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1. INTRODUCTION

Internet of things (loT)-enabled automation technology is rapidly evolving in the field of
communication. A key benefit of this technology is its capability to manage and monitor multiple devices
and systems from a centralized platform, such as a smartphone or tablet [1]. Furthermore, smart devices can
communicate with each other through wireless protocols like Wi-Fi. To facilitate dual communication in
such smart devices, the antenna system should be a dual-resonance multiple-input-multiple-output (MIMO)
antenna array system [2]. However, in 10T environments where compact smart devices host multiple wireless
applications, space constraints pose challenges for integrating antenna array elements [3]. This necessitates
the design of compact dual-resonance antenna arrays, which lead to more space-efficient solutions [4]. A
compact antenna, serving as an array element, enables the realization of smaller antenna arrays. Various
methods for designing dual-resonance antennas are discussed by the researchers. For instance, the coplanar
waveguide feeding technique has been explored in [5], for achieving dual-resonance operation in rectangular
patches, though this method suffers from higher losses compared to other approaches. Fractal antenna design
is a widely used approach for enabling dual-resonance in patch elements [6]. Several resonances are
generated in the fractal antenna, allowing a dual-resonance operation. However, this approach can produce
unwanted resonant frequencies and does not allow for independent tuning of each frequency band. Multiple
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patches have been integrated into single antenna design to achieve dual-resonance operation as reported in
[7], but connecting individual patch elements for independent tuning often results in larger antenna sizes.
Other methods, such as truncating patch corners [8], using metamaterials [9], or incorporating frequency-
selective surfaces (FSS) [10], have also been investigated. While these techniques show promise, they come
with limitations, such as increased design complexity, difficulty in replicability, and large dimensions, which
are unsuitable for compact 10T devices. Slot incorporation in patch elements can achieve dual-resonance
functionality [11], but it may reduce the antenna's gain. Similarly, monopole antennas have been adapted for
dual-resonance operation [12], but ensuring precise resonance frequencies remains a challenge. Overall,
many dual-resonance antenna designs reported in the literature are either too large, complex, or lack the
ability to independently tune frequency bands, making them less practical for loT-based wireless
applications. The findings are summarized in Table 1.

Table 1. Summary of dual-resonance technigues

Technique Advantages Limitations Suitability for loT
Coplanar Enables dual-resonance in Higher losses, limited efficiency Comparatively it has more
waveguide (CWP) rectangular patches, planar losses
feeding structure

Produces unwanted resonant
frequencies, no independent tuning of
bands

Fractal antenna Compact geometry Moderately suitable,

tuning limitations

Multiple patch
integration

Corner truncation of
patch

Metamaterials

Allows dual-resonance operation,
potential for independent tuning
Simpler design modification can
shift resonance

High design flexibility, enhances
miniaturization and bandwidth

Increases overall antenna size, complex
interconnection

Limited tuning range, may affect
radiation pattern

Complex design and fabrication,
replication issues

Poor fit for compact loT
applications

Partially suitable, limited
control over frequency
Complex for mass
deployment in loT

FSS Can improve bandwidth Increases antenna size Not compact enough for
loT

Slot incorporation Enables dual-resonance, easier Requires careful optimization Suitable with controlled

in patch integration in planar design optimization

Monopole antennas ~ Compact, simple structure Precise tuning is difficult, limited Compact but less

with modifications control over dual bands frequency control

Closely spaced antenna elements within an antenna array often experience mutual coupling, which
can significantly degrade the array's performance [13]. Various techniques have been developed to mitigate
mutual coupling in MIMO antenna arrays. One such technique is the defected ground structure (DGS) [14],
where specific slot shapes are etched into the ground surface to reduce mutual coupling. However,
incorporating DGS into antennas with a full ground surface may reduce the total gain and efficiency of the
antenna with DGS. Another approach involves using metamaterials to suppress surface waves, thereby
improving isolation in multi-antenna systems [15]. Despite their effectiveness, the application of
metamaterials is limited by their high cost and limited availability. Stub elements can also be used to reduce
mutual coupling [16], although the level of improvement achieved is relatively minor. Neutralization lines,
which connect adjacent antenna elements [17], are effective in canceling mutual coupling but add complexity
to the array design. An electromagnetic band-gap (EBG) structure is another popular method for enhancing
isolation in antenna arrays [18]. EBG structures act as bandstop filters and are known to provide higher
isolation levels compared to other techniques. Additionally, they are relatively simple to design, making them
an attractive solution for reducing mutual coupling in MIMO antenna arrays. Shorting pins are also used to
minimize mutual coupling currents between ports [19], but they require precise design to avoid adverse
effects on other antenna parameters. The comparison of mutual coupling reduction techniques is presented in
Table 2.

