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Abstract: This paper presents a 4 × 4 multi-input multi-output antenna array for ultra-wideband
applications. The single element of the array is comprised of a modified co-planar waveguide-fed
double overt-leaf shaped patch radiator. The co-planar ground is optimized to achieve maximum
impedance matching in the operating frequency band. The results show that the single antenna
element offers an impedance bandwidth of 13.2 GHz starting from 3.2 GHz to 16.7 GHz. It is also
observed from the results that the antenna offers good radiation characteristics and acceptable gain
for the frequency band of interest. Furthermore, a 4 × 4 MIMO array is designed by utilizing the
polarization diversity technique. To improve the isolation performance among antenna elements,
a fan-shaped decoupler is introduced on the other side of the substrate, which ensures minimum
isolation of 20 dB. Moreover, the proposed MIMO array operates in the frequency range of 2.75–
16.05 GHz. The proposed MIMO array is fabricated and measured for the validation of simulation
results, and it is observed that both the results are well in agreement.

Keywords: MIMO; UWB; CPW-fed; double overt-leaf patch; fan-shaped decoupler

1. Introduction

Recent advancements in wireless communication require a system that is capable of
exchanging a huge amount of information with a high data rate, higher capacity, reliability,
and security with less complexity. These demands can be fulfilled by utilizing ultra-
wideband (UWB) technology. UWB technology is a potential candidate for many wireless
communication systems as it provides a high data rate by using a low-cost infrastructure.
However, the conventional UWB technology encounters multipath propagation challenges.
For this purpose, multiple-input multiple-output (MIMO) technology has been evolved
as a major research area in the past few years. The research has proved that the MIMO
antenna system is capable of fulfilling the requirements of the UWB systems. Designing
such an antenna is quite a challenging task as multiple antenna system adds a few more
performance parameters to look upon. The mutual coupling (isolation) between the
antenna elements is one of the key performance parameters, which should be as minimum
as possible to avoid channel capacity loss.

To improve isolation between MIMO antenna elements, several antenna configura-
tions have been reported in the literature. The coupling between the antenna elements
has been improved by using stubs between the patch radiators [1–8], electromagnetic
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bandgap (EBG) structures [9–12], frequency selective surface (FSS) [13], neutralization lines
with the radiator and the ground plane [14–18], defected ground structure (DGS) [19–21],
decoupling structures [22,23], and slotted edge substrate [24], etc. These techniques have
demonstrated satisfactory results in minimizing the coupling effects between the antenna
elements; however, this also needs to be highlighted that the antenna designs reported
above have either lower bandwidth, large size, or not-so-good isolation (≤20 dB). In addi-
tion, the designs presented above are either complex in nature or composed of complicated
decoupling structures.

In this paper, a compact 4 × 4 modified CPW-fed double overt-leaf shaped MIMO an-
tenna array is designed for UWB applications. Wide impedance bandwidth is achieved by
optimizing the ground plane as well as the radiating patch. For reduced isolation between
the array elements, a quadrature-phase arrangement is adopted, which corresponds to the
polarization diversity configuration. Furthermore, a fan-shaped decoupler is introduced at
the backside of the substrate to further improve the isolation between the array elements.
From the presented configuration, it is observed that the designed array operates in the
frequency range of 2.75–16.05 GHz and provides >20 dB isolation between array elements.
The article is arranged as follows: Single antenna element designing and simulation results
are discussed in Section 2 followed by MIMO configuration and corresponding results in
Section 3. The performance of the proposed array in terms of envelope correlation coeffi-
cient (ECC), diversity gain (DG), and mean effective gain (MEG) is discussed in Section 4.
The article concludes in Section 5.

2. Single Element Design

Figure 1 shows the schematic of the proposed CPW-fed UWB antenna with all the
design parameters. The optimized values of all the design parameters are listed in Table 1.
From the figure, it can be noted that the proposed antenna design is composed of a co-
planar waveguide (CPW)-fed double overt-leaf shaped radiating structure. The CPW feed
technique is used due to its several advantages, e.g., low losses, co-planar nature, and ease
of fabrication, etc. The proposed antenna is designed on a low-cost 1.6 mm thick FR-4
substrate having εr = 4.3 and tanδ = 0.025.

