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ABSTRACT: This paper presents a broadband MIMO antenna for miniaturized satellites and a novel metamaterial for decoupling. The
proposed metamaterial exhibits single-negative characteristics (with only permittivity ε being negative) in the 4.66–6GHz and 6.5–9GHz
frequency bands, and double-negative characteristics (with both permittivity ε and permeability µ being negative) in the 6–6.5GHz and
9–15.97GHz frequency bands. In MIMO antenna applications, it significantly improves isolation between antenna elements. Finally, we
develop a 4-port ultra-wideband (UWB)MIMO array antenna operating from 4.66 to 15.97GHz, covering C-band, X-band, and Ku-band.
It achieves S11 < −10 dB with an operating bandwidth of 11.31GHz. With the integrated metamaterial suppressing inter-unit coupling,
the antenna demonstrates low-coupling performance (S12, S13, S14 < −20 dB and ECC < 0.035) across the entire operating band.
The maximum gain reaches 7.83 dBi, providing both high-gain performance and ultra-wideband decoupling capabilities. This MIMO
antenna measures 55mm× 55mm× 1.6mm and uses an FR4 substrate.

1. INTRODUCTION

Recent years have witnessed extensive deployment of 5G
communication systems [1] and rapid advancement in 6G

research. Wireless communication systems across various ap-
plication scenarios now demand increasingly rigorous antenna
performance requirements. They include operating bandwidth,
gain, miniaturization, omnidirectional radiation characteristics,
and isolation. Ultra-wideband (UWB) multiple-input multiple-
output (MIMO) antennas [2, 3] have emerged as viable solu-
tions to these demands. However, such antennas face new chal-
lenges. The highly compact integration of antenna elements
induces severe electromagnetic coupling between adjacent ele-
ments. Consequently, addressing electromagnetic coupling in
UWB MIMO antennas and achieving effective antenna minia-
turization have become urgent research priorities.
Numerous scholars have proposed various decoupling

methodologies for UWB MIMO antennas. Ref. [4] designs
a 2-port UWB antenna configuration with two radiating
elements measuring 85 × 45mm2. Each element adopts a
coplanar waveguide (CPW)-fed rectangular patch design with
double U-shaped slots etched on patches to introduce dual
notch features. However, this antenna exhibits excessive
dimensions, failing to comply with miniaturization design
paradigms. Furthermore, the design does not adequately
address electromagnetic coupling between antenna elements,
resulting in prominent inter-element coupling issues. Ref. [5]
proposes a 4-port MIMO antenna integrated with a split-ring
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resonator (SRR) metamaterial layer to enhance antenna
gain. Unfortunately, this antenna occupies 140 × 70mm2,
failing miniaturization criteria, and suffers from significant
inter-element coupling.
Ref. [6] presents two microstrip line-fed pentagonal patches

with parasitic elements to achieve wide bandwidth. Simultane-
ously, three complementary split-ring resonator (CSRR) struc-
tures were integrated into a defected ground structure to miti-
gate mutual coupling. Unfortunately, these structures severely
impact the radiation pattern, leading to poor antenna radiation
directivity. Ref. [7] proposes chamfering radiating patches and
adding parasitic patches for miniaturization. A double-layer
metamaterial decoupling structure (comprising an open reso-
nant ring and a square ring) was loaded above the elements for
decoupling. However, this antenna operates only from 12.11
to 13.99GHz, which is excessively narrow. Additionally, its
double-layer structure makes it incompatible with ultra-thin de-
vices, limiting application scenarios.
Ref. [11] proposes an 8-port CPW-fed UWBMIMO antenna

measuring 54×54mm2. However, its isolation is only−15 dB,
requiring enhanced decoupling. Ref. [12] proposes a 2-port
monopole UWB antenna for modern automotive applications,
composed of a half-circular ring and a half-square ring. How-
ever, its isolation is only −15 dB, necessitating further decou-
pling enhancement. Meanwhile, a 4-port design could be con-
sidered. Ref. [13] proposes a compact asymmetric CPW strip-
fed UWB two-element MIMO antenna with notched-band be-
havior. This antenna has a simple structure and is easy to fabri-
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FIGURE 1. Antenna cell design: (a) Antenna cell planar parameter diagram; (b) S-parameters of antenna cell.

