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his paper presents the design, optimization, and performance analysis of a compact 
four-port ultra-wideband (UWB) MIMO antenna for next-generation high-frequency 
communication systems. The antenna is built on a Rogers RT Duroid 5880 substrate 

and operates effectively in the 12.5–55 GHz, range making it suitable for millimeter-wave 5G 
applications. A four-step design process is used to develop a single antenna element 
optimized for wide bandwidth and good impedance matching. Parametric studies on feedline 
length, inset depth, and ground structure help improve bandwidth and ensure strong radiation 
patterns. In the MIMO setup, four radiating elements are placed at right angles to each other 
to reduce mutual coupling. Additionally, a centrally located plus- shaped decoupling resonator 
is added to further improve isolation, especially at lower frequencies, enhancing overall 
antenna performance. Simulation results show excellent impedance matching, a very low 

envelope correlation coefficient (ECC < 0.004), and a  high diversity gain ( 9.98 dB). The 
antenna also delivers stable radiation patterns and high efficiency (>85 %) across the operating 
range. These findings confirm that the proposed MIMO antenna offers strong isolation (<-
20dB), compact size (20x20 mm2), and wide bandwidth (40GHz) making it a suitable choice 
for future UWB and millimeter-wave MIMO systems. 
Keywords: UWB Antenna, MIMO Antenna, Mutual Coupling, Millimeter Wave, Wireless 
Communication. 
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Introduction: 
The evolution of wireless communication has driven the rapid growth of technologies 

like 5G, which require high data rates, low latency, and efficient use of the spectrum [1], [2], 
[3], [4], [5]. UWB and MIMO antennas play a role in meeting these demands by increasing 
channel capacity and reducing the effects of multipath fading [6], [7]. As millimeter-wave (mm-
wave) frequencies become essential for next-generation networks, MIMO antenna designs 
must overcome challenges such as mutual coupling and impedance matching [8]. Techniques 
like Defected Ground Structures (DGS) [9], Electromagnetic Bandgap (EBG) structures [10], 
and parasitic elements [11] have been used to enhance performance. Their Combination 
[ 12 ] ,  [ 13 ]  and the use of advanced decoupling networks [14] have shown potential in 
improving isolation and gain in compact MIMO antennas. 

Recent developments in MIMO antenna design for 5G and mm-wave applications 
have achieved high isolation and efficiency. Designs like palm tree-shaped and stepped-shaped 
antennas have shown isolation levels above 60 dB and 20 dB, respectively, along with wide 
bandwidth and high radiation efficiency [12], [13]. Tri- band and wideband antennas using 
passive decoupling have achieved low envelope correlation coefficients (ECCs below 0.007) 
and over 90% efficiency [14], [15]. A compact 4-port MIMO antenna built on RT/duroid5880 
with a defected ground structure demonstrated over 34.2 dB isolation and a gain of 8.72dBi 
[16]. Other advancements include a compact antenna operating from 26 to 40 GHz, offering 
an ECC below 0.5 and isolation better than -–15 dB, supporting effective diversity 
performance [17]. An elliptically inspired microstrip antenna designed for V-band 5G 
applications achieved high gain (8–10.1 dBi), low ECC (0.006), and reduced coupling in a 4-
port configuration, enabling high-speed communication [18]. Similarly, a compact 28 GHz 
MIMO antenna using polarized diversity and fabricated on a Roger RT5880LZ substrate 
showed excellent performance: 6 dBi gain, 94 % radiation efficiency, 9 GHz bandwidth, and 
excellent isolation over 24 dB isolation, all without any additional decoupling structures [19]. 
Another UWB MIMO antenna designed for 25–50 GHz applications used a defected ground 
structure and orthogonal element layout, resulting in high isolation (better than –10 dB), very 
low ECC (<0.005), and strong diversity gain (about 10 dB) [20]. 

A separate study targeting MIMO performance improvement at 30 GHz employed 
Curved Edges (CE), DGS, and Band Gap Structures (BGS) to enhance isolation from –21.4 
dB to –27.2. It also achieved a 7.5 dBi gain and maintained S11 at –35 dB [21]. Although these 
techniques reduce surface current and improve isolation. Integrating UWB with MIMO 
remains challenging due to tradeoff between high isolation and compact cost-effective design.  

 
Figure 1. Single element design (a) Top view (b) Bottom view 
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This paper aims to develop a compact four-port UWB- MIMO antenna with 
improved isolation and wideband features. The design introduces a novel decoupling 
structure to minimize mutual coupling, thereby enhancing isolation, efficiency, and gain 
without increasing the antenna's size. The goal is to strike the right balance between compact 
design and high performance, contributing to advanced antenna solutions for future 
communication systems. 

