the return loss. Additionally, the antenna specifications, substrate 

material, and dimensional restrictions are the key factors for the development of the 

compact antenna [40, 41]. 

 

Figure 2.1 Pictorial representation of 5G MIMO antenna with substrate materials, 

antenna types and application 

2.2 Review on performance enhancement technique of MIMO Antenna 

Nadeem and Choi [42], presented a survey consisting of diverse techniques for 

enhancing isolation and mutual coupling. The minimum mutual coupling requirement 

between closely located antennas ranges from -17 dB to -20 dB. Below this value, the 

mutual impedances can cause antenna mismatch, thereby affecting radiation efficiency. 

Techniques such as DGS and CSRR can produce a broad frequency band with lower 

ECC. The neutralization lines (NL) provide significantly enhanced isolation, and the 

use of parasitic or slot elements reduces antenna size while improving ECC and 

efficiency [43]. Additionally, the decoupling networks use simple structure but 

advanced performance. As the DRA is considered inefficient in terms of area and 
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complexity compared to printed antennas, but metamaterial-based antennas offer 

superior performance with the drawback of costlier fabrication [44- 46]. 

Ullah and Tahir [47] presented the planar monopole array with a feeding 

network consisting of T-typed junctions. The array is constructed using a Rogers 

RT/Duroid 5880 substrate with dimensions of 40 × 15 mm2. The helical monopole 

antenna array and hexagonal parasitic patches are used to reduce inter-element coupling 

and surface waves; the overall bandwidth performance gets better. This leads to a peak 

gain of 11.5 dBi and radiation efficiency of 83%.  

 Azim et al. [48] developed an LTE-based planar antenna using stepped patch 

and slots within patch, has a broad frequency range from 3.15 to 5.15 GHz. The 

resulting antenna demonstrated an impressive 80% radiation efficiency and maintaining 

an omni-directional pattern. However, the antenna's peak gain of 2.6 dBi falls short 

compared to antenna proposed by Li et al. [49], which meets the requirements for 

optimal performance in wireless applications for the frequency range of 1.68 to 3.92 

GHz (SWR ≤ 1.5) and high isolation (> 25 dB), but the challenge lies in the design 

requiring a smaller and better feed-network integration to stay competitive in future 

deployments. 

 Ling & Li [50] proposed an antenna with minimal mutual coupling that covers 

WLAN and portable wireless device bands 5.8 GHz and 2.4 GHz. This MIMO consists 

of dual-band, two element monopole antennas connected back-to-back and fed with a 

transmission line suitable to cover WLAN and portable wireless device bands at 2.4 GHz 

and 5.8 GHz, but isolation was not adequate enough. 

 Wang et al. [51] recommended building a MIMO with a decoupling system to 

enhance isolation through a back-to-back connected slot. To obtain the WLAN band, a 

microstrip and a meandered branch structure feed a folded monopole onto a substrate. 

However, the challenge was to reduce size and improve isolation. Further, Yi et al. [52] 

presented dual-band monopole antennas working at 2.5 and 5.5 GHz that have 

applications in WLAN and WiMAX. Further, with the use of the miniature double 

circular split ring slot DGS approach, the port isolation has improved in a printed dual-

band monopole array. The findings show a substantial reduction in the mutual coupling.  

To improve isolation, Niu et al. [53] suggested an antenna that could separate 

signals by 34.2 dB at 3.7 GHz and 36.3 dB at 4.1 GHz. It would achieve this by utilizing 
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a modified antenna decoupling surface (MADS) and an H-shaped defected ground 

structure (HDGS). The antenna has an overall size of 48.5 × 60.6 mm2.  

According to Tang et al. [54], the antenna has a wide range, a favourable TARC, 

a wide impedance bandwidth, and acceptable radiation efficiency, gain, and ECC. It has 

a notched band that covers WiMAX, WLAN, and X-band. The staircase-shaped element 

is used for decoupling and has slits and radiating slots, resulting in favourable isolation 

and diversity. The MIMO antenna is 39 × 39 mm², has an FR-4 substrate with a constant 

of 4.4. The ECC is below 0.01, and the CCL is less than 0.4 bits/Hz. 

 Zou et al. [55] propose an eight-element array with an L-type slot and a U-type 

monopole, operating in the LTE band of size 150×75 mm2. The frequency bands FR-1 

(2400-2600) MHz and FR-2 (3400-3600) MHz come under the wideband MIMO 

antenna with good correlation, i.e., < 0.02, and acceptable isolation of ≤ -15 dB with a 

maximum efficiency of 63% and isolation better than 12.5 dB, operates in the LTE 

42/43/46 band. Furthermore, the channel capacity at 20 dB SNR is 38.8 bps/Hz and 

39.7 bps/Hz, respectively. 

 For the wide range of antennas available for 5G-MIMO applications, a compact 

handheld gadget in limited space, as deliberated by Zhai et al. [56], becomes more 

challenging. The close connection is susceptible to mutual coupling, which limits the 

use of array antennas with close-profile elements. Thus, Su et al. [57] proposed an 

antenna consisting of a compact two-inverted-F-antenna (IFA) system that can integrate 

a small ''П-shaped'' structure cover (2.4/5) GHz WLAN bands by IFAs. The isolation 

between the IFAs in the 2.4 GHz band exceeds 16 dB in both bands by selecting the 

appropriate capacitance and inductance. 

 Xu et al. [58] created a planar monopole with low gain and low radiation 

efficiency, which they accomplished by attaching U- and T-shaped stubs to the patch. 

The shared ground feed line enhances mutual coupling. Zhang and Pederson [59] 

designed MIMO antennas that effectively span a band of 3.1-5 GHz, and achieves 

mutual coupling below -22 dB. The planned NL placement above the ground plane 

allows for a small clearance, resulting in a compact antenna area of 35 × 16 mm2 

without the need for ground plane modification. A robust microstrip antenna (MSA) is 

presented by Yue et al. [60] with improved isolation. Furthermore, Tiwari et al. [61] 

suggested that a narrow strip with isolation enhancement works best with an ideal value 
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of -22 dB for multiple types of wireless communication. A square-shaped composite 

right- or left-handed cell is proposed by Sharma et al. [62], also recognized as a 

composite right or left-handed (CRLH) structure, which offers a level of isolation of at 

least -15 dB. Despite its enormous size, a hybrid dielectric resonator antenna (DRA) 

achieves an isolation value of approximately -25 dB in triple bands. Thus, better 

isolation of an additional -4 dB was provided by Sharma and Pandey [63], who 

developed the 2×2 antenna with a fractal electromagnetic bandgap (EBG). Additionally, 

Liu et al. [64] proposed that the design involves numerous IFAs. The antenna's overall 

dimensions are 140 × 70 × 0.97 mm3, with an operational range of 3.4 to 3.8 GHz, an 

efficiency greater than 50%, and the ECC remaining below 0.2 across the band. 

2.3 Literature based on performance parameters of MIMO antennas for 5G and 

WLAN 

Gao et al. [65] proposed a 2-element slot-strip array for smartphones and base stations. 

Today's need for a compact antenna prompts the exploration of large-size antennas 

using a variety of techniques that ensure moderate coupling. Also, we need diverse 

antennas like antipodal vivaldi (AV), inverted-f (IF), fractal, planar inverted-f (PIF) and 

dissimilar loop antenna configurations to meet these 5G needs. We too need antennas 

that have higher gain and better channel capacity [66]-[67].  

 With improvements in bandwidth and gain, Chattha H. [68] proposed the two-

element 4-port inverted-F antenna design for 5G-IoT applications, which covers a band 

from 2.7 to 3.6 GHz. The ground plane design includes a rectangular slot under the top 

plate to improve the antenna's impedance matching and coupling. This stops current 

flow between ports and boosts mutual coupling, but it covers only partial 5G (NR) 

bands. 

 Soltani et al. [69] presented a dual-band MIMO working on WLAN at a 

frequency of 2.4-5 GHz with two back-to-back slots and a second pair of slits added to 

achieve better isolation above -14 dB, and in the range from 4.9 to 5.75 GHz, the 

isolation is above -12 dB. This prototype antenna measures 46×20×1.6 mm3, achieves 

isolations greater than 10 dB, and has an efficiency above 50%. The recent development 

in MIMO antenna design configurations has focused on unique and complex 

approaches, as discussed in [70]–[73]. The inductor-decoupled high-isolated inverted F 

antenna introduced by Chen et al. [70], featuring a T-shaped substrate for 5G 
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applications. This antenna requires improvement in the correlation between antenna 

elements; also, it is suitable for dual-band operation with an efficiency exceeding 35%. 

It incorporates the substrate height of 1.4 mm, providing an advantage in terms of 

display-to-body ratio, isolation over 10 dB, and ECC < 0.3. 

 A compact antenna is designed by Khalid et al. [71], with a size of 39 × 30 mm2 

for 5G communication, using a Rogers R04350B substrate with an identical dipole and 

single slot. The four-port antennas use a CSRR with the DGS method. Pattern diversity 

based on a T-junction improves isolation and correlation. The 4.1 GHz bandwidth and 

a gain of 8.3 dB, with a channel capacity loss of < 0.4 and an outstanding correlation 

of < 0.01, are the properties of the projected antenna. 

 Ullah et al. [72] proposed a monopole L-shaped structure for the 5G antenna in 

the C band. An L-shaped metallic strip on top of the FR4 substrate is placed, allowing 

the strip's length and width to be tuned to the desired frequency. The antenna has a peak 

efficiency of 82%; it deteriorates to 19% in the multiband. According to Chen et al. 

[73], a circularly polarized antenna with an EBG structure and a partially truncated 

DRA has a maximum impedance bandwidth of 25.9% and works well over a wide axial 

ratio. Although the projected design attains excellent isolation (> -15 dB). 

 For 5G applications, Saurabh and Meshram [74] designed a compact MIMO 

antenna that operates within the sub-6 GHz frequency range, specifically between 3.34 

and 3.87 GHz. The MIMO system radiating part is made up of two identical rhombus-

shaped parts that are linked together by a tapered microstrip feed line. The structure 

integrates with the U-shaped stub on the bottom plane to enhance isolation and achieve 

impedance matching. As a result, there was a noticeable improvement in isolation of -

20 dB within the specified frequency range. 

 Jiang et al. [75] introduced the hybrid decoupling neutralization line (NL) with 

a ground slot to enhance the complexity of the design. The surface wave coupling and 

inductive coupling were effectively decreased by the hybrid decoupling structure. The 

overall efficiency degrades performance depends on the hand effect in close proximity, 

as the hand is acting as a lossy medium. As a result, due to the various hand and head 

models, the isolation becomes weaker. The electromagnetic absorption causes a 30% 

reduction in efficiency and a 40% decline in radiation efficiency.  
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The antipodal-vivaldi antenna designed by Dixit and Kumar [76], consists of an 

upper and lower conductor act as a radiator and ground on substrate material. The 

antenna requires more space [77]-[78] but also provides a wider bandwidth and stable 

radiation pattern. Comparatively, with good impedance matching and sufficient 

bandwidth, Darimireddy et al. [79] proposed a densely packed fractal antenna using 

repetitive behaviour and consistent performance, but design complexity is one of the 

major constraints. 

 Parchin et al. [80] proposed an orthogonally placed microstrip antenna using an 

FR-4 substrate to simplify the design and minimize mutual coupling among elements. 

Additionally, the mutual coupling between the four pairs of double-fed circular-ring 

resonators reduces due to the inclusion of rectangular slots beneath each microstrip 

feedline. This has resulted in an impressive frequency bandwidth (S11 ≤ -10 dB) 

covering the range of 3.3 GHz to 3.9 GHz for the smartphone antenna array. The eight 

uses an L-shaped microstrip structure was suggested by Abdullah et al. [81]. It has an 

ECC of less than 0.2 and an efficiency of 45–65% in the 2.4–3.6 GHz band. Thus, 

Ghannad et al. [82] suggested the design with -40 dB of isolation and 9.7 dB of DG 

with ECC of 0.15. Further, it is stated that a linear array construction with two basic 

patch antennas demonstrated superior isolation and impedance matching without the 

need for traditional matching networks. 

 Ban et al. [83] demonstrated a novel method by utilizing high-permittivity glass 

(4.4) material for the display. This methodology allows for the observation of the 

reflection coefficient with and without a display panel. Nonetheless, the technique 

continues to encompass the operating frequency range that is beneficial in 5G 

applications, specifically within the 3.3 to 3.8 GHz frequency band. We obtained a 

correlation coefficient below 0.05 using far-field measurements, which suggests that 

there is a strong diversity and multiplexing capability among the antenna parts. 

 Kaushal et al. [84] suggested a better antenna design that uses a ring slot-based 

CSRR and an L-shaped parasitic element. This gives isolation > -20 dB in the sub-6 

GHz band and an efficiency of 82.6%. The only problems are that it is bigger (75 × 150 

mm2) and only covers 3.4-3.8 GHz. Additionally, Jayant and Srivastava [85] said that to 

get the right antenna performance, ground etching and polarization diversity are used 
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from a 4 by 4 proximity-coupled microstrip feed MIMO antenna in order to get enough 

efficiency.  

Raheja et al. [86]  proposed fractal Koch geometry and CSRR with an elliptical 

shape loaded with orthogonally placed MIMO and two notched bands. CSRR techniques 

improve the operating range and eliminate undesired bands (3.5 and 5.5 GHz). The 

isolation achieved  is approximately -22 dB, which indicates strong performance at an 

operating frequency of 3-13.5 GHz, was enhanced by the use of a slotted edge substrate. 

However, the cutting slot raises concerns for inter-element isolation. 

A group of researchers led by Wu et al. [87] suggested a four-port antenna with 

a 3×3 EBG structure that can block bands from 5 to 9 GHz and possess diversity 

properties, with isolation of -17.5 dB. The fractal geometry incorporates a 4-element 

crescent ring-type slot to achieve sufficient impedance matching, while the FR-4 

material with a profile dimension of 60 × 60 × 1.6 mm3 is employed by the notched band 

at 4.6 GHz.  

For wideband operation, Tirado-Méndez et al. [88] proposed the multilayer drop-

type 4-element Kraus method with a photonic band gap (PBG) structure for improved 

inter-port isolation. A wideband MIMO antenna configuration has four drop-shaped slot 

antennas that are placed in different layers and perpendicular to each other. They are 

paired up to stop surface currents from spreading to other radiators. 

 Srivastava and Mohan [89] showed a wideband MIMO antenna with a staircase-

shaped element and many slits that has good TARC but poor isolation. Hence, to 

improve the isolation, Tiwari et al. [90] suggested a compact neutralisation technique-

based MIMO antenna that can work with wireless networks up to 10.08 GHz and has a 

size of 39×39 mm2 with -23 dB of isolation. Furthermore, the advancements in MIMO 

have led to the exploration of numerous methods to improve patch coupling and address 

the resonance condition. Additionally, Kulkarni et al. [91] proposed wideband MIMO 

for the NR (n77/n78/n79) 5G band using an EL slot and a protruded UPMS isolation 

technique. The isolation attained is 17.5 dB with a gain of 3.5 dBi and an efficiency of 

85%. But the mathematical modelling is limited, which does not justify the slot width 

and length. 

