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ABSTRACT A novel decoupling method combining magnetic coupling and electric coupling is proposed
in this paper to design a miniaturized two-element antenna array. Different from the traditional planar
decoupling structure, a three-dimensional quasi-split resonant ring decoupling structure which can realize
electric coupling is introduced. The quasi-split resonant ring is composed of two meandered antenna elements
printed on the top and bottom of the substrate. The other decoupling structure is composed of two parasitic
patches, which realize magnetic coupling with the open end of the dipole element in the opposite plane.
By properly controlling the strength of magnetic coupling and electric coupling, the induced currents can
cancel each other out, thereby enhancing the isolation between adjacent ports. Compared with the antenna
array employing the planar decoupling method, the size of the antenna array in this paper is significantly
reduced by half. In terms of S-parameter and near-field radiation, the simulated results of the full-wave
analysis are compared with the measured results. Essentially identical results successfully verify that the
antenna achieves an isolation up to 27.5 dB and omnidirectional radiation mode in the resonant bandwidth
of 1.76-1.80 GHz.

INDEX TERMS Antenna array, magnetic coupling, electric coupling, decoupling structure, parasitic patch,
near-field.

I. INTRODUCTION

With the rapid development of wireless communication,
wireless terminal put forward more stringent requirements
for antenna miniaturization, easy integration, high isolation
and high radiation efficiency, especially for multi-antenna
systems [1], [2], [3], [4]. Multi-antenna system allows mul-
tiple antennas to be periodically distributed at intervals of
half wavelength. The miniaturization of multi-antenna sys-
tem can be achieved by reducing the antenna spacing, but
the current distribution of antenna elements is also changed,
which leads to the deterioration of impedance matching and
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radiation performance. Especially for the massive antenna
system, the proper antenna-to-antenna spacing can effectively
reduce the volume of the whole antenna system, which has
been the research focus of multi-antenna system.

The latest literature reveals that many scholars have come
up with novel ideas to solve the thorny problem of unexpected
mutual coupling. Such as, metasurface, neutralization line,
parallel coupled line, shorting via and decoupling network
are successively applied to two-element and four-element
antenna arrays, achieving excellent decoupling character-
istics. In [5], a compact four-element antenna with better
isolation than 30 dB is designed by combining the technology
of neutralization line with two feeding network consisting
of 180° phase shifter. In [6], a hybrid decoupling structure
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is embedded in the common ground of the two antenna
elements to achieve the purpose of decoupling. By adjusting
the dimension of decoupling branch reasonably, a lumped
parallel LC resonator with optimal equivalent inductance
and capacitance is obtained. Benefited to the equivalent
LC resonator, the isolation in multiple frequency points are
enhanced. However, the decoupled structure composed of
parasitic U-shaped slot and lumped capacitance increases the
complexity of antenna design. In [7], 10 pairs of L-shaped
slots are etched on the metallic sheet as an integrated, quarter-
wavelength sleeve choke or bazooka balun to suppress the
surface current on the outer conductor of coaxial cable [8].
Lumped capacitors are also loaded to miniaturize the entire
size. A metasurface with a negative permeability is employed
above a two-element antenna array in [9] to improve the port
isolation. Electromagnetic band-gap (EBG) with cross-slot is
introduced in [10] to suppress the mutual coupling between
two patch antennas. Attribute to the stop-band characteristics
of the fractal EBG, an average coupling suppression of 18 dB
is obtained in the measurements. In [11], a hybrid decoupling
structure composed of neutralization dielectric substrate and
metal baffle, which is applied to design base station arrays.
A neutralization dielectric substrate based on the neutraliza-
tion theory provides a new signal path for reflected waves
and cancels out the original mutual coupling. Metal baffle
is utilized to suppress the propagation of electromagnetic
waves in free space. Combining two decoupling structures,
the measured results show that the isolation between any two
ports in the four unit array is better than 20 dB. A novel decou-
pling strategy that integrated surrounding resonance net,
array-antenna decoupling surface and composite decoupling
surface are introduced to reduce concurrently multicoupling
in [12]. The measured result show that the hybrid decoupling
scheme has the advantage of isolation up to 25 dB, which
is suitable for base station. Innovative feeding forms can
also achieve high isolation characteristics. For example, [13]
proposes to introduce hybrid feed design consisting of a
balanced-probe feed and a slot-coupled feed based on stacked
patch antennas to achieve 43 dB isolation between verti-
cal and horizontal ports. Similarly, [14] designs a four-unit
antenna with 40.6 dB port isolation by combining quadrature
feeding network and multilayer printed circuit board (PCB)
technology.

