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ABSTRACT: A miniaturized multi-band MIMO antenna for Sub-6 GHz and 5G mmWave is proposed. The antenna is composed of a
C-shaped radiating element and coupled ground branches. Tri-band coverage is achieved (4.37-5.88 GHz, 23.5-32.89 GHz, and 36.8—
40.1 GHz) through the optimization of the dimensions of the C-shaped antenna and the incorporation of a cross-shaped structure. The
low-frequency band fully covers the n79 (4.4—5 GHz) band, as well as the Wi-Fi 5/6 (5.15-5.85 GHz) and 5 GHz ISM (5.725-5.875 GHz)
bands. The mid-frequency band completely covers the 5G mmWave n257 (26.5-29.5 GHz), n258 (24.25-27.5 GHz), and n261 (27.5-
28.35 GHz) bands, while the high-frequency band fully covers the n260 (37-40 GHz) band. Measured results show gains of approximately
0.95 dBi, 5.89 dBi, and 8.83 dBi in the low-, mid-, and high-frequency bands, respectively. Inter-element isolation is found to be better
than —20 dB, and the ECC is <0.003. The antenna is characterized by a compact size, simple structure, and multi-band coverage, making
it suitable for cooperative communication between Sub-6 GHz and 5G mmWave bands.

1. INTRODUCTION

ith the large-scale commercialization of the fifth-
Wgeneration (5G) mobile communication system, mobile
data traffic has grown exponentially, placing greater demands
on system capacity and transmission rates. To meet the require-
ments of diverse application scenarios, including enhanced
Mobile Broadband (eMBB), Ultra-Reliable Low-Latency
Communication (URLLC), and Massive Machine-Type Com-
munication (mMTC), a spectrum-layered deployment strategy
has been adopted, covering the Sub-6 GHz and millimeter-
wave (mmWave) bands [1,2]. According to the 5G frequency
band standards defined by 3GPP, the n79 band (4.4-5 GHz) in
the FR1 band is the mainstream spectrum resource for global
5G deployment, and it is widely applied in urban macro base
stations, hotspot coverage, and enterprise private networks.
In the FR2 band, the n257 (26.5-29.5 GHz), n258 (24.25—
27.5GHz), n260 (37-40 GHz), and n261 (27.5-28.35 GHz)
bands are the core spectrum resources for achieving high-data-
rate applications, such as Fixed Wireless Access (FWA) and
Virtual Reality (VR)/Augmented Reality (AR) [3].
Millimeter-wave (mmWave) communication technology,
owing to its abundant continuous bandwidth resources, has
become one of the key enabling technologies for 5G and
future 6G mobile networks [4]. However, the high path loss,
atmospheric absorption, and susceptibility to blockage in the
mmWave band pose severe challenges to antenna systems [5].
Multiple-Input Multiple-Output (MIMO) technology, in
which multiple radiating elements are integrated within a
limited space and spatial, polarization, and pattern diversity
are exploited and can significantly enhance channel capacity
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and link reliability, serving as an effective solution to these
challenges [6]. In recent years, tremendous efforts have been
devoted to the development of 5G MIMO antennas, yielding
substantial research achievements.

How to effectively improve the isolation of MIMO antennas
has long been a key research focus in this field. In [7], a high-
isolation four-port MIMO antenna was realized through or-
thogonal polarization and a Defected Ground Structure (DGS),
which covers the n79 band with port isolation better than
—18 dB. To meet the specialized design requirements of the n79
band, Ref. [8] employed a novel unequal-length stub-DGS on
a compact substrate to achieve stable full-band coverage of the
n79 band, while improving the port isolation to above —20 dB
and reducing the envelope correlation coefficient (ECC) to be-
low 0.01. In [9], DGS combined with ground branches was
employed to achieve high isolation of —29 dB and —41.4 dB at
3.5 GHz and 4.85 GHz, respectively. In [10], parasitic patches
were introduced between MIMO elements, enhancing isola-
tion above —25dB across the ultra-wideband range of 2.3—
17.8 GHz and providing a new implementation path for decou-
pling design in MIMO antennas.

