
Qian, Jianfeng, Izquierdo, Benito, Gao, Steven, Wang, Hanyang, Zhou, Hai and 
Xu, Huiliang (2024) A Novel Low-Cost H-plane Decoupling Technique for Two 
Closely Placed Patch Antennas Using Electric and Magnetic Coupling Cancellation. 
 IEEE Transactions on Antennas and Propagation . ISSN 1558-2221. 

Kent Academic Repository

Downloaded from
https://kar.kent.ac.uk/105619/ The University of Kent's Academic Repository KAR 

The version of record is available from
https://doi.org/10.1109/TAP.2024.3376075

This document version
Author's Accepted Manuscript

DOI for this version

Licence for this version
CC BY (Attribution)

Additional information

Versions of research works

Versions of Record
If this version is the version of record, it is the same as the published version available on the publisher's web site. 
Cite as the published version. 

Author Accepted Manuscripts
If this document is identified as the Author Accepted Manuscript it is the version after peer review but before type 
setting, copy editing or publisher branding. Cite as Surname, Initial. (Year) 'Title of article'. To be published in Title 
of Journal , Volume and issue numbers [peer-reviewed accepted version]. Available at: DOI or URL (Accessed: date). 

Enquiries
If you have questions about this document contact ResearchSupport@kent.ac.uk. Please include the URL of the record 
in KAR. If you believe that your, or a third party's rights have been compromised through this document please see 
our Take Down policy (available from https://www.kent.ac.uk/guides/kar-the-kent-academic-repository#policies). 

https://kar.kent.ac.uk/105619/
https://doi.org/10.1109/TAP.2024.3376075
mailto:ResearchSupport@kent.ac.uk
https://www.kent.ac.uk/guides/kar-the-kent-academic-repository#policies
https://www.kent.ac.uk/guides/kar-the-kent-academic-repository#policies


> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

1 

. 
Abstract— This paper presents a novel low-cost method for 

decoupling two closely-placed patch antennas. This new 
decoupling concept is simple yet highly effective, requiring no 

additional decoupling structures or complicated manufacturing 
processes. According to the proposed concept, the mutual 
coupling between two patches can be suppressed by controlling 

the weight of electric (E) and magnetic (H) coupling between 
them. When the E-coupling and H-coupling are comparable, a 
deep null will arise on the mutual coupling curve, resulting in a 

high isolation in the band of interest. To validate the approach, 
two prototypes for both 2-element and 4-element multi-input 
multi-output (MIMO) arrays, are designed, fabricated, and 

measured. The experimental results agree well with the 
simulations, highlighting the advantages of this method, 
including low cost, high isolation, and simpler antenna structures. 

 

Index Terms—Cancellation, closely placed, decoupling, MIMO, 

patch antenna. 

I. INTRODUCTION 

S one of the most popular antenna type, the patch antenna 

is widely used in many applications for its low cost, 

planar structure, low profile, and ease of fabrication. In a 

modern communication system, multiple antennas are 

integrated on the same printed circuit board for higher 

capacity or diversity purpose. However, the mutual coupling 

problem is always a bottleneck which limits the final 

achievable system performance. High mutual coupling can not 

only deteriorate the total efficiency of the system, but also 

reduce the overall capacity. In extreme cases, the energy 

transmitted from one antenna to another can even damage the 

receiving transceiver. 

To mitigate the mutual coupling between two patch 

antennas, extensive research has been conducted over the 

years. One common approach to improve the isolation is by 

reducing the surface wave coupling [1-5]. This concept is 

widely used when the patches are placed within a relatively 

large distance, where the surface wave dominates the mutual 

coupling. Alternatively, the mutual coupling can also be 
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reduced by introducing a band-reject response in the band of 

interest by using inter-patch loading elements, such as 

resonators [6], [7] and slot structures [8-10]. Additionally, the 

mutual coupling can be reduced by changing the coupling 

mode between the patches using structures such as near-field 

resonators [11] and polarization conversion isolator [12]. 

Networks introducing another path to cancel the mutual 

coupled field is also a good option for mutual coupling 

reducing [13-17]. However, all these designs either need 

additional space for the implementation of decoupling 

structures or suffers from large antenna separations.  

