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Abstract— This article presents a novel method for decoupling
two patch antennas. Instead of using the TM10 mode of a con-
ventional patch, TM20 mode is utilized as the operation mode of
the antenna. By loading stubs at the radiating edge of the patch,
the resonance frequency of the TM20 mode is moved down to the
same band as the original TM10 mode. Then, the mutual coupling
between two such patch antennas is suppressed simply by physi-
cal placement, even when they are placed extremely close to each
other. Without using any extra decoupling elements, isolation is
improved by up to 20 dB using this method. Furthermore, this
method can also be applied to multielement multi-input -multi-
output (MIMO) array and dual-antenna system with different
operating bands. The proposed method is verified with three
different application scenarios, including a two-element MIMO
array, a two-antenna system with adjacent operating bands, and
a four-element MIMO array. Reasonable agreements between
simulated and measured results can be observed, showing the
advantages of simple structure, low cost, high isolation, and good
radiation performance.

Index Terms— Adjacent band, in-band, multi-input-multi-
output (MIMO), mutual coupling, patch antenna.

I. INTRODUCTION

OVER the decades, the mutual coupling suppression
between two antennas has drawn much attention among

academic and industrial communities. The mutual coupling
problem is believed to be one of the critical bottlenecks for
two technologies. The first one is well-known multi-input-
multi-output (MIMO) technology. By using MIMO technol-
ogy, the throughput of the wireless communication system
can be increased dramatically. The channel capacity of the
MIMO array can be multiplied with more antenna elements
involved theoretically. However, the limited performance of
the MIMO system may be observed if the mutual coupling
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and spatial correlation are not suppressed to an adequately
low level [1]. The second technology is called in-band full-
duplex (IBFD) technology [2]. Unlike time-division duplex
(TDD) and frequency-division duplex (FDD) technologies,
IBFD allows the transmitter and receiver to operate over the
same frequency band simultaneously. To ensure the system’s
performance, the signal interferences between two channels
should be as low as possible to avoid saturation of the analog-
to-digital/digital-to-analog converter (ADDA). Although some
of these problems can be accommodated in the analog and dig-
ital domain after the antennas, the impact of mutual coupling
can never be underestimated.

Patch antenna now has been the most popular candidate
for the next-generation wireless communication technology for
its feather of low profile, low cost, ease of mass production,
and ease of integrating with other circuits. It is also widely
used for millimeter-wave (mm-Wave) band applications, such
as 5G mobile communication and automotive radars. As a
result, the mutual coupling problem between patch antennas
is becoming increasingly important. Due to the limited space,
it is not realizable to increase the isolation between antenna
elements by moving them away from each other. To address
this problem, many efforts have been made by researchers.

A common method is to introduce additional parasitic
elements with a band-reject response between coupled anten-
nas [3], [4]. Most of these band-reject structures can only pro-
vide a transmission null in a narrow frequency band. In addi-
tion, the loading elements sometimes also strongly affect
the antennas’ radiation and impedance performance. Another
technique is using artificial structures [5], [6], [7]. However,
to the best of our knowledge, most of these artificial surfaces
and apertures occupy a considerable printed circuit board
(PCB) area. If they are placed between antenna elements,
then additional space must be reserved for implementing these
structures [6]. If they are mounted over the antenna elements,
additional circuit layers are needed depending on the layers of
the decoupling structures [7]. This will not only increase the
system profile but also increase the cost.

Decoupling network is another option for mutual cou-
pling suppression [8], [9], [10], [11], [12], [13], [14].
These networks can be designed using lumped elements [8],
[9] or distributed structures [10], [11], [12], [13], [14].
In [10], by studying the Y- matrix of coupled antennas,
a novel dual-band decoupling network is presented. In [11],
power-dividing networks and filters are adopted for the
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design of high-performance decoupling structures. In [12],
a transmission-line-based decoupling network is introduced
for MIMO applications. In [13], by placing a bandstop filter
between two patch antennas, an improvement of 28 dB can
be achieved. Generally, the performance of these decoupling
networks is related to the complexity of the design. As a
result, some of these designs suffer from high loss [8], large
decoupling size, and time-consuming design procedures [11],
[12], [13]. Another option for achieving multiple isolated
channels is through the use of shared-radiator antennas as
reported in [15], [16], [17], and [18]. In these solutions, all the
antennas share a common radiator. The isolation between ports
is accomplished by utilizing different modes of the radiator
[15], [16], common mode and differential mode cancella-
tion [17], and additional decoupling structure [18].

