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Abstract: Ultra-wideband (UWB) technology is widely used in many communication scenarios.
However, narrowband systems can easily interfere with the UWB system, which generates multipath
fading. In order to solve these interferences and meet the design requirements of high isolation of
multiple-input multiple-output (MIMO) antennas, two MIMO antennas with double-notch structures
are designed. Firstly, two U-shaped slots are etched on the radiating patch and feeder to achieve
notch characteristics in WIMAX and ITU bands. Using this antenna element, a two-element antenna
is put symmetrically in parallel, and two rectangular branches are loaded to improve the isolation.
The size is 0.57A x 0.32A x 0.013A (at 2.5 GHz). Then, a four-element antenna is designed to meet the
requirements for another application; here, each element is placed orthogonally to each other, and the
isolation is improved through loading a cross-shaped branch in the middle of these elements. The
size is 0.57A x 0.57A x 0.013A. Both antenna samples are tested to verify the design. Measurement
results show that the working bandwidth is 2.45-14.88 GHz and 2.14-14.95 GHz, the isolation is
greater than 17 and 20 dB, and the peak gain is 5.7 and 5.9 dBi for the two- and four-element MIMO
antenna, respectively. Compared to the references, the designed antennas have a wider bandwidth
and a higher gain and radiation efficiency. They are well-suited for diverse wireless applications.
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https://doi.org/10.3390/ Since the application of ultra-wideband (UWB) frequency was proposed, it has be-

mil4071406 come the focus of many engineers of wireless communication technology. Due to the
high transmission rate and low power consumption, UWB technology has been widely
used in the fields of ground-penetrating radar [1,2], wireless sensors [3], precise position-
ing [4], biomedical engineering [5,6], etc. However, the presence of many narrowband

1. Introduction
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simplest method to filter the interference of the narrowband signals is designing an antenna

with a band-notched property. To achieve the notch property, the antenna is equipped with
:)4

etched slots [7,8], defected ground structures [9], and attached parasitic elements [10,11].
The advantages of those methods are a simple structure and easy design, and that the
size of the antenna is not increased, all of which are conducive to the miniaturization and
large-scale integration of the antenna.

The disadvantages of the UWB system are that it is difficult to achieve long-distance
transmission in the case of limited power, and that it is easy to produce inter-code crosstalk,
which reduces the signal transmission efficiency and quality of the UWB system. In order to
solve these problems, multiple-input multiple-output (MIMO) technology was introduced,
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which can increase the channel capacity and improve the transmission quality by means
of using multiple antenna elements in the transmitter and receiver [12]. The combination
of MIMO and UWB technologies can increase the signal transmission distance without
extra energy consumption and decrease the disadvantage caused by multipath fading. In
many practical scenarios, MIMO antennas in UWB application systems are required to
be as small as possible to allow integration of the systems. However, a strong coupling
might be generated between antenna elements within too-small distances. It is necessary
for us to increase the isolation between them. To decrease coupling, some methods have
been introduced, such as conductor branches [13], etching slots [14], loading neutralization
lines [15,16], and other reasonable layouts of antenna elements [17-22].

In [2], a UWB dual-polarization antenna with high polarization isolation for a passive
radar system is investigated. The antenna is composed of a modified Vivaldi antenna and
a folded dipole log periodic antenna. However, the working bandwidth of the antenna is
narrow and cannot cover the UWB band, and the antenna’s structure is complex. In [8],
a three-notched UWB antenna is designed. A modified maple-leaf-shaped main radiating
element with partial ground is used in this design. However, the design is not combined
with MIMO technology. In [12], a UWB MIMO antenna with a reasonably compact size is
presented. The antenna contains two radiating components, each of which is made up of
three elliptically shaped patches situated 60 degrees apart. However, the notch structure is
not designed to solve the interference of narrowband wireless communication bands with the
UWB system, and no time domain analysis of the antenna is shown. In [23], a bio-inspired
leaf-shaped antenna is presented for wideband and sensing applications; however, it has a
large dimensional size of 314 x 121 mm?. The design is not suitable for handheld devices.
In [24], a UWB MIMO antenna using a black carbon film reduces the coupling effect due to
absorption loss, but the system cost of adopting this approach increases.

In this approach, we use a UWB antenna, but the interferences of the WiMAX and
ITU bands must be filtered. Therefore, a UWB antenna with two-notched characteristics is
investigated. A U-shaped slot was etched on the radiation patch to get the WiMAX band
notch, and an inverted U-shaped slot was etched on the feeder line to get the ITU band notch.
Adjusting its size, we obtained a bandwidth from 2.1 to 14.55 GHz of the antenna with
stopbands of 3.28-3.75 GHz and 7.98-8.58 GHz. This design meets the requirements for the
IEEE 802.16 standard. To adapt the system for higher-quality transmission, a combination
of UWB technology and MIMO antenna technology is also studied. So, to use the designed
antenna element, we consider the MIMO application. The two-element UWB antenna
mentioned above is put in parallel style. Two rectangular branches (RBs) are added between
them, which can achieve 17 dB of isolation. The notched bands were not affected. This style
is only used in the one-input one-output case. In order to adapt it to real MIMO application
scenarios, a four-element UWB antenna is also designed and is put into orthogonal style.
Then, a cross-shaped rectangular patch is used as an isolation component. The isolation
can reach 20 dB between each antenna element. The notched bands, WiMAX and ITU,
were not changed. The simulation and measurement results show that the two proposed
MIMO antennas have good performance while being compact in size. They can be widely
used in various wireless communication systems such as automotive applications, wireless
diversity applications, and portable mobile devices.

