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ABSTRACT: To meet the multi-band coverage requirements of 5G smartphones, this paper presents a dual-band antenna pair with high
isolation. Based on the principle of mode orthogonality, a T-shaped dual-arm antenna and a bent-loop antenna are integrated within
the smartphone frame, enabling excitation of multiple in-phase and anti-phase modes across the two target frequency bands. Under a
closely spaced arrangement and without requiring additional decoupling structures, the antenna pair achieves superior isolation exceeding
20 dB. A multiple-input multiple-output (MIMO) antenna array, formed by symmetrically arranging four such antenna pairs, covers the
3.4–3.6GHz and 5.1–5.76GHz bands. The isolation across both bands remains better than 15 dB, with efficiencies exceeding 70% and
72%, respectively. The array supports 5G n77/n78 and Wi-Fi frequency bands, and the envelope correlation coefficient (ECC) between
ports is below 0.04, demonstrating favorable spatial diversity performance. The proposed MIMO antenna array features a compact form
factor and excellent isolation, enabling multi-antenna integration, dual-band operation, and self-decoupling within a limited volume. This
design provides a technical reference for future multi-band, multi-antenna system development in 5G mobile terminals.

1. INTRODUCTION

With the rapid advancement of fifth-generation (5G) mo-
bile communication technology, wireless communication

systems are required to achieve higher data rates and enhanced
transmission reliability, thereby imposing increasingly strin-
gent demands on antenna performance. MIMO technology, as
one of themost widely adopted key enablers in 5G, significantly
improves spectral efficiency and channel capacity, laying the
foundation for high-throughput communications [1–3]. How-
ever, while MIMO antenna systems deliver superior communi-
cation capabilities, they also substantially increase the number
of antenna elements, which intensify mutual coupling among
closely spaced radiators and consequently degrade overall an-
tenna performance. Therefore, the design of MIMO antennas
that integrate multi-band operation and self-decoupling capa-
bility within a limited volume has emerged as a central chal-
lenge in contemporary antenna engineering.
To mitigate coupling effects among MIMO antenna ele-

ments, various decoupling methods have been proposed, which
can be broadly classified into two categories. The first cat-
egory involves the introduction of external decoupling struc-
tures, such as parasitic decoupling elements [4–6] and neutral-
ization lines [7, 8]. However, conventional approaches of this
kind typically suffer from low spatial reuse efficiency and of-
ten require additional occupied area, hindering the realization
of highly integrated devices. The second category encompasses
self-decoupling techniques, including polarization orthogonal-
ity [9], mode cancellation principles [10–12], and mode orthog-
onality principles [13, 14], which are capable of achieving high
isolation between densely arranged antennas. Nevertheless,
most of thesemethods have been confined to single narrowband
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operation. Recently, research efforts have been progressively
extended toward wideband [15] and dual-band antenna imple-
mentations [16, 17]. For instance, in [18], a coplanar waveg-
uide (CPW)-fed structure composed of a T-shaped monopole
and a T-shaped slot was employed to excite odd and even
modes, thereby generating orthogonal characteristic modes and
achieving high isolation without the need for clearance. In [19],
a differential-mode antenna was integrated with a loop branch,
and the parasitic branch naturally introduced a second transmis-
sion zero, enabling simultaneous mode-orthogonal decoupling
and parasitic decoupling for wideband high isolation without
requiring a differential feeding network. In [20], based on the
mode orthogonality principle, dual-band self-decoupling was
realized through the orthogonality of multiple sets of in-phase
and anti-phase current modes. In [21], four hybrid modes are
employed, and dual-band self-decoupling is achieved through
the mode cancellation principle under odd and even mode exci-
tations, while wideband self-decoupling is simultaneously ob-
tained by narrowing the frequency spacing between the two
bands. Despite the progress demonstrated by these methods,
limitations such as insufficient isolation and relatively weak
spatial diversity performance persist. Therefore, for highly in-
tegrated antenna pairs, realizing dual-band high isolationwithin
the extremely compact frame of a smartphonewithout introduc-
ing additional structures remains a significant design challenge.
To address the aforementioned challenges, this paper

presents a high-isolation dual-band antenna pair designed for
5G smartphone applications. Based on the principle of mode
orthogonality, a T-shaped dual-arm antenna and a bent-loop
antenna are integrated within the tightly arranged smart-
phone space, enabling the excitation of multiple in-phase and
anti-phase modes across two frequency bands and achieving
isolation exceeding 20 dB. A MIMO antenna array, formed
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FIGURE 1. Geometry of the proposed mode-orthogonal antenna pair.

