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ABSTRACT A compact quad-port Multiple-Input-Multiple-Output (MIMO) antenna with an electrical
dimension of 0.28λ0×0.28λ0 and impedance bandwidth of 5.03GHz (2.42-7.45GHz) is proposed. By com-
bining a tapered feed line and stubs in the ground plane, which serve as open circuit stubs and whose
dimensions are properly tuned to compensate for the antenna’s input impedance, as the inductance and
capacitance values are dependent on it, the bandwidth and isolation are improved. The MIMO antenna
has a 15dB average isolation and a group delay < 1nsec. In terms of the envelop correlation coefficient
(ECC), diversity gain (DG), mean effective gain (MEG), and total active reflection coefficient (TARC), the
proposed antenna’s diversity performance characteristics are investigated, and the obtained values are 0.004,
9.99dB, ±3dB, -10dB respectively. Further the channel capacity of the MIMO antenna is also calculated.
The maximum channel capacity of the four elements is 21.34bits/sec./Hz. Equivalent circuit of the proposed
MIMO is discussed in this article and S-parameter has been compared with simulated results and found
good agreement between simulated and circuit results. A prototype was created to compare the calculated
parameters with the measured ones to validate the suggested design. In addition, the scattering matrix, which
includes the reflection coefficient (S11) and transmission coefficient (S21) between two elements, and other
antenna parameters are all advantageous for applications in the Bluetooth (2.400-2.483GHz), ISM band
(2.40-2.483GHz, 5.725-5.850GHz), WLAN/Wi-Fi, and 5G (sub-6GHz) bands.

INDEX TERMS MIMO antenna, 5G communication, channel capacity, isolation, mean effective gain
(MEG), sub-6 GHz.

I. INTRODUCTION
It is critical in today’s mobile communication environment
to attain better data rates, capacity, and low latency. Fifth
generation (5G) mobile communication has been imple-
mented globally to attain the benefit [1], [2]. It has been
demonstrated [3], [4], [5] that the MIMO antenna system
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should be used to boost information throughput for 5G oper-
ations. Because of the small size of the mobile terminal,
achieving improved MIMO antenna system performance in
terms of mutual coupling and ECC becomes a difficulty.
The fundamental techniques for improving isolation and
reducing interference in multi-antenna systems [6], [7], [8]
typically include electromagnetic bandgap (EBG) architec-
tures [9], [10], defected ground structure (DGS) [11], neu-
tralization lines, engraved parasitic elements, metasurfaces
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(MTS) [12] and metamaterials (MTM) [13]. Mutual coupling
can bemanipulated using these ways by weakening, resisting,
or lowering the surface current flow [14].
In the literature, several MIMO antennas [15], [16],

[17], [18], [19], [20], [21], [22], [23], [24], [25] have
been designed for multiple wireless applications. Small size
broadband circularly polarized (CP) two-element MIMO
slot antenna was proposed in [15]. The antenna obtained
a bandwidth of 3.17-17.39GHz with an electrical dimen-
sion of 0.42λ0×0.22 λ0mm2. Four element MIMO antenna
with a bandwidth of 1.66-2.17GHz was proposed for
LTE application [16]. The dimension of the antenna was
0.38λ0×0.54 λ0mm2with isolation > 12dB at a lower fre-
quency of 1.66GHz. In [17], a four-port rectangular radiator
was proposed for 5.7GHz wireless applications. Isolation of
more than 13dB was achieved without using a decoupling
structure. A four-port MIMO antenna for 2.4GHz Wi-Fi
applications was discussed in [18]. A decoupling structure
was used to improve mutual coupling. The electrical dimen-
sion of proposed structure was 0.56λ0×0.56 λ0mm2and iso-
lation > 13dB. In [19], a wide-band MIMO antenna was
proposed for Wi-Fi-LTE, wireless access point (WAP) appli-
cation with an impedance bandwidth of 0.6GHz. The pro-
posed antenna had two common elements with an L-corner
ground plane. In [20], a compact WLAN band rejection
MIMO antenna was proposed with four ports and a com-
mon ground plane and has an electrical dimension of
0.45λ0×0.36 λ0mm2with ECC of 0.002. A four-port MIMO
antenna system with a frequency range of 3.2–5.75 GHz has
been proposed for use in 5G new radio (NR) sub-6 GHz
WLAN applications [21]. The antenna elements are orthog-
onally oriented to each other with spacing of 0.3λ0 between
elements. Ultra-wideband MIMO antenna based on the com-
pact coplanar waveguide (CPW) method was presented
in [22]. The suggested MIMO antenna design has four
jug-shaped radiating elements to make it ultra-wideband.
Four orthogonally positioned antenna elements were used
to realise the polarisation diversity phenomena. [23] intro-
duced a miniature circularly polarised MIMO antenna for
wearable biotelemetric systems. Four elements make up the
proposedMIMO antenna, which are arranged orthogonally to
one another. A two-element slotted octagon-shaped antenna
for 5G applications that operates in the sub-6 GHz spectrum
(3.1-4.5 GHz) was discussed in [24]. To reduce mutual
coupling between MIMO antennas, a T-formed isolation
structure is positioned at a ground plane. A small, three
Sub-6 GHz 5G band, four element MIMO antenna has been
proposed in [25]. With the coupled ground at the back,
the four element MIMO antenna obtains a symmetric struc-
ture on top. The suggested FR-4-based device operates in
the frequency bands of 3.72–6.46 GHz with a tiny size of
0.39λ20(f0 = 3.72 GHz) and requires no additional isolation
element.