The rest of the content is organized as follows. A two-element and a more compact
four-element orthogonal MIMO antenna are proposed with two-notched characteristics
at the WiIMAX and ITU bands. The total antenna structure design with its geometric
specifications is introduced in Section 2. The notch and decoupling design of the two
antennas are simulated and the corresponding parameters and principles are analyzed in
Section 3, where the scattering matrix, radiation pattern, and the current distribution are
simulated. Fabricated samples are measured in Section 4, and results from the simulation
and experiment are discussed. Section 5 presents the time domain analysis of the UWB
antenna element. Finally, conclusions are drawn in Section 6.
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2. Antenna Structure Design

A single UWB antenna element design is based on a circular monopole antenna and
the structuring of the antenna is conducted in three steps. The monopole antenna has the
advantages of simple structure, easy installation and operation, small size, light weight
and low cost. Figure 1 exhibits the antenna evolution. For “Step 17, it can be seen from the
simulation reflection coefficients that the antenna operates in the frequency bands from
2.24-6.12 GHz and 8.39-11.71 GHz, which cannot cover the desired frequency range. To
extend the antenna working bandwidth, replace the lower half of the circular patch with
two inverted trapezoid patches, as shown in “Step 2”. The working bandwidth changes to
2.41-11.59 GHz and 12.73-13.96 GHz. However, there is still a stopband between the two
passband bands, and two right triangles are cut at the edge of the ground plane, as shown
in “Step 3”. The working bandwidth of the antenna is changed to 2.31-14.55 GHz, which
not only covers the UWB band, but also covers the X-band. Our investigation will be built
around this UWB antenna element.
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Figure 1. Evolution process of a single antenna element.

One MIMO antenna consists of two elements and the other of four elements, as shown
in Figures 2a and 2b, respectively. The two MIMO antennas have the same antenna element
and each element is fed by the coplanar waveguide (CPW). Two U-shaped slots are etched
on the antenna to filter the interferences of the WiMAX and ITU bands. The width of the
feeder is Wy, to meet the impedance matching of 50 (). In this paper, U-shaped slots are
etched on the radiation patch of the antenna element to realize the notch of WiMAX band,
and inverted U-shaped slots are etched on the feeder of the antenna element to obtain the
notch of ITU band. To obtain the notch property, the most important thing to calculate
is the total length of the etched slot. The total length of the slot can be estimated using

Formulas (1) and (2):
c

=T @

where f, is the center frequency of notch; c is the speed of light; L is the length of the
slot; & is the equivalent permittivity; ¢, is the dielectric constant of the dielectric substrate.
According to Formulas (1) and (2), the length of the U-shaped slot is about 26 mm when
the center frequency is 3.5 GHz, and the length of the inverted U-shaped slot is about
11 mm when the center frequency is 8.3 GHz. After simulating and optimizing with the
electromagnetic simulation software High Frequency Structure Simulator (HFSS), it is
found that when the length of the U-shaped slot is 25.8 mm and the length of the inverted
U-shaped slot is 11.8 mm, the stopband characteristics are the best, which can completely
cover the WiIMAX and ITU bands, respectively.
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(a) (b)

Figure 2. Schematic diagram of the UWB MIMO antenna structure: (a) two-element MIMO antenna,
two rectangular branches (in purple bar) added into the middle to implement the isolation between
two elements; (b) four-element MIMO antenna, cross-shaped branch (in purple line) added into the
middle to implement the isolation between four elements.

The antenna elements of the two-element MIMO antenna are placed symmetrically,
and two RBs are loaded between the antenna elements. The two RBs can generate two new
current paths, reduce the coupling current between the ports, and improve the isolation
between the antenna elements. The four antenna elements of the four-element MIMO
antenna are placed orthogonal to each other, and the antenna elements have different
polarization modes, resulting in a mismatch of polarization between adjacent antenna
elements, thus improving the isolation degree between antenna elements. In order to
further improve the isolation degree of the four-element MIMO antenna, a cross-shaped
branch is added in the center of the dielectric substrate. The geometric dimensions of the
two MIMO antennas are shown in Table 1.

Table 1. Antenna geometry (unit: mm).

Parameter TL FL 14% H Hq W1q Wy W3 Wy
Size 38 68 68 1.6 7.6 9 16 4 114

Parameter W5 W Wy Lq L, Ly Ly Ls Lg
Size 8 1.4 1.5 35 7 7.2 52 7 20

Parameter Ly S1 Sy S3 Sy g Gy, Ry H,
Size 14 0.3 0.3 2 0.6 1 12 12 11

3. Simulation Result Analysis
3.1. Notch Design and Parameter Analysis

In order to avoid the interference problem of the narrowband communication system,
U-shaped slots in the radiation patch of the UWB antenna and inverted U-shaped slots in the
feeder are used to generate notch properties. In order to verify the mutual independence of
the two notch structures, Figure 3 shows the | S|-parameter simulation curve corresponding
to the UWB MIMO antenna when no notch structures and different numbers of notch
structures are introduced, respectively.

The non-notch curve in the figure represents the reflection coefficient of the UWB
MIMO antenna without a notch structure. It can be seen that the working bandwidth of the
antenna is 2.12-14.73 GHz, which can cover the UWB band. When only the U-shaped slot
is loaded, the working bandwidth of the antenna changes to 2.05-14.54 GHz, and the notch
appears in the band of 3.28-3.75 GHz, which just covers the WiMAX band. When only the
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inverted U-shaped slot is loaded, the working bandwidth changes to 2.25-14.78 GHz, and
the notch appears in the band of 8.01-8.61 GHz, which just covers the ITU band. When the
two slots are etched on the antenna, the working bandwidth changes to 2.02-14.74 GHz,
and the notch are generated in the 3.28-3.75 GHz and 7.99-8.58 GHz bands, respectively.
The change in the parameters of each slot only has an effect on the corresponding notch
band, and has little effect on the other parameters of the antenna and the notch band, so
the two notch structures can play a relatively independent role.

