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Introduction

Since ultra-wideband (UWB) technology has the advantages of high-speed data transmission
and ease of manufacturing at low power. UWB technology has acquired considerable popularity
in the current communication era. However, the problems of signal fading in a multipath envi-
ronment and the limitation of power density will negatively impact the performance of UWB
system, which limit the range of communication of UWB system. Thus, in order to increase
channel capacity, reduce latency, and improve communication quality and resilience, multiple
input multiple output (MIMO) technology has been adopted in combination with UWB tech-
nology. Moreover, miniaturization of the antenna facilitates the integration of the antenna in the
circuit system. In terms of the miniaturization design of the antenna, conventional Co-Planar
Waveguide (CPW) feed methods occupy most of the antenna size. Similar to the CPW feed-
ing method, the asymmetric coplanar strip (ACS) feeding method only has one lateral ground
strip. Since all ground wires are on the upper surface of the coplanar waveguide structure, other
devices can be easily connected in series or in parallel, thus eliminating the need for contact
holes and effectively reducing costs. So the ACS-fed antenna has the advantages of uniplanar
nature with compactness [1-3].

Furthermore, the existence of mutual coupling between the antenna elements that are placed
closely cannot be ignored. Over the past few years, there has been a proliferation of research into
optimizing the mutual coupling of antennas [4-6]. In the study by Luo et al. [7], a T-shaped slot
is etched to increase the distance between the two input ports and two defected ground struc-
tures are utilized to develop a high isolation of the compact MIMO antenna. The low mutual
coupling can also be realized by using a neutralization line into antenna elements, thereby avoid-
ing the need for extra space [8, 9]. Besides, a metasurface-based decoupling method is provided
in the study by Liu et al. [10], which ensures the isolation of more than 25 dB at both 2.5-2.7 GHz
and 3.4-3.6 GHz bands. Wang et al. [11] proposed a fence-type decoupling structure on the
other side of the radiating elements, with two L-shaped stubs loaded on the same side of the
radiating elements to enhance the isolation. The fence-type decoupling structure plays a role in
extending the current path, thus the isolation is more than 25 dB in the UWB band. Lin et al.
[12] introduced a carbon black film to improve the isolation in the MIMO system. The carbon
black film is coated on the feed line of the MIMO antenna. In the study by Zhou et al. [13], two
H-shaped slots and two split-ring resonator slots are etched on the ground plane, achieving a
promising isolation between two adjacent input ports.

In addition, within the defined UWB range, various narrowband communication systems,
including wireless local area networks (WLAN) and X-satellite communication bands, may
bring electromagnetic interference that affects the performance of UWB antennas. Therefore, it
CAMBRIDGE is of great significance to study antennas with notch characteristics to suppress specified interfer-
ence frequency bands [14, 15]. In the study by Kapure and Rathod [16], a single electromagnetic
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Figure 1. The top view of the geometry of the proposed four-port ACS-fed MIMO
antenna.

Table 1. Optimized dimensions of the proposed four-port ACS-fed MIMO
antenna
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2 4 6 14 0.2 6.2

bandgap structure is utilized to suppress WiMAX, WLAN, and
uplink X-bands. In the study by Chakraborty et al. [17], WIMAX,
upper WLAN, and lower WLAN bands are suppressed by etching
three U-shaped slots on the radiating element and ground plane,
while X-band is suppressed by introducing a split-ring resonator.
Similar to this manuscript is the notch method in the study by You
et al. [18], where two C-shaped slots are engraved to reject WLAN
and X-band.

In this article, a compact four-port antenna array with WLAN
and X-band rejection capabilities is proposed. The novelty of the
proposed antenna lies in using ACS miniaturizing technique along
with the MIMO orthogonal configuration, benefiting from the
advantages of each. Different from the decoupling structures in
the study by Yang and Zhou [19], a novel decoupling structure,
consisting of four rotating meander line stubs, is introduced to
enhance isolation between antenna elements. The efficacious and
simple isolator design achieves not only a wider impedance band-
width but also the isolation of more than 18 dB throughout the
entire frequency range. The proposed antenna is applicable for
UWB communication systems that require shielding WLAN and
X-satellite bands.

