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ABSTRACT 

 
INVESTIGATION OF INTEGRATED DECOUPLING METHODS FOR MIMO 

ANTENNA SYSTEMS 

Design, Modelling and Implementation of MIMO Antenna Systems for Different 

Spectrum Applications with High Port-to-Port Isolation Using Different Decoupling 

Techniques 
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Multiple-Input-Multiple-Output (MIMO) antenna technology refers to an antenna with 

multiple radiators at both transmitter and receiver ends. It is designed to increase the data rate in 

wireless communication systems by achieving multiple channels occupying the same bandwidth 

in a multipath environment. The main drawback associated with this technology is the coupling 

between the radiating elements. A MIMO antenna system merely acts as an antenna array if the 

coupling between the radiating elements is high. For this reason, strong decoupling between the 

radiating elements should be achieved, in order to utilize the benefits of MIMO technology. 

The main objectives of this thesis are to investigate and implement several printed MIMO 

antenna geometries with integrated decoupling approaches for WLAN, WiMAX, and 5G 

applications. The characteristics of MIMO antenna performance have been reported in terms of 

scattering parameters, envelope correlation coefficient (ECC), total active reflection coefficient 

(TARC), channel capacity loss (CCL), diversity gain (DG), antenna efficiency, antenna peak gain 

and antenna radiation patterns. 

Three new 2×2 MIMO array antennas are proposed, covering dual and multiple spectrum 

bandwidths for WLAN (2.4/5.2/5.8 GHz) and WiMAX (3.5 GHz) applications. These designs 

employ a combination of DGS and neutralization line methods to reduce the coupling caused by 

the surface current in the ground plane and between the radiating antenna elements. The minimum 

achieved isolation between the MIMO antennas is found to be better than 15 dB and in some 

bands exceeds 30 dB. The matching impedance is improved and the correlation coefficient values 

achieved for all three antennas are very low. In addition, the diversity gains over all spectrum 

bands are very close to the ideal value (DG = 10 dB). 

The forth proposed MIMO antenna is a compact dual-band MIMO antenna operating at 

WLAN bands (2.4/5.2/5.8 GHz). The antenna structure consists of two concentric double square 

rings radiating elements printed symmetrically. A new method is applied which combines the 

defected ground structure (DGS) decoupling method with five parasitic elements to reduce the 

coupling between the radiating antennas in the two required bands. 

A metamaterial-based isolation enhancement structure is investigated in the fifth proposed 

MIMO antenna design. This MIMO antenna consists of two dual-band arc-shaped radiating 

elements working in WLAN and Sub-6 GHz 5th generation (5G) bands. The antenna placement 

and orientation decoupling method is applied to improve the isolation in the second band while 

four split-ring resonators (SRRs) are added between the radiating elements to enhance the 

isolation in the first band. 

All the designs presented in this thesis have been fabricated and measured, with the simulated 

and measured results agreeing well in most cases. 
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CHAPTER ONE 

 

Introduction 

 

 
 

The development of wireless communication technology has raised demands for higher 

data rate and larger channel capacity in wireless applications such as Bluetooth, Wireless 

Fidelity (Wi-Fi), Long Term Evolution (LTE), Wireless Local Area Network (WLAN) 

and Worldwide Interoperability for Microwave Access (WiMAX). Therefore, wireless 

communication technology is rapidly shifting from one antenna system to multiple 

antenna (MIMO) systems to fulfil the higher data rate and larger capacity requirements 

[1, 2]. One of the main requirements for MIMO antenna systems to achieve maximum 

channel capacity is that the communication channels between the sender and receiver 

need to be totally uncorrelated. That means multiple radiators in transmitter and receiver 

ends should work individually. There are two main reasons that increase the channel 

correlation, the first one is the coupling inside the structure of the antenna. This parameter 

(actually its inverse) is called antenna isolation and can be measured through the S- 

parameters of the antenna. The second factor is the characteristics of the radiation pattern 

of the antenna, which could increase the channel correlation even if the radiating elements 

are well isolated. This factor can be measured through the correlation coefficients of the 

antennas. In MIMO antenna systems, it is crucial to achieve high isolation and low 

correlation coefficient values to maximize the channel capacity. In an antenna array 

system, the coupling can be enhanced by increasing the physical distance between the 

radiating elements (at least λ/2). But this solution is inappropriate in contemporary 

handheld wireless devices with limited space availability. The deployment of MIMO 
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technology in mobile communication systems has led to application of multiple radiating 

antennas at the base station and at the mobile terminal as well. Generally, there is no firm 

limitation on space to design a MIMO antenna system operating at low frequencies (in 

700-900MHz range) for the base station because the space between the radiating antennas 

can be increased to achieve high isolation. 

 
 

The major challenge is to design mobile terminals operating in the sub-GHz frequency 

range with a high port-to-port isolation, due to the limited space available for the antenna 

system. 

 
 

1.1 Motivation 

 
As mentioned above, the requirement for multiple antennas in modern wireless systems 

is indisputable but combining these multiple radiating antennas in close proximity will 

lead to increases in the problems of isolation and channel correlation. The performance 

of the multiple-antenna system will be degraded by increasing the coupling between the 

antennas. In other words, it degrades the designed radiation efficiency and peak gain 

because some of the energy that is intended for one antenna will be collected by a 

neighbouring antenna [3, 4]. Another drawback associated with low isolation between the 

radiating elements is the high channel correlation which in turn will minimize the capacity 

of the MIMO system [5-7]. Consequently, it is essential to isolate the antennas to improve 

the performance of MIMO antenna systems, as well as to simplify the system design by 

creating near-ideal stand-alone operating conditions for individual radiating elements [8]. 

In this work, a comprehensive review of decoupling techniques that may be applied 

between the radiating elements of MIMO antenna systems in different wireless 
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applications is provided. This survey illustrates that there are different parameters that 

determine the choice of an appropriate decoupling technique. These parameters include 

the geometry of the antenna, the frequency of operation and the bandwidth of the antenna. 

While previous researches have achieved excellent outcomes, most have had a few 

impediments. In other words, there were many gaps in previous researches in terms of 

adopting one coupling reduction scheme for multiband wireless applications. Therefore, 

the main motivation of this work is to overcome some of these impediments by designing 

a new low-profile MIMO antenna with integrated decoupling approaches for multiband 

applications, thereby improving MIMO antenna system capabilities. 

 
 

1.2 Aim and Objectives 

 
The main aim of the work reported in this thesis was to investigate the potential of 

integrating different decoupling techniques that can be used for MIMO antennas to 

improve the isolation of adjacent radiating elements within the structure to provide better 

diversity performance. Specifically, five decoupling techniques will be investigated. 

These techniques include metamaterial resonators, antenna placement and orientation, 

parasitic elements, neutralization line (NL) and defected ground structure (DGS). Each 

technique is integrated with another technique/s and applied to a recently developed 

multi-band 2×2 MIMO antenna system to assess the effectiveness of integrating each pair 

of techniques on antenna performance. 

A summary of the thesis objectives is listed below: 

 
 

• Study the principle of operation of a MIMO antenna system and the parameters 

affecting its performance, such as the scattering parameters, Envelope Correlation 
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Coefficients (ECC), Total Active Reflection Coefficient (TARC), Channel 

Capacity Loss (CCL), Diversity Gain (DG), 2D and 3D antenna radiation patterns, 

peak gain and antenna radiation efficiency. 

• Investigate and verify the influences of integrating a DGS approach with a 

neutralization line approach on three different proposed multi-band MIMO 

antenna designs to enhance the isolation between the radiating elements. 

• Design a low-profile printed MIMO antenna with two double concentric 

rectangular rings. The benefit of using the self-similarity property is used to 

achieve multi-band operation. In order to reduce mutual coupling, the DGS 

decoupling approach is integrated with five parasitic elements in the bottom layer 

of the MIMO antenna substrate. 

• Design a new compact-size multi-band 2×2 MIMO antenna to work in WLAN 

and Sub-6 GHz 5th generation (5G) bands. The antenna placement and orientation 

technique is first implemented to minimize the coupling at the second frequency 

band. Then, four split ring resonators (SRRs) are added between the radiating 

elements to enhance the coupling at the first frequency band. 

 
 

The above goals will be approached through theoretical and computer simulations using 

CST Microwave Studio software (CST MWS). The corresponding results are to be 

validated by experimental measurements. 

 
 

1.3 Original Contributions to Scientific Knowledge 

The original contributions to scientific knowledge of this thesis are in the area of 

designing multi-band MIMO antennas with combined decoupling techniques to improve 
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the isolation between the radiating elements within the antenna structure and provide 

better diversity performance. Some of these contributions presented in this thesis are 

listed below: 

• Designing a new low profile dual-band 2×2 MIMO antenna in the form of double 

T-shaped monopole antennas with integrated decoupling techniques that 

combines DGS and NL. This hybrid technique has helped to improve the coupling 

of the two relevant bands and enhance system performance significantly. 

• Designing a tri-band 2×2 MIMO antenna to fulfil the requirements of WLAN and 

WiMAX applications. A new technique is presented to improve the isolation by 

integrating DGS and NL decoupling techniques where the NL is placed in the 

defected area to connect the ground planes. The main function of this method is 

to reduce the coupling caused by the surface current in the ground plane. 

• To improve the isolation between the radiating elements of a dual-band 2×2 

MIMO antenna, a new hybrid decoupling approach that combines five parasitic 

elements and DGS has been applied and implemented on the bottom layer of the 

antenna structure. 

• Designing a new 2×2 dual-band MIMO antenna consisting of two arc-shaped 

elements for WLAN and Sub-6 GHz 5G applications. An integrated decoupling 

approach that combines the antenna placement and orientation with metamaterial 

resonators in the form of split-ring resonators (SRRs) are applied to suppress the 

antenna coupling in the two frequency bands. 

• A combination of three defected areas with a new NL configuration is used to 

reduce the coupling and improve the impedance matching of two symmetrical G- 

shaped slotted MIMO antennas working at WLAN and WiMAX bands. 
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1.5 Thesis Layout 

 
This thesis constitutes a collection of the studies in the frame of the mentioned objectives. 

The outcomes of the performed work are expressed in eight chapters. Beyond this 

introductory chapter, Chapter Two shows the main concept of MIMO technology, 

followed by its theoretical background and then a comprehensive review of the previous 

works, starting from the history of MIMO antenna systems and the main drawbacks 
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associated with MIMO antennas. After that, various decoupling techniques commonly 

employed in the literature are presented. A further discussion of key performance metrics 

used to measure the performance of MIMO systems is also presented. 

 
 

Chapter Three presents a compact dual-band MIMO antenna operating at WLAN bands 

(2.4/5.2/5.8 GHz). The schematic structure of this antenna consists of two double T- 

shaped radiating elements with integrated DGS and neutralization line approaches. The 

optimum value of isolation is obtained by optimizing the dimensions of the neutralization 

line and DGS. 

 
 

Chapter Four investigates a low-profile tri-band MIMO antenna operating in WLAN 

(2.4/5.2/5.8 GHz) and WiMAX (3.5 GHz) bands. This antenna design employs two 

printed uni-planar monopole antennas. A new technique combining the DGS approach 

with the neutralization line approach is presented. The main benefit of these techniques 

is to reduce the coupling caused by the surface current in the ground plane. 

 
 

Chapter Five focuses on the effect of integrating the DGS decoupling approach with 

parasitic elements to mitigate mutual coupling. This hybrid decoupling approach is 

applied on a MIMO antenna structure that contains two radiating elements in the form of 

a double square ring to operate in two different frequency bands. 

 
 

Chapter Six presents a dual-band MIMO antenna consisting of two arc-shaped elements, 

intended for WLAN and Sub-6 GHz 5G applications. The antenna placement and 

orientation technique is used to enhance the isolation in the Sub-6 GHz 5G band while 
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metamaterial resonators in the form of split-ring resonators are introduced to reduce the 

antenna coupling in the WLAN band. 

 
 

Chapter Seven presents a low-profile dual-wideband MIMO antenna for WLAN and 

WiMAX services. The optimised structure consists of two symmetrical G-shaped slotted 

patch antennas. A combination of neutralization line and defected ground plane 

techniques is used to reduce the coupling. The antenna impedance matching is improved 

by printing stubs on the feeding lines near to radiating elements. 

 
 

Chapter Eight summarizes the conclusions from the previous chapters and presents the 

guidelines for future work as deduced from these conclusions. 
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CHAPTER TWO 

 

Background and Literature Review of MIMO Antenna 

Systems 

 
 

Recently, wireless communication systems are required by modern applications to 

achieve higher and higher data rates with maximum channel capacity. Since increasing 

the bandwidth is costly and there is some limitation to use higher-order modulation types, 

a new approach that takes the benefits of the transmission channel have to be adopted. 

MIMO technology provides a significant improvement to data rate and channel capacity. 

The main feature of MIMO systems is that it utilizes the multipath propagation, which is 

a pitfall of wireless communication systems, and turns it into an advantage for the user. 

On the other hand, MIMO effectively improves spectral efficiency by increasing the 

capacity of the wireless communication system without any increase in available 

bandwidth. This chapter gives an introduction to the concept of MIMO technology and 

terminology and explains its theoretical background. It also presents a comprehensive 

survey of the literature available regarding mutual coupling reduction methods of MIMO 

antennas by showing the main features of each method and its cons and pros. This survey 

helps to find the gaps in knowledge that drive this work. The main diversity metrics of 

MIMO antenna systems that use to describe MIMO antenna performance are presented 

in detail at the end of this chapter. 

 
 

2.1 The Concept of MIMO Technology 

MIMO technology can be defined as an advanced technique that utilises multiple transmit 

and receive antennas for multiplying the capacity of a wireless communication system 
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within a fixed bandwidth. In other words, MIMO technology exploits a solution in which 

a communication system can send and receive multiple independent channels 

simultaneously through the same wireless link (and same frequency band) using multiple 

antenna topologies without any extra radiation power consumption. It exploits the 

additional paths provided in a rich scattering environment [1, 2]. MIMO technology has 

also been distinguished as a backbone for next generation wireless communication 

technology due to its ability to enhance system reliability and improve channel capacity 

by applying multiple antennas. Initially, MIMO technology was presented as a practical 

technique that can improve the limitation in the data rate experienced by single input 

single output (SISO) systems. Moreover, different networks can apply MIMO technology 

to enhance the capacity of the channel, the reliability of the system and the transmission 

speed of the data [3] by exploiting the highest capacity of a wireless communication 

system [4]. 

There are related technologies that may be used in wireless communication systems such 

as Single Input Multiple Output (SIMO), Multiple Input Single Output (MISO) and 

Multiple Input Multiple Output (MIMO). In SIMO, there is one transmitter antenna and 

multiple receiver antennas. This configuration is known as receiver diversity. This 

technique enables the receiver to combat fading by receiving multiple signals coming 

from different independent channels conveying the same information. In MISO, there are 

multiple transmitters and one single receiver: redundant data is transmitted through 

multiple transmitter antennas. Thus, the receiver has a greater probability to receive the 

transmitted data correctly and hence reduce the effects of multipath signal propagation 

[5]. MIMO technology uses multiple antennas at the transmitter and multiple antennas at 

the receiver. Therefore, the transmitter can send multiple data streams in the environment 
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of multipath. Then, the receiver end will receive more than one channel of data due to the 

multipath environment. After that, the received data should be analysed using a special 

MIMO algorithm in order to recover the multiple transmitted data streams [5]. Fig. 2.1 

shows the configuration of different multiple antennas systems. 

 

 

 

 

 

Fig. 2.1. Configuration of different multiple antenna systems. 

 
 

 
2.2 Theoretical Background of MIMO Technology 

 
As mentioned earlier in this chapter, a MIMO system consists of multiple antennas at the 

transmitter and receiver ends respectively. The multiple antennas at the transmitter will 

help to send multiple data streams and each antenna in the receiver end will receive 

multiple data copies. Fig. 2.2 shows the block diagram of a MIMO system. Assuming a 

MIMO system with N×M antennas, the data will be divided into N parallel streams. Then, 
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the parallel streams will be received by the M receiving antennas. The formula of the 

received signal at the receiver end can then be written as follows [6]: 

 

R1=(H11×T1+ H12×T2+… ................... H1N×TN)+N1 
R2=(H21×T1+ H22×T2+… ................... H2N×TN) +N2 

. 

. 

. 

RM=(HM1×T1+ HM2×T2+… ................... HMN×TN) +NM 

 

 
(2.1) 

 

 
 

where Ri and Tj are the received and transmitted signals by the ith and jth antennas 

respectively and the channel between them is represented by Hij while Ni is the receiver 

noise [7]. The transmitted signal and the received signal are related to each other. This 

relation can be explained in the following formula: 

 

 

[𝑅]𝑇 = [𝐻][𝑇]𝑇 +[N] 

 

(2.2) 
 

 

The recovery of the transmitted signal can be evaluated by: 

 

[𝑇]𝑇 = [𝐻] ―1[𝑅]𝑇 ― [𝐻] ―1N (2.3) 
 

 

 

 
 

 

Fig.2.2. MIMO System block diagram. 
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( ) 

 

From these formulas, it can be seen that spatial diversity and spatial multiplexing are used 

by a MIMO system to improve the capacity and/or quality of the link. The process in 

which the MIMO technology could increase the channel capacity depends on the Shannon 

channel capacity equation [7]: 

 

 

 
𝐶 = 𝑊 log2 

 
 
1 +

 𝑝  

𝑁𝑜𝑊 

 
 
 

 
(2.4) 

 

 

 

Where: 

 

C: is the channel capacity in bits/Hz/s. 

W: is the bandwidth. 

P: is the transmitted power. 

 

N0: is the power spectral density of noise. 

 

Signal to noise ratio (SNR) is represented in the equation by the term (P/WN0). Therefore, 

the channel capacity of the system can be increased by either raising the SNR or 

increasing the bandwidth of the channel. As is well known, the signal to noise ratio has a 

logarithmic relation with the channel capacity, which means there is little effect from 

increasing the signal to noise ratio above a specific value: this is because the channel 

capacity will be in the saturation mode. Consequently, it is not efficient to increase the 

transmitted energy and this could cause a conflict with other communication channels 

[8]. The second factor that could be used to improve channel capacity is the bandwidth. 

There are limitations on increasing the bandwidth linearly in a communication system 

due to the high cost of acquiring new spectrum, the severe fading in a multipath 
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environment, and the restricted transmitted energy to avoid interference with other 

channels [9]. Therefore, the MIMO technology has been used to counter the previous 

limitations through improving the channel capacity of the communication system within 

a specific transmitted energy and fixed bandwidth. Finally, MIMO antenna systems can 

be considered as a key element of most modern emerging wireless technologies. 

 
 

2.3 History of MIMO Antenna Systems 

 
The multiple antenna concept was first conceived during early 1998 by pioneer Foschini, 

where multiple antennas at the transmitter and receiver in a communications system have 

been employed to enhance the channel capacity [10]. During 1998-1999, a very clever 

concept of “Spatial multiplexing” also known as V-BLAST (Vertical-Bell Labs Layered 

Space-Time) communication technique, as shown in Fig. 2.3, was developed by 

Wolniansky, Golden and Foschini for enhancing spectral efficiencies [11-13]. In this 

technique, a high data rate stream is separated into multiple low rate sequences. These 

low rate sequences are transmitted simultaneously using multiple antennas with the same 

frequency of operation. In the receiver end, the low rate sequences are combined from 

different paths to reconstruct the actual transmitted data. 

 
 

On the other hand, the spatial multiplexing technique does not help in improving the 

diversity gain; the latter can be considered as the main parameter for minimizing the 

fading in any communication system. Therefore, Zheng, Zheng and Tse [14] in 2003 

illustrated that there is a trade-off between diversity gain and spatial multiplexing gain in 

a communication channel in order to achieve the optimum performance of the system. In 

2005, Walter et al. [15] explained that the combination of the spatial multiplexer (SM) 
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and Space-Time Block Coding (STBC) technologies will lead to improvement in the 

diversity of the MIMO system and increase the average data rates in the MIMO channel. 

 
Fig. 2.3. Configurations of V-BLAST System [11]. 

 

 

 
2.4 Antennas for MIMO Systems 

In the last few years, the size and weight of mobile terminals have been reduced 

dramatically. The rapid evolution of the antennas used for mobile terminals has been 

triggered by this reduction in the mobile terminal’s size. Moreover, the demand for higher 

data rates and larger channel capacity has helped to evolve the antenna requirements for 

a handset from one single radiator antenna to multi-radiator solutions. As a result, the 

antennas for compact handsets are becoming more difficult to design. The antennas are 

requested to be compact whilst their performances have to be preserved. Nevertheless, 

the gain and bandwidth are usually degraded by reducing the antenna’s size. In MIMO 

technology, multiple antennas will be integrated in a mobile handset to achieve the benefit 

of the diversity that these antennas provide. Consequently, it is more challenging to 

design a small mobile terminal with multiple antennas for MIMO systems, compared to 

a mobile terminal with one single conventional antenna. The major difficulty in MIMO 
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systems for compact terminals is the limited space between the radiating elements 

because when multiple antennas are placed in close proximity, mutual coupling can occur 

between them [6]. This degrades the isolation between the radiating elements and no 

diversity gain can be achieved. On the other hand, the efficiencies of the radiating 

elements will also be decreased by the existence of the coupling between them because 

some of the power that should be radiated will be collected by another radiating element. 

In diversity and MIMO systems, sufficient isolation between the radiating elements is 

crucial. Different techniques have to be developed to minimize the mutual coupling and 

enhance the isolation between the radiating elements. One of the straightforward methods 

is by placing the two radiating elements far apart from each other, at least a half 

wavelength or more at the operating frequency. Furthermore, the size of the antenna 

should also be taken into consideration because the frequency of operation is inversely 

proportional to the dimensions of the antenna. 

 
 

As shown in previous sections, increasing the number of antenna elements of the MIMO 

system will lead to a linear increase in the capacity of the MIMO system. On the other 

hand, practical investigations show that the corresponding capacity of the system may be 

minimized if there is a high correlation in the received signals in any of the various 

antenna elements [16]. The Envelope Correlation Coefficient (ECC) can be considered 

as a practical method to calculate and characterize the diversity capability of a MIMO 

antenna system. A better MIMO system performance can be achieved with lower values 

of correlation coefficients [6]. 
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Furthermore, another factor that plays a significant role in determining the MIMO 

antenna performance is the balanced branch power-mean effective gain (MEG). The 

system performance can suffer from diversity loss as a result of an imbalanced power in 

the diversity branches [17]. The total efficiency of the antenna influences this imbalance. 

However, since practical considerations lead to an expectation that the diversity can be 

applied under any possible circumstances, the antenna-channel mismatch is also quite 

important. Consequently, the mean effective gain is widely used, due to its unique feature of 

representing all the influences of the total efficiency of the antenna, the gain of the antenna 

and the environment of the wireless system [18]. In order to obtain an optimal diversity 

performance, the multiple antenna system has to fulfil the balanced power requirement [6]: 

MEGantenna1≈ MEGantenna2 (2.5) 

 
 

2.5 Mutual Coupling 

 
The performance of the MIMO system suffers from another adverse factor which is the 

mutual coupling between the antennas. This factor will also limit the channel capacity of 

the system. The main reason for the coupling in MIMO antenna systems is the limited 

space between the antennas, hence the electromagnetic radiation from MIMO antenna 

elements will affect each other. This issue has greater effect with microstrip antennas due 

to the existence of surface waves in the substrate [19]. Therefore, the performance of the 

MIMO system should be enhanced by minimizing the coupling between the antennas. 

Allen and Diamond [20] studied the mutual coupling in array antennas in 1966. Their 

work has had a significant effect on much subsequent research. 
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In 1982, Malkomes [21] worked on the mutual coupling of the microstrip patch antenna 

array. The mutual coupling between the elements of a microstrip array were also analyzed 

by Penard and Daniel in 1982 [22]. The transmission line method was used by Van Lil et 

al. [23] in order to calculate the mutual coupling between the elements in a microstrip 

array in 1984. In 1997, Balanis [24] presented the most important causes of coupling 

between the elements in an antenna array, for example, the geometry and the type of the 

antenna, the element positions in antenna arrays and the feeding technique of the array 

elements. Ramirez and Flaviis [25] in 2000 studied the mutual coupling in a microstrip 

antenna array with linear polarization. They observed that when the adjacent elements 

transmit or receive in orthogonal senses of polarization the mutual coupling can be 

reduced. This array can be used in Bell Laboratories Layered Space-Time (BLAST) 

wireless communications systems. 

 
 

In 2001, Svantesson and Ranheim [26] analyzed the performance of the elements of the 

antenna array for a mobile terminal in term of channel capacity and how this could be 

affected by mutual coupling. In 2002, Wallace and Jensen [27] studied the influence of 

mutual coupling on channel capacity. Yuehe Ge et al. [28] in 2004 analyzed the effect of 

changing the orientation of the antennas in order to minimize the coupling between them. 

In 2005, the Electric Field Integral Equation (EFIE) was used by Mbonjo et al. [29] to 

investigate the impact of mutual coupling on the channel capacity of MIMO systems. Hui 

[30] in 2007 explained several techniques that could be used for decoupling the elements 

in antenna arrays. Ali et al. [31] in 2007 studied a variety of methods that could be used 

to improve the isolation between the elements in an antenna array. 
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2.6 Mutual Coupling Reduction Methods 

 
As explained earlier, mutual coupling in MIMO systems can be classified as the main 

reason for limitation of the channel capacity and diversity performance. For this reason, 

various techniques available in the literature have been developed in order to minimize 

the mutual coupling and enhance the performance of the system. For example, antenna 

configuration, decoupling networks, parasitic elements, Defected Ground Plane 

Structures, neutralization lines, T-shaped junctions, etching slots on the ground plane and 

metamaterials [32]. This section will discuss several different methods that are explored 

in this thesis. 

2.6.1 Antenna Placement and Orientation Method 

 
The method of using antenna element placement and angular variation is commonly 

applied to minimize mutual coupling between the closely packed radiating elements. In 

this technique, the variation of space between the radiators plays a major role to achieve 

decorrelation or high isolation. It is easy to achieve mutual coupling less than -20 dB if 

the space between the radiators is greater than or equal to λ/2, where λ is free space 

wavelength at the centre frequency [33]. However, the distance between the radiators 

becomes smaller than λ/2 in the case of compact antenna systems for handheld devices. 

Consequently, the mutual coupling effect needs to be taken into consideration. Therefore, 

placing the radiating elements at different orientations with respect to each other will help 

to enhance the isolation by taking advantage of the diversity in polarization [34]. 

 
 

In 2004, Carrasco et al. [33] studied the influence of the location of planar inverted-F 

antennas (PIFA) and monopoles. The PIFAs were studied under different arrangements. 
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The first case was collinear arrangement, where the two PIFAs are placed along a straight 

line passing through the feeding points. In this arrangement, minimum coupling was 

achieved by placing the two open ends of the PIFAs at the opposite sides of each other 

(maximum space between them). The same procedure was applied in the next 

arrangement (parallel arrangement) where the PIFAs were set next to the parallel edges. 

In this case, the maximum distance between the two ends produced maximum isolation 

between the PIFAs. In the last arrangement (orthogonal arrangement), the axes of the 

radiators were placed at 90o angles from each other. In this configuration, the Coupling 

is much larger when the open end of one antenna faces the feed point of the other. 

 
 

Kin-Lu Wong et al. [35] in 2005 presented the effect of changing the position of the 

printed antenna within the board. In this research, an antenna system consists of two 

radiating elements, the first one working in the GSM/DCS band while the second one 

operated in the WLAN band. The position of the WLAN radiating element was changed 

along the circumference of the antenna system board and the mutual coupling between 

the two radiating elements was evaluated. It was observed that minimum coupling can be 

achieved when the two radiating elements were placed along the diagonal of the antenna 

system board as it provides maximum separation between the radiating elements. 

 
 

In 2007, Chae et al. [36] investigated two antenna arrays in handsets by taking into 

consideration mutual coupling, correlation coefficient, and total active reflection 

coefficient (TARC). The outcomes illustrated that these three metrics are not only 

affected by antenna spacing: they were also directly influenced by radiation patterns. For 

this reason, it is preferable to recognize pattern diversity instead of spatial diversity to 
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minimize the correlation in compact antenna arrays. The configurations of three different 

cases are shown in Fig. 2.4. In 2010, Park and Jung [37] presented a compact two-channel 

MIMO antenna consisting of two folded monopoles with low mutual coupling 

characteristics. The directions of different main beams were studied by placing the two 

folded monopoles in orthogonal arrangements at the edge of the ground plane. The 

geometry of the design is shown in Fig. 2.5. 

 

 

 

 

Fig. 2.4. Three different configurations of the proposed dual array. [36]. 
 
 

 

Fig. 2.5. The geometry of the two folded antennas [37]. 
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In 2010, Zhang et al. [38] investigated four radiating elements in the form of quarter- 

wavelength slots for a MIMO antenna. The low mutual coupling and correlation 

coefficient were obtained by arranging the radiating elements in an appropriate 

orientation. Slots were introduced in the ground plane for mutual coupling suppression 

purposes. The schematic structure of the proposed MIMO antenna is presented in Fig. 

2.6. Al-Nuaimi and Whittow [39] in 2011 studied the effects of the position of the 

radiating elements on a MIMO antenna array of inverted-F antennas (IFA). Five different 

arrangements were investigated in this work. It was concluded that not only the space 

between the radiating elements will affect the mutual coupling but the antenna angular 

orientation as well. The five different arrangements are illustrated in Fig. 2.7. In 2012 

Xiong et al. [40] designed a MIMO antenna consisting of a modified multiply-fed 

shielded loop antenna and an E-dipole. In this design, an orthogonal polarization 

arrangement was used to achieve high isolation and low envelope correlation coefficient 

(ECC). The MIMO antenna presented there can be used as a reference antenna for 

upcoming collocated polarization-diversity-based MIMO antennas. A photograph of the 

fabricated antenna is shown in Fig. 2.8. 
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Fig. 2.6. The schematic structure of the four-element MIMO antenna with different 

element arrangements; (a) Front side, (b) bottom side [38]. 