cate. However, it suffers from low gain and lacks comprehen-
sive performance analysis.
Ref. [14] proposes an eight-element antenna array. However,

this antenna has narrow bandwidth and low isolation, resulting
in limited application scenarios. Ref. [15] proposes a 2-port
MIMO antenna array with a compact size of 26× 55mm2, op-
erating from 3.1 to 12.3GHz. However, the antenna achieves
only 4 dBi gain, failing to meet long-distance communication
requirements. Ref. [16] proposes a 2-port MIMO antenna ar-
ray composed of two symmetric C-shaped slots and T-shaped
slots. The isolation between antenna elements exceeds 18 dB.
However, the operating frequency band is only 2.4–4.5GHz,
and gain discussion is lacking. Ref. [17] proposes a 2-port
MIMO antenna array measuring 38× 91mm2, operating from
2.8 to 10.0GHz. However, this antenna has a relatively com-
plex structure, and its radiation pattern fails to meet omnidirec-
tionality requirements. Ref. [18] proposes a new method for
mask-constrained shaped beam synthesis of generic array an-
tennas (arbitrary layouts/patterns). This method transforms the
design into finite convex programming optimizations (generat-
ing qualified excitation solutions) and is supported by numeri-
cal examples.
Based on this analysis, this paper proposes using a CPW

structure to address antenna operating bandwidth issues. This
enables UWB operation while leveraging inherent structural
advantages to achieve high antenna gain and omnidirectional
radiation performance. We also propose a metamaterial [8]
capable of UWB decoupling to ensure high antenna isolation
across the entire operating spectrum. Ultimately, we design a 4-
port array MIMO antenna based on the proposed metamaterial.
It features an operating frequency range of 4.12–16.58GHz, a
bandwidth of 12.46GHz, and a relative bandwidth of 120%.
The antenna exhibits high isolation performance, withS12, S13,
and S14 < −20 dB across the full frequency band. Owing to its
single-layer substrate structure and ultra-wide operating band-
width, this antenna holds considerable engineering application
potential. Finally, we conducted experimental tests on the an-
tenna prototype. The results demonstrate excellent consistency
between simulated and measured performances.

2. ANTENNA AND METAMATERIAL DESIGN
This section describes the structural designs of a CPW-
structured UWB antenna element, a metamaterial capable

of ultra-wideband decoupling, and a four-port, axisym-
metric, compact UWB-MIMO antenna integrated with the
aforementioned metamaterial.

2.1. Antenna Cell Design and Analysis
Figure 1 shows the antenna unit based on a classical coplanar
waveguide structure. It features openings and notches in the ra-
diating patch and recesses in the transmission line. The antenna
unit bandwidth spans 4.12–16.58GHz. The unit demonstrates
good impedance matching with S11 < −15 dB from 4.67 to
14.22GHz.
We performed modeling and simulation using High Fre-

quency Structure Simulator (HFSS) software. The final an-
tenna unit size is 25mm × 25mm × 1.6mm. Table 1 shows
specific structural parameters. The antenna is printed on an
FR4 dielectric substrate (dielectric constant of 4.4, dielectric
loss tangent of 0.02).

TABLE 1. Dimensions of the optimized antenna structure (unit: mm).

Parameters Dimensions
(mm) Parameters Dimensions

(mm)
A 25 B 25
A1 12.1 B1 4.8
A2 10 B2 8.1
A3 3.22 B3 1.4
A4 1 B4 2
A5 1.4 B5 3.5
A6 1 B6 2
H 1.6 B7 7.5

2.2. Metamaterial Unit Design and Analysis
From the perspective ofmetamaterial working principles, meta-
materials can effectively suppress surface wave propagation
and reduce cell edge scattering [9, 19]. This significantly im-
proves radiation efficiency and reduces mutual coupling ef-
fects. In this paper, the metamaterial-loaded decoupling struc-
ture achieves high isolation below−20 dB in an ultra-wide fre-
quency band (4.66–15.97GHz) through inverse coupling path
cancellation. This solves the problem of high-frequency band
coupling deterioration in traditional antennas.
We modeled and simulated the metamaterial using HFSS

simulation software. In the simulation, we set the left and right
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FIGURE 2. Metamaterial unit design: (a) Metamaterial unit planar parameter diagram; (b) Metamaterial unit 3D structure diagram.

surfaces perpendicular to the z-axis as wave port excitations.
The top and bottom surfaces perpendicular to the y-axis were
set as ideal magnetic conductors (Perfect H). The front and
back surfaces perpendicular to the x-axis were set as ideal elec-
tric conductors (PerfectE). Themagnetic field is perpendicular
to the metamaterial cell surface to simulate magnetic resonance
generationwhen themagnetic field passes through the cell. Fig-
ure 2 and Table 2 show the structure and specific parameters.