Keshri et al. [92] proposed the orthogonally placed quad element 30×30 mm2 

compact and high-performance MIMO. The isolation of S12 < -22 dB and S13 < -23 dB 
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is considered excellent performance for MIMO antennas. In the MIMO environment, 

we expect an arc on the radiator and a modified staircase-shaped ground structure with 

improved isolation. Amin et al. [93] proposed the semi-elliptical structure using FR-4 

material. The four-element UWB antenna can be put together more easily with the help 

of parasitic resonators and a stub network. Among the various techniques, one of the 

most effective is the open-slot-based technique, whose length varies with compact 

shape and size. The various methods discussed by Megahed et al. [94], such as EBG 

(electric bandgap), DGS (defected ground structure), and NL (neutralisation line), are 

used in the construction of 5G antennas. The stated EBG provides better isolation due 

to the capacitance effect, which led to high DG (diversity gain) and efficiency. 

 For the sub-6 GHz 5G band, Desai et al. [95] proposed a transparent, dual-

element MIMO antenna. Here are two scenarios to elucidate the isolation mechanism: 

In the first scenario, the radiating elements align in the same direction using an 

unconnected ground plane, and in the second scenario, the antennas are vertically 

oriented facing each other with a shared ground. We present dual-element MIMO 

antennas that achieve, a bandwidth of 300 MHz (4.65 - 4.97 GHz) and isolation beyond 

15 dB, and it do not utilise any decoupling elements. furthermore, the proposed antenna 

has an efficiency of 45% and gain of only 1 dBi. However, it still performs well enough 

for MIMO diversity in both situations. But the limited band was covered. Thus, to 

improve the coverage, Xi et al. [96] designed the dual-band MIMO antenna tailored for 

operation within the 5G sub-6 GHz frequency range, specifically covering n7, n38, n41, 

and n79. A DGS and a slotted stub were strategically employed to mitigate coupling 

currents between adjacent ports. The measured S11 varies from 2.34 to 2.71 GHz and 

3.72 to 5.10 GHz, with an improved isolation of 20 dB across the frequency band. 

However, a peak gain of 3 dBi and radiation efficiency of 62% is attained by the 

proposed antenna.  

Chattha et al. [97] proposed the 5G antenna for handheld applications, which 

operates in the frequency range of 2.4 to 3.8 GHz. The ground plane etched the slots to 

reduce mutual coupling among elements, ensuring 30 dB of isolation within the desired 

frequency band. Additionally, the proposed MIMO antenna demonstrates an improved 

gain of 5 dBi, and the ECC value remains within acceptable limits.  
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Rekha and Jino [98] presented the MIMO antenna featuring a four-element 

design for 5G and WLAN operating within the frequency band of 4.5 to 5.8 GHz. This 

antenna incorporates parasitic elements to enhance isolation, achieving a notable 

increase from 20 dB to 45 dB. Experimental testing of the prototype validates the 

antenna's performance, with measurements corroborated by simulations. This antenna 

has a notable efficiency of 96% and an average gain of 4 dBi.  

 Gao et al. [99] presented a 2-port high-gain MIMO antenna designed for 

5G applications with dimensions of 190.46 × 56.65 × 0.254 mm3. The ground plane 

integrates a hollow T-shaped branch to enhance antenna isolation. With a hybrid series-

parallel feeding technique, the achieved gain of 25.75 dBi with nearly 90% efficiency 

in the designated band. The maximum diversity gain value attained by the antenna is 

10 dB and the minimum of 9.89 dB, while, the ECC peaks at 0.022. Furthermore, ECC 

and CCL verify the MIMO antenna's diversity performance, both falling within the 

optimal value range as described in [100]-[101]. For outdoor long-range point-to-point 

wireless relay communication systems, the developed MIMO antenna is used. 

Sun et al. [102] proposed a dual-mode decoupling; two meticulously spaced 

open-slot antennas introduce a connecting line between them. The combined slot 

antenna pair offers a wide operational bandwidth from 3.3 to 5.0 GHz with S11 < -6 dB 

and S21 < -10 dB. The total efficiency varied from 62% to 81%, with an ECC below 

0.15. Comparatively, a compact MIMO system with four identical magnetic dipoles 

housed in a metallic handset has a bandwidth of 3420 - 3500 MHz and a calculated 

ECC of about 0.31 dB [103].  

A study by Addepalli et al. [104] suggested an asymmetrically fed MIMO 

antenna to increase the bandwidth. It uses a 4 × 4 MIMO with a Calendula radiating 

patch and a rectangular stub to improve isolation. The antenna works in 3.26-5.18 GHz 

band and exhibits excellent diversity characteristics, including an ECC below 0.005, a 

diversity gain close to10 dB, a CCL under 0.05 b/s/Hz, a MEG around -3.0 dB, a TARC 

lesser than -10 dB in the specified band, a radiation efficiency of 90%, and a gain 

ranging from 2.50 to 4.50 dBi. Additionally, the same author presented both a 2/8-

element and a 2-element antenna, each using a unique approach. The first approach 

used fractal-loaded patch and protruding T-shaped stub with partial ground for 

enhanced isolation. The antenna proves better impedance matching and high isolation 
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>15 dB between ports in 5G sub-6 GHz bands. The key performance metrics comprise 

ECC < 0.005, TARC <−10 dB, peak gain over 2.5 dBi, and radiation efficiency over 

95%, making it an excellent choice for 5G wireless services [105]. In later approach, 

the antenna consists of two improved V-typed radiators interconnected with feeds and 

T-typed ground. The 4-element crescent ring type slot and fractal geometry are utilized 

to create a notched band and an impedance matching at 4.6 GHz with a profile 

dimension of 60×60×1.6 mm3. The design reaches over 18 dB of isolation across the 

entire operational WLAN and 5G-NR band [106]. 

The current scenario requirement is to develop a miniature MIMO antenna that 

can support several bands to enable the independent use of 5G NR bands in indoor 

networks, ensuring smooth transitions. Maintaining isolation between nearby deployed 

radiators is a significant difficulty for antenna designers since it adversely affects the 

MIMO's performance metric. Improvements in the isolation between closely spaced 

antenna radiators have been reported using various methods [107-113]. 

Table 2.1 Performance Comparison of the Multiple-Input Multiple-Output Antennas 

for 5G 

 Ref. 

No. 

Type of 

antenna 

technique used 

Impedance 

bandwidth 

(GHz) 

Isolation 

(dB) 
ECC 

Max. 

Efficien

cy (%) 

Channel 

capacity 

(bps/hz) 

[16] 

Dual polarized 

with compact 

ring slot 

3.4–3.8 > −25 
< 

0.5 
60 - 

[55] 

L-shaped slot 

and U-shaped 

monopole  

5–6.08 > -12.5 
< 

0.15 
63 40 

[74] 

Rhombus-

shaped 

monopole with 

microstrip line 

feed 

3.34 - 3.87 > -20 

< 

0.01

2 

92.9 -- 

[77] 
Inverted-F 

antenna (IFA) 

2.4 - 2.48 

GHz 

5.15 - 5.82 

GHz 

> -15 
< 

0.2 

Upto 

85 
- 

[80] 
Circular ring 

slot 
3.3–3.9 < -18 

< 

0.00

5 

60–80 35 
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In table 2.1, the performance characteristics of diverse MIMO works in 5G band is 

carried out with acceptable isolation and sufficient ECC. In the given table, the 

respectable isolation obtained in around 20 dB, and the ECC below 0.05, indicating 

acceptable diversity performance in the case of compact MIMO. 

2.4 Inferences drawn from the literature survey: 

• The literature review discussed above covers traditional approaches such as 

electromagnetic bandgap (EBG) cells, dielectric resonators antenna (DRA), 

complementary split ring resonators (CSRR), and neutralization lines (NL) to 

suppress mutual coupling in various MIMO antennas for sub-6 and above 6 

GHz band. The availability of compact and innovative MIMO array antenna 

[81] 

Unit monopole 

open-end slot 

antenna 

2.5 - 3.6 ≤ -15 
< 

0.2 
65 34.25 

[83] 
Coupled fed 

loop 
3.3–3.6 > -15 

<0.1

5 
<40 40 

[100] 

Using quad-

element 

antenna linear 

array 

3.4-3.6 > -12 
< 

0.3 
53 36 

[101] 

Asymmetricall

y mirrored 

gap- coupled 

loop antennas 

3.4-3.6 > -10 
< 

0.15 
52 36 

[102] 

Closely- 

spaced open-

slot antennas 

3.3 – 5 > -10.8 
<0.1

4 

52.5 - 

83.1 
-- 

[102] 

Inverted L-

shape 

monopole  

3.3 – 3.7 > -15 <0.1 50 - 75 38.1 

[114] 

Four element 

microstrip 

dipoles 

3.45-3.55 >-15 
<0.3

1 
40 - 50 15 

[115] 
Side Edged 

Framed MIMO 
3.25 - 3.75 >-13 0.1 58-72 38.5 

[116] 

Crown shape 

radiator with 

DGS 

-- ≤ -15 
< 

0.05 
upto 90 -- 
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designs for 5G NR (n77/n78/n79) and WLAN (Wi-Fi 5/6/6E) frequency bands 

are still limited, which consequently restrict the required bandwidth coverage. 

• Designing an efficient broadband antenna for the IoT, and 5G applications 

remains challenging as achieving broadband coverage without compromising 

MIMO performance parameters is difficult. While many antennas cover the sub-

6 GHz spectrum, often suffer from poor isolation. Additionally, ensuring stable 

MIMO parameters such as ECC, DG, TARC, MEG and CCL across the entire 

operating band remains a significant challenge. 

• The key issue in MIMO system is the mutual coupling, which refers to the 

unwanted interaction between closely spaced antenna elements. Although, 

employing various decoupling structures with different orientation can reduce 

coupling, but these techniques often tend to occupy additional space and an 

increase the complexity of the design. Therefore, there is growing need for 

compact, wideband planar antenna structures that can inherently mitigate 

mutual coupling without compromising the antenna performance. 

• To meet the stringent requirements of the 5G communication system, this work 

presents a design and development of compact 2-element and 4-element 

wideband rectangular truncated-corner patch antennas employing an 

asymmetrical feed along with a staircase U-shaped quad-element MIMO 

configuration. The proposed structures exhibit wide impedance bandwidth 

covering n77/n78/n79 and WLAN bands. Further, an enhanced isolation is 

achieved through a simplified ground plane integrated with stub-based 

decoupling, thereby eliminating the complex/bulky decoupling networks. The 

compact design ensures broad coverage and stable performance across desired 

frequency range, confirming its suitability for next-generation 5G and WLAN 

applications. 

 2.5 Summary 

In this, we delve into various MIMO configurations and schemes utilized in 5G. It has 

been observed that the number of antennas at both transceiver end can significantly 

boost channel capacity. This principle holds promise for integrating diverse applications 

of 5G and IoT. For 5G, the aim is to achieve sufficient isolation, improved correlation 

between antennas, maximum efficiency, and ample bandwidth and for the same a 
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comparative analysis of different antenna techniques is discussed. This literature 

chapter explores several innovative MIMO antennas designed specifically for Sub-6 

GHz applications. However, there remains a notable necessity for further research to 

develop and refine compact 5G-MIMO antennas with enhanced isolation, aligning with 

the requirements of modern wireless applications. 

 This research primarily focuses on investigating, developing, and presenting the 

analysis and design of novel two- and four-element MIMO antennas operating within 

the wideband 5G spectrum (under 6 GHz) in the subsequent chapters.  
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High Isolation Compact Two Port 5G MIMO Diversity 

Antenna with Asymmetrical Feed and Partial Ground 

Structure 
"Antenna design is a balance between performance and practicality." 

               Constantine A. Balanis 

3.1. Introduction 

The 5G of portable communication devices is increasingly necessary to meet the 

demands of the growing traffic on the internet. This reason has led to the installation of 

cellular systems 1’s within a few hundred meters, and wireless local area networks 

(LANs) have been installed almost everywhere to cater for this need. The devices are 

attractive, as they have a number of desirable characteristics, such as low delay, a wide 

spectrum bandwidth, and low power requirement in scattering environments. Also, they 

offer high trans-reception of data in gigabits per second (Gbps). According to ITU-R, a 

5G network is said to have two primary spectrums: millimeter waves and sub-6 GHz. 

Using 5G networks, mobile networks will be capable of transferring data at faster rates, 

while they will also be able to scale, be connected to other networks, and be more 

energy-efficient.  

Developing a popular smart-phone and smart IoT device using 5G requires 

MIMO antennas. Mobile devices of the 5th generation utilize multiple-element 

MIMO/massive MIMO for wireless communication for base stations and other 

applications. This scenario occurs due to the increase in capacity gain by using more 

antennas on the transceiver. The 3rd generation partnership project (3-GPP) has 

spectrum ranges from (n77: 3.3 to 4.2) GHz, (n78: 3.3 to 3.8) GHz, and (n79: 4.4 to 5) 

GHz [37]. Designing a compact handheld gadget in limited space becomes more 

challenging due to a wide range of antennas available for 5G-MIMO applications, and 

array antennas are close-profile elements restricted by close connections, and the close 

connections are prone to mutual coupling [56]. Different decoupling techniques (mutual 

3 



 
 
 

 
 

33 
 

coupling reduction) have been examined for enhancing isolation between closely 

located antennas, which improves MIMO performance parameters like ECC, MEG, 

DG, and TARC [42].  

In [55], the proposed 8-element array working in dual-band (LTE 42 and 46) of 

size 150 × 75 mm2 with an L-type slot, and a U-type monopole and isolation of >12 dB 

for 5G smartphones is discussed.  The operating frequency ranges from 3.4-3.6 GHz 

with maximum efficiency of 56% and ECC of 0.1.  In [32], the proposed MIMO 

structure have open ended slots of varying length ranges from 2.40-2.67 GHz and 5.46-

5.73 GHz with isolation 20 dB. In [114], two elements symmetric microstrip antenna 

(MSA) developed on T-type ground and I-type parasitic element for good mutual 

coupling for sub 6 GHz application. In [69], dual band MIMO slot antenna with two 

back-to-back slots was designed to operate from 2.4 to 2.5/4.9 to 5.725 GHz. Further, 

in [53], high isolation antenna with modified H-type defected ground structure (DGS) 

and array decoupling structure was proposed. In [58], parasitic element-based planer 

monopole was proposed with low gain and low radiation efficiency. The U and T shape 

stubs were connected to the patch and feed line with shared ground to improve the gain, 

efficiency, and the mutual coupling [82].  In [63], the 2 × 2 antenna with fractal electro-

magnetic bandgap (EBG) provides additional 4 dB better isolation with simple 

structure. In [64], the proposed low-profile 8- element Inverted-F antenna (IFA) has 

repetitive behaviour and orthogonality results in complexity and poor efficiency. To 

achieve sufficient efficiency, the ground etching and polarization diversity is used for 

necessary antenna performance [85]. Further, the complementary split ring resonator 

(CSRR) improves isolation and correlation by pattern diversity [71]. In [60, 115], the 

robust microstrip antenna (MSA) with improved isolation is presented but it is not 

suitable for 5G. With the use of narrow strip, the isolation enhancement is achieved 

with ideal value of -22 dB is used in diversified wireless communication [90]. In [116], 

the proposed design consists of square shape composite right/left-handed cell i.e., 

CRLH structure which gives the isolation ≥15. Additionally, the isolation value of < 

−25 dB in triple band is achieved by using hybrid dielectric resonator antenna (DRA) 

but, it is enormous in size [62].  

