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ABSTRACT This paper presents a compact, uni-planer wide bandMultiple-Input-Multiple-Output (MIMO)

antenna. The designed antenna array has a compact size of (26mm x 31mm) covering a wide frequency band

from 3.1GHz - 11GHz. A partial ground plane shared by two radiating patches is used. A ground stub and

a single column Electromagnetic Bandgap (EBG) structure in between the two radiating patches results in

very low mutual coupling in the designed antenna. The proposed MIMO-antenna was evaluated through

different performance metric indicators like channel capacity loss, far-field radiation pattern, S-parameters,

envelope correlation coefficient, peak gain, diversity-gain and radiation efficiency. Our designed MIMO

antenna has a very high isolation amongst the MIMO antennas (S21 < −25dB), a high Diversity-Gain (DG

> 9.995 dB), a very low Envelope Co-relation Coefficient of (ECC< 0.001) and lowChannel-Capacity-Loss

(CCL < 0.1bits/s/Hz). The said antenna has an average radiation efficiency of 85.5% and a peak gain of

(5.67dB) within the ultra-wideband (UWB) spectrum. A 0.8mm thick FR-4 substrate is used to fabricate the

MIMO-antenna and tested in an anechoic chamber. The measured results closely match with the simulated

results.

INDEX TERMS Channel capacity loss, electromagnetic band gap, envelope correlation coefficient, multiple

input multiple output (MIMO), ultra wide band (UWB).

I. INTRODUCTION

Wideband antenna systems have got much consideration for

use in recent wireless and mobile communications because

of their high data-carrying capabilities, ease of fabrication,

and cost-efficiency [1]. The Federal Communication Com-

mission (FCC), in 2002 has reserved the frequency range

of 3.1GHz to 10.6GHz for UWB applications. Due to its

low transmission power and wide spectrum, UWB has many

advantages: low power consumption and high immunity to

signal interference. However, the efficiency and reliability of

a UWB system is significantly affected by multi-path fading.

To overcome this problem and enhance the UWB system

performance, the MIMO technique has been introduced [2].

MIMO is a very efficient and reliable technique for modern

wireless communication systems such as WLAN, 4G, and
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5G communications. Since the MIMO technique involves

multiple antennas that require more space for its implemen-

tation, the requirement of a compact MIMO structure has

significantly increased for aesthetic and space saving reasons

at both the mobile terminal and the base station [3].

Mutual coupling between individual radiating antennas is

the main drawback with MIMO antenna systems which is

dependent upon relative positions of the antenna elements

i.e. the spacing between the elements. Therefore, an essential

area of research is to minimize the mutual coupling in the

design of a MIMO system [4]. Space radiation and surface

waves are the two main causes of mutual coupling in an

antenna array [5]. Various techniques have been proposed

in the literature for the reduction of mutual coupling. For

example, two parallel coupled-line resonators (PCRs) were

used to increase the isolation in planar micro-strip patch

antenna arrays [6]. In [7] both the causes of mutual coupling

have been attempted. Frequency Selective Surface (FSS) wall

40972 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
VOLUME 9, 2021

https://orcid.org/0000-0001-9038-915X
https://orcid.org/0000-0002-1031-4471
https://orcid.org/0000-0001-6072-6653
https://orcid.org/0000-0001-6664-5483


A. Khan et al.: Mutual Coupling Reduction Using Ground Stub and EBG in Compact Wideband MIMO-Antenna

was inserted initially for suppressing the free space radiation

among the Dielectric Resonator Antennas (DRAs). Further,

the surface current was reduced by etching two different

sized slots in the common ground plane, which was behaving

like an LC resonator. The combination of FSS wall and the

slots result in a very low mutual coupling of -30 dB. A new

low pass filter with a wide stop-band made up of a Cross

Shape Defected Ground Structure (CSDGS) was presented

in [8], attaining a 20-dB isolation for the frequency range

of 4.25–15.9 GHz. Another method proposed for reducing

mutual coupling is using a complementary split-ring res-

onator (CSRR) at 25 GHz frequency [5], achieving -55dB

isolation between the array elements.