TABLE 2. Dimensions of the optimized metamaterial structure (unit:
mm).

Parameters Dimensions
(mm) Parameters Dimensions

(mm)
a 4.6 b 9
a1 1.8 b1 1.5
a2 1.85 b2 4.8
a3 0.3 b3 4.2
a4 0.4 b4 0.9
a5 0.4 b5 0.3
a6 3.4 h 1.6

This paper uses the widely adopted waveguide simulation
method for electromagnetic parameter extraction. Figure 3
shows the S11 and S21 parameters of the metamaterial obtained
from HFSS simulation. The figure reveals that the metamate-
rial has large transmission attenuation from 6–10GHz and 12–
20GHz. This indicates band-resistive properties in these fre-
quency ranges.
To further obtain equivalent electromagnetic parameters, we

introduce the Nicolson-Ross-Weir (NRW) method [10, 20] to
extract the antenna’s equivalent electromagnetic parameters.
The theoretical calculations involve S-parameter extraction
technique as follows: S11 denotes the reflection coefficient.
The relationship between S12 and transmission coefficient T

FIGURE 3. S-parameters of metamaterial unit.

can be expressed as:

S21 = Teik0d, (1)

where k0 denotes the wave number of the incident wave in free
space, and d denotes the thickness of the uniformmedium plate.
Furthermore, the relationship between the S-parameter and the
refractive index n and impedance z can be expressed as:

S11 =
R01

(
1− ei2nk0d

)
1−R2

01e
i2nk0d

, (2)

S21 =

(
1−R2

01

)
eink0d

1−R2
01e

i2nk0d
, (3)

R01 = (z − 1)/(z + 1). (4)
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We can obtain the expression for impedance z from Equa-
tions (2) and (3):

Z = ±

√
(1 + S11)2 − S2

21

(1− S11)2 − S2
21

, (5)

eink0d = X ± i
√
1−X2, (6)

X = 1/2
[
S21

(
1− S2

11 + S2
21

)]
. (7)

Since the metamaterial under consideration is a passive
medium, z and n in the equations need to satisfy the following
conditions:

Re(z) ≥ 0, (8)
Im(n) ≥ 0, (9)

the formula for finding the refractive index n value is:

n =
1

k0d

{[
Im[In(eink0d)] + 2mπ

]
− iRe

[
In(eink0d)

]}
,

(10)
where m is an integer associated with Re(n). Finally, we can
obtain two parameters that determine metamaterial properties
from these two equations. Magnetic permeability and dielectric
constant are, respectively,

µ = n× z, (11)
ε = n/z. (12)

Figure 4 shows the extracted equivalent parameter results
based on the above theory.

FIGURE 4. Plot of the extracted equivalent parameter values.

Figure 4 presents the curves of equivalent permittivity and
equivalent permeability (extracted via waveguide simulation)
as functions of frequency. The figure shows that the proposed
novel metamaterial behaves as an epsilon-negative (ENG)
metamaterial with negative permittivity (ε < 0) but positive
permeability (µ > 0) in the 4.66–6GHz and 6.5–9GHz
frequency bands, and as a double-negative (DNG) metama-
terial with both negative permittivity (ε < 0) and negative
permeability (µ < 0) in the 6–6.5GHz and 9–15.97GHz
frequency bands.