IS14/(dB)

— — - W/O Notch i
- Single Notch (ITU)
—--— Single Notch (WMAX)

Double Notch

—-50 R 1 R 1 R 1 R 1 R 1 . 1 .
2 4 6 8 10 12 14 16

Frequency(GHz)

Figure 3. Reflection coefficients of MIMO antenna elements with different numbers of notches.

In order to study the influence of U-shaped slot and inverted U-shaped slot on the
notch characteristics, the key dimensions of the two kinds of notch structures were parame-
terized and simulated. As shown in Figure 4, when L3 increases from 6.8 mm to 7.2 mm and
other parameters remain unchanged, the center frequency of the notch band 3.28-3.75 GHz
changes significantly, decreasing from 3.6 GHz to 3.5 GHz. When L3 = 7.0 mm, the stop-
band bandwidth of the antenna just covers the WiMAX band. Figure 5 shows the influence
of the location of the U-shaped slot on antenna. When H;j increases from 20.4 mm to
20.8 mm, the center frequency of the 3.28-3.75 GHz notch band does not change signif-
icantly, but the stopband bandwidth gradually increases. It can be seen from the above
analysis that the notch band can be controlled flexibly through adjusting the length and
position of the slot.

" 1 " 1 " 1 " 1 " 1 " 1
2 4 6 8 10 12 14 16
Frequency(GHz)

Figure 4. Reflection coefficient of different L3, the unit of L3 size (mm).
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2 4 6 8 10 12 14 16
Frequency(GHz)

Figure 5. Reflection coefficient of different Hy, the unit of H; size (mm).

Figure 6 shows the reflection coefficient for different values of the key parameter
L4 of the inverted U-shaped slot. As shown in Figure 5, when other parameters remain
unchanged and L, increases from 4.7 mm to 5.1 mm, the notch band 3.28-3.75 GHz does
not change significantly, and the center frequency gradually decreases. Through optimizing
the key parameters of the two notch structures, it can be seen that the U-shaped slot mainly
affects the notch band at 3.28-3.75 GHz, and the inverted U-shaped slot mainly affects the
notch band at 7.99-8.58 GHz, with little mutual interference.

0 T T T T T T

[S11(dB)

o L=47
I — L =49
—40 - | ---Ls=511
1 1 1 1 . 1 1
2 4 6 8 10 12 14 16

Frequency(GHz)

Figure 6. Reflection coefficient of different L4, the unit of L4 size (mm).

In order to understand the principle of antenna notches, the antenna was further
analyzed. Taking the element antenna as an example, the surface current distribution was
simulated and analyzed. Figure 7 shows the antenna surface current distribution at two
notch center frequencies of 3.55 and 8.25 GHz and two passband frequency points of 5.5 and
12.5 GHz. It can be seen from the figure that the current at 3.55 GHz is mainly concentrated
in the U-shaped slot, and the current at 8.25 GHz is mainly concentrated in the inverted
U-shaped slot. It can be seen from Figure 7a,c that the energy is mainly concentrated at
the two notch structures, while Figure 3 shows that the reflection coefficient at the two
frequency points of 3.55 and 8.25 GHz is higher than —10 dB, which cannot achieve good
impedance matching, and it can be proved that the energy here cannot effectively radiate
outward, so the notch function is realized. At the passband frequencies of 5.5 GHz and
12.5 GHz, the electric field on the patch and ground plane is evenly distributed, and the
electric field near the feeder and the power port is the largest, and the energy can be radiated
out, which confirms that the antenna can work normally on the passband frequency.
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Figure 7. Antenna surface current distribution at four frequency points: (a) 3.55 GHz; (b) 5.5 GHz;
(c) 8.25 GHz; (d) 12.5 GHz.

3.2. Decoupling Design and Parameter Analysis
3.2.1. Two-Element MIMO Antenna

In order to study the influence of RBs on MIMO antennas and the decoupling effect,
two-element MIMO antennas without and with RBs are simulated and analyzed, and the
parameters of RBs are scanned and analyzed.

Figure 8 shows the comparison of | S |-parameters before and after antenna loading
RBs: (a) represents |S11 |, (b) represents |Sy1 |. As can be seen from Figure 8a, loading RB
will deteriorate the antenna’s impedance matching in the 4-10 GHz frequency band, but the
influence is small and the antenna can still meet the performance indexes of UWB antennas.
As can be seen from Figure 8b, when the RBs are not loaded, the antenna’s isolation degree
is lower than 15 dB in the 8.7-8.9 GHz and 12.64-13.41 GHz bands, and the isolation
effect is poor, which does not meet the basic requirements for designing MIMO antennas.
However, after loading the RBs, the antenna isolation is obviously improved, especially in
the 5-13 GHz frequency band, the antenna isolation is higher than 20 dB, and the antenna
isolation is also higher than 17 dB in the other frequency bands of the working frequency
band, with an average increase of about 7 dB, indicating an obvious isolation effect. In
short, figures (a) and (b) show that RBs effectively inhibit electromagnetic coupling between
antenna elements and significantly improve the isolation degree between elements. At the
same time, the 517 | of the antenna changed little and remained below —10 dB in the UWB
band, and the antenna did not exhibit an impedance mismatch phenomenon.
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Figure 8. The | S |-parameters with or without RB: (a) 1511 1; (b) Sy 1.

