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ABSTRACT: This paper presents the design and in-depth performance analysis of a miniaturized four-port multiple-input multiple-output
(MIMO) antenna module intended for integration on the rear cover of mobile devices. The four antenna elements are configured in a
sequential rotation layout and fabricated on a low-profile circular substrate. Each antenna element features an E-shaped patch on the
upper side of the substrate, coupled with a rectangular defected ground structure (DGS) on the lower side. A needle-like decoupling
mechanism has been incorporated to improve the isolation between the antenna elements. The measured —10 dB impedance bandwidth
ranges from 3.5 to 5.45 GHz, successfully meeting the demands of the 5G NR bands N77 (3.3—4.2 GHz), N78 (3.3-3.8 GHz), N79 (4.4—
5 GHz), as well as the wireless local area network (WLAN) band (5.15-5.35 GHz). The isolation levels between the antenna elements
exceed 17 dB. The average total efficiency is over 40.76%, and the envelope correlation coefficients (ECCs) are maintained below 0.01.
The measurement outcomes indicate that the proposed MIMO antenna not only fulfills the requirements for the 5G and WLAN frequency
bands but also successfully achieves miniaturization and superior wireless communication performance.

1. INTRODUCTION

The physical dimensions and shapes of 5G devices are di-
verse, encompassing but not limited to smart tablets, smart-
watches, smart glasses, and smartphones. Given its ability to
achieve higher channel capacity within a relatively small foot-
print, MIMO technology is expected to be extensively utilized
in 5G terminal devices. In the field of 5G terminal MIMO an-
tenna design, the primary challenges are to achieve a compact
size, multi-band or wideband compatibility, and superior isola-
tion characteristics. Ref. [1] presents the design of an eight-port
MIMO antenna on the metal frame of a smartphone, which sup-
ports 5G NR bands N77/N78/N79 as well as the WLAN 5 GHz
band. However, the proposed MIMO antenna occupies a sig-
nificant area of the metal frame. Impedance matching and re-
actance loading techniques have been employed to reduce the
antenna dimension and enhance bandwidth [2]. Ref. [3] pro-
poses a compact self-decoupling MIMO antenna. However,
it operates in a single frequency band which cannot fulfil the
multi-band requirement.

Therefore, designing a compact MIMO antenna array capa-
ble of covering several 5G NR bands for mobile devices such
as smartphones remains a significant challenge. Such designs
must fully utilize the limited space and minimize the impact
on device aesthetics and user experience [4,5]. The perfor-
mance of an antenna is closely tied to its physical size. To
cover a wider range of frequencies, the antenna usually needs
to be larger. As the trend towards miniaturization of devices
continues and the need to efficiently utilize the internal space
of mobile phones grows, the usage of miniaturized and low-
profile antennas has become a focal point of research and in-
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dustry practice [6—11]. Moreover, by exciting multiple resonant
points and combining their frequency ranges, the bandwidth of
antennas can be effectively enlarged [12, 13]. Enhancing the
isolation performance of MIMO antennas is also a current re-
search focus [14]. Techniques such as the use of parasitic el-
ements, decoupling networks, DGS, and self-decoupling tech-
nologies significantly improve the isolation of MIMO antenna
systems [15-17].

This paper proposes a planar four-antenna module with
miniaturization and wideband performance, which can be
implemented on the back cover of the mobile terminals. The
radiators of four antenna elements are arranged in a circular
pattern on the upper surface of a dielectric substrate, with
each antenna element positioned 90 degrees apart from the
others around the center of the substrate. To attenuate mutual
coupling between antenna elements, needle-shaped slots are
introduced on the defecated ground plane and improve the
impedance matching. The proposed MIMO antenna array has
a relatively small area, with a radius of 25 mm and a height
of 0.8 mm, smaller than many reported 5G antennas. The
measured MIMO antenna frequency band is 3.5-5.45 GHz,
working in the required 5G N77, N78, N79 and WLAN (5.15—
5.35 GHz) frequency bands. The measured isolation exceeds
17 dB. There is significant coherence between simulated and
measured curves.

