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Abstract— In this article, an inductance-based decoupling
scheme is proposed to reduce the mutual coupling between
extremely closely spaced microstrip antennas. The original strong
coupling can be effectively suppressed by simply inserting a
lumped inductance in between. To offer a systemic design
guideline for this decoupling strategy, a mode cancellation
method, based on the synthesis of common mode (CM) and
differential mode (DM), is proposed. The inserted inductance
plays a role of tuning CM and DM impedances to a similar
status, which has an equivalent decoupling effect according to
the theory of microwave network. Alternatively, the lumped
inductance could also be replaced by an inductive connecting
strip for a concise topology. To validate the proposed decoupling
concept, a prototype is simulated, fabricated, and measured.
The experimental results show that the poor isolation of 5 dB
is improved to better than 15.4 dB across the entire matched
bandwidth of 2.394–2.530 GHz, with an extremely close edge-
to-edge distance of 0.016 λ0 and center-to-center distance of
0.44 λ0. Furthermore, the validation of extending to large-scale
1-D and 2-D arrays is also discussed. Featuring simple structure,
compressed dimension, strong-coupling suppression, and good
radiation performance, the proposed decoupling scheme possesses
promising potential for antenna array applications.

Index Terms— Closely spaced patch antennas, decou-
pling, mode cancellation method (MCM), multiple-input
multiple-output (MIMO), mutual coupling.

I. INTRODUCTION

IN RICH multipath environments, the channel capacity of
wireless communication systems can be improved drasti-

cally by employing multiple-input and multiple-out (MIMO)
technology, at no additional expense in spectrum or power
resources [1]–[3]. Given these benefits, MIMO technology
has attracted considerable attention in academic and indus-
trial communities and has been widely implemented in up-
to-date wireless communication systems. However, in the
size-limited terminal or portable devices, the closely spaced
antenna elements arrangement will lead to a high mutual cou-
pling or correlation coefficient between antenna elements, thus
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degrades the MIMO performance. To address this issue, plenty
of researches have been focused on mitigating the mutual
coupling between closely spaced antenna elements to realize a
high isolation and a satisfactory MIMO performance [4]–[38].

In general, there are three different techniques to reduce the
mutual coupling between same-polarized antenna elements in
the open literature [4], [5].

The first decoupling scheme is decoupling network [6]–[10],
which is realized by the combination of decoupling and match-
ing networks by performing the scatter or impedance matrix
operations. This scheme makes a systemic and mathematic
analysis of the scatter parameters; however, the circuit-level
decoupling method cannot offer an intuitive insight of the
antenna radiation performance.

The second decoupling technique is blocking the surface
current between antenna elements by band-stop structures,
such as electromagnetic bandgap (EBG) [11]–[13], soft sur-
face [14], and detected ground structures (DGSs) [15]–[20].
The EBG and soft surface provide conspicuous decoupling
effect, but suffer from complex structure and large occu-
pied dimension, which is not appropriate for the closely
spaced configuration. The DGS is originated from N pairs of
etched slits in the ground plane with a large implementation
space [15], [16], but soon developed to a single quarter-
wavelength [17], [18] or half-wavelength [19] resonant slot
with a compact footprint to block the surface wave effectively;
however, the etched resonant slot will generate extra backward
radiation, thereby deteriorating the radiation performance.

The third decoupling method is canceling the original
coupling by adding an extra coupling path with equal
amplitude but out of phase. The specific structures of this
method can be neutralization lines (NLs) [21]–[27], parasitic
elements [28]–[35], and self-decoupled elements [36]–[38].
The NL and parasitic elements have the ability to perform
a coupling suppression between antenna elements by an
extra decoupling structure. The self-decoupled elements can
reduce the mutual coupling by well-designed antenna elements
instead of using extra decoupling structure, which possess
ingenious antenna structures but lack systemic design guide-
lines and only stay at try-and-error stage so far.

