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The correlation between the antennas of multiple-input, multiple-output (MIMO) systems in limited spaces and size degrades
the performance and capacity by either using complex coupling or decoupling structures. For isolation improvement, this paper
presents the simple design of a compact high-isolation ultra-wideband (UWB) MIMO antenna with a circular parasitic element at
the back side of the radiating patch, thereby creating the reverse coupling and helping reduce the mutual coupling at the upper part
of the frequency bands, and a small rectangular notch at the ground plane to extend the impedance bandwidth of the monopole
antenna. This approach eliminates the use of complex coupling or decoupling structures and complex feeding networks. A novel
feature of our design is that the MIMO antenna exhibits a very low envelope correlation coefficient (ECC < 0.007) with high diversity
gain (DG > 9.99) and wide impedance bandwidth of 139 % from 3.1 to 17.5 GHz applicable for not only UWB application, but also
next generation wireless communication, 5G. The high peak gain over the entire UWB and the upper part of the overall frequency
band ensure that the antenna can be used in MIMO applications owing to the close agreement between the simulated and measured

results.

1. Introduction

The need for high data rates with efficient spectrum manage-
ment utilizing multiple antennas in a single physical substrate
is a recent requirement in modern wireless communication
and UWB systems. To that end, multiple-input, multiple-
output (MIMO) technology takes advantage of multipath fad-
ing problems through diversity gain to improve link reliabil-
ity, increase data throughput, and improve wireless capacity
and range, which is not possible in a single-antenna system
[1]. Even though MIMO technology is better than single-
input, multiple-output (SIMO) or multiple-input, single-
output (MISO) in terms of channel capacity, it has some
limitations regarding the correlation between the antennas
and realizing space efficiency [2]. Improving the isolation
factor or correlation in a MIMO antenna using various types
of coupling and decoupling structures is achieved at the
expense of size and space [3].

Using decoupling structures such as active devices and
passive resonators, implementing defective ground structures
(DGSs), electromagnetic bandgap, parasitic elements, adding
neutralization lines, shortening pins, and loading slots on the
antenna geometry for to avoid mutual coupling and improve
the antenna bandwidth are proposed in various studies. In
[4], a UWB amplifier was inserted to achieve wideband
antenna matching and radiation efficiency. Similarly, a pas-
sive microstrip-based feed network was introduced in [5] and
a cylindrical dielectric resonator antenna (CDRA) in [6] for
good MIMO operations at higher frequencies. A number of
radiating elements in MIMO antenna systems were designed
to improve isolation with DGS using different shapes (T,
E 4, arch) and slot lines, rectangular rings, and ground
slits were also employed [7-14]. In [15], the electromagnetic
bandgap structure was applied to closely placed arrays in the
ground plane, resulting in a significant reduction of mutual
coupling across a wide operating band. The use of parasitic
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FIGURE 1: Geometry of the proposed UWB antenna (a) Top view, (b) bottom view of the antenna.

monopoles or resonators helped induce reverse coupling and
hence reduced mutual coupling in [16, 17]. In [18], adding a
neutralization line increased the effectiveness of the antenna
system in terms of isolation and bandwidth within a small
space without modifying the ground plane.

Similarly, E, C and H-shaped patch antennas were loaded
by U and V slots to achieve desired bandwidth characteristics
[24]. In addition, developing efficient bandwidth enhance-
ment with existing different technique in an area of limited
size within a MIMO system is still a difficult task.

