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ABSTRACT In this paper, a novel super-wideband multiple-input multiple-output (SWB-MIMO) antenna
system with high isolation has been proposed, each antenna element consisting of a spade-shaped radiation
patch, a defected ground structure (DGS) as well as a windmill-shaped decoupling structure. The elliptical
slot etched on the radiation patch and the rectangular DGS are jointly utilized to make better the radiation
performance and impedance bandwidth. Both of four-element and eight-element SWB-MIMO antenna
systems are simulated and analyzed, respectively. A prototype of the four-element SWB-MIMO antenna
system with total dimensions of 58 mm × 58 mm × 1 mm was fabricated to verify the concept of design
using an FR4material substrate.Measurement and simulation results indicate that the proposed SWB-MIMO
antenna system can work in the frequency band ranging from 2.9 to 40 GHz with a mutual coupling of lower
than –17 dB. Also, excellent performance has been achievedwith a low envelop correlation coefficient (ECC)
of lower than 0.04, high multiplexing efficiency (ηmux) of more than–3.0 dB, stable gain of up to 13.5 dBi as
well as quasi-omnidirectional radiation properties. This design provides an important guideline for obtaining
a super-wide MIMO antenna.

INDEX TERMS Multiple-input multiple-output (MIMO) antenna, high isolation, super-wideband (SWB),
defected ground structure (DGS), windmill-shaped decoupling structure, meander technology.

I. INTRODUCTION
With the rapid development of the high-frequency and
microwave communication technology such as the fifth-
generation (5G) wireless networks and the internet of things
(IoT), the need for high channel capacity and reliability is
dramatically increasing for smart city, smart home wear-
able devices, and other applications. Ultra-wideband (UWB)
system has attracted extensive attention because of its rich
spectrum resource, fast transmission rate, strong confiden-
tiality, and low power consumption. The radiation power
of the UWB system is relatively low, which makes it dif-
ficult to realize long-distance transmission. The alternative
solution is to utilize the UWB technology and the MIMO
technology to improve the anti-multipath fading capability.

The associate editor coordinating the review of this manuscript and
approving it for publication was Raheel M. Hashmi.

The transmission distance of the UWB system can be
significantly enhanced, while the radiated power of the
antenna would not be increased.

Wideband and high isolation characteristics are of particu-
lar interest for MIMO antenna researchers, however, to meet
both of the requirements remains a challenging task. Several
approaches to achieve UWB characteristics include those
using the gradual geometry structure [1], resonant struc-
ture [2], and slot structures [3]-[5]. A compact stepped trans-
mission line (TL)-loaded wideband antenna was introduced
and printed on an RT/Duroid 5880 substrate in [1], which
could cover 2.1-11.5 GHzwith a 50mm× 50mm× 1.52mm
size. A wideband antenna with double rejection zeros was
implemented in [2] by using a slot and quarter-wavelength
resonator simultaneously. By using this method, the band-
width of the antenna is raised up to 32% ranging from
4.2 to 5.6 GHz, and a filter theory-based feeding network
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is verified to improve the bandwidth. A similar method
using multiple step slots to achieve broadband was reported
in [3]–[5], where the multiple slots were designed to form
more resonance modes at adjacent frequencies. In particu-
lar, the stepped slot antenna proposed in [4] can make the
impedance bandwidth to reach 3.2-13.2 GHz and have notch
characteristics to suppress interference from WLAN sys-
tems. Operating bandwidth of 97%, VSWR of less than 2.3,
and the maximum antenna gain of 4.0 dBi could be obtained
by the designed 50 � microstrip fed UWB slot antenna,
loaded with a tapered line impedance transformer using four
exciting resonance modes. High isolation characteristics can
be achieved by the current neutralization, introducing stub,
as well as parasitic elements [6]-[8]. A compact UWB-MIMO
slot antenna with a total size of 48 mm × 48 mm was
presented in [6], working in the bandwidth of 2.5-12 GHz.
The band-notched property was realized by using a split-ring
resonator (SRR) structure, and a T-shaped slot was applied
on the ground plate to increase the isolation between radi-
ators which was below –15 dB during the entire working
band. The rectangular slot and T-shaped stub etched on
the ground plane were also applied in the dual-polarized
UWB-MIMO antenna [7], so that the coupling among the
radiators was dropped below –20 dB, and the overall size
was reduced. A neutralization-line structure was verified to
obtain high isolation in [8]. Because the neutralization-line
took up very little space, there was no need to make com-
plex modifications to the ground like traditional decou-
pling structures. Although the isolation could be achieved
below –19 dB, this design was only for the frequency band
around 2.4 GHz.