Great efforts have been made to reduce the mutual
coupling between microstrip antennas in the last
decades [10]–[14], [16], [19], [23], [30], [34], [35];
however, most of the previous work suffer from complex
decoupling structure, narrow decoupling bandwidth, and
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degraded radiation pattern when in the closely spaced array
configuration. To tackle these technical hurdles, a simple and
effective approach is proposed to reduce the mutual coupling
between strongly coupled patch antennas, as well as keep a
sufficient bandwidth and an improved radiation performance.
By inserting a lumped inductance between two extremely
closely spaced patch antennas, the original poor isolation of
5 dB can be improved to better than 15.4 dB across the entire
matched band of 2.394–2.530 GHz. Moreover, the radiation
pattern is improved to symmetric beam, high broadside gain,
high front–back ratio (FBR), and low cross-polarization, even
in the extremely closely spaced arrangement. To explicate
the operating mechanism of the proposed decoupling
scheme, a mode cancellation method (MCM) [39], based
on the synthesis of common mode (CM) and differential
mode (DM), is presented to provide a systemic design
guideline. Compared to the previous decoupling approaches,
the proposed decoupling scheme features simple structure,
compressed dimension, strong-coupling suppression, moderate
bandwidth, and improved radiation performance.

This article is organized as follows. In Section II,
the design guideline of the proposed inductance-based decou-
pling scheme with some design cases is proposed based on the
MCM. In Section III, a practical design example is simulated,
fabricated, and measured to validate the proposed decoupling
scheme, and a comparison table is also presented to highlight
the merits. In Section IV, the validation of extending to
large-scale 1-D and 2-D arrays is discussed. Finally, Section V
draws a conclusion.

II. DESIGN GUIDELINE

A. E-Plane and H-Plane Element Arrangement

In general, there are two different array configurations for
patch antennas: E-plane and H-plane array configurations, the
isolation of which have a huge discrepancy. Fig. 1 shows
the sketch diagram of the E-plane and H-plane arrayed patch
antennas and the corresponding S-parameters with the edge-to-
edge distance varied. Note that the patch antennas are modeled
in the air medium with a low profile of 0.04 λ0. For the
E-plane arrangement, the impedance matching and isolation
are severely influenced by the decrease of the element distance,
as shown in Fig. 1(b) and (c). When the element distance is
reduced to 2 mm (0.016 λ0), the S11 is deteriorated to worse
than −10 dB and the isolation is only about 5 dB. However,
for the H-plane arrangement, the impedance matching and
isolation are only slightly affected by the element distance
as shown in Fig. 1(e) and (f). The radiation edges of two
patch antennas are adjacent for the E-plane array whereas
the nonradiation edges are adjacent for the H-plane array,
which contributes to the large isolation discrepancy between
E-plane and H-plane arrays. Note that this conclusion is not
applicable for the planar patch antenna with a thick dielectric
substrate, which has a strong surface-wave coupling effect
instead of spatial field coupling only [34]. Since the isolation
of closely spaced H-plane array is satisfactory in the air
medium, so we mainly focus on the decoupling between
closely spaced E-plane array in this article.

Fig. 1. Configurations of the E- and H-planes arrayed dual-element patch
antennas and the corresponding simulated S-parameters (the patch antennas
are modeled in the air medium with a profile of 0.04 λ0). (a) E-plane arrayed
patch antennas and (b) simulated S11 and (c) simulated S21 with the element
distance varied. (d) H-plane arrayed patch antennas and (e) simulated S11 and
(f) simulated S21 with the element distance varied.

B. Decoupling Mechanism

According to the theory of microwave network [40], [41],
a symmetric (S11 = S22) and reciprocal (S21 = S12) single-
ended 2-port network can be transformed to a CM/DM net-
work and satisfies the S-parameters relation of

Scc11 = (S11 + S12 + S21 + S22)/2 = S11 + S21 (1)

Sdd11 = (S11 − S12 − S21 + S22)/2 = S11 − S21. (2)

Combined with (1) and (2), we have

|Scc11 − Sdd11| = 2|S21|. (3)

Therefore, the perfect isolation condition (S21 = 0) in the
single-ended 2-port network can be transformed to Scc11 =
Sdd11 in the CM/DM network. And a better isolation can
be achieved with a more similar CM and DM S-parameters.
In other words, the decoupling problem between two sym-
metrical antenna elements can be equivalent to tuning the
corresponding CM and DM impedances to be consistent,
which offers a new insight for the antenna decoupling.

