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ABSTRACT In this paper, a low-cost compact decoupled bandwidth enhancement technique is proposed
to address the high mutual coupling issue between wideband closely-spaced multiple-input and multiple-
out (MIMO) patch antennas. The wideband decoupling property is realized by combining two decoupling
circuits introduced by defected ground structure (DGS) and coplanar decoupling structure, respectively.
An equivalent circuit is given to clarify the decoupling mechanism and provide physical insight. To
validate the feasibility of the proposed design scheme, two prototypes of decoupled wideband patch arrays
based on coplanar-fed and probe-fed schemes are simulated, fabricated, and measured in the 5.8 GHz
ISM band, respectively. Experimental results show that for both of the two kinds of prototypes, the poor
isolation can be improved from 10 dB to better than 20 dB within a wide-matched bandwidth of 10%
under an extremely close edge-to-edge distance of 0.038 λ0. In addition, systematic validation for radar
sensing performance has been discussed by integrating the proposed antenna with the custom-designed
radio frequency system. Moreover, the performance metrics of MIMO parameters and verification of
extending to 1×4 antenna arrays are also discussed for both two basic feeding schemes. Compared
with the two-element patch arrays, multi-element patch arrays maintain decent performance for isolation
enhancement and wideband isolation bandwidth larger than 10%, indicating the proposed decoupling
technique is promising for large-scale wideband MIMO systems in integrated sensing and communication
applications (ISAC).

INDEX TERMS Patch antennas, wideband antennas, antenna decoupling, decoupled bandwidth enhance-
ment, multiple-input and multiple-out (MIMO), radar sensing, integrated sensing and communication
applications (ISAC).

I. INTRODUCTION

WITH the explosive improvement of radio technology,
how to integrate the functions of sensing and com-

munication is the goal of beyond 5G or even 6G wireless
communication applications in future Internet of Things

(IoT) [1], intelligent transportation systems (ITS) [2], and
Internet of Vehicles (IoV) [3]. For this purpose, integrated
sensing and communication (ISAC) technology has received
growing attention from both academia and industries [4], [5].
To maximize the use of limited spectrum resources,
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FIGURE 1. Illustration of a MIMO system for ISAC application.

multiple-input and multiple-output (MIMO) systems, which
possess the merits of multiplexing gain, high transmission
rate, huge data capacity, etc., have been widely used and
drawn great attention in recent years [6], [7], [8], [9]. In
MIMO antenna systems, the microstrip patch antenna is
one of the most widely used types due to its compact
low-profile appearance and easy-integrated characteristics.
However, with the requirement for system miniaturization,
especially in size-constrained applications, multiple antenna
elements are required to be placed close to each other. As a
result, strong mutual couplings inevitably exist between the
adjacent units, which results in a large electromagnetic (EM)
interference, and further leads to the deterioration of MIMO
systems performance [8], [9]. Moreover, for radar sensing,
the wider the operation bandwidth, the higher the resolution.
Thus, how to find a compact and effective decoupling method
to enlarge isolation between wideband MIMO elements is an
urgent and significant problem to be solved. Multi-functional
compact MIMO microstrip antenna with wide bandwidth and
high isolation is highly expected in the ISAC scenario, as
shown in Fig. 1.

A variety of decoupling techniques have been applied
to eliminate the mutual coupling between narrow-band
microstrip antennas, such as employing electromagnetic
bandgap (EBG) [10] or split-ring resonators (SRR) [11],
introducing a neutralization line [12], adding parasitic
structures [13], and using decoupling feeding network [14].
In [10], EBG was first introduced to suppress the mutual
coupling by 8 dB for array elements. In [13], a coplanar
U-shape microstrip was inserted between two H-plane
coupled patch elements to reduce the mutual coupling
to below −30 dB within the operating band. In [14], a
decoupling feeding network composed of two directional
couplers was proposed to suppress the coupling between two
patch elements to below −58 dB at the center frequency.
Nevertheless, these methods [10], [11], [12], [13], [14]
generally require a relatively large element spacing for
decoupling. In addition to the above techniques, a coplanar
strip wall [15], array-antenna decoupling surface (ADS) [16],
metasurface-based decoupling method [17], and a dielectric
block-based decoupling by controlling space-wave coupling
to cancel surface-wave coupling [18] were also proposed for
patch antenna decoupling. However, the techniques in [15],
[16], [17], [18] require a high profile which is not favorable
for a low-profile design.

Recently, some compact decoupling schemes are proposed
to address the high mutual coupling between closely spaced
microstrip patch antennas. In [19], a T-shape decoupling
network was employed under the patch with an edge-to-
edge space of less than 0.055 λ0. In [20], a near-field
resonator (NFR) was used as a coupling-mode transducer
above each antenna element to achieve the isolation of better
than 20 dB with small edge separations of 0.016 λ0. In [21],
by combing the DGS and metal via decoupling structure,
good isolation was obtained for a 1×3 E-plane coupled patch
array. In [22], through exploring the weakness field of the
microstrip-fed patch, self-decoupling was realized without
additional decoupling structure. In [23], Sun et al. proposed
a general decoupling method based on a new perspective of
CM and DM cancellation. With an extremely close edge-
to-edge distance of 0.016 λ0, poor isolation was improved
to better than 15.4 dB across 2.394-2.530 GHz. In [24], a
decoupling structure originating from the phase shift concept
was proposed to enhance the isolation from 7 to 18 dB under
the edge-to-edge separation of only 0.027 λ0. In [25], a
modular decoupling technique was proposed to enlarge the
isolation to 40 dB with the edge-to-edge distance of 0.018
λ0 at 6 GHz. Nevertheless, all the above schemes generally
suffer a narrow bandwidth.
To sum up, although scholars have proposed many