In the latest publications, simpler and more innovative
approaches are proposed to reduce the coupling between
multiple ports. Such as, in [15], a pair of parallel coupled line
resonators (PCR) composed of six coupled lines are placed
between two-element antenna arrays. Attribute to the band
reject characteristic of PCR, the isolation of the antenna array
is improved to 26.2 dB. Furthermore, the antenna gain and
radiation efficiency are also improved. Different from [15],
two groups of parallel shorting vias are inserted into the
non-radiating edges of two patches to balance the mutual
capacitive and inductive couplings. Then the feature of high
isolation within broadband is obtained in [16]. In [17], a linear
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antenna array is proposed by placing the patch antenna and
the monopole antenna at intervals. Attributes to the periodic
distribution, the mutual coupling between non-adjacent patch
antennas cancels the coupling between the patch antennas and
the adjacent dipole antennas.

The decoupling theory mentioned above is applied on the
basis of planar array antenna, whether introducing decou-
pling structure or stimulates multiple decoupling modes.
So the more antenna elements there are, the larger the area
occupied by the array. In this paper, a novel decoupling
theory is proposed, which not only generates the decou-
pling effect but also reduces the size of the antenna array
by half. Two C-shaped dipole antennas are printed on the
upper and lower surfaces of substrate respectively to form
a three-dimensional two-element antenna array with mutual
electric coupling. Two parasitic patches are further introduced
to stimulate magnetic coupling with the antenna array. When
the mutual magnetic coupling and mutual electric coupling
are properly combined, the coupling currents cancel each
other out, improving the port isolation of the miniaturized
antenna array.

C-shaped Antenna 1— IC-shaped Antenna 2—
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FIGURE 1. Geometry of the designed miniaturized two-element patch
antenna array: (a) top view of substrate; (b) bottom view of substrate. L =
225,12 =173,1L3=14.2,L4 = 10.2,L5 = 6.75, W = 23, W3 = 1.5,

W4 = 1.2, PL = 18, PW = 8, ga = 2.4; gd = 2 (all dimensions in mm).

Il. ANTENNA ARRAY DESIGN AND

DECOUPLING ANALYSIS

Fig. 1 shows the structure diagram of the proposed miniatur-
ized two-element antenna array. The antenna array consists
of two dipole antenna elements with the same structure.
Different from the conventional dipole, the radiation part
of the dipole designed in this paper is bent into C-shape
to offset the unexpected coupling currents. Two C-shaped
dipole patches are printed centrosymmetrically on the upper
and lower surface of the FR4 substrate with relative per-
mittivity of 4.4 and a height of 0.8 mm. Meanwhile, two
rectangular parasitic patches are symmetrically placed on
the upper and lower surfaces of the substrate, which are
employed for magnetic coupling with the open end of
the C-shaped dipole and weaken the coupling current on the
excitation port.
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FIGURE 2. The evolution of the miniaturized high isolation antenna and
simulated result of the corresponding antenna. (a) antenna evolution;
(b) simulated result of S-parameter; (c) simulated result of input
impedance.

