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CMA-Based design of a
Novel structure for isolation
enhancement and Radiation
Pattern correction in MIMO
antennas

Myeong-Jun Kang?, Jaesun Park?, Hyuk Heo?, Longyue Qu? & Kyung-Young Jung*"**

This paper presents novel MIMO microstrip patch antennas with dimensions of 40 X 80 x 1.6 mm?3
incorporating a decoupling and pattern correction structure (DPCS) designed to mitigate mutual
coupling and radiation pattern distortion, operating within 3.6-3.7 GHz. Using characteristic mode
analysis (CMA), two key modes affecting coupling and pattern degradation are identified, with the
DPCS strategically positioned to address these issues. Unlike other decoupling techniques, the DPCS
requires no additional space or structural complexity, making it suitable for 5G MIMO systems. The
proposed design achieves isolation up to 90 dB and enhances the realized gain of Port 2 by 3 dB at
boresight in simulations. Fabricated antennas were measured, achieving peak isolation of 80 dB in

an anechoic chamber. Additionally, measurements in a noisy environment confirmed the robustness
of the design under realistic conditions. Measured radiation patterns verified the DPCS’s ability to
correct the radiation pattern. Key MIMO performance metrics, including ECC (2 x 10-%), DG (~ 10), CCL
(< 0.2 bits/s/Hz), MEG (~ -7 dB), and TARC (< -12 dB), affirmed the design’s superior performance.
The proposed structure can be applied to a variety of applications such as high-density urban wireless
networks and loT systems, where maintaining high isolation and reliable communication are critical
requirements.

Keywords Characteristic mode analysis, Decoupling structure, Microstrip patch antenna, Mutual coupling,
Pattern correction

Multiple-Input-Multiple-Output (MIMO) is a wireless technology that boosts the performance of wireless
communication networks using multiple antennas at both the transmitting and receiving ends. MIMO has the
ability to enhance data rates, reliability, and channel capacity in wireless communications without the need for
additional power or spectra!=. For this reason, MIMO is a key technology in 5G communications due to the
increasing demand for intelligent services and higher data rates®~'2. However, a major problem in developing
this system is the strong mutual coupling between antennas, which negatively impacts system performance.
The mutual coupling between antennas, induced by surface currents on the ground plane and space waves
in free space, leads to an increase in the correlation between the signals received at the separate ports, which
reduces the diversity gain, channel capacity, and mean effective gain!>-'". This increased coupling can lead to
signal distortion and interference from adjacent antennas, further degrading system performance. Therefore,
suppression of mutual coupling is essential for reliable MIMO performance and high-quality signal transmission
in modern wireless communication systems!'®-1,

Numerous researchers have suggested decoupling techniques for MIMO antennas?>~%°. Frequency selective
surface (FSS)*?and metasurfaces?***can effectively enhance the isolation between MIMO antennas or modify
their radiation patterns. However, these techniques require additional space around the MIMO antennas,
leading to an increase in the overall antenna volume. Moreover, these decoupling designs are complex, and setup
of the structures above the antennas is intricate. In addition to these techniques, parasitic patches?, defected
ground structure (DGS)?, and electromagnetic bandgap (EBG)*~*are promising candidates for decoupling
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structures. While these techniques do not require additional space, the referenced decoupling designs are often
complex??-2426:28_ Even when the decoupling designs are simple?>?’, they lack crucial performance metrics for
MIMO applications, such as envelope correlation coeflicient (ECC), channel capacity loss (CCL), total active
reflection coeflicient (TARC), and mean effective gain (MEG). These methods have not demonstrated reliable
performance for MIMO applications. Unlike the referenced studies, this research utilizes characteristic mode
analysis (CMA) to accurately identify and address the root causes of mutual coupling and radiation pattern
distortion. By utilizing CMA, the proposed design provides a systematic design approach to decoupling and
radiation pattern correction, ensuring precise and effective solutions to these critical issues. This analytical
approach distinguishes the study from prior works and demonstrates its contribution to advancing the MIMO
antenna systems for 5G and next-generation wireless applications.