2.3. UWB-MIMO Antenna Design and Analysis
The MIMO antenna design begins with antenna units placed in
a centrosymmetric arrangement. We first designed Antenna 1,
but its impedancematching and bandwidth deteriorated. There-
fore, we designed Antenna 2 by digging a slot in the center of
the antenna array based on Antenna 1. Antenna 2 shows im-
provements in impedance matching and antenna isolation. On
Antenna 2, we introduced branches using the traditional ultra-
wideband decoupling approach to achieve low coupling. How-
ever, due to high integration and antenna coplanar waveguide
structure, good decoupling effect remains unachieved.
Based on these experimental results, the designed An-

tenna 3 adopts a novel metamaterial approach to achieve
good impedance matching and low-coupling ultra-wideband
effect. We performed simulation of each antenna using HFSS
simulation software. Figure 5 shows the simulation results and
specific design process.
The experimental results show that the metamaterial-loaded

MIMO antenna achieves an ultra-wideband 4.66–15.97GHz
operating band, indicating good impedance matching. We also
observe that the S12, S13, and S14 parameters are all< −20 dB,
confirming the modified antenna’s low coupling characteris-
tics. Therefore, subsequent discussion will focus on the loaded
metamaterial Antenna 3.

3. OVERALL BROADBAND MIMO ANTENNA STRUC-
TURE DESIGN PROCESS AND RESULT ANALYSIS

3.1. MIMO Antenna Structure Design Process
Figure 6 and Table 3 show the finalized MIMO antenna struc-
ture and specific parameters. The left side of Figure 6 shows the
antenna front view, while the right side shows the back view.
This antenna features a coplanar waveguide structure. The top
layer contains four radiating patch antenna units and metama-
terials. The radiating patch and ground plate are located in the
same top layer. We placed radiating patches to realize spatial
orthogonal polarization, aiming to achieve low coupling while
minimizing volume. We also placed metamaterials in the an-
tenna’s bottom layer. The two metamaterial layers further re-
duce antenna coupling. Therefore, the antenna’s back side also
features metamaterials, obtained by folding the front-side meta-
materials by 180◦.

TABLE 3. MIMO antenna structure parameters (unit: mm).

Parameters
Dimensions

(mm)
Parameters

Dimensions
(mm)

L 55 L3 0.7
W1 5 L4 1
L1 17 W2 1.2
L2 1.2 h 1.6

3.2. S-Parameter Simulation Analysis
This subsection investigates the influence of antenna element
spacing on mutual coupling and isolation performance under
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FIGURE 5. MIMO antenna design steps and comparison of S-parameters of three kinds of antennas: (a) Initial MIMOAntenna 1; (b) S-parameters of
initial MIMO antenna; (c) Add branch MIMO Antenna 2; (d) S-parameters of add branch MIMO antenna; (e) Add metamaterial MIMO Antenna 3;
(f) S-parameters of add metamaterial MIMO antenna.

(a) (b)

FIGURE 6. MIMO antenna structure: (a) MIMO antenna above parameter diagram; (b) MIMO antenna bottom diagram.
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FIGURE 7. Comparison diagram of S-parameters: (a) S12; (b) S13.

FIGURE 8. Comparison diagram of S-parameters (with and without
metamaterial).

metamaterial loading conditions. We compared simulation re-
sults for four values of parameterW1 (2mm, 3mm, 4mm, and
5mm), as shown in Figure 7. We found that larger antenna el-
ement spacing improves mutual coupling and isolation perfor-
mance. However, considering antenna miniaturization require-
ments, we finally determinedW1 = 5mm. All subsequent dis-
cussions assumeW1 = 5mm.
To visualize the new decoupling structure’s effect and con-

sidering MIMO antenna characteristics, we note that S12 and
S14 are identical curves. Therefore, when comparing decou-
pling effect before and after metamaterial loading, we only need
to compare S12 and S13. Figure 8 shows S12 and S13 curve
comparisons before and after metamaterial hybrid decoupling
loading based on HFSS simulation. The figure shows that after
loading the metamaterial hybrid decoupling structure, antenna
isolation improves overall. Decoupling characteristics signif-
icantly improve across most of the antenna’s operating fre-
quency range. Specifically, S12 and S13 isolation reaches less
than −27 dB from 11.73–15.97GHz, achieving high isolation.
The biggest improvements occur at 5.85, 8.2, and 8.65GHz,
with 12, 20, and 17 dB improvements, respectively. Even in the
low-frequency band, metamaterials maintain antenna isolation
below −20 dB. Therefore, the antenna achieves low-coupling
working characteristics across the entire frequency band, fully
demonstrating the new decoupling structure’s effectiveness.

