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 This paper proposes a method for designing a new ultra wide band (UWB) 

multiple-input multiple-output (MIMO) antenna with two and four elements. 

First we presented an ultra-wide band antenna we studied these 

performances. Then, we studied the application of metamaterials to the 

design of MIMO antennas for miniaturization and the performance of 

antennas, in order to guarantee the proper functioning of the MIMO system 

with a much reduced separation distance between the radiating elements 

(λ/12), where the coupling can be very weak. The application of these 

circular double ring SRRs materials on the front plan of the antenna has 

contributed to the increasing of the antenna performance is studied in terms 

of S-Parameters, efficiency, diversity gain (DG), radiation properties and 

envelop correlation coefficient (ECC). It offers advantages such as the 

reduction of weight and congestion that is beneficial for their integration into 

satellite communications systems. 
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1. INTRODUCTION 

Multi-antenna systems are developing very rapidly, especially in the field of wireless 

communications. With the emergence of new standards, the wireless industry market [1] is increasingly using 

multi-antenna multi-access systems in which the antennas work either in the same bands or in different 

frequency bands. These systems for MIMO and diversity applications help to avoid fading due to the multi-

trip environment and improve channel capacity [2]. In all communication systems, the antenna is a critical 

element, whose implementation influences their overall performance. When designing antennas, several 

parameters must be taken into account (radiation efficiency…) [3-5] that have a huge influence on signal 

characteristics and transmission or reception quality. The prodigious development of such a printed structure 

is linked to the considerable progress made in the 1980s in the field of miniaturization, in the integration of 

electronic circuits and especially low-loss dielectric substrates [6, 7]. 

Numerous applications of microbands antennas such as, mobile telephony, military applications 

telelocation, the different standards of radio, mobile communications (WIFI, WIMAX, Bluetooth, UMTS, 

WLAN, 4G, and 5G) as well as space communications, require a very wide UWB bandwidth [8], essentially 

enabling the compatibility of the different standards on the one hand and access to many services from the 

same device on the other [9]. Mainly the design of an antenna is done in coincidence, according to the 

frequency band, the gain, the cost and the weight. Antenna miniaturization techniques are the subject of a lot 

of short research and development work in recent years and today. A wide variety of UWB monopoly printed 
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antennas have been proposed in the literature. Different shapes are presented to ensure ultra-wide band 

passing with high efficiency, such as rectangular, trapezoid, circular, polygonal, and elliptical antenna. For 

example, in [10], the author is studying a new antenna, in relative bandwidth reaches 153.22% and an 

efficiency of 86%, will be used for Wimax/WLAN and several wireless communication applications. In [11], 

an antenna was proposed for UWB applications designed for wireless communication applications, with a 

relative bandwidth (BPR) of approximately 119% and an efficiency of around 82%. Mutual coupling is an 

electromagnetic phenomenon likely to occur in antenna arrays. It is due to the electromagnetic interactions 

that occur between the elements of an antenna array and induce a modification of the intrinsic parameters of 

the antennas. Therefore, the design of a system containing several antennas in a small volume such as a 

mobile terminal is more difficult than a single antenna system [9]. The proximity of the antennas can lead to 

a mutual coupling phenomenon degrading total efficiency, especially in the case of multi standard antennas. 

In MIMO and/or diversity systems, this coupling will also lead to an increase in the correlation envelope and 

thus a degradation of the diversity gain and the capacity of the channel. Reducing this mutual coupling is the 

objective of the theoretical and practical work already done on multi-antenna systems in telecommunications. 

Several techniques have been adopted to reduce mutual coupling between MIMO elements such as parasitic 

elements [12, 13], electronic band gap (EBG) [11, 12], artificial metamaterials [14, 15], defective ground 

structure (DGS) [16] and filters are introduced to improve isolation. Recently, the appearance of 

metamaterials, which is an artificial composite structure that can be presented in several types; the best 

known are those likely to have both negative permeability and permittivity to be of great importance to 

researchers in the telecommunications world [16-18]. Metamaterials are used for the design of several 

devices, (antenna, and filter) [19-21] has caused their advantages as easy integration as well as low 

manufacturing cost. The solution is to use a structure based on metal rings split ring resonators (SRR) with 

negative permeability. Cascading SRRs are located along the distance between two adjacent, opposite and 

even symmetrical UWB antennas based on the FR4 substrate layer to separate the antennas from each other 

to ensure proper isolation. 