Various featured studies are focusing on UWB-MIMO
antennas and several techniques have been discussed to
enhance the isolation [9]-[15]. A compact tapered-fedMIMO
antenna was designed in [9] with a dual-band-notched
characteristic and a high isolation of lower than –22 dB
achieved by an L-shaped pattern in the ground plane. In [10],
an F-shaped stub was introduced in the ground plane for
decoupling between antenna elements for high isolation.
In [11], a T-shaped slot was etched on the ground plane
of a dual-band UWB-MIMO Vivaldi antenna, and the port
isolations between antenna elements were improved. These
researches have achieved both compact size and high iso-
lation, and their antennas are limited at two ports with
the impedance bandwidths of being less than 20 GHz.
A four-element UWB-MIMO antenna was designed by
using the polarization diversity in [12]. In [13], an inte-
grated four-element UWB-MIMO antenna based on fre-
quency reconfiguration was fabricated for cognitive radio
(CR) applications. Both presented in [12], [13] require a
relatively complex manufacturing process. Differently, a sep-
arated staircase-shaped structure to reduce coupling was
introduced in [14], and the designed UWB-MIMO antenna
with four elements could perform well in miniaturization
and high isolation. Koch fractal geometry was employed to
achieve desired miniaturization and wideband phenomena

for the designed UWB-MIMO antenna fabricated on the
FR4 substrate in [15].

Although UWB-MIMO antennas have attracted tremen-
dous research interests in wireless communications, it is hard
to find a reported MIMO antenna with a super impedance
bandwidth being greater than 20 GHz. In this paper,
a compact super-wideband MIMO (SWB-MIMO) antenna
system with super-wide impedance bandwidth and high
isolation is presented. The four-element and eight-element
SWB-MIMO antenna systems are also analyzed, respec-
tively, and the results show excellent characteristics
of SWB and high isolation. Then, a prototyped four-element
SWB-MIMO antenna system is fabricated to verify the con-
cept of design. The spade-shaped radiation patch can create
an SWB bandwidth. The windmill-shaped structure is imple-
mented to act as the decoupling function, achieving isolation
of less than –17 dB within the frequency band of interest.
The SWB-MIMO antenna system has achieved a super-wide
bandwidth of 37.1 GHz, ranging from 2.9 to 40GHz. It covers
many wireless communication bands, including worldwide
interoperability for microwave access (WiMAX), wireless
local area network (WLAN), K/Ku-band, 5G band, etc.
As smart cities gradually grow up, the IoT and 5G wireless
communication technologies are increasingly widely used.
The proposed SWB-MIMO antenna system has a wide appli-
cation prospect, including the smart city having smart med-
ical treatment, house, logistics, energy, industry, agriculture,
etc., as shown in Fig. 1. All simulations are conducted using
the electromagnetic simulation software Ansys HFSS, and
the measurements are implemented in an anechoic chamber
with the vector network analyzer R&S R© ZVA 67.

FIGURE 1. Application of the SWB-MIMO antenna system in smart city.