 

 
 

 

Fig. 2.7. The five different cases of an IFA array [39]. 
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Fig. 2.8. Photograph of the modified multiply-fed shielded loop antenna with an E-dipole 

[40]. 

 

 

Lin and Liu [41] in 2013 investigated the spatial orientation and its ability to control 

mutual coupling and improve diversity metrics in a MIMO antenna system. This 

investigation has been achieved by examining different arrangements such as diagonally 

opposed placement, face to face and180o phase shift. The measured S-parameters of the 

three cases are shown in Fig. 2.9. In 2014, Jeong et al [42] studied the impact of changing 

the spatial orientation on the direction of the current flow, thus controlling the correlation 

factor. They designed a MIMO antenna that works at the WLAN/WiMAX/LTE bands 

with different configurations for the desired frequency of operation, as illustrated in Fig. 

2.10. 

 

 

Fig. 2.9. The measured S-parameters of the fabricated MIMO antenna in [41]; (a) Case 

 

1, (b) Case 2, and (c) Case 3. 
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Fig. 2.10. The MIMO antenna proposed in [42]; (a) The geometry of the MIMO antenna 

 

(b) The geometry of the single radiator. 

 
 

 
In 2015, Khan and Sharawi [43] designed a four-element dual-band MIMO antenna 

system made up of microstrip annular slots. The lower frequency band was controlled by 

two elements while the upper frequency band was controlled by the other two elements. 

Good isolation between the compact radiating elements was achieved with the help of 

antenna element placement and feeding methods. The fabricated design is shown in Fig. 

2.11. Malviya et al. [44] in 2016 presented a compact four-element dual-band MIMO 

antenna. In this design, the radiating elements were orthogonally arranged to form the 

antenna structure. The isolation between the elements was improved by the orthogonally 

arranged ground for each element, as shown in Fig. 2.12. The measured mutual coupling 

in each intended frequency band was more than 21 dB. 
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Fig. 2.11. Photograph of the fabricated microstrip annular slots MIMO antenna; (a) Front 

side, (b) Bottom side [43]. 

 
Fig. 2.12. The prototype of the 4-element orthogonally arranged MIMO antenna; (a) Front 

side, (b) Bottom side [44]. 

 
 

Mathurand and Dwari [45] in 2018 designed a compact four-element ultra-wideband 

(UWB) MIMO/diversity antenna. The UWB characteristic was obtained through 

identical monopole elements with three annular rings as shown in Fig. 2.13. Placing the 

radiating monopoles orthogonal to each other led to improved inter-element isolation of 

more than 15 dB. In 2019, Aw et al. [46] studied a 2×2 wide-band MIMO antenna with a 

bandwidth ranging from 4.85 to 6.25 GHz. In this design, the effect of keeping one of the 
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radiating elements in the same position while changing the location of the second element 

was investigated. Six different configurations were presented to achieve the highest 

isolation between the elements, as shown in Fig. 2.14. 

 

 
 

 

Fig. 2.13. The proposed four-element UWB MIMO antenna with different arrangements; 

 

(a) Schematic structure, (b) Fabricated antenna [45]. 

 

 
Fig. 2.14. The proposed MIMO antenna showing the six different configurations with 

their corresponding S-parameters [46]. 
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Finally, a summary of state-of-art antenna placement and orientation methods, covering 

the important previous works is given in Table 2.1, which details the centre frequency, 

isolation, electrical size, antenna peak gain, antenna efficiency and ECC. In [43], higher 

efficiency of more than 84% and simple geometry with dual-band characteristics is 

achieved. Moreover, it has low mutual coupling of more than 16 dB and 21 dB at the two 

frequency bands respectively. Therefore, the work in [43] can be represented as a better 

performance compared to other designs illustrated in this section. 

Table 2.1. Summarized of state of the art on the antenna placement and orientation 

method. 

 
Ref. 

Centre 

Frequency 

(GHz) 

Isolation 

(dB) 

 
Electrical Size 

Peak 

Gain 

(dBi) 

Antenna 

Efficiency 

(%) 

 
ECC 

 
Remarks 

 

[35] 

0.825 

1.9 
2.5 

33.6 

27.9 
33 

 

0.19λo ×0.275λo ×0.002λo 

 

 
   

 

 
   

 

 
   

Compact size and no 
gain, efficiency and ECC 

[36] 2.65 <17 0.39λo ×0.7λo×0.035λo 
 

   

 
   

 
   

Simple structure and no 
gain, efficiency and ECC 

 

[37] 
 

2.475 
 

<25 
 

0.495λo ×0.495λo ×   
 

2.1 
 

   
 

0.14 

High efficiency and no 

efficiency and substrate 

thickness 

 

[38] 
 

1.86 
 

>30 
 

0.43λo× 0.43λo×0.0094λo 
 

5 
 

   
 

   

High isolation and gain 

and no efficiency and 

ECC 

 

[39] 
 

3 
 

<30 
 

1λo ×0.5λo ×0.008λo 

 

 
   

 

 
   

 

 
   

Simple geometry and size 

and no gain, efficiency 
and ECC 

 

[40] 
 

0.86 
 

<40 
 

0.49λo ×0.2λo ×   
 

>1.15 
 

   
 

<10-2
 

High isolation, no 

efficiency and substrate 

thickness 

 
[41] 

 
2.595 

 
>20 

 
1.73λo ×1.47λo ×0.008λo 

 
<3.1 

 
   

 
   

Big size, simple structure 
and no efficiency and 

ECC 

[42] 
2.4 
5.5 

>20 0.8λo ×0.4λo ×0.008λo 
 

   

 
   <10-3

 
High gain, low ECC and 

no efficiency and gain 

 

[43] 
2.575 

5.25 

>16 

>21 

 

0.5λo ×0.5λo ×0.012λo 
3.46 

3.82 

 

>84 
 

   
Simple structure, good 
isolation and gain, high 

efficiency and no ECC 

[44] 
2.5 
5.19 

>17 0.58λo ×0.58λo ×0.012λo <3.6    <10-2
 

Good isolation, low ECC 

and no efficiency 

[45] 7.1 >15 0.85λo ×0.85λo ×0.037λo <5.7 >70 <0.05 
Simple structure, big size 

and good isolation 

[46] 5.35 >35 0.98λo ×0.35λo ×0.028λo <4    <10-3
 

High isolation, big size 

and no efficiency 
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2.6.2 Neutralization Line Method 

 
A neutralization line is one of the methods that can be applied for improving the 

performance of the MIMO system by decreasing the coupling between the antennas. This 

can be done by inserting a piece of stripline between the radiating elements. Thus, the 

current at a specific location on the radiating element will be sampled and its phase will 

be inverted in order to cancel the current from the adjacent radiating element. 

In 2006, Diallo et al. [47] studied the reduction of the mutual coupling between two 

mobile phone PIFAs operating in the DCS1800 and UMTS Bands. They used a 

neutralization line method for connecting specific points on the radiator’s surface to 

enhance the isolation between them, as shown in Fig. 2.15. Ranvier et al. [48] in 2007 

attempted to enhance the channel capacity by decreasing the mutual coupling and the 

efficiency of the system. They designed two rectangular patch antennas operating at 5.75 

GHz and then used a neutralization line to connect the two elements as illustrated in Fig. 

2.16. In 2010, Li, Han, Zhao, and Choi [49] designed two monopole radiating elements 

to form a MIMO antenna for wireless USB dongle application at WLAN band; they 

enhanced the isolation between the elements by inserting a NL between them as shown 

in Fig. 2.17. Su, Lee, and Chang [50] in 2012 designed two monopole MIMO antennas 

to cover the 2.4 GHz WLAN band. In this work, the neutralization line was added to 

connect the two radiating elements near to the feeding point, as shown in Fig. 2.18. 
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Fig. 2.15. Configurations of the DCS and UMTS PIFAs [47]. 

 

 

Fig. 2.16. The prototype of the proposed rectangular patch MIMO antenna operating at 

 

5.75 GHz with NL [48]. 
 

 
Fig. 2.17. Proposed MIMO antenna with NL for wireless USB dongle application[49]; 

 

(a) Geometry of the proposed antenna, (b) Prototype of the proposed antenna. 
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Fig. 2.18. A prototype of the proposed MIMO antenna with NL near to the feeding point 

[50]. 

 

 

In 2014, Elkhazmi et al. [51] designed two crescent-shaped radiating elements with a 

zigzag neutralization line, as shown in Fig. 2.19, to achieve good isolation and correlation 

coefficients. The frequency band was from 2.4 to 4.2 GHz to cover WLAN and WiMAX 

applications. Zhang and Pedersen [52] in 2016 designed a wideband neutralization line 

to connect ultra-wideband (UWB) MIMO antenna elements and reduce the coupling 

between them. This UWB MIMO antenna covers the band 3.1–5 GHz with high isolation 

between the elements. Fig. 2.20 illustrates the prototype of the proposed antenna with 

wideband neutralization line. In 2016, Shin, Kibria and Islam [53] implemented a folded- 

shaped monopole MIMO antenna with a neutralization line and a rectangular patch to 

achieve 10.0 dB of diversity gain (DG) with isolation greater than 14.0 dB. This MIMO 

antenna was designed to cover LTE, GSM, and UMTS band applications. 
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Fig. 2.19. Configurations of the crescent-shaped MIMO antenna with zigzag NL [51]; (a) 

Top view, (b) Bottom view. 

 

 

 

Fig. 2.20. Printed MIMO antenna with wideband NL [52]; (a) Top view, (b) Bottom view. 

 

 

In 2018, Banerjee, Karmakar and Ghatak [54] exhibited a compact printed CPW-fed dual- 

band notched UWB MIMO antenna. A NL in the form of a modified 2nd order Hilbert 

fractal shape was implemented beside a modified circular defect in the common ground 

plane. Further, an isolation reinforcement for the MIMO system was also achieved by 

using a modified Minkowski boundary fractal geometry on the top edges of the respective 
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radiating elements. The design configuration of their proposed antenna is shown in Fig. 

 

2.21. Chou et al. [55] in 2018 presented a compact dual band MIMO antenna with a 

decoupling approach for a tablet computer with full-metallic bottom cover. In this model, 

a NL alongside two series lumped capacitors were added to the antenna structure to 

suppress the coupling between the radiating elements, as shown in Fig. 2.22. Tiwari et al. 

[56] in 2019 investigated three different cases of neutralization line shapes by adding 

them between the radiating elements of a compact 2×2 UWB MIMO antenna. The 

optimization process illustrated that adding a rectangular strip in the middle part of the 

neutralization line produced minimum mutual coupling. The measured bandwidth of 2×2 

and 4×4 MIMO antennas offered 95.22% in frequency band 3.51–9.89 GHz and 96.47% 

in frequency band 3.52–10.08 GHz with isolations more than 24 dB and 23 dB, 

respectively. The three different cases of NL shapes are shown in Fig. 2.23. 

 

 

 

 

 

 

Fig. 2.21. Design configuration of the proposed antenna with a modified 2nd order Hilbert 

fractal shaped NL [54]. 
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Fig. 2.22. Schematic structure of the proposed MIMO antenna with NL and two series 

lumped capacitors for tablet computer [55]. 

 

 

Fig. 2.23. The geometry of the proposed MIMO antenna showing the three different cases 

of NL shapes [56]. 

 
 

 
Finally, a summary of the state-of-art of neutralization line methods, containing the 

important previous works is given in Table 2.2, which details the centre frequency, 

isolation, electrical size, separation distance between the radiating elements, antenna peak 

gain, antenna efficiency and ECC. In [52], a wideband neutralization line is presented 

with minimum substrate thickness and acceptable gain values. Further, the geometry of 

the antenna is simple compared to other antennas presented in this section. High 

efficiency and isolation values are also achieved. 
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Table 2.2. Summarized states of the art on the neutralization line method. 

 
 

Ref. 
Centre 

Frequency 

(GHz) 

Isolation 

(dB) 

 
Electrical Size 

Separation 

distance 

Peak 
Gain 

(dBi) 

Antenna 
Efficiency 

(%) 

 
ECC 

 
Remarks 

 

[47] 
1.8 

2.1 

 

>15 
0.6λo×0.24λo 

×0.018λo 

 

0.108λo 
1.9 

1.1 

85 

93 

   High efficiency and 

no ECC 

 

[48] 

 

5.75 

 

>15 

 

   

 

0.4λo 

 

 

 
 

   

 

 

 
 

   

 

 

 
 

   

Narrow bandwidth 

for isolation (0.1 

GHZ) with S21 less 
than 15 dB while 

S11 BW is 0.5 GHz 

 
[49] 

 
2.49 

 
15 

 

0.12λo×0.33λo 
×0.006λo 

 
0.04λo 

 
2 

 
40 

 
0.02 

Very low simulated 

isolation barely 

reach 15 dB and 
low efficiency 

[50] 2.44 22 
0.24λo×0.52λo 

×0.008λo 
0.11λo 2 75 0.01 

High isolation and 

low ECC 

[51] 3.3 >17 
0.99λo×0.44λo 

×0.008λo 
0.2λo 2.5    <0.01 

Big size and 

expensive substrate 

[52] 4.05 >22 
0.47λo×0.44λo 

×0.01λo 
0.03λo 2.8 90 <0.1 

High efficiency and 

isolation 

 

[53] 

0.793 

1.956 
2.514 

12 

12 
17 

0.26λo×0.1λo 

×0.004λo 

 
0.02λo 

0.5 

2.04 
1.9 

66 

62 
65 

 

<0.3 
Low isolation at the 

first two bands 

[54] 8.275 >20 
0.73λo×0.9λo 

×0.044λo 
0.014λo 2    ≤0.1 

High isolation and 

Complex geometry 

[55] 
2.442 
5.5 

16 
23 

0.49λo×0.06λo 
×0.036λo 

0.14λo 5 >70    
High isolation and 

large thickness 

[56] 6.65 >22 
0.46λo×0.75λo 

×0.035λo 
0.09λo 4.3 78 <0.01 

Large size and high 

isolation 

 

 

2.6.3 Metamaterials Method 

 
Metamaterials can be defined as artificial materials which can be characterized by their 

periodicity. Metamaterials have many features that could be used in the field of antennas. 

One of these features is the ability to provide a stop band at a certain frequency. MIMO 

antenna systems have used this feature to minimize the coupling between the radiating 

elements. Many examples of using metamaterials to improve the isolation have been 

listed in the literature. 

Hsu et al. [57] in 2009 used different configurations of capacitively-loaded loops (CLLs) 

to reduce the coupling between the radiating monopoles in a MIMO system for portable 

applications, as shown in Fig. 2.24. Lee, et al. [58] in 2011 designed rectangular radiating 

elements with L-shaped slots. Metamaterials in the form of split-ring resonators (SRRs) 
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were etched on the substrate in order to minimize the coupling between the elements, as 

illustrated in Fig. 2.25. This antenna was designed to cover the WiMAX frequency band. 

 

 

 

Fig. 2.24. Configuration of the proposed MIMO antenna with metamaterials in the form 

of capacitively-loaded loops [57]. 

 
Fig. 2.25. Configurations of the proposed L-shaped slots MIMO antenna; (a) Top view, 

 

(b) Bottom view, (c) Side view, (d) Radiating element, (e) SRR unit cell structure [58]. 

 

 

In 2011, Lee and Lee [59] used metamaterials to minimize the coupling between two loop 

radiators: more than 10 dB isolation has been achieved. Fig. 2.26 shows the configuration 
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of their proposed MIMO antenna. Lee, Ga and Choi [60] in 2012 designed an antenna 

system consisting of three layers and SRR. The results show that a good reduction in 

mutual coupling has been achieved with a frequency band from 2.26 GHz to 2.42 GHz. 

Fig. 2.27 shows the fabricated MIMO antenna with SRR. 

 

 

 

Fig. 2.26. Configurations of the proposed two loop radiators with metamaterial unit cells 

[59]; (a) Top view, (b) Bottom view. 

 

 

Fig. 2.27. Printed MIMO antenna with SRR [60]; (a) Top view, (b) Bottom view. 

 

 

 
In 2013, Ketzaki and Yioultsis [61] used the concept of the metamaterial to design planar 

MIMO monopole antennas with high isolation between them. The metamaterials have 
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the form of rectangular loop resonators inserted between the antenna elements. Different 

variations have been applied to optimize the performance of the MIMO antenna, as shown 

in Fig. 2.28. Zhai, Chen and Qing [62] in 2015 proposed a double-layer “mushroom” 

structure to reduce the coupling between four radiating elements of the MIMO antenna 

system, as shown in Fig. 2.29. In 2017, Farahani et al. [63] used a metamaterial 

polarization-rotator wall to suppress the coupling between millimetre-wave dielectric 

resonator antennas. The isolation was enhanced by 16 dB on average. Fig. 2.30 illustrates 

the construction of the proposed MIMO antenna. 

 
Fig. 2.28. Configuration of the proposed MIMO antenna with different positions and 

orientations of metamaterial unit cells[61]. 

 

 

Fig. 2.29. A prototype of the proposed MIMO antenna with a double-layer “mushroom” 

isolator [62]. 



42  

 

 
 

 

Fig. 2.30. Configuration of the proposed MIMO antenna with metamaterial polarization- 

rotator wall [63]. 

 

 

In 2019, Liu et al. [64] designed an extremely compact two-element linear polarized 

MIMO antenna. A unit cell in the form of a double-layer short wire is used as a 

metasurface. The researchers used the main features of the metasurface, such as the 

compact size and effective decoupling, to suppress the coupling between two nearby 

Bowtie antennas that were otherwise strongly coupled. In 2019, Mark et al. [65] 

investigated a metamaterial-superstrate-inspired MIMO antenna for gain and isolation 

improvements. A resonant cavity effect was generated by the superstrate layer to improve 

the antenna gain. The superstrate was made of a hexagonal nested ring structure, placed 

above the antenna and configured to limit the near field coupling between radiating 

elements, thereby enhancing the isolation. Jafargholi et al. [66] in 2019 studied the 

capability of a magnetodielectric superstrate to minimize the surface wave propagation. 

It was demonstrated that a superstrate consisting of a capacitively loaded loop (CLL) 

metamaterial can exhibit a high degree of surface wave attenuation. This feature helped 
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to suppress the mutual coupling caused by the surface wave in proposed MIMO antennas. 

The fabricated prototype of this design is shown in Fig. 2.31. 

 

 

Fig. 2.31. The fabricated prototype of the proposed MIMO antennas showing capacitively 

loaded loop metamaterial [66]. 

 

 

Finally, a summarized state-of-art of the metamaterial method, containing the important 

previous works, is given in Table 2.3, which details the centre frequency, isolation, 

electrical size, separation distance between the radiating elements, antenna peak gain, 

antenna efficiency and ECC. The MIMO antenna structure explained in [60] is simple 

whilst it has the lowest value of efficiency. Further, [66] shows maximum isolation of 

more than 40 dB and lowest ECC value. However, [65] has achieved a maximum gain of 

9.49 dB compared to the other designs presented in this section. 

 

Table 2.3. Summarized states of the art on the metamaterial method. 

 
 

Ref. 
Centre 

Frequency 

(GHz) 

Isolation 

(dB) 

 
Electrical Size 

Separation 

distance 

Peak 
Gain 

(dBi) 

Antenna 
Efficiency 

(%) 

 
ECC 

 
Remarks 

 

[57] 

 

2.59 

 

≥11 

 

0.86λo ×0.43λo ×0.007λo 

 

 
   

 

 
   

 

 
   

 

 
   

Low isolation at 

2.4 GHz and big 

size 

 
[58] 

 
3.53 

 
>15 

 
0.59λo ×1.06λo × 0.028λo 

 
0.011λo 

 
2 

 
   

 
   

Two substrate, 

there is some 

disagreement 

between the 
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        simulated and the 

measured radiation 
pattern 

 
[59] 

 
2.45 

 
20 

 
0.41λo × 0.19λo × 0.016λo 

 
0.11λo 

 

 

 

   

 
60 

 
   

Narrow 

bandwidth, 

three absorbers 

cells 

 

[60] 
 

2.345 
 

>15 
 

0.62 λo × 0.35 λo ×0.009 λo 

 

 
   

 

1.3 
 

37 
 

<0.2 

low efficiency and 

no separation 

distance 

 

 
[62] 

 

 
2.42 

 

 
>20 

 

 
0.96λo×0.96λo× 0.02λo 

 

 
0.44λo 

 

 
4 

 

 
   

 

 
<0.1 

Expensive 

substrate and the 
isolation is better 

than 15 dB 

without 

decoupling 

 

[63] 

 

60.5 

 

>20 

 

   

 

0.5λo 

 

 

 
 

   

 

88 

 

<0.1 

4 % reduction in 
efficiency with 

metamaterial wall, 

overall size not 

given 

 
[64] 

 
2.5 

 
>20 

 
1.25λo ×1.25λo ×0.008λo 

 
0.27λo 

 
6.1 

 
90 

 
<0.15 

Bowtie dipole 
antenna, narrow 

band, superstrate 

and big size 

 

[65] 
 

5.875 
 

>17 
 

1.37λo ×1.17λo ×0.046λo 
 

0.0587λo 
 

9.49 
 

>84 
 

<0.15 
Big size, 

superstrate and 
high gain 

 

 
[66] 

 

 
3.325 

 

 
>40 

 

 
0.9λo ×1.62λo ×0.008λo 

 

 
12.3λo 

 

 
8.2 

 

 
97 

 

 
<0.01 

Big size, less than 

15 dB before 

applying 

metamaterial. 
wide separation 

distance 

 

 
 

2.6.4 Parasitic Element Method 

 
The parasitic element is one of the methods that can be used to reduce mutual coupling 

between the antennas in a MIMO system by inserting an appropriate shape in a specific 

location to minimize the coupling between the radiating elements of the MIMO antenna. 

Min, Kim, and Moon [67] in 2005 designed a MIMO antenna with four patch elements 

to cover the WLAN frequency band 5 GHz (Fig. 2.32). They also investigated the effects 

of the length and the number of transmission lines between the elements. Mak, Rowell, 

and Murch [68] in 2008 designed two monopole antennas with a parasitic element 

between them for field cancellation. These antennas were designed to cover the WLAN 

frequency band at 2.4 GHz for a universal serial bus (USB) dongle. Fig. 2.33 shows the 

configuration of the proposed MIMO antenna with the parasitic element. 
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Fig. 2.32. A prototype of the four-element MIMO antenna with parasitic elements [67]. 
 

 

 

 
 

 

Fig. 2.33. Configuration of the proposed MIMO antennas for USB WLAN dongle [68]. 

 

 

 
In 2009, Lee, Chen, and Hsu [69] designed a dual PIFA antenna to work in the WLAN 

frequency band (2.4). A new method was used to reduce the coupling by placing a folded 

resonator above the antenna, as illustrated in Fig. 2.34. This folded resonator can be 

considered as a parasitic element. Kang and Wong [70] in 2009 designed a dual-band 

MIMO antenna with meander line resonator to work as a parasitic element between the 

radiating antennas, as seen in Fig. 2.35. This MIMO antenna was designed to cover 

WLAN frequency bands (2.4/5.2/5.8 GHz). 
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Fig. 2.34. Configuration of the proposed MIMO antenna with folded resonator above the 

antenna [69]. 

 

 

Fig. 2.35. Configuration of the proposed MIMO antenna with dual-band resonator as a 

parasitic element [70]. 

 

 

In 2012, Li et al. [71] designed dual-slot element antennas with a parasitic element to 

reduce the mutual coupling between the elements, as shown in Fig. 2.36. This MIMO 

antenna is designed for mobile terminal applications; therefore, the authors have analyzed 

the effect of reducing mutual coupling on the channel capacity of the system. In the same 

year, 2012, Ayatollahi, Rao and Wang [72] designed two quarter-wavelength monopole 
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slots etched on the ground plane and a meandered slot cut between them to work as a 

parasitic element, as shown in Fig. 2.37. 

 

 
 

 

Fig. 2.36. Configuration of the proposed MIMO antenna with parasitic elements [71]. 
 

 

 

 
 

 

Fig. 2. 37. Fabrication of the proposed MIMO antenna with a parasitic element in the 

form of a meandered slot cut [72]. 

 

Soltani and Murch [73] in 2015 designed two canonical radiating elements with the 

inclusion of a parasitic element to reduce the coupling. These elements can be replicated 

together to form MIMO antennas with a variable number of elements. This antenna was 

designed to work in a frequency band of 2.6 GHz. In 2017, Ding et al. [74] designed an 
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array using four broadband printed directive elements with parasitic strips as elements for 

MIMO antenna applications. This antenna was presented to work in the WLAN frequency 

band (2.4 GHz): Fig. 2.38 illustrates the fabricated antenna. In 2019, Ghimire et al. [75] 

presented a compact high-isolation UWB MIMO antenna. In this design, a circular 

parasitic element was introduced at the bottom side of the radiating patch to create a 

reverse coupling and help to enhance the isolation at the upper part of the intended band. 

On the other hand, the ground plane has a small rectangular notch to widen the impedance 

bandwidth: the design geometry is illustrated in Fig. 2.39. Amin et al. [76] in 2019 

designed a compact four-port MIMO antenna for the UWB spectrum. A customized 

parasitic structure was utilized on the back layer of the substrate to fulfil the required 

isolation level. The antenna isolation was further improved by introducing a dumbbell- 

shaped structure in the partial ground plane. A photo of the fabricated design is shown in 

Fig. 2.40. In the same year, 2019, Tang et al. [77] presented a four-port UWB-MIMO 

antenna. The main features of this design such as the ultra-wide impedance bandwidth 

and high isolation were achieved by introducing a circular patch and two smaller parasitic 

U-shaped patches as well as a common square-ring ground structure, double decoupling 

branches, multi slits, and truncated corners. The geometry of the proposed MIMO antenna 

is demonstrated in Fig. 2.41. 
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Fig. 2.38. Fabrication of the proposed directive element MIMO antenna using four 

broadband printed elements with parasitic sub-elements [74]. 

 

 
Fig. 2.39. The geometry of the proposed MIMO antenna with parasitic element; (a) Top 

view, (b) Rear view [75]. 

 

Fig. 2.40. The fabricated design of the proposed MIMO antenna with parasitic element; 

 

(a) Top layer, (b) Rear layer [76]. 
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Fig. 2.41. The geometry of the proposed MIMO antenna; (a) Top layer, (b) bottom layer 

[77]. 

 

 

Finally, a summarized state-of-art of the parasitic element method, containing the 

important previous works, is given in Table 2.4, which details the centre frequency, 

isolation, electrical size, separation distance between the radiating elements, antenna peak 

gain, antenna efficiency and ECC. In [75], high efficiency, gain and isolation has been 

obtained while the antenna geometry is complex. Further, [72] shows single band 

operation and it also achieves the lowest ECC value of 0.001. 

 
 

Table 2.4. Summarized states of the art on the parasitic element method. 

 
 

Ref. 

Centre 

Frequency 
(GHz) 

Isolation 

(dB) 

 
Electrical Size 

Separation 

distance 

Peak 

Gain 
(dBi) 

Antenna 

Efficiency 
(%) 

 
ECC 

 
Remarks 

 
[67] 

 
5.25 

 
>20 

 
1.15λo ×1.15λo×   

 
0.5λo 

 
6.7 

 
   

 
   

High isolation, 

no efficiency, 

no calculated 

thickness 

 

[68] 
 

2.45 
 

>15 
 

0.16λo ×0.32λo ×0.13λo 
 

0.0294λo 
 

2 
 

60 
 

   
Complex 

geometry and 

high isolation 

 

 
[69] 

 

 
2.5 

 

 
>15 

 

 
0.625λo ×0.42λo ×0.013λo 

 

 
0.118λo 

 

 
1.4 

 

 
80 

 

 
   

High isolation 

and efficiency 

and no picture 
for the 

fabricated 

design 
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[70] 

 
2.4 

5.2 

 

>15 

 

0.4λo ×0.72λo ×0.006λo 

 

0.12λo 

 
≥3 

≥4.3 

 
≥77 

≥76 

 

 
 

High isolation 

and no picture 
for the 

fabricated 

design 

 

[71] 
 

1.92 
 

>20 
 

0.6λo ×0.38λo ×0.005λo 
 

0.17λo 

 

 
   

 

80 
 

   
High isolation 

and no gain 
and ECC 

 

 
[72] 

 

 
2.6 

 

 
>15 

 

 
0.83λo ×0.47λo ×0.013λo 

 

 
0.11λo 

 

 

 

 

   

 

 
77.5 

 

 
0.001 

Big size and 

there is a wide 

difference 

between the 
simulated and 

measured BW 

[73] 2.6 >20 0.34λo ×0.29λo ×0.013λo 0.017λo 2.5 85    
High isolation 

and efficiency 

 

[74] 

 

2.6 

 

>14 

 

0.68 λo ×0.68 λo ×0.0064 λo 

 

0.19λo 

 

5.5 

 

90 

 

<0.003 

parasitic 
structure only 

within the 

individual 

elements 

 

[75] 
 

10.3 
 

>20 
 

2.2 λo ×2.2 λo ×0.055 λo 

 

 
   

 

13.5 
 

87 
 

<0.007 
Big size and 

high gain and 

efficiency 

 

[76] 

 

6.85 

 

>15 

 

0.91λo ×0.98λo ×0.023λo 

 

0.48λo 

 

2 

 

93 

 

<0.2 

Complex 

structure on the 

bottom layer 
and high 

efficiency 

 

[77] 

 

10.5 

 

>20 

 

1.4λo ×1.4λo ×0.056λo 

 

 

 
 

   

 

4 

 

70 

 

<0.03 

Big size, high 

efficiency and 

fabricated 
design is not 

included 

 

 
 

2.6.5 Defected Ground Structure Method 

 
Recently, a defected ground structure technique has been used widely in single and 

multiple antenna systems due to its benefits of widening the bandwidth, decreasing the 

coupling and miniaturizing the radiating elements. In fact, this technique is based on 

making a “defect” in the ground plane which typically adds inductance and capacitance 

inside the structure of the antenna. Consequently, the antenna can be modified to fulfil 

the requirements of interest by changing these additional inductances and capacitances. 

