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ABSTRACT: This paper presents a compact wideband eight-antenna array for sub-7GHz 5G smartphone applications with a low-profile
metal frame. By employing a multi-near-circular open-slot configuration integrated into the system ground and metal frame, the proposed
design achieves wideband operation from 3.3 to 7.125GHz, covering 5G NR bands n77/n78/n79 and NR-U bands n46/n96, without
requiring additional decoupling structures. The antenna element occupies a compact volume of 8 × 3.5 × 4mm3, enabling a low-
profile implementation compatible with modern smartphone form factors. Measured results demonstrate a 6-dB impedance bandwidth,
fully covering the target bands, with inter-element isolation higher than 10 dB and an envelope correlation coefficient (ECC) below 0.1.
The measured total efficiency ranges from 40% to 77% across the operating band. Furthermore, the antenna array maintains stable
performance under practical conditions, including hand and battery effects. The proposed design offers a simple and effective solution
for achieving wideband, low-profile, and low-correlation MIMO performance in metal-frame smartphones.

1. INTRODUCTION

The development of fifth-generation (5G) mobile communi-
cation systems has been rapidly advancing in recent years.

Driven by the increasing demand for high data throughput and
improved spectrum efficiency in emerging applications, such
as artificial intelligence (AI), the Internet of Things (IoT), and
smart cities, wideband operation has become a critical require-
ment for modern 5G systems. The Fifth Generation New Radio
(5GNR) standard specifies several sub-6GHz frequency bands,
including n77 (3.3–4.2GHz), n78 (3.3–3.8GHz), and n79 (4.4–
5.0GHz). To meet the high data-rate requirements in these
bands, multi-input multi-output (MIMO) technology has been
widely adopted, as it significantly enhances the spectrum effi-
ciency and channel capacity [1–3]. In addition to the licensed
spectrum, the utilization of unlicensed frequency bands has at-
tracted increasing attention in recent years. In particular, the
Unlicensed National Information Infrastructure (U-NII) bands
have been incorporated into 5G New Radio Unlicensed (NR-
U), including bands n46 (5.15–5.925GHz) and n96 (5.925–
7.125GHz) [4]. This trend further expands the required op-
erating bandwidth of smartphone antennas, making wideband
antenna design more challenging.
Early 5G smartphone antenna designs typically adopted

quarter-wavelength (λ/4) open-slot or monopole struc-
tures to excite a fundamental resonance at approximately
3.5GHz [5, 6]. However, as antennas are increasingly
integrated into the metal frame of smartphones, inverted-F an-
tennas (IFAs) and loop antennas have become more prevalent
due to their structural compatibility and compact size [7, 8]. To
further enhance the operating bandwidth, hybrid configurations
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combining these antenna types have been proposed in recent
studies [9–11].
When multiple antennas are embedded within the con-

strained space of a smartphone, mutual electromagnetic
coupling inevitably degrades antenna isolation. To address this
challenge, various isolation enhancement methodologies have
been extensively investigated in the literature. For instance,
the deployment of dedicated decoupling structures [12–14] can
effectively suppress the coupling energy between adjacent el-
ements. Alternatively, polarization orthogonalization [15–17]
leverages polarization diversity to inherently enhance isolation.
Moreover, self-isolated designs [18–22] mitigate the impact
of shared ground-plane currents, thereby improving isolation
efficiency. To better align with modern market demands,
diverse metal-frame multi-antenna array designs [9–17, 21, 22]
have also been widely reported. However, these approaches
often increase structural complexity, require additional design
space, or impose constraints on antenna configuration.
Meanwhile, recent studies have focused on extending the op-

erating bandwidth toward the sub-7GHz range to support both
licensed and unlicensed 5G bands [23–26]. Although wide-
band performance has been achieved in these studies, realizing
an ultra-low-profile design with a height below 5mm while si-
multaneously maintaining wide bandwidth and satisfactory iso-
lation remains challenging.
To address these challenges, this study proposes a wideband

eight-antenna array for sub-7GHz 5G smartphone applications
with a low-profile metal frame. By employing a multi-near-
circular open-slot configuration integrated into both the system
ground and the metal frame, multiple resonant modes are ex-
cited and effectively merged to achieve continuous wideband
operation from 3.3 to 7.125GHz. Furthermore, by properly
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FIGURE 1. The design of the proposed antenna: (a) design of the eight-element antenna array and (b) structure of a single antenna element (R1 = 1.5,
L1 = 2, L2 = 2.5, L3 = 3.2, L4 = 6, L5 = 4, L6 = 6,W1 = 1,W2 = 1,W3 = 0.88,D1 = 1,D2 = 1,D3 = 0.5,D4 = 2, unit: mm).