To further enhance system capacity, Ref. [11] realized a co-
aperture antenna with an 8-port Sub-6 GHz MIMO and a 4-
port 5G mmWave MIMO on an octagonal substrate, with the
dual bands covering n79/n257/n258 bands, thereby verifying
the feasibility of high-density integration. For Ultra-Wideband
(UWB) applications, four-port UWB MIMO antennas with
octagonal and annular structures were designed in [12,13],
with operating bandwidths covering 2.5-16.7 GHz and 2.5—
10.6 GHz, respectively, and achieving port isolation better than
—18 dB and envelope correlation coefficient (ECC) lower than
0.03, providing technical references for multi-band fusion de-
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FIGURE 1. Schematic of the antenna structure. (a) Top view, (b) bottom view, and (c) overall view.

sign. In accordance with the work in [14], ultra-wideband per-
formance covering 2.92—-16.97 GHz was realized on a minia-
turized substrate through a fractal slot structure and composite
decoupling technique, while excellent isolation and low corre-
lation were maintained across the entire operating band, further
enriching the design schemes of 5G multi-band fusion antennas.
Besides microstrip antennas, various design approaches have
been employed to realize broadband mmWave antennas. An
antenna-in-package (AiP) structure for Ka-band 5G commu-
nications is proposed in [15], achieving a return loss band-
width of 0.8 GHz and a peak gain of 3.8 dBi at 30.5 GHz,
while supporting both horizontal and vertical dual polariza-
tions. A millimeter-wave longitudinal slot array antenna based
on double-sided integrated suspended line (DSISL) is presented
in [16], achieving an impedance bandwidth of 19.3% over the
25.8-31.3 GHz band, with a maximum measured gain of 20.2
dBi and a radiation efficiency of 93%. A four-port MIMO an-
tenna integrated with a metasurface and a frequency-selective
surface is reported in [17], achieving a wide bandwidth of 24—
50 GHz and isolation exceeding —33 dB, thereby demonstrat-
ing the feasibility of combining miniaturization and broadband
performance. A 0.76 mm ultra-thin 2 x 2 dipole array antenna
for 5G mmWave applications is designed in [18], employing
a tightly coupled frequency-selective surface, a capacitively
coupled feeding method, and H-shaped walls to cover the 24—
40 GHz frequency range. Ref. [19] presents a bowtie antenna
fed by a coplanar waveguide, achieving a relative bandwidth of
33.35% (34.62-47.96 GHz) at the center frequency of 40 GHz.
In [20], the impedance bandwidth of a 1 x 4 array is extended
to 28% (23-30.5 GHz) by loading a 2 x 3 parasitic square patch
array, fully covering the n257, n258, and n261 bands and en-
abling a beam-scanning capability of +40°. Wideband cover-
age of the Sub-6 GHz and mmWave bands is achieved in [21]
through a composite radiating structure, verifying the feasibil-
ity of full-band integrated design; however, the relatively large
size of the design limits its suitability for system integration.
Although significant progress has been achieved in the above
studies, realizing coverage of the Sub-6 GHz and 5G mmWave
bands within a limited space, while maintaining high isola-
tion and broadband performance, remains a core challenge in
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current MIMO antenna design. To this end, a miniaturized
multi-band Sub-6 GHz and 5G mmWave MIMO antenna is de-
signed. The antenna has dimensions of 30 x 30 x 0.787 mm3
(2.5X0 X 2.5Xp x 0.066)\g), where Ag is the free space wave-
length at the operating frequency of 25 GHz, and tri-band cov-
erage (4.37-5.88 GHz, 23.5-32.9 GHz, and 36.8-40.1 GHz) is
achieved through the optimization of the radiating and ground
structures.

2. SINGLE-ANTENNA DESIGN

2.1. Antenna Structure

The single-antenna structure of the proposed broadband multi-
band MIMO antenna is shown in Fig. 1. The antenna dimen-
sions are initially estimated based on A/2 or A\/4 correspond-
ing to the target resonant frequencies. The dimensions of each
structural component are then optimized using High Frequency
Structure Simulator (HFSS), and the final optimized dimen-
sions are presented in Table 1. Fig. 1(a) shows the front view
of the antenna, where the single antenna exhibits a C-shaped
structure composed of three branches. By optimizing the three
branches of the radiating patch, multiple resonant points in
the mid- and high-frequency ranges of the 5G mmWave band
can be excited. Fig. 1(b) presents the back view of the an-
tenna, where the addition of two coupled ground branches ef-
fectively extends the low-frequency bandwidth of the antenna.
Fig. 1(c) illustrates the overall structure of the four-port an-
tenna, in which a cross-shaped structure is added at the center
of the antenna to significantly enhance the isolation between
antenna elements.

TABLE 1. Dimensional parameters of the antenna.

