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Abstract: An easy-to-manufacture and efficient four-port-printed Multiple Input Multiple Output
(MIMO) antenna operating across an ultra-wideband (UWB) region (2.9–13.6 GHz) is proposed and
investigated here. The phenomenon of the polarization diversity is used to improve the isolation
between MIMO antenna elements by deploying four orthogonal antenna elements. The proposed
printed antenna (40 × 40 × 1.524 mm3) is made compact by optimizing the circular-shaped radiating
components via vertical stubs on top of the initial design to maximally reduce unwanted interaction
while placing them together in proximity. The measurements of the prototype MIMO antennas
corroborate the simulation performance. The findings are compared to the recent relevant works
presented in the literature to show that the proposed antenna is suitable for UWB MIMO applications.
The proposed printed UWB MIMO antenna could be a good fit for compact portable wireless
electronic devices.

Keywords: printed MIMO antennas; orthogonal radiating elements; polarization diversity; ultra-
wideband; linear stubs; portable wireless electronic devices

1. Introduction

The Federal Communication Commission (FCC) permitted the use of the ultra-
wideband (UWB) spectrum ranging from 3.1 GHz to 10.6 GHz for commercial appli-
cations [1–3]. Low data transmission due to limited power spectral density and multipath
fading in dense propagation environments restricted the UWB to indoor applications only.
The suitable solution for the UWB was to integrate with the MIMO systems, improving
spatial-multiplexing gain and array gain, which consequently enhances the spectral perfor-
mance [4–6]. Moreover, the data rate of the UWB-MIMO system is significantly increased
because the channel capacity of the UWB system is proportional to the number of anten-
nas [7]. Thenceforth, researchers turned their efforts to developing MIMO systems for
the electronic devices operating in the UWB region in order to alleviate the power limit
congestion [8–24].
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Although UWB provides a wide range of diversity in time domain and bandwidth, the
unprecedented growth in complex wireless systems, internet-connected devices, and IoT
models necessitates a larger amount of bandwidth. The International Telecommunication
Union (ITU) has proposed the 11 GHz (10.7 to 11.7 GHz) and 13 GHz (12.75 to 13.25 GHz)
frequency bands for wireless networks in response to the need for more bandwidth [25,26].
There are already several works reported to utilize this extended W-UWB region [21,22].

A planar UWB-MIMO antenna with a 7.5 GHz bandwidth for high isolation is pro-
posed in [8], but the antenna size is incompatible with lightweight portable devices. A large
size antenna with four elements based on a neutralization technique is presented in [9] to
obtain very low coupling (23 dB), but the proposed technique reduced the efficiency of
the design as well. Another large size antenna (4000 mm2) with improved efficiency but
reduced bandwidth is proposed in [10]. A comparable design in terms of size is proposed
in [11], but the methodology deployed to build the design and resultantly minimize the
self-coupling is very complex. Moreover, a higher bandwidth of 8 GHz is achieved with
a trade-off of 75% efficiency. In [12], I-shaped grounded stubs are placed to achieve high
isolation for a semi-circular shape MIMO antenna operating from 1.9 to 10.2 GHz, whereas
the size of the reported antenna is 1750 mm2, which is, in comparison, on the larger side.
Another large diversity antenna with a mushroom and electronic band gap (EBG) structure
is proposed in [13]. Non-planar (three-dimesional) antennas with four and eight elements
are proposed in [14–16]. These designs exploit polarization diversity and due to angular
placement, complexity and being difficult to produce, they are unsuitable for planar struc-
tures. In [17], a fractal-octagonal shape was used to achieve a wideband of 8.6 GHz with
less than 17 dB mutual coupling between components, and the covered band ranged from
2 to 10.6 GHz. In [18], a reconfigurable geometry for designing an MIMO antenna, with
self-coupling between elements around 20 dB and wideband spanning from 2 to 11 GHz,
is proposed. A split-ring resonator (SSR) antenna with four elements is also proposed
in [19]. The obtained bandwidth is only 4.08 GHz (2.2 to 6.28 GHz) with 65% efficiency and
2025 mm2 board size. A compact and polarization diversity antenna with four elements is
also proposed in [20] to operate in a slightly wider band (3.1 to 11 GHz) than UWB. Again,
complex geometry is used to obtain a larger bandwidth of 9 GHz (3 to 12 GHz), but gain is
compromised [21]. Although the designs reported in [23,24] utilized simple but different
structures in orthogonal planes, the overall size becomes 2500 mm2.

