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Abstract: This research presents a study of a four-element MIMO antenna, whose objective is to design a miniaturized or a 

reduced inter-elements spacing of a quad–element MIMO antenna that operates in UWB spectrum ranging between 3.1-10.6 

GHz, and that characterizes by a reduced inter-element electromagnetic coupling which is due to nearfield coupling and 

surface current propagation between ports. The proposed MIMO antenna radiating elements are developed from a simple 

rectangular patch antenna. With the aim to reduce the electromagnetic coupling between radiators and cover the whole UWB 

bandwidth, diverse techniques are employed, including the employment of the polarization diversity technique, whereas the 

use of decoupling structures is prevented so as to avoid a bulky antenna assembly. Measurements show that the studied UWB 

MIMO antenna is characterized by a good compactness whose dimension is about 31×31×0.8 mm
3
, and it offers a -10 dB 

impedance bandwidth of 3-12.8 GHz, a mutual coupling <-15 dB, correlation coefficients<0.3, a diversity gain of about 8.75 

and a total active reflection coefficient less than -12 dB. Results prove that despite of the miniaturized size of the studied 

antenna assembly and the disuse of decoupling mechanisms, the presented antenna provides potential diversity performances 

for use in UWB applications. 

Keywords: MIMO Assembly, Electromagnetic Coupling, Decoupling Mechanisms, Diversity Techniques,  

UWB Applications 

 

1. Introduction 

The rapid growth of miniaturized communications equipment 

that does not require a physical wire, has push researchers to 

design novel antennas that are characterized by a high 

performance. As a result, there is a high demand for compact, 

low profile UWB antennas qualified by their ability to perform 

well. Among the main purposes in recent radio systems, like 

UWB systems, is to take footprint size into consideration while 

building integrated circuits whose size must be small in order to 

meet portable wireless devices requirements. Therefore, antenna 

dimension is regarded as a priority in the design of UWB 

systems. Planar technology can be a good alternative in order to 

have a reduced volume of  UWB antennas since it is based on 

the planar version of radiator, which makes realizing a prototype 

at the fabrication level simple and easy. Thus, the integration of  

the antenna of interest into RF circuits becomes feasible as 

exposed in paper [1]. 

The use of radio equipments knows a high in information 

technology, and there is a high demand for small footprint of 

radio electronic equipments, as well as an increase in the 

amount of data transmitted during a specified time for these 

equipments. According to this, UWB MIMO antenna 

systems are being known for their better performance as 

shown in article [2]. 

In general, the proportion of mutual coupling for each 

element in the MIMO array rely on various factors, including: 

distance between radiators, radiation pattern of each antenna 

element, assembly geometry, relative arrangement of the 

antenna element in the system, operating frequency, and 
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near-field dispersions, see research [3]. Referring to the same 

reference, the implementation of MIMO technology on small 

personal communication devices requires multiple antennas 

to be arranged close to each other. Therefore, 

electromagnetic coupling affects the performance of MIMO 

communication. Many studies have investigated the impact 

of electromagnetic coupling on MIMO systems. In order to 

minimize this coupling phenomenon, various methods exist 

in the literature, we find: 

Techniques to suppress antenna inter-element coupling 

through the shared ground plane: in this categorization, diverse 

perspectives are introduced, including: defective ground plane 

structures what is called (DGS), band gap structures (EBG), 

slot structures insertion, stub insertion (GND), current 

localization structures (CLS), or the pin/via shorting approach, 

as cited in paper [4]. Then there are techniques to suppress 

antenna inter-element coupling by space wave radiation: in this 

categorization various methods are exposed, including space 

between antenna radiating elements, decoupling wall 

structures (DWS), neutralization line (NL), decoupling and 

matching networks (DMN), parasitic structures, or outrightly 

the use of metamaterials (MTM), as mentioned in article [5]. 

And last but not least there are techniques for the suppression 

of antenna coupling by near field coupling: which is mainly 

based on the introduction of parasitic resonant slots for the 

suppression of near field coupling between closely spaced 

antennas, like used in research [6]. The overarching question 

that this work attempts to answer is how to design a compact 

and efficient multi-antenna system without using any of the 

mentioned decoupling techniques to provide a compact high-

performance MIMO system. 