The MIMO antenna design is linked with many features of smartphones, base 

stations, and MIMO communication. As the Compact antenna is today's need but in 
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[59, 65, 68, 119], large-size antennas are deliberated using various techniques, with 

moderate coupling and low-frequency coverage. The design and simulation are carried 

out on the Ansys HFSS, used for optimizing the size and finding results of the antenna 

with a wideband operation that covers the sub-6 GHz 5G band. 

In this chapter, a compact high-performance two-element MIMO diverse 

antenna for wireless-LAN 5 GHz band and sub-6 GHz 5G(NR) band is presented. The 

structure comprises of two identical radiating elements with an inverted T-shaped 

modified ground plane as shown in figure 3.1. This antenna has sufficient bandwidth 

ranging from 2.92 to 5.72 GHz. The measured and simulated result illustrates that the 

proposed antenna is suitable for 5G wireless communication. 

3.2. Antenna Design configurations and simulated Results 

3.2.1. Antenna Design 

Figure 3.1 illustrates the design of a 2-element MIMO system. It consists of two 

identical rectangular radiators placed on the top side and a modified inverted T- shaped 

common ground structure for isolation improvement. The total size of the designed 

antenna is only 34 x 20 mm2. It is composed of a microstructure that fabricates on a 

FR-4 substrate. This material has relative permittivity, tan-𝜎 and a thickness (t) of 4.4, 

0.0025, 1.6 mm, respectively. The two identical patches have square shaped whose 

length (Lp) and width (Wp) with truncated corners of length (L1) and width 

(W2+W3+W4) to enhances the working frequency band. The rectangular stubs attached 

on both sides of the patch having width (W3) and length (L1+L2) are connected below 

the patch in order to increase the path of the current by reducing capacitive reactance. 

The coupling between ground and rectangular stubs helps to shift the frequency band 

towards the lower side. The ground plane involves a simple rectangular strip of length 

and width of (Lg x W) and an I-shape strip of width (Wg1) and length (L - Lg) attached 

in the center, which leads to an inverted T-shaped ground. Further, to cover partial 5G 

bands, a U-shape slot is etched on the rectangular ground of length (Lg - Lg1) and width 

(Wg). To cover all 5G-NR bands, an asymmetric feed principal is used, wherein, the 

radiating elements are kept aside by (Wg3) with reference to the U-type slot. The 

optimized feed of length and width (Lf x Wf) is considered to attain characteristic 

impedance (𝑍𝑂) of 50 Ω. The table 3.1 shows the optimized dimension. 
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Figure 3.1 Configuration of 2-element MIMO with optimized parameter. 

Table 3.1 Design parameter of the two-element antenna. 

Parameters W L h Lg Wp Lp Wg1 W1 Wf Lf 

Unit 34 20 1.6 4 10 10 2 4 3 6 

Parameters Wg2 L1 L2 W2 W3 W4 Lg1 Wg3 W5 

Unit 3 2 3.5 1 1 2 1 0.5 10 

 

3.2.2. Simulation Results (Scattering Parameters) 

The design steps of the antenna transformation from a single to a two-element array 

are shown in Figure 3.2, which shows a significant increase in bandwidth. Initially, the 

optimized square shaped monopole fed with a microstrip-line consists of partial 

ground with dimensions (10 × 10) mm2 with an asymmetrical feed line. In design-I, 

the simulated -10 dB impedance bandwidth of a rectangular patch radiator with a 

partial ground has a reflection coefficient (S11) from 3.04 to 3.54 GHz. In design-II, 

the modification in a rectangular patch is presented, where the lower ends are 

truncated, providing a reflection coefficient (S11) from 3.11-3.28 GHz. In both cases, 

the frequency band covered is insufficient for developing the sub-6 GHz 5G antenna. 

Further, the design-III consists of an improved antenna structure with rectangle stub 

lines connected at the bottom side of the patch, and partial ground improves the 

frequency range which occupies impedance bandwidth from 2.92 to 5.72 GHz suitable 

for 5G wireless communication. The parameters are the same as listed in Table 3.1. 
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Figure 3.2 Simulated Reflection coefficient (S11) of design-I, design-II and design-III. 

 

Figure 3.3 Simulated S11 versus frequency for different values of Wf. 

 Figure 3.3. depicts the effect of the width of the feedline on the S11 of the 

designed antenna. It is observed that the change in feedline width from 1 mm to 4 mm 

mainly improves the impedance matching between 4.5 and 6 GHz bandwidth. Thus, the 

optimum value Wf is chosen at 3 mm for good impedance matching in the whole band.  
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Figure 3.4 Simulated S11 against frequency for different values of Lg 

Figure 3.4 depicts the variation in the length of the ground (Lg). It is observed that there 

is unfortunate impedance matching at 2 mm and 3 mm. Further, at 5 mm and 6 mm, a 

partial coverage of the 5G (n77, n78, and n79) band is obtained. After optimization, for 

Lg = 1mm, the antenna covers all 5G bands along with the frequency range used for 

WLAN. 

 

Figure 3.5 Simulated S11 against frequency for different values of W3 

From the figure 3.5, it is notable that the width of the rectangular stub line (W3) 

designated on either side of the antenna varies from 0.8 mm to 1.2 mm, which provides 
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a slight deviation in S11. Therefore, W3 is set to 1 mm, it offers appropriate matching of 

the impedance and works for sub-6 GHz 5G NR bands. In this way, a wider bandwidth 

can be accomplished by enhancing the ground length (Lg) and the stub-line width (W3). 

3.2.3 Current distribution 

To further realize the effectiveness, the circulation of current on the antenna surface is 

studied. At the resonant frequency of 4.5 GHz, the distribution is observed with and 

without an I-shaped stub when port 1 is terminated with a 50 Ω load and port 2 is 

excited, as depicted in figure 6. The fundamental of this design is to decrease the 

coupling between neighbouring elements with the help of a rectangular stub connected 

at the bottom side of the patch so that the generated field will get cancelled between 

adjoining patches and maintain current integrity by reducing interference using an 

inverted T-shaped element and hence direct coupling between two antennas is reduced. 

 Further, the impedance characteristics of the antenna depend on field strength 

cancellation, which improves isolation among two-element antennas. It is observed 

from Figure 3.6 (b) that without an I-shaped stub, strong current is coupling between 

the two ports, resulting in high mutual coupling between the ports. 

 

 

Figure 3.6 Current distributions of the designed antenna, with and without an I-shaped 

stub, with port 2 excited at 4.5 GHz 

 With an I-shaped stub, the flow of current is intense on the port 2 feed line 

accompanied by two rectangular stubs on both sides of the radiating patch, resulting in 

high impedance and improved isolation, with port 1 match terminated, as observed in 

figure 3.6 (a). Hence, with the help of an I-shaped stub on the ground, suppresses the 

coupling current from port 2 to port 1. 

 

(a) (b) 
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3.3 Experimental Results and Discussion  

3.3.1 S-Parameters 

As antenna's front patch and ground plane are constructed on a 1.6 mm thick FR-4 

substrate and using a Rohde and Schwarz ZVL series vector network analyser (VNA), 

antenna parameters were measured as shown in Figure 3.7. 

 

Figure 3.7 Two element MIMO measurement using Rohde and Schwarz vector 

network analyser 

The S-parameter results are obtained as shown in fig. 3.8. The S-parameters show 

almost similar characteristics with little deviation in the simulated and measured 

values. The measured impedance bandwidth (3.08–5.72 GHz), i.e., 2.64 GHz is 

about 5.7% less than the simulated bandwidth (2.92-5.72 GHz), i.e., 2.8 GHz. 

Consequently, by using an I-shaped structure, the transmission coefficient (S12 = 

S21) is measured at port 1, with port 2 match terminated, and vice versa. Moreover, 

the antenna elements are successfully isolated from one another, with a minimum 

isolation value of -15 dB obtained throughout the band, which satisfies the 3GPP 

requirement for sub-6 GHz communication and 5 GHz WLAN. The minimum 

isolation value of -15 dB was obtained throughout the band, but there is a slight 

deviation in the simulated and measured value due to manufacture and soldering 

imperfections, including sub-miniature version A (SMA). 
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Figure 3.8 Simulated and measured s-parameter of developed 5G MIMO antenna 

Table 3.2 Comparison of developed MIMO antenna with recently reported design. 

Ref. 

No. 

Antenna 

Electrical 

size 

Frequency 

band 

(GHz) 

Isolation 

(dB) 

Design 

complexit

y 

ECC Type 

[32] 
0.20 λ0 × 

0.21 λ0 

2.35-2.69/ 

5.4-5.68 
< -20 medium < 0.5 

Dual band 

slot antenna 

[53] 
0.598 λ0 × 

0.747 0 
3.7/4.1 < -20 medium < 0.01 

Improved 

ADS and H-

type DGS 

[57] 
0.04 0 × 

0.300 

2.4-2.48/ 

5.15-5.82 
< -15 medium 

Not 

given 

-shaped 

structure with 

IFA 

[59] 
0.341 0 × 

0.3616 0 
3.1 - 5 < -22 medium 0.1 

Use of NL 

with metal 

strip and 

circular disc.  

[62] 

0.3683 λ0 

× 0.5893 

0 

1.5–2.55/ 

3.21–4.0/ 

4.59–5.98 

< -25 simple 
< 

0.186 

Hybrid 

antenna with 
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circular ring 

and CDRA 

[63] 

0.3056 λ0 

× 0.7675 

0 

2.43–2.50 < -24.67 simple 
0.008

7 

fractal shaped 

EBG 

[65] 
1.01 0 × 

1.01 0 

1.256- 

1.272 
< -30 medium 

< 

0.005 

a novel 

decoupling 

slot-strip 

array (DSSA) 

[68] 
0.900 0 × 

0. 360 0 
2.7 - 3.6 < -25 medium 

< 

0.009 

Two 

diagonally 

opposite 

PIFA 

[69] 
0.368 λ0 × 

0.16 0 

2.4-2.5/ 

4.9-5.75 
< -14 simple < 0.3 

Series feed 

with m 

monopole 

slot 

[82] 
0.73 λ0 × 

0.55 0  
5.15–5.92 < -30  medium < 0.15 

T type stub 

and via less 

structure 

[90] 
0.245 λ0 × 

0.396 0 
3.60–9.35 ≤ -22 simple 0.084 

Symmetric 

antennas with 

neutralization 

line 

[114] 
0.55 λ0 × 

0.46 λ0 
3.11–3.78 < -20 medium 

< 

0.005 

Monopole 

parasitic 

element 

[115] 
0.277 λ0 × 

0.253 0 
5.9–7.1 < -20 complex 0.005 

Mushroom-

type EBG 

with E type 

decoupling  
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[118] 
0.35 0 × 

0.35 0 
3.2-3.9 < -20 complex 

< 

0.004

5 

Orthogonal 

bow-tie 

dipoles and U 

shape slot 

[119] 

0.2075 λ0 

× 0.3735 

0 

2.37-2.64/ 

3.39-3.58/ 

4.86-6.98   

< -15 complex 0.012 

Modified 

square loop 

with I-shaped 

slot 

[120] 
0.312 λ0 × 

0.552 0 
3.7 - 4.2 < -21.5 medium 0.003 

Hyper NL 

and DGS 

propo

sed 

0.30 0 × 

0.51 0 
2.92-5.72 > -15 Simple < 0.02 

Asymmetric 

feed with 

rectangular 

stub lines  

As, λ0 is free space wavelength. 

Table 3.2 presents an evaluation of various MIMO prototype antennas, taking into 

account factors such as size, frequency band, isolation, complexity of the design, ECC, 

and diverse MIMO types. Thus, the designed profile is a miniature-sized two-element 

antenna compared to other antennas, except [32, 57]. Further, the bandwidth coverage 

is limited in [32, 53, 57, 59, 62, 63, 65, 68, 69, 82, 90, 114, 115, 118, 119, 120], as the 

obtained results shows, the presented MIMO operates from 2.92 to 5.72 GHz and 

covers sub-6 GHz NR bands for 5G communication. The presented antenna has 

isolation of > -15 using asymmetric feed structure which is greater than other antennas 

except [82, 65].  In practical case, an uncorrelated antenna must have ECC < 0.5 which 

is followed in all the above listed antennas and in this design, the desired values of ECC 

< 0.02, indicating acceptable diversity performance. 

3.3.2 Radiation Performance of two element MIMO 

The 2-D pattern of designed MIMO in the E and H plane is observed in figure 3.9. 

During the analysis of radiation pattern, initially, port 1 is excited and port 2 is 

terminated with 50 Ω load.  
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Figure 3.9 Measured and simulated radiation characteristics of 2-element MIMO 

antenna. 

  The E plane pattern is out of phase with each other and the H plane pattern is 

slightly quasi omnidirectional at low frequency, and with high frequency, little deviation 

is observed due to the interaction of higher modes. Omnidirectional antennas are used 

in broadcast applications due to electromagnetic (EM) signal radiation/reception from 

any desired direction. In the radiation pattern plot, the strength of signal at various 

angles is observed in figure 3.9., typically in the shape of doughnut. The extreme peak 

gain of 3.11 dB and minimum efficiency of around 86 % is attained. The E plane pattern 

has attained pattern diversity and is almost bidirectional in nature, proving there is no 

outside intrusion occurring during reception. 

  Figure 3.10 shows the realized gain and efficiency of the two-element MIMO 

antenna. In the entire frequency band, it is observed that the realized gain varies from 

0.25 to 3.118 dB and radiation efficiency differs between 86 % to 95.005%. 
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Figure 3.10 Realized gain and radiation efficiency of the 2-Element MIMO antenna. 

3.4 MIMO Performance Parameters 

We assess MIMO antenna performance according to several criteria, including ECC, 

DG, TARC, CCL, and MEG. We will examine these characteristics below. 

3.4.1 Envelope correlation coefficient (ECC) 

The ECC measures the correlation between closely spaced MIMO antennas and it is 

calculated using scattering parameter and radiation efficiency. As coefficient of 

correlation is denoted by Greek letter ρ𝑘𝑙 and envelop correlation coefficient as ρe[48]. 

 If  |ρkl|
2 = ρekl i.e., the magnitude of square of correlation coefficient which is 

equal to the envelop correlation coefficient of kth and lth element therefore,  

ECC = ρe  = |
|Skk

∗ Skl+ Slk
∗ Sll|

√(1−|Skk|2−|Slk|2)(1−|S𝑙𝑙|
2−|Skl|

2)ηradkηradl
|
2

   ----- (4) 

 Where, 𝜂𝑟𝑎𝑑𝑘 ,𝜂𝑟𝑎𝑑𝑙 are the radiation efficiency and Skl is S-parameter of kth and 

lth antenna elements respectively. Antenna coupling is a significant performance 

parameter which gives the idea about consumption of energy in the MIMO due to many 

antennas that are placed in closed proximity. From the equation 4, it is verified that in 

order to reach sufficiently good MIMO diversity performance, we must have better 

isolation and correlation. However, ideally the ECC is zero, but in practical case an 
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uncorrelated antenna must be < 0.5. The simulated and measured ECC is less than 0.01 

and around 0.02 respectively as given in fig. 3.12.  

