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ABSTRACT In this paper, meta-surface superstrates are used to decouple two linear polarized antennas
coupled in H-plane and E-plane, respectively. By properly designing the geometry of the double layer short
wires as the unit cell of the meta-surface, as well as the height of the meta-superstrate, two linearly polarized
antennas can be decoupled in H-plane and E-plane, respectively. Both the antenna pairs coupled in E- and
H-planes with and without meta-surfaces are fabricated and measured. The results demonstrate that the
antennas with the meta-surface superstrate are able to operate in the band of 3.3-3.7 GHz with reflection
better than —15 dB and the isolation can be improved from 10 to 25 dB in the H-plane case and can be
improved from 15 to 30 dB in the E-plane case. Such decoupling method can be applied extensively in 5G
base stations where size constraints are becoming stringent.

INDEX TERMS Antenna array decoupling, base station, metamaterial, meta-surface, mutual coupling, 5G

communication systems.

I. INTRODUCTION

Nowadays, the fifth generation of mobile communication
technology (5G) has become the main stream technology
for mobile communication systems, which requires higher
transmission rate on a wider operation bandwidth. Therefore,
the antenna array will play an important supporting role
in meeting the capacity and coverage requirements of the
5G system, as one of the most important technical means to
improve the spectrum efficiency of the system.

The antenna technology for 5G base stations is evolving
very fast, and they have to meet the requirements of antenna
miniaturization, wide frequency band, high isolation, etc.
Therefore, while satisfying the antenna matching, the antenna
decoupling is an important concern when designing the base
station antenna in a compact volume. There has been a lot of
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literature on the decoupling design of antennas in recent years
and these papers can be divided into the following categories:

1) Neutralization line and decoupling network [1]-[11]:
These decoupling networks or neutralization lines are
designed between antennas to reduce their mutual couplings.

2) Ground plane modification design [12]-[18], which can
accomplish high isolation by cutting slots on the ground
plane.

3) Characteristic mode based design [19]-[24]: For exam-
ple, in [20], high isolation is achieved by designing orthogo-
nal radiation patterns.

4) Parasitic elements based design [25]—[27]: It can be seen
in [27] that a thin surface composed of a plurality of electrical
small metal patches is designed to reduce the mutual coupling
between antenna elements.

In recent years, metamaterial based or inspired decoupling
design has been more and more popular [28]-[36], which can
be further divided into the following three types of methods:
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FIGURE 1. Schematic diagram of the arrangement of base station
antenna.

First of all, the Electromagnetic Band Gap (EBG) struc-
ture [28]-[30] is inserted between antennas to reduce mutual
coupling. Using the EBG structure as a decoupling solution
first appeared in [28]. It is proved that this structure has
the characteristics of suppressing surface waves. Later [29]
proves that EBG is also effective at millimeter wave bands.

Secondly, the meta-cloak/wall [31]-[33] inserted vertically
between the antenna elements can also be used to reduce
coupling. A novel metamaterial polarization-rotator (MPR)
wall is proposed for reducing the mutual coupling between
millimeter-wave dielectric resonator antennas (DRAs) cou-
pled in H-plane [33].

Finally, the meta-surface superstrate decoupling method
has become more and more popular these days [34]-[36].
In [34], a two-layer transmission-type frequency selec-
tive surface (FSS) superstrate which consists of planar
crossed-dipole metal strips is proposed for circular polar-
ized MIMO antennas. In [35], the decoupling superstrate is
composed of periodic square split ring resonators (SRRs).
An updated and compact version of the meta-superstrate is
given in [36], solving the coupling of two antennas in the
H-plane.

Most of the previously mentioned meta-surface superstrate
deal with the mutual coupling in H-plane, yet in real-world
base station applications as shown in Fig. 1, both H-coupling
and E-coupling exist. The purpose of this paper is to inves-
tigate the capabilities of the meta-surface superstrate to mit-
igate the coupling between two antennas aligned in H-plane
and E-plane, respectively.