In this paper, the UWB MIMO antenna with enhanced
isolation is proposed. The proposed MIMO antenna has
a very low mutual coupling (|S,,/S;;| < -21 dB) and
is composed of two monopole antennas with a common
radiating surface. The two radiating patches are connected
by two quad-circular structures. The ground plane is on the
opposite side of the radiating patch etched to increase the
impedance bandwidth characteristics. A circular parasitic
element introduced at the centre of the substrate acts as
an isolator and exhibits low mutual coupling for the upper
frequency bands of the antenna. In the absence of coupling
or decoupling structures, a good isolation is achieved without
the expense of increase in size. The results obtained from
the proposed MIMO antenna without the use of complex
structures reveal that it has good performance in terms of
high impedance bandwidth and antenna gain, high radiation
efficiency, high diversity gain, and low envelope correlation
coefficient (ECC). The omnidirectional radiation pattern
of the purposed MIMO antenna element proves that the
antenna possesses good pattern diversity for a MIMO system.

2. Antenna Characteristics

The proposed geometry of the UWB-MIMO antenna is
shown in Figure 1, where Figures 1(a) and 1(b) represent
the top and bottom geometrical view of the substrate with
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TABLE 1: Dimensions of the Antenna Parameters.

Parameter Dimension (mm)
Ls 65
Ws 65
Lf 16.3
R1 17.8
R2 8.9
R3 8
R4 4
Lg 16
Wg 327
Ln 4
Wn 5
WE 1.8

the optimal dimension listed in Table 1. The antenna was
designed on a Taconic substrate (¢, = 4.5, tand = 0.0035).
The size of the antenna is 65 mm x 65 mm x 1.62 mm. The
antenna is composed of a microstrip patch with a common
radiating patch and a ground plane designed on the top
and bottom side of the substrate respectively. Here, to meet
the operating frequency requirement, the return loss at the
10 dB lower frequency bandwidth is adjusted to 3.1 GHz
approximated using the following frequency calculation [25].

C
2A\T+¢e ]2 M

where f,, is the first operating frequency, c is the speed of light
in the vacuum, and [, is the combine total effective lengths
of the circular patch radii Rl and R2. The feed line and a
small notch in the ground plane, employed to obtain the line
characteristic impedance of 50 €, are set to 1.8 mm and 4
mm x 5 mm, respectively. The radiating patch is structurally

fa=
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FIGURE 2: Geometry of the proposed UWB antenna with different evolution steps. (a) Without the connecting radiation patch, (b) with the
connecting radiation patch, (c) with the ground plane etched, and (d) with the parasitic resonator.

a combination of a quad circular structure with a semi-circle
of half the radius of the quad circle placed on its top. The two
radiating patches are commonly connected by two small quad
circular structures positioned opposite to each other, where
the circular parasitic strip is located below it along the centre
of the substrate to improve isolation between the monopole
antennas. The need of connecting two radiating patches by
two small quad circles is to not only improve the isolation but
also have a common signal reference weather it is a ground
plane or the radiating patch. A split in both ground plane and
radiating patch is not practical, since in the real system; the
signal should have the common reference plane so that all
signal levels within the systems can be interpreted properly
based on that reference level [17]. However, the proposed
design is similar to a microstrip patch antenna with feeding
points placed opposite to each other; the optimized antenna
structure, isolation enhancement without the use of coupling
and decoupling structure, makes it preferable in terms of
bandwidth, diversity gain, and multiplexing efficiency, which
are the significant parameters for any diversity antennas.

3. Design Strategy

Figure 2 illustrates the antenna designing steps and the effect
of each step on the antenna bandwidth and mutual coupling
are shown in Figure 3. Figure 2(a) shows that the antenna
design with radiating patches facing indirectly opposite to