The structure of the paper is as follows: Section II, describes the design and 
methodology of the proposed 4-port UWB MIMO antenna, including isolation and 
optimization strategies. Section III presents simulation results and performance metrics, while 
Section IV concludes the study. 
Methodology: 

The design methodology followed in this work is illustrated in Figure 4. It starts with 
the initial patch design, followed by parametric optimization. If the desired bandwidth and 
impedance matching are achieved, the next step is array configuration. If not, the parameters 
are re-optimized until the goals are met. 
Single Element Design: 

For ultra-wideband (UWB) applications, an antenna is designed using Rogers RT 
Duroid 5880 due to its high-frequency support and low-loss characteristics. The 10×9 mm² 
single antenna element, shown in Figure 1 was developed through a four-step design 
process to achieve the desired resonance frequency while ensuring UWB performance for 
advanced wireless communication systems. The antenna design process illustrated in 
Figures 2(a-d), with the reflection coefficient results shown in Figure 3 and the current 
distribution in Figure 5(a-d). The initial square microstrip patch antenna (Figure 2a) shows 
poor impedance matching and weak radiation, as observed in Figure 3 and Figure 5a. To 
improve performance, the ground plane is truncated and the patch corners are etched 
(Figure 2b), which enhances impedance matching and radiation efficiency, as confirmed by 
Figure 3 and Figure 5b. Next, a rectangular slot is introduced in the patch (Figure 2c) 
reduces), reducing reflection loss and improving surface current distribution (Figure 5c). 

 
Figure 2. Design steps (a) 1st step (b) 2nd step (c) 3rd step (d) 4th 
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Figure 3. S11 of the different design steps 

Table 1. Parametric table. 

Parameter Value (mm) 

ls 10 

Ws 9 

lf 

wf 

5 

0.7 

x 0.7 

y 0.5 

p 0.5 

q 1 

Lg 5 

s 1.5 

t 1.5 

gp 0.3 

fi 0.5 

Finally, adding side slots (Figure 2d) extends the UWB response and ensures efficient 
radiation, validated by the results in Figure 3 and Figure 5d.  Design specifications for the 
antenna are summarized in Table 1. The resonant frequency and impedance characteristics 
of a patch antenna mainly depend on its length and width. The patch width wp is calculated 
using 

𝑤𝑝 =  
𝑐

2𝑓𝑜 √
( ε𝑟+1)

2

 (1) 

 
Figure 4. Current distribution (a) step 1 (b) step 2 (c) step 3 (d) step 4 
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where c is the speed of light, f0 is the resonant frequency, and εr is the substrate’s 
relative permittivity. The effective dielectric constant εeff is given by 

𝜀𝑒𝑓𝑓 =
𝜀𝑟+1

2
+  

𝜀𝑟+1

2
 [1 + 12

ℎ

𝑤𝑝
] (2) 

where h is the substrate thickness. The actual patch length, considering fringing effects, is 

𝐿𝑒𝑓𝑓 =
𝑐

2𝑓𝑜 √𝜀𝑒𝑓𝑓
 (3) with the length correction. 

Parametric Analysis: 
The study examines the impact of inset depth (fi), gap (gp), feed line length (lf), 

and ground length (Lg) on the performance of a UWB MIMO antenna. The results show 
optimal impedance matching and a wideband response (15-55 GHz) with fi=0.5 and lf=5 
(Figure(6a-d)). The study emphasizes the importance of fine-tuning these parameters to 
achieve the desired operating characteristics. 
Configuration of UWB MIMO Antenna: 

The proposed ultra-wideband (UWB) MIMO antenna, as shown in Figure 7, is 
designed using a Rogers RT Duroid 5880 substrate with a relative permittivity of εr=2.2, a 
loss tangent of δ=0.0009, and a thickness of 0.254 mm. The antenna consists of four 
radiating elements arranged in an orthogonal pattern to enhance port isolation without the 
need for additional decoupling techniques. The spacing between adjacent patches is 10.3 
mm, and the antenna has a compact size of 20×20×0.254 mm³. All simulations were 
performed using CST Microwave Studio Suite. 

 
Figure 5. Flow diagram of design methodology 
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S-Parameters Response and Mutual Coupling of MIMO: 
The S-parameter response of the proposed 4-port MIMO antenna is shown in 

Figure 8a. The return loss parameters (S11, S22, S33, S44) remain well below –10 dB across 
the operational bandwidth, indicating effective impedance matching at all ports. Multiple 
resonance points confirm the antenna's wideband behavior, while consistent resonance 
across ports reflects stable impedance and uniform excitation.  