optimizing the element placement and the geometry of near-
circular open slots, the proposed configuration achieves suffi-
cient isolation between adjacent elements, thereby eliminating
the need for additional decoupling structures.
The main contributions of this study can be summarized as

follows. First, a compact antenna element with a height of
only 4mm is developed, achieving wideband coverage across
3.3–7.125GHz, including both 5G NR and NR-U bands. Sec-
ond, a multi-input multi-output (MIMO) configuration is real-
ized within a constrained space, achieving an Envelope Cor-
relation Coefficient (ECC) below 0.1 across the entire operat-
ing band without employing any extra decoupling structures.
Third, the proposed design is validated through comprehensive
simulations and measurements, including S-parameters, radia-
tion patterns, efficiency, ECC, channel capacity, and Total Ac-
tive Reflection Coefficient (TARC). Finally, the robustness of
the antenna array is verified under practical conditions, includ-
ing hand and battery effects.
The remainder of this paper is organized as follows. Sec-

tion 2 describes the antenna configuration and geometry. Sec-
tion 3 presents the design evolution and operating mechanism.
Section 4 discusses parametric analysis. Section 5 provides the
measured results and discussions, followed by the conclusion
in Section 6.

2. ANTENNA DESIGN AND GEOMETRY

Figure 1(a) shows the design of an eight-antenna array inte-
grated into a low-profile metal-framed smartphone. The struc-
ture consists of a system circuit board of size 150mm× 75mm
(with a ground plane on the back side) and a 4-mm-high metal
frame surrounding the ground plane on all four sides. Both
the ground plane and the metal frame were implemented on a
0.8mm FR4 substrate (εr = 4.4, loss tangent = 0.02). The
proposed eight-antenna array (Ant. 1–Ant. 8) is divided into
two four-antenna sub-arrays (Ant. 1–Ant. 4 and Ant. 5–Ant. 8),
which are arranged along the left and right long edges of the
metal frame, respectively. The two sub-arrays are symmetric
with respect to each other and the center of the ground plane.
For simplicity, only Ant. 1–Ant. 4 are discussed herein.

Owing to the allocation of two clearance regions of size
75mm × 22mm at the top and bottom of the smartphone for
other antennas (e.g., 3G/4G/WLAN/WiFi), Ant. 1 and Ant. 4
are positioned 22.7 and 22.2mm from the top-left and bottom-
left corners, respectively. To achieve good impedance match-
ing and satisfactory isolation between adjacent elements, the
feeding structures of Ant. 1–Ant. 2 and the orientations of the
near-circular slots were designed to be opposite to those of
Ant. 3–Ant. 4. The spacing between Ant. 2 and Ant. 3 was
43.5mm, whereas that between Ant. 1 and Ant. 2 (and Ant. 3
and Ant. 4) is 14mm.
Figure 1(b) illustrates the detailed geometry of the proposed

antenna element (Ant. 1). A 50-Ω inverted L-shaped microstrip
feeding strip was used to excite both the ground and vertical
slots located on the outer side of the metal frame. The ground
slot consists of a 7×1mm2 horizontal slot and two near-circular
slots with a radius of 1.5mm, while the vertical slot on the
metal frame comprises a straight slot and a near-circular slot.
Crucially, these near-circular slots are designed to overlap and
merge with their adjacent straight/horizontal slots. Their rela-
tive positions are defined by the center-to-edge distances, D1
and D3.