3.3. Analysis of Decoupling Characteristics of Metamaterials
This subsection discusses the antenna’s decoupling mecha-
nism [21]. First, we analyze the decoupling scheme with meta-
material integrated on the antenna’s top layer. Simulation re-
sults show that top-layer metamaterial integration achieves cer-
tain decoupling effect. However, S12, S13, and S14 values only
reach less than −15 dB, failing to meet design requirements.
Therefore, we integrated a second metamaterial layer on the
antenna’s bottom layer. Simulation results show that with both
top and bottom metamaterial layers integrated, S12, S13, and
S14 values all reach less than −20 dB. The minimum value
reaches −65 dB at 12.4GHz, exhibiting excellent decoupling
effect. Hence, this design adopts metamaterial integration on
both top and bottom layers to realize MIMO antenna decou-
pling, as shown in Figure 9.
The physical significance of usingmetamaterials on both lay-

ers is as follows: the top-layer metamaterial mainly intercepts
antenna plane waves through its band-stop characteristic, re-
ducing the coupling between antenna elements and improving
isolation. However, single-layer metamaterial decoupling ef-
fect is limited. Therefore, integrating metamaterials on both
layers enhances the band-stop characteristic, strengthens de-
coupling effect, and thus achieves favorable decoupling per-
formance.

3.4. MIMO Antenna Radiation Direction Diagram
To more intuitively analyze antenna far-field radiation charac-
teristics, we select E-plane and H-plane patterns for analysis
(black lines indicate E-plane patterns, red lines indicate H-
plane patterns). We analyze patterns at four frequency points:
5.1GHz, 6.84GHz, 10GHz, and 12.6GHz. Figure 10 shows
simulated patterns, revealing omnidirectional radiation charac-
teristics at all four frequency points. At 5.1GHz, there is a
depression at 90◦. At 7.18GHz and 8.94GHz, there are de-
pressions at 270◦, but they do not affect overall omnidirec-
tional characteristics. As frequency increases, the antenna ra-
diation pattern exhibits distortion at 12.6GHz. This mainly re-
sults from higher-order mode resonance excitation at high fre-
quencies, leading to uneven current density distribution on the
antenna. However, this characteristic still meets engineering
requirements.
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(a) (b)

FIGURE 9. Antenna with metamaterial integrated only on the top layer and both the top and bottom layers: (a) Only on the top layer; (b) Both the
top and bottom layers.

(a) (b)

(c) (d)

FIGURE 10. Radiation patterns of the antenna: (a) @ 5.1GHz; (b) @ 6.84GHz; (c) @ 10GHz; (d) @ 12.6GHz.

3.5. MIMO Antenna Surface Current Distribution

To verify metamaterial role and low inter-antenna coupling, we
analyze antenna surface current distribution. We select sur-
face current distributions at four frequency points: 5.1GHz,
6.84GHz, 10GHz, and 12.6GHz. In the simulation environ-
ment, we excite antenna port 1 while connecting ports 2, 3,
and 4 to a matched 50-ohm load. This allows studying an-
tenna units 2, 3, and 4 under unit 1 interference with decou-
pling structure influence. Figure 11 shows that surface currents
at these frequency points mainly concentrate on the radiating

patch and metamaterial, while other patches show very weak
surface currents. Therefore, isolation between antenna units is
very high. This also demonstrates that the metamaterial struc-
ture applied in this design has broadband decoupling character-
istics and good decoupling effect within the 4.66–15.97GHz
operating frequency band.

3.6. MIMO Antenna Gain and Efficiency

Figure 12 shows antenna gain and radiation efficiency curves
across the entire operating frequency band. The figure reveals
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FIGURE 11. Surface current map: (a) @ 5.1GHz; (b) @ 6.84GHz; (c) @ 10GHz; (d) @ 12.6GHz.

FIGURE 12. Gain and efficiency of the proposed antenna. FIGURE 13. The ECC and the diversity gain value.

that antenna gain ranges 2.5–7.83 dBi from 4.66 to 15.97GHz.
Maximum antenna gain reaches 7.83 dBi at 11.45GHz. An-
tenna radiation efficiency across the entire working band ranges
between 70% and 94%. This indicates that most feed source
energy is radiated by the antenna. The antenna demonstrates
considerable gain and radiation efficiency across the entire op-
erating frequency band, confirming good radiation characteris-
tics.

