
Received June 1, 2016, accepted June 16, 2016, date of publication June 21, 2016, date of current version July 7, 2016.

Digital Object Identifier 10.1109/ACCESS.2016.2582786

4G/5G Multiple Antennas for Future Multi-Mode
Smartphone Applications
YONG-LING BAN1, CHUAN LI1, CHOW-YEN-DESMOND SIM2, (Senior Member, IEEE),
GANG WU3, (Member, IEEE), AND KIN-LU WONG4, (Fellow, IEEE)
1School of Electronic Engineering, University of Electronic Science and Technology of China, Chengdu 611731, China
2Department of Electrical Engineering, Feng Chia University, Taichung 407, Taiwan
3National Key Laboratory of Science and Technology on Communication, University of Electronic Science and Technology of China, Chengdu 611731, China
4Department of Electrical Engineering, National Sun Yat-sen University, Kaohsiung 80424, Taiwan

Corresponding author: Y.-L. Ban (byl@uestc.edu.cn)

This work was supported in part by the National Natural Science Foundation of China under Grant 61471098, in part by the
Mainland-Hong Kong-Macau-Taiwan Science and Technology Cooperation Project under Grant 2015DFT10170, and in part by the Taiwan
Institute of Economic Research Cross-Strait 5G Project under Grant FY105.

ABSTRACT A hybrid antenna is proposed for future 4G/5G multiple input multiple output (MIMO)
applications. The proposed antenna is composed of two antenna modules, namely, 4G antenna module
and 5G antenna module. The 4G antenna module is a two-antenna array capable of covering the
GSM850/900/1800/1900, UMTS2100, and LTE2300/2500 operating bands, while the 5G antenna module
is an eight-antenna array operating in the 3.5-GHz band capable of covering the C-band (3400–3600 MHz),
which could meet the demand of future 5G application. Compared with ideal uncorrelated antennas in an
8 × 8 MIMO system, the 5G antenna module has shown good ergodic channel capacity of ∼40 b/s/Hz,
which is only 6 b/s/Hz lower than ideal case. This multi-mode hybrid antenna is fabricated, and typically,
experimental results such as S-parameter, antenna efficiency, radiation pattern, and envelope correlation
coefficient are presented.

INDEX TERMS MIMO, multi-antenna, multi-mode, channel capacity, 5G application.

I. INTRODUCTION
With the rapid development of radio access technologies,
wireless communication network environment has become
a mixture of different kinds of heterogeneous networks.
As a result, the development and exploitation of multi-mode
mobile terminals has aroused worldwide interest in the wire-
less communication field [1]. Thus, multi-mode and multi-
band smart phone antenna is a prerequisite requirement for
present and future terminal devices, especially those with
MIMO (multiple–input–multiple–output) system included.
Due to the limited volume size of mobile terminal devices
(such as mobile handset), strong mutual coupling among
antenna elements is inevitable, which results in affecting
the antenna efficiency and also influences the correlation.
Therefore, it is vital to apply decoupling technique between
antenna elements for MIMO system.
A number of techniques have been reported to mitigate

strong mutual coupling between two antenna array ele-
ments for MIMO system [2]–[8]. Amid these techniques,
besides loading a slit into the ground [2], other conven-
tional methods such as protruding a single or dual ground

branch have also been proposed to acquire low mutual
coupling [3]–[5]. Recently, novel neutralization technique
has also been reported, in which a neutralization line (NL)
is linked between the feeding strips or the shorting strips of
antenna elements [6]–[8]. By doing so, reverse coupling can
be excited to reduce themutual coupling between antenna ele-
ments that arewithin very close proximity. Thus, in this paper,
a previously reported antenna design [9] for 4G applications
(4G antenna module) is initially reinvestigated and slightly
modified. Here, a combination of protruded ground and NL
techniques are applied into this antenna, so that enhanced
isolation can be achieved for this 4G antenna module.
Because of the demand for faster data transmission well

beyond the 4G standard, some countries and regions have
already defined their very own fifth generation (5G) wireless
standards that will be 100 times faster than the fastest 4G
LTE standard currently available [10]. In November 2015,
one of the key outcomes of WRC-15 (World Radio Com-
munication Conference 2015) is the allocation of 3.5-GHz
C band (3400–3600 MHz) as future broadband mobile ser-
vices [11]. Therefore, besides considering the possibility of
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implementing beamforming techniques which are envisaged
as enablers for 5G mobile systems, mobile terminal device
with massive MIMO antenna array operating in this C band
is presently also a good candidate for future 5G operation.
To the best of author’s knowledge, most internal mobile

