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ABSTRACT: A compact ultra-wideband (UWB) multiple-input multiple-output (MIMO) antenna with four stopbands is designed and
experimentally investigated. By the method of coating, various T-shaped structures and split-ring resonators (SRRs) are used for sup-
pressing the mutual coupling and introducing the band-notched characteristics, respectively. The actual design has an overall size of
46 x 37 x 1.57 mm® across the whole UWB spectrum from 2 to 22 GHz except stopbands from 3.47 to 3.83 GHz, 5.2 to 5.85 GHz, 7.19
to 7.84 GHz, and 8.15 to 8.6 GHz, which prevent the interference of Microwave Access (WiMax), wireless local area network (WLAN),
satellite downlink, and satellite communications band (ITU 8 GHz) bands, respectively. Besides, the isolation of the most operating
frequencies is higher than 20 dB, and the antenna obtains a fairly stable radiation pattern and gain, as well as a lower envelope correlation
coefficient (ECC < 0.005). Additionally, using the antenna inserted in name badge of the doctor, the chance of infection will be greatly
reduced. Ultimately, the proposed MIMO monopole antenna has a potential application in the medical domain.

1. INTRODUCTION

n recent years, UWB antenna has received increasing atten-

tion as the result of its higher data transmission capacities,
wide operational bandwidth, and low cost. However, UWB an-
tenna still faces the shortcomings of poor reliability and mul-
tipath fading [1-3]. To circumvent these issues, an effective
method called MIMO technology is presented. Therefore, it
is of great meaning to combine UWB and MIMO technol-
ogy. With the decrease of MIMO antenna size, mutual cou-
pling effect can deteriorate the performance of MIMO antenna.
Various decoupling methods have been employed like a verti-
cal slot etched on the ground [4, 5], broadband neutralization
line [6], without any decoupling structure [7—10], inverted T-
shaped slot [11], T-shaped strip introduced between radiating
elements [12—16], rectangle stub employed between CPW-fed
radiating elements [17], etc. Besides, polarization diversity
technology can be utilized to attain high isolation by placing the
antenna vertically [18]. Meanwhile, owing to the case that the
UWB-MIMO system is lightly sensitive to undesired signals
such as Microwave Access (WiMAX), wireless local area net-
work (WLAN), and X-bands for satellite communication, the
stop filter technology is created to suppress the interference, at-
tracting a great deal of attention and interests [19]. There are
plenty of methods to create stopbands for UWB antennas. One
is to cut slots on the feed line, radiating patch, and ground [20-
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23], which will also induce current to concentrate near slots and
reject undesired signals. Another is to add parasitic elements
[24-26], concentrating current on the additional parasitic ele-
ments at a prescribed frequency point, constraining the electro-
magnetic wave here and blocking it from radiating, introducing
a stopband. As the antennas become more miniaturized, the
generation of more stop bands is limited.

Consequently, a tapered fed two-port UWB MIMO antenna
is proposed and assembled for UWB applications with four
stopband superiorities. Particularly, by loading T-shaped struc-
tures and T-shaped slots, the antenna has an ultra-wide oper-
ating band from 2 to 22 GHz with a compact dimension of
46 x 37 x 1.57mm?>. Furthermore, by the method of etch-
ing various slots and adding split-ring resonators (SRRs), the
antenna provides the exact stopbands for preventing the inter-
ference of WiMax, WLAN, satellite downlink, and ITU 8 GHz
(satellite communications) bands. Moreover, the proposed an-
tenna is introduced to medical domain, which provides more
conveniences and avoids health hazards. Firstly, the antenna
design is depicted in Section 2, and detailed analyses for real-
izing UWB, eliminating the mutual coupling, and adding four
frequently-used stopbands are illustrated. Later, the fabrication
and measurement results of the proposed antenna are presented
in Section 3. Then, the medical application scenario of the pro-
posed design is depicted in Section 4. In the end, Section 5
summarizes this work.
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FIGURE 1. (a) The evolution of the reference antenna. (b) The simulated S1; varying with the evolution of the antenna. (c) The simulated S12

varying with the evolution of the antenna.