3.4.2 Diversity Gain (DG) 

The DG is calculated for n x n combination of antenna, in which the data is obtained in 

the form of the stream from the various transmitter path. The signal must follow a 

sufficient SNR value at the other end to get an improved signal strength with minimum 

attenuation. From equation (5), it is concluded that, the minor value of the correlation 

coefficient enhances the DG. 

The DG of the 2-element MIMO is calculated using, 

                                                  DG= 10 √1 − 𝐸𝐶𝐶2    ---- (5) 

It is seen from the figure 3.12, that the simulated and the measured value of the DG is 

almost identical and greater than 9.99 dB. 

 

Figure 3.11 Simulated and measured results of ECC and DG versus frequency for a 

two-element MIMO antenna. 

3.4.3 Total Active Reflection Coefficient (TARC) 

The TARC is the ratio of the incident (Ii) to reflected power (Ri) in the antenna system. 

As, it is not always enough to compute the parameters like bandwidth, and efficiency 

of MIMO using scattering parameters while we have multiple antennas working 

simultaneously and the entire operational bandwidth is utilized by the antenna systems. 
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Therefore, we need to use efficient methods for understanding the behaviour of antenna 

on the basis of performance characteristics such as TARC.  

If antenna has two ports, then TARC is given as, 

 TR = √∑ |𝑅𝑖|
2
𝑗=1

2 /  √∑ |𝐼𝑖|
2
𝑘=1

2                    ----- (6) 

(𝑅1
𝑅2

) =  (𝑆11   𝑆12
𝑆21  𝑆22

) (𝐼1
𝐼2
)                  ----- (7) 

TARC = √
(s11+ s12)2   +(s21+ s22)2   

2
               ----- (8) 

 Given that, Ri is a total reflected and Ii is a total incident signal at Port 1 and 

Port 2 of the antenna. Where, S-matrix for 2-Element MIMO is represented by, S11, S12 

S21 S22 and Finally, R1, R2 and I1, I2 is the reflected and incident signal at port 1 and port 

2 and S11, S12, S21 and S22 are the reflection and transmission parameter of 2-element 

antenna. Figure 3.13 shows the graph of the simulated and measured result of the 

TARC. The desired value of the TARC is calculated in reference to impedance 

bandwidth and the simulated and the measured values are almost identical and covers 

sub-6 5G bands. 

 

Figure 3.12 Simulated and measured result of the TARC for the two-element MIMO 

antenna. 
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3.4.4 Mean Effective Gain (MEG)  

MEG, is the ratio of mean power accepted to the average incident power with reference 

to an isotropic antenna, and is used to calculate gain performance in rich fading 

scenarios. Evaluating the effective power of each ith component of a MIMO may be 

done using propagated statistics and radiation patterns [50] 

𝑀𝐸𝐺 =
𝑃𝑟

𝑃𝑖
= ∫ ∫ [

𝑋𝑃𝑅.𝐹𝜃(Ω).𝑃𝜃(Ω)+ 𝐹𝜙(Ω).𝑃𝜙(Ω) 

1+𝑋𝑃𝑅
]

𝜋

0

2𝜋

0
𝑑Ω              -----(9) 

 In equation (9), XPR stands for the cross-polarization power ratio, where Ω 

represents the solid angle. For a uniform propagation environment, the values of XPR 

= 1 and Pθ = P𝜙= 1/4π are taken into account. The power gain patterns of MIMO are 

measured w.r.t to 𝐹𝜃 and 𝐹𝜙.  

For good MIMO performance, MEGj / MEGk should be near to unity and the 

desired value of MEG vary from -3 to -4 dB as shown in figure 3.14. The table 3.3 

explain the two-element antenna has MEG values within specified limit, and the ratio 

of MEG, i.e., MEG1/MEG2, is close to unity which shows that the antenna is built with 

exceptional performance. 

Table 3.3 MEG at various frequencies of the 2-element MIMO 

Frequency 

[GHz] 
MEG1 MEG1 in dB MEG2 MEG2 in dB 

MEG1/ 

MEG2 

3.0 0.49579 -3.04702 0.49861 -3.02231 1.0081 

3.5 0.49958 -3.01392 0.49926 -3.01670 0.99907 

4.0 0.49971 -3.01276 0.49791 -3.02843 0.99482 

4.5 0.49976 -3.01237 0.49458 -3.05754 0.98522 

5.0 0.49990 -3.01113 0.48800 -3.1157 0.96641 

5.5 0.49941 -3.01537 0.48972 -3.10044 0.97256 

 

3.4.5 Channel Capacity Loss (CCL)  

CCL, is the important element while evaluating an antenna array's effectiveness in a 

MIMO system. In figure 3.15, the proposed MIMO design is able to achieve a CCL 

value of less than 0.2 bits/sec/Hz, which is the required value for the 5G band, and 

allows a maximum wireless throughput capability. In two element MIMO 
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configuration, correlation between antenna pair which defines the impact of antenna 1st 

on 2nd Antenna. Clearly defined mathematically in [90] as, 

Closs = - log2 det  (YR)    ----(10) 

as, (YR) = [
𝑌11 𝑌12

𝑌21 𝑌22
] 

 

Figure 3.13 Simulated and measured MEG versus frequency for the 2-element MIMO 

antenna. 

 

Figure 3.14 Simulated and measured CCL versus frequency for the 2-Element MIMO 
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3.5 Summary 

In this chapter, an improved two-element compact MIMO antenna with close spacing, 

maximum impedance matching, and a high level of isolation is presented. The result 

shows that the sub-6 GHz 5G MIMO operates within a frequency range of 2.92 to 5.72 

GHz, with a minimum isolation value of -15 dB. The diverse MIMO performance 

parameters are calculated and the desired values are obtained as ECC < 0.02, DG > 

9.999 dB, MEG1/MEG2 ≅ 0.95, and CCL ≅ 0.2 bits/sec/Hz. These values are within 

acceptable range for optimal MIMO performance.  

 In nutshell, this chapter presented an efficient antenna design approach that can 

be used to achieve high isolation 2-element MIMO antenna for WLAN/sub-6 GHz 

(n77, n78, n79) 5G application. The presented work unveils the ongoing research in 

antenna design and provides valuable insights into the performance parameters of 2-

element MIMO antenna. In the next chapter, a quad port MIMO for WLAN and sub-6 

GHz applications is explored, achieving maximum isolation, ECC and DG within 

acceptable ranges. 

  



 
 
 

 
 

50 
 

 

Quad-Radiator MIMO with Asymmetric feed line for 

(n77/n78/n79/WLAN) 5G-Wireless Applications 

"The wave is nothing without the antenna to guide it." 

                  - Heinrich Hertz 

4.1. Introduction 

In a 5G wireless communication system, the major challenge is to develop a small-

sized microstrip patch antenna (MSPA) with adequate channel capacity, high spectrum 

efficiency, and a wideband system. Currently, high-speed transmission speeds are 

crucial for connectivity, which contributes to both economic growth and social 

digitalization, as the global network will connect billions of subscribers in the coming 

years, necessitating high bandwidth and low latency due to the growing user base. To 

achieve a higher data rate, the 5G-MIMO network will fulfill the need as expected by 

researchers. It will not only accelerate mobile data but also improve network 

compatibility, efficiency, and scalability.  

Furthermore, the use of substrate material in diverse antennas is the utmost 

criterion for 5G communication. With the use of smaller loss tangents and the 

permittivity constant values, these substrate materials allow extensive bandwidth and 

efficiency [10]. Recently, there have been significant advancements in MIMO 

technology, and researchers have been exploring various mechanisms to improve 

mutual coupling. In [50], the proposed antenna with minimized mutual coupling covers 

the 2.4/5.8 GHz wireless local area network (WLAN), useful for portable wireless 

device bands. However, the isolation achieved was not sufficient by using a back-to-

back connected dual-range array [52]. As a result, an improved antenna design was 

introduced that incorporates a ring slot-based CSRR and an L-shaped parasitic element, 

which provides isolation of greater than -20 dB in the sub-6 GHz band with an 

efficiency of 82.6%. However, the disadvantages include its size (75×150 mm²) and 

limited bandwidth coverage (3.4-3.8 GHz) [84]. 
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In [53], the proposed compact antenna with overall dimensions of 48.5 × 60.6 

mm² consists of improved decoupling and defected ground in the shape of H with 

excellent isolation values of 34.2 and 36.3 dB. In [86], the fractal Koch geometry and 

CSRR with elliptical shape are loaded with orthogonally placed MIMO with the highest 

isolation of -22 dB and two notched bands, but inter-element isolation is another 

concern due to the cutting slot. In [87], a quad-port antenna with a 3×3 EBG 

(electromagnetic-bandgap structure) is implemented with band rejection and 

outstanding diversity characteristics with minimum isolation of -17.5 dB. In [62], using 

a circular ring and metallic strips on the ground, respectable isolation above -25 dB is 

attained by utilizing a hybrid approach combining MSPA and DRA. However, the 

larger area requirement is a drawback of the dielectric resonator antenna (DRA). In 

[88], the multilayer drop type 4-element Kraus method is employed for wideband 

operation, and the use of a photonic band gap (PBG) structure improves inter-port 

isolation; however, this approach has the disadvantages of a larger size and insufficient 

impedance bandwidth. For various wireless networks, a wideband MIMO antenna is 

presented in [89] and [91]. The wideband coverage in the 5G band with the use of the 

EL slot and the UPMS isolation technique is explained, but the proposed method has 

low gain. In [54], the proposed 39 × 39 mm² size antenna has wide coverage, sufficient 

TARC, high gain, and enhanced bandwidth. The design introduced notches to cover 

multiple wireless applications. The multiple slit and decoupling structure are followed 

by a staircase-shaped element used for isolation enhancement and diversity 

performance. But the isolation between ports is the problem. Further, in modern 

wireless communication, wideband MIMO antennas play a vital role in enhancing data 

and overcoming challenges such as multipath fading. By utilizing MIMO technology 

with diverse array combinations, it is possible to increase channel capacity without 

demanding extra bandwidth. By effectively addressing multipath propagation, this 

technology enables the achievement of high data rates. However, in recent studies, the 

correlation value was found to be less than 0.001, and other performance parameters 

like DG, MEG, and TARC were within the desired value. 

The chapter presented the U-shaped etched slot on defective ground with an 

asymmetrical feed line structure for the operation of the quad-port antenna design 

within the compact size of 31 × 40 mm² and achieves significant isolation. Additionally, 
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the twin-stub-based quad-element antenna with a rectangular patch and inverted T-type 

partial ground with a face-to-face patch arrangement is conferred. The goal of this work 

is not only to attain wider bandwidth but also to offer a high data rate with a nearly 

omnidirectional-type radiation pattern and the unique design approach. 

4.2. Proposed single and quad element system with asymmetric feed line 

The proposed model consists of a single-element patch antenna built on a FR-4 

substrate material, as depicted in figure 4.1. The constant (∈𝒓) of material is 4.4 and the 

loss tangent is 0.0025. The optimized structure includes a partial ground dimension (Lg 

× Wg) of 14 × 4 mm² and a substrate of 20 × 14 mm² (L × W). Additionally, a 2.5 mm 

wide feed line (Wf) is implemented to attain 50 Ω characteristic impedance (Z0). The 

surface current distribution at 5 GHz deep when port 1 is excited is depicted in Fig. 4.1 

(c). The feed is associated with more concentrated current at the center and it is 

moderate in other parts of the patch. 

 

  (a)     (b)           (c)  

Figure 4.1. (a) Antenna geometry of a single element (b) With U-shape cut on ground 

(c) Current distribution of a single element MIMO at 5 GHz 

The optimized dimensions are in millimetres: W=14, L=20, Lp=10, Wp=10, Lf=2.5, 

Lt=2, Lg=4, Ls=4.5, W1=2, L2=1, C1=2, Wf= 2.5 

The single element reflection coefficient (S11) is depicted in figure 4.2 (a) without U-

shaped etched ground and (b) shows and with the U-shaped etched ground.  
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The bandwidth obtained in single element is below -10 dB before making U-

Slot. After the slot is made, the bandwidth varies from 4.97 to 5.21 GHz. The effect of 

U-type slots on bandwidth is depicted in [100] for 5G and WLAN applications. 

Enhancing the bandwidth for 5G wireless applications is of prime importance. The 

twin-stub-based quad-element antenna with a rectangular patch and inverted T-type 

ground with a face-to-face patch arrangement is shown in figure 4.3. The U-shaped 

etched slot is formed on defective ground, and resonant frequency is obtained at 4.2 

GHz. The optimized structure (L × W) has an overall size of 40 × 31 mm². The four-

element stub-interfaced antennas are placed with dense spacing of (d2) 0.129 λ0 and (d) 

0.06 λ0 between antenna elements to keep the justified geometry for the desired band 

coverage. By using a partial ground plane, the mutual coupling and isolation among 

antenna elements are kept efficient with the help of a thin-thick parallel line. This 

parallel line behaves like a resonant circuit consisting of a capacitor and inductor. The 

gap between strip lines is maintained in such a way that the resonant frequency should 

be as close as possible to get extremely good isolation among antenna elements as 

depicted in figure 4.3(b). 

Figure 4.2. Reflection coefficient (S11) of 4- element MIMO (a) Without U-shaped Slot 

on ground (b) With U-shaped slot on ground 
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In optimized form, all the antenna dimensions are given in (mm) millimeter. L=40, 

W=31, d=4, d1=1.2, d2=8.6, R1=6, R2=4, R3=18, R4=3, R5=3.2, R6=4, 

S1=S3=S4=S5=0.25, S2=1, S6=0.5, S7=0.5.  

 

Figure 4.3 Configuration of 4-element asymmetric feed antenna (a) Geometry of patch 

(b) Parallel strip line for mutual coupling reduction (c) Combined geometry of 4-

element antenna (d) Antenna with U-shape slot on the ground 

In case of 4-element design, firstly the feed width is taken as 2 mm forming the 

symmetric feed design and the antenna provides the bandwidth from 2.92 GHz to 5.16 

GHz, with a single resonance point and poor isolation. But, in an asymmetric feed line, 
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the width of the feed line was taken at 2.5 mm. The structure exhibits asymmetric 

behaviour, and achieves a bandwidth from 2.7 to 5.34 GHz with dual resonance. The 

minimum isolation is better than -15 dB at 4.5 GHz, which is the highest value among 

both cases. Additionally, the radiation characteristics provides more directional 

behaviour with the implementation of asymmetric feed. In order to improve necessary 

mutual coupling, the quad patch elements are arranged in face-to-face method with 

adequate spacing between antenna elements of MIMO system. 

 

Figure 4.4. Current distribution of quad radiator MIMO at 4.5 GHz 

Figure 4.4 displays the surface current distribution at the resonant frequency. When 

the input excitation is applied to port 2, the coupling current is concentrated on the feed 

line, and port 2 is coupled to an EM wave that does not radiate into free space. This 

phenomenon highlights the efficiency of the resonant structure in directing the energy 

along the feed line and minimizing unwanted radiation. Consequently, the antenna 

system remains highly effective in maintaining signal integrity and optimizing overall 

performance. 

