Progress In Electromagnetics Research M, Vol. 126, 117-126, 2024

PIERM

(Received 11 January 2024, Accepted 5 April 2024, Scheduled 12 April 2024)

Design of a Simple Four-Port UWB-MIMO Antenna Based on
a Fan-Shaped Isolator

Wanying Ren', Zhong-Gen Wang'-*, Ming Yang?, Jinzhi Zhou?, and Wen-Yan Nie*

1School of Electrical and Information Engineering, Anhui University of Science and Technology, Huainan 232001, China
2School of Electrical and Communications Engineering, West Anhui University, Luan 237012, China
3School Electrical and Information Engineering, Bozhou University, Bozhou 236800, China
4School of Mechanical and Electrical Engineering, Huainan Normal University, Huainan 232001, China

ABSTRACT: In this paper, a novel, highly isolated ultra-wideband multiple-input, multiple-output antenna design for indoor communi-
cation is proposed. The overall size of the antenna is only 36 x 36 mm?, and it contains four monopole antenna units and a fan-shaped
isolated structure. Each antenna cell is composed of a U-shaped patch element and a defected rectangular ground structure. The fan-
shaped decoupling structure effectively absorbs coupling currents, significantly improving isolation. As a result, the proposed antenna
system can cover the entire ultra-wideband and receive a resonant frequency of 2—-11.08 GHz. The results demonstrate that the antenna’s
isolation is greater than 15 dB in the operating band. Furthermore, the antenna exhibits good radiation characteristics and reasonable

envelope correlation coefficients.

1. INTRODUCTION

Itra-wideband multiple-input, multiple-output (UWB-
MIMO) antenna can transmit a large amount of data
within a short distance and is characterized by strong anti-
interference ability and fast transmission speed. This antenna
can be applied to wireless data transmission, radar detec-
tion, indoor positioning, and medical monitoring to improve
communication quality and performance. On the other hand,
MIMO technology plays a crucial role in improving the
data transmission rate and reliability of wireless communi-
cation systems. It achieves this by allowing simultaneous
transmission of multiple data streams through the use of
multiple antennas for transmission and reception.  This
results in improved spectrum utilization and transmission
capacity. Consequently, MIMO technology is considered a
key technology in antenna design. By eliminating multipath
interference and suppressing noise, it enhances signal quality
and system performance [1]. As a result, it is employed in
satellite communication systems, mobile communications,
WLAN networks, and broadband wireless networks. In 2002,
the United States Federal Communications Commission (FCC)
officially allocated a frequency band for the deployment of
UWB technology. This spectrum, designated for low-power
output applications, extends from 3.1 to 10.6 gigahertz [2].
The combination of UWB and MIMO enables higher data
speeds and more dependability in wireless communication
systems, allowing for increased transmission range without an
increase in the antenna’s radiated power [3—12].
Several approaches to achieving UWB features include
the use of gradual geometry structures [13], resonant struc-
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tures [14], and slot structures [15-17]. In [13], a small,
stepped transmission line (TL)-loaded wideband antenna was
introduced and printed on an RT/Duroid 5880 substrate. Its
dimensions were 50mm x 50mm x 1.52mm, and it could
cover 2.1-11.5 GHz. In [14], a slot and a quarter-wavelength
resonator were used to create a wideband antenna with double
rejection zeros. By employing this technique, the antenna’s
bandwidth is increased by up to 32% between 4.2 and 5.6 GHz,
and the effectiveness of a filter theory-based feeding network
is confirmed. The antenna proposed by Zhang et al. consisted
of two antenna elements sharing a radiator to achieve a very
small 26 mm x 26 mm dimension. By installing a rectangular
patch on the rear of the radiator and carving an I-beam slot
in it, an operating band covering 3.1-10.6 GHz was finally
obtained [16].