To provide an intuitive insight of the aforementioned con-
cept, the E-field distributions of CM and DM are demonstrated
in Fig. 2(a) and (b), respectively. If two patch elements are
simultaneously excited with in-phase signal, a combined TM20

mode (CM) is realized as shown in Fig. 2(a). On the contrary,
if two patch elements are simultaneously excited with out-
of-phase signal, a combined antiphase TM20 mode (DM) is
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Fig. 2. E-field distributions in (a) CM excitation, (b) DM excitation,
(c) port1 excitation, and (d) port2 excitation.

realized as shown in Fig. 2(b). When the TM20 mode and
antiphase TM20 mode are superposed with equal amplitude
and phase, as illustrated in Fig. 2(c), the E-field in the left
patch element is enhanced while that in the right patch element
is canceled. If we have the condition of Scc11 = Sdd11, the CM
and DM feeding sources can be superposed in the same
way with the feeding signal in port2 canceled. Therefore,
an isolated E-field distribution can be realized when fed
through port1. Similarly, as shown in Fig. 2(d), an isolated
E-field distribution can also be realized in the second patch
element when fed through port2 by the subtraction of TM20

and antiphase TM20 modes.

C. Decoupling Between Two Closely Spaced E-Plane Patch
Antennas With Symmetric Ports Configuration

Fig. 3 shows the array configuration of two extremely
closely spaced E-plane arrayed patch antennas with symmetric
ports configuration. Two square patch elements (in red), with
a dimension of 58 × 58 mm2, both operate at the TM01 mode.
The patch elements are installed in the air substrate with a low
profile of Hp = 5 mm above a 200 × 200 mm2 ground plane
(in yellow). The edge-to-edge distance is 2 mm (0.016λ0) with
a strong original coupling of 5 dB as early shown in Fig. 1(c).

According to the theory in Section II-B, we can exploit
CM and DM impedances to analyze and mitigate the mutual
coupling of the proposed 2-element patch array. For CM,
as shown in Fig. 4(a), the symmetric plane is equivalent to
a perfect magnetic conductor (PMC) with an open-circuit
condition [42]. For DM, as shown in Fig. 4(b), the symmetric
plane is equivalent to a perfect electric conductor (PEC)
with a short-circuit condition, in which case the patch edges
will bring a coupling capacitance effect [42]. The different

Fig. 3. Configuration of the extremely closely spaced E-plane patch antennas
with symmetric ports configuration. Detailed dimensions: Lg = 200 mm,
Lp = 58 mm, Wp = 58 mm, Lf = 12 mm, and Gap = 2 mm.

Fig. 4. (a) Equivalent boundary condition in the CM feed. (b) Equivalent
boundary condition in the DM feed. (c) Simulated Smith chart of the active
S11 for CM and DM (frequency spans: 2.3–2.6 GHz).

boundary conditions in the symmetric plane lead to the differ-
ent impedances for CM and DM, as shown in Fig. 4(c), which
means poor isolation between two patch elements.

To achieve a similar impedance for CM and DM, a feasible
solution is altering the DM center boundary condition from
PEC to PMC, while the CM center boundary condition keeps
open-circuit unchanged. Undoubtedly, an effective solution is
to create a parallel LC resonator. If an inductance is inserted
between two patch elements, the center boundary condition of
CM is not affected due to the open-circuit response, as shown
in Fig. 5(a), while that of DM is changed because the inserted
inductance can be combined with the coupling capacitance
to create a parallel LC resonator as shown in Fig. 5(b). And
the parallel LC resonator exhibits an open-circuit impedance
response at the resonant frequency f0 [40]

f0 = 1

2π
√

LCg/2
(4)
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Fig. 5. (a) Equivalent boundary condition of the CM feed with an inserted
inductance. (b) Equivalent boundary condition of the DM feed with an
inserted inductance, inset shows the equivalent circuit. (c) Antenna model
with the decoupling inductance inserted. (d) Simulated Smith chart of the
active S11 for CM and DM with the inductance value varied (frequency spans:
2.3–2.6 GHz).

Fig. 6. (a) Simulated single-ended S11 and (b) simulated S21 with the
decoupling inductance L varied.

where Cg is the unilateral coupling capacitance between two
coupled microstrip antennas. Therefore, by inserting an induc-
tance that satisfies (4) between two extremely closely spaced
patch antennas, as shown in Fig. 5(c), the DM impedance
can be tuned to a similar status to the CM impedance.
Fig. 5(d) shows the active S-parameters of CM and DM with
the inserted inductance L varied. As seen, with the decrease
of L, the DM active S-parameter is close to the CM active
S-parameter gradually, and an optimized similarity is achieved
when L = 2 nH; meanwhile, the CM active S-parameter keeps
unchanged with the variation of L, which is not shown for
brevity.