Some compact solutions for low-profile decoupling realiza-
tions can also be found in the literature by utilizing the inherent
characteristic of patch antennas [19], [20], [21]. Lin et al. [19]
present a self-decoupling method by investigating the field
distributions at an insert-fed patch antenna. By placing one
antenna element at the inherent weak field region caused by
the feeding structure of another antenna, two antennas can be
isolated without using any decoupling structure. Unfortunately,
the long feeding structure limits the minimum achievable
distance between every two antennas and their application
scenarios. Another interesting work is presented in [20].
In the work, the transversal mode of a wide patch is excited
together with the fundamental mode TM10 mode to construct
a null-field region at the other antenna, such that the mutual
coupling can be suppressed. The disadvantage of this method
is that it can only decouple two identical antennas and wide
patches are necessary to move the frequency of TM02 mode
to be close to the one of the TM10 mode.

Another problem with these decoupling methods is that
most of them are very sensitive to the symmetry of the anten-
nas to be decoupled and are only verified effective for two
identical antennas. However, the decoupling problem between
two different antennas is also very important [22], [23], [24].
For a commercial device supporting different standards for
different regions, multiple antennas operating over different
frequency bands must be well-isolated. When it comes to this
case, most of the presented methods may not be effective
anymore.

In this article, a novel decoupling method is presented.
Using this method, two very closely placed patch antennas
are decoupled without needing additional decoupling structure.
Instead of using a conventional rectangular patch operating
under its fundamental TM10 mode, stub-loaded patches with
modified TM20 modes are used as the basic antenna elements
to be decoupled. The mutual coupling between two such
two patch antennas is suppressed simply and effectively by
placing them with a proper offset along their polarization
direction. This has been realized by investigating the field
distributions along the nonradiating edges of the TM20 mode.
The detailed working mechanism will be explained in the
case of two probe feed patch antennas and verified with three
different experimental examples. Through our study, this novel
decoupling concept has the following attractive advantages.

Fig. 1. Dimensions of the dual-antenna system (unit: mm): l1 = 3.8,
l2 = 6.65, l3 = 7.7, l4 = 3.375, los = 5.2, lp = 22.15, ws = 0.3, wp = 23.2,
Sa = 1, la = 18, d = 0.4, h1 = 0.813, h2 = 0.813, and hair = 2.

1) It is insensitive to patch separation. So, it can be applied
to two extremely closely placed patch antennas.

2) No additional decoupling structure or layer is needed.
The decoupling concept and structure are very simple
but effective. Thus, the design process is very easy and
quick.

3) It can also be applied to two patch antennas operating
at two different frequency bands.

4) It has little influence on the radiation and impedance
performance of the patch antenna, which means this
method will also be helpful for large-scale phase arrays.

This article is organized as follows. First, in Section II, a
dual-antenna system composed of identical probe-fed patch
antennas is designed to validate the idea. The working mech-
anism of the proposed decoupled method is explained by
investigating the field distributions of the patch antennas.
Some parametric studies are carried out to help understand the
proposed idea better. Then, in Section III, the effectiveness of
the proposed method for the adjacent-band and four-element
MIMO applications is studied and discussed. All the cases are
verified with experimental results, showing good impedance
bandwidths and low mutual coupling levels.

II. DECOUPLING FOR IN-BAND OPERATION

A. Basic Physical Structure

Fig. 1 shows the structure of the dual-antenna system for
demonstration in this article. It consists of two substrates,
which are all Rogers 4003 with a dielectric constant of
3.55 and thickness of 0.813 mm. Between the substrates,
a 2 mm air gap is introduced to improve the bandwidths
and efficiencies of the antennas [25]. Note that the technique
described here provides a similar decoupling level when no
air gap is present, and the antenna is lower in profile (e.g.,
a total height of 0.813 mm). The radiators are placed on the
top substrate’s upper surface, and the common ground plane
is located on the lower surface of the bottom substrate. Slotted
stub-loaded patches are used as radiators. A classical probe-
feeding structure is used for the excitations of these antennas.
All the probes used in this work have a diameter of 0.7 mm.
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Fig. 2. E-field and surface current distributions. (a) TM10 mode and (b) TM20
mode of a conventional patch antenna. (c) TM20 mode of a stub-loaded patch
antenna.