each other allows space utilization within a limited space
of the antenna. Similarly, the geometrical structure of the
radiating patch enables the MIMO antenna to be directional,
which could supply good pattern diversity for the MIMO
system. The simulated parameters of the antenna reflection
coeficient (S;;) and coupling coeflicient (S,;) in Figures
3(a) and 3(b) reveal that the antenna has poor isolation
in the higher frequency range and a high impedance mis-
match in the entire UWB range for the antenna shown
in Figure 2(a). With the placement of two quad circular
structures connecting two radiating patches (Figure 2(b)),
mutual coupling between the proposed antennas is reduced,
but the characteristic line impedance of the antenna remains
the same as that of the antenna design taken at the first
stage. Further, to improve the impedance bandwidth of the
antenna in the entire UWB range, a small rectangular etching
is carved at the ground plane (Figure 2(c)). The etching
not only improves the characteristic line impedance but
also decreases the isolation factors in the lower frequency
spectrum of the proposed UWB MIMO antenna with a slight
increase in isolation factor at the upper-frequency range. A
circular parasitic microstrip patch resonator is introduced
at the backside of the substrate plane (Figure 2(d)). The
current flowing in the radiating patch excites the resonator.
The excited reverse current on the resonator prevents the
flow of current in the other radiating patch, preventing it
from further coupling; on properly designing the antenna
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FIGURE 3: Simulated S-parameters to illustrate different stages of antenna variation in design for improving the antenna bandwidth and
reducing the mutual coupling (a) Simulated reflection coefficient S, (dB), (b) simulated coupling coefficient S,, (dB).
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FIGURE 4: Simulated surface current distribution at 16.5 GHz: (a) Without circular parasitic resonator, (b) with the resonator.

configuration, the mutual coupling between the radiating
patch gets reduced considerably.

The surface current distribution along the radiating and
ground patch validates the antenna performance of reducing
the mutual coupling. As a comparison, the current distribu-
tions with and without the circular parasitic monopoles are
plotted in Figure 4, when one of the ports is excited. As shown
in Figure 4(a), high coupling is achieved at the other radiating
patch and the ground plane because the current concentra-
tion is equally spread all around the patch and the ground
plane significantly. By the insertion of the circular resonating
structure depicted in Figure 4(b), it can be observed that the
current is concentrated at the radiating patch of the excited

port and gets trapped all around the periphery of the circular
resonating structure. Because of this effect, the ground plane
of the other radiator and the patch has coupled much less
current concentration, and hence less isolation is achieved in
between the two radiating patches. In addition, the simula-
tion result shows that most of the current above 14.7 GHz is
concentrated around the resonating patch, which explains the
reduced mutual coupling (S,,) observed in Figure 3(b).

4. Result and Discussion

For the optimization and simulation of the proposed antenna,
the commercially available High-Frequency Structure
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FIGURE 5: Simulated and measured S-parameters of the proposed UWB-MIMO antenna: (a) S;; (dB), (b) S,; (dB).

Simulator (HFSS) software is used. The simulation and
measurement results are shown in Figure 5; Figure 5(a)
shows impedance bandwidth with S;; < -10 dB from 3.1
to 175 GHz. The mutual coupling between the antennas
(S,;) shown in Figure 5(b) is below —15 dB for 3.1-3.5 GHz
and below —21 dB over 3.5-175 GHz with close agreement
between the measured and simulated results. The simulated
and measured reflection coefficients differ slightly and can be
indorsed by the losses taking place in connector, imperfect
soldering and fabrication errors.

The measured and simulated 2D radiation patterns at 4.5,
6.5, 11.5, and 16.5 GHz frequency are shown in Figures 6(a),
6(b), 6(c), and 6(d), respectively. The measurements were
taken with one of the ports terminated by a 50-Q) load and
vice versa. The radiation patterns are almost omnidirectional
in both the E-plane (x-z plane) and H-plane (y-z plane),
which is one of the required characteristics for a MIMO
antenna.

In order to verify the capability of the proposed MIMO
antenna, ECC between the antennas must be as low as
possible; a lower ECC signifies higher pattern diversity. The
ECC between the two antenna elements can be calculated by
[26]

S5, 81, + 85,5y
C = 2| 11 122 21 22| . _ @)
(1_|811| _|821| )(1_|322| —|312| )

From the measurement results of return loss and isolation
factor, the ECC was analysed as shown in Figure 8. The ECC
ideally should be zero; practically, < 0.5 is an acceptable limit.

