
 

i 

 

 
 

Mutual Coupling Suppression in Multiple Microstrip 

Antennas for Wireless Applications  
 

 

By : 

 ALAA H. RADHI THUWAINI 

 

A Thesis Submitted in Fulfilment of the Requirements for the Award 

of the Degree of Doctor of Philosophy (Ph.D.)  

in Communications 

 
 

 

 

Department of  Electronic and Computer Engineering, 

Collage of Engineering, Design and Physical Sciences 

Brunel University London 

London, United Kingdom 

 

 
 

 

 

September 2018 



 

ii 

 

Abstract 

Mutual Coupling (MC) is the exchange of energy between multiple antennas when placed on 

the same PCB, it being one of the critical parameters and a significant issue to be considered 

when designing MIMO antennas. It appears significantly where multiple antennas are placed 

very close to each other, with a high coupling affecting the performance of the array, in terms 

radiation patterns, the reflection coefficient, and influencing the input impedance. Moreover; 

it degrades the designed efficiency and gain since part of the power that could have been 

radiated becomes absorbed by other adjacent antennas’ elements. The coupling mechanism 

between multiple antenna elements is identified as being mainly through three different paths 

or channels: surface wave propagation, space (direct) radiation and reactive near-field 

coupling.  

In this thesis, various coupling reduction approaches that are commonly employed in the 

literature are categorised based on these mechanisms. Furthermore, a new comparative study 

involving four different array types (PIFA, patch, monopole, and slot), is explained in detail. 

This thesis primarily focuses on three interconnected research topics for mutual coupling 

reduction based on new isolation approaches for different wireless applications (i.e. Narrow-

band, Ultra-wide-band and Multi-band).   

First, a new Fractal based Electromagnetic Band Gap (FEBG) decoupling structure between 

PIFAs is proposed and investigated for a narrowband application. Excellent isolation of more 

than 27 dB (Z-X plane) and 40 dB (Z-Y plane) is obtained without much degradation of the 

radiation characteristics. It is found that the fractal structures can provide a band-stop effect, 

because of their self-similarity features for a particular frequency band. 

Second, new UWB-MIMO antennas are presented with high isolation characteristics. 

Wideband isolation (≥ 31 dB) is achieved through the entire UWB band (3.1-10.6 GHz) by 

etching a novel compact planar decoupling structure inserted between these multiple UWB 

antennas.  

Finally, new planar MIMO antennas are presented for multi-band (quad bands) applications.  

A significant isolation improvement over the reference (≥ 17 dB) is achieved in each band by 

etching a hybrid solution.  

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

and measured results agreeing well in most cases.  
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Chapter 1: Introduction and Fundamentals 
 

1.1 Introduction 
 

Microstrip antennas are typically metallic structures (transceivers) designed for 

radiating and receiving electromagnetic waves. They are essential components of any modern 

wireless communication system for converting radio frequency fields into induced currents or 

vice versa. That is, an antenna acts as a transitional structure between a guiding device (e.g. 

waveguide, transmission line) and free space [1]. Figure 1.1 shows a schematic antenna as a 

conversion device, where the arrows shown correspond to the lines of the electric field when 

the wave is transformed into free space. 

 

Figure 1.1: A schematic diagram of an antenna as a transition device [1] 

In any wireless system, the performance of radio communications depends on the design of an 

efficient antenna [2]. Microstrip antennas are widely used for various applications, such as 

mobile and satellite communications, GPS reception, and radar applications. In mobile 

communication antenna design, the antenna has become an integral part of the mobile device, 

playing an important role in small mobile terminals. To achieve this goal, the antenna for 

mobile sets must be small, flexible, and highly efficient [3]. The antennas used for small 

mobile terminals have evolved from PIFAs, monopoles, and also other types of antennas have 

been used, such as Normal Mode Helix Antenna (NMHA), meander lines and Dielectric 

Resonators (DR) [4-5]. Moreover, there are different types of microstrip antennas for various 
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wireless applications. Some of the typical and commonly used antennas inside cellular 

handsets are briefly described in this section. 

1.1.1 Patch Antennas 

A patch Antenna consists of a metal patch on a substrate and a ground plane, as shown in 

Figure 1.2. 

 

(a) 

 

(b) 

Figure 1.2: A schematic micro-strip patch (rectangular) antenna. (a) 3D view (b) side view 

The length and width of a Microstrip Patch Antenna can be calculated using the following 

formulas:  
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Where, (0) is the free space wavelength at operation frequency (f). 
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W = width of the patch antenna 

L = length of the patch antenna 

r
  = dielectric constant   

For W/h   1: 
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Where, Zc = characteristics impedance of the patch antenna,  120   ῼ is the wave 

impedance in free space. The actual range of parameters for a patch is usually such that 

0.25 / 2.7 ;

2. 5

5

5 2
r

W h

 

 
  

 

Figure 1.3: Common shapes of microstrip patch elements 

To meet different design requirements and simplify performance analysis, the commercial 

microstrip patch can take the form of a range of shapes [1] (square, rectangular, circular, 

elliptical or triangular), as shown in Figure 1.3. The Microstrip Patch Antenna has a wide 

range of applications (both commercial and military) due to the reduction in size, price and 

power consumption that it can deliver. The advantages of patch antennas are [1]: 

1- Low profile, if a thin substrate is used; 

2- Reduced overall size of the portable terminals; 

3- Linear and circular polarisation is possible, with a simple feed configuration; 

4- Dual-frequency and dual-polarisation antennas can be easily instigated; 

5- Low manufacturing cost; 

6- Simple to produce and readily adaptable for mass production; 
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7- Feed lines and matching networks can be manufactured simultaneously with the antenna 

structure; 

8- Can be easily integrated with other integrated microwave circuits; 

9- Cavity support is not required. 

Some of the disadvantages of patch antennas are: 

1- Reduced efficiency and gain; 

2- Narrow bandwidth and associated tolerance problems; 

3- Surface wave excitation; 

4- Low power handling and higher ohmic losses in the structure of an array feed; 

5- Extraneous radiation from feeds and junctions;  

6- Unacceptably high levels of coupling (in particular at high frequencies) within arrays; 

7- Polarisation purity is difficult to achieve. 

The patch antenna can be fed by a variety of methods, such as coaxial power and the 

microstrip line, as shown in Figure 1.4 [6].  

 
Figure 1.4: Different feed methods the can be used in patch antennas 

1.1.2 Monopolies Antennas 

Quarter-wave monopole antennas are the fundamental handset antennas, having the 

simplest structures [7], as shown in Figure 1.5. 
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Figure 1.5:  A quarter wavelength monopole antenna 

This antenna distributes much larger currents in the terminal case than a half-wavelength 

monopolar antenna [2], for which the amplitude of the maximum current occurs around the 

centre of the monopole. As a result, the current magnitude around the feed point between the 

monopole and the terminal housing is very small and thus, little current flows into the 

terminal housing. Conversely, for a monopole of a quarter wavelength, the maximum 

amplitude of the current occurs around the feed point and large currents flow into the interior 

of the terminal housing.  

Due to the leakage currents, the length of the terminal housing significantly modifies the 

radiation characteristics of an antenna. Monopoles are very useful in mobile applications 

where the conducting plane is the car’s body or in the handset cases. The typical gain for 

quarter wavelength monopoles is between 2 and 6 dB, with bandwidth of about 10% [9]. 

Moreover, monopolar antennas with 3/8 or 5/8 wavelengths have been used in practice for 

mobile terminals. The radiation pattern for a monopole is shown below in Figure 1.6. 

 

Figure 1.6: Radiation pattern for the monopole antenna 

The advantages of monopolar antennas when used in handset phones are: 

1) Low SAR; 

2) High efficiency. 



Chapter 1: Introduction and Fundamentals  

PhD Thesis by Alaa Thuwaini                                              6                                     Brunel University 2018   
                                                                                                                                                            

1.1.3 Planar Inverted-F Antennas (PIFAs)  

Planar Inverted-F Antennas (PIFAs) are popular antennas for mobile phones due to 

their having many attractive features, such as low profile, lightweight, omnidirectional 

pattern, high radiation efficiency, easy integration and manufacturability [11]. PIFAs can be 

described as a modification of the IFA. This is achieved by replacing the radiating linear 

horizontal strip of an IFA with a planar plate that is often positioned parallel to the ground 

plane, as shown in Figure 1.7. 

 

 

 

 

 

Figure 1.7: Evolution of a PIFA from a monopole antenna 

A PIFA typically consists of a rectangular planar element located above a ground plane, a 

short circuiting plate or pin, and a feeding mechanism for the planar element [10]. 

 

Figure 1.8: Basic layout of the Planar Inverted-F Antenna (PIFA) 

Figure 1.8 shows the basic design of a PIFA, where L and W are the length and width of the 

planar radiant element (plate), respectively, whilst Ws is the width of the short-circuit plate 

[12]. The width of the PIFA short-circuit plate plays a vital role in the governing of its 

resonance frequency, whereby the narrower this width, the lower resonance frequency of the 

PIFA. Unlike microstrip antennas that are conventionally made at half wavelength, PIFAs are 
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constructed with a wavelength of just one-quarter resonance [13]. Normally, the resonance 

frequency fr of a PIFA can be calculated by using equation 1.6: 

 0
(

4
) 1.5

eff

sL H W W


  


    

 1.6
4( ) fs efL H W W

c
fr
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   

Where, L, W and H are the length, width and height of the PIFA radiator, respectively. 

Ws is the width of the short-circuit strip. 

In the case of W = Ws, 

 1.7
4( ) effL H

c
fr


   

In the case of Ws ≈ 0, this means replacing the shorting plate with a shorting pin as a step to 

reduce the size of the antenna and the estimated resonant frequency can be determined by: 

  1.8
4( ) effL W H

c
fr

 
   

Meanwhile, the shape and size the of the radiators, the height of the plate above the ground 

plane, the shape, size and position of the shorting pin or shorting plate, and the feed point 

location along the dielectric substrate,  all of these parameters have a considerable impact on 

the frequency bands, impedance matching, bandwidth, gain and efficiency of the antennas. 

The table below summarises the effect of the different PIFA parameters, such as the height, 

width, length, location of feeding and the shorting pin on its characteristics [14]. 

Table 1.1: Effect of different PIFA parameters 

Parameters Effect 

Height controls BW 

Width controls impedance matching 

Length determine resonance frequency 

Width of short strip effect on the resonance and increases BW 

Feed position from short strip effect on the resonance frequency and BW 
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There are some advantages behind the use of PIFAs, as follows:  

The first is compactness, whereby it can be hidden inside the handset phone case, which is not 

so for the other antenna types, such as rod/whip/helix; Second, they have considerable gains 

in the vertical and horizontal polarisation states. This feature is particularly advantageous in 

wireless communications, where the orientation of the antenna is not fixed and reflections are 

presented from the different corners of the environment [15]; Third, the backward radiation in 

the user's head is reduced, which minimises the SAR (Specific Absorption Rate) and improves 

the performance of the antenna. However, the narrow-band feature of PIFAs remains one of 

the significant limitations of its commercial application for wireless communication systems.  

1.1.4 Slot Antennas 

Slot antennas are popular because they can be cut out of whatever surface they are to 

be mounted on, and have radiation patterns that are roughly omni-directional.  

 

Figure 1.9: Schematic rectangular slot antenna with dimensions a and b 

Moreover, the polarisation of the slot antennas is linear, whilst the slot size and shape offer 

design variables that can be used to tune performance. Printed slot antennas can be created by 

inserting a slot in the ground plane of a grounded substrate. The shape of the slot can take 

different forms or any shapes, as previously shown in Figure 1.3. Some basic slot shapes that 

have been well studied are the rectangular, annular, squire and tapered slots [16]. As with 

microstrip patch antennas, slot antennas are fed by microstrip lines or coplanar waveguides. 

In fact, slot antennas radiate on both sides of the slots, which has led to their being classified 

as bidirectional radiators. A brief table depicting a comparison regarding the different antenna 

types described above is provided below. 

 

http://www.antenna-theory.com/basics/radPattern.html
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Table 1.2: A brief comparison of different microstrip antennas types 

Characteristics Patch Monopole PIFA Slot 

Radiation 

patterns 

Directional Omnidirectional Omnidirectional Roughly 

omnidirectional 

Polarisation Linear and 

circular 

Linear Linear Linear 

Gain High High Moderate to high Moderate 

Modelling and 

fabrication 

Easier to 

fabricate and 

model 

Modelling is 

difficult 

Easier in 

fabrication using 

PCB 

Fabrication on PCB 

can be done easily. 

 

Applications 

Satellite 

Communication, 

GPS navigations 

and Aircrafts 

Internal antennas 

of mobile phones 

and some network 

devices 

Internal antennas 

of mobile phones 

Rader, Cell phone 

base stations 

 

Merits 

Easy to surface 

mount and 

integration, Low 

cost, Low weight, 

simple to 

manufacture. 

Low fabrication 

cost, large 

bandwidth 

support, Inside 

phone for more 

design freedom,  

Reduced backward 

radiation for 

minimising SAR 

Design simplicity, low 

SAR, not sensitive to 

external disturbances, 

radiation 

characteristics remain 

unchanged 

 

Problems 

Surface waves 

excitation, large 

profile, i.e. not 

applicable inside 

phones 

High SAR in 

regions close to 

the antenna, 

requires more 

extended handsets 

Narrow BW 

characteristics 

Large  size constraint 

for mobile handheld 

devices, single-band 

 

1.2 Main Parameters of Antennas  

There are several fundamental performance parameters that have a significant impact 

on the performance of microstrip antennas, which include scattering parameters, impedance 

bandwidth, radiation pattern, directivity, gain, and so on. In practice, these important 

parameters must be taken into account when designing different microstrip antennas, which is 

why certain critical parameters are discussed in this section. 
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    1.2.1. Scattering parameters  

The scattering-parameters (referred to as S-parameters) describe the behaviour of the 

antenna system. This is usually defined by measuring the voltage of the travelling waves 

between the multiple antenna ports, as shown in Figure 1.10. The S-parameter measurement is 

a very useful quantity since it is easily undertaken using a vector network analyser and is 

utilised to calculate return loss, isolation and VSWR between the multiple antenna ports. A 

dual ports network (as shown in Figure 1.10 (a)) is used as an example, where the dual fed 

probes are placed near each other; the equivalent of the dual-port circuit with S-parameters is 

shown in Figure 1.10 (b). 

 

Figure 1.10: (a) Dual antennas coupled together but fed separately and (b) S-parameter 

equivalent circuit 

The following equations describe the relationship between the dual ports regarding the 

incident and reflected waves (a1, a2, b1, b2): 

b1 = S11 a1 + S21 a2                                                                           (1.9) 

b2 = S21 a1 + S22 a2                                                                           (1.10) 

Furthermore, for a 2×2 network, the S-Parameters can be defined as the following matrix: 
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If we assume that each port is terminated in impedance Z0, the S-parameters of these ports can 

be defined and measured as shown in the following.  

A) S11: reflection coefficient on the input with 50 ῼ terminated output, where a1 and b1 

represent electric fields and the ratio between the two results in a reflection 

coefficient.  

S11 = b1/a1; a2 = 0                                                           (1.12) 

To measure S11, a signal is injected at port -1- and port -2- is terminated with an 

impedance matched (50 ῼ) to the characteristic impedance of the transmission line 

and then, its reflected signal is measured. As no signal is injected into port -2, then a2 

= 0. 

B) S21: forward transmission coefficient of 50 ῼ terminated output. 

 S21=b2/a1; a2 = 0                                                          (1.13) 

To measure S21, a signal is injected at port -1- and port -2- is terminated with an 

impedance matched (50 ῼ) to the characteristic impedance of the transmission line, 

then subsequently, the resulting signal exiting on port -2- is measured. No signal is 

injected into port -2- and hence, a2 = 0. 

C) S12: reverse transmission coefficient of 50 ohm terminated input. 

S12=b1/a2; a1 = 0                                                            (1.14) 

To measure S12, a signal is injected at port -2- and port -1- is terminated with an 

impedance matched (50 ῼ) to the characteristic impedance of the transmission line, 

subsequent to which, the resulting signal on port -1- is measured. As no signal was 

injected into port -1-, then a1 = 0. 

D) S22: reflection coefficient on the output with 50 ohm terminated input. 

S22=b2/a2; a1 = 0                                                              (1.15) 

To measure S22, a signal is injected at port -2- and port -1- is terminated with an 

impedance matched (50 ῼ) to the characteristic impedance of the transmission line, 

with its reflected signal being subsequently measured. No signal is injected into port -

1- and hence, a1 = 0. 
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In general, the return loss (S11) and transmission losses of the antenna can be written as 

follows: 

   10 11   10  1.16Return Loss log S  

   10 21  10  1.17Transimssion loss log S  

1.2.2 Antenna impedance 

The law of maximum power transfer implies that the maximum amount of power will 

be transferred between a source and a load when the characteristic impedance of the source 

and the load are equal (matched) [17]. 

 

Figure 1.11: Sample circuit configuration depicting the source and load impedance 

The components of the circuit in Figure 1.11 can also represent an antenna connected to a 

receiver system as follows: 

• VS is the signal received by the antenna 

• ZS is the characteristic impedance of the antenna 

• ZL is the load impedance of the receiver circuit 

When the source and the load impedances are not matched, a maximum amount of power is 

not transferred to the load and consequently, it will be reflected back to the source. This is 

described by the reflection coefficient, which relates the incident signal with the reflected 

signal as follows:  

 
reflected signal

incident signal
 ( )  , 1.1

 
8

V
reflection coefficient

V




   

As reflection is the direct result of a mismatch between the source and load impedance, the 

reflection coefficient can also be expressed in terms of the source and load characteristic 

impedances, which are denoted by ZS and ZL, respectively. 
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This equation (1.19) shows that any variation in both the load and source impedance will 

change the amount of energy reflected from the load. 

Moreover; an input impedance is influenced by all the voltages and currents induced on the 

antenna, including those that are induced due to mutual coupling effects.  

For instance, in a dual antenna array, the input impedance on the first and second antenna 

element in an array environment can be written as the following equations:  

 
2

in first 11 12

1

I
Z Z + Z

I
1.20  

 
1

in second 22 21

2

I
Z Z + Z

I
1.21  

Where, Z12 and Z21 are the impedance coupling terms 

At the same time, the voltage standing wave ratio (VSWR) can be written as: 

  1.2
 

2
1  

1 - 
VSW R






  

This is usually smaller than 2:1, which means that less than or equal to 10% input power is 

reflected. 

1.2.3 Impedance Bandwidth (BW)  

 

The impedance bandwidth (BW) of an antenna is the usable frequency range (in units 

of frequency) over which it operates and has acceptable losses due to the mismatch effects. 

Usually, this is taken as being less than -10 dB (S11 ≥ -10) over its frequency bandwidth (As 

shown in Figure 1.12), often stated as the percentage bandwidth. However, for a narrow-band 

antenna, the bandwidth can be calculated using the following equation:  

 
  ( f - 

1 .23
f )

=  [ ] 100
f

H L

C

BW   

Whilst for broadband antennas, the bandwidth is usually expressed as the ratio of the higher to 

the lower frequencies of an operation where the performance is acceptable, as presented in 

equation 1.24. 

 
 f

=  
f

1 .24
H

L

BW  
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Figure 1.12: Measuring bandwidth from the plot of the reflection coefficient 

Where, fc is the centre frequency, whilst fL and fH are the lower and higher frequencies, 

respectively. 

Impedance bandwidth is inversely proportional to the quality factor Q, which is defined for a 

resonator as:  

 
  

=   1.2
 

 5
Energy stored

Q
Power lost

 

1.2.4 Radiation patterns 

Radiation patterns are defined [1] as the graphical representation of the radiation 

properties of the antennas as a function of space coordinates, which are specified by both an 

elevation angle θ and an azimuth angle φ. In most cases, the radiation patterns are determined 

in the far-field region and represented as a function of the directional coordinates.  

 

Figure 1.13: Antenna radiation pattern; cartesian (left) and polar diagram (right) 

For a linearly polarised antenna, its performance is often described in terms of its principle E-

plane and H-plane patterns. 
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• The E-plane is defined as the plane containing an electric field vector and the direction of 

maximum radiation. 

• The H-plane is defined as the plane containing a magnetic field vector and the direction of 

maximum radiation [1]. 

Usually, the patterns describe normalised fields (either gain or power quantities values) with 

respect to the maximum values. In general, radiation properties include radiation intensity, 

power flux density, field strength, directivity, phase and/or polarisation.  

Moreover, radiation patterns have main lobe, side lobes and back lobe, as shown in 

Figure1.13 

      

                            (a)                                              (b) 

Figure 1.14: (a) Directional radiation pattern and (b) Omnidirectional radiation pattern 

Three common radiation patterns are used to describe an antenna's radiation property:  

a) Isotropic – An antenna having equal radiation in all directions. It is only applicable for 

an ideal antenna (lossless) and is often taken as a reference for expressing the directive 

properties of actual antennas. 

b) Directional – An antenna having the property of radiating or receiving electromagnetic 

waves more effectively in some directions than in others, as shown in Figure 1.14(a). 

These antennas are suitable for wireless applications, such as point to point 

applications, because they have a high gain as the power is channeled in one direction 

[18], 

c) Omni-Directional - An antenna having an essentially non-directional pattern in a given 

plane and a directional pattern in an orthogonal plane, as shown in Figure 1.14(b). 

Omni-directional antennas tend to have a little gain, because the power radiates in all 

directions and thus, they suitable for many applications, including those of mobile 

phones [19]. 
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1.2.5 Directivity (D) 

The directivity is the ability of an antenna to focus energy in a particular direction. It is 

mainly defined as the ratio of radiation intensity in a given direction from an antenna to 

radiation intensity averaged over all directions [1]. It is a measure of how 'directional' an 

antenna's radiation pattern can be [20]. 

         

(a)                                                       (b)  

Figure 1.15: Radiation patterns for antennas. (a) high directivity and (b) low directivity 

Directivity is a dimensionless quantity, since it is the ratio of two radiation intensities. That of 

an antenna can be easily estimated from its radiation pattern characteristics. Moreover, an 

antenna that has a narrow main lobe will have better directivity, compared to one with a broad 

main lobe (As shown in Figure 1.15). 

1.2.6 Gain (G) 

Antenna gain is a parameter closely related to the directivity of the antennas. For a 

given antenna, this is defined as the ratio of the power radiated or received by it in a given 

direction, to the power radiated or received by an isotropic antenna, both being fed by the 

same power and measured in dBi. As above mentioned, the gain of an antenna is closely 

related to its directivity and hence, to find the former, the latter should be found. Equation 

(1.26) below is used to determine gain. 

 ( ) (, , 1) 1.26) ; (0rad radG D          

Where, η is the efficiency of the antenna and D is the directivity. Gain is always less than 

directivity, because efficiency varies between 0 and 1. Both the value for the gain and 

directivity of an antenna are typically expressed with the unit dB. In antenna design, the 

calculated gain or directivity relative to an ideal isotropic radiator. Hence, it is generally 

expressed in dBi, but are generally just shortened to dB. 
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1.2.7 Radiation efficiency 

The radiation efficiency is defined as the ratio of the power radiated or dissipated 

within the antenna to the total input power delivered or supplied to the antenna and is denoted 

by ηrad [17].   

Thus,  
rad

in

P
= 10 % 1.270

P
rad   

Where, Prad is the power radiated by the antenna, whilst Pin is that delivered by the antenna.  

In terms of resistances, ηrad can be written as follows:  

  

1 2

2

1 12 2

2 2

| |
= [ ] 100 100

( | | | | ) ( )
1.28

res res

ohm res ohm res

rad

I

I

R R

R R RI R


 

    

Where, Rres is radiation resistance and Rohm the ohmic loss resistance of the antenna 

conductor. As an array represents a multi-port, it is essential to calculate the total radiation 

efficiency using the following formula:  

 
2 2

11 12= (1 1.29)Total rad S S     

However, the total efficiency of an antenna in its environment is reduced by some losses, 

including any ohmic losses, mismatch losses, feedline transmission losses, edge power losses 

and/or any external parasitic resonances. In general; a high-efficiency antenna has most of the 

power present at its input radiated away. A low-efficiency antenna has most of the power 

absorbed by losses within it or reflected away due to the impedance mismatch effect. 

1.2.8 Polarisation 

The polarisation of an antenna indicates the orientation of the E and H waves 

transmitted or received by the antenna [17]. Typically, this is defined the direction of 

maximum radiation.  

 

Figure 1.16: Polarisation of EM wave in free space 
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The most common types of polarisation are linear (horizontal or vertical) and circular (right 

hand or left hand), whilst there is an elliptical form. In fact, antennas will exhibit elliptical 

polarisation to some extent. 

 
 

Figure 1.17:  Commonly used antenna polarisation schemes 

 

1.2.9 Antennas field regions 

The electromagnetic field distribution of a radiated antenna changes with distance as 

the radiation moves away from it. Generally, the space surrounding it can be divided into 

three different regions of the radiating field (as shown in Figure 1.18) [2, 20].  

 
Figure 1.18: Antenna field regions 
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1) Reactive Near-Field  

 

For the majority of antennas this region exists at: 
 

 

 

Where, R is the radius and D is the largest linear dimension of the antenna. 

 

2) For the Radiating Near-Field region (also called the Transition or Fresnel region), the 

boundaries are between: 
 

 

 

In this region, energy is only stored and none is dissipated. However, if the antenna is very 

small compared to the wavelength, this region may not exist.  

 

3) Far-Field region (also called the Fraunhofer region) is located at a radial distance of: 

  

 

In this region, the wave-front becomes approximately planar [17]. 

1.3 Motivation  

While the necessity of multiple-antenna (array) systems in modern wireless 

transceivers is irrefutable, the integration of these multiple radiating elements in close 

proximity gives rise to mutual coupling and signal correlation problems. Antenna coupling 

adversely affects (decreases) the performance of any multiple-antenna (array) system. In 

general, it degrades radiation efficiency and the designed peak gain due to the fact that part of 

the power that could have been radiated now being absorbed by other adjacent antennas’ 

elements [21]. Antenna loading can also alter radiation patterns and introduce some unwanted 

side lobes [22]. Another downside of the coupling problem is the resulting on signal 

correlation. Optimum performance of any MIMO system relies on the uncorrelated received 

or transmitted signals. It is generally agreed that coupling between antennas can lead to higher 

channel correlation, which will limit the MIMO capacity of the system [23-25]. 

Isolating the antennas is not only of crucial importance for the improved performance of these 

multiple-antenna systems, for it also simplifies the system design due to creating close to 

stand-alone operating conditions (ideal) for individual antennas. The research presented in 

this thesis deals with different types of antenna for different wireless applications, which 

range from narrow-band to ultra-wideband and multi-band applications.  

In this work, various multiple-antenna structures are designed for the specific requirements of 

these applications and novel coupling reduction techniques are developed for improving the 

performance of these systems.  

 
3 2
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The investigated antenna geometries include PIFAs (Planar inverted-F antennas) or monopole 

as well as slot and patch antennas that are integrated incorporation with new isolation 

methods and applicable coupling suppression techniques.  

As has been noticed, despite a lot of research activities in the field of antenna coupling 

reduction, there remains a lack of systematic and coherent approaches to the identification of 

the different mechanisms that contribute to the coupling problem. To address this gap, in this 

thesis a comprehensive analysis of the coupling sources of antennas that occur between 

multiple-antenna systems in different wireless applications is provided. Moreover, there is a 

clear classification of the mechanisms that contribute to the mutual coupling problem between 

different antenna array systems. 

Analysis of mutual coupling in different applications explored in this thesis clearly 

demonstrates that the choice of a proper coupling reduction approach is strongly tied to 

various parameters such as antenna geometry, operating frequency, bandwidth, integration 

platform, and the device form factor. This emphasizes the importance of the guidelines 

provided herein to identify the underlying coupling mechanism and to devise a proper 

coupling reduction approach for the considered application. 

Whilst past studies have provided a wealth of information, most have had some limitations. In 

particular, there were many gaps in past studies regarding the coupling mitigation in different 

applications. In this study, the researcher has the aim of overcoming some of the limitations, 

especially filling the lacunae in knowledge regarding isolation enhancement in antenna arrays. 

Specifically, in this thesis, new antennas with novel isolation approaches are developed to be 

used in portable low profile wireless terminals for narrowband, ultra-wideband and multiband 

applications, thereby enhancing antenna systems capability. 

Throughout the discussion, the designs are verified through experimental implementation. 

These new array antennas offer many outstanding characteristics, such as high isolation, 

geometric simplicity, compactness in size, in addition to excellent diversity performance. As a 

consequence, the proposed MIMO antennas in this thesis are good candidates for a range of 

different wireless communication applications. 

1.4 Scope of the thesis 

The aim of the research work presented in this thesis is to investigate, characterise, 

analyse, design and develop different antennas arrays with reduced mutual coupling in various 

wireless applications. This is achieved through a combination of numerical simulations and 

measurement processes.  
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In order to achieve the desired aim and after having defined the general research problem, the 

main objectives can now be formulated explicitly as follows: 

1- A through literature review and fundamental investigation into the most recent 

developments of isolation techniques between different MIMO antennas in various 

wireless applications; 

2- Theoretical knowledge of these isolation mechanisms, followed by the introduction of 

optimal integration of newly developed coupling reduction techniques between 

different MIMO antennas;  

3- The implementation of these new applicable isolation techniques for different MIMO 

antennas, with the aid of simulation software programs for the purpose of antenna 

coupling suppression;  

4- The use of conventional PCB technology for the fabrication of the developed MIMO 

antenna designs; 

5- The use of circuit designer software programs and PCB prototyping machines for the 

conventional PCB fabrication technology; 

6- The fabrication of the developed MIMO antenna designs; 

7- The use of full-wave electromagnetic analysis and solvers for the development of 

different MIMO antenna designs; 

8- The use of a network analyser for the measurement of the S-parameters of all the 

developed MIMO antenna designs; 

9- The use of anechoic chambers for the measurement of the radiation patterns of the 

developed MIMO antenna designs; 

10- The presentation and comparisons of the simulations and measurements of all the 

developed MIMO antenna designs; 

11- In-depth study of the results obtained, including the return and transmission losses, 

surface currents density and distribution, radiation patterns, peak gain as well as 

radiation efficiency, of all the developed MIMO antenna designs. 

1.5 Research Contributions 

 

The research presented in this thesis has made significant contributions to knowledge, 

which are summarised in the respective chapters as follows: 

Comparative study on the diversity of performance between different 

microstrip antenna arrays (Chapter 2) 
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For the first time, a systematic comparative study involving four different microstrip 

antenna array types (PIFA, patch, monopole, and slot) is studied and presented, based on the 

diversity of performance (mutual coupling effects and correction). All these different 

microstrip antennas have been designed and printed on a thin and cheap FR4 substrate, 

suitable for wireless PCS applications. The findings of this study could prove beneficial for 

antenna designers or RF engineers selecting a microstrip antenna type when designing 

antenna arrays at frequency 1.9 GHz for wireless PCS applications. The salient contents of 

this work were published as a full-length conference paper presented at the Loughborough 

Antennas and Propagation Conference (LAPC 2017) [R5].  

Survey of coupling suppression techniques for different wireless 

applications (Chapter 3) 
A unique coherent survey, including various mutual coupling reduction approaches 

commonly employed in the literature is presented. These techniques are categorised based on 

the coupling mechanisms that they target for more efficient suppression of antenna coupling. 

The chapter provides a summarised overview of previous methodologies as subsections under 

the main classifications. In these subsections, three major wireless applications that are central 

to this research work are defined and discussed, these being: narrowband, multiband and 

ultra-wide-band (UWB). Moreover, this survey includes a precise classification of the 

mechanisms that contribute to the coupling problem and their suppression approaches based 

on these mechanisms for different antenna arrays. The survey will be helpful for any antenna 

designer/researcher regarding finding an apt solution that easily will fit with his / her specific 

application restrictions (the survey work is presented in detail in chapter three of this thesis). 

