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A B S T R A C T   

This paper presents a compact, crossed-polarized, ultra-wideband (UWB) four-ports multiple- 
input-multiple-output (MIMO) printed antenna. The proposed antenna is constructed from four 
microstrip circular patch elements fed by a 50-Ω microstrip line. Two metamaterial cell elements, 
in the form of a rectangular concentric double split ring resonator (SRR), are placed at the upper 
plane of the substrates for bandwidth improvement and isolation enhancement. The ultra- 
wideband frequency response is achieved using a defective ground plane. Surface current flow 
between the antenna’s four elements is limited to ensure maximum isolation. The four-port MIMO 
system is designed with orthogonal antenna elements orientation on an FR4 substrate with a loss 
tangent of 0.02 and an overall size of 30 mm × 30 mm × 1.6 mm. Such orientation resulted in less 
than − 17dB port-to-port isolation and an impedance bandwidth of 148% (3.1–12 GHz). The 
proposed UWB-MIMO antenna achieved a maximum realized gain of 6.2dBi with an efficiency of 
87%. The measured and simulated results are in good agreement over the operating frequency 
band (3.1–12 GHz). The results also provide overall good diversity performance with the TARC <
− 10 dB, ECC < 0.001, DG > 9.9, MEG < − 3 dB and CCL <0.1. The proposed antenna is well- 
suited for applications in WLAN, WIMAX and GPRs.   

1. Introduction 

The need and requirement for data throughput without interference are in high demand nowadays. With multiple-input-multiple- 
output (MIMO) technology, a radio link can have a greater capacity by employing multiple transmit and receive antennas to achieve 
multipath propagation [1]. MIMO system increases communication channel capacity, network reliability, and data speed in a wide 
range of wireless networks by harnessing the full capabilities of wireless communication systems. Antenna deployment close to each 
other is necessary to meet the characteristics mentioned above. According to the federal communication commission (FCC), 
ultra-wideband applications use frequencies between 3.1 and 10.6 GHz [1]. However, the UWB system has some advantages, such as 
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low power consumption, high data rates, and a simple hardware design. The MIMO antenna system can reduce the fading caused by 
multipath fading, which is always a problem with UWB technology. Therefore, combining UWB technology with MIMO will improve 
system performance. For both mobile terminals and base stations, compact MIMO antennas are required due to limited space and 
aesthetic reasons. The proximity of antenna elements leads to mutual coupling between them. Today, we live in the era of 5G, which 
demands high-speed data transmission, low latency, and high reliability. As a result of radiations from free space, surface currents, and 
surface waves, there is a phenomenon called mutual coupling that degrades the signal-to-noise ratio (SNR) and convergence of an 
adaptive array [2–7]. 

With an array of signal processing techniques that degrade carrier frequency offset (CFO), channel estimation, and angle of arrival 
estimation, the total active reflection coefficient of a MIMO antenna may be impacted. In mutual coupling, communication on adjacent 
channels may be hampered by significant out-of-band (OOB) emissions from power amplifiers (PAs). The mutual coupling has been 
decreased in the digital arena by enhancing MIMO precoding and decoding algorithms [8]. Before calculating the weight vector of 
adaptive algorithms, the received voltages are modified to remove mutual coupling. The signal-to-interference noise ratio (SINR) can 
be increased by decreasing the relative interference or noise during post-processing. It is not necessary to correct electromagnetic 
interactions to preserve SINR. The electromagnetic suppression in the digital domain can be improved to some extent using the above 
method. An efficient decoupling method is more effective at mitigating mutual coupling effects from the antenna’s perspective. As a 
result, antenna-based decoupling techniques must be developed [9]. 

