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Abstract: In this paper, we introduce a four-port self-isolated UWB MIMO antenna for diversity
applications. First, we have developed a basic radiating element of the proposed antenna in four
stages of design, where patches of geometrically different shapes were added at each stage to arrive
at the final radiator form. The antenna was designed on an FR-4 substrate with a compact size of
28 × 28 × 1.6 mm3. A tapered microstrip feeding was employed to enhance the antenna’s impedance
matching. An orthogonal arrangement of the four radiators was adopted to mitigate the mutual
coupling between them, avoiding the use of a separate isolation structure. A prototype was built
and measured with a close agreement between the experimental and simulated results. The MIMO
antenna performed well in the entire frequency spectrum of 3.1–10.6 GHz, with an isolation better
than 20 dB. The measured envelope correlation coefficient (ECC) was less than 0.001, the diversity
gain (DG) was greater than 0.99 dB, and the total active reflection coefficient (TARC) was less than
−10 dB. The performance of the proposed antenna design was compared with existing designs.
The comparison showed that the proposed quad-element UWB MIMO array is compact, has good
isolation and diversity performance compared to existing designs, and is well-suited for wireless
diversity applications.

Keywords: mutual coupling; diversity; multiple-input and multiple-output (MIMO); UWB

1. Introduction

Ultra-wideband (UWB) is a radio frequency spectrum with a range of 3.1–10.6 GHz.
The Federal Communications Commission (FCC) approved a 7.5 GHz bandwidth for ultra-
wideband communications in 2002 [1,2]. UWB is a short-range wireless communication
protocol that uses radio waves such as Bluetooth and Wi-Fi [3,4]. In [5], the authors provide
a historical overview of ultra-wideband antennas of the early days and highlight a few
noteworthy UWB antennas of the times. UWB antennas are used with a high accuracy and
without interference issues in various applications such as wireless sensor networks [6],
LiDAR [7], cognitive radio networks [8], automotive radar, short-range radar, wearable
devices, medical imaging, vehicular communications, and personal area networks at a high
range [9].

The ultra-wideband antenna is gaining popularity due to several advantages offered by
it. These advantages include wideband operability, a high data rate at a low spectral power
density of radiated power, robustness to fading, and its capacity to transmit short-duration
pulses of a large bandwidth. The UWB MIMO (multiple-input and multiple-output)
antenna has a prominent and outstanding performance among wireless communication
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technologies, making it widely used in the past few years. The rich dispersion setting
allows for data transmission efficiency and the ability to be improved without consuming
additional power or bandwidth. A compact size and high bandwidth are necessary when
administering the MIMO antenna system on portable devices. A high isolation between
antenna components in confined spaces is also important, as the mutual coupling affects
both the correlation and efficiency of the antenna. Consequently, this proposed work
focuses on minimizing the size without affecting necessary parameters such as S-parameters
and isolation.

Different techniques for UWB antennas have been reported in the literature. An
arrangement of complementary split-ring resonators (CSRRs) on the ground plane was
proposed in [10] for maximum isolation. An antenna design with the antennal elements
isolated from each other by an extruded T-shaped stub and enclosed by the rectangular
ground plane was suggested in [11]. With the inclusion of a circular metal disc in the
ground plane, a combination of four wideband antennas was proposed by the authors
of [12]. This disc acts as an existing pool with a 180◦ phase difference, resulting in separation
between separate ports. A new octagonal UWB antenna design proposed in [13] has made
the system invisible to enemy radar because of its minimal radar cross-section. Only
two operating band resonances were added due to the altered ground and semi-elliptical
patch in a design proposed by the authors of [14]. A novel separation method based on a
fence-type decoupling system was suggested for MIMO antennas in [15].

