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Abstract— In this paper, a compact dual-band eight-mode substrate-integrated wave NEMSIW)
MIMO (Multiple-Input Multiple-Output) antenna is presented for S and C b ications. By
utilizing the EMSIW approach, the electrical size of the antenna is reduced to,£/8th/0f a conventional
square SIW cavity resonator. The eight-mode configuration preserves the inant mode at the same
frequency, while significantly reducing the antenna size. The dor.nin%node resonates at 2.5 GHz,
and a higher-order mode operates at 5.8 GHz by incorporatin & the design. To improve the
radiation pattern at 5.8 GHz, the surface current nulls ne &enter of the EMSIW patch are
reshaped, enhancing broadside radiation. The 2x2 I\ﬁllr\/@ﬁ

coupling by maintaining specific electric and magneti

field interaction between the antenna ports. ri on a low-cost FR4 substrate, the proposed
MIMO antenna demonstrates excellent agr%

nna is designed to minimize mutual

onfigurations, ensuring minimal electric

between simulated and measured results. This
compact design is a promising solution fo Ea;telllte S-band and C-band applications, offering enhanced

higher-order mode radiation perf e and minimal mutual coupling.

Index Terms— MIMO Antenna@, EMSIW, S band, ¢ band, higher order mode.

I. INTRODUCTION
ereless communication systems, particularly in the S and C bands, demands
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The rapid developme
compact and efficie
elements. The 'A' antenna systems play a critical role in meeting these requirements, as they enhance
data rates Q&em capacity by exploiting spatial diversity and multiplexing [1-2]. However, achieving

€
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ennas with multi-band operation and minimal interference between antenna

MIMO designs while maintaining performance, especially at higher frequencies, remains a

ant challenge. One approach to address this issue is through the use of substrate-integrated waveguide
(SIW) technology, which offers high performance, low loss, and ease of integration, while ensuring reduced
interference between ports in MIMO systems [3-5].

MIMO antennas designed for the S and C bands have a wide range of applications in modern wireless

communication systems, where their ability to enhance data rates, improve capacity, and ensure signal


mailto:2021rec9502@mnit.ac.in
mailto:rpyadav.ece@mnit.ac.in
mailto:mms.ece@mnit.ac.in

reliability is highly valuable [6-8]. One of the primary applications is in 5G wireless networks. In the S
band (2-4 GHz), MIMO antennas support mid-band 5G frequencies, providing a balance between coverage
and capacity. This makes them ideal for suburban and rural areas where long-range communication is
essential [9]. On the other hand, the C band (4—8 GHz) is crucial for urban deployment, where high data rates
and network efficiency are required to manage dense traffic [10]. The C-band spectrum in 5G networks offers
a balance between coverage and capacity, enabling faster speeds without compromising range [11].
Another key application is in satellite communications, where both S and C bands are used for different
purposes. The S band is employed in satellite systems for telemetry, tracking, and control (TT&C)
operations, ensuring stable communication between ground stations and satellites [12-14]. MIMO technology
in this band improves signal reliability and reduces interference through spatial multiplexing, which is
essential for maintaining the quality of satellite links [15-17]. In the C band, MIMO antennas are extensively
used in satellite-based communication systems, including broadcasting and internet services. The high
resilience of C-band signals to rain fade makes them ideal for reliable, high-quality communication in tropical
and subtropical regions [18-22].

Other notable applications include radar systems and wireless backhaul networks, where MIMO antennas
in the S and C bands provide enhanced target detection, signal processing, and long-distance data
transmission [23]. These bands are also used in public safety communications, ensuring robust and reliable
links in emergency and disaster management scenarios. The ability of MIMO technology to minimize
interference and optimize bandwidth utilization makes it essential in these critical applications [24].
Substrate-Integrated Waveguide (SIW) technology is widely used for high-frequency applications due to its
ability to confine electromagnetic waves between two metalized via arrays, providing characteristics similar
to traditional waveguides but with the advantages of planar structures. However, conventional SIW cavity
resonators are often limited in size, posing challenges for compact designs [8-12]. To overcome this, a
miniaturized SIW configuration known as the Eight-Mode Substrate-Integrated Waveguide (EMSIW) has
been introduced. EMSIW reduces the electrical size of the resonator to 1/8th of that of a conventional SIW
cavity, while maintaining the desired electromagnetic properties [24-30]. The proposed EMSIW design

allows for a significant size reduction without compromising performance.