Recently, authors have presented a miniaturized four-port antenna for UWB, 11 and
13 GHz frequency bands with an overall attained bandwidth of 10.5 GHz (3 to 13.5 GHz);
however, the mutual coupling was around −15 dB, ECC was around 0.4 and CLL was
0.22 bits/s/Hz [26]. The proposed design was initiated using the same patch and later
modified to obtain the desired results of −16 dB mutual coupling and 90% efficiency over
the wider bandwidth without compromising the overall physical size of the antenna. The
larger size of the radiating patch of a unit cell in [26] causes greater current flow and
unwanted interaction between the adjacent elements of the proposed MIMO antenna.
This consequently increases the mutual coupling and efficiency of the MIMO antenna.
Moreover, with the excess current on the edges of the square patch, the MIMO antenna
could cause electromagnetic interference with the rest of the integrated RF circuitry in an
electronic device. This could affect the overall efficiency of the device. So, the reciprocal of
the square patch attached on the edge of the circular patch to enhance the bandwidth is
required, but carefully, as it deals with the enhancement of the bandwidth of the proposed
MIMO antenna in [26].

Although the research and literature to design a UWB-MIMO antenna is progressive,
the need to design a relevantly efficient and broadband MIMO antenna, which is also easy
to design, is present. All the above-mentioned designs have compromises between board
size, bandwidth, efficiency performance, design complexity, and the number of ports to
be accrued within a limited size. MIMO antennas presented in [9,11,12,17,18] have the
smallest dimensions; however, some of these lightweight architectures have difficult-to-
implement and complex decoupling mechanisms, while others have lower bandwidth and
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efficiencies. Compared to these current designs, the proposed design is compact, highly
efficient and covers a larger bandwidth. As a result, the proposed work aims to design a
simple and miniaturized four-element antenna with a broad bandwidth and high efficiency.

A compact and easy-to-integrate W-UWB MIMO antenna with a bandwidth of
10.7 GHz ranging from 2.9 to 13.6 GHz is discussed in this paper. The proposed fre-
quency band includes the UWB allocated by the FCC, 11 GHz and 13 GHz frequency bands
recommended by the ITU for the commercial wireless electronic applications, so it is named
as W-UWB. The paper is organized as follows: the design of the unit cell is presented in
Section 2, while design and parameters of the MIMO antenna are discussed in Section 3.
The conclusion of the work is presented in Section 4.

2. Design of the Unit Cell for The MIMO Antenna

Figure 1 shows a diagram of the unit cell for the orthogonal MIMO antenna. Ini-
tially, a circular patch with a radius of 5 mm attached to a 10.1 mm-long feed line was
etched on a partly ground (6.25 × 13.5 mm2) TMM4 laminate with a thickness of 1.524 mm,
εr = 4.4 and tan δ = 0.02. The simulations were carried out in Ansys High-Frequency Struc-
ture Simulator (HFSS). A wideband impedance match from 3.8 GHz to 12.6 was obtained
as depicted in Figure 2. If the radius of the circular patch is increased, a good impedance
match at the lower band could be achieved, but this could affect the coupling in the MIMO
configuration. To achieve a wider bandwidth, the top side of the circular patch was modi-
fied with vertical stubs of dimensions 2.45 × 0.5 mm2. The optimized vertical stubs caused
an increased current density on the surface of the overall radiating patch. Consequently,
the matched impedance bandwidth increased on both the lower and higher sides of the
earlier achieved band, and thus a UWB of 10.7 GHz from 2.9 to 13.6 GHz was achieved.

Figure 1. Diagram of the stub-loaded circular MIMO antenna.
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Figure 2. S11 of circular patch and stub-loaded circular patch.

Figure 2 shows a comparison of the reflection coefficients (S11) of circular and stub-
loaded circular patches. To highlight the extension in bandwidth by addition and optimiza-
tion of the vertical stubs, the lower and upper operating frequencies for circular and modi-
fied stub-loaded patches are shown by the vertical dotted line and solid line, respectively).