This work aims to design a compact dual-resonance MIMO antenna array that supports dual
frequency bands for 10T applications with reduced mutual coupling. The array is constructed using an
economical FR4 substrate and operates at dual frequencies of 3.6 GHz and 5.4 GHz. These dual-resonance
operations are achieved by incorporating a ground slot and a stub, allowing independent tuning of each
frequency band. To minimize mutual coupling among antenna elements, an additional EBG element is
integrated into the antenna array. The methodology used in this research is detailed in section 2. The design
of a compact dual-resonance antenna is described in section 3. The development of the dual-resonance
antenna array with EBG is covered in section 4. Section 5 discusses the testing and results of the fabricated
antenna array prototype, while section 6 concludes the findings of the study.
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Table 2. Comparison of mutual coupling reduction techniques
Technique Working principle Advantages Limitations
DGS Etching specific slot shapes into the Simple to implement; Can reduce total gain and

ground to disturb current distribution
and reduce coupling.

Use of engineered structures to
suppress surface waves and prevent
mutual interaction.

Placement of resonant stubs between
elements to cancel coupling-induced
currents.

Direct connection between adjacent
elements to cancel induced mutual
coupling currents.

Periodic structures that act as bandstop
filters to suppress surface waves.

Metamaterials

Stub elements

Neutralization lines

EBG structures

effective mutual coupling
suppression.

High isolation; effective over
a broad frequency range.

Easy fabrication; low
implementation cost.

Highly effective for reducing
coupling between closely
spaced elements.

Provides high isolation;
relatively easy to design and
integrate.

efficiency due to disrupted
ground continuity.

High cost and limited
availability restrict widespread
use.

Offers only marginal
improvement in isolation.

Increases design complexity
and may affect impedance
matching.

Requires careful design and
optimization for specific
frequency bands.

Shorting pins Vertical conductive vias connecting the  Effective for compact arrays; Requires precise placement to
patch to the ground to divert mutual enhances port isolation. avoid negatively affecting
currents. radiation performance.

2. METHOD

The method employed for the development of the small-size dual-resonance MIMO antenna array is
illustrated in Figure 1. Following these design steps allows the designer to develop a low mutual coupling
dual-resonance antenna array for the desired frequency applications. This process can act as a guide for

researchers aiming to adapt the proposed antenna array design to other wireless frequency applications.

Design of Parametric analysis
compact patch and optimization of
antenna the compact patch

antenna

Performance
analysis of the
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Design and

optimization of antenna

array of the compact
patch employing
diversity scheme

J L

Design of the isolation

enhancer

JL

Experimental
validation of
the simulated
results
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Parametric analysis
and optimization of

the antenna array with
the isolation enhancer

Figure 1. Design method

The design process of a compact patch antenna begins with the selection of a suitable substrate
material, considering its dielectric constant (g;) and loss tangent (tan J), as these parameters significantly
influence the antenna's size, efficiency, and overall performance. A substrate with a higher dielectric constant
helps in reducing the physical size of the antenna, making it ideal for compact applications. Once the
substrate is chosen, the next step involves determining the operating frequency and using standard microstrip
antenna design equations to calculate the initial patch dimensions such as width and length. An appropriate
feeding technique is then selected based on the compactness and performance requirements of the design.

A variety of methods have been explored to achieve dual-resonance in compact antenna designs,
particularly for array applications [20]. Select one of the method suitable for user application. The
optimization of a compact dual-resonance patch antenna involves performing parametric analysis using a
simulation tool like high-frequency structure simulator (HFSS). Key design parameters such as patch
dimensions, slot size, feed position, and substrate height are defined as variables. These are systematically
varied to study their impact on performance metrics like return loss and resonance frequencies. An
optimization routine is then applied to achieve the desired dual-resonance behavior with good impedance
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matching. This approach ensures a compact, high-performance antenna design suitable for modern wireless
applications.

Arrange multiple patch elements in a suitable configuration (linear or planar), ensuring adequate
spacing to minimize mutual coupling. Incorporate coupling reduction techniques such as DGS, EBG
structures, or isolation slots. Choose an appropriate feeding method (e.g., microstrip or coaxial) and ensure
proper impedance matching. Simulate the array using tools like HFSS to analyze return loss, isolation, gain,
and MIMO performance metrics such as envelope correlation coefficient (ECC) and diversity gain (DG).
Finally, fabricate and test the prototype, and optimize the design based on measured results. To validate the
simulated performance of the MIMO antenna array, begin by measuring the S-parameters using a vector
network analyzer (VNA) and compare them with the HFSS simulation results. Conduct radiation pattern
measurements in an anechoic chamber or open-area test site to assess real-world behavior.