However, in minimal MIMO antenna devices, the antenna
elements will be severely coupled because of the near-field ra-
diation and current flow, which will reduce the antenna’s per-
formance. Numerous techniques for decoupling have been sug-
gested, including electromagnetic band gap (EBQG), neutraliza-
tion line (NL), decoupling networks, defective ground structure
(DGS), and other techniques to enhance isolation and be com-
patible with modern portable compact communication devices.
In[18], a small, conical MIMO antenna with dual-band notched
characteristics was built, and an L-shaped pattern was used to
achieve high ground plane isolation below —22 dB. To reduce
coupling, Tang et al. proposed a separate staircase-shaped con-
struction [19]. A four-element UWB-MIMO antenna was de-
signed to perform well in terms of compactness and isolation.
For UWB wireless communication applications, Igbal et al. de-
veloped an extremely isolated two-element triangular MIMO
antenna that had a two-step cutoff at its bottom edge. To im-
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FIGURE 1. Geometrical structure of the proposed four-port MIMO antenna (a) Front structure and (b) Backside structure.

prove the isolation between the radiators, two F-shaped stubs
were also added to the ground plane [20]. Similarly, Wang et al.
considered a compact, two-element, half-sliced UWB-MIMO
antenna. The fence construction consisted of 16 slits that acted
as band-stop filters to achieve a high degree of isolation be-
tween the radiating elements [21]. The antenna proposed by
Lu et al. in [22] consisted of four identical modified elliptical
radiators placed orthogonally, and an isolation of better than
18 dB was achieved by etching two inverted L-shaped slots on
the radiating elements and by using herringbone line decou-
plers. The antenna proposed in [23] consisted of four rectangu-
lar radiating elements arranged symmetrically and orthogonally
on a defective ground plane, with four thin truncations carefully
placed in the ground plane’s center to form a rectangle with
provided corners used to mitigate the mutual coupling between
adjacent antenna elements, ultimately obtaining an isolation of
more than 18.6 dB. According to [24], adopting open-loop ring
resonators permitted greater isolation beyond —15 dB and cov-
erage across a wider band of frequencies, while also reducing
the size of the antenna element. A pentagonal radiator com-
bined two symmetrical coordinators. Excellent isolation was
achieved by a stub on the ground plane and a radiator T-shaped
slot [25]. Due to its size of 93 mm x 47mm x 1.6 mm, the
2 x 2 UWB-MIMO antenna was not portable but used a de-
coupling form to attain an isolation greater than 31 dB [26]. In
2 x 2 MIMO, the stepped arrangement of each radiating ele-
ment enhanced isolation. Good isolation (S3; < —18 dB) was
further enhanced using a defective ground compact electromag-
netic bandgap (DG-CEBG) [27]. High isolation and an exten-
sive bandwidth between 1.99 GHz and 10.02 GHz were accom-
plished using two identical semi-circular radiating components
with an I-shaped ground structure and a symmetrical stepped
elliptical structure [28]. The rectangular 4 x 4 radiators were
arranged orthogonally to one another, and each element had a
square slit to generate a high isolation of more than 32 dB [29].
The UWB MIMO antenna proposed by Mathur and Dwari
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consisted of four half-hexagonal monopole antenna elements
and provided polarization diversity and reasonable isolation.
All antenna elements were placed orthogonally to each other,
achieving better than 15 dB isolation between the elements [30].
The flower-shaped UWB-MIMO antenna described in [31] was
made up of four symmetrical, flower-shaped radiating compo-
nents arranged orthogonally to one another to create a compo-
sition that produced isolation in the MIMO elements of greater
than 18 dB.

In summary, the results of this research demonstrate a novel
four-port UWB MIMO antenna structure that contains four fan-
shaped radiating elements and a fan-shaped isolation structure.
By using orthogonally placed antenna elements and a slotted
grounding layer, a more isolated and compact antenna is de-
signed to receive resonant frequencies from 2—11.08 GHz, cov-
ering the entire UWB. This 4-port antenna is suitable for indoor
communications. The fan-shaped isolation structure ensures
effective frequency band isolation of greater than 15 dB. Fur-
thermore, the MIMO antenna exhibits excellent radiation and
diversity performance.