Decoupling is accomplished using different methods. Defected ground structures [10], decoupling networks [11], electromagnetic 
band gap structures (EBG) [12], neutralizing lines [13], parasitic or slot elements [14] and complementary split-ring resonator (CSRR) 
[15] are an example of such decoupling techniques. A UWB-MIMO antenna with dual ports is described in Ref. [16]; it exhibits 
wideband characteristics with a frequency range of 3.0–11.0 GHz and four rejection bands. In Ref. [17], slots of inverted L and U 
shapes are reported to provide quadruple notch characteristics at 3.3 GHz, 4.03 GHz and 5.4 GHz. Additionally, the antenna offers 
isolation of − 25 dB. A flexible CPW-fed MIMO antenna is presented in Ref. [18]; to achieve good polarization diversity, a high 
impedance width of 125.83%, a maximum gain of 6.8 dBi, and an efficiency of 89%, four identical elements are arranged symmet-
rically in a successive rotational manner. The authors in Ref. [19] miniaturized a UWB-MIMO antenna by sharing rhombic slot 

Fig. 1. UWB-MIMO antenna geometry, (a) top view, (b) bottom view, (c) unit cell.  
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radiation with four microstrip feeders. The notched characteristics are realized by opening C-slots and L-slots and adding an H-shaped 
EBG structure. The antenna has a good diversity performance, high isolation of − 40 dB, peak gain of 5.5 dBi and radiation efficiency of 
75%–90%. A letter in Ref. [20] demonstrated a quasi U-shape patch on the upper plane and a stepped slot in the ground plane for 
wideband impedance match and dual-band notch capability. The utilization of defective ground structure for an elliptical planar 
antenna has been studied in Ref. [21], where the DGS is employed to realize a UWB frequency response. The work in Ref. [22] used two 
symmetrical half-slot elements with CPW-fed structures, and a Y-shaped slot separated at the bottom center of the common ground. 
The slots efficiently prevent the current flow at low UWB frequency and reduce the mutual coupling between the MIMO elements. A 
novel four-element MIMO antenna for UWB applications is reported in Ref. [23]; the antenna is CPW-fed and consists of four 
orthogonal parts. Based on the proposed antenna, an impedance width from 2.1 to 20 GHz is achieved with notch frequencies of 3.3 
GHz–4.1 GHz and 8.2 GHz–8.6 GHz. Notches achieved can filter out interference from WiMAX and radar applications [24] discusses 
the use of neutralization line technique for the design of MIMO antennas for UWB communications. Measured bandwidths were 
95.22% (3.51–9.51 GHz) and 96.47% (3.52–10.0 GHz), with better isolation of − 23 dB. The MIMO antenna provides a peak gain of 
2.91 dBi and has better diversity metrics. Moreover, the antenna design presented in Ref. [25] is a very small-sized 2-element planar 
antenna. The UWB response is obtained using a rectangular stepped slot and a z-shaped slot etched in the ground plane. The 
geometrical size of the reported structure is 23 × 26 × 0.8 mm3, and the antenna has a peak gain of 5 dBi with an efficiency of 80%. 

UWB-MIMO antennas are expected to have high isolation, low mutual coupling, low correlation, and low total active reflection 
coefficients. It will enhance the wide throughput bandwidth. This paper developed a 4-port UWB-MIMO antenna to obtain a wide 
impedance bandwidth of 3.1–12 GHz and ensure that the MIMO elements would have low mutual interaction. To achieve a minimal 
isolation level of − 17 dB, a split rectangular loop resonator (SRLR) is used. In summary, the advantage of our proposed UWB-MIMO 
antenna is its simple design for MIMO application, UWB operation from 3.1 to 12 GHz, sensing applications like tumor detection, 
WLAN, WIMAX, GPRs, high diversity, and finally, high efficiency and gain. The proposed antenna’s analysis and configuration are 
covered in Section 2, equivalent circuit models and the proposed antenna analysis are covered in Section 3, the experimental validation 
and MIMO performance are covered in Section 4, and Section 5 is the conclusion. 