To enhance isolation initially and ensure spatial and polarization diversity, microstrip patch antennas are
arranged orthogonally, utilizing orthogonal polarization, as in Fig. 1. However, this arrangement leads to
deterioration of the radiation pattern of the microstrip patch antenna (labeled Port 2) due to excitation of a
specific mode on the ground. To mitigate the mutual coupling and deformation of the radiation pattern of Port
2, we analyzed the overall structure using CMA. Through this analysis, we identified significant detrimental
characteristic modes that lead to mutual coupling and radiation pattern deformation. To mitigate these problems,
we proposed a novel decoupling structure, referred to as the decoupling and pattern correction structure
(DPCS). This structure is strategically positioned at critical locations, causing mutual coupling and radiation
pattern distortion. The proposed DPCS modifies the characteristic modes that initially cause mutual coupling
and distort the radiation pattern. These characteristic modes are transformed into new modes that no longer
distort the radiation pattern of Port 2 while minimizing mutual coupling. Implementing this structure achieves
isolation up to 80 dB between the two patch antennas in an anechoic chamber and simultaneously corrects
the radiation pattern with enhancement of the realized gain of Port 2 by approximately 3 dB at the boresight.
Additionally, measurements were also conducted in a noise-rich environment, confirming that the proposed
design maintains high isolation and consistent MIMO performance under realistic conditions.

The remainder of this paper is organized as follows. Section 2 presents the design and simulated results
of the perpendicularly arranged initial microstrip patch antennas, which operate in the sub-6 GHz band (3.6
-3.7 GHz). This includes an analysis of the mutual coupling and radiation pattern deterioration. Based on these
findings, the design of the CMA-based DPCS is introduced to mitigate the mutual coupling and radiation pattern
distortion, providing an effective solution for enhancing the isolation and overall performance of the microstrip
patch antennas. Section 3 validates the proposed MIMO antennas with the DPCS through a comparison of
simulated and measured results, along with a discussion of the MIMO performance of the proposed antennas.
Finally, concluding remarks are provided.

Methods

Initial microstrip patch antennas

Figure lillustrates the microstrip patch antennas designed in this work. The dimensions of patch antennas were
18.5%25.8 mm? (0.22 A, % 0.31 A ) for operation in the sub-6 GHz band (3.6 -3.7 GHz), where A represents the
free space wavelength at the center frequency within the operating range. The patch antennas were arranged
perpendicular to one another to enhance isolation through orthogonal polarization, ensuring spatial and
polarization diversity. The substrate was FR-4 (¢, = 4.3, tan §=0.025), with dimensions of 40 x 80 X 1.6 mm? (0.48
XX 0.97 A;X0.019 \). The simulation results are illustrated in Fig. 2. Figure 2a shows the S parameters of the
initial microstrip patch antennas, Fig. 2b and ¢ present the radiation patterns of Port 1, Fig. 2d and e display the
radiation patterns of Port 2, and Fig. 2f and g illustrate the surface current distribution when each port is excited.
As shown in Fig. 2a, S, and S, were below — 10 dB, and the isolation was about 40 dB. The radiation pattern of
Port 2 was null in the boresight, and the maximum realized gain of the Port 2 was generated at + 30° as depicted
in Fig. 2d. As can be seen from Fig. 2g, the cause of mutual coupling can be identified, but recognizing the exact
cause of the deterioration in the radiation pattern of Port 2 is not straightforward. The cross-polarization level
of the initial microstrip patch antennas was also evaluated. For Port 1, the cross-polarization level in the E-plane
was approximately 15 dB, while the H-plane, as well as both the E-plane and H-plane of Port 2, showed around
25 dB. These results indicate relatively high cross-polarization interference in E-plane of Port 1.
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Fig. 1. Schematics of the initial microstrip patch antennas.
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Fig. 2. Simulation results of initial microstrip patch antennas (a) S parameters, (b) E-plane of Port 1, (c)
H-plane of Port 1, (d) E-plane of Port 2, (e) H-plane of Port 2, (f) surface current density for Port 1 excitation,
and (g) surface current density for Port 2 excitation.

To identify the cause of deterioration of the radiation pattern of Port 2 and further enhance the isolation,
these initial microstrip patch antennas were analyzed by characteristic mode analysis (CMA). Based on CMA
results, we proposed a novel DPCS.

CMA-based design of DPCS

Characteristic modes provide a framework for describing a set of mutually orthogonal characteristic currents
that exist on the surface of a conductor. These modes are intrinsic to the conductor and are solely determined
by its shape and size, independent of any external excitations. The actual current (denoted as J) on the antenna
conductor surface can be represented as a linear combination of these characteristic mode currents (J,) as

follows30-34:
J=Yandn (1)

This equation expresses the total current on the antennas surface as a linear combination of individual
characteristic modes. Each mode represents a specific surface current distribution on the conductor, allowing
for detailed analysis of how different configurations contribute to the antenna’s overall physical behavior.