2. The Design Process 

2.1. Single Antenna 

Let's start now with the design of the single antenna. In 

fact, the design of this latter is based on a simple rectangular 

patch antenna (see Figure 1) with narrow bandwidth that has 

been transformed into a structure that meeting the bandwidth 

criteria. As we know, for a rectangular patch, the bandwidth 

generally depends on the geometry of the antenna, the 

relative permittivity of the substrate as well as its thickness h, 

see reference [7]. 

To highlight this, we considered a rectangular patch 

printed on a substrate of thickness h =0.8 mm. And for a 

resonance frequency of 6.85 GHz which obviously belongs 

to the UWB technology. The following analytical 

expressions that are extracted from paper [8] have been used 

in order to determine the proposed single antenna dimensions: 

 

Figure 1. Simple rectangular patch antenna. 

L � �����Ɛ�	
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Where: 

c: is the speed of light in air, f is the frequency. 

L: is the resonant length of the patch. 

W: is its width. 

h et Ɛ01��: are the thickness of the substrate and its effective 

permittivity, respectively. 

The width of the antenna is given by the following 

expression in article [9]: 

W = 
23� �Ɛ��'� ��./	                              (4) 

Then, with the purpose of covering a wide bandwidth, a 

partial ground plane was used, with a defected ground 

structure which is a combination of three slots that take place 

the ground and whose objective is the impedance matching 

enhancement. Furthermore, with the aim of covering the 

whole UWB frequency band, a semi-circular structure and an 

arc-shaped structure are formed on the radiating element, and 

finally to further improve the matching we have varied the 

length of the patch L1 from 10 to 8.3 mm as depicted in 

figure 3 that depicts the adaptation of the single antenna as a 

function of different value of L1. Figure 2 and table 1 

represent respectively the design evolution of the proposed 

unit antenna and the optimized dimensions. 

 

Figure 2. Design evolution of the studied monopole antenna, (a) Antenna 

configuration 1. (b) Antenna configuration 2. (c) Antenna configuration 3. 

 

Figure 3. Reflection coefficient as a  function of antenna length. 
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Table 1. Dimensions of the studied UWB unit antenna in (mm). 

L 4'  4�  45  46'  46�  W  7'  7�  
31 8.3 8 9 4 1 15.5 10 15.5 75  76'  76�  S R 8'  J  T H 

1 0.8 1 0.5 2.5 5 6 0.035 0.8 

2.2. 2×2 MIMO Antenna 

Based on reference [10], an analysis of two designs that 

belong to 2×2 MIMO antenna assembly is done in this part. 

Noting that the radiating elements used in this study are 

evolved from the previous proposed single antenna element. 

The first design consists of two alongside arranged adjacent 

elements, while in the second design, the radiators are placed 

orthogonally to each other. Figures 4 and 5 illustrate both of 

2×2 MIMO antenna designs and their comparison in terms of 

s-parameters. Knowing that the distance between radiators 

was chosen to be 0.7 λ for the first design and 0.6 λ for the 

second one. Results show that the polarization diversity 

technique that corresponds to the second design is more 

efficient in terms of isolation enhancement since it achieves 

an electromagnetic coupling less than 22 dB in comparison 

with space diversity technique that gives a mutual coupling 

of about 11.81 dB. Figure 7 and table 2 represent respectively 

the studied four elements UWB MIMO antenna and its 

dimensions. 

 

                                                                                 (a)                                                                                      (b) 

Figure 4. The analyzed  MIMO antenna two models, (a) first model, (b) second model. 

 

Figure 5. Simulated s-parameters of configuration 1 and 2 (a) S11, (b) S21. 

2.3. 4×4 MIMO Antenna Assembly 

In the same way, the study of a 4×4 MIMO antenna 

assembly has been done, using the single antenna element 

discussed in the first section. However, since the 

electromagnetic coupling amid antenna adjacent elements 

alter the impedance matching, a parametric study has been 

redone on radiators in order to improve adaptation. The first 

step of this design is to maintain a good isolation between 

radiators with no use of decoupling mechanism so as to 

achieve a compact size. To do this, we employed the 

polarization diversity technique since the previous study 

proves that this latter gives pretty good results. Despite of 

this step, the isolation and the impedance matching were not 

enhanced over all the UWB bandwidth. So as a solution, the 

effect of different values of L1 on isolation has been studied. 