3. COMPACT DUAL-RESONANCE ANTENNA

Initially, a simple single resonance antenna, operating at 5.4 GHz and fed through a microstrip line,
was designed using established design equations given in [21]. This single-resonance antenna is then modified
to yield a dual-resonance antenna by integrating a stub element, as illustrated in Figure 2. Figure 2(a) depicts
the top view of the proposed antenna and Figure 2(b) presents the bottom view of the dual-resonance antenna.
To further improve the dual-resonance performance patch and ground slot were added. The ground slot was
etched below the position of the stub. The compact dual-resonance antenna is analyzed through parametric
analysis. The final dimensions of the dual-resonance antenna are summarized in Table 3.

[ Lp | .
stul? l— S2 1—»
;rs 2 L o
S3
| T
4 Wp Wt
l —xl—w ‘
I‘,f
- (a) (b)

Figure 2. Dual-resonance antenna; (a) top view of the patch and (b) bottom view revealing the ground slot
located on the underside of the antenna

Table 3. Dimensions of dual-resonance antenna
Parameter Wp Lp W L W Li X3 S S S S& Wt Lt Lg Wg
Dimensions (mm) 7 14 20 20 65 2 35 7 1 05 2 4 15 13 22

3.1. Parametric analysis

The ability of the dual-resonance antenna to independently tune its two frequencies is verified
through a parametric analysis as illustrated in Figure 3. The results, presented in Figure 3(a), illustrate how
the resonant frequency shifts in response to variations in the width of the horizontal stub arm (S2). It was
observed that the return loss at 3.6 GHz frequency is significantly affected by changes in S2, whereas the
5.4 GHz frequency remains largely unaffected. This verifies that the 3.6 GHz resonance component is
independently tuned by tuning the dimensions of S2.

The impact analysis of the ground slot width (Wg) variation on both frequency bands is depicted in
Figure 3(b). The analysis reveals that resonance components centered at 3.6 GHz do not show any variations
by change in the value of Wg. While the variation in the ground slot width varies the frequency components
at the 5.4 GHz frequency band. It indicates that the ground slot width independently tunes the 5.4 GHz
frequency band.
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Figure 3. Independent tuning of the dual-resonance frequency bands; (a) at 3.6 GHz and at 5.4 GHz

4. COMPACT DUAL-RESONANCE ANTENNA ARRAY WITH ELECTROMAGNETIC BAND-
GAP

The compact dual-resonance antenna array with EBG is depicted in Figure 4(a). It features
symmetric placement of two identical compact dual-resonance antenna elements at a specified distance
(d)=12 mm from each other. Due to limited space for placing the antenna array within a portable wireless
device, the two antenna elements are closely positioned. The mushroom EBG structure reduces the mutual-
coupling within the antenna array. Low mutual-coupling is crucial for the effective performance of an
antenna array. A mushroom EBG was designed and positioned at the center of the antenna array, as shown in
Figure 4(a). The EBG structure was optimized with patch dimensions of el=e2=4 mm, and the via radius r
was fixed at 0.7 mm, calculated using design equations given in [22]. The three EBG elements act as a
stopband filter. The separation distances m=2 mm and t=2 mm along the y-axis and x-axis, respectively,
between the EBG elements, were optimized for optimal performance. The array has an overall width (W)=20
mm and length (L)=50 mm.

Figure 4(b) showcases a 4 dB improvement in isolation compared to the isolation level measured
without EBG. The proposed dual-resonance antenna array with EBG showcases a mutual coupling of 36 dB
and 37 dB at 3.6 GHz and 5.4 GHz frequency respectively.
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Figure 4. Compact dual-resonance antenna array with EBG; (a) top view and (b) effect of EBG on mutual-
coupling

5.  RESULTS AND DISCUSSION

The compact dual-resonance antenna array with EBG, designed with the optimized dimensions
outlined in section 4, was fabricated, as shown in Figure 5(a). Figure 5 exhibits the manufactured prototype
and its return loss characteristics. The prototype was tested using a VNA to extract S-parameters. The
performance of the proposed antenna array was validated by obtaining the measurement results discussed in
this section.
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5.1. Return loss

The S11 parameter was evaluated using a 2-port network analyzer. As illustrated in Figure 5(b), the
test values of the return loss are in good agreement with simulated values at both frequency bands. However,
minor discrepancies in the measured reflection coefficient values compared to the simulated results are
evident, which can be attributed to slight manufacturing imperfections.

| —Simulated
==+« Measured

|S11|dB

2 2.5 3 35 4 45 5
Frequency(GHz)

(b)