 

 

2. UWB ANTENNA DESIGNING 

In the first step, we start our design with a square shape. The choice of this kind of simple element 

printed on the substrate aims to reduce the size of the structure but also to have an antenna that is easy to 

produce and inexpensive. For a resonant frequency of 11.2 GHz, the dimensions of the rectangular patch can 

be obtained from the analytical expressions given in [21] by: 
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The initial width of the antenna is given by the expression (4) [22]. 
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We feed the antenna by a coaxial probe, at a point located on its axis of symmetry, more or less 

close to the edge for the impedance adaptation. The coaxial probe cable passes through the ground plane and 

the substrate. The central conductor is connected to the radiating element, and the external conductor is 

connected to the ground plane as shown in Figure 1. The ground is total. The simulation of this structure gave 

a poor adaptation of the bandwidth in the operating frequency band (X and Ku bands). The antenna design is 

based on the transformation of a simple rectangular antenna with reduced bandwidth into a structure meeting 

the bandwidth criterion, by introducing some disturbances on its geometry. It is possible to broaden the 

bandwidth of an antenna by adding an impedance matching network to its input [23]. It is used to optimize 
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the transfer of power between the resonator and the source. Thus, we obtain, naturally, an enlargement in the 

bandwidth. The techniques used are the insertion of slots or notches which make it possible to modify the 

paths of the surface currents and therefore of the distribution of impedance along the antenna. This method is 

interesting since it makes it possible to conserve or even reduce the size of the original antenna [24, 25]. As 

the total ground plan does not favor the widening of the bandwidth and in order to optimize the design, we 

will, first of all, carry out a parametric study on the insertion of the rectangular slots. Figure 1 shows the 

shape and dimensions of the initial antenna composed of a copper rectangular of thickness 35 μm, of length 

Wp and a width of the LP. Figure 2 shows the geometry and dimensions of the modified antenna. Figure 3 

presents and mentions the geometry and the dimensions of the final antenna. The substrate used is an FR4-

epoxy dielectric with relative permittivity 휀𝑟 = 4.4, thickness ℎ = 1.6 𝑚𝑚 and loss tangent 𝑡𝑔(𝛿) = 0.02. 

The ground plane covers the entire rear face of the substrate. Figure 4(a), illustrates the reflection coefficient 

of the initial antenna shows that it has a narrow bandwidth ranging from 11 to 11.3 GHz before modification. 

Figure 4(b), shows the reflection coefficient of the modified antenna shown in Figure 2 as a function of 

frequency. We notice an improvement in terms of adaptation after the addition of the rectangular slots, with a 

minimum value of around -26 dB. To further improve the adaptation of the antenna, cutting on the staircase 

was involved as well as the use of the slots in the radiating element. These modifications in Figure 3 have not 

only allowed an extension of the current paths (by forcing them to bypass this slot) but also the creation of 

new resonances and the enlargement of the bandwidth. The Figure 4(c), illustrates the reflection coefficient 

of the final antenna as a function of frequency. A considerable decrease in the level of the S11 while 

expanding the bandwidth is well noticed. The parameters associated with the proposed antenna are provided 

in Table 1. 

 

 

 
 

Figure 1. Initial antenna: (a) In front view (b) bottom view 

 

 

 
 

Figure 2. Modified antenna: (a) In front view (b) bottom view 

 

 

 
 

Figure 3. The proposed antenna: (a) In front view (b) bottom view 
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Figure 4. Reflection coefficient of the: (a) base antenna, (b) the rectangular slot antenna  

and (c) the final antenna 

 

 

Table 1. Different values of antenna parameters 
Parameters Values (mm) Parameters Values (mm) 

WS 21.6 hs 1.6 

WP 12.2 i 1.2 
Ls 17.6 f 3 

Lp 10 T2 2.5 

T1 3 r 4 
b 1 y 5 

c 1.65 Wg 21.5 

S 1.9 U 4.25 

 

 

The final antenna offers a signal below -10 dB in a bandwidth which ranges from 10.2 GHz to  

14 GHz with a relative band of more than 137%. We therefore conclude that the changes led to a good UWB 

structure. In the following, we propose to discuss the performance of our antenna.  

