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ABSTRACT In this paper, a dual-band dual-polarized antenna array is presented for 5G base station
application. The developed antenna array consists of a 4 x 4 planar MIMO array operating at 3.3-5.0 GHz
band (upper band UB) and a single antenna element working at 0.69-0.96 GHz band (lower band LB). The
dual-band operation is based on our previously proposed antenna topology. The novelty of this paper is that
the UB antenna array is a large-scale rectangular lattice array with 16 antenna elements for practical MIMO
applications. Meanwhile, both the cross-band and in-band mutual coupling among the LB and UB antennas
are furtherly suppressed by employing three decoupling techniques including rectangular ring resonator,
ferrite chock ring, and novel baffle structure. With these decoupling technologies, the UB antenna array and
the LB antenna are successfully integrated within a compact volume of 0.931; x 0.93A; x 0.171;, (A is
the wavelength at 0.82 GHz). Experimental results show that the proposed dual-band antenna array offers
high cross-band port isolation (>30 dB). Stable radiation patterns are also achieved for both the LB and UB
antennas with averaged gain of 8.6 dBi and 7.3 dBi, respectively. The radiation efficiency is higher than 90%
across the entire operation bands. It is the first time to realize a large scale sub-6 GHz MIMO antenna array

shared-aperture working with a GSM band antenna element in a such compact volume.

INDEX TERMS Dual-band antenna, base station antenna, compact size antenna.

I. INTRODUCTION
The upcoming fifth generation (5G) communication era will
be an important step forward in wireless communication sys-
tem evolution. To enhance the throughput of wireless systems
and be able to support a large number of users, massive
MIMO (Multiple-Input Multiple-Output) antenna configura-
tion has been a significant technology in 5G antenna sys-
tem [1]-[5]. However, the new operation band and the large
number of antennas require additional installation volume,
which inevitably aggravate the limited radiation aperture over
base station tower. It is expected that the sub-6 GHz massive-
MIMO antenna arrays could be installed in the radiation
aperture of the original 2G, 3G and 4G antennas.

Nowadays, researches mainly focus on integrating
two linear antenna arrays operating in 2G/3G [6]-[9],
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2G/3G/AG [10]-[14], and 4G/5G [15]. The embedded
scheme is one of the most popular manufacturing technology
in dual-band base station antenna developments. It benefits
from simple structure and effective decoupling for higher
and lower band antennas. However, it is limited by linear
array configuration and the frequency ratio of the higher and
the lower bands is requested to be around 2. Therefore, the
embedded layout is hard to be applied in this work since
the higher band antenna array is a planar antenna array
and the frequency ratio between two bands is 5. To achieve
dual-band planar antenna array configuration, multiband
antenna element [16] and fragmenting dipole element [17] are
proposed in the literature. However, the multiband antenna
element could not maintain stable radiation patterns in higher
frequency bands (i.e. 3.3-3.8 GHz). Meanwhile, the frag-
menting dipole antenna surfers from insufficient working
bandwidth to cover entire 0.69-0.96 GHz. To overcome this
challenge, we propose to introduce a frequency selective
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surface (FSS) in antenna array to realize dual-band, low-
profile, and shared-aperture design [18]. In our proposed
topology, upper band (UB) antenna array is placed above the
FSS while lower band (LB) antenna is located under the FSS.
Therefore, the proposed antenna layout is named as UB-FSS-
LB topology. The FSS possesses nearly perfect reflective
property in the UB and partly pass-band property in the LB.
Accordingly, a 2 x 2 planar UB antenna array was integrated
with an LB antenna in [18].

However, the previous work merely focuses on validating
the decoupling effect of the FSS. The UB antenna array
in [18] is chosen to be small scale (2 x 2) to alleviate design
difficulty. Moreover, large element spacing (0.68Ay, Ay is
the wavelength at 3.3 GHz) in the UB antenna array is set to
avoid mutual coupling problem. It is obvious that such a sim-
ple UB antenna array could not be used as a massive-MIMO
array in practice. Therefore, this paper presents a dual-band
base station antenna design with large number of UB antennas
covering 0.69-0.96 GHz and 3.3-5.0 GHz. The UB antenna
array is extended from 4 elements to 16 elements while
the elements spacing is reduced from 0.681y x0.681y to
0.471y x 0.681y. The increased antenna elements and the
decreased element spacing introduce three challenges com-
pared to the primary work,

i) The square-shaped unit cell of FSS will no longer be
suitable to fill up the rectangular lattice of the UB
antenna array;

ii) There are 16 pairs of the coaxial cables of the UB
antenna array intersected with the radiation aperture
of the LB antenna. These coaxial cables will severely
destroy the radiation performance of the LB antenna;

iii) Mutual coupling in the UB array becomes unacceptable
when element spacing decreases. It is necessary to
introduce extra decoupling methods within the limited
antenna space.

The aim of this paper is to address the challenges men-
tioned above and finally realize a large-scale dual-band base
station antenna which has not been reported in the literature.
To achieve this goal, three additional decoupling techniques
are properly combined in this paper. Firstly, rectangular ring
resonators are used in the FSS to adapt the rectangular con-
figuration of the UB MIMO antenna array. Secondly, ferrite
chock rings are introduced around coaxial cables to mitigate
the induced currents which will destroy the radiation perfor-
mance of the LB antenna. Thirdly, efficient decoupling baffle
structures are designed to efficiently suppress the in-band
mutual coupling in the UB antenna array. With these decou-
pling techniques, both the LB and UB antenna achieve satis-
factory performance in a compact size of 0.93A7 x 0.93Af x
0.17xr (A is the wavelength at 0.82 GHz).