 
 

Enhancing the isolation inside the MIMO antenna structure at a certain frequency band 

can be achieved by adding extra inductances and capacitances which are generated by the 
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defected area within the ground plane. The function of this approach can be classified as 

a band stop filter between the radiating elements [32]. 

 
 

In 2007, Chiu et al. [78] designed two closely packed PIFA MIMO antennas sharing the 

same ground plane. A defected ground structure technique in the form of a set of slits was 

used to reduce mutual coupling between the radiating elements. The isolation was 

improved by 15 dB after applying the DGS. This MIMO antenna functions in the 2.27- 

2.35 GHz frequency band: its configuration is illustrated in Fig. 2.42. Xiong and He [79] 

in 2009 designed a MIMO antenna of four elements and DGS was applied in this design 

in the form of etched slits: a 10 dB coupling reduction was achieved after applying the 

technique. This MIMO antenna was designed to cover the 2.4 GHz WLAN band: Fig. 

2.43 shows its schematic structure. Li et al. [80] in 2012 applied DGS between two 

symmetric monopoles for mutual coupling reduction purposes. Two defected areas in the 

form of bent slits were etched in the ground plane and two triangles were cut from the 

ground to improve the S-parameters of the antenna, as shown in Fig. 2.44. The isolation 

has been enhanced by approximately 12 dB. 

 

 
 

 

Fig. 2.42. Configuration of the two PIFAs with DGS [78]. 
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Fig. 2.43. The schematic structure of the four-element MIMO antenna with a series of 

slits etched in the ground plane: (a) Side view, (b) Top view, (c) Bottom view [79]. 

 
Fig. 2.44. The configuration of the proposed MIMO antenna with DGS in the form of 

bent slits and two triangular cut-outs [80]. 

 
 

In 2015, Luo et al. [81] designed a 2×2 Ultra-Wideband MIMO antenna. A T-shaped slot 

was etched in the ground plane to work as DGS and hence reduce the mutual coupling 

between the radiating elements for the frequencies from 4 GHz upwards. The antenna 

achieved isolation of more than 18 dB over the operating frequency band (3.1-10.6 GHz): 

Fig. 2.45 illustrates the schematic structure of the proposed antenna. Jilani and Alomainy 
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[82] in 2018 designed a millimetre-wave T-shaped MIMO antenna for fifth-generation 

(5G) wireless applications. DGS in the form of split rings were etched in the ground plane 

to widen the antenna bandwidth. The practical results of this antenna showed a high 

bandwidth from 25 to 37.5 GHz with good isolation (Fig. 2.46). 

 

 

 

Fig. 2.45. The schematic structure of the proposed UWB MIMO antenna with DGS in 

the form of a T-shaped slot [81]. 

 

 

 

Fig. 2.46. The configuration of the proposed mmWave T- shaped MIMO antenna: (a) 

Top view of the simulated prototype, (b) Bottom view of the simulated prototype, (c) Top 

view of the fabricated prototype, (d) Bottom view of the fabricated prototype [82]. 
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In 2019, Hasan et al. [83] presented 2×2 and 4×4 MIMO antennas using the DGS 

technique. In this design, the upper corner frequency of the antenna was extended to 11.5 

GHz from 8 GHz by optimizing the position of two simple slits and a notch on the ground 

plane of the proposed antenna. Moreover, the single radiating element was loaded with a 

U-shaped stub to improve the impedance matching. The fabricated 2×2 and 4×4 MIMO 

antennas are shown in Fig. 2.47. Arun and Alsath [84] in 2019 studied a 2×2 dual- 

polarised microstrip patch MIMO antenna. A DGS in the form of cross-connected 

octagonal shape was integrated into the ground plane to minimize the coupling within the 

antenna structure. Furthermore, the overall size of the antenna was reduced by sharing an 

annular-shaped aperture between the vertical and horizontal ports. The structure of the 

proposed antenna is illustrated in Fig. 2.48. 

 

 

Fig. 2.47. Fabricated prototypes of the MIMO antenna proposals [83]; (a) 2×2 MIMO 

antenna and (b) 4×4 MIMO antenna. 

 

 

Fig. 2.48. The prototype of the proposed 2×2 dual-polarized microstrip patch MIMO 

antenna; (a) Top view (b) Bottom view [84]. 



56  

Pasumarthi et al [85] in 2020 designed a two-port tri-band MIMO antenna for WiMAX, 

Radar altimeter and X-band applications. The MIMO antenna performance in terms of 

isolation was evaluated with two structures (1) DGS (2) DGS with Vias. Further isolation 

enhancement was observed by applying DGS with Vias. The fabricated MIMO antenna 

is shown in Fig. 2.49. In 2020, Biswas et al. [86] implemented a dual feed orthogonally 

polarized square patch antenna array. In this model, a simple DGS in the form of a 

rectangular-headed cross was etched in the ground plane underneath the square patch in 

order to obtain high port isolation between two orthogonal ports. Furthermore, the dual 

orthogonal element array was adopted for MIMO antenna systems where two slotted 

microstrip resonators were added between the two array structures for further isolation 

improvement, as shown in Fig. 2.50. 

 

 

 

Fig. 2.49. MIMO antenna prototype; (a) Top layer (b) Bottom layer [85]. 

 

 
Fig. 2.50. Configuration of the proposed MIMO antenna integrated with two slotted 

microstrip resonators [86]. 
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Finally, a summarized state-of-art of the DGS method, containing the important previous 

works, is given in Table 2.5, which details the centre frequency, isolation, electrical size, 

separation distance between the radiating elements, antenna peak gain, antenna efficiency 

and ECC. Compared to other structures [82] has the simplest geometry with big size and 

separation distance. Additionally, the highest of 25 dB is achieved in [79]. Further, [78] 

has the highest efficiency with complex geometry. 

 
 

Table 2.5. Summarized states of the art on the DGS method. 

 
 

Ref. 
Centre 

Frequency 

(GHz) 

Isolation 

(dB) 

 
Electrical Size 

Separation 

distance 

Peak 
Gain 

(dBi) 

Antenna 
Efficiency 

(%) 

 
ECC 

 
Remarks 

 
[78] 

 
2.31 

 
20 

 

0.33λo ×0.33λo 

×0.012 λo 

 
0.116 λo 

 
3.66 

 
88 

 
   

Complex geometry, 

compact size and 

high isolation and 

efficiency 

 
[79] 

 
2.42 

 
>25 

 

0.64λo ×0.48λo× 

0.015λo 

 

   
 

2.3 

 
   

 
<0.022 

High isolation and 

no efficiency and 

separation distance 

recorded 

 
[80] 

 
4.475 

 
>18 

 

1.16 λo ×0.59 λo 

×0.02 λo 

 

0.083λo at 

2.5 GHz 

 

   
 

   
 

<0.01 

Big and Complex 

geometry and no 

gain and efficiency 

recorded 

[81] 6.85 >18 
0.59λo ×0.5λo 

×0.018λo 
   Average 

gain 3.8 
45 <0.004 

High isolation and 
Low efficiency 

 
[82] 

 
31.3 

 
>20 

 

5.2λo ×1.25λo 

×0.08λo 

 
1.3λo 

 
>4.5 

 
>80 

 
<0.06 

Big size and 

separation distance, 

high isolation and 

expensive substrate 

 

 
[83] 

 

 
7.34 

 

 
>15 

 

1.95 λo ×0.97 λo 

×0.038 λo 

 

 
0.37 λo 

 

 

 

 

   

 

 

 

 

   

 

 
<0.015 

Big size, No gain 

and efficiency for 

2×2 and 4×4 

MIMO, Only 

provided for single 
elements 

 
[84] 

 
1.91 

 
>15 

 

0.21λo ×0.21λo 

×0.01λo 

 

 
   

 
3.63 

 
   

 
0.004 

Compact size and 

no efficiency and 

separation distance 

reported 

 

[85] 

2.9 

4.3 
7.7 

 

>15 
0.6 λo ×0.29 λo 

×0.015 λo 

 

0.087λo 

 

 
   

 

 
   

 

0.0001 

No efficiency and 

gain reported 

 
[86] 

 
2.875 

 
>25 

 
1.23λo ×0.55λo 

×0.015λo 

 

 
   

 

 
   

 

 
   

 

 
   

Most of the 
influencing 

parameters are not 

included 
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2.7 Comparison of the Different Mutual Coupling Reduction 

Methods 

A summarized comparison of the coupling reduction methods and isolation enhancement 

approaches that have been presented in this chapter in terms of their function, advantages 

and disadvantages is given in Table 2.6. 

 
 

Table 2.6. Comparison of mutual coupling reduction methods. 

 
 

Ref. 

Name of the 

 

method 

 

Function 

 

Advantages 

 

Disadvantages 

 

[33-46] 

 

Antenna placement 

and orientation 

Placing the radiating 

elements at different 

positions or orientations 

• Simple. 

• Good isolation. 

• Needs extra space 

• Polarization mismatch. 

 

 

 

 

[47-56] 

 

 

 

 

Neutralization line 

Takes the current at a 

specific location on the 

radiating element and 

inverts its phase to cancel 

the current from the 

adjacent radiating element. 

 
• Simple structure. 

• Good impedance matching. 

• Good diversity gain. 

 

 

• It is difficult to select 

the connection points 

• Narrow bandwidth. 

 

 

 

 
[57-66] 

 

 

 

 
Metamaterial 

 

Produces a stop band at a 

certain frequency which 

leads to reduced coupling 

at that band. 

• Reduces antenna size. 

• Improves channel capacity 

• Needs to specify the unit 

cell features. 

• Leads to reduced 

antenna efficiency. 

• Narrow bandwidth. 

 

 

 
[67-77] 

 

 

 
Parasitic elements 

 
Creates an opposite 

coupling field that reduces 

the original one 

• Simple structure. 

• Good diversity gain. 

• Produces less ohmic loss. 

• Shift in the operating 

frequency. 

• May lead to reduced 

antenna efficiency. 

 
[78-86] 

Defected ground 

structure 

The defected area in the 

ground structure works as 
• Improved antenna BW. 

• Reduces antenna gain. 

• Back-lobe radiation. 
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  a band stop filter between 

the radiating elements. 

• Produces multi-band or 

wideband benefits. 

• Reduces size. 

 

 

 
 

2.8 MIMO Antennas by Band Classifications 

 
Over the last decade, several significant and novel approaches to improve the isolation 

between MIMO antenna elements have been reported, as explained previously. These 

techniques and solutions were applied to several antenna designs with different band 

classifications such as narrow band, wideband and dual/triple band. These classifications 

are discussed in the following sub-sections. 

2.8.1 Narrow Band MIMO Antennas with Reduced Mutual 

Coupling 

A remarkable amount of effort has been invested to design narrow band MIMO antennas. 

Such antennas comprise several standards, starting from the existing generations up to 

the new and expected services. For example, in [87] MIMO antenna design for operation 

in the LTE bands was proposed; a GSM 800 MHz MIMO antenna was studied and 

investigated in [88, 89]; a UMTS MIMO antenna was studied in [71] and another MIMO 

antenna covering the lower and upper WLAN bands, namely, 2400 MHz and 5200 MHz, 

was presented in [50, 79, 90-101]. 

 
 

Moreover, several approaches to reduce the mutual coupling were applied to those MIMO 

antennas. A method called magneto-dielectric substrates was applied to an antenna in 

[87], which hugely minimizes the mutual coupling, and the idea of introducing some 
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parasitic elements exactly between the two antennas was proposed in [71, 88]. The aid of 

using resonators was also seen as an effective avenue to improve the isolation between 

the antenna elements as in [89, 97, 98]; a novel approach of reducing the coupling was 

seen through the implementation of a neutralization line [50] and generating a form of 

slits over the PCB could also be a way to stop the current flow from one element to 

another [79]. Introducing lumped elements [90, 91, 99], a ground plane with substantial 

slots [54], an orthogonal arrangement of the antenna elements [87, 93, 96], a 

reconfigurable mechanism by using a varactor diode [94], a matching network in the 

ground plane [100] and a hybrid electric and magnetic approach in the form of the split 

ring [101] have also been reported, with good results. A few influencing parameters of 

some of these methods are listed in Table 2.7. It can be seen that these methods have 

accomplished good mutual coupling reduction, which ranges from 10 dB to 40 dB for 

reasonable inter-element distances from 0.03λo to 0.17 λo. 

Table 2.7. Previous work on narrow-band MIMO antennas. 

 

Ref. 

No. 
Size (mm3) BW(GHz) 

Separation 

distance 

Isolation/Return 

loss (dB) 

[88] 100×50×4.2 0.746-0.823 0.15λo 15/6 

[89] 50×40×1.6 0.76-0.886 0.03λo 12/10 

[71] 95×60×0.8 1.92-2.17 0.17λo 20/10 

[90] 50×50×6 2.3-2.4 0.09λo 25/10 

[50] 65×30×0.8 2.4-2.5 0.112λo 15/10 

[79] 75×50×2.6 2.4-2.5 0.08λo 25/10 

[91] 67.5×22×0.8 2.4-2.5 0.04λo 20/10 

[92] 34.6×34.6×1 5.2-5.3 0.1λo 20/10 

[93] 32×27.8×0.8 5.75-5.85 0.031λo 40/10 

[94] 38×15×3.2 5.75-5.83 0.14λo 20/10 

[95] 50×40×0.8 1.4-1.65 0.05λo 10/10 
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2.8.2 Wide Band MIMO Antennas with Reduced Mutual 

Coupling 

The key challenge here is to compromise between the operating frequency bandwidth, 

isolation level as well the limited space between the MIMO antenna elements. In other 

words, it is not desirable to achieve one of the above features at the cost of another one. 

For example, it is not practical to come up with a wideband MIMO design that also 

achieves significantly high isolation across the band. In addition, having a bulky MIMO 

antenna design with a large distance between the elements will help in reducing the 

coupling; however, it is not practical to be incorporated within today’s smart devices. To 

meet this challenge, some methods to enable wideband operation, while the isolation is 

being improved, were reported in [102–110]. In [102], isolation as high as −11 dB at 0.25 

λo spacing for a broadband range from 1.65 to 2.5 GHz has been achieved. Improved 

mutual coupling is observed within the very limited spacing distance by an orthogonal 

arrangement of the antenna elements [103], introducing inverted L-parasitic monopoles 

[104], using the approach of neutralization lines between the antenna elements [105], 

using vertical branches between the radiators [106], using a coupled feed network [107], 

introducing inverted/non-inverted L and T ground branches [108], investigating pattern 

diversity [109] and applying the pattern diversity approach [110]. Table 2.8 summarizes 

the above-mentioned MIMO antenna designs. 
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Table 2.8. Previous work on wideband MIMO antennas. 

 

Ref. 

No. 
Size (mm3) BW(GHz) 

Separation 

distance 

Isolation/Return 

loss (dB) 

[102] 67×50×0.254 1.65-2.5 0.25λo 11/10 

[103] 86×86×1.52 1.63-2.05 0.1λo 20/10 

[104] 95×60×0.8 1.85-2.17 0.063λo 14.8/10 

[105] 90×40×0.8 2.4-4.2 0.19λo 17/10 

[106] 25×39×0.8 2.68-12.8    >20/10 

[107] 118×58×1.2 1.61-2.743 0.5 λo >12/6 

[108] 110×65×0.8 1.7-2.9    >15/6 

[109] 85×50×1.6 2-9.5    >20/10 

[110] 40×40×1.6 3.1-10.6    ≥20/10 

 

 

2.8.3 Multi-Band MIMO Antennas with Reduced Mutual 

Coupling 

Several dual- and triple-band MIMO antennas that demonstrate improved mutual 

coupling techniques have been proposed in [111–129]. It is seen that an improved 

isolation may be obtained by employing techniques within only a single band or by 

combining other bands. For instance, in [111] an approach of etching two inverted L- 

shaped lines together with a T-shaped branch over the ground plane shows reduced 

mutual coupling across the UMTS and WLAN 2.4 GHz bands. To simultaneously design 

a MIMO antenna capable of operating over the lower WLAN 2.4 GHz and WiMAX 3.5 

GHz service, along with improved isolation, the authors in [112] achieved this by 

introducing a folded L-slot in the antenna surface and at the same time inserting a T- 

shaped slot over the antenna PCB. 
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A MIMO antenna operating over a wide frequency range of WLAN spectrum from 

WLAN 2400 MHz to 5800 MHz, while achieving low mutual coupling, was proposed in 

[113]: attenuation of mutual coupling was improved by carefully modifying the lengths 

of parasitic elements. A promising broadband MIMO antenna was investigated in [114]. 

It was suggested that a U-shaped slot was placed over the defected ground plane to 

perform as an effective decoupling method. On the other hand, the antenna design in 

[115] utilizes three-dimensionally folded monopole elements in order to accomplish triple 

resonant modes together with an improved mutual coupling over the three allocated 

bands. The effect of shorting strips is presented in [116]: these strips help to create current 

loops which in turn control the directly coupled currents. The authors in [117] used 

different slot structures to improve the isolation and achieve multi-band operation. A 

defected ground structure in the form of a fork-shaped slot was introduced in [118, 119]. 

Antenna structure and differential arrangement decoupling approaches were used as 

isolation improvers in [120]. Adding neutralization lines between the antenna elements 

to improve the isolation has been widely reported [121-125]. Using two methods that 

integrates DGS with parasitic elements is reported in [126]. Furthermore, the authors  in 

[127] inserted a decoupling network between the two antennas without increasing the size 

of the structure: a high isolation, reaching to 30 dB was obtained. A high port-to-port 

isolation of two closely spaced inverted-F antennas was achieved by inserting a parasitic 

lossless radiating element between the two antennas with optimized position, dimensions, 

and shape [128]. The authors in [129] used a decoupling approach based on using arrays 

of capacitively loaded loops (CLLs) on the top layer of the PCB, with complementary 

CLLs on the bottom layer of the board. The details of some significant dual- and triple- 

band MIMO antennas are given in Table 2.9. 
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Table 2.9. Previous work on multi-band antennas. 

 

Ref. 

No. 
Size (mm3) BW(GHz) 

Separation 

distance 

Isolation/Return 

loss (dB) 

[111] 95×60×0.8 
1.92-2.17 
2.4-2.5 

0.038λo 
13, 18/ 
10, 10 

[112] 100×40×6 
2.4-2.5 
3.4-3.6 

0.0088λo 
19.2, 22.8/ 

10, 10 

[113] 150×100×0.8 
2.4-2.5 

5.15-5.825 
0.06λo 

15, 22/ 
10, 6 

[114] 63×x50×0.8 
1.5-2.8 
4.7-8.5 

0.13λo 
15, 17 
10, 10 

 

[115] 

 

105×55×7.5 

0.868-0.915 

1.7-2.3 
2.4-3.5 

 

0.05λo 
10, 10, 10/ 

6, 10, 10 

[116] 100×60×0.8 
2.39-2.68 

4.85-6 
0.0432λo 

25, 30/ 
6, 6 

[117] 17.3×22×7.7 
2.35-2.5 
5.19-5.4 

0.0164λo 
33, 20/ 
10, 10 

[118] 100×50×0.8 
2.3-2.5 

5.75-5.85 
0.25λo 

22, 22/ 
10, 10 

[119] 69×34×4.2 
2.4-2.5 

5.15-5.85 
0.024λo 

20, 20/ 
10, 10 

 
[120] 

 
60×40×NG 

2.45-2.55 

3.4-3.6 

5-5.5 
6.8-7.5 

 
0.024λo 

 

35, 35, 40, 40/ 

10,10, 10, 10 

[121] 50×40×1.6 
2.4-2.7 
5.6-6.1 

0.081λo 
10, 15/ 
10, 10 

[122] 50×26×0.8 
2.39-2.53 
4.57-6.09 

0.098λo 
19, 22/ 
10, 10 

 

[123] 

 

30×50×0.8 

2.2-2.6 

3.4-4.2 
5.7-6.1 

 

0.096λo 
22, 18, 30/ 

10, 10, 10 

 

[124] 

 

49×48×0.8 

2.24-2.45 

3.3-4 
5.6-5.75 

 

0.031λo 
14, 18, 16/ 

10, 10, 10 

[125] 38×36×1.6 
2.17-2.61 
5.53-5.87 

0.0239λo 
15, 15/ 
10, 10 

 

 

2.9 Hybrid Method for Mutual Coupling Reduction 

Most of the works discussed previously deal with one single method to enhance the 

performance of MIMO antenna systems in terms of isolation, bandwidth and correlation 
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coefficients. In many cases, using one single method does not do enough to enhance all 

of the influencing parameters that determine the antenna performance. Therefore, another 

important method that integrates two or more decoupling approaches within one MIMO 

antenna design has attracted researchers in this field. This method can easily help to 

design a MIMO antenna with high isolation and compact size. Many examples of using 

this hybrid method to enhance the isolation have been listed in the literature. 

 
 

In 2012, Yao et al. [130] designed a broadband MIMO antenna for multimode satellite 

navigation. The designed antenna consists of circular polarized two-element PIFA. A 

hybrid technique that combines antenna orientation with cross stub approaches was used 

to improve the isolation between the two ports, as shown in Fig 2.51. Chacko, Augustin 

and Denidni [131] in 2014 presented a dual planar patch MIMO antenna with a combined 

decoupling approach (combining stub and antenna orientation methods) for UWB 

applications. The two radiating elements are placed perpendicularly to each other to 

minimize the coupling between the input ports while two long ground stubs are added to 

further improve the isolation, as shown in Fig. 2.52. Tripathi, Mohan and Yadav [132] in 

2015 applied a hybrid technique that includes antenna orientation and stubs into a 

compact octagonal shaped fractal UWB MIMO antenna: Kock fractal geometry was 

applied to obtain miniaturization in size and wideband operation. Placing the two 

radiating elements in orthogonal geometry improved the antenna isolation while the 

grounded stubs were added to the structure to obtain further reduction in the coupling: 

Fig. 2.53 illustrates the fabricated prototype of the antenna. In 2016, Singh, Shalini and 

Meshram [133] presented a dual-band compact printed MIMO antenna for USB dongle 

application. An integrated method that combines neutralization line with defected ground 
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structure was used to improve the isolation to better than 14 dB at the two frequency 

bands. Fig. 2.54 illustrates the schematic structure of the proposed antenna and positions 

of NL and DGS. 

 

Fig. 2.51. Fabricated prototype of the proposed MIMO antenna with cross stubs [130]. 
 
 

 
Fig. 2.52. Schematic structure of the proposed dual-element MIMO antenna with ground 

stubs [131]. 

 

 

Fig. 2.53. Fabricated prototype of the proposed compact octagonal shaped fractal MIMO 

antenna with ground stubs [132]. 
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Fig. 2.54. Schematic structure of the proposed dual-band MIMO antenna with NL and 

DGS [133]. 

 

 

In 2017, Cheung et al. [134] designed a planar dual-band MIMO antenna consisting of 

two PIFA antennas. A defected ground structure approach was combined with two 

meander lines inside the defected area for dual-band operation and mutual coupling 

reduction, as illustrated in Fig. 2.55. 

 

 

 

 

Fig. 2.55. Configuration of the proposed MIMO antenna; (a) MIMO antenna, (b) PIFA 

element, and (c) DGS and two meander lines [134]. 
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Thummaluru and Chaudhary [135] in 2017 integrated the DGS decoupling approach in 

the form of a rectangular cut between the radiating elements with a mu-negative 

metamaterial filter decoupling approach. The two combined approaches were used in the 

basic two port monopole antenna and then in a two port circularly polarized MIMO 

antenna, as illustrated in Fig. 2.56. Good isolation has been achieved after applying the 

two decoupling approaches. Mondal, Dhara and Harish [136] in 2018 designed a compact 

wideband MIMO antenna. In this design, the MIMO antenna comprised a wideband NL 

connected in between two symmetric slotted D-shaped monopoles and a DGS which was 

cut into the top of the ground plane as shown in Fig. 2.57. The neutralization line method 

was used as a decoupling technique while the defected ground structure acted as an 

impedance matching element for both ports. 

 

 

 
 

 

Fig. 2.56. Fabricated prototypes of the proposed MIMO antennas with DGS and mu- 

negative metamaterial; (a) Basic two port monopole antenna, (b) Circularly polarised 

MIMO antenna [135]. 
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Fig. 2.57. Schematic structure of the proposed MIMO antenna with wideband NL and 

DGS [136]. 

 

 

In 2019, Zhang et al. [137] presented a 2×2 MIMO antenna of planar monopoles for UWB 

applications. A combination method that combines three Archimedes spiral 

electromagnetic band gap (As-EBG) structures for band rejection purposes alongside a 

T-shaped strip and triangular cut on the ground plane for mutual coupling reduction is 

shown in Fig 2.58. Luo et al. [138] in 2019 modelled a MIMO antenna array operating at 

5.7 GHz for WLAN applications. In this module, a suspended meta-surface consisting of 

periodic metamaterial cells was applied on the top of the MIMO antenna array to realize 

a gain enhancement; on the other hand, a neutralization line decoupling structure was 

added on the feeding lines to improve the isolation, as shown in Fig. 2.59. Finally, it can 

be concluded from this survey that most of the MIMO designs had dealt with single band 

of operation while using an integrated decoupling method is limited in multi-band MIMO 

antennas for portable applications. Therefore, more work should be attempted to show its 

benefits on multi-band MIMO antennas MIMO antennas designs. 
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Fig. 2.58. Geometry of the proposed MIMO antenna with As-EBG, T-shaped strip and 

DGS [137]. 

 

Fig. 2.59. Suspended meta-surface structure consisting of periodic metamaterial cells 

with neutralization line decoupling structure added on the feeding lines; (a) Top view, (b) 

Rear view [138]. 

 

 

A summarized state-of-art of hybrid methods containing the important previous works is 

given in Table 2.5, which details the centre frequency, isolation, electrical size, separation 

distance between the radiating elements, antenna peak gain, antenna efficiency and ECC. 



71  

Table 2.10. Summarized states of the art on the hybrid method element method. 

 
 

Ref. 
Centre 

Frequency 
(GHz) 

Isolation 

(dB) 

Electrical Size 
Separation 
distance 

Peak 

Gain 
(dBi) 

Antenna 

Efficiency 
(%) 

 
ECC 

Type of hybrid 

method 

 
Remarks 

 

[130] 

 

1.375 

 

>14 

 

0.43λo × 0.43λo × 0.007λo 

 

 
   

 

<2.6 

 

   

 

<0.02 

Antenna 

orientation and 
stub 

No efficiency 

and separation 

distance 

 
[131] 

 
6.85 

 
>25 

 
0.93λo × 0.52λo × 0.017λo 

 
0.068λo 

 
<4 

 
   

 
   

Antenna 

orientation and 
stub 

Big size, high 

isolation and no 

efficiency and 

ECC 

 

[132] 
4 
7 
10 

 

>17 
 

0.6λo × 0.6λo × 0.021λo 
 

0.014λo 
2.9 
3.9 
4.5 

 

   
 

<0.01 
Antenna 

orientation and 

stub 

High isolation, 
good gain and no 

efficiency 

 

[133] 

2.425 

3.55 
5.6 

>15 

>14 
>15 

 

0.2λo × 0.48λo × 0.013λo 
 

0.094λo 

0.18 

3.6 
2.74 

65 

85 
84 

0.16 

0.015 
0.001 

 

DGS and NL 

Compact size 

and low gain at 

the first band 

 

[134] 
2.17 

5.26 

 

>15 
 

0.44λo × 0.47λo × 0.005λo 
 

0.217λo 

 

 
   

60 

83 

 
 

 

DGS and two 

meander lines 

High isolation 

and no peak gain 

and ECC 

 
[135] 

 
2.675 

 
>15 

 
0.4λo × 0.4λo × 0.014λo 

 
0.22λo 

 

 

 

   

 

 

 

   

 
<0.13 

 

DGS and 

metamaterial 

Simple structure, 

high isolation 
and no efficiency 

and peak gain 

 
[136] 

 
11.9 

 
>22 

 
0.595λo × 0.87λo × 0.02λo 

 
0.047λo 
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<0.00 
2 

 
DGS and NL 

Simple structure, 

high isolation, 

low ECC and no 
peak gain 

 

[137] 
 

6.85 
 

>20 
 

0.548λo × 0.77λo × 0.018λo 
 

0.219λo 
 

2.5 
 

   
 

<0.03 

EBG, T-shaped 

strip and DGS 

High isolation, 

good gain and no 

efficiency 

 

[138] 
 

5.7 
 

>30 
 

1.5λo × 1.045λo × 0.66λo 
 

0.095λo 
 

8.3 
 

68 
 

   
Metamaterial and 

NL 

Big size, high 
isolation and 

gain 

 

 
 

 

 

2.10 Identification of Gaps in Knowledge (Problem Statement) 

 
Different isolation enhancement methods [33-138] have been reported to enhance the 

performance of MIMO antenna systems in terms of correlation, isolation, and antenna 

gain. Enormous efforts for mutual coupling suppression have been made. These methods 

include antenna placement and orientation [33-46], use of neutralization line [47-56], 

metamaterial resonators [57-66], parasitic elements [67-77], defected ground structure 

[78-86] and hybrid method [130-138]. The analysis of these different methods has been 

discussed in detail. It has been observed from this comprehensive survey that many 

decoupling methods either have complex structures, which in turn lead to many 
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difficulties in their implementation stage, or still require to be improved without affecting 

the performance of the other adjusting modifications to fulfil the demands of the portable 

devices. Consequently, more effort in this research area is crucial to design new multiple 

antennas with a viable decoupling approach or combination of approaches that produce 

attractive characteristics for various modern wireless applications, for instance: high 

isolation, low correlation coefficient and simple and compact structure. 

 
 

Furthermore, it has been found that the MIMO antenna technology has the following 

impeding aspects for which it is desirable that further research be undertaken: 

1. A variety of MIMO antennas have unacceptably large sizes due to improper 

utilization of substrate space. 

2. Using an integrated decoupling method is limited in multi-band MIMO antennas 

for portable applications. 