In this context, anrepresents the modal weighting coefficient (MWC) for each mode, indicating the
contribution of each mode to the overall electromagnetic response generated by a specific source®>~*. Specifically,
the antenna designers can predict how different modes influence the overall current distribution on the antenna
surface.

_ (Bian (1), Jn)
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Here r is the observation point, E' is the incident electric field, “tan” denotes the tangential component of the
electric field, and A, represents the eigenvalue.

Based on the equation of MWC, the magnitude of the denominator is referred to as modal significance
(MS) as shown in Eq. (3). MS describes how dominant a particular mode is in terms of its response. Modes
with higher MS values (MS>0.707) are more influential in shaping the antenna’s radiation pattern and
isolation characteristics, offering insights into which modes should be emphasized or suppressed for desired
performance?! =6,

1

MS=|—
=115,

3)

The CMA is particularly effective in antenna design because it provides clear and direct insight into the radiation
characteristics on the antenna surface. This capability enables a more systematic and informed approach to
antenna design, ultimately improving performance.

To identify the cause of the mutual coupling and the deformed radiation pattern, the initial microstrip patch
antennas were analyzed using the CMA method. As shown in Figs. 3 and 4, three modes—Mode 1, Mode 2, and
Mode 3—were identified. The CMA was conducted using the integral equation solver, based on the Method
of Moments (MoM), embedded in CST Studio Suite 2024. This solver was chosen for its ability to analyze
characteristic modes on the conductor’s surface accurately. To simulate the characteristic modes and obtain
the MS and MWC results, planar discrete ports were applied to each coaxial cable, as shown in Fig. 3a. The
simulation results enabled us to identify the specific characteristic modes contributing to mutual coupling and
radiation pattern distortion, forming the basis for the development of the proposed DPCS. Figure 3b, d, and f
illustrate the surface current distributions for Modes 1, 2, and 3, respectively, while Fig. 3¢, e, and g present the
corresponding radiation patterns. Figure 4a shows the MS of the initial microstrip patch antennas, and Fig. 4b
and ¢ depict the MWC of Port 1 and Port 2, respectively. Mode 1, excited by both Port 1 and Port 2 as seen
in Fig. 4b and c, contributed to mutual coupling through the horizontal current distribution formed between
the two ports, as indicated by the red line in Fig. 3a. Mode 2, solely excited by Port 2 as shown in Fig. 4c,
caused mutual coupling through the horizontal current flow between the two ports, marked with a red line, and
contributes to deformation of the radiation pattern, as indicated by the blue line in Fig. 3c. This resulted in a
problematic radiation pattern as depicted in Fig. 3d. Mode 3, which is only excited by Port 1 as seen in Fig. 4b,
contributes to the radiation pattern of Port 1, as shown in Fig. 3f.

Based on these results, we propose a novel DPCS to simultaneously mitigate the two issues. Figure 5a shows
the top view of the microstrip patch antennas, and Fig. 5b illustrates the ground plane with the proposed DPCS.
The proposed DPCS was designed and strategically positioned at critical locations to mitigate these issues by
diminishing the formation of the problematic surface currents of the specific characteristic modes, reducing
mutual coupling and correcting the deformed radiation pattern. As illustrated in Figs. 6 and 7, the surface
currents, radiation patterns, MS, and MWC for each mode were changed by application of the DPCS. Figure 6
presents the surface current distributions and radiation patterns for Modes 1%, 2*, and 3*, while Fig. 7a shows the
MS, and Fig. 7b and c illustrate the MWC values of Port 1 and Port 2 for the transformed modes, respectively. For
Mode 1%, Fig. 6a and b show the surface current and radiation pattern, respectively. As can be seen from Fig. 6a,
horizontal current flows between the two ports were almost eliminated, resulting in a significant reduction of
mutual coupling. Although the radiation pattern of Mode 1 is not ideal for microstrip patch antennas, as shown
in Fig. 6b, its impact on the overall radiation pattern of Port 1 was minimal due to the significantly lower MS
and MWC values, as depicted in Fig. 7a and b. In Mode 2%, the horizontal surface current that previously caused
mutual coupling was greatly reduced, as illustrated in Fig. 6¢c. Moreover, no surface current distribution, which
contributes to the deformed radiation pattern in Fig. 4 (indicated by the blue lines) was formed, as shown in
Fig. 6¢. This change led to a substantial improvement in the radiation pattern, as shown in Fig. 6d, where the
previously existing null in the boresight direction was eliminated, and the maximum realized gain was achieved
near the boresight. Finally, Mode 3* retains characteristics very similar to the original Mode 3, with the surface
current direction aligning closely with the orientation of the proposed DPCS, as shown in Fig. 6e and f.