II. SWB-MIMO ANTENNA DESIGN AND ANALYSIS
A. SWB-MIMO ANTENNA ELEMENT DESIGN
The geometry of the antenna element of the proposed
SWB-MIMOantenna system is shown in Fig. 2. The radiation
patch is a spade-shaped structure placed on the top surface of
a printed circuit board (PCB). The ground plane on the bottom
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FIGURE 2. Geometry of proposed SWB-MIMO antenna element. (a) Top
view, and (b) bottom view.

surface of the PCB is specially patterned for enhancing the
bandwidth. The PCB substrate is 1 mm FR4 material with
a loss tangent of 0.02 and permittivity of 4.4. The metallic
layers, including the radiation patch and the ground pattern,
are made up of 0.035 mm thick copper film. As shown
in Fig. 3, the design process of the proposed SWB-MIMO
antenna element is investigated from three types of UWB
antennas, termed Type I, Type II, and Type III, respectively.
The Type III is the proposed SWB-MIMO antenna element.
The Type I is the initial antenna, starting with a rectangular
microstrip patch. To improve the radiation property, the edge
of the spade patch is cropped, which forms Type II. The
radiation patch has an elliptical slot with the major radius R
of 3.5 mm and ratio of 0.7 between the elliptical short and
the long axes etched in the center for improving impedance
matching. As shown in Type III, the radiation patch with an
elliptically-slotted semicircle area is fedwith amicrostrip line
backed with an edge-cropped groove ground.

FIGURE 3. Investigated three types of UWB antennas. (a) Type I,
(b) Type II, and (c) Type III (Proposed SWB-MIMO antenna element).

Fig. 4 displays the magnitude of S11 for the three types
of UWB antennas represented in Fig. 3. For the sake of
comparison, the current distributions for the three types of
UWBantennas at 10GHz are presented in Fig. 5. It is found in
Fig. 4(a) that the initial rectangular antenna (Type I) performs
poorly, which cannotmeet the expectation. In order to achieve
the impedance matching of the UWB antenna, the upper edge
of the spade-shaped patch is cropped, the lower edge of the

FIGURE 4. Magnitude of S11 in dB for three types of UWB antennas.

patch is modified to an arc and an elliptical slot is etched on
the patch to get broadband characteristics in Type II antenna.
It is equivalent to increase the effective length of the radiator.
Correspondingly the resonant frequency is reduced, which
is an efficient way to realize the patch miniaturization and
to improve radiation performance [16]. Thus, the enhanced
version, Type II, as seen in Fig. 4, is significantly improved
from the bandwidth almost by 20 GHz. The current dis-
tributions of Type II antenna are much wider at the lower
edge of the radiation patch as displayed in Fig. 5(b). Also,
the current intensity is improved in the areas near the upper
cut angle part and the elliptical slot. By adding a defected
ground structure (DGS) to the Type III, the 10-dB impedance
bandwidth of S11 is further widened from 3.3 to 27 GHz as

FIGURE 5. Simulated current distributions of three types of UWB
antennas at 10 GHz. (a) Type I, (b) Type II, and (c) Type III, the
proposed SWB-MIMO antenna element.
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depicted in Fig. 4. As expected, Type III antenna’s current
distributions (see Fig. 5(c)) show that the current intensity
on the two beveled edges of the ground is higher than that
of Type II antenna. The current distributions of the proposed
SWB-MIMO antenna element at 5, 10, and 20GHz are shown
in Fig. 6. It could be found that the current distributions
are mainly concentrated on the lower edge of the arc of the
radiation patch, the edge of the defected ground, and the
feeding line. Although the current distribution at the feeding
line varies slightly with frequency, there is little difference in
the approximate area of the distribution. This phenomenon
further illustrates that modifying the radiation patch and the
DGS do play an important role in improving the performance
of UWB antennas.

FIGURE 6. Simulated current distributions of proposed SWB-MIMO
antenna element at (a) 5 GHz, (b) 10 GHz, and (c) 20 GHz.

B. DECOUPLING STRUCTURE AND SWB-MIMO
ANTENNA SYSTEM
As shown in Fig. 7(a), the adjacent antenna elements
are firstly placed orthogonal to each other in order to
improve the isolation among them. The scattering parameters
(S-parameters) are simulated and shown in Fig. 8. It can
be seen that such an arrangement greatly improves the
antenna system’s impedance bandwidth ranging almost from
2.9 through 38 GHz with only a small fraction of S11 being
larger than –10 dB. However, it is found that the magnitude
of S31 is at the level –13 dB or larger, which obviously does
not meet the isolation requirement for MIMO antennas.