phone with dual element MIMO antenna array designs
usually cover the LTE/WWAN operation [9], [12], which
only takes into the consideration of 4G frequency bands.
On the other hand, the work reported in [13] has pro-
posed a hybrid dual-antenna formed by an inverted-F antenna
and an open-slot antenna that only focus on 3.6-GHz band
(3.4–3.8 GHz) operation [13]. To satisfy future 5G applica-
tions, MIMO antennas for 5G applications have been dis-
cussed in [14] and [15]. For smartphone applications, the
recent works reported in [16]–[18] have proposed 8-element
10-element and 16-element antenna arrays, respectively, for
massive MIMO operation in the 3400–3600 MHz frequency
band, however, they have failed to satisfy either multi-
mode or multi-antenna design need for 4G frequency bands.
Notably, other investigations have also been performed for
4G systems in the 3.4–3.6GHz frequency band, although they
are initially studied for WiMAX system [19], [20].
In this paper, a hybrid antenna composed of two modules

(4G antenna module and 5G antenna module) is proposed,
the novelty of this paper is the use of 8 × 8 MIMO array
instead of a single antenna. The 4G antenna module is a two-
antenna array (2×2 MIMO configuration) that can cover the
GSM850/900/1800/1900, UMTS2100, and LTE2300/2500
operating bands. As for the 5G antenna module, it consists of
eight identical antenna elements (8×8MIMO configuration)
operating in the 3.5-GHz band (3.4–3.6 GHz) for future
5G communication. Typical results such as S-parameters and
radiation performances of this proposed antenna are pre-
sented in this study, and as predicted, the 5G antenna module
can significantly improve the ergodic channel capacity as
compared with a SISO (single input single output) type.

II. PROPOSED ANTENNA DESIGN
Fig. 1(a) shows the complete geometry of proposed multi-
antenna module. As illustrated in Fig. 1(a), a 0.8-mm
thick FR4 substrate that has a relative permittivity of 4.4
and a loss tangent of 0.024 is used as the system circuit
board. The whole system circuit board has a dimension of
140 mm×70 mm, in which a 130 mm×70 mm ground plane
is printed onto it to serve as the system ground plane. Here, a
9.5 mm× 12 mm protruded ground plane is connected to the
system ground for decoupling and impedance matching [9].
The two 4G antennas (Ant1 and Ant2) are placed at the
bottom edge of the system ground plane, separated by a
protruded ground, while the eight 5G antennas are printed
along two long side edges.

A. 4G ANTENNA MODULE
The 4G antenna module design proposed here is an extended
version of the antenna array reported in [9] that can
cover WWAN/LTE operation bands. It is composed of

FIGURE 1. (a) Configuration of proposed antenna, (b) Structure of 4G and
5G antenna modules.

two 4G antennas, and its detailed structure and optimized
dimensions are given in Fig. 1(b). Each 4G antenna is com-
prised of a feeding strip fed by a 50 � mini coaxial feeding
line (with point A1 and A2 serving as the feeding point)
and a bended shorting strip embedded with a 6.8 nH chip
inductor (with point B1 and B2 serving as shorting point).
As discussed earlier, the protruded ground plane is to provide
decoupling effects in the upper bands and improving the
impedance matching in the lower bands, however, it will
also lead to deterioration of isolation in the lower bands.
Thus, a neutralization line (NL) is loaded between the two
4G antenna elements, so that the decoupling effects in the
lower bands can be improved. Notably, the results of this
4G antenna module are similar to the one reported in [9].
The feeding strip and shorting strip can excite a funda-
mental resonant mode at 950 MHz and 850 MHz, respec-
tively, forming a combined dual resonance that can cover
the lower bands for GSM850/900 operations. In addition,
the shorting strip can also generate a higher-order resonance
at 1800 MHz, which combined with the resonance at about
2600 MHz (introduced by the protruded ground) can cover
the GSM1800/1900/UMTS operations.
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FIGURE 2. Simulated S-parameters of Ref1 and proposed 4G antenna
module.

As previously mentioned, the NL loaded between the two
4G antenna elements is for increasing the isolation in the
lower bands. To analyze the function of this NL, Fig. 2 shows
the simulated S-parameters of the proposed 4G antenna array,
and a reference antenna 1 (Ref1) that is the proposed one
without the NL. By loading the NL into Ref1, the proposed
one has shown an enhancement in isolation (S21) of at least
3 dB in the lower bands, especially at 900 MHz, in which
the S21 is improved from −7.5 dB to −11.25 dB. Therefore,
the proposed 4G antenna module can successfully cover the
GSM850/900/1800/1900/ UMTS/LTE2300/2500 bands with
desirable isolation.

FIGURE 3. Simulated surface current distributions of Ref1 (left) and
proposed 4G antenna module (right) at 950MHz.

