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Abstract

A compact four-element ultra-wideband (UWB) multiple-input-multiple-output (MIMO)
antenna with dual polarization and dual-notched capabilities was developed and fabricated.
The MIMO antenna is composed of four orthogonally placed half-cutting UWB antenna ele-
ments. This orthogonal placement improves the isolation. Furthermore, an L-shaped slot and
a continuous bending slot are etched to realize the band-rejection function in the WiMAX
and WLAN bands. The result shows that the antenna achieved operating bands of 2.9-
16.5 GHz (140.2%, S;; < —10 dB), fully covering the UWB (3.1-10.6 GHz). The port isolation
is greater than 23dB in the frequency band of interest, excluding two rejected bands.
Moreover, the MIMO antenna has excellent diversity performance, such as a low envelope
correlation coefficient (<0.004), high diversity gain (approximately 10 dB), and good omni-
directional radiation characteristics.

Introduction

Ultra-wideband (UWB) technology has important applications and good prospects in the
broadband ultra-high-speed data transmission and short-distance communication.
Nevertheless, UWB systems are susceptible to interference from multipath fading and existing
narrow frequency bands, thus affecting the signal transmission quality. Usually, it is a cogent
method to reduce the impact of multipath fading by using multiple-input-multiple-output
(MIMO) antenna technology. It improves the channel capacity and link quality without
increasing the signal power [1]. Furthermore, the overall size of the MIMO antenna swells
as the number of elements increases. Thus, there are three basic requirements when designing
UWB MIMO antennas: high isolation, compact size, and multiple notches.

In recent years, to address these issues, many researchers have studied the miniaturization
technology [2-6], decoupling technology [7-20], and notch technology [1, 16, 19] of UWB
MIMO antennas. The miniaturization technology mainly includes half-cutting technology
[3, 4], bending technology [5], and fractal technology [6]. The decoupling technology com-
prises a defective ground structure [7, 8], reasonable layout of antenna elements (orthogonal
placement [9-12] and inverted placement [7]), floor decoupling stubs [13, 14, 16], neutraliza-
tion line technology [17], electromagnetic metamaterials [18], etc. Similarly, the notch tech-
nology contains etching slots [1, 16], loading electromagnetic band-gap structure [4],
embedding parasitic resonance structure [19, 20], and so on.

In a previous study [3], the symmetrical half-cut technique was used to reduce the size of
the antenna by 49%. Similarly, Ghahremani et al. [4] employed symmetrical half-cutting tech-
nology and appropriately adjusted the position of the antenna feed to achieve a 60% reduction
in the size of the antenna. In another report [7], an MIMO antenna with a size of 50 x 35 mm?>
was proposed. It achieved more than 25 dB of isolation by etching the defective ground struc-
ture. A four-element MIMO antenna with a size of 58 x 58 mm? was reported. Furthermore, in
an earlier study [15], high isolation (S,; > 18 dB) was obtained by four orthogonally placed
radiators, and a hexagonally shaped complementary split-ring resonator was etched for the
dual-band rejection function. In another research study [18], two novel metamaterial split-ring
resonators were utilized to reduce mutual coupling, which expanded the impedance band-
width of MIMO antennas at the same time.

A dual-band-notched four-element UWB MIMO antenna based on polarization diversity is
presented in this paper. First, the miniaturization of a single UWB antenna is realized using
the half-cutting technique. Second, without adding any decoupling structure, the isolation
of the MIMO antenna is more than 23 dB in the UWB (excluding the notch band) through
the orthogonal polarization diversity technique. Finally, the notch characteristics of the 3.1-
3.9 and 5.2-5.9 GHz bands are realized by introducing L-shaped and continuous bending
slots of different lengths in the radiation patch. Computer simulation technology (CST)
Microwave Studio software was used to perform the simulation and analysis of the MIMO
antenna.
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Fig. 1. Proposed design structure: (a) antenna structure
and (b) side view.