Next, for the purpose of further decoupling among the
MIMO antenna elements, as seen in Fig. 7(b), a symmetric
staircase-shaped patch is applied on the center of the ground

FIGURE 7. Evolution of proposed SWB-MIMO antenna system.
SWB-MIMO antenna system (a) without decoupling structure, (b) with a
staircase-shaped decoupling structure, and (c) with a windmill-shaped
decoupling structure.

FIGURE 8. Simulated S-parameters of SWB-MIMO antenna system
without decoupling structure.

plane performed as a stepped impedance transformer. Since
a multi-stepped impedance transformer exhibits wideband
characteristics, it is a good candidate for achieving high isola-
tion in UWB-MIMO antenna systems [14]. As seen in Fig. 9,
this structure improves the coupling level between antenna
elements in the high frequency band, and the isolation level
achieves less than –15 dB in the whole frequency band.
However, the S-parameters are deteriorated in the low fre-
quency band which cannot maintain a SWB characteristic.
Specifically, the magnitudes of S21, S31 and S41 are reduced,
but they are still at the level of –15 dB in the frequency band
ranging from 2.9 to 38 GHz.
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FIGURE 9. Simulated S-parameters of SWB-MIMO antenna system with a
staircase-shaped decoupling structure.

To address the issue of deteriorated S11, it is necessary to
increase the order of the stepped impedance transformer to
provide a wider operation band for improving the impedance
matching. When the number of steps reaches infinity and
the length of the step shrinks infinity, the asymptote-shaped
structure will be formed as shown in Fig. 7(c). In other
words, the staircase-shaped decoupling structure is further
evolved into the windmill-shaped one. Fig. 10 depicts that
the finalized SWB-MIMO antenna system almost extends the
bandwidth to be from 2.9 to 40 GHz. Meanwhile, the magni-
tudes of S21, S31, and S41 are of less than –17 dB in the whole
frequency band.

FIGURE 10. Simulated S-parameters of SWB-MIMO antenna system with
a windmill-shaped decoupling structure.

By analyzing the distribution of the surface current of
four proposed SWB-MIMO antenna elements with differ-
ent decoupling structures at 10 GHz, the decoupling effect
with the best strength of the windmill-shaped structure is
further verified, as displayed in Fig. 11. For simplicity,
the four antenna elements constituting the antenna sys-
tems are referred to as antennas 1, 2, 3 and 4 as shown
in Fig. 11(c). It can be seen that if port 1 of antenna 1 is
excited, the high mutual coupling is produced among antenna
elements, as shown in Fig. 11(a). Mutual coupling espe-
cially between antennas 1 and 3 is significantly degraded by

FIGURE 11. Simulated current distribution of SWB-MIMO antenna system
(a) without decoupling structure, (b) with the staircase-shaped
decoupling structure, and (c) with the windmill-shaped decoupling
structure.

adding a staircase-shaped structure on the bottom layer of the
antenna system. However, there is still much mutual coupling
among antennas 1, 2 and 4 as seen in Fig. 11(b). The modified
decoupling structure using the meander structure is placed in
the middle of the bottom layer of SWB-MIMO antenna sys-
tem for further decoupling among the four antenna elements.
As depicted in Fig. 11(c), there is almost no mutual coupling
among the radiators except for only some small coupling
currents existing in antennas 1 and 2. Hence, a high isolation
for the proposed SWB-MIMO antenna could be achieved.