Parameter Ll L2 L3 L4 L5 XL
Value (mm) 2.23 2.755 3.15 45 07 094
Parameter L6 L7 LS LF WF Lf
Value (mm) 0.6 4 3 6.5 1 2.7
Parameter GL GLI GL2 GL Gw SL
Value (mm) 4.3 5.1 6.65 3.6 155 10
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FIGURE 2. Structural evolution of the single antenna. (a) Ant 1, (b) Ant 2, (¢) Ant 3, (d) Ant 4, (¢) Ant 5, and (f) Ant 6.
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FIGURE 3. Simulated S-parameters of Ant 1-Ant6. (a) Sub-6 GHz S11 and (b) 5G mmWave Si1.

2.2. Evolution of the Antenna Design

The single-antenna structure is iteratively optimized through
six design stages. The antenna structures at each stage are
shown in Fig. 2, and the corresponding reflection coefficient
S11 performance is presented in Fig. 3.

As shown in Fig. 2(a), an octagonal monopole antenna, de-
noted as Ant 1, is constructed on a metallic ground plane. This
antenna generates a resonant point at 39 GHz. Under the con-
dition of S7; < —10dB, Ant 1 is able to cover the 32.56—
41.54 GHz frequency range, meeting the coverage requirement

397

of the 5G mmWave n260 high-frequency band; however, it
still cannot satisfy the coverage requirements of the low- and
mid-frequency bands. As shown in Fig. 2(b), two additional
branches are added to Ant 1 to form a C-shaped antenna, de-
noted as Ant 2. The impedance bandwidth in the mid-frequency
band is significantly extended. As shown in Fig. 3(b), under
the condition of S71; < —10dB, Ant 2 is able to cover the 23—
34.05 GHz frequency range, meeting the mid-frequency com-
munication requirements of the SG mmWave n257/n258/n261
bands.
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FIGURE 4. Four-port MIMO antenna structure. (a) top view and (b) bottom view.

To achieve low-frequency coverage in the Sub-6 GHz band,
two ground branches are introduced based on Ant 2, as shown
in Figs. 2(c) and 2(d), denoted as Ant 3 and Ant 4, respectively.
The introduction of the ground branches alters the antenna’s
current path. As shown in Fig. 3(a), after the gradual intro-
duction of the two ground branches, a new resonant point is
generated at 6 GHz and shifts toward lower frequencies. Un-
der the condition of S1; < —10dB, the antenna is able to
cover the 4.96-5.83 GHz frequency range, satisfying the cover-
age requirements of the Wi-Fi 5/6 and 5 GHz ISM bands; how-
ever, the bandwidth remains narrow and cannot meet the low-
frequency communication requirement of the Sub-6 GHz n79
band.

To further broaden the low-frequency communication range,
as shown in Fig. 2(e), the right branch of the C-shaped structure
in Ant 4 is extended downward using a bending technique, re-
sulting in Ant 5. This modification alters the antenna’s current
path and generates a new resonant point at 4.75 GHz, further ex-
tending the low-frequency bandwidth. As shown in Fig. 3(a),
under the condition of S1; < —10dB, the antenna is able to
cover the 4.5-5.95 GHz range. As shown in Fig. 2(f), two short
branches are added to the left branch of the C-shaped patch,
producing the final designed antenna, denoted as Ant 6. A
resonant point is generated at 4.4 GHz in the low-frequency
band by loading the short branches, thereby extending the low-
frequency bandwidth and improving the impedance matching
in the mid-frequency band. As shown in Fig. 3(a), from the
S11 curve, it can be observed that the resonant characteris-
tics in the low-frequency band are further optimized, with the
low-frequency resonant point shifting toward lower frequen-
cies. Under the condition of S1; < —10dB, the antenna is able
to cover the 4.36-5.91 GHz range in the low-frequency band.

Based on the optimization results from the six design stages,
Ant 6 finally achieves tri-band coverage of 4.36-5.91 GHz,
23.81-33.72 GHz, and 36.84-40.47 GHz, with the reflection
coefficient in each band satisfying the condition of S1; <
—10dB.

2.3. Design and Analysis of the MIMO Antenna

The final proposed multi-band MIMO antenna is shown in
Fig. 4, with Fig. 4(a) presenting the front view and Fig. 4(b)
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the back view. The antenna is fabricated on a Rogers RT-5880
substrate with low transmission loss and stable dielectric prop-
erties, having a thickness of 0.787 mm, a relative permittivity
of e, = 2.2, and a loss tangent of tand = 0.009. The overall
dimensions of the antenna are 30 x 30 x 0.787 mm?®. Four C-
shaped antenna elements are symmetrically placed at the center
of the substrate surface, and an orthogonal layout is employed
to preliminarily suppress mutual coupling between the antenna
elements. A cross-shaped structure is designed at the center of
the substrate, further reducing the mutual coupling effects be-
tween the antennas.

