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ABSTRACT: A [0-antenna array operating in the 3.6-GHz band
(3400-3800 MHz) for multi-input multi-output (MIMO) operation in the
smartphone is presented. Each antenna in the proposed array is a
microstripline-fed open-slot antenna with same small dimensions of 3 X
8 mm?® (0.036) X 0.0961, . is the wavelength at 3.6 GHz). The proposed
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array consists of two symmetric five-antenna arrays disposed, respec-
tively, along two long side edges of the system ground plane of the
smartphone. The proposed array is expected to be placed in the narrow
spacing between the display panel and the long side edges of the smart-
phone. Acceptable isolation (better than about 10 dB) and good envelop
correlation coefficient (ECC) of less than 0.1 for any two antennas in
the proposed array is obtained. The maximum channel capacity of the
proposed array in a 10 X 10 MIMO system is calculated to reach about
47 bps/Hz at 20-dB signal-to-noise ratio, which is larger than four times
that (11.5 bps/Hz) of the upper limit of an ideal 2 X 2 MIMO system
with 100% antenna efficiency and zero ECC between antennas. Details
of the proposed 10-antenna array are described, and the experimental
results are presented and discussed. © 2015 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 57:1699-1704, 2015; View this article
online at wileyonlinelibrary.com. DOI 10.1002/mop.29181

Key words: mobile antennas; multi-input multi-output antennas; 10-
antenna array; smartphone antennas; small antennas

1. INTRODUCTION

For mobile communications, it is known that multi-input multi-
output (MIMO) operation can lead to a much higher channel
capacity for enhanced data throughput [1, 2]. When more anten-
nas are included in the MIMO operation, much higher channel
capacity can be obtained. However, owing to the very limited
space in the smartphone for accommodating the internal anten-
nas, it is a great design challenge on embedding more antennas
within the smartphone. Recently, the four-antenna array [3, 4]
or eight-antenna array [5] for the LTE MIMO operation in the
smartphone have been reported. The four-antenna array in [3]
can be applied for the 4 X 4 MIMO operation in the 1880-2690
MHz band. In [4], the four-antenna array consists of one two-
antenna array at the top edge and one two-antenna array at the
bottom edge [6] and can cover the 750-960 and 1710-2690
MHz bands for the 4 X 4 MIMO operation. The eight-antenna
array reported in [5] is for the LTE 3.5-GHz (3400-3600 MHz)
band operation. It is shown that the ergodic channel capacity for
a2 X 8 MIMO system at 20-dB signal-to-noise ratio (SNR) can
reach about 15.5 bps/Hz [5], which is better that (about 11.5
bps/Hz [1]) of an ideal 2 X 2 MIMO system with 100% antenna
efficiency and zero envelop correlation coefficient (ECC)
between antennas.

In this article, we present a 10-antenna array operating in the
3.6-GHz band (3400-3800 MHz) for the MIMO operation in the
smartphone. The proposed array consists of two five-antenna
arrays disposed, respectively, along two long side edges of the
system ground plane of the smartphone. The antennas in the
proposed array are microstripline-fed open-slot antennas and can
be easily fabricated in the system ground plane. Each antenna
has same dimensions and can fit in the narrow spacing between
the display panel and the long side edges of the smartphone.
The proposed array is also fabricated and tested. Any two anten-
nas in the proposed array show acceptable isolation of better
than about 10 dB and good ECC of less than 0.1 in the 3.6-GHz
band.

From the measured three-dimensional complex radiation pat-
terns and antenna efficiencies of each antenna in the fabricated
array, the maximum ergodic channel capacity of the 10-antenna
array in a 10 X 10 MIMO system is calculated to reach about
47 bps/Hz at 20-dB SNR. The obtained channel capacity is
larger than four times that (about 11.5 bps/Hz [1]) of an ideal
MIMO system (100% antenna efficiency and zero ECC between
antennas).

In this study, details of the proposed array and the antenna
geometry therein are described. Simulated and experimental
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Figure 1 Geometry of the 3.6-GHz 10-antenna array for the MIMO
operation in the smartphone. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]

results of the impedance and radiation performance of each
antenna in the proposed array are presented. The ECC between
antennas and the ergodic channel capacity of the proposed array
in a 10 X 10 MIMO system are also calculated and discussed.