3. DESIGN PROCESS AND METHODOLOGY

3.1. Evolution of the Antenna
Figure 2(a) is the flowchart of the antenna element design pro-
cess, and Fig. 2(b) shows the simulated return losses of Ref. 1,
Ref. 2, Ref. 3, Ref. 4, and the proposed antenna. It should be
noted that the performance of the antenna element is character-
ized within the complete smartphone environment by terminat-
ing the other elements with 50-Ohm loads. Following the prac-
tical design considerations for 5G mobile terminals, a −6 dB
reflection-coefficient criterion is implemented herein to eval-
uate the impedance bandwidth and parametric performance.
This criterion is widely adopted in modern smartphone antenna
design due to the severe space constraints, which differ from
stationary systems.
The initial design (Ref. 1) is a 50Ω straight strip feeding

an L-shaped slot (a combination of a horizontal and a vertical
slot), which serves as the embryonic stage in the antenna evo-
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FIGURE 2. (a) Evolution of the antenna design and (b) simulated return loss of Ref. 1, Ref. 2, Ref. 3 and the proposed antenna.

FIGURE 3. The electric-field distribution of the proposed antenna at 3.8GHz and 6GHz.

lution. This initial configuration excites a fundamental quarter-
wavelength resonance f1 at 4.8GHz. While Ref. 1 provides
a baseline resonance, subsequent structural modifications are
necessary. To excite a new resonant mode, the antenna in Ref. 2
was proposed by introducing a near-circular slot on the right
side of the ground slot from Ref. 1. This modification shifts the
first resonant frequency (f1) to 3.4GHz and induces a weak ini-
tial resonant trend around 6GHz (f2). However, the impedance
matching in the 6GHz band remains poor.
To improve impedance matching and extend the band, Ref. 3

introduces a pair of near-circular slots (one extending from the
vertical frame slot toward the feeding strip, and the other ex-
tending from the left edge of the ground slot). This modifica-
tion alters local boundary conditions and lengthens the electri-
cal path around the aperture, shifting the f1 resonance upward
to optimize mode spacing while exciting a new higher-order
resonance f3 beyond 8GHz. Rather than aiming for a sharp in-
dependent resonance, this multi-slot configuration provides ex-
tra tuning freedom that flattens the reflection coefficient profile,
extending the bandwidth potential up to 7.125GHz. However,
matching around 5GHz remains insufficient for a fully contin-
uous wideband response. To address this, the proposed antenna
utilizes an inverted L-shaped feeding strip, shifting the f2 reso-
nant behavior down by 0.6GHz to improve bandwidth match-
ing. The final impedance bandwidth is cooperatively shaped
by the primary f1 resonance (3.8GHz), a secondary resonance-
assisted behavior near 6GHz (f2) contributing to wideband for-
mation, and a resonant response (f3) beyond 9GHz. These be-
haviors merge to deliver a continuous wideband profile, allow-

ing the antenna to fully cover the 5G NR n77/n78/n79 and 5G
NR-U n46/n96 frequency bands.

3.2. E-Field Distribution of the Antenna

To investigate the operating mechanism and excitation behav-
ior of the proposed antenna within the terminal environment,
the simulated E-field distributions at the primary resonant fre-
quencies are analyzed, as shown in Fig. 3. This localized phys-
ical insight allows for a direct evaluation of how the slot con-
figuration interacts with the adjacent structure. As illustrated in
the full-wave simulation results, the proposed slot element ef-
fectively couples electromagnetic energy into the metal frame
and chassis, guiding the structural currents to achieve optimal
radiation and decoupling performance.
Specifically, at 3.8GHz, the antenna excites a fundamental

quarter-wavelength resonant mode. The physical radiating path
is approximately 12.4mm, which correlates closely with the
theoretical quarter-wavelength of 11.8mm. At 6GHz, a sec-
ond quarter-wavelength resonant mode is generated, with its
electric-field null strategically positioned between the two near-
circular ground slots. By effectively merging these two reso-
nant modes, the proposed antenna achieves continuous wide-
band coverage across the 5G NR n77/n78/n79 and 5G NR-U
n46/n96 bands.

3.3. MIMO Pattern Diversity Logic and Correlation Analysis

The operating principle of the proposed array is based on the
spatial placement and slot-induced perturbation of the antenna
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FIGURE 4. Parametric analysis of S11 performance with variations in (a) R1 and (b) L1.

elements integrated into the metal frame. The primary mech-
anism for achieving robust MIMO performance relies on pro-
moting pattern diversity and reducing radiation correlation be-
tween adjacent elements, rather than solely relying on high
near-field isolation. By optimizing the placement and geometry
of the near-circular slots, a controlled boundary perturbation is
introduced into the aperture field distribution. This perturbation
alters the characteristic radiation patterns of adjacent antennas
and promotes greater pattern diversity. As a result, the mea-
sured ECC remains below 0.1 across the wide 3.3–7.125GHz
operating band despite the moderate isolation level between
adjacent elements. This pattern-diversity-oriented design ap-
proach enables the proposed eight-antenna system to main-
tain stable MIMO performance and channel capacities of 35.7–
41.4 bps/Hz within a compact metal-frame smartphone plat-
form, providing a practical solution for widebandmulti-antenna
integration without requiring complex decoupling structures.