To verify the improvement in MIMO antenna isolation pro-
vided by the cross-shaped structure on the substrate, simula-
tions were conducted for two cases: with and without the cross-
shaped structure. Figs. 5(a) and 5(b) show the S-parameters of
the antenna without a cross-shaped structure, where Fig. 5(a)
presents the Sub-6 GHz S-parameter curves, and Fig. 5(b)
presents the mmWave S-parameter curves. Figs. 6(a) and 6(b)
show the S-parameters in the corresponding frequency bands
after the cross-shaped structure is added.

As shown in Figs. 5(a) and 6(a), the presence or absence
of the cross-shaped structure does not affect the antenna
isolation in the low-frequency band of 4.36-5.91 GHz, with
the S-parameters remaining below —20 dB. As observed from
Fig. 5(b), in the mmWave mid-frequency band of 23.81—
33.72 GHz, the antenna without the cross-shaped structure
exhibits an isolation of approximately —16dB at 25 GHz.
After the cross-shaped structure is added, the antenna isolation
is significantly improved. As shown in Fig. 6(b), the isolation
in the mid-frequency band of 23.81-33.72 GHz reaches
approximately —30 dB.

2.4. Parametric Analysis

According to the surface current distribution analysis, the
branch lengths associated with SL, XL, and GL are found
to have significant effects on the antenna bandwidth and
isolation performance. Therefore, in order to further analyze
the performance of the antenna, this paper separately analyzes
the key parameters of the arm length SL of the cross-shape
structure, the short branch length X L of the C-shape radiating
element, and the length of the left grounding branch G L.
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FIGURE 6. Isolation of the MIMO antenna with the cross-shaped structure. (a) Sub-6 GHz S-parameters and (b) 5G mmWave S-parameters.

The cross-shaped structure is located at the center of the four-
element MIMO antenna, and its arm length SL is the key pa-
rameter determining port isolation performance. Three values
of SL 8mm, 10mm, and 12mm are selected for para-
metric sweep analysis. Due to the antenna’s symmetry, only
the isolation between adjacent ports and diagonal ports is ana-
lyzed. The results of the parametric scan are shown in Fig. 7,
where Figs. 7(a) and 7(b) present the changes in the adjacent-
port isolation So; for the Sub-6 GHz and 5G mmWave bands,
respectively, and Figs. 7(c) and 7(d) show the changes in the
diagonal-port isolation S4o for the Sub-6 GHz and 5G mmWave
bands. The design requirement for all port isolations is better
than —20 dB.

When SL = 8.0 mm, the adjacent-port isolation So; in the
low-, mid-, and high-frequency bands is better than —20dB,
while the diagonal-port isolation Sy at 25 GHz in the mid-
frequency band is only —13 dB. This has a significant impact on
diagonal-port isolation in the mid-frequency band and clearly
does not meet the requirement. When SL = 10 mm, Sy5 in the
low- and high-frequency bands satisfies the isolation require-
ment of better than —20 dB, and the isolation at 25 GHz in the
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mid-frequency band is improved. When S'L is further increased
to 12 mm, the isolations of So; and Sys at 4.5 GHz in the low-
frequency band deteriorate significantly, failing to meet the re-
quirement of isolation below —20dB. Therefore, only when
SL = 10mm are So; and Syo stably better than —20dB in
the low-, mid-, and high-frequency bands, ultimately achieving
the optimal isolation performance.

The length of the short branch X L of the C-shaped radiating
element primarily regulates the operating bandwidth in the low-
frequency band, while also affecting the bandwidth in the high-
frequency band. Three sets of parameters with X I = 0.64 mm,
0.94 mm, and 1.24 mm are selected for parametric sweep anal-
ysis. The results are shown in Fig. 8, where Fig. 8(a) presents
the S11 curves for the Sub-6 GHz band, and Fig. 8(b) presents
the S11 curves for the 5G mmWave band.

