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ABSTRACT A dual-band 2-port Multiple Input Multiple Output (MIMO) antenna is designed and analyzed in this paper. The 
designed antenna resonates at two frequencies, 4.54 GHz and 5.8 GHz, with bandwidths of 340 and 360 MHz for each band, 
respectively. A low-cost FR-4 substrate with a dielectric constant of 4.4 and a thickness of 1.6 mm is used to simulate and fabricate 
the antenna. Total dimension of a single antenna element is 17 mm×22 mm×1.6 mm (0.25λ×0.32λ×0.024λ), and the MIMO 
configuration measures 45 mm×22 mm×1.6 mm (0.66λ×0.32λ×0.024λ) at 3.6 GHz. The fundamental parameters of MIMO antenna 
like isolation (>20dB), ECC (<0.00012), DG (~10), MEG (-3dB), CCL (<0.2 bps/Hz) and TARC (<0.3) and radiation parameters 
are evaluated which prove the practicality of the antenna for Wi-Fi (5.725-5.85 GHz), 5G applications in Japan (4.4-4.5 GHz), 
radar (civilian and military), amateur radio communications (5.65-5.925 GHz), and Vehicle-to-Everything (V2X) (5.85-5.925 
GHz) communication systems. Also, the designed antenna demonstrates radiation efficiency of more than 69% across first 
operating band and more than 76% across second operating frequency. The designed antenna can also be used in remote sensing 
applications to study various environmental parameters at 4.54 GHz, as electromagnetic waves at this frequency penetrate easily 
and provide data on soil moisture, vegetation, etc. 
INDEX TERMS MIMO Antenna, 5G, Dual Band, Wi-Fi, V2X. 

 

I. INTRODUCTION 
he demands for mobile communications has increased 
over the past years and single-band antennas are not 

appropriate for the current communication model because for 
multiple services multiple antennas are required that occupy 
more area, and it affects the performance of communication 
system [1-2]. In modern communication systems, multiband 
antennas are important because multiband services are 
embedded in a single antenna [1]. Multiband antennas reduce 
the size as well as the cost of the antenna system and help to 
enhance the functionality of the system. Also, with a single-
antenna system, the transmission rate is low. For high data 
rates, increased efficiency, and reduced multipath fading 
effects MIMO antennas are a perfect choice. There are 
various challenges in designing high-isolation and compact 
antennas. When more than one antenna is placed together, it 
affects radiation characteristics of antenna because of mutual 
coupling. Therefore, it is important to reduce mutual 
coupling [2]. In addition to this, dual-band antenna with a 
MIMO configuration is difficult to design. 

Previous findings were mainly focused on to reduce the 
mutual coupling between antennas of MIMO system by the 
application of different isolation structures [3-6]. In [3], to 
improve isolation, a C-shaped slot with a rectangular slot and 
a slit is etched in the ground plane. Antenna covers 2.34–2.71 
GHz and 3.72–5.10 GHz bands which are designated for 5G 

applications. For the two-port antenna, the isolation is more 
than -20dB. Another 2-port antenna for a single 5G band is 
proposed in [4] operating from 3.25 to 3.85 GHz. To improve 
the isolation, truncated ground with stubs has been 
implemented. Also, a T-shaped stub is placed between 
radiating elements to further improve the isolation. A 
decagon-shaped antenna resonating on 3 bands is proposed 
in [5] and its MIMO configuration proposed by placing 
antenna elements orthogonally. Grounds are not connected, 
and no isolation structure is used. Another antenna structure 
which consists of multi slotted patch to get multiple bands, is 
presented in [6]. Without connecting the ground plane and 
using a defected ground structure mutual coupling is reduced 
in the 2-port MIMO configuration. A decoupling structure is 
placed between antenna elements to further improve the 
mutual coupling. This antenna is useful for S, C, and X band 
applications.  