In order to further study the influence of isolation structure on antenna performance,
the key dimensions of isolation structure are simulated and optimized. Port 1 is set as the
excitation port.

Figure 9 represents antenna |S |-parameters corresponding to different Lg values,
where (a) represents |511 | and (b) represents |Sy1 |. As can be seen from Figure (b), with
the increase of L¢, the degree of isolation between the two antenna elements also increases,
resulting in a better decoupling effect. As can be seen from figure (a), the change of L¢
has little effect on the overall antenna impedance matching, but it has some effect on the
range of the notch band. When L¢ = 20 mm, the notch band just covers the WiMAX band.
In summary, when Lg = 20 mm, the antenna can not only have high isolation, but also
accurately cover the WiMAX band, and its isolation is higher than 15 dB, which meets the
basic design requirements of a MIMO antenna and has a good decoupling effect.

T T T T 0 T

[5,41(0B)

8 10 12 14 16 2 4 6 8 10 12 14 16
Frequency(GHz) Frequency(GHz)
(a) (b)

Figure 9. | S |-parameters with different Lg, the unit of Lg size (mm): (a) 1S111; (b) 1Sy 1.

Through simulation and optimization, it is found that other dimensions of isolation
branches have little influence on antenna impedance matching, and have no significant
effect on the improvement of isolation degree, so it will not be analyzed and described.

In order to more directly reflect the function of RBs, Figure 10 shows the surface
current comparison diagram of without and with RBs at frequencies of 3 GHz, 7.25 GHz
and 11.6 GHz. It can be clearly seen from the comparison figure that when the RB is not
added, there are more green areas on the feeder and radiation patch of the antenna element
where port 2 is located, which indicates that the surface current intensity of the antenna
element where port 2 is located is relatively large, and further proves that part of the energy
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of port 1 is coupled to port 2. When the rectangular decoupling structure was added
between the two antenna elements, it could be seen that the surface current intensity of the
radiation patch of the antenna element where port 2 was located decreased significantly,
which indicated that most of the energy was separated by the RB, and also proved that port
1 had little energy coupled to port 2. The comparison shows that the decoupling structure
can isolate the interference between antenna elements well, improving the isolation degree
between two ports.

AR ZRFA lil
(a) (b)

—

Figure 10. Antenna surface current distribution at (a) 3 GHz without adding RB; (b) 3 GHz with
adding RB; (c) 7.25 GHz without adding RB; (d) 7.25 GHz with adding RB; (e) 11.6 GHz without
adding RB; (f) 11.6 GHz with adding RB.

3.2.2. Four-Element MIMO Antenna

Increasing the number of MIMO antenna elements will increase the difficulty of
decoupling. Therefore, each element of the four-element MIMO antenna is placed orthog-
onally first. The orthogonal placement of antenna elements will lead to the polarization
mismatch of adjacent antennas, thus improving the isolation degree between antenna ele-
ments. Due to the four-element MIMO antenna having a symmetrical structure, the 1517 |
of each antenna element is equal, while the isolation degree between antenna elements
meet |S5;;1 = S| (i # j; i,j < 4). In order to more conveniently study the variation of the

| S | -parameters of this MIMO antenna, only the | S | -parameters of port 1 can be studied.
Figure 11 shows the | S |-parameters of the four-element MIMO antenna. It can be seen
from the figure that the working bandwidth of the antenna is 2.17-14.71 GHz, in which
the notch band of the U-shaped slot is 3.26-3.79 GHz, and the notch band of the inverted
U-shaped slot is 7.93-8.51 GHz. When port 1 is excited, the isolation degree between port 1
and port 2 and between port 1 and port 4 is higher than 23 dB, and the isolation degree
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between port 1 and port 3 is higher than 15 dB in the working bandwidth. It can be proved
that the orthogonal placement of antenna elements can reduce the coupling between an-
tenna elements and obtain a good polarization diversity effect. Since the isolation between
port 1 and port 3 just meets the basic design requirements, considering that the addition of
antenna elements will increase the instability of antenna operation, it is necessary to further
improve the isolation between port 1 and port 3.

|
N
@

T
=
1

|S|-parameters(dB)

S11/522/S3/S4a
! = = = SufS1s/S43/Sy
— === 531/513/5,5/S, 7
- e SufS1afSfSy

|
=3
S
T

-75 1 1 1 1 I I
2 4 6 8 10 12 14 16

Frequency(GHz)

Figure 11. |S |-parameters of the four-element MIMO antenna.

In order to further improve the isolation degree between the antenna elements of
the four-element MIMO antenna, the center of the dielectric substrate is loaded with a
cross-shaped branch for decoupling. In order to study the influence of cross-shaped branch
on antenna performance, the key parameters of the cross-shaped branch are scanned and
optimized. Figure 12 is the | S | -parameters of the four-element MIMO antenna after loading
the cross-shaped branch. As can be seen from Figure 12, the addition of the cross-shaped
branch significantly improves the isolation degree between port 1 and port 3, but has little
impact between port 1 and other ports. The isolation degree between ports is higher than
21 dB, which has a good decoupling effect. The working bandwidth of the four-element
MIMO antenna is 2.13-14.62 GHz, in which the notch band of the U-shaped slot becomes
3.27-3.77 GHz, and the notch band of the inverted U-shaped slot becomes 7.89-8.65 GHz.
The two frequency bands can still cover the WiMAX and ITU band, respectively. The
antenna has accurate notch property and good impedance matching.