A. MECHANISM OF HIGH ISOLATION AND
MINIATURIZATION OF C-SHAPED DIPOLE ANTENNA

In order to explain the theory of miniaturization and high
isolation more clearly. Fig. 2 shows the evolution process of
antenna and the simulated S-parameters of the corresponding
antenna. Firstly, a traditional two-element dipole antenna
array with a parallel structure is proposed and named as Ant. 1
in Fig. 2(a). The simulated S-parameters show that the Sy
of Ant. 1 meets the requirement of < -10 dB in the range
of 1.76-1.84 GHz. However, the isolation between the two
ports is only 4 dB, which is mainly related to the placement
of the two dipoles, physical dimensions and the properties of
the coupling currents, such as the strong coupling currents
of adjacent ports in Fig. 2(a). Ant. 2 is based on Ant. 1
by meandering the radiating part. Since the dipole sizes of
Ant. 1 and Ant. 2 do not change, the two antennas have
substantially the same resonant characteristics. The change
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in the position of the feeding point only make the impedance
matching of the two antennas slightly different. Moreover,
due to the meandering technique, both the parallel cou-
pling mode and the collinear coupling mode are acquired
in Ant. 2. The intensity and phase of the coupling current
can be changed by adjusting the length of the bent branch
properly. Appropriate phase and current intensity can produce
partial current cancellation effect as shown in Fig. 2(a). Then,
Ant. 2 in Fig. 2(b) achieve high isolation characteristic of
24 dB at 1.8 GHz. Based on the planar distribution of Ant. 2,
Ant. 3 with the three-dimensional distribution architecture is
adopted. The dimension of Ant. 3 is obviously reduced by
half. However, Fig. 2(b) reveals that the isolation of Ant. 3
is reduced by more than 5 dB compared to Ant. 2, which is
mainly due to the vertically symmetrical placement of the
two dipole elements, forcing current coupling to adjacent
ports. The current profile of Ant. 3 depicted in Fig. 2(a)
further explains the deterioration in isolation. During the
evolution from Ant. 2 to Ant. 3, the resonant bandwidth of
the antenna decreased from 3.33% (1.77-1.83GHz) to 1.67%
(1.78-1.81GHz). The reason for this bandwidth reduction is
due to the effect of current crowding associated with junction
discontinuities introduced by the application of meandering.
In other words, near the bends, the current spikes and the
phenomenon of steep impedance change caused by this effect
can be clearly observed in Fig. 2(c). In order to further
improve the port isolation on the basis of miniaturization,
two rectangular parasitic patches are printed on the upper
and lower surfaces of the array. Finally, Ant. 4 with isola-
tion as high as 36.5 dB at 1.8 GHz is designed, as shown
in Fig. 2(a).
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FIGURE 3. Equivalent model of the hybrid electromagnetic decoupling.

Equivalent circuit model of the hybrid electromagnetic
decoupling is given in Fig. 3 to explain the decoupling mech-
anism of Ant. 4. As shown in Fig. 3, when port 1 is excited
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by current /., the coupling current on port 2 is 1.. When the
two C-shaped dipoles are placed symmetrically up and down,
two C-shaped dipole antennas together form a quasi-split
resonant ring (QSRR). Then the induced current Kyl is
introduced due to the electric coupling effect of QSRR.
In addition, two rectangular parasitic patches distributed on
the upper and lower layers are magnetically coupled with
the open end of C-shaped dipole, respectively, to generate
an induced current Kcl.. On purpose to improve the iso-
lation between two ports, only the size of parasitic patch
and the length of open end of dipole need to be properly
adjusted so that the three induced currents meet the following
requirements:

Bl + Kl + Kcl. =0 6]
K. 1/joC

— = 2
Kc joL+R

The parasitic patches combined with QSRR can be mod-
eled as an inductance L with an internal resistance R and
a capacitance C in parallel, which correspond to the mag-
netic and electric coupling, respectively. Combined magnetic
coupling and electric coupling, the unexpected coupling cur-
rent cancels each other to achieve decoupling effect. Eq. (2)
indicates that the strength of magnetic coupling and electric
coupling can be further optimized by adjusting the capac-
itance C and inductance L. In other words, increasing the
size of the QSRR is beneficial to improve the electrical
coupling strength, and changing the distance between the
parasitic patch and the dipole can also improve the mag-
netic coupling strength. It is precisely by adhering to this
design guideline that the two decoupling methods are flexibly
adjusted.