Developing organic orthogonal structures, four-way staircase-shaped decoupling,
symmetrical arrangements, multiple slots, and multi-slit techniques to enable miniaturiza-
tion with high efficiency are discussed in [16]. It was demonstrated in [17] that by cutting
C-shaped slots into the radiator portion and etching rectangular slots into the antenna’s
ground plane, WLAN frequencies can be avoided and reciprocal coupling between the
elements can be reduced. A high isolation between two ports was achieved by length-
ening the stub from the ground and engraving a T-shaped slot in the radiator in [18].
Good isolation can be achieved by arranging perpendicular radiating elements and using
self-complementary structures without requiring a complex decoupling structure. The
WLAN system band rejection can also be accomplished by engraving slits into the radiating
elements [19]. A high isolation without a decoupling structure was achieved by the authors
of [20] using different antennal elements. The use of metamaterial-inspired isolators was
proposed in [21] for increasing the isolation and minimization.

A ring-shaped broadband resonance created by extending the rectangular ground to
create a monopole and its sides was suggested in [22]. Co-planar feeds with asymmetric
shapes to reduce the antenna size was proposed in [23]. The authors of [24] claim that a
unique C-shaped slot with a C-shaped radiating feature and an engraved ground can result
in a compact LTE build. A simple inverted L-shaped ground plane structure can improve
sharp rejection on the WLAN band, port isolation, and bandwidth [25]. Many techniques
for improving inter-element isolation have been proposed in the literature. These include
the orthogonal arrangement of the antennal elements [26], decoupling structures [27], quasi-
self-complementary designs [28], and fractal structures [29]. The decoupling approach
inspired the metasurface principle by realizing rectangular slots in a linear and series
configuration incorporated between the antennas to decrease their interaction and reduce
the surface waves [30]. A survey presented in [31] provides a comprehensive study on the
investigations of various isolation improvement approaches based on metamaterial- and
metasurface-inspired techniques for antennal arrays. A method for enhancing the radiation
gain and efficiency of metamaterial (MTM)-inspired planar antennas using substrate-
integrated waveguide (SIW) technology for sub-6 GHz wireless communication systems
was proposed in [32]. The metamaterial-inspired structure exhibited improvements in the
isolation. A four-element MIMO dual band, dual diversity, dipole antenna was proposed
in [33] for 5G-enabled handsets. The design proposed in [34] relied on space diversity
and pattern diversity to provide an acceptable MIMO performance. The different slots
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and stubs were used to improve the isolation between the antennal elements in the work
presented by the authors of [35].

In this work, we present the design of a compact planar ultra-wideband MIMO
antenna with good isolation over a wide range of frequencies. A ground plane of perfect
electric conductor (PEC) material and FR-4 lossy material substrates were used in the design
of a single unit cell, making our design cost-effective. The elements were orthogonally
arranged to form a quad-part antenna that guarantees compactness and good isolation.
The diversity gains of the MIMO antenna, ECC, and S-parameters were improved over the
broad bandwidth, making it suitable for realistic MIMO systems.

The key benefits of this work include:

• The UWB range, as well as other allocated communications ranges, are occupied
by a single antenna port with the introduction of the diversity for efficient use of
these bands.

• Using orthogonal radiators to achieve high separation without employing any compli-
cated structure for decoupling.

• The compact size of the whole antenna design for the frequency band extending from
3.1 to 10.6 GHz. The size of the MIMO antenna is small enough to be packaged in a
square case, making it useful for portable devices.

2. Proposed Antenna Design

The prototypes of the UWB MIMO antenna design proposed in this work have been
realized on an FR4 (lossy) substrate of size 28× 28× 1.6 mm3. The reason for choosing FR4
substrate is that it is economical and permits the worst-case scenario for the analysis of the
radiation characteristics of the antenna. The proposed antenna was designed with a tapered
feed and an orthogonal arrangement of four antennal elements to attain a strong isolation
of at least 15 dB. The distance between the antennal elements also permits proper radiation.

2.1. Unit Cell Design

The unit cell of the proposed antenna consisted of a partial ground plane and an
antenna radiator that was designed in four steps, where different geometrical shapes
(square, rectangular, hexagonal, and V-shaped patch) were used, finally leading to the
particular form shown in Figure 1. The computer simulation tool CST Microwave Studio
was used for the design, analysis, and optimization process of the proposed antenna. The
left half of Figure 1 illustrates the front view (radiating element) of the unit cell, whereas the
right half illustrates the rear view (ground plane) of the unit cell. The optimized geometrical
dimensions of the proposed antenna are listed in Table 1.
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Table 1. Geometrical specifications of proposed monopole UWB unit-cell antenna.