The remainder of this paper is organized as follows. The
applications and working principles of the three decoupling
technologies are described in Section II. Simulated and mea-
sured results are presented in Section III. The comparison
with other dual-band base station antennas is presented in
Section IV. Section V concludes the paper.
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FIGURE 1. Antenna array with various element spacing and FSS unit cell.
(a) Square FSS with antenna element spacing of 62.5 mmx62.5 mm;

(b) Square FSS with antenna element spacing of 43 mmx62.5 mm;

(c) Rectangular FSS with antenna element spacing of 43 mmx62.5 mm.

Il. THREE DECOUPLING TECHNIQUES

A. APPLICATIONS OF THE FSS WITH RECTANGULAR

RING UNIT CELLS

Fig. 1(a) shows the case in [18], in which the UB antennas
are placed 62.5 mm away from each other in both x and y
axis. As for a square lattice array, it is easy to design an FSS
consisting of square ring resonators. An FSS composed by
6 x 6 square unit cells with the length of 12.5 mm is able to
cover one entire lattice of the array (only one column and one
row of the FSS are shown in Fig. 1). As shown in Fig. 1(a),
each UB antenna is located at the center of an FSS unit cell,
the center area of the FSS unit cell without metallic coating
is appropriate for feeding coaxial cables passing through.
The outer conductor of the coaxial cable does not touch the
metal part of the FSS, which guarantees stable frequency
response of the FSS. Meanwhile, there is no need to solder
the coaxial cable with the FSS, which eases fabrication pro-
cedure. However, to satisfy the beam scanning requirements,
the antenna elements are usually arranged in a rectangular
lattice instead of a square lattice. In this paper, the element
spacing in x axis is reduced from 62.5 mm to 43mm while
the element spacing in y axis is kept as 62.5 mm. In such
rectangular array configuration, the FSS consisting by square
unit cells cannot ensure that each antenna element is located
at the center of the FSS unit cell, as shown in Fig. 1(b). It is
clear from Fig. 1(b) that some of the antenna elements locate
above the gap between two adjacent square unit cells. In this
case, the feeding cables of the UB antenna will touch the two
adjacent FSS units, which destroys the frequency response of
the original FSS. Therefore, as shown in Fig. 1(c), the rect-
angular ring resonator is required for fitting the rectangular
array lattice and providing exactly the same electromagnetic
(EM) environment for each UB antenna element.

In Fig. 2, an FSS with 4 x 6 rectangular ring unit cells
is designed to match one entire rectangular lattice of the
UB antenna array (43 mmx 62.5mm). The length of the
rectangular ring unit cell is kept as 12.5 mm along the y axis.
The length along the x axis is increased to 14.3 mm. How-
ever, as compared with FSS consisting of square unit cells,
the rectangular FSS leads to different frequency responses
in two orthogonal incident planes like xoz and yoz planes.
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FIGURE 2. Configuration of the rectangular frequency selective surface.

It is well known that a square ring is equivalent to a parallel
LC circuit in periodic boundary condition [19], [20]. The
equivalent capacitance comes from the coupling between
each ring through the gap while the equivalent inductance
is produced by the currents flowing along the ring. Different
lengths of the gaps along the x and y axis result in differ-
ent equivalent capacitances. To compensate this effect, the
equivalent inductance needs to be different along the x and
y axis as well. The desired inductance’s value is achieved by
carefully designing the width of the rectangular ring. In the
optimized unit cell, FW1 is slightly larger than FW2. The gap
width F_G1 and F_G2 are tuned as well to further optimize
the equivalent capacitance. The transmission characteristics
of the rectangular FSS cell in periodic boundary conditions
are presented in Fig. 3. According to the +45° polarization
applications, the incident wave is restricted in the ¢ = 45°
plane. Due to the FSS is placed at the near field region of
the UB antenna (0.21y below the UB antenna), both the TE
and TM waves should be considered to validate the reflection
property of the FSS. As illustrated in Fig. 3(a), the FSS
with rectangular ring resonators provides excellent reflection
property for both TM and TE waves over the entire UB.
With incident angle varied from 0° to 45°, the FSS still
possesses transmission coefficients lower than —18 dB. Most
of UB EM wave will be reflected by the FSS. Therefore,
the coupling between the UB antenna and LB antenna will be
suppressed. It is suitable to replace the traditional perfectly
electrical conducting ground plane with the FSS in the UB
antenna array. Meanwhile, the transmission characteristics of
the FSS in the LB are given in Fig. 3(b). The transmission
coefficients range from —2.3 dB to —8 dB. This non-ideal
pass band characteristic creates a new reflection path for the
LB antenna. By carefully tuning the height of the LB antenna
between the fixed FSS and ground plane, reflected waves
from the FSS and the ground plane are out-of-phase at the
LB antenna plane. Therefore, the two reflected waves cancel
each other and a broadband impedance matching is achieved
along with low-profile height and high gain characteristics.
Detailed discussion on low-profile and broadband operation
principle of the LB antenna can be found in [18]. This FSS is
attractive for compact and low-profile height designs for 5G
dense antenna arrays.
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FIGURE 3. Transmission coefficients of rectangular ring FSS in
(a) 3.3-5 GHz band and (b) 0.69-0.96 GHz band for different incident
angles in ¢ = 45° plane.

