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A decoupled octaband WWAN/LTE dual-antenna system occupying a size of 80 mm x 15mm x 6.8 mm for smart phones is
proposed. The proposed antenna system consists of two antenna elements with symmetrical geometry, two neutralization lines
(NLs) with embedded inductor, and an inverted-T branch. The two NLs mainly reduce the mutual coupling at the desired lower
(704-960 MHz) frequency band, while the inverted-T branch mainly reduces the mutual coupling at the desired higher
(1710-2690 MHz) frequency band. The fabricated prototype has a —6 dB impedance bandwidth of 0.3 GHz (0.69-0.99 GHz) and
1.2 GHz (1.66-2.86 GHz) which cover the LTE700, GSM850, GSM900, DCS, PCS, UMTS, LTE2300, and LTE2500 bands. Within
these bands, the measured mutual couplings are lower than —10 dB. The measured antenna efficiencies are about 42.6%-60% and
58.3%-78.7% at the desired lower and higher frequency bands, respectively. The diversity performance and the SAR performance

are also evaluated.

1. Introduction

Multi-input and multi-output (MIMO) is one of the critical
techniques for the fifth-generation (5G) mobile communi-
cation [1]. For a MIMO system, the good performance
comes from the multiple antennas with a low correlation [2].
That is, low mutual coupling among the multiple antennas is
requested. Nevertheless, because most of the spaces in smart
phones are reserved for the display, cameras, battery, and
PCB, only small spaces are left to design antenna [3]. Thus,
designing multiple antennas with low mutual coupling in the
limited space of smart phones is very challenging.

The open literature has proposed some efficient methods
to reduce the mutual coupling. For example, orthogonal
polarization [4], orthogonal pattern [5], orthogonal phase
[6], and orthogonal modes [7] are proposed. In [8], the loop
antenna loaded with a lumped capacitor could be applied to
isolate the two antenna elements. In [9], a metasurface above

the antenna array is studied. Separating discrete antenna
element with certain distance can also achieve low mutual
coupling [10, 11]. Also, the concept of common mode and
differential mode is studied to reduce the mutual coupling in
[12, 13]. In addition, the decoupling network [14], grounded
branch [15], parasitic element [16], and neutralization line
[17] could introduce a new coupling to reduce the mutual
coupling. Although the above methods are promising for
practical applications, most of them usually reduce the
mutual coupling at the higher frequency band above
1.7 GHz.

For the frequency bands lower than 1 GHz, which is very
important for the operators to realize the wide area coverage,
the antenna size related to the wavelength is very small.
Thus, decoupling the dual-antenna working at these bands is
more challenge [18]. To address this challenge, the theory of
characteristic mode is applied [18, 19]. In [20, 21], the
neutralization line was applied to decouple two antennas
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operating at the LTE700 (704-787 MHz)/LTE2500
(2500-2690 MHz) bands [20] and the GSM850
(824-894 MHz)/GSM900 (880-960 MHz)/DCS
(1710-1880 MHz)/PCS (1850-1990 MHz)/UMTS
(1920-2170 MHz)/LTE2300 (2300-2400 MHz)/LTE2500
bands [21]. In [22, 23], to cover all the eight bands (LTE700/
GSM850/GSM900/DCS/PCS/UMTS/LTE2300/LTE2500),
the crossed neutralization line [22] and the folded fork-
shaped grounded branch [23] are proposed. However, the
antenna efficiency in [22, 23] at the lower band is only 32%
which is a bit low for practical applications.

In this letter, we propose another octaband dual-antenna
system covering the LTE700, GSM850, GSM900, DCS, PCS,
UMTS, LTE2300, and LTE2500 bands with the antenna
efficiency of higher than 42%. To better show the contri-
bution of the proposed design, Table 1 compares the figures
of merit of some typical dual-antenna systems. For the
mobile antenna, the higher efficiency with wide bandwidth is
very important and useful for practical applications. The
main contribution is that the proposed dual-antenna system
could cover all the WWAN/LTE bands with higher effi-
ciency. This letter is organized as follows. Section 2 describes
the antenna geometry. In Section 3, the working mechanism
is analyzed. The measured results are illustrated in Section 4.
Finally, Section 5 summaries this paper.