0 T T T

-15
o)
(=2
% =30
IS
@
&
= .
Z745 - I : S11/522/533/544 B
! ’ - - S21/512/543/534
! — - - =+ S55/S13/S4plSp4
1
—60 < e S4fS14/S51Sy |
1 1 1 1 1 1
2 4 6 8 10 12 14 16

Frequency(GHz)
Figure 12. The |S|-parameters of the four-element MIMO antenna with the cross branch.
Through simulation analysis, it is found that the rotation angle 6 of the cross-shaped

branch has a great influence on the notch band of the four-element MIMO antenna, and
the length of the cross branch has a significant effect on improving the isolation between
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port 1 and port 3. The 8 was set as 10-30 deg, and the step size was set as 2 deg. Figure 13
shows |511 | with different 6 values. It can be seen from the figure that when 8 increases
from 10 to 30 deg, the center frequency of the notch band corresponding to the U-shaped
slot gradually increases, while that corresponding to the notch band corresponding to the
inverted U-shaped slot gradually decreases. When 6 = 20 deg, the two notch bands exactly
cover the WIMAX and ITU band. The Ly is set from 10 to 16 mm, and the step is set to
1 mm. |S31 | corresponding to different values of Ly is shown in Figure 14. As can be seen
from the figure, as Ly increases, the isolation between port 1 and port 3 gradually increases.
However, with the change in the value of Ly, the accuracy of the notch band will be slightly
affected. When L; = 13 mm, the antenna has a high isolation degree and the notch band
can achieve accurate coverage.

[S141(dB)

— =20
~---0=30

2 4 6 8 10 12 14 16
Frequency(GHz)

Figure 13. |5y, | with different 6, the unit of 6 size (degree).

[Sa/(dB)

2 4 6 8 10 12 14 16
Frequency(GHz)

Figure 14. |S3; | with different Ly, the unit of Ly size (mm).

In order to more directly reflect the effect of orthogonal placement of antenna elements
and the isolation effect after loading the cross-shaped branch, Figure 15 shows the surface
current comparison diagram of the four-element MIMO antenna at the frequencies of
4.5 GHz, 7.25 GHz, and 11.6 GHz. As can be seen from Figure 15, when the cross-shaped
branch is not loaded, part of the energy of port 1 is coupled to other ports. From the
current distribution on the antenna surface, the coupled energy is small, which proves
that the isolation degree can be improved through placing antenna elements orthogonal
to each other. Through observing the current distribution of the antenna surface with
the cross-shaped branch loaded, it is found that the energy coupled from port 1 to other
ports is less than that without the cross-shaped branch loaded. The currents on both sides
of the cross-shaped branch form opposite directions, and the electric fields radiated by
the cross-shaped branch cancel each other in opposite directions to realize the decoupling
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effect, which further proves that the cross-shaped branch can improve the isolation between
antenna elements.

Jsurf [A/m]

50.0000
. 46.6678
433357
40.0035
366713
333391
30.0070
266748
- 233426
20.0104
16.6783
13.3461
10.0139
66817
3.3496
0.0174

Figure 15. Antenna surface current distribution at (a) 4.5 GHz without adding cross-shaped branch;
(b) 4.5 GHz with adding cross-shaped branch; (¢) 7.25 GHz without adding cross-shaped branch;
(d) 7.25 GHz with adding cross-shaped branch; (e) 11.6 GHz without adding cross-shaped branch;
(f) 11.6 GHz with adding cross-shaped branch.

Figure 16 illustrates the simulated radiation pattern of the four-element MIMO antenna
before and after adding the cross-shaped branch at the operating frequencies of 2.8, 6.5, 10.6,
and 14.3 GHz. It can be seen from Figure 16 that there is little difference in the radiation
pattern of the antenna before and after adding the cross-shaped branch. It is proved that the
radiation performance of the antenna is less affected after adding the cross-shaped branch.
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Figure 16. Four-element MIMO antenna simulation radiation pattern with and without adding
cross-shaped branch (CB) at (a) 2.8 GHz; (b) 6.5 GHz; (c) 10.6 GHz; (d) 14.3 GHz.

4. Measured Results and Analysis

In order to verify the performance of the two MIMO antennas designed, the antennas
are manufactured according to the data in Table 1. Both MIMO antennas are fed via
coplanar waveguide (CPW) and printed on F4ABTM440 dielectric substrates with a relative
dielectric constant of 4.4 and a tangent loss of 0.0015. A vector network analyzer (N5244A)
and microwave anechoic chamber were used to measure the MIMO antenna | S | -parameter
and far-field radiation pattern, as shown in Figures 17 and 18.
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Figure 17. Photographs of the measured | S |-parameter scenarios using vector network analyzer

Keysight N5244A: (a) two-element MIMO antenna; (b) four-element MIMO antenna.
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Figure 18. Photographs of far-field radiation pattern measurements using a microwave anechoic
chamber: (a) two-element MIMO antenna; (b) four-element MIMO antenna.

4.1. S-Parameter
4.1.1. Two-Element MIMO Antenna

Figure 19 shows the two-element UWB MIMO antenna simulation and the measured
| S| -parameters, due to the symmetry of the antenna unit, only consider the | S | -parameters
of port 1. As can be seen from the figure, the measured working bandwidth of the antenna
is 2.45-14.88 GHz, which can cover the UWB band. The notch band corresponding to
the U-shaped slot is 3.26-3.75 GHz, and the notch band corresponding to the inverted U-
shaped slot is 7.96-8.65 GHz, which can cover the WIMAX and ITU band, respectively. The
measured isolation between two antenna ports is higher than 18 dB. Through comparing the
simulation results and the measured results in Figure 19, it can be seen that the measured
| S |-parameters are roughly consistent with the simulated | S|-parameters. However, due
to the errors caused by antenna machining, the welding process, and network analysis
instruments, the measured and simulated values have a small difference.