2. ANTENNA DESIGN AND PARAMETRIC STUDY

The dimension of the UWB antenna is shown in Fig. 1, and it
is fabricated on a 46 x 37 mm? FR4 dielectric substrate with a
relative dielectric constant of 4.4 and a thickness of 0.7 mm. A
tapered microstrip feedline is employed for exciting the iden-
tical hexagon-shaped patch. Then, by adding T-shaped struc-
tures and etching T-shaped slots, the mutual coupling is sup-
pressed to attain a high isolation and broaden the operational
bandwidth. By etching circle slots and several U-shaped slots,
the four frequently-used stopbands are achieved, respectively.
It is worth noting that the evolution of the designed dual-port
monopole MIMO antenna is illustrated across four steps, i.c.,
Al to A4. In the first part, the development of the UWB an-
tenna is depicted. Then, the generation of the four stopbands is
described gradually, and the proposed antenna configuration is
shown in the last last subsection of this section.

2.1. UWB Monopole Antenna

The following steps elaborate the evolution of the UWB dual-
port antenna, as shown in Fig. 1(a). By miniaturizing the
ground plane, using a tapered feedline, and etching slots on the
ground plane, it is observed that several resonances occur at
around 9 GHz, 13 GHz in Fig. 1(b), indicating that the antenna
has an ultra-wide bandwidth from 4 GHz to 22 GHz. Unfortu-
nately, the mutual coupling is still deteriorated over the opera-
tional bandwidth. It means that the method alone is insufficient
in resolving the mutual coupling deterioration problem. Then,
employing a T-shaped structure and etching a T-shaped slot on
the ground plane, the mutual coupling is improved less than
—15dB over the bandwidth in Fig. 1(c). At the same time, the
bandwidth is broadened with a fractional bandwidth covering
from 2 to 22 GHz.
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2.2. Notched Band Monopole Antenna

(a) First-stopband antenna (Ant. Al)

Figure 2 shows the four design processes of several notch
structures, respectively. For clarity, the four notched struc-
tures are functioned in Ant. A0 from Fig. 2(b) to Fig. 2(1), re-
spectively. Firstly, the antenna with one stopband is presented
in Fig. 2(a)(i). By etching circle slots in the hexagon-shaped
patches, a stopband is obtained at around 3.6 GHz, which is
called WiMax band. In the meantime, the isolation still retains
a low value covering the whole bandwidth.

(b) Second-stopband antenna (Ant. A2)

Moreover, the second stopband is attained at frequency of
5.5 GHz covering from 5.2 GHz to 5.85 GHz by utilizing a U-
shaped slot in the tapered feedline in Fig. 2(a)(ii). Although the
second stopband relies on the position and length of U-shaped
slots, the parameter is optimized to make S7; less than —10 dB
covering the whole band. In addition, the mutual coupling still
retains a great performance within the acceptance range.

(c) Third-stopband antenna (Ant. A3)

Furthermore, Ant. A3 employs two same pairs of U-shaped
slots on the outside of the feedline part obtains a stopband at
around 7.5 GHz, which is called satellite downlink band. Be-
cause of the short distance to feedline part, there are slight in-
fluences on the higher frequency band.

(d) Fourth-stopband antenna (Ant. A4)

In addition, the small U-shaped slots etched on the ground
plane provide the ITU 8 GHz stopband. It has a bit of an influ-
ence on reflection coefficient. As a consequence, the monopole
antenna with the notched structure attains a bandwidth ranging
from 2 GHz to 22 GHz.