The Figure 5 shows the gain 3D diagrams of the final antenna for the extreme frequencies of our 

band, as well as the central frequency 11.7 GHz. We note that the radiation pattern of our antenna is 

directional and has a main lobe vertical to the ground plane with a gain greater than 5 dBi. The side lobes are 

quite small. It can also be seen that the radiation intensity is oriented towards the vertical direction of the 

radiating element. 

 

 

 
(a) (b) (c) 

 

Figure 5. 3D radiation diagram of the proposed antenna at: (a) the frequency 10.7 GHz, (b) the frequency 

11.7 GHz and (c) the frequency 12.7 GHz 

 

 

The Figure 6 illustrates the variation of the antenna gain as a function of the frequency. The antenna 

offers very good results with the characteristic of increasing with the frequency in the desired frequency 

band, with a maximum gain of approximately 8 dBi. The Figure 7 illustrates the radiation diagram of the 

antenna proposed in polar representation at different frequencies, namely 10.7 GHz, 11.7 GHz and 12.7 GHz 

for the two planes H and E. like most of the monopole antennas printed UWB, our antenna has radiation 

quasi-omnidirectional which is relatively stable in the whole band that interests us. It is noted from Figure 8 
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the good efficiency of our final antenna, whose values are more than 86% in the entire operating band from 

10.7 GHz to 12.7 GHz. This indicates that the energy injected into the antenna is almost completely radiated. 

 

 

 
 

Figure 6. Gain of the proposed antenna versus frequency 

 

 

 

 
(a) (b) (c) 

 

Figure 7. Antenna radiation pattern for different frequencies: ______ : H plan, - - - - - : E plan,  

(a) F=10.7 GHz, (b) F=11.7 GHz and (c) F=12.7 GHz 

 

 

 
 

Figure 8. Proposed antenna efficiency 

 

 

The plane E is defined as being the plane containing the vector of electric field as well as the 

maximum direction of radiation whereas the plane H containing the vector of magnetic field as well as the 

maximum direction of radiation [26, 27]. The Figure 9(a), gives us the distribution of E field with a 

maximum value obtained of 3.09 103 V/m and Figure 9(b) gives the distribution of H field with a maximum 

value obtained of 16.77 A/m.  
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(a) (b) 

 

Figure 9. Distribution: (a) E field, (b) H field at the frequency 11.7 GHz of the proposed antenna 

 

 

3. METAMATERIAL DECOUPLING STRUCTURE DESIGN  

We are going to study the square split ring resonator (SRR) represented by the Figure 10. The SRR 

will be sized for operation in the band ranging from 10.7 GHz to 12.7 GHz. This resonator is made of copper 

deposited on a dielectric substrate of the FR4-epoxy type characterized by a permittivity of 4.4 and tangential 

losses of 0.02 with a thickness of 1.6 mm. The studied square SRR is external side equal to 2.6 mm, the two 

rings are concentric and spaced 0.15 mm, the track width is 0.2 mm, and a cut in one of these sides has a gap 

of 0.31 mm. The dimensions of the structure are illustrated in Table 2. The boundary conditions are applied 

for the simulations carried out. Magnetic walls along the x axis and Electric walls are applied along the y axis 

to get propagation along the z axis. 

 

 

 
 

Figure 10. Geometrical parameters of metamaterial unit cell 

 

 

Table 2. Different parameters and values of the antenna 
Parameters Values( mm) Parameters Values(mm) 

s 0.31 𝑟1 1.3 

p 0.2 𝑟2 0.75 

t 0.15  

 

 

The Figure 11 represents the reflection coefficients S11 and transmission S21 in dB following the 

simulation of the circular SRR presented in Figure 10. We notice that the SRR has a transmission of -18.2 dB 

for a frequency of 11.7 GHz. This resonance is a magnetic and electrical resonance which is obtained 

following a penetration of the field through the rings and produces an induced current circulating on the rings 

and also excites the cuts of the rings. 
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Based on the homogenization procedure, the real and imaginary parts of the effective permeability 

are calculated from the matrix S and are illustrated in Figure 12. We notice that the simulated structure 

presents a real part of the permeability real (𝜇𝑒𝑓𝑓) negative (from 11.2 to 12.15 GHz) around the resonance 

frequency (11.75 GHz). As mentioned in Figure 13, the electric field plot is plotted in the SRR plan for the 

resonant frequency 11.7 GHz. We can notice that the field is maximal in the gap of the outer ring which is 

resonant. This figure highlights the capacitive effect between the rings, which explains the accumulation of 

the electric field in the opening of the ring. 

