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ABSTRACT: An ultra-compact four-port ultra-wideband (UWB) antenna with dual notches is designed to reject the 5G (3.3–4.2GHz,
4.8–5GHz) and WLAN (5.15–5.825GHz) frequency bands. The proposed antenna consists of four orthogonal antenna elements and
some defected ground planes. A double T-shaped filter structure is employed on the radiation unit, which generates a notch frequency
band of 3.3–4.2GHz. Additionally, a complementary split resonant ring (CSRR) structure is created on the ground plane to suppress
the frequency band from 4.8GHz to 6GHz by adjusting the size and position of the slots. The measured −10 dB impedance bands are
4.2–4.8GHz and 6.0–11.0GHz. The isolation performance exceeds 17 dB across the operational bandwidth. Furthermore, the envelope
correlation coefficient (ECC) remains consistently below 0.03 within the 4.2–4.8GHz and 6.0–11.0GHz range. Within the operational
band, the efficiency values range between 70.7% and 92.4%. The proposed antenna is applicable in civil communication, military, and
medical fields.

1. INTRODUCTION

Since the frequency of ultra-wideband (UWB)was confirmed
and opened to the field of civil communications, UWB com-

munication technology has received extensive attention. A
UWB system is characterized by its ultra-wideband capabilities
and high-speed data transmission. However, a UWB system
faces the challenges of reliability and multipath fading, which
are critical in personal area network applications [1]. Addition-
ally, without multiple antennas for beamforming, the coverage
and signal quality at the network edges may be compromised.
Multiple-input multiple-output (MIMO) has been identified as
a promising approach to addressing wireless communication
system challenges [2].
MIMO technology is indispensable to communication sys-

tems for its significant advantages, and it significantly improves
system capacity and data throughput through spatial multiplex-
ing gain, enabling wireless communication systems to trans-
mit more information under the same spectrum resources [3].
Furthermore, spatial diversity gain provides a strong guarantee
for the robustness of the signal and effectively reduces the im-
pact of multipath fading and external interference on commu-
nication quality [4]. In addition, the beamforming function of
MIMO technology also has great practical value. By adjusting
the phase and amplitude of the antenna array, the signal energy
can be concentrated in a certain direction, thereby expanding
the coverage of the signal and optimizing the user experience
at the edge of the network. This feature is significant for im-
proving the coverage quality and user satisfaction of wireless
networks [5]. Additionally, MIMO technology plays a key role
in improving spectrum efficiency. Not only does it not need
to add more spectrum but also makes the system more flexi-
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ble and scalable, laying a solid foundation for future wireless
communication [6].
One of the key challenges in designing MIMO antennas is

to minimize coupling between antennas. As antennas become
miniaturized and the distance between antenna units decreases,
problems of mutual coupling and electromagnetic interference
become more severe. Therefore, improving antenna isolation
has become a core research goal in the development of MIMO
systems. By optimizing antenna layout, adopting new mate-
rials and design techniques, researchers are working to solve
this problem in order to achieve higher isolation and smaller
size while maintaining antenna performance [7, 8]. Progress in
this research direction will provide strong support for enhanc-
ing the performance and promoting the widespread application
of wireless communication systems.
Numerous strategies have been explored to enhance isolation

withinMIMO antenna configurations, including the implemen-
tation of decoupling structures [9], the integration of neutral
lines [10–12], the introduction of opening slits [13], the appli-
cation of electromagnetic bandgap (EBG) structures [14–16],
the adoption of polarization diversity technology [17, 18], and
the utilization of defective ground structures [19, 20]. In [9],
the researchers detail a dual-port MIMO antenna that inte-
grates a T-shaped decoupling structure situated amidst its el-
ements. This design effectively elevates the isolation level to
above 24 dB. Further exploration in [10] introduces an alter-
native MIMO antenna design that incorporates polarization di-
versity and a unique docking floor strategy. This approach not
only achieves an enhanced average isolation level exceeding
26 dB across the antenna’s operational spectrum but also sig-
nificantly expands its working bandwidth. The MIMO antenna
with four ports described in [11] features a compact configura-
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tion, operating across a frequency spectrum of 3 to 13.5GHz.
Utilizing an orthogonal layout, this antenna demonstrates no-
tably high isolation levels. The study presented in [12] intro-
duces an antenna employing a neutralization line strategy to
significantly diminish mutual coupling, thereby achieving an
expansive impedance bandwidth of 96.47% within the range of
3.52–10.08GHz. Nonetheless, the integration of various iso-
lation techniques introduces complexities in both design and
manufacturing processes. In [13], a dual-port MIMO antenna
is operational at 3.1–10.6GHz, and by incorporating a central
slot etched into the ground, it achieves 31 dB superior isola-
tion. The design proposed in [14] utilizes a 34× 34× 1.6mm3