When X L = 0.64 mm, the left portion of the low-frequency
band is narrow, preventing complete coverage of the n79 band.
As X L is increased to 0.94 mm, the resonant points shift toward
lower frequencies, and the bandwidth is extended, achieving
coverage from 4.4 to 5.85 GHz, which meets the requirements
of the n79, Wi-Fi 5/6, and 5 GHz ISM bands. When X L is fur-
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FIGURE 8. Effect of the short branch length X L of the C-shaped radiating element on S11. (a) Sub-6 GHz and (b) 5G mmWave.

ther increased to 1.24 mm, the resonant frequencies continue
to shift to lower frequencies, and the right portion of the low-
frequency band becomes narrow, preventing full coverage of
the Wi-Fi 5/6 and 5 GHz ISM bands. Meanwhile, the high-

frequency band bandwidth also becomes narrower and cannot
fully cover the n260 band. Therefore, XL = 0.94 mm is se-
lected as the optimal value.
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The left ground branch GL is located on the left ground
plane of the antenna and forms capacitive coupling with the left
branch of the C-shaped radiating element, significantly affect-
ing the antenna performance. The length of GL can regulate
the resonant points and bandwidth in the low-frequency band,
while also influencing the bandwidth in the high-frequency
band. Three values of GL = 4.0 mm, 4.3 mm, and 4.6 mm
are selected for parametric sweep analysis, as shown in Fig. 9,
where Fig. 9(a) presents the S1; curves for the Sub-6 GHz band,
and Fig. 9(b) presents the S1; curves for the SG mmWave band.

In the low-frequency band, when GL = 4.0 mm, the band-
width cannot fully cover the n79 band. When G L is increased
to 4.3 mm, the antenna resonant points shift toward lower fre-
quencies, and the operating bandwidth covers 4.36-5.91 GHz,
satisfying the requirements of the n79, Wi-Fi 5/6, and 5 GHz
ISM bands. When GG L is further increased to 4.6 mm, the low-
frequency resonant points continue to shift leftward, and the
operating bandwidth becomes significantly narrower, failing to
meet the design requirements. In the mid- and high-frequency
bands of the 5G mmWave spectrum, only when GL = 4.0 mm
does the antenna fail to fully cover the n260 band. These results
indicate that an appropriately sized ground branch can form ef-
fective capacitive coupling with the left branch of the unit an-
tenna, achieving an extension of the low-frequency bandwidth.
However, an excessively long ground branch introduces ad-
ditional parasitic coupling, deteriorating matching and affect-
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ing the bandwidth in both the low- and high-frequency bands.
Therefore, GL = 4.3 mm is selected as the optimal value.
Based on the performance analysis of the three key param-
eters, the final key parameters of the antenna are determined
as follows: the arm length of the cross-shaped structure SL =
10 mm, the short branch length of the C-shaped radiating ele-
ment X L = 0.94 mm, and the length of the left ground branch
GL = 4.3mm. The antenna ultimately achieves tri-band
coverage in the low-frequency band (4.36-5.91 GHz), mid-
frequency band (23.81-33.72 GHz), and high-frequency band
(36.84-40.47 GHz), with port isolation better than —20 dB.

2.5. Surface Current Distribution

To illustrate the multi-band radiation mechanism and port iso-
lation of the designed antenna, the surface current distributions
of a single antenna are simulated at three resonant frequencies,
4.902 GHz, 25.807 GHz, and 39.032 GHz, under the condition
that only Port 1 is excited, and the remaining ports are ter-
minated with 50 Q2 matched loads. The results are shown in
Fig. 10.

Figure 10(a) shows the surface current distribution of the sin-
gle antenna at the resonant frequency of 4.902 GHz. As ob-
served from the figure, the strong currents are almost entirely
concentrated on the C-shaped antenna and the coupled ground
branches on both sides. No significant strong currents are ob-
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FIGURE 11. Prototype of the fabricated MIMO antenna. (a) Top view and (b) bottom view.

served on the other three non-excited radiating elements or on
the cross-shaped structure. The simulation results indicate that
the radiation at this frequency is entirely dominated by the C-
shaped antenna and the coupled ground branches, and they also
confirm that the cross-shaped structure provides excellent de-
coupling in the low-frequency band, effectively suppressing
mutual coupling between the antennas.

Figure 10(b) shows the surface current distribution of the sin-
gle antenna at the resonant frequency of 25.807 GHz. As ob-
served from the figure, the strong currents are concentrated at
the base of the unit antenna, the right folded branch, and the
right coupled ground branch, while the feeding connection still
maintains relatively high current density. These results indi-
cate that the resonance at this frequency is dominated by certain
branches of the single antenna. The shift in the strong current
distribution reflects the independent tuning characteristic of the
antenna’s multi-frequency resonances, which essentially corre-
sponds to the switching of the dominant radiation characteristic
modes at different frequencies [22]. Meanwhile, the weak in-
duced currents on the cross-shaped structure form cancellation
paths that oppose the coupling currents between the unit an-
tennas, achieving high isolation in this frequency band. This
decoupling mechanism is fully consistent with the core design
principle of mutual coupling cancellation in MIMO antennas
for mobile communications [23]. The surface current distribu-
tion at 25.807 GHz without the cross-shaped structure is shown
in Fig. 10(d). It can be observed that significant induced cur-
rents are present on the ground branches of the diagonal an-
tenna element, indicating strong mutual coupling between the
antenna elements. This result further confirms that the cross-
shaped structure is effective for significantly enhancing the iso-
lation performance of the antenna.