Some simple yet effective methods without using any 

additional decoupling structures is achieved by studying the 

natural field characteristics of patch antennas [18-20]. By 

intentionally designing antenna structures and arrangements, 

isolation between antenna ports can be achieved, offering the 

advantages of low cost and ease of fabrication.  

This paper focuses on a specific scenario where two 

antennas are closely placed. It is well-known that as the 

distance between antenna elements decreases, the mutual 

coupling between them increases, particularly when they are 

in the same polarization. Additionally, the close proximity of 

the patches makes it challenging to implement complex 

decoupling structures between them. 

In [9], two patch antennas are decoupled by cutting a 

resonating slot on the finite ground plane. This slot effectively 

traps the energy that would have coupled from one antenna to 

the other, resulting in improved isolation. However, this 

structure is sensitive to the ground plane size and may lead to 

high backside radiation [10]. Furthermore, cutting a slot on the 

ground is not ideal for many practical applications as it may 

interfere with devices mounted on the other side of the system 

board. In [11], closely packed patches are decoupled using an 

additional near-field resonating layer over the patches. With 

an edge-to-edge separation of 0.024 wavelength at the center 

frequency, 20 dB isolation is achieved. In [14], the mutual 

coupling between two closely placed patches is achieved by a 

simple metal strip coupled to both patches. This coupled strip 

introduces an additional out-of-phase coupling path between 

the two antenna ports. With an edge-to-edge distance of 0.027 

λ0, the mutual coupling between the two ports is reduced to -

18 dB. Unfortunately, the final achieved bandwidth is only 

1.43%. In [20], two extremely closely placed patches are 

decoupled by making the patches operating over the higher 

order modes. At the cost of slightly reduced bandwidth and 

longer patch, a simple physical offset in the polarization 
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direction can significantly improve the isolation up to 20 dB in 

the band of interest even when the antenna separation is only 

0.007 λ0 at its center frequency. A mode cancellation method 

is presented in [21] to reduce the mutual coupling between 

two closely packed patches. However, the presented examples 

only show isolations in the level of about 15 dB. In addition, 

for mutli-element MIMO scenarios, dummy patches are 

required to ensure a symmetric environment for the outer 

patches.  

Up to now, most state-of-the-art decoupling techniques for 

closely packed antennas involve the use of additional 

decoupling structures [7]-[11], [14], [21], [22] or require extra 

space [20] for implementation. Some of them also suffer from 

small bandwidths which are limited by the quality factors of 

resonant structures adopted in the decoupling process [9-11], 

[14]. To ensure a compact form factor, short design flow, and 

low cost, it is crucial to develop a simpler yet effective 

decoupling technique specifically for closely packed patch 

antennas. 

In this paper, a novel decoupling technique for two 

extremely closely placed patch antennas is presented. The 

decoupling of the proposed technique is based on the field 

analysis of the fundamental mode of a patch antenna. By 

cutting different regions at the non-radiating edges, the weight 

of electric and magnetic couplings between patches is adjusted. 

Then, it is found that the mutual coupling can be significantly 

reduced in the operating band by simply changing the 

dimensions of the cuts. Compared to other presented 

decoupling architectures, the proposed technique does not 

need any additional decoupling elements or complicated 

fabrication processes. To validate the effectiveness of our 

technique, we provide two example designs: one for a 2-

element array and another for a 4-element multi-input multi-

output (MIMO) array. Through our study, the proposed 

technique has the following advantages: 

1) It is capable of dealing with extremely small antenna 

separation. 

2) No additional decoupling element or complicated 

manufacturing process is needed, which means a simple 

structure, ease of fabrication, ease of design, and cost-efficient. 

3) Small effect on the antennas’ radiation performance, 

which means it is suitable for array applications too. 

4) The theory can also be extended to MIMO arrays with 

multiple elements.  

The paper starts with the design of a dual-antenna MIMO 

array. The performance of the 2-element MIMO is discussed 

first. Based on this structure the mechanism of the proposed 

technique is studied in Section II-C. Then, according to the 

decoupling mechanism, design philosophy of the technique is 

explained together with some parametric studies in Section II-

D. Afterwards, the concept is extended to 4-element MIMO 

array in Section III. The performance of the proposed 

decoupling technique is also compared to other presented 

works in this section. Finally, Section IV draws a conclusion. 