Conventionally, the overall effect of a MIMO antenna is
characterized by diversity gain (DG) and MIMO capacity.
However, MIMO capacity is the complicated function of the
antenna parameters. To simplify the antenna design, a simple
and intuitive metric like multiplexing efficiency and TARC

are proposed. The multiplexing efficiency defines the losses
or degradation of power efliciency required when using a
MIMO antenna under test to achieve the same performance
or capacity as that of a reference antenna system in the
same propagation channel within uniform 3D angular power
spectrum. The signal-to-noise ratio (SNR) degradation due to
MIMO antenna —channel losses for a given MIMO capacity,
Ny 18 given by [27]

Mux = (1 - Ipczl) Ly (3)
where 7,1, are the total efficiency of two radiating antenna
elements and p. represents the complex correlation coeffi-
cient between them. Since the total efficiency of the antenna
is very high, for this ECC is nearly equal to |p,?|.The DG of
the proposed UWB MIMO antenna can be calculated using
relation

DG = 10V1 — ECC? (4)

All the ECC values are less than 0.007, and the DG is
high, greater than 9.99 for the entire frequency band. The
realized gain and the multiplexing efficiency are shown in
Figure 9 where its high measurement values on the entire
frequency range make the antenna applicable for UWB,
5G communication devices, and sensor applications. The
fabricated prototype of UWB MIMO antenna with top and
bottom view is shown in Figures 7(a) and 7(b).

Figure 10 shows the plot of the total active reflection
coeflicient (TARC) where the value of TARC of the proposed
antenna is less than -1.3 dB for the entire frequency band.
TARC calculates the actual antenna behaviour in terms of
ratio of square root of the sum of powers of reflected wave to
the incident wave. By predicting the return loss of the overall
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FIGURE 6: Measured and simulation radiation pattern at (a) 4.5, (b) 6.5, (¢) 11.5, and (d) 16.5 GHz.

2X2 MIMO antenna system TARC can be calculated by the
following relations [28].

2 2
TARC = \j(su + SIZ) + (521 + Szz) (5)
2

The comparison of the proposed MIMO Antenna between
other existing antennas in the literature is listed in Table 2.
The designed antenna has a wide impedance bandwidth

overall, with good isolation factor and diversity gain proving
that the antenna is a good candidate for MIMO application.

5. Conclusion

The design of a compact, high-isolation ultra-wideband
(UWB) MIMO antenna with a circular parasitic element at
the backside of the radiating patch is proposed. Without
the presence of coupling or decoupling element and by
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FIGURE 7: Fabricated UWB MIMO Antenna: (a) Top view, (b) bottom view.
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TABLE 2: Performance Comparison of Existing Antennas.

Ref. Size (mm) Bandwidth (GHz) Isolation (dB) ECC Diversity Gain
[12] 30 x50 2.5-14.5 < =20 <0.04 >74

[19] 60 x 40 3.1-10.6 < =20 <0.06 >9.89

[20] 50 x 80 3.1-10.6 <-17 <0.056 NA

[21] 32x 32 31-10.6 <-I5 < 0.04 NA

[22] 26 x 40 2.1-10.6 <-15 NA NA

[23] 45 % 25 312 <-15 <02 >9.79
Proposed Work 65 x 65 3.1-175 <-20 < 0.007 >9.99

TARC (dB)

Frequency (GHz)

—— TARC (measured)

FIGURE 10: TARC for the proposed MIMO antenna.

introducing a parasitic circular structure, high isolation is
achieved at the upper part of the frequency band, whereas a
small rectangular notch at the ground plane helps widen the
antenna operating bandwidth and improve the impedance
matching of the two connecting radiating elements. To
validate the design strategy for reducing mutual coupling and
increase the operating bandwidth, essential features such as
ECC (< 0.007), DG (> 9.99), isolation less than -21dB, almost
omnidirectional radiation pattern and high gain performance
and multiplexing efficiency were shown and verified with
simulation and measurement results to describe the MIMO
performance of the UWB antenna.
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