A comprehensive literature survey reveals various dual-band MIMO antennas designed for S and C band
applications, many of which rely on conventional SIW or microstrip technology. While these designs offer
dual-band operation, they often suffer from larger sizes or higher mutual coupling, making them less ideal
for compact wireless systems. The proposed EMSIW MIMO antenna stands out due to its novel use of



miniaturized SIW technology and innovative design strategies to enhance radiation patterns while

maintaining low mutual coupling.

The proposed compact dual-band eight-mode EMSIW MIMO antenna introduces several novel design
aspects targeting S- and C-band applications. This work advances the concept by reducing the antenna’s
electrical size to one-eighth of a conventional square SIW cavity resonator without compromising the
dominant mode operation at 2.5 GHz. A higher-order mode at 5.8 GHz is excited through strategic slot
incorporation, enabling efficient dual-band functionality. Additionally, to enhance broadside radiation at 5.8
GHz, the current distribution is modified by reshaping nulls near the center of the EMSIW patch. The
proposed 2x2 MIMO configuration further improves performance by employing optimized electric and
magnetic wall boundaries, which effectively reduce mutual coupling and electric field interaction between
antenna elements. This integration of slot-assisted higher-order mode excitation, radiation pattern
enhancement, and improved MIMO isolation within a miniaturized EMSIW framework represents a
significant advancement over existing designs and establishes the antenna as a strong candidate for compact

satellite communication systems in the S- and C-band.

I1. DESIGN OF DUAL BAND EMSIW ANTENNA
A. Proposed Antenna Geometry

Figure 1 illustrates the schematic design of a compact dual-band Eight-Mode Substrate-Integrated
Waveguide (EMSIW) antenna and its 2x2 MIMO configuration. Figure 1(a) shows the layout of a single
EMSIW antenna element. The EMSIW approach enables significant miniaturization compared to
conventional SIW designs by reducing the electrical size to 1/8th of that of a typical SIW cavity. The
triangular slot and circular resonators (marked by r1, rz, and rs) are key design features that tune the antenna’s
higher-order mode resonance, specifically at 5.8 GHz. The electrical field and surface current distribution
are tailored by these elements to enhance the broadside radiation pattern.

The dotted circular pattern near the bottom of the antenna represents the array of metalized vias, which
confine the electromagnetic fields within the waveguide, ensuring low loss and proper wave propagation.
Figure 1(b) shows the 2x2 MIMO antenna configuration created by replicating the single EMSIW antenna
four times in a symmetrical arrangement. The overall size of the MIMO structure, which is compact, with an
area of 50 x 50 x 2.4 mm3, making it suitable for 5G applications. The physical parameters of proposed
antenna represented in Table-I. The MIMO configuration is designed to minimize mutual coupling between
the individual antenna elements, as the electric and magnetic walls within the EMSIW structure help to reduce

interference between ports.



B. Modal Analysis of Square SIW Antenna

Figures 2 and 3 provide a detailed modal analysis and electric field (E-field) distributions of various
Substrate-Integrated Waveguide (SIW) resonators, highlighting their performance at fundamental and
higher-order modes. In Figure 2, the comparison between different SIW configurations demonstrates how

changes in the geometry lead to miniaturization and enhanced performance.

Starting with Figure 2(a), the standard square SIW resonator confines electromagnetic waves using metalized
vias along the boundaries, creating electric and magnetic walls that define the waveguide’s cavity. This
configuration displays a uniform field distribution in the fundamental mode but has limited size reduction
capabilities. To address this, Figure 2(b) shows the Full Mode SIW (FMSIW), which reduces the antenna's
electrical size by folding the structure, effectively concentrating the energy towards the boundaries. This
modification enables compactness while maintaining effective electromagnetic wave propagation. Further
miniaturization is demonstrated in Figure 2(c) with the Quarter-Mode SIW (QMSIW) resonator, which
reduces the original square cavity to one-quarter of its size by introducing both electric and magnetic walls
in a strategic layout. The field distribution is no longer symmetric, as energy is confined to a smaller region,
allowing for a significant reduction in size without altering the resonance frequency. Finally, Figure 2(d)
presents the Eight-Mode SIW (EMSIW) resonator, which achieves even more substantial miniaturization by
reducing the size to 1/8th of the conventional SIW cavity. The triangular and slot modifications in this design
reshape the field distribution, enabling the resonator to operate at dual bands while maintaining a compact

form factor, crucial for applications such as MIMO antennas.