The rest of the paper will be organized as follows: The
design and analysis of the meta-surface antenna array decou-
pling (MAAD) method for antenna array arranged along the
H-plane are given in section II. In section III, the design and
discussion of the MAAD method for antenna array arranged
along the E-plane are displayed, then comparison and analy-
sis of the results in both cases will also be given. Conclusions
are made in section I'V.
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FIGURE 2. Configuration of the proposed SRD antenna. (a) Top view of
the proposed meta-surface. (b) Top view of the antenna array without
meta-surface. (c) Side view of the SRD antenna with I'-probe feed
structure.
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Il. MAAD DESIGN FOR ANTENNAS

COUPLED IN THE H-PLANE

A meta-surface of double-layer short wires is used as the
superstrate for two antennas coupled in H-plane in order
to improve the isolation between the antennas while main-
taining the matching performance within the desired band.
Fig. 2 shows the configuration of the proposed antenna array,
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TABLE 1. Key parameters of the proposed SRD antenna array arranged
along the H-Plane (UNIT: mm).

Variable Value Variable Value
end 100 13 12
wsub 77 14 4.5
wsubl 1 wi2 2
Isub 81 hsubl 22

11 21 hsub 1
2 7 hgap 15
gap 45 Id 153
wifl 34 lgap 4.5

1f1 4 t 3
12 6 D 7

=10
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FIGURE 3. Measured S-parameters of the initial antenna (without
meta-surface) and proposed antenna (with meta-surface) arranged along
the H-plane.

which is arranged along the y-axis. The proposed antenna
consists of two ring-shaped antenna elements, a metalized
ground plane, feeding networks, and a meta-surface super-
strate. The square ring-shaped dipole (SRD) is printed on
a FR4 substrate. And the I'-shaped feed structure is etched
on one side of another FR4 substrate. The two rectangular
metal plates printed on the other side of the FR4 substrate
are shorted to the ground plane. All the FR4 substrates have
a thickness of 1 mm while the relative dielectric constant is
4.4 and the loss tangent is 0.02. The meta-surface is etched on
the F4B substrate with a thickness of 0.8 mm, whose relative
dielectric constant is 2.65. The center to center distance of
the two antennas along the y-axis is 30 mm, which is about
0.35 wavelengths at 3.5 GHz. Other design parameters are
shown in Table 1. The SRD antenna array is designed using
ANSYS HFSS software.

In order to better illustrate the decoupling mecha-
nism, the comparisons between the antenna arrays without
meta-surface (coupled) and with the designed meta-surface
(decoupled) are given in this section. The measured
S-parameters of the coupled and decoupled antenna array
are shown in Fig. 3. It can be clearly seen that |Syi| is
significantly reduced from —10 dB to below —25 dB within
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FIGURE 5. Effect of displacement along the (a) x axis; (b) y axis on
S-parameters of the antennas coupled in H-plane with the meta-surface.

the band of 3.3 —3.7 GHz while |S{;| is maintained to be
below —15 dB.

Then, the designed meta-surface superstrate is moved a
certain distance along the x and y axis to observe the sen-
sitivity of the design to superstrate displacement as shown
in Fig. 4. Fig. 5 (a) shows the simulated results of the
meta-surface moving 8§ mm (10% of the length of the
meta-surface) along the positive and negative directions of
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FIGURE 6. The photograph of antenna prototype under test in anechoic
chamber.
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FIGURE 7. Simulated and Measured radiation patterns of the two
antennas at 3.5 GHz (a) without and; (b) with meta-surface.

the x axis, respectively. It has little effect on the return loss
and isolation of the antennas. Fig. 5 (b) shows the simulated
results of the 7 mm (10% of the width of the meta-surface)
displacement of the meta-surface along the positive and neg-
ative directions along the y axis, respectively. A slight yet
acceptable frequency shift is observed in Fig. 5 (b).

