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ABSTRACT A reconfigurable full-metal-rimmed MIMO antenna is designed and proposed for WWAN/LTE
smartphones. This antenna consists of two centro-symmetrically distributed antenna elements and radiation
structures using the unbroken metal rim in plastic casing. It can achieve a good isolation of more
than 17dB over the entire operation bands. Each antenna element occupies a small ground area of
30 x 6 mm?. The U-shaped feeding line provides a coupled feed and the antenna element generates four
typical loop resonant modes. Using reconfigurable technique to combine these four resonant modes, this
hepta-band MIMO antenna can satisfactory cover lower bands of GSM850/900 and higher bands of
GSM1800/1900/ UMTS/LTE2300/2500. A prototype MIMO antenna was fabricated and the measured
results of S-parameters, antenna efficiency and gain, envelope correlation coefficient, mean effective gain,

and channel capacity are reported.

INDEX TERMS Reconfiguration, MIMO, integrated-metal rim, WWAN/LTE, antenna.

I. INTRODUCTION

Multiband smartphones with a metal rim are becoming pop-
ular in recent years [1]. Compared with a plastic casing,
the metal rim is both stylistically appealing and functionally
able to increase its mechanical robustness. However, unde-
sired mutual coupling occurs between the inner antenna and
outer metal rim can seriously degrade the performance of the
smartphone antenna. This problem poses a great challenge
to designing multi-band smartphone antenna with integrated-
metal rim. Several promising solutions were proposed to
alleviate the deleterious effects of metal rim [2]—[7]. One
common method [2]-[5] is to introduce multiple gaps into
the outer metal rim. While this method can effectively reduce
the negative impact on the performance of the inner anten-
nas, the strength of the metal-rimmed plastic casing and
perfect configuration of metal rim are significantly affected.
Nevertheless, loop antennas capable of generating multi-
ple resonant modes [8]-[10] are good candidates for the

unbroken metal-rimmed antenna in which the outer metal rim
can function as a partial radiation structure [6], [7]. In [6],
an unbroken metal-rimmed dual-loop antenna for smartphone
applications is proposed. By merging multiple loop modes,
seven WWANY/LTE bands can be achieved. However, the
entire volume around the housing is occupied by the main
antenna, leaving no space for other antennas in the smart-
phone. To further save space and achieve enhanced band-
width, numerous techniques such as coupling feeding [11]
and reconfigurable operating [12]-[16] are widely studied.
In [12], a reconfigurable loop antenna with two parasitic
grounded strips for unbroken metal-rimmed smartphones is
investigated. Using reconfigurable technique, the antenna can
cover the WWANY/LTE operating bands in a compact size.
With the rapid development of electronic communica-
tion, multiple antennas are desired for modern smartphones.
Multiple-input multiple-output (MIMO) antennas can real-
ize higher data rate and better channel capacity at fixed
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power [17]. Thus MIMO, which uses multiple antennas in
mobile terminals, is especially important in Wireless Wide
Area Network (WWAN) and long-term evolution (LTE)
applications [18]-[25]. However, due to strong mutual cou-
pling among closely placed antenna elements, it is a great
technical challenge to design a multiband multi-antenna sys-
tem in small mobile phones. In [20], an LTE MIMO antenna
uses an unbroken metallic rim and a non-resonant capacitive
coupling element (CCE) respectively as its primary and diver-
sity antenna. The low-loss matching circuit and trapezoidal
shaped feed are also utilized to obtain the wide operating
bands and good average efficiencies. However, the isolation
between the two antennas at higher band is not ideal and
the non-ground portions of 10x70 mm? are still too large
compared with our proposed antenna.

In this paper, a reconfigurable MIMO antenna with inte-
grated metal rim for WWAN/LTE smartphone applications is
proposed. The two antenna elements with the same dimen-
sions are centro-symmetrically distributed at the top and
bottom edges of the system circuit board. Although the two
elements use the same unbroken metal rim as their radiation
structure, system ground, and U-shaped feeding line, a better
than 17dB isolation between them is achieved. Each element
occupies a 30x6 mm? ground clearance. The coupled-fed
antenna generates four loop resonant modes. Using recon-
figurable technique to merge these four loop modes, the
proposed antenna can fully cover seven operation bands of
GSM850/900/1800/1900/UMTS/LTE2300/2500. The radia-
tion and reconfigurable mechanisms of the proposed antenna
are investigated. A prototype of the MIMO antenna is fabri-
cated and characterized. Experimental results are given and
discussed.