Contributions- The main contributions of this work are
summarized as follows-

• A miniaturized MIMO antenna is proposed for
Bluetooth, ISM, and 5G (sub-6GHz) applications as
shown in Table 1.

• We have drawn the equivalent circuit diagram of the
proposed antenna and verified the S11 with the antenna
results.

• In this article, we have also calculated the channel capac-
ity, which is an important parameter for the MIMO
antenna.

• In this proposed article, by adding a stub in the ground
plane, isolation has been improved up to 40dB.

A compact 2× 2 MIMO antenna with an electrical dimen-
sion 0.28λ0×0.28λ0mm2 is proposed in this article. The
5.03GHz bandwidth and isolation are achieved with a tapered
feed and a portion of the ground plane connected by stubs.
The suggested antenna has a 15dB average isolation over the
operating band with ECC < 0.004, a peak gain of 4.2dBi,
and an average overall efficiency of 90%. The proposed
antenna focuses on multiple wireless applications such as
Bluetooth (2.400-2.483GHz), ISM band (2.40-2.483GHz,
5.725-5.850GHz) WLAN/Wi-Fi, and 5G (sub-6GHz) range.
For bluetooth and ISM band applications, the proposed
antenna offers wide impedance bandwidth with good return
loss, radiation properties and group delay < 1nsec. The
measurement results show that the antenna might be simply
integrated with the bluetooth and ISM band applications
existing circuit.

II. DESIGN
The proposed compact MIMO antenna is comprised of
four-square radiators and a partial ground plane with rect-
angular stubs, as shown in Fig. 1. Its overall dimensions are
35×35 × 1.6 mm3 and it is constructed on a low cost FR4
substrate with a εr of 4.4 and a loss tangent of 0.02. Tapered
microstrip feed lines and rectangular stubs in the ground
plane, which serve as open circuit stubs and whose dimen-
sions are properly tuned to compensate for the antenna’s
input impedance, as the inductance and capacitance values
are dependent on it, can be used to improve matching and
isolation. By changing the dimensions (a & b) of the stub, the
desired bandwidth of the suggested MIMO antenna can be
attained. center-to-center (CTC) spacing in a MIMO system
is 22 mm (0.18 λ0), (where λ0determined at the lower cut
off frequency of 2.42GHz. To reduce the coupling between
elements, the MIMO model uses a multiple ground plane.
As the MIMO antenna does not have a shared ground plane,
the antenna’s reliability is lowered because its behaviour can
differ between devices. To address it, multiple ground planes
of MIMO antenna components are associated unitedly with
0.5 × 1mm2 of connecting strips to form a shared ground as
portrayed in Fig. 1 [26].
The optimized parameters of the proposed antenna are:
LS =WS =Wg =35mm, Lg =5, WP =LP =6mm,

Wf =1.6mm, Lf =9mm, s=0.7mm, a=12mm, b=7mm,
c=0.5mm, d=1mm.
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FIGURE 1. Proposed MIMO antenna (a) Front view (b) Back view, (c) Fabricated (Back View) (d) Measurement setup of
MIMO Antenna (e) Equivalent circuit diagram.

Initially, a rectangular fed single square patch of dimen-
sion 6mm×6mm with a fully ground plane is considered
as shown in Fig. 2(a) and corresponding S11 is shown in
Fig. 2(g). [27]. When considering rectangular and tapered
feed with full ground plane, as illustrated in Figs. 2(a)-(b),
the impedance matching is not adequate. In addition,
Fig. 2(c) displays the tapered fed with partial ground plane.
Impedance, group delay and reflection coefficient plot of
tapering fed with partial ground of single element are shown
in Figs. 2(h), 2(i), and 2(g) respectively. The graph makes
clear that the impedance is nearly 50� (4.12-4.55GHz) with a
partial ground plane. Group delay performs well in the desig-
nated band as well. Further two elements with stub and with-
out MIMO antenna are designed as shown in Figs. 2(d)- (e)
and finally quad elementMIMO antenna is shown in Fig. 2(f).
From Fig. 2(g), it is visible that proposed frequency range is
achieved with dual and quad element MIMO antenna.