[S1,1(dB)
IS,,1(dB)

- = - SimSy| |
—— Mea.[S;,]
------ Sim.[S,,|

—45

+ 60

2 PR 8 10 12 14 16
Frequency (GHz)
Figure 19. Simulation and measured | S | -parameters of the proposed two-element MIMO antenna;
black circle with arrow means pointing to Sy1; red circle with arrow means pointing to Sp;.

4.1.2. Four-Element MIMO Antenna

Figure 20 shows the simulation and the measured |5 |-parameters of the four-element
UWB MIMO antenna; due to the symmetry of the antenna element, only consider the
| S|-parameters of port 1. As can be seen from the figure, the measured working band-
width of the antenna is 2.14-14.95 GHz, which can cover the UWB band. The notch band
corresponding to the U-shaped slot is 3.02-3.99 GHz, and the notch band corresponding
to the inverted U-shaped slot is 7.56-8.58 GHz. The bandwidth of the two notch bands
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becomes wider. However, WiIMAX and ITU bands can still be covered separately. The mea-
sured isolation degree between each antenna port is higher than 20 dB, which proves that
the isolation degree between antenna elements is high and they can maintain independent
normal operation. Through comparing the simulation results and the measured results in
Figure 18, it can be seen that the measured | S |-parameters are roughly consistent with the
simulated | S | -parameters, which proves that the antenna has good performance.
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Figure 20. Simulation and measured | S | -parameters of the proposed four-element MIMO antenna.

4.2. Radiation Pattern
4.2.1. Two-Element MIMO Antenna
Figure 21 shows the measured radiation pattern of the two-element MIMO antenna at

the operating frequencies of 2.8, 6.5, 10.6, and 14.3 GHz when port 1 is excited and port 2 is
connected to a 50 () load.

Gain (dBi)

-30

—40 -

—40 -

-30

20

10

90

(a)

Figure 21. Cont.

—=— E-Plane Co-Pol (Mea.)
'O+ H-Plane Cross-Pol (Mea.)
+ *> - E-Plane Cross-Pol (Mea.)
—— H-Plane Co-Pol (Mea.)

Gain (dBi)

0 —=— E-Plane Co-Pol (Mea.)
+ *© - H-Plane Cross-Pol (Mea.)
+ >+ E-Plane Cross-Pol (Mea.)

-30

—40
90
—40




Micromachines 2023, 14, 1406

16 of 24

Gain (dBi)

-10

20

|
w
S
L

| 1
B B
=3 =]

L L

90

0 —— E-Plane Co-Pol (Mea.)

* 'O H-Plane Cross-Pol (Mea.)
+ > E-Plane Cross-Pol (Mea.) [
—— H-Plane Co-Pol (Mea.)

—— E-Plane Co-Pol (Mea.)

'O+ H-Plane Cross-Pol (Mea.)
330 . . E-Plane Cross-Pol (Mea.)
—*— H-Plane Co-Pol (Mea.)

-30

|
5
S
L

3
Gain (dBi)
8
Il

| | |

—_ [ ) v

o =) S S
L L L L

180

(c) (d)

Figure 21. The measured radiation pattern of the proposed two-element MIMO antenna: (a) 2.8 GHz;
(b) 6.5 GHz; (c) 10.6 GHz; (d) 14.3 GHz.

The E-plane co-polarizations of the four sample frequencies have two main beams, and
the cross-polarizations are small. Furthermore, the differences between the co-polarizations
and the cross-polarizations are larger than 15 dB, which shows good radiation patterns in
the E-plane. It can be also observed in Figure 21 that the co-polarizations in the H-plane are
omnidirectional, and the cross-polarizations are all smaller for the four samples’ frequencies.
Moreover, the differences between the co-polarizations and the cross-polarizations are
larger than 17 dB, which exhibits the stable radiation patterns in the H-plane. It also can
be seen from the figure that the radiation pattern of the E-plane and H-Plane is good at
2.8, 6.5, and 10.6 GHz, but becomes irregular at 14.3 GHz. With the increase in frequency,
the wavelength of the antenna decreases and is no longer much larger than the size of the
antenna. The antenna no longer has the characteristics of an electrically small antenna.
Therefore, the radiation pattern of the antenna changes and no longer presents the radiation
pattern similar to that of a monopole antenna. Although the shape degradation and
deformation of the antenna radiation pattern will occur at a high frequency, the radiation
intensity still meets the communication requirements of UWB antenna. It can be seen from
the radiation pattern of the antenna that the antenna is an omnidirectional antenna, which
is suitable for most scenarios of UWB technology application.

4.2.2. Four-Element MIMO Antenna

Figure 22 shows the measured radiation pattern of the four-element MIMO antenna at
the operating frequencies of 2.4, 6.9, 10.1, and 14.3 GHz when port 1 is excited and other
ports are connected to a 50 (2 load.

The E-plane cross-polarizations are small. Furthermore, the differences between the
co-polarizations and the cross-polarizations are larger than 16 dB, which shows good
radiation patterns in the E-plane. It can be also observed from Figure 22 that the co-
polarizations in the H-plane are omnidirectional and the cross-polarizations are all smaller
for the four sample frequencies. The differences between the co-polarizations and the
cross-polarizations are larger than 16 dB, which exhibits the stable radiation patterns in the
H-plane. It also can be seen from the figure that the radiation pattern of the E-plane and
H-Plane is good at 2.4 and 6.9 GHz, but becomes irregular at 10.1 and 14.3 GHz. Although
the antenna radiation pattern is deformed at a high frequency, it still meets the design
requirements of a UWB antenna. The antenna is omnidirectional and suitable for most
UWB technology application scenarios.
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Figure 22. The measured radiation pattern of the proposed four-element MIMO antenna: (a) 2.4 GHz;
(b) 6.9 GHz; (c) 10.1 GHz; (d) 14.3 GHz.