The surface current distribution of the single antenna at the
resonant frequency of 39.032 GHz is shown in Fig. 10(c). As
observed from the figure, the currents are not evenly distributed
across the branches; instead, they are highly concentrated at the
root region of the excited single antenna and the left-coupled
ground branch. These results indicate that, at this frequency,
the left-coupled ground branch and bottom-feeding region to-
gether constitute the primary radiation path of the antenna in
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the high-frequency band, which corresponds to the higher-order
characteristic radiation mode of the antenna at this frequency.

3. RESULTS AND DISCUSSION

3.1. Simulation and Measurement

The antenna prototype is fabricated based on the optimized
model dimensions, as shown in Fig. 11. Fig. 11(a) is the top
view, and Fig. 11(b) is the bottom view. Due to the high prop-
agation loss of millimeter-wave signals, substrates with low di-
electric constants are generally preferred. Therefore, the pro-
posed antenna is fabricated on a Rogers RT-5880 substrate with
a thickness of 0.787 mm, a relative permittivity of €, = 2.2,
and a loss tangent of tand = 0.0009. The substrate features
low transmission loss and stable dielectric properties. The sim-
ulated and measured reflection coefficients .S-parameters of the
antenna are shown in Fig. 12, where Fig. 12(a) presents the
Sub-6 GHz S-parameter results, and Fig. 12(b) presents the 5G
mmWave S-parameter results.

As shown in Fig. 12, the measured bandwidth of the an-
tenna in terms of Sy is narrower than its simulated counter-
part. This discrepancy is mainly attributed to soldering toler-
ances and practical measurement errors. Nevertheless, the mea-
sured results are basically in good agreement with the simulated
ones. For S1; < —10dB, three operating frequency bands are
achieved, covering 4.37-5.88 GHz, 23.5-32.89 GHz, and 36.8—
40.1 GHz, with both the simulated and measured port isolations
maintained below —20dB. This further verifies the favorable
impedance-matching performance of the proposed antenna.

3.2. Radiation Characteristics

The radiation performance of the antenna is tested in a mi-
crowave anechoic chamber, as shown in Fig. 13. In this sec-
tion, three resonant frequencies of the antenna in low-, mid-,
and high-frequency bands, i.e., 4.902 GHz, 25.807 GHz, and
39.032 GHz, are selected for measurement, and the radiation
performance of the antenna is analyzed accordingly. Fig. 14
presents the two-dimensional radiation patterns in the zoz, yoz,
and xoy planes for each resonant frequency. Figs. 14(a)—(c)
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FIGURE 12. Simulated and measured S-parameters of the MIMO antenna. (a) Sub-6 GHz and (b) 5G mmWave.

FIGURE 13. Anechoic chamber diagram.

correspond to the three planes at the 4.902 GHz resonant fre-
quency, while Figs. 14(d)—(f) and 14(g)—(i) correspond to the
three planes at the 25.807 GHz and 39.032 GHz resonant fre-
quencies, respectively.

As observed from the figures, in the low-frequency band of
4.902 GHz, the antenna exhibits omnidirectional radiation char-
acteristics in all planes, with smooth and clean waveforms and
no significant sidelobe interference, demonstrating excellent
spatial coverage. In the mid-frequency band at 25.807 GHz, the
antenna maintains a high degree of consistency with the low-
frequency band, with a clearly defined and controllable main
radiation direction. At the high frequency of 39.032 GHz, the
antenna still maintains certain radiation performance, with the
yoz and xoz planes exhibiting multi-directional radiation pat-
terns.