2. Design of UWB cross-polarized MIMO antenna 

Fig. 1(a–c) shows the suggested cross-polarized 4-element MIMO antenna model. The simulations and optimization have been 
supported by Computer Simulation Technology (CST), with an overall size of 0.6 λ0 × 0.6 λ0 × 0.032 λ0 at 6 GHz center frequency, the 
proposed antenna was designed utilizing the FR-4 substrate (relative permittivity of 4.3 and loss tangent of 0.02). The patch is fed by a 
50-Ω microstrip line and has a circular form with etched curves. A defective ground structure that is not connected is built to aid in 
lowering the mutual coupling between MIMO elements. 

Table 1 
Optimal parameters and size of the antenna.  

Parameter Size (mm) Parameter Size (mm) Parameter Size (mm) 

A 7 G1 0.35 Ls1 10 
B 7 G2 0.35 Ls2 8 
C 5 Ga 3 Ra 9.35 
D 3 L 30 Rb 1 
E 0.4 Lt 11.05 W 30 
F 5 Lp 10 W1 2.5  

Fig. 2. S21 with & without decoupling metamaterial structure (a), different gap capacitance (b).  
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To further improve the isolation, a split rectangular loop resonator (SRLR) is employed at the Centre of the model, which acts as a 
filter that upsets the flow of current and surface waves. All parameters have undergone a thorough parametric study, and Table 1 
provides the best performance values. 

Fig. 3. Circuit model for UWB-MIMO antenna.  

Fig. 4. Circuit model and S11 of UWB-MIMO.  

Fig. 5. Circuit model for a unit cell metamaterial.  
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Fig. 6. Circuit model and S11 of a unit cell.  

Table 2 
Components used in UWB-MIMO circuit (R(Ω), L (nH), C(PF)).  

R1 = 30266.3 R2 = 76.5 R3 = 295.7 R4 = 549.5 
L1 = 10.11 L2 = 2.4 L3 = 0.213 L4 = 1.814 
C1 = 1.21 C2 = 0.97 C3 = 1.22 C4 = 0.811 
LF1 = 0.144 LF2 = 8.13 LF3 = 4.99 LF4 = 5.77  

Table 3 
The component used in a unit cell circuit model (R(Ω), L (nH), C(PF)).  

R1 = 48.9 R2 = 2.73 L1 = 48.66 
L2 = 1.24 C1 = 54.86 C2 = 433.1 
Lf = 1.343 – –  

Fig. 7. Measurement set up for the proposed MIMO-UWB antenna, (a) VNA, and (b) Anechoic chamber.  
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2.1. Metamaterial parametric analysis 

The parametric analysis will be based on two stages: the availability of the decoupling technique, located at the center of the model, 
and the cap capacitance. The effects of the decoupling structure on S21 are depicted in Fig. 2a. It is evident that the isolation has 
improved when the metamaterial structure is employed. Another parametric study is carried out for different gap capacitances G1 and 
G2. The higher the value of G, the higher the filter matching, as shown in Fig. 2b. 

Fig. 8. Measured and simulated S11 of the antenna.  

Fig. 9. S11 and S21 of the unit cell.  

Fig. 10. Real and imaginary permeability of the unit cell.  
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Fig. 11. Measured and simulated S21 (a), two ports, (b) four ports.  

Fig. 12. Measured and simulated realized gain.  

Fig. 13. Simulated and measured efficiency of the antenna.  
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3. Analysis of proposed antenna and equivalent circuit 

The corresponding circuit model for the proposed UWB-MIMO antenna was optimized using the ADS software, as shown in Fig. 3. 
The gradient optimization method is used to optimize the model parameters with each component’s minimum and maximum values. 
Each patch and microstrip line is modeled as a combination of an inductor (LF) and cascaded parallel RLC component [26]. Fig. 4 
shows the circuit model S11 compared with the CST full-wave simulation. A metamaterial unit cell was also subjected to the same 
analysis. The resonance response is achieved after the two cascaded parallel RLC circuits. The MTM circuit model is shown in Fig. 5. 
The ADS S11, as compared with the CST model, is depicted in Fig. 6, and the optimized values of the components used are listed in 
Tables 2 and 3. 