2. ANTENNA DESIGN

2.1. Antenna Model

The geometry of the antenna is shown in Fig. 1. The antenna is
printed on an FR4 dielectric substrate with total dimensions of
36 mm x 36 mm X 0.8 mm, a relative permittivity of 4.4, and a
loss tangent of 0.02. Each antenna unit consists of a U-shaped
radiating patch and a rectangular metal ground printed on the
backplane. The U-shaped radiating patch is printed on the top
layer of the substrate, while the rectangular ground is carefully
cut to ensure uniformity across all antenna units. Moreover, the
antenna units are positioned in pairs and placed orthogonally
to enhance inter-element isolation and compactness. Addition-
ally, a small fan-shaped metal isolation structure is strategically
placed in the central area of the base plate to efficiently mini-
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FIGURE 2. The design development of the antenna structure. (a) Ant 1, (b) Ant 2, and (c) Ant 3.

TABLE 1. Optimized parametric dimensions of proposed MIMO antenna.

Parameters L Ly Lo L3 Ly Ls Lsg L7 Lsg
Value (mm) | 36 4 14 5 3 5.35 7 1.5 | 14
Parameters | W | Wy | Wo | W3 | Wa | W5 | We | Wz | R
Value (mm) | 36 | 2.8 | 5.6 | 46 | 64 6 13 | 0.2 2
mize coupling between antennas. Table 1 shows the optimized in [33].
parametric dimensions of the proposed MIMO antenna. 9
8.791 x 10
F= @)
. . VE
2.2. Antenna Structure Design Analysis VY
F
. R = T A3)
2.2.1. Antenna Structure Design o F 3
{14 22 [n(3£) + 1.7726] }
The corresponding development of the antenna structure is
shown in Fig. 2. In Fig. 2(a), four identical antennas with two where h is the thickness of the dielectric substrate, € the rela-
orthogonal rectangular radiating patches are printed on the sub- tive permittivity, and f the intended resonant frequency.
strate’s front side, and a regularly cut rectangular ground plane As depicted in Fig. 2(c), to widen the bandwidth and further
corresponding to each radiating patch is printed on the sub- increase the isolation, the radiating patch and backplane rect-
strate’s back side, which constitutes the basic structure of the angle are clipped, and the circular isolation structure is further
antenna, where the frequency of the rectangular patches can be improved to a small fan-like shape. The loaded fan-shaped ra-
found using the formula below [32]: diating branches alter the antenna’s current-flow paths for better
impedance matching. The length of its branches can be calcu-
f= c (1) lated by the following equation, where L is the total length of
4L, /e, the fan branches, and f; is the resonant frequency.
: . : Ls = Wi+ Ls “)
where ¢ is the dielectric constant of the FR4, f the resonant .
frequency, L the effective length of the rectangular patch, and fa = %)
c the electromagnetic wave propagation speed. Ls /2y
AS_ Fig. 2(b) shows, since the basic rad.iaFing.element does According to Fig. 3(a), with the improvement of the antenna
not qlSplay enhanced broadband char'acterls'tlcs, 1t appears that structure, the effective frequency band is gradually broadened,
altering the antenna patch’s structure is required to obtain these and the last bandwidth is broadened to 2—11.08 GHz. The return
features. To achlce’vg wider bandw1dtb charac‘gerlstlcs a}nd.en- loss is also significantly higher. According to Fig. 3(b), finally,
h.ance the antenna’s 1mpedan.ce.mat.ch1ng quality, the dl?tl‘l]{)u- the isolation between each two antenna units in the operative
tion parameters of the transmission line are changed by digging band is basically reduced to below —15 dB.
out a rectangle on the radiating patch and adding a tiny triangle
on the side of the radlatmg’patch. In addltlon‘, circular branches 2.2.2. Antenna Parameter Analysis
are added to the substrate’s bottom to provide more coupling
routes and enhance the antenna’s isolation. The radius of the During the antenna’s design phase, High Frequency Structure
circular patch (R) may be calculated using the formula given Simulator (HFSS) simulation and optimization of the antenna’s
119 WWwWw.jpier.org
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FIGURE 3. Simulation of S parameters of 3 antenna structures. (a) S11 and (b) Si2.