4.3 Results and Discussion  

The figure 4.5 shows the S-parameter analysis of the proposed quad-radiator MIMO 

with asymmetric feed line 4-element MIMO antenna. In figure 4.5 (a), the impedance 

bandwidth is 2.7 to 5.34 GHz with resonating frequency is obtained at 4.5 GHz. Also, 

isolation among other ports i.e., S11/S12/S13/S14 is justified well in figure 4.5 (b) and the 

return loss among same port is observed in figure 4.7 (c). 
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Figure 4.5 S-parameter results for quad-radiator MIMO with asymmetric feed line (a) 

Plot of S11 (b) Plot of S11/S12/S13/S14 (c) Plot of S11/S22/S33/S44 (d) Plot of varying width 

of feed line from 1.5 mm to 3 mm (e) Plot of S11 for varying substrate thickness  

The optometric analysis is done with respect to feed line and substrate thickness 

as shown in the figure 4.5 (d) and (e). In the plotted curve it is observed that the feedline 
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with width of 2.5 mm covers entire 5G band with maximum return factor in comparison 

with other feedline width. Also, with varying substrate thickness from 1 mm to 1.8 mm 

there is frequency shift and narrow band coverage except 1.6 mm. At 1.6 mm, antenna 

operates over wide frequency range which in turn use for 5G wireless communication. 

  

Figure 4.6 (a), (b) 3-D radiation pattern and (c), (d) 2-D radiation pattern of quad-

radiator MIMO with asymmetric feed line at center frequency 

The 3-dimension radiation pattern for the antenna-1 at resonant frequency of 4.5 GHz 

is depicted in figure 4.6. In the far field test, theta varies from -180° to +180° and phi 

varies from 0 to 90° to obtained the XZ and YZ plane radiation pattern. The obtained 

results give omnidirectional pattern with maximum gain of 3 dB and the designed 

antenna proves it works well for MIMO wireless applications. 

To verify the simulated result, a prototype of the proposed four-element antenna 

is fabricated for practical measurements as shown in fig. 4.7 (a) the front and (b) back 

views of this prototype. Since all four antenna elements are identical, ports 1, 2, 3, and 
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4 exhibit nearly identical reflection coefficients. Hence, our comparison between 

simulated and measured results focuses solely on the reflection coefficients S11 and S22 

as shown in Fig. 4.8. The variance in outcomes could be obtained from fabrication 

tolerances or measurement procedures conducted within a scattering environment. 

      

 

Figure 4.7 Four element MIMO antenna fabricated for measurements (a) front view 

(b) back view 

 

Figure 4.8 S-parameter of fabricated four element MIMO antenna 

4.4 Diversity Performance 

In DG, diversity performance characteristics shows how much power loss happens 

while transmitting power for 4×4 elements [123-124]. The DG can attain maximum 

value of 1 and in dB, it can reach up to 10 dB as shown in fig. 4.9 (a). ECC gives 
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correlation among 4×4 antenna elements as shown in figure 4.9 (b) and correlation 

among antenna element [125], calculated using following equation, 

ECC = 
⌈∬ (𝐵𝑖⃗⃗⃗⃗ (𝜃,∅))×(𝐵𝑗⃗⃗ ⃗⃗  (𝜃,∅))𝑑Ω4𝜋 ⌉

2

∬ |(𝐵𝑖⃗⃗⃗⃗  (𝜃,∅))|
2
𝑑Ω4𝜋  ∬ |(𝐵𝑗⃗⃗ ⃗⃗  (𝜃,∅))|

2
𝑑Ω4𝜋

  ------(12) 

 

   (a)      (b) 

Figure 4.9 (a) Diversity gain (DG) and (b) ECC of quad-radiator MIMO of asymmetric 

feed line 

Table 4.1. Comparative study of various diversity antennas 

Ref. 

No. 

Size 

(mm2) 

  

Substrate 

Type of 

MIMO 

Working 

frequency 

Range 

(GHz) 

Isolation 

(dB) 
ECC 

[50] 50 x 80 FR-4 
Novel dual 

band 
2.45/5.8 ≥ 20 

< 

0.01 

[53] 
48.5 × 

60.6 
F4B 

Dual Band 

closely 

coupled Patch 

MIMO 

3.7/4.1 NA 
< 

0.01 

[68] 
50 × 

100 
FR-4 

Inverted-F 

antenna (IFA) 
2.7-3.6 > -25 < 0.3 

[84] 
75 x 

150 
FR-4 

Four-element 

CSRR 

structure 

3.4 – 3.8 > -40 0.005 
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[86] 58 x 58 FR-4 

Four element 

elliptical 

monopole with 

Koch 

geometry 

3–13.5 > -22 
< 

0.008 

[87] 60 x 60 FR-4 

Quad port 

circular 

monopole and 

EBG 

3-16.2 > -17.5 < 0.3 

[88] 
110 x 

110 
CER-10 

4-element 

Drop shaped 

slot antenna 

1.7 - 7.2  > -30 
0.002

5 

[91] 30 x 40 FR-4 

Four ports with 

EL slot and 

UPMS 

isolation 

3.20-5.85 > -20 
< 

0.05 

[104] 60 × 60 FR-4 

Calendula 

patch with 

rectangular 

stub 

3.26-5.18 > -15 
<−0.0

05 

[114] 
47.5 × 

40 
FR-4 

Two element 

arrays with 

parasitic 

element 

3.11–3.81 > -42.9 0.001 

[122] 
145 × 

70 
FR-4 

Integrated 

quad-element 

MIMO 

3.3 – 7.2 > -10 < 0.2 

[125] 
73 x 

120 

Taconic’s 

TRF-43 

Four element 

microstrip 

dipoles 

3.45 to 3.55 >-15 
< 

0.15 

Propo

sed 
31 x 40 FR-4 

Rectangular 

patch and 

parallel strip 

line structure 

2.27 - 5.34 > -15 
< 

0.001 

 

In the table 4.2, the comparative analysis is shown. In comparison to the previously 

reported designs, the proposed design offers more viable solution for the wireless 

communication. The presented design is highly compact and exhibits a wider 

bandwidth with improved isolation, and ECC is compared to the antennas reported in 

[50, 68, 86, 87, 91, 104, 122, 125]. In most of the reference work the isolation achieved 

is around -20 to -25 dB with ECC < 0.5. In contrast, the proposed 4-element MIMO 
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antenna achieves high isolation exceeding -30 dB particularly in WLAN/Sub-6 GHz 

(n77, n78, and n79), along with an ECC of 0.001, indicating acceptable diversity 

performance. 

4.5 Summary 

In this chapter, the quad-port high-isolation MIMO antenna using an asymmetric feed 

line is presented, and the performance parameters, such as correlation coefficient, 

diversity gain, and isolation among antennas, were investigated. The achieved isolation 

> -15 dB indicates the bandwidth is suitable for 5G communication. The findings show 

that the ECC value is 0.001, and the DG value remains around 9.99 throughout the 

band. These values fall within acceptable ranges, indicating optimal MIMO 

performance. Essentially, the chapter presents a design approach to achieve high 

isolation in 4-element MIMO antennas for WLAN and sub-6 GHz 5G applications. 

This contribution advances the use of ongoing research in antenna design and provides 

important information regarding the performance parameters of MIMO antennas. The 

next chapter explores a wideband staircase U-shaped 4-port MIMO antenna for sub-6 

GHz & WLAN applications, along with the low-temperature cofired ceramic (LTCC) 

technology and device housing.  
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Quad-port Staircase U-Shaped Wideband MIMO 

Antenna for 5G New Radio Applications 
"Electromagnetic waves, though invisible, govern the unseen world of communication."

      James Clerk Maxwell 

5.1 Introduction of quad-port MIMO Antenna 

   In today's wireless networks, MIMO antennas are essential for increasing data 

throughput and resolving signal problems. MIMO systems enable more effective data 

transmission, improve signal quality, and suppress interference and multipath fading. It 

also progresses the efficiency and dependability of today's wireless communication 

networks. Further array configurations with MIMO technology increase channel 

capacity without requiring more bandwidth. Systems that demand low latency, high 

performance, or increased capacity can all benefit from the 5G network's improved 

service quality. The current scenario requirement is to develop a miniature MIMO 

antenna that can support several bands to enable the independent use of 5G NR bands 

in indoor networks, ensuring smooth transitions. Maintaining isolation between nearby 

deployed radiators is a significant difficulty for antenna designers since it adversely 

affects the MIMO's performance metric.  

Improvements in the isolation between closely spaced antenna radiators have 

been reported using various methods [43-90]. In [43], with a dual-band capability 

antenna, the two-port MIMO with asymmetrical T-shaped monopole and inverted E-

shaped radiators meets the bandwidth requirements of the sub-6 GHz. In [82], it is 

stated that a linear array construction with two basic patch antennas demonstrated 

superior isolation and impedance matching without the need for traditional matching 

networks. In [98], the parasitic structures between the radiators efficiently minimized 

mutual coupling, increasing the isolation by 45 dB. In [106], a 4-element crescent ring-

type slot and fractal geometry are utilized to create a notched band and an impedance 

matching at 4.6 GHz with a profile dimension of 60×60×1.6 mm3. The operational 
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range was increased using the complimentary split ring resonators (CSRR) approaches, 

and undesirable bands (3.5 and 5.5GHz) were eliminated by using the elliptical CSRR 

approach [86]. In [105], the operational band, the coupling between components has 

increased by more than 22 dB by employing a substrate with a slotted edge. In [85], 

more than 23 dB of isolation was found for the tiny proximity-type microstrip antenna 

in isotropic radiation wireless applications. Moreover, antennas were positioned on both 

levels using the kraus technique to increase bandwidth [88]. A staircase-shaped 

modified ground structure and an arc on the radiator followed the orthogonally 

positioned quad-element MIMO antenna, which showed the isolation of S12 < -22 dB 

and S13 < -23 dB [92]. In [93], using parasitic resonators and stub placement, a semi-

elliptical structure was used to construct a four-element UWB antenna that isolated 

more than 20 dB. Additionally, the different techniques including an electromagnetic 

bandgap (EBG), neutralization line (NL), and defective ground structure (DGS), are 

often employed. However, the maximum isolation is mostly attained in the EBG 

because of the increased capacitance, which leads to high efficiency and diversity gain 

[94]. In [62], the suggested hybrid strategy produced an adequate isolation value of 25 

dB.  In [71], high isolation was attained using the NL approach, which has a bandwidth 

variation of 3.52-10.08 GHz and 23 dB of isolation. However, the above structure has 

minimal isolation, poor coupling and covers only partial sub-6 GHz 5G band. The 

coupling can be improved further by introducing metamaterial and CSRR structures 

and the isolation can be improved by using numerous tuning elements and the 

involvement of improved feedline which improves efficiency [131].  Further, some 

array structure has very narrow bandwidth coverage of 5.35% at 5.5 GHz. Additionally, 

the gain is major concern which can be improved by using low loss material and diverse 

gain enhancement techniques. 

In this chapter, we have designed a quad-port MIMO antenna with a modified 

ground plane. A captivating feature of this structure is its miniaturization and high 

isolation. The staircase U-shape radiating element and an I-shaped stub etched with 

rectangular strips between radiating elements provide enhanced isolation. It limits the 

amount of current flow from one element to another one to limit surface current. This 

configuration covers the requisite bandwidth of 5G NR. The fig. 5.1 shows the structure 

of the designed MIMO antenna. 
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5.2 Antenna Configuration and Analysis 

In this, a 4-port MIMO is developed using an inexpensive FR-4 substrate, and we 

evaluate the design as an optimized four-port MIMO antenna with a staircase 

configuration on the bottom side and a U-shaped etched ground. Four unique radiating 

elements are kept on the top in this design, while a modified ground structure is located 

on the bottommost side of substrate. The designed MIMO antenna has a total dimension 

of 52 × 31×1.6 mm3 with constant of 4.4 and tangent value of 0.0025. The feeding 

mechanism comprises of 50 Ω microstrip fed in each radiator with a dimension of Lf 

and Wf. Here, four face-to-face closely arranged U-shaped rectangular radiators with a 

partial ground are implemented with the use of a symmetric feed line to further enhance 

the bandwidth and gain. The design is studied in two portions, a single-element antenna 

and a modified four-port MIMO antenna. Optimization of antenna parameters is done 

with the help of HFSS simulator. The subsequent part discusses all of the important 

MIMO configuration results, including bandwidth, diversity performance, and far-field 

outcome. 

 The four-element MIMO configuration covers requisite bandwidth and higher 

isolation with improved impedance and also accounts for acceptable diversity 

performance in 5G bands.  As per our findings, the proposed antenna without any 

hindrance will work in multipath surroundings, which brings the practicability. The 

designed antenna layout is presented in figure 5.1. 

(unit: mm, L=52, W=31, Wp= 10, Lp =12, Wf =1.8, Lf =9, Lg12=2.12, Lg= Lg3= 

Lg2=7, Wp1=4, Lp1=5, Wp3= Lg5= Lg10=6, Lp2=2, Lp3=Wp4 = Wp7= Lg8= Lp4=1, 

Wp5 = Wp6 =2, Lg1 =38, Wg1=3, h=1.6, Wp2=8, Lg4 = Lg9=5.5, Lg6 =10, Lg7= 

Wg4=4.5, Lg11 =0.5, Wg2 = Wg3=0.3). 
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Figure 5.1 (a) front view, (b) back view, (c) Layout of the suggested MIMO antenna 

(d) modified I-shaped structure dimension  

5.2.1 Single Element MIMO Antenna  

In this section, the evolution steps of the unit element antenna with a U-shaped patch 

along with an improved ground are discussed. A single radiating element with an overall 

dimension of 26 × 14 × 1.6 mm3 situated on an FR-4 material is presented. The step-

by-step procedure to get a single-element is shown in fig. 5.2. The antenna-1 originates 

with a simple rectangular patch radiator with a partial ground excited by a 50-ohm 

microstrip feed line shown in fig. 5.2 (a). The fig. 5.3 shows the antenna resonates at 6 

GHz & 9 GHz due to a partial ground plane. In step 2 (Antenna 2), the radiator is 

modified by etching uniform steps on the lower side due to which the band occurs at a 

lower frequency of around 4.5 GHz. In step 3 (Antenna 3), the radiator is reformed with 

U shape slot on the upper side with a partial ground. The antenna impedance improves 

and covers the band from 4.7 to 9.46 GHz.  

 Further, in step 4 (Antenna 4) an L-shaped was etched in the center of the radiator, 

and a semi-circular slot in the partial ground as represented in fig. 5.2. With these 

transformations designed antenna covers the frequency from 3.73 to 9.46 GHz and 

attains partial 5G frequency bands with resonance at 5.6 GHz resonant frequency 

depicted in fig. 5.2. 
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Figure 5.2 Effect of S11 due to development steps of single-element antenna. 

5.2.2 Mathematical Modelling of Single Element Rectangular Patch 

According to [126-127], the rectangular patch antenna dimensions are given by 

equation (13) as, 

𝑊 = 
𝑐

4𝑓𝑟√
∈𝑟+1

2

                                                   -----(13) 

The substrate's constant is considered from equation (14) as, 

𝜖𝑟𝑒𝑓𝑓𝑝 = 
𝜖𝑟+1

2
+

𝜖𝑟−1

2
× [1 + 12 ×

𝐻𝑆

𝑊
]

−1

2
                                -----(14) 

Accordingly, equation (15 and 16) calculates the antenna's length L. 