Parameter r1 r2 r3 l1 l2 l3 l4 l5 l6 l7 l8

Units (mm) 1 0.9 1.5 2 4 1 9 1 2 1.5 2.5

Parameter l9 lg w1 w2 w3 w4 w5 w6 wg W L
Units (mm) 1.3 6 3 1 3 5 9.4 4.5 10 10 18

A 50 Ω microstrip line fed the single unit cell with a hexagonally shaped radiator with
dimensions of 10 mm× 18 mm. The FR4 substrate had a permittivity value of 4.3 and a loss
tangent of 0.02. One side of the substrate had a 0.035 mm thick ground plane. The design
of the partial ground plane played a key role in achieving UWB performance. The use of a
partial plane in the substrate reduced the storage of energy, which caused a decrease in the
quality factor and eventually resulted in an improved bandwidth. Tapered feed lines of
9 × 3 mm2 were used to increase the current flooding near the radiator and achieve the
required impedance.

Various stages of evolution were carried out in order to arrive at the final design of
the single unit-cell antenna. At every stage, the S parameter of the simulated antennal cell
was evaluated and suitable modifications were incorporated into the unit cell design for
improving the S parameter. The final design of the unit-cell antenna was achieved over
four stages of evolution, as shown in Figure 2. The simulated S parameters during the
evolution stages are displayed in Figure 3. The antenna designed in Step 1 consisted of a
low-profile, compact-sized microstrip line-fed V-shaped patch. (Refer to Step 1 in Figure 2).
This antenna, however, had a poor impedance bandwidth, as seen in the green-colored
curve in Figure 3. In evolution Step 2, a rectangle radiator and two rotated square-shaped
radiators were integrated into a microstrip-fed V-shaped radiator to increase the impedance
bandwidth, as shown in Step 2 of Figure 2. In this modification, the upper UWB frequencies
were covered, but the lower UWB frequencies were not covered well. The hexagonal-form
radiator concept is an intelligent solution for compact UWB MIMO antennas. In Step 3,
we added two hexagonally shaped radiators along with another rectangular radiator to
increase the impedance bandwidth. The resulting impedance bandwidth curve is shown in
blue color. It can be seen from the curve that the impedance bandwidth improved. The
final evolution was carried out for further improvement by adding a rectangular patch at
the top of the structure, as shown in Step 4 of Figure 2. The corresponding curve is shown
in black color in Figure 3. Pictures of the fabricated unit-cell antenna, along with a scale,
are displayed in Figure 4.

2.2. Monopole UWB MIMO Antenna

The ultra-wideband MIMO monopole antenna can be made using four unit-cell anten-
nas. The unit-cell structure described in the above section was used to develop the UWB
MIMO antenna. Four unit-cell antennas were mounted at the four corners of the substrate
to form the proposed antenna. The mutual coupling and isolation are important parameters
that have significant effects for individuality between the unit cells. In order to boost the
performance of the MIMO antenna, it was necessary to achieve adequate isolation. For this
reason, the four unit cells were arranged orthogonally. The front and back views of the
proposed MIMO antenna structure are illustrated in Figure 5. Better performance of the
MIMO antenna can be obtained by restricting the scattering parameters below −15 dB.
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The front and back views of the fabricated MIMO antenna are shown in Figure 6. The
overall size of the four-port antenna was 28 × 28 × 1.6 mm3. Figure 7 shows the unit-cell
antenna scattering parameter (S11) over the target bandwidth. It can be seen that the value
of S11 is below −10 dB over the entire frequency range from 3.1 to 10.6 GHz.
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3. Results and Discussion