Design of multiple antennas with high isolation for narrow-band 

applications (Chapter 4) 

An applicable isolation technique is introduced to reduce the mutual coupling between 

two closely-placed antenna elements. In addition, a new decoupling approach based on the 

utilisation of fractals with EBG corporation is proposed and investigated for narrow-band 

applications. Further, a novel and compact MIMO antennas (PIFAs) design is proposed and 

realised. The analysis results (theoretically and practically) show that the proposed MIMO 

antennas guarantee a high coupling reduction being obtained between the antennas, without 

much degradation of the radiation characteristics. The important contents of this work were 

published as a full-length journal paper in IET Microwave Antenna and Propagation [R1] and 

also as a full-length conference paper in Loughborough Antennas & Propagation Conference 

(LAPC 2016) [R6]. 
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Design of multiple antennas with high isolation for UWB applications 

(Chapter 5) 

A novel MIMO antenna with high isolation characteristics is designed and developed 

for UWB application. Mutual coupling reduction is achieved by adding a new effective 

decoupling structure. In addition, a simple but highly efficient isolation technique is proposed.  

The proposed MIMO (UWB disc monopolies) antennas are simple in design, small in size 

and easy to manufacture (fabrication). Moreover, the analysis results (theoretically and 

practically) show that the proposed UWB-MIMO antenna guarantees the entire UWB 

operation with high isolation and sustained satisfactory (nearly omnidirectional) radiation 

performance, which makes it very suitable for the future UWB applications. The key contents 

of this work were published as a full-length journal paper in the International Journal of 

Microwave and Wireless Technologies (JMWT) [R2] and also as a full-length conference 

paper for IEEE MTT-S International Microwave Workshop Series on Advanced Materials and 

Processes for RF and THz Applications (2017 IMWS-AMP) [R4]. 

Design of multiple antennas with high isolation for multi-band applications 

(Chapter 6) 

A new high isolation quad-band MIMO (slots) antenna design is presented, with 

mutual coupling reduction being achieved by adding a hybrid decoupling solution. The 

MIMO antennas can be used to serve most mobile and wireless applications, including DCS 

mobile communication, Higher GSM band (1.7 - 1.8 GHz), LTE band (2.55 -2.7 GHz), 

WiMAX band (3.3 - 3.5 GHz), intended HiperLAN (4.8 - 5.2 GHz) and many more. A 

combination of isolation enhancement mechanisms has been proposed for reducing the 

mutual coupling effects between the closely packed antenna elements, which is relatively 

straightforward and easy to implement. A good agreement is observed between the measured 

and the simulated results that demonstrates the success of the suggested design topology. The 

main contents of this work were published as a full-length conference paper for the European 

Conference on Antennas and Propagation (EuCAP 2018) [R3]. 

1.6 List of Author’s Publications and Novel Works 

The work presented in this thesis has led to the following publications: 

 

Journal papers 

[R1] A. H. Radhi, R. Nilavalan, Y. Wang, H. S. Al-Raweshidy, A. A. Eltokhy, and N. A. Aziz, 

“Mutual Coupling Reduction with a Novel Fractal Electromagnetic Band Gap Structure,” IET 

Microwaves Antennas & Propagation, October 2018. (Published in October 2018). 
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“Mutual coupling reduction with a wideband planar decoupling structure for UWB–MIMO 

antennas,” International Journal of Microwave and Wireless Technologies, pp. 1–12, April 

2018. (Published in July 2018). 

 

Conference papers  

 
[R3] A. H. Radhi, R. Nilavalan, H. Al-Raweshidy, and N. A. Aziz, “A New Quad-band 

Diversity Antenna with High Isolation,”  Proceedings of 12th European Conference on 

Antennas and Propagation (EuCAP 2018), April 2018, ExCeL London, United Kingdom. 

[R4] A. H. Radhi, R. Nilavalan, H. S. Al-Raweshidy, and N. A. Aziz, “High isolation planar 

UWB antennas for wireless application,” 2017 IEEE MTT-S International Microwave 

Workshop Series on Advanced Materials and Processes for RF and THz Applications (IMWS-

AMP), September 2017, Pavia, Italy. 

[R5] A. H. Radhi, R. Nilavalan, H. Al-Raweshidy, and N. A. Aziz, “Comparative Study on 

the Diversity Performance between Different Microstrip Antenna Arrays,” 2017 

Loughborough Antennas & Propagation Conference (LAPC 2017), November 2017, United 

Kingdom. 

[R6] A. H. Radhi, N. A. Aziz, R. Nilavalan, and H. S. Al-Raweshidy, “Mutual coupling 

reduction between two PIFA using uni-planar fractal based EBG for MIMO 

application,” 2016 Loughborough Antennas & Propagation Conference (LAPC 2016), 

November 2016, United Kingdom. 

[R7] N. A. Aziz, A. H. Radhi, and R. Nilavalan, “A reconfigurable radiation pattern annular 

slot antenna,” 2016 Loughborough Antennas & Propagation Conference (LAPC 2016), 

November 2016, United Kingdom. 

1.7 Thesis Organisation 

 

 This thesis consists of seven chapters including this introductory chapter (Chapter 

1), as presented above. This chapter has covered the basic theory of microstrip antennas, 

whilst also providing a brief description of the primary fundamental parameters of these 

microstrip antennas. Moreover, the motivations that justify the research and the scope of the 

thesis have been explained in this chapter. Chapter 2 is devoted to explaining the mutual 

coupling (MC) problem in microstrip antenna arrays, including the different antenna coupling 

mechanisms. That is, in this chapter, a definition of mutual coupling phenomenon is given, 

and the effects of MC on radiation pattern, correlation, and capacity is also explained. 
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Moreover, the various coupling reduction approaches are categorised into three subsections 

based on the coupling mechanism that they target for efficient suppression of antenna 

coupling. Furthermore, a new comparative study involving four different microstrip antenna 

array types (PIFA, patch, monopole, and slot), based on diversity performance (mutual 

coupling effects and correction), is explained in detail. 

Chapter 3 reviews the development of multiple microstrip antennas in past decades and the 

state-of-the-art of these antennas for MC reduction is also presented. Previous works and 

methodologies for different wireless applications (narrowband, multiband and UWB) are also 

compared and summarised. 

Chapter 4 starts with a brief overview of fractal geometries, i.e. the definition of the fractals 

and several of the typical linear fractal types, are provided. In this chapter, the development of 

a new high isolation MIMO antenna for narrowband applications is presented. High isolation 

is achieved through inserting a novel arrangement of Fractal based Electromagnetic Band Gap 

(FEBG) structure between dual antenna elements sharing a common substrate\ground. 

Additionally, in this chapter, the performances of the diversity antennas are investigated and 

verified, both numerically and experimentally. 

Chapter 5 gives a background to UWB technology in terms of its advantages, applications 

and standards of the UWB. This chapter is primarily focused on the development of a novel 

planar MIMO antenna for UWB applications. The proposed antennas operate over the 

frequency band from 3.1 to 10.6 GHz and wide isolation is achieved through a novel planar 

decoupling structure inserted between the MIMO antennas. The proposed UWB-MIMO 

antenna is investigated and verified both numerically and experimentally. There is also a 

summarised comparison of the proposed UWB-MIMO antennas with other array works 

previously reported and recently published. 

Chapter 6 contains a brief overview of multi-band technology, and the vital issues that need 

to be addressed to achieve high isolation, with the main focus being on the development of a 

new applicable multi-band MIMO design. The isolation is achieved through a combination of 

hybrid isolation enhancement mechanisms. Additionally, within this chapter, the 

performances of the MIMO antennas are investigated and also verified, both numerically and 

experimentally. Finally, the last chapter (Chapter 7) is split into three sections. A summary 

of the research work undertaken is provided in the first, whilst the second, lists the findings 

and main conclusions (including contributions) drawn from this study. Moreover, several 

suggestions for future work are identified in the last section to be carried out in connection 

with the current research work presented in this thesis.  
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Chapter 2: Overview of Mutual Coupling in Microstrip Array 

Antennas  
 

2.1 Introduction 
 

Mutual coupling is a well-known effect in multi element array antennas. Generally, 

mutual coupling is an unwanted phenomenon that distorts the behaviour of the radiating 

elements in an antenna array. The main goal of the undertaken research work is the 

development of multiple microstrip antennas for high isolation in different wireless 

applications. Before the development of these multiple antennas, it is necessary to familiarise 

with fundamentals antennas theory. Furthermore, it also essential to define and understand the 

main parameters which characterise the performance of these multiple antennas and have to 

be considered during their design.  

This introductory section discusses the essential background theory to the mutual coupling 

(MC) problem in microstrip array antennas. In MIMO systems, more than one antenna is 

implemented on a small terminal, as mentioned earlier. It is feasible to implement multiple 

antennas at a base station, because there is no strict limitation on its size. However, having 

multiple antennas on small terminals (such as mobile handsets or PDAs), while maintaining 

their performance, remains a significant challenge task for each antenna designer in terms of 

reducing the MC and correlation effects between these MIMO antennas. In general, antenna 

implementation in handsets can limit the theoretical MIMO performance (i.e. capacity) in 

wireless systems. Hence, multiple antenna array elements need to be as small as possible 

when embedded in a small terminal. They also should meet some specific essential factors, 

such as minimum occupied volume, good isolation and effective diversity performance for 

multiple antennas. This in addition to the usual requirements of a single conventional antenna, 

including light weight, low profile, adequate bandwidth, isotropic radiation characteristics, 

low fabrication cost and robustness [26]. Moreover, major factor is that the antenna array 

should have low MC between the individual elements.  

Following the introductory material presented in this chapter, the rest of the chapter is devoted 

to the study of the nature of mutual coupling in multiple antenna systems and to finding 

systematic ways for design, modelling, implementation and characterisation of highly-isolated 

multiple antenna systems tailored for various wireless applications. Even though mutual 

coupling has been investigated by antenna engineers for many decades in the context of 

antenna arrays, the coupling mechanisms are not properly classified as indicated earlier. 
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Therefore, this chapter presents classification of different mechanisms that contribute to 

mutual coupling in multiple antenna systems. The coupling reduction techniques available in 

open literature are then categorised based on the coupling mechanisms they effectively 

mitigate. For evaluations of multiple antenna systems various professional communities use 

different parameters such as transmission coefficient and envelope correlation coefficient. 

In this thesis, various multiple antenna geometries pertaining to modern wireless applications 

are investigated and the different mechanisms that contribute to inter-element coupling are 

identified. This insight is used to classify coupling reduction approaches and devise 

innovative isolation enhancement techniques that are tailored for the specific application's 

operational requirements and form-factor constraints. 

Furthermore, in this chapter, the most important requirements/challenges when designing 

multiple antennas in small terminals are identified in terms of the antenna coupling 

mechanisms and isolation enhancement approaches. Finally,  a new comparative study 

involving four different microstrip antenna array types (PIFA, patch, monopole, and slot), 

based on diversity performance (mutual coupling effects and correction), is explained in 

detail.  

 

2.2 Antennas Mutual Coupling  
 

Mutual coupling is a physically complex phenomenon that refers to the 

electromagnetic interaction or the reaction that occurs between different coupled antenna 

array elements in an array system. It is intrinsic to the nature of antennas that when two 

antennas are in proximity, and one is transmitting, the second will receive some of the 

transmitted energy, the amount of which being dependent on their level of separation and 

relative orientation. Even if both antennas are transmitting, they will simultaneously receive 

part of each other's transmitted energy.  

Furthermore, antennas re-scatter a portion of an incident wave and thus, act like small 

transmitters even when they are nominally only receiving. In other words, some of the energy 

transmitted by an antenna element is partially transferred to the other elements.  
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Figure 2.1: A schematic diagram illustrating the mutual coupling phenomena between 

elements in a compact array 
 

Correspondingly, a portion of the energy in an incident field of a receiving element is 

transferred to a nearby antenna element (as presented in Figure 2.1). As a result, the feed 

current for each transmitting antenna in an array does not just consist of the current when 

transmitting alone, for it also includes that induced by the other antenna elements in close 

proximity and the same applies to the receiving elements of the array. This means that the 

various energy interchanges between a particular element of an array and a remote point 

occurs not only by the direct path, but also indirectly via scattering from the other antennas of 

the array.  

 

Figure 2.2: A schematic diagram illustrating the effect of MC between two antennas 

 

This unwanted effect is the manifestation of mutual coupling (MC) that exists between array 

antennas. This often represents a more than negligible effect, thereby complicating the design 

of such antennas. Figure 2.2 illustrates the effect of MC between dual antennas. Suppose the 
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first antenna (Ant m) is connected to an active source, while the other antenna (Ant n) is 

terminated (passive) at the characteristic impedance Z0 = 50 ohms. 

This implies that the first antenna can produce electromagnetic waves that propagate into free 

space and a fraction of the radiated energy is received by the second antenna, thereby 

inducing a current on the element itself. A part of the induced energy travels towards the 

passive generator on the second element (Ant n), whilst another part is reflected and re-

radiated. Some of the re-scattered energy will be received by the first antenna (Ant m) again, 

thus repeating the cycle. From an observation point in space, the total energy would therefore 

not just come from the first element (Ant m), which is the exciting element, for it also comes 

from second element (Ant n) as well. This mutual interaction between coupled antenna 

elements in an array will decrease the performance of the system when the antennas are in 

close proximity to each other. In sum, MC is a common problem in array antennas design, 

which significantly affects most types of the antenna radiating systems.  

 

2.3 Measurement of Antennas Mutual Coupling 
 

Numerous researchers consider the transmission coefficient as a measure for assessing 

different multiple-antenna systems regarding the level of MC. Specifically, the Sij or Sji 

parameters are numerical values used to describe and estimate the MC between elements i and 

j. They indicate what fraction of the energy applied to one element of an array is received by 

another element in the array.  

A dual-ports circuit transmission coefficient S21 was previously defined as the power 

transferred to second port when only the first port is excited and all other ports are terminated 

to suitable characteristic impedance of the system. As we know; S-parameters are here 

dependent on the characteristic impedance of the transmission lines, peripherals or loads 

connected to the ports, etc.  

This definition is a valid measure of the power amount that is coupled from one port towards 

another and it takes into account the following [1]. 

A) The efficiency of the source or input power delivered to the active (fed) antenna (i.e. how 

good and efficient the active antenna's input matching network is). The actual power 

delivered to the antenna is equal, where S11 is the reflection coefficient at first port and a1 

is the power incident at this port. 

B) How efficient the active antenna couples the received power to the surrounding 

environment, whether this is in the form of radiating EM waves in space (i.e. how good the 

far field gain of the array antenna is) or coupling it to the antenna's surrounding environment 

(e.g. near-field coupling to an adjacent element or coupling to substrate-bound modes). 
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C) The wave propagation between the antennas, whether it is far-field radiation in free space, 

near-field radiation, or guided waves in substrate-bound modes. 

 

2.4  Antennas Coupling Mechanisms 

  
In order to find a correct method for suppressing antenna coupling in multi-antenna 

elements, first the ‘’coupling paths or ’coupling routes " should be carefully identified. 

Basically, the transmitter determines the amount of interfering electromagnetic fields/waves 

generated, whilst the coupling path ascertains how much of the fields reach the receiver and 

the receiver determines the quantity of the waves received.  

 

Figure 2.3: A schematic diagram of a coupling path between a transmitter and receiver 

 

The coupling between the microstrip antenna elements in a MIMO array system occurs 

through three different paths or channels. 

   2.4.1 The common substrate \ ground (via surface waves propagation or  

substrate-bound modes)   

In antenna arrays, it is desired that the microstrip antennas emit all of their supplied 

power into free space. Basically, part of the radiated power gets concentrated inside the 

substrate, depending on the antenna type, orientation, substrate thickness, number of metal 

layers, etc.  

The common ground or sharing substrate can act as a good transmission medium to guide 

these surface waves from one antenna towards another. For instance, microstrip patch 

antennas on thick substrates couple strongly to surface-wave modes supported by a grounded 

dielectric slab [27]. In which case, antenna coupling to a substrate-bound mode leads not only 

to a drop in antenna radiation efficiency [28], but also to strong MC between antennas that 

sharing the same substrate. In general, the surface waves (as presented in Figure 2.4) are 

simply propagating electromagnetic waves, which are bound to the boundary between two 

dissimilar media, such as a metal (PEC) and free space (air). 
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Figure 2.4: A schematic diagram illustrating the formation of surface waves: field lines 

radiating from an antenna 
 

In a microwave field, surface waves refer to surface currents that occur on a metal surface and 

their associated field can extend to the surrounding space [29-30]. These currents flow over 

the metal surface and do not couple with external waves, if it is smooth and flat. Like 

conducting currents, surface currents are scattering and radiate whenever a metal surface has a 

discontinuity, curve or truncation. Consider Figure 2.5, where the region y < 0 is filled by a 

dielectric with permittivity εr > 1 and the region y > 0 is filled with vacuum and surface waves 

propagated on the X-Z plane [29]. 

 

Figure 2.5: A schematic diagram of the surface wave on a dielectric vacuum interface 
 

 

The decay constants for the dielectric and vacuum regions are defined as γ and ; 

respectively. In a single antenna, surface wave effects can be effectively eliminated by using 

some simple techniques, such as cavities or stacked substrates, whilst with multiple antennas 

these effects can be eliminated by using other common techniques, such as EBG, DGS, etc. 

However, this has the fundamental drawback of increasing the complexity of the antennas. In 

this thesis, different surface wave suppression techniques are presented in detail in the next 

chapters for coupling reduction through the common ground or a shared substrate. 
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    2.4.2  Radiation into free space (via air or direct space waves)  

In general, antennas are expected to radiate their electromagnetic waves efficiently 

into free space. However, the waves radiated into free-space by one antenna (an active 

antenna) are received by other nearby antennas (passive antennas), and this will lead to some 

undesirable MC effects. This kind of coupling is especially strong in compact antennas since 

their small radiating aperture areas lead to a wider radiation pattern. 

   2.4.3  Near-field coupling (via reactive antenna fields)  

This coupling applies to some cases where different elements of the antenna array are 

very closely spaced (defined previously as radius 3
0.62 D /  ) and are subjected to near-

field interactions that are simply represented by capacitive or inductive coupling 

characteristics. 

2.5 Antennas Coupling Effects  
In large wireless (e.g. laptops, tablets or access points), medium-sized (e.g. mobile and 

smartphones) and small-sized devices (e.g. USB dongles) where MIMO antennas are placed 

very closely to each other, high MC appears and affects the performance of the antenna array, 

such as radiation patterns characteristics, reflection coefficient, input impedance of antenna 

elements and system channel capacity. Specifically, placement of the adjacent microstrip 

antennas at a separation of less than λ0/4 causes high MC levels. This influences some of 

essential antenna parameters, of antenna elements adjacent to each other due to small 

separation between them. In this chapter, a unique systematic comparative study between 

different 2×2 antenna array systems types is modelled by using a scattering matrix (S-

parameters). 

The S21 is evaluated as the MC of a dual-element antenna array. Some numerical simulations 

are carried out using HFSS version 17.0 software and presented later (in section 2.9) to verify 

the relation between the MC and the separation between the elements. The antennas are 

optimised to resonate at 1.9 GHz (suitable for wireless PCS applications) and mounted with 

variable inter-element separation (d) on the ground plane. In general, the degraded 

performance appears due to the lack of maintaining a good impedance match and hence, 

wasting of the incident power amount to the antenna system occurs. Moreover, the received 

radiation by one antenna in the array causes currents to be induced in the other antennas, 

which may be reradiated causing a disruption in the designed radiation pattern of the antenna 

array. At the same time, antenna coupling leads to mutual impedances and hence, coupled 

impedance matrices, which further complicates the design of an efficient matching network.  

Such a network requires a sophisticated coupled matching system to compensate for these 

coupling effects so as to ensure maximum power transfer to and from the diversity antennas 
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(this will be discussed in more detail in next section). In general, with a no MC effects 

scenario, the input impedance of an antenna is equal to its self-impedance. However, with 

another antenna in close proximity, the input impedance of the antenna becomes more 

dependent on both the self-impedance and the mutual impedance. This relation is expressed 

by the following equation [31]: 

 
2

in 11

1

 12 Z  = Z + Z .1( ) 2
I

I
 

where, Z11 and Z12 refer to the self and the mutual impedances, respectively. While I1 and I2 

refer to the currents flowing through the respective first and second antennas, respectively.  

In the case of multiple-antenna applications, such as a diversity antenna array, the MC 

between multiple antennas should always be minimised as much as possible to maintain 

higher efficiency characteristics of the multiple antennas [32-33]. For, MC disturbs the far-

field pattern of the antenna system due to the destructive interference process between the 

coupled antenna elements. The impact of MC between dual dipole antennas [1] for different 

separation is presented in Figure 2.6. The radiation patterns of the first antenna have a 

significant difference in the separation (d) decrease [1]. Hence, when multiple antenna 

elements are employed to form a MIMO system on a compact wireless terminal device, 

antenna geometry and the position of antenna elements in the array need to be optimised by 

reducing the MC level between the antenna elements. Otherwise, the antenna array will not 

achieve the designed radiation efficiency.  

 

Figure 2.6: Radiation patterns of one dipole in a dual-element antenna array for 

different separations (d) [1] 

 

MC depends on many factors, such as the system used, distance between antennas and/or the 

position of these antennas with respect to each other, antenna shielding, antenna orientation 
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and their polarisation states. That is, all these parameters play a significant role in determining 

the MC levels between the antenna in the array. Moreover, MC degrades not only their 

efficiencies, but also their correlation coefficients, thus diminishing the channel capacity that 

can be achieved. Meanwhile; in the open literature; there are many recent studies have 

provided important references for the design of MIMO antennas for systems capacity 

enhancement, but most of these references proposed only ideal dipoles or monopoles 

assuming those antenna elements radiating in an omnidirectional plane. In fact, when two or 

more dipoles/monopolies are placed closely to each other on a compact PCB terminal, the 

radiation patterns of each will no longer be as omni-directional due to the MC and correlation 

effects between them.  

2.6 Coupling Reduction Techniques and Isolation Enhancement 

Approaches  
The various isolation enhancement techniques and coupling reduction approaches 

reported in the open literature can easily confuse the antenna designer\researcher in terms of 

finding an apt solution that will fit with his/her specific application restrictions. In this 

section, various coupling reduction techniques commonly employed in this literature are 

categorised based on the coupling mechanism that they target for efficient suppression of 

antenna coupling. However; the coupling reduction approaches are often diverse based for a 

specific application and apply to a particular frequency bands (range), antenna type, and 

device form factor, etc. Most of the reported methodologies does not investigate the various 

mechanisms behind antenna coupling and there is a lack of such studies in generic modern 

multiple-antenna works. For a specific multiple-antenna configuration, it is essential to 

quantify the contribution of each of the underlying coupling mechanisms and to identify the 

dominant ones. Only through these types of investigations, is it possible to innovate a 

systematic method for improving antenna isolation, either by choosing one suitable coupling 

reduction approach or by a combination of a few. There are different possibilities for reducing 

MC between different microstrip antennas. In fact, several methods have been suggested in 

the extant literature for minimising or even eliminate such coupling effects based on the 

antenna structure and its radiation as well as feeding mechanisms, such as using EBG, DGS, 

resonators, or inserting slots/slits in the ground plane (as explained in detail in the next 

chapter) [35]. In general, each isolation technique has its advantages and disadvantages 

depending on the decoupling approach employed (a brief comparison of the isolation 

techniques is provided later in section 2.7). 

2.6.1 Suppression techniques of antenna coupling through the common 

ground or substrate 
As mentioned earlier, due to their radiating nature, antennas can vigorously alter or 
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change electromagnetic fields in their vicinity. Accordingly, their surrounding environment 

(e.g. ground, substrate, transmission lines and/or other components) is considered potentially 

a more supportive regarding any EM propagation. For instance, EM radiation from the 

antenna can easily couple inside the substrate and propagate as substrate-bound modes. The 

strength of the MC depends on factors such as the antenna and substrate geometries, operating 

frequency and orientation. 

In fact, the majority of MC reduction techniques investigated in the recent literature addresses 

the suppression of this source of antenna coupling. Regarding this matter, different decoupling 

methods based on this coupling mechanism are introduced, including many common 

methods: Defected Ground Structure (DGS); Electric Band Gap (EBG), inserting slot and slit 

structures as well as applying ground stub and Current Localisation Structures (CLS),etc. 

   2.6.1.1 Defected Ground Structure (DGS) approach 

The MC between adjacent MIMO antenna elements can be reduced by introducing 

some defects within the common ground plane. These act band rejection (stop-band) filters 

and can effectively suppress the coupled fields between adjacent elements when properly 

designed. This mechanism of reducing MC is denoted by the term Defected Ground Structure 

(DGS). There are various types of defects that can be introduced within the sharing ground 

plane to reduce the MC problem, e.g. introducing changes in the ground plane to vary or alert 

the surface current distribution and the propagation of the undesirable surface waves on it. 

Some of these are based on introducing a group of slits or slots, or other types of defects. 

DGS structures have been studied extensively over the past decade and in the next chapter, a 

detailed survey of such geometries for different wireless applications (Narrowband, UWB and 

Multiband) is provided. DGS circuits are widely used and have been successfully applied in 

the design of filters, amplifiers, resonators, dividers and couplers [36]. Their versatility has 

also been found effective in the antenna array field for coupling reduction due to their 

excellent pass and rejection frequency band characteristics. Consequentially, this gives a DGS 

the ability to suppress a surface wave over a limited frequency band [37]. 

In general, the properties of a DGS are equivalent to those of a resonance LC network and can 

be used to generate a limited stopband. This stopband can decrease the propagation of the 

surface waves and hence, reduce the MC levels between the MIMO antennas. The following 

formulas provide a DGS resonator: 
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where, f0 is the resonance frequency, Q is the quality factor, FBW3dB is the 3dB fractional 

bandwidth of the stop-band characteristics, whilst R, L and C  denote the total distributed 

resistance, inductance, and capacitance at resonance, respectively. 

The DGS method is an effective decoupling method that can be applied in various kinds of 

microstrip antennas. The structure does not need much modification when it is applied to 

different diversity antennas, since its operation depends on the resonance frequency, rather 

than the microstrip antenna type. Usually, it is very easy to implement as a structure on the 

ground plane. Moreover, the isolation mainly depends on the dimensions of the defects and 

number of these in the array itself. However, in practice there are some limitations regarding 

using this method. One serious drawback is that etchings in common ground plane destroy its 

integrity, sometimes not allowed in many cases due to the need of circuit integration.  

   2.6.1.2 Electromagnetic Band Gap (EBG) approach 

A large group of researchers have taken a further step not only in ground texture but 

also the common substrate by embedding periodic EBG structures with forbidden frequency 

bands to mitigate electromagnetic waves propagation and increases the isolation levels 

between different microstrip antennas. When the periodicity of an EBG structure is small 

compared with the operating wavelength, such a structure can be described as being a high 

electromagnetic impedance surface (parallel resonant LC circuit model) [1]. It also acts as an 

electric filter, with the ability of suppressing the strong surface wave propagation in a specific 

frequency band, which helps to enhance the ports isolation in the printed microstrip antennas. 

The operation mechanism of the EBG structure can be explained by an LC filter array [38]: 

the inductor L results from the current flowing along neighbouring patches through narrow 

lines or currents flowing through the vias, and the capacitor C due to the gap effect between 

these adjacent patches. For an EBG structure with patch width W, gap width g, substrate 

thickness h and dielectric constant εr, the values of the inductor L and capacitor C are 

determined by the following formulas [39]: 
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where, μ0 is the permeability of free space and ε0 is the permittivity of free space.  

The surface impedance is equal to the impedance of a parallel resonant circuit and the central 

frequency of the band gap is calculated as below [40]: 
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Reference [39] also predicts the frequency band gap as: 
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where, η is the free space impedance, which is 120π. Usually, this method is not available or 

not applicable for wideband systems, such as the UWB, range because in this case a large 

number of EBG structures will be required to cover the entire range of a wide frequency. As a 

result, antennas will require a large area to embed these structures for broadband interest or 

UWB Diversity applications. Further, an intricate process is necessary to fabricate such non-

planner structures, which involves cells being shorted to the ground through vias (shorting 

pins).Whilst proven to be effective in suppressing antenna coupling and improving efficiency 

characteristics, this depends on the number of EBG unit cells that are embedded between the 

microstrip antennas. In general, the ability of EBG structures to enhance antenna isolation 

depends on many factors, such as the device form, and its placement and layout constraints. 

However, as it is restricted by the reflection condition, an EBG structure requires a large 

circuit area, especially for low-frequency applications [31]. Due to its design complexity and 

because it has a comparatively large size, it is not commonly used for handset applications (In 

this thesis, a new and an applicable fractal based EBG is proposed for low-frequency 

application, as presented in chapter 4 ). 

   2.6.1.3 Slots / slits - etching approach 

The principle of this approach is to stop the surface current flow due to the 

introduction of slots/slits, whereby the radiation of the antenna can be suppressed at a specific 

notched frequency. Surface current distribution on the common ground plane is a critical 

coupling source in multiple antenna systems. These slots/slits, which are similar in principle 

to the DGS method (as discussed in the previous subsection), form band-stop filter 

characteristics and create band notched functions to trap these surface currents, thus 

preventing them from flowing towards any passive antennas. Generally speaking, the 

isolation here is determined by the total length of these slots or cuts, which is commonly 

approximately half or quarter of the wavelength of the operating frequency (at the lowest 

operation frequency in multiband \ broadband applications). 

  

  2.6.1.4 Current Localisation Structures (CLS) approach 

A current localisation structure is aimed at reducing the surface currents distributed on 

the ground plane from the perspective of the antenna itself, i.e. designing antennas with the 

capability of current localisation.  



Chapter 2: Overview of Mutual coupling in Microstrip Array Antennas 

PhD Thesis by Alaa Thuwaini                                              38                                     Brunel University 2018   

Usually; an extra small ground plane was located between the antennas (e.g. PIFAs) and the 

PCB so that the PCB was no longer acting as a ground plane for the antennas (e.g. PIFAs). 

The modified antennas (e.g. PIFAs) have little coupling to the PCB, and therefore this method 

suitable for multiple antenna implementation on non-small terminals. 

The decoupling method of the current localisation can maintain the integrity of the ground 

plane, thereby making it convenient to integrate other components into it. However, this 

method has the drawback that the localisation structure designed for one antenna cannot be 

directly applied to others since its effectiveness largely depends on the geometries and the 

type of microstrip antenna. In general, the method described above is often considered to be 

too bulky to use in mobile devices. Several examples illustrate the utilisation of this approach 

in chapter three.   

2.6.2 Suppression techniques of antenna coupling through space-wave 

radiation 
As above mentioned, in a multiple-antenna system the issue is that the wave radiated 

by one antenna is partially received by the other(s), but this can be avoided by reconfiguring 

antenna radiation patterns to exhibit some nulls in its/their direction. However, strict size 

limitations on most state-of-art in multiple-antenna application translates into small radiating 

aperture areas making it difficult to realise deep nulls in the radiation pattern. In this 

subsection, different decoupling methods based on this coupling through space-wave 

radiation are introduced, including: antenna separation, Decoupling Wall Structures (DWS), 

the antenna placement and orientation technique, the Neutralisation Line (NL) technique, 

Decoupling and Matching Networks (DMN), parasitic structures and utilisation of the Meta-

Material structures (MTMs) approach, etc. 

   2.6.2.1 Antenna separation approach 

With small to medium size device dimensions, such as in handheld mobile phones, 

PDAs or USB dongles, MIMO antennas are very closely placed and hence, high coupling 

levels are inevitable. The amount of coupling depends on the separation between multiple 

antenna elements. In fact, this is the most critical parameter affecting MC levels. Many 

theoretical, analytical studies have shown that for minimum or no MC [9], the distance 

between antenna elements needs to be at least half wavelength to be considered as sufficient 

for minimising the effect of mutual coupling [9]. However, it is a major challenge to bring the 

two antennas closer than half the wavelength, while keeping the MC levels very low.  
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Figure 2.7: The effect of mutual coupling between two antennas with a variation of distance 

at 30 GHz frequency [1] 

   2.6.2.2 Decoupling Wall Structures (DWS) approach 

To suppress antenna coupling through space-wave radiation, some researchers have 

adopted a conventional method of employing defects/shielding walls between different 

microstrip antennas [44]. In this case, the isolation level depends on the height of these 

defects walls and the geometries (shapes) of the embedded defects. The drawback of this 

solution is the needed high profiles (height of the walls) and the loading can affect antenna 

performance, thus making it not suitable for many practical applications.   