 

 

  
  

Figure 11. Circular SRR with E along the y axis: 

Transmission coefficient and reflection in dB 

Figure 12. Real and imaginary part extracted from 

the relative permeability compared to the frequency 

 

 

 
 

Figure 13. Capture of the electric field of a circular SRR at the frequency 11.7 GHz 

 

 

In order to guarantee isolation across our entire frequency band, a parametric study be performed on 

the circular SRRs resonator allowed us to better understand the effect of all the parameters of the resonator 

and more precisely in this paper on the size of the opening of SRR in order to see the influence of this 

variation on the resonant frequency of SRR. From the simulation result mentioned in Figure 14, we notice 

that we have a proportional relationship between the increasing in the opening for the two rings of our SRR 

and the resonant frequency that changes with the opening. We can design resonators operating in well-

defined frequencies. 

In this part, we are going to study the influence of a circular SRR cell network between the two 

adjacent antennas in the first step in Figure 15. Therefore for this a network of SRR cells composed of 4 

well-studied circular SRR cells is presented in Figure 16. We searched to present an electromagnetic 

blackberry for ensuring isolation on the fluxes and radiation interferences coming from the proximity of the 

adjacent antennas. Then a proposed solution based on the use of the metamaterial was presented which 

allows stopping or minimizing the propagation of surface waves, thus reducing mutual coupling in a MIMO 

antenna. 
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Figure 14. Reflection coefficient for different aperture values in the circular SRR 

 

 

  
 

Figure 15. Structure of two patches without 

metamaterial: (a) front view and (b) bottom view 

 

Figure 16. Structure of two patches : (a) in front view, 

(b) and bottom view, (c) Geometrical parameters of 

metamaterial 4 unit cells in front view 

 

 

The structure of the two-element MIMO antenna was presented with two separate power ports, port 

1 and port 2. Figure 17 presents the simulated of reflections coefficient S11 of our MIMO antenna proposed 

before and after the use of metamaterial. We noticed from Figure 16 that the reflections coefficient of the 

MIMO antenna with and without metamaterial is almost identical over the entire operating band which is 

initially presented and that each of them is below -10 dB.  

The mutual coupling measured in terms of transmission coefficient at the frequency of 10.7 GHz 

was initially -14.4 dB and at the frequency 12.7 GHz was -19.7 dB between antenna 1 and antenna 2. 

Between these antennas, the isolation values for the two limit frequencies of our operating band becomes 

more improved to get the value of -29.4 dB and -32.3 dB with the technique of coupling based on 

metamaterial which is used between the two antennas. Thus, the condition of having a mutual coupling is 

imposed less than -20 dB. The presented observation in Figure 18 of the transmission coefficient show a 

good quality of transmission with low power loss over the entire band in order to maintain the performance 

of a MIMO system. The isolation more notable than 28 dB over the entire band is obtained. This explains the 

isolation performance between the antennas with this planned structure that involves increasing the 

performance of the MIMO antennas. 

In other words, the compound isolation of a chain of circular SRRs acts as an isolation to reduce the 

level of mutual coupling has been presented between the radiating elements. They ensure the rejection of all 

the unwanted frequency ranges which is further clarified by analyzing the distributions of surface currents 

with and without metamaterials at 11.7 GHz. Indeed, it is obvious that the use of the recommended solution 

considerably minimizes the level of surface currents for the two antennas at the operating frequency 11.7 

GHz. Figure 19(a), mentions that the excited antenna (antenna N°1) creates surface currents that go towards 

the non-excited antenna (antenna N°2). So despite the fact that only one antenna is excited, we notice that a 

current also exists on the other non-excited element. The level of the maximum currents on the non-excited 

antenna is not equal to the one of the excited antenna but it is significant enough to increase the coupling 

between elements. After the use of the circular SRRs between the two elements as shown in the Figure 19(b), 

we observe that there is not the same current flow on the element N°2. This implies that there is not an 
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excessive distribution of current from the one worm to the other and consequently little of transfer of current 

between the two elements that leads to good mutual isolation. 