(e) Final design (Ant. A5)

Based on Ant. A0, four antennas, Ant. A1, Ant. A2, Ant. A3,
and Ant. A4 are integrated to build the final design. Fig. 2(k)
and Fig. 2(1) plot the S-parameters, and the final dimensions
of parameters are displayed in Table 1. Therefore, the final
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FIGURE 2. (a) The evolution of the four notched bands antenna. (b) The simulated S1; varying with the evolution of the Ant. Al. (¢) The simulated
S12 varying with the evolution of the Ant. Al. (d) The simulated S11 varying with the evolution of the Ant. A2. (e) The simulated S12 varying with
the evolution of the Ant. A2. (f) The simulated S11 varying with the evolution of the Ant. A3. (g) The simulated S;2 varying with the evolution
of the Ant. A3. (h) The simulated S11 varying with the evolution of the Ant. A4. (i) The simulated S12 varying with the evolution of the Ant.
A4. (j) Dimension of the proposed antenna (Ant. AS). (k) The simulated S11 varying with the evolution of the final antenna (Ant. AS). (1) The
simulated S12 varying with the evolution of the final antenna (Ant. A5). (m) Magnitude surface current distributions at (i) 3.6, (ii) 5.5, (iii) 7.5, and
(iv) 8.4 GHz. (n) The equivalent circuit model of the proposed design.

antenna (Ant. A5) operates in UWB from 2 GHz to 22 GHz the combined impacts of all the structures whereas the modi-
integrated with four stopbands at 3.5 GHz (3.47 to 3.83 GHz), fications are slight. Compared with the UWB-MIMO antenna
5.5GHz (5.2-5.85GHz), 7.5GHz (7.19-7.84GHz), and (Ant. A0), the results are helpful to understand stopbands

8.3 GHz (8.15-8.6 GHz). All values are improved owing to
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TABLE 1. Value of optimized parameters of the final antenna.

Parameter L1 L2 L3 L4 L5 L6 L7 L8
Value (mm) 46 18.4 12 3.5 11 3 2 36
Parameter L9 L10 L11 L12 L13 W1 W2 w3
Value (mm) 8 9.8 1.5 4.5 0.6 37 3.5 16.15

Parameter W4 W5 W6 W7 W8 W9 W10 W11
Value (mm) 10.4 2 13 18.1 7.77 2.7 5 1.5

clearly. The value of isolation is below —20 dB covering the
whole band besides low-frequency band, less than —15 dB.

The number of notched bands gradually increases from struc-
tures 1 to 4, and the stop frequency band changes to the upper
frequency, which describes that the notch performance of the
design is gradually distinct.

Ant. A5 with four popular notched bands is the final edi-
tion of the proposed UWB MIMO antenna. The dimension of
monopole antenna is 46 mm x 37 mm x 1.57 mm. HFSS 2021
software is used to design and verify the final design, and the
characteristics of the antenna can be depicted obviously. The
surface current distributions at four stop frequency points are
presented in Fig. 2(m), where (i), (ii), (iii), and (iv) show the
current distribution of the proposed antenna at 3.6, 5.5, 7.5,
8.4 GHz, respectively. At 3.6 GHz, the current is mainly con-
tributed on the hexagon-shaped patches. Then, at 5.5 GHz,
more currents flow into the U-shaped slots outside the feedline.
Meanwhile, at 7.5 GHz, the surface current is mostly concen-
trated on the U-shaped slot etched in the feedline. Furthermore,
at 8.4 GHz, more current is mostly concentrated on the small
U-shaped slots etched on the ground plane. The entire notched
structure boosts the achievement of four frequently-used stop-
bands and makes miniaturization possible. To further explain
the proposed design clearly, the equivalent circuit model of the
proposed design with four different stopbands is presented in
Fig. 2(n).