To optimize the performance of the proposed DPCS, a detailed parametric study was conducted by varying
the key structural parameters L, L, L, as indicated for red in Fig. 5b. These parameters directly influence the
mutual coupling of the proposed DPCS. By sweeping each parameter within a reasonable range, their individual
impacts on the isolation were analyzed.

1) Effect of L:

The length L, which defines the horizontal dimension of the DPCS elements located in the center of the ground,
was varied from 11.39 mm to 12.89 mm, as shown in Fig. 8a. The optimized value of L=11.89 mm achieved
a peak isolation of 90 dB and minimum isolation of 60 dB within the operating frequency, demonstrating the
critical role of this parameter in minimizing mutual coupling.

2) Effectof L and L

The length L, which is located in the center of the ground, and L located on the side of the ground plane near
the Port 1 antenna were varied in ranges of 22.66 mm to 25.66 mm and 7.5 mm to 10.5 mm, respectively. L.
and L played essential roles in refining the overall structural optimization of the DPCS. Adjustments to these
parameters provided control over the peak isolation performance. Adjustments to these parameters provided
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Fig. 3. Simulation setup, surface current density and radiation patterns of initial microstrip patch antennas
(a) simulation setup for CMA, (b) surface current density of Mode 1, contributing to mutual coupling (red
line), (c) radiation pattern of Mode 1, (d) surface current density of Mode 2, contributing to mutual coupling
(red line) and radiation pattern distortion of Port 2 (blue line), (e) radiation pattern of Mode 2, illustrating its
contribution to the radiation pattern of Port 2, (f) surface current density of Mode 3, and (g) radiation pattern
of Mode 3.
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Fig. 4. CMA results of initial microstrip patch antennas (a) MS, (b) MWC of Port 1, and (c) MWC of Port 2.
These results emphasize the dominant modes contributing to mutual coupling between two ports and radiation
pattern distortion of Port 2 within the operating frequency range.
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Fig. 5. Schematics of the proposed microstrip patch antennas with the novel DPCS (a) top view showing
the dimensions of the patch antennas and substrate, and (b) bottom view illustrating the placement and
dimensions of the DPCS.

control over the peak isolation levels. The optimized values, L=24.66 mm and L,=10.5 mm, contributed to
achieving balanced isolation performance.

These results demonstrate that L is the most dominant parameter for adjusting frequency shift, while L. and
L, are crucial for fine-tuning of peak isolation performance.

To validate the effectiveness of the proposed microstrip patch antennas with DPCS, the simulated results
are presented in Fig. 8. Figure 9a shows the S parameters of the microstrip patch antennas with the proposed
DPCS, Fig. 9b and c present the radiation patterns of Port 1, Fig. 9d and e display the radiation patterns of Port
2, and Fig. 9f and g illustrate the surface current distribution when each port is excited. As shown in Fig. 9a,
the isolation was up to 90 dB at its peak and 60 dB within the operating frequency range. The realized gain of
Port 1 was approximately 4.5 dBi, and Port 2 showed an improvement of about 2.5 to 3 dB at the boresight as
shown in Fig. 9b-e. After applying the proposed DPCS, the cross-polarization level of the antennas improved
significantly. The cross-polarization level in the E-plane of Port 1 was enhanced by approximately 10 dB.
Although a slight increase in cross-polarization level was observed in the H-plane of both Port 1 and Port 2,
they still maintained the cross-polarization level around 25 dB. These results demonstrate the effectiveness of
the DPCS in reducing polarization interference, particularly in the E-plane of Port 1, while maintaining overall
satisfactory performance. Additionally, the overall radiation pattern of Port 2 was corrected by reducing the
influence of Mode 2, as can be seen in Fig. 9d. Finally, Fig. 9f and g demonstrate significant suppression of the
surface current crossing into the other port compared to the initial results shown in Fig. 2f and g.