C. SIMULATION AND ANALYSIS OF EIGHT-ELEMENT
SWB-MIMO ANTENNA SYSTEM
As shown in Fig. 12, the proposed eight-element
SWB-MIMO antenna system is studied. It is equivalent to
having two four-element SWB-MIMO antenna systems, both
of which are arranged in parallel and diagonal topologies,
respectively, along with the interval distance of 12 mm,
termed Case 1 and Case 2. In order to further investigate
their performance, simulation results of S-parameters for the
both cases are shown in Fig. 13-16. It can be observed that
the distance among ports is an important factor affecting
the isolation level of the entire eight-element SWB-MIMO
antenna system. The mutual coupling between the closest
ports on the two sub-antennas is the highest. Port 1 and port 2
are selected to add excitation sources respectively in Case 1,
and port 1 and port 3 are selected to add excitation sources
respectively in Case 2. Comparing the simulated results
in Fig. 13 with those in Fig. 14, it can be found that the values
of S11 and S22 associated with port 1 and port 2 in Case 1 are
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FIGURE 12. Proposed eight-element SWB-MIMO antenna system.
(a) Case 1: Parallel placement of two proposed SWB-MIMO antenna
systems, and (b) Case 2: diagonal placement of two proposed
SWB-MIMO antenna systems.

FIGURE 13. Simulated S-parameters of proposed eight-element
SWB-MIMO antenna system with antenna 1 excited, shown in Case 1.

almost the same. The S-parameters with port 1 excited in
Case 1 representing the isolations among port 1 and the
ports 5-8, are significantly lower than those with port 2
excited in Case 1. This is due to the port 1 is further away
from those ports than port 2. The results demonstrate that
the isolations of eight-element SWB-MIMO antenna system
perform well and are all lower than –19 dB, satisfying the
requirements of MIMO antenna systems. Similarly, these
S-parameters of the designed eight-element SWB-MIMO
antenna system with port 1 and port 3 excited in Case 2 are

FIGURE 14. Simulated S-parameters of proposed eight-element
SWB-MIMO antenna system with antenna 2 excited, shown in Case 1.

FIGURE 15. Simulated S-parameters of proposed eight-element
SWB-MIMO antenna system with antenna 1 excited, shown in Case 2.

FIGURE 16. Simulated S-parameters of proposed eight-element
SWB-MIMO antenna system with antenna 3 excited, shown in Case 2.

lower than –24 dB and –17 dB in the whole impedance
bandwidth, respectively. Obviously, compared with the one
in Case 2, the eight-element SWB-MIMO antenna system
in Case 1 not only has a more compact structure, but also
has a more stable performance with high isolation. It is
worth mentioning that both of the cases have outstanding
radiation characteristics in terms of high isolation and wide
impedance bandwidth. In particular, the S-parameters of
ports 1-4 and ports 5-8 are exactly the same to those of
the four-element SWB-MIMO antenna system, respectively.
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The eight-element SWB-MIMO antenna systems in
Case 1 and Case 2 have already performed well in terms of
bandwidth and isolation, not to mention the situation of fur-
ther distances. It also indicates that the proposed four-element
SWB-MIMO antenna system has more extended implemen-
tation to obtain multiple ports, and it is a great potential for
wide wireless communication system applications.

III. MEASUREMENT AND DISCUSSION OF SWB-MIMO
ANTENNA SYSTEM
A. FABRICATION AND MEASUREMENT
The proposed four-element SWB-MIMO antenna system is
prototyped andmeasured. Optimized geometrical dimensions
of the antenna element shown in Fig. 2 are as follows: L1 =
29, L2 = 11, L3 = 8.5, L4 = 1, L5 = 3.25, L6 = 8.5,
W1 = 22, W2 = 1.93, W3 = 20, W4 = 5, W5 = 5.5,
W6 = 2, h1 = 20.5, h2 = 10.5, R = 8.5, all in mm. The
geometrical parameters of the decoupling structure depicted
in Fig. 6(c) are given as: L7 = 58, W7 = 58, x1 = 10,
x2 = 22, x3 = 3.7, r = 2, all in mm. Fig. 17 shows
the photograph of the fabricated four-element SWB-MIMO
antenna system. The measured and simulated S-parameters
of the proposed SWB-MIMO antenna system essentially
agree well with each other, as plotted in Fig. 18. It is found
that the fabricated antenna system achieves the impedance

FIGURE 17. Fabrication photograph of proposed four-element
SWB-MIMO antenna system. (a) Top view, and (b) bottom view.