A detailed study was presented in which different shapes

of EBGs like square, triangular, circular, and hexagonal were

discussed and their performances were analyzed [9]. It was

noted that as long as the area of different shapes of EBGs

remains identical, their performance remains similar. Mush-

room type structure having vias between the ground plane and

the patch can reduce mutual coupling between array elements

if placed in between or surrounded by antenna elements [8].

Uni-planer compact EBG structures without vias that are easy

to fabricate are also being used for increasing isolation among

array elements [10], [11].Similarly, a Uni-planer Compact

EBG (UC-EBG) gives high isolation between the antenna

elements if used in combination with cross-shaped slots in the

ground plane [12]. In [13], the Defected-Ground-Structure

(DGS) is utilized for achieving a wide stop-band and decreas-

ing the size of EBG elements. Similarly, a combination of

tapered EBG and CSRR has also been used in [14] for obtain-

ing a wide stop-band. Another tapered EBG and tapered DGS

combination has been used in [15] to achieve a wide stop

band.

A multi-period EBG structure can result in a broader stop-

band than a single-period EBG. This technique combines

the band gaps of two different period EBG structures by

cascading them together and thus achieving a wider stop-

band. The resulting multi-period EBG structure made by this

method will remain uni-planer and thus attract filter design-

ers [16].Another small size UWB MIMO antenna with the

dimensions of 25 × 25 ×1.6 mm3, having cross shaped iso-

lated ground stub and operating in 2.97-13.8GHz frequency

band, is presented in [17]. The antenna has a high isolation

(S21 < −15 dB), low ECC (< 0.05) and a high diversity gain

(DG > 9.97).

Another highly isolated UWBMIMO antenna with a novel

shape and smaller size of 50 × 30 mm2 and having good

diversity performance is presented in [1]. A stub similar

to the shape of the letter ‘‘F’’ was inserted in the ground

plane resulting in reduced mutual coupling among the two

radiating patches. The presented MIMO antenna gives lower

(ECC < 0.04), very high isolation of (S21 < −20dB), high

peak gain, and higher diversity-gain (DG >7.4dB) for the

whole UWB band.

This paper presents the design of a novel compact MIMO

antenna, operating in the UWB band with a much lower

FIGURE 1. Proposed MIMO antenna.

mutual coupling (S12/S21 < −25dB) among its constituent

patch antennas. The proposed design comprises two identical

rectangular patch antennas with transmission line feed and

having an inter-element spacing of 8mm. A combination of

ground stub in bottom layer and an EBG structure in between

the two rectangular patches in the top layer were used,

resulting in very low mutual coupling among the two radi-

ating patches. This antenna works in a wide frequency band

of 3.1 to 11GHz and hence is a suitable candidate for use in

WLAN, 5G (sub 6 GHz band), and satellite communications.

The fabricated antenna has been tested for various parameters

such as scattering parameters and radiation patterns, and a

close resemblance is observed in experimental and simulated

results.

II. ANTENNA DESIGN

Figure 1 shows the proposed MIMO antenna geometry.

It consists of two identical rectangular patch antenna elements

printed on a 26mm x 31mm and 0.8mm thick FR-4 substrate

having a dielectric constant of 4.3. An inset feed-line is used

for both the patch antennas to match with 50� characteristic

line impedance. The feed line and two rectangular antennas

are made on the top layer, whereas the ground plane, which is

also shared between the two antennas, is made on the bottom

layer of FR-4. There is only 8mm inter-element spacing

between the two antennas, resulting in an overall compact

design. The isolation between MIMO antenna elements is

directly proportional to the separation between the antenna

elements. Therefore, increasing the separation of the mutual

coupling would reduce evenmore, but as one of the objectives

of this research work is to design a compact MIMO antenna,

increasing separation between the elements will increase the

overall size of our antenna. Conversely, decreasing the sep-

aration further between the elements will increase mutual

coupling, which is also against our primary objective of

reducing it. It will also make it difficult to accommodate the

EBG element in between the antenna elements. Therefore,

8mm separation is the optimized value for achieving both our

objectives (compact size and lowmutual coupling). A ground

stub of width ‘ws’ and an EBG structure between the two

rectangular patches on the top layer are used to reduce mutual
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TABLE 1. Optimized parametric dimensions for designed MIMO antenna.