4. PARAMETER ANALYSIS
The systematic investigation of the key geometric parameters
R1 and L1 (indicated in red in Fig. 1(b)) was conducted to
explore the tunability and optimize the impedance matching
within the 4-mm low-profile constraint. To properly evaluate
individual element’s characteristics under a smartphone envi-
ronment, the simulated results are obtained by exciting one spe-
cific port while terminating the remaining ports with 50-Ohm
loads. It should be noted that although this parametric opti-
mization focuses on a single antenna element, the geometrical
variations are synchronously applied to all elements across the
entire array layout to preserve structural uniformity and sym-
metry.
R1 represents the radius of the near-circular ground slots, and

its effect is illustrated in Fig. 4(a). Due to structural constraints,
the center-to-edge distances (from the circular slot centers to
the adjacent vertical and horizontal strip slot boundaries) are
fixed at 0.5mm (D3) and 1mm (D1), respectively. To focus
on the intended overlapping slot configurations, simulations for
R1 < 1mm were omitted. The results indicate that increas-
ing R1 significantly enhances the impedance matching of the
f2 resonant mode at 6GHz. However, to ensure sufficient me-
chanical robustness of the ultra-thin metal frame, the final value
of R1 was optimized to 1.5mm, balancing the electromagnetic
performance with the structural integrity.

L1 is the lateral distance between the feeding strip and the left
near-circular slot. As shown in Fig. 4(b), increasing L1 shifts
the fundamental mode f1 (3.8GHz) toward lower frequencies
while slightly pushing the f2 mode (6.0GHz) higher. Conse-
quently, reducing L1 effectively narrows the frequency ratio
between f1 and f2, facilitating the merging of these two reso-
nances to achieve a contiguouswideband response. This behav-
ior aligns with the E-field distributions in Fig. 3, where an in-
crease inL1 lengthens the effective current path for the 3.8GHz
resonance but has a negligible impact on the 6.0GHzmode. Al-
though L1 = 1mm provides good matching between the two
peaks, it fails to provide the necessary bandwidth margin for the
higher 5G NR-U bands. Therefore, L1 = 2mm was selected
to ensure full and stable coverage across the n77/n78/n79 and
n46/n96 frequency bands.

5. RESULTS AND DISCUSSION

5.1. S-Parameters
A proposed low-profile metal-framed wideband eight-antenna
array was fabricated. Photographs of this antenna are shown
in Fig. 5. To validate the simulated results, a prototype of the
proposed antenna was fabricated and characterized. The S-
parameters were measured using a Rohde & Schwarz Vector
Network Analyzer (VNA) after performing a standard Short-
Open-Load-Thru (SOLT) calibration to eliminate cable and
adapter errors. All far-field antenna parameters reported herein
were validated using the Satimo StarLab system, which em-
ploys the spherical near-field measurement technique. Dur-
ing both the S-parameter and radiation pattern measurements,
all unused antenna ports were terminated with standard 50Ω
dummy loads to prevent unwanted reflections or mutual cou-
pling.
Figure 6 illustrates the superimposed simulated and mea-

sured reflection coefficients of the representative elements
(Ant. 1 and Ant. 2) for direct comparison. Due to the near-
symmetry of the proposed 8-antenna array, curves for the
remaining elements are omitted to maintain visual clarity. As
observed in Fig. 6, noticeable discrepancies between the simu-
lated andmeasured results are present throughout the frequency
range, particularly in the form of resonant frequency shifts
and fluctuations in reflection depths. These deviations may
be mainly attributed to the idealized lumped-port excitation
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FIGURE 5. Photograph of the fabricated antenna array: (a) front view, (b) close-up view of Ant. 3, and (c) back view.

FIGURE 6. Simulated and measured return losses of the proposed array
antenna (Ant. 1 and Ant. 2).

