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Abstract—This letter presents a frequency-reconfigurable
MIMO antenna for metal-bezel mobile phones. The design
employs an unbroken metal bezel as a shared radiator to make the
differential mode (DM) and common mode (CM) fields present a
similar slot mode, facilitating a natural self-decoupling by readily
counteracting the two mode impedances. Moreover, benefiting
from a similar mode, the DM and CM can be simultaneously
tuned to almost the same frequency by adjusting the equivalent
length of the shared radiator through varying the loading
varactors, achieving inherent frequency-reconfigurable
self-decoupling, where the $21 and S11 can be easily tuned at the
same time. An experimental verification demonstrates that within
the 5G N79 band from 4.4 to 5 GHz, the proposed antenna can
achieve a frequency-reconfigurable decoupling with S11 better
than -10 dB and S21 lower than -20 dB, as well as an average total
efficiency of 64.6%.

Index Terms—Antenna decoupling, frequency-reconfigurable,
metal bezel, MIMO, radiator-shared, smartphones.

[. INTRODUCTION

INCE THE iPhone 4 was announced about fifteen years ago

to be the first commercial metal-bezel smartphone [1],
metal-bezel antennas have attracted considerable attention from
both industry and academia [2] — [16]. Among these designs,
the frequency reconfigurability is widely constructed by
introducing some tuners, such as varactors [11] — [13] and
switches [14] — [16], to improve the utilization efficiency of the
space and frequency [2].

On the other hand, multiple-input and multiple-output
(MIMO) antennas have been extensively adopted in mobile
phones, where significant mutual coupling between the
antennas is unavoidably generated [17]. To address this issue,
various decoupling techniques have been explored. One
straightforward solution is to utilize the spatial diversity by
enlarging the antenna separation [18]. Besides, incorporating
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additional decoupling elements or structures also proves
effective, such as neutralization structures [19], parasitic units
[20], [21], decoupling network [22], [23], feeding networks
[24], and lumped decoupling elements [25] — [27].

To further reduce the antenna footprint, the inherent antenna
characteristics are exploited to achieve natural self-decoupling
without additional decoupling structures. This includes
strategically manipulating antenna geometry and structure [28]
—[32], exploiting mode orthogonality [33], utilizing pattern and
polarization diversity [34], [35], and employing mode
cancellation techniques [36]. Additionally, some recent studies
investigate the orthogonality between differential-mode and
common-mode antennas [37] — [40]. Despite the proven
excellent decoupling performance, few of these self-decoupling
designs support the reconfigurability of working frequency,
since for frequency-reconfigurable decoupling of MIMO
antenna, not only the Sj; but also the S need to be adjusted
simultaneously when varying the tuners.

In this letter, a frequency-reconfigurable radiator-shared
self-decoupled antenna is proposed. A 1-A metal bezel is
adopted as the shared radiating body for the antenna pair, with
the differential mode (DM) and common mode (CM) sharing a
dominant 1/2-A slot mode and thus similar mode impedances.
Therefore, the S11 and S>; of the proposed antenna can be tuned
simultaneously to a certain desired frequency with proper
loading of tuners, achieving eventual frequency-reconfigurable
self-decoupling.

The core innovations and contributions of this work lie in:

1) Benefiting from the intentionally-designed antenna
configuration, the DM and CM share a similar dominant slot
mode, so a natural frequency-reconfigurable mode impedance
cancellation is achieved, guaranteeing that Si; and S»i can be
simultaneously adjusted by tuning the varactor diode.

2) The slit-free configuration of the proposed antenna not
only features a higher mechanical strength as well as better
aesthetic appearance, but also provides a complementary
solution apart from the traditional antenna with a slit.

II.  ANTENNA CONFIGURATION AND WORKING PRINCIPLES

First, two microstrip lines are directly connected to a slit-free
metal bezel to construct a two-port antenna system with a slot
cut on the ground, as shown in Fig. 1(a). Based on the DM/CM
analysis [36], the scattering parameters of the two-port network
can be expressed as follows:
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Fig. 1. Evolution process of the proposed frequency-reconfigurable self-decoupled antenna. (a) Case 1: The metal bezel is directly fed by two microstrip lines. (b)
Case 2: The metal bezel is coupled-fed by two microstrip branches. (c) Case 3 (Proposed): Two varactor diodes are loaded. (Unit: mm)
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Fig. 2. Electric fields distribution at 4.9 GHz for PMC and PEC boundaries.
(a) Boundary description. (b) PMC. (c) PEC.

where S¢11 and Syi1 denote the reflection coefficient of the CM
and the DM one-port network, respectively, as depicted in Fig.
2. Based on (1), it is easy to derive that the only solution for
MIMO antenna decoupling is that both Sci; and Su11 approach
zero, meaning both are near the center of the Smith Chart.