2. ANTENNA GEOMETRY

Figure 1 illustrates the geometric design of a four-port MIMO
antenna array. The presented MIMO antenna array is arranged
in a circular FR4 substrate with a radius of 25 mm, a thick-
ness of 0.8 mm, a dielectric constant of 4.4, and a loss tan-
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FIGURE 1. Configuration of the proposed antenna. (Unit: mm). (a) The overall structure and geometric dimensions of the proposed MIMO antenna.

(b) Top view. (c) Bottom view.

gent of 0.02. As shown in Figure 1(b), each antenna element
consists of an E-shaped radiator on the upper surface of the di-
electric substrate. The four antenna units are arranged in a se-
quential 90° rotational manner to achieve physical and phase
separation, thereby reducing the coupling between antenna el-
ements. This configuration is capable of exciting multimode
resonances, enhancing the broadband properties. The E-shaped
radiator is connected to the lower surface through a via, and
then connected to the SMA connector. The E-shaped patch can
be equivalently represented as a combination of multiple in-
ductors and capacitors. The length of the main trunk (5.9 mm)
and the branch sections influence the equivalent inductances.
By adjusting these dimensions, the resonant frequency of the
E-shaped patch can be changed, as the equivalent inductances
and capacitances are altered. Increasing the electrical length
through different branches enables resonance at lower frequen-
cies, which helps achieve miniaturization and wideband opera-
tion. As depicted in Figure 1(c), each antenna element has a Z-
shaped slot which is etched on the lower surface of the substrate.
On the metal surface, current usually flows along the shortest
path. However, a Z-shaped slot forces the current to flow along
its shape, concentrating the current at the slot edges. To fur-
ther reduce mutual coupling and improve impedance match-
ing, needle-shaped slots are introduced to control the current
flow path. The proposed antenna design offers significant iso-

lation and wideband operational capabilities, making it an ideal
MIMO antenna solution for 5G communication systems.

3. DESIGN EVOLUTION PROCESS AND ANALYSIS

Figure 2 shows the key design evolution of proposed MIMO
antenna. In Case 1, four antenna elements are arranged in a

Case 1 Case 2
Case 3 Proposed

FIGURE 2. Four-port MIMO antenna array design process.
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FIGURE 3. The S parameters of the design process are simulated. (a) Case 1. (b) Case 2. (c) Case 3. (d) Proposed.

sequential rotation on the upper surface of the substrate, with
a circular metal ground plane on the lower surface. In Case
2, building on Case 1, Z-shaped slots are etched beneath each
antenna element. These Z-shaped slots can alter the distribution
of surface currents on the ground plane. In Case 3, based on
Case 2, four rectangular slots are etched on the ground plane.
Finally, based on Case 3, in the proposed MIMO antenna, the
four rectangular slots in Case 3 are changed to needle-shaped
slots.

Figure 3 shows the simulated S-parameters for every case of
the design process, utilizing high-frequency structure simula-
tor (HFSS) as the electromagnetic simulator. In Figure 3(a), it
is evident that it fails to meet the requirements for any opera-
tional frequency band. In Figure 3(b), the Z-shaped slots intro-
duce two resonances at 4 GHz and 5 GHz for —6 dB impedance
bands. As depicted in Figure 3(c), four rectangular slots on
the ground plane further improve the —10 dB impedance band-
width. To further improve the isolation, the needle-shaped slots
are employed in the proposed MIMO antenna structure. As
shown in Figure 3(d), the S;i, Sz, S33, and Sis curves are
nearly identical, indicating excellent consistency and symmetry
among them. The proposed MIMO antenna exhibits an operat-
ing frequency band range of 3.6-5.6 GHz, successfully meeting
the frequency band requirements for 5G NR bands N77 (3.3—
4.2 GHz), N78 (3.3-3.8 GHz), N79 (4.4-5.0 GHz), as well as

25

the WLAN band (5.15-5.35 GHz). The isolation between each
pair of antenna elements exceeds 16 dB, with particularly im-
pressive isolation for S5 and 5,4, surpassing 25 dB.