To further validate the results of Fig. 2, Fig. 3 shows the
current distributions of Ref1 and proposed 4G antenna array
at 950 MHz. In both cases, their respective Ant1 is excited
and Ant2 is terminated to 50� load. Compared with Ref1,
the surface current distribution along Ant2 of proposed one
is visibly reduced (lower mutual coupling). This is because
the NL has modified the current distributions on the system
ground plane of Ant2, with intense current on the NL that
leads to corresponding strong phase-reversal coupling, which
could offset the original mutual coupling [21].

B. 5G ANTENNA MODULE
Figure 1 shows the configuration of the proposed 5G antenna
module, and its detail dimensions are also presented. The
proposed 5G antenna module is formed by eight identical
antennas (Ant3 to Ant10) printed along the two long side

edges of the system circuit board. Eight rectangular clearance
regions of 16 mm × 3 mm are also reserved for accommo-
dating the proposed 5G antennas. The adjacent two antennas
located on the same side edge has a spacing of 17 mm, and all
the 5G antennas are arranged to have their open-end pointing
toward the same direction (positive y-axis). Here, Ant3 and
Ant7 are 10 mm away from the 4G antenna module, while
Ant6 and Ant10 are 5mm away from the top ground edge.
Each antenna element of the proposed 5G array is a bending
monopole strip printed along the perimeter (about 35 mm in
total length and 0.5 mm in width) of the clearance region
located below it. All 5G antennas are excited through a 50�
SMA connector. As depicted in Fig. 1(b), a protruded tuning
stub (AB) of only 0.7 mm is extended from the open end
of the 5G monopole strip. Besides the ability to enhance
the capacitive coupling between the tuning stub and the
ground plane, simply extending the length of this tuning stub
can shift the excited monopole resonant mode to the lower
frequency band. Here, the dimension of this 5G monopole
is specifically designed for covering the 3.5 GHz band
(3400–3600 MHz) [11].

FIGURE 4. Simulated S-parameters of 5G antennas.

Figure 4 shows the simulated reflection coefficients of
Ant3–Ant6, and their corresponding isolations (S43, S54 and
S65). All 5G antenna elements located on the right side edge
have shown good impedance matching of less than 10 dB
between 3400–3600 MHz. Due to enough distance among
each elements, good isolation of less than 10 dB are also
exhibited between any two antennas. For brevity, those on
the left side edge (Ant7–Ant10) will not be presented. It is
noteworthy that Ant6 has a shorter distance of 5 mm to
the top ground edge, as compared with that of Ant3, Ant4,
Ant5 that have longer distances to the top ground edge.
From Ant3 to Ant6, the distance from the open-end of these
monopoles to the top ground edge decrease gradually, which
leads to a gradual degradation in the impedance matching
from Ant3 to Ant6. It is also observed that the degradation
of the impedance matching makes the antenna efficiency
decrease gradually (Ant3–Ant6) in the 3.5 GHz band, which
can be seen in Fig. 5. Here, the antenna efficiency for Ant1
is approximately 65%–70%, while that of Ant4, Ant5, Ant6
are approximately 56%–63%. As a result, the efficiencies of
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FIGURE 5. Simulated efficiencies of 5G antennas along the right side
edge.

these 5G antennas can still meet the requirement for smart-
phone applications.
To fully comprehend the excitation of the 5G monopole

resonant mode, the simulated surface current distributions at
3.5 GHz of Ant3 (representing the rest) is shown in Fig. 6.
In this figure, a current null is observed along monopole strip
with total length of 35 mm (approximately 0.41λ0), which
indicates that the 3.5 GHz mode is a higher-order resonance.
To explain this phenomenon, Fig. 7 shows the fundamental
resonance (with reactance value is zero) of the 5G monopole
is actually at approximately 1.75 GHz. However, this funda-
mental resonance has exhibited very poor impedance match-
ing due to very small resistance value. Thus, it has very little
influence on the 4G antenna module operating bands.

FIGURE 6. Simulated surface current distribution at 3.5 GHz for Ant3.

III. RESULT AND DISCUSSION
A. S-PARAMETERS AND ANTENNA EFFICIENCY
The proposed multi-antenna array prototype was fabricated
and tested, and its front and back photographs are shown
in Fig. 8. The simulated results were performed by using
Ansoft HFSS ver. 14, and an Agilent N5247A vector network
analyzer was used for the measured S-parameters results.
Due to identical dimensions and symmetrical placement of
the ten array elements, only S-parameters of Ant1 and Ant2
(4G antenna module), and Ant3–Ant6 (5G antenna module)
are presented.
The measured and simulated return losses of the pro-

totype 4G and 5G antenna modules are presented in
Fig. 9(a) and (b), respectively. In this figure, good agreement

FIGURE 7. Simulated input impedances of 5G antenna element.