In contrast to previous works in the literature which study
classical rectangular patches, stub-loaded patches are used
here as the antenna elements. It is well-known that the
fundamental TM10 mode of a rectangular patch shows half-
wavelength standing wave distribution along its nonradiating
edges, as shown in Fig. 2(a). The in-phase fringe fields at
their two radiating edges ensure a good broadside radiation
characteristic. When two such antennas are placed very close
to each other, the mutual coupling between these two antennas
will be very strong, resulting in deteriorated radiation and
impedance performances.

The original TM20 mode of a patch antenna has a radiation
null in its broadside direction due to out-of-phase current
distributions at its two radiating edges, as shown in Fig. 2(b).
In this work, to circumvent this problem, two open-ended stubs
are loaded onto one of the radiating edges. This results in
the reconfiguration of the field distribution beneath the patch,
leading to in-phase current distributions at the open ends and a
shift in the frequency band of the TM20 mode, as illustrated in
Fig. 2(c). Besides, because the stubs are too narrow to radiate
effectively, the TM20 mode demonstrates improved broadside
radiation characteristic, which is similar to the TM10 mode.
This phenomenon can be observed in some other presented
works [26], [27], [28], [29].

By increasing the length of the stub, the resonant frequency
of the TM20 mode can be moved to the same frequency band as
the original TM10 mode. Compared with other presented works
in which shorter stubs are used [26], [27], [28], [29], here, the
stub is longer, such that the TM10 mode is suppressed by the
band-reject response introduced by the open-ended stubs [26].
If two such antennas are placed very close to each other,
very high isolation can be achieved by simply introducing
an offset along its nonradiating edges. This is described in
Section II-B.

B. Decoupling Mechanism

To get an insight into the working mechanism of the
proposed method, the field distributions on the patches are
shown in Fig. 3. As can be seen, when two TM20 mode-based
patch antennas are placed closely, the field distributions along
the nonradiating edges, which is also the area where coupling
occurs, can be divided into four regions. In regions a and d,
the current vectors on both antennas are in phase, whereas in
regions b and c, the currents are out of phase. By deliberately
designing the offset along the polarization direction to control

Fig. 3. Conceptual diagram for the current distributions for the dual-antenna
system.

the weight of each region, the mutual coupling related to
region a will cancel the counterparts dominated by region
b. A similar result can be found for regions c and d . Then,
mutual coupling can be suppressed dramatically by optimizing
the offset between these two antennas.

To further understand the working mechanism of this
method, some key parameters are studied. To ensure a fair
comparison, the other dimensions are all kept as the values
given in Fig. 1 when one parameter is studied. The simulations
are all carried out using high-frequency structure simulator
(HFSS) [30].

The responses with different offsets (los) are plotted in
Fig. 4(a). As the offset between two antennas increases, the
null of mutual coupling shifts to the lower band. Regarding the
frequency band of interest, the offset strongly affects the in-
band mutual coupling level, which corresponds with the theo-
retical analysis. A slight frequency shift can also be observed
when the offset changes because of the variation of the loading
effect between two antennas. It can be observed that the null
on S21 can be controlled by adjusting the offset distance (los)

between two patches. A properly designed offset can move
the transmission null to the frequency band, where the patch
is resonant, so that two antennas can be decoupled.

Once the location of the null is shifted to the desired
location, good suppression can be achieved by optimizing the
weight of different regions as indicated in Fig. 3. As the contri-
bution of regions b and c to the total mutual coupling is mainly
decided by the distance between two antennas, another critical
parameter that dominates the mutual coupling suppression is
the location of the stub (l1). The coupling strength related to
regions a and d in Fig. 3 is highly related to the distance
between the stub of one antenna to the nonradiating edge of
the other antenna. By adjusting the locations of the stubs, the
mutual coupling dominated by regions a and d will neutralize
the counterpart related to regions b and c. Fig. 4(b) shows the
effect of the stub location on the mutual coupling. By varying
the location of the stub, the depth of the null on S21 can be
improved, so that higher isolation can be obtained. Together
with Fig. 4(a), the mutual coupling between two patches can
be decreased by adjusting the offset between patches (los) and
the locations of the stubs (l1). These two parameters are the
key factors, which have the strongest effect on the decoupling
performance.