 

 

  
  

Figure 17. Return loss of the array structure without 

and with metamaterial 

Figure 18. Isolation analysis of MIMO antennas 

without and with metamaterial 

 

 

 
(a) (b) 

 

Figure 19. Distribution of surface currents of the two-element MIMO system at the frequency 11.7 GHz:  

(a) without SRRs and (b) with SRRs 

 

 

To validate the capacity and performance of the proposed UWB-MIMO antenna, it is necessary to 

have a low envelope correlation coefficient (ECC). The correlation envelope curve is presented in Figure 20, 

is calculated from the parameters S by the following relation [28]. 

 

ECCi,j = ||
− ∑ 𝑆𝑛𝑖

∗ 𝑆𝑛𝑗
𝑁
𝑛=1

√(1 − ∑ |𝑆𝑛𝑖|
2𝑁

𝑛=1 ) (1 − ∑ |𝑆𝑛𝑗|
2𝑁

𝑛=1 )

||

2

 (5) 

 

Where N is number of ports, Sni and Snj are the S-parameters between ports i and j and the other ports of the 

system. In our case N = 4, and i = 1 (because the symmetry of our design). It indicates that the level obtained 

from the ECC correlation envelope not only always remains below 0.5, but is also very low and does not 

exceed 0.04 in the worst case in the band [10.7-12.7] GHz. This satisfactory result shows that the signals are 

well decorrelated. It should also be noted that the diversity gain (DG) is a very important parameter and is 

very significant for the performance of the MIMO antenna. This parameter can be calculated using the 

following relation [29]. 

 

𝐷𝐺 = 10√1 − (𝐸𝐶𝐶)2) (6) 
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Figure 20. ECC and diversity gain of the proposed antenna 

 

 

As the gain in diversity depends largely on the correlation envelope, then here again we notice in 

Figure 20 that the gain is at its maximum value (around 10 dB) exactly at the points where the ECC is 

therefore better where it is as low as possible throughout the strip. In the second part we will study the 

influence of a circular SRR cell network applied between four antennas constituting our MIMO system, 

placed on the highest point of the substrate as shown in Figure 21.  

The idea is to integrate two groups of SRRs composed of two chains above the substrate. The first 

chain includes 4 circular SRRs units on the horizontal axis for the separation of the opposing antennas two by 

two. The other chain includes 5 SRRs units placed on the vertical axis separating the adjacent antennas. 

These SRRs have been used to improve the isolation of adjacent, opposite and symmetrical antennas. 

Therefore an electromagnetic blackberry which arises and which minimizes or stops the propagation of 

surface waves, thus reducing mutual coupling in MIMO multi-antennas. This configuration is illustrated in 

Figure 21. The structure of the MIMO antenna with four elements has been presented with four supply ports 

separately, port 1, port 2, port 3 and port 4 Figure 21. The Figures 22 present the simulated reflections 

coefficients (Sii) of our antenna MIMO offered before and after the use of metamaterial. Noting well from 

Figure 22 that the coefficients of the reflections of the MIMO antenna with and without metamaterial is 

almost identical over the entire operating band initially presented with a slight modification and that each of 

them is below -10 dB. 

 

 

  
 

Figure 21. Structure of four patches antennas: (a) in front view, (b) and bottom view 

 

 

 
 

Figure 22. Return loss of the array structure without and with SRRs 
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In order to obtain an efficient multi-element antenna system with high insulation between the power 

ports, we have suggested the use of a left hand MNG type metamaterial. The results of simulation of the 

transmission coefficients of the MIMO system with and without circular SRRs are mentioned in the  

Figures 23, 24 and 25. In addition, it is obvious that the proposed solution can guarantee better isolation 

between the four radiating elements. Indeed, the simulated mutual coupling with SRRs is equal to -39 dB and 

-28.5 dB in comparison with -15.6 dB and -22dB initially at 10.7 GHz and 12.7 GHz respectively for the two 

adjacent elements (port 1-port 2). We also notice the same thing between the two opposite elements (port 1-

port 3) with a mutual coupling varies between -38.3 dB and -64.4 dB with the application of SRRs. A more 

significant gain in isolation protection over the entire strip is obtained with this planned structure. 