The radiation characteristics of the antenna array with and
without meta-surface are evaluated in a 24-probe near field
anechoic chamber as shown in Fig. 6. The simulated and
measured radiation patterns at 3.5 GHz are plotted in Fig. 7,
where (a) is the pattern of the coupled antenna array without
meta-surface, and (b) is the pattern of the decoupled antenna
array with the designed meta-surface. During the measure-
ment, the port of the antenna 2 is terminated with a matched
load when antenna 1 is excited and vice versa. For the sake
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FIGURE 8. Measured (a) total efficiencies, and (b) ECCs for the two
antennas without and with meta-surface.

of simplicity, we only give the radiation patterns when port 1
is excited because of the symmetrical antenna structure. It can
be observed that the results of the simulated and measured
radiation patterns are in good agreement from Fig. 7. The
gain of the proposed antenna array can reach 7.2 dBi at the
boresight, and is improved by 2 dB compared to the coupled
antenna array.

The measured total efficiencies of the antennas with and
without meta-surface are also compared in Fig. 8 (a). It shows
that the efficiency is improved by 10% with the meta-surface
introduced. It is well known that the envelop correlation
coefficient (ECC) is also a very important figure of met-
ric in multiple antenna systems. Therefore, the calculation
results of ECC based on measured radiation patterns are given
in Fig. 8 (b). Compared with the initial antenna array without
meta-surface, the ECC of the proposed antenna array with
meta-surface decreases from about 0.3 to about 0.15 in the
frequency band of interest. The increase of antenna efficiency
and the decrease of ECC prove the benefit of the meta-surface
superstrate.

IIl. MAAD DESIGN FOR ANTENNAS

COUPLED IN THE E-PLANE

A. PROPOSED ANTENNA DESIGN

The MAAD design for antennas coupled in the E-plane
will be discussed in this section. The comparisons between
antenna array without meta-surface (initial antenna array)
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FIGURE 9. Configuration of the proposed SRD antenna array arranged
along the E plane. (a) Top view of the proposed meta-surface. (b) Top
view of the antenna array without meta-surface. (c) Side view of the SRD
antenna with I'-probe feed structure.

TABLE 2. Key parameters of the proposed SRD antenna arranged along
the E-Plane (UNIT: mm).

Variable Value Variable Value
gndx 200 13 10.5
gndy 100 1f4 4.5
wsub 60 wi2 32

Isub 170 hsubl 21.3
11 24 hsub 1
12 8 hgap 8.2

gap 3 1d 16.6

wfl 32 Igap 1.5
1f1 59 t 1
12 6 D 8

and with meta-surface (proposed antenna array) are investi-
gated to better understand the decoupling mechanism. The
designed antenna is shown in Fig. 9, which has a similar
structure as the antenna array arranged along the H-plane. The
structure of the coupled antenna array is almost the same as
that of the proposed antenna array except for the absence of
the meta-surface. The key design parameters of the antenna
array and meta-surface are listed in Table 2.
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FIGURE 10. (a) The unit structure of the meta-surface. (b) The
S-parameter simulation results of unit cell of the meta-surface.

In order to better understand the decoupling function of
meta-surface, the unit structure of meta-surface is analyzed
as shown in Fig. 10 (a). In this simulation, both ports are
excited by FloquetPort. Moreover, the master-slave boundary
conditions are adopted to facilitate the periodic simulation
of a unit. The simulation results of S-parameter are shown
in Fig. 10 (b). It can be seen that the unit of meta-surface can
resonate at about 3.5 GHz. Furthermore, the size of the unit
can be adjusted to change its resonance frequency according
to the requirement.

Fig. 11 shows the comparison of the initial antenna array
and the proposed antenna array with respect to the measured
S-parameters. It can be seen that the isolation of the antenna
array is approximately 15 dB between 3.3 GHz and 3.7 GHz
without loading meta-surface. The |Sy;| can be reduced to
around —30 dB in the desired frequency band with the
meta-surface superstrate introduced. In other words, the isola-
tion is improved more than 15 dB across the entire frequency
band of interest. In addition, the antenna array remains good
impedance matching within the band of 3.3 —3.7 GHz

The comparisons of the simulated and measured results
on S-parameters are shown in Fig. 12. It is obvious that the
simulated results of the S parameters are consistent with the
measured ones.