2. Antenna Configuration with
Detailed Dimensions

The geometry of the dual-antenna system with detailed
dimensions is given in Figure 1. As seen in Figure 1(a), the
dual-antenna system is located at the top part of the
printed circuit board (PCB). The substrate of the PCB is a
0.8 mm thick FR4-epoxy with a length of 155mm and a
width of 80 mm. Its relative permittivity is 4.4 and its loss
tangent is 0.02. A ground plane with a size of
140 mm x 80 mm, which simulates a 5.7-inch display, is
printed on the bottom layer.

The detailed dimensions with the front and back views
are shown in Figures 1(b) and Figure 1, respectively. The
antenna element of the dual antenna, evolving from the
design in [24] for heptaband applications, consists of a
coupled-fed loop strip and a chip-inductor-loaded strip. The
coupled-fed loop strip, comprising an L-shape feeding strip
(section AB) and a coupled loop strip (section CDG), mainly
contributes to the higher frequency band. The chip-induc-
tor-loaded strip, which mainly contributes to the lower
frequency band, consists of a chip inductor (L1) and a folded
metal strip (section EF). The folded metal strip is made up of
a printed metal pattern on the bottom layer of the PCB and a
folded copper plate (showing in yellow). The folded copper
plate is a thin copper sheet which is supported by a foam. In
Figure 1, the foam is omitted for better view.

To address the strong mutual coupling among the two
elements, the neutralization line 1 (NL1, bottom layer of the
PCB), neutralization line 2 (NL2, top layer of the PCB), and
inverted-T branch (connecting to the ground at the bottom
layer of the PCB) are introduced. NL1 and NL2 are em-
bedded with chip inductors L2 and L3, respectively. Note
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that, there are two inductors L3 on the NL2. At last, to test
the antenna, two 50-Q microstrip feeding lines with the
1.5 mm width are printed on the top layer of the PCB.

3. Working Mechanism of the Dual-
Antenna System

To study the proposed antenna, the decoupling method of
the two neutralizations (NL) with the embedded inductor
and the inverted-T branch is analyzed. Then, the working
mechanism of the decoupling method is studied based on
the current distributions. Finally, the effect of the embedded
inductors is studied for better understanding. It should be
noted that the inductors (L1, L2, and L3) in Figure 1 are set
to be ideal inductor in simulations.

3.1. Function of the Two NLs and the Inverted-T Branch.
To analyze the proposed antenna, the S-parameters of the
dual-antenna system without the two NLs and inverted-T
branch (Antl), the dual-antenna system with only the two
NLs (Ant2), and the dual-antenna system (the Proposed
Ant) are illustrated in Figure 2. From Figure 2(b), one can
find that S21 of Ant1 are higher and lower than —10 dB at the
desired lower (704-960 MHz) and higher (1710-2690 MHz)
frequency bands, respectively. As the two NLs are applied,
S21 of Ant2 at the desired lower frequency band
(704-960 MHz) is reduced significantly. However, S21 of
Ant2 at the 1.71-1.93 GHz band is increased to higher than
—10dB. When the inverted-T branch is applied, S21 of the
Proposed Ant at the desired higher frequency band
(1710-2690 MHz) is reduced to less than —10dB. Also,
Figure 2(a) shows that the two NLs and the inverted-T
branch have some small effects on S11. So, the two NLs and
the inverted-T branch are mainly used to reduce the mutual
couplings at the lower (704-960 MHz) and higher
(1710-2690 MHz) frequency bands, respectively.

To study the function of each NL, the S-parameters of the
proposed antenna without NL2 (Ant3), the proposed an-
tenna without NL1 (Ant4), and the proposed antenna (the
Proposed Ant) are shown in Figure 3. Figure 3(a) illustrates
that NL1 and NL2 have some effects on S11. Figure 3(b)
shows that when NLI or NL2 is applied alone, S21 of Ant3
and Ant4 have a deep point at about 0.79 GHz and 0.92 GHz,
respectively. So, NL1 or NL2, when used alone, could de-
couple the dual-antenna system with a narrow bandwidth.
When NLI and NL2 are applied simultaneously, S21 of the
Proposed Ant has two deep points at 0.73 and 0.88 GHz.
Combining these two deep points, low mutual coupling
within the wide band is achieved.