   2.6.2.3 Antenna placement and orientation approach 

As is clear, closely positioned antennas within handheld mobile phones will have high 

coupling levels between them through the current in the ground plane as well as the radiated 

direct fields. This high MC will degrade both the efficiency and capacity of a MIMO system. 

Miniaturised multiple antenna elements are always desired, to shrink the size of the diversity 

system further, with there being no physical separation between each of them. A simple way 

to reduce these coupling effects is by placing the antennas far apart within the handset 

terminal, e.g. top corners, or another at bottom edges. Accordingly, a detailed position study 

should be conducted to access the diversity antenna parameters at various locations. The 

orientation of the antennas can also affect the phase of the coupling currents as well as the 

polarisation of the radiated fields. Adjacent antennas can be orthogonally oriented in 

quadrature with each other (i.e. 90
o
) to minimise the ground as well as the field (space) 

coupling.  
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Some works relating this area will be discussed in the next chapter for different wireless 

applications (Narrow-band, UWB and Multi-band). In many cases, it is impossible to add any 

decoupling structures in a diversity system and thus, orthogonal polarisation becomes the 

most efficient decoupling method. In general, this solution is of great interest in MIMO 

systems as it not only suppresses MC, for it also adds some polarisation and pattern diversity 

with maximum use of the space available. In fact, this method has been used more than all 

other methods discussed in the literature for different wireless applications. Here, the isolation 

mainly depends on the spatial and angular variation of the radiating antenna elements. 

However, space restriction can be limit the feasibility of this isolation enhancement technique 

as many antenna geometries (e.g. wire antennas) occupy considerably larger areas in certain 

directions and impose antenna positioning limitations in compact devices. Further, most co-

located antenna systems are 3D and not ideal for handset terminals. Moreover, some 

applications require an identical polarisation for all working antennas (such as point to point 

transmission). 

   2.6.2.4 Neutralisation Line (NL) approach 

NL is a recent unconventional approach to the suppression of space-wave coupling 

between antennas elements. Here, an EM signal of the active antenna feeds it to the passive 

antenna with the proper phase to cancel out EM signal that is directly induced from the active 

to the passive antenna; use a suspended microstrip line to delay the signal and feed it to the 

active antenna A low impedance area (with minimum voltage but maximum current) of the 

antenna is a favourable location to connect the NL [39]. The current induced on the second 

antenna via the parasitic element is out of phase with that directly coupled from the first and 

thus, improves isolation levels. The NL prevents the surface currents flowing from one 

antenna towards others and traps the currents on the line (similar to the parasitic element 

method). The principal advantage of this technique is its simplicity and compactness; 

however, its design approach needs to be studied further. The isolation depends on the 

connection length and positioning. That is, the selection of the connection point is critical in 

this method, with the radiating antenna needing to have minimum impedance and maximum 

current. The effective bandwidth of the NL technique depends on the variation of the 

impedance at the selected point and thus, a low impedance point on the structure of the 

radiating antenna with stable impedance throughout the band of the operation is selected as 

the starting point. The use of this method to reduce MC between adjacent antenna array 

elements is covered in more detail in the next chapter for different wireless applications. 

    2.6.2.5 Decoupling and Matching Networks (DMN) approach 

The MC between adjacent antenna elements can be reduced using decoupling 
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networks. Such networks will decouple the input ports of adjacent antennas, thus increasing 

their radiation efficiency and lowering their correlation level. Using a decoupling network 

usually requires the use of a matching network to provide proper input port matching. This 

technique has been applied to several designs, as presented in the next chapter for different 

wireless applications. A decoupling network method can be simple, with aim being to reduce 

the mutual impedance or transmission coefficients between the antennas to zero, whilst at the 

same time keeping good impedance matching of each antenna element. This technique does 

not contribute to the decoupling of EM signals received by the antennas. In other words, if 

ideal lumped matching networks, as well as distributed ones, are assumed, this method can be 

effectively used to enhance the isolation between adjacent antennas. In fact; this technique 

decouple electrical signals rather than electromagnetic signals and are often referred to as MC 

compensation techniques rather than MC reduction techniques. As a result, they do not 

prevent antenna coupling from degrading antenna efficiency, radiation pattern, etc. Finally, if 

desired, they can be combined with techniques that focus on the suppression of EM coupling 

between the antennas for further isolation. 

   2.6.2.6 Parasitic elements / structures approach 

In the single antenna systems, parasitic scatterers are often used to create multi-

resonance to enhance the bandwidth or design pattern reconfigurable antennas. Whilst with 

multiple antennas, they are added in between two radiating antenna elements as a reflector or 

as a resonator to reduce the MC between these antenna arrays. This is considered an 

applicable method for reducing MC between adjacent MIMO antenna elements, thereby 

enhancing efficiency, isolation and the correlation coefficient. It works as a simple principle 

to use parasitic elements to cancel part of the coupling fields between antennas. These 

parasitic elements create an opposite coupling field that reduces the original one, thus 

reducing the overall coupling on the passive antennas. Usually, parasitic elements are not 

physically connected to the antennas, such as those in or connected to the ground structure to 

form a sort of resonator [45]. These elements are designed to control the frequency band of 

isolation, the bandwidth as well as the maximum amount of coupling reduction. To 

summarise, the idea of using parasitic elements is to reduce MC by creating opposite fields to 

the original ones created by the excited antenna. Similar to the NL, a parasitic scatterer 

artificially creates an additional coupling path between the antenna elements and employs a 

parasitic radiator to provide a secondary signal to counteract the original inter-element 

coupling. The current induced on the second antenna via the parasitic element is out of phase 

with that directly coupled from the first antenna and therefore, improves isolation. In order to 

suppress or cancel the existing coupling, the amplitude and the phase of the coupling 
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coefficient can be varied by changing the structure of the scatterer.  

    2.6.2.7 Meta-Material Structures (MTMs) approach 

Meta-materials are basically resonators structures that have negative permittivity or 

permeability or both. They are artificial materials, which exhibit new electromagnetic 

properties that cannot be found in nature. These structures have very interesting features; and 

can be used for isolation enhancement between adjacent elements of printed MIMO antenna 

systems due to the presence of a band gap in their frequency response. That is, if designed 

properly, the band gaps can act as a band reject filters and suppress MC between adjacent 

antenna elements. In this case, the isolation mainly depends on the unit cells geometries and 

their numbers in the array. Several examples have appeared in the literature that utilise MTM 

based structures for isolation enhancement in the form of, for instance, Split Ring Resonators 

(SRRs), Close Loop Lines (CLLs) or meander lines. (as presented in detail in the next 

chapter) 

 2.6.3 Suppression techniques of antenna coupling through near-field coupling 

(via reactive fields) 

In cases where space restrictions impose small antenna spacing, antennas might also 

become subject to near-field coupling. For a fixed number of antennas in an array, the beam 

becomes wider as the antenna separation decreases. Diversity gain is also reduced, if antenna 

separation is smaller than half the operation wavelength. A wider pattern and/or a lower 

diversity gain implies a greater possibility of intercepting the radiation from one antenna to 

another.  

 

2.7 Comparison of the Different Suppression Techniques and Isolation 

Approaches  
 

A summarised comparison of the numerous coupling reduction techniques and 

isolation approaches that have been  introduced in this section is provided in Table 2.1 

Table 2.1: presents a comparative review of the different coupling methods across the many 

aspects drawn from the literature 

      issue 

 

approach  

Applications  

Design  

complexity 

 

Problems Narrow- 

band 

UWB Multi-

band 

 

EBG 

highly  

applicable 

not 

applicable 

rarely  

applicable 

 

complex 

 

EBG structure requires a large 

circuit area, especially for low 

frequency range  

 

DGS 

highly 

applicable 

rarely 

applicable 

rarely 

applicable 

 

complex 

 

Etching DGS in the ground 

plane destroys its circuit 

integrity. 
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Slots \ 

slits  

highly 

applicable 

moderately 

applicable 

moderately 

applicable 

 

moderate 

Narrow BW characteristics and 

is determined by the total  length 

of these slots or cuts  

 

CLS 

rarely 

applicable 

not  

applicable 

rarely  

applicable 

 

moderate 

This method considered too 

bulky to use in portable devices 

Separation highly 

applicable 

rarely 

applicable 

highly   

applicable 

simple 

 

Large size constraint for mobile 

handheld devices 

 

DWS 

rarely 

applicable 

not  

applicable 

not 

applicable 

 

complex 

 

High profiles needed and thus 

not suitable for many practical 

applications  

Placement  

&  

orientation 

highly 

applicable 

highly  

applicable 

highly  

applicable 

 

simple 

 

Space and polarisation 

restriction and thus, considered 

not ideal for handset terminals 

Metallic 

stubs 

rarely 

applicable 

highly  

applicable 

highly 

applicable 

moderate Increases weight, Placement 

dependent 

 

NL 

highly 

applicable 

rarely 

applicable 

rarely  

applicable 

 

moderate 

Modelling is difficult and 

selection of the connection point 

is critical in this method  

Parasitic 

elements 

highly 

applicable 

rarely  

applicable 

rarely  

applicable 

simple Causes a drop in efficiency and 

the radiation characteristics are 

changed 

 

MTMs 

highly 

applicable 

rarely  

applicable 

moderately 

applicable 

complex 

 

Narrowband operation 

 

2.8  The Correlation / Diversity Performance Analysis 
 

The correlation coefficient is the measure of the effectiveness of any MIMO system. It 

directly affects the diversity performance and it defines the independence between signals in 

the transmitter/receiver of the diversity system. The correlation between dual antennas is 

highly influenced by how the antennas are positioned on a handheld terminal, how they 

interact with each other, their field patterns significantly change and this difference in the 

antenna patterns affect on correlation also their polarisation in some cases will change the 

correlation characteristics. In general, a low correlation can be achieved when the received 

signals from multiple antennas have high diversity gain. Moreover, the power levels of the 

received signals should not be too different in the diversity system, especially when located in 

a multipath environment. The correlation coefficient measures this independence, varying 

from one and zero [46], with the ideal value being equal to zero (in practice, this is 

impossible). 

If the envelope correlation coefficient is close to zero  (   0 )e  over the bandwidth, this 

means that the patterns of the multiple antennas are de-correlated and demonstrates an 

excellent diversity condition.  
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However, when correlation coefficient is greater than zero  (   0 )e  , this means there is  

dependency between the signals such that the diversity gain will be reduced. Analysis has 

shown that where the correlation is not too close to unity or  (   0.7 )e  , the degradation of 

the diversity gain due to envelope correlation is given by the degradation factor (DF) of the 

following equation [41]. 

 2.91 eDF    

The correlation and the MC have a direct relationship, i.e. the lower the former, then the lower 

the latter. When designing an antenna array low MC characteristics are required to obtain an 

optimum diversity gain [47]. In other words, the correlation coefficient should be kept low 

enough so that diversity is still effective. In sum, low correlation between signals in the 

receiver / transmitter is essential for the capacity enhancement of wireless MIMO systems.  

   2.8.1 Envelope Correlation Coefficient (ECC) calculations 

In diversity systems, there are two empirical methods had been used for envelope 

correlation coefficient calculations between diversity antennas. The first is based on the far-

field radiation patterns characteristics; however, it is considered a very time-consuming 

process. That is. it requires corresponding numerical or experimental analysis and thus, is a 

cumbersome process. Alternatively, the correlation coefficient can be evaluated based on the 

radiation patterns obtained from the MIMO design. Then, their performance can be assessed 

through measurements in a reverberation chamber that can provide relative values for the 

measured correlation coefficient in a specific environment.  

The independency can be measured using the general expression of the complex cross-

correlation coefficient (ρc) between any multiple antennas, for the angular domain [48] in 

which the full spherical antenna pattern characteristics, including the phase and polarisation 

information in all the directions, are required. Also, this is under the assumption that the 

received signals have a Rayleigh distributed envelope and randomly distributed relative 

phases. The complex cross-correlation ρc is evaluated using the radiation pattern 

characteristics given in [49]: 

 

2

1 2 2 2

c

1 1 2 2
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where, ( , )   ,
*

( ) ( )G E E 


   , 1( )E   and 2( )E    are the θ polarised complex 

radiation patterns of antenna-1- and antenna-2- in the diversity system and sind d d   .

( )P  and ( )P  represent the incident power spectrum for both polarisations,  

whilst XPR (cross polar discrimination of the incident field) is the ratio of time average 
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vertical (θ) power to time average horizontal ( ) power [50]: 

  X P 2= 1R  . 1
V

H

p

P
 

where, PV is the average vertical power and PH is the average horizontal power. XPR is also 

referred to as the cross-polarisation power ratio or cross-polar discrimination (XPD). ( )P 

and ( )P  are the angular density functions of the vertical and horizontal plane respectively. 

For reference purposes,   is the angle relative to the vertical axis z and   is the angle in the 

horizontal plane, as shown in Figure 2.8. 

Correlation can also be expressed using the envelope correlation coefficient ρe relating to 

complex cross- correlation coefficient by the following relationship [43]: 

 
2

 . 2 1 2e c   

As mentioned earlier,  this is a complicated expression requires three-dimensional radiation 

pattern measurements and numerical integration to get the envelope correlation coefficient. 

Thus, a second method has been derived, which is suitable for experimental measurements 

and requires a knowledge of the scattering parameters obtained on the antennas elements. 

This applicable method is that which has been adopted throughout the thesis. 

 

Figure 2.8: Diagram showing the relation of angular coordinates to cartesian coordinates 

 

As above mentioned, it is a much more convenient approach to calculate the envelope 

correlation coefficient using the scattering parameters, rather than the 3-dimensional radiation 

pattern characteristics of the antennas array system, as follows [51,58] 
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ρ12 =
|S∗

11S21 −  S∗
12S22|2

(1 − |S11|2 − |S21|2)(1 − |S22|2 − |S12|2)
                        (2.13) 

 

In this formula, only the S-parameters need to be known and the radiation efficiencies can be 

evaluated easily, as compared to 3D radiation patterns required by the previous equation 

(2.10). At the same time, with the S-parameters approach, the ECC is directly evaluated using 

S-parameters of the array system, under the following assumptions: i) the antenna system is a 

lossless structure; ii) one antenna is excited, while the other(s) is/are terminated with a 

reference impedance (such as 50 ohms); and iii) the antenna system is in a uniform scattering 

environment (such as indoor propagation).  

It is important to mention that the isolation and correlation coefficient are two different things. 

High isolation does not guarantee a low correlation coefficient and vice versa; however, both 

are required for good performance out of a diversity antenna system. In this thesis, the 

correlation coefficients in different multiple antennas are calculated from scattering matrices, 

which are easy obtained from simulated results. Whilst several methods have been proposed 

to improve the isolation between adjacent antenna array elements, this does not guarantee 

good correlation performance, because Eq. (2.13) does not consider field interactions, as 

mentioned before.  

2.9 Different Antennas Arrays for Coupling and Diversity Comparison  

 
As described earlier, In MIMO systems, multiple antenna elements are required at 

both receiver and transmitter side [52]. However; installing multiple antenna elements in the 

small space available in portable devices will inevitably cause severe mutual coupling and 

significantly degrades the diversity performance [53].  

Thus one of the main challenges to employing MIMO systems in mobile devices is the design 

of small MIMO antennas with lowest mutual coupling [53]. A separation between multiple 

antenna elements is the most critical parameter affecting mutual coupling [4].  

When a multiple-element antenna embeds into the small mobile terminal, it should be 

compact as much as possible. Additional requirements should be met, e.g., low mutual 

coupling and robustness while maintaining on the compactness with acceptable diversity 

performance for multiple antennas [5]. Therefore, in designing the antenna for the mobile 

terminal, it is important to balance the trade-off between compactness and performance 

[5],[52]. In the open literature; very few investigations have been done as a comparative study 

based on the diversity performance (such as mutual coupling and envelope correction 

coefficient) between more than two microstrip antennas types.  

However; this study presents a new comparative study between four different microstrip 
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antenna array types (PIFA, patch, monopole, and slot) with regular shapes such as rectangular 

and square. One of the important considerations in designing these antennas is maintaining on 

the compactness (total antennas dimensions: 110 mm × 60 mm); to be working in a single 

narrow frequency band. However; all these antennas are proposed and designed to operate at 

frequency 1.9 GHz band which is suitable for PCS applications.  

Diversity performances such as mutual coupling and envelope correlation coefficient for 

different antennas array types have been carried out to investigate the effect of the antenna 

separation. It provides a complete view compared with other works in the literature that most 

of them are focused only on just one or two common microstrip antenna types such as the 

patch or monopoles antennas only [56-57]. 

  2.9.1 Antenna design and configuration 

The four different microstrip antennas are etched on a thin FR4 substrate (ɛr = 4.4 and 

h = 1.6 mm) with total dimensions: 110 mm × 60 mm to be suitable for most mobile PCB 

circuit boards. A good impedance matching (S11 < -10 dB, VSWR < 2) is achievable across 

the operating frequency (1.9 GHz) for all the antenna designs. These antennas are separated 

by a distance d, which is made to vary from 0.3 λ0 to 1.0 λ0 to investigate an antenna diversity 

performance such as the mutual coupling and envelope correlation coefficient.  

     2.9.1.1 Dual PIFA antenna array 

The dual PIFAs antenna array are shown in Figure 2.9. The minimum space distance 

of these antennas is d = 50 mm (corresponds 0.3 λ0 approximately) measured from element 

centre to centre. Each PIFA element has a square patch outline of 35 mm as equal width and 

length (corresponds λ0/4 approximately).  

 

Figure 2.9: Configuration of the dual PIFA antenna array (Top view) 
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The return loss (S11) and mutual coupling (S21) of the dual PIFA antennas are illustrated in 

Figs. 2.10(a) and (b); respectively. The result of the return loss, as presented in Figure 2.10(a), 

indicates that the PIFA antenna at −10 dB has fixed low BW of 0.036 GHz approximately. 

The Figure 2.10(b) clearly shows that the strongest mutual coupling is found at the resonant 

frequency of the dual antenna elements, while the mutual coupling is decaying away from the 

PIFA resonance as the space between antennas linearly increases. An average of 22 dB 

reduction in the mutual coupling level is obtained as the distance is increased from 0.3 λ0 to 

1.0 λ0. 

 

Figure 2.10: The simulated S-parameters of the PIFA antenna array when d varying in terms 

of λ0 (a) S11, (b) S21 

 

  2.9.1.2 Dual patch antenna array 

 The dual patch antenna array are shown in Figure 2.11. The minimum space of the 

antennas is d = 48 mm (corresponds 0.3 λ0 approximately at the resonant frequency) measured 

from element centre to centre. Each patch element has a rectangular outline with 35 mm width 

and 45 mm length (corresponds 0.28 λ0 approximately).  

 

Figure 2.11: Configuration of the dual patch antenna array (Top view) 
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The return loss (S11) and mutual coupling (S21) of the dual patch antennas are illustrated In 

Figures 2.12(a) and (b); respectively. The result of return loss, as presented in Figure 2.12(a), 

shows that the patch antenna at −10 dB has reasonable BW of 0.05 GHz approximately. The 

Figure 2.12(b) clearly shows that mutual coupling is decreasing linearly as the space between 

antennas increase. An average of 6 dB reduction in the mutual coupling level is obtained as 

the distance is increased from 0.3 λ0 to 1.0 λ0. 

 
Figure 2.12: The simulated S-parameters of the patch antenna array when d varying in terms 

of λ0 (a) S11, (b) S21 

 

  2.9.1.3 Dual monopole antenna array 

The dual monopole antenna array are shown in Figure 2.13. The minimum space of these 

antennas is d = 50 mm (corresponds 0.3 λ0 approximately) and measured from element centre 

to centre. Each monopole element has a rectangular outline with 33 mm width and 47 mm 

length (corresponds 0.28 λ0 approximately).  

 

Figure 2.13: Configuration of the dual monopole antenna array (Top view) 
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The return loss (S11) and mutual coupling (S21) of the dual monopole antennas are illustrated 

in Figures 2.14(a) and (b); respectively. The result of return loss, as presented in Figure 

2.14(a), indicates that the monopole antenna at −10 dB has wide BW of 0.6 GHz 

approximately. The Figure 2.14(b) clearly shows that the mutual coupling is decreasing 

linearly as the space between antennas increase. An average of 17 dB reduction in the mutual 

coupling level is obtained as the distance is increased from 0.3 λ0 to 1.0 λ0. 

 

Figure 2.14: The simulated S-parameters of the monopole antenna array when d varying in 

terms of λ0 (a) S11, (b) S21 

  2.9.1.4 Dual slot antenna array 

  The dual slot antenna array are shown in Figure 2.15. The minimum space of these 

antennas is d = 52 mm (corresponds 0.3 λ0 approximately) measured from element centre to 

centre. Each slot element has a rectangular outline plate with 60 mm width and 48 mm length 

(corresponds 0.29 λ0 approximately).  

 

Figure 2.15: Configuration of the dual slot antenna array (Top view) 
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The return loss (S11) and mutual coupling (S21) of the dual slot antennas are illustrated in 

Figures 2.16(a) and (b); respectively. The result of return loss, as presented in Figure 2.16(a),  

indicates that the monopole antenna at −10 dB has moderate BW of 0.23 GHz approximately. 

The Figure 2.16 (b) clearly shows that the mutual coupling is decreasing linearly as the space 

between antennas increase. An average of 16 dB reduction in the mutual coupling level is 

obtained as the distance is increased from 0.3 λ0 to 1.0 λ0. 

 

Figure 2.16: The simulated S-parameters of the slot antenna array when d varying in terms of 

λ0 (a) S11, (b) S21 

 

2.9.2 Performance summary and comparison 
   2.9.2.1 Coupling of different antennas types at varying separation 

First; the mutual coupling of various antenna array types is investigated when the 

separation between these antennas are varying from 0.3 λ0 to 1.0 λ0 as presented in Table 2.2. 

 

Table 2.2: Comparison of MC (S21) in dB at 1.9 GHz between four different antenna types at 

varying separation (in terms of λ0) 

Separation PIFA Patch Monopole Slot 

0.3 λ0 -37.2 -38.8 -16.3 -10 

0.4 λ0 -45.74 -43.1 -16.4 -11 

0.5 λ0 -49.13 -40.17 -19.4 -15.5 

0.6 λ0 -50.6 -43.9 -23 -18 

0.7 λ0 -51.5 -48.15 -25.5 -20.7 

0.8 λ0 -52.3 -46 -27.7 -22.5 
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0.9 λ0 -58.4 -43.3 -30 -24 

1.0 λ0 -59.12 -44 -33 -26 

 

In Figure 2.17, the mutual coupling for the various antenna types is investigated when the 

separation between these antennas are varying from 0.3 λ0 to 1.0 λ0. From the simulated 

results, it clear that highest isolation  (better case) can be obtained between two PIFA antennas 

of ≤ -58 dB (linearly decreases at separation > 0.4 λ0), and smaller than the mutual coupling 

of the patch antennas, followed by monopole antennas and finally slot antennas suffering 

highest mutual coupling (worst case) compared with other antenna types. 

 

Figure 2.17: Comparison of MC with different antennas types at varying separation (in terms 

of λ0) 

 

   2.9.2.2 Correlation of different antennas types at varying separation 

Secondly; Envelope Correlation Coefficient (ECC) between antenna array elements is 

investigated according to antennas separation variation, in this work, ECC of different 

microstrip antenna array types was evaluated using S-parameters of the MIMO system as 

defined before in Eq. (2.13), which assumed that antennas system are lossless, and the 

antennas are excited separately, keeping the other antennas matched terminated. Although the 

calculation of ECC using S-parameters approach in is a very simple and fast, it is only 

accurate for the case of loss free antennas. In general; the antennas tend to be more correlated 

(coupled). A strong mutual coupling means a high correlation between the received signals by 

antenna elements; the high level of correlation affects and degrades all the performance 
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parameters of the MIMO and diversity system, as an example, the antenna efficiency becomes 

worse and both system channel capacity and diversity gain will decrease.  

Table 2.3: Comparison of the ECC in dB at 1.9 GHz between four different antenna types at 

varying separation (in terms of λ0) 

Separation PIFA Patch Monopole Slot 

0.3 λ0 -38 -30 -14.83 -10.6 

0.4 λ0 -31 -33.8 -21.87 -19.2 

0.5 λ0 -42 -56 -22 -27.8 

0.6 λ0 -40.5 -34 -16 -29.7 

0.7 λ0 -48.9 -33.16 -22 -31.5 

0.8 λ0 -51.8 -36 -24.4 -38.8 

0.9 λ0 -50 -41 -23.1 -40.2 

1.0 λ0 -50 -45 -17.35 -40.1 

 

In Figure 2.18, the envelope correlation coefficient for the different antenna types is 

investigated when the separation between these antennas are varying from 0.3 λ0 to 1.0 λ0.  

 
Figure 2.18: Comparison of envelope correlation coefficient (ECC) with different antennas 

types at varying separation (in terms of λ0) 
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From the simulated results, the envelope correlation coefficient in the working band of the 

Patch antenna and PIFA antenna are respectively; lower than -30 dB (at separation ≤ 0.58 λ0) 

and -40 dB (at separation ≥ 0.58 λ0), which are smaller than that other antenna types (slot and 

monopole). This observation indicates better behaviour and diversity performance of MIMO 

antenna system will be achieved by using these antenna types (PIFA and patch).  

  2.9.2.3 Performance of different antennas types at a fixed separation  

Finally, a comparison of various antenna performance parameters at resonant 

frequency including return loss, BW, gain, directivity and radiation efficiency for different 

microstrip antenna array types is shown in Table 2.4 at fixed minimum separation between 

these antennas (d = 0.3 λ0). 

Table 2.4: Comparison table of the antennas performance between four different antenna 

types at fixed separation (d = 0.3 λ0) 

Antenna type fr,  

  GHz 

S11, 

 dB 

BW, 

% 

Gain,  

dBi 

Dir,  

dBi 

Rad eff, 

% 

PIFA  1.93 -23.2 1.90 2.7  3.8 75 

Patch 1.92 -21 2.63 3.1 5.45  55 

Monopole 1.93 -22 30 1.4 1.5 90 

Slot 1.94 -24.8 12.2 2.3 2.48 86 

 

It is apparent from Table 2.4 that both PIFA and patch arrays achieve a narrower (lower) 

performance in terms of BW, with a close values of 1.90 % and 2.63 %, respectively, followed 

by the slot antenna array with a moderate BW value of 12.2 % and finally the monopole 

antenna array achieves a wider BW performances with a value of 30 %. It should be noted 

that the considered BW corresponds to the frequency range over which VSWR is < 1.92. 

Means a return loss of 10 dB or about 11% reflected power. As regards the radiation 

characteristics, the patch antenna array offers a higher directivity and gain with an average 

efficiency factor (55 %) as seen in the same table. In the second position comes the PIFA 

array that achieves a reasonable directivity of 3.8 dB with moderate radiation efficiency of 

75%, immediately followed by slot and monopole antenna arrays with highest radiation 

efficiency (≥ 90 %), with a reasonable directivity of 2.48 dB and 1.5 dB; respectively. 
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2.10 Chapter Summary 
 

In MIMO systems, more than one antenna is implemented on a small terminal. 

However, having multiple antennas on small terminals (such as mobile handsets or PDAs), 

while maintaining their performance, remains a significant challenge task for each antenna 

designer in terms of reducing the MC and correlation effects between these MIMO antennas. 

In this chapter, the essential background theory to the mutual coupling (MC) problem in 

microstrip array antennas has been discussed.  

The essential requirements/challenges when designing multiple antennas in small terminals 

regarding the antenna coupling mechanisms and isolation enhancement approaches have been 

identified.  

For a multiple-antenna configuration, it is essential to quantify the contribution of each of the 

underlying coupling mechanisms and to identify the dominant ones. Only through these types 

of investigations, is it possible to devise a systematic method for improving antenna isolation, 

either by choosing one suitable coupling reduction approach or through a combination of 

more than one.  

There are different possibilities for reducing MC between different microstrip antennas. In 

fact, several methods have been suggested in the extant literature for minimising or even 

eliminating such coupling effects based on the antenna structure and its radiation as well as 

feeding mechanisms, such as using EBG, DGS, resonators, or inserting slots/slits in the 

ground plane (as explained in detail in section 2.6).  

In general, each isolation technique has its advantages and disadvantages depending on the 

decoupling approach employed; a brief comparison of the isolation techniques has been 

provided in section 2.7.  

Furthermore, a new comparative study involving four different microstrip antenna array types 

(PIFA, patch, monopole, and slot), based on diversity performance (mutual coupling effects 

and correction), has been explained in detail (in section 2.9).  

The major content of this chapter is a manuscript published and presented at the 

Loughborough Antennas and Propagation Conference (LAPC 2017) [R5]. The introduction 

and other sections of this chapter have been rewritten to create a better flow and to prevent a 

repetition of the materials already to be found in other chapters.  
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Chapter 3: Survey of coupling suppression techniques for 

different wireless applications 

3.1 Survey of Techniques for Mutual Coupling Reduction and Isolation 

Enhancement  

In this thesis, various mutual coupling reduction methods or techniques that 

commonly employed in the open literature are mainly categorised based on the coupling 

mechanisms that they target for more efficient suppression of antenna coupling, and then in 

this chapter; we provided a summarised overview of previous methodologies as sub-sections 

under these main classifications. 

Therefore, in these subsections; we define and discuss three major wireless applications that 

are central to this research work. These main three wireless applications concentrated on 

narrowband, Ultra-wide-band (UWB) and multiband. 

     3.1.1 Suppression techniques of antenna coupling through common ground 

\ substrate 

In this category, different decoupling methods or approaches based on the coupling 

mechanism (surface waves) are introduced, including: Defected Ground Structure (DGS) 

structures, Electromagnetic Band Gap (EBG) structures, Inserting slots\slits structures, 

inserting GND stubs, Current Localization Structures (CLS), shorting pins\vias approach,  etc. 

         3.1.1.1 Defected Ground Structures (DGS) approach 

  Narrow-band-MIMO Antennas – Most of the works explored so far include 

different DGS shapes based on introducing a group of slits such as use of the dumb-bells like 

DGS as presented in [59-67], rectangles defects [68-73], spirals periodic DGS [74-75], S-

shaped periodic DGS [76], other defective strips as proposed in ref [36, 78]. 

Moreover; a few types of fractals defects also exist, and an excellent survey of such 

geometries can be found in the recent literature [79-82]. Most of these existing works have 

been investigated for E-plan coupling only and DGS structures in these arrays not proposed 

for H-plan coupling except the works introduced in [66, 75-76, 81-82]. However; in these 

works, there are some weaknesses such as a lack of impedance matching and not mentioned 

other valuable information (e.g. how much droopiness in radiation efficiency).  

Briefly; one of these designs is now described in more detail as below: In ref [81], A new 

Fractal based DGS (FDGS) was investigated. The structure is proposed with bandgap filter 

characteristic are used to reduce mutual coupling between diversity antenna elements, as 

shown in Figure 3.1. 
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More than 30 dB mutual coupling reduction between dual coplanar antenna elements is obtain

ed by using third iterative FDGS. 

