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ABSTRACT This paper introduces an effective solution for improving isolation in linear antenna array. The
array is composed of three-element E-plane single feed patch antennas (the overall size is 0.59 1o x 1.02 Ap),
which are closely placed with approximately 0.037 1o, where Ag is the free-space wavelength at 4 GHz. The
decoupling structure consists of T-shaped and rectangular ring shaped defect ground structure (DGS) with
six metal-vias. The decoupling mechanism is illustrated by investigating the current vector on the ground
plane. The current distribution indicates that the decoupling structure along the outer edge of the radiation
patch sever as coupling current converter to produce reverse current opposite to the direction of the ground
coupling current, which transmits along the outer edge of the radiation edge. The measured results show that
the enhancement in the isolation at 4 GHz is 10.8 dB for |S21|, 17.5 dB for |[S23| and 16.6 dB for |[S31]. After
applying the decoupling structure, the 10-dB impedance bandwidth (3.95 - 4.04 GHz) of antenna 1 remains
unchanged. Meanwhile, the 10-dB impedance bandwidth of the antenna, which is located in the middle of
the three-element antenna array, increases by 86 MHz (from 114 MHz to 200 MHz). When the decoupling
structure is loaded, the maximum gain only decreases by 0.12 dB (from 3.94 to 3.82 dB). The decoupling
structure has the advantages of simple structure, easy processing, and independent design of the array, so it
can be applied to multielement patch array, such as massive multiple-input multiple-output (M-MIMO)

system.

INDEX TERMS Linear antenna array, defect ground structure (DGS), mutual coupling, isolation.

I. INTRODUCTION

With the development of multi-antenna system [1]—[3], elec-
tromagnetic wave interference between antennas has become
one of the most concerned problems in array antenna design.
The mutual coupling can bring about many undesirable
results, such as deteriorative matching, disturbed radiation
pattern and so on [4]. Usually, mutual coupling can be ignored
when the center-to-center distance between adjacent antennas
is kept over Ag/2 (A is the free space wavelength of center
frequency). However, in practical applications, antenna ele-
ments need to be tightly placed to adapt the limited space
for array. Therefore, it is necessary to decouple the compact
multi-antenna system.

In the previous studies, there have been many reports
on the decoupling method of 1 x 2 linear antenna array,
such as metasurface [5]-[6], polarization-conversion iso-
lator [7], electromagnetic bandgap (EBG) [8]-[11] and
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resonators [12], [13] and the like. Papers [5], [6] use the
metasurface to create a negative permeability to attenuate
the coupling waves in space. Despite achieving high iso-
lation, it destroys the antenna matching and requires high
profile. In [11], the EBG structure is placed between two
microstrip antennas to suppress transmission of higher order
modes. Since the periodic structure is etched between the
antennas, the spacing between the antennas becomes large,
which destroys the compactness of the array. Paper [13]
presents the implementation of a pair of parallel coupled-
line resonators (PCR) for decoupling in two-element antennas
array. The PCR provides higher order rejection that enhances
the bandstop characteristics to improve isolation. Like EBG
structure, although the better isolation is achieved in the
1 x 2 linear antenna array, it increases the overall size due
to being loaded in the middle of the antennas. Neutraliza-
tion lines [14]-[17] can use metallic slit to transmit elec-
tromagnetic waves from one antenna to another. Therefore,
it can create an opposite current between antennas to reduce
mutual coupling at certain frequencies. However, there is no
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general method for the size and connection position of the
neutralization line, so the simulation software can only be
used for tuning and optimization of the neutralization line
and antenna, which increases the design time and difficulty.
In [18]-[20], the decoupling network is added to feed port of
antenna to reduce mutual coupling. The decoupling principle
of the decoupling network is to use the partial coupling
current near the excited antenna and the current without
decoupling network to cancel each other to improve the iso-
lation. For the microstrip decoupling network, the size of the
decoupling network is relatively large when the antenna is
working in the low-frequency band, which is not conducive to
the miniaturization of the array. The lumped element is used
to replace the microstrip line, which greatly reduces the size
of the network. However, the lumped element not only has
high Q value, which makes the network debugging difficult,
but also reduces the radiation efficiency of the antenna.