B. PARAMETRIC ANALYSIS

In order to understand the design sensitivity, the key param-
eters of the meta-surface superstrate affecting the mutual
coupling between antennas have been analyzed, including the
length /d of the meta-surface unit and the height Agap from the
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FIGURE 11. Measured S-parameters of the initial antenna (without
meta-surface) and proposed antenna (with meta-surface) arranged along
the E-plane.
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FIGURE 12. Comparison of the simulated and measured results.

meta-surface to the initial antenna array. When one parameter
on the decoupling effect is studied, the other parameters
remain the same as that in Table 2.

Fig. 13 (a) displays the effect of the parameter Id on the
S-parameters. It can be observed that when the meta-surface
unit length /d increases, the matching bandwidth increases
accordingly. Meanwhile, the overall trend of the curve moves
to the left and down. Therefore, the parameter /d is chosen
to be 16.6 mm in order to leverage matching and decoupling
performances.

Fig. 13 (b) shows the effect of the parameter hgap
on the S-Parameters. As can be seen, when the hgap
increases, the resonant frequency of the |S11| shifts to the
high-frequency band and the matching performance becomes
better gradually. Moreover, the overall trend of the curve
moves to the left and down as the hgap increases. Parameter
hgap is finally determined to be 8.2 mm for the best matching
and decoupling performances.

In addition, some other parameters of the design, such as
the width of the meta-surface unit, the lateral misalignment,

VOLUME 7, 2019

—=— S, (Id=14.6mm) —+— |S,;| (Id=14.6mm)

—e—|S,;| (Id=16.6mm) —&— |S,,| (Id=16.6mm)
18441 (ld=18.6mm) —=— [S,,| (Id=18.6mm)
-10
)
-
B -20
Z
L]
E
m
© -30
o
77}
40
_50 T T T T 1
3.0 3.2 34 38 38 4.0
Frequency(GHz)
(@
—=—|S,,| (hgap=7.2mm) —— |S| (hgap=7.2mm)
—e—|S,,| (hgap=8.2mm) —e— |S,,| (hgap=8.2mm)
[S44] (hgap=9.2mm) —=— |S,,| (hgap=9.2mm)
-10 4
)
=
E -20 -
L]
E
(3]
s
(}J 230
40
r T B T = T a T = 1
3.0 3.2 34 3.6 3.8 4.0
Frequency(GHz)
(b)

FIGURE 13. Simulated S-parameters versus (a) the parameter Id; (b) the
parameter hgap.

and longitudinal misalignment have also been studied and the
simulation shows they have a relatively negligible effect on
the matching and decoupling performance of the antennas.

In order to study the influence of the misplacement
of the meta-surface on the overall antenna performance,
the meta-surface is moved by a certain distance along the
x and y axis. While keeping the other parameters of the
antenna unchanged, the meta-surface is moved 15 mm
(10% of the length of the meta-surface) along the
+x and —x axis respectively. The simulation results are
shown in Fig. 14 (a). It is clear from Fig. 14 (a) that the
movement of the meta-surface along the x axis has little effect
on return loss and isolation. Fig. 14 (b) shows the result of the
meta-surface moving 5 mm (10% of the width of the meta-
surface) along the +y and —y axis, respectively. The results
show that the impedance bandwidth remains essentially the
same as the meta-surface moves along the y axis, but the
movement of the meta-surface along the y axis has a relatively
larger effect on the isolation. Nevertheless, it still meets the
requirements of |Sy1| < —25 dB.
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FIGURE 14. Effect of displacement along the (a) x axis; (b) y axis on
S-parameters of the antennas coupled in E-plane with the meta-surface.

C. FIELD DISTRIBUTION

To further investigate the decoupling mechanism, the elec-
tric field distribution and magnetic field distribution of the
antenna array when port 1 is excited are plotted in Fig. 15 and
Fig. 16, respectively. Fig. 15 (b) shows the electric field
distribution of the decoupled antenna array, and the electric
field distribution of the coupled antenna array is given as
a reference in Fig. 15 (a). By comparing the electric field
distributions of Fig. 15 (a) and 15 (b), it can be obviously
seen that almost no electric field is coupled to port 2 when the
portl of the antenna is excited after loading the meta-surface
superstrate. This indicates that the field distribution can be
suppressed well in a fixed area and can be prevented from
being coupled to another antenna. The same conclusion can
be drawn from the magnetic field.

