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ABSTRACT: This paper presents a compact four-port ultra-wideband (UWB) multiple-input multiple-output (MIMO) antenna with excep-
tional isolation characteristics, specifically designed for high-frequency band communications. The antenna features a sunflower-shaped
radiating patch and an irregularly stepped rectangular ground structure, which are optimized to achieve broadband impedance matching
and low coupling. With dimensions of 1.26\¢ X 1.26 )\ x 0.025\, the antenna operates across 5.4—20 GHz, covering C-band (4-8 GHz),
X-band (8-12 GHz), and Ku-band (12-18 GHz), while supporting multi-band communication compatibility. Simulation and measure-
ment results show a return loss (|.S11]) below —10dB over the entire frequency range, with a fractional bandwidth of 109.5%. The
inter-port isolation (S12) exceeds —20 dB across the band and reaches —30 dB in the high-frequency range (1020 GHz). The antenna
exhibits a radiation efficiency exceeding 80%, a peak gain of 9.3 dBi, an envelope correlation coefficient (ECC) below 0.008, a total active
reflection coefficient (TARC) below —30dB, and a group delay less than 2.3 ns, thereby meeting the stringent requirements for MIMO
systems. This design offers a high-performance solution for applications in 5G, satellite, and radar communications, which combines
wide bandwidth, high isolation, and low coupling in a compact form factor. The 5.4-20 GHz antenna bandwidth supplements 5G/6G
applications which caters to multi-scenarios of Wi-Fi and satellite communications and facilitates signal reception and preprocessing in
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LEO satellite systems.

1. INTRODUCTION

ith the rise of emerging fields such as the Internet of
Things (IoT) and smart cities, the demand for wire-
less communication systems is increasing rapidly. As one of
the most important components of the communication system,
MIMO antenna technology has undergone continuous innova-
tion, such as massive MIMO, software-defined MIMO, and
other new technologies which have gradually become research
hotspots [1]. With the advancement of semiconductor pro-
cesses, the integration level of MIMO antenna systems is con-
stantly improving. Multiple antenna units can be integrated on
a single chip, thereby reducing the cost and volume while im-
proving the reliability of the system. With the advancement of
5G and 6G communication technologies, MIMO antennas are
expanding to higher frequency bands to meet the requirements
of beamwidth, gain, and noise figure in higher frequency band
communications. UWB antennas are rapidly developing as a
promising technology operating over an extremely wide band-
width, and UWB technology supports a variety of wireless per-
sonal area network (WPAN) applications.
Compared with traditional narrowband antennas, UWB
antennas can support extremely wide frequency bands, thus
achieving high data transmission rates [2, 3]. UWB technology
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exhibits three distinctive advantages: exceptionally low power
spectral density, remarkable interference immunity, and
superior low-probability-of-intercept characteristics. These
inherent features, combined with the UWB antenna’s compact
design that enables seamless integration into miniaturized
devices, have positioned UWB as a pivotal technology for
modern wireless communication and precision positioning sys-
tems. With its unique combination of technical merits, UWB is
set to play an increasingly vital role across diverse applications
such as smart home systems, industrial IoT, and connected
vehicle ecosystems. The combination of UWB and MIMO
technologies offers significant advantages: increasing data
transmission rate, enhancing multipath interference resistance,
improving system reliability and security, boosting positioning
accuracy, and optimizing spectrum utilization efficiency.
These advantages collectively enhance the performance of
wireless communication systems, where all antennas satisfy a
fractional bandwidth requirement higher than 20%. Antennas
with such characteristics include single-port subunits [11, 12],
dual-port subunits [13—16], and multi-port subunits [4—10], all
of which exhibit a fractional bandwidth exceeding 20% [4—16].
Antenna systems enhance wireless signal reliability and
quality through spatial multiplexing and diversity. Four-port
antennas leverage spatial differences among multiple antennas
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FIGURE 1. Geometry of the four-port MIMO antenna.

for diversity transmission/reception, reducing signal fading,
improving stability and anti-interference capability, while
minimizing coverage blind spots for uniform signal distribu-
tion. Additionally, optimized antenna layout and beamforming
direct signals precisely to user areas, boosting signal strength
and communication quality for edge users.