A 3-band 2-port MIMO Antenna array for WLAN 
applications resonating at 2.4, 3.0, and 5.8 GHz is 
implemented in [7]. For multiband operation, a CSRR is 
introduced in the ground plane to generate multiple 
resonances. The length and width of the MIMO 
configuration are 106.60 mm and 106.60 mm and overall, the 
antenna size is large.  A prototype of the antenna was 
fabricated and validated experimentally. The isolation 
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achieved is more than -20 dB. The CSRR design is analyzed 
using mathematical equations. In [8], a Dual-band MIMO 
patch antenna with dimensions of 32×22 mm2 operating at 
5.9 and 7.7 GHz, making it suitable for WLAN and C-band 
applications. An asymmetrical coplanar strip (ACPS) and a 
combination of DGS and ACPS is used to increase the 
isolation. 2-port and 4-port antennas for operating in Sub-6 
GHz 5G applications are proposed in [9-10] with isolation of 
more than -18 dB. The antenna in [9] provides an operating 
bandwidth from 3.25 to 3.85 GHz. A rectangular stub in the 
ground plane and two side stubs improve the isolation. Also, 
a T-shaped stub placed between the antenna elements 
enhances both bandwidth and isolation. For vehicle 
communication, it is important to recognize the driving 
environment automatically. For this purpose, patch antennas 
are proposed. Such an antenna is designed in [11], which is 
a C-shaped structure. The three frequencies can be controlled 
by adjusting the length of round shaped stubs. The three 
frequency bands are 2.4, 3.5, and 5.9 GHz. Various 
techniques to increase isolation and reduce mutual coupling 
to improve the performance of MIMO antennas are proposed 
and explained in the literature.  Defected ground structure 
(DGS) is also a common and easy-to-design technique. 
Different multiband antennas, with and without MIMO 
configurations and with different mutual coupling reduction 
techniques are designed for different applications in [12-16]. 
MIMO antenna configuration for C, X-band, Wi-Fi/WiMax 
and wearable applications with dual and multiband operation 
are proposed in [18-23]. To reduce the mutual coupling 
between antenna elements, different decoupling structures 
are employed. Four triangular shaped antenna elements are 
placed parallelly and a cross shaped EBG and metamaterial 
structure is placed between them to mitigate the mutual 
coupling effect in [22]. 

In the current study, a dual-band 2-port MIMO Antenna 
with multi-segment radiating structures is proposed. Dual-
band characteristics with resonances at 4.54 and 5.8 GHz are 
achieved. The initial stage of the design process includes 
design of a single antenna element. The purpose of designing 
the MIMO configuration of the antenna is to enable it for 
high data rate, high channel capacity, mitigation of 
interference, and prevention o fading. The geometry and 
design steps of the single-element antenna are presented in 
section II. Simulated and measured results of single element 
antenna and MIMO antenna are provided in sections III and 
IV. Finally, the paper is concluded in section V.  

II. SINGLE ANTENNA CONFIGURATION 

A. Antenna Element Design 
The proposed dual-band antenna is designed with a multi-
segment structure. The radiator of the antenna consists of 
various segments with a hook-shaped structure. The length 
of each segment was adjusted to achieve the desired 
frequency band using parametric analysis and the appropriate 
position of each segment was determined accordingly. A 
rectangular slot of length LS and width WS is introduced in 

the ground plane which create a sharp resonance in the lower 
band. Design and dimensional parameters of the proposed 
single-element antenna are shown in Figure 1. The FR-4 
substrate is selected for simulation and fabrication purposes 
with εr=4.4 and thickness h=1.6 mm. The material used for 
radiating patch and ground plane is copper with trace 
thickness of 0.035 mm. The physical width WSub and Length 
LSub of the substrate are 17 mm and 22 mm respectively. The 
final physical dimensional parameters of the proposed single 
antenna element are summarized in Table I. 