In order to better explain the effect of meta-surface on
improving isolation, the amplitude distribution of the elec-
tric field of the two antennas (the coupled antenna and the
decoupled antenna) is shown in Fig. 17. It can be clearly seen
that the field radiated by antenna 1 is more bound around the
meta-surface and radiates into space instead of coupling to
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FIGURE 15. Vector distribution of electric field when port 1 is excited for
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FIGURE 16. Vector distribution of magnetic field when port 1 is excited
for (a) coupled antenna; (b) decoupled antenna.

antenna 2 with loading the meta-surface. Therefore, the iso-
lation between the two antenna ports has been significantly
improved.

D. RADIATION PATTERNS
The fabricated antennas, as well as the configuration of the
radiation measurement, is shown in Fig. 18. Fig. 19 shows the
simulated and measured radiation patterns of antenna array
with and without meta-surface at 3.5 GHz. For the sake of
simplicity, only the radiation patterns are displayed while
port 1 is excited. As can be seen, the measured and simulated
radiation patterns still maintain good consistency. It can be
noticed that the gain of the decoupled antenna at the boresight
is 7.2 dBi, which is 1.5 dB more than the one of antenna array
without meta-surface.

The measured radiation patterns of the two antenna arrays
with and without meta-surface at three different frequencies
(3.3 GHz, 3.5 GHz, and 3.7 GHz) are depicted in Fig. 20,
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FIGURE 17. Amplitude distribution of electric field when port 1 is excited
for (a) coupled antenna; (b) decoupled antenna.

FIGURE 18. The photograph of antenna prototype under test in anechoic
chamber.
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FIGURE 19. Simulated and Measured radiation patterns of the two
antennas at 3.5 GHz (a) without and; (b) with meta-surface.

showing the stability of the pattern over the whole operating
frequency band. It can be observed that the cross polarization
of the decoupled antenna is well suppressed within the entire
frequency band of interest. Moreover, the radiation pattern
after decoupling has also been improved in the xoz plane.
Some other specific measured results are given in Table 3,
illustrating the advantages of the proposed design.

Fig. 21 (a) shows the total efficiency of the antenna array,
including the coupled antenna and the decoupled antenna.
It can be observed that the measured efficiency of the decou-
pled antenna is increased from 85% to 90% compared to the

VOLUME 7, 2019

Gain(dBi) s Gain(dBi) yorgiane
104 10
5 5
o 0
5| o & | 30 &0
04 SU
15 s
20270 90 -20- 270 %0
15 15
10 10
31 20 2 ] 240 “120
0 0
54 5
il 210 150 b
180
(a)
Gain(dBi) ¥ox plane Gain(dBi)
10 10
| 5
0
80 5 300 &0
-10
=18 |
90 -20-270 | a0
15
10
"120 B 240 120
o
5
@ 210 } 150
180
(b)
Gain(dBi) Yoeplans
Wy 330 30
3 ;
e
o 30 50
A0
15
50 -20270 El
5. o
10
2 7 20 120
0
5 54
i 210 150 i 210 150
180 180
(©)
Decoupled Co-pol — — - Decoupled X-pol
Coupled Co-pol ~ — — - Coupled X-pol

FIGURE 20. Measured radiation patterns of the antenna arrays without
and with meta-surface: (a) at 3.3 GHz; (b) at 3.5 GHz; (c) at 3.7 GHz as

port 1 is excited.

TABLE 3. Comparison of some specific values of the proposed antenna
and initial antenna about radiation patterns (YOZ-Plane) with

meta-surface.