parameters are performed to optimize its performance. The op-
timization process utilizes the strategy of enhancing one pa-
rameter while keeping the values of other parameters constant.
Fig. 4 displays the optimization results. From Figs. 4(a), (b),
and (c), it can be observed that parameters L1, Lg, and R pri-
marily affect the transmission coefficients at the low-frequency
band and the resonant frequencies at the high-frequency band
of the antenna. Increasing L, initially increases the return loss
at the middle and high-frequency bands, reaching the best result
when L, is 4 mm. Gradually increasing Lg shifts the resonant
frequency of the high-frequency band to the left, with the best
effect achieved when Lg is 7mm. Finally, increasing R shifts
the resonant frequency of the high-frequency band to the left,
while the return loss at the high-frequency first increases and
then decreases. However, there is no significant change in the
mid-frequency partas L1, Lg, and R increase, and they all have
the value of S1; in the low-frequency part, which first decreases
and then increases. This suggests that selecting appropriate val-
ues for L1, Lg, and R improves the antenna’s impedance match-
ing at low frequencies. In summary, the optimum values are
4mm for Li, 7mm for Lg, and 2 mm for R. Ultimately, the
antenna achieves a coverage frequency range of 2—11.08 GHz.

2.2.3. Antenna Surface Current Analysis

To illustrate the impact of the fan isolator, the current distribu-
tions of the three antennas are presented below at three resonant
frequencies. Additionally, this analysis further examines the ef-
fects of modifications made to the radiating patch and base plate
on antenna isolation. As shown in Fig. 5, under the excitation
of port 1, a large amount of current is coupled to ports 2, 3, and
4 at different resonance frequencies. In addition, in Fig. 6, the
change of the shape of the patch and the introduction of a circu-
lar ground plane reduce this coupling effect, and the currents on
the second, third, and fourth antennas are obviously weakened,
especially at the resonance frequency of 8.3 GHz, where only a
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fine coupling is found on the surface of the third antenna unit
current, while in Fig. 7, the isolation structure of the backplane
is improved to a small fan shape; the shape of the patch is fur-
ther improved; almost no current is observed on the second and
third antennas; and only subtle current is observed on the fourth
antenna. Therefore, a high degree of isolation can be achieved
with the MIMO antenna by modifying the ground plane’s shape.
It is clear that the fan-shaped ground plane effectively absorbs
the inter-port coupling current, thereby improving the port iso-
lation between the two monopole antennas.

3. EXPERIMENTAL SIMULATION AND MEASURE-
MENT

3.1. S-Parameters

Agilent N5235A vector network analyzer is utilized to deter-
mine S-parameters of the antenna. One port of the antenna is
connected to a vector network tester, and the rest of the ports are
connected to a 50-ohm matched load. The S-parameter mea-
surement environment and the fabricated prototype can be seen
from Fig. 8. Since each antenna cell is identical, and the antenna
cells are placed two by two orthogonally to each other, thus the
S-parameters are the same between antenna cells in neighbor-
ing positions and between antenna cells in diagonal positions,
and the antennas are analyzed through S11, S12, S23, and Sp3.
Based on the S-parameter curves in Fig. 9(a), the S1; measure-
ment results of the antenna do not significantly deviate from
the simulated results and cover the required bandwidths of 2—
11.08 GHz. Regarding the reasons for the disparity between
the simulated and measured results, SMA connector and trans-
mission line losses or the test environment may cause errors
resulting in small shifts in the measured frequency. The an-
tenna isolation is further analyzed. With reference to the Si»-
parameter curves shown in Fig. 9(b), the antenna’s isolation de-
gree is greater than 15 dB, indicating that the MIMO antenna
achieves higher isolation among ports.
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FIGURE 7. Comparison of surface current distribution of the third antenna at different resonant frequencies
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3.2. Radiation Properties