The single-ended S11 and S21 with the decoupling induc-
tance L varied are presented in Fig. 6(a) and (b), respectively.
As seen, both the impedance matching and isolation are
improved with the insertion of the decoupling inductance.

Fig. 7. Simulated optimized decoupling inductance L and the corresponding
coupling capacitance Cg with the variations of (a) element distance Gap,
(b) patch length Lp, and (c) patch height Hp.

The isolation reaches to an optimized value of better than
18.4 dB when L = 2 nH. At the same time, a good impedance
matching is realized with a deep resonance and a −10 dB
bandwidth of 2.39–2.50 GHz. Consequently, the strong cou-
pling between extremely closely spaced patch antennas is
mitigated and the impedance matching is improved by simply
inserting an inductance.

To offer an empirical design rule when the antenna sizes
are altered, the simulated results of the optimized decoupling
inductance L and the corresponding coupling capacitance Cg

with the variations of Gap, Lp, and Hp are proposed in Fig. 7.
Note that the coupling capacitance is derived by the optimized
inductance and resonant frequency according to (4). As shown
in Fig. 7(a), the coupling capacitance is decreased and the opti-
mized decoupling inductance is increased with the increasing
of the element distance Gap. On the contrary, the coupling
capacitance is increased and the decoupling inductance is
decreased with the increasing of the patch length Lg and patch
height Hg, as shown in Fig. 7(b) and (c), respectively.

The current and E-field distributions with and without the
inserted inductance are demonstrated in Fig. 8 for an intu-
itive comparison. Without the inserted decoupling inductance,
as shown in Fig. 8(a) and (c), the closely spaced array arrange-
ment leads to a strong E-field coupling between adjacent patch
elements. However, after inserting a 2 nH inductance, as shown
in Fig. 8(b) and (d), the mutual coupling is obviously blocked
with most of the field bounded in the left patch element when
fed through port1.

With the blocked E-field distribution, the far-field radiation
performance can be improved accordingly as shown in Fig. 9.
Without the decoupling inductance, the strong coupling makes
a beam splitting and severe gain drop in the far-field radiation
pattern. With the help of the decoupling inductance, the
radiation patterns in both E- and H-planes can be obviously
improved to achieve a high broadside gain of 8.9 dBi, a high
FBR of 25 dB, and a symmetric-shaped radiation pattern.
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Fig. 8. Current distributions in xy plane fed through port1 (a) without and
(b) with the inserted decoupling inductance. E-field distributions in yz plane
fed through port1 (c) without and (d) with the inserted decoupling inductance.

Fig. 9. Simulated radiation pattern without and with the decoupling
inductance L when fed through port1 in (a) E- and (b) H-planes.

Fig. 10. (a) Configuration of the extremely closely spaced E-plane patch
antennas with duplicate ports configuration. (b) Corresponding simulated
S-parameters with and without the decoupling inductance.

D. Decoupling Between Two Closely Spaced E-plane Patch
Antennas With Duplicate Ports Configuration

In addition to symmetric ports configuration, the proposed
decoupling technology is also applicable for closely spaced
patch antennas with duplicate ports configuration, which can
be further extended to a large-scale array. A design case of
duplicate ports configuration is proposed in Fig. 10. Note that
the antenna dimension is the same as that in the symmetric

Fig. 11. Configuration of the extremely closely spaced patch antennas with
a higher profile of 0.1 λ0 and coupling-fed technology for the bandwidth
enhancement. (a) Side view. (b) Top view. (c) Simulated S-parameters with
and without the decoupling inductance. Unit all in millimeter.

ports configuration in Fig. 3, while the value of the decoupling
inductance is optimized to 1.6 nH. As seen, both of the
impedance matching and isolation are improved with the
insertion of the decoupling inductance. However, compared to
the symmetric ports configuration with an optimized isolation
of better than 18.4 dB, the duplicate ports configuration shows
a slight performance decline with an optimized isolation of
better than 14.5 dB.