In addition to other antenna parameters, a fragmentary ground plane was introduced
beneath the transmission line to alter and reconfigure the surface current density. The
inclusion of this partial ground plane affected the impedance matching and consequently
the S-parameters. It is observed that the overall bandwidth of the reflection coefficient
reduced when the width of the ground (G1) is decreased or increased from 6.25 mm. As
shown in Figure 3a, decreasing G1 affects the lower frequency band while increasing G1
affects the high frequency band. On the other hand, the length of the ground (G2) has no
impact on the unit cell’s total bandwidth. However, as shown in Figure 3b, it influences
the magnitude of the matched impedance. Based on these findings, the partial ground was
optimized as 6.25 × 13.5 mm2 to better accommodate the UWB.

Figure 3. The parametric study of ground plane (a) width effects, (b) length effects.



Electronics 2021, 10, 2848 5 of 13

3. Design of the Four-Port MIMO Antenna

The four-port MIMO antenna was then designed by using the unit cell presented
in Section 2. Four cells in close vicinity were mounted using reciprocal orthogonal ge-
ometry, as shown in Figure 4. The distance between two radiating patches was kept at
5.25 mm. Figure 5a,b illustrate the antenna prototype, while Figure 5c illustrates the ex-
perimental setup to measure different antenna parameters. The prototype was etched on
1.524 mm-thick TMM4 laminate (εr = 4.4 and tan δ = 0.02) using a LPKF ProtoMat S64
machine and SMA connectors were soldered to measure the antenna performance.

Figure 4. Schematic of the proposed UWB MIMO antenna.

Figure 5. Snapshot of the proposed UWB MIMO antenna. (a) Radiating Patch side, (b) Partial Ground
side, (c) Measurement Setup.

3.1. S-Parameters

The simulated and measured S-parameters of the MIMO antenna are shown and
compared in Figure 6. Figure 6a depicts the measured reflection coefficients at all four
ports and simulated S11 for port 1 only. The rest of the simulated parameters are like S11, so
are not shown in pictorial view for the sake of clarity. Although a slight shift in simulated
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and measured S11 at lower frequencies is observed, it remains below −10 dB throughout
the proposed wideband.

Figure 6. Simulated and measured S-parameters of the 4 ports (a) reflection (b) mutual coupling.

Figure 6b depicts and compares the mutual coupling between any two ports. It is
observed that the simulated and measured mutual coupling at the respective port is less
than −16 dB, indicating that the elements are isolated even when they are close together.
Furthermore, the EM coupling between crossed element couples such as 2, 4 and 1, 3 is less
than −16 dB. Next, the effects of the connected ground were observed; as is the case with
most of the MIMO designs, all the partial grounds were connected through a 0.5 mm-thick
TL. However, negligible effects were recorded on the discussed results. That is why all the
measurements were carried out on the design depicted in Figure 4.

3.2. Surface Current Density

The current density of an antenna is an important parameter for demonstrating
polarization diversity phenomena. To demonstrate it, one port at a time was excited and
the rest of the ports were terminated with the matched load; current density at 5.5 GHz is
shown in Figure 7. Figure 7a shows that y-directed linearly polarized current vector lines
reside around the TL and edges of the circular patch if port 3 is excited. However, when port
2 is excited, x-directed linearly polarized current vector lines with equal magnitude around
the same geometry corners are observed. This clearly indicates polarization diversity
among the elements of the MIMO antenna. The excellent separation between the elements
in proximity is due to these orthogonally polarized current vectors.
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Figure 7. Screenshots of the current density at surface of the antenna operating at 5.5 GHz while
excited ports are (a) 3, (b) 2.

3.3. Radiation Pattern in Different Planes at Different Frequencies

Figure 8 describes and compares the simulated and measured results of the far-field
radiation patterns and gains in the x–z and y–z planes at 4, 7.5 and 10.5 GHz when either
port 1 or port 2 of the MIMO antenna is excited.

Figure 8. 2D Radiation patterns in X–Z and Y–Z planes at 4.0 GHz, 7.5 GHz, and 10.5 GHz.
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Figure 8a shows an omni-directional radiation pattern in the x–z plane at 4 GHz when
port 1 is excited, whereas a dumbbell-shaped radiation pattern is observed in the same
plane at the same frequency when port 2 is excited. The results are exactly inverted in the
y–z plane for the two ports as shown in Figure 8b. Here, in Figure 8b, in the y–z plane,
when port 1 is excited, the antenna exhibits a dumbbell-shaped pattern instead of an
omni-directional one, as was the case in Figure 8a. Furthermore, port 2 shows an omni-
directional shape instead of a dumbbell shape. This is quite expected in the case of MIMO
antennas when polarization diversity is deployed to increase the isolation at different
ports. It confirms that the elements have orthogonal polarization, and that the polarization
diversity is employed between two closely spaced elements. It can be observed that the
measured results are well matched with the simulated results and small deviations are due
to fabrication tolerance.