B. APPLICATIONS OF THE FERRITE CHOCK RINGS

Another evitable problem in the UB-FSS-LB topology is that
the coaxial cables of the UB antenna array will influence the
performance of the LB antenna. Due to the stacked config-
uration of the antenna, the feeding coaxial cables of the UB
antenna array intersect with the radiation aperture of the LB
antenna. As for LB antenna, these coaxial cables can be seen
as multiple metallic cylinders that touch the FSS layer and the
ground plane. In previous work, only 4 pairs of the coaxial
cables are concentrated at the center part of the LB antenna.
The influence of these coaxial cables is negligible. However,
when 16 pairs of the coaxial cables spread over the whole
radiation aperture of the LB antenna, the EM environment for
the LB antenna becomes complicated and limited. At some
particular frequencies, part of radiation energy oscillates
among these metallic cylinders. The oscillation deteriorates
the impedance matching as well as the antenna gain of the LB
antenna. For illustrative purpose, radiation patterns of the LB
antenna with and without coaxial cables are shown in Fig. 4.
From Fig. 4(a), the existence of the UB antennas do not affect
the performance of the LB antenna because of their small
electrical size. The LB antenna possesses a realized gain over
than 8.5 dBi and a high cross-polarization discrimination
(XPD) over than 25 dB. However, when coaxial cables are
introduced around the LB antenna, there is an evident drop in
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FIGURE 4. Simulated LB antenna radiation patterns in the antenna array (a) without coaxial cables (b) with coaxial cables and

(c) with coaxial cables and ferrite chock rings.
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FIGURE 5. Simulated current distributions on coaxial cables for cases
(a) without ferrite chock rings; (b) with ferrite chock rings.

the gain of the LB antenna at 0.69 GHz. As shown in Fig 4(b),
the gain decreases to 4 dBi and the XPD degenerates to
11 dB. The cross-polarization is also increased from —19 dB
to —7 dB at 0.76 GHz. The deteriorations in base station
antennas will lead to low signal reception quality of the whole
communication system.

To suppress the parasitic coupling between the LB antenna
and the coaxial cables, the induced currents on the outer
conductor of the coaxial cables when the LB antenna is
excited at 0.69 GHz are investigated in Fig 5(a). It clearly
shows that strong induced currents flow on each pair of
coaxial cable in the same direction with nearly equal mag-
nitude. The induced currents produce secondary radiation
which causes impedance mismatching and gain decreasing.
Moreover, the in-phase superposition of the induced currents
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furtherly aggravates the influence on the LB antenna’s per-
formance. Fortunately, there is an effective way to suppress
the common-mode current using ferrite material in power
delivery applications [21], [22]. Therefore, we innovatively
implement ferrite chock rings in dual-band antenna array
design. As shown in Fig. 5(b), the ferrite chock rings with
double holes serve as magnetic sleeves for the coaxial cables.
Each hole serves as a pipeline to let one coaxial cable pass
through. The ferrite chock ring is vertically mounted on the
ground plane and the total height is equal to the distance
between the FSS and the ground plane. According to the
law of Lenz, an induced electromotive force (EMF) will be
excited when a time-varying current passes through a magnet.
In the common-mode current situation, the induced EMF
produced by one of the coaxial cables suppresses the current
on the other coaxial cable. Meanwhile, the high relative per-
meability of the ferrite chock rings (1, ~2000) ensures that
the common-mode current will be suppressed to a low level.
As shown in Fig. 5(b), the induced currents on the coaxial
cables become weak enough as compared with the currents
shown in Fig. 5(a). As illustrated in Fig. 4(c), with the ferrite
chock rings introduced around each pair of coaxial cables,
the deterioration in the radiation patterns of the LB antenna
vanishes and the XPD are improved. The gain is higher than
8 dBi and the XPD is improved to higher than 21 dB over the
entire LB.

C. APPLICATIONS OF THE BAFFLE STRUCTURES

The final challenge is to suppress the in-band mutual coupling
within the UB antenna array. Fig. 6 shows the configuration
of the antenna array with the proposed baffle structures. The
UB antenna array in this work is a 4 x 4 dual-polarized
dipole antenna array with a compact element spacing dis-
tance of 43 mmx62.5 mm (center to center distance). The
traditional metal ground of the UB antenna array is replaced
by the FSS surface designed in Part A. Typical antenna ports
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FIGURE 6. Configuration of the UB MIMO antenna array with the
proposed baffle structures.
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FIGURE 7. Comparisons of port-to-port coupling in antenna array without
baffle structures (Ant. 1) and antenna array with baffle structures (Ant. 2).

are labelled with H1-H6. Coupling coefficients between port
1 to port 2~6 are presented in Fig. 7. The intended frequency
bands range from 3.3-3.8 GHz and 4.8-5.0 GHz. The unin-
tended frequency band from3.8 GHz to 4.8 GHz has been
shadowed in the flowing figures. In the antenna array without
decoupling step (Ant 1), the highest coupling coefficient
occurs at two co-polarization ports in the direction of the
narrow side (port 1 and port 3). The |S13] is around —14 dB at
3.6 GHz because the smallest edge-to-edge distance between
the adjacent antennas is only 13 mm (0.14Ay ). Meanwhile,
mutual coupling between cross-polarization ports (port 1 and
port 4) is higher than —18 dB below 3.8 GHz. Evidently,
in-band decoupling technology must be introduced to reduce
the mutual coupling among antenna elements.