These characteristics ensure that the multi-port design maintains optimal 
performance. The performance of the single-element antenna for mm-wave UWB 
applications is analyzed. The mutual coupling analysis, shown in Figure 8b, reveals 
increased coupling around 19–20 GHz due to the absence of a decoupling structure. The 
isolation parameters (S12, S13, S14) are affected by this higher coupling. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6. Optimization of various parameters (a) changing fi (b) changing gp, (c) 
changing lf (d) changing Lg 

 
Figure 7. Orthogonal arrangement (a). Front View (b). Back View 

Proposed Decoupling Technique: 
Decoupling resonators are essential for reducing mutual coupling in MIMO 
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antennas, improving isolation, and maintaining signal integrity by resonating at the system's 
frequency [22]. A plus-shaped decoupling resonator, centrally placed in the MIMO system 
(Figure 9a), acts as a selective filter to suppress undesired coupling, thereby improving the 
bandwidth at lower spectrum starting from 12.5–55 GHz while in without decoupling it 
started from 15–55 GHz. The initial mutual coupling between the antenna elements was 
relatively high as depicted in (Figure 8b), with S12, S13 and S14 around -15 dB. After 
introducing the decoupling element, as illustrated in Figure 9(b), a significant improvement 
in isolation is observed. The values of S12, S13 and S14 are now consistently below -20 dB 
across the entire band, with some frequencies reaching isolation levels as low as -60 dB. 
This clearly demonstrates the effectiveness of the decoupling structure in reducing mutual 
coupling and enhancing antenna performance. 

A parametric study, varying the resonator length (denoted as the v parameter) from 
3.6 mm to 7.6 mm, showed that a length of 5.6 mm resulted in an improved reflection 
coefficient of approximately -50 dB, as shown in Figure 9c. 
Efficiency and Gain: 

The MIMO antenna’s gain and overall efficiency, shown in Figure 12, provide a 
comprehensive overview of its performance. The antenna exhibits strong directional 
radiation characteristics with a peak gain of 6.95 dBi. Additionally, minimal power loss is 
observed, as the overall efficiency remains above 85% across the entire operating 
bandwidth. 
MIMO Antenna Performance: 

MIMO technology requires integrating multiple antennas into limited PCB space, 
with a focus on performance metrics such as Envelope Correlation Coefficient (ECC), 
Diversity Gain (DG), and Total Active Reflection Coefficient (TARC), along with standard 
parameters such as bandwidth, radiation efficiency, and gain for performance evaluation 
[23], [24]. 
Envelope Correlation Coefficient (ECC): The Envelope Correlation Coefficient 
(ECC) measures signal independence for effective diversity and is typically calculated 
using radiation patterns or S-parameters [25], [26]. The S-parameter- based ECC is given 
by Equation (1), where η1 and η2 represent the antenna efficiencies: 

𝐸𝐶𝐶 =  
|𝑆11𝑆∗

12+𝑆21𝑆∗
22|2

(1−|𝑆11|2− |𝑆21|2)(1−|𝑆22|2− |𝑆12|2)𝜂1𝜂2
 (4) 

The proposed MIMO antenna achieved ECC less than 0.004 with the addition of 
a plus- shaped decoupling resonator, significantly improving isolation and diversity (Figure 
13). 
Diversity Gain (DG): Diversity Gain (DG) enhances signal reliability in MIMO systems 
by improving the Signal-to-Noise Ratio (SNR) and is estimated using ECC or CDF 
methods [27]. It is calculated using: 

𝐷𝐺 = 10 (√1 − 𝐸𝐶𝐶2) (5) 
As shown in Figure 14, the proposed antenna achieves near- ideal DG (10 dB) after 

the addition of the decoupling element, ensuring robust diversity performance. 
Total Active Reflection Coefficient (TARC): In particular, for a four-port network, 
TARC is defined by [28];  

𝑇𝐴𝑅𝐶 =
1

2
√{

|𝑆11 + 𝑆12𝑒𝑗∅|2 + |𝑆21 + 𝑆22𝑒𝑗∅|2

+
|𝑆31 + 𝑆32𝑒𝑗∅|2 +  |𝑆41 + 𝑆42𝑒𝑗∅|2

} (6) 

Simulation and Results: 
Surface Current Density: 

The surface current distribution is analyzed to evaluate the isolation characteristics 
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of the proposed MIMO antenna design at two frequencies: 20 GHz and 36 GHz, as shown 
in Figure 10. At 20 GHz, the distribution without any decoupling element reveals strong 
coupling between the antenna elements. 

However, when decoupling resonators, are introduced, the plus-shaped resonator 
significantly reduces mutual coupling. Similarly, at 36 GHz, the surface current 
distributions with and without decoupling elements, shown in Figure 10(c,d), further 
confirm the superior performance of the plus-shaped resonator.  