FIGURE 8. Photograph of the fabricated multi-antenna array prototype.

between the simulation and measurement are obtained. Slight
differences or variations between the two results may be due
to imperfect SMA connector assembly, fabrication tolerance
and inevitable small misalignment between the 5G monopole
strip and its bottom clearance zone.
As shown in Fig. 9(a), the 4G antennas have exhib-

ited desirable measured 6-dB impedance bandwidths
(3:1 VSWR) of 16% (823–968 MHz) and 46%
(1697–2706 MHz), and measured isolation better than 10-dB
in both desired frequency bands. As for the 5G antennas
(Ant3–Ant6) shown in Fig. 9(b), Ant6 has shown a min-
imum measured 6-dB impedance bandwidth (3:1 VSWR)
of approximately 12% (3300–3720 MHz), while Ant3–Ant5
have shown even better impedance bandwidths that can also
cover the 3.5 GHz operating band. Because the isolations
of nonadjacent 5G elements are much larger than 18 dB,
for brevity, Fig. 9(b) only just shows the isolation between
adjacent antenna elements (Ant3–Ant6), and the measured
results (S43, S54, and S65) across the 3.5 GHz band were
better than 10-dB.

2984 VOLUME 4, 2016



Y.-L. Ban et al.: 4G/5G Multiple Antennas for Future Multi-Mode Smartphone Applications

FIGURE 9. S-parameters of (a) 4G antenna module, (b) 5G antenna
module.

FIGURE 10. Measured antenna gains and radiation efficiencies across the
operating bands of proposed multi-antenna module.

The antenna efficiencies (includes mismatching losses)
and antenna gains of proposed multi-antenna module were
measured with one antenna excited while the other antennas
terminated to 50� matched load in the SATIMO microwave
anechoic chamber, and the results are shown in Fig. 10.
In this figure, the measured 4G antenna (Ant2) efficiencies
over the lower and upper bandsweremore than 40% and 60%,
respectively, while their corresponding antenna gain vari-
ation were −0.5–0.43 dBi and 0.99–3.7 dBi. Within the
desired 3.5 GHz bands (3400–3600 MHz), the measured
5G antennas (Ant3–Ant6) efficiencies were about 62%–78%,
while its corresponding antenna gains were approximately
1.9–3.2 dBi.

FIGURE 11. Calculated ECC from the measured complex electric field
patterns.

B. CALCULATED ECC
For diversity and MIMO application, the correlation between
signals received at the same side of a wireless link by the
involved antenna is an important figure of merit for the whole
system. The envelop correlation coefficient (ECC) is usually
used to evaluate the diversity capability of multi-antenna
system, in which low ECC value means higher isolation
and large diversity gain. In general, the ECC value should
be less than 0.5, so that good characteristic of diversity for
mobile terminal applications can be achieved [22]. Because
the detail formulae of ECC has already been discussed in [22]

FIGURE 12. Measured radiation patterns of 4G antennas at (a) 900 MHz,
(b) 2000 MHz.
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for diversity antenna, for brevity, it will not be shown in
here. Fig. 11 shows the ECC characteristic computed from
the measured complex E-field patterns. The ECC values for
4G and 5G antennas are less than 0.4 and 0.2, respectively,
over their corresponding desired bands of interest.
Fig. 12 shows themeasured two-dimensional radiation pat-

terns of 4G antennas at 900 and 2000MHz for Ant1 andAnt2.
For the 4G antennas, as explained in [21], because of
their symmetrical placement, Ant1 and Ant2 have demon-
strated distinct complementary characteristics at the same
frequency. These behaviors are advantageous for achieving
smaller ECCs, which also explain the lower ECCs obtained
over the operating bands. Fig. 13 shows the measured
two-dimensional radiation patterns of Ant3–Ant6 at
3500MHz. As expected, each 5G antenna element has exhib-
ited similar radiation patterns in the three principal planes,
in which near bi-directional patterns were observed in the
XZ-plane, while both YZ- and XY-planes have demonstrated
broadside patterns in the +Y (90◦) direction.

C. CHANNEL CAPACITIES OF 5G AND 4G ANTENNAS
Similar to a SISO (single input single output) system, the
channel capacity of a MIMO system is a function of the
system bandwidth and the statistic of its equivalent SNR
(signal to noise ratio), that is usually adopted to evaluate the
system performance [23]–[25].When the transmitter does not
know the channel conditions, the power is equally divided

FIGURE 13. Measured radiation patterns of 5G antennas at 3.5 GHz.

FIGURE 14. Calculated ergodic channel capacities of 5G antenna array
prototype in an 8 × 8 MIMO system.