II. COUPLING MECHANISM BETWEEN PATCH ANTENNAS 

A. Antenna Structure  

Figure 1(a) depicts the physical structure of the proposed 

decoupled antennas, illustrating two patches placed in 

extremely close proximity. The distance between the two 

patches is set to 0.1 mm. The antennas are fed by a metal probe 

with radius of 0.35 mm. The substrate employed in this design 

is Roger 4003, with a dielectric constant of 3.55 and a 

thickness of 0.3 mm. Notably, Fig. 1(a) shows only two 

modified patch antennas without any additional decoupling 

elements. The only modification applied to the antennas 

involves cuts made at their corners. The specific design rules to 

decide the patch dimensions will be elaborated upon in the next 

few sections.  
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Fig. 1. Structure of the proposed decoupled patch antennas. (a) decoupled 

patch antennas. (b) reference design of coupled antennas with dimensions in 
mm. (c) side view. Dimensions in mm: lf = 1.45, lp= 21, lc= 5, wc = 0.2, wp = 
22, d = 0.1, h = 3. 
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Fig. 2. Simulated responses for the reference design and proposed decoupled 

antennas. 

 
Fig. 3. Prototype of the proposed MIMO array. 
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B. Antenna Performance 

According to classical antenna theory, the mutual coupling 

between patch antennas is closely associated with the 

separation distance between them [23-26]. As the antennas are 

placed in closer proximity, the mutual coupling becomes 

stronger. In cases where the patches are positioned in an 

extremely small vicinity of each other, the mutual impedance 

has a significant impact on the impedance response of the 

coupled antennas. 

First, a reference design without any decoupling process is 

simulated. The dimensions of the reference design are outlined 

in Fig. 1(b). In this reference design, two patches are strongly 

coupled, as illustrated by the response plotted in Fig. 2. The 

antennas operate at a center frequency of 5.9 GHz over their 

fundamental TM10 modes. Consequently, the total lengths of 

the patches in the Y-direction are approximately half-

wavelength at 5.9 GHz. The edge-to-edge distance between 

the patches is 0.1 mm, which corresponds to 0.0018 λ0 at the 

antenna's center frequency. 

Without any modifications to the rectangular patches, the 

two antennas exhibit strong coupling, resulting in a low 

isolation of only 6.8 dB within their operating band when 

arranged at a distance of 0.1 mm. This strong coupling implies 

that a significant amount of energy will be consumed by one 

antenna when the other antenna is transmitting. 

For the verification of the effect of the proposed novel 

decoupling concept, a prototype of the decoupled patch 

antennas is fabricated and measured with its photograph 

shown in Fig. 3. The simulated and measured S-parameters for 

the proposed decoupled antennas are presented in Fig. 2. The 

measured -10-dB bandwidth is 5.72 GHz to 6.16 GHz, while 

the simulated bandwidth ranges from 5.71 GHz to 6.08 GHz. 

The center frequency of the operating band exhibits a slight 

shift towards the higher frequency range due to fabrication 

errors.  

Using the proposed decoupling technique, the measured 

mutual coupling between the two antennas reduced to 18.7 dB. 

The only change to the proposed MIMO compared to the 

reference design is introducing some simple cuts at the 

patches’ corners. With such a small change, a deep null is 

observed in the transmission curve of the decoupled antennas 

in Fig. 2, leading to a substantial improvement in isolation of 

up to 19.8 dB at the center frequency, compared to the coupled 

reference design. 

Fig. 4 illustrates the simulated and measured gain and 

efficiency of the antennas. During the measurement process, 

one antenna is measured while the other one remains 

terminated with a 50-Ohm load. As the entire structure is 

symmetric, only one antenna measurement is required. The 

measured realized gain is 7.42 dBi, closely aligning with the 

simulated value of 7.57 dBi. The measured total efficiency 

exceeds 77% within the whole operating band, with S11 less 

than -10 dB. The peak total efficiency reaches 91%. 