FR4 substrate. Adjacent to the microstrip feed line, an elec-
tromagnetic bandgap (EBG) structure is included. This con-
figuration facilitates triple-band slot behavior, extending the
bandwidth from 2.5 to 12GHz. Furthermore, while the EBG
structure enhances the gain of antennas, the implementation of
a frequency selection surface (FSS) technique is identified as
a significant contributor to gain improvement. Ref. [15] de-
scribes the placement of an EBG structure adjacent to the an-
tenna’s feedline. The designed MIMO/diversity antenna has
dimensions of 30× 44mm2. Furthermore, the design incorpo-
rated a hexagonal slot. Along with this, it featured F-shaped
stubs. The purpose of these additions was to reduce mutual
coupling. Ref. [16] presents a method for decreasing mutual
coupling, which involves the use of a ground stub on the lower
layer in conjunction with an EBG structure. This integrated ap-
proach effectively diminishes the coupling between radiation
patches. In [17], a polarization diversity UWB antenna with a
compact footprint of 25 × 40mm2 is introduced. Its complex-
ity arises from the use of two distinct ground planes. In [18],
a 4-port UWB antenna is introduced. It boasts an impressive
impedance bandwidth of 130.43%. This bandwidth spans from
2.8 to 13.3GHz. This design employs orthogonally arranged
rhombus-shaped monopoles to achieve polarization diversity
and enhanced isolation, alongside an elliptical CSRR for notch
band introduction. In [19], enhancements to voltage standing
wave ratio (VSWR) bandwidth are suggested by changing the
ground plane and adding an extended ground stub, which ad-
dresses modern automotive requirements. Additionally, a more
extended ground stub was incorporated. Its purpose is to ex-
pand the bandwidth. This adaptation caters to the demands of
modern automotive applications. A V-shaped monopole an-
tenna is presented in [20]. It incorporates a staircase-shaped
defective ground structure.
In summary, MIMO technology addresses some of the

challenges faced by UWB systems, such as reliability issues
and multipath fading. Adding various isolation technologies
to MIMO antennas can achieve higher isolation and smaller
size while maintaining antenna performance. Therefore, the
integration of UWB technology and MIMO technology has
attracted widespread attention and research interest from
academia and industry. In recent years, numerous 4 × 4
UWB MIMO antennas with excellent performance have been
proposed [21, 22]. However, in the UWB frequency, there
are numerous narrowband communication systems, such as
WLAN and 5G. These UWB and narrowband communication
systems can interfere with each other, significantly impacting

the performance of each system. Minimizing mutual inter-
ference between narrowband communication systems and
UWB system signal has always been a research hotspot [23].
Although incorporating a band-stop filter in a UWB system
can reduce interference, it introduces issues such as increased
system complexity, larger size, and higher costs. Thus, it is
essential to design a UWB antenna having a notch structure that
can not only create the necessary notch in specific frequency
bands but also resolve the frequency overlap issue between the
UWB system and other wireless communication systems.
This paper presents a novel, small-size, easy-to-manufacture

UWB antenna featuring dual-notch frequency band charac-
teristics. The antenna can reduce mutual interference with
5G and WLAN systems. Moreover, its versatility allows for
widespread use in civilian communications, providing stable
and reliable wireless connections in homes, offices, and pub-
lic spaces. In the medical field, its high efficiency enhances
the accuracy and efficiency of remote diagnosis and treatment,
significantly improving patients’ treatment experiences.
The organization of this manuscript is outlined as follows.