FIGURE 15. Calculated ergodic channel capacities of 4G antenna array
prototype in an 2 × 2 MIMO system.

to each transmit antenna element, and its ergodic channel
capacity is defined as

C = E
{
log2

[
det

(
I + SNR

nT
HHH

)]}
,

wherebyE denotes expectationwith respect to different chan-
nel realizations, I is an identity matrix, SNR denotes themean
SNR at the mobile terminal, nT is the number of transmit-
ting antennas, H is the channel matrix, and HH denotes the
Hermitian transpose of matrix [16]. In this case, the uncor-
related transmitting antennas, and the i.i.d. (independently
identically distributed) channels with Rayleigh fading envi-
ronment of SNR = 20 dB are considered. For 5G antenna
module operated at 3400–3600 MHz band, theoretically,
it could greatly improve the channel capacity compared
with the case that only one antenna at the mobile-terminal
side. The results of calculated ergodic MIMO capacity for
5G antenna module is presented in Fig. 14. The proposed
5G antenna aray is compared with the case of eight ideal
transmitting and receiving antennas, (ideal 8 × 8 MIMO
system), and the case of one ideal transmitting and receiving
antenna (ideal SISO system). It is shown that the proposed
5G antenna array in an 8 × 8 MIMO system has achieved
capacity much larger than that of a SISO system, but lower
than the ideal 8×8MIMO system case by only about 6 bps/Hz
in a uniform environment.
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To ensure that the proposed 4G antenna array prototype is
workable in a 2×2 MIMO system, its corresponding ergodic
MIMO capacity is also calculated and presented in Fig. 15.
Here, the proposed 4G antenna array is also compared with
the case of two ideal transmitting and receiving antennas,
(ideal 2×2 MIMO system). It is shown that the proposed
4G antenna array in an 2 × 2 MIMO system has achieved
capacity of above 7.5 bps/Hz with a 20-dB SNR, but lower
than the ideal 2 × 2 MIMO system case (11.5 bps/Hz) in a
uniform environment.

IV. CONCLUSION
This work has successfully reported a multi-antenna module
that composed of a 4G and 5G antenna modules, which can
be applied for 4G/5G applications. The 4G antenna module
can cover two wide operating bands of 824–960 MHz and
1710–2690 MHz, and the 5G antenna module with eight
monopole antennas can cover the 3400–3600MHz band. The
ergodic channel capacities of 5G antenna array in a 8 × 8
MIMO system have been calculated to reach about 40 bps/Hz
with a 20-dB SNR, which is approximately 7 times larger
than that of an ideal SISO system. Typical results such as
S-parameters, radiation efficiency, antenna gain, radiation
pattern, and ECCs were measured, and they can meet the
requirements of MIMO systems. Therefore, the proposed
multi-antenna module is promising for future multi-mode
smartphone applications. Lastly, as far as the authors concern,
a combined 4G and 5G antenna modules has never been
reported in the open-literature or anywhere else.

REFERENCES
[1] W. Su, Q. Liu, H. He, and H. Zhang, ‘‘A new context awareness scheme

for multi-mode mobile terminals in mobile Internet,’’ in Proc. IET 3rd
Int. Conf. IET Wireless, Mobile Multimedia Netw. (ICWMNN), Sep. 2010,
pp. 95–98.

[2] T. Ohishi, N. Oodachi, S. Sekine, and H. Shoki, ‘‘A method to improve
the correlation coefficient and the mutual coupling for diversity antenna,’’
in IEEE Antennas Propag. Soc. Int. Symp. Dig., Washington, DC, USA,
Jul. 2005, pp. 507–510.

[3] Y. Ding, Z. Du, K. Gong, and Z. Feng, ‘‘A novel dual-band printed diversity
antenna for mobile terminals,’’ IEEE Trans. Antennas Propag., vol. 55,
no. 7, pp. 2088–2096, Jul. 2007.

[4] Z. Li, Z. Du, and K. Gong, ‘‘A novel wideband printed diversity antenna
for mobile phone application,’’ in Proc. IEEE Antennas Propag. Soc. Int.
Symp. (AP-S), San Diego, CA, USA, Jul. 2008, pp. 1–4.

[5] X. Wang, Z. Du, and K. Gong, ‘‘ A compact wideband planar diversity
antenna covering UMTS and 2.4 GHz WLAN bands,’’ IEEE Antennas
Wireless Propag. Lett., vol. 7, pp. 588–591, 2008.

[6] A. Diallo, C. Luxey, P. Le Thuc, R. Staraj, and G. Kossiavas, ‘‘Study
and reduction of the mutual coupling between two mobile phone PIFAs
operating in the DCS1800 and UMTS bands,’’ IEEE Trans. Antennas
Propag., vol. 54, no. 11, pp. 3063–3073, Nov. 2006.

[7] A. Diallo, C. Luxey, P. Le Thuc, R. Staraj, and G. Kossiavas, ‘‘Enhanced
two-antenna structures for universal mobile telecommunications sys-
tem diversity terminals,’’ IET Microw. Antennas Propag., vol. 2, no. 1,
pp. 93–101, Feb. 2008.