Design process and simulation results

Figure 1 displays the final structure of the dual-band-notched
four-element UWB MIMO antenna. A single UWB antenna is
obtained by symmetrically cutting the traditional circular mono-
pole UWB antenna, as shown in Fig. 2(a). The feed mode of the
antenna is a three-segment transmission, and the impedance
matching network can be better matched with 50 Q by adjusting
the size of each transmission line. The four antenna elements are
placed on the same dielectric substrate in an orthogonal manner
to realize the dual polarization characteristics of the MIMO
antenna. Subsequently, the rejection band characteristics of
WiMAX and WLAN bands are realized by etching slots of differ-
ent lengths. The designed antenna was printed on a Rogers RT
duroid/5880 substrate with a relative permittivity of 2.2, loss tan-
gent of 0.0009, and thickness & = 0.508 mm.

UWB antenna element design

In general, if only the change in the effective length of the antenna
is considered, the antenna is half-cut at the axis of symmetry,
1S 11
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which does not affect its performance. The principle is attributed
to the magnetic wall effect at the symmetry plane of the antenna
with a symmetric structure; thus, the halved antenna still has the
frequency characteristics required by the resonance frequency.
Figure 2(a) shows the design process of a single UWB antenna.
A miniaturized antenna (#2) can be obtained by halving the ori-
ginal antenna (#1) along the axis of symmetry (SS'). As shown in
Fig. 2(b), the reflection coefficient of the halved antenna is signifi-
cantly worse than that of the original antenna because the input
impedance of the halved antenna changes and its resonance fre-
quency is basically unchanged. To improve the impedance match-
ing of the halved antenna, the position of the antenna (#3) on the
dielectric substrate is appropriately adjusted. Figure 2(b) shows
that #3 has reflection characteristics similar to those of #1, and
#3 has a wider operating band.

Band-notch structure design

A 90° clockwise rotation is utilized to create a four-port MIMO
array after the basic UWB antenna unit (#3) is designed.
Adjacent antenna units are then distributed orthogonally to

30mm

(a)

Fig. 2. Evolution of the single UWB antenna: (a) original antenna structure and (b) S;;.
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Fig. 3. Comparison between the simulated S;; of antenna by CST and by the equivalent circuit model: (a) equivalent circuit model and (b) Si;.

each other, and the polarization characteristics correspond to
orthogonal polarization. In this way, the antenna units can only
receive weak signals excited by each other; thus, the isolation of
the MIMO antenna is improved. The proposed MIMO antenna
structure also exhibits an L-shaped and continuous bending-type
slot structure on the radiator, and the direction of the current is
opposite in these two slots. The radiated fields caused by the
adverse current can cancel each other out, so the antenna cannot
radiate efficiently in the notched frequency bands [13].

The length of the two slot structures is related to the center fre-
quency of the notch band, and it can be calculated approximately
according to equation (1) [20]:

A

c g +1
_—:7’8 =
4 afy oy 2

(6]

In equation (1), L is the slot length, c is the speed of light, and
£.4 and &, are the effective permittivity and relative permittivity,
respectively.

According to equation (1), the length of the slot is optimized
to be approximately equal to the length of 1/4 (where 4 is the free-
space wavelength in the notch center frequency). When the
antenna operates in the notch frequency band, these slots can
be regarded as the A/4 transmission line with a terminal short cir-
cuit at the corresponding frequency, i.e. the parallel resonant cir-
cuit. The equivalent circuit of the antenna is shown in Fig. 3(a).
Whenever any slot resonates, the input impedance of the antenna
at the corresponding notch band approaches infinity. At this time,
the resonant circuit is equivalent to an open circuit, and the
antenna cannot transmit energy normally; thus, a notch band is
generated. In Table 1, the calculation and simulation slot length
values when the notch center frequencies are 3.5 and 5.5 GHz,
respectively, are compared. Table 1 shows that the difference
between the two values is very small.