Section 2 details the design process and simulation results for
the antenna unit. Section 3 introduces the designed MIMO an-
tenna, which is based on the antenna unit. Additionally, the
section presents both simulation and experimental results to fa-
cilitate a comparative analysis, thereby validating the perfor-
mance of the antenna. Section 4 provides a summary of the
paper.

2. SINGLE-PORT ANTENNA
Figure 1 depicts the specific geometry of the designed single-
port antenna, which includes a coplanar waveguide ground
plane, a microstrip feeder line, and a radiating element, all of
which are manufactured on a 1.6-millimeter-thick FR4 dielec-
tric substrate. Table 1 shows the detailed optimized parameters.
The radiating element features a semi-circular metal patch in-
corporating a rectangular slot, a T-shaped strip and an inverted
T-shaped strip, both of which are printed within the rectangu-
lar slot. Adjusting their sizes facilitates the acquisition of the
desired notch frequency range, specifically 3.3–3.8GHz.

FIGURE 1. Geometry of the proposed single-port UWB antenna.
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TABLE 1. The detailed optimized sizes (unit: mm).

Parameter W1 W2 W3 W4 W5 W6

Value 26 20 4.7 3 7 5.9
Parameter W7 W8 W9 W10 W11 W12

Value 5.8 2 3 4.4 0.4 3.6
Parameter H1 H2 H3 H4 H5 H6

Value 26 9 1.3 4 1.4 9
Parameter H7 H8 H9 H10 H11 H12

Value 0.5 3.5 11 3.4 0.3 2

Each of the coplanar waveguide ground planes has a rect-
angular complementary split resonant ring (CSRR) slot, which
is symmetrical. By adjusting the sizes of the CSRR slots, the
antenna can generate a notch frequency band ranging from
4.8GHz to 6.0GHz.
Figure 2 illustrates the shapes of a single-port ultra-wideband

antenna at four different stages of the design process, named
antenna-1, antenna-2, antenna-3, and antenna-4. The corre-
sponding simulation results, demonstrating the reflection co-
efficient (S11) for the single-port antenna across various con-
figurations, are presented in Fig. 3.

antenna-1 antenna-2

antenna-3 antenna-4

FIGURE 2. Design evolution of the single-port UWB antenna.

The radiating element of antenna-1 is a semi-circular metal
patch with a rectangular slot, and the ground plane is a coplanar
waveguide plane. Antenna-2 incorporates a double T-shaped
filter structure based on antenna-1, establishing frequency ex-
clusion zones in the range of 3.3GHz to 3.8GHz. The ground
planes on both sides of antenna-2 are each cut by a rectangu-
lar strip, resulting in the shape known as antenna-3. Antenna-
3 achieves a lower S11 within the frequency range of 7.0–
11.0GHz in comparisonwith antenna-2. Antenna-4, which fea-
tures a CSRR structure, can generate a notched band ranging
from 4.8GHz to 6.0GHz.
To better understand the functions of the T-shaped and in-

verted T-shaped filter structures and the CSRR slot, Fig. 4 pro-
vides the current distributions for the two suppression bands.

FIGURE 3. The simulated S11 parameters for antenna-1, antenna-2,
antenna-3, and antenna-4.

Fig. 4(a) shows the current distribution at 3.5GHz, which is pri-
marily concentrated near the T-shaped and inverted T-shaped
filter structures and is closely related to the 3.3–3.8GHz fre-
quency band. Fig. 4(b) illustrates the current distribution at
5.6GHz. In this case, the rectangular CSRR slot significantly
affects the surface current distribution. Therefore, the rectan-
gular CSRR slot can effectively suppress the WLAN frequency
band.

3. FOUR-PORT ANTENNA
Figure 5 presents the geometry of the designedMIMO antenna,
which evolves from the aforementioned single port antenna and
exhibits excellent isolation. The CSRR slots’ locations on all
rectangular metal ground planes of the MIMO antenna have
been optimized and shifted 0.3mm toward the radiation unit.
The final dimensions of the designed MIMO antenna are as

follows: W13 = 60mm, W14 = 2mm, W15 = 5mm,
W16 = 27mm, H13 = 60mm, H14 = 1mm, and H15 =
2mm.
To further clarify the effect of the T-shaped filter structure