Il. ANTENNA CONFIGURATION

Fig. 1(a) depicts the geometry of the proposed reconfig-
urable MIMO antenna for WWAN/LTE integrated metal-
rimmed smartphones. The front and side views are shown
in Figs. 1(b) and 1(c). Fig. 1(d) shows the detailed dimen-
sions of the antenna element. As illustrated in Fig. 1(a),
the system circuit board is fabricated on a 0.8 mm thick
145 mm x 72 mm FR4 substrate (¢, of 4.4 and tan$ of 0.02),
which is surrounded by an integrated metal rim of a thick-
ness of 0.3 mm and a height of 6 mm. A ground plane
on the bottom side of the FR4 substrate is the system
ground. Two non-ground portions of 30 mm x 6 mm are
occupied by the U-shaped feed line mounted on the oppo-
site side of the ground to provide a coupled feed. As can
be seen in Fig. 1(b), two antenna elements having similar
size and configuration, namely, antennal and antenna2 are
centro-symmetrically placed at the top and bottom edges of
the circuit board. Each element comprises a feeding port,
a U-shaped feed line, a U-shaped slot located between the
metal rim and the system ground, as well as three ON/OFF
switches (b, ¢ and d), respectively. To simplify the designing
procedure and focus on the working principle of this pro-
posed antenna, the switch is equivalent to an open gap for
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FIGURE 1. Proposed reconfigurable MIMO antenna with integrated metal
rim: (a) perspective view; (b) front view; (c) side view; (d) detailed
dimensions of the antenna element.

its OFF state and to a metal strip for its ON state. Fig. 1(c)
shows that the distance Hy between the system ground plane
and the backside of the metal rim is 2mm, and the width of the
U-shaped slot shown in Fig. 1(d) is 2mm. The position of the
three ON/OFF switches are also illustrated in Fig. 1(d), which
are located between the system ground plane and the outer
metal rim through three narrow strips. When the switches are
working in different states (ON or OFF), the antenna operate
in different frequency bands.

TABLE 1. Reconfigurable mechanism of the proposed antenna.

Frequency band(MHz) Switchb Switchc Switchd W;)t;l?eng

817.8-855.6 OFF OFF OFF A

GSM830 851.0-894.2 ON OFF OFF B

878.6-920.0 OFF ON OFF C

GSM900 919.8-961.2 OFF OFF ON D
GSM1800/

1900/UMTS 1643-2188 OFF OFF OFF A
LTE2300/

2500 2150-2780 OFF OFF ON D

Ill. WORKING PRINCIPLES

To fully comprehend the reconfigurable mechanism of this
proposed MIMO antenna, the configurations of the three
ON/OFF switches for different working states are shown
in TABLE 1. These three switches control the length of
the U-shaped metal-loop antenna element to yield four
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working states. At each working state, there are four resonant
modes which are marked as Model (1-1), Mode2 (2-1),
Mode3 (1-1), and Mode4 (3-1) in sequence from the lower
to higher frequencies. In addition, its working mechanism
remains unchanged from working states A to D. When all
switches (b, ¢ and d) are OFF, marked as state A, the obtained
bandwidth of low and high bands can cover 817.8-855.6 MHz
and 1643-2188 MHz, respectively. Because of the narrow
band of Mode 1 and worsened matching of Mode 4, the
antenna working at state A fails to meet the required bands
(824-960 and 1710-2170 MHz). When the switch b is ON
and the others are OFF, marked as state B, the achieved band-
width in low band can provide coverage for 851-894.2 MHz.
When the switch ¢ is ON and the other switches are OFF,
marked as state C, the obtained bandwidth in low band can
cover 878.6-920MHz. When the switch d is ON and the
others are OFF, marked as state D, the achieved bandwidth
of low and high bands can cover 919.8-961.2 MHz and
2150-2780 MHz, respectively. Hence, this proposed recon-
figurable MIMO antenna can cover 824-960 MHz and
1710-2690 MHz by merging states A, B, C and D in low band
and states A and D in high band, respectively.
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FIGURE 2. Simulated S parameter of the proposed antenna for four
working states (states A, B, C, and D).