3. Many designs do not discuss all the influencing parameters in detail. 

 

 

2.11 Fundamental Parameters of MIMO Antenna Systems 

 
Generally, the performance of a single antenna or antenna array is measured by analysing 

its S-parameters and gain patterns. These parameters are not sufficient to evaluate the 

performance of MIMO antenna systems. There are several reasons for this [6]. 

 
 

1. It is not convenient to analyse the S-parameters while the number of antennas 

increases due to the increasing numbers of S-parameter curves. For example, a 

system with two antennas has four S-parameters, but nine S-parameters for 3 

antennas. In other words, there are N2 parameters for N antennas. 
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2. A MIMO antenna system does not depend only on the performance of its 

elements, the mutual coupling between the elements should be considered. 

3. It is necessary to take into consideration the effect of the channel where the 

antenna system works. 

 
 

Therefore, the following are the performance metrics used to evaluate MIMO antenna 

systems. [6]: 

 
 

1. Total Active Reflection Coefficient. 

 

2. Isolation. 

 

3. Correlation Coefficient. 

 

4. Diversity Gain. 

 

5. System Channel Capacity. 

 

6. Mean Effective Gain (MEG). 

 

Each of these metrics will be discussed in detail. 

 

 

 
2.11.1 Total Active Reflection Coefficient 

 
Total Active Reflection Coefficient (TARC) indicates the importance of the stability in 

the resonance frequency even when the phase difference between antenna elements is 

changed. This factor can be calculated by taking the square root of the ratio between the 

available power minus the radiated power to the total available power as explained in 

equation (2.6) [139]. 
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𝑎 

𝑎 

𝛤𝑡  =    

 

𝛤𝑡 = (2.6) 
 

 

 
 

The range of TARC value is between 0 and 1. It can be considered that all the available 

power is radiated if the value of TARC is 0. The effective operating bandwidth of a 

MIMO antenna can be extracted from TARC curves. One of the effective methods that is 

used to find the TARC from the measured S-parameters is explained in equations (2.7) to 

(2.9). 

 

 

 

𝛤𝑡 = (2.7) 
 

 

 

 

 

Where 

 

b=Sa (2.8) 

 

 

 
Where vector a represents the applied excitation to the antenna. For a two-port network, 

the TARC value can be calculated by the following expression [50]. 

 

((|𝑆11 + 𝑆12𝑒𝑗𝜃|2) + (|𝑆21 + 𝑆22𝑒𝑗𝜃|2 
)) 

𝑎 

 
 

(2.9) 

2 
 
 

 

Where θ represents the phase of the input feeding. 

available power ― radiated power 

available power 

∑𝑁 

𝑖 = 1 
|𝑏𝑖|2

 

∑𝑁 

𝑖 = 1 
|𝑎𝑖|2
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2.11.2 Isolation 

 
Isolation is defined as the degree of coupling between the radiating elements inside the 

MIMO system structure [6]. This value does not depend on the coupling through the 

radiation pattern. Isolation is measured through the S-parameters of the system. The 

transmission coefficient (Sxy) between the two radiators’ feeding ports (radiator x and 

radiator y) measures this quantity. The isolation can be compromised by several factors. 

The radiating elements can be coupled with each other through electric and/or magnetic 

fields within the antenna structure. Ground plane currents can also be a major factor in 

coupling the radiating elements as the ground plane size is small in compact antenna 

systems. There are a large number of techniques available in the literature that address 

this issue. Some of them use defects in the ground plane, parasitic elements in the antenna 

structure, metamaterial resonators, lumped components, frequency selective materials, 

neutralization line, magnetic wall between the radiators and many others. 

 

 

2.11.3 Correlation Coefficient 

 
Generally, wireless communication channels should be isolated from each other to 

prevent interference between them. For this reason, the correlation coefficient can be 

considered as a significant factor to measure the degree of isolation between the channels 

in MIMO systems. This factor depends on the radiation pattern of the MIMO antenna 

system. The envelope correlation coefficient (ECC) or (ρe) is the square of the correlation 

coefficient and can be calculated by the following expression [140], which assumes the 

isotropic scattering case: 
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𝑖𝑖 𝑗𝑖 

|∬ [𝐴 (𝜃,∅) ∙ 𝐴 (𝜃,∅) ]𝑑Ω|
2

 

𝜌 = 4𝜋 1 2 
(2.10) 

𝑒 
∬

 |𝐴   (𝜃,∅)|2𝑑Ω|𝐴 (𝜃,∅)|2𝑑Ω 
4𝜋 1 2 

 
 

 

Where the radiation pattern of the MIMO antenna is represented by the factor Ai (θ,∅). 
 

This can be applied by terminating all the ports by matched loads and exciting the ith port 

only. This formula is valid for the isotropic environment. Furthermore, equation (2.10) is 

difficult and needs a 3D measurement for the radiation pattern as well as a numerical 

analysis to evaluate the value of ρe. The general expression has been simplified in order 

to calculate the correlation coefficient through the S-parameters and the radiation 

efficiency, as explained in the following formula [140]. 

 

 
 

|𝜌 

 
 

|2 = 𝜌 

 
|𝑆 ∗ 𝑆 

= 

 
 

𝑖𝑗 

 
+ 𝑆 ∗ 𝑆 

 
𝑗𝑗| 

 

2 

(2.11) 
(𝑖𝑗) (𝑒𝑖𝑗) |(1 ― |𝑆  |2 ― |𝑆  |2)(1 ― |�� |2  ― |𝑆  |2)ɳ ɳ |

(1 2) 

𝑖𝑖 𝑗𝑖 𝑗𝑗 𝑖𝑗 𝑟𝑎𝑑𝑖 𝑟𝑎𝑑𝑗 

 
 

 

Where 

 

ρij represents correlation coefficient. 

 

ρeij represents envelope correlation coefficient. 

 

Sij represents the S-parameter between the i and j elements. 

 

ηradi represents radiation efficiency for the ith element. 

 

Finally, high isolation does not necessarily mean that there is a low correlation. It is 

important to add here that the MIMO antenna system needs high isolation and low 

correlation coefficients to work perfectly. 

| | 
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𝐸 {[𝐴𝑖(Ω)ℎ(Ω)][𝐴 ∗ (Ω)ℎ ∗ (Ω)]}𝑑Ω (2.14) 

2.11.4 System Channel Capacity 

 
One of the important metrics in a MIMO antenna system is the channel capacity. This 

metric describes the difference between the performance of the single antenna system and 

the performance of the MIMO antenna system and how much enhancement has been 

achieved. 

 
 

The measuring of the channel capacity is usually formed as a cumulative distribution 

function (CDF). Calculating the channel matrix is the first step to measure the channel 

capacity. The radiation patterns of the antenna system are used to determine the channel 

matrix. The formula that is used to determine the channel matrix is [71]: 

1 1 

𝐻 = 𝜓𝑅 
2𝐺𝜓𝑇 

2
 (2.12) 

 

Where 𝜓R is the receive correlation coefficient matrix and 𝜓T is the transmit correlation 
 

coefficient matrix, while G is a random matrix containing complex Gaussian random 

numbers representing the randomness of the channel [6]. 

The entries for the correlation matrix can be evaluated as [141]: 
 

 
𝑖,𝑗 

𝑅 

 

∫ 

𝜇𝑖,𝑗 

𝜇𝑖,𝑖𝜇𝑗,𝑗 
(2.13) 

 
𝑗 

 
 

The field pattern of the ith elements is represented by Ai (Ω) and the incoming waves are 

represented by h (Ω) while Ω is the solid angle. There are reasonable assumptions for the 

environment of the mobile wireless systems as defined in [141]. These assumptions can 

be described as the fading envelope being Rayleigh distributed while the incoming wave 

should arrive in the horizontal plane only. On the other hand, the incoming wave’s 

𝜓 

𝜇𝑖,𝑗 = 

= 
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𝐸 {[𝐴𝑖𝜃(Ω)ℎ𝜃(Ω) + 𝐴𝑖∅(Ω)ℎ∅(Ω)] × [𝐴 ∗ (Ω)ℎ ∗ (Ω) + 𝐴 ∗ (Ω)ℎ ∗ (Ω)]}𝑑Ω 

{𝐸 [𝐴𝑖𝜃(Ω)𝐴 ∗ (Ω)|ℎ𝜃(Ω)|2] + 𝐸[𝐴𝑖∅(Ω)𝐴 ∗ (Ω)|ℎ∅(Ω)|2]}𝑑Ω 

{𝐴𝑖𝜃(Ω)𝐴 ∗ (Ω)𝐸 [|ℎ𝜃(Ω)|2] + 𝐴𝑖∅(Ω)𝐴 ∗ (Ω)𝐸[|ℎ∅(Ω)|2]} 𝑑Ω 

orthogonal polarizations should be uncorrelated while the individual polarizations should 

be spatially uncorrelated. Finally, the time-averaged power density per steradian should 

be constant [71]. From these assumptions: 

 
 

𝐴(Ω) = 𝐴𝜃(Ω)𝜃 + 𝐴𝜑(Ω)∅ 
(2.15)

 

 
ℎ(Ω) = ℎ𝜃(Ω)𝜃 + ℎ𝜑(Ω)∅ (2.16) 

 

Where 𝜃 and ∅ are the unit vectors along θ and ∅ axes. 
 

Substituting equations (2.15) and (2.16) into equation (2.14) will lead to: 
 

 
 

∫ 𝑗𝜃 𝜃 

 

𝑗∅ ∅ 

 
(2.17) 

 

 

 
 

It can be expected that the orthogonal polarizations’ product is equal to zero because the 

incoming wave’s orthogonal polarizations are uncorrelated. Equation (2.17) can be 

simplified to: 

∫ 

 
 
 

𝑗𝜃 

 
 
 

𝑗∅ 

 

 
(2.18) 

 

 

 
 

Moreover, due to the performance expectations being in terms of incoming waves, 

 

equation (2.18) can be simplified to: 
 

∫ 𝑗𝜃 

 

𝑗∅ 

 
(2.19) 

𝜇𝑖,𝑗 = 

𝜇𝑖,𝑗 = 

𝜇𝑖,𝑗 = 
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𝑁𝑇 

Equation (2.19) can be further simplified due to the fact that 𝐸 [|ℎ𝜃(Ω)|2] and 𝐸[|ℎ∅(Ω)|2] 

are the time-averaged power density of the incoming waves of components 𝜃 and 𝜑 

respectively. On the other hand, the ratio between 𝑡ℎ𝑒𝑚, 𝐸 [|ℎ𝜃(Ω)|2]/𝐸[|ℎ∅(Ω)|2] is 

defined as a cross-polarization power ratio (XPD) that represents the distribution of the 

incoming waves [142]. Moreover, the incoming wave arrives in the horizontal plane only 

and the time averaged power density per steradian is constant. Equation (2.19) can thus 

be written as: 

𝜇𝑖,𝑗 = 𝑐 [XPD 𝐴𝑖𝜃( , ∅)𝐴 ∗  ( 2𝜋 𝜋 𝜋  
  

, ∅) +  𝐴𝑖∅(𝜋
, ∅)𝐴 ∗  ( 𝜋 

 
  

, ∅)]𝑑∅ 

∫ 2 𝑗𝜃 2 
0 

2 𝑗∅ 2 (2.20) 

 

 

 

Where c is a constant linked with the time-averaged power density. It is important to 

recognize that normalization is imposed in equation (2.14). Thus, c can be set to unity in 

equation (2.20). 

 
 

After all these calculations, H can be easily found. The next step is to evaluate the capacity 

based on the following formula: 

 

𝐶 = log2 [det(𝐼𝑅 +  
𝜌 

𝐻𝐻𝑇)] (2.21) 

 
Where IR is an identity matrix, NR represents the receive antennas and NT the transmit 

antennas, while HT is the conjugate transpose of the H matrix. If H is an identity matrix, 

then it is clear to say that the capacity is the number of antennas (rank of H) times the 

capacity of one antenna. 
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𝜓𝑅 = [ ] 

11 21 

Theoretically, by increasing the number of antennas of the MIMO system, the channel 

capacity will improve [36]. However, the presence of uncorrelated Rayleigh fading will 

induce loss of channel capacity. This loss can be obtained from the correlation matrix. In 

the case of 2 x 2 MIMO systems, the simplified channel capacity loss of high SNR can 

be evaluated by using the following equation [143]: 

 

∁𝑙𝑜𝑠𝑠 = ―log2det (𝜓R) 
(2.22)

 

 
where 𝜓R is the receiving antenna correlation matrix assuming complete decorrelation at 

the transmit end: 

 

𝜌11 𝜌12 

𝜌21 𝜌22 
 

with 𝜌11 = (1 ― (|𝑆11|2 + |𝑆12|2)) and 𝜌12 = ― (𝑆 ∗ 𝑆12 + 𝑆 ∗ 𝑆 22) 
 
 
 

 

2.11.5 Mean Effective Gain 

 
Generally, testing an antenna gain inside an anechoic chamber is not a good measure of 

antenna performance because the antenna is not used in practical applications. The 

antenna will actually be used in a certain environment for a specific application. 

Therefore, to evaluate the antenna performance, the effect of the environment on antenna 

radiation characteristics should be studied. The only way to achieve this is by fabricating 

an antenna and testing it in known environment conditions with other antennas, having 

known characteristics. After that, the antenna performance should be recorded. This 

process must be repeated by tuning another antenna and testing it again to get the required 

design. It is clear that this procedure is time consuming and costly. This problem has a 



81  

∫∫ XPD + 1 XPR + 1 

solution that was proposed in [18]. In this proposal, the author suggests a probabilistic 

model for the environment. Hence the MEG can be calculated numerically by using the 

3D radiation pattern with the suggested model within a mathematical formula. This 

numerical method helps to evaluate MEG by using the simulated or the measured gain 

patterns along with a model of the environment suitable for the application for which the 

antenna is being designed. MEG can be expressed mathematically by equations (2.18) 

and (2.19): 
 

2𝜋 

MEG = 
𝜋  

{  XPD   
𝐺𝜃(𝜃,∅)𝑃𝜃(𝜃,∅) + 

1
 𝐺∅(𝜃,∅)𝑃∅(𝜃,∅)} (2.23) 

0 0 

 
 
 

under the conditions: 
 

2𝜋 𝜋 

∫∫{𝐺𝜃(𝜃,∅) + 𝐺∅(𝜃,∅)}sin 𝜃𝑑𝜃𝑑∅ = 4𝜋 
0 0 

 
2𝜋 𝜋 

 
 

2𝜋 𝜋 
(2.24) 

∫∫𝑃𝜃(𝜃,∅)sin 𝜃𝑑𝜃𝑑∅ = ∫∫𝑃∅(𝜃,∅)sin 𝜃𝑑𝜃𝑑∅ = 1 
0     0 0 0 

 
 

 
Vertical mean incident power 

XPD = 
Horizontal mean incident power 

(2.25)
 

 
Where: 

 

Gθ (θ,∅) and GØ (θ, ∅) are antenna gain components. 

 

Pθ (θ,∅) and PØ (θ, ∅) represent the channel model. 
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( ) 

2.11.6 Diversity Gain 

 
Another important parameter that is used to evaluate the performance in MIMO antenna 

systems is the diversity gain. This metric can be used to measure the influence of the 

diversity on the wireless communication system performance. In other words, it describes 

the increase in signal to noise ratio when the diversity antenna system is applied [144]. 

Moreover, high diversity gain will lead to a low correlation coefficient and vice versa. 

The diversity gain can be calculated mathematically as follows [144]: 

 

[𝛾𝑐 𝛾1]  DG = 

𝛤𝑐 
― 

𝛤1 𝑝(𝛾𝑐 < 𝛾𝑠/𝛤) 
(2.26) 

 

 

 

Where 

 

• 

 
 

𝛾c is the instantaneous SNR for the diversity system and 𝛤𝑐 is mean SNR for the 
 

diversity system. 

 

• 𝛾1 is the instantaneous SNR for the single branch with maximum value and 𝛤1 is 
 

the mean SNR for the single branch with maximum value 

 

• 𝛾s/𝛤 is the reference level. 
 

 

 

The factor 𝑝(𝛾𝑐 < 𝛾𝑠/𝛤) can be approximated by assuming uncorrelated signals with 
 

Rayleigh distribution as follows: 

 
𝛾𝑠 

𝑃 𝛾𝑐 < 
𝛤 

= (1 ― 𝑒 

 

 
𝛾𝑠 𝑀 

— 
𝛤 )

 

 
 
 

(2.27) 
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It is crucial to mention here that the diversity gain and correlation coefficient are related 

to each other. If the correlation coefficient is low, the diversity gain will be high. Equation 

(2.27) is usually valid if |MEG1˗ MEG2| < 3 dB [111]. 

 

2.12 Conclusions 

 
In this chapter, the main concept of MIMO technology has firstly been presented 

following by the theoretical background of MIMO technology and then a comprehensive 

review of MIMO antennas has been presented and many important aspects related to 

MIMO antennas discussed. Discussion ranged from the history of MIMO antennas to 

their main advantages, and difficulties faced by researchers during their practical 

implementation. Also, this review focused on five different techniques that have been 

used in this thesis to minimize the mutual coupling in MIMO antennas. These techniques 

include antenna placement and orientation, metamaterial resonators, parasitic elements, 

neutralization line and defected ground structures. A comprehensive analysis of the 

sources to classify MIMO antennas according to their frequency bands (narrow bands, 

wideband and multi-band) has been presented in depth. The impact of combining two or 

more decoupling methods has been presented by reviewing the most relevant works in 

this field. It has been noticed that from this comprehensive survey that many decoupling 

approaches either have complex geometries, which in turn lead to many difficulties in 

their implementation stage, or still require to be enhanced without affecting the 

performance of the other adjusting modifications to achieve the demands of the portable 

devices. 
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Finally, It has been explained how the fundamental parameters of single antennas are not 

enough to evaluate the performance of the MIMO antenna systems. Therefore, different 

performance metrics related to MIMO antenna systems have been discussed to show their 

effect on MIMO antenna performance. The level of the isolation between the elements 

shows the extent to which the elements are isolated within the configuration of the 

antenna while the radiation patterns of the radiating elements depend on the value of the 

correlation coefficients to specify how much they are isolated in the environment. On the 

other hand, MEG describes the behaviour of the antenna system within a specific 

environment and TARC value indicates how much available power is radiated. Moreover, 

the channel capacity shows the improvement value in the data rate. The diversity gain has 

also been discussed due to its ability to identify how much the diversity affects the 

performance of the communication system. 
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CHAPTER THREE 

 

Mutual Coupling Reduction of Dual-Band Printed MIMO 

Antenna Using Neutralization Line Technique and 

Defected Ground Structures 

 

The main potential objective of MIMO antenna systems is to enhance reliability and 

improve channel capacity in wireless communication systems. Consequently, they have 

generated great and radical innovations in applications for wireless communications 

systems research areas [1]. A significant design consideration with MIMO antennas is 

the ability to minimize spatial correlation factor, and the major contribution effects 

resulting from the coupling of the radio frequency (RF) electromagnetic (EM) 

interactions that exist between closely adjacent radiating elements: these factors can 

largely define the system performance of the MIMO antenna. High isolation can result in 

higher antenna efficiencies and lower correlation coefficients [2]. Many approaches have 

been presented in the literature that aim to improve the isolation over a multi-band 

operation regime for MIMO antennas. However, no significant contribution has been 

made to improve the isolation in the relevant bands using a hybrid approach. 

 

 

This chapter presents a new compact multiband MIMO antenna system, which can 

operate at WLAN bands (2.4/5.2/5.8 GHz) and achieve good isolation in the relevant 

bands. It is composed of two uni-planar double T-shaped monopole antennas placed 

symmetrically on the same substrate. The coupling at the upper frequency band is 

minimized using the defected ground structure method while the coupling at the lower 

frequency band is reduced using the neutralization line technique. The antenna 

https://ieeexplore-ieee-org.brad.idm.oclc.org/document/7111247/
https://ieeexplore-ieee-org.brad.idm.oclc.org/document/7111247/
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performance characteristics are reported in terms of scattering parameters, ECC, TARC, 

CCL, DG, antenna peak gain, antenna efficiency and antenna radiation patterns. 

 

 

3.1 Single Antenna Design 

 
In this design, a dual-band antenna with two double T-shaped radiating elements is 

modelled and simulated, aimed at fulfilling the requirements of WLAN applications. As 

a substrate material for the proposed design, FR4 glass-reinforced epoxy laminate with 

1.6 mm thickness, 4.3 relative permittivity, and 0.025 loss tangent was used. The overall 

dimensions were 35.516.51.6 mm3. The antenna ground plane was printed on the 

bottom layer of the substrate. The geometry of the proposed antenna is illustrated in Fig. 

3.1 while all the optimized dimensions are listed in Table 3.1. 

 

 

 
Initially, a compact double T-shaped antenna was modelled to work at dual frequency 

bands. The simple approach to design an antenna with a dual-band operation is by 

obtaining two elements with different lengths inside the antenna structure, so that each 

element will resonate at the desired frequency by matching its length with a quarter of 

the wavelength of the operating frequency in the mixed air-substrate medium [3]. 

Therefore, the upper-frequency band is controlled by the shorter T-shaped arm while the 

lower frequency band is controlled by the larger T-shaped arm. The variation of the 

reflection coefficient versus frequency of the proposed antenna is plotted in Fig. 3.2. It 

can be clearly seen that the antenna covers the two required bands with the first band 

ranging from 2.37 GHz to 2.8 GHz and the second band ranging from 5.15 GHz to 6.25 

GHz. 
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To evaluate the effect of the two arms of the proposed single antenna, simulations were 

performed to study the effect of changing the length of the upper arm (arm1) only and 

keeping other parameters at the same values. The obtained reflection coefficient results 

are shown in Fig. 3.3, where it can be seen that the first frequency band is shifted to 2.5 

GHz by increasing the length of the upper arm and at the same time the second frequency 

band is expanded while the impedance matching is reduced. Moreover, the other factor 

which is the length of the lower arm (arm2) is also investigated to determine its effect on 

the reflection coefficient of the proposed antenna. Fig. 3.4 shows the obtained S11 results 

with different values of the length of the lower arm. It can be clearly seen that there is no 

effect on the first band by increasing the length of the small arm, while the resonant 

frequency of the second band is shifted to toward 5.5 GHz. 

 

 

 

 

Fig. 3.1. Geometrical configurations of the proposed single antenna. 

Table 3.1. Single antenna parameter values. 
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Parameters Value Parameters Value Parameters Value Parameters Value 

h1 7.8mm h5 2.5mm L1 16mm L6 5.75mm 

h2 4mm h6 17mm L3 4.75mm L7 1.5mm 

h3 2.5mm h7 15mm L4 6.75mm L8 2.6mm 

h4 17mm h8 1mm L5 5.25mm L9 7.25mm 

 

 

 

 

Fig. 3.2. Simulated reflection coefficients S11 of the proposed single antenna. 
 
 

 

 
Fig. 3.3. Variation of simulated S11 versus frequency with different length of arm1. 
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Fig. 3.4. Variation of the simulated S11 versus frequency with different length of arm2. 

 

 

 
The effect of tapering the ground plane by cutting two triangles from its upper corners as 

shown in Fig. 3.5 was investigated. The reflection coefficient characteristics for various 

values of the height (r) of the cut triangle are shown in Fig. 3.6. It can be seen that the 

taper has little effect on the first band as it shifts the centre frequency slightly to lower 

values while it increases the bandwidth of the second band. As can be seen, the case for 

r=2.5 mm gives the best results among the investigated values. The reason for this effect 

can be attributed to the fact that the tapering increases the separation between the ground 

plane and lower T-shaped arm thus allowing better current distribution along this edge. 

 
Fig. 3.5. Back view of the proposed single antenna showing the two defected areas. 
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Fig. 3.6. Simulated reflection coefficients S11 of the proposed single antenna with 

different values of r (mm). 

 
 

To obtain better insight into the dual band operation of the antenna, the surface current 

distribution across the arms was found using the CST Microwave Studio software. The 

obtained current distributions at two selected frequencies are shown in Fig. 3.7. It can be 

seen that at the lower frequency band the upper arm has a rich current distribution, while 

at the upper frequency band the lower arm has richer surface current. This indicates that 

the upper arm controls the lower band frequency, while the lower arm influences the 

upper band frequency. 

 

It is beneficial to calculate the antenna gain and efficiency for the proposed antenna. 

These parameters can give extra information about the antenna performance. The peak 

gain and radiation efficiency are evaluated using the CST package. Fig. 3.8 shows that 

the peak gains of the proposed antenna are 1.85 dBi and 2.5 dBi at the lower and upper 

frequency bands, respectively. On the other hand, the radiation efficiencies of the 
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proposed antenna are 97% and 70% at the centre frequencies of the lower and upper bands 

respectively, as shown in Fig 3.8. Otherwise, there is a dip in antenna gain and efficiency 

at 4 GHz: this is due to the high mismatch between antenna ports at this frequency, as 

shown in Fig. 3.2. 

 

 
 

Fig. 3.7. Surface current distributions of the proposed single antenna at two different 

frequencies; (a) 2.4 GHz, (b) 5.5 GHz. 

 

 

 

Fig. 3.8. Variation of calculated peak gain and efficiency versus frequency for the 

proposed single antenna. 
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3.2 2 2 MIMO Antenna Design 

 
In this section, a 22 MIMO antenna was adapted from the single antenna design for 

WLAN applications. The MIMO antenna was modelled using the same FR4 substrate. 

The overall size of the antenna was 3633.51.6 mm3. The inter-element distance 

between the radiators was kept at 3 mm, which is equivalent to 0.024 λo. On the other 

hand, the centre to centre separation was kept at 16.5 mm. The antennas share the same 

ground plane in the bottom layer of the substrate. Moreover, a new approach that 

combines DGS and neutralization line decoupling techniques was applied to enhance the 

antenna isolation. NL with a length of 16.5 mm was constructed to connect the two 

radiating elements. The length of the NL is equivalent to g/4 at the isolation frequency 

2.4 GHz. Furthermore, the DGS decoupling approach was applied by creating defected 

 

areas in the corners of the ground plane to reduce the coupling as well as enlarge the 

bandwidth at the upper frequency band. The schematic structure of the proposed antenna 

is shown in Fig. 3.9 and all the optimized dimensions are summarized in Table 3.2. 

 

To obtain better insight into the contributions of the long and short T-shaped arms within 

the proposed MIMO antenna, the surface current distribution across the radiating 

elements was simulated using the CST software at the resonant frequency of the two 

required bands by exciting port one and terminating port two, as shown in Fig. 3.10. It 

can be observed that the distribution of the surface current at 2.4 GHz is mainly located 

along the edges of the upper arm as well as the feed line. This indicates that the lower 

frequency is controlled by the long arm. On the other hand, the distribution of the surface 

current at 5.5 GHz is mainly located across the edges of the lower arm as well as the feed 

line. This demonstrates that the upper frequency is controlled by the short arm [4]. 
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Fig. 3.9. The configuration of the proposed antenna; (a) Antenna with NL (b) Antenna 

without NL. 

 
 

Table 3.2. MIMO Antenna parameter values. 

 
Parameters Value Parameters Value Parameters Value Parameters Value 

h1 7.8mm h5 2.5mm L1 16mm L5 5.25mm 

h2 4mm h6 17mm L2 16.5mm L6 5.75mm 

h3 2.5mm h7 15mm L3 4.75mm L7 1.5mm 

h4 17mm h8 1mm L4 6.75mm L8 2.6mm 

      L9 7.25mm 
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Fig. 3.10. Surface current distributions of the proposed MIMO antenna without NL at the 

resonant frequency of the two required bands; (a) 2.4 GHz. (b) 5.5 GHz. 

3.3 Neutralization Line 

The neutralization line technique can be classified as one of the effective methods that 

are used to improve the isolation in MIMO antenna systems, as illustrated in [5-11]. 

According to Chebihi et al. in [9], the main function of the NL is to pass the 

electromagnetic (EM) wave from one radiating element to the other one at a certain point 

inside the MIMO antenna structure via a metallic slit or lumped element. This EM wave 

should have an opposite coupling to reduce the main coupling in the antenna system at a 

specific frequency band [12]. The critical issue associated with this technique is the 

selection of the connection point. The position of the point inside the radiating structure 

should have low impedance and high current [13]. Two parameters should be taken into 

account in the design of the NL; the length and the width. These parameters have a great 

effect on the results for mutual coupling. Recently, the neutralization line technique was 

adopted by several mobile phone companies, for example, Samsung [14] and LG 

Electronics [15], as a very effective mechanism for solving isolation problems in MIMO 

antenna systems. 
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Several types of neutralization line structures have been used in the literature, such as thin 

printed neutralization lines [16], a pair of crossed neutralization lines [17], LC matching 

network and NL [18] and neutralization lines between ground planes [19]. 

 
 

3.3.1 S-Parameters of the Proposed MIMO Antenna with and 

without NL 

The S-parameters of the antenna with and without the neutralization line have been 

simulated to verify the effectiveness of the NL. Fig. 3.11 shows the simulated result of 

the reflection coefficients S11. It can be clearly observed that there is a shift to the right 

side (toward 2.5 GHz) in the first band of operation and a reduction in the bandwidth of 

the same band. On the other hand, there is no effect on the second band after inserting the 

NL. Therefore, the same band has been achieved. 

 
 

The simulated coupling with and without NL is illustrated in Fig. 3.12. It can be clearly 

seen that the mutual coupling around 2.5 GHz without NL is higher than -10 dB. By 

inserting the neutralization line, the mutual coupling between the elements has been 

decreased in that band: the simulated isolation is then nearly 27 dB at 2.5 GHz and 13 dB 

at 5.2 and 5.8 GHz, as shown in Fig. 3.12. 
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Fig. 3.11. Simulated reflection coefficients S11 with and without neutralization line for 

the proposed MIMO antenna. 