The two-dimensional radiation patterns of port 1 for the E and
H planes at 6.1 GHz, 8.3 GHz, and 10 GHz are measured and
presented in Fig. 10. At the resonant frequency of 6.1 GHz, the
radiation pattern in the E-plane features an “8”-shaped char-
acteristic, while in the H-plane, it takes the shape of a heart.
The H-plane’s maximum radiation direction is observed be-
tween 90—150 degrees and 200-330 degrees, while that of the
E-plane is nearly omnidirectional, indicating commendable ra-
diation characteristics. At 8.3 GHz, both the E-plane and H-
plane present “eight”-shaped radiation characteristics, with the
E-plane’s maximum radiation direction extending from 0 to 40
degrees and 15 to 360 degrees. At 10 GHz, the E-plane exhibits
elliptical form and nearly achieves omnidirectional radiation
properties. However, the H-plane’s direction is altered and re-
sembles a flower, with the radiation gain being more prominent
at 100, 180, and 330 degrees, demonstrating strong directional
radiation performance. Overall, the antenna demonstrates ro-
bust radiation performance and high gain at the resonant fre-
quencies, thus delivering excellent radiation characteristics.
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The antenna’s radiation efficiency and peak gain in the op-
erational band are displayed in Fig. 11. The antenna’s peak
realized gain is between —2 and —6 dBi. Additionally, in the
2.5-12 GHz and 5.3—12 GHz bands, the antenna achieves a high
radiation efficiency of over 70% and over 90%, respectively.

3.3. MIMO Diversity Performance

3.3.1. ECC

We estimate the effectiveness of antenna diversity using the en-
velope correlation coefficient (ECC), which measures the chan-
nel isolation in a wireless communication link. MIMO antenna
elements are required by regulations to meet the ECC < 0.5
criteria [34], and ECC can be computed from the S-parameter
with the following equation:

’S;Sij +S;isjj|2
(1 — 18ul* — Isz-Iz) (1 — 185l* ~ |5”“2>

where ECC;; is the ECC between the 7 and j antenna elements.
The ECC value of the proposed UWB-MIMO antenna is shown

ECC;; =

(6)

WWwWw.jpier.org



Ren et al.
100 6 0.18
L  Sullo! - e - Ee I_-)_.
«-/ /\{{i 1\*{‘-;r‘:-\-.
Wrey [ / NI \ 0.15 ——ECC12
s 1 M . \. = ——ECC13
< / 2 ——ECC14
g80r = 0.12 ——ECC23
g | / A / 3 o ——ECC24
]/ ™ {2 % S 0.09
= / = =
g [I/ 3
]
260 ]/ o 0.06
- [ 10 &
50 0.03
40 ' ' : ' 2 0.00 : -
2 4 6 8 10 12 2 4 6 8 10 12

Frequency (GHz)

FIGURE 11. Radiation efficiency and peak realized gain of the proposed
antenna.

Frequency(GHz)

FIGURE 12. Envelope correlation coefficient of the antenna.

TARC(dB)
o
S

-60 [
Simulated TARC12
=70 [—— Measured TARC12
L Simulated TARC13
Measured TARC13
-80 T T T T
2 4 6 8 10 12
Frequency (GHZ)

FIGURE 13. The TARC of the MIMO antenna.

in Fig. 12. ECCy5, ECCsqs, and ECCy4 are almost coincident,
and ECC;3 and ECCy4 are almost coincident. In the frequency
band, the ECC between two neighboring antenna units is less
than 0.17, and the ECC between two antenna units placed di-
agonally is less than 0.05, which satisfies the communication
requirements.