Mutual coupling suppressing in MIMO antenna sys-
tems has attracted intense attention of the literature for
decades. Numerous decoupling methods based on metamate-
rial structures have been studied in variety types of antennas.
EM bandgap structures have been applied in [23]-[25] for
dense patch antenna arrays with antenna element numbers
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varied from 2 to 6. The decoupling structures in these works
are all planar slabs with slots or holes etched on them.
Owing to the bandgap property of the metamaterial slab,
significant decoupling effects are achieved in these patch
antenna arrays. It is easier to suppress mutual coupling in
microstrip antenna array than in 3D antenna array due to the
EM coupling in patch arrays is governed by surface waves
(or surface currents). However, in 3D dipole antenna arrays,
spatial EM coupling spreads in space around each antenna
element, which makes decoupling process more complicate.
In recent years, metamaterial surfaces [26], [27] and cavity
structures [28] have been proposed to deal with the mutual
coupling problems in 3D dipole antenna array. Unfortunately,
the meta-surface is limited by single polarization [26] and
increased profile height [27]. The cavity structure needs large
volume with element spacing distance greater than one wave-
length [28].

To compromise the performance of the port-to-port decou-
pling and maintain a compact size design, a baffle configu-
ration is designed in this work. The baffle configuration is
shown in Fig. 6. The yellow area is the dielectric substrate
without PEC patch covering, while the blue area is covered
with PEC patches. As compared with traditional baffles that
are usually soldered on the ground plane, the proposed baffle
structure is printed on a dielectric sheet and is not directly
soldered with the FSS. Therefore, it allows the baffle structure
to sit across several FSS unit cells. The frequency responses
of the FSS will not be influenced by the baffle structure. Fur-
thermore, the baffle is constructed by four separated metallic
strips to ensure that the decoupling structure won’t strongly
influence the radiation performance of the UB antenna. The
height and the length of the metallic strips are optimized
to balance the reduction on coupling coefficients and the
influence on impedance matching performance. Two parasitic
stubs are introduced over each strip to further reduce the
mutual coupling. The locations of these two parasitic stubs
could be optimized to minimize the influence on radiation
patterns while maintain good decoupling effect. The solid
lines in Fig. 7 shows the simulated port-to-port coupling
coefficient of the antenna array with the proposed baffles
(Ant. 2). The |S;3] is reduced by at least 4 dB. At 3.6 GHz,
the |Si3| is reduced from —15 dB to —24.5 dB with the
largest reduction of 9.5 dB. The |Si3| and the |Si4| are
reduced to less than —18 dB from 3.3 to 3.8 GHz. Meanwhile,
the coupling coefficients are all below than —20 dB between
4.8 to 5.0 GHz. The |Sj2| is influenced by the decoupling
baffles below 3.6 GHz. However, the |S;| lower than —18 dB
is still sufficient for MIMO applications.

To reveal the operation mechanism of the baffle struc-
tures, Fig. 8 compares the current distributions in Ant. 1 and
Ant. 2 at 3.6 GHz. For the case without baffles as indicated
in Fig. 8 (a), large current density is induced over the radia-
tion arms of the excited and the adjacent un-excited antenna
elements. The strongest currents on the un-excited antenna
follow in the same polarization with the excited antenna,
which consistent with the strongest mutual coupling appeared
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FIGURE 8. Comparison of current distribution on the adjacent antennas
at 3.6 GHz. (a) Without baffles; (b) with baffles.

between two co-polarization antenna ports. By introducing
baffle structures among the antenna elements, the current dis-
tributions on the excited antenna are the same with Fig. 8(a)
The induced currents on the adjacent antenna element are
minimized, as shown in Fig. 8 (b). Therefore, the designed
baffle structure could reduce the mutual coupling between
adjacent antenna elements while keep the performance of the
working antenna.

To clearly illustrate the decoupling effect owing to the
designed baffles, Table 1 compares the mutual coupling
coefficients of the proposed antenna array with the state-
of-the-art MIMO antenna array designs. The second col-
umn of the TABLE 1 shows the configuration of antenna
without decoupling structure in each work. The antenna ele-
ments in [23]-[25] are microstrip antenna while the antennas
in [4], [27], [29] are 3D dual-polarized cross-dipole antennas.
The third column presents the center-to-center distance in
each compared array while the wavelength Ay is calculated

TABLE 1. Comparison of the coupling coefficients of various designs.