Fig. 5 shows the simulated and measured radiation patterns 

of the proposed decoupled antennas. Due to the structural 

symmetry, only one antenna is measured, while the other 

inactive antenna is terminated with a 50-Ohm wideband load. 

Broadside radiation is observed in both planes. The simulated 

and measured radiation patterns agree well. For both planes, 

the measured cross-polarization is lower than -16.7 dB and -

18.3 dB, respectively. Because of the integrity of the ground 

plane, the antennas show good directional radiation for both 

planes. The measured front-to-back ratio is higher than 24.8 

dB and 18.2 dB for E-plane and H-plane, respectively.  

C. Decoupling Mechanism 

To gain insight into the physical behavior of this structure, 

it is important to study the electric field distribution for the 

TM10 mode. Fig. 6 illustrates the electric field distribution 

beneath the patch for its non-radiating edges. As known, the 

TM10 mode exhibits a half-wavelength standing wave field 

distribution at its two non-radiating edges. The electric field 

reaches its peak at the open ends of the patch (regions A and 
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Fig. 4. Simulated and measured gain and efficiency of the antennas. 
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C), while it drops to a minimum at the center (region B). 

Conversely, a strong magnetic field distribution occurs at the 

virtually shorted center of the patch (region B), while it 

weakens at the open ends (regions A and C). 

When two patches are positioned in close proximity, they 

will be strongly coupled through the electric (E) and magnetic 

(H) near fields, as depicted in Fig. 6 (b). Through our study, it 

is found that when the separation between the patches is 

extremely small, the electric field dominates the mutual 

coupling. To mitigate the E-coupling, the four corners of the 

patch (regions A and C) are cut, effectively moving the electric 

field beneath the patches away from each other. By doing so, 

the E-coupling can be reduced while the weight of the H-

coupling can be increased consequently. Within a certain 

tuning range, the E- and H-couplings become comparable in 

the antennas' operating band. In this specific scenario, the two 

coupling mechanisms cancel each other out, resulting in a low 

level of mutual coupling. 

This behavior can be explained by the fact that electric and 

magnetic couplings always possess opposite signs when they 

coexist within the same network as shown in Fig. 6 (c) [27-29]. 

This characteristic is commonly utilized in filter designs to 

control the positions of transmission zeros (TZs). In this work, 

the theory is borrowed to minimize the coupling between two 

patches. In filter designs, TZs are typically positioned at out-

of-band frequencies to improve selectivity. However, for 

effective decoupling performance in antennas, the TZs must 

be located within the antennas' operating bands. To 

accomplish this, the electric and magnetic couplings should 

have the same magnitude. Consequently, the cuts on the 

patches need to be carefully designed.  

D. Parametric study 

In order to provide a better understanding of the design 

philosophy behind the proposed decoupling technique, several 

key parameters are investigated in this section using Ansys 

High-Frequency Structure Simulator (HFSS). It is important to 

note that when studying one parameter, the remaining 

parameters are kept at the values specified in Fig. 1. 

First, the most important parameter which affects the 

decoupling performance is the depth of the cut on the patch. 

The frequency responses for the dual-patch module with 

different cut depths are simulated and provided in Fig. 7 (a). 

When there is no cut on the patch, namely wc = 0, the two 

patches are electrically coupled, resulting in a high 

transmission level between the antenna ports. According to the 

theory mentioned in [27], electric-coupled patches exhibit a TZ 

below the operating band.  

As the edges of the patch are modified and the cut depth 

increases, the electric coupling decreases while the magnetic 

coupling becomes dominant. This leads to a gradual frequency 

shift of the TZ to higher frequencies [27]. By carefully 

designing the cut depth, the transmission zero can be 

positioned near the resonances of the antennas, resulting in a 

deep null in the transmission coefficient and achieving a high 

isolation. 