[8] A. Chebihi, D. Nyberg, A. Diallo, C. Luxey, P. Le Thuc, and R. Staraj,
‘‘User’s head and hand influence on the diversity performance of neutral-
ized two-antenna systems for UMTS handsets,’’ in Proc. IEEE Antennas
Propag. Soc. Int. Symp. (AP-S), San Diego, CA, USA, Jul. 2008, pp. 1–4.

[9] Y.-L. Ban, Z.-X. Chen, Z. Chen, K. Kang, and J. L.-W. Li, ‘‘Decou-
pled closely spaced heptaband antenna array for WWAN/LTE smartphone
applications,’’ IEEE Antennas Wireless Propag. Lett., vol. 13, pp. 31–34,
2014.

[10] A. Bleicher, ‘‘The 5G phone future,’’ IEEE Spectr., vol. 50, no. 7,
pp. 15–16, Jul. 2013.

[11] World Radiocommunication Conference Allocates Spectrum for Future
Innovation, accessed on Nov. 27, 2015. [Online]. Available: http://
www.itu.int/net/pressoffice/press_releases/2015/56.aspx#.VqpBJ_l97IV

[12] K.-L. Wong, T.-W. Kang, and M.-F. Tu, ‘‘Internal mobile phone antenna
array for LTE/WWAN and LTEMIMO operations,’’Microw. Opt. Technol.
Lett., vol. 53, no. 7, pp. 1569–1573, Jul. 2011.

[13] K.-L. Wong and H.-J. Chang, ‘‘Hybrid dual-antenna for the 3.6-GHz LTE
operation in the tablet computer,’’ Microw. Opt. Technol. Lett., vol. 57,
pp. 2592–2598, Nov. 2015.

[14] S. A. Nasir, M. Mustaqim, and B. A. Khawaja, ‘‘Antenna array for 5th gen-
eration 802.11ac Wi-Fi applications,’’ in Proc. 11th Annu. High Capacity
Opt. Netw. Emerg./Enabling Technol. (Photonics for Energy), Charlotte,
NC, USA, Dec. 2014, pp. 20–24.

[15] K. Werner, H. Asplund, B. Halvarsson, A. K. Kathrein, N. Jalden, and
D. V. P. Figueiredo, ‘‘LTE-A field measurements: 8 × 8 MIMO and
carrier aggregation,’’ in Proc. IEEE 77th Veh. Technol. Conf. (VTC Spring),
Dresden, Germany, Jun. 2013, pp. 1–5.

[16] A. A. Al-Hadi, J. Ilvonen, R. Valkonen, and V. Viikari, ‘‘Eight-element
antenna array for diversity and mimo mobile terminal in LTE 3500 MHz
band,’’ Microw. Opt. Technol. Lett., vol. 56, no. 6, pp. 1323–1327,
Jun. 2014.

[17] K.-L. Wong and J. Y. Lu, ‘‘3.6-GHz 10-antenna array for mimo oper-
ation in the smartphone,’’ Microw. Opt. Technol. Lett., vol. 57, no. 7,
pp. 1699–1704, Jul. 2015.

[18] K. L. Wong, J.-Y. Lu, L.-Y. Chen, W.-Y. Li, and Y.-L. Ban, ‘‘8-antenna and
16-antenna arrays using the quad-antenna linear array as a building block
for the 3.5-GHz LTE MIMO operation in the smartphone,’’ Microw. Opt.
Technol. Lett., vol. 58, no. 1, pp. 174–181, Jan. 2016.

[19] D. Wu, S. W. Cheung, and T. I. Yuk, ‘‘A compact loop antenna with
seven resonant modes for smartphones,’’ in Proc. IEEE-APS Topical Conf.
Antennas Propag. Wireless Commun. (APWC), Turin, Italy, Sep. 2015,
pp. 355–358, doi: 10.1109/APWC.2015.7300159.

[20] D. Wu, S. W. Cheung, and T. I. Yuk, ‘‘A compact and low-profile
loop antenna with multiband operation for ultra-thin smartphones,’’ IEEE
Trans. Antennas Propag., vol. 63, no. 6, pp. 2745–2750, Jun. 2015,
doi: 10.1109/TAP.2015.2412962.

[21] Y.-L. Ban, Z.-X. Chen, Z. Chen, K. Kang, and J. L.-W. Li, ‘‘Decou-
pled hepta-band antenna array for WWAN/LTE smartphone applications,’’
IEEE Antennas Wireless Propag. Lett., vol. 13, pp. 999–1002, 2014.

[22] R. G. Vaughan and J. B. Andersen, ‘‘Antenna diversity in mobile com-
munications,’’ IEEE Trans. Veh. Technol., vol. 36, no. 4, pp. 149–172,
Nov. 1987.

[23] G. J. Foschini, ‘‘Layered space-time architecture for wireless communi-
cation in a fading environment when using multi-element antennas,’’ Bell
Labs Tech. J., vol. 1, no. 2, pp. 41–59, 1996.