In the simulation for CM analysis, the symmetry plane is set
as a perfect magnetic conductor (PMC) boundary, while for
DM analysis, it is a perfect electric conductor (PEC) boundary.
It is observed that for both the PMC and PEC boundaries, the
electric field distribution of the ground slot presents a similar
typical 1/2 A slot mode at the center frequency of 4.9 GHz.
Although the field distributions of these two modes near the
symmetrical plane exhibit a slight difference, the electric field
magnitude is too small to affect the dominant 1/2 X mode, so the
total electric field distributions of the two modes present a high
degree of similarity.

Simulated S-parameters in Fig. 1(a) demonstrate that this
design achieves 20 dB isolation within the band from 4.8 to 4.9
GHz. However, the decoupling bandwidth is not so wide, and
the Si; is also worse than -10 dB. To improve decoupling
bandwidth and matching condition, a coupled feeding design is

proposed, as depicted in Fig. 1(b). It is seen that the 20-dB
isolation bandwidth is improved from 100 to 200 MHz of 4.8 —
5 GHz, with S}, improved to be better than -15 dB.

The effect of ground slot length is then studied. As the length
increases, the frequency of S¢11 and Sy1 will decrease so that
those of S1; and Sz, which can be deduced from (1). The results
in Fig. 3 exactly prove this deduction. Therefore, by loading
two varactors at a proper position to tune the equivalent length
of the ground slot, a frequency-reconfigurable self-decoupling
can be readily constructed, as depicted in Fig. 1(c). The input
admittance Yi, of an open-circuited transmission line is

Y, = j¥, tan(50),

i 2
where S is the phase constant, / is the physical length, and Yo is
the characteristic admittance. Connecting a parallel grounding

capacitor C gives the total admittance as follows

Y;otal :jz)tan(ﬂl’)"'jz”f(:' (3)

Equating (2) and (3) shows that the equivalent length can be
tuned via adjusting the value of the loading capacitor.

Fig. 4 shows the simulated S.1; and Sy1; on the Smith Chart as
the capacitance increases from 0.4 to 2 pF. It is observed that
the matching frequencies of Sci; and Sqi1 both decrease and
almost coincide with each other with the capacitance.
According to (1), this simultaneously yields S11=0 and $21=0,
achieving ideal matching and perfect isolation at that frequency,
explaining why a single varactor can simultaneously tune both
the matching and decoupling frequencies in Fig. 1(c).

III. ANTENNA IMPLEMENTATION AND DISCUSSIONS

In this part, the proposed frequency-reconfigurable antenna
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Fig. 4. Simulated reflection coefficient versus capacitance. (a) S.11. (b) Sa1.

is implemented, as shown in Fig. 5. In the simulation, the
substrate has a relative permittivity of 4.2 and a loss tangent of
0.02. Fig. 6 shows a prototype of the fabricated antenna.

The simulated and measured S-parameters are compared in
Fig. 7. In measurement, there are two cases of the loading
capacitors: 1) using lumped capacitors of different values one
by one; and 2) using two varactor diodes to tune the capacitance
by adjusting the loading voltages.

For the measured results in Fig. 7(b), the varying rule of the
S-parameters with the capacitor maintains the same as the
simulated results in Fig. 7(a), and within the N79 band from 4.4
to 5 GHz, the mutual coupling S»: can be controlled to be below
-20 dB with Sy better than -10 dB.

Furthermore, two varactor diodes of series SMV2020-079LF
from Skyworks, which feature a capacitance range of 0.35 to
3.2 pF over a reverse bias voltage range of 0 to 20 V, are
adopted to achieve the electronic tuning. A figure of the test
system is inserted in Fig. 7(c). Measured results in Fig. 7(c)
indicate that when the bias voltage is adjusted, the antennas
achieve port isolation better than 20 dB within the 4.4 — 5 GHz
band, with the S1; lower than -10 dB.