In the next section, the proposed microstrip patch antennas with the novel DPCS were fabricated and
measured to validate the simulation results.

Measurements and Discussion

Microstrip patch antennas with the novel DPCS were fabricated, and measurements were conducted to validate
the simulation results, as shown in Fig. 10. Figure 10a and b present the fabricated microstrip patch antennas
with the novel DPCS. Measurements of radiation patterns and S parameters were performed in the anechoic
chamber, as depicted in Fig. 10c and d, respectively. Additionally, S parameters of the proposed microstrip
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Fig. 6. Surface current density and radiation patterns of the proposed microstrip patch antennas with the
novel DPCS (a) surface current density of Mode 17, (b) radiation pattern of Mode 1%, (c) surface current
density of Mode 2%, (d) radiation pattern of Mode 2%, (e) surface current density of Mode 3*, and (f) radiation
pattern of Mode 3. The results demonstrate a significant reduction in mutual coupling between the two
ports, particularly for Mode 1* and Mode 2*. Additionally, the results for Mode 2* indicate a correction in the
radiation pattern, leading to enhanced performance of Port 2.

patch antennas were measured in the noisy environment to further validate the effectiveness of the DPCS,
as illustrated in Fig. 10e. The noisy environment included various electronic devices, such as computers, cell
phones, tablet PCs, etc. All measured results are shown in Figs. 11 and 12. Figure 11a displays the S parameters,
while Fig. 11b-e depict radiation patterns for each port. The measured results of the fabricated antennas with
DPCS show strong agreement with the simulation results. Figure 12a compares the S parameters of the measured
microstrip patch antennas with and without the proposed DPCS. The proposed DPCS significantly reduces
mutual coupling, achieving up to 80 dB at its peak and 60 dB within the operating frequency range, as shown in
Fig. 12a. Furthermore, the isolation measured in the noisy environment also demonstrates high performance, as
illustrated in Fig. 12b. Although slightly reduced compared to the results measured in the anechoic chamber, the
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o )
= S
() L, =22.66mm *
——L=11.39mm LE =23.66mm
-80 —L=11.89mm (opt) -80 [ ——L_=24.66mm (opt)
L =12.39mm ©
——L=12.89mm _— Lc =25.66mm
-90 -90
33 34 35 36 37 38 39 4 33 34 35 36 37 38 39 4 33 34 35 36 37 38 39 4
Frequency [GHz] Frequency [GHz] Frequency [GHz]
(a) (b) ()

Fig. 8. Parametric study for optimizing the proposed DPCS and its effect on S, (a) L, (b) L, and (c) L. The
results illustrate the influence of each parameter on isolation performance, demonstrating the optimal values
L=11.89 mm, L, = 24.66 mm, and L. = 10.5 mm for achieving high isolation.

maximum isolation reaches 70 dB, and it maintains 50 dB within the operating frequency range. This confirms
that the proposed DPCS achieves high isolation performance even in the noisy environment. Moreover, the
comparison between the measured results with and without the DPCS also reveals a substantial enhancement
in cross-polarization level, particularly for Port 1, while maintaining consistent performance for other planes.
In addition, Fig. 12e demonstrates the successful correction of the measured radiation pattern of Port 2, with an
improvement in realized gain of approximately 3 dB at the boresight. The realized gain of Port 1 was measured to
be approximately 4.5 dBi, consistent with the simulation results, and Port 2 also showed a gain of approximately
4.5 dBj, in strong agreement with the simulated values.

In addition to these results, ECC, DG, CCL, MEG, and TARC were evaluated to comprehensively assess
MIMO performance of the microstrip patch antennas with the proposed DPCS?2-%.

1) Envelope Correlation Coefficient (ECC): The ECC measures the degree of correlation between the output
signals of MIMO elements. An ideal ECC value is zero, and an acceptable value is less than 0.05. ECC can be
calculated using the following equation:

|S5:8i5 + 85:55;
(1= 18ul* = 1S551%) (1= 1S5]* = 1S55]°)

| 2

ECC =

(4)

2) Diversity Gain (DG): The DG indicates the reduction in transmission power when using a diversity scheme.
The ideal DG value is 10, with an acceptable value being greater than 9.99. DG can be calculated using ECC as

follows:
DG =104/1—|ECC|?