3. SIMULATED AND MEASURED RESULTS

The fabrication model and experimental result are shown in
Fig. 3(a) and Fig. 3(b), respectively. Fig. 3(b) gives the sim-
ulated results of the final design, which presents the magnitude
of the reflection coefficient (|.S11|) from the four notch bands
UWB antenna. With some variances, the measured and simu-
lated Sy are mainly close. This is because of several manu-
facturing errors in the practical environments. The bandwidth
of S11 < —10dB is from 2 to 22 GHz. In the meantime, the
measured isolation of less than —15dB is obtained through-
out the working bandwidth. The stopbands of the final design
are 3.47-3.83 GHz, 5.2-5.85 GHz, 7.19-7.84 GHz, and 8.15-
8.6 GHz, respectively, which can effectively block the corre-
sponding undesired signals, such as WiMax, WLAN, satellite
downlink, and ITU 8 GHz bands. The entire performance illus-
trates that the proposed antenna obtains superior band-notched
performances and great isolation. Furthermore, the fluctuation
of S-parameters for the proposed antenna at several frequen-
cies between simulations and measurements is attributed to the
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flaws of processing and measurement. Fig. 3(c) depicts the ra-
diation pattern of final design at 3 GHz, 4.5 GHz, and 6 GHz. In
XOY and YOZ planes, it can be seen that the pattern is quasi-
omnidirectional. Furthermore, in XOZ plane, the pattern is
bidirectional. Meanwhile, at the main beam direction, the mea-
sured cross polarization is below —20 dB. In addition, the mea-
sured and simulated results are in great agreement, confirming
that the proposed design attains good radiation characteristics.

When the first port is stimulated and the second port termi-
nated, radiation efficiency and realized gain of the simulated
and measured antenna are plotted in Fig. 3(d) and Fig. 3(e), re-
spectively. In all four stop frequency bands, the values of real-
ized gain are negative, which indicates that final design obtains
superior stop characteristics. In other operational frequency
bands, the realized gain surpasses 0, showing that the proposed
design attains excellent performances. It is observed that min-
imum gain and minimum efficiency are achieved at the notch
bands. The maximum value of each stopband is larger than
—5dBi, indicating the great notch characteristic of the antenna.
Meanwhile, the peak gain of the proposed antenna can exceed
4 dBi. Besides, the radiation efficiency value illustrates that
the efficiency of the bandwidth is continuously above 75% and
keeps a high value, excluding the stopbands. The final design
attains a perfect omnidirectional characteristic, and there are
slight discrepancies at high band. Although there are several
differences, it is visible that the measured and simulated results
are relatively close. Meanwhile, the final design has lower ECC
value as shown in Fig. 3(f), which is less than 0.005.

|S1812 + S5,/
(1= |S11]* = [821]*) (1 — [S22]? — |S1a)

The characteristics of the final design are listed with other pre-
vious studies. As seen in Table 2, the proposed antenna obtains
four frequently-used stopbands than those presented in previ-
ous literature. Meanwhile, it has a wider operational bandwidth
covering from 2 to 22 GHz. Moreover, it has a more miniatur-
ized size of 0.3 \jow X 0.24\ow X 0.01)\oy than other studies.
All performances of the proposed antenna show a great compet-
itiveness when it comes to size, stopband number, bandwidth,
prompting it as a strong candidate in MIMO UWB antenna ap-
plication.

ECC =

(M

4. MEDICAL APPLICATION OF THE PROPOSED AN-
TENNA

In medical domain, if the name badge is always taken off and
picked up, the risk of bacterial pollution will gradually increase.
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FIGURE 3. (a) Fabricated antenna and its measurement view. (b) The simulated and measured S-parameters of the proposed antenna. (c¢) Simulated
and measured radiation patterns of XOY, XOZ, Y OZ planes. (d) Simulated and measured Realized Gain. (e) Simulated and measured Radiation

efficiency. (f) Simulated and measured ECC varying with frequency.

TABLE 2. Performance comparison of different antennas.