FIGURE 2. Modifications in the designed MIMO-antenna.

coupling among the two rectangular patches. Optimized para-

metric values for the proposed MIMO antenna are listed

in Table-1.

The lower resonance frequency fr of a rectangular

microstrip patch antenna is calculated using equation 1 [18].

fr =
144

lg+ l1 + gp+ w

2π
√
1+εr

+ w1

2π
√
1+εr

GHz (1)

The planar microstrip antenna is designed as per the above

formula (1). Here ‘‘lg’’ represents the length of a ground

plane, ‘‘l1’’ represents length of patch element and ‘‘gp’’

represents the separation gap between the ground plane

and that of patch element. ‘‘w’’ and ‘‘w1’’ represent the

width of the substrate and that of the patch element, respec-

tively. By using values for the above parameters as given

in Table-1, the calculated lower resonance frequency fr is

7.25GHz, which is in agreement with the simulated resonance

frequency of the microstrip antenna, as shown in Figure 3 (for

antenna 1).

Figure 2 shows the evolution steps in the design process.

Initially, only two identical rectangular patches were used

with a shared partial ground plane (Antenna1) and analyzed

for the desired results. Then a stub was introduced in the

ground plane (Antenna2).

In the final step, an EBG column was inserted in between

the two radiating elements (Antenna3) and tested for MIMO

performances. Figure 3 shows the reflection and the trans-

mission coefficients for Antenna1, Antenna2, and Antenna3,

respectively. A low impedance bandwidth for antenna 1 gets

improved in antennas 2 and 3, as shown in Figure 3 (i).

The small value of mutual-coupling among MIMO-

antennas is always desirable for improved MIMO perfor-

mances. Figure 3 shows a clear comparison of the coupling

FIGURE 3. S-parameters (simulated), to demonstrate the effect of
modifications (i) S11 (ii) S21.

level between all three antennas. Antenna1, having only a

partial ground plane, shows a very high mutual coupling and

is not a good choice for MIMO applications. In Antenna2,

with the addition of a ground stub, the mutual coupling is

decreased as compared to Antenan1. A further reduction in

mutual coupling is observed with the addition of an EBG

column between the two radiating elements (Antenna3).

A. EBG DESIGN AND ANALYSIS

Figure 4 shows evolutionary steps in the design of EBG

structure. Initially, smaller unit cells of rectangular shapes

are used in a vertical column with a period of a = 5mm

(Figure 4 EBG-a), then a vertical strip is added, connecting

all the unit cells in the middle (Figure 4 EBG-b) and finally,

a vertical slot was created in that strip making it a single EBG

column (Figure 4 EBG-c). The stepwise design of EBG (a, b,

and c) was also analyzed for its frequency band rejection and

was plotted as shown in Figure 4. The chosen EBG structure

is simple, uni-planer (without having vias), and having small

size, fulfilling our objective of a compact sizeMIMO antenna

design.

The EBG was tested for its frequency rejection band using

suspended transmission line analysis [19]. Figure 5 shows the

effect of the number of EBG columns on the frequency band

rejection and hence isolation between MIMO antennas. For

this purpose, single, three, and five columns EBG were used

and analyzed. The results showed an increase in isolationwith
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FIGURE 4. Steps in design of EBG.

FIGURE 5. Effect of No. of EBG columns on Mutual coupling.

increasing the number of EBG columns, but in this paper,

only a single column EBG has been used in order to achieve

a more compact design.