FIGURE 7. Simulated and measured isolation between antenna elements
(Ant. 1–Ant. 2 and Ant. 2–Ant. 3).

employed in the simulations, which omits the intricate physical
geometry of the SMA connectors and soldered feeding lines.
Consequently, the fabricated prototype experiences additional
port parasitic effects, slot-etching variations, and soldering
non-idealities that perturb input impedance. Nevertheless,
the measured impedance response remains below the −6 dB
reference line across the entire target spectrum, confirming
continuous wideband operation.
Figure 7 presents superimposed simulated and measured iso-

lation characteristics of the representative antenna pairs. Due to
array symmetry, only key curves are depicted for visual clarity.
As observed, although some discrepancies exist, the measured
isolation generally follows a compatible trend with the simula-
tions. Consistent with the reflection-coefficient analysis, these
deviations may be mainly attributed to the idealized lumped-
port excitation used in simulations, which omits the practical
geometry of SMA connectors and manually assembled feeding
lines. Consequently, the fabricated prototype is more suscepti-
ble to slot-etching variations, manual soldering non-idealities,
and assembly alignment errors. Nevertheless, the measured
isolation consistently remains below the 10 dB threshold across
the target 3.3–7.125GHz band, confirming that the decoupling
performance is robust and fully acceptable formobile terminals.

5.2. Radiation Performances

Figure 8 shows simulated and measured total efficiencies of the
proposed antenna array, fluctuating between 48.3% and 73.6%

FIGURE 8. Simulated and measured efficiencies of the proposed array
antenna (Ant. 1 and Ant. 2).

and between 39.5% and 77.3%, respectively. As anticipated,
these numerical discrepancies may be mainly attributed to the
idealized excitation model and simplified material parameters
used in simulations. In the lower range, the omitted SMA
geometry, soldering non-idealities, and frequency-dependent
substrate losses inevitably introduce additional energy dissipa-
tion, degrading the measured efficiency. Conversely, around
6GHz, the measured efficiency outperforms the simulated one.
This variation is primarily because the port parasitic effects
and fabrication variations accidentally introduce a slightly bet-
ter impedance matching condition in this specific band, as evi-
denced by the deeper measured resonance in Fig. 6.
In addition, the measured peak gain of the antenna elements

varies from−0.35 to 5.36 dBi across the target frequency band
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FIGURE 9. Normalized radiation patterns of Ant. 1 at: (a) 3.5GHz and (b) 7GHz.

FIGURE 10. Measured ECC of the proposed array antenna (Ant. 1–
Ant. 4).

FIGURE 11. The channel capacity of the proposed antenna.

FIGURE 12. The TARC of the proposed antenna.

of 3.3–7.125GHz, indicating a stable and acceptable radiation
capability for practical smartphone applications.
The normalized radiation patterns of Ant. 1 in the X-Z and

X-Y planes are shown in Fig. 9 at 3.5GHz and 7GHz, respec-

tively. Due to the symmetrical arrangement of the array, only
the results for Ant. 1 are presented for brevity. As shown in
Figs. 9(a) and (b), the radiation in theX-Z plane is nearly om-
nidirectional, with a slightly higher gain in the+X direction as
the energy radiates outward from the ground plane of the sys-
tem. Similar characteristics were observed in the X-Y plane.
The measured radiation patterns exhibit expected omnidirec-
tional characteristics at 3.5GHz and 7GHz. Although pattern
variations are observed at higher frequency, the overall direc-
tional coverage remains acceptable, verifying the radiation per-
formance of the low-profile design.

5.3. MIMO Performances

The measured Envelope Correlation Coefficients (ECCs) of the
proposed array antennas (Ant. 1–Ant. 4) are depicted in Fig. 10.
To evaluate the diversity performance and the degree of isola-
tion between the adjacent antenna elements, the ECC is cal-
culated using 3D far-field radiation patterns according to the
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FIGURE 13. Single-handed scenario: (a) simulation setup, (b) simulated return losses, and (c) simulated radiation efficiencies.

following expression [3]:

ρe =

∣∣∣∫∫4π [−→F1 (θ, φ) ∗
−→
F2 (θ, φ)