Antenna design

The geometry of the proposed MIMO antenna is shown in Fig. 1.
Four orthogonally placed identical radiating elements and ground
planes are printed on the upper surface of the 1.6 mm-thick
flame retardant-4 epoxy substrate (tand = 0.02) with a rela-
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Portl

(b)
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)
Portl
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tive permittivity of 4.4. A single radiating element excited by Figure 2. Three configurations derived from the evolutionary process of the
the ACS is composed of a quarter-elliptical patch in which two  proposed MIMO antenna: (a) Ant.1, (b) Ant.2, (c) Ant.3.
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Figure 3. Comparison of S parameters of each proposed antennas: (a) S11, (b) S12, and (c) S13.

L-shaped slots are etched on its surface to achieve dual-band notch
characteristics. The finally optimized values of the proposed
antenna are shown in Table 1.

To clarify the process of the proposed antenna design, three
forms of the proposed MIMO antenna are shown in Fig. 2. The
results of the comparison of S parameters of three forms of MIMO
antenna are shown in Fig. 3.

On the basis of Ant.1, a pair of L-shaped slits are etched side
by side of each radiating element. This modification changes the
effective current path and impedance bandwidth. Simultaneously,
the lowest resonant frequency of the antenna shifts to a
lower frequency, and the frequency range of 5.1-5.8 GHz and
7.0-8.1 GHz are suppressed. Furthermore, the coupling between
adjacent elements is significantly reduced at 5.2-6.1 GHz, while
the coupling between opposite elements is significantly reduced at
6.8-8.4 GHz. The total length of the L-shaped slot is designed to
fulfill the following equations:

Ly=L,+W, (1)
L2 = L52 + W7 (2)
C
Lgo = . (3)
4fnotch (Er + 1)/2

where L, is the total length of the upper L-shaped slot, L, is the
total length of the lower L-shaped slot, L, is the total length of
the L-shaped slot, ¢ is the speed of light, f,;, is the desired fre-
quency of the notch band, and ¢, is the relative permittivity of the
substrate.

To further optimize the isolation performance between the
antenna elements, Ant.3 introduces a meander line isolator to
reduce the coupling between adjacent elements at 3-4.6 GHz and
8.2-12 GHz. The end branches of the meander line are coupled
with the radiation elements, ensuring isolation greater than 18 dB
over the entire operating band and extending the impedance band-
width effectively. More than this, due to the existence of the isolator,
isolation between opposite elements is greater than 20 dB over the
entire bandwidth.

Figure 4 illustrates the effect of the variations in parameters on
antenna performance. As “L;” increases, the frequency range of
the first notch band changes from 5.1-5.8 GHz to 4.6-5.6 GHz.
Conversely, as “Ly,” decreases, the frequency range of the second
notch band changes from 7.0-8.1 GHz to 7.4-8.3 GHz. It indicates
that the length of the L-shaped slot can be flexibly adjusted accord-
ing to the frequency of the notch band. In addition, the decrease in
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“M,” means that the distance between the isolator and the radia-
tion elements increases. In this case, it is difficult for the isolator to
absorb the current on the radiator, resulting in enhanced coupling
between antenna elements.

The effect of introducing an isolator can be observed by com-
paring Fig. 5(a) and (c), (b) and (d). It is worth noting that the
antennas in Fig. 5(a—d) only activated port 1. The frequencies cho-
sen are those where the differences in S parameters are relatively
clear. When port 1 is activated, ports 2, 3, and 4 are terminated
with matched load. The current is mainly distributed to the radi-
ating element 1 and the meander line of its adjacent isolator, while
there is almost no current distribution on the surface of ports 2, 3,
and 4. It can be seen that the isolator absorbs part of the current
and plays a decoupling role.

Figure 6(a) and (b) shows the effect of the etched double
L-shaped slots side by side on the antenna current distribution,
where 5.6 GHz and 7.4 GHz are the center notch frequencies
of the proposed antenna. The current is mainly concentrated
around the upper L-shaped slot at 5.6 GHz. Similarly, at 7.4 GHz,
the surface current is mainly concentrated around the lower
L-shaped slot, indicating the significant effect of the notch
structure.