  
FIGURE 1. Dimensional Geometry of Antenna (a) Front View (Patch) (b) Back 
View (Ground Plane) 

TABLE I. Dimensions of the Proposed Antenna 
Parameter Value(mm) Parameter Value(mm) 
LSub 22 LS 11.3 
WSub=Wg 17 W1 5.85 
Lf 5.3 W2 3.4 
L1= W3 2.7 Wf 2.75 
L2 5 W4= W6 2.5 
L3 5 W5 8.5 
L4 7.3 W7 5.3 
L5 2.3 W8 5 
L6 2 W9 2 
L7 1.7 WS 12 
L8 1.2 Lg 21 

 
The operating frequency of the proposed antenna is obtained 
using Equation (1) [21] 
𝐿"# =

%
&'()*(+,,

                (1) 

Where c is the speed of light, fr is the desired resonance 
frequency, Leg represents the effective guided quarter 
wavelength of the desired frequency, εr is the dielectric 
constant of the substrate, εreff is the effective dielectric 
constant, calculated using equation (2) [21] and is 
approximately set to 2.32. 

𝜀."'' = )𝜀. + 1     (2) 
𝜀."'' = √4.4 + 1 = 2.32 

Leg1 represents the effective guided quarter wavelength for 
frequency of 4.54 GHz, which can be calculated for the first 
operating frequency of 4.54 GHz as 

𝐿"#6 = 	
8+9:
&

 = %
&'(:)*+,,

                (3) 
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Leg1 = ;×6=>

&×&.?&×6=@√A.;A
 =10.83 mm 

Now based on the antenna geometry, effective electrical 
length of the antenna can be obtained by equation (3) 

Leg1 = W1+W2+Wf + L3+L4-(L2+W5)                 (4) 

Leg1 = 5.85+3.4+2.75+5+7.3-(5+8.5) = 10.8 mm 

The effective electrical length for the operating frequency of 
4.54 derived from antenna geometry is nearly close to the 
effective guided quarter wavelength Leg1.  

Leg2 represents the effective guided quarter wavelength for 
the second operating frequency (fr2) of 5.8 GHz. From 
equation (1), effective guided quarter wavelength for this 
frequency is  

𝐿"#A = 	
8+9B
&

 = %
&'(B)*+,,

 

Leg2 = ;×6=>

&×?.C×6=@√A.;A
 =8.45 mm 

The effective electrical length for this frequency, derived 
from antenna geometry, is characterized by equation (5) 

Leg2= (W7+L4) -(L5+L6)                       (5) 

Leg2= (5.3+7.3) -(2.3+1.9) =8.4 mm   

Therefore, the effective electrical length from antenna 
geometry is almost equal to the effective guided quarter 
wavelength evaluated using equation (1). The equations are 
derived from antenna geometry and then proved by 
simulation. 

B. Parametric Analysis 
Parametric studies are essential to examine the effect of key 
design parameters on the final antenna design and its 
performance. To perform a parametric analysis, the values of 
significant antenna parameters are varied, and their effects 
on the performance of the antenna are analyzed. This analysis 
helps to achieve the optimal values of the design parameters. 
This was performed using EM simulation software HFSS 
V.19. Parametric analysis helps to understand the shift in 
operating frequency and the variation in the value of 
reflection coefficients with the design parameters. The effect 
of variation in W8, W1, L3 and LS is studied. Different 
radiator structures can generate two frequencies and 
variations in the dimension of these radiators can shift the 
operating bands and can affect the return loss values. The 
effect of these parameters (W8, L3, L3 and LS) is displayed in 
figure 2(a), 2(b), 2(c), and 2(d) respectively. As evident from 
figure 2(a), the reflection coefficient varies with W8 and the 
second frequency band shifts slightly. This shows that 
variation in W8 shifts the second band from its center 
frequency. Similarly, variation in L3 affects the reflection 
coefficient of the first frequency band. When the length LS is 
varied from its optimal value then it shifts both bands slightly 
to the lower and upper side. It also affects the values of the 
reflection coefficients.  

 
(a)  

 
(b)  

 
(c)  

 
(d)  

FIGURE 2. Reflection coefficient variation with (a) W8 (b) L3 and (c) LS (d) W1 
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Variation in horizontal length W1 shifts the frequency of 
lower band from its center frequency. It also affects the 
values of reflection coefficients in both the bands. Figure 
2(d) shows that the suitable value (5.85 mm) provides 
desired frequencies with good return loss.   