It is obvious from figure 6(a) that exhibits the proposed 

antenna mutual coupling with varying L1, that as L1 

decreases a low electromagnetic coupling has been obtained. 

Table 2. The proposed 4×4 MIMO antenna optimized dimensions in (mm). 

Parameter Value Parameter Value 

L 31 Wf 1.5 

L1 6.8 Wd 1 

L2 9 Ws1 1.8 

Lf 9 Ws2 3 

Ld 1.2 W3 4 

Ls1 4 R 4 

S 1 R1 5 

W 31 Rn 2.5 

W1 10.5 T 0.035 

W2 11 H 0.8 
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Furthermore, in order to shift the lower frequency, a 

parametric analysis has been made too on R and J as depicted 

in figure 6(b), which proves that as R increases and J 

decreases, the lower frequency shifts from 4.3 to 3.75 GHz. 

Moreover, an optimization on the ground plane parameters 

that affect more the impedance matching has been done. 

Figure 6 (c) shows S11 with varying L2, Ws1, Ws2, and Wf. 

It is obvious that by varying L2 from 8 to 9, ws1 from 0.8 to 

1.8, ws2 from 1 to 3 and Wf from 1 to 1.5, a good impedance 

matching has been achieved. 

At the end, to extend the frequency band at the lower 

frequency band level with the purpose of covering the UWB 

frequency band as well as to enhance more and more the 

adaptation, a DMS and DGS have been used on the feedline 

and on the ground plane of each antenna elements, 

respectively. Figure 6(d) and (e) represent the effect of both 

DMS and DGS on the reflection coefficient. As we can see 

on these figures, the utilized techniques (DMS and DGS) had 

a good impact on impedance matching improvement. 

 

Figure 6. The optimization evolution of four-element MIMO antenna main parameters, (a) S21 and S31 with varying L1, (b) S11 with varying R and J, (c) S11 

with varying L2, Ws1, Ws2, and, Wf, (d) S11 with and without DMS, (e) S11 with and without DGS. 

   

                                            (a)                                                                              (b)                                                                            (c) 

Figure 7. The proposed  four-element MIMO antenna, (a) top face, (b) bottom face, (c) overall MIMO antenna. 



 Journal of Electrical and Electronic Engineering 2023; 11(3): 67-76 71 

 

 

2.3.1. Current Repartition 

To more analyze the impact of the chosen configuration on the 

inter-element mutual coupling, current repartition of the proposed 

UWB MIMO antenna at 5 GHz is discussed here. Figure 8 

indicates the current repartition of the studied 4×4 UWB MIMO 

antenna. It is trivial from the depicted figure that due to the 

perpendicular placement of antenna elements, the surface current 

propagation and nearfield coupling across ports is neglected, 

which proves low mutual coupling among antenna elements. 

  

Figure 8. The UWB MIMO antenna current repartition  at 5 GHz. 

2.3.2. Antenna Efficiency 

 

Figure 9. The proposed MIMO antenna. efficiency and gain  

The radiation efficiency is considered as a significant 

parameter to evaluate the loss of the antenna. In paper [11], it 

is defined as radiated power to input power ratio. Figure 9 

shows the studied UWB MIMO antenna assembly efficiency 

and gain. As depicted, the presented antenna provides a high 

efficiency that ranges between 50% and 70% with a gain that 

equal 4 dBi. From these results, we can say that the 

employment of the FR-4 substrate does not impact the 

antenna efficiency. 

2.3.3. Impedance Matching Verification 

The ultimate step before moving to the fabrication process 

of the proposed antenna design is to verify the input 

impedance. Figure 10 represents the input impedance of the 

presented MIMO antenna. 

 

Figure 10. The input impedance of the designed MIMO antenna. 

As shown, the adaptation is well attained over the 

interested frequency band which makes this design ready to 

be fabricated. 

2.3.4. Fabrication Process 

For prototype fabrication, a LPKF ProMat C60 printed 

circuit board (PCB) plotter was used as well as a double face 

FR-4 substrate, see article [12] for the used substrate 

specifications. In addition, at the measurements level, 50 Ω 

SMA (Sub Miniature version A) connectors were used to 

excite the prototype and a Rohde&Schwarz ZVB 20 vector 

network analyzer (VNA) is used as well to get the proposed 

MIMO antenna s-parameters (see article [13,14] for more 

information about this VNA). The prototype of the UWB 

MIMO antenna is illustrated in figure 11. 