However, due to electromagnetic field interactions, when
two or more antenna pole subunits are in close proximity,
their fields interfere, leading to energy transfer between an-
tennas and causing coupling [17]. This coupling stems from
multiple factors: near-field coupling, surface wave coupling,
mutual impedance coupling, radiated field coupling, feed net-
work coupling, ground plane coupling, frequency coupling, and
directional pattern coupling. Antenna coupling severely im-
pacts system performance, resulting in gain degradation, di-
rectional pattern distortion, channel capacity reduction, and
other issues. Thus, mitigating coupling between antenna ele-
ments is critical. To address this challenge, decoupling tech-
niques are employed. These techniques serve as a critical
approach to mitigate mutual interference (coupling) in multi-
antenna systems and enhance isolation, including measures like
increasing inter-antenna spacing, implementing polarization di-
versity [18], designing decoupling networks [19], introduc-
ing defected ground structures (DGS) [20, 21], electromagnetic
bandgap (EBG) structures [22], etc. In [23], a broadband circu-
larly polarized four-element MIMO antenna etched on a metal
ground plane is proposed, which mitigates inter-element cou-
pling via a positive-shaped decoupling structure (PSDS). How-
ever, the four-port MIMO antenna developed in [23] exhibits
a relatively narrow bandwidth (3.4—8.25 GHz) due to its sim-
plistic structural design. Ref. [24] presents an ultra-wideband
(UWB) MIMO antenna based on dual-mode transmission line
feeding for wireless communications. The four-port MIMO an-
tenna covers 2.40-25 GHz, but its relatively large size restricts
application scenarios.

With the growing demand for high-frequency communica-
tions (e.g., satellite, 5G, radar) and the signal crosstalk issue
arising from insufficient isolation in multi-antenna systems, the
research on wideband antennas has become increasingly ur-
gent. Thus, this paper focuses on designing a compact four-
port UWB MIMO antenna with high isolation characteristics in
the 5.4-20 GHz band. The investigated frequency band spans
the upper C-band, X-band, and Ku-band, and is extended to
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20 GHz at high frequencies to enable multi-band compatibility.
Additionally, it exhibits excellent radiation characteristics and
diversity performance.

2. ANTENNA DESIGN

2.1. Antenna Model

The geometry of the antenna is depicted in Figure 1. The an-
tenna is fabricated on an FR4 dielectric substrate with dimen-
sions of 70mm x 70mm x 1.4mm, where the relative per-
mittivity (e,) is 4.4, and the loss tangent (tan ) is 0.02. Each
antenna unit consists of a sunflower-shaped radiating patch on
the top layer and an L-shaped metal ground plane on the bottom
layer. The sunflower-shaped radiating patch is printed on the
substrate’s top surface, while the bottom L-shaped ground plane
isuniformly designed to ensure that all antenna units share iden-
tical geometric shapes and orthogonal arrangements, thereby
enhancing inter-unit isolation and structural compactness. Ad-
ditionally, a cross-knot structure is integrated at the center of
the substrate’s bottom layer, which features a trapezoidal patch
with a gradually tapered width at its end. The base of this
trapezoidal patch is connected to an irregular stepped rectan-
gle, which effectively improves the isolation between antenna
units. Table 1 shows the dimensions of the proposed antennas.

TABLE 1. Optimized parametric dimensions of proposed MIMO an-
tenna.

Parameters L Ly L Ls Ly Ls w W
Value (mm) 70 30 5 4 10 56 70 25
Parameters W, Wy Wy Ws W W, W Wy
Value (mm) 25 2.6 7 3 8 25 15 3
Parameters Wiy Ry R, Rs Rs Rs R

Value (mm) 4 12 28 33 4 26 88

2.2. Analysis of Antenna Structure Design

2.2.1. Evolution Process of Antenna Design

Figure 2 shows the monopole structure of the proposed an-
tenna model, and Figure 3 displays the simulation results and
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FIGURE 2. The monopole model of the proposed antenna.

radiation characteristics of the monopole model. The proposed
MIMO antenna is formed by rotating the monopole antenna and
evolved from it through rotational symmetry. The evolutionary
process of the antenna structure is illustrated in Figure 4. As
depicted in Figure 4(a), four identical flower-shaped antenna
units are printed on the substrate’s top layer and arranged or-
thogonally. An L-shaped ground plane corresponding to each
radiating patch is positioned at the substrate’s bottom, forming
the antenna’s basic structure. The resonant frequency of the
patch can be calculated using the following formula:

f=

C
AL\/Z

where &, is the dielectric constant of FR4, f the center fre-
quency, L the effective length of the rectangular patch, and ¢
the electromagnetic wave propagation speed.