C. Evolution of Proposed Antenna Element 

 
FIGURE 3. Evolution Steps of the Proposed Antenna 

 
FIGURE 4.  Return loss parameters of different design steps 

TABLE II. Simulation Results of the Design Evolution 
Step Fr (GHz) Operating Band 

(GHz) 
Return Loss (dB) at Fr 

Step-1 6.72 6.64-6.81 -13.97 
Step-2 4.72 4.36-5.22 -38.60 
Step-3 4.57, 6.31 4.36-4.79, 6.15-6.45 -29.29, -19.36 
Step-4 4.54, 5.8 4.36-4.70,5.60-5.96 -39.68, -41.11 

*Fr=Operating Frequency 

To achieve the desired operating frequencies, the electrical 
length increases in incremental order. The proposed antenna 
is developed in four steps, which are illustrated in figure 3, 
and the corresponding S-parameters of all four steps are 
shown in figure 4. Additionally, the simulated results of all 
four steps in terms of operating frequency and return loss are 

summarized in Table II. The design of the proposed antenna 
initiated by designing an L-shaped radiator on the top side of 
substrate which is encircled in figure 3 and a full ground on 
bottom side. 

 
FIGURE 5. Current distribution at (a) 4.54 GHz (b) 5.8 GHz  

This radiator fed with a 50 Ω microstrip line having vertical 
length of 5.3 mm and width of 2.75 mm. In this step, the 
antenna operates at 4.35-4.57 GHz frequency band. In step 
2, a rectangular slot of dimensions 12 mm×11.3 mm is etched 
in the ground plane. Additionally, ‘Г-shaped’ structure was 
added to the right side of feed line. This results in a better 
reflection coefficient for frequency band 4.36-5.22 GHz with 
center frequency of 4.72 GHz. The added structure increases 
the effective electrical length, but the slot in the ground plane 
results in a shift of the frequency to the lower side of the band 
(4.36-5.22 GHz). In step 3 of design process, another ⅂-
shaped structure was added to Г-shaped structure resulting in 
a hook-shaped structure. As a result, the antenna operates at 
4.36-4.80 GHz and 6.19-6.44 GHz frequency bands. The 
bandwidth of the lower band obtained in step 3 is reduced to 
4.36-4.8 GHz. Resonance frequency also shifts to 4.54 GHz. 
Finally, in step 4, another ‘Г-shaped structure with vertical 
stub of 0.5 mm is connected. Additionally, some of the 
parameters of the final antenna were adjusted to achieve the 
desired results in terms of return loss and operating 
frequency. Length of the ground plane was reduced to 21 
mm. the final antenna configuration was achieved through 
careful parametric analysis of radiator parameters, achieving 
dual band operation of 4.36-4.70 GHz and 5.60-5.96 GHz. 

It has been observed that different segments of the antenna 
are responsible for different frequencies. The simulated 
results of different design steps are summarized in Table II. 
The simulated results in terms of return loss are illustrated in 
figure 4. The S11 parameters of step 4 indicate that the 
antenna efficiently operates in two bands, i.e., 4.36-4.70 GHz 
and 5.60-5.96 GHz, which align with the desired results.  

The simulated surface current distribution of the antenna 
on both operating frequencies is shown in figure 5(a) and 
5(b). It was found that the maximum current distribution at 
4.54 GHz was concentrated near the feed line and horizontal 
strip connected to it. Additionally, the current was distributed 
to upper ‘┌’ shaped strip. Similarly for the second operating 
frequency of 5.8 GHz, the maximum current is concentrated 
on the upper strips, as shown in figure 5(b). A small current 
was also observed on the feed line. 
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D. Results of Single Antenna 
Figure 6 displays the fabricated prototype of the proposed 

antenna and the measurement setup for return loss using 
Keysight N9916A VNA.  

 
(a)                        (b)                                     (c)                              

FIGURE 6. (a) Fabricated prototype of single antenna element (a) Front View 
(b) Back View (c) Measurement setup 

 
FIGURE 7. Simulated and Measured S-parameter response of single antenna 
element 

The simulated and measured return loss parameters of the 
single antenna element are illustrated in figure 7. The small 
shift in the measured results could be possible because of 
soldering and fabrication process. The gain of the single 
antenna exceeds 3 dBi across both operating frequencies. At 
4.54 and 5.8 GHz, the gain is observed to be 3.3 dBi and 3 
dBi respectively. The gain plots for both operating 
frequencies are shown in figure 8. 