]
dΩ
∣∣∣2∫∫

4π

∣∣∣−→F1 (θ, φ)
∣∣∣2 dΩ ∫∫4π ∣∣∣−→F2 (θ, φ)

∣∣∣2 dΩ (1)

As clearly illustrated in Fig. 10, the measured ECC val-
ues across the entire operating band are consistently below
0.1. This low value falls well beneath the standard, accept-
able threshold of 0.5 for practical MIMO applications. Con-
sequently, the results confirm that the proposed antenna array
exhibits low correlation and high pattern diversity between ad-
jacent elements, ensuring robust MIMO system capacity.
The calculated channel capacity of the proposed array an-

tenna in the 8× 8MIMO system is shown in Fig. 11, with val-
ues ranging from 35.7 bps/Hz to 41.4 bps/Hz, indicating effec-
tive MIMO performance. In this evaluation, the MIMO chan-
nel capacity is investigated under an idealized rich-scattering
Rayleigh fading environment. The signal-to-noise ratio (SNR)
is maintained at a constant 20 dB across the target frequency
band. To account for practical correlation and loss effects, a
realistic channel matrix H is constructed by incorporating the
measured ECCs and efficiencies based on the framework de-
scribed in [27]. Note that the derivation of H assumes a 100%
element efficiency for the transmitting antenna array. Regard-
ing the receiving array, the symmetric property of the ECC ma-
trix is utilized, and the cross-correlation between distant an-
tenna elements is neglected. Following the determination of
the channel matrix, the final MIMO channel capacity C can be
evaluated as follows:

C = E

[
log2det

(
IN +

SNR
N

HHH

)]
(2)

where I denotes the identity matrix; E[·] is the expectation op-
erator;N is the number of receiving and transmitting antennas,
respectively; H represents the channel gain matrix; and (·)H
denotes the Hermitian transpose. Based on these parameters,
the MIMO channel capacity can be directly evaluated under the
specified propagation environment.
To evaluate the active impedance matching of the proposed

8-antennaMIMOarray under simultaneous excitation, the Total
Active Reflection Coefficient (TARC) is investigated. Unlike
static S-parameters, TARC accounts for both mutual coupling

and input signal phase variations in a realistic environment. Ac-
cording to [26, 28], the TARC between two adjacent ports can
be expressed as:

TARC12 (θ)=

√√√√( |S11 + S12ejθ|2 + |S21 + S22ejθ|2

2

)
(3)

where θ represents the feeding phase difference between the
ports. Based on the structural symmetry of the array layout, the
representative TARC between Port 1 and Port 2 (TARC12) is
calculated using the measured S-parameters. To simulate real-
istic signal conditions, θ is varied from 0 to 180 degrees with
a 45-degree step. The calculated multi-phase TARC12 curves
are illustrated in Fig. 12. Clearly, all curves remain below the
−5 dB threshold across the entire 3.3–7.125GHz band, with
deeper resonance achieved at higher frequencies. These re-
sults validate that the proposed antenna array maintains accept-
able impedance matching and stable MIMO capability under
simultaneous excitation and phase variations in practical appli-
cations.

5.4. Effects of Hand and Battery and Performance Comparison
Table
Figures 13 and 14 illustrate the impact of the user’s hand on the
performance of the proposed low-profile array under two stan-
dard handheld scenarios: single-handed mode (calling mode)
and two-handed mode (reading mode). As shown in Fig. 13(b),
the antenna resonant modes exhibited minimal frequency shifts
in the single-handed scenario. While antennas in close proxim-
ity to the hand, such as Ant. 2, Ant. 3, and Ant. 4, experience a
slight variation in return loss, the overall impedance matching
remains well within the required operating specifications.
Figure 13(c) presents the simulated antenna efficiency un-

der these loading conditions. Elements positioned further from
the hand, such as Ant. 1 and Ant. 5, maintained high efficiency
levels. Elements closer to the hand, including Ant. 2, Ant. 6,
and Ant. 8, exhibited stable performance. Although Ant. 3 and
Ant. 4 experience a reduction in efficiency due to their proxim-
ity to the palm tissue, the array as a whole demonstrates suf-
ficient robustness for practical mobile communication. This
confirms that the inherent structural configuration of the low-
profile antennas effectively balances compact integration with
reliable performance in complex user environments.
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FIGURE 14. Two-handed scenario: (a) simulation setup, (b) simulated return losses, and (c) simulated radiation efficiencies.