 
           (a)                                                                   (b)  

Figure 3.1: Configuration of closely-packed antenna with FDGS structure used as an 

isolation method for narrowband applications. (a) Schematic and (b) Fabricated MIMO [81] 

 

UWB-MIMO Antennas – Many previous works are presented in literature such as 

single DGS embedded in the ground plane to reduce the coupling between diversity UWB 

antennas as introduced in [83-87]. Other works introduced some multiple DGS etched on the 

common ground to enhance the isolation between UWB-MIMO antennas as presented in ref 

[88-91]. Most of these works; DGSs were embedded with cooperation with other approaches 

except ref [89]. Almost all DGS based techniques are combined with other methods (i.e. 

placement and orientation approach) because of DGS structures are applicable in 

narrowband\multiband only rather than UWB operation. 

However; the diversity antenna in this [89] has good isolation (-20 dB) over a band spanning 

from 7 GHz to 10.6 GHz (after DGS insertion), and the drop in radiation efficiency (also peak 

gain) is not measured (before and after DGS insertion).  

Briefly; one of these designs is now described in more detail as below: 

In [88], a compact wide-band (from 2.4 GHz to 6.5 GHz) MIMO antenna is presented. Here; 

new bent slits are etched into the common ground plane (as shown in Figure 3.2). The bent 

slits can reduce the mutual coupling effectively and have a slight effect on the reflection 

coefficient. It has found that the isolation is more than – 18 dB over the wide bandwidth with 

edge-to-edge separation of nearly 0.08 λ0 at frequency of 2.5 GHz. 
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Figure 3.2: Structure of the UWB antenna with bent DGS used as an isolation method for 

UWB applications [88] 

 

Multi-band-MIMO Antennas – A previous works related to dual-band applications 

were presented in ref [92-100], tri-bands [101-102], and quad-bands [103-104]. Briefly; one 

of these designs is now described in more detail as below: In [104], proposed a novel quad-

band antennas with two radiating elements suitable for LTE and Wi-Fi applications in 

handheld devices, To achieve high isolation between the dual radiating elements, a defected 

ground plane (a combination of rectangular slot ring and inverted T-shaped slot stub) is 

employed (as shown in Figure 3.3). However; MIMO design provides good isolation (more 

than 24 dB achieved) also, the author showed that the dual antenna elements have excellent 

ECC and relative MEG for all the operating bands. 

(a)                                                   (b)                                               (c)                                                                    
Figure 3.3: Configuration of the MIMO antenna with DGS used as an isolation method for 

multiband applications. (a) Top view of DGS (b) 3D view, and (c) Fabricated antenna [104] 
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      3.1.1.2 Electromagnetic Band Gap (EBG) approach 

Narrow-band-MIMO Antennas – In recent year, several of the narrow-band MIMO 

antennas have been designed using these applicable structures to reduce the mutual coupling 

effects [105]. Basically; EBG structure behaves as a band-stop filter in antenna decoupling. It 

is constructed by arranging multiple cells periodically. 

Meanwhile; many works are reporting the use of EBGs as via-based structures or utilising the 

concept of shorting pins as presented in ref [27, 105, 107-114], multi-layers EBG 

implementation [115-121], soft-surfaces [122-123] and fractals like EBG [124]. 

Most of these existing works EBG structures are either non-planar [27, 105, 107-114], have 

multilayers [115-121] or occupy a comparatively large area [122-123]; so increasing the 

antennas size, fabrication cost and complexity of the array circuits. 

Recently, Due to its advantages; other publications are focused on planer EBG structures as 

presented in [125-134]. However; it is noticed that these antennas either are complex in term 

of unit cell configuration (i.e. shape challenging to optimise) as introduced in [125-126, 128, 

130, 133] or have a considerable antenna separation distance ≥ 0.4 λ0 as presented in ref [129] 

or antennas working in higher frequency range slightly lower one as presented in ref [127, 

131-132, 134]. Briefly; one of these designs is now described in more detail as below: 

                            
(a)                                             (b)                                  (c)                                                                    

Figure 3.4: The antenna array with EBG used as an isolation method for narrowband 

applications. (a) Top view, (b) UC-EBG unite cell, and (c) Side view [117] 

 

In ref [117], a configuration of uni-planar compact UC-EBG structures was used for both 

mutual coupling reduction and miniaturisation purposes, as shown in Figure 3.4. The antenna 

array with the UC-EBG super substrate has a relatively larger directivity, which was capable 

of suppressing the surface waves within a particular frequency band. The results showed 

about 10 dB reductions in coupling at working frequency fc = 5.75 GHz. 
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UWB-MIMO Antennas – In general; this technique is widely used for narrow-band 

MIMO systems, yet it has some limitation and constraints. Recently, there are few limited 

works proposed for UWB applications using this method [135-138]. In these existing works; 

there are some drawbacks such as EBG structure had been implemented in multilayers, and its 

stop-band frequency only cover a lower UWB range (e.g. 3.3 to 4.5 GHz). Briefly; one of 

these designs is now described in more detail as below: In ref [137], miniaturised two-layer 

EBG structures are presented for reducing the electromagnetic coupling between closely 

spaced UWB planar monopole antennas on the common ground. The proposed slit–patch 

EBG structures have a small footprint (as shown in Figure 3.5) and produce an excellent 

mutual coupling reduction (S21 values < −20 dB) across lower frequency range (3–6 GHz) of 

the UWB diversity monopole antennas. 

 

           (a)                                                                   (b)  

Figure 3.5: Dual-element UWB planar monopole array. (a) Conventional design and (b) 

Array with EBG used as an isolation method for UWB applications [137] 

Multi-band-MIMO Antennas – Several publications have discussed the use of EBG 

in multi-band applications such as uniplanar compact EBG (UC-EBG) concept [139], using 

spiral-shaped with vias [140] or fractals [141-142].  

 
Figure 3.6: Schematic of a dual microstrip patch antenna separated by SRS-EBG to be used 

as an isolation method for multiband applications [139] 
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Briefly; one of these designs is now described in more detail as below: 

In ref [139], a split-ring slotted electromagnetic bandgap (SRS-EBG) based on a uniplanar 

compact EBG (UC-EBG) concept is applied to achieve multi-frequency bandgap feature.  

The EBG structure is inserted between dual microstrip patch antennas to reduce the mutual 

coupling effects (as shown in Figure 3.6), The isolation was as -21dB and -20 dB at the first 

bandgap (5.11-9.40 GHz) and the second bandgap (10.69-15.85 GHz); receptively. 

 

     3.1.1.3 Slots / slits - etching approach 

Narrow-band-MIMO Antennas - Some works incorporating various slots or cuts 

were demonstrated to create filtering effects, e.g., a series or multiple slits are etched in the 

ground as presented in ref [143-146], and it is noticeable using of the several pairs of slots 

makes the structure complicated. Recently, a single slit proposed in ref [43, 148], miniaturised 

convoluted slits in [149], dual quarter-wavelength slots in [150] and dual half-wavelength 

slots in [151]. Briefly; one of these designs is now described in more detail as below: 

 

Figure 3.7: Configuration of closely-packed PIFAs with the slotted ground plane used as an 

isolation method for narrow applications [145] 

 

In ref [145], the ground plane structure consisting of five pairs of slits etched into the middle 

of a ground plane of two closely packed PIFAs was investigated, as shown in Figure 3.7. The 

structure behaves here as a band-stop filter based on a parallel resonator (a combination of 

capacitance and inductance) which effectively suppresses the propagation of the surface 

waves, and thus it provides a lower mutual coupling between the diversity microstrip 

antennas. The isolation was improved by 12 dB at the working frequency (2.5GHz). In 

general; this approach also limited in term of narrow BW characteristics and almost it is 

determined by the total length of these slots / slits. 
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UWB-MIMO Antennas – In this application; some researchers adopt the trivial 

solution of disconnecting the ground planes [152-153] for isolation enhancement in UWB 

antennas. Recently, other works having various slots or cuts, e.g. introducing a single narrow 

rectangular slot that cut on the common ground plane as presented in [154-157], other 

multiple narrow slots/slits with different shapes are inserted into the common ground plane as 

introduced in ref [88, 90, 158-161]. Most of these works; slots/slits were embedded with 

cooperation with other approaches. Almost it is combined with other approaches (e.g. 

placement and orientation) because these structures are mainly applicable in 

narrowband\multiband only rather than UWB operation. Briefly; one of these designs is now 

described in more detail as below: 

 

Figure 3.8: Configuration of the cone-shaped radiating MIMO antenna with a slot in between 

to be used as an isolation method for UWB applications [154] 

 

In ref [154], a cone-shaped diversity antenna with a compact size of 60 × 62 mm
2
 was 

designed (as shown in Figure 3.8). A slot was introduced at the upper centre portion of a 

protruded T-shaped ground plane for improving the isolation and the impedance matching. 

The results showed that the antenna can operate frequency bandwidth from 3.1 to 5.8 GHz for 

S21 < - 20 dB; the gain variation is about 2 dB.  

Multi-band-MIMO Antennas – Recently, multi-band antennas having different slots 

or cuts, e.g., with slot to break ground or substrate [162], a single narrow slot on the centre of 

the ground plane [163-169], a multiple narrow rectangular slots/slits are inserted into the 

ground plane [170-177], Dual U-shaped slots [178], band-notched λ0/4 slots on the ground 

plane [179-182] and other works presented in ref [183-185]. Briefly; one of these designs is 

now described in more detail as below: 
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Figure 3.9: Dual-band antennas. (a) Detailed 3D view, (b) Slot on a ground plane used as an 

isolation method for multiband applications, and (c) Photograph of the MIMO antenna [173] 

 

In ref [173], presents a compact antenna size (50 × 65 × 1.6 mm
3
) and dual-band MIMO 

antennas for LTE mobile terminals (as shown in Figure 3.9). Here; to improve the isolation of 

the diversity antenna, several narrow (rectangular) slots are inserted into the ground plane. 

The isolation is more than 20 dB in the lower band and more than 16 dB in the upper band 
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with a small antenna distance which is less than half wavelength at the dual resonant 

frequencies. 

     3.1.1.4 Metallic stubs / GND plane branches approach 

Narrow-band-MIMO Antennas – Different stub structures are presented in the 

open literature such as T-shape [186-190] or cross-shaped [472]. In general; this method 

increases weight and placement dependent thus rarely applied for narrowband handset 

applications. Briefly; one of these designs is now described in more detail as below: 

(a)                                                                               (b)  

Figure 3.10: Photograph of the four-element antenna system with stubs used as an isolation 

method for narrowband applications. (a) Front view (b) Back view [186] 

 

In [186], a multi-antenna diversity system with four printed monopolies is presented. Two 

different forms of the monopolies that are positioned at the four corners of a printed circuit 

board have been given. The diversity antenna consists of two orthogonal C-shaped 

monopoles. A protruding T-shaped stub at the ground plane and dual inverted-L-shaped 

ground branches (as shown in Figure 3.10) are used to increase the isolation. Based on the 

simulation, a prototype for the UMTS operation has been constructed and tested.  

The measured -10 dB impedance bandwidths of the four elements are larger than 320 MHz 

with higher than -11.5 dB isolation.  

UWB-MIMO Antennas – The method of inserting ground stubs is mainly found in 

the literature for UWB-MIMO antennas and introduced either in multiple stubs as introduced 

in ref [155, 191-202] or other important works introduced as a single ground stub structure as 
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presented in ref [203-208].  

Moreover; some of the common works presented in open literature including: a rectangular 

ground stub [88, 209-216], an extended T-shaped stub [156, 158, 217-224], a cross-shaped 

stub [225-227], a fork-shaped stub [228-230], a tree like stub structure [231-232],a F-shaped 

stub [233] an inverted Y-stub [234], an inverted L-stub [235], a meander shaped ground stubs 

[236-237], other stub structures acting as a band-stop filter [238], etc.  

Yet; most of these existing work; these stubs were embedded with cooperation with other 

approaches (e.g. almost placement and orientation or other methods) except the works 

introduced in ref [191, 204, 218, 219, 223, 225, 228, 234]. However; these mentioned works 

either the isolation BW not adequately cover the entire UWB range (i.e. poor isolation at 

some frequencies) as presented in [191, 204, 219, 234] or isolation BW cover the whole UWB 

but maximum isolation -18 dB as introduced in ref [218, 223, 225, 228]. Briefly; one of 

these designs is now described in more detail as below: 

(a)                                                                   (b) 

Figure 3.11: Configuration of a UWB-MIMO antenna with stubs used as an isolation method 

for UWB applications. (a) Schematic and (b) Fabricated MIMO antenna [194] 

 

In ref [194]; a dual planar patch elements antennas placed perpendicularly to each other to 

achieve good isolation between the input ports, with two long ground stubs placed adjacent to 

the radiating elements and a short ground strip connecting the two ground planes are 

employed to enhance the isolation, as shown in Figure 3.11. The return loss bandwidth was 

achieved from 3.1 to 10.6 GHz with mutual coupling of less than -15 dB between the two 

feeding ports. 

Multi-band-MIMO Antennas – Recently, different metallic ground stub structures 

are presented in the literature such as T-shaped [96, 101, 181, 239-245], L-shaped [248-249], 

narrow rectangular stubs [167,176,250-252], etc. Yet; most of these existing work; introduced 

stubs were embedded with cooperation with other approaches (almost placement and 
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orientation) and complicated to adjust.  

Briefly; one of these designs is now described in more detail as below: 

 In ref [241], proposed a novel compact wideband planar diversity antenna for mobile 

terminals. It has a -10 dB impedance bandwidth from 1.904–2.504 GHz covering UMTS band 

and 2.4 GHz WLAN band. To obtain the wide bandwidth and low mutual coupling, T-shaped 

and dual inverted-L-shaped ground technique had been used in the design (as shown in Figure 

3.12). In the whole band, the mutual coupling between the two antennas is below -15 dB 

(about – 20 dB in most of the operation band).  

 
Figure 3.12: Configuration of the antennas with stubs used as an isolation method for 

multiband applications: (a) General view, (b) Front side, (c) Back side [241] 

 

   3.1.1.5 Currents Localisation Structures (CLS) approach 

       Narrow-band MIMO Antennas – A few publications have discussed the use of 

additional ground concept [41, 214, 253-255]. In general; this method considered too bulky to 

use in portable devices (i.e. mobile handsets). Briefly; one of these designs is now described 

in more detail as below:  
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Figure 3.13: Configurations of the antennas. (a) Dual PIFAs with small ground used as an 

isolation method for narrow applications (b) Single PIFA, and (c) Fabricated antenna [41] 

 

In [41], a compact dual-element PIFA array on a PCB operating in 2.5 GHz band for MIMO 

application is presented. The PIFA elements used were modified by introducing a small 

ground plane between the PIFA and the PCB. Here; a small local ground plane is separated 

from the main ground is an efficient method to localise the currents induced by the antenna to 

the confined local ground. The antenna configuration is presented in Figure 3.13 [41]. The 

PIFA element is modified by introducing a small local ground plane between the PIFA and the 

main ground plane. The surface currents are localised underneath the antenna, rather than 

distributed along the whole ground plane, and here; isolation between the antennas exceeds 20 

dB.  

UWB-MIMO Antennas – Yet, this technique is not significantly employed yet for 

planner UWB-MIMO systems in the open literature to the best of author’s knowledge. 

Multi-Band-MIMO Antennas – A few recent works have been proposed in the 

literature [256-257].  
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Figure 3.14: Configuration of the MIMO antenna with small ground used as an isolation 

method for multiband applications: (a) 3D view and (b) Top view (c) Side view [257] 

 

For instance, in ref [257], a MIMO dual-element PIFA array (as presented in Figure 3.14) for 

broadband operation covering WLAN, and WiMAX for high-performance wireless devices 

was presented. In this design; PIFA array provides a broad bandwidth (0.67 GHz), and high 

isolation between ports are obtained ( -26 dB). It is excellent performances are achieved due 

to inserting a small ground plane technique between the original PIFA and the PCB allowed 

achieving the real diversity characteristics of the MIMO antenna. 

 

     3.1.1.6 Metallic shorting pins / vias approach 

          Narrow-band MIMO Antennas – A few publications have discussed the use of 

shorting pin or via concept for isolation enhancement as proposed in ref [215], [247], [327]. 

In these works, obviously insertion of an extra small ground will increase the complexity of 

printed circuit board (PCB) fabrication. Thus this approach considered very limitedly in 

different wireless applications. 
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(a)                                                                   (b) 

Figure 3.15: Configuration of the MIMO antenna with shorting pins used as an isolation 

method for narrowband applications: (a) Schematic (b) Fabricated [327] 

 

For instance; in ref [327], the antenna system, as shown in Figure 3.15, composed of a dual-

polarised microstrip patch and a dual-polarised microstrip square-ring.  

In addition; L-slots have been etched on the patch to reduce its dimensions, and metallic vias 

have been introduced to reduce the strong coupling between patch and square-ring modes. 

The measured results show without via, the maximum coupling is about -16.5 dB whereas 

with vias, the coupling is better than -21 dB (4.5 dB as improvement has been obtained). 

 

UWB-MIMO Antennas – Yet, this technique is not significantly employed yet for 

planner UWB-MIMO systems in the open literature to the best of author’s knowledge. 

 

Multi-Band-MIMO Antennas – A few recent works have been proposed in the 

literature [184, 333]. However, utilisation of this method in these works will increase a 

thickness of the substrate.  

For instance, in ref [333], a new dual-band (2.45GHz and 5.8GHz) diversity antenna array for 

portable wireless terminals is proposed. High-isolation performance ( -27 dB at a 2.45 GHz 

and  -21 dB at the 5.8 GHz) is achieved by introducing a connecting line and a shorted pin, 

as shown in Figure 3.16. 
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(a)                                (b)                                         (c)                                                                    

Figure 3.16: Configuration of the array with a shorting pin used as an isolation method for 

multiband applications: (a) Top view (b) Side view, and (c) Fabricated antennas [333] 

 

3.1.2 Suppression Techniques of Antenna Coupling Through Space-Wave 

Radiation 

In this category, different decoupling methods based on this coupling mechanism  

(direct or space coupling ) are introduced, including: Antennas separation, Decoupling wall 

structures (DWS), Antenna placement and orientation technique, Neutralization Line (NL), 

Decoupling and Matching Networks (DMN), parasitic structures, heterogeneous elements and 

utilisation of Meta-Material Structures (MTMs) approach, etc. 

 

    3.1.2.1 Antennas separation approach 

        Narrow-band-MIMO Antennas – This approach considered as a traditional method 

of maintaining a good separation between multiple antennas is mainly found in the open 

literature [258-264].  

In these works; antennas relatively have a significant distance from each other. However; this 

method is limited for mobile handheld devices due to massive size constraint.  

For instance, in ref [262], miniaturised MIMO antennas have been proposed in this work. 

Here; the achieved mutual coupling was around -15 dB without using any external elements 

or change in PCB design, as shown in Figure 3.17, only with the help of design optimisation 

and maintaining on good separation between the proposed antennas. 
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Figure 3.17: Prototype of the dual meander PIFA elements with good separation for 

narrowband applications [262] 

 

           UWB-MIMO Antennas – Several other previous works for MIMO-UWB 

applications have been proposed in [267-270]. Obviously; this approach is not suitable for 

small portable devices because of the limited space. Meanwhile; it has required to be 

embedded with other decoupling methods to obtain high isolation characteristics. 

Briefly; one of these designs is now described in more detail as below: 

In ref [267], the coupling effects between array elements of dual and four-antenna element 

UWB linear arrays have been enhanced (is around -15 dB in the whole band) when the 

element spacing is greater than one wavelength at the upper frequency for UWB arrays. 

 

Figure 3.18: Fabricated dual- elements (left) and quad-elements (right) array with good 

separation for UWB applications [267] 
 

Multi-band-MIMO Antennas – Many other works for MIMO Multi-band 

applications have been recently presented in [271-277]. Although; this method not required 

any extra decoupling networks, quite low isolation is obtained. 

For instance, in ref [272], a new antenna structure comprising four elements; each includes a 

rectangular patch along-side a small rectangular shape ground proximity fed by a microstrip 

line, as shown in Figure 3.19. The array designed for operating in quad-bands. Half-
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wavelength separates the elements of the array at lowest frequency (1.8 GHz), the achieved 

mutual coupling is quite low (Sij < -15 dB). 

 

Figure 3.19: Geometry of the 4×1 patch array antenna with good separation used as an 

isolation method for multiband applications [272] 
 

      3.1.2.2 Decoupling wall structures (DWS) approach 

Narrow-band-MIMO Antennas - Different lattice pattern loadings as defected wall 

structures were applied to reduce mutual coupling between closely space antennas such as a 

single layer of mushroom walls as introduced in ref [144-145, 278-279], a wall with a double 

layer of mushroom wall structure is positioned in between the four antenna elements in ref 

[280-281], metallic wall combined with two open-ended slots [282, 289], Asymmetrical 

coplanar strip wall [290], and utilisation of  meta-materials walls [291-292], etc.  

Although most of these designs were novel, they have several drawbacks such as the height of 

these decoupling structures (walls) is relatively large and the bandwidth is relatively narrow;  

thus it is difficult to use them in real practical applications (e.g. handsets). Briefly; one of 

these designs is now described in more detail as below:  

 

Figure 3.20: Geometry of PIFA antennas with the DWS used as an isolation method for 

narrowband applications [278] 
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In ref [278], here; new DWS with slot loadings investigated between PIFAs, as shown in 

Figure 3.20. However; the isolation of (-56 dB) can be achieved.  

Here; the structure used in this work has a relatively low dielectric constant resulting in a 

higher air coupling than surface waves; this wall structure can be thought of as a band-stop 

filter and provides an effective EM shield to reduce air coupling between the adjacent PIFA’s 

antennas effectively. 

 

UWB-MIMO Antennas –Yet; this technique is not significantly employed yet for 

planner UWB-MIMO systems in the literature to the best of author’s knowledge. 

Multi-band-MIMO Antennas – Yet; this technique is not significantly employed 

yet for planner UWB-MIMO systems in the literature to the best of author’s knowledge. 

 
    3.1.2.3 Antenna placement and orientation approach 

         Narrow-band-MIMO Antennas - In recent years, many collocated works for MIMO 

narrowband applications have been proposed [62, 255, 279-280, 293-315]. Re-orienting 

microstrip antennas, which allows for benefiting from radiation pattern nulls and most 

importantly from polarisation mismatch between the antennas, is an effective way of 

suppressing the direct or space-wave coupling. In general; this approach considered not ideal 

for handset terminals due to space and polarisation restriction. Briefly; one of these designs is 

now described in more detail as below:  

(a)                                                                   (b) 

Figure 3.21: Configuration of the dual-feed PIFA antenna with perpendicular feed used as an 

isolation method for narrow applications: (a) Schematic (b) Fabricated [307] 

 

Recently, a dual-feed planar PIFA using two isolated feeding port on a common radiating 

plate was proposed in [307], as shown above in Figure 3.21.  
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To reduce the mutual coupling an approach of removing the most of the conductor to reduce 

the current flow on the ground plane between the two ports was implemented. The results 

showed that the antenna has an operating bandwidth from 2.4 to 2.7 GHz with more than 12 

dB improvement in isolation. 

UWB-MIMO Antennas – Commonly; UWB antennas utilising spatial and angular 

variations drawn considerable attention from researchers for high isolation applications.  

Moreover; many developments have already been reported in ref [154-156, 193-197, 200, 

202-203, 205, 208, 210, 212, 226, 235, 238, 316-338, 429]. However, many of them not 

contains measurements results as introduced in ref [154, 195, 200, 202-203, 210, 227, 316-

319, 321, 324, 326, 328, 334, 337] or other designs equipped with band-notch functionality as 

introduced in ref [156, 196-197, 205, 208, 212, 226, 235, 237-238, 322-323, 329, 336, 338, 

429]. Although; some works as in ref [193-194, 325, 330-331, 332, 335, 455] have a 

measured good isolation (-21 dB) but either has complex feeding network (e.g. four ports 

network) or a large ground plane. Briefly; one of these designs is now described in more 

detail as below:  

(a)                                                                   (b) 

Figure 3.22: Configuration of UWB dual radiator elements with perpendicular feed used as 

an isolation method for UWB applications: (a) Schematic (b) Fabricated [325] 
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In ref [325], compact (26 ×55 mm
2
) array antennas consist of dual identical antenna radiators 

elements, as shown in Figure 3.22. The antenna elements were fed orthogonally to achieve 

good isolation between the two input ports. The array designed for the ultra-wide-band 

(UWB) applications operation, i.e. 3.1- 10.5 GHz, and the achieved isolation between two 

antenna elements is greater than 20 dB across the band. 

Multi-band-MIMO Antennas – Many works for Multi-band MIMO applications 

have been presented in ref [178, 169, 185, 249, 271, 344, 339-375, 456]. In most of these 

works, dual feeding structures were used to excite dual-polarization, thus making the feed 

structure quite complex. Briefly; one of these designs is now described in more detail as 

below:  

 

Figure 3.23: (a) Configuration of the dual-loop antenna array with 120
0
 orientation used as 

an isolation method for multiband applications (b) Top view (c) Fabricated array [344] 

 

In ref [344], demonstrated a novel three antennas system aimed to operate in the 2.4 and 

5.2/5.8 GHz bands as internal MIMO access point (AP) antennas. Besides, the proposed 

antennas were placed in a sequential, rotating arrangement on a ground plane with an equal 

inclination angle of 120° to form a symmetrical multiple antenna structure (as shown in 

Figure 3.23). Low mutual coupling with a port isolation of less than -15 dB and -20 dB 

between any two antennas has been obtained over the 2.4 and 5.2/5.8 GHz bands respectively.  
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The measured results show that well ports isolation can be obtained together with high gain, 

directional radiation characteristics. Calculated ECC is less than 0.007 within the bands of 

interest. The proposed multiple antennas are well suited for internal MIMO antennas 

embedded in a wireless AP for WLAN operation as a promising alternative to conventional, 

high-gain patch or microstrip antennas. 

 

    3.1.2.4 Neutralisation Line (NL) approach 

         Narrow-band-MIMO Antennas – It can be noticed that much work has been 

presented to get better isolation using NLs for narrowband applications. The technique of 

using a neutralised or suspended line for mutual coupling reduction between different 

microstrip antennas operating in the same frequency band can be found in [299, 376-379] for 

mobile handset applications. This technique is frequently used to decouple the PIFAs antenna 

as presented in [380-382]. Here; it is a connecting line between the feedings or the shorting 

strips of the PIFAs.  

Moreover; it can be efficiently used for decoupling MIMO antennas for USB dongles 

applications as presented in [300, 305, and 383]. In general; Modelling is complicated, and 

selection of the connection point is critical in this method. Briefly; one of these designs is 

now described in more detail as below: 

In ref [381], a suspended NL physically connected to the dual PIFAs element (operating in 

1.92-2.17 GHz within UMTS band), as shown in Figure 3.24. The MIMO antenna achieved a 

good mutual coupling reduction ( -18 dB) at a frequency of 1.96 GHz. 

 

(a)                                                                   (b) 

Figure 3.24: The optimised PIFAs with the NL used as an isolation method for narrow 

applications. (a) 3D view, (b) Top view [381] 
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The introduction of the NL was used to cancel out the existing mutual coupling since the line 

stores a certain amount of the current/signal delivers from one antenna element to the other 

antenna element. In other words, an additional coupling path was created to compensate for 

the electrical currents on the PCB from one antenna to another.  

UWB-MIMO Antennas – A few works presented in the recent literature [323], [384-

386]. However, this technique is not commonly tractable for UWB-MIMO systems. These 

works are not capable of providing enough isolation bandwidth for the whole UWB band 

range except the work introduced in ref [384-385] offering good UWB isolation. Although; 

the design in ref [384-385] shows some isolation improvement on wide BW, it is still a 

considerably complex design and bulky for a mobile handset. 

(a)                                                                           (b) 

Figure 3.25: Fabricated UWB antenna with NL used as an isolation method for lower band 

UWB applications [386] 

 

Recently, in ref [386], a new wideband neutralisation line is connected to and inserted 

between two monopoles. The neutralization line consists of two metal strips and a metal 

circular disc, as shown in Figure 3.25. The results showed by implementing the proposed 

neutralization structure, low mutual coupling (S21 < -22 dB) between the antenna elements 

and good impedance matching (< -10 dB) can be realised over very wide bandwidth covering 

the lower band of UWB frequency band from 3.1 to 5 GHz. 

Multi-band-MIMO Antennas – Other works related technique of using a 

neutralised or suspended line for mutual coupling reduction between different microstrip 

antennas operating in the multi-frequency band can be found in ref [175, 183, 358, 387-393, 

406, 457].  
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(a)                                                                   (b) 

Figure 3.26: The structure of printed antennas with the NL used as an isolation method for 

multiband applications: (a) Schematic (b) Fabricated [389] 

 

Recently, a new printed monopole MIMO antenna was presented for Wi-Fi/WiMAX 

applications in [389], based on the same concept, but with much more complex neutralisation 

line integration. The configuration of the array antenna is shown in Figure 3.26.  

The antenna comprises two crescent-shaped radiators placed symmetrically with respect to a 

defected ground plane, and neutralisation lines were connected between them with an 

achieved mutual coupling of less than -17 dB for an impedance bandwidth of 2.4-4.2 GHz. 

 

   3.1.2.5 Decoupling and Matching Network (DMN) approach 

        Narrow-band-MIMO Antennas –Some design approaches for the decoupling 

matching networks are described in ref [394-400].  

 

Figure 3.27: The π-shaped equivalent circuit of a closely packed antenna system 

 

Different realisations of the decoupling network are proposed, such as a combination of 

lumped elements (including capacitors and inductors) [394], the hybrid 180° coupler [395-

398], and employing an embedded decoupling line as presented in ref [399-400]. 
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Figure 3.28: The layout of the meander-line monopole antennas (left), and LC-based branch-

line coupler (right) used as an isolation method for narrow applications [396] 

 

In these works, some reactive components between the transmission lines are added. 

Although; the design shows some improvement on narrow BW isolation, it is still a 

considerably complex design, and additional ohmic losses are expected from these decoupling 

networks. Briefly; one of these designs is now described in more detail as above:  

A decoupling network technique approach was investigated in [396] to improve an isolation 

of dual-element antenna, as shown in Figure 3.28. Here; an LC components based branch line 

hybrid coupler (using the passive inductors and capacitors) was used and designed at 0.71 

GHz to decouple the antenna elements. A series inductance and two parallel capacitances 

were placed instead of each λ0/4 section of the branch line coupler. The achieved isolation 

between the ports is better than 35 dB with matching ports at 0.71 GHz. 

UWB-MIMO Antennas – The matching networks are usually applicable to design 

and to realise for narrow-band\multi-band antennas. However; wideband and ultra-wide-band 

MIMO systems are difficult enough to implement this method. Thus, this technique is not 

significantly employed yet for planner UWB-MIMO systems in the literature to the best of 

author’s knowledge. 

Multi-band-MIMO Antennas – A few works are presented in this application [401-

405]; in these previous studies, most of them used many circuit components on multiple 

frequencies. However, the decoupling network can increase the overall footprint of the 

multiple antenna systems. Moreover; the complexity involved in the implementation of the 

modal feed network may limit the application of this method to smaller arrays.  
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Briefly; one of these designs is now described in more detail as below:  

In ref [405], a dual-frequency (2.46-2.7 GHz and 5.04-5.5 GHz) MIMO antenna had been 

proposed for WLAN applications.  

High isolation (over 30 dB) in dual bands is achieved by using a decoupling network is 

inserted between the two antennas without increasing the footprint, as shown in Figure 3.29. 

 

(a)                                                                   (b) 

Figure 3.29: Implementation of the DMN used as an isolation method for multiband 

applications. (a) Schematic, and (b) Fabricated array [405] 

 

  3.1.2.6 Parasitic elements / structures approach 

       Narrow-band-MIMO Antennas – These parasitic scatterer elements can be of simple 

and efficient decoupling structures, such as rectangular strips [407-411], squares strips [412], 

a simple U-shaped microstrip strip [413], other structures are used as parasitic elements to 

give good isolation improvement levels [414-417]. In these existing works, this technique is 

not attractive at low frequencies for handset applications except ref [413, 415-416] because 

the implementation of additional parasitic elements requires significant space. Although; 

antennas coupling are reduced by introducing simple parasitic structures in ref [413, 415-

416], less impedance matching noticed after inserting these structures. 