Fig. 3.12. Simulated transmission coefficients S21 with and without the neutralization line 

for the proposed MIMO antenna. 
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Moreover, the surface current distribution of the proposed antenna was used to analyse 

the contributions of the neutralization line properly. Two cases were studied at 2.4 GHz: 

the first case was the proposed antenna excluding the neutralization line while the second 

case was the proposed antenna including the neutralization line. This study is performed 

by exciting port 1 and terminating port 2 with a matched load. Fig. 3.13 demonstrates the 

surface current distribution with and without NL. It can be clearly seen that the induced 

current in the feeding line port 2 is high in the case of the absence of the neutralization 

line. On the other hand, the existence of the neutralization line will introduce a new 

current path which generates an additional coupling to reduce the original coupling, as 

shown in Fig. 3.13-a [4]. 

 
 

 

 

Fig. 3.13. Surface current distributions of the proposed MIMO antenna at 2.4 GHz; (a) 

With NL, (b) Without NL. 

 

 

3.3.2 Parametric Study 

In order to clarify the effects and obtain the optimized values of the proposed design, 

parametric studies of the position and width of the neutralization line based on Fig. 3.14 

were carried out. 
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Fig. 3.14. Configuration of the proposed MIMO antenna showing the height (hn) and the 

width (wn) of the NL. 

 

 

3.3.2.1 The Effect of the Position of the Neutralization Line on 

the S-Parameters 

To validate the effect of the position of the neutralization line, the simulated S-parameters 

of the antenna with different positions (hn) of the NL were investigated, as shown in Fig. 

3.15 and Fig. 3.16 respectively. Fig. 3.15 shows that by raising the position of the NL, 

the first band is shifted toward the 2.5 GHz band while the beginning of the second band 

is shifted backward. On the other hand, raising the position of the NL leads to a decrease 

in the mutual coupling between the elements in the first band and there are no effects on 

the second band. Tables 3.3 and 3.4 summarize the values for the two figures in order to 

clarify the results. 
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Fig. 3.15. The simulated reflection coefficient of the proposed MIMO antenna with 

different positions for the NL. 

Fig. 3.16. The simulated transmission coefficient S21 of the proposed MIMO antenna with 

different positions of the NL. 



121  

 

Table 3.3. The effect of the position of the NL on the reflection coefficients. 

 

 
hn=22 mm hm=23 mm hm=24 mm hm=25 mm 

 

f= 2.5 GHz 

 

-11.1 dB 

 

-12.8 dB 

 

-16.7 dB 

 

-16.52 dB 

 

f=5.2 GHz 

 

-16.58 dB 
 

-15.24 dB 
 

-15.8 dB 
 

-15.7 dB 

f=5.8 GHz -13 dB -12.48 dB -12.29 dB -12.32 dB 

 
 

Table 3.4. The effect of the position of the NL on the transmission coefficients. 

 

 
hn=22 mm hm=23 mm hm=24 mm hm=25 mm 

f= 2.5 GHz -8.3 dB -9.5 dB -12.2 dB -18.7 dB 

f=5.2 GHz -13.19 dB -13.9 dB -13.99 dB -13.64 dB 

 

f=5.8 GHz 

 

-13.76 dB 
 

-13.45 dB 
 

-13.28 dB 
 

-12.68 dB 

 
 

3.3.2.2 The Effect of the Width of the NL on the S-parameters 

of the Proposed Antenna 

The width of the NL was changed according to Fig. 3.14. Fig. 3.17 and Fig. 3.18 represent 

the reflection coefficients (S11) and mutual coupling values (S21) respectively. It can be 

clearly seen that, by increasing the width of the NL, the reflection coefficients are 
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decreased and there are no effects on the two frequency bands. On the other hand, the 

mutual coupling values decrease by increasing the width of the NL for the first band and 

there is a small effect on the second band. The summarized values of the two figures are 

listed in Table 3.5 and Table 3.6. 

 

 

Fig. 3.17. Simulated reflection coefficient S11 of the proposed MIMO antenna with 

different widths of the NL. 

 

 

Fig. 3.18. Simulated transmission coefficient S21 of the proposed MIMO antenna with 

different widths of the NL. 
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Table 3.5. The effect of the width of the NL on the reflection coefficients. 

 

 
wn=0.25 mm wn=0.5 mm wn=0.75 mm wn=1 mm 

f=2.5 GHz -18.7 dB -16.33 dB -13.9 dB -12.6 dB 

 

f=5.2 GHz 

 

-15.7 dB 

 

-15.69 dB 

 

-15.6 dB 

 

-15.6 dB 

f=5.8 GHz -12.32 dB -12.24 dB -12.1 dB -12.1 dB 

 

 

 

Table 3.6. The effect of the width of the NL on the transmission coefficients. 

 

 wn=0.25 mm wn=0.5 mm wn=0.75 mm wn=1 mm 

f=2.5 GHz -24 dB -22.5 dB -18.5dB -16 dB 

f=5.2 GHz -13.69 dB -13.66 dB -13.68 dB -13.68 dB 

f=5.8 GHz -12.8 dB -12.7 dB -12.7 dB -12.7 dB 

 

 
3.4 Defected Ground Structure 

 
The concept of Defected Ground Structures is derived from Photonic Bandgap Structures 

(PBG) in electromagnetics. In general, for RF and microwave applications, PBGs are 

expressed as Electromagnetic Bandgap (EBG). These periodic structures are used to 

prevent EM waves from passing through them over a frequency band called the stopband 

and to allow EM waves to pass through them over a frequency band called the passband 
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[20]. Defected ground structures refer to specific configurations, called unit cells. These 

unit cells are etched out on the ground plane of a MIMO antenna or PCB in the form of 

a single defect or periodic geometries to prevent EM waves from passing through the 

substrate over a specific frequency band. The DGS slots have various configurations and 

sizes with different frequency responses. The existence of DGS in a printed MIMO 

antenna system will help to stop the movement of the surface current in the ground plane 

over the defected region [21]. This will lead to a reduction in the mutual coupling between 

MIMO antennas. Additionally, DGS can improve several other parameters in MIMO 

antennas such as bandwidth, antenna gain and cross-polarization [22]. 

 

 

3.4.1 S-Parameters of the Proposed Antenna with DGS 

 
The investigations started with assessment of the effect of defecting the ground plane by 

cutting three different areas in the middle, right side and left side of the upper part of the 

ground plane, as shown in Fig. 3.19. The S-parameter characteristics for various values 

of the height of the cut area (r) are shown in Fig. 3.20 and Fig. 3.21 respectively. It can 

be seen that increasing the height of the cut area (r) has little effect on the reflection 

coefficient at the lower frequency band, as exhibited by the slight shift in the centre 

frequency, while it increases the bandwidth of the reflection coefficient significantly at 

the second band. Furthermore, the case for r = 2 mm produces the best results among the 

investigated ones, as shown in Fig. 3.20. On the other hand, increasing the height of the 

cut area (r) does not affect the isolation of the first band and it shows good correspondence 

with various values of (r), while the isolation in the second band is improved by increasing 

the parameter (r) and the best result among the investigated ones is in the case of r = 2 
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mm, where the isolation is more than 13 dB in the whole second band, as shown in Fig. 

3.21. 

 
 

 

Fig. 3.19. Back view of the proposed MIMO antenna showing the defected areas. 
 

 

 
 

Fig. 3.20. Simulated reflection coefficients of the proposed MIMO antenna with different 

 

values of r (mm). 
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Fig. 3.21. Simulated transmission coefficients of the proposed MIMO antenna with 

different values of r (mm). 

 
 

3.5 Evaluation of Antenna Efficiency and Gain 

 
It is crucial to evaluate the antenna efficiency and gain of the proposed MIMO antenna 

system after using the neutralization line. Therefore, the antenna radiation efficiency and 

peak gain of the proposed MIMO antenna with decoupling were simulated and compared 

with the values of the single antenna and the MIMO antennas without decoupling. 

 
 

The proposed MIMO antenna with neutralization line achieves an efficiency equal to 97% 

over the first band, an increase of 7% compared to the efficiency of the single antenna. 

On the other hand, the efficiency of the proposed MIMO antenna with neutralization line 

is 80%, an improvement of 3% compared to the efficiency of the single antenna. The 

obtained efficiencies versus frequency are shown in Fig. 3.22. Moreover, Fig. 3.23 

explains the simulated peak gain of the proposed MIMO antenna over the interval from 

2 to 6.5 GHz. At the lower frequency band, the peak gain of the proposed antenna with 
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NL is 2 dBi, an improvement of 1.2 dBi compared to the MIMO antenna without NL, 

while the peak gain increased in the second band and it achieves 3 dBi at 5.5 GHz, a 0.8 

dBi enhancement compared to the peak gain of the MIMO antenna without NL. 

 

 
 

 

Fig. 3.22. Variation of calculated efficiency versus frequency for the single antenna, the 

MIMO antenna without decoupling and MIMO antenna with decoupling. 

 

 

Fig. 3.23. Variation of calculated peak gain versus frequency for the single antenna, the 

 

MIMO antenna without decoupling and MIMO antenna with decoupling. 
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3.6 Results and Discussions 

 
Simulated and measured outcomes of the proposed MIMO antenna array with 

neutralization line are presented here to verify the antenna performance. Distinguishing 

features such as high isolation between the radiating elements, low values for envelope 

correlation coefficient and channel capacity loss, TARC value close to -10 dB within the 

desired frequency band and omnidirectional radiation pattern, indicate the potential of the 

proposed MIMO antenna. The designed antenna was prototyped using the same substrate 

and dimensions used in the simulation as shown in Fig. 3.24. The comparisons between 

the simulated and the measured results in terms of S-parameters are plotted in Fig. 3.25 

and Fig 3.26 respectively. It can be clearly seen that there is a reasonable agreement 

between results with some tolerance that can be attributed to reflections from the SMA 

connector and the objects near the antenna during the tests. The impedance bandwidth of 

the antenna covers the operating frequency bands from 2.4 to 2.7 GHz and from 4.4 to 

6.7 GHz for reflection coefficient |S11| < -10 dB. These achieved bandwidths fulfil the 

requirements of the WLAN applications. On the other hand, the results of S21 for the 

whole band (2-6.7 GHz) are better than -10 dB and it reaches to -30 dB around 2.4 and 

5.5 GHz. 
 

 

 

Fig. 3.24.The fabricated MIMO antenna design with NL (a) Top view, (b) Back view. 
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Fig. 3.25. Simulated and measured S11 of the proposed MIMO antenna with decoupling 

methods. 

Fig. 3.26. Simulated and measured S21 of the proposed MIMO antenna with decoupling 

methods. 
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Generally, the envelope correlation coefficient is a significant factor in MIMO antenna 

systems, as explained in Chapter Two. The evaluation of the ECC of a MIMO antenna 

could be obtained through two different approaches. The first method depends on the far- 

field radiation pattern of the antenna [23, 24] and the second method uses the S- 

parameters of the antenna [25]. The simulated and measured ECC of the proposed MIMO 

antenna were calculated using equation (3.1) which is based on the second method and 

the results are illustrated in Fig. 3.27. It can be clearly seen from the figure that the value 

of the ECC is less than 0.002 in two bands, which is significantly less than 0.3, the 

maximum allowed for MIMO antenna applications [5]. 

 

|𝑆 ∗ 11𝑆12 + 𝑆 ∗ 21𝑆22| 
𝐸𝐶𝐶 = 

(1 ― |𝑆 11|2 ― |𝑆21|²) (1 ― |𝑆22|2 ― |𝑆 12|²) (3.1) 

 

 

 

 

 
 

 

 

Fig. 3.27. Simulated and measured ECC of the proposed MIMO antenna with NL. 



131  

The next metric that is calculated to assess the proposed MIMO antenna performance is 

the channel capacity loss. In any conventional wireless system, increasing the number of 

utilised antennas will lead to a linear increase in the channel capacity, without raising the 

bandwidth or transmitted power [26, 27]. In this design, the simulated and measured 

channel capacity loss are compared and plotted in Fig 3.28, depending on the equation 

(2.22). It can be easily seen that the CCL is less than 0.5 bit/s/Hz for the two frequency 

bands and there is fair agreement between the calculated and measured results. These 

consequences mean that a good impedance match with low mutual coupling between the 

two antenna elements leads to a low capacity loss in the MIMO channel. 

 

 

Fig. 3.28. Simulated and measured CCL of the proposed MIMO antenna decoupling 

methods. 

 

The total active reflection coefficient is another significant parameter in the MIMO 

antenna system which is used to properly characterize the bandwidth and efficiency of 
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𝑎 

the system. TARC is defined as the result of dividing the square root of the total reflected 

power to the square root of the total incident power [23]. Equation (3.2) is used to evaluate 

the TARC value in a two-port MIMO antenna system [28]. 

 

 
 

𝜏𝑡 = (3.2) 
 

 

 

The TARCs of the present design are calculated based on equation (3.2) and are plotted 

in Fig. 3.29 and Fig. 3.30 respectively. Fig. 3.29 shows TARC curves with different 

phases. These curves cover the phase range from 0o to 180o with phase steps of 30o. The 

average value of TARC is shown in Fig 3.30. It can be clearly seen that the two bands 

appeared with TARC value less than -10 dB. 

 

 

 

 

Fig. 3.29. Calculated TARC with a different phase of the proposed MIMO antenna with 

decoupling methods. 

((|𝑆11 + 𝑆12𝑒𝑗𝜃|²) + (|𝑆21 + 𝑆22𝑒𝑗𝜃|²)) 
2 
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Fig. 3.30. The calculated average value of TARC for the proposed MIMO antenna with 

decoupling methods. 

 

 

Diversity Gain is another important factor that affects the performance of a MIMO 

antenna system. This metric can be defined as the amount of improvement delivered by 

the diversity antenna system compared to a single antenna system in one diversity channel 

[23]. In this section, the simulated and measured DG of the proposed MIMO antenna is 

presented in Fig. 3.31 and it can be clearly seen that the DG values for the two frequency 

bands are very close to the ideal value of DG =10 dB. 

 
 

Finally, the prototyped design of the proposed antenna was tested in terms of far-field 

radiation patterns at four different frequencies in the anechoic chamber of the University 

of Bradford. These patterns were measured in the two planes of XZ and YZ, in the case 

of exciting port 1 and terminating port 2. An elevation-over-azimuth positioner was used 
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by synchronizing the elevation axis with the MIMO antenna’s coordinate system at (θ = 

0o). Therefore, cuts at constant Ø will be generated by the azimuth drive. A broadband 

horn (EMCO type 3115) was used as a transmitting antenna and a 4m distance was kept 

between the transmitter and the antenna under test. The measurements were carried out 

by rotating the azimuth positioner from θ= -180o to 180o at increments of 5o. These 

patterns were measured in the two planes of XZ and YZ, in the case of exciting port 1 

and terminating port 2. The practical results are shown in Fig. 3.32 and they show that at 

the three frequencies, the far-field radiations achieve stable omnidirectional patterns. 

 

 

 

 

Fig. 3.31. Measured and simulated diversity gain of the proposed MIMO antenna 

decoupling methods. 
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Fig. 3.32. Simulated and measured radiation patterns of the proposed antenna for two 

planes [(1 and 2) y-x plane and (3 and 4) z-x plane] at (a) 2.4 GHz (b) 5.2 GHz and (c) 

5.8 GHz. Port 1 is excited and port 2 is terminated. Solid curve: simulated results, dashed 

curve: measured results, “1 and 3” co-polar components and “2 and 4” cross-polar 

components. 

 
 

For further evaluation of the volumetric radiation patterns, the three-dimensional 

representation of the radiated field for the proposed antenna was calculated at different 

frequency bands and is shown in Fig. 3.33. This figure gives more appreciation of the 

field shape as compared to those of the 2-D representations. 
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Fig. 3.33. The simulated 3-D pattern of the proposed MIMO antenna at (a) 2.4 GHz (b) 

 

5.2 GHz and (c) 5.8 GHz. 

 

 

 
3.7 Comparison with Published Works 

 
It is instructive to compare the proposed MIMO antenna with several examples of 

published data from other researchers. All the antennas in this comparison are monopole 

antennas to ensure a like for like comparison and they use either neutralization line or 

DGS as coupling reduction techniques. This comparison is not comprehensive but it 

includes a fair set of representatives for the state of the art of this technology. The 

comparison depends on the centre frequency, the isolation between the elements, the 

overall electrical size of the antenna, the separation distance between the radiating 
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elements in terms of λo (where λo is the free space wavelength at the lower centre 

frequency), antenna gain, antenna efficiency and ECC. The summary of this comparison 

is listed in Table 3.7. It can be noticed that the principal dimensions of the proposed 

antenna are smaller than for the other antennas. The isolation of the radiating elements is 

shown to provide a good value compared to the distance between them. High efficiency 

with a low correlation coefficient (compared with other designs) have also been obtained. 

It is important to mention here that most of the other published research works do not 

calculate all the influencing parameters. This gives a lack of information to determine the 

performance of the MIMO antenna. 

 
 

Table 3.7. Comparison with other works. 
 

 

Ref. 

Centre 

Frequency 

(GHz) 

Isolation 

(dB) 

 

Electrical Size 
Separation 

distance 

Peak 

Gain 

(dBi) 

Antenna 

Efficiency 

(%) 

 

ECC 

[30] 3.3 >17 
0.99λo×0.44λo 

×0.0087λo 
0.206 λo 2.5    <0.01 

[31] 4.05 >22 
0.47λo×0.44λo 

×0.01λo 
0.0297 λo 2.8 90 <0.1 

[32] 8.275 >20 
0.73λo×0.9λo 

×0.044λo 
0.014 λo 2    ≤0.1 

[33] 7.34 >15 
1.95λo×0.97λo 

×0.038λo 
0.376 λo 

 
   

 
   <0.015 

 

[34] 

2.9 

4.3 
7.7 

 

>15 
0.61λo×0.29λo 

×0.015 λo 

 

0.087 λo 

 

 
   

 

 
   

 

0.0001 

This 

work 

2.55 
5.5 

>15 
0.306λo×0.28λo 

×0.013λo 
0.0255 λo 

2 
3 

97 
80 

<0.002 

 
 

3.8 Conclusions 

 
A compact dual-band MIMO antenna operating at the WLAN bands (2.4/5.2/5.8 GHz) 

has been designed. The schematic structure of this antenna consists of two double T- 

shaped radiating elements with a neutralization line connecting them. In this design, the 

coupling at the upper frequency band is minimized using the defected ground structure 
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method while the coupling at the lower frequency band is reduced using the neutralization 

line method. The optimum value of isolation has been obtained by optimizing the 

dimensions of the decoupling methods. The antenna has achieved bandwidths from 2.4 

to 2.7 GHz and from 4.4 to 6.7 GHz for reflection coefficient |S11| < -10 dB. On the other 

hand, the results of S21 for the whole band (1-6 GHz) are better than -15 dB and it has 

reached to -30 dB around 2.4 and 5.5 GHz. The envelope correlation coefficient has also 

been evaluated and found to be less than 0.002 in two bands. Channel capacity loss is 

another parameter which has been calculated and presented. The obtained value of CCL 

is less than 0.5 bps/s/Hz in the two required bands. The simulated and measured average 

TARCs have been also illustrated. It has been observed that the two bands appeared with 

TARC values less than -10 dB. Diversity gain is another important metric which has been 

calculated. The achieved value of DG is very close to the ideal value (10 dB) over the 

two frequency bands. The simulated and measured radiation patterns were presented at 

three different frequencies and they showed a nearly stable omnidirectional behaviour. 

These achievements indicate that the proposed antenna can be a good candidate to work 

within WLAN frequency band applications. Some differences have been noticed between 

the simulated and measured results which related to manufacturing and measurement 

tolerances. 
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CHAPTER FOUR 

 

Compact Tri-Band MIMO Antenna with High Port Isolation 

for WLAN and WiMAX Applications using Neutralization 

Line and Defected Ground Structures 

 
 

As mentioned in Chapter Three, the neutralization line technique can improve the 

isolation of the MIMO antenna by eliminating the coupling currents on the radiating 

element structures [1-3]. Consider a two-port MIMO antenna system in which port 1 is 

excited and port 2 is terminated. the induced current appearing at port two is caused by: 

1- The close placement between the two ports which enables port 2 to receive an 

appreciable value of the radiated field from port 1. 

2- The surface current in the ground plane produced by port 1 is coupled to the 

feedline of port 2 [4]. 

This current induction may raise the value of the correlation coefficient between the two 

ports. If the coupling is increased by this current induction then the isolation can be 

enhanced by cancelling them. A neutralization line is such a method to enhance the 

isolation by taking current at a specific point on the excited radiating element. This 

current should have almost the same magnitude and opposite phase to the total currents 

due to points 1 and 2 above. Nevertheless, the neutralization line technique has some 

certain limitations. The first one is the complication of selecting the attachment point of 

the NL on the radiator structure. The second one is the radiation pattern of the radiating 

element which could degrade the performance of this method. Additionally, the ground 

plane also has a significant effect on the radiation pattern, thus the overall isolation of the 

MIMO antenna system could be improved by taking into account the currents on the 



145  

radiating structure of the radiators as well as the surface currents on the ground planes. 

The radiating elements of the MIMO antenna may share the same ground plane [5] or at 

least they are connected at their ports [6]. In this design, a tri-band MIMO antenna with 

two identical monopole antennas was modelled and simulated to fulfil the requirements 

of WLAN and WiMAX applications. The proposed structure was excited using the 

coplanar waveguide (CPW) feeding technique and was printed on a low cost and easily 

available FR4 substrate. A new technique is presented to improve the isolation by 

integrating DGS and NL decoupling techniques in the same MIMO antenna structure 

where the NL is placed in the defected area to connect the ground planes. The antenna 

performance characteristics, in terms of scattering parameters, ECC, TARC, CCL, DG, 

peak gain, efficiency and antenna radiation pattern, were studied using simulation and 

measurement. Analysis of these characteristics indicated that the design is appropriate for 

WLAN and WiMAX applications. 

 
 

4.1 Antenna Design 

 
The configuration of the proposed MIMO antenna is illustrated in Fig. 4.1. The design is 

made up of two identical monopole antennas. FR4 substrate with a thickness of 1.6 mm, 

dielectric constant (𝜖r) of 4.3 and loss tangent of 0.025 is used in this design. The total 

size of the proposed antenna is 47×36×1.6 mm3 which is suitable for mobile devices. 

CPW lines are applied to feed the two radiating monopole antennas and they are cut from 

the upper corners to reduce proximity effects. The separation between the two monopoles 

is about 3 mm which is equivalent to 0.024 o at 2.45 GHz (where λo is the free space 

wavelength). In order to improve the isolation between the radiating elements, a new 

technique is applied by integrating DGS and NL decoupling techniques in the same 
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Table 4.1. Dimen sions of the proposed MI MO antenn a. 

MIMO antenna structure, where the NL is placed in the defected area to connect the 

ground planes. The neutralization line has a total length of g/4 (where λg is the 

wavelength inside the substrate) at the isolation frequency (3.5 GHz). All the required 

dimensions of the proposed MIMO antenna are listed in Table 4.1. 

 

 

Fig. 4.1. Schematic structure of the proposed MIMO antenna. 

 

 

Table 4.2. Dimensions of the proposed MIMO antenna. 
 

L1 

L2 

L3 

L4 

L5 

L6 

L7 

w1 

22mm 

18.5mm 

10.7mm 

11.6mm 

7.5mm 

5mm 

7.5mm 

3.25mm 

w2 

w3 

w4 

Lf 

wf 

Lg1 

Lg2 

wg 

3mm 

3mm 

2mm 

17.5mm 

3.2mm 

16mm 

9mm 

8.9mm 

wf 

Lg1 

Lg2 

wg 

Ls1 

Ls2 

Ls3 

ws 

3.2mm 

16mm 

9mm 

8.9mm 

4.5mm 

2mm 

1mm 

0.5mm 

Parameters Value Value Parameters Value Parameters 
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4.2 Evaluation of S-Parameters of the Proposed MIMO 

Antenna 

The isolation performance and impedance bandwidth at various design stages are 

presented in this section. The evaluation starts by studying the effect of cutting a 

rectangular area from the middle part of the ground plane as shown in Fig. 4.2. The 

reflection coefficient characteristics for various values of the length (R) of the cut 

rectangle are shown in Fig. 4.3. It can be clearly seen that increasing the length of the 

defected area (R) shifts the resonant frequency at the three different bands towards the 

required resonant frequencies and it reaches 2.4, 3.5 and 5.5 GHz at R = 9 mm. The 

isolation of the second band is greatly improved by increasing the length of the defected 

area and it exceeds 15 dB at 5.2 GHz and 5.8 GHz, while it reaches 20 dB around 5.5 

GHz, as shown in Fig. 4.4. 

 

 

 

 

Fig. 4.2. Configurations of the proposed MIMO antenna showing the decoupling 

approaches. (a) With DGS, (b) With DGS and NL. 
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Fig. 4.3. Simulated reflection coefficients of the proposed MIMO antenna with different 

values of R (mm). 

 

 
 

Fig. 4.4. Simulated transmission coefficients of the proposed MIMO antenna with 

different values of R (mm). 
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The next step is to evaluate the effect of the NL on the antenna performance. The 

simulated S-parameters of the proposed MIMO antenna with NL are plotted in Fig. 4.5 

and Fig. 4.6. It can be noted that the bandwidth at the three different intended bands is 

expanded by inserting the neutralization line between the radiating elements of the 

antenna structures, as shown in Fig. 4.5. On the other hand, the mutual coupling is 

minimized considerably by adding the NL between the radiating elements at the three 

intended bands, as illustrated in Fig. 4.6. 

 

 

Fig. 4.5. Simulated reflection coefficients of the proposed MIMO antenna with and 

without decoupling approaches. 

 

 
 

Fig. 4.6. Simulated transmission coefficients of the proposed MIMO antenna with and 

 

without decoupling approaches. 
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4.3 Evaluation of Antenna Gain and Efficiency 

 
To further show the performance of the proposed decoupling approaches, the antenna 

efficiency and gain of the proposed tri-band MIMO antenna were simulated using the 

CST software package. The simulated gains of the antenna with and without NL are 

shown in Fig. 4.7. The results show the general trend of increased gain with frequency. It 

can be noticed that the antenna has achieved a 1 dB gain at the first band, 2 dB at the 

second band and 5 dB in the third band. The antenna efficiency for the proposed antenna 

with and without NL was also simulated, as shown in Fig. 4.8. It can be seen that there 

is an improvement in antenna efficiency in the second and the third bands by adding NL, 

to reach 90%. At the same time, there is decay by 6% in the first band. Otherwise, there 

is a dip in antenna gain and efficiency at 2.8 GHz. This is due to the high mismatch 

between antenna ports at this frequency, as shown in Fig. 4.5. 

 

 

 

 

 

Fig. 4.7. Variation of calculated peak gain versus frequency for the proposed MIMO 

antenna with and without NL. 
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Fig. 4.8. Variation of calculated efficiency versus frequency for the proposed MIMO 

antenna with and without NL. 

 
 

4.4 Results and Discussion 

 
To verify the proposed decoupling method, a prototype has been fabricated using the 

same substrate and dimensions used in the simulation, as shown in Fig. 4.9. The 

compactness of the ultimate antenna is clearly observed. The S-parameter measurements 

were performed by using a vector network analyser whilst the radiation characteristics 

were tested inside the anechoic chamber. Comparisons between the simulated and 

measured results explored in the following sub-sections. 

 
 

4.4.1 S-Parameters of MIMO Antenna With and Without NL 

The simulated and the measured S-parameters of the antenna with and without the 

neutralization line were compared to validate the effectiveness of the neutralization line. 

Fig. 4.10 shows a comparison between the simulation and measurement results for the 
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variation of S11 versus frequency. The experimental data shows good agreement with 

simulation results, with impedance bandwidths (|S11|≤ -10 dB) of 2.4–2.6, 3.3-4.4 and 

4.8-6 GHz for the three achieved bands. 

 

 

 

 

 

 

Fig. 4.9. The fabricated MIMO antenna design; (a) With NL, (b) Without NL. 
 

 

 
 

 

(a) 
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(b) 

 

Fig. 4.10. Simulated and measured reflection coefficients S11; (a) Without NL, (b) With 

NL. 

 

 

The simulated and measured transmission coefficients with the neutralization line are 

explained in Fig. 4.11. The measured coupling is near -18 dB at 2.4 GHz, -20 dB at 3.5 

GHz and -25 dB at 5.5 GHz. Reasonable agreement between the results is achieved with 

some tolerance that can be attributed to reflections from the SMA connector and the 

objects near the antenna during the tests. To obtain better insight into the effectiveness of 

the neutralization line, the surface current distribution across the radiating elements of the 

proposed antenna were found using the CST software. Fig. 4.12 illustrates the obtained 

current distributions with and without neutralization line. These simulation results were 

calculated by exciting port 1 while port 2 was terminated with a matched load. It is clearly 

seen that the induced current in the feeding line at port 2 is high when the neutralization 

line is absent. On the other hand, the existence of the neutralization line will add a new 
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current path which gives an additional coupling to reduce the original coupling, as shown 

in Fig. 4.12-b. 

 

Fig. 4.11. Simulated and measured transmission coefficients S21 for the proposed MIMO 

antenna with a NL. 

 

 

 

(a) (b) 
 

Fig. 4.12. Surface current distributions of the proposed antenna at 3.5 GHz; (a) Without NL; 

 

(b) With NL. 
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4.4.2 Diversity Performance of the Proposed Antenna 

 
The diversity performance of the proposed antenna with NL was examined in terms of 

scattering parameters, envelope correlation coefficient, total active reflection coefficient, 

channel capacity loss, diversity gain and 2D and 3D antenna radiation patterns. The 

usefulness of these metrics was discussed in detail in Chapter Two. ECC is linked to the 

amount of correlation between the radiating elements: it should have values as low as 

possible. Fig. 4.13 shows the measured and simulated results using the equation based on 

S-parameters (3.1). It can be seen that a good agreement between the simulated and 

measured results was achieved and the value of ECC does not exceed 0.002 over the three 

frequency bands, confirming a good diversity performance. 

 
 

The channel capacity loss of the proposed antenna with neutralization line was calculated, 

based on equation (2.22). The simulated and measured results were plotted in Fig. 4.14. 