The fabricated prototype of the antenna was experimentally evaluated and validated
by a comparison of the simulated and measured results. Measurements to determine the
antenna’s MIMO/Diversity parameters were conducted using an Anritsu MS2703 Vector
Network Analyzer, shown in Figure 8. The diversity parameter measurement and radiation
pattern measurement were conducted using a setup in an anechoic chamber, as shown in
Figure 9. The performance comparison of the proposed design with the existing designs is
also presented.
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S-parameters can be used to calculate various parameters of MIMO systems that enable
a quantitative comparison of the MIMO systems. These parameters include envelope
correlation coefficients (ECC), diversity gains (DG), channel capacity losses (CCL), and
the total active reflection coefficient (TARC). CST Microwave Studio software was used to
simulate and analyze the antenna’s radiation characteristics.
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3.1. Mutual Coupling

The Ultra-wideband MIMO monopole antenna was made by arranging multiple unit-
cell antennas of a similar shape. When multiple unit-cell antennas are integrated into a
small substrate to form a UWB MIMO antenna, stronger mutual coupling between cells
leads to antenna impedance mismatching, which ultimately reduces the channel capacity.
For a given unit-cell antenna i, the mutual coupling due to the other cell j, with (i 6= j), can
be obtained in terms of the Sij parameter. The MIMO antenna’s orthogonal arrangement
reduced the mutual coupling and overall size. The UWB MIMO monopole antenna design
should have a mutual coupling of less than −20 dB for optimal performance.

Figure 10 shows the measured and simulated results for the isolation of the proposed
UWB MIMO monopole antenna. It is clear from the figure that the proposed UWB-MIMO
antennal system provides a high isolation and a mutual coupling of less than −20 dB over
the frequency range from 3.1 to 10.6 GHz. Better performance of the proposed antenna in
terms of the isolation and mutual coupling between antennal elements was achieved due
to the use of the reduced ground plane and tapered feed in the design.
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3.2. Envelope Correlation Coefficient (ECC)

A MIMO antenna’s essential diversity parameter is the correlation between the radi-
ating elements. The envelope correlation coefficient reflects how the antennal elements
are independent of each other. It measures the similarity between the performances of the
antennas from a radiation pattern point of view. Ideally, the radiation patterns of two or
more antennas should be entirely independent of each other. The value of ECC can be
estimated by using 3D radiation patterns. This value should be 0 in the ideal case, and
it should not exceed 0.5 in any practical case. Lower values of ECC mean that the two
antennas are well isolated. Although it is difficult to estimate the ECC value, it can still be
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computed using the S parameters. The envelope correlation coefficient is determined by
replacing the S parameters in Equation (1) [36,37].

ECCij =

∣∣∣S∗ii Sij + S∗jiSjj

∣∣∣2(
1− |Sii|2 −

∣∣Sij
∣∣2 )(1−

∣∣Sjj
∣∣2 − ∣∣Sji

∣∣2 ) (1)

Here, i and j are the port numbers. Looking at Figure 11, we find that the ECC is
much less than 0.001 between all the ports, which is closely equal to the ideal value of the
envelope correlation coefficient.
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3.3. Diversity Gain (DG)

The UWB MIMO antenna’s diversity gains must be the pinnacle of making the wireless
communication device more authentic and delivering better efficiency. The ideal value is
10 dB. The value for the diversity gain can be determined for the given antenna using the
formula in Equation (2) [37].

DG = 10
√

1−
∣∣ECCij

∣∣2 (2)

The measured and simulated DG1,2 of the proposed antenna are shown in Figure 12.
We can confirm from this Figure that the maximum gain in diversity was 9.999 dB. We
also noticed that the value of the diversity gain was very similar for the simulated and
measured cases.
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3.4. Total Active Reflection Coefficient (TARC)

The ratio between the squared value of the reflected power and its incident power at
the port is called total active reflection coefficient (TARC). It relates to the coupling between
ports. For an N port antenna, the TARC ratio can be presented as in Equation (3) [38,39]:

Γt
a =

√
∑N

i=1|yi|2√
∑N

i=1|xi|2
(3)

where xi represents incident signals and yi represents reflected signals. The scattering
matrix of a 2 × 2 antennal array can be patterned as:[

y1
y2

]
=

[
s11 s12
s21 s22

][
x1
x2

]
(4)