In order to further understand the proposed antenna operating
principle, the electric field distribution at two resonant frequen-
cies during the design process is depicted in Figure 4. At4 GHz,
the simulated minimum electric field distribution is mainly con-
centrated in the middle rectangular region of the inverted E-
shaped radiating element. At 5 GHz, the lower electric field in-
tensity is distributed at the left corner of the radiating element,
while the higher intensity electric fields are dispersed in the
lower left and upper right portions of the antenna unit. These
high-field-strength regions are where electromagnetic energy
concentrates and are potential interference sources. If multi-
ple antennas are close to each other, the strong electric fields in
these regions can easily couple to adjacent antennas, reducing
the isolation. By using the electric-field distribution diagram
to locate these problem areas, a basis for improvement can be
provided. Eventually, the electric field distribution among an-
tennas becomes more discrete, and the mutual interference of
the electric fields near each antenna is reduced, thus improving
the corresponding isolation. Therefore, optimizing the geomet-
ric parameters affecting the performance of the MIMO antenna
can be based on the electric field distribution.
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FIGURE 4. Simulated E-field distribution at two resonant frequencies.
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FIGURE 5. Photographs of the fabricated antenna. (a) Top view. (b) Bottom view.

4. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 5 shows photographs of the fabricated four-port MIMO
antenna prototype. The S-parameters were measured by a
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FIGURE 6. Measured S-parameters of the fabrication antenna.
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Keysight vector network analyzer (VNA: N5223A), and the 2D
radiation patterns were measured in an anechoic chamber. The
measured reflection and transmission coefficients of the fab-
ricated MIMO antenna are shown in Figure 6. Compared to
the simulation results in Figure 3(d), noticeable deviations be-
tween the measured and simulated results are observed, which
is due to manufacturing tolerances and inherent losses of the
substrate. The measurements show that the —10 dB impedance
bandwidth is 1.95 GHz, ranging from 3.5 GHz to 5.45 GHz.
The measured isolation within the operating band is larger than
17 dB. Therefore, the antenna prototype demonstrates good per-
formance within the desired frequency range, fulfilling the re-
quirements for low reflection loss and high isolation.

To further validate the performance of the fabricated MIMO
antenna, Figure 7 illustrates the normalized radiation patterns in
the E-plane and H-plane at frequencies of 4 GHz and 5 GHz.
The solid lines represent simulated results, while the dashed
lines correspond to the measured data. The red curves sig-
nify cross-polarization (X-pol), and the blue curves indicate
co-polarization (Co-pol). The discrepancies between the sim-
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FIGURE 7. Measured and simulated normalized two-dimensional radiation patterns in the E-plane and H-plane at (a) 4 GHz, (b) 5 GHz.

ulation and measurement curves in Figure 7 can be primarily
attributed to variations in the welding process and inconsisten-
cies in the mounting angles encountered during antenna test-
ing within the anechoic chamber. The co-polarized component
of the antenna typically reflects the primary radiation direc-
tion, while the cross-polarized component serves as an indica-
tor for assessing background noise and unintended radiation.
The two-dimensional patterns reveal that the MIMO design ex-
hibits nearly omnidirectional radiation in the F-plane and bidi-
rectional radiation in the H-plane.

Envelope Correlation Coefficient (ECC) is a crucial metric
for assessing the performance of MIMO antennas. It quantifies
the correlation between two radiation elements. A lower ECC
value indicates that the antenna possesses favorable MIMO cor-
relation and superior diversity performance. As depicted in Fig-
ure 8(a), the ECC values within 3.5-5.45 GHz frequency band
are less than 0.01. This is well below the threshold of 0.5, which
is the standard criterion for the normal operation of MIMO an-
tennas. The ECC value is computed using Equation (1).