Refs. Antenna Element Spacing Bandwidth Mutu.al
element Coupling

[23] 1.24hy 119% <-28 dB
[24] ‘ 1.52hpr, x1.6TAy1 8.8% <-28 dB
[25] H 0.62hyz, X0.62A; 17.3% <-11dB
[4] i 0.49h1, x0.49 1, 20.2% <-13dB
[29] “ % 0.47hyr, x0.68A\y 24% <-15.5dB
[27] UL 0.49hy1, x0.66A;, 14.1% <-23dB

T
VTVS;IS( G 0470y x0.680,  40.9% <-18dB
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at the lowest operation frequency in each design. The last
column is the maximum coupling coefficient achieved by
applying the corresponding decoupling methods. As shown
in TABLE 1, the best mutual coupling is achieved in [23]
and [24] with coupling coefficient lower than —28 dB. How-
ever, the element spacing distances in these two works are
larger than one wavelength. In sub-6 GHz MIMO antenna
arrays, the interval distances are usually restricted to 0.4A ¢y
to 0.6A .. As can been seen from [25], the antenna elements
are strongly coupled in a densely patched microstrip antenna
array due to surface wave. The worst coupling coefficient
is only —11 dB even though the EM bandgap decoupling
slab has been applied in this array. For 3D dual-polarized
dipole antenna array, it can be seen that the coupling coef-
ficient would be as high as —13 dB if additional decou-
pling structures were not introduced [4]. Parasitic element
is implemented in [29] but the worst coupling coefficient
is only reduced to —15.5 dB. The lowest coupling coeftfi-
cient is realized by the work in [27], however, the profile
height is increased. Therefore, the proposed antenna array
with specially designed baffle structures compromises the
performance of the port-to-port decoupling and maintain a
compact size design.

D. CONFIGURATIONS OF THE PROPOSED

ANTENNA ARRAY

Fig. 9 presents the configuration of the dual-band antenna
array that incorporates all the decoupling techniques dis-
cussed previously. As mentioned before, the UB antenna
array is a planar array with large number of antenna elements.
It is not appropriate to use the tradition embedded layout
to achieve dual-band operation. Therefore, the three-layer
configuration is introduced in [18] and this work. The top
layer consists of the dual-polarized UB MIMO array with
its decoupling baffles designed in Part C. The middle layer
is the isolation FSS consisting by rectangular ring unit cells
as described in Part A. The bottom layer contains the LB
antenna, the ground plane, and the ferrite chock rings which
has been discussed in Section B. The novelty of this layout is:

UB Antennas

Observing Plane /i./

FIGURE 9. The exploded 3D view of the proposed dual-band antenna
array.
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FIGURE 10. Geometry of the proposed dual-band dual-polarized antenna
array. (a) Side view of the antenna array; (b) top view of the UB antenna;
(c) top view of the LB antenna; (d) theI'-shaped balun for the LB antenna.

i) the UB antennas are free of the parasitic coupling problems
with the LB antenna. They are place above the LB antenna
and the FSS inserted below them reflects most of the UB EM
waves to the upper free space; ii) the LB antenna radiates
efficiently under the FSS due to the FSS is penetrable for the
LB EM wave and the coaxial cables have been well decoupled
from the LB antenna with the ferrite chock rings; iii) the
whole structure is in compact size since the LB antenna
achieves low-profile features.

Fig. 10 shows the geometry of the proposed dual-band
dual-polarized antenna array. Both the LB and UB antenna
elements are composed of a pair of loop-shaped dipoles
which have been extensively studied for dual-polarization
purpose [30]-[33]. The blue areas in Fig. 10(b) and (c) are
radiation patches of the LB and UB antennas printed on the
bottom side of the substrate. The red lines in Fig.10(b) are
Y-shaped feeding lines to provide capacitive coupling exci-
tation for the UB antenna [32]. The inner conductor of
the coaxial cable is soldered to the Y-shaped feeding line,
while the outer conductor of the coaxial cable is soldered to
one of the dipole arm. As for the LB antenna, the feeding
structures are two perpendicularly placed I'-shaped baluns
shown in Fig. 10(d). The blue areas in Fig. 10(d) are ground
planes printed on the bottom side of the substrate while
the red lines are the tapered transmission lines to achieve
broadband impedance matching. The baluns are vertically
mounted between the LB antenna and the ground plane.
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TABLE 2. Dimensions of the proposed dual-band antenna array.

Parameter X;llﬁ;z Parameter zlnilﬁ; Parameter ?/nil;?
U_H 18 B_H3 3 LG 5
UG 0.63 FH 44 L FGW 16.5
U_L1 13 F L1 12 L_FGL 36.5
U_L2 53 F L2 13.6 L FGD 7
U_L3 52 F Wi 2.6 L FD 5.1
U_L4 5.65 F_W2 1.7 L FL1 12

U Wl 1 F Gl 0.7 L_FL2 11
U_wW2 1.5 F G2 0.5 L_FL3 6
U_W3 3 LH 38 L _FL4 20
U_FL1 3 L LIl 72 L FL5 17
U_FL2 4 L L2 24 L _FL6 15
U_FW1 0.8 L L3 35 FWI_L 2.5
U_FW2 0.6 L L4 36 FwW2 L 2.2
B LI 34.8 L_WI 35 FW3_L 1.7
B 12 39 L W2 11 FW4 L 1.8
B L3 4.5 L W3 17 FW5_L 1.8
B _HI 8 L PL 207
B H2 7 L PD 122

Moreover, there are four parasitic strips along the periphery
of the crossed dipoles to improve the XPD [34], as shown
in Fig 10(c). The offset distance of the parasitic strips from
the center of the antenna is around 0.34A . The length of each
parasitic element is 0.3

In addition, all of the LB and UB dipole antennas,
the baluns for the LB antennas, and the baffle structures
for the UB antenna array are printed on RF-30 dielectric
substrates (& = 3.0) with a thickness of 0.762 mm. The FSS
layer is fabricated from a 0.635 mm thick RF-10 dielectric
substrate (¢, = 10.2) with the size of 344 mmx250 mm.
The size of the ground plane is 344 mmx 344 mm. The total
profile height of the dual-band antenna array is 63 mm, which
is only 0.17Ar. The detailed dimensions of the antenna array
are presented in TABLE 2.