The experimental results show that the presented 4×4 

UWB MIMO antenna gives a -10 dB impedance bandwidth 

that ranges from 3 to 12.8 GHz and a high isolation more 

than 15 dB. Figure 12 represents measured and simulated S-

parameters comparison. Noting that the discrepancy between 

the experimental and the simulated results is due to many 

factors which are fabrication imprecision, ports connections, 

and soldering. 

  

Figure 11. The studied  four elements MIMO antenna prototype. 
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Figure 12. The measured and simulated S-parameters, (a) S11, (b) S21, (c) S31. 

3. Evaluation of Antenna Performance 

3.1. Correlation Coefficient 

The correlation of a certain antenna array defines the degree of independence of the individual antenna elements. This 

parameter :;is defined in the research [15] by this following formula: 

<$ = > ∮�@AB.CDECDF∗ AD�CHECHF∗ AH�IJK∮�@AB.CDECDE∗ AD�CHECHE∗ AH�IJ ∮�@AB.CDFCDF∗ AD�CHFCHF∗ AH�IJL
M	                                           (5) 

Where 	NO,Q@  et 	NO,QR  are the electric field patterns that 

correspond to antennas X and Y, respectively in the antenna 

assembly. The threshold for getting high performance is <$ 

<0.5. Noting that In a MAS (Multiple Antenna Systems), this 

degree of independence can be altered by the distance 

between radiating elements, antenna directivity, ground plane, 

Q factors,...etc. 

 

Figure 13. The measured and simulated correlation coefficient. 

Figure 13 shows the studied antenna simulated and 

measured correlation coefficient comparison. it is trivial that 

the studied antenna gives a low ECC less than <0.3 over all 

the UWB frequency band. 

3.2. Diversity Gain 

Compared to the SNR received from a unit antenna, the 

combined SNR improvement of the Multiple Antenna 

Systems is defined as the Diversity Gain (DG). This latter is 

given in research [16] as: 

DG � U�VWVX��W�Y	Z[	\�]^_�`a�V                               (6) 

where b  and et bc  are instantaneous SNRs, d  and dc  are 

average SNRs for the combined and best single antenna 

branch signals, respectively. And e#f is the probability. 

Noting that taking into account the total efficiency 

degradation when talking about multiple antenna systems, the 

effective diversity gain (EDG) becomes more useful than 

diversity gain parameter since it takes into consideration the 

antenna total efficiency as exposed in [17].  

EDG � U�VWVX��W�Y	Z[	\�]^_�`a�V . ηi1jk	l0mnop              (7) 
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Where the best branch η is the total efficiency. 

As explained in article [18], with the aim to verify whether 

it is advantageous to utilize an antenna assembly or a single 

antenna in a certain small device, the actual diversity gain 

(ADG) is defined. 

DG � U�VWVX��W�Zq^rs		]^[	^^]	Ztsu[qt^`a�V                   (8) 

As we can observe from figure 14 that depicts the 

presented antenna diversity gain, it is clear that DG21 and 

DG31 equal to 8.75 which verify furthermore the studied 

antenna high diversity performance. 

 

Figure 14. The diversity gain. 

3.3. Total Active Reflection Coefficient 

The dispersion matrix is an essential parameter that gives 

an idea about a certain antenna bandwidth. However, it is not 

quite important when we deal with a multiple antenna system, 

that is why a new parameter has seen the light. This 

parameter is called the total active reflection coefficient 

(TARC), and is defined in paper [19] as: 

Γmk � Kaq^�a�]waq^                               (9) 

Where: �exy�  is the incident power, �e#zI�  is the 

transferred power, and �e#é%� is the reflected power. 

For a no lossy multiple antenna system, the total active 

reflection coefficient can be given as follows: 

Γmk � ∑ }lq/}~q�.∑ }mq/}~q�.                                (10) 

Where �x  and �x  are the incident and reflected signal 

vectors with random phase elements, respectively.  