Overall, the antenna exhibits good consistency in radia-
tion performance across the operating frequency bands, con-
firming its excellent cross-polarization suppression capability.
The overall radiation performance is sufficient to meet the re-
quirements of high-speed transmission applications in the Sub-
6 GHz and 5G mmWave bands.
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3.3. Envelope Correlation Coefficient

Envelope correlation coefficient (ECC) is a key metric for eval-
uating the signal independence between ports of a MIMO an-
tenna. A lower ECC indicates weaker correlation between the
signals received by the antenna elements and better diversity
performance [24]. For a four-port MIMO antenna, ECC can
be calculated from far-field radiation patterns, as expressed in
Equation (1):

[, Fi (6.9) - F7 (60,9) d|’
[y |F: (8, 0)[ 2 [, |E; (6, 9)]” €2

Here, F;(0, ¢) and F;(6, ¢) represent the far-field radiation
vectors of the i-th and j-th antenna elements, respectively [25].
The ECC of the antenna is calculated across the entire fre-
quency band for both the Sub-6 GHz and 5G mmWave bands,
and the results are shown in Fig. 15.

As observed from Fig. 15, the ECC of the antenna remains
below 0.003 across the entire operating frequency band (4.37—
5.88 GHz, 23.53-32.89 GHz, and 36.8-40.1 GHz). This excel-
lent low correlation is primarily attributed to two factors: first,
the four radiating elements are arranged in an orthogonal and
symmetric layout, forming inherent polarization and spatial di-
versity; second, the central cross-shaped isolation structure ef-
fectively suppresses electromagnetic coupling between ports,
further reducing the signal correlation.

'f'hOij =

(M

3.4. Diversity Gain

Diversity gain (DG) reflects the improvement in signal-to-noise
ratio obtained by a MIMO system through multiple-antenna re-
ception in a fading environment. For a two-port system, the
relationship between DG and ECC can be expressed as Equa-

tion (2) [26]:
DG =10y/1 — |p|? 2)

For a four-port MIMO system, the diversity gain between each
pair of ports can be calculated, and the overall system diversity
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performance can be evaluated by taking the average or mini-
mum value. The simulated and measured diversity gains for
the Sub-6 GHz and 5G mmWave bands are shown in Fig. 16.
Based on the calculated ECC results, the diversity gain of
the proposed antenna approaches the ideal value of 10dB in
the low-, mid-, and high-frequency bands, indicating that the
MIMO antenna exhibits excellent diversity performance.

3.5. Total Active Reflection Coefficient

Total active reflection coefficient (TARC) reflects the
impedance-matching characteristics of a MIMO antenna when
multiple ports are simultaneously excited. It is defined as the
square root of the ratio of the sum of reflected powers at all
ports to the sum of the incident powers [27], as expressed in
Equation (3):

N 2
> im |bil

N 2
Zi:l |ai

Il = 3)

405

For a four-port system, TARC can be calculated from S-
parameters, as expressed in Equation (4):

4 4 j9-2
. Dim1 Zj:l Sije?%
F =
@ 2

“4)

Here, the denominator of 2 in Equation (4) originates from
the equal-amplitude normalized excitation condition of the
four-port MIMO antenna, and 65, 03, and 6, represent the exci-
tation phases of the corresponding ports. Fig. 17 shows the total
active reflection coefficient (TARC) obtained by averaging the
results calculated from 12 randomly selected phase combina-
tions of 65, 63, and 0.

As observed from Fig. 17, the TARC remains below
—10dB across the entire operating frequency band. In the
low-frequency Sub-6 GHz band of 4.37-5.88 GHz, the TARC
is below —10dB and reaches a minimum of approximately
—37dB. In the 5G mmWave bands of 23.5-32.89 GHz and
36.8-40.1 GHz, the TARC is also below —10 dB, with a mini-
mum of approximately —34 dB, which is generally consistent
with the reflection characteristics of individual ports. This
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TABLE 2. Comparison between the reported and the proposed antennas.

Realize the Impedance . . .
. Peak gain | Implementation Size
References frequency band bandwidth ECC i . 3
(dBi) complexity (mm™)
(GHz) (GHz)
5G mmW:
3 rmvave 3,5.46 <0.001 | 7475 Easy 38.6 x 38.6 x 0.787
(27-30, 35.54-41)
7 Sub 6 GHz (3.15-4.1) 0.95 < 0.04 36 Easy 54.5 x 54.5 x 1.58
Sub 6 GHz (4.4-5) 0.6 0.01 283 Easy 45 x 45 x 1.2
H
9 Sub 6 GHz 0.192,028 | <0.05 S Easy 38.6 X 54.6 x 1.524
(3.409-3.601, 4.76-5.04)
Sub 6 GHz and 5G mmW.
1 Y Zand >brmmuyvave 1.6,5.25 S S Complex 70 x 70 x 0.508
(4.4-5.6, 24.25-29.5)
Sub 6 GHz and CMW 35, 4.4,
12 62,75 <0.03 Easy 32 %32 % 1.6
(2.5-8.7,9.2-16.7) 6.67,5.12
Sub-6 GHz and mmW: 0.05,
29 u # ancd mmwave 0.83,3.5 < 5.13,9.53 Easy 75 % 110 x 0.76
(5.29-6.12, 26-29.5) 0.005
Sub-6 GHz and mmW: 0.001,
30 N Zand mmwave 4971180 | < 49,115 Easy 50 % 50 x 0.8
(2.18-7.15, 20.15-31.95) < 0.004
Sub 6 GHz and mmW. 0.003 | 0.95,5.89
This work " zand mmuyvave 1.55,9.91,3.63| = Easy 30 x 30 x 0.787
(4.36-5.91, 23.81-33.72, 36.84-40.47) <0.001 8.9