3.2. Current Distributions of Antl, Ant2, and Proposed Ant.
To analyze the working mechanism of the two NLs and the
inverted-T branch, the scalar current distributions of Antl,
Ant2, and Proposed Ant at 0.73, 0.88, 1.8, and 2.5 GHz are
illustrated in Figure 4. From Figure 4(a), it shows that the
coupling current between the two antenna elements of Antl
are strong and weak at the 0.73/0.88 GHz and the 1.8/
2.5 GHz, respectively. As shown in Figure 4(b), when the two
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TaBLE 1: Figures of merit of octaband WWAN/LTE dual-antenna system.

References Dimension (mm?) Decoupling method Mutual coupling Frequency band® Efficiency (%)°
[18] — Characteristic mode -10dB GSM900 >70
[19] — Characteristic mode -7.4dB GSM900 >40
[20] — One neutralization line -8dB LTE700/LTE2500 >15
[21] 60x10x4 One neutralization line -10dB Heptaband >40
[22] 80x15%5 Cross-neutralization line -10dB Octaband >30
[23] 80x15x7 Grounded branch -10dB Octaband >32
Proposed 80x15x%6.8 Two neutralization lines -10dB Octaband >42

Heptaband: GSM850, GSM900, DCS, PCS, UMTS, LTE2300, and LTE2500. Octaband: heptaband with LTE700. Efficiency: the lowest efficiency within the
frequency band.
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Figure 1: Continued.
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FIGURE 1: Antenna geometry with detailed dimensions. (a) Prospective view. (b) Front view. (c) Back view (the folded copper plate and the

metal in the top layer are omitted).
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FIGURE 2: Simulated S-parameters of the Antl (without the two NLs and inverted-T branch), Ant2 (only with the two NLs), and the
proposed Ant (with the two NLs and inverted-T branch). (a) S11. (b) S21.

NLs are applied, the two NLs add new coupling current
between the two antenna elements to reduce the mutual
coupling [17]. Thus, the coupling current between the two
antenna elements of Ant2 at 0.73/0.88 GHz are weakened.
However, the coupling current of Ant2 at the 1.8/2.5 GHz is
strengthened. Figure 4(c) shows that, when the inverted-T
branch is applied, the coupling current between the two
antenna elements of Proposed Ant is weakened. In addition,
Figures 4(b) and 4(c) show that NL1 and NL2 mainly in-
troduce new current paths at 0.73GHz and 0.88 GHz,
respectively.

3.3. Effect of the Embedded Inductors on the Mutual Coupling.
In [17], the equivalent model of the neutralization line is
established to analyze the working mechanism of the neu-
tralization. Moving the neutralization line to the open end of
antenna, increasing the width of the neutralization line, or
increasing the length of the neutralization line can move the
notch of the S21 to the lower frequency. The equivalent
model in [17] can guide the design of neutralization line to
be more intuitively. Here, to apply the neutralization line to
decouple the dual-antenna system at the lower frequency
band (704-960 MHz), the inductors are embedded to the
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FIGURe 3: Simulated S-parameters of Ant3 (without NL2), Ant4 (without NL1), and Proposed Ant (with the two NLs). (a) S11. (b) S21.

FIGURE 4: Scalar current distributions of Antl, Ant2, and Proposed Ant at 0.73, 0.88, 1.8, and 2.5 GHz. (a) Antl. (b) Ant2. (c) The Proposed

Ant.

neutralization line. The inductors can lengthen the electrical
length of the neutralization line which can move the notch of
the S21 to the lower frequency band.

To better show the function of the embedded inductors,
the effect of the embedded inductors on the decoupling
performance is analyzed. Figures 5 and 6 show the S-pa-
rameters of the proposed antenna with different values of L2
and L3. From Figures 5(b) and 6(b), one can find that in-
creasing the values of L2 and L3 would decrease the
decoupling frequencies of NL1 and NL2, respectively. This

phenomenon comes from the fact that increasing the values
of L2 and L3 can lengthen the electrical length of the
neutralization line. Thus, decoupling within the desired
lower frequency band could be achieved by fine tuning the
values of L2 and L3. Figures 5(a) and 6(a) show that the
values of L2 and L2 have some effect the antenna impedance.