Figure 3(b) shows a comparison between S;; of the proposed
antenna obtained by CST simulation and the equivalent circuit
model. As shown in the figures, the trends of the curves agree rea-
sonably well over the UWB band, especially in the dual-notched
frequency bands. The discrepancy between the curves can be
mostly attributed to the antenna that is replaced by a 50 Q resist-
ance in the equivalent circuit. In most cases, if the antenna is well
matched, this approximation can be valid, but for a large band-
width this hypothesis is not fulfilled.
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Table 1. Comparison of theoretical value and simulation value of slot length

Frequency Theoretical Full-wave
(GHz) calculation (mm) simulation (mm)
Slot 1 3.5 16.9 17.4
Slot 2 5.5 10.7 11.0

All the parameters of the proposed antenna were optimized
using commercial full-wave software CST Microwave Studio.
The final detailed dimensions of the UWB MIMO antenna, in
millimeters, are as follows: W =42, W, =12, W,=1.5, W5=1.2,
W,=04, Ws=02, We=2, W,=6, L=42, L,=14.65, L,=8,
L;=43,1,=2, Ls=88, Lg=2, L, =30, R=7.7, h=0.508.

Simulated and experimental results and analysis

The fabricated antenna prototype and the test environment are
shown in Fig. 4. The 3671E vector network analyzer (China
Electronics Technology Instruments Limited Company) was
used to test parameters, such as S-parameters and isolation.

Sii-parameters

The simulated and measured S;; of the antenna prototype is given
in Fig. 5(a), showing similar trends. The measured —10 dB imped-
ance bandwidth is 2.9-16.5 GHz (relative bandwidth is about
140.2%), which is close to the simulated result (2.7-16.7 GHz,
relative bandwidth is about 144.3%). The notch frequency
bands of the MIMO antenna are 3.1-3.8 and 5.2-5.9 GHz. In
addition, Fig. 5(a) also depicts the S;; of the slotless MIMO
antenna, and the results are acceptable.

Figure 5(b) shows the simulated surface current distribution of
the antenna at 3.5 and 5.5 GHz. Near the center frequency of the
notch, a large number of currents in the opposite directions are
confined along the slot structure, the electromagnetic energy can-
not be completely radiated outward, and the notch function
occurs [13, 16]. Nevertheless, the current is evenly distributed
in the non-notched frequency band, and the antenna energy is
normally radiated outward.

To analyze the effect of slits on the band-notched characteris-
tics, various parameters were assessed. First, the length of the
notch antenna, slot 1, is varied to show the effect of the overall
length of slot 1 on the WiMAX band-notched frequency in
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Fig. 4. Photograph of the fabricated antenna: (a) top
view, (b) bottom view, and (c) test environment.

Fig. 6(a). As the figure shows, when the length of slot 1 is shifted
from 16.8 to 18 mm, the notch band shifts toward a lower fre-
quency. Therefore, to obtain the desired band-notched frequency,
17.4 mm is chosen as the final value. Similarly, Fig. 6(b) shows the
S-parameters for the variation of length slot 2, while other para-
meters remain constant. As the length of slot 2 increases from
10.5 to 11.5 mm, the center of the notched frequency band shifts
from 5.9 to 5.3 GHz. Therefore, 11 mm is chosen as the final value
of the slot 2 length. Both values are approximately the same,
which confirms the effectiveness of equation (1).

(b)

Transmitter

Isolation

Figure 7 shows the measured and simulated isolation of the
MIMO antenna when port 1 is excited and the other three
ports are terminated with 50 Q matched loads. In the UWB fre-
quency band, the couplings between ports 1 and 2 and that
between ports 3 and 4 are less than —23 dB, but the coupling in
the notch band is only less than —20 dB. This is because there
is substantial energy accumulation in the notch frequency band
and this energy cannot be radiated outward, which leads to the
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)
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G
Fig. 5. S;; and simulated surface current distribution of 2 4 6 .8 10 2 1_2 14 16 18
Frequency (GHz)
MIMO antenna: (a) S;; and (b) surface current
distribution. (a)
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Fig. 6. Effects of the length variation of the slits on S;;: (a) slot 1 and (b) slot 2.
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Fig. 7. Isolation of the UWB MIMO antenna.

increase of the coupling between antenna elements. Because of the
symmetrical geometry of the structure, the same characteristics
appear when the other three ports are activated.