Fig. 2 shows the simulated S parameter of the proposed
antenna for four working states (states A, B, C, and D) using
HFSS version 15. As can be seen in Fig. 2, the simulated
6 dB impedance bandwidth (across 3:1 VSWR) can cover
the desired seven-band WWAN/LTE operations. Owing to
the same dimension and centrosymmetric placement for both
two antenna elements, the simulated S11 and S22 are quite
similar. Meanwhile, the simulated isolations in the low band
of 824-960 MHz and high band of 1710-2170 MHz are larger
than 11 dB and 20 dB, respectively. This is because the lower
frequency of 1-wavelength resonant mode is excited by the
outermost U-shaped metal loop plotted in Fig. 1(d). When
the two antenna elements sharing the same unbroken metal
rim work in the lower resonant frequency, the current strength
in the metal loop is stronger than that in the higher resonant
frequency. Even though the coupling current between two
elements in lower frequency is stronger, the isolation in low
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band is still to be above 11 dB. The reason is that the current
is mostly concentrated in the metal loop when a loop antenna
works. Good isolation can be achieved if the distance between
two loop antenna elements is far enough. Hence, the proposed
loop antenna can be easily integrated into the outer metal
rim as part of antenna, but it also provides good isolation
between MIMO antenna elements sharing the same unbroken
metal rim.

J(mA/m) g

2300MHz

2630MHz
()

FIGURE 3. Typical surface vector current distributions for the proposed
antenna element at D state: (a) 940 MHz; (b) 1860 MHz; (c) 2300 MHz;
and (d) 2630 MHz.

To understand the resonant mechanism for this proposed
antenna, the simulated surface vector current distributions
at 940, 1860, 2300 and 2630 MHz are shown in Fig. 3.
For sake of brevity, state D is chosen for the evaluation
(the switch d is ON and the other switches are OFF). As can
be seen from Fig. 3(a), two current nulls at 940 MHz
are found along the coupling loop antenna consisting of
a part of metal rim, the system ground and the U-shaped
feeding line. This means that Mode 1 is its fundamental
loop mode (1-A loop mode). Similarly, the other two high-
order loop modes of Mode 2 (2-A loop mode) and Mode 4
(3-A loop mode) can be comprehended clearly after ana-
lyzing the corresponding current distributions illustrated in
Figs. 3(b) and (d), respectively. By observing Fig. 3(c), the
surface current is mainly distributed in the left metal loop
at 2300 MHz. A 1A coupling loop mode (Mode3) is excited.
Moreover, some weak currents are induced in the right metal
loop in a manner that is similar to that of a matching circuit of
shunt inductance, which improves the impedance matching.

In order to explain the effects of the parameters to antenna
performances, a key parameter L2, which is the length of
the U-shaped feeding line, is studied. Fig. 4 shows the
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FIGURE 4. Simulated S11 for the antenna element at D state as a function
of L2.
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FIGURE 5. Simulated input impedances for the antenna element at
D state as a function of L2.

simulated S11 for the antenna element working at D state
as a function of L2. When the length of L2 is increased
from 21.5 to 25.5 mm, the number of the resonant modes
in higher frequency vary from two (Modes 2 and 4) to three
(Modes 2, 3 and 4). To analyze the causes, simulated input
impedances of the antenna element for different values of
L2 are shown in Fig. 5. When L2 = 21.5 mm, it can be
observed that there are two zero reactances in ~1800 MHz
and ~2500 MHz, which indicates that two resonant modes
occur in the high band. However, when L2 = 25.5mm,
there are three resonant modes generated in ~1800 MHz,
~2300 MHz and ~2630 MHz, respectively. By comparing
the input impedance in these two different conditions, it is
obvious that a new resonance mode (mode 3 or ~2300 MHz)
in the high band is obtained. This is because the energy
coupling between the feeding line and the left metal rim
becomes stronger when the length of L2 increases and mode 3
is excited.