[24] G. J. Foschini, Jr., and M. J. Gans, ‘‘On limits of wireless communications
in a fading environment when using multiple antennas,’’ Wireless Pers.
Commun., vol. 6, no. 3, pp. 311–335, 1998.

[25] L. Zheng and D. N. C. Tse, ‘‘Diversity and multiplexing: A fundamental
tradeoff in multiple-antenna channels,’’ IEEE Trans. Inf. Theory, vol. 49,
no. 5, pp. 1073–1096, May 2003.

YONG-LING BAN was born in Henan, China.
He received the B.S. degree in mathematics from
Shandong University, the M.S. degree in elec-
tromagnetics from Peking University, and the
Ph.D. degree in microwave engineering from
the University of Electronic Science and Tech-
nology of China (UESTC), in 2000, 2003, and
2006, respectively. In 2006, he joined the Xi’an
Mechanical and Electric Information Institute as
a Microwave Engineer. He then joined Huawei

Technologies Company, Ltd., Shenzhen, China, as an RF Antenna Design
Engineer and then as a Senior Design Engineer, where he designed and
implemented various terminal antennas for 15 data card and mobile phone
products customized from leading telecommunication industries, such as
Vodafone. Since 2010, he has been an Associate Professor of Microwave
Engineering with UESTC. From 2014 to 2015, he visited the Queen Mary
University of London as a Visiting Scholar. His research interests include
wideband small antennas for 4G/5G handset devices, MIMO antenna, and
millimeter wave antenna array. He has authored over 60 referred journal and
conference papers on these topics and holds 20 granted and pending Chinese
and overseas patents.

VOLUME 4, 2016 2987



Y.-L. Ban et al.: 4G/5G Multiple Antennas for Future Multi-Mode Smartphone Applications

CHUAN LI was born in Sichuan, China, in 1989.
He received the B.S. degree in applied physics
from the Chengdu University of Technology in
2012. He is currently pursuing the master’s degree
in microwave engineering with the School of Elec-
tronic Engineering, University of Electronic Sci-
ence and Technology of China, Chengdu. His main
research interests are multiple-input multiple-
output antennas for 4G/5G wireless terminal
devices and multiband/wideband LTE/WWAN

small phone antennas.

CHOW-YEN-DESMOND SIM (M’07–SM’13)
was born in Singapore in 1971. He received
the B.Sc. degree from the Engineering Depart-
ment, University of Leicester, U.K., in 1998, and
the Ph.D. degree from the Radio System Group,
Engineering Department, University of Leicester,
in 2003. From 2003 to 2007, he was an Assis-
tant Professor with the Department of Computer
and Communication Engineering, Chienkuo Tech-
nology University, Changhua, Taiwan. In 2007,

he joined the Department of Electrical Engineering, Feng Chia Univer-
sity (FCU), Taichung, Taiwan, as an Associate Professor, where he became
a Full Professor in 2012. He is currently serving as the Executive Officer of
Master’s Program with the College of Information and Electrical Engineer-
ing (Industrial Research and Development), the Director of Intelligent IoT
Industrial Ph.D. Program, and the Director of the Antennas and Microwave
Circuits Innovation Research Center with FCU. He has authored or co-
authored over 80 SCI papers. His current research interests include antenna
design, VHF/UHF tropospheric propagation, and RFID applications. He is
a fellow of the Institute of Engineering and Technology, a Senior Member
of the IEEE Antennas and Propagation Society, and a Life Member of the
IAET. In 2015, he was invited to become the Distinguished Chair Professor
(ZhiQian Professor) with the School of Communication and Information
Engineering, Shanghai University (SHU). He was the TPC Member of the
APMC 2012, the APCAP 2015, and the IMWS-Bio 2015. He served as the
TPC Sub-Committee Chair (Antenna) of the ISAP 2014. He was a recipient
of the IEEEAntennas and Propagation Society Top 10Outstanding Reviewer
Award for Year (2013/2014) and (2014/2015). He received the fee waiver
Ph.D. Scholarship from the Radio System Group, Engineering Department,
University of Leicester, in 1999. He was invited as the Workshop Speaker in
APEMC 2015, and the Invited Speaker of TDAT 2015. He serves as the TPC
Chair of the APCAP 2016, and the Chapter Chair of the IEEE AP-Society,
Taipei Chapter (from 2016 to 2018).