Figure 3 complements this modal analysis by illustrating the E-field distributions of the square SIW resonator
across different operating modes. In Figure 3(a), the E-field at the fundamental mode (2.5 GHz) exhibits a
symmetric distribution across the square cavity, with the strongest field intensity at the center, which is
typical for low-frequency operation. At higher frequencies, as shown in Figures 3(b) and 3(c), the resonator
excites two orthogonal higher-order modes at 4.5 GHz, where the E-field patterns become more complex
with multiple nulls and peaks. These orthogonal modes are essential for dual-polarized or multi-band
applications, as they provide different radiation characteristics at the same frequency. Finally, Figure 3(d)
shows the E-field distribution at 5.8 GHz, where the resonator supports a higher-order mode with a highly
localized and intricate field pattern. This mode is especially important in the EMSIW design as it enhances

the broadside radiation, improving the antenna’s performance at higher frequencies.



Together, these figures demonstrate the evolution from conventional square SIW resonators to more compact
designs like FMSIW, QMSIW, and EMSIW, all of which achieve significant size reductions while
maintaining or even improving performance in terms of dual-band operation and radiation characteristics.
The modal analysis and field distribution provide valuable insights into how these SIW configurations
manipulate the electromagnetic fields to achieve miniaturization and performance optimization, making them
suitable for modern wireless communication systems, particularly in MIMO applications for S and C bands.

The resonant frequency of the SIW resonator can be calculated using the equation given in [28]:

2 2
fmno = 57= (Leﬁ) + (WW) Eq. (1)

where c is the speed of light in a vacuum, &, is the relative permittivity of the substrate, and m and n are the

mode numbers. The effective width and length of the SIW cavity L.sf, and W, are given by the following

equations:
dZ
Leff = Lp ~ D95s Eq (2)
dZ
Werr =Wp — 5oss Eq. (3)

Here, L, and W, represent the physical width and length of the SIW cavity, respectively. The parameters d

and s denote the diameter of the vias and the spacing between them.

C. Designing CRSL QMSIW Antenna

Figure 4 illustrates the evolution of the SIW antenna, focusing on miniaturization techniques and performance
improvements. The explanation begins with Fig. 3(a), which shows a conventional QMSIW antenna. This
configuration divides the original SIW cavity into a quarter, with two sides having electric walls (EW) and
the other two sides having magnetic walls (MW). The magnetic walls are responsible for the radiation of the
fundamental mode, while a non-contact coaxial feed excites the mode within the cavity. This design
significantly reduces the antenna’s size while maintaining the same resonant frequency, offering a compact

solution for wireless communication applications.

Moreover, the current distribution is more intense along the magnetic walls, as depicted in Fig. 5(a), which
highlights the contrast in surface current density between the magnetic and electric walls. This behavior is
essential for understanding how the quarter-mode operation efficiently uses space while preserving radiation

performance.



Fig. 5 (b) provides a parametric study of the antenna’s S11 plot. This plot is crucial for examining the
antenna's impedance matching, which can be adjusted by strategically placing the feed. The antenna's
impedance and resonant frequency are greatly influenced by the feed position; designers can ensure that the
antenna obtains a good match (low S11 value) at the intended operating frequency by modifying the feed
location. This parametric analysis demonstrates of the QMSIW design, as the feed location can be modified
to optimize the antenna’s performance.

Fig. 5 (c) displays the far-field radiation pattern of the QMSIW antenna operating at a frequency of 2.5 GHz
for two different angle planes, phi = 0° and phi = 90°. In both cases, the antenna exhibits broadside radiation,
meaning that the majority of the energy it emits is oriented perpendicular to the plane of the antenna. This
broadside radiation is a characteristic of the antenna’s fundamental mode, where the fields are symmetrically
distributed across the antenna’s surface, allowing for efficient radiation in the desired direction. At this
fundamental mode of operation, the antenna achieves a gain of 3.8 dBi(theta=0°), which indicates a

moderately focused radiation pattern.