In order to further elucidate the role of QSRR and the
parasitic patch in decoupling, a series of parameter analyses
are performed. The specific simulated results are presented at
Fig. 4 and Fig. 5. It can be seen from Fig. 4(a) and Fig. 4(c)
that although ga has little effect on the resonance character-
istics, the port isolation in the resonant bandwidth changes
significantly. In other words, the reflection coefficient and
port isolation at 1.8 GHz deteriorate considerably when the
parasitic patch is moved close to or far from the dipole to
a certain extent. According to the simulated results, it is
better to choose the optimal ga in the range of 2.1-2.7 mm.
With the increase of PL and L4, the resonant frequency
of the antenna gradually shifts to low frequency. Although
the isolation between the two ports is basically unchanged
at the beginning, as PL and L4 continue to increase above
18 mm and 10.2 mm respectively, the decoupling effect at
the resonant frequency gradually weakens. Fig. 4(d) also
shows the curve of S-parameter changing with the length
of C-shaped. Intuitively, with increase of LS5, the total length
of dipole antenna gradually increases, which directly causes
the resonant frequency to shift to lower frequencies, which is
similar to L4. The relationship between L5 and port isolation
is similar to that of ga, which is not discussed here for
brevity.
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FIGURE 4. The effect of different parameters on simulated S-parameter of
Ant. 4. (a) different ga and PL on S11; (b) different L4 and L5 on S11;
(c) different ga and PL on S21; (d) different L4 and L5 on S21.
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FIGURE 5. The effect of different PW on simulated S-parameter of Ant. 4.
(a) different PW on S11; (b) different PW on S21.

2.0

The following Fig. 5 shows the curve of S-parameters of
Ant. 4 variation with the width of parasitic patch. It can be
seen from the Fig. 5(a) that as the width of the parasitic patch
PW increases from 7 mm to 9 mm, the resonant point of
the antenna gradually moves to the low frequency. On the
contrary, with the increase of PW, the frequency point where
the optimal antenna isolation is located gradually moves to
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high frequency. Therefore, the problem that the resonance
frequency point of the antenna is not at the same frequency
point as the optimal isolation can be effectively solved by
adjusting PW.
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FIGURE 6. The effect of different L2 on simulated S11 and input
impedance of Ant. 4. (a) different L2 on S11; (b) different L2 on input
impedance.

Fig. 6 shows the curves of the reflection coefficient and
input impedance of the Ant. 4 changing with frequency when
L2 takes different values. It should be pointed out that L.2 rep-
resents the distance from the feed point to the left open-end of
the dipole as depicted in Fig. 1(b). As L2 decreases, it means
that the feed point gradually moves from the center to the left
open-end. As shown in Fig. 6(b), as L2 gradually decreases
from 15.3 mm to 3.3 mm, the real part of the input impedance
at the resonance point gradually increases from < 50 Q2 to
infinity while the imaginary part remains unchanged. In con-
sequence, an optimal feed position must exist in between
the center-point and open-end where the input impedance is
equal to 50 €2. In other words, there are two such impedance
matched positions (one for each open-end) for meandered
half wavelength dipole. It is worth noting that the param-
eter analysis results in Fig. 6 are the same as the results
in [18], [19], [20], and [21].

Ant. 1 Ant. 2 Ant. 4

FIGURE 7. Simulated 3-D radiation pattern of three antennas. (Ant. 1,
Ant. 2 and Ant. 4))

B. POLARIZATION AND RADIATION FIELD OF C-SHAPED
DIPOLE ANTENNA

In order to explain the influence of bending effect on polar-
ization and radiation field, simulated radiation patterns of the
dipole antennas (Ant. 1, Ant. 2 and Ant. 4) are presented
at Fig. 7 and Fig. 8. In these plots, the radiated power density
is decomposed into two orthogonal polarization components
(Gpni and Giperg). For straight dipole (Ant. 1), the current
flows along the y-direction only (Fig. 2).