To study the antenna performance with practical envi-
ronment, the effects of the chassis ground plane and the size
of the ground plane on the antenna performance are ana-
lyzed. Figure 7 shows the installation positions of the chassis
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FiGURE 6: Simulated S-parameters of the proposed antenna with different values of L3. (a) S11. (b) S21.

ground plane. The size of the chassis ground plane is
130 mm x 80 mm x 2 mm. The distance between the chassis
ground plane and the ground plane is 2mm. Nine shorting
pins are installed to connect the ground plane and the chassis
ground. d determines the distance between the antenna and
the chassis ground. Figure 8 shows the effect of the parameter
d on the S-parameters. From Figure 8, one can find that if the
chassis ground plane is installed on the mobile terminal, the
S-parameters are affected a bit. As the distance between the
antenna and the chassis ground plane increases, the effect
decreases gradually. This phenomenon comes from that fact

that, as the chassis ground plane is close to the antenna, it
changes the coupling between the antenna and the ground
plane. To further analyze the effect of the size of the ground
plane on the antenna performance, Figure 9 shows the effect
of the ground length on the S-parameters. Note that the
results in Figure 9 are achieved without the chassis ground
plane. From Figure 9, one can find that the length of the
ground has some effects on the S-parameters at the lower
frequency band while has a slight effect at the higher fre-
quency band. The effect at the lower frequency band could be
mitigated by fine tuning the antenna parameters.
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4. Experimental Results of the
Proposed Antenna

Based on the above analyses, an antenna prototype using the
antenna geometry with dimensions in Figure 1 is manu-
factured. The keysight vector network analyzer E5071B is
used to test the S-parameters. The ETS-Lindgren AMS8500
anechoic chamber is used to test the radiation performance.

4.1. S-Parameters. The measured and simulated S-parame-
ters of the proposed decoupled dual-antenna system are given
in Figure 10. The measured impedance bandwidths with
S11<-6dB reach 0.3GHz (0.69-0.99 GHz) and 1.2 GHz
(1.66-2.86 GHz). Between 0.69-0.99 GHz and 1.66-2.76 GHz
bands, the measured S21 are lower than —10 dB. The corre-
sponding simulated impedance bandwidths are 0.36 GHz
(0.63-0.99 GHz) and 1.48 GHz (1.61-3.09 GHz). Between

0.7-0.99 GHz and 1.61-3.09 GHz, the simulated S21 are lower
than —10 dB. Both the simulated and measured bandwidths
with S11 <-6dB and S21 <—-10dB could cover the desired
working bands of LTE700, GSM850, GSM900, DCS, PCS,
UMTS, LTE2300, and LTE2500. The differences between the
simulated and measured S-parameters might come from the
simulated and measured errors.

4.2. Radiation Performance. The measured three-dimen-
sional (3D) radiation patterns of the proposed antenna at the
0.75,0.85,0.95, 1.8, 2.2, and 2.6 GHz are shown in Figures 11
and 12 which illustrate the simulated and measured total
antenna gains and efficiencies. From Figure 11, one can find
that the two antenna elements of the proposed dual-antenna
system could radiate power to complementary space. Fig-
ure 12 shows that the measured total antenna efficiencies are
about 42.6%-60% and 58.3%-78.7% at the lower
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Figure 10: Simulated and measured S-parameters of the proposed antenna.

(704-960 MHz) and higher (1710-2690 MHz) frequency
bands, respectively. The simulated ones are about 50%-56%
and 50.4%-71.2%. The measured antenna gains are about
—0.69-0.31 dBi and 1.2-5.6 dBi at the lower (704-960 MHz)
and higher (1710-2690 MHz) frequency bands, respectively.
The simulated ones are about -0.22-0.58dBi and
1.7-4.4dBi. The differences between the simulated and
measured results might come from the simulated error, the
measured error, and the manufacture error.