It can be easily seen that the CCL is less than 1 bit/s/Hz for the three frequency bands and 

there is a fair agreement between the simulated and measured results. These consequences 

signify that in rich scattering environments, the proposed MIMO antenna can transfer 

more data without increasing the input power, due to the low loss in the channel capacity. 

 
 

Generally, the total active reflection coefficient can be used to indicate the importance of 

the stability in the resonant frequency, even when the phase difference between antenna 

elements is changed. TARC was evaluated using equation (3.2). During TARC 

evaluation, the input signal phase of port one was kept constant and port two changed 

from 0o to 180o with phase steps of 30o. Fig. 4.15 represents the variation of the TARC 

versus frequency, while the average value of TARC versus frequency is shown in Fig. 
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4.16. It can be seen that the three bands have TARC values less than -10 dB, which 

signifies good radiation performance. 

 
 

Diversity Gain (DG) is another factor that is used to characterize the performance of a 

MIMO antenna system. This metric can be defined as the amount of improvement in the 

diversity antenna system compared to a single antenna system in one diversity channel 

[5]. Fig. 4.17 illustrates the simulated diversity gain of the proposed MIMO antenna. It 

can be clearly observed that the values of the DG for the three different bands are near to 

the ideal value of DG: this is equal to 10 dB. 

 
 

 

Fig. 4.13. Simulated and measured ECC of the proposed MIMO antenna with NL. 
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Fig. 4.14. Simulated and measured CCL of the proposed MIMO antenna with NL. 
 

 

 
 

Fig. 4.15. Calculated TARC with varying phases for the proposed MIMO antenna with 

NL. 
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Fig. 4.16. The calculated average value of TARC for the proposed MIMO antenna with 

NL. 

 

Fig. 4.17. The simulated diversity gain of the proposed MIMO antenna with NL. 
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Finally, the prototyped design of the proposed antenna was tested in terms of far-field 

radiation patterns at four different frequencies. These patterns were measured in the two 

planes of XZ and YZ, in the case of exciting port 1 and terminating port 2. The practical 

results are compared to the simulated ones and are plotted in Fig. 4.18. These results show 

that at the four frequencies, the far-field radiations achieve a fair approximation to 

omnidirectional patterns. For further evaluation of the volumetric radiation patterns, the 

three-dimensional variation of the radiated field for the proposed antenna was calculated 

for the same frequency bands: this is shown in Fig. 4.19. This figure gives more 

appreciation of the field shape as compared to that of the 2-D representations. 
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Fig. 4.18. Simulated and measured radiation patterns of the proposed antenna for two 

planes [(1 and 2) y-x plane and (3 and 4) z-x plane] at (a) 2.4 GHz, (b) 3.5 GHz, (c) 5.2 

GHz and (d) 5.8 GHz. Port 1 is excited and port 2 is terminated. Solid curve: simulated 

results, dashed curve: measured results, “1 and 3” are co-polar components and “2 and 

4” are cross-polar components. 
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Fig. 4.19. The simulated 3-D pattern of the proposed MIMO antenna at (a) 2.4 GHz (b) 

 

3.5 GHz, (c) 5.2 and (d) 5.8 GHz. 

 

 
 

 

4.5 Comparison with Published Works 

 
Table 4.2 gives a summarised comparison of the proposed tri-band monopole MIMO 

antenna against other multi-band monopole antennas that have appeared in the literature. 

The MIMO antennas are tabulated concerning various criteria such as the antenna centre 
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frequency, the isolation between the elements, the overall electrical size of the antenna, 

the separation distance between the radiating elements in terms of λo (where λo is the free 

space wavelength at the lower centre frequency), antenna gain, antenna efficiency and 

ECC. This comparison is not comprehensive but it is fairly representative for the state of 

the art of this technology. It can be clearly seen that the proposed tri-band MIMO antenna 

design explored in this chapter has some outstanding characteristics because of the 

compact size, geometric simplicity, high isolation in all the three bands and good antenna 

peak gain and efficiency. However; the main benefit achieved here is the simplicity of 

the design process of the integrated decoupling approach which led to these outstanding 

results. 

 
 

Table 4.3. Comparison with other works. 

 
 

Ref. 

Centre 

Frequency 

(GHz) 

Isolation 

(dB) 

 

Electrical Size 
Separation 

distance 

Peak 

Gain 

(dBi) 

Antenna 

Efficiency 

(%) 

 

ECC 

 

[7] 

2.425 

3.55 
5.6 

>15 

>14 
>15 

0.2λo × 0.48λo 

×0.013λo 

 

0.094λo 

0.18 

3.6 
2.74 

65 

85 
84 

0.16 

0.015 
0.001 

 

[8] 

2.4 

3.5 
5.8 

22 

18 
30 

0.24λo×0.4λo 

×0.006λo 

 

0.096λo 

1.36 

2.01 
4.58 

70.2 

76.6 
82.3 

 

<0.1 

[9] 
2.45 
5.175 

19 
22 

0.4λo×0.21λo 
×0.006λo 

0.098λo 
3 

4.37 
 

 

 
 

 

[10] 

2.345 

3.65 
5.825 

14 

18 
16 

0.38λo ×0.37λo 

×0.006λo 

 

0.031λo 

 

 
   

 

 
   

 

<0.05 

This 

work 

2.5 

3.865 
5.4 

18 

20 
25 

0.39λo ×0.3λo 

×0.013λo 

 

0.024λo 

1 

2 
5 

63 

92 
90 

 

<0.002 

 

 

4.6 Conclusions 
 

A low–profile tri-band MIMO antenna operating in WLAN (2.4/5.2/5.8 GHz) and 

WiMAX 3.5 GHz bands has been designed. This antenna employs two printed Uni-Planar 
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monopole antennas. A new technique has been applied to improve the isolation between 

the radiating elements by integrating DGS with NL in one MIMO antenna structure. NL 

has been introduced in the defected area to connect the ground planes. The main benefit 

of this technique is to reduce the coupling caused by the surface current in the ground 

plane. The antenna has achieved impedance bandwidths (|S11|≤-10 dB) from 2.4–2.6, 3.3- 

4.4 and 4.8-6 GHz, with isolation near 18 dB at 2.4 GHz, 20 dB at 3.5 GHz and 25 dB at 

 

5.5 GHz. The envelope correlation coefficient has also been evaluated and found to be 

less than 0.002 in the three bands. Channel capacity loss is another parameter which has 

been calculated and presented: the obtained value of CCL is less than 0.7 bps/s/Hz in the 

three required bands. The simulated TARC has also been derived, the three required 

bands showed a TARC value less than -10 dB. 

 
 

Diversity gain is another important metric which has been calculated. The achieved value 

of DG is very close to the ideal value (10 dB) over the two frequency bands. The 

simulated and measured radiation patterns were presented at four different frequencies 

and they showed nearly a stable omnidirectional behaviour. These achievements indicate 

that the proposed antenna can be a good candidate to work within WLAN and WiMAX 

frequency band applications. Some differences have been noticed between the simulated 

and measured results: these related to manufacturing and measurement tolerances. 
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CHAPTER FIVE 

 

Dual-Band Printed MIMO Antenna Decoupling Based on 

Defected Ground Structures and Parasitic Elements 

Techniques 

 
 

Recently, the rapid expansion in the use of wireless communication systems, driven by 

the unprecedented evolution of their applications, has increased the demand for larger 

channel capacity with higher data rates. To fulfil these requirements, a promising solution 

of using MIMO antenna technology, which combines multiple antenna elements on the 

transmitting and receiving ends, has been applied. The main drawback associated with 

MIMO antennas in low-profile handheld devices is the coupling between the radiating 

elements. On other words, it is crucial to take into consideration the mutual 

coupling/isolation parameter when two or more antenna elements are forced to be 

installed within the confined space that is available in a typical standard commercial 

enclosure [1]. Many approaches have been developed to improve the isolation factor in 

MIMO antennas using various types of decoupling structures, as explained in Chapter 

Two. 

 

 

In this chapter, a low-profile dual-band MIMO antenna with enhanced isolation is 

proposed for WLAN applications. The designed antenna basically consists of two double 

concentric rectangular rings to achieve multi-band operation. A new method of 

combining two decoupling approaches within the antenna structure is used to minimize 

the coupling between the radiating antennas. The DGS approach is applied by creating a 
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defected areas in the corners of the ground plane to reduce the coupling by up to -20 dB 

at the centre frequency of the upper band. Additionally, five parasitic elements are 

introduced at the centre of the ground plane to act as an isolator and facilitate low mutual 

coupling for the lower frequency bands of the antenna. 

 
 

5.1 MIMO Antenna Design 

 
The configuration of the proposed 22 MIMO antenna is shown in Fig. 5.1. It consists of 

two double concentric rectangular rings to exhibit the self-similarity property where the 

final geometry of a certain shape can be formed by scaling down and repeating it a number 

of times. This property is used in this design to achieve multi-band operation, where the 

lower frequency band is controlled by the outer ring and the higher frequency band is 

influenced by the inner ring. The presented MIMO antenna is designed to operate at the 

frequency bands of WLAN (2.4-2.48 GHz, 5.15-5.35 GHz and 5.725-5.825 GHz). The 

two radiating elements with the feed lines are etched on the same surface of the substrate. 

The characteristics of the substrate are 1.6 mm thickness, 4.3 relative permittivity and 

0.025 loss tangent. The overall size of the proposed MIMO antenna is 44541.6 mm3. 

The common ground plane is cut into three different parts by inserting two slots in 

between so that each radiating element could only couple to one part instead of sharing 

the same ground plane. This idea is used to reduce the reflection coefficient at the first 

band [2]. The DGS decoupling approach is applied by creating defected areas in the 

corners of the ground plane to reduce the coupling as well as to enlarge the bandwidth at 

the upper frequency band. Furthermore, five parasitic elements are added at the centre of 

the ground plane, two of them are connected to the middle part of the ground plane, as 

explained in Fig. 5.1-b, to act as an isolator and impose low mutual coupling for the lower 
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frequency band of the proposed MIMO antenna. All the required dimensions are listed in 

Table 5.1. 

 

Fig. 5.1. Configurations of the proposed antenna; (a) Front view; (b) Back view. 

 

 

Table 5.1. The dimensions of the proposed MIMO antenna (mm). 

 

Parameter Lf wf L1 L2 L3 L4 w1 w2 g 

Dimension 19 2.4 21 16 9 10 2 1.5 1 

Parameter Lg wg L w Lp Lpc wp 

Dimension 18 16 15.5 13 19 18 1 

 
 

5.2 Parametric Study 

 
In order to clarify the effects and obtain the optimized values of the proposed design, 

parametric studies depending on the dimensions of the defected areas and slots are 

reported in this section. 
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5.2.1 S-Parameters of the Proposed MIMO Antenna with DGS 

 
The investigations start with assessment of the effect of defecting the ground plane by 

cutting four different areas in the corners of the upper part of the ground plane as shown 

in Fig. 5.2. The S-parameter characteristics for various values of the height of the cut area 

(U) are shown in Fig. 5.3 and Fig 5.4 respectively. It can be clearly seen that increasing 

the height of the cut area (U) has little effect on the reflection coefficient at the lower 

frequency band, as exhibited by the slight extension in the frequency bandwidth, while it 

increases the bandwidth of the reflection coefficient significantly at the second band. 

Furthermore, the case for U = 4 mm produces the best results among the investigated 

ones, as shown in Fig. 5.3. On the other hand, the isolation between the antenna elements 

has significantly improved by increasing the value of the parameter U at the two intended 

bands and it reaches -20 dB at around 5.5 GHz, as shown in Fig. 5.4. 

 

 

 

 

 

 

 

Fig. 5.2. Back view of the proposed MIMO antenna showing the four defected areas. 
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Fig. 5.3. Simulated reflection coefficients of the proposed MIMO antenna with different 

values of U (mm). 

Fig. 5.4. Simulated transmission coefficients of the proposed MIMO antenna with 

different values of U (mm). 
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5.2.2 S-Parameters of the Proposed MIMO Antenna with 

Different Slot Heights 

The assessment starts with an investigation of the influence of etching two slots from the 

ground plane as shown in Fig. 5.5. The S-parameter characteristics for various values of 

the height of the cut slots (LS) are shown in Fig. 5.6 and Fig. 5.7 respectively. It can be 

seen that the cuts have little effect on the upper frequency band and it shows good 

correspondence with various values of LS while increasing the value of LS will lead to 

enhance the impedance bandwidth of the first band. The case for LS = 14 mm gives the 

best results among the investigated ones, as illustrated in Fig. 5.6. On the other hand, 

increasing the height of the slot (LS) has no significant effect on the isolation of the first 

and second bands, while the isolation between the two bands is reduced by increasing the 

height of the slot, as demonstrated in Fig. 5.7. 

 

 
 

 

Fig. 5.5. Back view of the proposed MIMO antenna showing the two slots. 
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Fig. 5.6. Simulated reflection coefficients of the proposed MIMO antenna with different 

values of LS (mm). 

 

 
 

Fig. 5.7. Simulated transmission coefficients of the proposed MIMO antenna with 

 

different values of LS (mm). 
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5.3 Parasitic Elements 

 
Another approach to improve the isolation between the antennas in the MIMO system is 

to insert a parasitic element between them. This method will lead to attenuation of the 

mutual coupling between the antennas by introducing another coupling field which has 

the same magnitudes and opposite phase to the original one [1]. 

 

The design of the parasitic elements may be changed to achieve the wanted frequency 

band of coupling, operating bandwidth of the antenna and the amount of isolation 

improvement. There are two methods for designing the parasitic elements. The first 

method (such as those reported in [3-5]) is used for simple types of parasitic elements, 

for example, shorted or non-shorted stubs. On the other hand, some researchers, such as 

those in [6-8], used resonator types to design the parasitic element. 

 

The simplified model that describes the principle of using parasitic elements to reduce 

mutual coupling in MIMO antenna systems is explained in Fig. 5.8 [4]. This figure shows 

two radiating elements placed in a compact area. Element A is excited by a current of Io 

and element B is terminated. Due to the small separation between the elements, a 

coupling current of αIo will excite element B, where α (which depends on the distance 

between the elements and the type of coupling between them) represents the coupling 

factor. By adding two parasitic elements between the radiating elements, two coupling 

paths will appear at element B. The first one is the original coupling path and the second 

one is a double coupling path (where the original current Io is coupled twice by parasitic 

elements 1 and 2 respectively). The overall coupling factor for the two parasitic elements 

is represented by β. Thus, the average value of the coupling current is expressed by βIo. 

If the position of the two parasitic elements is the midpoint between element A and B, a 
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current of β2Io will couple to element B. This means that the overall coupling on element 

B is represented by [4]: 

 

𝐼𝑡𝑜𝑡𝑎𝑙 = (𝛼 + 𝛽2)𝐼𝑜 (5.1)
 

 
The elimination of the mutual coupling can be achieved by changing the coupling factors 

(α and β). This can be done by choosing the suitable antenna configuration and proper 

parasitic elements [1]. 

 
 

 

 

Fig. 5.8. Mutual coupling reduction mechanism through two parasitic elements: (a) Two 

radiating elements; (b) Two radiating elements with parasitic elements [4]. 

 

 

5.3.1 Parametric Study of the Proposed Antenna with Parasitic 

Elements 

To clarify the influences and obtain the optimized values of the proposed MIMO antenna 

design, a parametric study is carried out by changing the effective dimensions of the 

parasitic elements which are illustrated in Fig 5.1. 



175  

5.3.1.1 S-Parameters of the Proposed Antenna with Variations of Lp 

The first parameter that is optimized to validate the effectiveness of the parasitic element 

is the length of the parasitic elements (Lp). The simulated S-parameters of the antenna 

with different dimensions of Lp are illustrated in Fig. 5.9 and Fig. 5.10 respectively. It 

can be clearly seen that when Lp =19 mm, the width of the second band increases and the 

mutual coupling also decreases to -17 dB at the first band and -25 dB at the second band. 

 

 

Fig. 5.9. Simulated reflection coefficients with different values of Lp. 
 

 

 

Fig. 5.10. Simulated transmission coefficients with different values of Lp. 
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5.3.1.2 S-Parameters of the Proposed Antenna with Different Variations 

of Wp 

Another parameter has been investigated which is the width of the parasitic elements 

(Wp). The simulated S-parameters of the antenna with different dimensions of Wp are 

illustrated in Fig. 5.11 and Fig. 5.12 respectively. It can be distinctly seen that the 

extension of the width of the five arms of the parasitic element will lead to a decrease in 

the mutual coupling at the first band and there is no significant effect on the second band. 

Otherwise, the dips of the two bands of the reflection coefficients will change by 

extending the width of the arms of the parasitic element. For the previous reasons, taking 

Wp=1 will balance the mutual couplings and reflection coefficients. 

 

 
5.3.1.3 S-Parameters of the Proposed Antenna with Different 

Variations of W 

Examining the effect of the width of the middle part of the ground plane (W) is the third 

investigation factor which can help to achieve the best performance for the antenna. Fig. 

5.13 and Fig. 5.14 illustrate the simulated S-parameters of the antenna with different 

dimensions of W. It can be noticed from Fig. 5.13 that the second band is shifted to the 

right side by increasing the width (W). On the other hand, the coupling between the 

antennas is increased by expanding the middle area of the ground plane. The optimum 

value can be chosen by making a trade-off between dimensions: this occurs at W=13 mm. 
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Fig. 5.11. Simulated reflection coefficients with different values of Wp. 
 

 

 
 

 

Fig. 5.12. Simulated transmission coefficients with different values of Wp. 
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Fig. 5.13. Simulated reflection coefficients with different values of W. 
 

 

 

 
 

 

Fig. 5.14. Simulated transmission coefficients with different values of W. 
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5.3.1.4 S-Parameters of the Proposed Antenna with and without 

Parasitic Elements 

Generally, the best way to validate the influence of the parasitic element in a MIMO 

antenna system is by comparing the simulated S-parameters of the antenna with and 

without it. Fig. 5.15 shows the simulated results of the reflection coefficients S11. It can 

be clearly seen that the first band will appear while inserting the parasitic element with 

S11 less than -10 dB and also the two frequency bands were reduced in both directions. 

On the other hand, the mutual coupling decreases in the two bands with the existence of 

the parasitic element and it reaches to -18 dB around the required bands, as illustrated in 

Fig. 5.16. 

 

 

Fig. 5.15. Simulated reflection coefficients S11 with and without parasitic element. 
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Fig. 5.16. Simulated transmission coefficients S21 with and without parasitic element. 

 

 

 
5.4 Evaluation of Antenna Efficiency and Gain 

 
The performance of the proposed MIMO antenna is further investigated through two 

useful measures, antenna efficiency and gain. They are calculated using the CST package 

in the case of the existence and the absence of the parasitic elements. The obtained results 

are plotted and compared in Fig. 5.17 and Fig. 5.18 respectively. 

 

Fig. 5.17 shows that the radiation efficiency of the decoupled MIMO antenna is slightly 

higher than the coupled antenna by 3% and it achieves radiation efficiency equal to 83% 

at a frequency of 2.45 GHz. The value is quite high due to the good reduction in the 

reflection coefficient (down to about -20 dB) at this frequency. On the other hand, the 

proposed antenna with decoupling technique achieves radiation efficiency more than 80% 

around the centre frequency of the second band and with 2% improvement at 5.2 GHz 

compared to the coupled antenna case. 
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The peak gains of the proposed antenna with and without parasitic elements are illustrated 

in Fig. 5.18. It can be clearly seen that the peak gain increases significantly at the centre 

frequency of the two intended bands by adding the parasitic elements to the antenna 

structure, where the peak gain achieves 4.2 dB at the first centre frequency with an 

increase by 1.7 dB, and 4.1 dB at the second centre frequency: an increase by 0.8 dB. 

 
 

 

Fig. 5.17. Variation of calculated efficiency versus frequency for MIMO antenna with 

and without parasitic elements. 

 

Fig. 5.18. Simulated peak gain for the MIMO antenna with and without parasitic 

elements. 



182  

5.5 The Effect of the Ground Connection 

 
In this section, the ground plane of the proposed MIMO antenna is extended to evaluate 

its impact on the S-parameter values. The extension has been achieved by adding a 

common ground plane to connect the two radiating elements with the middle part of the 

ground plane as shown in Fig. 5.19. The length (d) of the extended area is investigated to 

validate the effectiveness of extending the ground plane on the S-parameter values. The 

simulated S-parameters of the proposed MIMO antenna with different values of d are 

illustrated in Fig. 5.20 and Fig. 5.21 respectively. As can be seen, there is no effect of 

increasing the length of the extended ground on the first frequency band whilst the second 

band is slightly changed by increasing d. 

 

Fig. 5.19. Back view of the proposed antenna showing the two slots. 
 
 

 

Fig. 5.20. Simulated reflection coefficients with different values of d (cm). 



183  

 
 

 

Fig. 5.21. Simulated transmission coefficients with different values of d (cm). 

 

 

5.6 Hardware Realization and Comparison with Simulations 

 
The hardware verifications of simulated results for the proposed MIMO antenna are 

presented here. The designed antenna was prototyped using the same substrate and 

dimensions used in the simulation as shown in Fig. 5.22. The comparisons between the 

simulated and the measured results in terms of S-parameters are plotted in Fig. 5.23 and 

Fig. 5.24 respectively. It can be clearly seen that there is a reasonable agreement between 

the results, allowing for some tolerance that can be attributed to reflections from the SMA 

connector and the objects near the antenna during the tests. The impedance bandwidth of 

the antenna covers the operating frequency bands from 2.15 to 2.52 GHz and from 4.5 to 

6.45 GHz for reflection coefficient |S11| < -10 dB. These achieved bandwidths fulfil the 

requirements of the WLAN applications. On the other hand, the results of S21 for the two 

bands are better than -15 dB and it reaches to -25 dB around 2.4 GHz and -35 dB around 

5.5 GHz. 
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Fig. 5.22. The fabricated MIMO antenna design with parasitic elements (a) Top view, (b) 

Back view. 

 

 

Fig. 5.23. Simulated and measured S11 of the proposed MIMO antenna with parasitic 

elements. 
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Fig. 5.24. Simulated and measured S21 of the proposed MIMO antenna with parasitic 

elements. 

 

As explained in the previous chapters, the envelope correlation coefficient between the 

antenna radiating elements is another significant parameter in MIMO and diversity 

systems. This metric is directly connected with the spectral efficiency loss and 

performance degradation of diversity systems [9-11]. In general, two different ways can 

be used to compute the correlation coefficient of the MIMO antenna. The first one is by 

using the S-parameters of the antenna [12, 13] and the second one depends on the far- 

field radiation pattern of the antenna [4]. Due to the difficulties of computing and 

measuring the 3D far-field of the MIMO antenna, the first method of using S-parameters 

to evaluate the correlation coefficient of the two antennas is adopted. Depending on [12], 

the ECC (ρe) of a 2×2 MIMO antenna system could be calculated using equation (3.1). 

The simulated and measured envelope correlation coefficients of the proposed MIMO 

antenna with parasitic elements are illustrated in Fig. 5.25, where it can be obviously seen 

that the value of ECC does not exceed 0.015 over the two frequency bands. 
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Fig. 5.25. Simulated and measured ECC of the proposed MIMO antenna with parasitic 

elements. 

 
 

As explained in Chapter Two, the main benefit of a MIMO antenna system is that it 

produces an enhanced channel capacity compared to a SISO system in a multipath 

environment. The channel capacity of the MIMO system can be affected by the presence 

of uncorrelated Rayleigh fading: this will induce loss in channel capacity. On the other 

hand, the channel capacity can be improved by increasing the number of antennas inside 

the MIMO system. In this design, the simulated and measured channel capacity loss are 

compared and plotted in Fig 5.26 depending on the equation (2.22). It can be easily seen 

that the CCL is less than 1 bit/s/Hz for the two frequency bands and there is fair agreement 

between the calculated and measured results. These results mean that good impedance 

matching with low mutual coupling between the two antenna elements leads to a low 

capacity loss in the MIMO channel. 
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Fig. 5.26. Simulated and measured CCL of the proposed MIMO antenna with parasitic 

elements. 

 
 

The total active reflection coefficient is a paramount parameter to evaluate the usefulness 

of this antenna as it is used to display a single curve that contains all the information of 

the S-parameters by manipulating all such for an N-port network to properly characterize 

the bandwidth and efficiency of the system. The computed TARC of the present design 

is shown in Fig. 5.27 and Fig. 5.28 respectively. Fig. 5.27 is evaluated using equation 

(3.2) to cover the phase range from 0o to 180o with phase steps of 30o. The average value 

of TARC is shown in Fig 5.28. It can be clearly seen that the two bands appeared with 

TARC values less than -10 dB. 

 

 

 
Diversity Gain is one of the main metrics that affects the performance of a MIMO antenna 

system. This metric can be defined as the amount of improvement in the diversity antenna 
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system compared to a single antenna system in one diversity channel [1]. The simulated 

DG of the proposed MIMO antenna is presented in Fig. 5.29 and it can be clearly seen 

that it is constantly greater than, or equal to, 9.7 dB, which conforms to the minimum 

limit of the defined DG value, i.e. 9.539. 

 

 

 

Fig. 5.27. Calculated TARC with different phases of the proposed MIMO antenna with 

parasitic elements. 

 

 

Fig. 5.28. The calculated average value of TARC for the proposed MIMO antenna with 

 

parasitic elements. 
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Fig. 5.29. Simulated diversity gain of the proposed MIMO antenna. 

 
 

 
Finally, the radiation characteristic of the proposed antenna is also analysed at two 

different WLAN bands. These patterns were measured in the two planes of XZ and YZ, 

in the case of exciting port 1 and terminating port 2. The simulated and practical results 

are shown in Fig. 5.30 and they explain that at the two frequency bands the far-field 

radiations achieve stable omnidirectional patterns. A small discrepancy between the 

simulation and the measurement results is due to the fabrication, soldering, and 

measurement tolerances. For further evaluation of the volumetric radiation patterns, the 

three-dimensional variation of the radiated field for the proposed antenna was calculated 

at three different frequencies and is shown in Fig. 5.31. This figure gives more 

appreciation of the field shape as compared to that of the 2-D representations. 
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Fig. 5.30. Simulated and measured radiation patterns of the proposed antenna for two 

planes [(1 and 2) y-x plane and (3 and 4) z-x plane] at (a) 2.4 GHz (b) 5.2 GHz and (c) 

5.8 GHz. Port 1 is excited and port 2 is terminated. Solid curves: simulated results, dashed 

curves: measured results, “1 and 3” are co-polar components and “2 and 4” are cross- 

polar components. 
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Fig. 5.31. The simulated 3-D pattern of the proposed MIMO antenna at (a) 2.4 GHz (b) 

 

5.2 GHz and (c) 5.8 GHz. 

 

 

 

 

5.7 Comparison with Published Works 

In this section, the performance parameters of the proposed MIMO antenna are compared 

with several other monopole MIMO antenna designs that have recently been published. 

These parameters include the centre frequency of the antenna, the isolation between the 

radiating elements, the overall electrical size of the antenna, the separation distance 
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between the radiating elements in terms of λo (where λo is the free space wavelength at 

the lower centre frequency), antenna peak gain, antenna efficiency and ECC. The 

summary of this comparison is listed in Table 5.2. It can be noticed that the dimensions 

of the proposed antenna are the smallest among the compared antennas, with comparable 

values to [14] which indicates good compactness. The isolation of the proposed antenna 

is shown to provide a good value compared to the distance between the radiating 

elements. Low-level correlation coefficients, compared with other designs, have also 

been obtained. The antenna has comparable efficiency to the other designs and much 

higher than [15]. 

 
 

Table 5.2 Comparison with other works. 

 
 

Ref. 

Centre 

Frequency 

(GHz) 

Isolation 

(dB) 

 

Electrical Size 
Separation 

Distance 

Peak 

Gain 

(dBi) 

Antenna 

Efficiency 

(%) 

 

ECC 

[4] 1.92 >20 
0.6λo×0.38λo×0.0 

05λo 
0.173λo 

 
   80  

 

[14] 2.29 >10 
0.38λo ×0.38 λo 

×0.011 λo 
0.107 λo 

 
   90 <0.16 

[15] 
2.5 
5.4 

>20 
0.41 λo ×0.25 λo 

×0.013 λo 
0.175λo 

0.26 
3.1 

36.37 
65.70 

<0.05 

[16] 
2.76 
5.45 

>15 
0.73 λo ×1.1 λo 

×0.007 λo 
0.24λo 

3.4 
4.5 

73 
74 

0.0341 

[17] 6.85 >15 
0.91 λo ×0.98λo 

×0.022 λo 
0.48λo 2 93 <0.2 

[18] 10.5 >20 
1.4 λo ×1.4 λo 

×0.056 λo 
   4    <0.03 

This 

work 

2.335 
5.475 

>18 
>15 

0.34 λo×0.42 λo × 
0.012λo 

0.108λo 
2.2 
3.8 

70 
82 

<0.015 

 

 

5.8 Conclusions 

 
A compact dual-band MIMO antenna operating at WLAN bands (2.4/5.2/5.8 GHz) has 

been designed. This antenna has radiating elements consisting of two concentric double 

square rings printed symmetrically on the same substrate. A new method has been 
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adopted to suppress the unwanted coupling by introducing DGSs with five parasitic 

elements on the bottom layer of the radiating antennas. This new method has helped the 

MIMO antenna to achieve a bandwidths from 2.15 to 2.52 GHz and from 4.5 to 6.45 GHz 

for reflection coefficient |S11| < -10 dB. On the other hand, the results of S21 for these two 

frequency bands are better than -15 dB and it has reached to -25 dB around 2.4 GHz and 

-35 dB around 5.5 GHz. The envelope correlation coefficient has also been evaluated and 

found to be less than 0.015 in the two bands. Channel capacity loss is another parameter 

which has been calculated and presented: the obtained value is less than 1 bps/s/Hz in the 

two required bands. The simulated average TARCs has also been derived. It has been 

observed that the two bands appeared with TARC values less than -10 dB. Diversity gain 

is another important metric which has been calculated: the achieved value is very close 

to the ideal value (10 dB) over the two frequency bands. The simulated and measured 

radiation patterns were presented at three different frequencies and they showed nearly a 

stable omnidirectional behaviour. These achievements indicate that the proposed antenna 

can be a good candidate to work within WLAN frequency band applications. Some 

differences have been noticed between the simulated and measured results which are 

related to manufacturing and measurement tolerances. 
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CHAPTER SIX 

 

Isolation Enhancement of Compact Dual-Band Printed MIMO 

Antenna Using an Integration of Antenna Placement and 

Orientation with Metamaterial Resonators Techniques 

 
With unprecedented use of portable devices such as mobiles and tablets, the existing 

capacity and bandwidth of current wireless communication systems have become 

insufficient, in particular for the future mobile generations. Thus, the fifth-generation 

(5G) mobile networks, providing radically improved data rates, have recently come into 

the market. 5G technology will provide 10 Gbps or higher data rates which enables it to 

support various modern applications such as streaming video, interactive gaming, 

automated driving, Internet of things (IoT), smart cities, virtual reality (VR) and artificial 

intelligence (AI) [1-3]. MIMO systems can be considered as the backbone of the 5G 

technology due to their unique features of achieving higher data rates without consuming 

extra power or bandwidth in the multipath environment. On the other hand, it is a 

challenge to design a portable device that can hold several antenna systems within the 

limited structure of the device to fulfil all the required applications [4, 5]. Therefore, high 

bandwidth with a simple structure are very essential requirements for the 5G MIMO 

antenna system because they allow a simultaneous functioning of numerous system 

services [6]. Additionally, the geometry of the intended MIMO antenna should be 

compact to be part of handheld cellular devices. 