 

 

  
  

Figure 23. Isolation analysis of MIMO antennas  

(port 1-port 2) with and without metamaterial 

Figure 24. Isolation analysis of MIMO antennas  

(port 1-port 3) with and without metamaterial 

 
 

The Figure 25 shows that the excited antenna creates surface currents which go towards those not 

excited. Indeed, as indicated in Figure 25. Despite the fact that only one antenna is excited (here n°1), we can 

notice a current (in green or in red) on the three other non-excited elements. Thus the hot spots (in red) also 

exist on at least one of the other non-excited radiating elements (2, 3 or 4). The level of the maximum 

currents on the non-excited antennas is not equal to that of the excited antenna, but nevertheless it is 

significant enough to increase the coupling between elements. This generates a strong coupling translated by 

values of parameters S21, S31 and S41 and therefore the value of the isolation obtained is not sufficient for a 

powerful multi-antenna system. This is why we will try to improve it by an implementation of a new 

configuration while keeping the antennas in their initial positions. 

 

 

 
 

Figure 25. Isolation analysis of MIMO antennas (port 1-port 4) with and without metamaterial 

 

 

The visualization of the surface currents on the radiating elements and on the ground plane with the 

use of the SRRs in Figure 26 clearly shows that when, by exciting port 1, for example, the maximum current 

is on it. It is then absorbed by the SRRs which prevents this current from arriving on the other non-excited 

ports and therefore makes it possible to reduce the coupling between accesses. 

In Figure 26(a), we see that the total simulated efficiency of a single antenna put in MIMO system 

without application of SRRs is between 62% and 73% over the whole operating band. The maximum total 

efficiencies of the different antennas of the reference system are low due to the low isolation between these 

antennas. Our objective is therefore to use the metamaterial technique to increase the isolation between the 
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antennas. Given the fact that the antennas are symmetrical, only the efficiency of a single antenna is 

presented each time. So increasing the isolation between the antennas improves their overall efficiencies. 

According to the Figures 23, 24 and 25 the minimum value of the isolation is -23 dB which seems interesting 

to have a good total efficiency. We can see clearly on curve Figure 26 (b), that the total efficiencies of MIMO 

system with insertion of SRRs are higher than those of the initial system without SRRs and that in the entire 

desired operating band. In the best of cases, the gain of efficiency in % provided, by the isolation technique 

applied with the use of SRRs, on the total efficiency is + 18% see Figure 27. 

The Figure 28 shows the results obtained in simulation of the ECC correlation envelope and the 

diversity gain of port n°1 compared to accesses 2, 3 and 4. The system being symmetrical, the results shown 

below of port n°1 are exactly the same for the other three accesses. At the level of the operating band the 

ECC correlation envelope is very low and it is around 0.1 in the worst case and it does not exceed the value 

of 0.5. As for the gain in diversity, it is very high in terms of operating frequencies and hovers around 10 dB. 

 

 

 
(a) (b) 

 

Figure 26. Surface currents for antenna 1 at 11.7 GHz: (a) without, (b) with SRRs 

 

 

  
  

Figure 27. Total simulated efficiency without and 

with SRRs 

Figure 28. ECC and DG simulated from parameters 

S with SRRs, for access 1 compared to the other 

three accesses 2, 3 and 4 successively 
 

 

4. CONCLUSION 

In this article, the studies and research that have been discussed have focused on the design, 

optimization and performance evaluation of two and four element MIMO systems based on metamaterials for 

communication networks applied to antennas UWB. The simulation results of the final system developed 

confirmed the advantages of the proposed idea not only from the point of view of mutual coupling but also in 

terms of weight reduction, size and gain in diversity. The suggested antenna presents a good diversity 

performance with ECC<0.04 and diversity gain (DG>9 dB) and the efficiency is around 86%. This is 

beneficial for their integration into telecommunications systems. 
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