As shown in Figure 4(b), the bandwidth enhancement of the
radiating patch unit is insignificant, so the antenna patch struc-
ture is modified to improve its bandwidth performance. Ellipti-
cal notches and two circular-cut irregular branch-leaf patches
are introduced to the radiating patch. Additionally, a cross
structure is embedded at the substrate’s bottom center to en-
hance inter-antenna isolation. The radius (R) of the circular
patches can be calculated using the following equation [22]:

(M

8.791 x 107
p=20 X0 2
fov @)
F
R= T (3)
{1+ 2 [In(3E) +17726] }

where h is the thickness of the dielectric substrate, &, the rela-
tive permittivity, and f, the intended resonant frequency of the
center frequency.

As shown in Figure 4(c), to extend the high-frequency band-
width and further improve low-frequency isolation, the patch
structure at the substrate’s bottom is modified by incorporat-
ing irregular rectangular patches and connecting them to the
cross-tail in a ladder-like configuration. The additional radi-
ating patch alters the antenna’s current distribution to achieve
superior impedance matching. The patch length can be calcu-
lated using the following formula, where L denotes the length
of the additional rectangular patch.

Ws = W4 —Ws 4)
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The S-parameters of the evolutionary antenna structures are
depicted in Figure 5. Figure 5(a) shows that with the continuous
evolution of the antenna structure, the antenna’s effective band-
width is broadened, ultimately expanding to 5.4—20 GHz, with
the return loss significantly improved. Figure 5(b) illustrates
that with the continuous evolution of the patch structure on the
substrate’s bottom, the low-frequency isolation performance is
enhanced, with the inter-port isolation of each antenna unit ulti-
mately reduced to below —20 dB across the operating band and
below —30 dB in the 10-20 GHz range, enabling high isolation
performance.

2.2.2. Antenna Parameters Analysis

To optimize the performance of the designed UWB MIMO
antenna, High Frequency Structure Simulator (HFSS) simu-
lations for parameter optimization were conducted during the
design phase. The optimization strategy involves tuning one
parameter while maintaining others constant. Figure 6 illus-
trates the optimization results. Figures 6(a)—(c) reveal that pa-
rameters Rg, W3, and W primarily influence the antenna’s
mid-band reflection coefficients and high-band resonant fre-
quencies. As Rg increases, the mid-band return loss first in-
creases then decreases, with the optimal performance attained
at Rg = 8.6 mm. With the gradual increase of W3, the low/mid-
band return loss significantly increases, and the low-frequency
resonant frequency shifts upward, achieving the best result at
W3 = 2.6 mm. As W; increases, the high-frequency resonant
frequency first shifts downward then upward, while the high-
band return loss exhibits a decreasing-then-increasing trend.
For the low-frequency band, the return loss (|S1;]) first de-
creases then increases with Rg, W3, and Wy, indicating that
optimal parameter values can improve low-band impedance
matching. Thus, the optimized parameters are finalized as:
Rg = 8.6mm, W3 = 2.6 mm, Wy, = 4 mm.

2.2.3. Antenna Surface Current Analysis

To visualize the isolation performance of the bottom substrate
structure, we analyze the current distribution at three resonant
points (5.7GHz, 8.4GHz, 16.5 GHz, corresponding to Fig-
ures 7(a)—(c)) and its impact on inter-antenna isolation.

At 5.7 GHz (low-frequency, Figure 7(b)), exciting port 1
causes significant current coupling to port 2, evidenced by
strong current paths between them. Dark regions (high current
density) concentrate between these ports, while ports 3—4 show
negligible current flow, indicating the structure blocks non-
adjacent port coupling effectively. At 8.4 GHz (mid-frequency,
Figure 7(a)), trace current coupling appears in ports 2—4. Cur-
rent distribution is more dispersed with weaker intensity and
fragmented paths, showing that the isolation structure mitigates
coupling across multiple ports, enhancing mid-frequency signal
integrity. At 16.5 GHz (high-frequency, Figure 7(c)), isolation
is optimal: current localizes near port 1 with minimal coupling
to other ports. High-current regions cluster tightly around the
excited port, demonstrating that the structure confines current
effectively, critical for MIMO performance in high-frequency
applications.
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In summary, the bottom substrate isolation structure exhibits
frequency-dependent performance, improving isolation from
low to high frequencies. This behavior optimizes MIMO sys-
tem performance across the entire operating band for diverse
communication requirements.