To validate this fact, radiation patterns of ports 1 and 2 were analyzed in the x–z and
y–z planes at different frequencies. Figure 8c shows the radiation pattern of the two ports
in the x–z plane at 7.5 GHz, whilst Figure 8d shows this pattern in the y–z plane at the same
frequency. However, the patterns are not of a uniform shape like at 4 GHz in Figure 8a,b,
i.e., omni-directional or dumbbell shaped. The reversal of the pattern in different planes
is observed clearly. The pattern of port 1 in the x–z plane is the pattern of port 2 in
the y–z plane, and vice versa at 7.5 GHz as well, which strengthens the phenomenon of
polarization diversity. Moreover, the radiation patterns of ports 1 and2 at 10.5 GHz, the
maximum frequency attained, in the x–z and y–z planes were also analyzed in Figure 8e,f.
It is reported that the patterns of a port in the respective plane is an exact inversion of the
patterns of the other port in the same plane at 10.5 GHz. At higher frequencies, discrepancy
in the measured results is slightly more than the simulated results due to fabrication
tolerance, connector losses, soldering and cable losses.

Next, to foster the discussion, a 3D radiation pattern at 3.5 GHz is plotted in Figure 9.
It is observed that, when port 3 is excited, then the nulls and maximums of the resultant
radiation pattern are exactly orthogonal to the nulls and maximums when port 2 is excited,
as shown in Figure 9a,b. At the points where port 3 has the minimum points, port 2 has
the maximum points and vice versa, so the resultant patterns are completely uncorrelated.
Hence, the phenomenon of polarization diversity is validated through 2D and 3D radiation
patterns at different frequencies.

Figure 9. 3D radiation patterns at 3.5 GHz while exciting port (a) 3 only, (b) port 2 only.

Furthermore, peak gain and efficiency of the antenna for the entire frequency band is
reflected in Figure 10. The average gain of 4.5 dBi with more than 90% efficiency is reported
for the entire spectrum to confirm the antenna functionality in the UWB region.
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Figure 10. Peak Gain and efficiency of the MIMO antenna.

3.4. Diversity Analysis

Envelope Correlation Coefficient (ECC) is a useful metric for assessing the diversity of
the MIMO antenna components. High diversity and low ECC are the consequences of low
coupling and different radiation patterns in a single plane. Equation (1) [27] was used to
calculate the ECC of the proposed MIMO antenna by using far-field radiation plots.

ρe =

∣∣∣∫ 2π
0

∫ π
0

(
XPR·Eθ1·E∗

θ2·Pθ + Eϕ1·E∗
ϕ2·Pϕ

)
dΩ
∣∣∣2∫ 2π

0

∫ π
0

(
XPR·Eθ1·E∗

θ1·Pθ + Eϕ1·E∗
ϕ1·Pϕ

)
dΩ ×

∫ 2π
0

∫ π
0

(
XPR·Eθ2·E∗

θ2·Pθ + Eϕ2·E∗
ϕ2·Pϕ

)
dΩ

(1)

In the expression above, XPR stands for the cross-polarization ratio, while·Pθ and Pϕ

are θ and ϕ components of the angular density functions of an excited wave. Figure 11a
depicts the calculated ECC values for the entire frequency spectrum for isotropic, indoor,
and outdoor Gaussian. The far-field characteristics in a uniform scattering environment
were utilized to calculate the isotropic case, whereas the far-field radiation characteristics
in a complex environment were used for the indoor and outdoor Gaussian. The fact that
the computed ECC values for the isotropic case are less than 0.13, while the values for the
indoor and outdoor Gaussian are less than 0.26 and 0.38, respectively, demonstrates the
antenna polarization diversity once again.