decoupling techniques for patch antenna structures with
superior performance, however, the existing schemes either
operate in a narrow band or fail to meet the need for low-
profile applications. To the best of the authors’ knowledge,
it is the first decoupling scheme in the open literature
to suppress the strong coupling between closely-spaced
wideband microstrip patch antennas without sacrificing
the low-profile and fabrication cost. We propose a novel
approach to realize wideband decoupling with low-profile
and low cost for wideband patch antennas.
The rest of this paper is organized as follows. Section II

describes the decoupling mechanism for wideband microstrip
patch antennas. The analysis of an equivalent circuit for this
mechanism is also given. The design guideline with some
cases is proposed to illustrate the decoupling property for
wideband microstrip patch antennas in detail. Section III
reports the prototypes and experiment results of the proposed
antennas, and a comparison table with other decoupling
structures is presented to highlight the merits. Moreover,
performance metrics of MIMO parameters and the verifica-
tion of extending to 1×4 antenna arrays are also discussed.
In addition, Section IV gives a systematic validation for radar
sensing performance = by integrating the proposed antenna
with the custom-designed radio frequency system. Finally, a
simple conclusion is summarized in Section V.
The innovations and contributions of this work are listed

below:
1. This work, for the first time, proposes a wide-

band decoupling scheme to suppress the strong
coupling between closely-spaced wideband microstrip
patch antennas without sacrificing the low-profile and
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fabrication cost. Although researchers have proposed
many decoupling techniques for patch antennas, all of
them either operate in a narrow band or fail to meet the
need for low-profile applications [10], [11], [12], [13],
[14], [15], [16], [17], [18], [19], [20], [21], [22], [23],
[24], [25]. It’s the research aim and core contribution
of this work.

2. A novel wideband hybrid decoupling scheme com-
bining DGS and coplanar decoupling structure
for wideband microstrip antenna is proposed. A
transmission-line model is developed to explain the
decoupling mechanism and provide physical insight
succinctly.

3. To illustrate the decoupling property for wideband
microstrip patch antennas, the decoupling scheme is
experimentally proved effective for both the probe-fed
and coplanar-fed wideband patch antennas.

4. To characterize the MIMO operation, the performance
metrics of MIMO parameters for both of the two basic
feeding schemes are analyzed by both simulation and
experiment.

5. To validate the feasibility of the proposed wideband
decoupling scheme in large-scale wideband array
applications, the verification of extending to 1×4
antenna arrays for both of the two basic feeding
schemes is conducted by both simulation and experi-
ment.

6. Systematic validation for radar sensing performance
has been discussed by integrating the proposed antenna
with the custom-designed radio frequency system.

II. DESIGN AND ANALYSIS OF THE WIDEBAND
DECOUPLING STRUCTURE
A. EQUIVALENT CIRCUIT OF WIDEBAND DECOUPLING
MECHANISM
As known, an effective method for bandwidth enhancement
for a microstrip patch antenna is to construct a dual-
resonance structure, where one of the resonances is provided
by the structure of the antenna itself and the other one is
produced by the feeding structure or non-radiating matching
network [26]. Here, we transfer this idea to the patch
antenna decoupling for enhancing isolation bandwidth. Two
additional resonant structures are constructed to provide
dual decoupling frequencies, respectively. By separating the
dual decoupling frequencies properly, a wideband decoupling
property can be achieved.
To verify this idea, a novel wideband decoupling scheme

combining DGS and coplanar decoupling structure for wide-
band microstrip antenna is proposed. The geometry of the
basic structure is shown in Fig. 2. The DGS is constructed
on the ground plane at the center of two patch antennas, and
the coplanar decoupling structure is symmetrically located
near the radiation side of the upper two antennas. When the
two antennas are closing extremely, the near-field coupling
is predominant. For the DGS, a high impedance occurs
when the slot resonates. By moving the resonance of the

FIGURE 2. Schematic of (a) the top view and (b) the bottom view of the proposed
wideband dual-decoupling structure.

FIGURE 3. Equivalent circuit of DGS structure-based two-element wideband
decoupling.

slot close to one operating frequency of the wideband patch
antenna, the isolation between adjacent elements can be
improved significantly. The coplanar decoupling structure
can be regarded as an equivalent resonant circuit consisting
of a transmission line with a small gap and a shorting
pin. Similarly, the closer the resonant frequency of this
structure is to the other operating frequency of the wideband
microstrip antenna, the higher the isolation is.
In order to analyze the broadband decoupling mechanism

more intuitively, the equivalent circuit of the proposed
wideband decoupling scheme is studied. First, we analyze
the effect of DGS structure on isolation performance, and
the simplified equivalent circuit is shown in Fig. 3. The
equivalent circuit of the wideband antenna unit can be
simplified to two parallel resonant circuits composed of
R1, L1, and C1, as well as R2, L2, and C2, respectively.
Meanwhile, the DGS structure can be simplified to a parallel
circuit composed of Ldgs, and Cdgs.
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For the original two-element model, we have
[
a21 b21
c21 d21

]
=

[
1 1
iωcgap

0 1

]
(1)

where ω is the radian frequency, and Cgap presents the
coupling capacitance.
From Soriginal21 = 2

A+B/Z0+CZ0+D , the coupled signal
transmitted from antenna 1 to 2 can be marked as

Soriginal21 = 2iωcgapZ0

2iωcgapZ0 + 1
(2)