In this chapter, a compact dual-band MIMO antenna with two arc-shaped radiating 

elements has been modelled and simulated to fulfil the requirements of WLAN and Sub-6 

GHz 5G applications. The proposed structure is excited using the coplanar waveguide 
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(CPW) feeding technique and is printed on a low cost and easily available FR4 substrate. 

The antenna placement and orientation technique is used to enhance the isolation in the 

sub-6 GHz 5G band while metamaterial resonators in the form of split-ring resonators 

(SRRs) are introduced to reduce the antenna coupling in the WLAN band. The antenna 

performance characteristics, in terms of scattering parameters, ECC, TARC, CCL, DG, 

peak gain, efficiency and antenna radiation pattern, are studied using simulation and 

measurement. 

 

6.1 Single Antenna Design 

 
In this design, a dual-band asymmetric arc-shaped antenna has been modelled and 

simulated to fulfil the requirements of WLAN and sub-6 GHz 5G applications. The 

simple approach to design an antenna with a dual-band operation is by creating two 

elements with different lengths inside the antenna structure so that each element will 

resonate at the desired frequency by matching its length with a quarter of the wavelength 

of the operating frequency [7]. For antenna structures like the arc, two distinct bandwidths 

that meet the requirements for the WLAN and sub-6 GHz 5G applications can be obtained 

by adjusting the feed line position along the arc. Thus the arc can be considered as divided 

into two parts, where each part of them corresponds to one of the two bands. The 

geometry of the proposed antenna is shown in Fig.6.1. The antenna consists of two 

elements (short arc and long arc) with lengths that correspond to about a quarter of the 

wavelength at 2.4 GHz and 3.6 GHz respectively. The length of the long and short arcs 

can be calculated from equation (6.1): 
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1 1 
𝐿 = 𝑒 = 

 

𝑐 1 (6.1) 

4 4 𝑓𝑟 𝑘 
 

Where L is the total length of the short or long arc, c is the speed of light, λe is the effective 
 

wavelength in the substrate, k is a correction factor, taken as 𝑘 = 
 

approximated value of 𝜖𝑟𝑒𝑓𝑓 is given by: 

(𝜖𝑟 + 1) 

[8], and the 

 

 
 

(6.2) 
𝜖𝑟𝑒𝑓𝑓  = 

2 
 

Equation (6.2) is mostly used in monopole designs, while the following equation (6.3) is 

used for microstrip antennas and feed lines [9]. 

 
𝜖𝑟𝑒𝑓𝑓 = 𝜖𝑟 + 1 𝜖𝑟 

2 
+ 

1 

— 1 ℎ   ― 
2 

2 
(1 + 12 ) 

 

(6.3) 

𝑤 
 
 

 

The total length of the long arc is set to be 23.25 mm, to work at 2.45 GHz, while the 

total length of the short arc is set to be 12 mm, to work at 3.6 GHz. The antenna was 

constructed on the FR-4 substrate with a relative permittivity of 4.3, a thickness of 1.6 

mm, and a loss tangent of 0.025. For the above substrate and using equations (6.1) and 

(6.2), the ratio of quarter wavelength λe1 in the substrate to the total length of the long arc 

is 0.826 for the first band, whose centre is at 2.45 GHz, while the ratio of quarter 

wavelength λe2 in the substrate to the total length of the short arc is 1.09 at the considered 

centre frequency of 3.6 GHz. These results indicate the relation between the lengths of 

the arcs and wavelength. Moreover, with such relations, the designer can choose the 

centres of the two bands at the design stage. The overall dimensions of the single antenna 

are 27461.6 mm3. The optimized dimensions of the proposed single antenna are listed 

in Table 6.1. The radiating elements are fed separately by CPW lines. 

2 𝜖𝑟𝑒𝑓𝑓 
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Fig. 6.1. Geometrical configurations of the proposed single antenna. 

 

 

 
Table 6.1. The optimized dimensions of the proposed single antenna. 

 
Parameters Value Parameter value 

A 46mm w 3.2mm 

B 27mm w1 2.5mm 

C 27.9mm OPQ 12mm 

D 15mm OPR 23.25mm 

E 13.9mm   

 

 

 
 

To investigate the effect of two arms of the arc shape, simulations were performed to 

study the effect of changing the length of the long arm (OPR) only and keeping other 

parameters at the same values. The obtained reflection coefficient results are shown in 

Fig. 6.2, where it can be seen that the first frequency band has been shifted to 2.4 GHz 

by increasing the length of the long arm and at the same time there is a very slight shift 

in the second band. Moreover, the other factor which is the length of the small arm (OPQ) 
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is also investigated to determine its effect on the reflection coefficient of the proposed 

antenna. Fig. 6.3 shows the obtained S11 results with different values of the length of the 

small arm. It can be clearly seen that there is no effect on the first band by increasing the 

length of the small arm, while the second frequency band is shifted to 3.6 GHz and has a 

lower return loss value of -23 dB. 

 

 

Fig. 6.2. Variation of simulated S11 versus frequency with different length of OPR. 
 

 

Fig. 6.3. Variation of the simulated S11 versus frequency with different length of OPQ. 
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It is crucial to evaluate the antenna gain and efficiency of the proposed antenna. These 

parameters can give extra information about antenna performance. The peak gain and 

radiation efficiency were evaluated using the CST software package. Fig. 6.4 shows that 

the peak gains of the proposed antenna are 2.5 dBi and 3.9 dBi at 2.4 GHz and 3.6 GHz, 

respectively. On the other hand, the radiation efficiencies of the proposed antenna reach 

83% and 60% at the centre frequency of the lower and upper bands respectively, as shown 

in Fig. 6.4. 

 

 

 

Fig. 6.4. Variation of the calculated gain and efficiency for the single element antenna. 

 

 

 

 

6.2 Two Elements MIMO Antenna Design 

The next step was to embed the antenna design into a two-element MIMO antenna 

configuration. The placement of the two antennas was carried out on the same FR4 

substrate. A new approach of combining two different decoupling techniques was applied 

to improve the isolation between the radiating elements. The isolation in the upper 

frequency band was enhanced by examining different antenna placements and 
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orientations while the isolation in the lower frequency band was improved by introducing 

metamaterial resonators in the form of split ring resonators (SRRs) between the radiating 

antennas. 

 

 

6.2.1 Antenna Placement and Orientation 

 
Generally, closely positioned radiating elements within the MIMO antenna structure will 

have low isolation between them due to the system level ground plane as well as the 

radiated fields. This will affect the system performance by degrading their efficiencies as 

well as their correlation coefficients and, as a result, degrading the channel capacity that 

can be achieved. The easiest way to improve the system performance is by placing the 

radiating elements far apart from each other within the MIMO antenna structure. On the 

other hand, the orientation of the radiating elements can influence the phase of the 

coupling currents as well as the polarization of the radiated fields. Adjacent radiating 

elements can be arranged in quadrature with each other (i.e. 90o) to reduce the ground 

and field couplings. This should be approached properly via a total consideration of the 

antenna system proposed, because various antenna types have various coupling 

mechanisms and, as a result, these techniques can give different results. A few researches 

in this area have appeared in [10-17]. 

 

In this design, the analysis was carried out by fixing the position of one antenna and 

placing the second antenna element in four different orientations, as shown in Fig. 6.5 

and the observations were made on the S-parameter characteristics at each proposed 

configuration, as outlined in Fig. 6.6 and Fig. 6.7 respectively. In the first proposed 

MIMO antenna configuration, both the antenna elements were placed next to each other 
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whilst in the second proposed configuration, the first and the second antenna elements 

were rotated about 180o. In this configuration, the separation distance between the two 

elements was decreased compared to the first configuration. The third configuration was 

obtained by placing the second antenna element in front of the first antenna element. In 

the last configuration, the position of the first element was fixed at port 1 and the second 

element was rotated about 180o. The observation of their corresponding S-parameters 

shows that the S11 with a value less than -10 dB is covering the two bands for the four 

different orientations with significant bandwidth improvement in the two operating bands 

for the fourth proposed configuration ranging from 1.925 to 2.7 GHz and from 3.2 to 4.35 

GHz, as illustrated in Fig. 6.6. Moreover, the isolation between the antenna elements for 

the four different orientations in the first band is just between -12 to -5 dB while isolation 

in the second band is enhanced significantly in the fourth proposed configuration 

compared to the three other configurations and it is well below -15 dB. 

 
 

Fig. 6.5. Four different orientations of the proposed MIMO antenna. 
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Fig. 6.6. Simulated reflection coefficients of the four different proposed antenna 

orientations. 

 

 

 

Fig. 6.7. Simulated transmission coefficients of the four different proposed antenna 

orientations. 
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6.2.2 Metamaterials 

 
Metamaterials can be defined as an artificial material with unique electromagnetic 

properties that are not found in nature. The most important properties in these materials 

are the negative permittivity (𝜖) and/or negative permeability (µ): in other words, a 

negative refractive index (n). These unnatural properties of metamaterials lead to reversal 

of the direction of propagation inside it. This means the propagation of the 

electromagnetic waves will follow the left-hand rule (LH) instead of the right hand (RH), 

as inside natural materials. For this reason, these materials are known as left-hand 

materials [18]. Fig. 6.8 shows the different types of media and how the electromagnetic 

waves behave inside them. It can be noticed that the first type is called epsilon negative 

(ENG) and the examples for this medium are metals and semiconductors. The second 

type of medium is known as double-positive (DPS) such as dielectric materials. The third 

type is named as double negative and an example of such a medium is metamaterial. 

Finally, some ferrites are called Mu-negative materials (MNG) because they have a 

negative permeability (µ) [19]. The features of the metamaterials can be used for coupling 

reduction between the antennas in MIMO systems [20]. One of the most important 

features is the bandgap in the frequency response. The bandgap could work as a band- 

reject filter that can reduce mutual coupling and enhance the performance of the antenna 

[21]. Several structures were used for coupling reduction’ for example, capacitively- 

loaded-loops (CLL) for those in [22, 23] or split ring resonators (SRR) and 

complementary split ring resonator (CSRR) [24-26], due to their capability to produce 

strong filtering behaviour (band-reject filter). In addition to isolation, metamaterials are 

also used to reduce the antenna dimensions for handheld and mobile devices [27], i.e. to 

miniaturize antennas. 
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Fig. 6.8. Electromagnetic wave behaviour in different media [19]. 

 

 

 
6.2.2.1 Theoretical Aspect 

 
Generally, the characteristic matrix of a stratified substrate is represented by a constant 

permittivity (𝜖), permeability (𝜇) and refractive index 𝑛 = 𝜖𝜇, Therefore, for a two-port 

network showing incident waves (a1, a2) and reflected waves (b1, b2) as explained in Fig. 

6.9, the refractive index n can be calculated by equation (6.5) [28-30]: 

 

 

 

Fig. 6.9. Simple two-port network. 
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𝑏2 𝑆21 𝑆22 𝑎2 

21 

[𝑏1] = [𝑆11     𝑆12][𝑎1] (6.4) 

 

 

𝑛 = 
± 1

(cos ―1
 

 

 
1 ― 𝑆 2 + 𝑆 2 

 

+ 2𝜋𝑚) 

 
(6.5) 

𝑘0ℎ 2𝑆21 
 

 

Where h represents the thickness of the substrate and ko is the free-space propagation 

constant. 

 

 

 
The extraction of the constitutive parameters (𝜖 and 𝜇) of any material usually needs 

 

experimental tests or analytical models [31]. The Drude-Lorentz model, known as the 

dispersion model is very accurate [32], in which the magnetic permeability and electric 

permittivity are extracted analytically using a mathematical model [33]. In this chapter, 

the constitutive parameters of the unit cell of metamaterial are obtained using the well- 

developed characterization method of metamaterials known as the standard retrieval 

procedure [34], where the effective permittivity and effective permeability refractive 

values of the metamaterial unit cell can be extracted from the S-parameters assuming that 

this latter are symmetric with respect to the (x-y) plane. This means that S11 = S22 and S21 

= S12. The relative impedance of the thin dielectric slab is calculated with respect to the 

S-parameters using the following formula [30]: 

 

(6.6) 

𝑧 =± 
 
 

 
The ambiguity of the signs of the refractive index n and the impedance z then can be 

computed, subject to the following conditions: 

(1 + 𝑆11)2 ― 𝑆 21 
2 

(1 ― 𝑆11)2 ― 𝑆 21 
2 

11 
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𝑛"  ≥ 0 

𝑧’  ≥ 0 
 

where (.)’ and (.)” represent the real and the imaginary part operators respectively. 

Finally, the complex permittivity (𝜖) and permeability (𝜇) are given by [30]: 

 

𝜖 = 
𝑛  

𝑧 
(6.7) 

𝜇 = 𝑛.𝑧 (6.8) 

 

 
 

6.2.2.2 Metamaterial Unit Cell Specification and Design 

 
Generally, the behaviour of the split ring resonator can be considered as an electric dipole 

which can be excited by external electric flux. In MIMO antenna applications, the 

presence of SRR with its feature of open rings between the radiating elements will lead 

to production of an effective negative permeability at the resonant frequency. For this 

reason, high isolation between the radiating elements can be achieved [35]. The schematic 

configuration of the SRR unit cell is shown in Fig. 6.10. The SRR unit cell was designed 

and simulated using CST Microwave Studio, depending on [36], while the Matlab 

program was used here to calculate constitutive parameters of the unit cell, such as 

effective permittivity and permeability, from the S-parameters. It can be clearly seen from 

Fig. 6.10 that the unit cell in this chapter has symmetrical periodicity in the central 

section. This leads to generation of negative permittivity and permeability values at the 

same time, as shown in Fig. 6.12 and Fig. 6.13 respectively. On the other hands, a unit 

cell with no periodicity normally produces negative permeability only, as explained in 

[37]. The unit cell simulation setup is explained in Fig. 6.11 and it shows that the SRR 
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structure is positioned in the middle of the waveguide. The front and back sides of a 

waveguide are defined as PEC (perfectly electrically conducting) walls, while its top and 

bottom sides are attributed as PMC (perfectly magnetically conducting) walls, and the 

other two sides are used for the signal excitation. The main application for the 

metamaterial resonator in this chapter is to increase the isolation between the radiating 

elements inside the MIMO antenna structure. Consequently, four unit cells of size 9×5.5 

mm2 are inserted between the radiating elements of the proposed MIMO antenna. The 

optimized dimensions of the proposed unit cell are given in Table 6.2. The transmission 

and reflection coefficients of the metamaterial unit cell are shown in Fig. 6.14. It can be 

obviously seen that the metamaterial unit cell has a resonant frequency at 2.45 GHz. 

 

Fig. 6.10. The geometrical configuration of SRR unit cell. 
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Fig. 6.11. The simulation setup of SRR unit cell. 

 

Table 6.2. The optimized dimensions of the proposed SRR unit cell. 

 

Parameters Value Parameter value 

H 5.5mm Wp 4mm 

F 9.75mm Wu 2.5mm 

h1 1.5mm gu 0.5mm 

h2 1.5mm s 0.5mm 

 

 

 
Fig. 6.12. The calculated permittivity of the proposed SRR unit cell. 
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Fig. 6.13. Calculated permeability of the proposed SRR unit cell. 
 

 

 
 

 

Fig. 6.14. Transmission and reflection coefficients of the proposed SRR unit cell. 

 

6.2.2.3 Antenna Layout with Metamaterial Resonators 

 
The next step in this design is to justify the effectiveness of metamaterial as a decoupling 

approach. The fourth proposed configuration was adopted to be implemented with 

metamaterial resonators. The overall size of the fourth proposed MIMO antenna is 

54×46×1.6 mm3 while the separation distance between the two radiating elements is equal 

to 6.65 mm (0.0532 o at 2.4 GHz), where o is the free-space wavelength. In order to 

reduce the unwanted coupling between the radiating elements, four SRR metamaterial 
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unit cells are introduced between the two elements, as clarified in Fig. 6.15. The 

 

optimized dimensions of the 

proposed MIMO antenna are 

given in Table 6.3. 

 

 

 

 

 

 
 

 

Fig. 6. 15. Configurations of the proposed antenna; (a) Antenna without metamaterial 

resonators (b) Antenna with metamaterial resonators. 

Table 6.3. The optimized dimensions of the proposed MIMO antenna. 

Parameters Value Parameter value 

A 46mm F 17.2mm 

B 54mm w 3.2mm 

C 27.9mm w1 2.5mm 

D 15mm OPQ 12mm 

E 13.9mm OPR 23.25mm 
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6.2.2.3 Parametric Study 

 
To clarify the effects of inserting the SRRs between the radiating elements and obtain the 

optimum values of the proposed design, a parametric study was carried out in the 

following sub-sections, focusing on the number of SRR unit cells between the radiating 

elements of the proposed MIMO antenna. 

 

6.2.2.3.1 S-Parameters of The Proposed Antenna with and without 

SRRs 

The effectiveness of the metamaterial resonators has been validated by comparing the 

simulated S-parameters of the antenna with and without such resonators. Fig. 6.16 and 

Fig. 6.17 respectively show the simulated results of the transmission and reflection 

coefficients. It can be clearly observed in Fig. 6.16 that the two frequency bands still 

appear after inserting the unit cells and there is bandwidth extension in the two operating 

frequency bands. On the other hand, the mutual coupling has decreased in the first band 

with the existence of the metamaterial resonators and it reaches to -35 dB around 2.5 GHz 

while the dip of the second band has shifted toward the first band but it still achieves 

mutual coupling less than -15 dB around 3.4 and 3.6 GHz, as illustrated in Fig. 6.17. 
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Fig. 6.16. Simulated reflection coefficients with and without metamaterial resonators. 
 

 

 

Fig. 6.17. Simulated transmission coefficients with and without metamaterial resonators. 
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6.2.2.3.1 S-Parameters of The Proposed MIMO Antenna With Three 

Variations of Metamaterial Resonators 

To validate the effectiveness of the number of the metamaterial resonators, the simulated 

S-parameters of the antenna with different numbers of such resonators (SRRs) are 

illustrated in Fig. 6.18 and Fig. 6.19 respectively. Fig. 6.18 shows that increasing the 

number of the metamaterial resonators will lead to a decrease in the mutual coupling 

around 2.4 GHz, reaching -35 dB with four such resonators, while the two bands still 

appear with |S11| less than -10 dB, as shown in Fig. 6.19. 

 

 

Fig. 6.18. Simulated reflection coefficients of the proposed MIMO antenna with a 

different number of metamaterial resonators. 
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Fig. 6.19. Simulated transmission coefficients of the proposed MIMO antenna with a 

different number of metamaterial resonators. 

 
 

6.3 Evaluation of Antenna Efficiency and Gain 

 
The antenna efficiency and gain are useful measures that may be used to describe the 

performance of the proposed antenna. There is a direct relation between each other. The 

efficiency factor takes both the conductor loss and dielectric loss into account, but not the 

impedance mismatch between the feed line and the antenna. On the other hand, the gain 

of the antenna takes into account the efficiency of the antenna as well as its directional 

capabilities. 

6.3.1 Efficiency Calculations 

 
It is interesting to evaluate the efficiency of the proposed MIMO antenna system after 

using decoupling techniques. Therefore, the radiation efficiency of the proposed MIMO 

antenna with decoupling was simulated and compared with two other radiation 
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efficiencies. The first radiation efficiency is for the single printed monopole antenna and 

the second radiation efficiency is for the two closely spaced printed MIMO antennas 

without decoupling. The proposed MIMO antenna with decoupling achieves an 

efficiency equal to 80% over the first band, a drop of 5% and 3% compared to the 

efficiencies of the single antenna and MIMO antenna without decoupling respectively. 

This drop in the value of the efficiency could be related to the metamaterial resonator due 

to its negative value of permittivity and permeability at this frequency. On the other hand, 

the efficiency of the proposed MIMO antenna with decoupling is improved considerably 

over the second band and it reaches 73% at 3.6 GHz, with an improvement of 10% 

compared with the efficiencies of the single antenna and MIMO antenna without 

decoupling. The obtained efficiencies versus frequency are shown in Fig. 6.20. 

 

 

Fig. 6.20. Variation of calculated efficiency versus frequency for the single antenna, 

MIMO antenna without decoupling and MIMO antenna with decoupling. 
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6.3.2 Peak Gain Calculations 

 
The peak gain of each of the proposed antennas was calculated from the far-field patterns 

using the CST package, and the obtained gains versus frequency are shown in Fig. 6.21. 

The gain has the general trend of increasing with frequency except between the two 

bands. This increase is due to the fact that at higher frequencies the antenna size in terms 

of wavelength becomes larger. The peak gain of the proposed MIMO antenna with 

decoupling is about 4 dB at the first band with a notable difference to the values of the 

peak gains of the single antenna and MIMO antenna without decoupling. Moreover, the 

peak gain of the proposed MIMO antenna with decoupling increases at the second band 

and it achieves 4.5 dB. 

 

 
 

Fig. 6.21. Simulated peak gain for the single antenna, MIMO antenna without decoupling 

and MIMO antenna with decoupling. 
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6.4 Equivalent Circuit Model 

 
To give a profound comprehension of the global configuration, the equivalent circuit 

model is provided in Fig. 6.22. Three different structures are added together: the radiating 

element of the proposed antenna is modelled by two resonator structures to fulfil the dual- 

band property; the decoupling structure of the metamaterial unit cell is modelled as an 

RLC circuit; and the coupling between the radiating elements at the two bands is 

represented by two RLC circuits. All the optimized parameters of the proposed circuit 

model are extracted from the CST simulation results and are given in Fig. 6.22. The 

comparisons between the circuit model and full-wave electromagnetic (EM) model in 

terms of S-parameters are shown in Fig. 6.23 and Fig. 6.24 respectively. Reasonable 

consistency is observed in the frequency region of interest between the circuit model and 

full-wave EM simulated results. 

 

 

 
 

 

 

Fig. 6.22. Equivalent circuit model of the proposed MIMO antenna. 
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Fig. 6.23. Comparison of reflection coefficients (S11) for EM model and circuit model of 

the proposed MIMO antenna. 

 

 

 

Fig. 6. 24. Comparison of transmission coefficients (S21) for EM model and circuit model 

of the proposed MIMO antenna. 
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6.4 Results and Discussions 

 
To verify the simulated outcomes, the proposed MIMO antenna was fabricated and tested. 

The prototype design of the proposed antenna is displayed in Fig. 6.25. The scattering 

parameters in terms of reflection coefficient (S11) and transmission coefficient (S21) were 

measured using a vector network analyser (VNA) while the radiation patterns were 

measured using the anechoic chamber. These measurement results were used to analyse 

the performance of the proposed antenna. The measured achievements in terms of 

scattering parameters, envelope correlation coefficient, total active reflection coefficient, 

channel capacity loss, radiation pattern and diversity gain are explained in the following 

paragraphs. 

The comparison between the simulated and the measured results of the S-parameters have 

been illustrated in Fig. 6.26 and Fig. 6.27 respectively. These results show a fair 

agreement between them with some variance due to the measurement tolerances. The 

measured reflection coefficients with |S11| less than -10 dB are achieved from 2.15-2.75 

GHz for the lower band and from 3.1 to 4.4 GHz for the upper band. On the other hand, 

the mutual coupling values are -30 dB at 2.4 GHz, -20 dB at 3.4 GHz and -19 dB at 3.6 

GHz, as shown in Fig. 6.27. 
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(a) 
 
 

 

(b) 

 

Fig. 6.25. The prototype of the proposed antenna, (a) Front view; (b) Back view. 
 

 
 

Fig. 6 26. Simulated and measured reflection coefficient S11 of the proposed antenna. 
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Fig. 6.27. Simulated and measured transmission coefficient S21 of the proposed antenna. 

 

 

As explained in the previous chapters, the envelope correlation coefficient can be used to 

examine the extent to which the radiating elements are independent and they rely on their 

individual performances. This parameter is directly connected with the spectral efficiency 

loss and performance degradation of diversity systems [21]. The ECC is calculated based 

on the S-parameter equation (3.1). The simulated and measured envelope correlation 

coefficients of the proposed MIMO antenna with decoupling are plotted in Fig. 6.28. It 

can be clearly seen that the value of ECC does not exceed 0.05 over the two frequency 

bands, thus providing the high isolation required for simultaneous operation. 

Basically, the channel capacity of a MIMO system could be improved by increasing the 

number of antennas. On the other hand, the existence of the uncorrelated Rayleigh fading 

may lead to a loss in the channel capacity. For two elements of MIMO systems, the 

channel capacity loss could be calculated by using the correlation matrix mentioned in 

[38-40]. The simplified form of channel capacity loss was given in equation (2.22). The 
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computed and measured channel capacity loss of the proposed MIMO antenna is 

illustrated in Fig. 6.29. In this figure, the capacity loss is less than 0.5 bit/s/Hz for the two 

bands and there is a very good agreement between the calculated and measured results. 

 

 

 

Fig. 6.28. Simulated and measured ECC of the proposed MIMO antenna. 
 

 
 

Fig. 6.29. Simulated and measured capacity loss of the proposed MIMO antenna. 
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The total active reflection coefficient was evaluated as another defining parameter in the 

usefulness of this antenna: this is used to display a single curve that contains all the 

information of the S-parameters by manipulating the S-parameters for an N-port network. 

The computed TARC of the present design is shown in Fig. 6.30. This figure is plotted 

using equation (3.2) to cover the phase range from 0o to 180o with phase steps of 30o. The 

average value of TARC is shown in Fig. 6.31. It can be clearly seen that the two operating 

frequency bands appear with TARC values less than -10 dB. 

 
 

Diversity Gain can be defined as the amount of improvement in the diversity antenna 

system compared to SISO systems [41]. It is very important to calculate DG due to its 

effects on the performance of MIMO antenna systems. Fig. 6.32 represents the simulated 

DG of the proposed MIMO antenna. It can be clearly seen that the DG values for the two 

frequency bands are very close to the ideal value of DG = 10 dB. 

 

 

 

Fig. 6.30. The calculated values of TARC with different phases. 
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Fig. 6.31. The calculated average value of TARC. 
 

 

 

Fig. 6.32. The simulated diversity gain of the proposed MIMO antenna. 

 

 

Finally, the prototyped design of the proposed antenna was tested in terms of far-field 

radiation patterns at three different frequencies (2.4 GHz, 3.4 GHz and 3.6 GHz) by 

applying the same procedure of Chapter Three. The practical results are shown in Fig. 
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6.33 and they show that, at the three frequencies, the far-field radiations achieve stable 

omnidirectional patterns. For further evaluation of the volumetric radiation patterns, the 

three-dimensional variation of the radiated field for the proposed antenna was calculated 

at the three frequencies and is plotted in Fig. 6.34. This figure gives more appreciation of 

the field shape as compared to that of the 2-D representations. 

 

 

 
 

Fig. 6.33. Simulated and measured radiation patterns of the proposed antenna for two 

planes [(1 and 2) y-x plane and (3 and 4) z-x plane] at (a) 2.4 GHz (b) 3.4 GHz and (c) 

3.6 GHz. Port 1 is excited and port 2 is terminated. Solid curve: simulated results, dashed 

curve: measured results, “1 and 3” are co-polar components and “2 and 4” are cross-polar 

components. 
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Fig. 6.34. The simulated 3-D pattern of the proposed MIMO antenna at (a) 2.4 GHz (b) 

 

3.4 GHz and (c) 3.6 GHz. 

 

 

 
6.5 Comparison with Published Works 

 
There are various designs for MIMO antennas which differ vastly in their performance 

characteristics and sizes in terms of the wavelength at the centre frequency. The 

characteristics of the proposed MIMO antenna are compared in Table 6.4 with those of 

other MIMO designs that have been published in the literature. All the antennas in this 

comparison are planar antennas to ensure a like for like comparison. This comparison 

depends on the centre frequency of the antenna, the isolation between the radiating 

elements, the overall electrical size of the antenna, the separation distance between the 
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radiating elements in terms of λo (where λo is the free space wavelength at the lower centre 

frequency), antenna peak gain, antenna efficiency and ECC. It can be clearly seen from 

Table 6.4 that the proposed MIMO antenna has a competitive performance as regards the 

isolation and size. On the other hand, the antenna has comparable efficiency, ECC and 

gain to the other designs, although much higher than [22]. These features confirm that 

this design is a good candidate for modern communication devices. 

 
 

Table 6.4. Comparison with other works. 

 
 

Ref. 