Fig. 3(b) introduces the Eight-Mode Substrate-Integrated Waveguide (EMSIW) antenna, which further
reduces the size by using a triangular cavity shape. The triangular design not only decreases the electrical
size but also allows for efficient field confinement due to the strategic placement of the magnetic and electric
walls. The parametric study in Fig. 6(a) illustrates the impact of varying the substrate height (h) on the
bandwidth performance of the EMSIW antenna. Increasing the substrate height from 0.8 mm to 3.2 mm leads
to a noticeable shift in the resonant frequency and broader bandwidth, but at the cost of higher surface wave
losses and increased mutual coupling. Therefore, a substrate height of 2.4 mm is considered an optimal
choice, offering a trade-off between performance and structural efficiency. The EMSIW antenna is perfect
for applications requiring compact antennas since it supports dual band at 2.5 GHz and 5.8 GHz while
keeping compact dimensions. The corresponding S11 plots shown in Fig.6(b).

The radiation patterns of the dual-band EMSIW antenna are shown in Fig. 6(c) and Fig. 6(d) for its two
operating frequencies: 2.5 GHz and 5.8 GHz, respectively. At 2.5 GHz, the antenna operates in its
fundamental mode, and the radiation patterns are plotted for two angular planes, phi = 0° and phi = 90°. In
both planes, the antenna demonstrates broadside radiation. At this frequency, the antenna achieves a gain of
2.5 dBi at theta = 0°, indicating that the antenna effectively radiates energy in the desired direction with

moderate focus and efficiency.



At the higher frequency of 5.8 GHz, the antenna operates in a higher-order mode, and the radiation pattern
undergoes a significant change. As shown in Fig. 6(d), the radiation pattern becomes conical for both phi =
0° and phi = 90° planes. This conical radiation indicates that the energy is no longer focused in the broadside
direction but instead radiates at an angle off the main axis, creating a doughnut-shaped pattern. The antenna

shows a gain of -0.5 dBi at theta = 0° at this higher frequency, which is less than the gain at 2.5 GHz.

The reduction in gain at 5.8 GHz is attributed to surface current nulls or out-of-phase current distributions
near the center of the antenna, as shown in Fig. 7. These surface current nulls result in destructive interference,
reducing the overall radiation efficiency in the broadside direction. The higher-order mode creates these
current distributions, leading to a more complex radiation pattern and a decrease in gain at the higher
frequency. Despite this, the antenna’s dual-band capability offers flexibility for applications that require both
broadside radiation at lower frequencies and more specialized radiation patterns at higher frequencies.

Finally, Fig. 3(c) presents the slot-loaded EMSIW antenna, which incorporates circular slots into the
triangular EMSIW cavity. These slots modify the surface current distribution, enabling better control of the
resonant frequencies and improving the radiation pattern in broadside direction, especially at higher-order
modes. This design allows for dual-band operation, with one mode operating at a lower frequency and the
other at a higher frequency. The slot-loaded EMSIW antenna is optimized for enhanced performance while
remaining compact, making it well-suited for dual-band applications like 5G and other modern wireless
systems.

Fig. 8(a) and Fig. 8(b) present a parametric study of the r2 and 12 parameters of the slotted EMSIW antenna.
By varying these parameters, the antenna's operating frequency and surface current distribution are
significantly affected, allowing the antenna to resonate at both 2.5 GHz and 5.8 GHz with enhanced radiation
patterns and improved gain in the broadside direction. The careful tuning of these parameters ensures that

the antenna operates efficiently at these frequencies while optimizing its radiation characteristics.

The slotted EMSIW antenna'’s surface current distribution at 2.5 GHz and 5.8 GHz is displayed in Fig. 9. The
antenna is functioning in its fundamental mode at 2.5 GHz, with a uniform current distribution throughout
its surface. However, at 5.8 GHz, surface current nulls are observed near the center of the antenna. These
current nulls are a result of out-of-phase current distributions that occur at the higher frequency, affecting the

radiation performance and shaping the far-field patterns.