For the DGS structure, we have
[
a21 b21
c21 d21

]
=

[
1 0

iωLdgs
1−ω2LdgsCdgs

1

]
(3)

By converting the two-port transmission matrix to
S-matrix, we get the following equation

Sdecoupling1
21 = 2 − 2ω2LdgsCdgs

2 − 2ω2LdgsCdgs + iωLdgsZ0
(4)

To satisfy complete cancellation at the decoupling point,
the amplitude and phase of the coupled signal at the
decoupling point should meet

|Soriginal21 | = |Sdecoupling1
21 | (5)

∠Soriginal21 = ∠Sdecoupling1
21 + π (6)

When the distance between the two antennas is deter-
mined, Cgap could be fixed. By changing the length and
width of DGS, donated by Ldgs and Wdgs, the adjustment of
decoupling frequency and cancellation amplitude about the
decoupling circuit can be realized.
Similarly, the equivalent circuit model of the coplanar

decoupling structure is shown in Fig. 4, where Cs represents
the coupling capacitance between the antenna unit and
the coplanar decoupling structure. The transmission line
at both ends of the decoupling structure corresponds to a
transmission line model with impedance ZL and phase θ .
The ground via in the middle of the transmission line is
equivalent to a series circuit of Lpin and Csg.

We divide the equivalent circuit model of the decoupling
structure into five parts. For the decoupling structure, we get[

a1 b1
c1 d1

]
=

[
1 1
iωcs

0 1

]
(7a)

[
a2 b2
c2 d2

]
=

[
cos θ iZ1 sin θ
i sin θ
Z1

cos θ

]
(7b)

[
a3 b3
c3 d3

]
=

[
1 0
1

iωLpin+ 1
iωcsg

1

]
(7c)

[
a4 b4
c4 d4

]
=

[
cos θ iZ1 sin θ
i sin θ
Z1

cos θ

]
(7d)

[
a5 b5
c5 d5

]
=

[
1 1
iωcs

0 1

]
(7e)

FIGURE 4. Equivalent circuit of coplanar decoupling structure-based two-element
wideband decoupling.

After cascading, Eq. (7) can be expressed as[
A B
C D

]
=

[
a1 b1
c1 d1

][
a2 b2
c2 d2

][
a3 b3
c3 d3

][
a4 b4
c4 d4

][
a5 b5
c5 d5

]
(8)

where

A = cos 2θ + i sin θ

Z1

+ iωcsg cos θ

1 − ω2Lpincsg

(
iZ1 sin θ + cos θ

iωcs

)
(9a)

B = A

iωcs
+ iZ1 cos θ + cos 2θ

iωcs

− ωcsg sin θ

1 − ω2Lpincsg

(
iZ1 sin θ + cos θ

iωcs

)
(9b)

C = i sin 2θ

Z1
+ iωcsgcos θ2

1 − ω2Lpincsg
(9c)

D = C

iωcs
+ sin 2θ − ωcsg sin θ

1 − ω2Lpincsg
(9d)

From Sdecoupling2
21 = 2

A+B/Z0+CZ0+D , the decoupling signal
transmitted from antenna 1 to 2 can be marked as

Sdecoupling2
21 = 2iω2csZ1Z0

(
1 − ω2Lpincsg

)
E

(10)

where

E = sin2θ − ω2Lpincsg sin 2θ + 2iωcsZ0 sin 2θ

− 2iω3LpincsgcsZ0 sin 2θ − ω2cs
2Z0

2 sin 2θ

+ ω4Lpincsgcs
2Z0

2 sin 2θ + 2ωcsZ1 cos 2θ

− 2ω3LpincsgcsZ1 cos 2θ − ω2cs
2Z1

2 sin 2θ

+ ω4Lpincsgcs
2Z1

2 sin 2θ + 2iω2cs
2Z0Z1 cos 2θ

− 2ω4Lpincsgcs
2Z0Z1 cos 2θ − ω3cs

2csgcos θ2Z0
2Z1
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FIGURE 5. (a) Geometry and (b) Simulation S-parameter of coplanar-fed microstrip
antenna. The detailed dimensions are: P=60 mm;Lp=14.5 mm; Wp=25 mm;
dis=1.75 mm; Lt =18.5 mm; Wt =0.7 mm; Wz =5.8 mm; r=1. 2 mm.

+ iω2cscsgZ0Z1cos θ2 − iω3cs
2csgZ0Z1

2 sin θ

− i
1

2
ω

3

cs
2csgZ0Z1

2 sin 2θ + ωcsgcos θ2Z1

− ω3cs
2csgZ1

2sin θ2.

Similarly, at the decoupling point, it should satisfy

|Soriginal21 | = |Sdecoupling2
21 | (11)

∠Soriginal21 = ∠Sdecoupling2
21 + π (12)

When Cgap is determined, by changing the length Lde and
width Wde of the transmission line, the distance between the
antenna unit and the decoupling structure d, the decoupling
frequency and cancellation amplitude can be fine-tuned.