However, the abovementioned decoupling structure only
applies to the decoupling of two-element antennas. In the
past few years, several studies [21]-[25] have been carried
out on the enhancement of the isolation of the linear multi-
element antenna array. In [22], the array antenna decoupling
surface (ADS) is loaded above the 1 x 8 antenna array. The
partially diffracted waves from the ADS can be controlled to
cancel the unwanted coupled waves. Nevertheless, the ADS
needs to be at least Ag/4 away from the array, which inevitably
increases the profile. And above all, although the mutual
coupling between adjacent antennas is suppressed, coupling
between non-adjacent antennas still exists. Paper [23] pro-
posed a graphene-based frequency selective surface (FSS) to
reduce the coupling effects in 1 x 4 antenna arrays. However,
this method not only requires high profile, but also sophisti-
cated installation technique to fix FSS between antennas in
practical application. In [25], an efficient decoupling network
is proposed to decouple closely spaced multielement antenna
array. As the decoupling network needs to be combined
with the antenna array design, it adds to the difficulty of
design work.

The traditional loading method of defect ground struc-
ture (DGS) is etching the structure in the middle of the anten-
nas to form a bandstop filter, which blocks the propagation
of coupling current on the ground. However, the conventional
method undoubtedly increases the spacing between the anten-
nas. In order to obtain high isolation in the closely spaced
three-element antenna array, the DGS is etched along the
outer edge of the radiation patch, which generates the current
opposite to the coupling current to undermine the mutual
coupling.

In this paper, the authors propose a decoupling structure,
consisting of T-shaped and rectangular ring DGS with six
metal-vias. It is worth to mention that it is the first time to
propose an approach of using DGS etched along the outer
edge of the radiation patch to improve isolation in three-
element closely packed antenna array. The proposed decou-
pling structure has the following attractive features.
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FIGURE 1. Proposed decoupling structure for the three-element antenna
array.

TABLE 1. Dimension of the antenna array.

Symbol Value Symbol Value
(Units: mm) (Units: mm)
W 44 13 21.2
L 76.6 W2 1
Wp 17 W3 54.8
L, 20 dl 3
L1 3.3 R1 0.5
d 2.8 R2 0.6
12 9.7 T 1.6

1) It can be applied to closely spaced linear antenna
array. In this paper, the decoupling structure is applied
to three-element antennas with edge-to-edge distance
of 0.037 Ag, which is smaller than all that of previous
studies using DGS [26]-[29].

2) Itis proved that the mutual coupling of the array is less
—20 dB within the 10-dB impedance bandwidth of the
antenna, demonstrating the potential for a wide band
decoupling.

3) Itincreases the bandwidth of the antenna 2. The rectan-
gular ring structure is etched below antenna 2 to intro-
duce capacitive reactance, which offends the inductive
reactance introduced by the coaxial and improves the
bandwidth of antenna 2.

4) It has the advantage of simple structure, low profile,
easy processing, and independent design of antenna
array

Il. THE THREE-ELEMENT ANTENNA ARRAY

DESIGN AND ANALYSIS

The proposed three-element antenna array with decoupling
structure is shown in Fig.l1. Design and development of
the proposed three-element antennas with decoupling struc-
ture has been carried out by using parameters analysis and
optimization in HFSS 13.0.
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FIGURE 2. The two-element antenna array with rectangular DGS.
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FIGURE 3. Simulated S-parameters of the two-element antenna array
with and without rectangular DGS.

@ (b) ©

FIGURE 4. Evolution of the decoupling structure. (a) Stage1: Rectangular
DGS. (b) Stage 2: Rectangular DGS with six metal-vias. (c) Proposed
decoupling structure: T-shaped and rectangular ring DGS with metal six
metal-vias.

A. THREE-ELEMENT ARRAY WITH DECOUPLNIG
STRUCTURE DESIGN

The decoupling structure consists of a pair of T-shaped and
rectangular ring DGS with six metal-vias. The three probe-
fed patches operate at 4 GHz with a common dielectric
and ground plane. When a dielectric substrate with high
dielectric constant is applied, since surface waves are more
easily excited along E-plane, the mutual coupling of E-plane
is stronger than that H-plane. Therefore, a three-element
E-plane antenna array printed on a substrate with high dielec-
tric constant is designed to demonstrate the ability of the
decoupling structure. The substrate employs FR4 with rela-
tive permittivity of 4.4 and loss tangent of 0.02. The edge-to-
edge spacing of antennas is maintained at 2.8 mm (0.037 A,
where A is the free-space wavelength at 4 GHz). TABLE 1
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FIGURE 5. Current distribution on the ground plane at 4 GHz. (a) Original
antenna array. (b) Stage 1. (c) Stage 2. (d) Proposed decoupling structure.
Blue arrows show the coupling current. Black arrows represent the
reverse current. Blue dash lines show the diminished coupling current
and black dash lines represents the diminished reverse current.

shows the detail dimensions of the three-element antenna
array with the decoupling structure.