III. MIMO ANTENNA CONFIGURATION 

A. 2 Port Antenna Geometry 
In section 2, the analysis of a single antenna element is 
carried out and, in this section, the two identical antenna 
elements (as in step-4) are arranged in a mirrored-image 
manner to implement 2-port antenna. Both the antenna 
elements are placed side by side with a of distance of D 
between them. On the bottom side of the substrate, two 
ground planes are placed and connected using a rectangular 
strip of length D1.  2-Port antenna configuration is shown in 
figure 9. The fabricated prototype of the proposed antenna 
and the measurement setup on VNA are shown in figure 11. 
 

 
(a)  

 
(b)  

FIGURE 8. 3D Gain plot of single antenna element (Left side: at 4.54 GHz, 
Right side at 5.8 GHz) 

 
(a)                               (b)                                   (c)                                            

FIGURE 9. Geometry of 2-Port MIMO Antenna (a) Front View (b) Isolation 
Structure (c) Back View 

Results obtained in terms of isolation with unconnected 
ground are good, but unconnected ground planes limit its 
real-system applications because there must be a common 
path or reference plane between all ground planes without 
affecting the performance of each antenna element [17]. In 
the literature, various techniques have been proposed by 
researchers to achieve maximum isolation between antenna 
elements but in this design a unique structure is used to 
mitigate mutual coupling between two antenna elements 
which consists of a vertical strip of length I1 to which three 
horizontal strips are connected. This structure acts as a 
decoupler and supresses the surface currents that travel 
between the two antenna elements. The horizontal strips are 
placed at a gap of Ig. Without this structure, the antenna 
elements are not isolated efficiently which can be observed 
from figure 10(b). 
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(a) 

 
(b) 

FIGURE 10. (a) Simulated S- Parameters of the proposed 2-Port MIMO 
antenna (b) S-Parameters of Antenna without Isolation structure 

                                                                                                  
(a)                                     (b)                             (c)  

FIGURE 11. Fabricated Prototype of the MIMO Antenna (a) Front View (b) 
Bottom View 

The mutual coupling can also be analyzed by current 
distribution shown in figure 12 at 4.54 GHz and 5.8 GHz 
with port 1 excited 1 and port 2 matched to a 50Ω load 
impedance. From current distribution, it is evident that the 
current is distributed maximum at port 1. Similarly, when 
port 2 is excited, the maximum current is distributed at port 
2. This ensures that both the antenna elements are isolated 
from each other efficiently which is also verified by the 
simulated S11 and S12 plots in figure 13.  
 

TABLE III. Comparison of Single and 2-element Antenna 
Parameters Single Element Antenna 2-Port MIMO 

Antenna 
Frequency Range 
(GHz) 

4.36-4.70,  
5.60-5.96 

4.40-4.73, 
5.58-5.92 

Bandwidth  340 MHz, 360 MHz 330, 340 
% Bandwidth 7.50%, 6.22% 7.22%, 6% 
Max. Gain (dBi) 3.3, 3.0 3.76, 3.26 

 

 
(a)  

 
(b)  

FIGURE 12. Current distribution of MIMO antenna at (a) 4.54 and (b) 5.8 GHz 
when port 1 is excited 

Parameters of MIMO antenna are:- W=45 mm, L=22, 
D=3.6 mm, I1=14 mm, I2=12 mm, I3=2 mm, I4=8mm, I5=1.6 
mm, Ig=1.8 mm, S=1.5 mm, H=1 mm, D1= 11mm. 
The simulated and measured S11 and S12 of the antenna are 
shown in figure 13(b) which clearly indicates that the 
isolation within the frequency band 4.36-4.70 GHz and 5.60-
5.96 GHz is more than 20 dB. 