Instead of using a fully-ground plane, a partial ground
plane is used, and 1 × 2 and 2 × 2 MIMO antenna are
designed. The reflection and transmission coefficient of a
two-element MIMO antenna are shown in Fig. 3. Matching is
accomplished at some frequency ranges (3.2-4.6GHz) when
the rectangular fed without stub is considered, while isola-
tion is not satisfactorily accomplished because in operating
frequency range mutual coupling is less than 10dB as shown
in Fig. 3(b). Further rectangular fed with stub, matching

achieved from 4.3-5.1GHz as shown in Fig. 3(a) along with
average isolation 22dB as shown in Fig. 3(b), but lower
frequency range could not be achieved. Tapered fed without
stub matching did not fetch in the operating frequency range.
In the last tapered fed with stub matching is achieved from
4.1-6.9GHz and isolation are also good in the operating fre-
quency range as shown in Fig. 3(b). Therefore, it concludes
that isolation is improved by adding a stub in the ground plane
either by rectangular fed or tapered fed. Further to achieve
the lower frequency range, a 2 × 2 MIMO antenna is pro-
posed. Utilizing a tapered microstrip feed line increases the
operation bandwidth of 5.03GHz (2.42-7.45GHz). A tapered
connection between the feed line and the main patch is
applied to smooth the current’s path, thus providing wider
impedance bandwidth. A tapered feed region is optimised
such that 50� impedancematching is done properly to reduce
the reflection of the incident waves. The tapered feed line
along with the printed travelling wave antennas exhibits
wideband characteristics and is capable of transmitting UWB
pulses with low distortions. By utilising a rectangular stub in
the partial ground plane, isolation is increased up to 40dB
over the operational band (2.42-7.45GHz). Additionally, this
stub offers a decoupling path, which limits the amount of
current that couples to the neighbouring element due to sur-
face waves, keeping it below -10 dB over the whole target
frequency range.
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FIGURE 2. Antenna evolution (a) step-1 (rectangular fed with full ground plane), (b) step-2 (tapered fed
with full ground plane) (c) step-3 (tapered fed with partial ground plane) (d) step-4 (dual element without
stub) (e) step-5 (dual element with stub (f) step-6 (proposed antenna) (g) Reflection coefficient
(h) Impedance plot (i) Group delay.
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FIGURE 3. Dual element antenna (a) Reflection coefficient
(b) Transmission coefficient.

Equivalent circuits are used to evaluate its electrical
behaviour in response to an input RF signal. Fig. 1(e)
addresses the equivalent circuit model of quad element
MIMO antenna, where four patches are shown with circuit
resistances (R1, R5, R9, and R11), capacitances (C1, C2, C4,
and C5), and inductances (L1, L2, L4, and L5). Coupling
between the elements is due to inductance and capacitance
that depends on it. The strip between two stubs is represented
by L16 & C13 and between adjacent elements coupling repre-
sented by L8, C8, L9, C11, L13, C17, and L15, C12 respectively.

III. PARAMETRIC ANALYSIS
By varying ground length and width, feed length and width,
spacing (s), stub length (a) and width (b), and patch dimen-
sions, the parametric study of reflection coefficient (S11) and
group delay has been performed.

Group delay- It refers to phase distortion between trans-
mitted and received signals.

τ g (ω) = −
dϕ (ω)

dω
= −

dϕ(f)
2πdf

(1)

in which Ø(f), Ø is the frequency-dependent phase of the
radiated signal. The group delay fluctuations caused by the
antenna’s radiation pattern will have an impact on the overall
receiver system performance since they can cause severe
timing errors.

S11, S12 and group delay are investigated by adjusting
Lg from 4mm to 6mm as shown in Fig. 4(a), Fig. 4(b) and
Fig. 4(g) respectively, and the optimum length is achieved at
5mm.At Lg =4mm, S11 is not good, and group delay exceeds
1nsec, however for Lg =6mm, group delay and isolation are
good while S11 is above 10dB from 5.8-6.2GHz frequency
range.