2. PROPOSED 10-ANTENNA ARRAY

2.1. Array Structure and Antenna Geometry Therein

The proposed 10-antenna array for the MIMO operation in the
smartphone is shown in Figure 1. The proposed array is also
fabricated and tested. The photos of the fabricated 10-antenna
array in this study are shown in Figure 2. The proposed array is
disposed in a system ground plane of 140 X 70 mm? for a typi-
cal 5.5-inch smartphone. The proposed array is formed by two
same five-antenna arrays printed along two long side edges of
the system ground plane. Note that the system ground plane in
this study is printed on a 0.8-mm thick FR4 substrate of relative
permittivity 4.4 and loss tangent 0.02. The two rectangular
clearance regions of 8 X 40 mm? at the top and bottom edges
of the system ground plane are reserved for accommodating two
LTE/WWAN antennas for the 2G/3G/4G operation, such as the
antenna reported in [7] that can cover the 698-960 and 1710-
2690 MHz bands with a compact antenna size to fit in the
reserved clearance regions. The two antennas to be disposed in
the two clearance regions, however, are not included in this
study.

Each antenna in the proposed array is a microstripline-fed
open-slot antenna [8—10] with same dimensions of 3 X 8 mm?>
(0.0364 X 0.0964, 4 is the wavelength at 3.6 GHz). The 50-Q
microstrip feedline has an inverted-L tuning stub (section AA’)
of length 8 mm inside the open slot. At the opening of the open
slot, there is a short strip (section BB’) of length 2 mm added
to provide an enhanced capacitance at the open slot, which can
make the excited open-slot resonant mode shifted to lower fre-
quencies. The required open-slot dimensions for covering the
3.6-GHz band can hence be decreased. In this study, the length
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of the open slot is 8 mm, which is only about 0.14 at 3.6 GHz.
Also, note that the tuning stub of section AA’ is extended away
from the opening. This arrangement can lead to good excitation
of the open-slot resonant mode. Each five-antenna array dis-
posed at the right or left long edge of the system ground plane
is formed by two antenna pairs and an antenna at the center
thereof. The two antenna pairs at the right long edge are (Antl,
Ant2) and (Ant4, AntS), while those at the left long edge are
(Ant6, Ant7) and (Ant9, Ant10). Ant3 and Ant8 are disposed at
the center of the right and left long edges, respectively. The two
antennas in each antenna pair have a spacing of 15 mm (about
0.182 at 3.6 GHz) and are arranged to have their openings at
the outer-most boundary of the antenna pair, which can lead to
acceptable isolation (better than about 10 dB) between two
antennas in the antenna pair. This is mainly because strong elec-
tric fields generally occur at the opening of the open slot, hence

front view

(a)
Antl front view

Antl back view

(b)

Figure 2 (a) Photos of the fabricated 10-antenna array. (b) Enlarged
photo of Antl in the 10-antenna array. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com]
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Figure 3 Simulated (a) S parameters and (b) antenna efficiency for
Antl to Ant5. [Color figure can be viewed in the online issue, which is
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larger spacing between the two openings can lead to decreased
coupling between two antennas. Also, note that each antenna
pair has a length of 31 mm only (about 0.374 at 3.6 GHz), and
the antennas therein can have wide bandwidths to cover the 3.6-
GHz band (3.4-3.8 GHz).

For Ant3 and Ant8, they are disposed between two antenna
pairs and have a distance of 20 mm (about 0.24/ at 3.6 GHz) to
the two antenna pairs. As the distance is at least about a
quarter-wavelength, acceptable isolation of Ant3 and Ant§ to
other antennas in the proposed array can be obtained. Ant3 and
Ant8 can also have wide bandwidths to cover the desired 3.6-
GHz band.

2.2. Antenna Performance

The antenna performance of Antl to Antl0 in the proposed 10-
antenna array is first studied. Figure 3(a) shows the simulated §
parameters for Antl to Ant5, and the antenna efficiency which
includes mismatching losses is shown in Figure 3(b). The simu-
lated results are obtained using the full-wave electromagnetic
field simulator HESS version 15 [11]. The impedance matching
of Antl to Ant5 is all better than 6 dB (3:1 VSWR) for frequen-
cies in the 3.6-GHz band (see the shaded frequency region in
the figure). The isolation between the antenna pair of (Antl,
Ant2) and (Ant4, Ant5) is also seen to be better than about 10
dB. The isolation of Ant3 to Ant2 and Ant4 is even better than
about 12 dB.