B. RESULTS AND DISCUSSION 
i.Reflection and Transmission Coefficients 

The simulated and measured S-parameters (Sii, Sij and Sji) of 
the dual band 2-port antenna are plotted in figure 13. The 
simulated and measured -10 dB bandwidths for lower band 
are 340 MHz and 360 MHz. The simulated S11 for the first 
band is -30.04 dB and for the second band, it is -25.37 dB. 
The measured S11 values are -22.16 dB and -21.71 dB for the 
first and second bands, respectively. The measured S22 values 
are -25.60 and -22.43 dB for the frequencies 4.54 and 5.8 
GHz, respectively. Slight difference is observed between 
simulated and measured S11 which is possible due to several 
losses such as copper and connector losses as well as error in 
fabrication.  
From figure 13(b) it can be observed that the isolation 
between the two mirrored antenna elements is greater than 
27 dB in the first band and greater than 20 dB in the second 
band.  
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(a)  

 
(b) 

FIGURE 13. Simulated and measured (a) reflection and (b) transmission 
coefficients 

Figure 14 illustrates the simulated and measured gain and 
radiation efficiency of the proposed MIMO antenna. The 
maximum gain obtained is 3.76 and 3.26 dBi at 4.54 and 5.8 
GHz respectively. Figure 14 (b) shows the radiation 
efficiency of the Proposed antenna which is mostly above 
68% in the first band and 75% in the second band.   

ii.Radiation Performance 
The measurement setup for measuring the radiation pattern 
is given in figure 15. Simulated and measured co-polar and 
cross polarization radiation patterns of both H-plane and E-
plane are plotted in figure 16. If the orientation of receiver 
and transmitter antennas is same, then co-polar plots are 
observed, and cross polar plots are observed if the receiver 
and transmitter antennas are not in the same plane.    

Proposed antenna is oriented in the XY plane, so the 
direction of radiation is along the Z-axis. In this 
configuration, ɸ=0⁰ corresponds to the XOZ plane and 
ɸ=90⁰ corresponds to YOZ plane. The radiation pattern of 
the antenna in ɸ=0⁰ and ɸ=90⁰ planes is illustrated in figure 
16. According to figure 16(a), for ɸ=0⁰, at 4.54 and 5.8 GHz, 
the radiation pattern is omnidirectional and cross polarization 
is lower than co polarization which is an essential condition 
for ensuring that the antenna performs as intended. 
 

 
(a)  

 
(b)  

FIGURE 14. Simulated and Measured (a) Gain (b) Radiation Efficiency of 2-
Port MIMO Antenna 

 
FIGURE 15. Radiation Pattern Measurement Setup 

The antenna maintains low cross polarization, which is 
suitable in wireless applications that require wide coverage. 
For ɸ=90⁰, the radiation pattern is nearly bidirectional or 
shows a figure-eight shaped distribution and also the cross 
polarization is low, indicating the polarization purity as 
shown in figure 16(b). Thus, the omnidirectional pattern in 
the E-plane and the figure-eight shaped pattern in the H-
plane are suitable for applications where broad coverage and 
reduced cross polarization are required. 
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(a)                                              

 
(b) 

FIGURE 16. Simulated and measured co-pol and cross-pol radiation patterns 
of the MIMO antenna 4.54 GHz (b) 5.8 GHz 

IV. MIMO PERFORMANCE PARAMETERS  
When more than one antenna element is used, it is essential 
to analyze their diversity characteristics. This section 
evaluates and explains the diversity characteristics of the 
MIMO antenna which include the envelope correlation 
coefficient (ECC), diversity gain (DG) channel capacity loss 
(CCL), and mean effective gain (MEG), all of which are 
evaluated from simulated and measured S-parameters. 
Equations given in the literature are used to obtain these 
parameters. 

A. ECC and DG 
ECC helps quantify the channel quality by ensuring higher 
isolation with a lower ECC value. It shows how the emission 
from one antenna affects the others. Ideally the standard 
value of ECC is 0 but for 0.5 is acceptable value for practical 
applications [22]. The ECC value for the proposed antenna 
arrangement is <0.01 across both operating bands. ECC can 
be calculated from the scattering parameters using Equation 
(6) [18]. 