The surface current distribution at different frequencies for

all three antennas within the wide operating frequency band

was analyzed. Figure 6 shows the current distribution plot

for the three antennas at 3.89 GHz, 4.61GHz, 6.27GHZ and

9GHz when only port 1 of MIMO-antenna is excited. The

color ramp in Figure 6 shows the intensity of surface /coupled

current, where the red color shows the maximum intensity

and the blue color shows theminimum current intensity. It can

be clearly observed that in Antenna1, the coupled current

for other radiator is very high. After the addition of the

ground stub (Antenna2), the mutual coupling gets reduced.

In Figure 6, it can be clearly observed that in Antenna3,

when both the ground stub and EBG are used, the coupled

current with the other radiator gets further reduced. There-

fore, the mutual-coupling for the proposed MIMO-antenna

(Antenna 3) is further reduced for all the given frequencies.

A parametric analysis is performed by varying the width

‘‘ws’’ of the ground stub for obtaining the optimized val-

ues; the results are shown in Figure 7. It can be seen

in Figure 7 that keeping ws = 6 mm gives better results for

reflection coefficient (S11) as well as isolation (S21).

FIGURE 6. Surface currents (a) at 3.86 (b) at 4.61 (c) at 6.27 (d) at 9 GHz.

FIGURE 7. Effect of variation in width ‘ws’ of stub on (i) S11 (ii) S21.

III. RESULTS AND DISCUSSION

The proposed antenna was simulated and parameterized for

optimized performance in CST. The optimized design was
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FIGURE 8. Photograph of fabricated MIMO antenna, top view (right) and
bottom view (left).

FIGURE 9. Scattering parameters (Measured & simulated) of proposed
MIMO-antenna (i) S11/S22 (ii) S21/ S12.

then fabricated to assess its measured performance. Picture

of fabricated MIMO antenna is presented in Figure 8.

A. REFLECTION AND TRANSMISSION COEFFICIENTS

The fabricated antenna was tested for scattering parameters

using a Network Analyzer. Figure 9 shows the plot of mea-

sured & simulated S parameters of the proposed design for

comparison, indicating a good agreement with each other.

The reflection coefficient (S11/S22 < −10dB) and the trans-

mission coefficient (S21/S12 < −25dB) indicate acceptable

impedance matching and improved mutual coupling reduc-

tion within the entire UWB band (3.1 GHz to 10.6GHz).

FIGURE 10. Proposed MIMO antenna testing for radiation pattern in
anechoic chamber.

Small deviances among measured & simulated results are

credited to the manufacturing /connections tolerance during

the fabrication process.

B. RADIATION PATTERN

The designed MIMO antenna after fabrication was tested

in an Anechoic chamber for radiation characteristics at dif-

ferent frequencies. Figure 10 shows the measurement setup

inside the anechoic chamber for measuring radiation patterns.

Measured and calculated radiation patterns are represented

in Figure 11, showing azimuth plane (Left) as well as eleva-

tion plane (right) at 4, 7, and 10 GHz frequencies.

The experimental results for radiation pattern were

obtained by exciting one of the ports (radiating element)

while the other port was terminated with 50� load. An overall

decent agreement is seen between the measured & simulated

radiation patterns. Small disagreements between measured

and simulated patterns are due to the constraints in the exper-

imental setup, probable reflections from the terminated port

and connector losses. It can be noted in Figure 11 that the pat-

tern retains its shape in the elevation plane for all frequencies

while the pattern shape changes slightly at higher frequencies

in the azimuth plane.

C. ENVELOP CORRELATION COEFFICIENT

Envelop co-relation co-efficient is an essential parameter

for the assessment of diversity performance of any MIMO

antenna. There are mainly two methods used for calculating

the ECC, one is based on the far-field pattern, which is very

time-consuming and involves complex calculations, and the

other one is from the scattering parameters of the antenna,

which is a comparatively easy method. Therefore, the second

method is adopted for calculating the ECC of the proposed

antenna, as in [20].