(a) (b) (c)

FIGURE 15. Impact of the battery: (a) position of the battery, (b) simulated return losses, and (c) simulated radiation efficiencies.

TABLE 1. Performance comparison table of wideband antenna arrays with metallic frames.

Ref. Frame Height (mm) 5G Bands (GHz) Isolation (dB) Total Efficiency (%) ECC
[17] 6 5.1–5.9 > 30 4–40 < 0.10

[21] 8.4 3.3–6 > 12.8 50–78 < 0.06

[22] NA 4.7–4.9 > 14.4 84–90 < 0.02

[23] 7
3.4–3.6,
4.4–5.0,
5.15–5.85

> 16.5 42–82 < 0.18

[24] 7 3.4–5.0 > 16.2 40–82 < 0.11

[25] 6
2.5–3.8,
4.8–7.0,
2.5–6.5

> 12.6 56–90 < 0.18

Proposed 4 3.3–7.125 > 10 40–77 < 0.10

NA: Not Applicable

As shown in Fig. 14(b), the antenna resonant modes ex-
hibited a slight downward frequency shift when held by both
hands, which was attributed to the high relative permittivity
of human tissue. Despite this effect, the array maintains ef-
fective coverage across the 5G NR n77/n78/n79 and 5G NR-U
n46/n96 bands. The impact on the antenna efficiency is shown
in Fig. 14(c). While Ant. 3 and Ant. 4 experience amore notice-
able decrease in efficiency due to their proximity to the palm,
the overall efficiency of the array remains acceptable for prac-
tical mobile communications. This demonstrates that the low-
profile design is sufficiently robust for standard handheld sce-
narios.

The impact of the internal components was also investigated
using a realistic lithium battery model (76.9×64.2×3.7mm3).
Fig. 15(a) shows the relative position of the battery within the
smartphone frame. As shown in Figs. 15(b) and (c), the pres-
ence of the battery does not significantly shift the resonant fre-
quencies or degrade the impedance matching, as it does not ob-
struct the critical feeding areas of the antenna elements. The an-
tenna efficiency remained stable in the presence of the battery.
These results confirm that the inherent structural configuration
of the proposed array is highly compatible with the densely
packed environments of modern smartphones.
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To demonstrate the competitive performance of the proposed
antenna array, Table 1 provides a detailed comparison with sev-
eral state-of-the-art wideband metallic-frame antenna arrays.
Compared to the referenced works, the proposed design stands
out with the lowest frame height of only 4mm, representing
a significant profile reduction over [17, 21, 23–26]. Despite
this low profile, the proposed array achieves the widest con-
tinuous frequency coverage (3.3–7.125GHz), fully supporting
the 5G NR and NR-U bands. Furthermore, the proposed an-
tenna exhibits a total efficiency of 40%–77% and maintains an
envelope correlation coefficient (ECC) of less than 0.1 across
the entire operating band. These results confirm that the pro-
posed array successfully satisfies the practical decoupling and
radiation requirements, providing a balanced solution for high-
performance MIMO operation in ultra-thin 5G smartphones.

6. CONCLUSION
This study presents the design, fabrication, and characteriza-
tion of a wideband eight-antenna array for 5G smartphones,
specifically optimized for ultra-low-profile metal frames. The
proposed antenna element, featuring a unique near-circular slot
configuration, achieves continuous wideband coverage across
the 5G NR n77/n78/n79 and 5G NR-U n46/n96 bands while
maintaining a low height of only 4mm.
The proposed array employs strategically arranged antenna

elements integrated into the metal frame, where the optimized
slot configuration promotes pattern diversity and reduces radi-
ation correlation between adjacent elements within the limited
available space. Experimental results confirm that the array
achieves a low ECC (below 0.1) across the entire target fre-
quency range, demonstrating effective low-correlation MIMO
performance. The measured total efficiencies range from 40%
to 77% in free space, indicating stable and efficient radiation
characteristics across the operating band.
Furthermore, the robustness of the design against hand and

battery effects was verified through simulations, confirming re-
liable performance in practical smartphone environments. The
proposed design provides a practical and effective solution
for realizing wideband MIMO operation in 4-mm low-profile
metal-frame smartphones without requiring complex decou-
pling structures.
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