ΔL

𝐻𝑆
= 0.412 ×

(𝜖𝑟𝑒𝑓𝑓𝑝+0.3)(
𝑊

𝐻𝑆
+0.264)

(𝜖𝑟𝑒𝑓𝑓𝑝+0.258)(
𝑊

𝐻𝑆
+0.8)

              -----(15) 

𝐿 =
𝑐

2𝑓𝑟√𝜖𝑟𝑒𝑓𝑓
              -----(16) 

 

Where, fr is the resonant frequency, 

𝜖𝑟𝑒𝑓𝑓𝑝 is the substrate effective constant, 

𝜖𝑟 is the substrate material constant, 

ΔL is the extended length, 

W is the slot width, 

𝐻𝑆 is the substrate height, 

𝜖0 is free space permittivity, 
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c is the speed of light (3 ×108 m/sec), 

𝑆11 is the return loss, 

𝑊𝑠 is the substrate width,  

𝐿𝑠 is the substrate length. 

5.2.3 Quad Port MIMO Antenna   

 A single port antenna may be transformed into a quad port MIMO antenna with an 

expanded substrate and connected ground, as illustrated in Figure 5.1. The size of the 

suggested MIMO antenna is 52 × 31×1.6 mm3. The feeding mechanism comprises a 50 

Ω microstrip-line feed in each radiator with a dimension of Lf and Wf. Here, a 

symmetric feed line creates four closely spaced, face-to-face, U-shaped rectangular 

radiators with a partial ground to increase the gain and bandwidth. 

5.2.4 Effect of Ground Plane on Four-Element MIMO Antenna  

 

Figure 5.3 Evolution of Isolation structure (a) without I-shaped (b) with I-shaped and 

corner slit (c) Modified I-shaped. 
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Figure 5.4 S-parameters against frequency for different isolation structures. 

The requirement of today's era is a compact, improved close-spaced four-element 

MIMO with improved matching and isolation. Here, the performance of three distinct 

ground structures is analysed as depicted in fig. 5.3, while the optimal isolation 

characteristics are illustrated in fig. 5.4. Four identical radiators are set up on one side 

of the FR-4 substrate layer, whereas a partial ground plane is situated on the other, as 

shown in figures 5.4 (a), (b), and (c). The antenna bandwidth is increased by using 

partial ground. To enhance the isolation, four rectangular strips and an I-shaped 

isolation structure is introduced on the ground plane, resulting in improved mutual 

coupling as shown in figure 5.4. An I-shaped stub impedes the current flow between 

elements.  

Additionally, high isolation is attained by etching I-shaped stub, as illustrated 

in figure 5.4 (c). With the introduction of this modified structure, isolation between 

antenna elements (S12 < -15 dB, S13 < - 20 dB, S14 < -15 dB) was attained across the 

obtained band, as shown in figure 5.5. 
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Figure 5.5 Surface current of quad-port MIMO at (a) 3.4 GHz (b) 5.2 GHz 

With the partial ground plane, the surface currents tightly couple with all four antenna 

elements. Introducing a modified I-shaped slot between antenna elements on the ground 

plane reduces surface current across the radiating elements. The current circulation on 

the patch surface at 3.4 and 5.2 GHz is illustrated in fig. 5.5.  As per observation, the 

surface current occurs across the feeding line, and a small amount of current exists on 

the radiating patch and ground at 3.4 GHz resonant frequency. A high surface current 

density occurs at 5.2 GHz because of the U-shaped slot etched on the radiating patch. 

When Port 1 is excited, and the other ports are matched with 50 Ω, no portion of the 

current is reached on the other elements. Hence, it shows that all the ports are isolated 

from each other’s.   

5.3 Experimental Analysis of MIMO Antenna 

The quad-port MIMO antenna's fabricated prototype is illustrated in fig. 5.6. The 

measured and simulated S-parameters are illustrated in fig. 5.7. The suggested MIMO 

antenna operates in the 5G NR bands range 3.06 GHz to 7.56 GHz, with a bandwidth 

of 4.5 GHz, and the percentage of impedance bandwidth is 84.75%. The minimum 

isolation achieved was -15 dB in the operational band. The simulated and the measured 

result shows suitable agreement. The measured value exhibits slight deviation, which 

is attributed to the cabling effect and the SMA connector. The overall radiation 

efficiency of the suggested antenna is around 82% and the gain varies from 2 to 7 dBi, 

respectively, in the operational band, as illustrated in Fig 5.8. 
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The design and development of the reported antenna on FR-4 is observed in fig. 5.6 (a) 

and (b). The Rhode and Schwaz VNA is used for the measurement purpose and the 

setup of measurement with VNA is shown in figure 5.6 (c). The radiation pattern in the 

H-plane and E-plane at 3.4 and 5.2 GHz is illustrated in fig. 5.9. The H-plane patterns 

show a 180◦ phase dissimilarity. The omnidirectional and directional patterns are 

achieved at 3.4 and 5.2 GHz, respectively.  

 
Figure 5.6 Fabricated photographs of 4-element MIMO(a) with top view (b) with 

bottom view and (c) Measurement environment. 

 

Figure 5.7 Measured and Simulated S-parameter of the suggested MIMO Antenna 
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Figure 5.8 Measured and Simulated Efficiency and Gain of the suggested MIMO 

Antenna 

 

Figure 5.9 Simulated and measured pattern in YZ-plane and XZ-plane at (a) 3.4 GHz, 

and (b) 5.2 GHz. 
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Table 5.1 Comparison of the proposed work with other previously reported MIMO 

antennas 

Ref. 

Antenna 

Size 

(mm2) 

No. of 

Antenna 

elements 

Bandwidth 

(GHz) 

Isolation 

(dB) 
Gain ECC 

[68] 
50 × 

100 
4 2.7 to 3.6 >-13 >3 <0.009 

[80] 
75 × 

150 
8 3.3–3.9 >-18 3 <0.001 

[84] 75×150 4 3.4–3.8 >-20 5.21 0.005 

[93] 40 × 43 4 3.1–10.6 -20 4 <0.2 

[94] 40 × 40 4 3.2-5.75 -22 9 <0.05 

[104] 60 × 60 4 3.26–5.18 < -15 

2.5 

and 

4.5 

< 0.005 

[131] 39 × 30 4 5.15-5.85 -20 2.8 -- 

[132] 
150 × 

75 
4 

3.4–3.6, 

4.8–5.0 

-17.5, -

20 
-- 

<0.14<0.

12 

[133] 
70 × 

160 
4 5.6–5.67 >-30 -- <0.005 

[134] 
75 × 

150 
8 3.3–7.1 >-12 

4.6–

6.2 
<0.07 

[135] 
80 × 

150 
8 

3.6–3.8, 

5.15–5.92 
>-15 > 3 < 0.2 

[136] 
68 × 

136 
8 2.55–2.65 >12.5 3 <0.05 

[137] 
68 × 

136 
8 2.55–2.65 >-13 2.2–3 <0.1 

[138] 
136 × 

68 
8 5.15–5.92 > -10 12.6 < 0.005 
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[139] 

(Propose

d) 

52 x 31 4 3.06-7.56 > -15 
Upto 

7 
< 0.0015 

 

Table 5.1 provides a comparison between the proposed work and previous literature. In 

comparison to previously reported designs [68], [80], [84], [104], [132]-[139], the 

intended sub-6 GHz 5G antenna is highly compact with acceptable bandwidth ranging 

from 3.06-7.56 GHz with isolation above -15 dB. The analysis shows that, the 

fabricated prototype has compact dimensions with wide bandwidth coverage, sufficient 

isolation, and an excellent correlation coefficient useful for NR bands like n77, n78, 

and n79 as well as for WLAN bands (Wi-Fi-5 and Wi-Fi-6) applications. 

5.4 Diversity Performance 

The various diversity parameters of the MIMO antenna are analyzed through total 

active reflection coefficient (TARC), diversity gain (DG), channel capacity loss (CCL), 

and envelope correlation coefficient (ECC) [14], [128].  

To understand the behaviour of MIMO antenna, it is always essential to first 

verify individual antenna element performance for the parameter like correlation 

coefficient and diversity gain, determined from S-parameter. For higher antenna 

efficiency, the appropriate correlation is obtained with the help of S-parameters as 

shown in figure 5.10. The value of ECC in the operational bands is less than 0.05. 

Further, in wireless antenna communication, signal travel through multiple path and 

results in the dissipation during power transmission through MIMO element without 

compromising loss of performance and thus, evaluated by diversity gain. The calculated 

DG from ECC is shown in figure 5.10 and the equation (21) and (22) shows the 

expression for ECC and DG.  

𝐸𝐶𝐶𝑚×𝑛  =  
|S11

∗ S12+S12
∗ S22+S13

∗ S32+S14
∗ S42|2

(1−(|S11|2+|S21|2+|S31|2+|S41|2))(1−(|S12|2+|S22|2+|S32|2+|S42|2))
    -------(17) 

    DG𝑚×𝑛= 10 √1 − ECCm×n
2        ------(18) 
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Figure 5.10 Simulated and measured diversity gain and ECC versus frequency 

The TARC defines the radiation band of quad element MIMO and is calculated 

through equations (19) and (20) defined using s-parameters and is always ≤ 10 dB.  The 

result shows shifting of frequency due to imperfection in measured and simulation 

result due to error during fabrication and input to one of the ports is linear and others 

are excited by deviation in phase angle. The CCL estimated in fading environment by 

considering appropriate signal to noise power and calculated by admittance from port 

1 to port 4, and it is determined through equations (21) to (26). For the simplicity, the 

analysis of port 1 and 2 are taken here. The figure 5.10 and 5. 11 illustrate the MIMO's 

diversity measurement metrics performance. 

             TARCm×n = √
(smm+ smn)2   +(snm+ snn)2   

2
   ------(19) 

TARC14 = √
(s11+ s14)2   +(s41+ s44)2   

2
    ------(20) 

                         Closs = - log2 det  (YR)             ------(21) 

    as, (YR) = [
𝑌11 𝑌12

𝑌21 𝑌22
]                ------(22) 

    𝑌11 = 1 − |𝑠11|
2 − |𝑠12|

2                    ------(23) 

               𝑌22 = 1 − |𝑠22|
2 − |𝑠21|

2                        ------(24) 

    𝑌12 = −[𝑆11
∗ 𝑆12 − 𝑆21

∗ 𝑆12]              ------(25) 

      𝑌21 = −[𝑆22
∗ 𝑆21 − 𝑆12

∗ 𝑆21]                ------(26) 
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The environmental effects have impact on overall gain of antenna. The MEG is the ratio 

of average power accepted to the power incident. The MEG has considerable rage of < 

-3 dB and is shown in figure 5.12. The propagation statistics and radiation patterns can 

calculate a MEG to estimate the effective power of each ith element of a MIMO [126-

127], 

                         𝑀𝐸𝐺 =
𝑃𝑟

𝑃𝑖
= ∳ [ 

𝑋𝑃𝑅.𝐺𝜃𝑗(Ω).𝑃𝜃(Ω)+ 𝐺𝜙𝑘(Ω).𝑃𝜙(Ω) 

1+𝑋𝑃𝑅
 ] 𝑑Ω      ------(27) 

For mth and nth antenna, 

   𝑀𝐸𝐺𝑚 = 1 − |𝑠𝑚𝑚|2 − |𝑠𝑚𝑛|
2    ------(28) 

   𝑀𝐸𝐺𝑛  = 1 − |𝑠𝑛𝑛|
2 − |𝑠𝑛𝑚|2    ------(29) 

   
𝑀𝐸𝐺𝑚= 1−|𝑠𝑚𝑚|2−|𝑠𝑚𝑛|2

𝑀𝐸𝐺𝑛 = 1−|𝑠𝑛𝑛|2− |𝑠𝑛𝑚|2
                 ------(30) 

 
Figure 5. 11 Measured and simulated TARC and CCL 
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Figure 5.12 Measured and simulated mean effective gain (MEG) 

As the expected value of ECC is below 0.5, in the proposed structure the obtained value 

of ECC is below 0.05 which is quite good. The DG > 9.999, MEG < -3 dB, and CCL < 

0.2 bits/s/Hz, indicates the superior MIMO performance parameters used efficiently for 

the 5G application. 

5.5 Device Enclosure and Packaging 

The antenna proposed in this study is positioned within a plastic housing characterized 

by permittivity values of 2.2, 3, 4.4 and 4.8. The plastic housing is 52 mm × 31 mm in 

size. The box has height of 16 mm and thickness of 1 mm.  

 

Figure 5.13 Housing of the designed MIMO antenna 
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The lower frequency band shifts down as the εr declines from 4.8-2.2. Additionally, S11 

varies with εr, and isolation parameters S12 consistently maintained values less than -15 

dB in the operating band as represented in fig. 5.13. This implies that the prototype 

MIMO can efficiently operate within various device housings [140-141]. 

 

Figure 5.14 S-parameters for various materials with the designed MIMO antenna (a) 

Return loss (S11), (b) Isolation parameters (S12). 

5.6 Implementation of 4-element MIMO using Low-temperature cofired ceramic 

(LTCC) Technology 

5.6.1 Introduction of LTCC Technology 

In the recent years, the substantial advancements have been made in wireless antenna 

models like MIMO, massive MIMO, and LTCC. The demand of LTCC antennas is 

increasing due to high 5G rollout and capacity to integrate into a miniature size. The 

LTCC based antenna will grow due to wide radio frequency spectrum which can 

integrate into a small module [142]. The LTCC module used for Internet-of-Things 

(IoT) applications, such as wearables, smart home-based systems, and connected 

vehicle needs reduced antennas size and multifunctional capabilities at high frequencies 

which include radar, vehicle-to-everything (V2X) communications and advanced 

driver-assistance systems (ADAS) in the automotive field. Currently, there are 

challenges such as cost and regulatory compliance but requires an innovation and 

strategic partnerships [143]. 
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5.6.2 Geometry and Analysis of 5G-LTCC MIMO antenna  

The geometric structure of the proposed 5G 4-element LTCC diversity MIMO antenna 

is depicted in figure 5.14. The substrate material used for the antenna is Ferro A6M 

with and overall dimensions of the prototype are 52 x 31 x 12 mm3. The width of each 

layer of LTCC is 0.254 mm. At 4 GHz, the distance between elements is kept as λo/2 

which reduces mutual coupling. The positioning involves a face-to-face arrangement 

between antenna elements 1 and 2 concerning antenna elements 3 and 4. The fig. 5.14 

(a) depicts the antenna divided into numerous layers. We start with layer 1, which is on 

top. It is 1.2 mm thick and made of the ferro A6M LTCC material, 0.002 (loss tangent) 

and material constant of 5.9. The layer 2 encompasses the planar structure, situated 

between air gaps on both sides with thicknesses of hgs and hgr. The fig. 5.14 (b) shows 

the overall size and positioning on Layer 2. The conducting elements and ground plane 

are made of silver and have a conductivity of σg = 7.4 x 106 S/m with thickness (hg).  