{f [Fi(ea 90) : ijk(ea 90)] dQ

- JT1E@. ) a2 [T |50, o) de

pe(is j) (M

Diversity gain (DG) can be calculated using Equation (2),
and it is directly affected by the ECC value. Figure 8(b) il-
lustrates the calculated DG of the proposed MIMO antenna. It
is evident that the DG value surpasses 9.99 dB throughout the
frequency band of interest.

DG =10 x \/1— |[ECC|? @)

Channel capacity loss (CCL) is a key diversity parameter that
affects the upper limit of achievable communication transmis-
sion rates. To evaluate the CCL of the proposed MIMO an-
tenna, it can be calculated using Equations (3)—(6). Figure 8(c)
shows the CCL of the proposed MIMO antenna. It is evident
that the CCL value remains below 0.3 across the frequency
band of interest, indicating that the proposed MIMO antenna
achieves a highly favorable channel transmission rate.

Closs = —10g2[det(z/)R)] (3)
R _ | Pi Pij 4

¢ { Pji  Pjj ] ( )
Pii = (1 - |Su‘|2 - |Sij|2 (%)

pPij = _<Sz*zSZJ + S;ZSU) fori,j=1 or2 (6)
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FIGURE 8. MIMO parameters. (a) ECC. (b) DG. (c) CCL.
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FIGURE 9. The measured gain and efficiency of this antenna.

Figure 9 presents the measured gain and efficiency. The gain
exceeds 5.41 dBi, while the total efficiency increases over the
desired frequency range, with a maximum exceeding 85%.

In Table 1, the performance of the proposed MIMO antenna
is compared with other published miniaturized 5G MIMO an-
tennas in [7-9, 18-20]. The primary contribution of our work
is the introduction of a MIMO antenna solution that features
a larger bandwidth and higher isolation, along with a lower
profile, while maintaining comparable MIMO antenna perfor-
mance.

28

TABLE 1. Comparison of the proposed design with some referenced
works.

Reference Operating Isolation Height Port Area

band (GHz) (dB) (mm) number (mm?)

[7] 3342 > 10 24 4 1600

[8] 3342 > 9.7 2 4 753.4

[9] 3342 > 14 10 3 2500

[18] 3342 > 9.5 1 4 1764
[19] 3342 > 15 10 3 /

[20] 33-5(-6dB) > 10 2 4 1764

Proposed 3.5-5.45 > 17 0.8 4 1963.5

5. CONCLUSION

In order to alleviate the limitations on the bezels of 5G mobile
terminals, this paper proposes a miniaturized, high-isolation,
and wideband four-port MIMO antenna that can be integrated
on the back cover of mobile devices. The four antenna elements
are configured in a sequential rotation pattern, forming the pro-
posed MIMO antenna. The antenna module is designed with
a circular shape and a low profile, making it an ideal solution
for space-constrained device designs. The measured —10dB
impedance bandwidth is 1.95 GHz, ranging from 3.5 GHz to
5.45 GHz. It successfully covers the 5G N77/N78/N79 bands
and WLAN 5-GHz band. Moreover, the isolation between an-
tenna elements is over 17 dB, and the diversity gain (DG) value
exceeds 9.99 dB. The envelope correlation coefficient (ECC)
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and mean cross-correlation coefficient (CCL) values within the
3.5-5.45 GHz frequency band are less than 0.01 and 0.3, re-
spectively. The consistency between the simulated and mea-
sured curves is remarkable, which verifies the effectiveness of
the proposed antenna design. This design provides a reliable
and efficient approach to enhance wireless communication ca-
pabilities in compact device configurations, offering significant
potential for the development of next-generation mobile com-
munication devices.
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