WS

LS

Wg

Wgh

Lgh

Lg

t

Wf

g

Figure 1. Design of the double overt-leaf shaped UWB antenna.

Table 1. Optimized values of single element design (all values are in mm).

Parameter Value Parameter Value Parameter Value

WS 20 LS 26 W f 3
Wg 8 Lg 11.5 g 0.5
Wgh 4 Lgh 2 t 1.5
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The construction of the proposed antenna starts with the design of a conventional
CPW-fed elliptical monopole as shown in the inset of Figure 2 along with its respective
reflection coefficient (S11) response. It is observed that the CPW-fed elliptical monopole
antenna offers a response in the frequency range of 8.56–13.78 GHz. To improve the
impedance bandwidth in the UWB frequency band, two ellipses are etched from the con-
ventional design, which results in an overt-leaf-shaped patch radiator (shown in the inset
of Figure 2). This modification tends to achieve dual-band response in the frequency range
of 3.2–10 GHz and 13.5–17 GHz as shown in Figure 2. To further improve the impedance
bandwidth, a modified ground plane (see inset of Figure 2) is used. The modification in
the ground plane reduces the inductive effect of the patch radiator by initiating a capac-
itive effect, which results in a purely resistive impedance [25]. This helps to achieve an
impedance bandwidth of 13.5 GHz in the frequency range of 3.2–16.7 GHz.
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Figure 2. Simulated S11 of different antenna designs along with their schematics.

2.1. Parametric Study

To assess antenna’s performance for different design variables, a parametric study is
conducted with three most vital parameters namely Wgh, Lgh, and t. The results of antenna
performance for different values of these parameters are displayed in Figure 3a–c.

Figure 3a shows S11 results with variation in Wgh (keeping all other parameters similar
to Table 1), the horizontal length of the region etched from the ground plane. It can be
observed from the results that impedance matching of the antenna improves with an
increasing value of Wgh. Similarly, in Figure 3b, performance variation is displayed with
varying Lgh (keeping all other parameters similar to Table 1), the vertical depth of the
region etched from the ground plane. From the results, it is evident that the antenna has
only one resonant band at ∼4 GHz when Lgh < 1.5 mm. For Lgh > 1.5 mm, due to the
occurrence of multiple resonances, UWB response is obtained.

The distance between the ground plane and the radiator, named as t, also plays a vital
role in achieving impedance matching. When the gap between the patch and the ground
plane is >2 mm, the antenna resonates only around 4 GHz. The optimum UWB response
is achieved for t = 1.5 mm as shown in Figure 3c. From the above-presented results, it can
be noted that the parameters Lgh, Wgh, and t are playing a crucial role in achieving wide
impedance bandwidth performance.
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Figure 3. S11 characteristics of single antenna element for varying (a) Wgh, (b) Lgh, and (c) t.

2.2. Simulation Results

The radiation characteristics for φ = 00 (xz-plane) and φ = 900 (yz-plane) of single
antenna element are displayed in Figure 4. The radiation characteristics are computed at
three different frequencies within the operating range, i.e., 4 GHz, 8 GHz, and 12 GHz.
At lower frequencies, a dipole-like pattern is observed in xz-plane, while an omnidirectional
pattern is noted in yz-plane as shown in Figure 4a,b. With increasing frequency, shown in
Figure 4c, ripples are observed in the pattern for both planes. One potential reason for this
could be the excitation of higher-order modes at higher frequencies [25].

Figure 5 shows the simulated gain response of the single antenna element. One can
observe that the average gain value is ≈3.5 dBi within the operating range. Furthermore,
the maximum gain is noted to be 5 dBi within the operating range.
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Figure 4. Simulated radiation characteristics of single antenna element at (a) 4 GHz, (b) 8 GHz,
and (c) 12 GHz.
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Figure 5. Simulated realized gain of single antenna element.

3. Proposed MIMO Antenna
3.1. 2 × 2 MIMO Array

Before designing 4 × 4 MIMO array, a 2 × 2 MIMO antenna is designed by exploring
polarization diversity technique as shown in Figure 6. All the design parameters of the
array elements are identical to the single element design. The width of the array is increased
to 55 mm denoted as WS1. A gap of about 9 mm (denoted as d1) is introduced between
the elements, which is less than λ/2 at the center frequency (10 GHz). Hence, the overall
dimensions of 2 × 2 MIMO array are WS1 × LS1 = 55 × 26 mm2.