Firstly, the authors design a rectangular DGS to block the
propagation of the coupling current on the ground in the
closely spaced two-element microstrip antenna array [30],
as shown in Fig.2. It can be seen from Fig.3 that after
loading the rectangular DGS, the isolation increases from
13.6 to 18.7 dB at 4 GHz, but the center frequency is slightly
offset (from 4 GHz to 3.92 GHz). After loading the rectangu-
lar DGS, the 10-dB impedance bandwidth of the antenna is
not affected and is still 101 MHz.

The evolution of the decoupling structure is described
in Fig.4. Paper [31] mentions that the DGS method for
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FIGURE 6. Current distribution on the patches at 4 GHz.
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FIGURE 7. Simulated S-parameters of the three-element antenna arrays.
(a) Stage 1. (b) Stage 2.

enhancing isolation is determining its shape, size and posi-
tion. A properly designed DGS introduces currents opposite
in direction to the original coupling currents thus reduces
mutual coupling. In this paper, the proposed structure is
etched on the ground plane along the radiating outer edge
of the patch to reverse part of the common ground current,
which counteracts the coupling current to improve the iso-
lation. Based on the decoupling technique of two-element
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FIGURE 8. Simulated S-parameters of the three-element antenna arrays
with and without the proposed decoupling structure. (a) Simulated
results of port 1. (b) Simulated results of port 2.

microstrip antenna array, the length of the rectangular DGS is
extended and applied to the three-element microstrip antenna
array (Stage 1). However, the Stagel cannot attenuate the
coupling current of the three-element linear array due to the
interaction of common ground current between non-adjacent
antennas. In order to further enhance isolation, six metal-
vias are added to the rectangular DGS, which is illustrated
in Fig. 4 (b). Finally, the rectangular structure is transformed
into T-shaped, and a pair of rectangular rings is added to
improve the matching of the three-element antennas and cor-
rect the shift of the center frequency of the antenna 2 at 4 GHz.

B. DECOUPLING MECHANISM ANALYSIS

It is well known that the coupling ground surface currents
have a great influence on the port-to-port isolation. In order
to further study the high isolation provided by the proposed
decoupling structure, the authors use the HFSS 13.0 to gen-
erate the images of the surface current vector distribution
on the ground plane in Fig.5 when antenna 1 is excited
and antenna 2 and 3 is terminated. Fig.5 (a) shows that the
current is coupled from antenna 1 to antenna 2 and 3 along
the outer side of the radiating edges and directly below the
patch. As can be seen from Fig.5 (b), the rectangular DGS is
etched on the ground along the outer edge of the radiation
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FIGURE 9. Simulated reflection and transmission coefficient characteristics of the antenna array with and
without the decoupling structure for different parameters. (a) Simulated results of port 1 respect to the length of
T-shaped structure - W3. (b) Simulated results of port 2 respect to the length of T-shaped structure - W3.

(c) Simulated results of port 1 respect to distance between the metal vias - d1. (d) Simulated results of port
2 respect to the distance between the metal vias - d1. (e) Simulated results of port 1 respect to the width of

rectangular ring - 12. (f) Simulated results of port 2 respect to the width of rectangular ring - 12.