IV. MEASUREMENT AND DISCUSSION

The proposed antenna has been fabricated as shown in Fig. 6.
The performance measurement is characterized using an
Agilent N5247A vector network analyzer and the
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FIGURE 6. Photographs of the fabricated prototype (a) front view
(b) back view.
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FIGURE 7. Measured S parameters of the proposed MIMO antenna.

radiation performances are obtained in the SATIMO
microwave anechoic chamber. A 502 SMA connector is
connected to the feeding port for exciting the antenna.
Fig. 7 shows the measured S parameters for the prototype
which shows good agreement with the simulated ones plotted
in Fig. 2. The difference is that measured isolation is above
17 dB in the lower band, which is better than the simulated
isolation. Moreover, when the antenna works at C or D state,
the lower frequency bandwidth is wider than that in the
simulated result.

The measured total efficiency and gain conducted with
one antenna element measured and another antenna element
terminated to 50-€2 loads are presented in Fig. 8. For the lower
bands of 824-960 MHz, the antenna gain variation is from -
0.32 to 1.4 dBi and the total efficiency is more than 43%,
indicating great promises in practical smartphone applica-
tions. For the higher bands of 1710-2690 MHz, the achieved
antenna gain is about 1.6-4.8 dBi with the corresponding
total efficiency of approximately 59-72%. Therefore, the
measured radiation performances of this antenna over the
whole operating bands can meet the demands for smartphone
systems.
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FIGURE 8. Measured total efficiency and gain for the fabricated antenna
for four working states.
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FIGURE 9. Calculated ECC from the measured complex E-field patterns.

TABLE 2. Diversity performance of the proposed antenna array.

Frequency (MHz) 850 900 950 1800
ECC 0.01 0.00 0.02 0.33
MEG! (dB) -9.8 -9.6 -9.7 -5.1
MEG?2 (dB) -9.1 -9.1 -9.3 -4.8
Frequency (MHz) 2000 2200 2400 2600
ECC 0.18 0.14 0.04 0.34
MEG]! (dB) -4.8 -4.2 -3.8 -4.4
MEG2 (dB) -4.6 -4.5 -3.7 -4.2

The potential MIMO performance of this proposed antenna
is evaluated by calculating the envelop correlation coeffi-
cient (ECC), mean effective gain (MEG), as well as chan-
nel capacity. The ECC in Fig. 9 and the MEG in Table 2
are calculated from the measured complex E-field pat-
terns of the fabricated MIMO antenna. As can be seen
from Fig. 9, the ECC values in the lower band and upper
bands are less than 0.02 and 0.4, respectively, which means
low correlation and good diversity performance. As can be
observed from Table 2, the proposed MIMO antenna can
achieve IMEG1 — MEG2| < 1dB within the entire oper-
ating bands, which indicates that it is suitable for practi-
cal smartphone MIMO antenna applications. Furthermore,
the calculated ergodic channel capacities of the fabricated
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22 MIMO antennas is represented in Fig. 10. As can be seen,
the channel capacities in the lower and higher bands are about
9 bps/Hz and 10 bps/Hz, respectively.

V. CONCLUSION

A reconfigurable MIMO antenna was designed and ana-
lyzed in this paper for WWAN/LTE integrated-metal- rimmed
smartphone applications. Although the two loop antenna ele-
ments use the same unbroken metal rim as well as their radi-
ation structure, a good isolation of better than 17dB over the
entire operating bands is achieved. By combining four typical
loop modes, this antenna can cover seven operation bands
of GSM850/900/1800/1900/UMTS/LTE2300/2500 with the
help of reconfigurable technique and coupled feed manner.
The proposed reconfigurable MIMO antennas were designed,
fabricated and characterized. Encouraging results regarding
S-parameters, antenna efficiency and gain, ECC, MEG, along
with ergodic channel capacity are obtained, and found to meet
the contemporary needs of smartphone applications. As such,
the proposed reconfigurable antenna is recommended for
smartphones applications with WWAN and LTE operations.
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