WS1

LS1

d1

Figure 6. Schematic representation of 2 × 2 MIMO array.

The simulated reflection and transmission coefficient results of the designed 2 × 2
MIMO array are shown in Figure 7. From the figure, one can observe that the simu-
lated bandwidth for both antennas is noted to be 13.4 GHz (3–16.4 GHz). Furthermore,
the isolation between the antenna elements is found to be >20 dB as illustrated in Figure 7.

The performance of the 2 × 2 MIMO array is also assessed by changing the distance
between antenna elements and the results are shown in Figure 8a,b. For d1 = 3 mm and
6 mm, a mismatch is observed in the impedance bandwidth from 3.84 GHz to 4.9 GHz as
shown in Figure 8a. On the other hand, for these values, the isolation between the antenna
elements is noted to be ≥18 dB and >20 dB, respectively, (see Figure 8b). For d1 = 9 mm
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and 12 mm, the 2× 2 MIMO array offers an impedance bandwidth of 13.4 GHz from 3 GHz
to 16.4 GHz with isolation of >20 dB as shown in Figure 8a,b. Although d1 = 12 mm offers
improved isolation between antenna elements, it led to increased array size. Therefore, in
this work, the value of d1 is chosen to be 9 mm.
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Figure 7. Simulated reflection and transmission coefficient results of 2 × 2 MIMO array.
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Figure 8. (a) Reflection and (b) transmission coefficient of the 2 × 2 MIMO array for varying d1.

3.2. Proposed 4 × 4 MIMO Array

In this section, the design of the proposed 4 × 4 MIMO antenna is discussed. Each
antenna element is arranged in the quadratic phase from the adjacent element, shown in
Figure 9, which leads to a polarization diversity configuration. The parameters of each
element are identical to the single element design, while the gap between them is increased
to 9 mm. The optimized values of design parameters of 4 × 4 MIMO antenna are listed
in Table 2. Furthermore, from Figure 9, one can observe that a fan-shaped decoupler is
introduced at the bottom side of the substrate. The main purpose of the decoupler is to
improve the isolation between the antenna elements. The dimensions of the decoupler are
optimized during the simulation process to achieve the intended isolation performance
(≥20 dB). The optimized values of the decoupler are also listed in Table 2.
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E-1 E-2

E-3E-4

WS2

LS2Ld

Wb
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Figure 9. Schematic of the proposed 4 × 4 MIMO array.

Table 2. Optimized design parameters of the proposed 4 × 4 MIMO array (all values are in mm).

Parameter Value Parameter Value Parameter Value

LS2 55 WS2 55 Wb 2.5
Lb 23 Ld 8 – –

For a better understanding of the decoupler’s necessity, a comparison of the isolation
performance between the antenna elements with and without decoupler is presented in
Figure 10. In the figure, Sij refers to the isolation between adjacent antenna elements and
Sik represents the isolation between diagonal antenna elements. From the results, it can
be concluded that the isolation between antenna elements improves when decoupler is
introduced, shown in Figure 10, without affecting other parameters. Furthermore, this
effect can also be verified from Figure 11 where the surface current distribution of 4 × 4
MIMO array is plotted without and with decoupler.