Ref. Dimension Bandwidth  Num. notch bands ECC Gain (dBi)  Efficiency
0214 A 10 X 0.256 A0 X 0.004A 100
[27] fow X fow X 1 2.56-12.7 5 NG 476 > 75%
(B30mm x 25 mm x 0.508 mm)
0383 Aow X 0-383A0w % 0.009 Ao
[28] tow X 0383210y > 0.009 3.2-10.8 3 <0.49 47 > 80%
(35.9mm x 35.9mm X 0.8 mm)
[29] (35 mm x 46 mm x 1.575 mm) 2.1-114 2 < 0.04 NG > 75%
0.25M 0w X 0-25 10w X 0.006 Ao
[30] tow X tow X ! 25-10.8 2 < 0.004 49 > 80%
(30mm x 30 mm x 0.7 mm)
0.245 A 10w X 0.192 A0 X 0.008 Ao
[31] fow X fow X ! 1.6-16 2 <0.1 NG NG
(46 mm * 36 mm * 1.59 mm)
0.3 N0 X 0- 240w X 0.01 Aiow
This work tow X 0-24Ai0w x 0.01 A 222 GHz 4 < 0.005 4.4 > 75%

(46 mm x 37mm X 1.57 mm)

To avoid these issues, the proposed antenna can be integrated
with the name badge, which offers more conveniences and
keeps the original appearances.

In general, the SAR value is a significant standard that deter-
mines whether the antenna can be used due to the closed dis-
tance to body. Therefore, the SAR level simulated models are
presented in Fig. 4(a). Generally, skin, fat, and muscle consti-
tute the human body. In the meantime, the thicknesses of the
three tissues are 1, 5, and 20 mm, respectively. In addition, a
10 mm air layer between antenna and body is suitable, which
is a common gap in reality. Furthermore, the SAR value must
be maintained below 1.6 W/kg per 1 g tissue from IEEE C95.1-
1999 standard. Furthermore, the 3D SAR distributions of the
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proposed monopole antenna at 2, 4, and 6 GHz are shown in
Fig. 4(b), respectively. Besides, Table 3 concludes the maxi-
mum possible power of the proposed antenna within the IEEE
standard. In total, the superior performance of the proposed an-
tenna can integrate well with name badge, and wearing it on the
chest is reliable enough for human health.

TABLE 3. Maximum SAR and maximum input power.

Frequency (GHz) | 1g Tissue [W/kg]/Input power [W]
2 1.52/0.08
4 1.54/0.11
6 1.49/0.25

WWwWw.jpier.org
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FIGURE 4. (a) Application of the proposed antenna. (b) Illustration of the proposed antenna over the human tissue in HFSS and SAR distributions at

2,4, 6GHz.

5. CONCLUSION

A miniaturized dual-port UWB MIMO hexagon-shaped
monopole antenna integrated with four popular frequently-
used stopbands is designed. First, the proposed design
achieves a UWB operational frequency ranging from 2 to
22 GHz. Next, utilizing stop structures etched on the radiation
patch and feedline, loading U-shaped slots, and etching slots
in the ground plane, a four stopbands antenna is realized.
Meanwhile, step-by-step configuration and accomplishment
of results are presented in detail. Moreover, the final design
attains an overall dimension of 0.3 Aoy X 0.24 0w X 0.01 0w
(46mm x 37mm x 1.57mm), showing the miniaturized
design. The experimental results show that the final design
can cover the whole UWB spectrum except stopbands from
3.47 to 3.83 GHz (WiMax), 5.2 to 5.85 GHz (WLAN), 7.19 to
7.84 GHz (satellite downlink), 8.15 to 8.6 GHz (ITU 8 GHz).
Then, the value of ECC is less than 0.005, whereas experi-
mentally isolation is below —20dB in the almost the whole
operational band. Totally, all results indicate that the huge
potential of the proposed design can be extensively used in
UWB-MIMO wireless communication system for portable
fields, such as name badge of the doctor and relevant medial
field.
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