GANG WU (M’05) received the B.S. and M.S.
degree in radio communications engineering from
the Chongqing University of Post and Telecommu-
nications, Chongqing, China, in 1996 and 1999,
respectively, and the Ph.D. degree in communi-
cations and information systems from the Uni-
versity of Electronic Science and Technology
of China (UESTC), Chengdu, China, in 2004.
He joined UESTC in 2004 as a Lecturer. He was a
Research Fellowwith the Positioning andWireless

Technology Centre, Nanyang Technological University, Singapore, from
2005 to 2007, and a Visiting Scholar with the Georgia Institute of Technol-
ogy, Atlanta, GA, USA, from 2009 to 2010. He is an Associate Professor
with the National Key Laboratory of Science and Technology on Communi-
cations, UESTC. His research interest includes MIMO-OFDM, cooperative
communications, cognitive radio, resource allocation and scheduling for
wireless networks, and energy-efficient wireless networks. He served as a
Technical Reviewer of dozens of international journals and conferences.
He has also been a Technical Program Committee Member of several
international conferences. He was an Exemplary Reviewer of the IEEE
COMMUNICATIONS LETTERS in 2011 and received the IEEEGlobecom 2012Best
Paper Award.

KIN-LU WONG (M’91–SM’97–F’07) received
the B.S. degree from National Taiwan Univer-
sity, Taipei, Taiwan, in 1981, and the M.S.
and Ph.D. degrees from Texas Tech University,
Lubbock, TX, USA, in 1984 and 1986, respec-
tively, all in electrical engineering. From 1986
to 1987, he was a Visiting Scientist with the
Max-Planck-Institute for Plasma Physics, Munich,
Germany. Since 1987, he has been with the Electri-
cal Engineering Department, National Sun Yat-sen

University (NSYSU), Kaohsiung, Taiwan, where he became a Professor in
1991. From 1998 to 1999, he was a Visiting Scholar with the ElectroScience
Laboratory, Ohio State University, Columbus, OH, USA. In 2005, he was
elected as the Sun Yat-sen Chair Professor with NSYSU. He also served as a
Chairman of the Electrical Engineering Department from 1994 to 1997, the
Vice President for Research Affairs from 2005 to 2008, and the Senior Vice
President of NSYSU from 2007 to 2012. He has authored over 550 refereed
journal papers and 280 conference articles and has personally supervised
53 graduated Ph.D. students. He holds over 200 patents, including U.S.,
Taiwan, China, and EU patents. His published articles have been cited over
21 000 times with an H-index of 69 in Google Scholar. He has also authored
the books entitled Design of Nonplanar Microstrip Antennas and Trans-
mission Lines (Wiley, 1999), Compact and Broadband Microstrip Antennas
(Wiley, 2002), and Planar Antennas for Wireless Communications (Wiley,
2003). He was elected as a Thomson Reuters Highly Cited Researcher in
2014 and 2015. In 2008, the research achievements on handheld device
antennas of the NSYSU’s Antenna Laboratory led by him was selected to
be the top 50 scientific achievements of Taiwan Ministry of Science and
Technology, Taipei, in past 50 years (from 1959 to 2009). He is an Elected
IEEEAP-SAdComMember. He served or currently serves as the IEEEAP-S
Paper Awards Committee Member, the IEEE AP-S Field Awards Committee
Member, an Associate Editor of the IEEE TRansactions on ANtennas and
PRopagation, and an AdComMember of the IEEE Tainan Section. He is also
a PE7 Panel Member of the 2015 European Research Council Advanced
Grant Panel and a Chief Consultant of the Institute of Antenna Engineers
of Taiwan, Taipei. He also served as the Chair of the judge panel for the
2014 and 2015National Terminal Antenna Design Competition organized by
the Taiwan Ministry of Economics. He served as the General Chair of 2012
APMC and 2014 ISAP, Kaohsiung, Taiwan, and will also be the General
Chair of 2016 APCAP, Kaohsiung. He has been an International Steering
Committee Member for many international conferences. He was a recipient
of the 2010 Outstanding Research Award of the Pan Wen Yuan Foundation
and selected as the Top 100 Honor of Taiwan by Global Views Monthly in
2010 for his contribution in mobile antenna researches. In 2012, he was also
a recipient of the Academic Award from the Taiwan Ministry of Education,
the Outstanding Distinguished Researcher Award from the Taiwan Ministry
of Science and Technology in 2013, the Outstanding Research Award three
times from the Taiwan National Science Council, Taipei in 1995, 2000,
and 2002, the Outstanding Electrical Engineering Professor Award from the
Institute of Electrical Engineers of Taiwan in 2003, and the Outstanding
Engineering Professor Award from the Institute of Engineers of Taiwan in
2004. He and his graduate students were a recipient of the best paper award
(APMC Prize) in 2008 APMC, and the Best Student Paper Award/Young
Scientist Award in 2007 ISAP, 2008 APMC, 2009 ISAP, 2010 ISAP, and
2012 ISAP. His graduate students also received the first prize of the 2007
and 2009 Taiwan National Mobile Handset Antenna Design Competition.

2988 VOLUME 4, 2016