The measured total efficiencies shown in Fig. 8 justify an
average total efficiency of 64.6% within the desired band.
Besides, simulations were conducted with series resistances of
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Fig. 5. Detailed configuration of the proposed antenna. (Unit: mm)

Top View

Bottom View

TRV AT

Coupled Feed

Fig. 6. A photégraph of the fabricated prototype of the proposed antenna.

0 Q (ideal capacitor), 0.7 Q (typical lumped capacitor), and 2.5
Q (typical varactor diode), achieving radiation efficiencies of
78.4%, 73.6%, and 67.1%, respectively. The average efficiency
fluctuation between adjacent tuning states is within 5% for the
2.5 Q case, demonstrating stable performance. Fig. 9 presents
the measured radiation patterns at 4.9 GHz, demonstrating a
good spatial diversity for MIMO applications.

The envelope correlation coefficient (ECC) is below 0.05
across the entire band, and the channel capacity achieved by the
proposed antenna is very close to the ideal 2x2 MIMO capacity,
indicating a promising MIMO performance, demonstrating
excellent MIMO performance. User interaction was
investigated using a typical hand model of talking/holding
posture. While total efficiency degrades due to hand absorption,
it remains above 46% in the worst-case centered position, and
improves to over 64% when the antenna is shifted 40 mm away
from the center. Besides, the proposed antenna can be in other
configurations and bands, for example, the N78 band, N41
band, and a perpendicular configured one in the N79 band [41].

It is seen from Table I that although the frequency
reconfigurability is achieved in [14], [16], and [18], the design
in [14] and [16] focuses on the single antenna scenario, and the
design in [18] only addresses the tuning of Si; with isolation
obtained by a large antenna separation. For the other works of
metal-bezel antenna, although good performance is achieved
for MIMO application [37], [39], [40], they all lack the
frequency-reconfigurable capability to support service
feasibility. In  contrast, this work presents a
frequency-reconfigurable MIMO antenna that simultaneously
tunes  Si and S, providing a  promising
frequency-reconfigurable MIMO antenna solution in
metal-bezel smartphones. Although the footprint of the
proposed antenna is a little larger, the slit-free feature of the
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TABLE 1
COMPARISONS OF SOME PRIOR AND THE PROPOSED METAL-BEZEL ANTENNA IN MOBILE TERMINALS
Erequency Self- . Radiator Frequency Band  In-Band Measured T‘otal . .
Ref. Tunable Decoupled Slit-Free -Shared (GHz) Isolation Efficiency Physical Size
[14]25 Yes N.A* No Yes 01' 77014 _ 206996 N A i iggﬁ: Folded copper plate:
34-36 > 43% 113mm(total)x3mm
1.585-1.615 44% — 83%
[16]%%2¢ Yes N. A No Yes 2.085-2.120 N. A 50% — 67% 49.22x39.75%3.79mm?
3.480 —3.520 51% —63%
2017 0.824 -0.96 > 17 dB >43%
[18] Yes No Yes No 17-27 >20 dB 59% — 7% 145mmx72mm
2020 58.9% — 88.6 %
[37] No No No Yes 33-5 >21dB 31.6% —76.7 % 40mmx*3mm
[39]1%" No Yes No Yes 34-36 >20.1dB 35.2% — 64.7% 25x7x1.5mm?
[40]20%4 No Yes No Yes 34-36 >16.7 dB 54 - 65% 2%60.4x0.8mm?
This 48-5 >20dB 70.5% — 80.9% 50mmx5.5mm
work Yes Yes Yes Yes 445 (Tunable)  >20 dB ~ 60 % 40mmx5.5mm
*N. A. denotes not applicable. .
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Fig. 8. Measured total efficiency of the proposed antenna using discrete
lumped capacitors.

proposed antenna allows the antenna to be placed in locations
that are typically unavailable for traditional antennas with bezel
slits, effectively trading a planar dimension for enhanced
placement freedom and structural integrity.

IV. CONCLUSION

In this letter, by capacitively exciting an unbroken metal
bezel at the proper position to adjust the mode impedances, an

inherent self-decoupling is achieved, benefiting from the fact
that the CM and DM share a similar dominant mode.
Furthermore, by adjusting the equivalent length of the
unbroken metal bezel through loading two varactor diodes, the
working frequency of CM and DM so that the Si; and S can be
simultaneously adjusted. A design example working in the N79
band from 4.4 to 5 GHz is presented, with isolation higher than
20 dB, matching condition better than -10 dB, demonstrating a
promising  candidate in  mobile  terminals for
frequency-reconfigurable metal-bezel MIMO antennas.
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