Another factor affecting the coupling behaviour between two 

patches is the length of the cut on the patch (lc). A parametric 

sweep is done on the cut length (lc) with the simulated results 

provided in Fig. 7 (b). The curves indicate that when the cut is 

very short (lc = 3 mm), the transmission zero is located at a 

lower frequency band compared to the antenna's resonance 

frequency. As the cut length increases (lc = 7 and 11 mm), the 

transmission zero shifts to higher frequencies. However, when 

the cut length exceeds an even larger value (lc = 15 mm), the 

transmission zero moves back to the lower frequency band. 
This phenomenon can be explained by studying the field 

distributions illustrated in Fig. 6. The electric field in regions A 
and C is very high, so even a small variation in the cut length 
has a significant effect on the coupling strength related to the 
electric field. As the cut length increases, the electric field 

 L
c
=8 mm

 L
c
=6 mm

 L
c
=4 mm

 L
c
=2 mm

 w
c
=0.6 mm

 w
c
=0.4 mm

 w
c
=0.2 mm

 w
c
=0 mm

5.0 5.5 6.0 6.5
-40

-30

-20

-10

0

 

 

S
-p

a
ra

m
e

te
rs

 (
d

B
)

Frequency (GHz)

S
11

S
21

 
(a) 

 L
c
=8 mm

 L
c
=6 mm

 L
c
=4 mm

 L
c
=2 mm

 l
c
=15 mm

 l
c
=11 mm

 l
c
=7 mm

 l
c
=3 mm

5.0 5.5 6.0 6.5 7.0
-40

-30

-20

-10

0

S
11

 

 

S
-p

a
ra

m
e

te
rs

 (
d

B
)

Frequency (GHz)

S
21

 
(b) 

 d
c
=0.1 mm, E-coupled

 d
c
=0.6 mm, H-coupled

5.0 5.5 6.0 6.5 7.0
-60

-50

-40

-30

-20

-10

5.8 5.9 6.0
-200

-190

-180
-170

-160

-150

 

M
u
tu

a
l 
c
o
u
p
lin

g
 (

d
B

)

Frequency (GHz)

∠ S
12

S
12

phase diff.

-600

-400

-200

0

200

400

P
h
a
s
e
 (

D
e
g
re

e
)

 
(c) 

Fig. 7. Responses for the antennas with different (a) cut depths, (b) cut lengths, 

and (c) phase responses of the mutual couplings for E-coupled and H-coupled 

patches. 

 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

5 

strength decreases, causing the transmission zero to shift to 
higher frequencies. However, when the cut reaches region B, 
further increasing the cut length weakens the H-coupling more 
than the E-coupling. Consequently, with a very long cut 
(lc = 15 mm), the magnetic coupling may become smaller than 
the electric coupling again, leading to the dominance of the 
electric coupling mechanism. This results in the TZ moving 
back to the lower frequency band in terms of S-parameters. 
From this parametric study, an important design rule can be 
derived: the cut should be designed with an appropriate length. 
An excessively long cut can deteriorate the decoupling 
performance, so it is crucial to optimize the cut length to 
achieve the desired coupling characteristics. According to the 
authors' experience, a cut length smaller than one-third of the 
patch length is recommended. 

In addition to the previous studies, another important 
parametric study for the phase response of the mutual coupling 
is carried out to further reinforcing the validity of the proposed 
decoupling concept. The results are presented in Fig. 7 (c). 
Two cases are studied here. In the first case, where the electric 
coupling dominates, a shallow cut (red line with dc = 0.1 mm) 
is implemented. Conversely, in the second case, the patches are 
magnetically coupled with a deeper cut (black line with dc = 
0.6 mm).  

When the patches are electrically coupled, the TZ is at the 
lower frequency band. When the patches are magnetically 
coupled, the TZ is at the higher frequency band. The phase 
responses of the two cases exhibit distinct trends at the 
resonance frequency of the patch. Notably, the difference 
between the phases (phase diff.) is calculated and plotted. As 
can be seen, the phase difference approaches approximately 
180 degrees near the resonance frequency of the patch (5.9 
GHz). This phenomenon provides strong evidence that 
supports the proposed decoupling concept in Section II-C. 

E. Field distributions 

To gain a deeper understanding of the proposed 

decoupling concept, the field distributions at the non-radiating 

edges, where the coupling occurs, are investigated. Specifically, 

the electric (E, represented by red lines) and magnetic (H, 

represented by blue lines) field distributions are analyzed. 