ECC =
∣

∣S
∗
11
S12 + S

∗
21
S22

∣

∣

2

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

Ideally, the ECC should be 0 for an un-correlated MIMO

antenna. However, the tolerable value is less than 0.5 for

the actual MIMO antenna [21]. The proposed antenna has a
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FIGURE 11. Simulation (——) & Measurements (- - - -) results for
Radiation-Pattern at 4, 7 & 10GHz.

computed ECC value of < 0.001 within its entire operating

band, as displayed in Figure 12. Also, the simulated and

measured ECC values are in close agreement. Hence the pro-

posed compact MIMO antenna with such a small correlation

between two antenna ports represents an excellent diversity

performance.

D. DIVERSITY GAIN

Another significantMIMO performance indicator is diversity

gain which can be calculated using the formula:

DG = 10∗
√

(1 − ECC2) (3)

Diversity gain should be close to 10dB for satisfactory oper-

ation of MIMO antenna [21]. The plot of simulated and mea-

sured Diversity gain of the designed antenna matches well

and is greater than 9.995 for the whole operating frequency

band, as shown in Figure12.

Gain (simulated and measured) and efficiency plot is

shown in Figure 13 for the proposed design, showing

a 5.67dB peak gain and an average radiation efficiency

of 85.5% for the UWB band of operation.

FIGURE 12. ECC of designed MIMO-antenna.

FIGURE 13. Peak Gain & Efficiencies for designed MIMO antenna.

E. CHANNEL CAPACITY LOSS (CCL)

The capacity of MIMO system increases with an increase in

the count of antennas. However, the channel capacity losses

also increase with it because of addition of correlation factor

between the MIMO antenna elements. CCL value can be

computed from equation (4), and it must be smaller then

0.4(bits/s/Hz) in order to achieve better MIMO diversity

performance [29].

CCL = −log2
[

det
(

9R
)]

(4)

Here 9R is a 2× 2 co-relation matrix in terms of S- parame-

ters, which may be written as:

9R =
[

ϕ11 ϕ12

ϕ21 ϕ22

]

, and

ϕ11 = 1 − ( |S11|2 + |S12|2)
ϕ22 = 1 − (|S22|2 + |S21|2)
ϕ12 = S∗

11S12 + S∗
21S12

ϕ12 = S∗
22S21 + S∗

12S21

Figure 14 shows the calculated value of channel capacity

loss which is well below 0.1(bits/s/Hz) for the entire oper-

ating band. Therefore, the proposed antenna has an excellent

MIMO diversity performance.

F. PERFORMANCE COMPARISON

The designed MIMO antenna is compared for different per-

formance metrics with recent related work published in
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TABLE 2. Performance comparison with related published work.

FIGURE 14. Channel Capacity Loss for proposed MIMO Antenna.

the literature as listed in Table2. The comparison is made

based on channel capacity loss, area (size) of the antenna,

the operating bandwidth, isolation level, peak gain, ECC, and

diversity-gain. The proposed MIMO antenna achieves better

isolation with a compact size, and therefore, it could be a

suitable applicant for MIMO system applications.

IV. CONCLUSION

This paper proposes a compact size (26mm× 31mm)MIMO

antenna for the UWB band with a very low mutual coupling

(S21/12 < −25dB) within the whole operating band. The

proposed technique uses a stub in the ground plane and

a single column EBG structure between two rectangular

patches. A peak gain of 5.67dB and 85.5% average radiation

efficiency within UWB-band was obtained. After fabrication,

the designed MIMO antenna was verified for S-parameters

and radiation performance in an anechoic chamber. The mea-

sured results were in close agreement with simulated results,

and the antenna has shown very decent MIMO diversity

performance. A high diversity-gain (DG > 9.995), very low

ECC < 0.001, and low channel capacity loss

(CCL< 0.1bits/s/Hz) makes the designed MIMO antenna a

suitable candidate for MIMO applications in the UWB band.
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