     

                                (a)                                                                       (b) 

Figure 3.30: (a) Antennas structure with a parasitic U-section used as an isolation method for 

narrow applications, (b) Simulated current density vectors [413] 

Briefly; one of these designs is now described in more detail as below:  
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In ref [413], presents a novel coupling structure suppressing the mutual coupling between 

nearby patches. It is composed of only a simple U-shaped microstrip (as shown in Figure 

3.30), which reduces the mutual coupling considerably. By adding a U-shaped microstrip 

section, an additional coupling path can be created and as we know direct MC between two 

elements can be cancelled out by adequately adding an extra indirect coupling path. The 

technique has been experimentally evaluated, and the measured results prove the advantage of 

the method over other works, in the sense that it effectively combines simplicity, mutual 

coupling reduction, wide bandwidth, and radiation pattern conservation altogether.  

However; the proposed design can achieve more than 15 dB isolation between closely packed 

antennas operating at 2.4 GHz frequency share a solid ground plane with 0.6 λ0 inter-antenna 

spacing (Centre to Centre). 

UWB-MIMO Antennas –Several parasitic strips have also been used to achieve 

mutual coupling reduction between UWB antennas [156, 334-335, 329, 418-423, 429]. To the 

best of author’s knowledge, most of the proposed MIMO antennas in the literature use 

different designs for decoupling structure to achieve good isolation between elements, but the 

designs are often difficult to fabricate, and isolation BW do not fully cover entire UWB 

frequency band.  

Briefly; one of these designs is now described in more detail as below: In ref [420], a UWB 

antenna with high isolation was investigated by placing a floating digitated parasitic 

decoupling structure that provides wideband isolation characteristics.  

(a)                                                                   (b) 

Figure 3.31: Geometry of the optimised antenna elements with decoupling structure used as 

an isolation method for UWB applications. (a) Top view, (b) Bottom view [420] 
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The decoupling structure is introduced on the backside of the diversity antenna, as shown in 

Figure 3.31 and it provides coupling suppression of better than 20 dB in most of the UWB 

spectrum along with a compact footprint. 

Multi-band-MIMO Antennas – Recently, increasing the isolation between 

multiband array elements are mainly obtained using new strips such as inverse T and Pi strips 

[99, 424-428].  

Briefly; one of these designs is now described in more detail as below:  

In ref [424] a new compact two element dual-band MIMO array operating in WLAN 

frequency bands of 2.4GHz and 5.2GHz; respectively has been presented. The array has good 

isolation (for dual-band better than -20dB and -24dB; respectively) by adding a simple 

structure of the inverted-T shape isolator between the array elements, as shown in Figure 

3.32. 

(a)                                                                   (b) 

Figure 3.32: (a) The schematic of a dual-element array with isolator, (b) Fabricated MIMO 

with inverted-T isolator used as an isolation method for multiband applications [424] 

  3.1.2.7 Heterogeneous radiating elements approach 

       Narrow-band-MIMO Antennas – The term “heterogeneous” is used to indicate that 

the constituent elements are not identical. A few works presented here; for instance, in ref 

[143], proposed a compact planar MIMO antenna system of four elements with similar 

radiation characteristics for the whole 2.4 GHz WLAN band. It consists of two proximity-

coupled fed square ring microstrip patch antennas and two λ0/4 microstrip slot antennas of the 

same linear polarisation, as shown in Figure 3.33. These two types of antennas have been 

printed on different sides of the substrate to reduce mutual coupling. 
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Figure 3.33: MIMO antenna with heterogeneous antenna (different elements types) used as 

an isolation method for narrow applications [143] 

Here; good impedance matching (S11 < -10 dB) is achieved across the operating band for all 

the antenna elements, and high port isolation (better than -25 dB) and good MIMO 

performance are achieved. Besides, a similar approach was also demonstrated in ref [295]. 

 
UWB-MIMO Antennas – For instance, in ref [430], the planar MIMO antenna 

system consists of two heterogeneous antenna elements printed on the same substrate. The 

presented antenna system works efficiently in the UWB frequency range of 3.1-10.6 GHz 

with good isolation (< -14 dB), a very lower correlation coefficient and high diversity gain are 

obtained. In addition, a similar approach was also demonstrated in ref [431, 496]. 

 

Figure 3.34: A heterogeneous UWB antenna elements used as an isolation method for UWB 

applications [430] 

Multi-band-MIMO Antennas – In ref [432], a dual-band antenna system is 

designed for lower coupling ( 12 dB) using heterogeneous antennas where the separation is 

merely less than quarter wavelength (0.24 λ0); In this array; the left antenna (port 1) is a 

PIFA-based antenna while right one is monopole-based antenna (port 2) as shown in Figure 

3.35. 
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Figure 3.35: A multi-band heterogeneous antenna used as an isolation method for multi-band 

applications [432] 

 

    3.1.2.8 Meta-Material resonators (MTMs) approach 

        Narrow-band-MIMO Antennas –A lot of works have been appeared in open 

literature that utilized Metamaterials based structures for isolation enhancement such as: 

inserting broadside split-ring resonators (BC-SRR) as introduced in ref [133, 292, 436-438], 

interdigital SRRs [306], Slotted-Complementary SRRs [442-444], capacitively-loaded-loops 

(CLL) [439-441], spiral resonators [189, 433-435], etc. It has to be noted, though, that in 

many works under this approach either complex (hard to fabricate) or they are inherently 

narrowband, and limited by the antenna bandwidth. Briefly; one of these designs is now 

described in more detail as below:  

In ref [292], provide a high isolation performance by properly inclusions of broadside split 

ring resonators (SRRs) between closely-spaced high-profile monopole antennas. 

      

(a)                                                                   (b) 

Figure 3.36: (a) A schematic of dual-monopole antennas with SRR inclusions, (b) Fabricated 

MIMO with MTMs used as an isolation method for narrow applications [292] 
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However, the inter-element distance has been remaining around λ0/8, a minimum of 44 dB 

suppression was achieved using ten strips case is as illustrated in Figure 3.36(b). 

Meanwhile, the use of metamaterials to reduce mutual coupling usually involves larger, bulky 

formations that are not particularly appealing when ease of implementation and 

miniaturisation become critical issues.  

UWB-MIMO Antennas – Relatively; very few designs are available in the open 

literature for achieving high isolation using MTM structures. For instance, in ref [445], a 

novel compact UWB-MIMO antenna dual element has been proposed (as illustrated in Figure 

3.37). The isolation had been enhanced by inserting the CSRR structure in the ground plane. 

The effectiveness of the CSRR structure has been demonstrated. The antenna system has a 

wide impedance bandwidth from 3.1 to 10.6 GHz and good isolation (better than -20 dB) 

across the whole band.  

However; in this design, moderate isolation (10 dB) obtained in a lower UWB range (3.5 to 

6.35 GHz). Besides, a similar approach was also demonstrated in ref [201, 446]. 

             

                              (a)                                                                   (b) 

Figure 3.37: (a) A schematic of UWB array antennas with MTMs used as an isolation 

method for UWB applications, (b) Fabricated MIMO [445] 

Multi-band-MIMO Antennas – Plenty of previous works utilising MTMs were 

proposed in [123, 172, 364, 447-452]. In these exciting works (except ref [452]) are either 

built-in multi-layer or large size [447-450] or only applicable to the decoupling of arrays over 

a small bandwidth at only a dual-band frequencies [123, 172, 364, 451].  

However; in ref [452] a compact four-port MIMO antenna designed for quad-band 

applications but unfortunately it resonating at uncommon frequencies (1.75 and 1.82 GHz; 

respectively). Moreover; poor isolation (-17 dB) between antenna ports in the higher bands 

was noticed. Briefly; one of these designs is now described in more detail as below: 

In ref [447], a dual-element dual-band MIMO antenna system based on 4-shaped printed 

antenna structures was presented (as shown in Figure 3.38): 
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(a)                                                           (b) 

Figure 3.38: (a) Geometry of the 4-shaped MIMO antenna system with MTMs used as an 

isolation method for multi-band applications (b) Fabricated MIMO [447] 

 

The isolation method was based on using arrays of compact capacitively loaded loops (CLL) 

on the top layer of the PCB while complementary CLLs were used on the bottom layer of the 

board. The fabricated model of the printed MIMO antenna is shown in Figure 3.38. The 

printed antenna was fabricated on a 100 × 50 × 1.56 mm
3
 FR4 substrate. The MIMO antennas 

system covers dual-band (0.82 - 0.85 GHz and 2.32 - 2.98 GHz). The isolation improvement 

was more than 10 dB in the lower band and 3 dB in the higher band.  

  3.1.2.9 Combination / Hybrid approaches 

Another more attractive and vital approach is used widely for high isolation applications; it 

can be treated as a hybrid approach that combines the former two methods or more. Easily; by 

using this approach, compact size and low mutual coupling usually can be achieved. 

       Narrow-band-MIMO Antennas – Many works related to the utilisation of hybrid 

approaches have been introduced in the open literature. Commonly; spatial and angular 

variation technique was combined with the other methods for isolation enhancement 

applications such as: It could combine with MTM [306], with CLS [255], with NL [299-300, 

305, 453], with slots insertion [143, 145, 147], with stub insertion [188, 472], with DWS 

[279-280]. Other hybrid works include EBG and MTM Structures [133], MTM and stub 

[189], or using the wall structure combined with slot insertion [144,146]. Briefly; one of these 

designs is now described in more detail as above: In ref [472], A hybrid approaches 

(including both stub and antenna orientation methods) have been utilised to obtain good 

isolation (14 dB) in MIMO antenna working for satellite navigation (1.1 to 1.7 GHz), as 

shown in Figure 3.39. 



Chapter 3: Survey of coupling suppression techniques for different wireless applications 

PhD Thesis by Alaa Thuwaini                                            87                                       Brunel University 2018   

(a)                                                                   (b) 

Figure 3.39:  (a) A schematic of a dual-element array with a cross-shaped stub, (b) 

Fabricated MIMO [472] 

UWB-MIMO Antennas – In this UWB application also hybrid approaches have 

been introduced for isolation enhancement. Commonly a spatial and angular variation 

combined with the following methods such as: with different stub structures [154, 193-197, 

202, 205, 208, 210, 212, 226-227, 235, 237-238, 317, 321, 328, 455], with NL [323], with 

slots [154-156], with parasitic structures [156, 226, 329, 334, and 429]. In addition; other 

important works introduced a combination of slot and stub structures to isolate both ports 

from each other as in presented in ref [88, 155, 157-158, 161, 201, 210]. Briefly; one of these 

designs is now described in more detail as below:  

(a)                                                                   (b) 

Figure 3.40:  (a) A schematic of a dual-element array with an inverted L-shaped stub, (b) 

Fabricated MIMO (Top and back view) [235] 
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In ref [235], a hybrid approaches as shown in Figure 3.40 (including both the stub and 

antenna orientation methods) have been utilised to obtain acceptable isolation ( -15 dB) in 

compact fractal UWB-MIMO antennas with WLAN band-notched characteristics. 

Multi-band-MIMO Antennas –In the open literature; many hybrid approaches have 

been exploiting for isolation enhancement. Commonly; Spatial and angular variation 

technique combined with other methods such as: 

It could combine with different stub structures [249, 252, 459-460], with NL [457-458] , with 

slots [166, 178], with MTMs [364], etc. Meanwhile; other hybrid works are used to isolate 

antenna ports from each other such as: a combination of DGS and parasitic structures 

presented in ref [181, 425], A combination of DGS and stub structures are introduced in ref 

[96,101], A combination of NL and DGS are introduced in ref [175, 183], A combination of 

stubs and slots are introduced in ref [165, 167, 461], A combination of MTM and slots are 

introduced in ref [172], etc. Briefly; one of these designs is now described in more detail as 

below:  

In ref [183], A compact printed MIMO antenna (as shown in Figure 3.41) for USB dongle 

application covers the WLAN (2.4–2.48 GHz), WiMAX (3.4–3.8 GHz), and HiperLAN (4.7–

5.83 GHz) bands. Here; combination methods (NL and DGS) have been utilised to obtain 

good isolation (better than -14 dB) at both operating frequency bands. 

(a)                                                                 (b) 

Figure 3.41: (a) A schematic of the dual-element array (Top and back view), (b) Fabricated 

MIMO (Top and back view) [183] 

3.1.3 Suppression Techniques of Antenna Coupling Through Near-Field 

Coupling  
 
      Narrow-band-MIMO Antennas – Most of coupling reduction techniques that have 

proven to be useful in suppression of this type of coupling employ either resonant-type 

parasitic slots intercept the near fields from the active antenna and re-emit the EM field into 

free space as presented in ref [71, 147, 295, 469-475].  
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Other works introduced parasitic scatterers (resonator) in between [78, 412, 416, 462-468, 

480], spatial and angular variation [301, 310, 473], or utilisation of MTMs [437, 476-478] or 

utilisation of NL [300, 305, 383, 379, 381, 479], or utilisation of defected wall structures 

[144, 278, 282], etc.  

However; decoupling structures in these works need to be used with great caution to make 

sure that radiation from the parasitic elements does not degrade the radiating performance of 

the multi-antenna system. Briefly; one of these designs is now described in more detail as 

below:  

 
Figure 3.42:  (a) 3D view of the dual-element array, (b) Side view, (c) Prototype of the 

proposed MIMO [471] 

In ref [471], demonstrates an efficient decoupling technique for dual PIFAs that is enabled by 

a T-shape slot impedance transformer; neighbouring edges of the PIFAs form a quarter-

wavelength slot (as shown in Figure 3.42) used as isolation method for suppression near-field 

between antennas. Here; the array covers the 2.4 GHz WLAN band (2.4–2.48 GHz), and 

within the WLAN band isolation of over 20 dB is achieved 

UWB-MIMO Antennas – Several works available in the open literature that 

introduced resonant-type parasitic slots/strips for near-field coupling suppression between 

antennas as presented in ref [88, 159, 420, 481-482]. Briefly; one of these designs is now 

described in more detail as below: 
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Figure 3.43:  (a) Antenna with decoupling structure (Top and back view), (b) Prototype of 

the proposed MIMO (3D view) [481] 

In ref [481], MIMO elements are decoupled using four C-shaped strips placed between three 

vertical stubs, as shown in Figure 3.43. The proposed arrangement results in good isolation 

(better than 20 dB) and improved impedance matching.  

Multi-band-MIMO Antennas – Several works available in the literature that 

proposed different resonant-type parasitic slots/strips between MIMO antennas for near-field 

coupling suppression as presented in ref [168, 240, 471, and 483]. Briefly; one of these 

designs is now described in more detail as below: In ref [471], demonstrates an efficient 

decoupling technique for dual PIFAs through a dual-isolation property that is enabled by a T-

shape slot impedance transformer. Simply; neighbouring edges of the PIFAs form a quarter-

wavelength slot (as shown in Figure 3.44) used as an isolation method for suppression near-

field between antennas. Here; the array covers the 2.4 GHz WLAN band (2.4–2.48 GHz) and 

the WiMAX band of 3.4–3.6 GHz, with isolations of over 19.2 dB and 22.8 dB, respectively.  

 

Figure 3.44:  (a) 3D view of dual-element array, (b) Side view, (c) Prototype of the proposed 

MIMO [471] 
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3.2 Summary of the important mutual coupling suppression techniques 

    3.2.1 Narrow-band-MIMO Antennas –A summarised state of art of Narrowband-

MIMO antennas contain important previous works are listed in Table 3.1, which detailing in 

the operation frequency, volume, and the isolation level obtained by different mutual coupling 

suppression approaches. 

Table 3.1 Summarised states of the art on Narrow-band -MIMO antennas 

Ref. Centre 
Frequency (GHz) 

MIMO Antenna 

Structure 

Separation 

(λ0) 

Volume 

(mm
3
) 

Isolation 

(dB) 

Suppression 
Approach 

[81] 2.53 Dual-patch array 0.24 N/A -46 DGS 

[117] 5.75 Dual-patch array 0.5 398 -32 EBG 

[145] 2.5 Dual-PIFA array. 0.265 516 -20 Slots/slits 

[186] 2.05 Four-monopole 

array 

N/A 4560 -22 Stub 

[41] 2.5 Dual-PIFA array. 0.17 20000 -20 CLS 

[327] 5.22 Dual-patch array 0.1 125 -23.5 Shorting pins 

[262] 2.6 Dual-PIFA array. N/A 20000 -22 Separation 

[278] 2.5 Dual-PIFA array. 0.4 116100 -53 DWS 

[307] 2.45 Dual-PIFA array. 0.14 40000 -31 Placement and 

orientation 

[381] 2.14 Dual-PIFA array. 0.127 34000 -15 NL 

[396] 0.71 Dual-patch array 0.025 5500 -28 DMN 

[413] 2.4 Dual-patch array 0.6 38620 -30 Parasitic 

elements 

[143] 2.45 Dual-patch-slot  

array 

N/A 4210 -25 Heterogeneous 

[292] 1.24 Dual-monopole 

array 

0.125 5400000 -40 MTMs 

[472] 1.5 Dual-PIFA array. N/A 300.6 -14 Combination 

 
   3.2.2 UWB-band-MIMO Antennas –A summarised state of art of UWB-MIMO 

antennas contains important previous works are listed in Table 3.2, which detailing in the 

operation frequency range, volume, and the isolation level obtained by different mutual 

coupling suppression approaches. 

Table 3.2 Summarised states of the art on UWB-MIMO antennas  

Ref. Frequency 

Range (GHz) 

MIMO Antenna 

Structure 

Separation 

(λ0) 
Volume 

(mm
3
) 

Isolation 

(dB) 

Suppression 
Approach 

[88] 2.4-6.5 Dual-monopole 

array 

0.1 4992 -18 DGS 

[137] 3-6 Dual-monopole 

array 

0.1 4800 -20 EBG 

[154] 3.1-5.8 Dual-monopole 

array 

0.25 5654.4 -20 Slots/slits 

[194] 3.1-10.6 Dual-monopole 

array 

N/A 1040 -15 Stub 

[267] 3.1-10.5 Four-monopole 

array 

0.5 5040 -16 Separation 



Chapter 3: Survey of coupling suppression techniques for different wireless applications 

PhD Thesis by Alaa Thuwaini                                            92                                       Brunel University 2018   

[325] 3.1-12.3 Dual-monopole 

array 

0.1 2240 -20 Placement and 

orientation 

[386] 3.1-5 Dual-monopole 

array 

0.12 448 -22 NL 

[420] 3.1-10.6 Dual-monopole 

array 

0.2 2372 -20 Parasitic 

elements 

[430] 3.1-10.6 patch-monopole 

array 

0.2 4080 -14 Heterogeneous 

[445] 3.1-10.6 Dual-monopole 

array 

0.2 1400 -20 MTMs 

[235] 3.1-10.6 Dual-monopole 

array 

N/A 1600 -15 Combination 

    
    3.2.3 Multi-band-MIMO Antennas –A summarised state of art of Multi-band-MIMO 

antennas contains important previous works are listed in Table 3.3, which detailing in the 

operation frequency bands, volume, and the isolation level obtained by different mutual 

coupling suppression approaches.  

Table 3.3 Summarised states of the art on Multi-band-MIMO antennas 

Ref. Frequency 

bands (GHz) 

MIMO Antenna 

Structure 

Separation 

(λ0) 

Volume 

(mm
3
) 

Isolation 

(dB) 

Suppression 
Approach 

[104] 0.74-0.78, 1.85-

1.99, 1.92-2.17, 

and 3.60–3.70 

Dual-PIFA  

array 

0.1 4800 -24.6 DGS 

[139] 5.11-9.40, and 

10.69-15.85 

Dual-patch  

array 

0.8 5200 -20 

-21 

EBG 

[173] 2.35-2.6, and 5.1-

5.3 

Dual-PIFA  

array 

0.3 4000 -16 

-20 

Slots/slits 

[241] 1.904–2.504, and 

2.400–2.484 

Dual-monopole 

array 

0.1 4752 -15 

-20 

Stub 

[257] 5.1-5.56 Dual-PIFA array 0.74 37800 -16.5 CLS 

[333] 2.45 and 5.8 Dual- monopole 

array 

0.1 2600 -27 

-21 

Shorting pins 

[272] 1.71–1.88, 1.88-

1.99, 1.90-2.20, 

and 5.15-5.35 

Four-patch  

array 

0.5 5600 -15 Separation 

[344] 2.4 and 

5.2/5.8 

Three-loop  

array 

0.65 8000 -15 

-20 

Placement and 

orientation 

[389] 2.4-4.2 Dual-monopole 

array 

0.19 2844 -17 NL 

[405] 2.46-2.7, and 5.04-

5.5 

Dual-monopole 

array 

0.1 5600 -30 DMN 

[424] 2.3-2.6, and 5-5.5 Dual-monopole 

array 

0.08 1600 -20 

-24 

Parasitic 

elements 

[432] 0.85, 1.8 

and 2.1 

PIFA and 

monopole array 

0.24 32000 -15 Heterogeneous 

[447] 0.82-0.85, and 

2.32-2.98 

Dual-monopole 

array 

0.06 7800 -10 

-18.9 

MTMs 

[183] 2.4–2.48, 3.4-3.8, 

and 4.7–5.83 

Dual-PIFA  

array 

N/A 2400 -14 Combination 
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3.3 Chapter Summary 

 
In this chapter, a comprehensive literature review on different microstrip array 

antennas has been provided. It has become apparent that despite a lot of research activities in 

the past decade regarding the field of antenna coupling reduction, there is still the lack of a 

systematic and coherent approach in the identification of different mechanisms that contribute 

to antenna coupling problems. To address this gap, in this chapter, there has been 

comprehensive analysis of the sources of the antenna coupling that occur between multiple-

antennas in different wireless applications, including: narrow-band, ultra-wideband and 

multiband applications. Moreover, the various mechanisms that contribute to the mutual 

coupling problem between multiple antenna systems have been identified. In this chapter, 

various mutual coupling reduction techniques that are commonly employed in the literature 

are categorised based on the coupling mechanisms that they target for efficient coupling 

suppression. Moreover, an overview of the previous methodologies as subsections under these 

main classifications has been provided. In addition, there has been a thorough review of some 

approaches proposed for controlling the issue of mutual coupling between the multiple 

antenna elements. The impact of many coupling suppression techniques owing to surface 

waves has been assessed in terms of their merits, including: Defected Ground Structure 

(DGS); Electromagnetic Band Gap (EBG) structures, inserting slots\slits structures, inserting 

GND stubs, Current Localisation Structures (CLS) and the shorting pins\vias approach. 

Similarly, the impact of other coupling suppression approaches due to direct or space waves 

has been presented in depth in terms of their capability of controlling mutual coupling, 

including: antenna separation; Decoupling Wall Structures (DWS), the antenna placement and 

orientation technique; Neutralisation Line (NL); Decoupling and Matching Networks (DMN); 

parasitic structures, heterogeneous elements; and utilisation of the Meta-Material Structures 

(MTMs) approach. It has been observed from the reported research in the literature review 

that, many decoupling approaches are either complex in terms of implementation or still need 

to be enhanced without degrading the other antenna performance to meet the demand for 

portable devices (i.e. mobile handsets). Hence, more research is essential to develop new 

multiple antennas with applicable decoupling methods that offer attractive characteristics for 

different wireless applications, such as high isolation, geometric simplicity and compactness 

in terms of total antenna size. Some of these attractive features are provided through the work 

in the following chapters (chapter 4, chapter 5 and chapter 6).  
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Chapter 4: Development of Multiple Antennas with High Isolation 

for Narrowband Applications 

4.1 Introduction 

The concept of designing multiple antennas on small mobile terminals has been 

introduced in chapter two. The essential requirements of multiple antennas on a size-limited 

mobile terminal for MIMO systems are that the multiple antennas should have a good 

isolation characteristic (low mutual coupling) between microstrip antenna elements even 

though they are closely spaced. In the literature many researchers have proposed several 

techniques to reduce mutual coupling over a narrow operating frequency band for MIMO 

antennas. However, no significant contribution has been made for mutual coupling reduction 

in MIMO antennas based on fractal geometry combined with EBG theory. In this chapter, a 

new high isolation MIMO antenna for narrowband applications is presented. The high 

isolation is achieved through inserting a novel arrangement of Fractal based Electromagnetic 

Band Gap (FEBG) structure between dual antenna elements sharing a common substrate 

\ ground. The proposed MIMO antennas can operate at approximately 2.65 GHz for Long 

Term Evolution (LTE) application with compact design dimensions. The FEBG band-gap 

characteristic is verified using a more computationally efficient analysis. The performances of 

the multiple antennas are investigated and verified both numerically and experimentally. 

 

4.2 Fractals Classification 

The term fractal means broken, or irregular fragments initially introduced to describe 

complex shapes that possess an inherent self-similarity or self-affinity in their geometrical 

structures. A fractal is a self-similarity structure, which means that a small part of the structure 

is a scaled-down copy of the original structure. The main idea of utilising fractal geometries 

in the design of microstrip antennas is to increase the effective electrical length through which 

current travels. Fractals classified into two main categorises (linear and nonlinear), the use of 

fractals to design compact structures between different microstrip antennas for isolation 

enhancement is a recent and an applicable technique.  
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Figure 4.1: Classification diagram of fractals 

 

Here; some essential examples of ordinary linear fractal geometry as the following:-  

 

   4.2.1 Sierpinski carpet fractals 

 

The Sierpinski carpet is a linear fractal. It is arguably the simplest of fractals and a 

good place to begin the discussion on linear fractals, as shown in Figure 4.2. 

 
Figure 4.2: Steps of construction of the Sierpinski carpet 
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In order to start this type of fractal curve, it begins with a square in the plane, and then it is 

divided into nine smaller congruent squares where the open central square is dropped (n = 1). 

The remaining squares are divided into nine smaller congruent squares which each central 

square is dropped (n = 2) [482]. This process is continued to infinity. Many Sierpinski carpet 

fractal based structures have been proposed to produce printed microstrip monopole antennas 

with compact size and multiband performance for different applications. However; in this 

chapter, Sierpinski carpet fractals had been utilised between multiple antennas as a new 

isolation method based on EBG theory as illustrated in section 4.3. 

 

    4.2.2 Sierpinski gasket fractals 
 

The construction of the Sierpinski gasket is illustrated in Figure 4.3. It is another well-

documented fractal. The Sierpinski gasket is constructed analogously to the Sierpinski carpet, 

but it uses triangles instead of squares. The initiator, in this case, is a filled triangle in the 

plane. The inverted central triangular section is subtracted from the original triangle. Then, the 

middle triangular sections are removed from the remaining triangular elements and so on. 

After endless iterations, the Sierpinski gasket is formed. Each pre-fractal stage in the 

construction is composed of three smaller copies of the preceding stage, each copy scaled by a 

factor of one half [483].  

 
Figure 4.3: Steps of construction of the Sierpinski gasket 
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   4.2.3  Koch curve fractals 

 

The method of construction of the Koch curve is illustrated in Figure 4.4. The Koch 

curve s constructed merely using an iterative procedure beginning with the initiator of the set 

as the unit line segment (step n = 0 in the figure). The unit line segment is divided into thirds, 

and the middle third is removed. The middle third is then replaced with two equal segments, 

both one-third in length, which form an equilateral triangle (step n = 1): This step is the 

generator of the curve. At the next step (n = 2), the middle third is removed from each of the 

four segments, and each is replaced with two equal segments as before. This process is 

repeated to an infinite number of times to produce the Koch curve [106]. A remarkable 

property of the Koch curve is that it is seemingly infinite in length. This may be seen in the 

construction process. At each step n, in its generation, the length of the pre-fractal curve 

increases to 4/3 Ln−1, where Ln−1 is the length of the curve in the preceding step [485]. The 

Koch curve is one of the most familiar fractal curves which can be used as wire antennas to 

reduce the size and for multiband operation.  

 
Figure 4.4: Four stages in the construction of the Koch curve 

 
 

4.2.4 Cantor set fractals 

 

Cantor fractal or Cantor set, shown in Figure 4.5 is also a simple example of fractals. 

Typical construction is a middle third Cantor set constructed by an iterative process.  
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The Cantor set consists of an infinite set of disappearing line segments in the unit interval. 

The best aid to the comprehension of the Cantor set fractal is an illustration of its method of 

construction, and this is given in Figure 4.5 for the purest form of Cantor set.  

The set is generated by removing the middle third of the unit line segment (step n = 1 in the 

figure). From the two remaining line segments, each one-third in length, the middle thirds are 

again removed (step n = 2 in the figure). The middle thirds of the remaining four line 

segments, each one-ninth in length, are then removed (step n =3) and so on to infinity [486].  

 
Figure 4.5: Four stages in the construction of the Cantor set 

 

4.3 Electromagnetic Band-Gap (EBG) Theory 
 

As mentioned before in chapter two, Electromagnetic Bandgap (EBG) materials are 

periodic structures capable of prohibiting electromagnetic (EM) wave propagation within a 

particular frequency band for certain arrival angles and polarisations.  

Surface waves are undesirable in any antenna array design. The surface waves degrade the 

essential parameters such as peak gain, radiation pattern and efficiency of the antenna as these 

waves travel along a surface plane. The implementation of Electromagnetic Bandgap 

structures can resolve this issue. EBG structures have periodic metal patches settled on a 

dielectric substrate.  

Basically; the frequency region where the incident waves cannot propagate through the 

structure is termed the ‘band-gap’ or ‘stopband’. In other words; when the frequency is in the 

stopband region, there is no transmission through the material (the incident wave does not 

travel through the media). While, if the frequency is in the passband (i.e. outside stopband) 

region, the energy will propagate through the material, as shown in Figure 4.6. 
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Figure 4.6: A diagram showing passband and bandgap behaviour of an EBG 

 

The EBG reflector allows propagation for waves at passband frequencies, and the metal 

inhibits waves at all frequencies. This idea has attracted microstrip antennas engineers to use 

it in some narrow-band applications to prevent the propagation of the electromagnetic waves 

in a specified frequencies band. EBG structures have a property of obstructing the surface 

waves at a specific frequency and also reflect any incoming wave without any phase shift, 

This concept is illustrated in Figure 4.7. 

 
Figure 4.7: Diagram illustrating the application of EBG as a mirror and its comparison with a 

metal reflector [470] 

The EBG structures also have the ability to suppress the surface wave propagation on the 

ground plane of the microstrip antennas and thus minimise the mutual coupling, also an 

improvement of the radiation pattern of the antennas on finite ground plane as the currents do 

not reach the outer edges with high density and thus limits the interfering radiation produced 

by the spurious waves radiated at the boundaries of the microstrip antennas.  
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As mentioned before; surface waves can occur on the interface between two dissimilar 

materials, such as metal and free space. They are bound to the interface, and decay 

exponentially into the surrounding material. Figure 4.8 shows the comparison operation 

phenomenon of the antenna with and without EBG structures. 

 

Figure 4.8: Surface wave. (a) without EBG, and (b) with EBG [470] 

 

EBGs can be practically implemented as 1D, 2D or 3D structures. For instance; they are 

arranged in a two-dimensional lattice and can be visualised as mushrooms from the surface.  

 
Figure 4.9: Geometry of the mushroom-like structure on a dielectric slab (Top and side view) 

[39] 
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These structures are formed as metal patches on the top surface of the board, connected to the 

solid lower conducting surface by metal plated vias ( as shown in Figure 4.9). Here; w, g and 

h are the width of the patch, a gap between patches and height of substrate; respectively  

The electromagnetic properties of this basic structure can be described by using lumped-

circuit elements including capacitors, C, and inductors, L, when they are small compared to 

the operating wavelength. They behave as a network of parallel resonant LC circuits, which 

act as a two-dimensional electric filter to block the flow of surface currents along the sheet 

[487]. When the structure interacts with electromagnetic waves, currents are induced in the 

top metal plates, as shown below in Figure 4.10.  