patch, and the current opposite to the coupling current is
generated at both ends of the rectangular DGS. However,
unlike the two-element antenna array, the coupling between
non-adjacent antennas in the three-element antenna array
cannot be ignored. It can be concluded from Fig.7 (a) that
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the isolation of the three-element antenna array is still low
after the rectangular DGS is loaded. Therefore, the method
proposed in [30] to etch the rectangular DGS cannot solve
the coupling of the multi-element linear arrays. In Fig.5 (c),
the rectangular DGS provides the reverse current at the outer
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edge of antenna 1 and antenna 3, and the metallized vias
make partial coupling currents to reverse near antenna 2,
alleviating the coupling current and improving isolation.
However, the coupling current on the ground directly below
antenna | and antenna 3 does not attenuate. Under the inter-
action of coupling and reverse current, the center frequency
of antenna 2 is offset and dose not reach resonance at 4 GHz
in Fig.7 (b). To improve the situation, the rectangular struc-
ture evolves into T-shaped structure and a pair of rectangular
rings is added to further inhibit the interaction of the coupling
current on the ground plane directly below antenna 1 and 3
with the current near the feed point of antenna 2 in Fig.5 (d).
The current on the patch is shown in Fig.6. It can be seen
that different decoupling structures have different effects on
the current. Compared with the decoupling structure designed
in other stages, the proposed decoupling structure can effec-
tively attenuate the coupling between adjacent and non-
adjacent patches when the antenna 1 is excited and antenna 2
and 3 is terminated.

Ill. SIMULATD RESULTS DISCUSSION

In this section, the S-parameters of the three-element antenna
array with and without the decoupling structure are discussed.
The dimension of the structure is analyzed by parameter
scanning.

A. SIMULATED RESULTS AND DISCUSSION

The simulated reflection and transmission coefficient of the
compact array with and without the decoupling structure
are superposed in Fig.8. It can be noticed that after loading
the decoupling structure, |S21| and |S23| (mutual coupling
between adjacent antennas) are reduced by 10.1 dB and
14.5 dB respectively at 4 GHz. The isolation between non-
adjacent antennas — |S31]| is increased by 15.6 dB at the
center frequency. Moreover, the structure does not deteriorate
the matching of the antenna and the 10-dB impedance band-
width of antenna 2 increased from 120 MHz (3.94-4.06 GHz)
to 210 MHz (3.87-4.08 GHz). The reason is that grooving
around the feed of antenna 2 is equivalent to introducing the
capacitive reactance, which can counteract some inductive
reactance introduced by coaxial feed, improve the imagi-
nary part matching, and achieve the purpose of increasing
isolation.

B. PARAMETER ANALYSIS

The parametric study results are presented in Fig.9. From
Fig.9 (a) and (b), with the increase of W3, the maximum
isolation of adjacent and non-adjacent antennas moves to
the lower frequency, since the increase in W3 lengthens the
flow path of the reverse current. Meanwhile, the matching
of antenna 1 is not deteriorated, while the bandwidth and
matching of antenna 2 are affected by the change of W3. From
Fig.9 (c) and (d), with the increase of d1, the maximum isola-
tion of adjacent and non-adjacent antennas moves to the upper
frequency, since the current flow between the metal-vias
increases toward the antenna 2 to disturb the reverse current
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FIGURE 10. Fabricated 1 x 3 closely coupled E-plane patch antenna with
decoupling structure. (a) Top view. (b) Bottom view.

distribution on the ground. At the same time, the matching
of antenna 2 gradually improves with the increase of dl,
reaching the local optimal at d1 = 3 mm, and then deteriorates
gradually with the increase of d1. From the analysis in the
previous section, it can be noticed that the function of 12 is
to adjust the matching of antenna at 4 GHz, which is well
demonstrated in Fig.9 (e) and (f). With the increase of 12,
the other S-parameters of the antenna remain unchanged
except that the impedance matching of antenna 2 becomes
worse, as the width of the rectangular ring groove affects the
current near the feed point of antenna 2.

IV. MEASURED RESULTS DISCUSSION

A prototype of the 1 x 3 antenna array with decoupling
structure has been manufactured and tested to verify the
theoretical analysis. Its photograph is shown in Fig.10. The
vector network analyzer and the microwave anechoic cham-
ber are used to measure reflection coefficients, isolation, and
radiation pattern characteristics, respectively.