Channel Capacity Loss (CCL) is another way to measure the importance of a MIMO
antenna. The CCL of ports 1 and 2 and 3 and 4 versus frequency is shown in Figure 11b.
The overall computed CCL between the respective ports is less than 0.21 bits/s/Hz,
indicating that there is a very little interaction between any two adjacent ports. Furthermore,
Figure 12 shows the diversity gain and multiplexing efficiency across the entire spectrum,
demonstrating the diverse MIMO antenna functionality. Throughout the claimed frequency
range, the diversity gain is stated to be about 10 dB, while the multiplexing efficiency is
greater than −3.5 dB.
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Figure 11. (a) Simulated ECC of antenna array computed from far-field radiation patterns for
isotropic, indoor and outdoor environments. (b) CCL plot over the entire spectrum.

Figure 12. Diversity gain and multiplexing efficiency over the entire spectrum.

The proposed and other recent UWB MIMO antennas are compared in Table 1 to
demonstrate the value addition of the proposed work. Although there is a close call
between [26] and the proposed work, the proposed design is enhanced in bandwidth
by 200 MHz, the mutual coupling is further reduced to −16 dBi from −15 dBi and the
efficiency of the design is increased to 90% from 89%. Apparently, the improvement is not
particularly significant, but the overall current flow and consequent EM coupling within
and across the MIMO antenna, in terms of overall efficiency of the device, matters for the
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end user and manufacturers. The deployment of the vertical stubs instead of the square
patch used in [26] reduced unwanted interaction between the adjacent radiating patches
because of the reduction in overall size of the individual radiating patches, along with an
increase in the bandwidth and efficiency of the MIMO antenna. This could also be verified
by the decrease in ECC of the proposed antenna to 0.38 from 0.4 and the value of CLL to
0.21 bits/s/Hz from 0.22 bits/s/Hz shown in [26]. Overall, the proposed design is a better
candidate in terms of its simplicity to implement, bandwidth, efficiency, mutual coupling,
ECC and CLL parameters.

Table 1. The comparison of the proposed UWB MIMO antenna with state-of-the-art antennas.

Reference Dimension
(mm2) BW (GHz) Isolation (dB) Gain Variation

(dBi)
ECC Using Far

Field
Radiation

Efficiency (%)

[8] 47 × 93 3.1–10.6 <−20 3.5 - >70

[9] 48 × 34 3.5–10.08 <−23 2.8 <0.039 >75

[10] 80 × 50 4.18–6.58 −17 4 0.056 >80

[11] 40 × 40 3–11 <−17 < 2 - >75

[12] 50 × 35 1.9–20 <−22 - 0.003 >93

[13] 64 × 45 3.3–7.9 - 3 <0.02 -

[18] 40 × 37.5 2–11 <−20 - 0.1 -

[17] 45 × 45 2–10.6 <−17 4 <0.8 -

[19] 45 × 45 2.2–6.28 <−14 3 <0.25 >65

[20] 40 × 40 3.1–11 <−20 3 <0.004 -

[21] 40 × 40 3–12 <−17 2.9 <0.06 -

[26] 40 × 40 3–13.5 <−15 3.5 <0.4 >89

proposed 40 × 40 2.9–13.6 <−16 3.5 <0.38 >90

4. Conclusions

A printed MIMO antenna is presented here that operates at a broad band of 10.7 GHz
ranging from 2.9 to 13.6 GHz, including the FCC-designated UWB (3.1–10.6 GHz). The
proposed miniaturized antenna constitutes four stub-loaded circular patch components
that are located orthogonally in close proximity to achieve polarization diversity and, thus,
improved isolation and reduced size (40 × 40 × 1.524 mm3). For the entire operating band,
i.e., 2.9–13.6 GHz, mutual coupling between different antenna elements is less than −16 dB,
and the reflection coefficient is less than −10 dB. The other parameters used to measure
and quantify the functionality of a MIMO antenna are also examined, and it is shown that
the efficiency of the antenna is greater than 90%, peak gain variations are less than 3.5 dBi,
the outdoor Gaussian ECC value is less than 0.38, CCL is less than 0.21 bits/s/Hz, diversity
gain is greater than 9.95 dB and multiplexing efficiency is greater than −3.5 dB for the
entire frequency range, which validates the functionality of the proposed MIMO antenna.
Finally, the proposed printed UWB MIMO antenna is compared to the state-of-the-art
MIMO antennas in terms of different parameters, demonstrating that the proposed antenna
is a good fit for portable wireless electronic applications in heterogeneous environments.
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