E. Bandwidth Enhancement

In the above design cases, the achieved decoupling and
matching bandwidth is about 5%, which may be limited in
some practical applications with a broadband requirement.
Here, a bandwidth enhancement design case for the proposed
inductance-based decoupling technology is proposed. The
matching bandwidth of the decoupled antenna mainly depends
on the original bandwidth of the patch element. Instead,
the decoupling bandwidth is not limited for this decoupling
technology even in the extremely closely spaced configuration.
Therefore, the matching and decoupling bandwidth of the
proposed 2-element array can be readily enhanced by a wider
element bandwidth. As we all known, the bandwidth of patch
antennas can be improved by the high profile, coupling-fed
technology, parasitic resonance, and multimode technology.
As shown in Fig. 11(a) and (b), a higher profile of 12 mm
(0.1 λ0) and capacitive coupling-fed technology are used
to increase the impedance bandwidth of the isolated patch
element to 30.5%. And an inductance with an optimized value
of 1.5 nH is inserted in-between for the coupling reduction.
The simulated S-parameters with and without the decoupling
inductance is shown in Fig. 11(c). As seen, a wide matched
bandwidth of 2.21–2.85 GHz (25.6%) is realized. Across the
matched bandwidth, the isolation is improved from 5.8 to
14.6 dB by the proposed decoupling technology.

III. DESIGN EXAMPLE

A. Practical Antenna Model

To demonstrate the proposed inductance-based decoupling
scheme, a practical antenna model is simulated, fabricated,
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Fig. 12. Model of the practical extremely closely spaced patch antennas with
a center connecting strip for decoupling. (a) Top view. (b) Side view. Unit all
in millimeter.

and measured. As shown in Fig. 12, the patch elements are
printed on the top layer of a 1 mm thick FR-4 substrate
(εr = 4.4, tanδ = 0.02) for ease of fabrication and fixing. The
FR-4 substrate is fixed by four nylon pillars with an air gap of
5 mm above the bottom ground plane. The patch size and feed-
ing position are slightly modified compared to that in Fig. 3
due to the impact of the FR-4 substrate. Furthermore, with
the increase of the equivalent permittivity, the coupling capac-
itance between two patch elements is significantly enhanced.
Therefore, the decoupling inductance should be decreased
accordingly to keep the LC resonant frequency unchanged. The
final optimized value of the decoupling inductance is decreased
to 0.04 nH, which is an infeasible value for any practical
chip inductance. Alternatively, the tiny inductance can be
substituted by a short connecting strip, which has an inherent
inductive effect. Compared to the lumped inductance, the short
strip has the merits of low cost, low loss, and continuous
tuning ability. The final geometry with a short connecting
strip in between is shown in Fig. 12. The center short strip
connects the left and right patch elements to shape a holonomic
dumbbell-like structure, which shows an equal decoupling
ability with the lumped inductance. It should be noted that
the proposed decoupling technology is different from the NL
technology [21]–[27] although the same connecting strip is
used. The principle of the proposed decoupling technology is
to block the coupling field through introducing a parallel LC
resonance via an inserted lumped or distributed inductance,
which is different from the coupling cancellation effect of the
NL technology.

B. Parameter Analysis

The length and width of the connecting strip will affect
the equivalent inductance value, thus impacts the element
isolation. In our design, the length of the connecting strip is
fixed by the edge-to-edge distance to 2 mm, so the width Ws
is a critical parameter to tune the isolation between two patch
elements. The S11 and S21 curves with the strip width Ws
varied is shown in Fig. 13(a) and (b), respectively. As seen,
both the resonant frequency and isolation can be tuned by Ws.

Fig. 13. Simulated (a) S11 and (b) S21 with the width of the center connecting
strip Ws varied.

Fig. 14. Photograph of the extremely closely spaced patch antennas with a
center connecting strip for decoupling.

Fig. 15. Simulated and measured S11 and S21 of the proposed extremely
closely spaced patch antennas.

When Ws = 3.2 mm, a good −10 dB impedance bandwidth
from 2.38 to 2.51 GHz (5.3%) and an optimized isolation of
better than 17.7 dB is realized.

C. Antenna Fabrication

In order to validate the feasibility of the proposed antenna
model, a prototype is fabricated as shown in Fig. 14. The
patch elements and center decoupling strip are printed on a
1 mm thick FR-4 substrate by the standard printed circuit
board process. The patch elements are fed by copper probes.
The bottom ground plane is manufactured by a 0.5 mm thick
brass (σ = 1.5×107 S/m) plate with the laser cutting process.
The FR-4 substrate and ground plane are fixed by four nylon
pillars with an air gap of 5 mm.