on the notch, different values of H15 and H8 have been inves-
tigated and plotted in Fig. 6 and Fig. 7. Decreasing the values
of H15 causes an increase in the center frequency within the
notch band. Changing the values ofH8 affects whether the first
notch band exists. Finally, H15 = 2mm and H8 = 3.5mm
are selected as the optimal dimensions for the T-shaped filter
structure.
The overhead view of the manufactured prototype is illus-

trated in Fig. 8(a), while the underside view is illustrated in
Fig. 8(b). Furthermore, Fig. 8(c) displays the measurement
setup. Fig. 9 summarizes the S-parameter results, including
both simulated and measured values. The antenna, as designed,
functions across a frequency spectrum of 3.0 to 11.0GHz. It
includes frequency exclusion zones at 3.3–4.2GHz and 4.8–
6.0GHz, with isolation exceeding 17 dB. The simulation results
agree with the measurement.
Figure 10 shows the measured antenna radiation pattern.

While the measurement is being conducted, one port is excited
while the others are configured to match with 50-Ω load termi-
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(a)

(b)

FIGURE 4. The current distribution of the single-port UWB antenna at
(a) 3.5GHz, (b) 5.6GHz.

FIGURE 5. The geometry of the proposed 4× 4 UWB MIMO antenna.

FIGURE 6. Simulated S11 of the proposed 4 × 4 UWB MIMO antenna
with different values ofH15.

FIGURE 7. Simulated S11 of the proposed 4 × 4 UWB MIMO antenna
with different values ofH8.

(a) (b) (c)

FIGURE 8. Photograph of the antenna prototype and measurement setup, (a) top view, (b) bottom view, (c) measurement setup.
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(a) (b)

FIGURE 9. The simulated and measured S-parameters of the proposed 4 × 4 UWB MIMO antenna, (a) reflection coefficients, (b) transmission
coefficients.

(a)

(b)

XOZ plane YOZ plane

XOZ plane YOZ plane

Simulated_Gain Phi

Measured_Gain Phi

Simulated_Gain Theta

Measured_Gain Theta

FIGURE 10. Radiation patterns of the proposed 4× 4 UWB MIMO antenna, (a) 4.4GHz, (b) 9.4GHz.

nals. Fig. 11 presents a photograph of themanufactured antenna
undergoing testing in an anechoic chamber.
The four elements in the MIMO antenna have the same size

and configuration. Fig. 12 illustrates the gain and efficiency for
just one element. Gain serves as a valuable metric for analyz-
ing directional energy emission from antennas and evaluating
fluctuations in radiation energy. The peak realized gain varies
between 1.2 dB and 1.6 dB within the 4.2–4.8GHz, and varies
between 2.9 dB and 6.4 dB within the 6.0–11.0GHz. Within
the operational band of the antenna, the efficiency values are
between 70.7% and 92.4%, with a peak efficiency of 92.4%

at 7.0GHz. In the notch band, both gain and efficiency de-
cline significantly. The gain reaches a minimum of −1.5 dB at
5.6GHz, and the efficiency drops to 45% at 5.7GHz. In the
transition bands near 3.3GHz, 4.8GHz, and 6GHz, the perfor-
mance of gain and efficiency is close to that of the 4.2–4.8GHz
band. The 4.2–4.8GHz band can be used in short-distance com-
munication scenarios where the requirements for gain and ef-
ficiency are not extremely high. Since the gain and efficiency
within the 6–11GHz frequency band are notably higher and rel-
atively stable, this frequency band can be employed for practi-
cal UWB applications.
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FIGURE 11. Testing in an anechoic chamber. FIGURE 12. Measured efficiency and gain of the presented 4× 4 UWB
MIMO antenna.

FIGURE 13. ECC of the presented 4× 4 UWB MIMO antenna. FIGURE 14. DG of the presented 4× 4 UWB MIMO antenna.

ECC is a fundamental diversity parameter used to measure
the signal correlation between different antennas in a MIMO
antenna array. Low ECC values indicate good signal indepen-
dence between antennas. The ECC consistently remains be-
low 0.03 within the 4.2–4.8GHz and 6.0–11.0GHz frequency
range, as illustrated in Fig. 13, and it is calculated using Equa-
tion (1) [29].