Frequency 3.3 GHz 3.5 GHz 3.7 GHz
Gain 6.9 dBi 7.2 dBi 6.8 dBi
3 dB Beamwidth 114° 116° 116°
XPD >20dB >19dB >20dB
FBR 21.2dB 244 dB 26.2 dB
Without Meta-surface
Frequency 3.3 GHz 3.5 GHz 3.7 GHz
Gain 5.4 dBi 5.7 dBi 5.3 dBi
3 dB Beamwidth 87° 91° 97°
XPD >5dB >6 dB >8 dB
FBR 18.6 dB 20.4 dB 22.5dB

coupled antenna at the center frequency of 3.5 GHz. The cal-
culation results of the envelop correlation coefficient (ECC)
of the antenna with and without meta-surface based on the
measured patterns are given in Fig. 21 (b). The isolation of the
antenna coupled in the E-plane before decoupling is already
high, so the ECC of the array without meta-surface is small.
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- Measured Port1 excited without metasurface
—»— Measured Port2 excited, without metasurface
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FIGURE 21. Measured (a) total efficiencies; and (b) ECCs for the two
antennas without and with meta-surface.

TABLE 4. Comparison of the antenna arranged along the H-Plane and the
antenna arranged along the E-Plane.

antenna array 1 antenna array 2
hsubl 22 mm 21.3 mm
hgap 15 mm 8.2 mm
Bandwidth 3.2-3.65 GHz 3.27-3.89 GHz
(Sul<-15 dB) (Sul<-15 dB)
Isolation 3.26-4 GHz 3-3.97 GHz
(Su[<-25 dB) (Sul<-25 dB)
Gain 7+0.2 dBi 7+0.2 dBi

Nevertheless, the ECC of the decoupled antenna is still
reduced with loading the meta-surface superstrate.

E. PERFORMANCE COMPARISON OF ANTENNAS
IN TWO ARRANGEMENTS
A performance comparison between the antenna arranged
along the H-plane (antenna array 1) and the antenna array
arranged along the E-plane (antenna array 2), both with the
meta-surface superstrate is listed in Table 4. As can be seen
from it, antenna array 2 has a lower overall height than
antenna array 1. Moreover, antenna array 2 has a wider
impedance bandwidth. In terms of isolation, although antenna
array 1 has higher isolation near the resonant frequency,
antenna array 2 has a wider bandwidth for the isolation higher
than 25 dB.

A comparison of the decoupling effect with recent works
is shown in Table 5. As can be seen from it, the decoupling
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TABLE 5. Comparison of the proposed antenna and reference antennas.

Distance | Enhancement
Freq. | H-/E- .
Ref. Method (edge-to of Isolation
(GHz) | Coup.
edge) (dB)
Decoupling
[8] 2.45 H- 0.0551, 20.5
Network
Defected
[14] Ground 4.7 E- 0.254, 10
Structure
Parasitic
[25] 35 H- 0.124, 25
Elements
[30] EBG 5 H- 0.224, 18
H- 0.054, 30.5
Prop. Metasurface 35
E- 0.0112, 17.7

Here, A, represents the free-space wavelength at center frequency.

of the antennas arranged in one direction is studied in most
papers. However, the decoupling of two antennas coupled
in H- and E- plane is discussed in this paper respectively.
Compared with [8], [25] and [30], the proposed antenna array
arranged along the H-plane has a closer antenna spacing
and a higher isolation at the center frequency. Moreover,
the proposed antenna array arranged along the E-plane also
has certain advantages in the antenna spacing and isolation
improvement compared with [14].

IV. CONCLUSION

This paper introduces a decoupling method using meta-
surface superstrates. The proposed meta-surface is composed
of double layer short wires. By loading the meta-surface
above two antennas coupled in H and E plane respectively,
the isolation in both cases can reach to 25 dB under the
premise of good matching at two ports for |[S1;| < —15 dB
in the band of operation (3.3 GHz —3.7 GHz). In addition,
the gain at the boresight of the antenna array arranged in
two directions both has been significantly improved. Through
analyzing and comparing the antenna array arranged along
the H-plane and the E-plane, it is known that this meta-surface
can solve the decoupling problem of antenna array coupled
not only in the H-plane but also in the E-plane. Therefore, this
decoupling method is proved to be a promising candidate for
base station antenna applications in the sub-6GHz region.
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