B. DECOUPLING BETWEEN TWO COPLANAR-FED
H-PLANE CLOSELY SPACED WIDEBAND MICROSTRIP
ANTENNAS
To validate the feasibility of the proposed design scheme, two
basic types of microstrip antennas with coplanar feeding and
probe feeding are investigated, respectively. In this part, the
decoupling between two coplanar-fed wideband microstrip
patch antennas is examined first.
Here, the coplanar-fed microstrip antenna in [26] is

employed, whose geometry is shown in Fig. 5 (a). As seen,
the microstrip patch and coplanar decoupling structure are
designed on the top surface of a 3mm-thick F4B substrate
(εr = 2.2, tanδ = 0.001). The corresponding simulated
reflection coefficient of the coplanar-fed microstrip antenna
is shown in Fig. 5 (b). It is seen that there are two resonant
points, which correspond to the resonance frequency of
the microstrip patch itself and the extra resonating circuit.
The reflection coefficient of the antenna is lower than
−10 dB across 5.05–6.11 GHz. In other words, the matching
bandwidth of this antenna is about 19%.
Fig. 6 (a) shows the original configuration of a two-

element coplanar-fed closely spaced H-plane microstrip
antenna with an edge-to-edge distance of 2 mm (0.038 λ0).
The detailed dimensions of each element are the same
as the unit designed before. The simulated reflection and
transmission coefficients are shown in Fig. 6 (b). It reflects
that the operating frequency range of the two patch antennas

FIGURE 6. (a) Geometry and (b) Simulation reflection coefficient of original
two-element coplanar-fed microstrip antennas. The detailed dimensions are:
L=60 mm;W=87 mm; s=2 mm.

FIGURE 7. (a) Geometry and simulated S-parameters versus (b) Ldgs about
coplanar-fed two-element closely spaced H-plane microstrip antennas with DGS only.
The detailed dimensions are: Ldgs=41 mm; Wdgs=1 mm.

with |S11|/|S22| lower than −10 dB is 5.14–6.09 GHz (the
matching bandwidth of 17%), and the strong mutual coupling
is up to 10 dB across the whole band.
To suppress the strong mutual coupling between these two

antennas across the whole band, two decoupling structures
are introduced to realize wideband decoupling. In order to
illustrate the impact of each structure on the performance
of isolation more intuitively, each decoupling structure is
analyzed respectively.
Firstly, only DGS is added to the original configuration

to introduce a decoupling network. The structure of two-
element coplanar-fed H-plane coupled microstrip antennas
with DGS is shown in Fig. 7 (a). The values of L, W and
s in this structure are the same as those in Fig. 6 (a).
To understand the proposed structure better, we have also
performed parametric studies of this decoupling structure.
It is found that the length of DGS Ldgs plays a key
point in the decoupling performance. Fig. 7 (b) shows the
S-parameters along with Ldgs. It can be seen that when
Ldgsvaries from 39 mm to 43 mm, the maximum isolations
move down to different frequencies within the matching
bandwidth. Meanwhile, the two resonant frequencies are
almost unchanged. That’s to say, by optimizing Ldgs, the
decoupling frequency could be designed dependently without
affecting the original resonance of the antenna.
Then, only the coplanar decoupling structure is applied

to the original two-element antenna to introduce another
decoupling circuit, as shown in Fig. 8 (a). Similarly, a
parametric study has been conducted. According to the
analysis above, there are four parameters - Lde, Wde, Wpin,
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FIGURE 8. (a) Geometry and simulated S-parameter versus (b) Lde , (c) Wde , (d) Wpin ,
(e) rpin and (f) d about coplanar coupling-fed two-element closely spaced H-plane
microstrip antennas with coplanar decoupling structure only. The detailed dimensions
are: Lde=18 mm; Wde=1 mm; d=1 mm; rpin=1 mm; Lpin=Wpin=2 mm.

rpin and d, which affect the performance of impedance
matching and decoupling capability. The S-parameters along
with these parameters are shown in Figs. 8 (b)-(f). From
Figs. 8 (b), (c) and (d), it shows that the length of
the decoupling branch, denoted by Lde, the width of the
decoupling branch Wde and the width of ground probe
Wpin, can control the decoupling frequency of the structure.
When Lde varies from 17 mm to 19 mm, the corresponding
decoupling frequency keeps moving down. The smaller the
length is, the stronger the magnitude will be. Similarly, as
Wde or Wpin increases, the resonant frequency decreases
sequentially. Meanwhile, the smaller Wde or Wpin is, the
higher impedance will be. Fig. 8 (e) shows the relationship
between the radius of via rpin and the decoupling frequency
of the structure. The smaller the radius is, the lower the
resonant and the decoupling frequency is. The distance
between the patch antennas and the coplanar decoupling
structure d also affects the impedance and coupled energy
of the decoupling structure. The simulated S-parameters of
the two-element antenna versus different d are presented
in Fig. 8 (f). When d increases, the decoupling frequency

FIGURE 9. Exploded view of coplanar-fed two-element closely spaced H-plane
microstrip antennas with dual-decoupling structure.

FIGURE 10. Comparison of (a) simulated S-parameters, patterns on (b) E plane and
(c) H plane of coplanar-fed two-element closely spaced H-plane microstrip antennas
with/without dual-decoupling structure.

is shifted up accordingly. The larger the distance is, the
stronger the magnitude will be. In a word, the isolation of this
structure is sensitive to these five parameters. Among these
parameters, Lde has the greatest effect on the S-parameters
of a two-element antenna.
By simulating and analyzing the above two decoupling

structures separately, the decoupling frequency and ampli-
tude of each structure could be adjusted independently. Thus,
the above investigations reveal that the wideband decoupling
conditions in (5), (6), (11) and (12) can be readily achieved
by properly tuning the dimensions of these two decoupling
structures. Compared to the DGS, the coplanar decoupling
structure has more design freedoms to satisfy the decoupling
condition. Once these two decoupling frequencies have a
suitable separation, a wideband decoupling can be achieved.
To further verify the wideband decoupling mechanism, in

this part, a wideband decoupling technique, which combines
DGS and coplanar decoupling structure is proposed. The
detail structure scheme is illustrated in Fig. 9. A compar-
ison of the simulated results without/with the decoupling
structures is presented in Fig. 10. Fig. 10 (a) shows that the
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FIGURE 11. Simulated S-parameters versus (a) Ldgs , and (b) Lde about coplanar-fed
two-element closely spaced H-plane microstrip antennas with dual-decoupling
structure.