93468

£ :—,—\nl.ZG‘w 1

, ——Ant2G,,| 2

(b)

FIGURE 8. Simulated radiation pattern of three antennas (Ant. 1, Ant.
2 and Ant. 4) in xoy and yoz-planes. (a) xoy-plane; (b) yoz-plane.

Referring to Fig. 8(a) and 8(b), Gy is the main polariza-
tion and directional pattern is observed (xoy-plane). On yoz-
plane, Gt dominates with directional pattern. Both cross
polarization levels (Gyperq 0n xoy-plane and Gppi on yoz-
plane) are found to be small (suppression > 30 dB). With
Ant. 2 meandering, current is forced to flow along both x
and y directions. On the xoy-plane, due to the bending effect
of the Ant. 2, two currents flowing in opposite directions
along the y axis, and the radiation brought by partial currents
in the far field cancels each other out. After cancellation, the
remaining current along the y axis and the current along the
x axis are superimposed in the far field to form a radiation
pattern with the main beam along the direction of phi =
45° (Fig. 7 and Fig. 8(a)). While, the currents in the x and
y directions are the main contribution of Gery and Gpp;
respectively on yoz-plane. With reference to Fig. 8(b), these
decomposed radiation components (Giperq and Gpyp,;) are com-
parable in strength. When Ant. 4 meandering is introduced,
current will also flow along x and y directions. On the xoy-
plane, more current flows along the x-axis, so the main
beam of the radiation pattern is nearly parallel to the y-axis
(Fig. 7 and Fig. 8(a)). Due to the different current densities
and directions along the x-axis and y-axis, the intensity of
Gppi on the yoz-plane is higher than that of Gyerq. Then the
omnidirectional radiation characteristics in the yoz- plane is
obtained.

As analyzed above, the Ant. 4 decoupled by magnetic cou-
pling and electric coupling exhibits excellent characteristics,
making it stand out in the evolution of antennas. The mea-
surements of the Ant. 4 and the comparison with published
antennas will be highlighted in the next chapter.

IIl. MEASURED RESULTS DISCUSSION AND
COMPARISON

A photograph of the fabricated miniaturized antenna is given
in Fig. 9(a). In order to verify the decoupling features and
radiation characteristics of the two-port antenna system, test
items related to reflection coefficient, antenna gain, radiation
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FIGURE 9. (a) Photography of the fabricated miniaturized two-element
patch antenna array; (b) test scenario.

efficiency and radiation pattern are carried out successively.
Among them, the vector network analyzer ZNBS8 of Rod
Schwartz is utilized to test S-parameter, and other indexes are
carried out in the chamber of General Test shown in Fig. 9(b).
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FIGURE 11. Simulated and measured gains and radiation efficiencies of
the designed antenna. (a) peak gain; (b) radiation efficiency.

The simulated results and measured results of S-parameter
are presented at Fig. 10 for comparison. The measured res-
onance point is 1.78 GHz, shifting to the low frequency
by 20 MHz. Meanwhile, the measured port isolation up to
38 dB also verifies that the effect of joint decoupling plays
a key role. Fig. 11(a) shows the curve of peak gain with
frequency. The simulated results are basically consistent with
the measured results. The maximum gain over the resonance
bandwidth is 1.27 dBi, which is 0.34 dB below than the
maximum simulated gain of 1.61 dBi. The comparison of
radiation efficiency is shown in Fig. 11(b). It can be seen that
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the radiation efficiency of two ports has the same variation
trend with frequency. The measured radiation efficiency is
best at 1.77 GHz, where the radiation efficiency of port 1
is 75.5% and that of port 2 is 73.2%. Compared with the
simulated results, the radiation efficiency decreased by 4.6%.
It should be mentioned that the deviation between the simu-
lated results and the measured results is mainly caused by the
errors in the manufacturing, testing and welding.

()

a5

—&— Simu.co-pol
—{— Simu.x-pol
—&— Meas.co-pol
—/*— Meas.x-pol

FIGURE 12. Simulated and measured radiation patterns of the designed
antenna in xoy and yoz-planes at 1.78 GHz.