FIGURE 18. Measured and simulated S-parameters for proposed
four-element SWB-MIMO antenna system.

bandwidth of 2.9 to 40 GHz as well as corresponding decou-
pling level of below –17 dB. As shown in Fig. 18, the mea-
sured S-parameters of the proposed SWB-MIMO antenna
system are not totally identical with the simulated results
at high frequencies. However, the measured S11 is below
−10 dB and the measured isolation is lower than −17 dB
in the entire bandwidth which performs better than the sim-
ulated data. The trends of both the measured and simu-
lated curves match well and both show the designed SWB
characteristics. Fig. 19 shows the two-dimensional radiation
patterns of the proposed four-element SWB-MIMO antenna
system in the xoy-plane and xoz-plane, which are measured
by using NSI far field anechoic chamber at the frequencies
of 3.5, 5.8, 13, 18, 25 and 30 GHz. Obviously, the antenna
system’s radiation pattern is almost omnidirectional, and
can maintain stable radiation characteristics at different
frequencies.

B. MIMO SYSTEM PARAMETERS
Serval important parameters are analyzed to assess the per-
formance of the proposed SWB-MIMO antenna system. The
envelope correlation coefficient (ECC) is employed to evalu-
ate the degree of independence between antenna elements,
which could be computed by using the S-parameters as
follows [17]

ECCij =

∣∣Sii ∗ Sij + Sji ∗ Sjj∣∣2(
1− |Sii|2 −

∣∣Sji∣∣2) (1− ∣∣Sjj∣∣2 − ∣∣Sij∣∣2) (1)

where ECCij is the ECC between ith and jth antenna elements.
The ECCs of the proposed SWB-MIMO antenna system are
displayed in Fig. 20. It can be seen that the ECCs are below
0.04 within the frequency band of interest, and meet the
communication requirements, which are lower than 0.5 [14].

The diversity gain (DG) is also an important performance
indicator of the SWB-MIMO antenna system against channel
fading. It can be written as [10]

DG = 10
√
1− (ECC)2 (2)

Usually, a larger DG value indicates a better MIMO antenna
performance. As shown in Fig. 21, the obtained DG is more
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FIGURE 19. Measured and simulated radiation patterns in the xoy-plane
and xoz-plane at the frequencies of (a) 3.5 GHz, (b) 5.8 GHz, (c) 13 GHz,
(d) 18 GHz, (e) 25 GHz and (f) 30 GHz.

than 9.5 dBi within the bandwidth. It is observed that the
proposed four-element SWB-MIMO antenna system has a
larger DG and smaller ECC at the same time. Fig. 20 shows
the peak gain and multiplexing efficiency of the designed
SWB-MIMO antenna system. In [18], the multiplexing effi-
ciency (ηmux) is written as

ηmux =

√(
1− |ρc|2

)
ηiηj (3)

FIGURE 20. Measured ECC and diversity gain of proposed SWB-MIMO
antenna system.

where ρc is themagnitude of the complex correlation between
the ith and jth antenna elements, ηi is the total efficiency of
the ith antenna element. ρc and ECC have the relationship
of |ρc |2 ≈ ECC [18]. As show in Fig. 21, it indicates that
the ηmux is higher than –3 dB within the operating frequency
range. The peak gain is more than 4.3 dBi through the entire
bandwidth, and the maximum value is 13.5 dBi at 28.7 GHz.
Obviously, both of the parameters highly meet the require-
ments of MIMO wireless communication systems.

FIGURE 21. Measured peak gain and multiplexing efficiency of proposed
SWB-MIMO antenna system.

The channel capacity loss (CCL) is another important
parameter to check the performance of an MIMO antenna
system [23]. The CCL defines the maximum reachable limit
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TABLE 1. Comparisons of proposed SWB-MIMO antenna system and published literatures.

of the information transmission rate. The limit is smaller,
the signal is easier to transmit with less loss. For a four-port
MIMO antenna system, it is mathematically expressed as:

Closs = − log2 det
(
XR
)

(4)

where

XR
=


X11 X12 X13 X14
X21 X22 X23 X24
X31 X32 X33 X34
X41 X42 X43 X44

 (5)

Xmm = 1−
4∑

n=1

|Smn|2 (6)

Xmn = −
(
S∗mmSmn + S

∗
nmSmn

)
(7)

where S∗ is the complex conjugate of S. Fig. 22 shows the
simulated and measured CCLs for the proposed SWB-MIMO
antenna system. Except thst in a small band near 4.8 GHz,
where there is a high level of S11 around –10 dB, the CCL
of the proposed SWB-MIMO antenna system is below 0.6
bits/s/Hz in most of the operating bandwidth.