To understand the coupling behavior between antenna elements, only port-1 of the
array is excited while the other ports are terminated with a matched load. The correspond-
ing surface current results are shown in Figure 11. It can be observed from Figure 11a
that without decoupler, the surface current generated by antenna 1 is influencing adjacent
antenna elements, which corresponds to high mutual coupling. On the contrary, when
the decoupler is inserted, shown in Figure 11b, this effect reduces and the isolation per-
formance of the array improves. In addition, the utilization of a decoupler improves the
radiation properties of the MIMO antenna. In Figure 12, three-dimensional (3D) radiation
characteristics of the MIMO antenna are presented. From Figure 12a, one can observe that
without a decoupler, the MIMO antenna exhibits a bi-directional radiation pattern but with
high sidelobe levels (SLLs). On the other hand, when the decoupler is printed on the other
side of the substrate, the pattern becomes more directional in both directions (0◦ and 180◦)
as shown in Figure 12b.
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Figure 10. Isolation performance of 4 × 4 MIMO array without and with decoupler.
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Figure 11. Surface current distribution of 4 × 4 MIMO array (a) without and (b) with decoupler.
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Figure 12. 3D radiation characteristics of 4 × 4 MIMO array (a) without and (b) with decoupler.
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Furthermore, the decoupler helps in stabilizing the gain of the proposed MIMO an-
tenna compared to MIMO without decoupler. The gain performance of both configurations
is shown in Figure 13. It is observed that without a decoupler, the average gain of the
antenna is equal to 3.16 dBi, while in the presence of a decoupler, this value increased to
3.33 dBi. Therefore, it is worth mentioning that the decoupler has no effect on the radiation
characteristics of the MIMO antenna.
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Figure 13. Realized gain result of 4 × 4 MIMO array without and with decoupler.

The effect of the decoupler position on MIMO antenna performance is also studied
and the corresponding results are shown in Figure 14. The performance is assessed by
placing the decoupler on the top side and bottom side of the substrate. In the figure,
the reflection coefficients are represented by Sii, (i ∈ 1, 2, 3, 4), while the transmission
coefficients for adjacent elements are denoted by Sij (i, j ∈ 1, 2, 3, 4 and i 6= j), and for
diagonal elements, they are represented by Sik (i, k ∈ 1, 2, 3, 4 and |i− k| = 2). It is observed
from Figure 14a that when a decoupler is designed on the top layer, a mismatch is observed
in the band of interest ranging from 3.93 GHz to 4.95 GHz and from 5.76 GHz to 6.45 GHz.
On the other hand, when the decoupler is placed on the bottom side of the substrate,
an impedance bandwidth of 12.7 GHz is achieved starting from 2.9 GHz to 15.6 GHz as
shown in Figure 14b. Furthermore, for both the configurations, no effect is observed on the
isolation performance of the MIMO antenna.

From Figure 9, one can observe that the proposed MIMO antenna has four separate
ground planes, which is not a practical approach. However, the separate ground planes
help to reduce the ground current, and ultimately improve the isolation between the
antenna elements [26]. Therefore, to assess the performance of the proposed MIMO
antenna for practical applications, the proposed design is simulated with a common
ground plane, and the results are shown in Figure 15. From the figure, it can be noted that
the MIMO antenna with a common ground plane resonates from 3.39 GHz to 16.75 GHz.
It is also observed from the figure that the common ground plane has a minor effect on the
impedance matching in the frequency range of 4.78–7.04 GHz. In addition, the isolation
between the adjacent antenna elements is noted to be >15 dB.
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Figure 14. Simulated reflection and transmission coefficients of 4 × 4 MIMO array when decoupler
is placed on (a) top and (b) bottom side of the substrate.
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Figure 15. Simulated reflection and transmission coefficients of 4 × 4 MIMO array with common
ground plane.

Fabrication and Measurements

A prototype of 4 × 4 MIMO array is fabricated, shown in Figure 16, and tested. A Pre-
cision Network Analyzer (PNA) E8363C by Agilent Technologies is utilized to calculate
different reflection and transmission coefficients as shown in Figure 17a,b, respectively. It is
evident from the figures that the measured responses of reflection and transmission coef-
ficients are corroborating with the simulated data (Figure 14). The measured impedance
bandwidth of the antenna elements is noted to be 13.3 GHz in the frequency range of
2.75–16.05 GHz, while the measured isolation between the antenna elements is ≥20 dB.
The discrepancies observed between both results are due to fabrication intolerances.
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(a) (b)

Figure 16. Fabricated prototype of the proposed 4 × 4 MIMO array (a) front view and (b) back view.
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Figure 17. Measured (a) reflection and (b) transmission coefficients of the proposed 4× 4 MIMO array.

For far-field measurements, the proposed MIMO antenna is tested in an anechoic
chamber using a standard procedure. A horn antenna is used as a reference antenna, while
the proposed MIMO antenna is placed on the other side.