by symmetrically arranging four antenna pairs, delivers an
isolation better than 15 dB and covers the 3.4–3.6GHz and 5.1–
5.76GHz frequency bands. Furthermore, the system achieves
total efficiencies exceeding 70% and 72% in the respective
bands, with all envelope correlation coefficients (ECCs)
between different ports remaining below 0.04, demonstrating
favorable spatial diversity performance.

2. ANTENNA DESIGN

2.1. Antenna Configuration
Figure 1 illustrates the geometrical configuration of the pro-
posed antenna pair. The design utilizes an FR4 dielectric sub-
strate (εr = 4.4, tan δ =0.02) with dimensions of 150 × 75 ×
0.8mm3 as the main board, the back side of which is covered
by a metallic ground plane measuring 150×73mm2. Two FR4
side frames, each with dimensions of 150 × 7 × 0.8mm3, are
mounted vertically along the edges of the main board. The an-
tenna pair consists of a bent-loop antenna etched on the outer
layer of the frame and a T-shaped dual-arm antenna etched
on the inner layer. Specifically, the bent-loop antenna is ex-
cited via Port 2, whereas the T-shaped dual-arm element is fed
through Port 1. To enhance impedance matching, an L-shaped
matching network is incorporated into the microstrip feed line
connected to Port 1. This matching network comprises a shunt
inductor (2.9 nH) and a series capacitor (1 pF).

2.2. Evolution Process

To elucidate the design rationale of the dual-band antenna pair,
Figure 2 illustrates its evolutionary process. As shown in Fig-
ures 2(a) and (b), the T-shaped dual-arm antenna etched on the
inner layer of the side-edge frame operates over the frequency
range of 3–4.16GHz, whereas the loop antenna on the outer
layer covers the bands of 3-3.06GHz and 3.4–3.63GHz. As
depicted in Figure 2(c), integrating the T-shaped dual-arm an-
tenna and bent-loop antenna within a compact volume shifts
the operating bands to 3.5–3.6GHz and 5.1–5.8GHz. It can
be observed that when Port 1 is excited, the T-shaped dual-arm
antenna functions as a feeding branch of the bent-loop antenna,
yielding a new resonant frequency at 5.2GHz. When Port 2
is excited, the T-shaped dual-arm antenna acts as a parasitic
branch of the bent-loop antenna, and due to the coupling ef-
fect, the bent-loop antenna produces an additional resonance
at 5.6GHz. However, at 3.5GHz, the impedance matching
performance of the T-shaped dual-arm antenna fails to meet
the design specifications, rendering this band unusable. Con-
sequently, an L-shaped impedance matching network is intro-
duced at the feed port of the T-shaped dual-arm antenna to tai-
lor its impedance matching characteristics, thereby forming the
final proposed antenna pair. As shown in Figure 2(d), benefit-
ing from the combined effect of the integrated design and the
impedance matching network, the operating bands of the an-
tenna pair are extended to 3.36–3.63GHz and 5.1–5.76GHz,
with a port-to-port isolation exceeding 20 dB.
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FIGURE 2. S-parameters of the evolution process. (a) T-shaped dual-arm antenna, (b) loop antenna, (c) antenna pair, and (d) L-type impedance
matching network antenna pair.
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FIGURE 3. Equivalent circuit after loading the L-shaped impedance matching network.

Further analysis reveals that the inclusion of the L-shaped
matching network shifts the original resonant frequency of the
T-shaped dual-arm antenna from 2.6GHz to 3.5GHz, while the
resonant frequency of the bent-loop antenna remains virtually
unchanged. Despite the extremely close spacing between the
two elements, high isolation is successfully achieved across
both target frequency bands.
Figure 3 shows the equivalent circuit after loading the L-

shaped impedance matching network. Figure 4 compares the
Smith charts of the antenna before and after matching. In
the figure, Module 1 represents the T-shaped dual-arm antenna