As for the radiation pattern, the simulated results and
measured results of 1.78 GHz in xoy-plane and yoz-plane are
given in Fig. 12 when port 1 is excited. It is worth noting
that when the test port is excited, the other port needs to be
terminated by 50 2 load. It can be obtained from Fig. 12
that the designed antenna shows omnidirectional radiation
characteristics, which is the same as the simulated results.
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FIGURE 13. Comparison chart of simulated results and measured results
of ECC and DG.

Meanwhile, the envelope correlation coefficient (ECC)
shown in Fig. 13 is calculated by the following formula (3).
Among them, E;(@, ¢) represents 3-D radiation pattern for

05 ’_ ol = | [, [Ei 0, ) % E; (8, (p)]dQ‘Z
N 10 9 d2 [T, [ 0. ) 42
3)
DG =10> 1= e @)
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antenna i [22], [23]. It can be concluded from Fig. 13 that the
measured ECC meets the requirement of less than 0.1 within
the antenna resonance frequency band. At the same time, the
diversity gain (DG) calculated by formula (4) also approxi-
mately meets the requirement of 10 dB.

TABLE 1. Comparison results with published antennas.

RFP Effi Isolation Size NAE ES

Ref (GHz) (%) (dB) () (M)

[1] 2.45 >75 10~20 0.47%0.18%0.007 2 0.04

3] | 1511 =8  >26 7x0.09%0.049 2 0.5
[5] 01'?9255 - >30  031x0.19x0.006 4  0.19
[9] 58 =65 =20 0.77x0.5%0.12 2 002
(o] | s.0s - >33 0.5%0.8x0.03 2 022

[11] 1.95 >89 >20 0.38x0.75%0.42 16 0.38

[14] 2.45 >40 1x1x0.03 4 0.5

[15] 3.5 >80 >26 0.76x0.58x0.019 2 0.07

[16] 3555 =72 >27 0.26x0.66x0.1 2 0.005

[17] 35 >80 >20
This
work

RFP represents resonance frequency point; Ao represents the wavelength of
the center frequency in free space; NAE represents number of antenna
elements; ES represents element separation.

2.68x1.17%0.165 4 0.467

1.783  >70 >27.5 0.13%0.13x0.005 2 0.005

A detailed comparison with published antennas in terms of
resonant frequency point, radiation efficiency, antenna size
and port isolation is shown in Table 1. Among them, the
high isolation brought by the decoupling method proposed
in [1], [9], [11], and [17] is slightly inferior to 27.5 dB
in this paper. In [3], [5], [10], [14], [15], and [16], perfect
isolation and high radiation efficiency are obtained. However,
the multi-layer structure up to four layers, additional power
division network and traditional planar decoupling form on
the one hand increase the difficulty of antenna design and
processing cost on the one hand. On the other hand, it is not
conducive to the miniaturization of antenna array. Compared
with this paper, the isolation between ports is enhanced by
the combination of upper and lower decoupled branches in a
single-layer structure. Furthermore, the purpose of miniatur-
ization is also achieved. Overall, the design in this paper is
simple, low cost, and easy to manufacture.

IV. CONCLUSION

A miniaturized two-element antenna array with high isolation
is firstly investigated in this paper by employing the technol-
ogy of hybrid electromagnetic decoupling. The edge-to-edge
distance between the two dipole antennas is only 0.005A.
The measured results consistent with the simulated results
show that the decoupling effect better than 27.5 dB, the gain
of 1.27 dBi and the radiation efficiency of 73.2% are achieved
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in the frequency range of 1.76-1.80 GHz. More importantly,
the volume of antenna array is effectively reduced by 50%.
The miniaturization and isolation enhancement methods pro-
posed in this paper can be extended to other frequency
bands, mainly by adjusting the length of bent dipoles and
the size of parasitic patches. Therefore, extending plane
decoupling to three-dimensional decoupling provides a new
idea for improving the isolation of antenna array and sys-
tem miniaturization in handheld radio systems and wearable
applications.
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