The simulated and measured radiation characteristics of 4 × 4 MIMO array are shown
in Figure 18. In the figure, the first row represents the radiation characteristics of antenna-
1 and 2, while the second row shows the radiation characteristics of antenna-3 and 4.
From the results, it is evident that the patterns are omnidirectional for both xz-plane
(φ = 0◦) and yz-plane (φ = 90◦) within the operating region. The argument can be defended
from the conventional theory of the antenna array design [27]. Furthermore, in polarization
diversity configuration, the antenna elements are arranged in a quadratic orientation;
hence, the radiation characteristics should also mimic the same behavior. It means that the
xz-plane radiation pattern of antenna-1 should be equal to the yz-plane radiation pattern
of antenna-2 and vice versa.
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Figure 18. Simulated and measured radiation patterns of the proposed 4 × 4 MIMO array at (a,d)
4 GHz, (b,e) 8 GHz and (c,f) 12 GHz.

4. Assesment of MIMO Performance Parameters

Next, the performance parameters of MIMO are discussed in the following subsection.
The performance is assessed in terms of ECC, DG, and mean effective gain (MEG).

4.1. Envelope Correlation Coefficient

The envelope correlation coefficient (ECC) is considered to be an important factor to
evaluate the MIMO system’s performance. It measures the degree of similarity among
the received signals in a fading environment. Ideally, ECC should be zero; however,
practically ECC should be ≤0.5 [28]. Mathematically, ECC can be calculated by using
three-dimensional (3-D) far-field characteristics of the MIMO array as [29]:

ECC =

∫∫
4π Ei(θ, φ).E∗j (θ, φ)dΩ√∫∫

4π Ei(θ, φ).E∗i (θ, φ)dΩ
∫∫

4π Ej(θ, φ).E∗j (θ, φ)dΩ
(1)

where Ei and Ej represents far-field radiation characteristics of port i and port j.
For the proposed array configuration, the value of ECC is <0.006 for the entire

operating range as shown in Figure 19a. This result demonstrates good isolation between
antenna elements, which is important for simultaneous operation.
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Figure 19. (a) Envelope correlation coefficient and (b) diversity gain of the proposed 4 × 4 MIMO
array (inset of (b) shows zoomed view of diversity gain).
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4.2. Diversity Gain

Diversity gain (DG) is another important parameter to assess the performance of
MIMO antennas. It can be calculated as [3]:

DG = 10
√

1− ECC2 (2)

Figure 19b shows the DG of the proposed MIMO array. It can be concluded from the
figure that the proposed MIMO array has DG ≈10 dB for the band of operation. A clear
representation of DG in the operating bandwidth is shown in the inset of Figure 19b.

4.3. Mean Effective Gain

In a fading environment, mean effective gain (MEG) represents the measure of the
amount of power received by the antenna elements compared to an isotropic antenna. One
can compute MEG as [29]:

MEGi = 0.5

[
1−

N

∑
j=1
|Sij|2

]
≤ −3 dB (3)

and
MEGi −MEGj ≤ 3 dB (4)

The MEG1 and MEG2 can be written as [29]:

MEG1 = 0.5
[
1− |S11|2 − |S12|2 − |S13|2 − |S14|2

]
(5)

MEG2 = 0.5
[
1− |S21|2 − |S22|2 − |S23|2 − |S24|2

]
(6)

In a similar way, MEG3 and MEG4 can also be evaluated using Equation (3). For the
proposed MIMO configuration, the value of MEG1, MEG2, and MEG3 is less than −3 dB,
which can be observed from Figure 20a,b.
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Figure 20. Mean effective gain of 4 × 4 MIMO array between (a) port 1 and 2, and (b) port 1 and 3.

It can also be noted from the figure that the difference MEG12 and MEG13 is less than
3 dB, shown in Figure 20a,b, respectively, within the entire operating range which satisfies
the requirements of Equation (3).