TABLE 1. Dimensions of the proposed antenna shown in Fig. 9. (Unit: mm).

reflection coefficients of the proposed antenna are lower than
−10 dB across 5.15–6.22 GHz. In other words, the matching
impendence bandwidths of the proposed antenna are larger
than 18.8%. Besides, it illustrates that the introduction of a
decoupling structure hardly affects the impedance matching.
Compared to the original two-element array without any
decoupling structure, the isolation between the antenna
element is enhanced from 10 dB to more than 20 dB
obviously across 5.45–6 GHz with the maximum isolation
reaching 40 dB at 5.55 GHz. The isolation bandwidth of
20 dB also achieves 9.6%. Fig. 10 (b) and (c) indicate that
the existence of a dual-decoupling structure does not affect
the radiation patterns.
Besides, the simulated S-parameters of the proposed

scheme versus different Ldgs and Lde are presented in Fig. 10.
Fig. 11 (a) shows that when Ldgs varies from 17 mm to
19 mm, the lower decoupling frequency is shifted down,
which corresponds to the DGS decoupling structure. It
also makes an explanation that the decoupling frequency
of DGS can be adjusted independently without affecting
the coplanar decoupling structure. Fig. 11 (b) shows that
when Lde varies from 17.5 mm to 18.5 mm, the upper
decoupling frequency is mainly shifted up. However, the
lower decoupling frequency will move up accordingly. Thus,
the above analysis simply reveals that the decoupling effect
can be obtained by optimizing the dimensions of the
decoupling structures, as tabulated in Table 1.
To give a better understanding of the decoupling

performance of the proposed technique, the surface current

FIGURE 12. Comparison of the current distributions for different cases. (a) The
original two-element antennas without dual-decoupling structure at 5.6 GHz. The
proposed wideband decoupling antennas at (b) 5.5 GHz; (c) 5.6 GHz; (d) 6 GHz.

FIGURE 13. (a) Geometry and (b) simulation S-parameter of probe-fed microstrip
antenna. The detailed dimensions are: L=W=45 mm; Lp=28 mm; Wp=14.2 mm;
dk =5.5 mm; r1=1.3 mm; r2=2.2 mm; r3=2.5 mm.

distributions of the two-element array for different cases are
depicted in Fig. 12. Fig. 12 (a) shows the surface current
distribution of the original two-element antenna without any
decoupling structures. When element 1 is excited, element
2 exhibits strong current distributions. After adding the
decoupling structures, the surface current has been effectively
suppressed across a wide operating bandwidth as shown in
Figs. 12 (b)-(d). It is also noted that, when the antenna
operates at 5.6 GHz, almost no current is witnessed on
element 2, which corresponds to a peak isolation of 40 dB.
From Fig. 12, it is revealed that the proposed decoupling
structures successfully provide a remarkable decoupling
effect.

C. DECOUPLING BETWEEN TWO PROBE-FED H-PLANE
CLOSELY SPACED WIDEBAND MICROSTRIP ANTENNAS
The decoupling between two probe-fed wideband microstrip
patch antennas is examined in this part. Similarly, a probe-fed
microstrip antenna with wideband characteristics is designed
in the first step, whose geometry is shown in Fig. 13 (a).
As seen, a patch with a small annular gap is designed on
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FIGURE 14. Exploded view of probe-fed two-element closely spaced H-plane
microstrip antennas with dual-decoupling structure.

FIGURE 15. Comparison of simulated (a) |S11|/ |S22| and (b) |S12| of probe-fed
two-element antennas without any decoupling structure, with DGS only, with parasitic
structure only and with dual-decoupling structure.

the top surface of a 3mm-thick F4B substrate (εr = 2.2,
tanδ = 0.001). In this structure, the small annular gap is
used to provide a capacitance value. Combined with the
vias, which is characterized by inductance, the other resonant
circuit is formed to enlarge the impendence bandwidth.
The corresponding simulated S-parameter of the probe-fed
patch antenna is shown in Fig. 13 (b). It can be seen that
there are two resonant points, which are offered by the
microstrip patch itself and the extra resonating circuit from
the probe and the annular gap, respectively. By constructing a
dual-resonance structure, the characteristics of wideband are
realized. The |S11| of the antenna is lower than –10 dB across
5.37-6.04 GHz, which indicates the impendence bandwidth
of this antenna is larger than 11.7%.
Fig. 14 shows the wideband decoupling structure for

a two-element probe-fed array based on the technique
described before. Similarly, A comparison of the simulated
results without/with the decoupling structures is presented in
Fig. 15. After adding the wideband decoupling structures, the
|S11| of the proposed antenna is all lower than –10 dB across
the 5.48-6.07 GHz frequency range. In addition, the isolation
between two-element antenna has been enlarged from 7 dB
to 20 dB across the whole band with the maximum isolation
reaching 40 dB at 5.92 GHz. The bandwidth of isolation is
about 10.2%. The simulated results not only demonstrate
the broadband decoupling properties of the proposed scheme
but also illustrate the flexibility of the design under different
feeding schemes.

FIGURE 16. Simulated S-parameters versus (a) Ldgs , and (b) Lde about probe-fed
two-element closely spaced H-plane microstrip antennas with dual-decoupling
structure.