In summary, a dual-band shared-aperture MIMO antenna
array for 5G base station applications is developed in this
section. To address the problems caused by the rectangu-
lar antenna array lattice and the additional coupling prob-
lem introduced by the coaxial cables, decoupling techniques
including rectangular FSS unit cell, ferrite chock ring, and
baffle structure are implemented together in the design. The
contributions of this work are summarized as follows,

a) To the best of the authors’ knowledge, it is the first time
to realize a dual-band shared-aperture MIMO antenna
array that consists of a 4 x 4 sub-6 GHz antenna array
and a GSM-900 band antenna. All the antenna elements
work properly and possess stable radiation patterns in
such a crowded antenna array environment.
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FIGURE 11. The fabricated prototype of the proposed dual-band antenna
array. (a) Top view; (b) side view.

b) It is also the first time to achieve decoupling effect
for sub-6 GHz and GSM band antenna by simultane-
ously employing three decoupling technologies. The
cross-band coupling issues between the LB and UB
antenna have been well addressed by the FSS with
the rectangular ring unit cells and the ferrite chock
rings. The in-band mutual coupling is suppressed to a
satisfactory level due to the proposed baffle structures.

¢) Owing to the UB-FSS-LB topology, the proposed
antenna array achieves a lower profile height compared
to the dual-band base station antenna reported in the
literature.

Ill. PERFORMANCE OF THE DUAL-BAND

ANTENNA ARRAYS

Fabricated prototype with the ports labels is shown
in Fig. 11(a) and (b). There are totally 32 ports for the UB
antenna array and 2 ports for the LB antenna. For brevity,
only 6 UB antenna ports (H1 to H6) and 2 LB antenna ports
(L1 and L2) are presented in the following discussions.

Fig. 12(a) presents the simulated and measured VSWRs
of the L1 (+45° port) and L2 (—45° port) ports. Both of
the simulated and measured impedance bandwidths cover
the frequency range of 0.69-0.96 GHz for VSWR<2.0. The
lower refection coefficient appeared in measurement is due
to fabrication errors and the loss of coaxial cables are not
entirely considered in simulations. Fig. 12(b) shows the cou-
pling coefficients between the L1 and L2 ports is less than
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FIGURE 12. Port characteristics of the LB antenna: (a) Simulated and
measured VSWR for L1 (+45° port) and L2 (—45° port) antennas; (b) port
coupling coefficients between L1 port and other ports.

—20 dB, which means the radiation energy from two orthog-
onally polarized antennas is coupled very weakly. Due to
the decoupling effect of the FSS, the coupling coefficients
between LB antenna ports and UB antenna ports are less than
—30 dB, which means the LB antenna and the UB antenna is
well decoupled in the lower frequency band.

Because of the symmetry property of the 4 x 4 UB antenna
array, only the VSWRs of ports labeled with H1 and H2 are
presented in Fig. 13(a). The #1 UB antenna covers the fre-
quency range of 3.3-5 GHz for VSWR<1.8. The measured
cross-band coupling coefficients from 3.3 to 5.0 GHz are
shown in Fig. 13(b). Owing to the isolation function of the
FSS, the mutual coupling between the LB and UB antenna
in the UB are lower than —34 dB, which indicates the LB
antenna and the UB antenna are also well decoupled in
the upper frequency band. The coupling coefficients of the
UB antenna array with and without baffles are presented
in Fig. 13(c). From the dash lines, the largest coupling coeffi-
cient in the case without baffles is nearly —15 dB. The |S13|
and |Sy4| are higher than —20 dB in the frequency range
of 3.3-3.8 GHz. When the proposed baffles are mounted on
UB antenna array, the largest coupling coefficient is reduced
to —18.5 dB and rest of them are lower than —20 dB over the
entire UB.

Fig. 14 shows the measured and simulated radiation pat-
terns when L1 port is excited. The observation plane is
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FIGURE 13. Port characteristics of the UB antenna array: (a) Simulated
and measured VSWR for H1 (+45° port) and H2 (—45° port) antennas;
(b) in-band coupling coefficients between H1 port and other UB antenna
ports; (c) cross-band coupling coefficients between H1 port and LB
antenna ports.