According to four-element MIMO antenna assembly, as 

shown in reference [20] formula (10) could be written as 

follow: 

��1�2�3�4�=�
�11 �12 �13 �14�21 �22 �23 �24�31 �32 �33 �34�41 �42 �43 �44� �

�1�2�3�4�               (11) 

Figure 15 exhibits the measured total active reflection 

coefficient, as we can see from this figure, the measured 

TARC is less than -10 dB over all the UWB frequency band, 

which proves the good impedance matching of the whole 

antenna system. 

 

Figure 15. The measured Total Active Reflection Coefficient. 

3.4. Farfield Pattern 

The kit (antenna measurement systems from Geozondas) 

we used for farfield pattern measurements is based on pulse 

(time domain), see reference [21]. As presented in the below 

2D radiation patterns representation, it is obvious that the 

antenna prototype provides a good radiation behavior that 

agree well with the simulated one. Figure 16 represents the 

simulated and measured farfield patterns at 4, 6 and 8 GHz 

for E plane and H plane. 

3.5. Capacity Loss 

Generally, the increase of the MIMO antenna radiating 

elements results an improvement at the channel capacity 

level. However, uncorrelated Rayleigh fading induces a  

channel capacity loss (CCL) of the overall multiple anntenna 

system. This channel capacity loss (Closs) can be calculated 

based on the following formula that is extracted from paper 

[22]: ����� � ������������                      (12) 

Where ��  is the correlation matrix of the receiving 

antenna which is expressed by: 

�� � �<'� ⋯ <'�⋮ ⋱ ⋮<�' ⋯ <���                         (13) 

<xx � 1 � |∑ �xy∗ �yx�y�' |, <x� � �}∑ �xy∗ �y��y�' }, ���b	�, � � 1, 2, 3, . . . ��	�.                              (14) 

The evaluated channel capacity loss that corresponds to the 

studied MIMO antenna is shown in figure 17. From this latter, 

it is trivial that the measured channel capacity loss that 

corresponds to this antenna is lower than 0.05 bits/s/Hz over 

the whole frequency band of interest, which proves that 

having low electromagnetic coupling and high efficiency will 

result a neglected channel capacity loss. 
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                                                                                (a)                                                                                       (b) 

Figure 16. Radiation pattern of the analyzed MIMO antenna, (a) E-plane, (b) H-plane. 
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Figure 17. Measured total capacity loss of the proposed MIMO antenna. 

4. Comparison 

To evaluate the utility of this work, the diversity 

performance parameters of the presented 4×4 MIMO antenna 

and works from literature are compared. Table 3 exhibits this 

comparison. 

The presented MIMO assembly is proposed for UWB 

applications. Literature describes many UWB MIMO 

antenna system. Although, the studied design is a potential 

one compared to the recently reported ones, especially in 

terms of size. The analyzed UWB MIMO antenna 

specifications comparison with reported works is depicted in 

table 3. As this table show, the analyzed UWB MIMO 

antenna exhibits not only a miniaturized size but also 

provides a good diversity performance, which enable us to 

say that it is considered as a good candidate for UWB 

applications. 

Table 3. Antenna specifications comparison with reported researches. 

Ref Size (mm) Bandwidth (GHz) Isolation (dB) ECC 

[23] 60*60 2.73-10.68 <-15 <-28 

[24] 110*60 2.2-2.5 <-11 <0.3 

[25] 35*38 

2.4-2.5 

<-16 <0.05 3.4-3.6 

5-5.5 

This work 31*31 3-12.18 <-15 <0.3 

 

5. Conclusion 

In this work, a novel minimized-coupling MIMO antenna 

assembly has been proposed for high data rate UWB 

applications. The overall antenna system is constituted by 

four radiating elements. In order to get a high isolation 

among adjacent elements and maintain the antenna 

compactness, the polarization diversity technique is used in 

combination with miniaturization techniques. Using these 

techniques, the electromagnetic coupling has been minimized 

significantly as well as a compact dimension of the proposed 

MIMO antenna assembly has been realized. It has been 

shown that measured results agree well with simulated ones, 

either in terms of radiation performances or diversity antenna 

ones. Results indicate that miniaturization mechanisms can 

be considered as one of the essential techniques which can 

help us to develop compact antenna array without using 

decoupling techniques so as to prevent bulky antenna 

systems, especially when it comes to UWB applications. 
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