Fig. 8 depicts the field magnitudes along a line between two 

patches for two different cases: one with unmodified patches 

(strongly coupled) and the other with decoupled patches. 

In the case of strongly coupled patches without any 

modification, the electric and magnetic fields exhibit the 

behaviors described in Section II-C. Strong electric field 

density can be observed at the regions where X=0 mm - 4.5 

mm and X=16.5 mm - 21 mm, which corresponds to the two 

open-ends of the patches. When the patches' corners are cut, 

the field density at the open ends is significantly reduced. This 

reduction is more significant for the electric field because the 

H-field is inherently weak at the open ends. Since the fringing 

electric field at the non-radiating edges is weak, the magnitude 

of the electric field at these edges is significantly reduced when 

the mutual coupling is decreased, as shown in Fig. 8.  

The field distributions depicted in Fig. 8 provide insight 
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Fig. 8. Simulated E and H field distributions along the coupled edge.  
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into the underlying physical reality of the proposed decoupling 

concept. The cuts at the ends of the non-radiating edges have a 

stronger effect on the electric coupling, allowing for separate 

control of the electric and magnetic coupling. 

III. FOUR-ELEMENT MIMO ARRAY  

A. Four-Element MIMO Array 

The proposed decoupling concept can also be easily 

extended to the design of larger-scale MIMO arrays. For 

demonstration, a four-element MIMO array is designed with 

the same stack-up as the previous 2-element one. The structure 

of the four-element MIMO array is depicted in Fig. 9, where 

the four patches are positioned along their H-plane. Following 

the design concept introduced in the section II, the corners of 

the patches are all modified. Due to the asymmetric 

environment for the first antenna (ant.1) and fourth antenna 

(ant. 4), these two antennas are designed with slightly different 

dimensions from the other two antennas at the outer sides (ant. 

2 and ant. 3). The dimension of the structure is provided in 

Fig. 9. The antenna is fabricated and measured. Fig. 10 

presents a photograph of the fabricated antenna. 

The simulated and measured responses of the four-element 

MIMO array are presented in Fig. 11. The measured -10 dB 

bandwidths for ant.1 and ant.2 are 5.78 GHz – 6.1 GHz and 

5.79 GHz - 6.14 GHz, respectively, while the simulated results 

indicate bandwidths of 5.72 GHz – 6.08 GHz and 5.74 GHz - 

6.09 GHz, respectively. Within their respective -10 dB 

bandwidths, the minimum isolation between ant.1 and ant.2 is 

19.3 dB. Specifically, the measured isolations between 

adjacent patches are 19.3 dB (S12) and 20.1 dB (S23), which 

correspond to simulated values of 19.1 dB and 19.5 dB, 

respectively. The isolations between non-adjacent patches are 

25 dB (S13) and 29 dB (S14), with corresponding simulated 

values of 26 dB and 32 dB, respectively. In terms of the 

reflection coefficients, the simulations and measurements 

exhibit good agreement, despite minor differences in 

resonance frequencies that can be attributed to fabrication 

errors. The isolation curves for adjacent elements agree well, 

while slight variations in the isolation curves for non-adjacent 

elements can be attributed to the sensitivity of low-magnitude 

transmission coefficients to the surrounding environment in a 

multi-antenna module. 

Simulated and measured radiation patterns of the 

fabricated 4-element MIMO are presented in Fig. 12. Two 

cases are measured here. Generally, broadside radiaiton 

patterns can be observed for both cases. Because no 

modification is introduced to the ground plane, for all the 

cases, the antenans show front-to-back ratio of higher than 20 

dB. Besides, as only small changes are done to the geometry 

of the patchs, good TM10 mode radiation is perserved for all 

the antennas. Thus, all these antennas show low cross-

polarizations. More specificly, when ant. 1 is activated 

whereas the other antenans are terminated with 50-Ohm loads, 

the measured corss-polarization levels are 18.8 dB and 19 dB 

lower than the co-polarization for the E- and H-planes, 

Table I.  
Comparison of the performance between different works in the literature and this work. 