D. Measured Results

Fig. 15 shows the simulated and measured S11 and S21 of
the proposed extremely closely spaced patch antennas. Due to
the structure symmetry, the reflection coefficient of element 2
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Fig. 16. Simulated and measured normalized radiation pattern of the proposed
extremely closely spaced patch antennas at 2.45 GHz on (a) E-plane when
fed through port1 and (b) port2, and (c) H-plane when fed through port1 and
(d) port2.

is same with that of element 1, which is not shown for brevity.
The measured results are in line with the simulated results. The
simulated −10 dB S11 bandwidth is 2.380–2.510 GHz (5.3%),
whereas the measured result is 2.394–2.530 GHz (5.5%) with
a center operating frequency of 2.46 GHz. The small frequency
deviation is caused by the manual error of the height of the air
gap. The simulated isolation is better than 17.7 dB, whereas
the measured isolation is better than 15.4 dB across the entire
matched bandwidth. The slight isolation deterioration is caused
by the fabrication error.

The simulated and measured normalized radiation patterns
of the decoupled patch antenna elements at 2.45 GHz are
shown in Fig. 16. In the E-plane, the radiation pattern exhibits
a slight asymmetric shape for both antenna elements because
the adjacent patch element has a little parasitic effect to the
driven patch element. Nevertheless, a high measured FBR
of 25 dB and a low cross-polarization of less than −23 dB are
realized. In the H-plane, the radiation pattern is symmetric and
same for both antenna elements. The measured FBR is 25 dB
and cross-polarization is less than −11 dB in the H-plane.
The conical-like cross-polarization is caused by the radiation
of feeding probes.

Fig. 17 presents the simulated and measured antenna effi-
ciency and broadside gain for the decoupled patch elements.
The measured results are in a good agreement with the
simulated results. The simulated radiation efficiencies of the
decoupled antenna and isolated antenna are both presented for
comparison. The radiation efficiency of the isolated antenna is
better than 96.7% due to the low metallic and dielectric loss.
And the radiation efficiency of the decoupled antenna is also
better than 93.1%. The simulated total antenna efficiency is

Fig. 17. Simulated and measured antenna efficiency and broadside gain for
the extremely closely spaced patch antennas.

Fig. 18. Simulated and measured ECCs between two extremely closely
spaced patch antennas.

from 81.7% to 92.5% across the operating bandwidth, whereas
the measured result is from 81.9% to 87.0%. The simulated
broadside gain is 7.4–8.2 dBi, whereas the measured broadside
gain is 7.0–7.8 dBi across the operating bandwidth.

To evaluate the diversity performance of the proposed
extremely closely spaced antenna system, the simulated and
measured envelope correlation coefficients (ECCs) are shown
in Fig. 18. Note that the ECCs are calculated by the simu-
lated and measured far fields. As seen, an excellent diversity
performance with simulated ECC < 0.007 and measured
ECC < 0.004 is realized in the desired band.

E. Comparison

To highlight the merits of the proposed decoupling
scheme, Table I compares our decoupling scheme with
other decoupling methods for closely spaced patch antennas.
As seen, compared to decoupling network, EBG, DGS, and
parasitic elements, our decoupling scheme has a simpler
structure with a tiny footprint. Moreover, the proposed
decoupling scheme has the ability to reduce the mutual
coupling from a strong coupling status, while other
decoupling methods [10], [13], [16], [19], [30] mainly
focus on decoupling from a weak coupling (S21 < −10 dB)
to a perfect isolation (S21 < −30 dB). The combined
decoupling method in [34] with isolated wall and parasitic
elements has a promising strong-coupling suppression, but
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TABLE I

COMPARISONS OF THE DECOUPLING PERFORMANCE BETWEEN CLOSELY SPACED PATCH ANTENNAS

Fig. 19. (a) Configuration of the extremely closely spaced 1 × 4 patch
array with two side dummy elements. (b) Simulated reflection coefficients.
(c) Simulated transmission coefficients.

suffers from a large decoupling structure with an increased
profile of 0.22 λ0. Habashi et al. [16] and Ouyang et al. [19]
can reduce the mutual coupling between closely spaced
patch antennas with E-plane array configuration by the DGS
method, but the decoupling bandwidths are limited to less
than 2% and the radiation patterns are severely influenced by
the decoupling structure with a low FBR and antenna gain.
In summary, compared to the previous decoupling approaches,
our decoupling scheme has the merits of simple structure,
tiny occupied dimension, strong-coupling suppression ability,
low profile, moderate bandwidth, and improved radiation
pattern with a high FBR and antenna gain. The limitation
of the proposed decoupling scheme is that it is competent
for the strong-coupling reduction but incompetent for the
weak-coupling reduction. That is, the decoupling performance
will be deteriorated gradually with the increase of the element
distance.