3.7. The Diversity Characteristics of MIMO Antenna

MIMO antenna performance evaluation also requires diversity
performance assessment. These evaluation metrics include en-
velope correlation coefficient (ECC) and diversity gain (DG).
ECC is a critical antenna performance evaluation metric. We
can clearly observe communication channel isolation and cor-

relation from ECC values. Lower ECC indicates lower mu-
tual coupling and can be recognized by a safety threshold of
1. Smaller ECC values mean antenna units work individually
with less interference to other units while being more efficient.
To ensure MIMO antenna operational reliability, ECC values
usually need to remain below 0.05. DG serves as a MIMO an-
tenna diversity effectiveness index. We can derive it from the
antenna’s ECC value, noting that ECC values range between 0
and 1. We can calculate ECC using the following equation:

ECC =

∣∣∣S∗
11S

′

12 + S∗
21S

′

22

∣∣∣2(
1−

(
|S11|2 + |S21|2

))(
1−

(
|S22|2 + |S12|2

)) ,
(13)

Figure 13 shows simulated ECC and DG values for this an-
tenna.
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(a) (b)

(c)

FIGURE 14. Physical processing diagram. (a) Front view, (b) back view, (c) measurement setup.

FIGURE 15. Measured and simulated values of the S-parameters.

We can observe communication channel isolation and corre-
lation from ECC values. Lower ECC indicates lower mutual
coupling. In this paper, ECC is less than 0.0035, confirming
good antenna isolation.
DG is another fundamental MIMO antenna characteriza-

tion parameter. It measures MIMO antenna spatial diversity.
Greater diversity gain indicates better improvement in MIMO
antenna technique score diversity. We can derive diversity gain
calculation from the following equation:

DG = 10 ∗
√

1− |ECC|, (14)

In this paper, diversity gain DG exceeds 9.984, confirming
good spatial diversity characteristics.

3.8. MIMO Antenna Physical Testing Analysis

To validate the proposed design, we fabricated and tested a pro-
totype antenna. We fabricated the antenna using an FR4 dielec-
tric substrate with a dielectric constant of 4.4, dielectric loss
tangent of 0.02, and thickness of 1.6mm. Given the antenna’s
high-frequency operating band, we strictly controlled substrate
manufacturing tolerances to prevent performance degradation:
thickness tolerance ±0.05mm, dielectric constant tolerance
±0.1, and surface flatness tolerance ≤ 0.02mm/m. The four
antenna elements’ CPW transmission lines extend from radi-
ating patch edges to substrate side edges. We vertically sol-
dered SMA connectors to transmission line ends on substrate
side edges, ensuring deviation-free feed signal transmission.
Figure 14 shows the fabricated antenna based on these pa-

rameters. We used an Agilent Network Analyzer (VNA) to
measure antenna S-parameters. Figure 15 shows measured and
simulated S-parameter values.
This paper’s physical measurement uncertainties mainly

originate from three aspects. First, hardware losses and
assembly errors can cause slight deviations between measured
and simulated gain values. Second, test environment interfer-
ence — anechoic chamber background noise and incomplete
electromagnetic shielding — interferes with antenna radiation
signal collection. Third, measurement equipment accuracy
limitations — Agilent Network Analyzer calibration accuracy
inconsistencies. However, these factors’ impact is relatively
small. Measured results align with simulated ones, antenna
performance is stable, and errors remain within engineering
application acceptable ranges. Results show that the pro-
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(a) (b)

(c) (d)

FIGURE 16. Measured and simulated radiation patterns: (a) @ 5.1GHz, (b) @ 6.84GHz, (c) @ 10GHz, (d) @ 12.6GHz.

TABLE 4. Comparison between the proposed antenna and other antennas.