A voltage applied parallel to the top surface causes charges to build upon the ends of the 

plates, which can be described as a capacitance [29]. As the charges flow around a long path 

through the vias and bottom plate. A magnetic field associated with these currents results and 

hence can be described as an inductance. 

 

Figure 4.10: Capacitance and inductance in the high-impedance surface [29] 

 

The following formulas can be used to calculate the bandgap frequency of EBG structures 

[488]:-  

 

 
10

(1 )
= cosh 4.1( )

r
C

W W g

g

 


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 0
= 4.2L h  

Where ε0 and μ0 are permittivity and permeability of the free space, εr is the relative 

permittivity of the dielectric substrate. 

 

The surface impedance is high close to the resonant frequency ω0 which can be determined 

from the L and C as follow [5]: 

 0 4
1

= .3
LC

  

Where ω0 is the bandgap centre frequency, C is the capacitance due to the gap between the 

EBG patches. L is the inductance resulting from the current flowing along the vias to the 

ground plane (as shown in Figure 4.10). These characteristics of EBG structures enhance the 

performance of the microstrip antenna [484].  
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Recently; EBG structures are used for the isolation enhancement in MIMO systems.  

However, this has not been of interest to the mobile phone manufacturers because these 

structures are complicated and are too costly to produce. 

Hence, another more straightforward method based on EBG theory is proposed and discussed 

in the next section 4.4. 

Meanwhile; there are a few kinds of research on the combination of the fractal geometry to 

EBG theory for mutual coupling reduction applications. 

Thus; a miniaturised FEBG has been proposed for narrow-band applications between MIMO 

antennas. In the same context, our proposed antennas also exploit the similar ideas available 

in the open literature to reduce the mutual coupling effects. 

 

4.4 Multiple Microstrip Antennas with High Isolation for Narrowband 

Applications 

    4.4.1 Fractal electromagnetic bandgap structure (FEBG) 
 

As mentioned earlier;  fractal structures are comprised of multiple smaller elements 

patterned after self-similar (with scaled-down designs) to increase the physical length of 

current paths or redistribute the surface current density; these properties made these structures 

more applicable at low-frequency ranges in wireless applications.  

The use of fractal geometry is mainly considered an appropriate technique to design multi-

band and meets the miniaturisation requirements of the mobile equipment [141, 491].  

In the literature, extensive research was done using fractal-based EBG for mutual coupling 

reduction between the various microstrip antennas.  

Recently; fractals have been employed to numerous applications in the modern MIMO 

antenna designs, such as compact antennas, mutual coupling reduction, filter applications, 

leakage suppression, and harmonic tuning for power amplifiers..etc. 

The present study focuses on mutual coupling reduction using these compact fractal 

structures. Fractal-based EBG structure has a unique property of compactness with longer 

current paths that it could work efficiently in low-frequency range due to space filling 

features. Additionally, these fractal structures, due to self-similarity features, are also found to 

be able to provide a band-stop effect for a particular frequency band owing to the impedance 

(These filtering effects due to the combination of inductances and capacitances).  

In this work; a popular fractal type, Sierpinski carpet, applied as a planar EBG structure 

between dual antennas (PIFAs) elements to have a high isolation characteristics.  

In comparison with other common structures (e.g. mushroom-like EBG) that occupy a large 
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space between elements, FEBG structures have a more compact size and less complicated 

configuration (applicable without the use of vias and does not require any shorting pins or 

other types of vertical connection) [29, 128].  

Meanwhile, these properties are integrated easily with other radio frequency and microwave 

components, and relatively, they have a broader stopband bandwidth that provides an 

adequate surface wave suppression effect. 

 
 

 
Figure 4.11: Illustration of the fractal geometry: (a) Zero-iteration order, (b) First-iteration 

order, (c) Second-iteration order, (d) Layout of the proposed second iterative order FEBG unit 

cell 

 

The designed fractal geometries are zero, first, and second-order iterative structures based on 

a well-known fractal structure called Sierpinski carpet (as mentioned before in section 4.2.1). 

The zero-order iterative fractal structure is a single metallic (copper) square, as shown in 

Figure 4.11(a). The first-order iterative fractal structure is divided into nine small congruent 

squares, where the open central square is dropped (n = 1), as shown in Figure 4.11(b). The 

second-order iterative fractal structure evolves from a first-order iterative fractal structure, as 
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shown in Figure 4.11(c). The remaining squares are divided into nine small congruent 

squares, in which each central square is dropped (n = 2). In this study, a well-known fractal 

type, Sierpinski carpet, is utilized and applied as a planar EBG structure between two antenna 

(PIFA) elements to obtain a high isolation characteristic. Figure 4.11(d) illustrates the 

proposed design of the second iterative order FEBG unit cell.  The parameters optimisation 

based on scaling down with many iterations by a particular factor (1/3) and the optimised 

parameters of the proposed second iterative order FEBG used in this work are: 

a = 9 mm, b = 13 mm, a1 =
1

3
× a,  b1  =

1

3
× b, a2 =

1

3
× a1 ,  b2  =

1

3
× b1 

The unit cells are etched on an FR4 dielectric substrate with εr = 4.4 and thickness h =1.6 mm. 

                                                                             

  4.4.2  FEBG unit cell design and bandgap characterisation  

The EBG with a periodic shape provides a rejection band in some frequency ranges. 

This bandgap filtering characteristic of EBG enables the mutual coupling reduction between 

antenna array elements. In the present work, the eigenmode analysis is performed using a full-

wave simulation tool (HFSS software ver. 17.0) to demonstrate the filtering characteristics of 

the proposed second-order iterative FEBG structure.  

The frequency band gap over which surface waves cannot propagate, and this can be verified 

from the dispersion diagram.  

Dispersion diagram different from driven modal (transmission line) method or reflection 

phase diagram, which response to a standard wave incidence case.  

Although these approaches can be calculated quicker, it can only show quasi-TEM modes 

which are excited by ports.  

Mode-coupling and the isotropic nature of an EBG unit cell are not considered in these 

approaches. Full characterisation of the unit cell structure can be done by using the 

eigenmode solver.  

The 2-D dispersion diagram generation requires an eigenmode solution.  

The eigenmode approach solves the problem for natural resonances of the structure and gives 

information about mode-coupling and structure isotropy.  

The eigen-mode solution needs significantly more resources and time compared to the driven 

modal method. It calculates the propagation constant (β) for different angles of an incident 

wave [494].  

Dispersion diagram includes an EBG response for every possible incidence angle, thereby 

providing a complete picture of EBG frequency bandgaps [495, 496] considering that surface 

waves are mainly concentrated in the substrate and at the substrate/air interface [493]. 
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However, the FEBG structure prevents surface wave propagation in a specific frequency band 

of interest for all incident wave angles and polarisation states.  

 

(a) 

 

(b) 
Figure 4.12: FEBG characterization. (a) FEBG unit cell with PML and PBC and (b) 

Dispersion diagram 
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In this work, the airbox height (ha) was placed above the dielectric substrate, it is defined to 

be ten times larger than the substrate thickness (ha = 10 × h) to emulate the free space over 

the structure, and this will guarantee that higher angle of incidence waves are also considered.  

The modal setup and its relative boundary conditions as presented in Figure 4.12(a).  

To generate the 2-D dispersion diagram for the FEBG unit cell, a phase sweep with fixed step 

size is run along the path Γ to Χ, Χ to Μ and Μ to Γ of the irreducible Brillouin zone [492], as 

illustrated in Figure 4.12(b). 

An irreducible Brillouin zone is a useful tool for analysing EBGs since it identifies the 

fundamental part of the reciprocal lattice. Mainly; It offers a visual representation of the 

reciprocal lattice and enables the accurate mapping of the wave-modes within EBG unit cell 

with respect to various frequencies.  

The two-dimensional dispersion diagram is generated for the first two resonance modes. It 

verifies the existence of a band-gap for the proposed structure where the surface waves cannot 

propagate on the patch surface. Theoretically; resonant frequency of the proposed structure is 

given by the relationship: 

1
= (4.4)

2
r

LC
f


 

Where L and C are the effective inductance and capacitance; respectively. In this work; the 

dimensions of the proposed FEBG unit cell are optimised to obtain an excellent rejection band 

between 2.5 GHz and 2.9 GHz. Figure 4.12(b) illustrates the simulated dispersion diagram 

with a band gap between the first and second modes. The centre bandgap frequency of the 

proposed FEBG is fc = 2.65 GHz approximately. 

 

   4.4.3 Antennas configuration for mutual coupling reduction 

The designed antennas are illustrated in Figure 4.13 including without and with the 

proposed second iterative order FEBG structure. Here; PIFA antenna elements working at fc = 

2.65 GHz are placed collinearly along the y-axis, and the separation of these antennas is 40 

mm from element centre to centre (corresponds 0.35 λ0 at 2.65 GHz).  

The substrate of the proposed antenna is FR4 with loss tangent (tan δ) = 0.02 and dielectric 

constant εr = 4.4 with appropriate 50 Ω coaxial connectors are used as the feed ports of the 

proposed PIFAs.   

Each PIFA element has a rectangular outline with a width W = 19 mm and patch length L=30 

mm. The dimensions of the ground plane are 68 × 40 mm
2
 (corresponds 0.6 λ0 × 0.35 λ0); 

other detailed dimensions are presented in Table 4.1.  
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Table 4.1: Detailed dimensions of the proposed antennas 

Parameters Values 

Frequency (fc) 2.65 GHz 

Height of substrate (h) 1.6 mm 

Ground length (Lg) 68 mm 

Ground width (Wg) 40 mm 

Patch length (L) 30 mm 

Patch width (W) 19 mm 

FEBG structure length (Ls) 39 mm 

FEBG structure width (Ws) 18 mm 

Distance (D) 5 mm 

Separation (S) 40 mm (0.35 λ0) 

Shorting pin radius 0.3mm 

Coaxial pin radius (Outer) 1.6 mm 

Coaxial pin radius (Inner) 0.7 mm 

 

The designed PIFA antenna is working in the higher-order mode. The optimisation was 

performed for the proposed multiple antennas to operate at a higher order mode to cover 

2.64–2.68 GHz  LTE band with best return loss characteristics as possible and at the same 

time have an appropriate load impedance matching without using an additional circuit of the 

proposed antennas.  

 
Figure 4.13: Schematic PIFAs antenna layout without (left) and with (right) FEBG structure 
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The dimensions of the PIFAs, as well as other parameters such as feeding and shorting pins 

positions, were carefully fine-tuned with the help of the HFSS ver 17.0 electromagnetic 

software to obtain a required operational mode (higher-order mode)  working at the frequency 

of interest. Through parameters sweep and optimisation, best antenna parameters have been 

achieved for maximising the isolation values.  

The proposed second iterative order FEBG is etched as planar PEC layer between the PIFAs 

elements and located above the ground plane, as shown in Figure 4.13.  

The basic structure of the second iterative order FEBG etched between dual antenna elements 

is the same as the fractal geometry illustrated before in Figure 4.11(c). Here; it consists of 2 × 

3 periodic unit cells forming a compact lattice (Ls × Ws). The mutual coupling reduction 

characteristic of the proposed second iterative order FEBG can be analysed by calculating S12 

or S21 of the antennas array as presented in next section. 

 

4.4.4 Theoretical Analysis 

   4.4.4.1 Scattering parameters performances 

The return loss (reflection coefficient) and transmission loss (coupling) for the dual 

antenna array elements are presented in Figure 4.14(a) and Figure 4.14(b); respectively, in 

both without and with the proposed second iterative order FEBG structure, the spacing 

between these antennas is S = 40 mm from element centres (corresponding to 0.35 λ0 at 2.65 

GHz). Figure 4.14(a) illustrates the return loss by adding the second iterative order FEBG 

between antenna elements.  

The simulated mutual coupling is significantly reduced as shown in Figure 4.14(b), more than 

27 dB (Z-X-plane) and 40 dB (Z-Y-plane) coupling reduction have been achieved by 

inserting second iterative order FEBG structure between the dual antenna elements.  

All these analyses were conducted with one antenna element transmitting and the other 

terminated with 50 Ω load.  
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(a) 

 

(b) 
Figure 4.14: Simulated scattering parameters of the antennas without and with FEBG 

structure. (a) Reflection coefficient (S11) and (b) Transmission coefficient (S21) 

 

Analyses were also performed with a lossless substrate with a permittivity of 4.4 to 

investigate the effects of the lossy substrate. A comparison of the antennas coupling level on 

lossless and lossy substrates is shown in Figure 4.15:- 
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Figure 4.15: Coupling level comparison on lossless and lossy substrates 

 

Another S21 comparison results of the designed zero, first, and second iterative fractal 

structures (as illustrated in Figure 4.16) shows the effect of these structures on the resonant 

frequency.  

 
Figure 4.16: S21 comparison between different iterative orders FEBG structures (zero, first 

and second) 

 

Meanwhile, the high-level iterative fractal structure has longer current lines compared with 

the lower-level iterative fractal structure with the same outline dimension (total size). These 

results show the significance of using the fractal geometry in a relatively shorter spacing. As 

the second-order iterative FEBG is inserted (Figure 4.16), the electrical length increases and 

the stopband frequencies decrease in compared with the zero and first-order iterative FEBG. 

Although the lower-order fractal EBG is not designed for a working frequency of 2.65 GHz, 

the first- and second-order iterative fractal structures have specific bandgap filter components 
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with distinctive characteristics. Therefore, the proposed first and second-order iterative fractal 

structures can be employed to reduce mutual coupling between the antenna elements. In the 

present work, the second-order iterative FEBG is taken as an example to illustrate the design 

procedure of the proposed FEBG for optimum MIMO performance.  

 

    4.4.4.2  Radiation patterns, gain and efficiency 

The orientation of the MIMO antenna with respect to the coordinate system is shown 

in Figure 4.13. The normalised far-field radiation patterns on the ZX plane, ZY plane and XY 

plane, are shown in Figure 4.17 (a-c), respectively. No significant degradation of the radiation 

patterns is noticed between the designs (with and without the second-order iterative FEBG) of 

the two orthogonal planes. 
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Figure 4.17: Simulated far-field patterns (normalised) with and without second iterative order 

FEBG at 2.65 GHz (a) ZX plane, (b) ZY plane, and (c) XY plane 
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As shown in Figure 4.17, the radiation patterns exhibit a good omnidirectional characteristic 

in the upper semi-plane, at both of the XZ and YZ planes, which means that the proposed 

MIMO antennas can transmit and receive signals in a half-spherical perpendicular to the 

patch; also a nearly omnidirectional pattern is obtained in the XY plane, this a non-directional 

pattern required to receive information signals from all directions.  

During the measurements, one of the input ports was excited, and the other was terminated 

with a load of 50 Ω.  

Meanwhile; the antenna radiation efficiency is simulated with and without FEBG structure to 

analyse the effect of the structure on radiation characteristics. Table 4.2 provides the 

summarised comparison.  

 

Table 4.2  Simulated peak gain and radiation efficiency of the proposed antennas 
 

Parameters Without 

FEBG 

With 

FEBG 

Frequency (GHz) 2.63 2.65 

Peak Gain (dB) 1.75 2.57 

Radiation Efficiency 

(%) 

64% 68% 

 

Stronger currents on the patches lead to higher energy losses due to lossy substrates. As 

expected, the inclusion of the FEBG structure has resulted in less mutual coupling and 

currents on the 2nd antenna. Since the antennas are fabricated on a lossy substrate, the losses 

induced on the 2nd antenna will be less with low coupling currents leading to higher radiation 

efficiency with the FEBG structure.    

 

   4.4.4.3 MIMO Characteristics 

As mentioned before, Envelope Correlation Coefficient (ECC) between antenna 

elements is one of the most important parameters to evaluate diversity performance because it 

is directly related to the antenna scattering parameters and may significantly degrade MIMO 

system performance.  

In this work, ECC is evaluated using S-parameters of the MIMO system as defined before in 

Eq. (2.13), which assumed antenna system is lossless, and the antennas are excited separately, 

keeping the other antennas matched terminated. 
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Figure 4.18: Envelope correlation coefficient of MIMO antenna with and without FEBG 

 

In Figure 4.18; the envelope correlation coefficient for the antenna elements with and without 

the second iterative FEBG is shown against frequency.  

It can be noticed from these simulated results, the envelope correlation coefficient in the 

working band of antenna elements with FEBG is -70 dB smaller than that of the antenna 

elements without FEBG. This observation indicates better behaviour and diversity 

performance of the MIMO antenna system will be achieved by using the proposed second 

iterative FEBG.  

 

4.4.5 Fabrication and Experimental Demonstration 

In this section, the performances of the MIMO antennas are verified through the 

measurement procedures. A prototype of the proposed multiple antennas without and with 

proposed structure in both Z-X plan and Z-Y plan coupling are fabricated as presented in 

Figure 4.19(a) and Figure 4.19(b); respectively. 
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(a) 
 

 

(b) 
Figure 4.19: Prototype of the fabricated PIFAs antenna without (left) and with (right) 

proposed FEBG structure. (a) Z-X plane coupling (b) Z-Y plane coupling 
 

    4.4.5.1 Measured scattering parameters 

The proposed MIMO antennas were measured using Agilent N5230 a vector network 

analyser (as shown in Figure 4.20) inside Brunel University London allowing measurements 

of microwaves in 300 KHz − 20 GHz range. After calibration with the network analyser, both 

a return loss and transmission losses have been measured. 
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Figure 4.20: Photograph of the proposed antennas measured using a network analyser 

 

Figure 4.21(a) shows the measured return loss of the impedance bandwidth (S11 < −10 dB). 

The proposed antennas resonate at 2.65 GHz with a return loss higher than 10 dB, which 

corresponds to an impedance bandwidth of 3.16% for both cases.  
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(a) 

 

(b) 
Figure 4.21: Measured scattering parameters of the antenna without and with second iterative 

order FEBG structure. (a) Reflection coefficient (S11) and (b) Transmission coefficient (S21) 
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Figure 4.21(b) shows the measured mutual coupling between antennas without the FEBG 

structure which is only -20 dB (Z-X plane) and -25 dB (Z-Y plane).  

While; after inserting the proposed structure to be significantly reduced to levels: -51 dB (Z-X 

plane) and -70 dB (Z-Y plane). These measured results agree well with the simulated results 

(as previously introduced in Figure 4.14). However; a significant agreement exists between 

the measured and simulated S-parameters results. A slight difference between these results 

may be attributed to the common factors, such as inaccuracy in the fabrication process, 

inappropriate quality of the substrate, and the effect of the SMA connector (solder roughness).  

From this experimental verification, it can be concluded that the second iterative order FEBG 

structure can be utilised to reduce the mutual coupling between antenna array elements.  

4.4.5.2 Radiation patterns characteristics  

The measurement of radiation patterns is carried out in an anechoic chamber (inside 

University of Greenwich campus). The measured radiation pattern data obtained from the 

anechoic chamber were relatively small.  Hence, relative radiation patterns were employed for 

comparison. These values were normalised to the maximum co-pol for comparison with the 

simulation results.  

 

Figure 4.22: Photograph of the AUT mounted inside the anechoic chamber. 

The measured and simulated far-field radiation patterns are normalised in the three principal 

planes (XZ, YZ, and XY plane) in both prototypes, without and with the second-order 

iterative FEBG at a designed frequency of 2.65 GHz, as shown in Figures 4.23(a-c) and 

4.24(a-c), respectively. 
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Figure 4.23: Measured versus simulated Co-Pol and X-Pol far-field relative radiation patterns 

(normalised) without FEBG at frequency of 2.65 GHz for (a) ZX plane, (b) ZY plane, and (c) 

XY plane 
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Figure 4.24: Measured versus simulated Co-Pol and X-Pol far-field relative radiation patterns 

(normalised) with FEBG at a frequency of 2.65 GHz for (a) ZX plane, (b) ZY plane and (c) 

XY plane 
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The whole figures of the obtained radiation patterns are acceptable and suitable for modern 

communication systems. The radiation patterns possess a good omnidirectional characteristic 

in the upper semi-plane, at both X-Z and Y-Z planes.  

In azimuthal (X-Y) plane, also a nearly omnidirectional pattern can be noticed in both cases. 

However, some nulls appear in comparison with other planes after inserting FEBG, especially 

in measured cross-polarised.  

A large cross-polarisation is observed from the patterns. This characteristic can be an 

advantage for the wireless communication application in a rich multipath environment. 

However, probes are used in the present work due to its vertical portion. A large amount of 

leak and spurious radiation from the probes are produced inside the FR4 substrate.  

Therefore, a low XPD level or a high cross-polarisation level is observed. Moreover, 

discrepancies between the calculated and measured results in the band of interest exist due to 

the SMA connectors, cable losses, and inaccurate implementation. 

In addition; an imperfect placement/connection of shorting pins or via during the fabrication 

and measurements process must have contributed towards the discrepancies between 

measured and simulated patterns.  

The ground surface waves can produce more spurious radiations or couple some energy at 

imperfectly placed shorting pins, feed connections for PIFA probes or any other 

discontinuities, which in turn will lead to some distortions in the main patterns or unwanted 

loss of power.   

The author believe that this is one of the reasons that had been lead to this discrepancy, 

especially in the measured results. Finally; during the measurements, one of the input ports 

was excited, and the other was terminated with a load of 50 Ω. 

4.4.6 Comparison with other Approaches and Published Works  

It is instructive to compare the proposed FEBG structure with other methods used to 

reduce the mutual coupling. To reduce the mutual coupling between antenna elements, besides 

FEBG, different approaches such as the removal of both substrate and common ground have 

also been reported [60]. Figure 4.25 plots the coupled antenna structures to be compared: 

a) Normal antennas (reference). 

b) Substrate between antennas removed. 

c) The ground between antennas removed, 

d) FEBG structure between antennas. 
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Figure 4.25: Other techniques to reduce the mutual coupling between PIFAs (side view): (a) 

Normal antennas, (b) Substrate between antennas removed, (c) Ground between antennas 

removed, and (d) FEBG structure in between 

 

All physical parameters such as antenna size, substrate properties, and antenna distance in all 

the structures were kept identical to the second iterative order FEBG case.  

 
Figure 4.26: Mutual coupling comparison of the four different techniques. PIFA antennas 

resonate at 2.65 GHz 
 

 

A 9 mm substrate width was removed between the antennas (as illustrated in Figure 4.25(b)); 

this width is chosen to be the same as the total width of rows of the FEBG patches.  
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When the ground was removed between the antennas, the separation between adjacent patch 

antennas was also selected to be 9 mm (as illustrated in Figure 4.25 (c)). Figure 4.26 displays 

the mutual coupling reduction results of four different approaches.  

The conventional antennas show the highest coupling. The substrate and ground removal 

cases have some effects on the mutual coupling reducing. A 5 dB coupling reduction is 

noticed for the former case, and an 8 dB reduction is observed for the latter case. The highest 

mutual coupling reduction is seen with the second iterative order FEBG case compared to 

other approaches (as presented in Figure 4.26).  

This comparison demonstrates the unique capability of the FEBG structure to reduce the 

mutual coupling. Moreover, as mentioned before in chapter three, some other published works 

have employed different methods such as DGS structures, slotted and slits ground plane, 

resonators and neutralisation techniques to reduce the mutual coupling between antenna 

elements. A summarised comparison is provided in Table 4.3. 

 

Table 4.3: Performance comparison of different planar multiple antennas 

 

Ref 

 

BW 

(GHz) 

S21 With  

case (dB) 

S21 Without   

case (dB) 

 

Space 

(λ0) 

 

Volume 

(mm
3
) 

 

Isolation 

technique 

 

Geometric 

complexity Z-X 

plane 

Z-Y 

plane  

Z-X 

plane 

Z-Y 

plane  

[41] 2.42-2.59 -28 N/A -10 N/A 0.17 100×40×5 Parasitic 

ground 

Medium 

[119] 2.5-2.58 -29 -32 -20 -18 0.50 100×40×3 Dual 

Layer 

EBG 

Complex 

[128] 2.38-2.47 -22 N/A -13 N/A 0.12 100×50×6.5 Planner 

EBG 

Complex 

[149] 1.85-2.15 -27 N/A -9.4 N/A 0.50 100×40×2 Slits on 

ground 

Medium 

[310] 2.40-2.65 -16 -20 -8 -9.5 0.42 105×55×5.7 Good 

separation 

Simple 

[387] 1.92-2.18 -27 N/A -10 N/A 0.13 100×40×5 Neutralisa

-tion line 

Complex 

[473] 2.32-2.68 -38 N/A -18 N/A 0.15 100×40×5 Slot in 

between 

Complex 

[489] 2.55-2.75 -32 -40 -22 -24 0.40 75×65×5 Walls in 

between 

Medium 

This 

work 

2.64-2.68 -52 -67 -25 -27 0.35 68×40×1.6 Compact 

FEBG 

Simple 
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4.5 Chapter Summary 
 

Many array designs presented in the literature have reported excellent designs with a 

narrowband operation. However, some of these multiple microstrip antennas suffer from large 

size, high profile, not enough isolation being obtained in the operation band, utilisation of 

complicated decoupling methods that can affect the fabrication cost and/or increase antenna 

complexity. In this chapter, the above issues have been tackled through the proposal of a new 

isolation approach that exploits fractals with EBG corporation for narrowband applications. 

All the multiple antennas presented in this chapter are small (total antenna dimensions of 

68×40×1.6 mm
3
) and thin (fabricated on FR4 substrate), which makes them attractive for 

compact wireless devices. In section 4.4, a new isolation method based on planar fractal-

based EBG structure for mutual coupling reduction between dual microstrip antenna (PIFA) 

elements for LTE applications at a frequency of 2.65 GHz was proposed. First, the coupling 

mechanism was identified as being mainly through surface wave coupling and space wave 

radiation. Then, a coupling reduction technique by adding second iterative order FEBG with 

the bandgap filter characteristic to reduce mutual coupling between dual PIFAs elements due 

to its capability of suppressing surface waves propagation in a given frequency range was 

proposed and operationalised. All the simulations were carried out using Ansoft HFSS ver 

17.0 (High-Frequency Simulator Structure). A designed MIMO antenna was fabricated and 

measured to verify the simulated results. The measured and simulated results of the scattering 

parameters and far-field radiation patterns showed excellent agreement. Moreover, the 

analysis results (theoretically and practically) demonstrated that the proposed MIMO antennas 

guarantee a high coupling reduction of more than 27 dB (Z-X plane) and 40 dB (Z-Y plane), 

this being obtained between the antennas for antenna spacing less than 0.35 λ0, without much 

degradation of the radiation characteristics.  

Finally, the proposed MIMO antennas have been compared in detail with other design work 

regarding bandwidth, mutual coupling level, geometric size and implementation complexity. 

Through this, it has been found that the proposed antenna with fractal-based EBG structure 

(FEBG) is effective for low-frequency narrow-band MIMO applications, thus being suitable 

for employment in some portable devices, such as mobile handsets or laptops. The main 

content of this chapter has been a manuscript published as a full-length journal paper in IET 

microwave Antenna and Propagation [R1] and also as a full-length conference paper in 

Loughborough Antennas & Propagation Conference (LAPC 2016) [R6]. The introduction and 

other sections of this chapter have been rewritten to create a better flow and to prevent a 

repetition of the materials already presented in other chapters. 
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Chapter 5: Development of Multiple Antennas with High Isolation 

for UWB Applications 

5.1 Introduction  

Multiple microstrip antennas are considered an important component in modern UWB 

systems; recently researchers have developed many different MIMO antennas designs for 

UWB applications with wide impedance bandwidth, reasonable gain, linear phase and stable 

radiation characteristics across the entire UWB frequency range. These developments in 

modern wireless communication systems have imposed additional challenges to produce new 

designs that are miniaturised and have a good broadband performance [1, 228].  

In this chapter, a new planar MIMO antenna for UWB applications is presented. The proposed 

antennas operate over the frequency band from 3.1 to 10.6 GHz. The wide isolation is 

achieved through a novel planar decoupling structure that is being inserted between the dual 

antennas. The effectiveness of the decoupling structure is analysed, and performance study 

was performed to investigate the mutual coupling reduction. Good isolation of more than 

31dB has been achieved through the entire UWB band (more than 12 dB improvement over 

the reference antenna). The proposed UWB-MIMO antenna is being investigated and verified 

both numerically and experimentally. Then proposed UWB antenna has been compared with 

previous works regarding antenna size, geometric complexity, bandwidth and isolation level.  

5.2 UWB Technology 

An ultra-wideband (UWB) signal is characterised by its very wide bandwidth 

compared to the conventional narrowband systems. UWB spectrum is between 3.1 GHz and 

10.6 GHz so that the result is a ratio spectrum that is spread over a very wide bandwidth. 

Commonly, a UWB signal is defined as a signal with a fractional bandwidth of larger than 

20% or an absolute bandwidth of at least 500 MHz [1, 526]. 

 

Figure 5.1: Illustration of a UWB bandwidth  
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The absolute bandwidth can be calculated as the difference between the upper cut-off 

frequency (fH) and the lower cut-off frequency (fL) of the -3 dB power level, as shown in 

Figure 5.1. However; the absolute bandwidth (Babs), centre frequency (fC) and fractional 

bandwidth (Bfrac) are given in equations (5.1), (5.2) and (5.3); respectively. 
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Where Q is defined as a quality factor, which is inversely proportional to the half power 

fractional bandwidth of the antenna. Since the UWB systems use a wideband of the spectrum, 

which could easily be interfered by the existing nearby communication systems such as 

Wireless Local Area Networks (WLANs) operating at the bands of 2.45 GHz (2.4-2.48 GHz), 

5.25 GHz (5.15-5.35 GHz) and 5.75-GHz (5.72-5.82 GHz), Worldwide Interoperability for 

Microwave Access (WiMAX) systems operating in the 2.35 GHz (2.3-2.4 GHz), 2.6 GHz 

(2.5-2.6 GHz), 3.35 GHz (3.3-3.4 GHz), 3.5 GHz (3.4-3.6 GHz), 3.7 GHz (3.6-3.8 GHz) and 

5.8 GHz (5.72-5.85 GHz) bands, downlink of X-band satellite communication system 

operating at the band of 7.25-7.75 GHz and ITU band of 8.01-8.5 GHz; respectively [283].  

 

Figure 5.2: Comparison of UWB and other band communication systems in term of PSD 

[283]  

 

The relative power-spectrum density (PSD) in the UWB and some existing narrow-band 

communication systems is illustrated in Figure 5.2. UWB transmissions are virtually 

undetectable by ordinary radio receivers and therefore can concurrently with existing wireless 
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communications without demanding additional spectrum or exclusive frequency bands; but 

this technology is limited to short-range communications due to the low allowable transmitted 

power of -41.3 dBm/MHz.  

However; technical challenges also exist in the areas of modulation and coding techniques 

suited for UWB radio systems. Thus, adequate characterization and optimisation 

of transmission techniques (e.g., adaptive power control, duty cycle optimization) will be 

required. To cope with difficult signal propagation environments (e.g., industrial and 

manufacturing or commercial areas), advanced technologies such as UWB multiple-input 

multiple output (MIMO) systems may be able to provide the required high degree of link 

reliability and (rate) adaptation capability.  

A particularly challenging area at the physical layer level today appears to be antenna design 

and implementation for UWB radio devices. Generally, portable communication devices 

require small and preferably unobtrusive antennas that can be integrated into miniature 

devices and are capable of operating effectively under varying environmental conditions, 

often in near-field propagation conditions (e.g., near objects, or carried on or close to the 

body). The design and implementation of effective antennas is more challenging for UWB 

radio systems than for conventional narrow-band systems given the large bandwidths, 

linearity requirements, and variable conditions of operation. 

There are some of the advantages cited for ultra-wideband technology [320]:- 

1- Very low energy spectral density (limited to -41.3 dBm/MHz bandwidth), as shown in 

Figure 5.2, besides a very low probability of interference with other radio signals over 

its wide bandwidth. 

2- High immunity to interference from other radio systems and extremely difficult to 

intercept. 

3- Low probability of interception or detection by other than the desired communication 

link terminals. 

4- Higher multipath immunity. 