3.3.2. TARC

The efficiency of the MIMO system is evaluated using a novel
metric called the Total Active Reflection Coefficient (TARC).
In a multi-port antenna system, S-parameters alone are insuf-
ficient to predict the actual behavior of the system, as neigh-
boring antenna units influence each other as well as the over-
all operating bandwidth and efficiency throughout operation.
TARC metric, which indicates the degree to which the antenna
receives all incident power, should ideally be zero. The TARC
value for the MIMO system can be calculated using the follow-
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ing formula:

TARC;; =

\/(Sii + Sij)2 + (Sji + Sjj)2 7

2

where TARC;; is the TARC between the ¢4}, and j;;, antenna el-
ements. Fig. 13 displays the TARC of the antenna. The value is
lower than —20 dB in the UWB range and lower than —30 dB in
the 5—12 GHz band, indicating a poor coupling effect of MIMO.
The lower TARC guarantees the independence of the differ-
ent channels of the MIMO system’s transmitter and receiver,
thereby efficiently utilizing the multipath effect to enhance the
system’s capacity.

3.4. Comparative Study

A detailed comparison of the size, isolation, gain, operating
frequency, and ECC of the proposed UWB-MIMO antenna

WWwWw.jpier.org
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TABLE 2. Performance comparison of the proposed MIMO antenna with other works.

Ref. Size (mm X mm) Bandwith (GHz) Isolation (dB) Gain (dBi) ECC
This work 36 x 36 2-11.08 > 15 3.5-6.5 < 0.13
[5] 55x55 3.1-11.8 > 20 5.6 < 0.05
[6] 79.8 X 79.8 3.38-10.56 > 20 0-5.1 < 0.36
[7] 70 x 70 3.2-11.2 > 20 3-7.3 < 0.004
[9] 45 x 45 4.6-16.4 > 20 4-8 < 0.002
[10] 62.2 x 24.4 3.5-10.5 > 18 0-5 < 0.008
[19] 39 x 39 2.3-13.75 > 22 1.4-4.6 < 0.02
[20] 50 x 30 23145 > 20 0-43 <0.04
[22] 22 x 36 3.1-10.6 > 15 -5 <01
[30] 23 x 29 3-12 > 15 1.2-5.9 < 0.15
[31] 26 x 40 3.1-10.6 > 15 0-7 <02
[35] 40 x 40 3-13.5 > 15 35 <04
[36] 100 x 55 34-3.6 > 10 - < 0.2
[37] 39 x 39 2.54-10.74 > 15 - <04
with several previously published antennas is shown in Table 2. ACKNOWLEDGEMENT

In comparison to previous research, the suggested antenna of-
fers a wider frequency range that is available [6,7, 10,22, 31].
Moreover, the size of the present work is also smaller than [5—
7,9,10,19], and the gain is better than [6,30,31]. Compared
to [35-37], it has better performance in almost all aspects. Fur-
thermore, in contrast to [5, 19, 20], the suggested antenna’s de-
coupled construction is unique. Naturally, the proposed MIMO
system also has good radiation efficiency and diversity charac-
teristics. In conclusion, with comparable antenna performance,
the antenna has better performance and is very suitable for in-
door communication. The comparison of performances be-
tween the suggested UWB-MIMO antenna and previous work
is displayed in Table 2.

4. CONCLUSION

In this paper, a UWB MIMO antenna with high isolation is de-
signed for the use in a variety of wireless communication bands.
Using a U-shaped radiating patch and a rectangular backplane
structure with cut-outs and a fan-shaped isolation structure, the
antenna is able to achieve band characteristics covering the
range 2—-11.08 GHz. Antenna units are placed orthogonal to
each other to obtain a more compact structure and excellent
isolation, and the backplane is loaded with a fan-shaped metal
structure to absorb ground current, further enhancing the iso-
lation between the antennas, and ultimately achieving an over-
all isolation of better than 15 dB. Finally, the four-port UWB
multiple-input, multiple-output antenna is characterized by its
compact structure, small size, high radiation efficiency, and ac-
ceptable ECC. From the above results, the proposed antenna is
suitable for a wide range of communication applications, in-
cluding cellular mobile communication, satellite communica-
tion, wireless local area networks, and others.
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