S11, isolation and group delay are presented in Fig. 4(c),
Fig. 4(d), and Fig. 4(h) respectively, as a function of stub
dimensions. The optimum bandwidth, isolation and group
delay are attained at a=12mm and b=7mm, as can be
observed. Now, by varyingWf from 1.5mm-1.7mm and spac-
ing (s) from 0.6mm-0.8mm as shown in Figs. 4(e) and 4(f)
and 4(i) respectively. The optimum results are obtained at
Wf =1.5mm and s=0.8mm & Wf =1.6mm, and s=0.7mm.
However, the ECC is less in the case of Wf =1.6mm, and
s=0.7mm.

The group delay is shown in Figs. 4(g)-(i). From the graph,
a steady group delay < 1ns is acquired over the entire fre-
quency range (2.42–7.45 GHz). If the group delay variation
exceeds 1 ns, a pulse distortion is caused because phases are
non-linear in the far-field region [28].

The parametric analysis of ground plane width (Wg) is
depicted in Fig. 4(j). AtWg =33mm, S11 is exceeding -10dB,
although it is close to -10dB at Wg =34mm. The optimum
bandwidth is acquired atWg =35mm. Further, by varying the
patch dimensions as shown in Figs. 4(k) and 4(l), the optimum
matching is obtained at LP =WP =6mm. Now, by adjusting
the length of the feed line (Lf) from 7mm-9mm, the optimum
result is obtained at Lf =9mm. As Lf increases, resonance
frequency-shifted towards lower frequency [29] as shown in
Fig. 4(m).

IV. RESULTS AND DISCUSSION
The proposed antenna’s simulated and experimental
S-parameter characteristics, shown in Figs. 5(a) – (b) are
< -10dB and -10dB, respectively, over the entire frequency
range. The maximum measured return loss is obtained at
-21dB at 2.9GHz, whereas minimum isolation -10dB at
2.74GHz frequency. At some frequency there are discrepency
in simulated and experimental results due to human errors and
fabrication tolerances. Fig.5(c) represents the measured and
simulated group delay, and from figure it is visible that group
delay is < 1nsec. The simulated S-parameters and circuit
analysis are shown in Figs. 5(d) – (e). Using circuit analysis,
at some frequency S11 is exceeding -10dB, due to improper
matching at frequency band.

The peak gain of the MIMO at all ports is shown in
Fig. 6(a). The antennas average peak gain is 2.72dBi. The
total efficiency of the antenna is displayed in Fig. 6(b).
Throughout the entire bandwidth, the average total efficiency
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FIGURE 4. Parametric analysis of proposed antenna.
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FIGURE 4. (Continued.) Parametric analysis of proposed antenna.

is 90% (-0.90dB). It may be deduced from the figure that
the suggested antenna performs well across the whole range.
Measurement of total efficiency is done by the following
equation [30]-

ηtotal (port − 1) = η(1 − |S11|2−|S21|2) (2)

where the radiation efficiency is denoted by η. The ratio of
the total power radiated (Pr) to the total power accepted at
its input terminal (Pa) is known as the antenna’s radiation

efficiency.

η =
Pr
Pa

(3)

where-

Pa= (1 − |0|2)PS (4)

A power metre (or a receiver) can be used to measure the
power delivered to the antenna (Ps), and a vector network
analyzer can be used to measure the reflection coefficient (0).
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FIGURE 5. S-parameter characteristics (a) Reflection coefficient (b) Transmission coefficient (c) Group delay (d) Reflection coefficient
with circuit (e) Transmission coefficient with circuit.

At 2.48GHz and 3.5GHz frequencies, respectively, 2D
radiation patterns are shown in Figs. 6(c) & (d), and it is

noted that designs are practically omnidirectional at Ø= 900

and resemble dipoles at Ø = 00.
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FIGURE 6. (a) Peak Gain (b) Total Efficiency (c) E & H plane at (c) 2.48GHz (d) 3.5GHz (e) Surface current at 3.5GHz
(e) PORT-1 (f) PORT-2 (g) PORT-3 (h) PORT-4.
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FIGURE 7. (a) ECC (b) DG (c) TARC (d) MEG (e) MEG vs frequency in different medium (f) Ergodic capacity (g) CCL.
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TABLE 1. Comparative chart with other mimo antenna.

The surface current analysis of aMIMO antenna at 3.5GHz
frequency is displayed in Fig. 6(e). The main reason for
mutual coupling between close antenna elements is the trans-
fer of surface currents from the stimulated port-1 to port-4,

as shown in Fig. 6(e). The stimulation of one port and the
termination of another port with matched load causes a low
surface current in other ports. The maximum surface current
is concentrated on the feed line. Fraction of currents is also
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visible to other ports as well because of the partial ground
plane, which can be neglected. A very less current on other
ports shows that the proposed decoupling technique is suit-
able for the proposed MIMO antenna.