IV. EXTENSION TO 1-D AND 2-D LARGE ARRAYS

To validate the feasibility of the proposed decoupling
scheme for practical large-scale array applications, such as

Fig. 20. (a) Configuration of the closely spaced 4 × 4 patch array
with two columns of dummy elements. (b) Simulated reflection coefficients.
(c) Simulated transmission coefficients.

the closely spaced phased array or massive MIMO array,
the simulated results of 1-D and 2-D arrays are discussed in
this section.

A. 1-D Array

Fig. 19(a) shows the array model of the proposed extremely
closely spaced 1 × 4 patch array. Note that the patch element
is installed in the air medium with a low profile of 5 mm
above a 200 × 500 mm2 ground plane. The edge-to-edge
distance between adjacent elements is only 2 mm. Two dummy
elements are placed at both sides of the array to balance the
impedance for all elements. With the strong mutual coupling
effect between adjacent elements, the impedance matching
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and isolations are severely deteriorated for all elements.
By inserting an optimized 1 nH inductance between each
group of adjacent elements, a good mutual coupling reduction
performance is realized as shown in Fig. 19(b) and (c).
As seen, the impedance matching is improved for all elements
with a −10 dB bandwidth of 85 MHz. The isolations between
adjacent elements have been improved from 5 dB to better
than 12.2 dB with a strong coupling reduction. The isolations
between non-adjacent elements are all better than 20 dB,
which is not shown for brevity. Note that the impedance band-
width and isolations of four-element array are slightly deteri-
orated compared to the two-element array due to the influence
of the closely spaced configuration at both sides of the patch
element and the imperfect symmetry of dummy elements.

B. 2-D Array

With the weak coupling effect between extremely closely
spaced H-plane arrayed patch antennas as early proposed
in Fig. 1(d)–(f), the 1-D array can be readily extended to a
2-D array as shown in Fig. 20(a). The element dimensions and
distance of the 2-D array are same with those in the 1-D array.
Also, two columns of dummy elements are placed at both sides
of the 2-D array. In E-plane, 20 lumped inductances, with an
optimized value of L = 1.2 nH, are inserted between adjacent
elements for the coupling reduction. In H-plane, no decoupling
components are needed. The simulated S-parameters of the
4 × 4 array are presented in Fig. 20(b) and (c). As seen,
the −10 dB impedance bandwidth is 70 MHz. The isolations
between adjacent elements in E-plane are improved to better
than 12.0 dB, while the isolations between adjacent elements
in H-plane are better than 16.0 dB.

V. CONCLUSION

In this article, a simple and effective decoupling scheme
is proposed to reduce the strong mutual coupling between
extremely closely spaced patch antennas by inserting a lumped
inductance or an inductive connecting strip. A systemic
design guideline, based on the MCM, is proposed to explain
the decoupling mechanism. Then, a prototype is simulated,
fabricated, and measured to validate the proposed decou-
pling concept. The measured results show that the proposed
decoupling scheme can improve the antenna isolation from
5 dB to better than 15.4 dB across the matched bandwidth
of 2.394–2.530 GHz (5.5%), with an extremely close edge-
to-edge distance of 0.016 λ0 and a center-to-center distance
of 0.44 λ0. At the same time, the radiation pattern is also
improved with a high FBR of 25 dB and a broadside gain
of 7.8 dBi. The measured antenna efficiency is from 81.9%
to 87.0% and the measured ECC is less than 0.004 across
the matched bandwidth, which indicates a good radiation and
diversity performance. Furthermore, the validation of extend-
ing to large-scale 1-D and 2-D arrays is also discussed. To the
best of the authors’ knowledge, it is the simplest decoupling
scheme in the open literature to suppress the strong coupling
between extremely closely spaced patch antennas, which is a
promising candidate for the closely spaced MIMO antennas
and phased array applications.
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