without the matching network, where R1 denotes the radiation
resistance; C1 and L1 represent the inherent capacitive and in-
ductive reactance, respectively; and the distributed capacitance
C2 is used to adjust the capacitive component. As shown in Fig-
ure 4(a), R1, C1, L1, and C2 jointly produce a lower frequency
resonance. However, at 3.5GHz, the overall input impedance
of the antenna is capacitive, necessitating the introduction of
inductive reactance through a matching network for compensa-
tion.
Module 2 corresponds to a T-shaped dual-arm antenna loaded

with an L-shaped matching network, which consists of a shunt
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FIGURE 4. Smith charts of the antenna pair before and after matching. (a) before matching and (b) after matching.
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FIGURE 5. Current distribution characteristics under common-mode and differential-mode excitation.

capacitorC3 and a series combination of a resistorR2 and an in-
ductor L3. The series inductor L3 increases the inductive com-
ponent of the impedance, while the resistor R2 allows the real
part of the impedance to be tuned. Together with the shunt ca-
pacitor C3, they cancel the capacitive behavior of the original
antenna. As illustrated in Figure 4(b), through the tuning pro-
vided by the L-shaped matching network, the input impedance
moves along a circle on the Smith chart, ultimately placing the
impedance at the 3.5GHz frequency point within the inductive
region.
Meanwhile, the bent-loop antenna acts as a parasitic branch

of the T-shaped dual-arm antenna. After matching, its high-
frequency resonance shifts toward the inductive region, which
shortens the usable high-frequency bandwidth. However, this
frequency band precisely aligns with that of the T-shaped dual-
arm antenna, so the effect of overmatching can be considered
negligible.

2.3. Decoupling Mechanism

To elucidate the self-decoupling mechanism of the proposed
antenna pair, an ideal mode orthogonality model is first estab-
lished. As shown in Figure 5, a pair of ideal dipole antennas is
taken as the reference. The decoupling mechanism originates
from the inherent orthogonality between the radiation modes

of the common-mode (CM) antenna and the differential-mode
(DM) antenna. Under CM excitation, anti-phase currents of
equal amplitude and opposite direction are induced on the CM
antenna surface, which can be mathematically regarded as a
symmetric function, denoted as I1. The corresponding trans-
verse radiation pattern features main lobes directed along the
±X-axes. In contrast, under DM excitation, in-phase currents
of equal amplitude and identical direction are generated on the
DM antenna surface, which can be treated as a continuous func-
tion, denoted as I2. Its transverse radiation pattern yields main
lobes oriented along the ±Y -axes.
When the two antenna types are integrated, the coupling con-

tributions from the left and right halves are denoted as D1 and
D2, respectively, and can be approximately expressed as:

D1 = J

∫
v

f(I1) · f(I2)dv (1)

D2 = J

∫
v

f(−I1) · f(I2)dv (2)

where J represents the current-related transformation coeffi-
cient, f the transformation function between the current and
the corresponding radiated field, and v the effective volume of
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FIGURE 6. Simulation results of surface current distribution under different resonant modes. (a) Port 1 excitation and (b) port 2 excitation.
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FIGURE 7. Simulation results of radiation patterns at different resonant frequencies. (a) 3.5GHz and (b) 5.48GHz.

the port region. Consequently, the total coupling strength DT

can be formulated as:

DT = D1 +D2 (3)

Under this configuration, the total coupling strength DT

between the two antenna elements can be approximately ex-
pressed as a superposition of two contributions. Owing to the
symmetry of the CM current and the continuity of the DM cur-
rent, their coupling effects in the near-field region cancel each
other when integrated over the far field, thereby causingDT to
approach zero. This duality in the current distributions leads
to pattern orthogonality: the direction of maximum radiation
for the CM mode coincides with the radiation null of the DM
mode, and vice versa. Consequently, the antenna pair achieves
decoupling at the specific frequency f .
Figure 6 presents the simulated surface current distributions

of the antenna pair when Port 1 and Port 2 are individually ex-
cited at 3.5GHz and 5.48GHz. We extend the principle re-
vealed by the idealized model to a more sophisticated antenna
design. As shown in Figure 6(a), when Port 1 is excited, the T-
shaped dual-arm element acts as the primary radiator. Under
the influence of the L-shaped impedance matching network,
CM currents are generated on the T-shaped arms at 3.5GHz,
while the bent-loop antenna simultaneously exhibits a wave-
length loop mode characterized by in-phase current distribu-
tion. Through far-field superposition, a radiation null is formed
in the Y OZ plane, and the energy is predominantly concen-
trated in the XOZ plane. When Port 2 is excited, as depicted