V. MIMO DIVERSITY PERFORMANCE
The diversity features are utilised to test the effectiveness and
capability of the MIMO antenna.

The ECC which considers radiation pattern, polarization,
and relative phase of the fields can be calculated using (5) [31]

|ρe (i, j,N ) | =

∑N
n=1 S

∗
i,nSn,j∏

k(=i,j) [
∑N

n=1 S
∗
i,nSn,k ]

(5)

Here, consider the values of i, j, N = 1 to 4 (for four
elements).

DG is calculated as follows:

DG = 10
√
1 − ECC2 (6)

The ideal value of DG is 10dB.
As shown in Figs. 7(a) and (b), the computed ECC and

DG are < 0.004 and 9.99dB, respectively, indicating good
diversity performance.

TARC is a significant metric in quad-port antennas since it
shows the relationship between radiated and received power.
The TARC may be determined using (7) [32],

TARC =

√
(S11 + S12)2 + (S21 + S22)2

√
4

(7)

TARC < 0dB for MIMO antenna in ideal condition. As dis-
played in Fig. 7(c), the TARC measured value is <-15dB.

MEG is a metric for calculating the median power from the
event power [33]. For two elements, MEG is calculated by (8)
and (9) and displayed in Fig. 7(d).

MEGi = 0.5
[
1 −

∑N

j=1
|S ij|

2
]

< −3dB (8)

MEGj = 0.5
[
1 −

∑N

i=1
|S ij|

2
]

< −3dB (9)

|MEGi −MEGj| < 3dB (10)∣∣∣∣MEGiMEGj

∣∣∣∣ = ±3dB (11)

As shown in Fig. 7(e) [33], mean effective gain is calculated
using far field in both outdoor and indoor medium.

MEGi =

∮
[
XPR× Gθ i (�) + G∅i(�) × P∅(�)

1 + XPR
]d� (12)

In which XPR represents the cross-polarization ratio. The
power density functions of the incident wave is P8(�) and
Gθ i(�), G8i(�) are the power gain, � represent the beam
area. The value of i is 1 to 4 for four elements.

The performance of the MIMO system is determined using
channel capacity which is proportional to bandwidth and
signal to noise ratio (SNR). Equal power is given to the
transmitting antenna element. The Ergodic MIMO channel

capacity for four element antenna is calculated by using
(13) [34] and shown in Fig. 7(f),

C2×2MIMO(Max.) = n(b[log2[det([I ] +
SNR
n

[H ]
[
H∗

]
)]]

(13)

where [H], [H∗] signify identity matrix, n is the number of
antenna elements. Here we have considered that transmitter
has no channel state information (CSI) and equal power has
given to all antenna elements.

The channel capacity loss (CCL) for a two-element MIMO
antenna is determined using equation (14) [35], as illustrated
in Fig. 7(g).

CCL = − log2 det[β
R] (14)

where, [βR] =

[
βii βij
βji βjj

]
βii = 1 − (

∑N

j=1
|S ij|

2) (15)

βij = −

(
S∗
iiSij + S∗

jiSij
)

(16)

The comparative study of the MIMO antenna is shown in
Table 1. The antenna has a size of 0.28λ0×0.28λ0, which is
more compact than other antenna dimensions. As indicated
in Table 1, the measured value of ECC is 0.004, except [20],
[21]. The isolation of the MIMO antenna is 15dB, which is
better than [16], [17], and [18], however, less than [15], [20],
[21], [22], and [23]. The antenna’s overall average efficiency
is a respectable 90%. Therefore, it can be said that the sug-
gested antenna has the necessary properties to be used for
LTE/5G bands.

VI. CONCLUSION
A compactMIMO antenna for Bluetooth/ISM/LTE/5G bands
is designed, fabricated, and measured. The simulated results
have close agreement with the fabricated MIMO antenna.
S-parameters far filed radiation characteristics, and diver-
sity performance of the MIMO antenna are analyzed and
discussed in this article. Therefore, it is suggested as a suit-
able aspirant for Bluetooth (2.400-2.483GHz), ISM band
(2.40-2.483GHz, 5.725-5.850GHz), WLAN/Wi-Fi, and 5G
(sub-6GHz) applications. Further applications of MIMO
array can be used in mobile radio telephones such as 3GPP
and 3GPP2, HSPA+LTE, and sensing problems. It can also
be used in non-wireless communications systems like home
networking standard ITU-T G.9963.
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