Experimental results

To validate the accuracy of the simulated results, an experimental
prototype of the MIMO antenna is fabricated. An Agilent E5080A
network analyzer and a Satimo Starlab near-field measurement
system are used to test the performance characteristics of the pro-
posed antenna. Figure 7 provides the photograph of the antenna
prototype and pattern measurement environment. Figure 8 illus-
trates the result of the comparison of measured and simulated
S parameters. There are some differences between the simula-
tion results and the measurements results, which are caused by
the unavoidable wear and tear during the production and weld-
ing processes of the antenna and the fluctuation of the relative
dielectric constant of FR4 dielectric material in the high-frequency
range.

In this section, the radiation patterns of the proposed MIMO
antenna are investigated. As Fig. 9 illustrates, the simulated and
measured two-dimensional radiation patterns of the antenna in
free space along the E-plane (xz plane) and H-plane (yz plane)
at sample frequencies of 4.2, 6.8, and 9.2 GHz, respectively, were
given, which represent low, intermediate, and high frequencies
within UWB bandwidth. The radiation patterns are measured
when port 1 is activated and the other ports are terminated by the
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Figure 4. (a) Effect of varying “Lg;” parameter of L-shaped slot on S11. (b) Effect of varying “L,” parameter of L-shaped slot on S11. (c) Effect of varying “M,” parameter of
the meander line isolator on S12. (d) Effect of varying “M,” parameter of the meander line isolator on S13.

Isurf [A/n]

369, Tw22
. 450994
3204565
295.8138
71,1718
246.5282
221.8854

o 1572926
== 172.5998
47,9570
1233183
98.6715

74.0287
49,3859
. 4. 7991
@. 1893

Figure 5. Surface current distribution of (a) Ant.2 at 3.0 GHz, (b) Ant.2 at 10.1 GHz,
(c) Ant.3 at 3.0 GHz, and (d) Ant.3 at 10.1 GHz.
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Figure 6. Surface current distribution of (a) Ant.3 at 5.6 GHz and (b) Ant.3 at
7.4 GHz.

50 €2 load. It can be observed that the radiation patterns act as an
omnidirectional in the E-plane and the back lobe (180°-360°) of
H-plane at each sample frequency, while there is relatively weak
radiation in the front lobe (0°-180°) of H-plane. Cross-polarization
is governed by the asymmetric nature of ground plane and the
feeding structure, which induces the orthogonal modes that are
perpendicular to the surface of the radiator. The co-polarization to
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(b)

Figure 7. (a) Fabricated prototype of the four-port MIMO antenna. (b) Pattern
measurements in anechoic chamber.

cross-polarization ratio is maintained as —16 dB at 4.2 GHz, -17 dB
at 6.8 GHz, and -21 dB at 9.2 GHz. Essentially, it can be assumed
that the antenna can transmit and receive signals well in various
wireless networks.

Figure 10 provides the peak gain and radiation efficiency results
of the proposed MIMO antenna. The efficiency curves indicate that
the proposed antenna has the ability to radiate most of its energy
within the operating frequency band, but at notch frequencies, due
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Figure 8. Comparison of measured and simulated results: (a) S11, (b) S12, and
(c) S13.

to impedance mismatch, the energy of the signal source forms a
standing wave on the transmission line, resulting in incomplete
absorption of energy, so the efficiency has a sharp decline at notch
frequencies. Similarly, the peak gain varies from 2.6 to 5.9 dBi over
the entire operating frequency range, and it drops to —3.8 dBi in
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Figure 9. Radiation patterns in the E-plane and H-plane at the frequencies of (a) 4.2 GHz, (b) 6.8 GHz, and (c) 9.2 GHz.
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Figure 10. Peak gain and radiation efficiency of the proposed ACS MIMO antenna.

the rejected band. In general, the proposed antenna possesses an
acceptable gain and radiation efficiency.

Another important parameter used to evaluate the performance
of UWB antennas is group delay, which is the time delay generated
by the input signal when traveling through the antenna. The time-
domain test setup is shown in Fig. 11. During the measurement
process, two identical prototypes are placed face to face at a dis-
tance of 25 cm. As can be seen in Fig. 12, the group delay of the
proposed antenna remains nearly constant over the entire UWB
frequency spectrum, except for notch bands. Ideally, the group
delay of the antenna must remain constant while the phase is
strictly linear. Thus, the proposed antenna possesses good pulse
handling capability and linear phase.
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Figure 11. Time-domain analysis test setup.