in Figure 6(b), the bent-loop antenna serves as the primary
radiator, exhibiting a DM current distribution with a quarter-
wavelength (λ/4) resonant characteristic at 3.5GHz, whereas
the T-shaped dual-arm structure functions as a parasitic branch,
coupling DM currents of opposite direction. The resulting far-
field superposition produces a radiation null in theXOY plane,
with the energy mainly concentrated in the XOZ plane. At
5.48GHz, the modal current distribution patterns excited by
each port are consistent with those observed at 3.5GHz. This
current distribution behavior is in good agreement with the
modal current characteristic described in the theoretical anal-
ysis.
Figure 7 illustrates the simulated radiation patterns of the an-

tenna pair when Port 1 and Port 2 are individually excited at
3.5GHz and 5.48GHz. When Port 1 is excited, the presence of
CM currents causes the main lobe of the radiation pattern to be
directed along the±X-axes. In contrast, when Port 2 is excited,
the DM currents result in a radiation pattern with its main lobe
oriented along the ±Y -axes. While the antenna ports them-
selves may be arranged orthogonally, it is the orthogonality of
the radiation patterns associated with different modes, not the
port arrangement, that fundamentally gives rise to the high iso-
lation. This consistency confirms that by combining the bent-
loop mode with the T-shaped dual-arm mode, the antenna pair
achieves favorable operational performance across the dual fre-
quency bands while maintaining high isolation between the re-
spective port regions, thereby successfully validating the pro-
posed self-decoupling mechanism.
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FIGURE 8. Eight-antennaMIMO array. (a) Geometry of the proposed antenna array, (b) fabricated prototype of the antenna array, and (c) measurement
in an anechoic chamber.

3. EIGHT-ANTENNA MIMO ARRAY
3.1. Eight-Antenna MIMO Array Demonstration
As shown in Figure 8(a), four antenna pairs are symmetrically
arranged on the inner and outer surfaces of the frame, form-
ing an eight-antenna MIMO array. The spacing between adja-
cent antennas on the same side is 35mm, and a 1mm clearance
is maintained between the metal ground plane and the edge of
the smartphone frame. The array is fully integrated within the
smartphone frame without the incorporation of any additional
decoupling structures. Figure 8(b) presents a photograph of the
fabricated eight-antenna MIMO array prototype. Figure 8(c)
depicts the measurement setup of the antenna array inside an
anechoic chamber.

3.2. Simulated and Measured Performance
Figure 9 presents the simulated andmeasured performancemet-
rics of the eight-antenna MIMO array. Figure 9(a) compares
the simulated and measured reflection coefficients. Due to the
symmetry of the array configuration, only Port 1 and Port 2 are
shown as representative examples. It can be observed that the
antenna array covers the 3.4–3.6GHz and 5.1–5.76GHz fre-
quency bands. Within these operating bands, the simulated and
measured reflection coefficients are in good agreement and re-
main below −6 dB. Figure 9(b) shows the simulated and mea-

sured transmission coefficients. The measured results agree
reasonably well with the simulations, although a slight shift in
the frequency of the decoupling null is observed. The trans-
mission coefficients stay below −15 dB. Despite the presence
of near-field coupling among distinct antenna pairs, favorable
isolation between different ports is maintained.
Figure 9(c) gives the simulated and measured total antenna

efficiencies. For Port 1, the measured efficiencies exceed 75%
and 74% in the lower and upper bands, respectively, while for
Port 2, the corresponding efficiencies are better than 72% and
70%. Figure 9(d) displays the simulated and measured ECCs.
In the simulation and measurement analysis presented in this
work, the measured total efficiency exceeds 70% across the
entire operating band, and the port-to-port isolation remains
below −15 dB. Under such loss conditions, the difference be-
tween the ECC values obtained from the S-parameter method
and those from the far-field integration method is negligible,
which is sufficient for accurately evaluating the diversity per-
formance. Therefore, all ECC values are approximately com-
puted based on the S-parameters. For the i-th and j-th antenna
elements, the ECC is calculated using the following formula:

ρe,ij =

∣∣S∗
iiSij+S∗

jiSjj

∣∣2(
1−

(
|Sii|2+|Sji|2

))(
1−

(
|Sjj |2+|Sij |2

)) (4)
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FIGURE 9. Simulation and measured results. (a) Reflection coefficients, (b) transmission coefficients, (c) total efficiencies of the 8 × 8 MIMO
system, and (d) envelope correlation coefficients.