indicates that, when multiple ports are simultaneously excited,
the antenna maintains good impedance matching, and the
mutual coupling between ports has a limited effect on the
overall reflection performance.

3.6. Channel Capacity Loss

Channel capacity loss (CCL) reflects the reduction in capac-
ity of a MIMO system under non-ideal channel conditions. A
lower CCL indicates that the system can maintain higher data
transmission rates [28]. For a four-port MIMO antenna, CCL
can be calculated from the received signal correlation matrix,
as expressed in Equation (5):

Closs = — log, det (¢) (5)
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Here, 1R is the receive correlation matrix, and its elements are
calculated from the S-parameters:

4
1= Zn:1 Suil*, =
ij = (6)
4
=D S i#]

As shown in Fig. 18, the simulated and measured CCLs for
the Sub-6 GHz and 5G mmWave bands are presented. The
results indicate that, in the low-frequency band, the CCL is
< 0.4 bits/s/Hz. In the mid-frequency band of the 5G mmWave,
the maximum CCL does not exceed 1.0 bits/s/Hz, with most of
the range below 0.6 bits/s/Hz. In the high-frequency band of the
5G mmWave. Overall, the antenna exhibits excellent channel
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transmission capability in the Sub-6 GHz band, and the CCL
characteristics in the 5G mmWave bands are sufficient to meet
the high-data-rate communication requirements of 5G systems.

3.7. Antenna Performance Comparison

Table 2 provides a detailed comparison between the proposed
antenna and those reported in other references. As shown in
the table, Refs. [7-9] only cover the Sub-6 GHz band and do
not provide coverage in the mmWave bands. Ref. [3] is mainly
designed for mmWave applications but does not support Sub-
6 GHz operation. Although multi-band coverage is achieved
in [12], the 5G mmWave bands are not covered. Ref. [11] is
capable of covering both the Sub-6 GHz and mmWave bands;
however, its structure is relatively complex, which increases
the fabrication difficulty. The antennas reported in [29] and
[30] have relatively large dimensions and cannot cover the n260
band.

Compared with the antennas summarized in Table 2, the
proposed antenna adopts an integrated and compact structure.
Multi-band operation is achieved using a single radiating el-
ement, thereby avoiding the structural complexity and large
size commonly associated with conventional multi-band anten-
nas. In addition, stable electromagnetic performance is main-
tained, while simultaneous coverage of the Sub-6 GHz, Wi-Fi,
and multiple 5G mmWave bands is achieved within a compact
size. Furthermore, low ECC and high gain in the mmWave
bands are obtained.

4. CONCLUSION

A miniaturized multi-band MIMO antenna for Sub-6 GHz and
5G mmWave applications is proposed in this work, with an
overall size of only 30 x 30 x 0.787mm?. By employing a
C-shaped radiating structure and multi-branch coupling tech-
niques, the communication requirements of the n79, Wi-Fi 5/6,
and 5 GHz ISM bands, as well as the 5G mmWave n257, n258,
n261, and n260 bands, are satisfied. Measured results show
that, under the condition of S1; < —10dB, tri-band cover-
age of 4.37-5.88 GHz, 23.5-32.89 GHz, and 36.8-40.1 GHz is
achieved. In addition, the port isolation is better than —20 dB,
while the peak gains are 0.95 dBi, 5.89 dBi, and 8.83 dBi in the
low-, mid-, and high-frequency bands, respectively. Further-
more, an ECC < 0.003 and a DG > 9.93 dB are obtained. Ow-
ing to its integrated structure, compact size, simple configura-
tion, and excellent performance, the proposed antenna is capa-
ble of meeting the requirements of cooperative communication
in the Sub-6 GHz and 5G mmWave bands.
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