ECC =

∣∣∣∫∫4π [⇀

F 1(θ, ϕ) ∗
⇀

F 2(θ, ϕ)
]
dΩ

∣∣∣∫∫
4π

∣∣∣⇀F 1(θ, ϕ)
∣∣∣2 dΩ ∫∫

4π

∣∣∣⇀F 1(θ, ϕ)
∣∣∣2 dΩ (1)

Diversity Gain (DG) represents the gain achieved by using
multiple antennas to enhance signal diversity in amultipath fad-
ing environment. A high DG value indicates superior system
performance. The calculation formula for DG is shown in (2),
and the results are shown in Fig. 14. The DG values exceed
9.985 dB.

DG = 10 (dB)×
√
1− |ECC|2 (2)

Total Active Reflection Coefficient (TARC) is a measure
of the effective operating bandwidth when multiple antennas

are excited simultaneously. Low TARC values indicate good
performance. TARC is calculated using the same formula as
in [29], as shown in (3). The results are shown in Fig. 15 and
achieve good performance of less than −10 dB.

TARC =

√(
Sii + S∗

ij

)2
+
(
Sji + S∗

jj

)2
2

(3)

Mean Effective Gain (MEG) is an important parameter to
measure the average receiving capability of a MIMO antenna
in a specific environment. The value of MEG is considered
below −3 dB [30]. The calculation formula of MEG is shown
in (4), and the result is presented in Fig 16.

MEGi =
1−

∑k
j=1 (Sij)

2

2
(4)

Group delay can be used to evaluate the signal transmission
quality of ultra-wideband antennas. Fig. 17 shows the group
delay of the proposed 4 × 4 UWB MIMO antenna. The group
delay of the antenna is less than 1 ns within the operating fre-
quency band. In addition, the group delay of the antenna has
good flatness.
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TABLE 2. Comparison among the proposed UWB MIMO antenna and other relevant designs.

Ref. Port/s Bandwidth (GHz) Notch bands (GHz) Gain (dB) Efficiency (%) ECC Area (mm×mm)

[10] 4 2.1–20
3.3–4.1
8.2–8.6

5.8 > 80 < 0.02 80× 80

[24] 4 3.0–16.2 4.0–5.2 3.0–8.0 > 75 < 0.3 60× 60

[25] 4 3.38–10.56
3.52–4.22
5.23–6
7.29–8.2

−7–4 87.5–94.5 < 0.49 79.8× 79.8

[26] 4 3.2–11.2 - 3–7.3 83–95 < 0.004 70× 70

[27] 4 2.54–10.69
2.81–3.85
5.11–5.98
7.34–8.69

3.6–6.87 - < 0.05 65× 65

[28] 4 3.6–8.25
3.68–5.28
7.2–8.2

2.5–4.8 > 86 < 0.01 65× 65

This work 4 3.0–11.0
3.3–4.2
4.8–6.0

1.2–6.4 70.7–92.4 < 0.03 60× 60

FIGURE 15. TARC of the presented 4× 4 UWB MIMO antenna. FIGURE 16. MEG of the presented 4× 4 UWB MIMO antenna.

FIGURE 17. Group delay of the presented 4× 4 UWBMIMO antenna.

Table 2 compares the bandwidth, notch bands, gain, effi-
ciency, ECC, and area of the designed UWB antenna with those

of six other presented antennas. Within the operational band of
the designed antenna, the efficiency value is between 70.7%
and 92.4% and the ECC below 0.03. The outcomes demon-
strate that the antenna possesses superior performance.

4. CONCLUSION

In this paper, an antenna with dual-notch suppression for 5G
and WLAN frequency bands is designed. The compact dimen-
sions of theMIMO antenna are 60×60×1.6mm3. The antenna
demonstrates S11 < −10 dB and isolation exceeding 17 dB.
The peak realized gain varies between 1.2 dB and 1.6 dB within
4.2–4.8GHz, and varies between 2.9 dB and 6.4 dB within 6.0–
11.0GHz. Additionally, the designed 4 × 4 UWB MIMO an-
tenna achieves an ECC value lower than 0.03 and an efficiency
value between 70.7% and 92.4%within the operating frequency
band. The DG values exceed 9.985 dB, while the value ofMEG
is below −3 dB.
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