One interesting fact that needs to be emphasized is that this
decoupling method can handle the mutual coupling problem of
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Fig. 4. Simulated S-parameters with different (a) offsets (los), (b) stub
locations (l1), and (c) antenna distances (d).

extremely closely placed antennas. As shown in Fig. 4(c), the
edge-to-edge distance between two antennas (d) is studied.
According to the previous discussion, the mutual coupling
is mainly decided by the alignment of the field, which is
controlled by the offset between patches and cancellation of
coupling, and the final decoupling performance is not very
sensitive to the distance between patches. Stable −20 dB
mutual coupling can still be guaranteed when two antennas are
placed very close to each other, as shown in Fig. 4(c). When
the patch separation is swept from 0.2 to 1.1 mm, the low
mutual coupling is always maintained. The distance between
two antennas can be even decreased, but a 0.5 mm distance
is chosen for demonstration in this work after a compromise
between performance and fabrication tolerance.

Fig. 5. Comparison on the S-parameters of the designs with bent and straight
stubs. Dimensions of the antennas with straight stubs in mm: l1 = 4, l2 =

16.15, l3 = 3.375, los1 = 5, lp1 = 22.2, ws = 0.3, wp1 = 23.2, Sa1 = 1, la1 =

18, d = 0.4, h1 = 0.813, h2 = 0.813, and hair = 2.

In this research, the stubs have been designed in a bent con-
figuration to achieve a more compact size. However, straight
stubs can lead to a further enhancement in the isolation per-
formance. To demonstrate this, a design incorporating straight
stubs has been developed and its parameters are provided
in Fig. 5. The straight stubs provide an improvement of
approximately 5 dB in the isolation performance in the relevant
frequency range compared to the bent stub design. This is
attributed to the fact that the electric field distribution of the
straight stub design more closely aligns with the ideal scenario,
as depicted in Fig. 2(c). Conversely, when the stubs are bent,
the field distribution in the vicinity of the stubs becomes more
complex, which can result in inevitable coupling between the
open ends of the stubs and the adjacent patch. Therefore, there
is a tradeoff between the achieved isolation performance and
the occupied circuit area.

C. Cross-Polarization Suppression

In this section, the effect of the slots on the patches will be
introduced. The simulated surface current distributions on the
patches at the resonant frequency are shown in Fig. 6(a) when
there are no slots etched on the patches. In the simulation, only
the left-hand side antenna is excited. The current distributions
indicate that the TM20 mode of the patch is excited by the
probe. The out-of-phase current portion is shifted to the load-
ing stubs. The narrow stubs contribute little to the radiation
and current distribution on the dominating patch, similar to
that of a classical TM10 mode. Besides, it can be observed
that the current on the stub is stronger than the current on
the main radiating patch. This asymmetric current distribution
characteristic indicates that the stubs have a more substantial
effect on the mutual coupling. As a result, regions a and d
should be smaller than regions b and c to compensate for this
effect.

The properly designed offset between two closely placed
antennas makes them well-isolated. Only an extremely weak
current can be found on the antenna on the right-hand side.
However, when the excitation phase angle of the driven
antenna is 90◦, it is found that the current vectors on the
right-hand side patch show component in the Y -direction.
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Fig. 6. (a) Surface current distributions on the patches without slots.
(b) Surface current distributions on the patches with slots. (c) Simulated
S-parameters for three different cases.

Fig. 7. Illustration for the field distributions of different modes.

This current will increase the cross-polarization, as shown in
Fig. 6(a). The emergence of the Y component of the current
on Ant. 2 is a result of the excitation of the TM01 mode of
Ant. 2. As illustrated in Fig. 7, because of the offset between
the two patches, the in-phase electrical field in region B will
couple to the second patch and activates its TM01 mode. Thus,
the activated TM01 mode of the second patch will radiate with
polarization in the Y -direction. To mitigate this effect, a long
narrow slot is cut at the center of the patch along with the
direction of the polarization of the TM20 mode.