DOl 10.1002/mop

From the results shown in Figure 3(b), acceptable antenna
efficiency for Antl to Ant5 is also obtained. The antenna effi-
ciency of Antl and Ant5 is about 50-62%, while that of Ant2,
Ant3, and Ant4 is about 42-56%. The results indicate that Antl
and Ant5 which are disposed at the outer-most boundary of the
antenna array can have better antenna efficiency. Conversely,
the antenna efficiency of Ant2, Ant3, and Ant4 which have
nearby antennas at their two sides is slightly lower.

The fabricated 10-antenna array shown in Figure 2 was also
tested. The measured S parameters and antenna efficiency for
Antl to Ant5 are presented in Figure 4. It is seen that the meas-
ured data in Figure 4 generally agree with the simulated results
in Figure 3.

The antenna performance for Ant6 to Antl0 at the left long
edge of the system ground plane is also shown for comparison.
The simulated results of the S parameters and antenna efficiency
for Ant6 to Antl0 are shown in Figure 5, while the correspond-
ing measured data are presented in Figure 6. Agreement
between the simulation and measurement is also obtained.
Owing to the two clearance regions at the left long edge of the
system ground plane, Ant6 and Antl0 have a short distance of
7 mm (about 0.084 at 3.6 GHz) to the ground edge. This short
distance leads to a degradation in the impedance matching of
Ant6 and Antl0, as compared with that of Antl and Ant5 which
have a distance of 15 mm (about 0.184 at 3.6 GHz) to the
ground edge [see the curves of Sg¢ and Syp10 in Fig. 5(a) vs.
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Figure 4 Measured (a) S parameters and (b) antenna efficiency for
Antl to Ant5. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]

MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 57, No. 7, July 2015 1701


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

0
2)
— -10
172
8
2
5 20 Simulated (HFSS)
8 | BrSe© Sy, A Sy, S S F S
=2 *S‘]’é,‘.— Ss‘], * S9g, Slo9
-30
3200 3400 3600 3800 4000
Frequency (MHz)
(a)
100
S
B0 [-nmmnmmnmomnmon oo
Q
&
L 60
=
m 40
g Simulated B Ant6, Ant9
g 20 (HFSS) -©-Ant7, “# Ant10
=
< 0 'A' Ant8
3200 3400 3600 3800 4000
Frequency (MHz)
(b)

Figure 5 Simulated (a) S parameters and (b) antenna efficiency for
Ant6 to Ant10. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]

those of S;; and Sss in Fig. 3(a)]. From the measured S parame-
ters shown in Figure 6(a), however, the impedance matching of
Ant6 to Antl0 is all less than about —6 dB in the 3.6-GHz
band. The isolation between any two antennas in the antenna
array of Ant6 to AntlO is also all better than about 10 dB. The
obtained results are similar to the observations for the antenna
array of Antl to AntS.

It is also observed that the degradation in the impedance
matching makes the antenna efficiency of Ant6 and Ant10 lower
than that of Ant7, Ant8, and Ant9. From the results shown in
Figure 5(b), the antenna efficiency of Ant6 and Antl0 is about
38-51%, and that of Ant7, Ant8, and Ant9 is about 45-62%.
The measured data shown in Figure 6(b) indicates that the
antenna efficiency of Ant6 to Antl0 is all better than about 40%
and varies in the range of 40-57%. The measured antenna effi-
ciency generally agrees with the simulated results.