Reference Decoupling scheme 

Design 

complexi

ty 

Additional space 

for decoupling 

Antenna 

type 

Isolation 

improvement 

(dB) 

Number 

of the 

element 

Edge-to-

edge 

distance 
(λ0) 

Isolation 

(dB) 
Bandwidth 

[9] 
Resonant slot on 

the ground 
Normal Yes Patch Not given 2 0.031 30 1.7% 

[10] Slot on the ground Normal Yes 
Inverted-
F antenna 

13.7 2 0.009 20 4.1% 

[11] 
Stacked near-field 

resonators 
Complex 

Yes 

(Extra layer) 
Patch 10 2/8 0.016/0.028 20/20 1.4%/0.4% 

[14] Co-planar resonator Complex Yes Patch 11 2 0.02 18 1.43% 

[20] 
Higher-order mode 

operation 
Normal Yes Patch 12 2 / 4 0.007 / 0.02 20.2/21.5 4%/3.6% 

[21] Inductors 
Multiple 

steps 
Yes 

(Dummy patches) 
Patch 10.4/7.2 2/4 0.016 15.4/12.2 5.5%/3.5% 

This 
work 

Modified patches Simple NO Patch 11.9 

2 0.0018 18.7 7.4% 

4 0.026 19.3 6% 
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Fig. 12. Radiation patterns for the 4-element MIMO array. (a) E-plane with 

ant. 1 excited. (b) H-plane with ant. 1 excited. (c) E-plane with ant. 2 excited. 

(d) H-plane with ant. 2 excited. 
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respectively. For the ant.2, the cross-polarization levels are 

higher than 19.4 dB and 19.6 dB in the broadside direction for 

the E- and H-planes, respectively.  

B.  Comparison and discussion 

In the table I, the performance of the proposed designs is 

compared to other presented works. First, the proposed 

decoupling technique shows the simplest structure without 

using any additional decoupling structure [9]-[11], [14]., 

additional layer [11], or increase antenna area [20]. Some of 

these presented designs also suffers from time-consuming 

design process. In contrast, our proposed method has an 

extremely simple design flow. From the parametric studies 

carried out in the Section II-D, designers only need to pay 

attention to two key parameters during the decoupling process. 

Secondly, the proposed 2-element MIMO design achieves 

the smallest antenna separation which is only 0.002 free-space 

wavelength. For the isolation level, the proposed technique 

ensures a general mutual coupling up to 18.7 dB within the 

band-of-interest, with an isolation improvement of 11.9 dB. 

Although the isolation performance in [9] is higher than this 

value, the decoupling method in [9] requires a long slot on the 

ground plane. Besides, the decoupling ability of this 

resonating slot is very sensitive to the ground size. These 

limitations make it not suitable for applications where system 

ground plane integrity is important.  

The proposed concept is also verified effective for both 2-

element and 4-element MIMO arrays. Regarding the specific 

design example presented in this paper, the proposed method 

shows the widest decoupling bandwidth compared to other 

presented works. Some decoupling techniques requires 

resonating structure to accomplish reduced mutual coupling in 

the band of interest. Nevertheless, a resonant structure always 

shows frequency-relevant impedance characteristic, which 

means that these decoupling structures may only work well in 

a limited frequency range. This explains why some decoupled 

antennas show very narrow impedance bandwidths [9]-[11], 

[14].  

Considering the size, fabrication complexity, decoupling 

ability, and antenna separation, the proposed technique 

provides a very attractive decoupling solution for small-

separation multi-antennas system. 

IV. CONCLUSION 

This paper presents a novel decoupling solution for patch 

antennas positioned in extremely close proximity. The 

proposed technique eliminates the need for additional 

decoupling structures or layers by introducing very simple 

modifications to the patch structure itself. The effectiveness of 

the concept is demonstrated through the design and analysis of 

both 2-element and 4-element MIMO arrays. Comparative 

evaluations against existing state-of-the-art decoupling 

techniques highlight several advantages of the proposed 

method, including its simplicity in structure, cost-effectiveness, 

and suitability for applications requiring minimal antenna 

separation. In summary, the proposed decoupling solution 

offers a promising approach to address the mutual coupling 

challenges in closely placed patch antennas, showing 

promising application prospects in various wireless 

communication systems for enhanced performance and 

improved system integration. 
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