3) Channel Capacity Loss (CCL): The CCL quantifies the loss in channel capacity due to correlation between
MIMO antenna elements. The ideal value of CCL is zero, while an acceptable value is less than 0.4 bits/s/Hz. CCL
can be calculated using Egs. (6)-(9):

(5)

CCL = —log, (det (¥ ™)) (6)
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Fig. 9. Simulation results of the proposed microstrip patch antennas with the novel DPCS (a) S parameters
showing improved isolation compared to the initial microstrip patch antennas, (b) E-plane of Port 1, (c)
H-plane of Port 1, (d) E-plane of Port 2, (e) H-plane of Port 2, (f) surface current density of Port 1 for Port
1 excitation, and (g) surface current density for Port 2 excitation. The results demonstrate reduced mutual
coupling and improved radiation patterns with the application of the DPCS.

where.
q—/R — |: it %] :|
Vi Wjj @
Wi =1— (ISal* +1541%) (8)
Uj=— (S;'Sij + S;isij) 9)

4) Mean Effective Gain (MEG): The MEG measures how effectively a MIMO antenna collects and focuses power
in environments with multiple signal reflections. The MEG value should range from —3 dB to —12 dB and is

calculated as follows:
2
MEG; =05 (1— 2)
G 05( ijl\sj|

5) Total Active Reflection Coefficient (TARC): TARC is crucial for evaluating the performance of MIMO
antennas, representing the ratio of reflected to transmitted power. A low TARC value indicates efficient
transmission with minimal reflection, signifying good MIMO antenna performance.

(10)
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Fig. 10. Fabricated microstrip patch antennas and measurement setup (a) top view of fabricated antennas,
(b) bottom view of fabricated antennas, (c) measurement of radiation pattern setup in the anechoic chamber,
including the horn antenna used for testing, (d) measurement of S parameters setup in the anechoic chamber,
including the VNA used for testing, and (e) measurement of S parameters setup in the noisy environment,
including the VNA used for testing.

. \/(|S11 + 853’ |2) + (|Sz1 + 853’ |2) (11)

2

The simulated and measured results of MIMO performance are illustrated in Fig. 13. Figure 13a—e show the ECC,
DG, CCL, MEG, and TARC, in that order. All the measured results of MIMO performance closely matched the
simulated results within the operating frequency. ECC was lower than 2 x 10~%, DG was approximately 10, CCL
was lower than 0.2 bits/s/Hz, MEG was approximately —7 dB, and TARC was lower than —12 dB within the
operating frequency range in the anechoic chamber. Additionally, when measured in the noisy environment, ECC
remained below 5% 107, DG was approximately 10, CCL was below than 0.2 bits/s/Hz, MEG was approximately
—7 dB, and TARC was lower than — 12 dB. Based on these results, the proposed antennas with the novel DPCS
were highly suitable for sub-6 GHz 5G MIMO systems.

The proposed sub-6 GHz 5G MIMO antennas demonstrate significant improvements compared to recent
state-of-the-art designs, as shown in Table 1. None of the referenced designs, except®, offer the function of
pattern correction. Although the design in*®includes pattern correction, the authors did not provide any results
regarding crucial MIMO performance. Therefore, the design in’*has not been properly validated for MIMO
applications. Additionally, unlike the designs in?>-2, the proposed DPCS does not require additional space, and
its complexity was notably lower than that of other referenced works. Furthermore, many of the antennas listed
in Table 1 were not evaluated for key MIMO metrics such as CCL, MEG, and TARC, which are essential for
validating MIMO performance. In contrast, the proposed antennas exhibit superior MIMO performance across
all evaluated metrics. Due to their excellent performance, the proposed MIMO antennas are highly advantageous
for sub-6 GHz 5G MIMO systems.
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Fig. 11. Comparison between simulated and measured results of the proposed antennas with the novel DPCS
(a) S parameters, (b) E-plane of Port 1, (c) H-plane of Port 1, (d) E-plane of Port 2, and (e) H-plane of Port 2.
The results demonstrate strong agreement between simulation and measurement, validating the effectiveness of
the DPCS in achieving high isolation and radiation pattern correction.

Conclusion

This paper introduced a novel sub-6 GHz 5G MIMO antenna incorporating a novel DPCS to address the issues
of mutual coupling and radiation pattern distortion. The problematic characteristic modes that contribute to
these issues were identified utilizing CMA. Based on this analysis, the DPCS was strategically positioned at
specific locations to resolve these problems by reducing the generation of the problematic surface currents
associated with these modes. The proposed design demonstrated significant improvements, including a peak
isolation achievement of up to 90 dB and a realized gain increase of approximately 3 dB at the boresight in the
simulation.