Centre 

Frequency 

(GHz) 

Isolation 

(dB) 

 

Electrical Size 
Separation 

distance 

Peak 

Gain 

(dBi) 

Antenna 

Efficiency 

(%) 

 

ECC 

[22] 
0.835 

2.65 
10 

18.9 
0.139 λo×0.27 λo 

×0.004 λo 
0.06 λo 

-2.8 
5.5 

35 
67 

<0.01 

[42] 2.45 >15 
0.31 λo×0.22 λo 

×0.13 λo 
0.06 λo 

 
   

 
   0.002 

[43] 2.6 >25 
0.69 λo×0.52 λo 

×0.006 λo 
0.043 λo 5 82 <0.02 

[44] 
2.58 
5.27 

30 
0.63 λo×0.4 λo 

×0.013 λo 
0.044 λo 

2.8 
2.9 

95 
92 

<0.01 

[45] 5.35 >35 
0.98 λo×0.35 λo 

×0.028 λo 
   <4    <10-3

 

This 

work 

2.45 
3.75 

20 
30 

0.44 λo×0.37 λo 
×0.013 λo 

0.0532 λo 
3.8 
4.9 

81 
73 

<0.05 

 
 

6.6 Conclusions 

 
In this work, a 2×2 dual-band MIMO antenna for WLAN, and sub-6 GHz 5G applications 

is presented. The antenna placement and orientation decoupling approach, alongside 

metamaterial-based isolation enhancement structures have been used in this design. In 

this design, applying the first decoupling method has helped to improve the isolation in 

the second band of operation whilst the second method has enhanced the isolation in the 

first band. The proposed MIMO antenna has been fabricated and tested and it has 

achieved bandwidths from 2.15-2.75 GHz for the lower band and from 3.1 to 4.4 GHz 



231  

for the upper band, with isolation values around 30 dB at 2.4 GHz, 20 dB at 3.4 GHz and 

19 dB at 3.6 GHz. The envelope correlation coefficient has also been evaluated and found 

to be less than 0.05 in two bands. Channel capacity loss is another parameter which has 

been calculated and presented. The obtained value of CCL is less than 0.5 bps/s/Hz in the 

two required bands. The simulated average TARC has been also derived. It has been 

observed that the simulated result with TARC value less than or equal to -10 dB covers 

the frequency band from 2.32 GHz to 4.79 GHz. Diversity gain is another important 

metric which has been calculated: the achieved value is very close to the ideal value (10 

dB) over the two frequency bands. The simulated and measured radiation patterns were 

presented at three different frequencies and they showed nearly a stable omnidirectional 

behaviour. These achievements indicate that the proposed antenna can be a good 

candidate to work within WLAN and sub-6 GHz 5G frequency band applications. Some 

differences have been noticed between the simulated and measured results which can be 

explained by manufacturing and measurement tolerances. 
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CHAPTER SEVEN 

 

Isolation Enhancement of MIMO Antenna Using Defected 

Ground Structures and Neutralization Line Techniques 

 
The unprecedented evolution of wireless communication systems has raised demands for 

higher data rates and larger capacity in wireless applications such as Bluetooth, Wi-Fi, 

LTE, WLAN and WiMAX. MIMO technology maximizes the benefits of incorporating 

multiple antennas at the transmitting and receiving ends to achieve higher data rates 

without consuming extra power or bandwidth if used in a rich scattering environment [1- 

3]. However, as they are fitted closely together on confined substrates, the isolation 

between MIMO antenna elements becomes very low, whereas to achieve the best 

performance, the isolation must be as high as possible. In this chapter, a compact dual- 

wideband MIMO antenna is proposed to cover the WLAN bands (2.4/5.2/5.8 GHz) and 

WiMAX band (3.5 GHz). The designed antenna basically consists of two uni-planar G- 

shaped monopole antennas. The technique of integrating two decoupling approaches is 

applied by combining the effects of the DGS and NL within the proposed MIMO antenna 

structure. 

 
 

7.1 The Antenna Layout 

 
The geometry of the proposed MIMO antenna is illustrated in Fig. 7.1. The design is 

made up of two identical G-shaped slotted radiating elements which are similar to that in 

[4]. RT5880LZ substrate that has a thickness of 1.026 mm and dielectric constant (𝜖r) of 

1.96 is used in this design. The total volume of the proposed antenna is 35351.026 

mm3, which is suitable for mobile devices. To broaden the antenna bandwidth, two 

https://ieeexplore-ieee-org.brad.idm.oclc.org/document/7111247/
https://ieeexplore-ieee-org.brad.idm.oclc.org/document/7111247/
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identical defected areas with rectangular shape are made on the ground. The distance 

between the two radiating elements is set to be 0.144λo at 2.4 GHz (where λo is the free 

space wavelength). The technique of adding a neutralization line to connect the radiating 

elements is exploited to reduce the coupling at 2.4 GHz. On the other hand, to minimize 

the coupling at 3.5 GHz, a rectangular cut is etched in the middle of the ground plane. 

Furthermore, stubs are inserted on the feeding lines to further enhance the impedance 

matching, as shown in Fig. 7.1. 

(a) (b) 

 

Fig.7.1. The proposed antenna geometry. (a) Front view; (b) Back view. 

 

 

7.2 Parametric Study 

The primary goal of the parametric studies was to better understand the effects of the 

defected ground structures, neutralization line and stubs on the MIMO antenna 

performance. Three different consequences were expected: firstly, to improve the 

isolation between the radiating elements; secondly, to broaden the antenna bandwidth and 

finally to enhance the impedance matching. The effects of each decoupling technique will 
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be studied through comparing the S-parameters of the proposed MIMO antenna with and 

without decoupling technique/techniques. 

 

 

7.2.1 The Impacts of the DGS Technique on the S-Parameters 

 
The technique of using a defected area in the form of rectangular cut is implemented in 

this design, with the objectives of increasing the isolation of the antenna and improving 

the impedance bandwidth [5]. Three defected areas are formed on the bottom layer of the 

substrate, as shown in Fig. 7.1. The impact of these defected areas on the S-parameters is 

studied in the following sub-sections. 

 
 

7.2.1.1 The Influence of the First Defected Area on the S-Parameters 

Characteristics 

The first case in this parametric study is to examine the effects of the defected areas on 

the characteristics and performance of the proposed MIMO antenna. The first defected 

area (DGS1) is cut between the two radiating elements, as shown in Fig. 7.2. The 

simulated S-parameters of the MIMO antenna with and without DGS1 are illustrated in 

Fig. 7.3. It can be clearly seen that the resonant frequency disappears with the existence 

of the DGS1 within the MIMO antenna structure. On the other hand, the isolation of the 

proposed antenna is improved around 3.5 GHz with S21 less than 15 dB, as shown in Fig 

7.3. 
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Fig.7.2. Schematic structure of the proposed MIMO antenna showing DGS1; (a) Top 

layer, (b) Bottom layer. 

 

 

Fig.7.3. Simulated S-parameters of the proposed MIMO antenna with and without DGS1. 

 
7.2.1.2 The Influence of the Second Defected Areas on the S-Parameters 

Characteristics 

The second case in this parametric study was to evaluate the impact of the twin defected 

areas under each element (DGS2). The first defected areas are cut underneath the feed 
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line of each radiating element as shown in Fig. 7.4. The simulated S-parameters of the 

MIMO antenna with and without DGS2 are shown in Fig. 7.5. It can be clearly seen that 

the existence of the DGS2 within the MIMO antenna structure helps to enlarge the 

impedance bandwidth significantly. On the other hand, the isolation of the proposed 

antenna is improved around 3.5 GHz, with S21 less than 15 dB, as shown in Fig 7.5. 

 

 

Fig.7.4. Schematic structure of the proposed MIMO antenna showing DGS2; (a) Top 

layer, (b) Bottom layer. 

 

Fig.7.5. Simulated S-parameters of the proposed MIMO antenna with and without DGS2. 
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7.2.1.3 The Impact of the Three Defected Areas on the S-Parameters 

Characteristics 

The third case in this parametric study is to evaluate the impact of the defected areas 

DGS1 and DGS2 at the same time, as shown in Fig. 7.6. The simulated S-parameters of 

the MIMO antenna with and without DGS1 and DGS2 are shown in Fig. 7.7. It can be 

noted that the impedance bandwidth of the proposed MIMO antenna is enhanced with the 

existence of the three defected areas and it achieves a wide operating band from 2.7 GHz 

to 5.9 GHz. Moreover, the isolation of the proposed antenna is improved around 3.5 GHz 

with S21 less than 15 dB and it also shows 0.25 GHz improvement compared to the second 

case. 

 
 

 

 

Fig.7.6. Schematic structure of the proposed MIMO antenna showing DGS1 and DGS2; 

 

(a) Top layer, (b) Bottom layer. 
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Fig.7.7. Simulated S-parameters of the proposed MIMO antenna with DGS1 and DGS2. 

 

 

 
7.2.2 The Influences of the NL on the S-Parameters 

 
The fourth case is to study the effect of inserting NL between the two radiating elements 

and excluding the effects of DGS1 and DGS2 as shown in Fig. 7.8. The simulated S- 

parameters of the proposed antenna in the case of the existence and the absence of the 

neutralization line are demonstrated in Fig. 7.9. It can be clearly seen that the existence 

of the NL produces a new band around 3.5 GHz and reduces the bandwidth at the first 

band. On the other hand, the isolation between the antennas with the existence of the 

neutralization line is improved at the first band and it reaches 15 dB at 2.4GHz. 



245  

 

 
 

 

Fig.7.8. Schematic structure of the proposed MIMO antenna with NL and without DGS1 

and DGS2; (a) Top layer, (b) Bottom layer. 

 

 

 

 

 

Fig.7.9. Simulated S-parameters of the proposed MIMO antenna without DGS1 and DGS2 

and with NL. 
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The fifth case is to study the effect of combining the DGS decoupling method with the 

NL decoupling method in the same proposed antenna structure, as shown in Fig. 7.10. 

The simulated S-parameters of the proposed antenna in the case of the existence and the 

absence of the neutralization line are demonstrated in Fig. 7.11. It can be clearly seen that 

the existence of the NL produces a new band around 2.4 GHz (from 2.15 to 2.54 GHz) 

beside the upper band. On the other hand, the isolation between the antennas with the 

existence of the neutralization line is higher than 15 dB at 2.4 GHz, 3.5 GHz and 5.8 GHz 

and it is 12 dB at 5.2 GHz. 

 
 

Furthermore, the effect of the length of the neutralization line is also evaluated. The 

simulated S-parameters of the antenna with different lengths (L) of the NL are illustrated 

in Fig. 7.12 and Fig. 7.13 respectively. Fig. 7.12 shows that by increasing the length of 

the NL, the first band is shifted toward 2.5 GHz while the beginning of the second band 

is slightly affected. On the other hand, increasing the length of the NL leads to an 

improvement in the isolation between the antenna elements over the whole band, with 

considerable enhancement at the first band where the isolation value is greater than, or 

equal to, 15 dB, as shown in Fig. 7.13. 
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Fig.7.10. Schematic structure of the proposed MIMO antenna showing DGS1, DGS2 and 

NL; (a) Top layer, (b) Bottom layer. 

 

 
Fig.7.11. Simulated S-parameters of the proposed MIMO antenna with DGS1, DGS2 and 

NL. 
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Fig.7.12. The simulated reflection coefficient of the proposed MIMO antenna with 

different lengths for the NL (L1=28 mm, L2=26 mm, L3=24 mm and L4=22 mm). 

 

 

 

Fig.7.13. The simulated transmission coefficient of the proposed antenna with different 

lengths of the NL (L1=28 mm, L2=26 mm, L3=24 mm and L4=22 mm). 
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The surface current distribution of the proposed antenna was used to analyse the 

contributions of the neutralization line properly with the existence of the DGS areas. Two 

cases were studied at 2.4 GHz, the first case was the proposed antenna with the 

neutralization line excluded, while the second case was the proposed antenna including 

the neutralization line. This study was performed by exciting port 1 and terminating port 

2 with a matched load. Fig. 7.14 demonstrates the surface current distribution with and 

without NL. It can be seen that induced current in the feeding line port 2 is high in the 

case of the absence of the neutralization line. On the other hand, the existence of the 

neutralization line leads to the introduction of a new current path which generates an 

additional coupling to reduce the original coupling, as shown in Fig. 7.14-b [6]. 

 

 

 
 

 

 

Fig.7.14. Surface current distribution at 2.4 GHz. (a) Without NL, (b) With NL. 
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7.2.3 The Effects of the Stub on the S-Parameters of the 

Antenna 

To enhance the antenna impedance matching, A stub with an overall length of 5×3.5 mm 

was added on the feeding line close to the radiating elements [7]. The variations of the S- 

parameters with and without the stub are shown in Fig. 7.15 and Fig. 7.16 respectively. 

It can be clearly seen that the presence of the stub within the antenna structure enhances 

reflection coefficient at the upper band but decreases it at the end of the upper band at the 

same time. Two different bands are obtained (2.28–2.58 GHz) and (2.88–5.88 GHz) with 

|S11| < -10 dB and the coupling is less than -12 dB. These results indicate that this antenna 

can cover both WLAN and WiMAX systems. 
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Fig.7.15. Simulated reflection coefficient S11 with and without neutralization line. 
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Fig.7.16. Simulated transmission coefficient S21 with and without neutralization line. 

 

 

 
7.3 Evaluation of Antenna Efficiency and Gain 

 
To assure the best effectiveness of the various decoupling approaches on the proposed 

MIMO antenna performance, the antenna radiation efficiency and antenna gain were 

calculated and compared with the proposed antenna without the decoupling approaches. 

The radiation efficiencies and peak gains of the proposed MIMO antenna with and 

without decoupling techniques over the desired operating bands are shown in Fig. 7.17 

and Fig. 7.18 respectively. It is apparent that the antenna with decoupling achieves an 

efficiency equal to 88% over the first band, an increase of 8% compared to the efficiency 

of the MIMO antenna without decoupling. On the other hand, the efficiency of the 

proposed MIMO antenna with decoupling over the second band is also improved and it 

achieves 87% at 5.5 GHz, an improvement of 4% compared with the efficiency of the 

MIMO antenna without decoupling. Further, Fig. 7.18 demonstrates the calculated peak 
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gain of the proposed MIMO antenna over the interval from 2 to 6 GHz. Over the low 

frequency band, the peak gain of the proposed antenna with decoupling achieves 2 dBi, 

an improvement of 0.5 dBi compared to the MIMO antenna without decoupling, while 

the peak gains of the two compared MIMO antennas show good correspondence with 

each other over the second frequency band with peak gain equal to 4 dBi at 5.5 GHz. 

 

 

Fig.7.17. Variation of calculated efficiency versus frequency for the proposed MIMO 

antenna with and without decoupling methods. 

 

 

Fig.7.18. Simulated peak gain for the proposed MIMO antenna with and without 

 

decoupling methods. 
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7.4 Results and Discussions 

 
To validate the simulated findings, a prototype of the proposed MIMO antenna as shown 

in Fig. 7.19 was manufactured based on the schematic structure in Fig. 7.1 and using the 

same substrate and dimensions used in the simulation. The measured results were 

calculated when Element 1 was excited and Element 2 was terminated with a matched 

load. The scattering parameters were measured using a VNA and the radiation pattern 

was evaluated in the anechoic chamber at the University of Bradford. In the following 

subsections, the MIMO antenna performances will be illustrated in detail in terms of S- 

parameters, ECC, TARC, CCL, DG and 2D and 3D antenna radiation patterns. 

 

 

 

 

(a) (b) 
 

Fig.7.19. The prototype of the proposed antenna, (a) Front view; (b) Back view. 
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7.4.1 S-Parameters of the Antenna 

 
The scattering parameters of the proposed antenna were tested and compared with the 

corresponding simulated results, as shown in Fig. 7.20 and Fig. 7.21 respectively. It is 

clearly observed that there is good agreement between the measured and simulated 

results. It is possible to have slight differences due to the fabrication tolerance, the effects 

of the connectors and some unspecified losses. As explained in Fig. 7.20, two operating 

frequency bandwidths appeared, from 2.28 to 2.58 GHz and from 3.0 to 5.88 GHz, with 

a reflection coefficient S11 < -10 dB and isolation ≥12 dB over the obtained bands. 

Therefore, the measured -10 dB frequency bandwidths can well cover the required 

WLAN applications. 

 
 

 
 

Fig.7.20. Comparison of reflection coefficient S11 using simulated and measured results. 
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Fig.7.21. Comparison of transmission coefficient S21 using simulated and measured 

results. 

 

 

7.4.2 Diversity Performances of the Antenna 

 
The envelope correlation coefficient, channel capacity loss, TARC and diversity gain of 

the proposed MIMO antenna were investigated in this subsection. These MIMO metrics 

help to validate the performances within the diversity environment. The ECC was 

calculated based on the S-parameter equation (3.1). Fig. 7.22 shows the measured results 

with ρe value below 0.005 which is significantly less than 0.3, the maximum stipulated 

by the diversity requirements [8]. On the other hand, the simulated and measured channel 

capacity loss of the proposed design were compared and are shown in Fig. 7.23. In both 

cases, the CCL does not exceed 1 bps/s/Hz. The simulated and measured average TARCs 

were compared and illustrated in Fig. 7.24. It is observed that the measured results with 
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TARC value ≤ -10 dB cover the frequency band from 2.25 GHz to 2.7 GHz and from 3.1 

GHz to 6 GHz. This indicates that the proposed antenna can be a good candidate to work 

within WLAN, WiMAX and LTE bands. The differences between the simulated and 

measured results are attributable to manufacturing and measurement tolerances. Table 

7.1 summarizes the characteristics of this proposed MIMO antenna at four frequency 

bands. 
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Fig.7.22. The measured envelope correlation coefficient. 
 

 

 

 

Fig.7.23. Simulated and measured channel capacity loss of the proposed antenna. 
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Fig.7.24. Simulated and measured TARC of the proposed antenna. 

 

 

 
Table 7.1 The characteristics of the proposed antenna at different frequencies. 

 
MIMO Parameter 2.4 GHz 3.5 GHz 5.2 GHz 5.8 GHz 

ECC (10-5) 3.36 0.026 1.32 3.23 

Capacity Loss     

 0.561 0.382 0.543 0.687 

(bit/s/Hz)     

TARC (dB) -13.84 -18.2 -12.69 -11.9 

 

 

Finally, the amount of improvement in the diversity antenna system compared to SISO 

systems can be represented by diversity gain [3]. This metric was calculated depending 

on equation (3.3). The simulated DG of the proposed MIMO antenna is presented in Fig. 
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7.25 and it can be clearly seen that the DG values for the two frequency bands are very 

close to the ideal value of DG = 10 dB. 

 

 

 

 

 

 

Fig.7.25. The simulated diversity gain of the proposed MIMO antenna. 

 

 

 
7.4.3 Radiation Patterns of the Antenna 

The far-field patterns of the fabricated design were tested at four selected frequencies, 

2.4, 3.5, 5.5, and 5.8 GHz, as depicted in Fig. 7.26. These patterns were tested in the two 

planes of XZ and YZ, in the case of excitation of port 1 and termination of port 2, and 

showed a stable omnidirectional pattern at all frequencies. For further evaluation of the 

volumetric radiation patterns, the three-dimensional variations of the radiated field for 

the proposed antenna were calculated at four frequency bands and are shown in Fig. 7.27. 

This figure gives more appreciation of the field shape as compared to that of the 2-D 

representations. 
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Fig.7.26. Simulated and measured radiation patterns of the proposed antenna for two 

planes [(1 and 2) y-x plane and (3 and 4) z-x plane] at (a) 2.4 GHz, (b) 3.5 GHz, (c) 5.5 

GHz and (d) 5.8 GHz. Port 1 is excited and port 2 is terminated. Solid curves: simulated 

results, dashed curves: measured results, “1 and 3” are co-polar components and “2 and 

4” are cross-polar components. 
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Fig.7.27. The 3-D patterns of the proposed MIMO antenna at (a) 2.4 GHz, (b) 3.5 GHz, 

 

(c) 5.5 GHz and (d) 5.8 GHz. 

 

 

 
7.5 Comparison with Published Works 

 
Finally, the proposed MIMO antenna in this chapter is compared with several published 

data from other researchers. All the MIMO antennas in this comparison used monopole 
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antennas as radiating elements and covered the WLAN band/bands. This comparison is 

not comprehensive but it gives a fair representative overview of the state of the art of this 

technology. The comparison is based on the centre frequency of the antenna, the isolation 

between the radiating elements, the overall electrical size of the antenna, the separation 

distance between the radiating elements in terms of λo (where λo is the free space 

wavelength at the lower centre frequency), antenna peak gain, antenna efficiency and 

ECC. The summary of this comparison is listed in Table 7.4. It can be seen from the table 

that the proposed MIMO antenna has the smallest size as compared with the other 

antennas. This is an important result since antenna miniaturization is highly desirable in 

many applications. However, the isolation is lower than the others at the second frequency 

band, and to be more precise, at 5.2 GHz. This comes at the expense of the antenna 

efficiency where the proposed antenna has the largest efficiency compared with other 

designs. Moreover, low-level correlation coefficient and good antenna peak gain 

compared with other designs are also obtained. 

Table 7.2. Comparison with other works. 
 

 

Ref. 

Centre 

Frequency 

(GHz) 

Isolation 

(dB) 

 

Electrical Size 
Separation 

distance 

Peak 

Gain 

(dBi) 

Antenna 

Efficiency 

(%) 

 

ECC 

[9] 
2.45 
5.48 

15 
22 

1.225λo ×0.817λo 
×0.006λo 

0.06λo 
2.1 
1.4 

>55 
>70 

<0.6 

[10] 
2.5 
5.85 

>10 
>15 

0.41λo ×0.34 λo 
×0.013λo 

0.081λo 
 

   
83 
82 

<0.006 

[11] 
2.48 
5.06 

>20 
0.41λo × 0.2λo × 

0.0067 λo 
0.178λo 

 
   

 
   <0.2 

[12] 
2.39 
5.7 

15 
0.3 λo ×0.28 λo 

×0.012 λo 
0.0239λo 

 
   

 
   0.2 

[13] 5.85 >21 
0.68λo×0.68λo 

×0.015λo 
   4.5 >80 <0.014 

This 2.43 >15 0.27λo×0.27λo×0. 
0.115λo 

2 88 
<0.005 

work 3.98 >12 008λo 4 87 
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7.6 Conclusions 

 
A compact dual-wideband MIMO antenna for WLAN and WiMAX services has been 

implemented. The optimised structure consists of two symmetrical G-shaped slotted 

monopole antennas. A combination of neutralization line and defected ground plane 

techniques have been used to reduce the coupling and increase the bandwidth. The 

antenna impedance matching has been improved by printing stubs on each feeding line 

near to the radiating element. The antenna achieves bandwidths of 12.34% from 2.28 to 

2.58 GHz and of 68.49% from 3 to 5.88 GHz, with promising isolation better than 12 dB. 

The Envelope correlation coefficient has also been evaluated and found to be less than 

0.005 within the obtained frequency bands. Channel capacity loss is another parameter 

which has been calculated and presented. The obtained value of CCL is less than 1 

bps/s/Hz in the two required bands. The simulated and measured average TARCs have 

also been derived. It has been observed that the measured results with TARC value ≤ -10 

dB cover the frequency band from 2.25 GHz to 2.7 GHz and from 3.1 GHz to 6.0 GHz. 

Diversity gain is another important metric which has been calculated: the achieved value 

of DG is very close to the ideal value (10 dB) over the two frequency bands. The 

simulated and measured radiation patterns were presented at four different frequencies 

and they showed nearly a stable omnidirectional behaviour. These achievements indicate 

that the proposed antenna can be a good candidate to work within WLAN, WiMAX and 

LTE bands. Some differences have been noticed between the simulated and measured 

results which can be explained by manufacturing and measurement tolerances. 
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CHAPTER EIGHT 

 

Conclusions and Future Work 

 

 
Recently, increases in the data rate and the reliability of wireless communication systems 

have become high priorities. Therefore, MIMO technology has been applied to achieve 

better performance by utilizing multiple channels between the transmitter and receiver in 

the multi-path environment. Multiple radiating elements must be used to establish 

multiple channels in the transmitter and receiver system ends. These elements should be 

independent of each other in order to increase the isolation between them and their 

associated channels. This can be achieved by increasing the distance between the 

radiating elements, but it is not a practical solution to put them far away from each other 

due to the high demand for compact devices in communication systems. Consequently, 

many techniques have been developed in the last ten years to improve the isolation 

between the radiating elements in narrow spaces. 

 
 

The potentials of integrating different mutual coupling reduction methods have been 

investigated in this thesis through the design and implementation of several MIMO 

antennas with different geometries to work at multi-band frequencies and cover the main 

applications of wireless communication systems. The usefulness of these methods has 

been illustrated, based on the characteristic performance analysis of the proposed MIMO 

antenna systems. Hence the conclusions of this project may be summarized as follows: 

 

Chapter Two: the literature review of the MIMO antenna system has been introduced in 

this chapter. The history of MIMO antennas was reviewed with a brief comment about 
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the developments which led to an improvement in its diversity and an increase in the 

average data rates. Then, mutual coupling between MIMO antenna elements has also 

been discussed as the primary reason for the deterioration in the system performance. 

After that, several popular mutual coupling reduction techniques, such as antenna 

placement and orientation, metamaterial resonators, parasitic elements, neutralization 

lines, defected ground structures and hybrid decoupling method have been addressed, 

including the implementation of these techniques on several antenna structures. The 

developed structures help to illustrate the recent directions of this research field. Different 

performance metrics related to MIMO antenna systems have been discussed to show their 

effect on MIMO antenna performance. The level of the isolation between the elements 

shows how much the elements are isolated within the configuration of the antenna while 

the radiation patterns of the antennas depend on the value of the correlation coefficients 

to specify how much they are isolated in the environment. On the other hand, the TARC 

value is used to calculate the amount of radiated power to the total available power. 

Channel capacity shows the improvement value in the data rate. Finally, the diversity gain 

is a significant factor which indicates how much the diversity affects the performance of 

the communication system. 

 
 

Chapter Three: A compact dual-band MIMO antenna operating at WLAN bands 

(2.4/5.2/5.8 GHz) has been designed. The schematic structure of this antenna consists of 

two double T-shaped radiating elements with an integrated decoupling method that 

combines DGS and neutralization line. The optimum value of isolation has been obtained 

by optimizing the dimensions of the decoupling structures. The results demonstrate that 
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DGS has increased the bandwidth and reduced the coupling at the second band while 

applying NL has helped to increase the isolation to more than 15 dB at the first band. 

 

Chapter Four: A low–profile tri-band MIMO antenna operating in WLAN (2.4/5.2/5.8 

GHz) and WiMAX (3.5 GHz) bands has been designed. This antenna employs two 

printed uni-planar monopole antennas. A new hybrid technique has been applied to 

improve the isolation between the radiating elements by introducing DGS and 

neutralization on ground planes. The main benefit of this technique is to reduce the 

coupling caused by the surface current in the ground plane. The outcomes indicate that 

applying the hybrid decoupling approach has helped to improve the isolation to more than 

15 dB at the three required bands. 

Chapter Five: A compact dual-band MIMO antenna operating at WLAN bands 

(2.4/5.2/5.8 GHz) has been designed. This antenna has two concentric double square rings 

as radiating elements, printed symmetrically on the same substrate. A new method that 

combines DGS with five parasitic elements has been introduced to reduce the unwanted 

coupling between the radiating elements. Results show that applying the DGS decoupling 

approach has improved the antenna isolation to more than 15 dB at the second band whilst 

the parasitic method enhanced the isolation at the first band. 

 
 

Chapter Six: The antenna placement and orientation decoupling approach, alongside 

metamaterial-based isolation enhancement structures have been investigated in this 

chapter. A 2×2 MIMO antenna consisting of two dual-band arc-shaped radiating elements 

working in WLAN and sub-6 GHz 5th generation (5G) bands has been modelled and 

implemented. Four complementary split-ring resonators (SRRs) generating negative 
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permeability and permittivity have been added between the radiating elements to reduce 

the coupling between the elements. In this design, applying the first decoupling method 

has helped to improve the isolation in the second band of operation whilst the second 

method has enhanced the isolation in the first band. A good diversity improvement with 

low ECC has been obtained. 

 
 

Chapter Seven: A compact dual-wideband MIMO antenna for WLAN and WiMAX 

services has been implemented. The optimised structure consists of two symmetrical G- 

shaped slotted patch antennas. A combination of neutralization line and defected ground 

plane techniques has been used to reduce the coupling and increase the bandwidth. The 

antenna impedance matching has been improved by printing stubs on the feeding lines 

near to the radiating elements. Analysing the obtained results shows that inserting NL 

and DGS have helped to increase the isolation to more than 15 dB around 2.45 GHz and 

3.5 GHz. 

 

 

 

 

8.1 Future Work 

 
The plan for future works can be used to extend the directions of the work achieved. The 

following examples are the most interesting themes that require further investigation in 

the future: 

• The design of Ultra-Wideband (UWB) antenna arrays is a very interesting area 

for researchers to obtain more significant design strategies to fit in compact and 

limited 3D areas. The obtained findings of this work could be applied in UWB 

radar applications for breast cancer tumour detection [1]. 
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• Another subject related to human safety is the reduction of specific absorption 

rate (SAR) in the tissues of the human head or hands. The concept of the required 

design is by using a MIMO antenna in the millimetre band to minimize the 

radiated power in the near field [2]. 

 
 

• Another area of interest is using a Genetic Algorithm (GA) to evaluate the effect 

of neutralization lines within the MIMO antenna structure and to derive 

unconventional and non-intuitive designs. This can be applied to complex antenna 

systems. 

 
 

• Investigation of the massive MIMO antenna technology is a fruitful avenue for 

future research: it is highly appropriate the 5th and 6th generation mobile 

applications due to its high data rate and spectral efficiency [3]. 

 
 

• Beam-forming in the millimetre waves is also an attractive area of research. This 

technique uses the advantages of MIMO wireless systems and can be considered 

another key to future expansion of 5G and 6G technologies [4]. 
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