Figure 5. Return loss of manufactured prototype; (a) manufactured prototype and (b) variation of return loss
with frequency for the manufactured prototype

o
n
a

5.2. Mutual coupling

The mutual coupling between the antenna elements in the proposed array with EBG was measured.
The measured S21 values were obtained using the two-port network analyzer, while the simulated inter-port
coupling coefficients were generated using HFSS simulation software. Figure 6 presents the plots of the
coupling coefficients (S21) with the variation in the frequency, both the plot shows matching at both the
frequency components. The isolation remains below 35 dB for both frequency bands. However, minor
deviations in the measured values compared to the simulations, can be attributed to connector and
manufacturing losses.
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Figure 6. Mutual-coupling variation with frequency

5.3. Radiation pattern and gain

The radiation properties of the designed antenna are illustrated in Figure 7. Figure 7(a) compares the
E-plane (¢p=0°) radiation characteristics at 3.6 GHz, while Figure 7(b) presents the H-plane (¢=90°) radiation
properties at the same frequency. Additionally, Figures 7(c) and (d) depict the E-plane and H-plane radiation
properties at 5.4 GHz. The results demonstrate that the antenna maintains stable radiation characteristics at
both frequencies, achieving a gain of 2.2 dB at 5.4 GHz and 1 dB at 3.6 GHz.
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Figure 7. Radiation characteristics; (a) E-plane at 3.6 GHz, (b) H-plane at 3.6 GHz, (c) E-plane at 5.4 GHz,
and (d) H-plane at 5.4 GHz

5.4. Envelope correlation coefficient

The ECC provides insight into the mutual-coupling level between the antenna elements. Using (1),
the ECC is calculated from S parameters to be 0.05 at 3.6 GHz and 0.07 at 5.4 GHz, indicating satisfactory
MIMO performance.

ECC = IS11S12+531522| (1)
(1-181112=182112)x(1=1S2112~(S1212)

5.5. Total active reflection coefficient

Total active reflection coefficient (TARC) is another important parameter for evaluating the MIMO
performance of an antenna array in MIMO applications. The TARC values, derived from the measured and
simulated S-parameters using (2). Both measured and simulated TARC values are below the threshold of 35
dB for both frequency bands, demonstrating satisfactory MIMO performance.

J(|511+512 eJ012)+(|Sz1+522€7912)

TARC = 5 @)

5.6. Diversity gain

Diversity between antenna elements in an antenna array is a critical requirement for MIMO
applications. The level of diversity is quantified by measuring the DG. Calculated from the ECC value using
(3), the DG is 9.9 dB at both 3.6 GHz and 5.4 GHz, indicating satisfactory MIMO performance across both
frequency bands.

DG =10 x /(1 — [0.99ECC[?) ©)
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5.7. Comparison with reported designs

The proposed antenna array is compared with reported designs from the literature, as shown in
Table 4. Where Xorepresents the free space wavelength corresponding to highest frequency band of operation
of the antenna array. The proposed antenna array features a compact dual-resonance design, achieves
significantly higher isolation, and independent tuning capabilities compared to its counterparts.

Table 4. Comparison with reported designs

Parameter/ Size Substrate Decoupling Dual-resonance Mutual coupling ECC
references mechanism tuning (dB)
[23] 2.9 0x1.47 Ao FR4 Self Non-independent 15 0.02
[24] 027 %x047%  FR4 Stub-loading Non-independent 21 0.004
[25] 3.750x1.87h  FR4 DGS Independent 12 0.18
[26] 3.184%2.32 %  Rogers RO4003 DGS Non-independent 18 0.007
[27] 2.5 0%1.25 Ao FR4 Self Non-independent 25 0.17
Proposed  0.90 2,x0.36 0 FR4 EBG Independent >35 0.05

6. CONCLUSION

In this work, a compact dual-resonance MIMO antenna array has been successfully designed and
demonstrated for loT-based wireless communication systems. The antenna exhibits resonant behavior at
3.6 GHz and 5.4 GHz, catering to dual-band operation with excellent MIMO performance metrics, including
low mutual coupling and high port isolation. The measured results closely align with the simulated data,
validating the design’s accuracy and robustness. Notably, the antenna maintains a compact footprint while
offering independent tuning of each frequency band, which enhances its adaptability across different wireless
standards.

The proposed design stands out in comparison to existing MIMO solutions, owing to its simplicity,
compactness, and superior isolation characteristics making it particularly well-suited for compact device l0T
applications. Furthermore, the design's scalability and tunability present opportunities for adaptation to
additional frequency bands, supporting future wireless systems.

Looking ahead, the antenna design can be extended to support frequency and pattern
reconfigurability through the integration of tunable components. Moreover, miniaturization techniques,
flexible materials, and system-level integration with energy harvesting or reconfigurable networks could
further enhance its applicability. These directions present a promising scope for future research in developing
versatile, high-performance antenna systems for next-generation loT and wireless communication
technologies.
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