The minimum value of TARC is 0, which indicates that all incident power is radiated,
whereas the maximum value is 1, which indicates that all the incident power is reflected.
The phase of any excitation signal is unpredictable in the MIMO antenna. Before the signal
enters the receiver, the propagation environment allows different signal phase selection.
The MIMO signal, also called a random phase, is independent and distributed similarly.
Gaussian values are obtained from the difference of Gaussian random variables; reflected
signals are expressed as [40,41]. The TARC of the antenna was calculated at a random
phase of 0◦ and is plotted in Figure 13.

y1 = S11x1 + S12x2
= S11 x0 ejθ1 + S12 x0 ejθ2

= x1
(
S11 + S12 ejθ) (5)
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y2 = S21x1 + S22x2
= S21 x0 ejθ1 + S22 x0 ejθ2

= x1
(
S21 + S22ejθ) (6)
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Therefore, the TARC is described as follows:

Γt
a =

√
(
∣∣x1
(
S11 + S12ejθ

)∣∣2 + ∣∣x1
(
S21 + S22ejθ

)∣∣2√
2|x1|2

(7)

Γt
a =

√
(
∣∣(S11 + S12ejθ

)∣∣2 + ∣∣(S21 + S22ejθ
)∣∣2

√
2

(8)

To achieve the best operation of MIMO antennas, the TARC value must be less than
−10 dB. Figure 13 indicates that the proposed design agrees well with the default TARC
norm values. Thus, from Figures 11 and 13, it can be claimed that the antenna was
competent for diversity reception/transmission in the MIMO channels.

3.5. Mean Effective Gain (MEG)

The mean effective gain of the unknown antenna related to the reference antenna
averaged over the route can be compared by the mean power level of the unknown antenna
with that of the reference antenna [42].

The MEG value for the MIMO antenna system was determined using the following
relationship [43].

MEGi = 0.5

(
1−

N

∑
j=1
|Sij|2

)
, i = 1, 2 (9)
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The ratios of the mean effective gains (MEGi/MEGj) were calculated to quantify the
power imbalance of the antennal elements. To guarantee a good channel characteristic, the
signal received from the antennas should satisfy the following criteria [24].∣∣∣∣∣ MEGi

MEGj

∣∣∣∣∣ ∼= 1 (10)

The MEG plot of the proposed multiple-in and multiple-out antenna is depicted in
Figure 14. It shows that the MEG curves of different ports are the same. It indicates a better
overall performance of the proposed radiator array.
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3.6. Channel Capacity Loss (CCL)

The correlation between the elements in MIMO channel systems produces a capacity
loss. It can be calculated as follows [44].

Closs = −log 2 det(Ψ)R (11)

ψR =

[
ψ11 ψ12
ψ21 ψ22

]
(12)

ψ11 = 1−
(
|S11|2 + |S12|2

)
(13)

ψ22 = 1−
(
|S22|2 + |S21|2

)
(14)

ψ12 = −(S∗11S12 + S∗21S22) (15)

ψ21 = −(S∗22S21 + S∗12S11) (16)

It is desirable to have a CCL value that is less than 0.4 bits/s/Hz. The proposed
radiator’s CCL values for the UWB spectrum are shown in Figure 15 as a simulation and
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measurement. From the diagram, it can be seen that the proposed design achieved the
recommended MIMO antenna CCL value over the operational frequency spectrum.
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3.7. Gain and Percentage Efficiency

The gain and efficiency curves of the proposed single-element antenna are displayed
in Figure 16a. The proposed single antenna design provided a gain of around 1.8 dBi and
an efficiency of around 55%. Similarly, the gain and efficiency curves of the proposed
MIMO antenna are displayed in Figure 16b. The proposed MIMO design demonstrated a
simulated peak gain of 3.8 dBi while the measured peak gain was 3.0 dBi for the MIMO
antenna. Similarly, the peak antenna efficiency was about 65%.
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Figure 16. (a) Gain and efficiency of proposed single-element antenna. (b) Gain and efficiency of the
monopole MIMO UWB antenna.