TABLE 2. Dimensions of the proposed antenna shown in Fig. 14. (Unit: mm).

FIGURE 17. Comparison of simulated patterns on (a) E plane and (b) H plane of
probe-fed two-element antennas without/with dual-decoupling structure.

The simulated S-parameters of the proposed scheme
versus different important parameters, denoted by Ldgs and
Lde are presented in Fig. 16. As seen, both the resonant
frequency and isolation can be tuned by Ldgs and Lde. The
final dimensions of the proposed antenna are tabulated in
Table 2.

Fig. 17 gives a comparison of the simulated radiation
patterns of the proposed probe-fed antenna without/with the
decoupling structures. It shows clearly that after adding
hybrid decoupling structures, the main-polarization radiation
patterns are almost unaffected. It is noted that the cross-
polarization levels have been improved.

III. PROTOTYPE AND MEASUREMENT RESULTS
A. MEASUREMENTS OF THE PERFORMANCE OF
TWO-ELEMENT ARRAY
To verify the feasibility of the design schemes, the designed
wideband decoupled antenna arrays based on coplanar-fed
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FIGURE 18. The (a) top view and (b) bottom view of the implemented coplanar -fed
two-element microstrip antennas. The (c) top view and (d) bottom view of the
implemented probe-fed two-element microstrip antennas.

FIGURE 19. The experimental setup and scene. (a) Laboratory environment for
impedance characteristic measurements. (b) Near-field chamber environment for
radiation characteristic measurements.

FIGURE 20. Simulated and measured S-parameters of (a) coplanar-fed two-element
microstrip antennas, and (b) probe-fed two-element microstrip antennas.

and probe-fed schemes are fabricated and measured, respec-
tively. The prototypes of the proposed antennas are shown
in Fig. 18. The experimental setups and scenes are shown
in Fig. 19. The two-port antenna array is connected to a
calibrated vector network analyzer (VNA) by two SMA
connectors. The Agilent network analyzer E5071C was
employed for measuring the S-parameters and the radiation
patterns were measured in a near-field chamber.
The simulated and measured S-parameters of the proposed

antennas are shown in Fig. 20. Fig. 20 (a) reveals that the

FIGURE 21. Simulated and measured realized gains of (a) coplanar-fed two-element
microstrip antennas, and (b) probe-fed two-element microstrip antennas.

simulated reflection coefficients of the proposed coplanar-fed
antenna are lower than −10 dB across 5.15–6.22 GHz,
whose matching impendence bandwidths are larger than
18.8%. The isolation between two elements of the proposed
antenna across 5.45–6 GHz has been enlarged from 10 dB
to more than 20 dB obviously, whose 20 dB isolation
bandwidth is up to 9.6%. Meanwhile, the maximum isolation
is enhanced to 40 dB at 5.55 GHz. The corresponding mea-
sured reflection coefficients are all lower than −10 dB across
5.25–6.3 GHz, whose matching impedance bandwidths are
up to 18.1%. The measured 20 dB isolation bandwidth
between the two elements of the proposed antenna is up
to 10.2% (from 5.49 GHz to 6.08 GHz). Meanwhile, the
maximum isolation is up to 41 dB at 5.61 GHz. The little
differences between the simulated and measured S-parameter
levels are attributed to the small imperfections in the fabri-
cation and assembling of the antenna as well as the welding
level. Fig. 20 (b) shows that the reflection coefficients of the
proposed probe-fed antenna are lower than −10 dB across
5.48–6.07 GHz, whose matching impendence bandwidths
are larger than 10.7%. The isolation between the two-
element antenna of the proposed array across the −10 dB
operating bandwidth has been enlarged from 8 dB to better
than 20 dB obviously, whose 20 dB isolation bandwidth
is up to 10.7%. Meanwhile, the maximum isolation is
enhanced to 40 dB at 5.92 GHz. The corresponding mea-
sured reflection coefficients are all lower than −10 dB across
5.48–6.06 GHz, whose matching impendence bandwidths
are up to 10%. The measured 20 dB isolation bandwidth
between the two-element antenna of the proposed array is
up to 10%. Meanwhile, the maximum isolation is up to
43 dB at 5.92 GHz. Simulation and measured results show
good agreement, which proves the feasibility of this design
methodology.
The simulated and measured results of realized gains are

shown in Fig. 21. As seen in Fig. 21 (a), the simulated
and measured coplanar-fed antennas have realized gains
of 5-7.3 dBi and 4.4-7.37 dBi for the probe-fed one
within the 5.15-6.22 GHz and 5.25-6.3 GHz, respectively.
Simulated and measured 1-dB gain bandwidth of the
designed antenna are more than 570 MHz and 600 MHz. As
seen in Fig. 21 (b), the simulated and measured probe-fed
antennas have realized gains of 4.5–7.1 dBi and 4.9–
7.36 dBi in 4.85–6.07 GHz and 5.5-6.06 GHz ISM band,
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FIGURE 22. Simulated and measured radiation patterns of antenna element at
5.8 GHz. Patterns on (a) E plane and (b) H plane of coplanar-fed two-element
microstrip antennas. Patterns on (c) E plane and (d) H plane of probe-fed two-element
microstrip antennas.