4. UWB-MIMO experimental results 

The fabrication was carried out in a high-frequency lab at UAE University, in which the UWB-MIMO antenna was constructed on a 
1.6 mm thick, double-sided FR-4 substrate. Two unit cells are integrated, having a two-square strip with a separate gap capacitance 
based on the periodic boundary set up in CST. The prototype is shown in Fig. 7a and b mounted on the ZVL-Network analyzer and 
anechoic chamber for S-parameters, far-field pattern, gain, and radiation efficiency measurements. Figs. 8–11 shows the simulated and 
measured results of the antenna’s maximum achieved gain and efficiency. Fig. 8 displays the simulated and measured S11. The 
scattering parameters for the unit cell metamaterial are depicted in Figs. 9 and 10 is the real and imaginary permeability curve. The 
antenna’s isolation for both the measured and simulated is shown in Fig. 11a, using two ports, while Fig. 11b is the isolation obtained 
for the four ports antenna. The proposed antenna’s measured and simulated realized gain is depicted in Fig. 12, with a maximum 
realized gain of 6.2dBi around 5 GHz. Fig. 13 displays the measured and simulated results for the antenna efficiency. The maximum 
value is recorded at 87%, around 4.3 GHz. 

To validate the measured UWB far-field response, an anechoic chamber was used to compare the simulated results. Fig. 14 shows 
the measured and simulated E-plane and H-plane operating at 3.5 GHz, 5.5 GHz, and 5.8 GHz. At low frequencies, the pattern has an 

Fig. 14. Simulated and measured radiation pattern at 3.5 GHz, 5.5 GHz, and 5.8 GHz.  
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Fig. 15. 3D antenna gain at selected frequencies of 3.5 GHz, 5.5 GHz, and 5.8 GHz.  

Fig. 16. Current distribution at selected frequencies of 3.5 GHz, 5.5 GHz, and 5.8 GHz when port 1 is excited.  
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omnidirectional layout, but as the frequency increases, the omnidirectional configuration starts to degrade. The polar antenna gains at 
3.5 GHz, 5.5 GHz, and 5.8 GHz are shown in Fig. 15. As can be seen, every selected frequency has a different gain. When ports 1, 2, and 
3 are excited, Figs. 16–19 displays the surface current density at 3.5 GHz, 5.5 GHz, and 5.8 GHz, respectively. An exciting port has a 
higher concentration of current. 

Some diversity characteristics, such as the correlation coefficient (ECC), total active reflection coefficient (TARC), diversity gain 
(DG), mean effective gain (MEG), and channel capacity loss, have an impact on the MIMO antenna’s acceptable performance. A 
MATLAB program was developed to obtain these parameters and confirm the measured results. 

4.1. Correlation coefficient and diversity gain 

The ECC measures the correlation between the nth and mth radiating elements’ far-field patterns in a particular MIMO system. The 
ECC can be calculated using the far-field patterns [27], which are provided by Eq. (1): 

ρe=

⃒
⃒
⃒
∫∫

4π

[
F→1(θ,φ) × F→2(θ,φ)dΩ

]⃒
⃒
⃒

2

⃒
⃒
⃒
∫∫

4π

[
F→1(θ,φ)

]⃒
⃒
⃒

2
dΩ

⃒
⃒
⃒
∫∫

4π

[
F→2(θ,φ)

]⃒
⃒
⃒

2
dΩ

(1) 

When port I excited F→i(θ,φ) is the pattern property of the MIMO array. The ECC value is less than 0.001 from 3.1 to 12 GHz, as seen 
in Fig. 20; it shows an excellent performance diversity. Equation (2) below provides the diversity gain after being calculated using ECC 
[28]. 

DG= 10
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ρe

2
√

(2) 

The diversity gain of the proposed UWB-MIMO antenna is depicted in Fig. 21, which is greater than the defined criterion of 9.9 at 
the designed frequency band. 