The total active reflection coefficient (TARC) is defined
as the square root of the total reflected power divided by
the square root of the total incident power. It represents the
mutual couplings and random signal combinations among
the ports and can be calculated from the S-parameters. For a
four-port MIMO antenna system, TARC is expressed as [23]:

TARC =

√√√√ 4∑
i=1

|bi|2
/√√√√ 4∑

i=1

|ai|2 (8)

where ai and bi are the incident and reflected signals, respec-
tively, and they are related by the relation of the S-parameters:

b = Sa (9)

FIGURE 22. Simulated and measured CCL of SWB-MIMO antenna system.

By combining equations (5) and (6), the TARC represented
by the S-parameters is derived as:

TARC =

√√√√√ 4∑
i=1

∣∣∣∣∣Si1 +
4∑

n=2

Sinejθn−1

∣∣∣∣∣
2/

2 (10)

TARC =

√√√√√√√√
∣∣S11 + S12ejθ1 + S13ejθ2 + S14ejθ3 ∣∣2
+
∣∣S21 + S22ejθ1 + S23ejθ2 + S24ejθ3 ∣∣2
+
∣∣S31 + S32ejθ1 + S33ejθ2 + S34ejθ3 ∣∣2
+
∣∣S41 + S42ejθ1 + S43ejθ2 + S44ejθ3 ∣∣2

2
(11)

where θi is the phase of the ith input signal. The simulated
and measured TARC for the proposed SWB-MIMO antenna
system is presented in Fig. 23. For the same reason as CCL,
except at the frequencies around 4.8 GHz the TARC is below
–10 dB for almost all the frequency band of 2.9-40 GHz.
This further proves the performance of the proposed
SWB characteristic.

All the simulated and measured results agree well in nature
with some small differences. The deviations may be caused
by the narrow band soldering structures, test connectors,
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FIGURE 23. Simulated and measured TARC of SWB-MIMO antenna
system.

connecting cables for the instruments, fabrication tolerances
and test environment. It is worth pointing out that, the super-
wide band characteristics of the proposed SWB-MIMO
antenna system require a better test environment than those
for the narrow-band or low frequencyMIMO antenna system.

C. PERFORMANCE COMPARISON
Comparison of the fabricated four-element SWB-MIMO
antenna system with other published UWB-MIMO works is
carried out in Table 1. It summarizes serval MIMO antenna
parameters, including size, substrate material, impedance
bandwidth, gain, isolation, ECC, and number of ports. It can
be found that the designed SWB-MIMO antenna system
is easy to fabricate, and performs well in terms of gain
of up to 13.5 dBi and isolation of lower than –17 dB.
Although its size is not the smallest one, it does achieve
a super-wide bandwidth which is far wider than other
works.

IV. CONCLUSION
In this paper, a novel SWB-MIMO antenna system with
a high isolation and super-wide impedance bandwidth has
been presented. The SWB-MIMO antenna element includes
a spade-shaped radiation patch and a DGS, which could
improve the impedance bandwidth. A prototype of the
four-element SWB-MIMO antenna system has been fabri-
cated. The measured results and simulated data are agreed
well, and the operating frequency range is from 2.9 to
40 GHz. A windmill-shaped decoupling structure is proposed
to enhance the port isolation at the level of lower than –17 dB.
The excellent performance with quasi-omnidirectional radia-
tion pattern, high isolation, and low ECC is also obtained.
Also, the eight-element SWB-MIMO antenna system is ana-
lyzed and performs well in the high isolation and SWB
bandwidth. The designed SWB-MIMO antenna system has
the potential to be applied in various wireless communication
systems associated with IoT and 5G techniques in smart
cities.
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