4.3. Diversity Performance. The envelop correlation coefficient
(p.) and mean effective gain (MEG) are two important crite-
rions to evaluate the performance of a multiantenna system.

pe is the correlation of the signals received by two
different elements. Supposing the reflection and diffrac-
tion are rich, the channel response is Rayleigh-distributed,
and the multipath signal is 3D uniform distributed in a full
sphere, the complex correlation coefficient (p.), and the
envelop correlation coeflicient (p,) can be evaluated as

[25]
’ A, (Q)dQ
|2 = H = (1)

NHAH (Q)dQ [ Ay, ()dQ .

pe = |pe

where
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Ay =T Eg;(Q)-Ej; - pg(Q) +Eg;-Ej - ps(Q),  (2)

where Eg and E4 are the 6- and ¢-components of the
complex electrical field, respectively, pg and pg are the 6- and
¢-components of the probability distribution function of the
incoming wave, respectively, and I' is the cross-polarization
discrimination (XPD) (ratio of vertical to horizontal power
density) of the incident filed. In this paper, I' of 0dB and
6 dB, which are the average values in an indoor and an urban
fading environment [25], respectively, and are assumed.

MEG, representing the mean power received from each
element, is the ratio of the mean received power of each
element to the mean incident power. It can be obtained from
the radiation patterns and the statistics of the channel as
126, 27]

r 1
MEG, = [[ [ Gos @) po(@) + 15 Goa (@) py(@)] a0,
®
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FIGURE 14: SAR simulation model of the proposed antenna.

where Gg and G are the 0- and ¢-polarized components of
the antenna power gain pattern.

According to (1) and (3), p, and MEG are calculated
using the measured 3D radiation patterns. The evaluated
p. and MEG are shown in Figure 13. As can be seen from
Figure 13, in the indoor (I'=0dB) or the urban (I'=6 dB)
fading environment, the envelop correlation coeflicient at
the lower frequency band and the higher frequency band is
lower than 0.22 and 0.21, respectively. The ratio of the
mean effective gain at the lower frequency band and the
higher frequency band is lower than 0.26 dB and 0.4 dB,
respectively. In summary, the diversity performance of the
proposed dual-antenna system satisfies the criterions of
low correlation (p, is lower than 0.5) and comparable
average received power (|JMEG;-MEG,| is lower than
3dB) [27].

4.4. SAR Performance. To study the specific absorption
rate (SAR) of the proposed dual-antenna system to in-
vestigate the safety concerns of the user, Figure 14 shows
the SAR simulation model of the proposed dual-antenna
system. In the simulation model, the dual-antenna system
is placed near the head phantom ear with a distance of
1 mm and is inclined to the vertical line by 60 degrees. To
reduce the SAR, the dual-antenna system is located at the
bottom part of the mobile phone. For SAR testing, the
input power is 24 dBm (0.25 W) for 740 MHz, 860 MHz,
and 925MHz and 21dBm (0.125W) for 1795MHz,
1920 MHz, 2045MHz, 2350 MHz, and 2595MHz. The
simulated 10-g SAR values are listed in Table 2. Note that,
in Table 2, the SAR values are achieved under the con-
dition that one port is excited while the other one is
terminated to a 50-Q matching load. Table 2 shows the
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TaBLE 2: Simulated SAR values for 10 g head tissue.

860 925 1795 1920 2045 2350 2595
24 24 21 21 21 21 21

Frequency (MHz)

Input power (dBm)
10-G SAR (W/Kg):
Port 1
10-G SAR (W/Kg):
Port 2

0.45 0.43 035 013 0.32 0.52 0.46

0.58 0.57 0.35 0.25 0.41 0.64 0.57

SAR values for the proposed dual-antenna system are
below the SAR limit of 2.0 W/kg for 10 g tissue which is
acceptable for practical applications [28].

5. Conclusions

This study presents an octaband WWAN/LTE dual-antenna
system for smart phones. The proposed antenna system
consists of two antenna elements with symmetrical geom-
etry, two NLs with an embedded inductor and an inverted-T
branch. The S-parameters with different geometries and
scalar current distribution of the proposed antenna is ap-
plied to analyze the working mechanism. A fabricated
prototype has the measured —6 dB impedance bandwidths
covering all the desired frequency bands of LTE700,
GSM850, GSM900, DCS, PCS, UMTS, LTE2300, and
LTE2500 bands. Also, within these frequency bands, the
measured mutual couplings are lower than —10dB. Mea-
sured 3D radiation patterns cover symmetrical space. The
measured efficiency is higher than 42% which is acceptable
for practical applications. The diversity performance of the
proposed dual-antenna system satisfies the criterions of low
correlation and comparable average received power. The
SAR performance is acceptable for practical applications.
The moderate antenna size with high efficiency could be
applied for the low-end mobile terminals.
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