5- Higher data rate ultra-wideband channels can operate concurrently so that transmits 

data at speeds between 50 to 1000 megabits per second. 

6- Excellent range-resolution capability, impulse, carrier free, and baseband, non-

sinusoidal, time domain signalling. 

7- Relatively simple, Low power cost construction, based on nearly all digital 

architectures  

On the other hand, MIMO technology takes advantage of using multiple antennas at wireless 

terminals, which can be used to enhance the communication performances in terms of 
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capability, improved signal quality, high data rate and better reliability (especially in rich 

scattering environments). Thus, the combination of MIMO and UWB technologies may 

enhance performance and offer higher system reliability. However, the requirement for the 

compactness of MIMO enabled terminals may introduce strong mutual coupling between the 

closely packed antenna elements, which can dramatically degrade the MIMO system 

performance.  

Therefore, one of the research topics of the thesis is to design new planar UWB-MIMO 

antennas with applicable decoupling structure with high isolation that optimised to cover the 

entire UWB range. 

 However, the design of MIMO antennas in small handset devices for UWB operation is more 

challenging due to the following issues:  

1) The closely spaced multiple antennas tend to be more coupled (correlated); the high 

correlation level destroys the performance parameters of the MIMO system.  

2) To decrease the coupling level and correlation between MIMO antennas, a suitable and 

reliable isolation (decoupling) technique should be employed.  

3) Antennas with small footprint and low profile are highly demanded to meet the recent 

handset design fashions in the mobile market. This adds another design difficulty in which 

MIMO antennas with a broadband operation (UWB) are needed.  

Although; there is extensive research and development of UWB-MIMO antennas for mutual 

coupling reduction in the past decade (As presented before in the literature survey chapter), 

the following essential issues needed to be focused and addressed:  

1- ultra-wideband operation including an extremely wide operating bandwidth, multiple 

antennas must be designed to cover either the entire UWB band of 3.1-10.6 GHz 

(110%) or the lower or upper UWB bands of 3.1-4.8 GHz (43%) or 6-10.6 GHz 

(55%), respectively, at least in terms of the good impedance matching. Besides; it is 

desirable high isolation characteristics to be obtained that cover this wide isolation 

BW. 

2- The radiation performance of the MIMO antennas should be consistent with an 

acceptable gain and unchanged polarisation along the desired transmission or 

reception direction across the whole operating bandwidth in order to avoid the big 

change in received signals or energy. 

3- The overall size of the multiple antennas should be small. This challenge is caused by 

the fact that recently the majority of UWB-enabled systems are usually embedded into 

portable / handset devices. Physically, these antennas must be more compact versions 

featuring (small-sized) and easy to integrate with other decoupling methods. 
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Therefore, it is desirable that decoupling methods been not implemented in multilayers 

to keep the compactness of the wireless devices as possible. 

4- The multiple antennas geometric complexity including any embedded decoupling 

structure that used as an isolation method which in turn will reduce the cost of the 

fabrication. The cost is one of the killer factors for any commercial product. In fact, 

several factors may also affect the cost of manufacturing antenna arrays, such as the 

material used for fabricating or fabrication process itself, and even the installation of 

the multiple antennas. Therefore, applicable and straightforward multiple antenna 

designs with acceptable diversity performance are always desired. 

5- Other essential factors such as the reliability of MIMO antennas performance and the 

compatibility of integration with other systems. 

The contributing work in this chapter addressed all the above crucial issues using applicable 

multiple antennas with new decoupling structure used as an isolation method that was 

presented in section 5.3.The proposed antenna has some outstanding characteristics such as a 

geometric simplicity, compact size, broad BW and low correlation which give the antennas an 

excellent diversity performance to be a good candidate for UWB applications. 

5.3 Multiple Microstrip Antennas with High Isolation for UWB 

Applications 

     5.3.1 UWB-MIMO Antennas Configuration  

The multiple antennas are fabricated on an inexpensive FR4 substrate with a thickness 

of 1.6 mm and relative permittivity of 4.4. The circularly shaped radiators are adopted due to 

its excellent performance. The designed UWB-MIMO antennas without the proposed 

wideband decoupling structure are illustrated in Figure 5.3.  

It consists of two symmetrical circular-shaped monopole radiating elements [288] (referred as 

Ant-1- and Ant-2-), which are located on the same sides of the common FR4 substrate with 

dielectric constant equals to εr = 4.4 (loss tangent = 0.018) and thickness h =1.6 mm [288].  

The selection of the circular disc antenna can be justified by its good performance, compact 

size, and ease of integration [234]. Here; the monopolies antennas working at UWB frequency 

range (3.1-10.6 GHz) are placed collinearly along the x-axis, and the spacing between antenna 

array elements is approximately equal to 0.35 λ0 of the lowest frequency band (measured from 

element centre to centre). 
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(a) 

(b) 

Figure 5.3: Geometry of a UWB-MIMO monopolies antennas. (a) Front view (b) Back view 

 

As mobile terminals; such as handsets and PDAs have become smaller, the design of smaller 

antenna elements are required; thus, the dimensions of the monopolies should be further 

reduced. The antenna is formed by a metallic disc of radius R = 12 mm, a shared ground plane 

is implemented and placed on the back side of the substrate with a ground length Lg = 93 mm, 

and a ground width Wg = 10.6 mm, which ensures a good impedance matching over a broad 

frequency range. The radiators are fed by a microstrip line of the characteristic impedance of 

50-ohm, the length of the feedline is denoted as length (Lf) and its width (Wf) are fixed at 

12.5mm and 1.5 mm; respectively. The distance between the identical dual radiators (centre to 

centre) is denoted as S. The overall size of UWB-MIMO antennas are: 93 × 47 × 1.6 mm
3
 

(corresponds approximately 0.95 λ0 × 0.49 λ0 × 0.016 λ0) to be suitable for most mobile PCB 

circuit boards, other antenna dimensions obtained after optimisation process are illustrated as 

follows: 
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Table 5.1: Detailed dimensions of the proposed UWB-MIMO antennas 

Parameters Values 

frequency (f) 3.1-10.6 GHz 

height of substrate (h) 1.6 mm 

ground length (Lg) 93 mm 

ground width (Wg) 10.6 mm 

substrate length (Lsub) 93 mm 

substrate width (Wsub) 47 mm 

circular patch radius (R) 12 mm 

distance (d) 0.35 λ0 

Feed-line length (Lf) 12.5 mm 

Feed-line width (Wf) 1.5 mm 

gap (g) 0.5 mm 

 

The gap distance (g) between the ground plane and the antenna radiating element effects the 

impedance bandwidth and hence this distance had been optimised at g = 0.5 mm.  

Moreover, for getting a better impedance matching (particularly in the higher frequencies), 

two small rectangular slots (denoted as S1 and S2) of compact dimensions 1.6 × 6 mm
2
 were 

introduced on the common ground plane to enhance the impedance bandwidth. These slots are 

cut on the upper edge of the ground plane underneath each feed line. Finally; the radiating 

circular patch is made up of a very thin copper sheet with a thickness of 0.1 mm. 

 

   5.3.2 Multiple UWB antennas with decoupling structure for isolation 

enhancement  

Figure 5.4 illustrates the geometry of the UWB-MIMO antennas with a new wideband 

decoupling structure. The proposed wideband planar decoupling structure has been inserted 

between the dual-monopole antennas elements to reduce mutual coupling; it will provide 

additional coupling paths and reduce directly induced coupling currents in the radiating 

elements (as presented in next section). 
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(a)                                                    (b) 

Figure 5.4: Schematic UWB-MIMO antenna with decoupling structure. (a) Front view and 

(b) Rear view 

 

This decoupling structure composes of modified metallic patch like T on the upper side with 

optimised dimensions L2 = 9 mm × W1 = 36 mm, another smaller metallic patch like inverse T 

on the lower side (with optimised dimensions L3 = 6 mm × W2 = 17 mm) are joint and 

subtracted by four half-circular slots. Dual half-circular in the upper side and another twin 

smaller half-circular on the lower side to form a parasitic strip that has been applied as a 

compact wideband planar decoupling structure between UWB antennas. The structure is 

symmetrical along the Z-axis from the centre. The proposed wideband decoupling structure 

has longer current paths that it could work in the low-frequency range. Figure 5.5 illustrates 

the layout of the proposed wideband decoupling structure. 

 

Figure 5.5: Detailed layout of the proposed decoupling structure 

 

The parameters given in Figure 5.5 were optimised using the simulation software (HFSS ver 

17.0), and the detailed optimum dimensions of the proposed decoupling structure used in this 

work are written in Table 5.2. 
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Table 5.2: Detailed dimensions (in mm) of the proposed decoupling structure 

Optimised parameters  Values in mm 

Length of the proposed structure, L1 47  

Upper width of the proposed structure, W1  36  

Height of the top portion of the T-shaped strip, L2  9  

lower width of the proposed structure, W2  17  

Height of bottom portion of the inverse T-shaped strip, L3  6  

Span on one side, t1  1.5  

 

5.3.3 Theoretical Analysis 

    5.3.3.1 Scattering parameters performances 

The return loss (reflection coefficient) and the transmission loss (mutual coupling) for 

the dual antennas without and with the proposed decoupling structure are plotted in Figure 

5.6(a) and Figure 5.6(b); respectively. Figure 5.6(a) illustrates the reflection coefficient 

performance; it was observed that the UWB-MIMO antennas in both cases (without and with 

structure) has a wide broadband bandwidth ranging from 3 to 11 GHz ( S11 < - 10 dB). Thus; 

the antenna array satisfies the impedance matching requirement for the entire UWB range 

specified by the FCC. The mutual coupling between antenna elements can be determined by 

scattering parameters; S21 or S12. The simulated mutual coupling is shown in Figure 5.6(b). 

Isolation of less than -31dB has been achieved through the entire UWB range (more than 12 

dB improvement over the reference antennas).  

(a) 
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(b) 

Figure 5.6: The simulated scattering parameters of the antennas without (dashed line-black 

colour) and with the proposed decoupling structure (solid line-red colour). (a) Reflection 

coefficient (S11) and (b) Transmission coefficient (S21) 

 

This result satisfies the required condition for mutual coupling reduction between the 

antennas for proper operation of the MIMO system in the UWB frequency range. All these 

analyses were conducted with one antenna element transmitting and other antenna terminated 

with 50 Ω load. 

 

         5.3.3.2 Isolation mechanism and working with the various decoupling 
structures 

The direct mutual coupling between two antenna elements can be cancelled out by 

adequately adding an additional indirect coupling path. Here; a proper design aims at creating 

indirect signal coming via the extra coupling path that opposes the signal going directly from 

element to element. If the two amplitudes are comparable and out of phase, the two signals 

add up destructively, and the mutual interaction is considerably reduced. An extra requirement 

is that the inserted decoupling structure should not significantly degrade the radiation 

properties. In the approach followed here, by placing and adding a non-resonating and 

parasitic decoupling structure between antennas, other active coupling paths can be created. 

The coupled radiation introduces induced currents on the neighbouring antenna.  

The proposed wideband decoupling structure can also capture the near coupling fields and 

converts them in surface currents to be shorted with a ground plane and such that multiple 

coupling paths reduce the strong direct coupling between ports and hence reducing the mutual 

coupling.  
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Figure 5.7: UWB-MIMO antennas with different geometrical models (a) Without any 

decoupling structure (Model I), (b) With a centre slot on the ground only (Model II), (c) With 

conventional rectangular shaped decoupling structure ( Model III), (d) With T-shaped 

decoupling structure (Model IV), and (e) With proposed wideband planar decoupling structure 

(Model V) 

In this work, the dimensions of the proposed decoupling structure were optimised to obtain a 

maximum surface currents pickup strategy. The surface currents analyses are presented in the 

next section. 

To further inspect the performance of the proposed MIMO-UWB antenna and investigate the 

best decoupling structure arrangement to be utilised for isolation enhancement in UWB-

MIMO antennas configuration, five different geometrical models are given in Figure 5.7, and 

individual simulated S21 parameter variations plot for these five models is presented in Figure 

5.8. 

 

Figure 5.8: Simulated S21 parameters for different geometrical models of UWB-MIMO 

antennas 

However, inserting both a centre slot in common ground (Model II) and a conventional 

rectangular structure (Model III), as given in Figure 5.7(b) and Figure 5.7(c); respectively, 

help to improve isolation between the antennas array but not for the entire UWB range, only a 

real enhancement, S21 ≤ −24 dB can be seen in the higher frequencies range.  
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To further increase the isolation between antennas especially in lower frequencies range of the 

UWB operation; a T-shaped structure (Model IV) has been presented in the middle of the 

substrate as illustrated in Figure 5.7(d), thus; the S21 parameter here has some good values ( 

−28 dB) towards lower UWB frequencies but remains with high coupling as is to be expected 

in higher frequencies (> 5.5 GHz).  

Finally; by introducing the proposed wideband decoupling structure (Model V) as seen in 

Figure 5.7(e), an excellent isolation of less than -31 dB (more than 12 dB improvement over 

the reference) has been achieved through the entire UWB band, and hence this case can 

satisfy the requirements of an applicable UWB operation with highest isolation. 

 

      5.3.3.3 Radiation patterns, gain and efficiency 
 

The orientation of the proposed antenna with respect to the coordinate system as 

previously shown in Figure 5.3.  
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Figure 5.9: The simulated 2D radiation patterns (normalised) without and with the proposed 

decoupling structure: (a1) XZ plane, (a2) YZ plane, and (a3) XY plane at 4 GHz; (b1) XZ 

plane, (b2) YZ plane, and (b3) XY plane at 6 GHz; and (c1) XZ plane, (c2) YZ plane, and 

(c3) XY plane at 8 GHz; respectively, with port 1 excited. (solid line: co-pol, dashed line: 

cross-pol, black colour: with, and red colour: without) 

 

This section presents the study performed on the effect of far-field radiation patterns as a 

comparison between both cases (with and without inserting the proposed decoupling 

structure). The simulated far-field radiation patterns are normalised with respect to the 

realised gain on the major principal planes (YZ, and XY planes) in both prototypes, without 

and with decoupling structure, are presented in Figure 5.9. In general, we can see that the 

overall radiation patterns are relatively stable across the different UWB frequencies. Still, 

nearly omnidirectional patterns are obtained at various frequencies (e.g. 4 GHz, 6 GHz and 8 

GHz) before and after inserting the wideband decoupling structure, no significant degradation 

of radiation patterns are noticed between the two designs (with and without decoupling 

structure) especially in YZ and XY planes.  

 

Figure 5.10: Simulated antenna gain variation (left) and radiation efficiencies (right) over the 

radiating band of the proposed UWB-MIMO antenna 
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Generally, an enhancement in radiation characteristics helps to improve peak gain of the 

antennas, it is noticed that gain variation without decoupling structure is 1.4 dBi, this 

difference reduces to < 0.5 dBi with a peak gain of 3.5 dBi at a frequency (9 GHz), when the 

proposed wideband decoupling structure is inserted, which makes it more consistent over the 

radiating bandwidth.  

Since the isolation is achieved by using a wideband parasitic decoupling structure, there is the 

possibility of a reduction in radiation efficiency. The antenna radiation efficiency is simulated 

with and without wideband decoupling structure.  

The comparison is provided in Figure 5.10. 

The radiation efficiency of UWB antennas remains above 70 % in the complete frequency 

band. The radiation efficiency only varies by < 10% in the whole band which certifies that the 

parasitic wideband decoupling structure does not have any noticeable effect on radiation 

characteristics.  

The radiation efficiency at the lower UWB frequencies is better with a decoupling structure 

which indicates that the decoupling structure reduces the return loss at lower frequencies. At 

the upper UWB frequencies, the radiation efficiency with decoupling structure is less than an 

antenna without a decoupling structure which indicates an increase in mismatch loss at higher 

frequencies. 

 

    5.3.3.4 Simulated  surface currents distribution  
 

To further understand the effectiveness of the insertion of the decoupling structure, the 

degree of isolation in the proposed UWB antenna can be observed by presenting surface 

currents distribution.  

Figure 5.11(a-c) shows the currents distribution with and without the wideband decoupling 

structure at different three frequencies (e.g. 4 GHz, 6 GHz and 8 GHz) when Ant-1- is excited 

while Ant-2- is terminated with a load impedance of 50 Ω.  

The effects of the proposed wideband decoupling structure on the currents distribution can 

clearly be noticed by comparing with those without structure.  

The surface currents are absorbed by wideband decoupling structure, and thus it ameliorates 

the port isolation between two UWB monopoles.  
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Figure 5.11: Simulation of surface currents distribution on the multiple antennas without 

structure (left side) and with decoupling structure (right side), when the first port is excited 

and the second port is terminated with a 50 load  at a frequency: (a) 4 GHz, (b) 6 GHz, (c) 8 

GHz 

It is observed from Figure 5.11(a-c) that less amount of surface currents are induced in the 

second UWB antenna because most of the antenna’s direct coupling field is concentrated in 

the planar wideband decoupling structure. This shows the creation of additional current paths 

between the dual radiating elements and prevents most of the induced currents to be 

transferred towards the second antenna. In this work; a simple and an effective approach is to 

work on a common ground plane to limit the current flow from one port to the other, 

ultimately to reduce mutual coupling between dual feeding ports. The effect is same when 

Ant-2- was excited while Ant-1- was terminated with 50 Ω load. 

     5.3.3.5 MIMO characteristics 
 

In this work, ECC (ρ12) was calculated using S-parameters of the MIMO system as 

defined before in Eq. (2.13), which assumed ideal and uniform propagation multipath 

environment, the antenna system is lossless and, one of the antenna elements is excited 

separately while keeping the other antennas matched terminated.  
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Figure 5.12: Simulated envelope correlation coefficient of the UWB-MIMO without (dashed 

line-red colour) and with proposed structure (solid line-black colour). 

 

In Figure 5.12, the ECC for the UWB antennas with and without the proposed decoupling 

structure is shown against the operation frequency range. It is noticed from the simulated 

results, the maximum envelope correlation coefficient of -29 dB over the UWB range of the 

antenna elements with the proposed decoupling structure is smaller than that of the array 

without structure insertion. This observation indicates better behaviour and an excellent 

diversity performance of the UWB antennas system will be achieved by using the proposed 

decoupling structure. 

 

   5.3.4 Fabrication and Experimental Demonstration 
 

In this section, the performances of the proposed UWB-MIMO antennas are verified 

through the antennas fabrication and measurements. A prototype of the proposed multiple 

antennas without and with decoupling structure is fabricated as presented in Figure 5.13(a) 

and Figure 5.13(b); respectively. 
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(a) 

 

(b) 
Figure 5.13: Prototype of the fabricated UWB-MIMO antenna (Top and back view) (a) 

Without (b) With decoupling structure 

 

      5.3.4.1 Measured scattering parameters 

The performance of the UWB-MIMO antenna has been verified through accurate 

measurements performed by means of Agilent Technologies N5230A  PNA–L  a vector 

network vector analyser (as shown in Figure 5.14) inside Brunel University London allowing 

measurements of the reflection coefficients of microwaves in 300KHz −20 GHz range.  

 

Figure 5.14: Photograph of the proposed UWB-MIMO antennas measured using a network 

analyser 
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After calibration with the network analyser, both a return loss and transmission losses have 

been measured and recorded. Figure 5.15(a) shows the measured and simulated return losses 

of the impedance bandwidth (S11  <  -10 dB) comparatively between the dual UWB-MIMO 

antennas with and without the proposed wideband decoupling structure.  

 

(a) 

 

(b) 

Figure 5.15: Comparison of simulated and measured scattering parameters without and with a 

decoupling structure. (a) Reflection coefficient (S11) and (b) Transmission coefficient (S21) 
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It is observed that the proposed MIMO antennas has a wide measured bandwidth 7.5 GHz and 

covers the whole UWB band ranging 3.1–10.6 GHz with a return loss better than -10 dB that 

satisfy the requirements of UWB operation.  

They are in a reasonable agreement between the measured and simulated plots while a slight 

difference between these results can be noticed. That may be attributed to minor factors such 

as an inaccuracy in the fabrication process, variation in the quality of the substrate, and the 

mismatch effect of SMA connectors.  

Figure 5.15(b) shows the measured and the simulated mutual coupling comparatively between 

dual UWB antennas with and without the proposed decoupling structure.  

The prototyped MIMO antenna has wide frequency range covers from 3 to 11 GHz with the 

measured isolation less than -27 dB.  

These measured results agree well with the simulated results obtained before as presented 

previously in Figure 5.6.  

A slight deviation can be attributed to the fabrication tolerances. From this experimental 

verification, it can be concluded that the proposed wideband decoupling structure can 

effectively reduce the mutual coupling between array elements.  

In all these measurements, one port is excited and the other terminated by standard 50 Ω load. 

 

5.3.4.2 Radiation patterns characteristics 

The radiation patterns of the proposed UWB-MIMO antennas were measured at 

various frequencies (e.g. 4 GHz, 6 GHz and 8 GHz).  

The measurements of radiation patterns are carried out in an anechoic chamber (inside 

University of Greenwich campus).  

The measured radiation patterns data obtained from the anechoic chamber were relatively 

small.  Hence, relative radiation patterns were employed for comparison. These values were 

normalised to the maximum co-pol for comparison with the simulation results. 
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Figure 5.16: Photograph of the AUT mounted inside an anechoic chamber 

 

The measured and simulated far-field radiation patterns are normalised with respect to the 

realised gain without and with the proposed wideband decoupling structure are presented in 

Figure 5.17 and Figure 5.18; respectively: 
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Figure 5.17: Measured versus simulated radiation patterns (normalised) without the proposed 

wideband decoupling structure: (a1) XZ plane, (a2) YZ plane, and (a3) XY plane at 4 GHz; 

(b1) XZ plane, (b2) YZ plane, and (b3) XY plane at 6 GHz; and (c1) XZ plane, (c2) YZ 

plane, and (c3) XY plane at 8 GHz; respectively, with port 1 excited. (Solid line: measured, 

broken line: simulated, black colour: co-pol, and red colour: cross-pol) 
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Figure 5.18: Measured versus simulated radiation patterns (normalised) with the proposed 

wideband decoupling structure: (a1) XZ plane, (a2) YZ plane, and (a3) XY plane at 4 GHz; 

(b1) XZ plane, (b2) YZ plane, and (b3) XY plane at 6 GHz; and (c1) XZ plane, (c2) YZ 

plane, and (c3) XY plane at 8 GHz; respectively, with port 1 excited. (Solid line: measured, 

broken line: simulated, black colour: co-pol, and red colour: cross-pol) 
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During the measurement, one of the input ports was excited, and the other was terminated 

with a 50 Ω load. In general; no significant difference is observed between the different co-

polarisation and cross polarisation patterns of the measured and the simulated results. The 

radiation patterns have good omnidirectional in the major planes (i.e. YZ and XY planes). 

However, some nulls appear after inserting the proposed decoupling structure, especially in 

the measured cross-polarised. Moreover, there are some slight discrepancies between the 

measured and simulated results in a different frequency band of interest, which are probably 

due to the effect of the SMA connectors, cables and implementation imperfections. 

5.3.5 Comparison with other Approaches and Published works  

Table 5.3 presents a summarised comparison of our proposed UWB-MIMO antennas 

against other array works previously reported and recently published in the open literature. 

The UWB-MIMO antennas are tabulated concerning various criteria such as bandwidth, 

mutual coupling level (S21), antennas geometric size and complexity, and utilisation of the 

isolation techniques. Therefore the proposed UWB-MIMO antennas presented in this chapter 

has some outstanding characteristics because of the compact size, geometric simplicity, broad 

bandwidth, low correlation and good diversity performance. However; the main advantage 

gained here is simplicity of the design process that make this technique very attractive for 

designing MIMO-UWB antennas with high isolation characteristics.  

Table 5.3: Comparison with previous works of UWB-MIMO antennas designs 

Ref. 

No. 

BW 

GHz 

Coupling

−dB 

Volume 

mm
3
 

Space 

λ0 

Isolation 

technique 

Geometric 

complexity 

Main antenna geometry 

[137] 3-6 -21 4650 0.5 EBG structure Complex Dual radiating monopoles 

 

[153] 

 

2.8-8 

 

-17 

 

5429 

 

0.4 

Separated 

ground plane 

 

Simple 

Dual circular shaped 

monopoles radiator 

[232] 3.1-10.6 -20 1120 0.4 Stub Insertion Complex Dual monopole elements 

[284] 2.2-10.2 -20 3072 0.5 Stub Insertion Medium Dual monopoles elements 

 

[285] 

 

1.8-6.5 

 

-20 

 

29768 

 

0.5 

Placement and 

orientation 

 

Medium 

Circular slot antenna with 

stepped ground 

 

[286] 

 

3-12 

 

-15 

 

5120 

 

0.5 

Resonator slot 

in between 

 

Medium 

Dual identical rectangular 

with a circular slot 

[287] 3.1-10.6 -18 1920 0.5 DGS structure Complex Printed fractal antenna 

[386] 3.1-5 -22 1120 0.5 NL Complex Dual circular monopole 

This 

work 

3.1-10.6 -31 6992 0.35 Planar decoupling 

structure 

Simple Dual circular monopole 

UWB-MIMO antenna 
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5.4 Chapter Summary 
 

In this chapter, a novel MIMO antenna with high isolation characteristics was 

designed and developed for UWB application. Many antennas array designs presented in the 

open literature have reported excellent designs with UWB operation. However, some of these 

multiple UWB antennas suffer from large size, high profile, not cover a wide isolation BW, 

utilised of complicated decoupling structures that can affect the fabrication cost. All of the 

above issues have been tackled in this chapter. Specifically, all the multiple antennas 

presented in this chapter are small (total antenna dimensions are: 93×47×1.6 mm
3
), thin 

(fabricated on FR4 substrate) and cover the entire UWB band) which makes them attractive 

for compact wireless devices. In section 5.3, printed multiple antennas were designed to 

operate in the UWB range. First, the coupling mechanism was identified as being mainly 

through the reactive near-field coupling and direct space wave radiation. Then, a coupling 

reduction was achieved by adding an appropriate decoupling solution. Moreover, simple, but 

highly efficient, isolation technique was proposed. Design and simulations were conducted 

using HFSS software version 17.0 and there was a precise performance study involving 

isolation, radiation patterns, and surface current density distribution. The effectiveness of the 

proposed wideband decoupling structure has been shown to be useful in achieving 

compactness, and better isolation of less than -31 dB is obtained through the entire UWB 

frequency range for an antenna spacing less than 0.35 λ0 of the lowest frequency. The 

simulations agree well with the measurements including both the scattering parameters and 

far-field radiation pattern properties. Moreover, analysis results (theoretically and practically) 

have shown that the proposed UWB-MIMO antenna guarantees the entire UWB operation 

with high isolation and almost keeps omnidirectional radiation performance. Finally, the 

proposed antennas were compared in detail with other previous UWB design works regarding 

bandwidth, mutual coupling level, geometric size and implementation complexity. All the 

measured and simulated results indicate that the proposed MIMO antenna array has more 

advantages than other works in points of criteria, thus being suitable for deployment in some 

portable devices, such as mobile handsets or laptops using UWB technology combined with 

MIMO techniques. The major content of this chapter has been a manuscript published as a 

full-length journal paper in the International Journal of Microwave and Wireless Technologies 

(JMWT) [R2] and also as a full-length conference paper for IEEE MTT-S International 

Microwave Workshop Series on Advanced Materials and Processes for RF and THz 

Applications (2017 IMWS-AMP) [R4]. The introduction and other sections of this chapter 

have been rewritten to create a better flow and to prevent a repetition of the materials already 

presented in other chapters. 
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Chapter 6: Development of Multiple Antenna with High Isolation 

for Multi-band Applications 

6.1 Introduction 

In recent years, the interest for multi-band multiple-antennas systems has been 

growing for multi-standard wireless terminals. Many wireless technologies are consolidated 

together in a single device that requires being as multi-functionality antennas with multi-

service (multi-bands) on a given printed circuit board.  

Furthermore, there are many situations where a user will use several wireless devices 

simultaneously using different services via multi-frequency bands.  

Nowadays, to eliminate the need to use separate microstrip antennas for each application, a 

single multi-band antenna it is possible being used, multi-band antennas can simultaneously 

operate on multiple frequencies, covering all desirable wireless communication applications 

[1].  

Table 6.1 below shows some most popular different wireless communication bands and their 

applications that will be interested in the research. 

 

Table 6.1: Frequency bands for different feasible wireless services 

Application Frequency Range 

LTE 700 MHz 

GSM 890 - 915 MHz & 935 - 960 MHz 

DCS 1.71 – 1.88 GHz 

PCS 1.85 – 1.99 GHz 

UMTS 1.92 - 2.17 GHz 

GPS 1575 MHz & 1227 MHz 

Wi-Fi -Wireless Local 

Area Networks 

IEEE 802.11 b/g/n 

IEEE 802.11 a/n 

2.40- 2.48 GHz 

5.15-5.85 GHz 

WiMAX IEEE 802.16  b/g/n 2.3 - 2.4 GHz &  2.5 – 2.7 GHz  & 3.3 – 3.8 GHz 

UWB 3.1 – 10.6 GHz 

 

6.2 Multi-band Technology 

Recent developments in wireless communication systems have increased the demand 

for multi-band MIMO antennas that can operate at multiple frequencies with sufficient 
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bandwidth.  

For example, Multi-band PIFAs have been widely used as built-in antennas by most of the 

mobile handset manufacturers. 

Here; more attractive and accessible method to make PIFA can work at multi-band operation i

s by etching slots \ slits with different shapes on the radiating planar element. The planar radia

tor may contain one or several slots\slits to produce multiple resonant modes. For instance; 

the popular Nokia PCB phones shown in Figure 6.1 use a multi-band PIFA to operate in the 

GSM band and Bluetooth band [34, 16]. 

 
(a)                                                              (b) 

Figure 6.1: Photograph of multi-band PIFA in (a) Nokia 6030 (b) Nokia 1110 [34] 

Moreover; another popular handset Sony Ericsson T68 shown in Figure 6.2 has used a multi-

band PIFA to operate at GSM 900/1800/1900 [42, 54]. 

 

Figure 6.2: Photograph of the multi-band antenna in Sony Ericsson T68 handset [42] 

Different methods or techniques have been used in the printed microstrip antennas arrays to 

achieve multi-band or wideband operation. Some of these methods are pointed here: 

 

1- Modifying the radiators shape: the radiators can take different shapes, as mentioned 

before in chapter one (Figure 1.3), and hence multi-band can be easily obtained. 
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2- Slotted radiators: the slot can disturb the current path on the radiators and hence 

change the performance of the microstrip antennas. Slots technique is employed in the 

design of many microstrip antennas, and it became the most commonly used technique 

when a multi-band operation is an aim [6, 8, 7, 55]. 

3- Using a foam layer between the radiator and the substrate can generate multi-band and 

wideband performance [1, 2] 

4- Shorting walls: If the shorting-wall is properly placed, the area of the resonating 

element can be substantially shrunk and this allows surface currents to travel longer 

distance where a wide BW can be obtained, and the antenna size can be minimised. 

[11]. 

5- Shorting pins: Inserting shorting pins to microstrip antennas can improve the antenna 

BW by a few more percentages; it is one of the popular size-reduction techniques for 

mobile antennas [77]. 

6- Stacked multi-layers [147], also can be used to generate multi-band operation.  

7- Fractals shapes; recently, instead of making slots with different shapes in the planar 

radiator of the antenna, fractal geometry has been applied to provide multi-band 

operation, performance enhancement and to meet the other miniaturisation 

requirements of wireless terminals. As mentioned before; fractals are comprised of 

elements patterned after self-similar designs to maximise the length, or increase the 

physical path of the current [246]. The beneficial gives useful applications in mobile 

terminals and microwave communications. Furthermore, it has been found a little 

adjustment of the shape can make it work in the demanded resonance frequencies. 