The LTCC Ferro A6M material consists of five sub-layers, each with a thickness 

of 0.1277 mm. We denote the overall height of the LTCC layer as hLTCC. As, layer 3 is 

the last layer, located at a specific height from layer 2's primary radiating elements. 

Silver is the chosen material for layer 3, with a thickness represented by href. 

Furthermore, the LTCC material presents a distinct set of challenges because of its 

significant radiation losses, which exceed εr greater than 5. This makes it difficult to 

resonate an antenna in the required band of interest, specifically the sub-6 GHz 5G 

bands (n77, n78, n79).  

 

Figure 5.15 (a) Side perspective view (b) Front perspective view of prototype MIMO 
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Table 5.2 Optimized parameters with dimensions 

 

 

 

 

 

In this antenna design, from the layer 2 as the optimum configuration. With the use of 

LTCC sub-layers, this structure offers wide coverage across entire 5G spectrum. 

Additionally, compared with various LTCC antenna designs, it offers simplified 

fabrication with no need for unnecessary or complex cavities. Furthermore, the fact that 

this design includes layers 1 and 3 offers notable advantages for the targeted 

applications is another noteworthy benefit. 

 All 4 ports have identical placement on the LTCC substrate, so their return loss 

outcomes are all below -10 dB. Figure 5.16 displays the S-parameters of the 4-element 

MIMO antenna. The graph shows the frequency band from 2.69-6.86 GHz. However, 

the figure clearly indicates that the mutual coupling accounts for the increase in 

bandwidth. The use of a unique structure has improved the mutual coupling of -45 dB 

between 4-element design and attains a high-level efficiency. 

 

Figure 5.16 S-parameter of four-element MIMO with LTCC technique 

Ls hgr Wf hsup href 

52 7 1.5 1.2 1.6 

Ws hLTCC Lf hgs hg 

31 0.762 9 3.8 0.035 
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Figure 5. 17 S-Parameter of four-element MIMO-LTCC Antenna for varying ground 

width (gw) 

 

Figure 5. 18 S-Parameter of four-element MIMO-LTCC Antenna for varying feed line 

width (wf) 

The fig. 5.16 shows the Scattering parameters of the 4-element LTCC based MIMO 

antenna. The graph shows a frequency band of 2.69-6.86 GHz. However, the graph 

clearly indicates that the suitable mutual coupling and the increase in the bandwidth. 

The use of a unique structure improved the mutual coupling of > -25 dB between the 

4-element design. As observed in fig. 5.17 and 5.18, the optometric analysis is 

performed by varying ground length (gw) and feed line width (Wf). The corresponding 
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S-parameter for feed line width (Wf) at 1.25 mm, 1.5 mm ,1.75 mm and ground length 

(gw) 5, 6 7, 8 mm is plotted accordingly and the best values are selected as gw as -7 

mm and Wf is 1.5 mm. 

5.6.3 Radiation Performance of 5G-LTCC MIMO 

The two-dimensional radiation pattern in the E and H Plane of the proposed four port 

antenna shown in the fig. 5.8 at the center frequency. The antenna in analysed in two 

principal plane (XY and YZ) which exhibits omnidirectional pattern used for practical 

5G applications. 

 

Figure 5. 19 2-D simulated radiation patterns of four port LTCC-MIMO along XZ 

and YZ Plane 

Table 5.3 Comparative study with previously published Sub-6 LTCC planar patch 

Sr. 

No. 

B.W. 

(GHz) 

Gain 

(dB) 

Area 

(mm) 

LTCC 

Tape 

Constant 

(∈𝑟) 

Loss 

Tange

nt 

Firing 

Temp. 

(°C) 

[144] 3.0-7.0 5 41×36 
Ceramtec 

GC 
8 0.002 900 

[145] 
2.5-

2.54 
5.22 

116×5

5 

DuPont 

9K7 
7.1 0.001 

Not 

given 
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[146] 
6.65-

10.0 
5 50×25 Ferro A65 5.9 0.0015 850 

[147] 4.9-5.9 6 30×24 
DuPont 

951 
7.8 0.002 850 

[148] 3.0-5.0 4.5 
19.25

×12 

Ferro 

A6M 
5.9 0.0015 850 

[149] 
3.0-

11.9 
5 25×25 

Ferro 

A6M 
5.9 0.0015 850 

[150] 2–11.8 10 75×78 GL-550 8.5 0.0003 900 

[151] 
25.5-

29.5 
5 12×12 

DuPont 

DP943 
7.8 0.002 850 

[152] 
4.35-

10.5 
4.7 66×50 

DuPont 

951 
7.8 0.002 850 

[153] 24-30 16 
42.5×

42.5 

Ferro 

A6M 
5.9 0.0015 850 

Propo

sed 

2.69-

6.86 
~ 7 52×31 

Ferro 

A6M 
5.9 0.0015 850 

 

The comparative study shown in table 5.3 has diverse LTCC based antenna used for 

wide range of applications [144], [145]-[153]. The planar LTCC has less design 

complexity compared to proposed technique in terms of its stack layers and placement 

of MIMO but the presented antenna has effective broad bandwidth, higher gain and 

sufficient mutual coupling among 4-elements. The designed sub-6 GHz 5G antenna has 

the commendable -10 dB impedance bandwidth in the entire band of 2.69-6.86 GHz. 

Further, in this MIMO antenna technique, we achieve a sufficient reduction in the ECC 

and acceptable isolation, which makes this antenna suitable 5G-new radio (NR) and 

WLAN band wireless applications. 
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5.7 Summary 

This chapter has suggested a quad-port staircase MIMO antenna for 5G-NR 

applications. High isolation and miniaturization, which are the crucial constraints for 

the MIMO system, have been attained only by the involvement of a staircase U-shaped 

radiating element and an I-shaped stub etched with rectangular strips in the ground 

plane. The beneficial part of this design is its compact size, which has a dimension of 

52 × 31 mm2. The design has progressed through fabrication accompanied by a testing 

phase to estimate the uniformity of simulated and measured results. The stated design 

exhibits the results such as the gain varies from 2 dB to 7dBi, 84.74% impedance 

bandwidth, isolation < -15 dB, ECC < 0.05, DG > 9.999, MEG1/MEG2 ≥ 0.95, TARC 

≤ - 10 dB, and CCL < 0.2 bits/sec/Hz. Hence, we can simply claim that this design is a 

suitable candidate for 5G NR (n77/n78/n79) application in the Sub 6GHz band as well 

as for WLAN (Wi-Fi 5 and Wi-Fi 6) band and imminent mobile communication. 

 Further, this chapter demonstrates a compact and low-profile 4-element LTCC-

MIMO antenna optimized for sub-6 GHz 5G bands operating from 2.69-6.86 GHz 

which are highly suitable for 5G applications. The antenna exhibited impressive 

performance when incorporated into standard device dimensions using LTCC 

technology, affirming the robustness and practicality of the presented design. In the 

upcoming chapter, the future direction and its applicability in MIMO array for future 

generation with miniaturization is concluded. 
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Conclusions and Future Scope 

"Antenna design is a balance between size, shape, and the desired radiation pattern." 

      - Warren L. Stutzman 

6.1 Conclusion 

In this thesis, sub-6 GHz wideband MIMO/diversity antennas are meticulously 

investigated in theoretical as well as practical aspects. Three miniature MIMO antennas 

for 5G new radio (n77/n78/n79/WLAN) are thoroughly evaluated through multiple 

simulations and measurements. These include a modified rectangular-shaped MIMO 

antenna, a Quad-radiator MIMO with asymmetric feed line, Quad-port staircase U-

shaped MIMO/diversity antenna. To understand the broad-spectrum capability of the 

proposed antenna, we examine the design steps. Initially, we conduct simulation studies 

on software to examine the designed antennas and parameters like radiation patterns, 

return loss, and current distribution. Finally, we validated the designed antenna through 

fabrication and measurements. This chapter outlines the main outcomes of all the 

designed antennas. 

 In chapter three, a compact high-performance two-element MIMO diverse 

antenna is proposed for wireless-LAN (5 GHz) band and sub-6 GHz 5G (NR) band. 

The antenna consists of two symmetrical antenna elements with an inverted T-shaped 

ground structure. The antenna attributes such as S-parameters, realized gain, current 

distribution, and radiation patterns are studied. Additionally, MIMO performance was 

also investigated in terms of ECC, DG, TARC, and multiplexing efficiency. The antenna 

covers the entire 5G band for wireless communication, with an effective band (-10 dB) 

of 2.92 to 5.72 GHz (provides bandwidth of 2.8 GHz). The obtained values indicate 

that measured performance is in reasonable agreement with simulated performance. 

Additionally, efficiency and gain were above 80 % and upto 3 dB across the band of 

interest respectively. 

 Further, a compact quad port antenna using effective technique for sub-6 GHz 

5G band is conferred in chapter four with broad bandwidth and nearly omnidirectional 
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radiation pattern. The face-to-face arrangement of quad patch elements reduces mutual 

coupling, while an inverted T-shape partial ground and stub elements enhance 

impedance matching. Twin stubs and rectangular notch on top right corner of the patch 

improves performance. The asymmetrical feed line structure of Quad port antenna with 

dimensions 31 × 40 mm2, attained impedance bandwidth of 2.27 to 5.34 GHz. The key 

parameters like ECC, DG and isolation are analysed, ensuring wideband coverage and 

high isolation across n77/n78/n79 band for effective 5G MIMO performance. 

Finally, in chapter five, a quad-port staircase U-shaped wideband MIMO 

antenna is presented for a 5G NR band. The beneficial part of this design is its compact 

size, which has a dimension of 52 × 31 mm2. The miniaturization of the configuration 

is achieved with a staircase U-shaped radiating element, and an I-shaped stub etched 

with rectangular strips between radiating elements provides enhanced isolation. The 

measured bandwidth of 4.5 GHz is obtained with an isolation above -15 dB, radiation 

efficiency above 82%,, and the gain from 2 to 6.5 dBi respectively. Certain parameters, 

such as ECC, DG, MEG, CCL, and TARC, are also evaluated to ensure that the 

designed MIMO system adheres to its requirements. Hence, the suggested antenna suits 

the 5G New Radio applications.  

The above discussed results demonstrate that all the antenna designs presented 

in this thesis functions as optimum solution for sub-6 GHz 5G applications and WLAN 

bands.  

6.2 Future Scope 

 The antennas designed for 5G applications such as receivers, smartphones, on-

body devices, and routers etc., are enabled by the useful design and versatile capabilities 

of MIMO antenna. The future generation mainly aims to improve the Internet of 

Everything (IoE) setup, which consists of high throughput and broadband usage for 

various applications, and MIMO can widen channel capacity by expanding the antenna 

nodes. 

The following suggestions for additional research are discussed here. 

1. The simulation and testing of all presented antennas in this thesis was conducted 

with the use of Ansys HFSS and VNA. Thus, in the near future, antennas designed for 

5G applications must be integrated into devices, and their performance must be 

subsequently tested. The four-element MIMO is recognized for its use in base station 
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antennas, which require a more complex system that provides higher gain and 

directional features.  

2. This thesis anticipated a compact high-performance 2-element/4-element 

MIMO for sub-6 GHz 5G applications. As the need for faster and more reliable wireless 

transmission grows, future study may focus on 8-element, 16-element and massive 

MIMO arrays. The research focuses on wide-ranging IoT applications which allows 

simultaneous communication among low-power devices and communication link 

quality in upcoming investigations to resolve challenges in deploying mMIMO. 

3. To further shrink antenna size, the techniques involving meta-surfaces and THz 

communication can be explored, as they have the potential to significantly achieve 

miniaturization without compromising 5G MIMO performance. 

4. The integration of AI and ML algorithms into antenna systems enables precise 

tracking, ensuring efficient power allocation and paving the way for more intelligent 

and adaptive wireless communication networks. 

5. Compact reconfigurable broadside-radiating MSAs can enhance gain by 

offering multi-polarization states across 5G frequency bands. Their high gain and 

precise beam steering capabilities significantly reduce interference and multipath 

fading thereby enhancing SNR, diversity, and data rates. Overall, they represent an 

efficient and adaptable solution for advanced wireless communication. 
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Supplementary Information 

“New information opens the door to fresh and innovative ideas”. 

-Zig Ziglar 

S.1 Introduction to High isolation 2-element MIMO 

 Over the past few decades, MIMO system has become increasingly important 

in the field of digital communication, particularly wireless communication. There has 

been a major evolution from SISO to MIMO as a result of the hard work of researchers 

who strive for excellence in the field of MIMO and other wireless technologies. MIMO 

enhances signal immunity by offering advantages in signal-to-noise ratio and channel 

capacity. The objective of this 2-element MIMO system is to develop diverse system 

with several performance parameters, such as mutual coupling between antenna, ECC, 

isolation, and QoS provided by MIMO. In MIMO array, the numbers of antennas 

elements deployed for trans-reception has greatly increased from 10 to 100 and 

extended upto thousand which is quite challengeable. As the data requirement for each 

user increasing every day, there is scope to develop new cellular era in which features 

a higher spectral efficiency (bit/sec/Hz/cell), higher cell density, bandwidth (Hz) and 

sufficient throughput. MIMO has roughly three scenarios i.e. P to P (peripheral to 

peripheral) MIMO, MU (multi-user)-MIMO and MaMi (massive-MIMO). Also, the 

MIMO array technology has large available bandwidth and it has advantage of 

millimetre frequency band and high-capacity gain gives advantage to next-generation 

mobile networks and cellular services as well as applications. 

 In this chapter, we are discussing popular wideband MIMO antennas in the era 

of wireless communication, where the data rate required is on the order of several 

gigabytes/sec and the problem of multipath fading and capacity can be enhanced. To 

achieve this goal, MIMO with diverse array combination can do this, as the MIMO 

technology has several characteristics by which channel capacity can be increased 

Appendix-A 
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without any extra bandwidth, along with combat to multipath propagation and a high 

data rate can be obtained. 

S.2 Proposed Model of a single element patch 

Case I: In this proposed model, a single element patch proposed antenna is placed on 

FR4 substrate with a dielectric constant (∈r) of 4.4, a loss tangent (tan δ) of 0.002, and 

a thickness (t) of 1.6 mm. The optimized structure includes a partial ground with 

dimensions of 12×2 mm2 (Lg×Wg), and a substrate of 18×12 mm2 (L×W) with an 

improved feed line of 1.5 mm is to attain a characteristic impedance (Z0) of 50 Ω. 

Table S.1 Antenna parameters (in mm). 

 

 

Figure S.1 Geometry of the antenna 

Figure S.1 illustrates the geometry of the envisioned single patch antenna consists of a 

square shaped patch with a slightly etched copper from top right corner (L1 × W1). 

Here, the symmetric 2-rectangular stub lines are connected on the bottommost end of 

the patch to improve the bandwidth. The rectangular patch resonates at 5.2 GHz. The 

simulated reflection coefficient (S11) shows the bandwidth from 4.16 to 6.1 GHz. A 

minor change in the impedance bandwidth is observed in figure 2 when the width of 

the feed line is changed from 1 to 1.5 mm. 