Fig. 6(b) shows the current distributions on the patches with
slots. The incorporation of a long slot leads to a shift in the
resonant frequency of the TM01 mode to a lower frequency
band. Compared with the current distribution in Fig. 6(a), it
can be observed that the slots have little effect on the original
current behavior of the driven patch as the slot is etched in
the same direction as the current of the TM20 mode. However,
it can be observed that the current vectors in the Y -direction
on the coupled patch are effectively suppressed.

The comparison of S-parameters for the cases with and
without loading slots is presented in Fig. 6(c). A reference

Fig. 8. Comparison of radiation patterns for antennas with/without loading
slots.

design featuring conventional rectangular patches operating
over the first fundamental modes has also been evaluated. The
interpatch distance and offset have been kept constant across
all cases. The proposed technique demonstrates a significant
improvement in isolation performance, with a 12 dB increase
relative to the reference design utilizing classic patch antennas.
Moreover, the loading slots exhibit a minimal impact on the
S-parameters of the antenna module, which is consistent with
the previous current studies. It is noteworthy to mention that
the reference design, which operates over the TM10 modes,
exhibits a wider impedance bandwidth. This can be attributed
to the higher-order modes’ higher quality factors compared
to the first fundamental mode. Further investigation on the
bandwidth improvement of a TM20 mode patch antenna will
be carried out in future studies.

With these loading slots, the radiation from TM01 mode
can be decreased. Hence, the cross-polarization that results
from TM01 mode can be decreased too. Fig. 8 compares the
radiation patterns for the antennas with and without slots.
Benefiting from the loading slots, the cross-polarization levels
in the broadside direction are decreased by about 5 dB for the
H-plane, which is about 6 dB for the E-plane.

D. Measurement

To verify the concept, a prototype of the structure in Fig. 1
is fabricated and measured. The S-parameters are plotted in
Fig. 9(a). A photograph of the fabricated antenna is also
inset in Fig. 9(a). Very good in-band performance regard-
ing impedance matching and bandwidths is observed. More
specifically, the measured −10 dB impedance bandwidth is
5.14–5.35 GHz. Isolation between two antennas is higher
than 20 dB across the operating band. With the mismatch
loss considered, the measured radiation performance is plotted
in Fig. 9(b). The measured total efficiency is higher than
84% in the band of interest. The measured realized gain
at the broadside direction is 6.98 dBi at 5.25 GHz, which
is 7.24 dBi for the simulation. The reasonable discrepancy
between simulated and measured results can be attributed to
fabrication tolerance and measurement errors.



QIAN et al.: MUTUAL COUPLING SUPPRESSION BETWEEN TWO CLOSELY PLACED PATCH ANTENNAS 4691

Fig. 9. Simulated and measured (a) S-parameters and (b) radiation perfor-
mance for the dual-antenna system.

III. APPLICATION PROSPECTS

In this section, two potential application prospects for the
proposed decoupling method will be introduced with two
design examples.

A. Four-Element MIMO Array

First, based on the results in Section II, this dual-antenna
system can be easily scaled to a multiantenna MIMO system.
In Fig. 10, a four-element MIMO antenna is illustrated for
the demonstration of the potential of this method in MIMO
applications. As can be observed, four antenna elements are
placed extremely close to each other. The structure is rotation-
ally symmetric, which means the geometry of Ant.1 (antenna
1) is the same as Ant. 4 and the geometry of Ant. 2 is the
same as Ant. 3. Compared with Ant. 1, Ant. 2 is coupled with
Ant. 1 and Ant. 3 simultaneously. So, there are some minor
discrepancies in their sizes.

The simulated and measured S-parameters of the fabricated
MIMO array are given in Fig. 11, together with an inserted
photograph of the antennas. The measured decoupled band-
width, with S11 and S22 < −10 dB and S12 < −20 dB,
is 5.15–5.34 GHz. The measured realized gain at the broadside
direction is 7.45 dBi at 5.25 GHz, which is 7.58 dBi for
the simulation. The radiation patterns for the MIMO array
at 5.25 GHz in the E- and H-planes are plotted in Fig. 12.
Benefiting from the loading slots, the measured ratio between
the co-polarization to cross-polarization is higher than 25 dB
in the broadside direction. The measured 3 dB beamwidths for
the E- and H-planes are 84◦ and 87◦, respectively.