3. PARAMETER SIMULATION AND MEASUREMENT

3.1. S-Parameters

The S-parameters of the antenna were measured using an Ag-
ilent N5235A vector network analyzer, and the measurement
setup and physical prototype are depicted in Figure 8. Fig-
ure 9(a) shows that the |S11| measurements of the antenna are
in good agreement with simulations, covering the required 5.4—
20 GHz bandwidth. The discrepancies between measurements
and simulations can be attributed to SMA connector losses,
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transmission line losses, or test environment errors, which re-
sult in slight frequency shifts in the measured data. Further
analyzing the antenna isolation, as shown in the S}, parame-
ter curve in Figure 9(b), the antenna exhibits isolation below
—20dB across the required bandwidth, confirming the high
port isolation of this MIMO antenna.

3.2. Radiation Properties

The two-dimensional radiation patterns of the MIMO antenna’s
port 1 E-plane and H-plane at 5.7 GHz, 8.4 GHz, and 16.5 GHz
are measured and depicted in Figure 10. As shown in Figure 10,
at the 5.7 GHz resonant frequency, the antenna’s E-plane radi-
ation pattern is doughnut-shaped, whereas the H-plane pattern
is heart-shaped. In the H-plane, the maximum radiation direc-
tions are distributed across 0-60°, 135-225°, and 300-360°,
while the E-plane exhibits nearly omnidirectional radiation, in-
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dicating excellent radiation directivity. At 8.4 GHz, both E-
plane and H-plane exhibit figure-of-eight radiation patterns,
with the H-plane’s maximum radiation distributed across 0—
60° and 105-180° and the E-plane showing nearly omnidirec-
tional radiation. At 16.5 GHz, the E-plane features a butterfly-
wing pattern with maximum radiation at 150-240° and 300—
360°. The H-plane, conversely, exhibits a flower-like twisted
pattern, with more prominent radiation gain across 165-210°,
255-285°, and 330-360°, demonstrating strong directional ra-
diation. Overall, the antenna demonstrates robust radiation per-
formance and high gain at all resonant frequencies, confirming
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its superior radiation characteristics. Figure 11 illustrates the
antenna’s 3D radiation patterns at various resonant frequencies,
while Figure 12 depicts the 3D radiation characteristics under
four-port common feeding at different frequencies.

Figure 13 illustrates the antenna’s radiation efficiency and
peak gain across the operating band. The antenna’s peak
gain ranges from 0 to 9.3 dBi. Furthermore, the antenna’s ra-
diation efficiency exceeds 80% across almost all bands and
reaches over 90% in the 5.8-6.5 GHz, 7.1-10.2 GHz, and 14.1—
14.6 GHz bands.

WWwWw.jpier.org



Zhou et al.

30+

S-Parameters
N
O

— Simulated S1 l‘

407 —  Simulated S22
-A5¢ . Simulated S33
_50 1 1 1 1 1 1 1 1
4 6 8 10 12 14 16 18 20
Frequency(GHz)
(b)
w
3
3
£
£
I
n
@ -45 | —— Simulated S12 \ vl \ v
50| — - Simulated 13 y "
- Simulated S23 ]
55+
_60 1 1 1 1 1 1 1 1
4 6 8 10 12 14 16 18 20

Frequency(GHz)

S-Parameters

|

—— Measured S11_
= = Measured S22
= = Measured S33

8 10 12 14 16 18 20
Frequency(GHz)

4 6

1
—
n

Ay \y h v

[—— Measured 512” |

[—  Measured S13 |
= Measured S23 \ \l

S-Parameters
LOU&sShdhbhbbbbd
nonmounmownmnono e

AN
b
\
)
J
~N

6 8 10 12 14 16 18 20
Frequency(GHz)

-

FIGURE 9. Simulated and measured S-parameters of the MIMO antenna: (a) |S11], (b) Siz.

3.3. MIMO Diversity Performance

3.3.1. ECC

The effectiveness of antenna diversity is evaluated using En-
velope Correlation Coefficient (ECC), which quantifies chan-
nel isolation in wireless communication links. As per industry
standards, MIMO antenna elements must meet the ECC < 0.5
criterion. The ECC can be calculated from the S-parameters
using the following equation [17]:

5785 + S;isjj‘z
(1 —1Sul® - |Sji|2> (1 = 181" - |Sij|2)

where ECC;; is the ECC between the ith and jth antenna el-
ements. The ECC values of the proposed UWB MIMO an-
tenna are shown in Figure 14. In this band, the ECC between
two neighboring antenna elements is less than 0.007, and the
ECC between two diagonally placed antenna elements is less
than 0.008, which satisfies the communication requirement of

ECC,; =
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the envelope coefficient between antenna elements of less than
0.05.