Reference
Size
(mm)

Bandwidth
(GHz)

Isolation
(dB)

Ports
number

ECC
Peak Gain

(dBi)
Diversity Gain

(dBi)
[5] 140 ∗ 70 ∗ 1.6 6.4–7.1 18 4 0.025 6.4 NG∗
[6] 20 ∗ 30 ∗ 1.6 3.01–12.34 22 2 0.0025 5.5 9.99
[7] 36 ∗ 27 ∗ 1.6 12.1–13.99 18.8 2 0.004 6.65 9.98
[10] 75 ∗ 75 ∗ 1.6 3.5–3.8 30 4 0.002 4.8 9.95
[11] 54 ∗ 54 ∗ 1.6 3–11 15 4 0.02 2.83 NG∗
[12] 40 ∗ 24 ∗ 1.6 3.1–10.9 15 2 0.2 5 NG∗
[13] 50 ∗ 28 ∗ 1.6 2.8–11.5 18 2 0.05 NG∗ 9.94
[14] 70 ∗ 150 ∗ 1.6 2.5–3.6 15 8 0.02 NG∗ NG∗
[15] 55 ∗ 26 ∗ 1.6 3.1–12.3 20 2 0.12 4 NG∗
[16] 95 ∗ 60 ∗ 1.6 2.4–4.5 18 2 0.15 NG∗ NG∗
[17] 91 ∗ 38 ∗ 1.6 2.8–10 22 2 0.05 6 NG∗

This work 55 ∗ 55 ∗ 1.6 4.66–15.97 20 4 0.0035 7.83 9.995

posed MIMO antenna operates from 4.66 to 15.97GHz with
S11 < −10 dB and S12, S13, S14 < −20 dB.
Figure 16 shows simulated and measured radiation patterns

at 5.1GHz, 6.84GHz, 10GHz, and 12.6GHz frequencies, in-
dicating that antenna far-field radiation characteristics meet re-
quirements.

4. DISCUSSION

Table 4 compares this paper’s MIMO antenna design with other
papers’ MIMO antenna designs. The comparison covers an-
tenna size, operating bandwidth, number of ports, isolation,
ECC (from simulation experiments), and antenna gain. Com-
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pared to [7, 11–13], this paper’s antenna design demonstrates
higher isolation, higher gain, and wider bandwidth. Compared
to [5, 10, 14–17], this paper’s antenna is smaller and has wider
bandwidth. Table data shows that this paper’s antenna design
outperforms previous antenna designs across all parameters.

5. CONCLUSIONS
This paper proposes an ultra-wideband antenna based on a
coplanar waveguide structure. The antenna unit demonstrates
good impedance matching with S11 < −15 dB from 4.67–
14.22GHz. This paper also proposes a novel metamaterial with
good decoupling characteristics from 4.66–15.97GHz. Finally,
we design a 4-port ultra-wideband MIMO antenna compris-
ing four antenna units based on the proposed antenna units. It
achieves 11.31GHz operating bandwidth with S11 < −10 dB
from 4.66–15.97GHz. By combining with the proposed meta-
materials, we reduce the coupling between antenna units, ulti-
mately achieving S12, S13, and S14 all < −20 dB across the
operating bandwidth. This realizes ultra-wideband decoupling
and high-gain radiation characteristics of 7.83 dBi.
Therefore, this paper’s antenna design features not only

a novel and simple structure, but also highlights metamate-
rial structure novelty and application innovation and flexibil-
ity. It demonstrates good performance in ultra-wideband, low-
coupling, high-gain, high-radiation efficiency, and omnidirec-
tional radiation. This antenna suits miniaturized satellites. Its
simple structure facilitates integration into space-limited de-
vices, while its ultra-wideband characteristic enables compat-
ibility with different satellite communication frequency bands
(e.g., parts of C-band, X-band, and Ku-band). Additionally,
its low coupling and high gain ensure stable satellite-to-ground
data transmission in complex space electromagnetic environ-
ments.
Meanwhile, this antenna architecture also has potential for

expansion to higher-frequency band systems (e.g., millimeter-
wave) or multi-antenna arrays, and can extend to fields like
5G ultra-wideband and vehicle-mounted radar. For millimeter-
wave expansion: CPW structure and metamaterial decoupling
principle are adaptable, and miniaturized metamaterials can
still suppress coupling, but material optimization is necessary
to reduce losses and improve processing accuracy. For multi-
antenna array expansion: modular design supports unit replica-
tion, and double-layer metamaterial scheme can be reused, but
algorithm optimization is necessary to reduce computational
complexity and supplement signal synchronization design.
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