TABLE 1. Comparison with other reported antennas.

Ref. Port Decoupling method
Operating Frequency

(GHz)
Isolation of Antenna Pair

(dB)
Radiation efficiency

(%)
ECC

[11] 8 Modal cancellation 3.3–4.2 > 10.5 > 63.1 -
[12] 12 Modal cancellation 3.4–3.6 > 11 > 51 < 0.14

[13] 8 Mode orthogonality 3–3.5 > 12 > 58.9 < 0.11

[14] 8 Mode orthogonality 3.4–3.6 > 24 > 61 -
[19] 8 Mode orthogonality 4.4–5 > 26.4 > 56.8 -
[20] 8 Mode orthogonality 3.4–3.6, 4.4–5 > 12.8 > 68 < 0.18

[21] 2 Modal cancellation 3.4–3.6, 4.8–5 > 20 > 71 -
Proposed 8 Mode orthogonality 3.4–3.6, 5.1–5.76 > 15 > 70 < 0.04

where Sii and Sjj are the reflection coefficients at the i-th and
j-th ports; Sij andSji are the transmission coefficients between
ports i and j; and * denotes the complex conjugate. Across the
entire operating frequency range, both simulated and measured
ECC values remain below 0.04, indicating satisfactory spatial
diversity performance.
Figure 10 depicts the simulated and measured two-

dimensional (2D) radiation patterns in the E-plane and
H-plane at the resonant frequencies of 3.5GHz and 5.48GHz.
The simulated and measured pattern traces exhibit con-
sistent trends, further corroborating the feasibility of the
self-decoupling mechanism inherent to the proposed structure.

4. PERFORMANCE COMPARISON

Table 1 presents a comparison between the proposed antenna
and designs reported in the existing literature. As can be ob-
served, the majority of prior works [11–14, 19], despite em-
ploying self-decoupling schemes, are limited to single nar-
row frequency band operation. The dual-band self-decoupling
antenna system proposed in [20] employs a 2-mm-thick side
frame, whose thickness limits its application in 5G terminal de-
vices. Compared with the design in [20], the proposed antenna
achieves slightly improved isolation and radiation efficiency; .
Compared with the dual-band antenna pair design in [21], the
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FIGURE 10. Simulated and measured radiation patterns in both XOZ and Y OZ. (a) Port 1 is excited at 3.5GHz, (b) port 2 is excited at 3.5GHz,
(c) port 1 is excited at 5.48GHz, and (d) port 2 is excited at 5.48GHz.

proposed design exhibits a wider fractional bandwidth in the
high band. The antenna presented in this work features a com-
pact structure and a high level of integration, realizing dual-
band operation and high isolation within a constrained volume,
thereby providing an effective technical reference for future 5G
smartphone antenna designs.

5. CONCLUSION
This paper has presented a highly integrated, high-isolation
dual-band antenna pair suitable for integration with although
its high-band relative bandwidth is slightly narrower, dual-
band operation is still successfully attained in the frame of a
5G smartphone. Based on the principle of mode orthogonal-
ity, the design skillfully incorporates a T-shaped dual-arm an-
tenna and a bent-loop antenna within the confined space of
the smartphone frame, thereby exciting multiple in-phase and
anti-phase modes across two frequency bands. Under a closely
spaced arrangement and without the need for additional de-
coupling structures, the antenna pair exhibits superior isola-

tion exceeding 20 dB. Experimental results demonstrate that a
MIMO antenna array, formed by symmetrically arranging four
such antenna pairs, effectively covers the 3.4–3.6GHz and 5.1–
5.76GHz frequency bands. The ECC between any two ports
remains below 0.04, and the measured total efficiencies in the
two bands exceed 70% and 72%, respectively. This design
successfully unifies multi-band operation and self-decoupling
characteristics within the smartphone frame, offering an effec-
tive technical reference for future multi-antenna integration in
5G mobile terminals.
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