 
(a) 

 
(b) 

Figure 8. (a)Reflection coefficients of MIMO with orthogonal arrangement (b)Mutual 
coupling without decoupling 

Far Field Measurement: 
The radiation patterns of the proposed MIMO antenna were analyzed at 25 GHz, 

36 GHz, and 40 GHz to assess its performance across the operational bandwidth. At 25 
GHz, the pattern (Figure 11a) shows a broad lobe, indicating stable radiation characteristics 
at lower frequencies. At 36 GHz (Figure 11b), the radiation pattern becomes more defined, 
displaying improved directivity. At 40 GHz (Figure 11c), the pattern evolves with distinct 
lobes and high directivity, confirming the antenna’s enhanced performance at higher 
frequencies. 
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Figure 9. (a) UBW MIMO with plus shaped resonator (b) Effect of plus shaped 

resonator on mutual coupling (c) Effect of variation in v parameter 

 
Figure 10. Current Distribution at 20 GHz (a) without decoupling (b) with Plus-

shape resonator (c) without decoupling at 36GHz (d) with plus-shape resonator at 36 
GHZ. 
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Figure 11. Radiation Pattern (a) 25GHz (b) 36GHz (c) 40GHz 

 
Figure 14. DG of proposed design 

 
Fig 15. TARC of proposed design 

The proposed design shows TARC values below -10 dB across the operational 
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bandwidth (Figure 15), indicating minimal reflection and efficient power utilization. 
Discussion: 

The performance comparison of the proposed MIMO antenna with recent state-
of-the-art designs is summarized in Table II. The proposed MIMO antenna addresses the 
challenges of large size, low bandwidth, and complex design seen in previous state-of-the-
art solutions. Different substrate materials with different size, techniques have been applied 
to achieve desired results. However, the mentioned designs have some drawbacks of either 
complex structure, large dimensions, complex isolation techniques, low bandwidth which 
devalue its real-time applications. Hence, our proposed design has a very small dimensions 
of 20x20mm2, with a very large bandwidth of more than 40 GHz and very simple design 
structure and isolation techniques of plus shaped, which can be considered a very good 
and proficient candidate for 5G mm-waves application. 
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Table 2. Comparison of Proposed Antenna with Existing Designs 

Ref. No. Size (mm³) 
[Ports] 

Frequency 
Range (GHz) 

Bandwidth 
(GHz) 

Peak Gain 
(dBi) 

Efficiency 
(%) 

Isolation 
(dB) 

ECC DG Applied Design 
Method 

[12] 45×50×0.8 
[4] 

23.4–35 11.6 12.4 — < -60 <0.0014 9.8 Orthogonal 
Orientation 

[13] 20.48×20.48
×1.6 [4] 

25.21–32.34 7.13 6.87 94 < -20 0.006 9.97 Defected Ground 
& Isolating Metallic 

Sheet 

[14] 30×30×0.25 
[4] 

5.2–5.7, 11.8–
17.3, 23.4–

37.3 

0.5, 5.5, 
13.9 

3.05, 5.27, 
6.67 

93–98 < -20 <0.004,<
0.002, 
<0.002 

>9.9 DGS 

[15] 36×18×1.6 
[2] 

3–40 37 6.3 — < -20 <0.0005 >9.999 Defected Slotted 
Ground with 
Slotted Patch 

[16] 25×25×0.787 
[4] 

25.28–28.02 2.74 8.72 — 23.2 <0.0015 >9.999 DGS 

[17] 23×18×0.25 
[4] 

26–40 14 6.6 >90 < -18 0.001 >9.95 Orthogonal 
Placement 

[18] 26×26×0.25 
[4] 

52.9–70 17.7 8–10.1 90 < -20 <0.006 >9.98 DGS 

[19] 16×16×0.25 
[4] 

22.2–31.4 9.2 5.98 94 -20 0.00001 9.99 Elliptical Slots & 
Orientation 

Proposed 20×20×0.254 
[4] 

15–55 40 6.63 >85 < -20 <0.0008 >9.98 DGS, Orthogonal 
& Plus-Shape 

Resonator 
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Conclusion: 
This paper presented the design and analysis of a 4-port UWB MIMO antenna 

optimized for next-generation wireless communication. Operating across 12.5–55 GHz, 
the antenna is well-suited for 5G millimeter-wave and high-speed data applications. A plus-
shaped decoupling resonator effectively reduces mutual coupling, improving isolation, 
particularly in the 19–20 GHz range. Simulation results demonstrate excellent 
performance, with ECC < 0.004, DG > 9.98, isolation > 15 dB, and TARC < -10 dB. The 
proposed antenna ensures wideband operation enhanced isolation, and efficient 
impedance matching, making it a promising solution for advanced wireless systems.  

This work can be further extended by experimental fabrication, such as prototype 
realization and experimental verification in real-world scenarios. In future, fabrication and 
measurement can be done to validate the results. Flexible substrates can be used to make 
it suitable for IoT and wearable devices. Isolation can be further improved by using hybrid 
decoupling methods. Also, the number of antenna elements can be increased to design an 
8-port system for higher data rates, but its effect on isolation and bandwidth needs to be 
studied. 
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