3.8. Radiation Patterns

The radiation patterns of the simulated and measured results for the proposed
monopole UWB MIMO antenna in the x–z plane (H-plane) and y–z plane (E-plane)
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at 5.5 GHz frequency are shown in Figure 17 for each port. Orthogonal polarization
is achieved when two linearly polarized waves are perpendicular to each other. The waves
do not interact with each other, as they are orthogonal to each other, and therefore they are
well isolated. The isolation between multiple antennas can be improved by placing the
antennas in such a manner that the antenna’s polarization is orthogonal. According to the
results, it was found that the simulated radiation patterns were in good agreement with the
measured one. The proposed antenna exhibited an omnidirectional radiation pattern. The
measured results offered good coverage for UWB communications.
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E-plane; (f) port 3 H-plane; (g) port 4 E-plane; and (h) port 4 H-plane.

Table 2 presents a quantitative comparison of the proposed antenna design with
the antenna designs reported in the literature. The comparison was made on the basis
of different types of structures and parameters, such as the design method, the number
of ports, the size of antenna, the isolation, TARC, ECC, CCL, gain, and the operating
frequency range.

Table 2. Comparison with designs in existing literature.

Ref Ports Applied Design
Method

Size
(mm2)

Isolation
(dB)

TARC
(dB) ECC CCL

(bps/Hz)
Gain
(dBi) GHz

[15] 4 AFS miniaturizing
technique 40 × 40 >17 - <0.03 - 5 2.94–14

[16] 4
Four-directional
staircase-shaped

structure
39 × 39 >22 <−10 <0.02 <0.2 1.4–4.6 2.3–13.7

[17] 4 Decoupling structure 70 × 41 17 <−9 <0.012 <0.4 - 3.1–12
[18] 2 Coplanar-fed 27 × 52 ≥20 - - - - -
[19] 4 QSCA 40 × 40 ≥20 - <0.04 −7 3.85–4.67 2.9–12.1

[20] 2 Fence-type decoupling
structure 35 × 50 >25 - <0.004 - - 3–11

[22] 4 Rectangular slots in
ground 40 × 40 >20 - - - - 3–11.5

[23] 4 Coradiator 40 × 40 >10 - - - - 3–11

[24] 4 Quasi-self-
complementary 50 × 50 >20 - <0.5 - - 3–12

[25] 2 Circular coupling
structure 25 × 35 >18 - <0.005 - - 3.1–11

[45] 4 Asymmetric coplanar
strip-fed 40 × 43 20 −8 <0.2 <0.3 - 3.1–10.6

[46] 4
Phase-reversed and

phase-rotated antennal
elements

68 × 98 10 - <0.1 - - 1.66–2.7

[47] 4 Orthogonal, defected
ground structure 40 × 40 >35 - <0.001 - - 3.1–10.6

Proposed 4 Orthogonal, tapered feed 28 × 28 >20 <−10 <0.001 < 0.4 3 3.1–10.6

In this comparison, it was observed that the proposed antenna was the most compact,
as its size in terms of area was 28 × 28 = 784 mm2, which was the smallest among all other
antennas. The proposed antenna provided better isolation than that provided by the other
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antennas of a comparable size. Further, the design achieved promising results in terms of a
CCL value less than 0.4 bits/s/Hz, a TARC value less than −10 dB, and an ECC value less
than 0.001.

4. Conclusions

A design of a compact four-port UWB MIMO antenna with the overall dimensions of
28 mm × 28 mm × 1.6 mm is presented in this paper. Polarization diversity, an orthogonal
arrangement, and a tapered feed were employed in the MIMO antenna to achieve a higher
isolation. The proposed antenna operated in the entire UWB band (3.1–10.6 GHz) with a
high isolation. The antenna had an average gain of 3.0 dBi. The diversity performance of
the proposed antenna was good, with an ECC value less than 0.001, a DG value greater than
9.90, a TARC value less than −10 dB, and an isolation greater than 20 dB. The measured
values of return loss, isolation, and the radiation pattern agree with the simulated ones.
In summary, the proposed antenna is a promising candidate for UWB MIMO wireless
diversity applications. One challenge these antennas face is electromagnetic interference
between UWB and licensed frequency bands. Future designs should aim at the construction
of an antenna with notched-band features to mitigate this issue.
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