4.2. Mean effective gain and total active reflection coefficient 

Mean effective gain (MEG) is one of the essential diversity parameters. It is used to calculate the gain performance of the antenna. 
MEG can be calculated as given in Equation (3) [29,30]. 

Fig. 17. Current distribution at selected frequencies of 3.5 GHz, 5.5 GHz, and 5.8 GHz when port 2 is excited.  
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Mean Effective Gain= 0.5

[

1 −
∑N

j=1

⃒
⃒Sij

⃒
⃒2
]

(3) 

N is the number of antennas, and i represents the observation port. The MIMO antenna’s MEG must be lower than − 3 dB [31]. 
Fig. 22 depicts the MEG fluctuation for the proposed antenna. It can be seen from the curve that the MEG is less than − 3 dB. TARC can 
be used to measure the signal interference between MIMO channels. It is denoted mathematically by Refs. [32,33] as presented in 
Equation (4): 

Γt
a =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N

i=1
|bi|

2

∑N

i=1
|ai|

2

√
√
√
√
√
√
√

(4)  

where t is denoted as total, a is active, ai is the incident signal, and bi is the signal that was reflected. It can be further calculated by Eq. 
(5): 

TARC=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

|S11 + S12ejθ|
2
+ |S22 + S21ejθ|

2
√

̅̅̅
2

√ (5)  

where θ is the phase angle between 0◦ and 180◦. The simulated and measured TARC is depicted in Fig. 23 at three different angles 0◦, 
30◦, and 60◦, and it is observed that TARC is less than − 10 dB throughout the operating frequency band. 

4.3. Channel capacity loss 

When assessing the effectiveness of MIMO antenna arrays, channel capacity loss is another crucial issue to consider. Mathemati-
cally it can be defined by Eqs. (6) and (7) [34, 35, 36]. 

Closs = − log2 det
(
αR) (6)  

where 

Fig. 18. Current distribution at selected frequencies of 3.5 GHz, 5.5 GHz, and 5.8 GHz when port 3 is excited.  
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αR =

⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒

x11 x12 x13 x14
x21 x22 x23 x24
x31 x32 x33 x34
x41 x42 x43 x44

⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒

(7) 

Fig. 24 displays the measured and simulated CCL, and it is obvious that the CCL value is < 0.1 bits/s/Hz over the whole frequency 
range. The minimum bit rate for channel capacity loss is 0.4 bits/s/Hz [37]. The proposed UWB-MIMO antenna’s performance is 
compared against other designs published by other researchers, as shown in Table 4. Our proposed antenna outperforms most reported 
antennae in size, gain, and efficiency. 

Fig. 19. Current distribution at selected frequencies of 3.5 GHz, 5.5 GHz, and 5.8 GHz when port 4 is excited.  

Fig. 20. ECC of UWB-MIMO antenna.  
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5. Conclusions 

This paper presents and discusses the design of a four-port cross-polarized MIMO antenna using two metamaterial unit cells. 
Antenna patch vertices have been enhanced with curved edges. This MIMO antenna exhibits a UWB range (3.1–12) GHz, 6.2 dBi peak 
gain, 87% total efficiency, and isolation of − 17 dB, respectively. According to the proposed system, the ECC, TARC, DG, and MEG are 

Fig. 21. Diversity gain of UWB-MIMO antenna.  

Fig. 22. MEG of UWB-MIMO antenna.  

Fig. 23. Simulated and measured TARC of UWB-MIMO antenna.  
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0.001, <− 10 dB, 9.98 dBi, and <− 3 dB. The total CCL is less than 0.1 bps/Hz over the entire operational bandwidth, making the 
antenna a promising candidate for WLAN, WIMAX and GPRs applications. The equivalent circuit model has been presented and 
discussed. Future work will focus on adding more antennas for transmitting and receiving to increase throughput. Furthermore, 
combining the proposed method with another method can enhance the coupling effect between the MIMO elements. 
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