MIMO antenna performance

To verify the capability of the proposed antenna for MIMO appli-
cations, performance evaluation parameters such as envelope cor-
relation coeflicient (ECC), diversity gain (DG), and total active
reflection coefficient (TARC) are discussed.

Envelope correlation coefficient

ECC is a metric that describes the degree to which communication
channels are isolated or correlated with each other. The lower the
ECC value, the lesser the correlation between antennas. The result
of ECC is illustrated in Fig. 13, and the values can be derived from
the following equation (4):

|55 + 858y

ECC, = .
(1= 1al = 8307 - (1 = [;1" = [3")

J
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Figure 12. Group delay of the proposed antenna when positioned face to face.
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Figure 13. ECC versus frequency for the proposed antenna.

Diversity gain

The DG is defined as the improvement in signal-to-noise (SNR)
ratio from the combined signal from all the antennas of the diver-
sity system relative to the SNR from a single antenna. The result of
DG is illustrated in Fig. 14, and the values are calculated using the
following equation (5):

DG; = 10y/1 — |[ECC". ()

Total active reflection coefficient

In a MIMO system, the mutual impedance between adjacent anten-
nas and self-impedance of individual antenna elements are affected
by antenna radiation. Therefore, analyzing only the individual S-
parameter values of the antenna elements is insufficient. However,
a new parameter called TARC can indicate changes in mutual
impedance and self-impedance of array antennas, making it use-
ful for investigating MIMO system properties. The TARC result
is shown in Fig. 15, and the values can be computed using the
following equation (6):

(6)
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Figure 15. The results of the measured TARC.

where N is the number of antenna elements and S are the reflec-
tion coefficients between various ports of the MIMO antenna.

Comparison with other already reported MIMO antennas

A comparison between the proposed antenna and other similar
antennas is shown in Table 2, which includes size, impedance band-
width, isolation, ECC, and the number of notch bands. Compared
to those previously reported, the proposed antenna is relatively
small and achieves high isolation. It is worth noting that X in Table 2
is the wavelength of the lowest operating frequency.

Conclusion

An ACS-fed MIMO antenna for UWB application with dual-
band notch characteristics is designed and presented in this arti-
cle. To achieve polarization diversity and better isolation among
antenna elements, four antenna elements of the MIMO antenna
are arranged in an orthogonal arrangement. The isolation is better
than 18 dB for the proposed antenna system, although the ele-
ments are closely spaced. Besides, two L-shaped slots are etched
on each radiating element to obtain dual-band (WLAN/X-satellite)
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Table 2. Performance comparison of the proposed antenna with existing literature

485

Reference Size in terms of wavelength Impedance bandwidth (GHz) Isolation (dB) ECC Number of notch bands
[20] 0.51\ x 0.51\ 3.5-12.0 >15 <0.05 2
[21] 0.43X x 0.47TX\ 2.7-11.0 >18 <0.03 1
[22] 0.24X\ x 0.35X 2.67-11.7 >15 <0.02 2
[23] 0.44X x 0.44X 3.1-14.0 >18 <0.012 1
[24] 0.67X x 0.81X 3.9-17.1 >10 <0.02 0
[25] 0.4X x 0.4X 3.1-10.6 >25 <0.035 3
[26] 0.33X x 0.33X\ 3.1-11.7 >14 <0.03 0
[27] 0.69X x 0.69X 2.6-11.0 >17.4 <0.001 0
[28] 0.38X\ x 0.38X 3.0-15.0 >15 <0.15 0
[29] 0.43X x 0.43X\ 4.8-19.4 >15 <0.01 0
[30] 0.33X\ x 0.33X 2.54-10.74 >10 <0.05 1
This work 0.39X x 0.39X 3.4-12.2 >18 <0.006 2

suppression characteristics in the UWB range. The MIMO perfor-
mance parameters of the proposed antenna are evaluated, proving
acceptable performance in ECC, DG, and TARC.
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