A. S-PARAMETERS

The measured reflection coefficients (given by |S11| and
|S22|) and the transmission coefficients (given by |S21|, |S31|
and |S23|) are depicted in Fig.11. The measured center fre-
quency of the antenna 1 shifts slightly to lower frequency
compared to the simulated results, which can be caused
by fabrication tolerance and measurement errors. It can be
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FIGURE 11. Measured S-parameters of the three-element linear antenna
array with and without the proposed decoupling structure. (a) Simulated
results of port 1. (b) Simulated results of port 2.

observed from Fig.11 that the isolation of |S21| and |S23|
between adjacent antennas has been increased by 10.8 (from
12.1 t0 22.9 dB) and 17.5 dB (from 13.1 to 30.6 dB) respec-
tively. The isolation of |S31| enhances by 16.6 dB (from
17.5 to 34.1 dB). Moreover, the 10-dB impedance band-
width of antenna 2 increases by 86 MHz (from 114 MHz
to 200 MHz). It is also seen that the mutual coupling of the
array is less —20 dB within the 10-dB impedance bandwidth
of the antenna, demonstrating the potential for a wide band
decoupling.

B. RADIATION PROPERTIES

Fig.12 shows the simulated and measured radiation patterns
for xoz-plane and yoz-plane at various operational frequen-
cies of 3.95 GHz, 4 GHz and 4.05 GHz. After loading the
decoupling structure, the radiation pattern of the antenna
is basically unchanged, expect that the level of the back
lobe is slightly increased on the yoz-plane. The comparison
in Fig.12 shows that, within the 10-dB impedance band-
width, no distortion occurs in the radiation pattern of the
antenna after the decoupling structure is loaded. In addi-
tion, the measured results do not match the simulated results
perfectly, which may be attributed to the measurement and
manufacturing errors.
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FIGURE 12. Simulated and measured radiation patterns (in realized gain)
of the three-element array with and without the decoupling structure.
(the antenna 1 is excited and antenna 2 and 3 are terminated with 50 2 ).
(a) 3.95 GHz. (b) 4 GHz. (c) 4.05 GHz.
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FIGURE 13. Simulated and measured gain with and without the
decoupling structure.

The gain and radiation efficiency of the antenna is shown
in Fig.13. According to the measurement results, the gain at
the center frequency slightly decreases (from 3.94 to 3.82 dB)
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TABLE 2. Comparision of the proposed decoupling structure and other decoupling technique.

Frequenc Decouplin Aty SgEe LGOI
Paper ( gHz) ¥ Struc tll).l resg Substrate =~ Complexity Type Edge in [S21], [S31]
yp Spacing  and |S23| (dB)
7] 5.8 Polarization N/A Yes 1X2 0182 19.6
conversion isolator
[13] 3.5 R FR4 No 1X2 0.07 A 26.2
resonators
[22] 2.45 ADS F4B No 1X38 0.081 A avenge 15
N Rogers
[32] 5.8 Interdigital lines RO4003 No 1X3 0.07 X 30, 8.5, N/A
33] 3.325 Capac‘t}(v)zlpy otz N/A Yes 1X2  0.12% 55
[34] 2.45 Waveguided Taconic Yes 1X2  0.093% 18
metamaterials
Rogers

[35] 4.8 DGS RO3003 No 1X2 0.05 X 26
[36] 5 Resonators N/A Yes 1X2 0.25 X 10
[37] 10 EBG FR4 No 1X3 0.33 & avenge 30
[38] 8.85 EBG FR4 Yes 2X2 0.5 % 17,37, N/A
[39] 10 Matamaterial FR4 No 1X2 0.66 Ay avenge 11
This 4 DGS with metal vias FR4 No 1X3 0.037% 10.8,16.6,17.5

after the decoupling structure is loaded. The radiation effi-
ciency of the antenna array without and with the decoupling
structure is 76.2% and 76.7% respectively at 4 GHz. It proves
that the decoupling structure has little effect on the radiation
efficiency.

V. CONCLUSION

The T-shaped and rectangular ring structure with six metal-
vias is shown to be an effective tool for attenuating the
ground coupling current in the 1 x 3 E-plane patch antenna
array at 4 GHz. One important advantage of the decou-
pling structure is that it can improve isolation in tightly
spaced (0.037 Ag) linear array. From the comparison with
other designs in employing artificial structures for decoupling
patches in TABLE 2, it can be summarized that the proposed
decoupling structure achieved the isolation of better 20 dB
with the smallest edge separations. Moreover, the bandwidth
of antenna 2 is increased by 86 MHz under the effect of the
structure. The measured results show that the novel decou-
pling structure can be applied to linear antenna array.
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