To understand the decoupling effect of the polarization diver-
sity technology intuitively, Fig. 8 shows the simulated surface cur-
rent distribution of the MIMO antenna at 10 GHz. When port 1 is

1023
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—— 1 .Omm
—=—11.5 mm

T T T T
6 8 10 12 14 16 18
Frequency (GHz)

(b)

L&
5

excited, the surface current flows along the y-axis direction and
forms a y-polarized field. Therefore, the surface current coupled
to the other three antenna elements is very weak. Similarly,
when port 2 is excited, the surface current flows in the x-direction,
forming an x-polarized field. A large amount of current is con-
centrated in this antenna element, while the other three antenna
elements have weak surface currents. The polarization diversity
technology can effectively improve the isolation of MIMO
antennas.

Radiation characteristics

In a MIMO system, multiple antenna elements with different
radiation patterns can be employed to reduce the multipath
effects. Figure 9(a) shows the three-dimensional (3D) radiation
pattern of the MIMO antenna when ports 1-4 are excited at 5
GHz. As shown in the figure, the radiation patterns of Ant_1
and Ant_3 are 180° mirror images, and the radiation patterns
of Ant_1 and Ant 2 are perpendicular to each other.
Furthermore, Ant_2 has a good omnidirectional radiation mode
in the yoz-plane, and a radiation pattern similar to the
“8”-shape in the xoz-plane. In addition, the two-dimensional
(2D) radiation patterns of Ant_1 and Ant_2 in the xoy-plane at
5 GHz are plotted in Fig. 9(b). The results show that the radiation
patterns of ports 1 and 2 in the xoy-plane are also perpendicular

https://doi.org/10.1017/51759078721001392 Published online by Cambridge University Press

Fig. 8. Simulated surface current distribution on the
antenna at 10GHz: (a) port 1 is excited and other
ports are matched and (b) port 2 is excited and other
ports are matched.


https://doi.org/10.1017/S1759078721001392

1024

120

(a) (b)

Zhonghong Du et al.

—— Port 1_Sim o
330 -~ Port |_Mea 51 330 —Port | Sim
— Port2_Sim 04 - - Ponrt I_‘\v‘lca
- = Port2_Mea 60 300
-5 ‘
=104
270 -15490 270
=104
-5
240 120 ’ 240
ol .
5 4
180
(c)

Fig. 9. 3D and 2D patterns of the antenna when exciting different ports: (a) 3D pattern, (b) xoy-plane, and (c) xoz-plane (only port 1 is excited, while the other ports

are terminated with a 50 Q load).
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Fig. 11. Gain and efficiency of the UWB MIMO antenna.

to each other. Furthermore, Ant_1 has stronger radiation at 90°
and 270°, whereas Ant_2 has null radiation in those directions.
The above results verify that the proposed MIMO antenna has
good diversity performance. Figure 9(c) shows that the pattern
is nearly omnidirectional in the xoz-plane, which is suitable for
UWB MIMO systems.

To illustrate the radiation stability of the proposed antenna,
Fig. 10 shows the simulated radiation patterns of the antenna at
8, 11, and 14 GHz when port 1 is excited, while the other port
is terminated with a 50 Q load, and vice versa. At lower frequen-
cies, the patterns were fairly “8”-shaped in the xoy-plane and
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Fig. 12. Simulated ECC and DG of the proposed design.

omnidirectional in the xoz-plane, as shown in Figs 9(b) and 10(a)
at 5 and 8 GHz. At higher frequencies, radiation patterns deteri-
orate at higher frequencies owing to the splitting of the radiation
lobes. The deterioration is caused by an imbalance in the high-
frequency current distribution [7].