Fig. 10. Dimensions of the 4 × 4 MIMO array (unit: mm): l1 = 4.85, l2 =

5.85, l3 = 5.3, l4 = 4.05, l5 = 2.45, l6 = 3.45, l7 = 3.55, los1 = 6, los2 =

5.75, lp1 = 22.1, lp2 = 22.85, ws = 0.3, wp1 = 22.4, wp2 = 21.8, Sa = 0.7,
S1 = 4.3, S2 = 5.3, la = 16, d1 = 1.4, and d2 = 0.5.

Fig. 11. Simulated and measured performance for the MIMO array.
(a) Reflection coefficients and broadside gain. (b) Isolations.

Fig. 12. Simulated and measured radiation patterns of the four-element
MIMO array.

B. Adjacent-Band Decoupling

Another promising prospect of this method is that it can be
applied for decoupling two antennas operating for two adja-
cent bands. In modern customer premises equipment (CPE),
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TABLE I
COMPARISON OF THE PERFORMANCE BETWEEN DIFFERENT WORKS IN THE LITERATURE AND THIS WORK

Fig. 13. Dimensions of the dual-antenna module with different operating
bands. l1 = 3.8, l2 = 6.675, l3 = 7.4, l4 = 3.725, l5 = 3.2, l6 = 6.675, l7 =

7.4, l8 = 4, l9 = 4.425, los = 5.4, lp1 = 21.8, lp2 = 23.4, ws = 0.3, wp =

24.1, wp = 26.1, Sa = 1, la = 18, and d = 0.7 (unit: mm).

multiple standards should be simultaneously satisfied for WiFi
and mobile communication. With all these antennas placed in
a limited space, to make sure that the transmitted signal from
one channel will not be received by the receiving channel
of the other channel, the isolation between these antennas
should be high enough, especially for two antennas operating
over adjacent bands with very small guard band. As analyzed
earlier, the decoupling mechanism of this method is achieved
by designing coupling portions between antennas. One of its
advantages is that it is still effective when both antennas
operate at different frequency bands.

For demonstration, another design is developed based on
the method presented in this work. The geometry of this
dual-antenna system is shown in Fig. 13. Ant. 1 operates
for the lower band, while Ant. 2 works for the higher band.
Following the design guides introduced in Section II-B, the
two antennas can be decoupled using the same method.
The distance between two antennas is 0.7 mm in this case. The
antennas were fabricated and measured with measured results
plotted in Fig. 14. The measured −10 dB bandwidths for both
antennas are 4.79–5.0 GHz and 5.13–5.37 GHz, respectively.
The measured isolation in the band of interest is higher than
20 dB. The measured broadside gains for both antennas are

Fig. 14. Simulated and measured S-parameters and gain for the adjacent
band operation design.

8.42 and 7.84 dBi, respectively. It should be noted here when
two antennas are with different dimensions, the maximum gain
will not arise at the +z-direction because of the asymmetric
module structure. This scenario studies the case for two anten-
nas operating for 5G band N79 (4400–5000 MHz) and 5 GHz
WiFi band (5150–5925 MHz). Although the antennas in this
case only cover part of these frequency bands, this design is
still a good example, which demonstrates the adjacent-band
decoupling ability of the proposed method.

C. Comparison and Discussion

The proposed decoupling method is compared with the
state-of-the-art developments in the area in Table I. One of
the most notable advantages of the proposed method is its
ability to decouple two patch antennas with extremely close
edge-to-edge distances. Additionally, the proposed method is
unique in its capacity to address both in-band and adjacent-
band decoupling issues and can be applied to multielement
MIMO arrays. In contrast, other works either require the
utilization of additional decoupling layers [7], [14] or demand
a more involved design of decoupling structures [12], [23].
The proposed method, on the other hand, is comparatively
simpler and does not necessitate the use of additional layers
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or interantenna decoupling elements, thereby making it a
cost-effective and efficient design solution.

IV. CONCLUSION

This article has presented a novel method for the decoupling
between extremely closely placed patch antennas. Patch anten-
nas operating over its second mode (TM20) have been utilized
as the basic element of the multiantenna module. Isolations
higher than 20 dB in the band of interest have been achieved
by simply introducing an offset between antenna elements.
Three different application scenarios have been studied in this
work, demonstrating the effectiveness of the proposed method.
Compared with other methods, the proposed technique has
the advantage of structure simplicity and small edge-to-edge
distance, which makes it a good candidate for future highly
integrated communication systems.
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