4.4. Channel Capacity

The ergodic channel capacity (CC) for the proposed MIMO antenna is calculated using
the assumption used in [30], with the same amount of power provided to each transmit
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antenna and no prior knowledge of the channel state information (CSI) as calculated with
the help of the following expression:

CC = E
{

log2

[
det
(

I +
SNR
mtr

)
HHT

]}
(7)

where the channel matrix H can be computed as:

H =
√

RTRG
√

RRre (8)

The term E in Equation (7) denotes the expectation concerning channel realization,
I represent the identity matrix, SNR means signal to noise ratio at the receiver end, mtr is the
number of transmitting antennas, and (.)T represent the Hermitian transpose. Furthermore,
it is assumed for this study that the transmitting antennas are uncorrelated with (ECC = 0)
as represented by correlation matrix of RTr and receiver antenna correlation matrix given
by RRre. The randomness of the channel is represented by matrix G that contains complex
Gaussian random numbers. Hence, the channel matrix contains entries with dimensions
of 4 × 4 matrix for 4-elements. The ergodic CC is obtained by averaging over 10,000
independent and identical Rayleigh fading realizations with reference SNR of 20 dB [31].
The CC of the proposed MIMO antenna system is illustrated in Figure 21. As can be
observed from the figure that the calculated CC of the proposed design for 4 × 4 MIMO
within the desired frequency range is better than 20 bps/Hz whereas, for the ideal scenario,
this value is equal to 23.15 bps/Hz [32].
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A c h i e v e d  d a t a  r a t e  f o r  p r o p o s e d  4 × 4  M I M O

Figure 21. Ergodic channel capacity of the proposed 4 × 4 MIMO antenna.

A comparative study between the proposed and previously reported 4 × 4 MIMO
arrays is provided in Table 3. From the data, one can observe that the proposed MIMO array
performs better and 10–52.73% physically compact compared to the designs of [9,14,16,19,24]
and electrically small compared to the designs reported in [9,16,19,24]. On the other hand,
the designs reported in [1,6,18] are compact than the proposed design; however, their
performance lacks either in terms of bandwidth or isolation. In addition, the diversity
performance of the proposed MIMO antenna is much better compared to the designs
of [1,6,9,14,16,18].
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Table 3. Comparison among proposed and previously presented 4 × 4 MIMO arrays.

Ref.
MIMO Size

Substrate
Bandwidth Isolation

ECC
DG % Size

(mm2) (λ2) (GHz) (dB) (dB) Reduction

[1] 45 × 45 0.3 × 0.3 FR-4 (εr = 4.4) 2–10.6 ≥17 <0.01 – –
[6] 39 × 39 0.3 × 0.3 FR-4 (εr = 4.4) 2.3–13.75 ≥20 <0.02 >9.5 –
[9] 60 × 60 0.6 × 0.6 FR-4 (εr = 4.4) 3–16.2 ≥17.5 <0.1 – 15.97

[14] 80 × 80 0.43 × 0.43 FR-4 (εr = 4.4) 2.1–20 ≥25 <0.02 – 52.73
[16] 72 × 72 0.673× 0.673 FR-4 (εr = 4.4) 2.8–10.6 ≥18 <0.06 – 41.65
[18] 40 × 40 0.4 × 0.4 TMM-4 (εr = 4.4) 3–10.6 ≥15 <0.4 >9.95 –
[19] 80 × 80 0.849× 0.849 Taconic RF30 (εr = 3) 3.18–11.5 ≥15 – – 52.73
[24] 58 × 58 0.58 × 0.58 FR-4 (εr = 4.4) 3–13.5 ≥23 <0.008 9.98 10

This Work 55 × 55 0.505× 0.505 FR-4 (εr = 4.4) 2.75–16.05 ≥20 <0.006 ∼10 –

5. Conclusion

A design of 4 × 4 MIMO antenna array is presented for UWB applications. The single
element of the MIMO array is comprised of a modified CPW-fed double overt-leaf-shaped
radiating patch. The results demonstrate that the antenna operates in the frequency range
of 3.3–16.5 GHz. It is also shown that the proposed antenna offers an average gain of
3.5 dBi for the entire operating range. Furthermore, a 4 × 4 MIMO array is designed
to demonstrate the performance of the proposed antenna for UWB MIMO applications.
The results of the MIMO configuration demonstrate an impedance bandwidth starting from
2.75 to 16.05 GHz and also offer effective isolation (≥20 dB) between antenna elements.
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