To analyze the excited open-slot resonant mode of the anten-
nas in the proposed array, the simulated electric field and sur-
face current distributions at 3.6 GHz for Antl and Ant3 as
representatives of all the antennas are shown in Figure 7. Strong
electric fields are seen to occur at the opening of the open slot
and gradually decrease to the closed end of the open slot.
Strong surface currents along the outer edge, closed edge, and
inner edge of the open slot are also excited. The observed
behavior indicates that the open slot resonant mode is excited
[8-10].
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Figure 6 Measured (a) S parameters and (b) antenna efficiency for
Ant6 to Ant10. [Color figure can be viewed in the online issue, which is
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The measured and simulated three-dimensional radiation pat-
terns for the antennas in the proposed array are presented in Fig-
ures 8 and 9. Figure 8 shows the results for Antl to Ant5, and
those for Ant6 to Antl0 are shown in Figure 9. Agreement
between the simulated and measured radiation patterns is gener-
ally obtained. It is also seen that each antenna has a unique radi-
ation pattern, different from those of other antennas. This
behavior is advantageous for achieving smaller ECCs between
antennas in the proposed 10-antenna array, thereby an enhanced

E-field distribution (V/cm) Surface current distribution (A/m)

100 50 25 100 50 25
o /s | - s
strong E-field

strong E-field

Figure 7 Simulated electric field and surface current distributions at
3.6 GHz for Antl and Ant3. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]
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Figure 8 Measured and simulated three-dimensional radiation patterns
for Antl to AntS. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com]

channel capacity for the 10 X 10 MIMO operation can be
obtained.

3. MIMO PERFORMANCE

To analyze the MIMO performance of the proposed 10-antenna
array in a 10 X 10 MIMO system, the calculated ECC from the
measured complex electric-field patterns and simulated ECC
from the HFSS [11] is presented in Figure 10. Typical ECC

DOl 10.1002/mop

results between Antl and Ant2, Antl and Ant3, Ant2 and Ant3,
Ant2 and Ant4, and Antl and Ant6 are presented. The ECC
results are obtained by assuming the indoor propagation envi-
ronment with a uniform incident wave [12]. Good agreement
between the ECC results shown in Figures 10(a) and 10(b) is
seen. The ECC values are all less than 0.1 in the 3.6-GHz band,
which is good for the MIMO operation.

Figure 11 shows the calculated ergodic channel capacities of
the fabricated 10-antenna array in a 10 X 10 MIMO system.
The uncorrelated transmitting antennas and the independently
identically distributed (i.i.d.) channels with Rayleigh fading

Z
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Measured

Anté6 Ant7 Ant8

Ant9

Ant10
Simulated (HFSS)

Figure 9 Measured and simulated three-dimensional radiation patterns
for Ant6 to Antl0. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]
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environment are considered. The ergodic channel capacities are
obtained by averaging over 10,000 Rayleigh fading realizations
with a SNR ratio of 20 dB at the 10-antenna array. From the
calculated results, the capacities in the 3.6-GHz band are about
43—47 bps/Hz. The maximum capacity is larger than four times
that (about 11.5 bps/Hz [1]) of an ideal 2 X 2 MIMO system

6 57.5 bps/Hz, upper limit for 10x10 MIMO

gt o g g "¢ o ¢ o9

fabricated 10-antenna array

5.75 bps/Hz, upper limit for SISO

0
3200 3400 3600 3800 4000
Frequency (MHz)

Channel Capacity (bps/Hz)

Figure 11 Calculated ergodic channel capacities of the fabricated 10-
antenna array in a 10 X 10 MIMO system. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com]

(100% antenna efficiency and zero ECC between antennas) or
about three times that (about 15.5 bps/Hz) of a 2 X § MIMO
system [5].

4. CONCLUSION

A 3.6-GHz 10-antenna array in the smartphone has been pro-
posed for the application in a 10 X 10 MIMO system. The
10-antenna array is disposed along the two long side edges of
the system ground plane of the smartphone. Each antenna can
cover the desired 3.6-GHz band (3.4-3.8 GHz) with acceptable
antenna efficiency. Acceptable isolation of better than about 10
dB between antennas in the proposed array has also been
obtained. Any two antennas in the proposed array also show
good ECC of less than 0.1. Agreement between the measured
data and simulated results of the proposed 10-antenna array
has been observed. The calculated ergodic capacities of the
10-antenna array in a 10 X 10 MIMO system have been cal-
culated to be about 47 bps/Hz with a 20-dB SNR, which is
larger than about four times that (about 11.5 bps/Hz [1]) of an
ideal 2 X 2 MIMO system. The proposed 10-antenna array is
promising for the smartphone application in a 10 X 10 MIMO
system.
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