4.3. MIMO Diversity Analysis

The envelope correlation coefficient (ECC), diversity gain (DG), total active reflec-
tion coefficient (TARC), mean effective gain (MEG), and channel capacity loss (CCL) are
important parameters for validating the capability and performance of MIMO antennas.

4.3.1. Envelope Correlation Coefficient (ECC)

The ECC is used to measure the correlation between the channels of MIMO antenna
elements. It refers to the correlation between different signal amplitudes received by the
antenna. For MIMO antennas, a smaller ECC means weaker channel correlation and better
system performance. In general engineering applications, if the ECC is less than 0.5 [25], it
can be considered that the antenna channels can work independently. The calculation of
the S-parameter for ECC [26] is shown in Formula (3):

2
555y +s;§sj]-\
(=[S >=8i[) (1=(S55[>—=|54[*)

Peij = 3)

Figure 23 shows the ECC of the two proposed MIMO antennas, which shows that the
ECC is very small (<0.02) in the whole passband bandwidth except for the notch band. The
ECC values of the two proposed MIMO antennas are low and meet the standard of an ECC
of less than 0.5, which indicates that the antennas have good diversity performance and
can be effectively applied in multi-antenna systems.
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Figure 23. ECC of the proposed antenna: (a) two-element MIMO antenna; (b) four-element MIMO
antenna.

4.3.2. Diversity Gain (DG)

Diversity gain (DG) is another important parameter for measuring the performance of
MIMO antenna [26]. The ideal value is 10 dB. It can be calculated as (4):

DG =104/ 1-|ECGy|? )

The measured and simulated DG of the two proposed MIMO antennas are shown in
Figure 24. From Figure 24, we can confirm that the DG of the two MIMO antennas is very
close to 10 dB, and the maximum value is 9.98 dB. We also noticed that the value of the
diversity gain was very similar for the simulated and measured cases.
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Figure 24. DG of the proposed antenna: (a) two-element MIMO antenna; (b) four-element MIMO antenna.

4.3.3. Total Active Reflection Coefficient (TARC)

The TARC provides the reflected-incident power ratio, which is related to the coupling
between the ports [27]. For an N-port antenna, the TARC ratio can be calculated using
Equations (5) and (6):

N 2
¥ | bul
TARC = Y=L (5)

N 2
Y |an|
n=1
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by, = [S|an 6)

where b represents the reflected signal, a represents the incident signal, N depicts the
number of elements in the MIMO system, and S denotes the scattering parameter. Through
deriving the formula, the TARC of the MIMO system can be calculated using the S-
parameter [26]. The TARC from port 1 to other ports at a random phase of 0° can be
calculated using Equation (7).

. 2 . I 2
TARC: _\/(Sll+511) +(811+SZZ) (122’3,4) (7)

2

In order for the MIMO antenna to work well, the TARC value must be below —10 dB [22].
Figure 25 represents the measured TARC of the two proposed MIMO antennas. It can be
seen from the figure that the TARC values of the two proposed MIMO antennas in the
operating frequency band (except the notch band) are lower than —10 dB.

TARC (dB)

0 T T T T T 0 T T T T T T
- - “TARC (Mea)) - — Portl to Port2 (Mea.)
- Portl to Port3 (Mea.)
N "‘ —— Portl to Port4 (Mea.)
NI ,’\ ’,/‘\ B
,10_\."‘\ ;o _ .7 § -10
4 1 ‘. e \ ’ —
. \ ’ om
e \ ’ =
Vo Q
v ! <
! =
! e -20
\ I
\ I
\ 1
\ 1
|l
i
,30 1 1 1 ¥ 1 1 _30 1 1 1 1 1 1
2 4 8 10 12 14 16 2 4 6 8 10 12 14 16
Frequence (GHz) Frequence (GHz)
(a) (b)

Figure 25. Measured TARC of the proposed antenna: (a) two-element MIMO antenna; (b) four-
element MIMO antenna.

4.3.4. Mean Effective Gain (MEG)

In a multipath fading environment, the MEG can be used to measure the total effi-
ciency of the MIMO system, the total gain, and the effect produced by the propagation
environment [28]. It is generally required that the MEG between the elements within the
MIMO system is less than 3 dB, and the MEG can be estimated from the S-parameters of
each port [29]. MEG; is calculated using Formula (8). Similarly, MEG;; is calculated using
Formula (9), and the data details are shown in Figure 26.

N 2
MEG; =05x | 1=) |S;| |(i=1,2,34) 8)
=1

MEG;; = MEG; — MEG;(i # ) )

It can be seen that the MEG; of the two proposed MIMO antennas is lower than 6 dB
in the whole operating band, and the MEG;; is lower than 3 dB. It can be proved that the
two proposed MIMO antennas perform well over the whole operating band.
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Figure 26. Measured MEG of the proposed antenna: (a) two-element MIMO antenna; (b) four-element
MIMO antenna.