the ¢ = 45° plane shown in Fig. 9 and Fig 11(a). The
proposed antenna (Ant. 2) and the prototype without ferrite
chock rings (Ant. 3) are fabricated and measured to validate
the common-mode currents suppression effects of the ferrite
chock rings. The blue line in Fig. 14(a) shows a severe
radiation pattern deterioration caused by the coaxial cables
of the UB antenna array at 0.69 GHz. The co-polarization
component is distorted and the cross polarization is raised to
a high level of —7 dB. The influences can be also observed
at 0.76 GHz for both co- and cross-polarization. The XPD
at 0.96 GHz is also influenced by the coaxial cables. From
the radiation pattern of Ant. 3, the coaxial cables are indeed
coupled with the LB antenna and the radiation performances
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FIGURE 14. Simulated and measured normalized radiation patterns of
the LB antenna with +45° polarization. (a) 0.69 GHz; (b) 0.76 GHz;
(<) 0.86 GHz; (d) 0.96 GHz.

of the LB antenna are destroyed. However, when ferrite
chock rings are introduced for each pair of coaxial cables,
the measured and simulated co-polarization patterns agree
well with each other from 0.69 GHz to 0.96 GHz, and the
radiation pattern deterioration disappears. The XPDs of the
Ant. 2 are higher than 14 dB in measurements and higher
than 20 dB in simulations. Due to the limited accuracy in
low power level measurement and the errors in assemble,
some slight discrepancy appears between the simulated and
measured cross polarization patterns.

The radiation patterns of the UB antenna for H1 port
excited are presented in Fig. 15. Due to the isolation effect of
the FSS, the co-polarization components shown in Fig. 15 are
quite stable and there are no evident ripples in co-polarization
patterns over the entire operation frequency band. The dis-
crepancy of the cross-polarization patterns is caused by the
un-flatness of the FSS in the fabrication model. On the con-
trary, it is very hard to achieve such stable radiation patterns
for the UB antennas in the traditional embedded layout. The
simulation results of the UB antenna in embedded layout have
been presented in [18], which shows that the LB antenna
severely influences the UB antenna in both radiation perfor-
mance and impedance matching.

To justify the linear-polarized quality of each polarization
in each antenna, the axial ratios (ARs) of the LB and UB
antennas are provided in Fig. 16. AR is a radiation pattern
parameter that measures the circularly polarization ability of
the antenna. It is defined as the ratio of the major to the minor
axis of the polarization ellipse. The value of AR close to 0 dB
means the antenna is circularly polarized. On the contrary,

63183



IEEE Access

Y. Zhu et al.: Integration of 5G Rectangular MIMO Antenna Array and GSM Antenna for Dual-Band Base Station Applications

{(dB)

A O
S

Normalized Gain
1]

'
(=1

——Sim. Co-pol. Ant. 2— - — Sim. X-pol. Ant. 2
“——Mea. Co-pol. Ant. 2= — Mea. X-pol. Ant. 2|

——Sim. Co-pol. Ant. 2— - — Sim. X-pol. Ant. 2
——Mea. Co-pol. Ant. 2= — Mea. X-pol. Ant. 2

(=]

—— Sim. Co-pol. Ant. 2— - — Sim. X-pol. Ant. 2| [—— Sim. Co-pol. Ant. 2— - — Sim. X-pol. Ant. 2
“——Mea. Co-pol. Ant. 2= = Mea. X-pol. Ant. 2| |—+—Mea. Co-pol. Ant. 2= — Mea. X-pol. Ant. 2

© (d)

FIGURE 15. Simulated and measured normalized radiation patterns for
the UB antennas with +45° polarization. (a) 3.3 GHz; (b) 3.8 GHz;
(c) 4.8 GHz; (d) 5.0 GHz.
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FIGURE 16. Axial ratio of the proposed dual-band antenna array.

the large value of AR means the antenna is linear polarized.
As shown in Fig. 16, the ARs for the LB and UB anten-
nas vary from 20 dB to 50 dB in both +45° polarizations.
It indicates that the strength of the major axis component is
at least 100 times stronger than the minor axis component.
The radiation fields of the LB and UB antenna are qualified
to be seen as linear polarized and the proposed decoupling
structures do not destroy the dual-linear-polarization property
of the LB and UB antennas.

Fig. 17 presents the realized gains at 0° and half power
beamwidths (HPBWs) of the proposed antennas. The gains of
the dual-band antenna array are 8.641.2 dBi and 7.34+1.7 dBi
in the two frequency bands, respectively. The lowest gain is
7.8 dB for the LB antenna at 0.69 GHz and the lowest gain is
5.5 dB for the UB antenna at 3.4 GHz. Due to the UB antenna
is surrounded by the decoupling baffle structure, the HPBW
of the UB antenna is broaden. This results in a lower gain
at 0° compared to the LB antenna. The measured HPBWs are
around 74° in the LB and 88° in the UB, which satisfy the
practical requirements in base station applications.
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FIGURE 17. Measured realized gains and HPBWs for the (a) LB antenna
and (b) UB antennas.
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FIGURE 18. Radiation efficiency of the proposed dual-band antenna array.

Fig.18 shows the simulated radiation efficiencies in both
bands. The simulated efficiencies are higher than 90% for
both LB and UB antennas. The average radiation efficiency
for LB antenna is 95.4% while the average radiation effi-
ciency for UB antenna is 96%. From the simulated results
there is no significant loss introduced by the proposed decou-
pling technologies The radiation efficiency of the fabricated
antenna is not measured due to the transverse size of the
proposed antenna is 344 mm=344 mm, which is too large to
be mounted in near-field SATIMO anechoic chamber. More-
over, the SATIMO system is operating at frequencies higher
than 1 GHz, which further limits us to get accurate measured
results. Nevertheless, good radiation efficiency can be con-
cluded from measured impedance matching and realized gain
shown in Fig. 17. High gain and well matched performance
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TABLE 3. Proposed antenna characteristics compared with other works.