𝐸𝐶𝐶 =	 |I::∗ I:BKIB:∗ IBB|
(6M|I::|BM|IB:|B)(6M|IBB|BM|I:B|B

                                          (6) 

Diversity gain (dB) can be obtained from ECC as ECC and 
DG are related to each other, as given in Equation (7). A 
diversity gain Value close to 10 dB is the threshold for better 
performance of the MIMO system. According to the 

literature, the DG (dB) should be equal to or nearly equal to 
10 dB across the operating frequencies.  

 
FIGURE 17. ECC and Diversity Gain (DG) of the Proposed  

𝐷𝐺 = 10 × )1 − |𝐸𝐶𝐶|                                                 (7) 
The diversity gain in the lower frequency band (4.36-4.70 
GHz) is approximately 10 dB, fluctuating by only 0.001 dB, 
remains constant at 10 dB across the second band (5.60-5.96 
GHz). These diversity parameters are obtained by exciting 
port 1 while keeping the second port connected with a 50Ω 
load impedance. The simulated ECC and DG (dB) calculated 
by using HFSS, along with the measured ECC and DG 
calculated from scattering parameters are plotted on the same 
graph, as displayed in figure 17. Both simulated and 
measured values of ECC and DG are within the acceptable 
range across both operating bands. 
 
B. CCL, MEG and TARC 
Channel capacity loss (CCL) is a critical parameter of MIMO 
antennas and following the literature, standard value for CCL 
is 0.4 bps/Hz [20]. For the proposed antenna, the CCL is 
found to be less than 0.2 bps/Hz across both the operating 
bands. The CCL of the MIMO antenna can be evaluated by 
using equation (8) [12] and the simulated and calculated CCL 
values, as shown in figure 18 are within the specified range. 

𝐶𝐶𝐿 = 	−𝑙𝑜𝑔	(|𝛼W|)                                                              (8) 

Where           𝛼W = X
𝛼66 𝛼6A
𝛼A6 𝛼AAY  

𝛼ZZ = 	 (1 − |𝑆66|A − |𝑆A6|A) and 𝛼Z\ = −]𝑆ZZ∗𝑆Z\ + 𝑆\Z∗𝑆\\^  

for i, j=1 or 2 

Another key parameter of a MIMO antenna is mean effective 
gain (MEG). Basically, it represents the gain performance of 
the MIMO antenna. In a fading environment, MEG 
represents the power received by the diversity antenna 
relative to the power received by an isotropic antenna [19]. 
The simulated and measured MEG between the two antenna 
elements at the operating frequency is nearly -3 dB indicating 
that the proposed antenna is suitable for the intended 
application. The ratio of MEG1 and MEG2 is also close to 0 
dB, as shown in figure 19. 
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FIGURE 18. Simulated and Measured CCL of the Proposed Antenna 
 

 
FIGURE 19. Mean Effective Gain of the MIMO Antenna 
 

The MEG can be evaluated using the following equation 
can be used: 

𝑀𝐸𝐺6 = 0.5[1− |𝑆66|A − |𝑆6A|A]                                 (9) 

𝑀𝐸𝐺A = 0.5[1 − |𝑆6A|A − |𝑆AA|A]                                (10) 

The degree of coupling and independence between two 
channels can be defined by TARC (Total Active Reflection 
Coefficient). It indicates overall reflection performance of a 
MIMO antenna. The standard value of TARC lies between 0 
and 1 [4].  A value of 0 indicates that all the power is 
transmitted and 1 specifies that all the power is either 
reflected or diverted to other ports. A lower value of TARC 
indicates the better impedance matching.  