4.3.5. Channel Capacity Loss (CCL)

The correlation between the elements in MIMO channel systems produces a capacity
loss [30]. For high data transfer, the value of CCL should be below 0.4 bits/s/Hz [31]. CCL
is calculated using Formulas (10)—(12):

Closs = — logz det(q’R) (10)

by b Uiz b

R_ |Wa b Wbz by 1
v P31 U3 P33 Yy an
Yy Vo Pygz Yy
4 4
Py =1- 2 (Siknsni>}1bij = - Z (S;knsn]) (12)
n=1 n=1

The CCL values of the two proposed MIMO antennas are shown in Figure 27. It can be
seen from the figure that the CCL value of the two MIMO antennas is lower than 0.4 bit/s/Hz
in the whole operating band (except the notch band), which meets the design index.
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Figure 27. Measured CCL of the two proposed antennas.
4.4. Radiation Efficiency

As an energy conversion device, an antenna converts high-frequency current energy into
electromagnetic wave energy or electromagnetic wave energy into high-frequency current
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energy. However, due to various losses in the transmission process, such as antenna dielectric
loss, copper loss, and component loss, the input antenna power can only be partially converted
into electromagnetic wave energy. The efficiency of the antenna is used to characterize the
degree of such conversion. The calculation method is shown in Formula (13):

_ bk P
T=Pp, ~DP+p

(13)

where Pj, is the power entering the antenna, P, is the radiated power of the antenna, and
P is the lost power of the antenna.

The measured radiation efficiency of the two proposed MIMO antennas is shown in
Figure 28. It can be seen from the figure that, except for the notch band, the minimum
radiation efficiency of the two MIMO antennas is also higher than 80% in the whole passband
bandwidth range, which proves that the antennas achieve good radiation energy conversion
and fully meet the requirements of wireless devices. However, the radiation efficiency of the
antenna decreases obviously in the two notch bands, which further proves that the energy
radiation of the antenna in the notch band can be reduced through notch design.
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Figure 28. Measured radiation efficiency of the proposed antenna for 2- and 4-element antennas.

5. Time Domain Performance Analysis

As the proposed antenna is wideband, so its time-domain characterization becomes
important [32]. In order to illustrate the time domain performance of the antenna, the time
domain characteristics including group delay and transmission coefficient are investigated.
Figure 29 shows the experimental set-up that uses twin antennas, where one is acting as a
transmitter and another as receiver. These antennas are placed face-to-face and side-to-side
at a distance of 60 cm, which is five times the wavelength of the lower operating frequency
(around 2.5 GHz) in order to create far field atmosphere [33].

N
‘1

60cm

Face to Face |

60cm
Side to Side

Figure 29. Measurement of antenna time-domain characteristics in HFSS.
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The group delay of the antenna in the above two directions is shown in Figure 30.
For a good wideband antenna configuration, the group delay should be minimal and
constant throughout the operating bandwidth. It can be observed from the figure that in
the operating band of the proposed antenna, the group delay remains stable at about 0.5 ns.
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Figure 30. Group delay of the proposed antenna element.

The transmission coefficients of the antenna in both directions were simulated, as
shown in Figure 31. It is verified that the transmission coefficient of the antenna in the
whole working band is less than —22 dB.
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Figure 31. Transmission coefficients of the proposed antenna element.

In order to further verify the effectiveness of this design, the experimental results of
the designed antenna are compared with those of the references. The comparative experi-
mental results include antenna size, antenna impedance bandwidth, relative impedance
bandwidth, number of MIMO antenna units, notch band, isolation, peak gain, and ECC.
The details for each comparison item are shown in Table 2. In the references listed in
Table 2, most antennas are not designed for notch and have low peak gain. The radiation
efficiency of the antennas in [16,20] is also relatively low and the antenna in [14] has low
isolation and a narrow impedance bandwidth. The sizes of the antennas in [20,34] are
larger. By comparing the data in Table 2, it can be found that the designed antenna has a
wide impedance bandwidth, with relative impedance bandwidth higher than 140%, low
ECC, and good radiation efficiency. In a word, the antenna performance is better.
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Table 2. Comparison of antennas in references and this paper.

- 3 - -
Ret. (At Loweel Bandwidth Bandwidh Numberof  Notch lsolation pec  Gain  piey
Frequency) (GHz) (%) (%)
[12] 0.43A x 0.26A x 0.023A 4.3-15.63 114 2 - 20 <0.0075 <5.35 >85
[14] 0.31A x 0.31A x 0.008A 2.9-12 122 2 - 15 <0.02 <4.2 >60
[16] 0.27A x 0.26A x 0.016A 2.9-12.2 123 2 - 17.8 - <3.8 -
[17] 0.67A x 0.67A x 0.013A 2.1-20 161 4 WiMAX 25 <0.02 <5.8 >80
[19] 0.43A x 0.26A x 0.016A 3.2-12 115 4 - 22 <0.5 <4 >80
[20] 0.67A x 0.67A x 0.024A 4.5-16.4 114 4 - 20 <0.002 <7.8 >61
[34] 0.73A x 0.88A x 0.003A 3.89-17.09 126 4 - 15 <0.02 <6.8 >89
Thiswork 0574 X 0324 x 0.013A 2.45-14.88 143 2 "\?%[AJX 517 <002 <57 >82
0.57A x 0.57A x 0.013A 2.14-14.95 150 4 WNOS 50 <002 <59 >80
6. Conclusions
Two compact UWB-MIMO antennas with high isolation have been checked. One
is a two-element MIMO antenna located parallel with an impedance bandwidth from
2.45-14.88 GHz, which is loaded with two RBs to achieve an isolation higher than 17 dB in
the passband range. The other is a four-element MIMO antenna located at quadrature with
an impedance bandwidth from 2.14-14.95 GHz. Through placing the antenna elements
orthogonally and loading the cross branches, the antenna has an isolation degree of more
than 20 dB in the passband range. Both can suppress the interference of WIMAX and ITU
bands to UWB communication and are simple in structure and easy to process. At the same
time, they have stable gain, much lower ECC (<0.02), DG close to 10 dB, TRAC below 10
dB, MEGij below 3 dB, and CCL below 0.4 bit/s/Hz, which can be widely used in UWB
communication systems.
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