Number of HB . . Frequency
Configuration of antenna Bandwidth  Bandwidth Band Profile
Refs. Antenna Schemes . of LB of HB . .
HB antenna array ~ Overlapped with antenna antenna Ratio Height
LB antenna (HB/LB)
[8] Embedded Linear 1 15.7% 23.7% 22 0.22A¢r
[9] Embedded Linear 1 21.2% 28.4% 2.2 Not given
[10] Embedded Linear 2 20% 60% 2.5 0.13%¢,
[11] Embedded Linear 1 23.5% 50.9% 2.5 0.23%¢,
[12] Embedded Linear 1 31.6% 45.5% 2.6 0.25M ¢,
[15] Embedded Linear 1 7.3% 8.7% 1.3 0.26Ac;
[7] Vertically Placed Linear 1 20.4% 29.3% 2.1 0.35\c;
[13] Vertically Placed Linear 1 32.7% 44.5% 2.6 0.230c;,
[14] Vertically Placed Linear 1 32.7% 44.5% 2.6 0.21A¢,
[17] Fragmental Dipole Planar 4 19.7% 28.5% 2.6 0.30A,
VTVES( UB-FSS-LB Planar 16 32.7% 41% 5.0 0.17hc1
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FIGURE 19. Envelope correlation coefficient of the UB antenna array.

prove that most of input energy is efficiently radiated from
the proposed antenna structure to the free space.

Diversity of the presented MIMO antenna array is validated
from envelope correlation coefficient (ECC). Due to the large
number of the UB antenna ports, it is more convenient to
calculate the ECC from radiation patterns. The 3D far field
patterns are extracted from simulation and the ECCs between
port 1 to port 2~6 are presented in Fig. 19. Owing to the
stable radiation pattern and high port-to-port isolation, all the
ECCs are less than 0.1 which satisfy the general criteria of
ECC < 0.3 in base station systems.

It is worthy to mention that the goal of this paper is to
achieve stable radiation patterns for both LB and UB antenna
elements in a crowded antenna array environment. Satisfac-
tory beam performance of antenna array could be guaranteed
by the stable radiation patterns of each antenna element and
the well decoupled mutual coupling among antenna elements.
The measurement results have already demonstrated the sta-
ble radiation patterns in the UB band antennas as well as
the low mutual coupling among them. Therefore, the beam
property of the UB antenna array is not analyzed in this paper.
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In summary, both the simulated and measured results
demonstrate the effectiveness of the three decoupling tech-
niques as well as the UB-FSS-LB shared-aperture strategy.

IV. COMPARISON WITH OTHER DUAL-BAND ANTENNAS
The proposed antenna array is compared with other dual-band
antennas in TABLE 3. Each antenna listed in TABLE 3 is
designed for dual-band base station application with one
lower-band (LB) antenna array and one higher-band (HB)
antenna array. As can be seen, most HB antenna arrays
considered in literature are linear antenna array. Moreover,
there is usually only one HB antenna overlapped with one
LB antenna, which ease the decoupling issues across the two
bands. The number of the overlapped HB antenna in [10]
is greater than one and the total profile height is the low-
est (Acr is the wavelength of the center frequency of the
LB). However, the LB and UB antennas in [10] are single-
polarized antennas and the array layout cannot be imple-
mented into dual-polarized antenna arrays. Similarly, four HB
antenna elements achieve shared-aperture working property
with one LB antenna in [17]. However, the bandwidth of the
LB antenna is very limited due to the radiation patches of
the LB dipole are fragmented to reduce the mutual coupling
with the HB antennas. From the comparison, the UB-FSS-
LB layout is the only approach that achieves shared-aperture
working for large number of HB antennas. Meanwhile, both
the LB and HB antenna in this work possesses full-band
operation performances due to three innovatively introduced
decoupling technologies. The profile height of the designed
antenna array is also lower than the most of the state of the
art dual-band base station antennas.

V. CONCLUSION
A shared-aperture dual-band dual-polarized 5SG MIMO
antenna array is developed in this paper. The rectangular
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array layout, the induced current on coaxial cables, and the
mutual coupling in closely spaced antenna array increase the
design complexity. Three decoupling techniques, including
the FSS with rectangular ring unit cells, ferrite chock rings,
and baffle structures are introduced to overcome the chal-
lenges. The simulation results show the proposed antenna
achieves VSWR lower than 2 and mutual coupling coeffi-
cients lower than —20 dB in both bands. The gains are higher
than 8 dBi and 6 dBi for the LB and UB antenna, respectively.
The radiation efficiencies for the LB and the UB antenna
are both higher than 90%. The measured results validate the
port characteristics and the radiation performances of the
proposed dual-band antenna array. In addition, the total height
of the antenna array is 0.17A1, which is much lower than the
state of the art dual-band base station antennas. Therefore,
the proposed decoupling strategies provide hopeful solutions
for low-profile, compact, and shared-aperture 5G massive
MIMO base station antenna array developments.
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