Figure 11 shows that, in the operating band, the maximum
gain of the antenna is approximately 5dBi. In the notch band,
the gain plummets to —2 dBi, which effectively solves the problem
of electromagnetic compatibility among the UWB, WiMAX, and
WLAN. The radiation efficiency of the antenna also has the same
variation trend.
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Table 2. Performance comparisons with previously reported antennas
Ref. No. of elements Antenna size (mm?) Bandwidth (GHz) Maximum gain (dBi) Isolation (dB) ECC
[6] 4 45x 45 2.0-10.6 4.8 >17 <0.005
[9] 2 25 x50 2.4-17.1 5.4 >25 <0.001
[10] 4 40 x 40 2.4-10.6 = >20 <0.02
(11] 4 45x 45 2.0-16.8 4.0 >22 <0.01
[12] 4 41 x41 2.96-11.4 4.0 >20 <0.03
[20] 4 50 x 50 2.0-12.0 5.9 >17 <0.15
This study (#3wimo) 4 42 %42 2.7-16.5 5.0 >23 <0.004
#1mimo 4 54 x 54 3.25-16.5 6.2 >15 <0.01

MIMO performance parameters

In a MIMO antenna system, the envelope correlation coefficient
(ECC) is used to evaluate the diversity performance. In an ideal
uniform scattering environment, S-parameters — equation (2) -
are often used to calculate the ECC [6, 9]. However, the calculated
ECC s closer to the actual situation with the far-field parameters -
equation (3) [7]:

1S58 + 5851
[(1 = 1S5 = 1S51%) - (1 = [S> = IS;17)]

ECC = p; = (2

12

T T 2
U o I3 (XPR - Eg; - Egy-Py + Eqi - Ej-Py)dQ2

reports have been shown in Table 2. Compared with those reported
earlier [6, 11, 12], the proposed antenna has a higher gain.
Moreover, Table 2 shows the related parameters of the MIMO
antennas (#1yyvo and #3ymvo) designed with a full antenna (#1)
and a halved antenna (#3) as a single antenna. In the comparison,
#3nimo has great advantages in terms of size and isolation.

Conclusion

A compact (42 x42 mm?) dual-band-notched four-element
UWB MIMO antenna was proposed. A single UWB antenna
was miniaturized using half-cut technology. On the one hand,

peij =

where i and j are the numbers of ports, XPR is the cross-polarization
ratio, and Py and Py are the @and ¢ components of the angular dens-
ity functions of the incoming wave, respectively.

The diversity gain (DG) is also an important parameter for
evaluating the performance of a MIMO antenna. The DG can
be calculated using equation (4). Figure 12 shows, except for
the dual-notch frequency band, the ECC is lower than 0.004,
and the DG is higher than the 9.9 dB for the MIMO antenna,
proving that the antenna has a good diversity characteristic:

DG = 10+/1 — ECC2 @)

Table 2 lists the performance parameters of MIMO antennas
that have been reported in the literature, and compares them
with those of the proposed antenna. Compared with those in
the literature [10, 12], although the antenna in this study has a
larger size, it has the advantages of high isolation and a simple
structure (without using any decoupling structure). In addition,
compared with previously reported ones [6, 20], the design here
has obvious advantages in terms of size and isolation, but the pre-
vious antennas [6, 20] have better low-frequency performance.
Although a previously designed antenna [9] is smaller, it is a
two-element MIMO antenna. The maximum gains in previous
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o Jo (XPR-Eg; - Ej;-Py+ Eg; - Ej-Pg)dQ x [(7 [ (XPR - Egj - Ejy-Py + Eqg; - Ej-Py)dQ)

3)

the orthogonal diversity technique was used to enhance the isola-
tion of the MIMO antenna, which can significantly improve the
isolation (S,;>23dB) of the MIMO antenna without adding
other decoupling structures. On the other hand, two slots with
different lengths were etched on the radiator to realize the band
rejection characteristics of the WiMAX and WLAN frequency
bands. In addition, the advantages of orthogonal placement
were analyzed using the 2D and 3D radiation patterns.
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