W L Lp Wp Lf Wf Lt Lg W1 L1 Ls 

12 18 8.5 8.5 5 1.5 1.5 2 3 3 5.2 
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Figure S.2 Reflection coefficient (S11) of Single element antenna 

The antenna has simulated gain of 1.9 dB and the efficiency is approximately around 

88%. Also, the corresponding vector current distribution of the proposed single antenna 

is depicted in figure 3, showing the current flows primarily through the feed point, part 

of the stub, and the lower part of the patch. The bandwidth is considerably narrow in 

this case probably due to the quality factor. 

 

Figure S.3 Vector current density of reference antenna at resonance 

Case II:  Here, the two-element antenna consists of a square type patch with a slight 

copper etched from the top right corner, with symmetric 2-rectangular stub lines 

connected and in the shape of U, etching is done to form a defective ground to obtain a 

resonant frequency of 5.2 GHz to improve bandwidth for forthcoming 5G band and 

WLAN applications. In case I, the disadvantage of narrow bandwidth is overcome by 

using an asymmetric feed line, which improves the bandwidth and gain by 15 % and 



 
 
 

 
 

90 
 

0.8 dB, respectively. The proposed antenna is placed on FR4 substrate with a constant 

(∈r) = 4.4, tan δ= 0.002 and the thickness (t) of 1.6 mm. The optimized structure of 

dimension 36 × 18 mm2 (W×L), with an improved feed line of 3 mm to attain a desired 

characteristic impedance (Z0) of 50 Ω as shown in Figure S.4. 

 

Figure S.4. Geometry of the proposed two-element antenna 

Table S.2 Antenna geometry (in mm) 

W L Lp Wp Lf Wf 

36 18 8.5 8.5 5 3.2 

W1 L1 W2 W3 W4 

2.8 2.8 1 1.5 1 

Ls Lg Wg Wg1 W5 

5.2 3 2.5 2 1 

The final S-parameters of the above design are shown in Figure S.5. The result shows 

that the obtained bandwidth is from 3.1 to 5.6 GHz with a minimum isolation -15 dB, 

and it follows the prerequisite demand of 5G communication for wideband operation. 

It also covers the 5.2 GHz unlicensed wireless LAN. 



 
 
 

 
 

91 
 

 

Figure S.5 S-parameter of proposed 2-element MIMO 

The simulation study of S-parameters is shown in figure S. 5 for various values of feed 

line i.e., at 2.8 mm, 3.2 mm and 3.6 mm, respectively. The desired result is obtained at 

3.2 mm with sufficient isolation, but isolation can be improved further above -15 dB, if 

we change feed line width to 3.6 mm, but then other performance parameters are 

affected. The current passed through the feed point, a portion of the stub, and the lower 

side of the patch, as shown in the vector current distribution of the suggested single 

antenna as shown in figure S.6. The bandwidth is broadened in this case with the 

principle of asymmetrical feed line. 

 

Figure S.6 Vector current density of 2-element antenna 

3.3. Parametric Analysis 

The figure S.7 shows the 2-D omnidirectional radiation pattern at resonant frequency 

when one antenna is active and the other is matched terminated. To understand the 

behaviour of MIMO diversity performance parameter, the ECC Vs frequency was 

analysed. The ECC should be below 0.5, and the mathematical analysis is specified in 
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[21]. The TARC and DG versus frequency show that the reflection coefficient is 

between 1 and 0, the ratio of MEG i.e. (MEG1/MEG2) versus frequency has a good 

effective value, and the CCL versus frequency specifies that the CCL must be below 

0.5 bits-per-sec/hertz. It has been observed that all performance parameters are within 

acceptable range and illustrated in figures S. 8 (A) - (D). 

 

Figure S.7 2-D Radiation pattern of two-element MIMO 
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Figure S.8 (A) Correlation coefficient against frequency, (B) TARC and DG against 

frequency, (C) (MEG1/MEG2) versus frequency, (D) channel capacity loss (CCL) 

versus frequency 

Table S.3. Comparative Investigation of MIMO Antennas 

Ref. 

No. 

Area 

(mm2) 

 

Substrate 
Type of MIMO 

Working 

frequency 

Range (GHz) 

Isolation 

(dB) 
ECC 

[20] 
145 × 

75 
FR-4 

Adjacent 

spaced by 

inserting line 

decoupling 

 

3.3 – 5 
> 10.8 < 0.14 

[32] 24 × 25 
 

FR-4 

Dual band 

MIMO using 

Slot antenna 

2.40-

2.67/5.46-

5.73 

≥20 
< 

0.004 

[50] 50 × 80 FR-4 
Novel dual 

band 
2.45/5.8 ≥20 < 0.01 

[51] 20 × 56 FR-4 
dual band with 

decoupling 

2.37-

2.53/5.10-

5.90 

≥13 < 0.2 

[53] 
48.5 × 

60.6 
F4B 

Dual Band 

closely 

coupled Patch 

MIMO 

3.7/4.1 NA < 0.01 
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[52] 60 × 50 FR-4 

Dual band 

monopole 

using DGS 

2.5/5.5 -20/-40 NA 

[63] 
38.2 × 

95.94 FR-4 

2-element 

patch 

with/without 

EBG and inset 

fed 

2.43-2.50 -24.67 
0.008

7 

[65] 
240 × 

240 FR4 

a novel 

decoupling 

slot-strip array 

(DSSA) 

1.256- 1.272 > -30 
< 

0.005 

[69] 20×46 FR-4 
Dual band 

MIMO slot 

2.40-

2.50/4.90-

5.75 

≥-12 < 0.27 

[68] 
50 × 

100 
FR-4 

Inverted-F 

antenna (IFA) 
2.7 to 3.6 -25 < 0.3 

[104] 60 × 60 FR-4 

Calendula 

patch with 

rectangular 

stub 

 

3.26-5.18 

 

> -15 

 

<−0.0

05 

[114] 
47.5 × 

40 
FR-4 

Two element 

arrays with 

parasitic 

element 

3.11–3.81 42.9 0.001 

Propo

sed 
36 ×18 FR-4 

Square type 

patch with 

asymmetric 

feed 

3.1-5.6 > -15 

< 

0.001

5 

 

 In this, various performance parameters like correlation coefficient, isolation of 

MIMO antennas were studied, along with the diverse types of MIMO available. The 

analysis in Table I was carried out to compare the performance characteristics of dual 

band, triband, wide band MIMO. The work presented by various researcher has 

acceptable isolation and sufficient ECC, but in few research papers, there is a scope of 

further enhancement. The respectable isolation obtained in most of the papers is around 
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20 to 25 dB, and the value of ECC is < 0.5. Accordingly, the obtained bandwidth of 

designed MIMO ranges from 3.1 to 5.6 GHz and the adequate isolation of -28 dB meets 

demand of 5G communication. The results reveal that throughout the band, ECC is 

0.015, DG is around 9.95, TARC is greater than 0.8, and CCL is less than 0.3 bps/Hz. 

In nutshell, an efficient antenna design approach is deliberated that can be used to 

achieve exceptional isolation among 2-element compact and small size MIMO for sub-

6 GHz 5G applications. 

S.5 Four Element MIMO Antenna with PLUS shape radiator arrangement and 

corporate feed for WLAN and 5G wideband wireless Applications 

S.5.1 Introduction 

 In recent years, there have been significant strides in wireless communication 

technology.  The use of antennas in mobile terminals is imperative as a consequence of 

the miniaturization process, necessitating their size reduction. Planar antennas, such as 

microstrip and printed antennas, are favored for their low profile, compact size, and 

adaptability to conform to mounting hosts. These characteristics make them attractive 

alternatives for the development of a variety of materials. Consequently, these seem to 

be highly promising candidates for satisfying this design requirement in the future. As 

a result, antenna researchers have focused towards developing techniques for compact, 

broadband, and wideband antenna design. To satisfy their bandwidth requirements, 

modern mobile cellular communication systems developed a number of unique planar 

antenna designs. Together, MIMO antennas improve data speeds and solve issues like 

multipath fading, which are essential for wireless communication. Leveraging MIMO 

technology through diverse array combinations offers the potential to augment channel 

capacity without the need of additional bandwidth. This technology effectively 

addresses multipath propagation, enabling high data rates to be attained. The compact 

antenna is a primary requirement with closely spaced elements used for wireless 

communication at a 5.5 GHz WLAN application, which is suitable for MIMO systems. 

The compact four-element broadband optimized MIMO antenna that prioritizes 

adequate isolation and wide bandwidth from 2 to 12.27 GHz.  

The structure consists of four antenna elements positioned at 90° intervals from 

each other, mounted on a plus-shaped FR4 substrate. The resulting MIMO antenna 

system has dimensions of 48(W) × 52(L) × 1.6(h) mm3. Across all frequency bands, 
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this MIMO antenna system maintains greater than -20 dB isolation. Moreover, it 

demonstrates an impressive ECC ≤ 0.3 within the operational band. The proposed 

MIMO antenna emerges as an optimal solution for compact handheld devices and 

smartphones, effectively addressing a spectrum of applications, including 5G-IoT, 

WLAN, and the unlicensed UWB band. 

 

Figure S.9 Simulated S-parameters (S11) against frequency and single element 

Geometry 

In this design as shown in fig. S.9, an antenna utilizing a singular patch element is 

positioned on an FR-4 material. The substrate possesses ∈r = 4.4, loss tangent = 0.002, 

and 1.6 mm in thickness. The advanced arrangement incorporates a partial ground plane 

measuring 12.5 × 24 mm2 (length × width, denoted as (Lg × Wg), and the substrate 

dimensions are 26 × 24 mm2 (length × width, denoted as L × W). An enhanced feed line 

of 3 mm width is employed to reach a desired char. impedance (Z0) of 50 Ω. 

S.6 Four element wideband MIMO 

Antenna arrays permit an antenna system to scan its field of view to improve multiple 

parameters such as gain and directivity. In microstrip array, elements are organized in 

the PLUS shape wherein all elements are placed at 90° with each other in the clockwise 

manner fed by corporate type coaxial feed as shown in fig. S.10. It comprises of four 

identical radiating elements located on the upper surface of the substrate and a modified 

square shape common ground is used for isolation improvement. An entire dimension 

of the designed antenna is only 48 mm x 52 mm = 2496 mm2. The coupling between 

ground and rectangular stubs helps to shift the frequency band towards lower side. The 
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square shape ground plane of dimension (Lg3× Wg3) 25 mm x 25 mm with corporate 

feed network and corner etched slot (Lg2×Wg2) is provided on all four corners of 

modified ground to expand the mutual coupling. Further, to cover partial ultra-wide 

band, a square-shape slot (Lg1×Wg1) is provided on the ground. To cover all 5G-NR 

bands and wideband corporate coaxial feeding principal is used as shown in figure S.10 

(B). The coaxial connector's central conductor extends through the dielectric and is 

affixed to the radiating patch via soldering. Simultaneously, the outer conductor 

establishes a connection with the ground plane. This approach offers a notable 

advantage: it permits flexible positioning of the feed anywhere within the patch area to 

achieve the desired input impedance match. This feeding technique is both 

straightforward to manufacture and minimizes unintended radiation. It proves 

particularly well-suited for broad bandwidth applications when employed with a thick 

dielectric substrate. The dimensions of the optimized feed line (length and width 

represented as Lf x Wf) is well-tuned to achieve a characteristic impedance (Zo) of 50 

Ω. Refer table S.4 for the specific optimized measurements. 

 

Figure S.10 (A) 4-element patch placement of proposed antenna, (B) Perspective view 

of proposed antenna 

Table S.4 Proposed parameters of the four-element antenna 

Ws Ls h Lg Wp Lp 

24 26 1.6 12.5 10 6.5 
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Wg Wf Lf C1 Lg1 Wg1 

24 3 12.5 5.5 3 4 

L1 Lg2 Wg2 Lg3 Wg3 

9.5 3 3 25 25 

 

S.7 Results and discussion 

As shown in figures S.11 (A)-(B), which include a bandwidth of 2 GHz to 12.27 GHz 

and an isolation level of -20 dB, meet the needs for wideband function in 5G 

communication. 

 

Figure S.11 (A) Simulated S-parameters (S11 and S12) versus frequency, (B) Simulated 

S-parameters (S11/S21/S31/S41) versus frequency, (C) Plot of simulated S-parameters 

versus frequency for different value of Wf 



 
 
 

 
 

99 
 

The system supports wireless LANs of 5.5 GHz and ultrawideband frequencies. The 

figure S.11 (C) illustrates feedline width related to the S11 characteristics of the 

suggested antenna. The change in feedline width, ranging from 2.8 mm to 3.2 mm, 

remarkably enhances impedance matching between 5 and 6 GHz. Consequently, a 

feedline width (Wf) of 3 mm is selected as the optimal choice for favourable impedance 

matching across the entire frequency band.  

 The variation on the Ground slot length and length of the ground plane (Lg1 and 

Lg3) is depicted in fig. S.12. From the fig. S.12 (A) displays poor impedance matching 

at 2 mm, 4 mm and 5 mm. After optimization, a frequency deep is obtained at 5.5 GHz 

and wide band coverage for Lg1 = 3 mm. Further, for various ground length value is 

observed in fig. S.12 (B). For Lg3=25 mm, the antenna covers all sub-6 GHz 5G band 

and ultra-wide-band along with WLAN. 

 

Figure S.12 (A) Plot of simulated S-parameters versus frequency for different values 

Lg1, (B) Plot of simulated S-parameters versus frequency for different values (Lg3) 

The calculation of the ECC, a key indicator of diversity performance, can be 

accomplished either through a far-field or by using S-parameters. The perfect MIMO 

array has ECC equal to zero, whereas in real-world scenarios, these values are 

anticipated to be below 0.50 as observed in fig. S.13 (A). 

 The DG shows the variations among the time-average SNR signals, indicates 

the best possible diversity in a communication channel. When compared to a single 

antenna system, it provides gain relation with other nearby radiating antenna which is 

represented in fig. S.13 (B). 
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It is seen from the fig.S.13 (B), that the simulated and the measured value of the DG 

is almost identical and greater than > 8.2 dB. 

   

Figure S.13 (A) Simulated ECC of the proposed MIMO, (B) Simulated Diversity gain 

 

Figure S.14 Two-dimensional radiation pattern of corporate-fed microstrip array 

antenna: (a) at 4 GHz, (b) at 5.5 GHz, (c) at 8 GHz, and (d) at 9.5 GHz. 

The proposed antenna's 2-D radiation pattern at 4 GHz, 5.5 GHz, 8 GHz, and 9.5 GHz 

is shown in fig. S.14 (a)-(d). This shows that the pattern is dipole-like and 

omnidirectional. 
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S.8 Summary 

This chapter studies various MIMO antenna performance parameters, including 

correlation coefficient and isolation. The achieved bandwidth from 2 to 12.27 GHz, 

along with a minimum isolation of -20 dB, effectively fulfills wireless communication 

requirements. With a specific focus on 4-element MIMO antennas, the chapter explores 

the potential for wideband communication applications, and achieves high isolation in 

sub-6 GHz band used in 5G applications. The findings demonstrate encouraging results, 

with an ECC of 0.06 and DG of approximately 9.85, both falling well within the 

acceptable ranges for optimal MIMO performance. In essence, the chapter introduces 

ongoing research in efficient antenna design approach and contributes to the valuable 

insights into the performance parameters of MIMO antennas. 
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