respectively. Simulated and measured 1 dB gain bandwidth
of the designed antenna are more than 540 MHz and
500 MHz.
The simulated and measured radiation patterns at 5.8 GHz

are shown in Fig. 22. Since the two-element array is highly
symmetrical, only radiation patterns of one port are given
here. For the coplanar-fed antennas, the simulated and
measured gains at the line of sight are 6.5 dBi and 6.3 dBi,
respectively. Besides, the simulated and measured cross-
polarization levels are −18 dB and −16 dB at the boresight
direction, respectively. In the H-plane, the radiation pattern
is symmetric. In the E-plane, the radiation pattern exhibits
a slightly asymmetric shape, because of the little parasitic
effect between two elements. The simulated and measured
radiation efficiency of this kind of antenna is up to 96.8%
and 88.2% respectively. For the probe-fed antennas, the
simulated and measured gains at the boresight are 7.1 dBi
and 7 dBi, respectively. In addition, the simulated and
measured cross-polarization levels are −23 dB and −17 dB
in the boresight direction, respectively. Note that the radiation
patterns are basically symmetrical in the H-plane and slightly
asymmetrical in the E-plane due to the little parasitic effect.
The simulated and measured radiation efficiency is up to
93.6% and 85.8% respectively.

B. PERFORMANCE EVALUATION OF MIMO
PARAMETERS
For proper MIMO characterization, the description of other
key MIMO parameters, such as envelope correlation coef-
ficient (ECC), total active reflection coefficient (TARC),
mean effective gain (MEG), and diversity gain (DG), channel
capacity has also been mentioned in our work.
The ECC is a key parameter for MIMO antennas since

it has an effect on the loss of radiation efficiency and

FIGURE 23. Comparison of simulated ECCs of (a) coplanar-fed and (b) probe-fed
two-element microstrip antennas with/without dual-decoupling structure.

FIGURE 24. Simulated and measured ECCs of (a) coplanar-fed and (b) probe-fed
two-element microstrip antennas.

performance of MIMO systems. The acceptable ECC is less
than 0.5 normally [27].
The comparison of simulated ECC for two kinds of

the proposed antenna with/without the proposed decoupling
scheme is plotted in Fig. 23. It indicates that after adding
the proposed decoupling structure, ECCs have been reduced
from 0.03 to 0.004, which is much lower than the acceptable
value. The simulated and measured ECC curves are plotted in
Fig. 24. Good agreement is observed between the simulated
and measured curves. For two two-element patch antennas,
both the simulated and measured ECCs are below 0.004
across the whole operating band.
TARC is another important parameter that must also be

considered. The lower the TARC is, the smaller the impact
on channel capacity. Take the 2×2 antenna arrays as an
example. TARC can be described as [28]

�t
a =

√(|(s11 + s12)|2 + |(s21 + s22)|2
)

√
2

(13)

The simulated and measured TARCs curves are plotted in
Fig. 25. The values retain the original behavior of a single
antenna characteristic.
MEG is a real index of antenna gain characteristics. In

mobile communication, the MEG is usually repressed by [29]

Ge =
∫ 2π

0

∫ π

0

{
XPR

1 + XPR
Gθ (θ, ϕ)Pθ (θ, ϕ)

+ 1

1 + XPR
Gϕ(θ, ϕ)Pϕ(θ, ϕ)

}
sin θdθdϕ (14)

where XPR means cross-polarization power ratio and equals
to P1/P2. P1 and P2 are the mean power received by
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FIGURE 25. Simulated and measured TARCs of (a) coplanar-fed and (b) probe-fed
two-element microstrip antennas.

vertically and horizontally polarized isotropic antennas in
a multipath environment. Gθ and Gϕ are the θ and ϕ

components of power gain pattern of the receiving antenna.
Pθ and Pϕare the θ and ϕ components of the angular density
functions of incoming plane waves. The higher MEG reflects
the good match between the antenna and the channel, which
enables the channel to receive more signal power.
The incident radio wave parameters are determined to be

typical values in urban areas. Here, the XPR is fixed as
6 dB, the mean elevation angles are from 0 to 40◦, and
the standard deviation is 20◦. For the coplanar-fed patch
antenna, the simulated and measured MEGs at 5.8 GHz are
8.6 dBi and 8.22 dBi in the boresight, respectively. For
the probe-fed patch antenna, the simulated and measured
MEGs at 5.8 GHz are 8.1 dBi and 7.82 dBi in the boresight,
respectively.
DG provides an enhancement in the system with several

antennas compared to a system with a single antenna [30].
The higher the DG, the better the communication quality.
Take the 2×2 antenna arrays at a 1% cumulative probability
level as an example. For the coplanar-fed patch antenna,
the simulated and measured DGs at 5.8 GHz are 9.39 dBi
and 9.28 dBi in the boresight, respectively. For the probe-
fed patch antenna, the simulated and measured DGs at
5.8 GHz are 9.15 dBi and 9.02 dBi in the boresight,
respectively.
Theoretically, the capacity of the MIMO system grows

linearly with the number of antennas. However, the ECC
in the MIMO channel induces a loss of capacity. For the
same MIMO system, channel capacity can be characterized
by capacity loss indirectly. Take the 2×2 antenna arrays as
an example. The channel capacity loss of the antenna can
be calculated by [31]

Closs = − log2 det(ϕR) (15)

where ϕR = ρij(i, j = 1, 2) represents the correlation
matrix. The elements are determined from the formula ρij =
−S∗

iiSij − S∗
jiSjj and ρii = 1 − |Sii|2 − ∣∣Sij∣∣2

(i, j = 1, 2).
Thus, the channel capacity losses curves of the antennas
with/without the decoupling structure across the operating
band can be plotted in Fig. 26. It indicates that after adding
the proposed decoupling structure, capacity losses have been
much reduced across the whole operating band.