The effectiveness of the proposed MIMO antenna was verified through simulations and measurements, which
showing strong agreement. Isolation up to 80 dB between the two microstrip patch antennas was achieved, with
an average of 60 dB across the operating frequency range. Moreover, measurements conducted in the noisy
environment, with various electronic devices, demonstrated high isolation performance, with a maximum
isolation of 70 dB and 50 dB within the operating frequency range. These results confirm the robustness of the
proposed DPCS in real-world scenarios. Additionally, the boresight gain was enhanced by approximately 3 dB.
In addition to excellent isolation and realized gain performance, the proposed design achieved favorable results
across key MIMO performance metrics, including ECC (<2x107), DG (~10), CCL (<0.2 bits/s/Hz), MEG
(7.6 ~ =7 dB), and TARC (< —12 dB) in the anechoic chamber. Furthermore, in the noisy environment, the
design maintained robust performance with ECC remaining below 5x 107%, DG at approximately at 10, CCL
below 0.2 bits/s/Hz, MEG at around —7 dB, and TARC under — 12 dB, demonstrating its effectiveness in real-
world conditions.

Compared to other state-of-the-art decoupling techniques, the proposed DPCS offers superior performance
without the need for additional space or increased structural complexity, making it ideal for sub-6 GHz 5G
MIMO systems. The proposed antenna system effectively addresses the growing demand for higher data rates,
improved reliability, and efficient use of the wireless spectrum, indicating it as a promising solution for 5G
and next-generation wireless communication networks. While the proposed design demonstrates significant
advantages, its current optimization for a specific frequency range may limit its applicability to broadband or
multi-band systems. Future work could focus on extending the design for broader frequency ranges, improving
its scalability for multi-band applications, and enhancing its integration with compact MIMO systems.
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Fig. 12. Comparison between measured microstrip patch antennas (a) Comparison of S parameters between
measured microstrip patch antennas with DPCS and without DPCS, (b) Comparison of S parameters between
measured microstrip patch antennas with noise and without noise, (c) E-plane of Port 1, (d) H-plane of Port
1, (e) E-plane of Port 2, and (f) H-plane of Port 2. The results demonstrate the significant improvements in
isolation and radiation pattern correction achieved by implementing the DPCS.
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Fig. 13. MIMO performance comparison between simulation and measurement for (a) ECC, (b) DG, (c)
CCL, (d) MEG, and (e) TARC. The results confirm strong agreement between simulated and measured data
both in anechoic and noisy environments. The measurements in the noisy environment show slightly degraded
but still robust performance, validating the effectiveness of the proposed design in maintaining superior
MIMO performance metrics under real-world conditions.

Isolation
Freq. (dB)
Pattern Extra | (GHz) Gain CCL TARC | MEG

Ref. | Technique Correction | Complexity | Space | (FBW) Max. | Min. | (dBi) ECC (bits/s/Hz) | (dB) (dB)
3-6 -3

22 ESS X Complex O (66.6%) 40 13 | 7.96 4x10 0.2 <-8 —-72~—6

Meta 2.76-4.3 3

23 surface X Complex (@) (43.6%) 50 35 | 10.5 10 0.4 <-10 | -85~-6

3.55-3.7
Meta

44-5 30 20 | 7.57 = <-4

24 ierfifclictor X Complex O (4.1%, o1 50 |56 10 0.4 <10 —-14~-7
12.7%)

N ) 4.9-5.06 .

25 Parasitic Patch | X Simple X (3.2%) 21.3 20 |2 5% 10 N/A N/A N/A

26 |EBG+DGS |O Complex | X ?ﬁ/jj 70 5205 NA  |N/A N/A | N/A

27 |EBG X Simple X 5513511335 35 18 |57 3%10° | N/A N/A | N/A
2.24-2.42
5.1-53 21 21 | -1.21 3

28 EBG X Complex X (7.8%, 148 4 | —115 10 N/A N/A N/A
3.8%)

This . 3.58-3.71 »

work DPCS O Simple X (3.6%) 80 60 | 4.3 2x10 0.2 <-12 | =7.6 ~=7

Table 1. Comparison of Sub-6 GHz MIMO antennas.
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