TABLE IV. Summary of Diversity Performance of the MIMO Antenna 

Operating 
Frequency 

(GHz) 

Parameters 
ECC DG 

(dB) 
MEG1, 
MEG2 

(dB) 

MEG1-
MEG2 
(dB) 

CCL 
(b/s/Hz) 

4.54 Sim. 0.00012 9.97 3.12, 
3.10 

0.1270 0.1343 

Meas. 0.00015 9.95 3.23, 
3.36 

0.1308 0.1926 

5.8 Sim. 0.0002 9.95 3.20, 
3.11 

0.0364 0.0477 

Meas. 0.00024 9.96 3.09, 
3.07 

0.0125 0.0562 

 

 
FIGURE 20. Simulated TARC of the Proposed Antenna 

Figure 20 illustrates the simulated and measured TARC and 
it is observed to be below 0.3 in both operational bands. The 
simulated and calculated parameters, such as ECC, DG, 
MEG, and CCL of the MIMO antenna are summarized in 
Table IV. 
 
C. Performance Comparison with Other Dual-band 

Antennas: 
The proposed MIMO antenna is compared with previously 
designed antennas reported in literature in terms of size, 
bandwidth, gain and their limitations as summarized in table 
V.  

TABLE V. Comparison with Existing 2-Port MIMO Antennas 

Ref.  Dimensions 
(No. of Ports) 

Band 
(GHz)  

Max. 
Gain 
(dBi) 

ECC 
and 
DG 

 
CCL and 

MEG 
2 30×26 mm2 

(2-Port) 
Dual Band, 

3.2-3.8, 
5.7-6.2 

2.8 0.03, 
>9.8 

Not 
Given 

5 23.5×83 mm2 
(2- Port) 

70.5×83 mm2 
(4-Port) 

Multiband  NA <0.001, 
~10 

<0.4,  
<-3 dB 

6 34×20 mm2 
(2-Port) 

Multiband  2.9 <0.02, 
9.99 

~0.2, NA 

7 106.6×106.6 
mm2 (4-Port) 

3-band 4.3 <0.01, 
>9.98 

NA, <3 
dB 

9 20×31.5 mm2 
(2 Port) 

Single band 
(3.25-3.85) 

NA 0.011, 
10 

0.3016, 
0.48 

18 120×120 mm2 
(2 Port) 

Dual Band 
4.23-4.55, 
6.30-10.22 

5.73 0.001, 
9.99 

Not 
Given 

22 60×44 mm2 
(4-Port) 

Single band 
5-6.60 

8 0.05, 
9.7 

NA 

23 45×30 mm2 

(2-Port) 
Dual band 
2.40-2.57, 
3.85-6.96 

2.65 0.02, 
9.98 

NA 

Prop. 
Work 

22×45 mm2 
(2 Port) 

Dual Band 
4.36-4.70, 
5.60-5.96 

3.7 0.0001, 
~10 

<0.1, ~3 
dB 

 
Previously reported antennas occupied large area, exhibited 
small bandwidth and low gain. Although, the antenna in [6] 
is smaller in size than the proposed antenna but the gain is 
low and the isolation across two operating bands is less than 
15 dB. Additionally, in most of the antennas the ground 
planes are not connected to each other, which limits their real 
system applications. The proposed antenna exhibits small 
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dimensions, sufficient gain, and grounds planes are 
connected due to which the antenna is useful for real systems 
applications. 

V. CONCLUSION 
A dual-band 2-port MIMO antenna of compact size has been 
designed, fabricated and analyzed in this study that operates 
at 4.36-4.70 GHz and 5.60-5.96 GHz frequency bands. An 
impedance bandwidth of 340 MHz and 360 MHz has been 
achieved for the two bands. The simulated and measured 
results are in good agreement for the desired frequency 
bands. A novel decoupling structure has been designed and 
used to improve the isolation between antenna elements at 
both the frequency bands additionally, the ground planes are 
connected. All the diversity parameters such as ECC, DG, 
CCL, TARC and MEG are evaluated, and all are within the 
acceptable range which satisfying all the requirements of a 
MIMO antenna and ensuring the suitability of the proposed 
antenna for different wireless applications, including Wi-Fi, 
mid band 5G, Vehicle-to-everything (V2X) communication 
and remote sensing. The proposed antenna can be extended 
to 4 or more ports in the future to enhance its diversity 
performance. Additionally, the antenna can be integrated 
with more efficient frequency selective surface (FSS), which 
can improve the gain and other parameters.  
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