FIGURE 26. Comparison of simulated capacity losses of (a) coplanar-fed and
(b) probe-fed two-element closely spaced H-plane microstrip antennas.

FIGURE 27. Fabricated prototypes of the proposed extremely closely spaced 1 × 4
antenna arrays based on (a) coplanar-fed and (b) probe-fed.

C. COMPARISON WITH OTHER DECOUPLING
STRUCTURES
To highlight the merits of the proposed decoupling scheme,
a comparison between our decoupling scheme and some
other decoupling closely spaced patch antennas is shown in
Table 3. It can be seen that our designs provide a much wider
decoupled operating bandwidth as compared with most of
the other works. Although the structure in [18] has a larger
decoupled bandwidth, it suffers a high profile and increased
fabrication cost for an additional substrate layer. Moreover,
the proposed decoupling technique possesses the advantages
of extremely closely spaced (edge-to-edge distance of 0.038
λ0), high isolation (the maximum value up to 41 dB), wide
20 dB isolation bandwidth (up to 10.2%), high gain (up to
7.37 dBi), and wide 1 dB gain bandwidth (up to 9.2%).

D. EXTENSION TO 1×4 ANTENNA ARRAYS
To validate the feasibility of the proposed wideband decou-
pling scheme in large-scale wideband array applications,
the verification of extending to 1×4 antenna arrays is
also discussed. Fig. 27 shows the fabricated prototypes of
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TABLE 3. Comparison between this work and existing decoupling schemes for patch antennas.

the proposed antenna arrays based on coplanar feeding
and probe feeding, respectively. The space distance and
dimensions of the basic antenna are the same as that of the
aforementioned two-element schemes, except for the number
of units. Simulated and measured S-parameters of two kinds
of proposed antenna arrays are shown in Figs. 28-29. Due
to the isolations between non-adjacent elements being much
larger than those between adjacent elements, these data
are not shown for simplicity. For the coplanar-fed antenna
array, the simulated and measured −10 dB impedance
bandwidth of all elements is 16.4% (5.15–6.07 GHz) and
11.3% (5.33–5.97 GHz), respectively. The isolations between
adjacent elements are successfully improved from 10 dB
to better than 18 dB and 15 dB in the simulation and
experiment, respectively. For the probe-fed antenna array, the

FIGURE 28. Simulated and measured S-parameters about coplanar-fed proposed
1×4 antenna arrays.

simulated and measured −10 dB impedance bandwidth of all
elements is 10% (from 5.43 GHz to 6 GHz) and 10% (from
5.5 GHz to 6.08 GHz), respectively. The isolations between
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FIGURE 29. Simulated and measured S-parameters about probe-fed proposed 1×4
antenna arrays.

FIGURE 30. (a) The block diagram of measuring the motion of the actuator. (b) The
top and (c) bottom view of the custom-designed 5.8 GHz radar system.

adjacent elements have been improved from 7 dB to better
than 16.2 dB and 17.5 dB in the simulation and experiment,
respectively. Compared with the two-element schemes, the
isolation enhancement and isolation bandwidth for multi-
element patch arrays show relatively stable performance,
which indicates that the proposed technique is also feasible
and practical for multi-element decoupling in wideband
arrays.

IV. SENSING PERFORMANCE VERIFICATION
To evaluate the effectiveness of using the proposed design
for ISAC, the designed probe-fed two-element microstrip
antennas are integrated into a 5.8 GHz continuous wave radar
system for detecting the motion of an actuator. The block
diagram of the radar system with the proposed antennas
is shown in Fig. 30. The details of the used components
are listed in Table 4. The radar is set at a 30 cm distance
apart to measure the motion of an actuator. The actuator is
programmed to take a sinusoidal motion with a frequency
of 1 Hz, and the amplitude of motion is set as 1 cm.

TABLE 4. Main devices used in the system.

FIGURE 31. Experimental results of a periodic motion with a frequency of 1 Hz and
a displacement of 1 cm. (a) Demodulated movement. (b) Spectrum after FFT.

The measured results are presented in Fig. 31. It shows
clearly that due to the high mutual coupling suppression
of the proposed antennas, the demodulated movement is
basically the same as the setting data with almost no
distortion and no leakage signals.

V. CONCLUSION
In this paper, a compact decoupled bandwidth enhancement
scheme is proposed to address the mutual coupling issue
between wideband patch antennas. A novel approach com-
bining with both DGS and coplanar decoupling structures
is proposed to realize the wideband decoupling property
with a single-layer low-profile appearance. Two basic types
of patch antennas based on coplanar-fed and probe-fed are
examined with extremely close edge-to-edge distances of
0.038 λ0, respectively. Experimental results demonstrate that
for the coplanar-fed two-element patch antenna, the poor
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isolation is improved from 10 dB to better than 20 dB across
5.49-6.08 GHz, and the maximum isolation is enhanced to
41 dB at 5.61 GHz. For the probe-fed two-element scheme,
the poor isolation is improved from 6 dB to better than
22 dB across 5.48–6.06 GHz, and the maximum isolation is
up to 43 dB at 5.92 GHz. Performance metrics of MIMO
parameters have also been analyzed to characterize the
MIMO operation. In addition, systematic validation for radar
sensing performance has been discussed by integrating the
proposed antenna with the custom-designed radar system.
Besides, the 1 × 4 antenna arrays for both the two feeding
schemes also perform at least 10% decoupled bandwidths
with isolation larger than 15 dB for the worst condition.
Owing to its compact appearance and single-layer simple
structure, it is believed that the proposed decoupling scheme
possesses an attractive potential for large-scale wideband
MIMO systems in ISAC applications.
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