3.3.2. TARC

Total active reflection coefficient (TARC) is a metric employed
to assess the overall reflection performance of MIMO anten-
nas. It comprehensively takes into consideration the reflected
signals at all ports and the mutual coupling between antenna
elements. The core concept involves calculating, under all-
port excitation, the ratio of total reflected power to total in-
cident power in the system, thereby reflecting the antenna’s
overall impedance matching efficiency. Ideally, TARC should
approach zero, signifying that the antenna absorbs all incident
power. The TARC of this MIMO system can be calculated via
the following formula:

(6)

\/(Su- +8i)% + (Sji + 855)°

TARC;; =
J 2
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where TARC;; is the TARC between the ith and jth antenna el-
ements. When considering the mutual coupling effect between
antenna units, it is necessary to achieve the index requirement
of TARC below —10dB in the operating frequency band. As

shown in Figure 15, the TARC is lower than —30 dB in the op-
erating frequency band 5.4-20 GHz and reaches below —40 dB
in 820 GHz.
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TABLE 2. Performance comparison of the proposed MIMO antenna with other works.

Ref. Size (mm®) Bandwidth (GHz) Isolation (dB) Port ECC
[14] 25 x 40 3.39-9.1 > 15 2 < 0.003
[15] 66 x 36 2.7-12 > 25 2 < 0.001
[17] 36 x 36 2-11.08 > 15 4 < 0.13
[23] 80 x 80 3.4-8.25 > 25 4 < 0.01
[24] 80 x 80 2.4-25 > 20 4 < 0.002
[25] 56 x 41 34-11.8 > 20 4 < 0.002
[26] 76 x 76 1-20 > 50 4 < 0.004
[27] 70 x 70 3.2-11.2 > 20 4 < 0.04
[27] 67 x 81 3.89-17.09 > 15 2 < 0.02
This work 70 x 70 5.4-20 > 20 4 < 0.008

3.3.3. Group Delay

Figure 16 shows the group delay characteristics of the pro-
posed antenna. The group delay ranges from 1 to 2.5 ns with
no pronounced abrupt changes (e.g., severe oscillations or sud-
den transitions). This demonstrates that the system effectively
mitigates frequency dispersion in UWB signals (where ex-
cessive delay differences among frequency components cause
pulse broadening and distortion), satisfying the demands of
high-precision communication/positioning applications (e.g.,
UWB indoor positioning and high-speed short-range commu-
nication).
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3.4. Comparative Study

Table 2 shows the detailed comparison of the size, operat-
ing frequency, isolation, number of ports, and ECC of the
proposed UWB MIMO antenna with several previously pub-
lished antennas. The proposed antenna provides a wider op-
erating frequency than the previous studies available in [14—
17,23,25,27]. Moreover, the dimensions of the present work
are also smaller than [23, 24, 26], and the isolation is better than
[14,17,27]. Moreover, the ECC of the proposed antenna is su-
perior compared to [17,23,27]. In conclusion, among the com-
parable performance metrics relative to other antennas, this pro-
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posed antenna demonstrates superior performance in certain as-
pects when being benchmarked against the reference antennas
and is well suited for contemporary communication systems.

4. CONCLUSION

A compact 70mm x 70 mm four-port UWB MIMO antenna
operating at 5.4-20 GHz is presented. Isolation performance is
enhanced via a flower-shaped radiating patch, defected ground
structure (DGS), and orthogonal layout. The bandwidth is ex-
tended to 5.4-20 GHz using elliptical notching and a stepped
ground, covering C- and Ku-bands for future high-frequency
(HF) communication. The cross-knot structure and trapezoidal
patch suppress surface waves, achieving < —20dB isola-
tion across all bands. Key metrics include ECC < 0.008,
TARC < —30dB, radiation efficiency > 80%, and group
delay < 2.3ns, validating reliability in multipath scenarios.
Measured results agree well with simulations. The 5.4-20 GHz
antenna bandwidth supplements 5G/6G applications, caters to
multi-scenarios of Wi-Fi and satellite communications and fa-
cilitates signal reception and preprocessing in LEO satellite sys-
tems.
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