 

In such multi-band antennas arrays, achieving high isolation between the radiating elements is 

a challenging task, and also it is difficult to control the isolation over the desired multiple 

bands. So it gives a real challenge to antenna designers to produce efficient MIMO systems 

with high isolation multi-band characteristics. Although there is an extensive literature (as 

presented before) on multi-band antennas arrays embedded with different decoupling or 

isolation techniques for various wireless applications, the following vital issues need to be 

addressed:  

1- Obtaining a significant coupling reduction level and better performances of the 

operating multi-bands by implementing appropriate decoupling mechanisms, in same 

time maintaining on acceptable impedance matching characteristics. 
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2- Low profile (compactness) and planar decoupling structures always desirable to suit 

modern antenna array designs.  

3- The isolation\decoupling method complexity of the antennas array circuits and other 

fabrication costs to be more reasonable to use in real practical applications (e.g. 

handsets). 

This chapter addresses the above issues with a new applicable multi-band MIMO design. A 

high isolation antenna array for quad-band applications is presented. The isolation is achieved 

through a combination of hybrid isolation enhancement mechanisms. The antennas 

performances and MIMO characteristics are investigated and also verified both numerically 

and experimentally. The simulation results presented in this chapter were performed using 

HFSS ver 17.0, as presented in section 6.3. 

6.3 Multiple Antennas with High Isolation for Multi-band Applications 

   6.3.1 Antenna Layout and Design Procedure 

Annular ring slot antennas have been of great interest to numerous researchers and 

antenna engineers in recent decades [1]. Moreover, ring-slot antennas are easy to design; they 

have a relatively wide bandwidth and can be flexibly tuned by slight changes in their 

dimensions. In this work, we propose a simple design of a quad-frequency annular ring slot 

antenna fed by a microstrip line. Furthermore, the quad frequency characteristics of the 

annular ring slot antenna are also investigated.  

 

Figure 6.3: Schematic antenna element layout. (a) Front view and (b) Back view. 
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Figure 6.3 illustrates the geometry of the initial design of the single antenna element. Several 

optimisations of the proposed antennas by using Ansoft HFSS software version 17.0 have 

been performed, and the results present that the number of multi-band, the centre of a 

frequency of each band and bandwidth can be controlled by the dimensions optimisation of 

these ring-slots. It should also be noted that the dimensions of the ground plane can affect 

bandwidths of the four modes [1]. Figure 6.3(a) and (b) shows the schematic diagram of a 

single antenna element, two annular-ring slots (denoted by S1 and S2) with different radii 

(Figure 6.1(a)) were introduced for quad-bands operation with a copper ground plane printed 

on the same side of FR4 substrate. On the other side of the square substrate, a 50 -Ω-

microstrip line has adhered below the ground plane (the shaded area in Figure 6.1(b)). The 

antenna dimensions obtained after optimization are as the following: substrate height (h) = 1.6 

mm, ground plane length (Lg) = 65 mm, ground plane width (Wg) = 65 mm, feedline length 

(Lf) = 21 mm, feed line width (Wf) = 3.4 mm and radius R1 = 12 mm, R2 = 14 mm, R3 = 16 

mm and R4 = 20 mm, space (S) = 40 mm and measured from element centre to centre 

(approximately equal 0.25 λ0 of the lowest frequency band. 

  

6.3.2 Multiple Antennas with Hybrid Isolation Mechanisms 

 

Figure 6.4: 3D Perspective view showing the configuration of the proposed antennas array 

using hybrid methods: Thin DWS inserted in middle and two strips embedded from sides to 

reduce the near-field coupling. The antenna orientation of the microstrip line feeds also 

shown. 
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In this work; the MIMO antennas (referred to as Antenna-1- and Antenna-2-) is fabricated on 

an inexpensive FR4 substrate with a thickness of 1.6 mm and relative permittivity of 4.4.  

The identical antennas were designed and separated (back to back) by 40 mm (λ0/4 at the 

lowest frequency, where λ0 is the free space wavelength). Figure 6.4 shows the proposed multi-

band MIMO antennas.  

Here; hybrid isolation enhancement mechanisms are combined and efficiently utilised to 

reduce the mutual coupling between the proposed antennas.  

Firstly; antenna orientation is achieved by arranging antenna microstrip line feeds orthogonally 

locating to each other to improve multi-band isolation.  

Then; a very thin wall defected with metallic lattice pattern composes 3×3 circular slots (as 

shown in Figure 6.4) to form a planner Defected Wall Structure (DWS) in between.  

However; the proposed defected wall has been optimised and intended for mutual coupling 

suppression; it can block the direct space wave propagation from the antenna elements and 

reflect part of the fields of specific bands.  

Finally; isolation enhanced by introducing additional non-radiating shorting strips linking the 

ground plane of each antenna. This solution has been shown to act like neutralisation lines 

withdrawing an amount of the signal on one antenna and bringing it back to the other so that 

the mutual coupling is reduced effectively. 

 

6.3.3 Theoretical Analysis 

    6.3.3.1 Scattering parameters performances 

 
The return loss (reflection coefficient) and the transmission loss (mutual coupling) for the 

dual MIMO antennas without and with the proposed decoupling structures are plotted in 

Figure 6.5(a) and Figure 6.5(b);  

Here; Figure 6.5(a) illustrates the reflection coefficient performance; First; From the 

simulated return loss parameters; It is observed that the proposed antenna array have a good 

response for quad resonance to operate in many applications such as DCS mobile 

communication, Higher GSM band (1.7-1.8 GHz), LTE band (2.55-2.7 GHz), WiMAX band 

(3.3-3.5 GHz) and intended HiperLAN (4.8-5.2 GHz) with a return loss of -19 dB, -15 dB, -

20 dB and -16 dB; respectively.  
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(a) 

 
(b) 

Figure 6.5: The simulated scattering parameters of the proposed multi-band antennas without 

(dashed line-red colour) and with decoupling structure (dashed line-black colour). (a) 

Reflection coefficient (S11) and (b) Transmission coefficient (S21) 

However; for the proposed case (with hybrid decoupling structures) and due to the lossy 

nature of these structure, return loss decreased from -19 dB to -25 dB and from -15 dB to -19 

dB for the first, second band; respectively but increased from -20 dB to -16 dB for the third 

band and still maintain -15 dB at fourth band for the proposed case. It is observed an 

increment shift in each band can be noticeable for the proposed antenna (after inserting the 

hybrid decoupling proposed structures). Hence, a slight shifting almost occurs at the first and 

second resonance whereas more shifting towards higher frequencies occurs at the third and 

fourth resonance.  
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Meanwhile; it can be seen that the -10 dB |S11| bandwidth is sensitive and slightly affected 

after the insertion of the proposed hybrid decoupling structures between the MIMO antenna 

elements. Table 6.2 presents the simulated -10 dB bandwidths and the reflection coefficient 

parameters of the multi-band (quad-band) antennas before and after insertion of the proposed 

hybrid decoupling structures 

Table 6.2: simulated -10 dB bandwidths of the multi-band antennas in both cases 

Parameters Band I Band II Band III Band IV 

BW (GHz) 

Without Case 

0.15 (1.7-1.85 

GHz) 

0.15 (2.55-

2.7 GHz) 

0.2 (3.3-3.5 

GHz) 

0.5 (4.75-

5.25 GHz) 

BW (GHz) 

With Case 

0.12 (1.83-

1.95 GHz) 

0.15 (2.57-

2.72 GHz) 

0.25 (3.4-

3.65 GHz) 

0.45 (5.1-

5.55 GHz) 

 

However; this shifting can be compensated by slightly adjusting the width of the slots to keep 

the resonance frequency identical in both cases. This shift is caused by the capacitive 

coupling, and extra inductance may be added that associated with the proposed wall (DWS) 

and short strips. Secondly; the coupling between the proposed antenna elements can be 

determined from the transmission coefficients (S21 and S12 parameters); it is observed a 

significant reduction in mutual coupling have been achieved when hybrid isolation 

mechanisms are combined. The simulated mutual coupling recorded in terms of S21, is -7 dB, 

-9 dB, -10.5 dB and -11 dB at approximately: 1.75 GHz, 2.6 GHz, 3.3 GHz and 5 GHz; 

respectively compared to -27 dB,-30.5 dB, -31 dB and -28 dB at same mentioned centre 

frequencies for the proposed array, as shown in Figure 6.5(b). However; excellent isolation 

(S21) of better than -27 dB has been achieved and more than 17 dB improvement over the 

reference antenna can be obtained in each band. 

   6.3.3.2 Effectiveness of the hybrid isolation mechanism 

In this section; four different scenarios (models) are investigated that given in Figure 

6.6 (a-d), to further inspect the performance of the proposed multi-band MIMO antenna and 

investigate the various decoupling mechanisms to be effectively utilised for isolation 

enhancement in multi-band MIMO applications.  
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(a) 

 

(b) 

 

 



Chapter 6: Development of Multiple Antenna with High Isolation for Multi-band Applications 

PhD Thesis by Alaa Thuwaini                                            159                                     Brunel University 2018   

 

(c) 

 

(d) 

Figure 6.6: Multi-band MIMO antennas with different scenarios or models: (a) Reference 

antennas (Model I), (b) Antenna orientation (Model II), (c) Antenna orientation and DWS 

(Model III), and (d) Proposed antennas with hybrid (antenna orientation, DWS and strips) 

decoupling mechanisms (Model IV). 
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Here; individual simulated S11 and S21 parameter variations plot for these mentioned scenarios 

are presented in Figure 6.7(a) and Figure 6.7(b); respectively:- 

 

(a) 

 

(b) 

Figure 6.7: Simulated scattering parameters for different models of multi-band antennas (a) 

Reflection coefficient (S11) and (b) Transmission coefficient (S21) 
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However, applying antenna orientation (Model II) as seen in Figure 6.6(b), help to improve 

isolation between the MIMO antennas array but not for the entire multi-band range, only a 

real enhancement, S21 ≤ −28 dB can be seen in the first lower band frequency (i.e. 1.75 GHz), 

as presented in Figure 6.7(b). Then; a defected wall structure had been inserted (Model III) as 

seen in Figure 6.6(c), here; a better isolation in both lower bands (≤ −39 dB) and higher bands 

(≤ −24 dB ) but still no significant isolation was obtained in middle band (i.e. 3.3 GHz), as 

shown in Figure 6.7(b). Finally; to further increase the isolation between MIMO antennas in 

all frequencies range of the multi-band operation; a hybrid decoupling mechanisms (including 

antenna orientation, DWS and strips insertion) have been proposed, it is noticed by 

introducing this model (Model IV) as shown in Figure 6.6(d), an excellent isolation (S21) of 

better than -27 dB has been achieved, and more than 17 dB improvement over the reference 

antenna can be obtained in each band, as illustrated in Figure 6.7(b). Therefore, the proposed 

antennas embedded with hybrid decoupling mechanisms can be employed to reduce mutual 

coupling between the multi-band MIMO antenna elements effectively. 

    6.3.3.3 Radiation patterns, gain and radiation efficiency 

This section presents the study performed on the effect of far-field radiation patterns 

as a comparison between both cases (without and with inserting decoupling structures). The 

two orthogonal-plane patterns of the MIMO antennas are demonstrated in Figure 6.8 

corresponding to the XZ and YZ principal planes. Overall antenna radiation patterns are 

relatively stable across the multi-band frequencies. However; no significant degradation of the 

radiation patterns are noticed for both cases and still nearly omni-directional patterns at 

various multi-band frequencies.  
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Figure 6.8: The simulated radiation patterns: (a1) XZ plane, and (a2) YZ plane at 1.75 GHz; 

(b1) XZ plane, and (b2) YZ plane at 2.6 GHz; (c1) XZ plane, and (c2) YZ plane at 3.4 GHz; 

(d1) XZ plane, and (d2) YZ plane at 5 GHz; respectively. (Solid line: co-pol, dashed line: 

cross-pol, black colour: with, and red colour: without) 
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These plots were obtained with one antenna port excited and other port terminated with 

matched impedance, i.e. 50 Ω load. Meanwhile, the simulated peak gain and antenna radiation 

efficiency at multi-band frequencies are plotted in Figure 6.9. 

 

Figure 6.9: Simulated peak gains (Left) and radiation efficiencies (Right) of the proposed 

antenna. 

The achieved peak gain for the proposed MIMO antennas varies between range 3.4–4.2 dBi, 

It is also observed that the radiation efficiency of the proposed antennas array is still high 

(more than 80%) in the entire multi-bands frequencies which certify that the proposed hybrid 

isolation methods do not have any noticeable effect on radiation characteristics. 

     6.3.3.4 Simulated surface currents distribution  
 

To further elaborate the effectiveness of these proposed decoupling structures (DWS 

and shorting strips), the degree of isolation in the proposed antenna can be observed by 

presenting surface currents distribution.  

HFSS ver 17.0 software was used to generate images of the surface current distributions at 

multi-bands frequencies when the first antenna is excited while the other is terminated with a 

matched load (50 ῼ). 
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Figure 6.10: Simulation of surface currents distribution on the reference antenna array (left 

side) and the proposed antenna array (right side), when first antenna is excited and second 

antenna is terminated with a 50 ῼ load. at a frequency: (a) 1.75 GHz, (b) 2.6 GHz, (c) 3.4 

GHz, and (d) 5 GHz. 

Here; Figure 6.10 illustrates the surface current distributions at the four operating frequency 

bands. It is observed that most of the currents are concentrated on the wall (DWS) and the 

shorting strips, and thus it ameliorates the ports isolation between antennas. However; these 

decoupling structures play a significant role in providing the high isolation by preventing 

induced currents to reach the unexcited antenna. 
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    6.3.3.5 MIMO Characteristics 
 

In general; the correlation between any two antennas within a MIMO system should 

be kept as low as possible to improve the performance and capacity of these MIMO systems. 

In this work, ECC (ρ12) can be calculated using S-parameters of the MIMO system as defined 

before in Eq. (2.13), which assumed an ideal and uniform propagation multipath environment, 

antenna system is lossless, and one of the antenna elements is excited separately while 

keeping the other antennas matched terminated. However; from the simulated results, the 

envelope correlation coefficient of the proposed antenna array is smaller ( -20 dB) compared 

that shown in the reference case (as presented in Figure 6.11). This observation satisfies the 

diversity criteria and indicates for better behaviour over the entire multi-band frequencies. 

 

Figure 6.11: Simulated envelope correlation coefficient of the reference antenna (dashed line-

red colour) and proposed (solid line-black colour). 

6.3.4 Fabrication and Experimental Demonstration 

To validate the simulation results, the proposed antenna array had been fabricated, 

tested, measured and then compared with simulated results. Photograph of the fabricated 

multi-band antenna element is illustrated in Figure 6.12. The proposed antennas were 

fabricated via the PCB etching process of an inexpensive FR4 substrate having a thickness of 

1.6 mm, dielectric permittivity constant of 4.4 (with a loss tangent of 0.017).  
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The microstrip lines were fed through 50 Ω SMA. Finally; the antenna element is made up of 

copper sheet with a thickness of 0.2 mm. 

 

Figure 6.12: A prototype of the antenna. (a) fabricated single element (Top and back view), 

(b) fabricated MIMO antennas  

The performance of the proposed multi-band antennas array has been verified through 

accurate measurements performed using Agilent Technologies N5230A PNA–L a vector net-

work analyser (as shown in Figure 6.13) inside Brunel University London allowing 

measurements of the reflection coefficients of microwaves in 300 KHz −20 GHz range.  

 

Figure 6.13: Photograph of the proposed multi-band antennas measured using a network 

analyser 

After calibration with the network analyser, both a return loss and transmission losses have be

en measured and recorded accurately. 

The measured and simulated scattering parameter plots (return and transmission losses) for 

both the reference and the proposed antenna are presented in Figure 6.14(a) and (b); 
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respectively. 

 

 

Figure 6.14: Comparison of the simulated and the measured scattering parameters for both 

reference and proposed antenna array. (a) Reflection coefficient (S11) and (b) Transmission 

coefficient (S21) 

Figure 6.14(a) shows the measured and the simulated return loss of impedance bandwidth (S11 

< -10 dB) comparatively between multi-band antennas array. The mutual coupling measured 

in terms of S21, is -10 dB, -11 dB, -10.75 dB and -14.5 dB at approximately: 1.75 GHz, 2.6 

GHz, 3.3 GHz and 5 GHz; respectively compared to -16 dB, -33 dB, -32 dB and -28 dB at 
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same mentioned centre frequencies for the proposed array, as shown in Figure 6.14(b). 

Moreover; a reasonably good agreement can be noticed between the measured and the 

simulated plots although a slight difference between these results can be noticed. That may be 

attributed to some common factors such as an inaccuracy in the fabrication process, variation 

in the quality of the substrate, and the mismatch effect of SMA connectors. In all these 

measurements, one port is excited and the other terminated by the standard 50 Ω load. Finally; 

from this experimental verification, it can be concluded that the proposed MIMO antennas 

with hybrid isolation mechanisms can be utilised to reduce the mutual coupling in multi-band 

applications.  

6.3.5 Comparison with Other Approaches and Published works 

As mentioned before; other methods have also been applied to reduce mutual coupling 

between various multi-band antenna arrays such as: Defected or slotted ground plane 

technique, insertion of EBG structures, spatial and angular variations, and the inclusion of 

resonators or stubs. In this section; Table 6.3 presents a summarised comparison of our 

proposed antenna array against other works previously reported and recently published in the 

open literature; the proposed antennas show excellent isolation maintaining on good 

compactness with reduced physical separation between antenna arrays. 

Table 6.3: Performance comparison for different multi-band antennas designs 

Ref. 

No 

No. of 

Bands 

S21 

(dB) 

Dimensions 

(W×L×H) 

Volume 

mm
3
 

Space 

(λ0) 

Design 

Complexity 

Decoupling 

Technique 

[104] Four ≤-12 60×100×0.8  4800 0.5 Medium DGS 

[165] Four ≤-15 125×85×0.8  8500 0.097 Complex Combination 

[277] Four ≤-16 100×60×5.8 34800 0.25 Simple Separation 

[342] Four ≤-15 100×50×5.8  29000 0.3 Medium Orientation 

[353] Four ≤-12 100×60×5.8  34800 0.2 Medium Orientation 

[356] Four ≤-22 118×52×1.6  9817 0.4 Medium Orientation 

[365] Four ≤-14 60×100×1.6  9600 0.4 Medium Orientation  

Proposed Four ≤-27 65×65×1.6  6760 0.25 Simple Hybrid 
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6.4 Chapter Summary 

In this chapter, a new high isolation quad-band slots antenna array has been presented. 

Many antenna array designs presented in the open literature have reported excellent designs 

with multi-frequency bands. However, some of these multiple microstrip antennas suffer from 

large size, high profile, a limited number of bands (almost only dual bands) as well as 

complicated decoupling structures that can affect the fabrication cost. All of the above issues 

have been tackled in this chapter. All the multiple antennas presented in this chapter are small 

(total antenna dimensions of 65×65×1.6 mm
3
) and thin (fabricated on FR4 substrate), which 

makes them attractive for compact wireless devices. In section 6.3, printed multiple antennas 

were designed to operate in four-bands. The MIMO antennas can be used to serve most of the 

mobile and wireless applications, including DCS mobile communication, Higher GSM band 

(1.7-1.8 GHz), LTE band (2.55 -2.7 GHz), WiMAX band (3.3 - 3.5 GHz), intended 

HiperLAN (4.8 - 5.2 GHz) and many more. First, the coupling mechanism was identified 

being mainly through the reactive near-field coupling and direct space wave radiation. Then, a 

coupling reduction was achieved by adding a hybrid decoupling solution. Moreover, a 

combination of isolation enhancement mechanisms has been proposed for reducing the 

mutual coupling effects between the closely packed antenna elements, which is relatively 

straightforward and uncomplicated in terms of its implementation. Design and simulations 

were conducted using HFSS software version 17.0, with a precise performance study 

involving isolation, radiation patterns, and surface current density distribution also being 

performed. A good isolation of more than 17 dB improvement over the reference antenna has 

been obtained in each band, for an antenna spacing less than a quarter wavelength of the 

lowest operating frequency. A prototype of the proposed antenna array has been fabricated, 

measured and the idea has been verified. A good agreement has been observed between the 

measured and the simulated results, thus that demonstrating the success of the suggested 

design topology. Finally, the proposed antennas were favourably compared with other 

previous works regarding antenna size, isolation level and implementation complexity. All the 

measured and simulated results indicate that the proposed MIMO antenna array has more 

advantages than other works in points of criteria and hence, it could prove to be an excellent 

candidate in multiband antenna applications for some portable devices using MIMO systems. 

The contents of this chapter form a manuscript published in the European Conference on 

Antennas and Propagation (EuCAP 2018) [R3]. The introduction and other sections of this 

chapter have been rewritten to create a better flow and to prevent a repetition of the materials 

already presented in other chapters. 
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Chapter 7: Conclusions and Future Work Directions  

7.1 Overview of the thesis 

Microstrip antennas arrays are extensively used in various wireless applications. The 

rapid growth and continuous commercial interest in wireless communication systems, 

especially in mobile communication systems, has significantly increased the demand for 

compact in size, low cost, high isolation and better diversity performance multiple antennas, 

which are the critical components used in any such system.  

Extensive analysis of the mutual coupling effects in different applications in this thesis has 

demonstrated that the choice of appropriate coupling reduction approaches is strongly linked 

to various crucial parameters, including multiple antenna geometry, operating frequency, 

bandwidth, integration platform, and the device form factor. This shows the importance of the 

guidelines provided herein to identify the underlying coupling mechanisms and to devise 

effective coupling reduction approaches for the considered applications. The thesis was aimed 

at developing multiple compact antennas with high isolation performance that are easy to 

design and cheap to fabricate. Other objectives, were to investigate the coupling mechanisms 

and to devise new decoupling methods operating on the various wireless applications that 

follow simple design guidelines.  

A study of various state-of-the-art antennas and their MC represented the initial phase of this 

research. During the literature review and analysis of the previously published work, some 

issues regarding the sources of coupling problems were identified. It was pointed out how 

identification of these coupling mechanisms requires a deep understanding of the way that 

different antennas radiate EM waves and the interaction between them. Next, the 

classification of different coupling reduction techniques based on the coupling mechanisms 

were comprehensively studied, it is more beneficial to suggest appropriate solutions according 

specific application's requirements. For instance, to suppress the significant substrate coupling 

(surface waves) between the two antennas focused upon in Chapter 4, an applicable fractal 

based EBG structure was designed to act as a band-stop filter.  

On the other hand, for suppression of antenna coupling through space-wave radiation, 

depending on the application requirement and restrictions, different isolation techniques, such 

as insertion of a parasitic decoupling structure (as presented in Chapter 5), or antennas 

reorientation (as presented in Chapter 6) were effectively adopted.  
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In specific geometries, a combination of several of the coupling reduction techniques 

(including hybrid isolation approaches) has been successfully adopted and operationalised in 

this work for overcoming the issues discussed above and thus, provide the best antenna 

isolation (as presented in Chapter 6). In this thesis, the proposed designs were implemented 

and tested using HFSS ver 17.0 software. Moreover, the performance of these designs was 

compared with that found in recently published works.  

Finally, the obtained results were comprehensively analysed and explained. Based on the 

investigations of various multiple-antenna systems conducted for this Ph.D. research, 

preliminary guidelines have been put forward for assisting antenna designers when devising 

strategies for antenna isolation. Specifically, a spacing of a quarter wavelength (0.25 λ0) was 

chosen as an empirical separation of different multiple antennas to start this thinking process, 

which is illustrated graphically in the following flow-chart in Figure 7.1.  

 

Figure 7.1: Flow-chart showing the design process for isolation enhancement in multiple-

antenna systems 



Chapter 7: Conclusion and Future Work Directions  

PhD Thesis by Alaa Thuwaini                                            172                                     Brunel University 2018   

 

7.2 Conclusions  

 

The proposed multiple microstrip antennas in this thesis are all compact, which makes 

it easy to integrate any of them into mobile handsets or other wireless devices. Different 

multiple microstrip antennas with new isolation approaches were developed under three 

categories: narrow-band, UWB and multi-band. All the designs reported in this thesis have 

been fabricated and measured, with the measured results being compared with the simulated 

ones and these agreed well in most cases. 

Multiple antenna elements with high isolation for narrow-band applications 

In Chapter 4, in relation to the narrow-band design, a novel planar fractal-based EBG 

structure was proposed for mutual coupling (MC) reduction between dual microstrip antenna 

(PIFA) elements. The proposed antenna can operate at approximately 2.65 GHz for a wireless 

Long Term Evolution (LTE) application with compact design dimensions. A second iterative 

order FEBG with a bandgap filter characteristic was employed to reduce MC between dual 

PIFA elements due to its capability of suppressing surface waves propagation in a given 

frequency range. The FEBG structure without any shorting pins builds on a well-known 

fractal structure called the Sierpinski carpet, where two iterations have been applied as a 

uniplanar EBG between dual PIFA elements to increase the isolation performance. 

Moreover, the proposed antenna with a Fractal-based EBG structure (FEBG) has been shown 

to be useful for low-frequency narrow-band MIMO applications. In the narrow-band antenna 

array design work, fractal structures were utilised for MC reduction between microstrip 

multiple antennas operating in a MIMO environment. FEBG structures have a unique 

property of compactness with long current paths and they can work efficiently in a low-

frequency range due to space-filling features. Besides this, these fractal structures can provide 

a band-stop effect, because of their self-similarity features for a particular frequency band, 

these filtering effects being due to the combination of inductance and capacitance. Fractal 

geometry is considered to be an appropriate technique when designing multiband and low-

profile antennas. These fractal structures can also be utilised for MC reduction between 

different microstrip antennas operating in a MIMO environment. 

 

Multiple antenna elements with high isolation for UWB applications 

In Chapter 5, in regards to the UWB designs, a new monopole MIMO antenna with 

high isolation and a compact size was designed and developed for UWB application.  
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The proposed multiple antennas operate over the frequency band from 3.1 to 10.6 GHz for 

this application. A simple but highly efficient isolation technique was proposed, with this 

being achieved through a novel planar decoupling structure inserted between dual MIMO 

antennas. Moreover, a centre slot is etched on the common ground to increase isolation 

further. The effectiveness of the proposed wideband decoupling structure has been shown to 

be useful in achieving compactness, and better isolation of less than -31 dB is obtained 

through the entire UWB frequency range for an antenna spacing less than 0.35 λ0 of the 

lowest frequency.  

In the approach utilised, by placing and adding a non-resonating and parasitic decoupling 

structure between multiple antennas, other active coupling paths can be created. Moreover, 

the coupled radiation introduces induced currents on the neighbouring antenna. The proposed 

wideband decoupling structure can also capture the near coupling fields and converts them 

into surface currents to be shorted with a ground plane and such that multiple coupling paths 

reduce the strong direct coupling between ports, hence reducing the MC. In this work, the 

dimensions of the proposed decoupling structure were optimised to obtain a maximum surface 

currents pickup strategy. 

Moreover, the analysis results have shown that the proposed UWB-MIMO antenna guarantees 

an entire UWB bandwidth with high isolation and almost keeps omnidirectional radiation 

performance. All the results (theoretically and practically) indicate that the proposed antenna 

array has more advantages than other works in points of the criteria (regarding size, geometric 

complexity, BW and isolation level). The proposed array has been demonstrated as being 

suitable for some portable devices, such as mobile handsets or laptops using UWB technology 

combined with MIMO techniques.  

 

Multiple antenna elements with high isolation for multi-band applications 

In Chapter 6, in the context of multi-band design, high isolation quad-band multiple 

antennas were presented for different applications, including: DCS; higher GSM; LTE2500; 

WiMAX; and HiperLAN bands.  

A combination of isolation enhancement mechanisms was proposed for reducing the MC 

effects between the closely packed antenna elements, which is relatively straightforward and 

easy to implement. A good isolation of more than 17 dB improvement over the reference 

antenna can be obtained in each band, for an antenna spacing of less than 0.25 λ0 of the lowest 

frequency.  
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Hybrid isolation enhancement mechanisms have been combined and efficiently utilised to 

reduce the MC between the proposed multiple antennas.  

Firstly, antenna orientation has been achieved by arranging antenna microstrip line feeds 

orthogonally located to each other to improve multiband isolation. Then, a very thin wall 

defected with a metallic lattice pattern was utilised to form a planner Defected Wall Structure 

(DWS) in between. Moreover, the proposed defected wall was optimised and intended for MC 

suppression, for it can block the space wave propagation from the antenna elements and 

reflect part of the fields of specific bands.  

Finally, isolation was enhanced by introducing additional non-radiating shorting strips linking 

the ground plane of each antenna. This solution has been shown to act like neutralisation lines 

withdrawing a certain amount of the signal on one antenna and bringing it back to the other, 

so that the MC is reduced.  

The proposed antenna has some outstanding characteristics, such as a geometric simplicity, 

compact size and low correlation, which give the antenna an excellent diversity performance 

and makes it a good candidate for multiband applications for some portable devices using 

MIMO systems. 

 

7.3 Future Work Directions 

Only some aspects of coupling problems and suppression have been considered in this 

thesis and hence, this work is by no means complete.  

However; this research can be easily extended in a number of ways and proposed future 

avenues to this end are provided in what follows.  

 

1- The material used in the MIMO antennas proposed in this thesis was an inexpensive FR4, 

which is considered as a lossy material. In fact, a substrate material is also imperative for 

radiation patterns and BW of the antenna.  

Hence, the efficiency of the multiple antennas could be further enhanced by using other 

expensive lossless materials. 

2- In this thesis, only dual multiple antennas were proposed in different wireless applications 

(narrow-band, UWB and multi-band). Similar simulations could be further carried out that 

extended to (n x m) array (e.g. 3x3 or 4x4 array).  

Moreover; experimental implementations of these larger arrays could be used to verify the 

strength of the simulated values. 
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3- In relation to chapter 4, the capability of the proposed fractal based EBG structure 

(Sierpinski carpet) to suppress the surface currents on a common ground plane of multiple 

PIFAs was demonstrated.  

Alternatively, other linear fractal types such as a Koch curve, Hilbert curve or a Cantor set 

could be utilised. Moreover, other multiple antenna types (e.g. monopolies or slots) could also 

be used instead of PIFAs to study the performance of this fractal based EBG structure.  

4- Mutual coupling reduction with fractal structures remains to be a very topical matter that 

requires more investigation. For instance, it is possible combine these attractive geometries 

with already existing decoupling techniques, such as DGS or EBG, that consequently, could 

lead to more satisfactory high isolation characteristics and better MIMO performance. 

5- Nevertheless, reducing MC in MIMO based on fractal geometry still an active topic. 

Regarding which, no significant contribution has been made in the coupling reduction over a 

wideband or UWB frequency range using this concept. 

6- In this thesis, all of the proposed antennas measurements were carried out inside an 

anechoic chamber. However, in the future wireless communication systems, multiple antennas 

might be embedded inside laptops or other wireless devices and hence, their effects on 

antenna performance need to be investigated.  

When multiple antennas are built on portable devices, the impact from a human body or 

user’s effect should also be considered and studied. Meanwhile, the SAR (Specific Absorption 

Rate) value of these multiple antennas on the user should also be considered. 

7- In this thesis, as the dimensions of the proposed MIMO antennas are feasible to be used in 

handset. However; it could be applicable for use on base station. Hence, more space would be 

allowed and simpler isolation solutions can be effectively introduced.  

8- Performing field measurements campaign for the proposed MIMO antennas, for instance; 

assess the performance under a real-world environment including specific propagation 

environments (e.g. indoor or outdoor).  

Moreover, other scenarios (e.g. rural or urban environment) could be taken into consideration, 

thus providing practical multiple antennas with better diversity performance. 

9- In relation to chapter 2, the process of the multiple antennas was obtained in the PCS 

applications (working at 1.9 GHz approximately) and as a result, it is recommended that 

designers could move on other wireless applications, such as GSM, DCS, LTE, UMTS, 

WLAN or even UWB frequencies. 

In addition, the work could be extended to be cover multi-band or UWB designs. It needs to 

be borne in mind that this requires repeating the theoretical calculations to elicit the proper 

antenna dimensions, according to those new bands requirements. 
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