For the two operating frequencies of 2.5 GHz and 5.8 GHz, respectively, the corresponding far-field radiation
patterns are displayed in Figures 10(a) and 10(b). The radiation patterns are presented for the angular plane’s
phi = 0° and phi = 90° at 2.5 GHz, when the antenna is operating in its fundamental mode and radiating
primarily in the broadside direction. The maximum radiation is directed perpendicular to the antenna surface,
achieving a directive gain of 2.6 dBi at theta = 0°, signifying that the antenna radiates effectively in the

desired direction with moderate efficiency and focus.

The radiation pattern changes as a result of the antenna entering a higher-order mode at the higher frequency
of 5.8 GHz. The far-field radiation in the broadside direction shows an improved directive gain of around 5.2
dBi for both phi = 0° and phi = 90° planes, indicating a more focused and efficient radiation in this higher-
order mode compared to the fundamental mode. This significant improvement in directive gain at 5.8 GHz
is due to the optimization of the slot dimensions (r2 and 12) and the management of surface currents, which
help reduce the negative effects of current nulls near the center of the antenna, thereby enhancing the radiation

performance in the higher frequency band.

I11. PERFORMANCE ANALYSIS OF SLOTTED EMSIW ANTENNA
A. Performance of Mutual Coupling for MIMO Antenna

Fig. 11 illustrates the configuration of antenna elements in a 2x2 MIMO system and focuses on how the
orientation of electric walls (EW) and magnetic walls (MW) influences the mutual coupling between these
elements. Mutual coupling refers to the interaction between antennas that can degrade their performance by
reducing isolation. Minimizing this coupling is critical in MIMO systems, where high isolation improves
channel capacity and overall system performance.

In Fig. 11(a), the antennas are positioned so that the electric walls of one antenna face the magnetic walls of
the adjacent antenna. This arrangement leverages the different characteristics of electric and magnetic fields.
The electric fields are primarily confined within the substrate near the electric walls, whereas the magnetic
fields are dominant near the magnetic walls. By positioning the electric and magnetic walls to face each other,
the interaction between antennas is reduced, but there is still mutual coupling at the magnetic walls. This is
undesirable in MIMO systems as high mutual coupling can degrade isolation and reduce performance. The

scattering parameters (S-parameters) corresponding to this configuration are shown in Fig. 12.

At a lower frequency of 2.5 GHz, the existence of magnetic walls at the operating frequency range near 2.4
GHz causes mutual coupling to be more noticeable at about -10 dB. However, at 5.8 GHz, the coupling is

much lower, as the electric walls help to improve isolation between antenna elements at higher frequencies.



The electric field distribution for this configuration, shown in Fig. 13, highlights how the electric and
magnetic fields interact at 2.5 GHz and 5.8 GHz.

In Fig. 11(b), the antennas are positioned with their magnetic walls facing each other. Since the magnetic
walls in the EMSIW (Enhanced Mode Substrate-Integrated Waveguide) technology are responsible for
supporting the antenna's radiation by directing the magnetic field flow, this configuration leads to stronger
interactions between antenna elements, increasing mutual coupling.

However, by increasing the distance between the antennas and optimizing design parameters, the effects of
mutual coupling can be mitigated as shown in Fig.14 for mutual coupling with 12 parameters. The scattering
parameters for this configuration are shown in Fig. 15. At 2.5 GHz, the coupling is significantly reduced to -
26 dB, and at 5.8 GHz, the coupling is also low, around -25.5 dB. The improved isolation is a result of careful
positioning and design of the magnetic walls. The corresponding electric field distributions for this
configuration at 2.5 GHz and 5.8 GHz are shown in Fig. 16, illustrating how the fields interact with each

other at these frequencies.

This figure highlights the importance of the physical arrangement of antenna elements in MIMO systems.
The orientation of electric and magnetic walls is crucial in controlling the extent of mutual coupling, which
directly affects the isolation and overall system performance. For MIMO applications, achieving high
isolation between antenna elements is key to ensuring multiple independent signal paths, which is essential

for high data rates, better signal quality, and improved reliability in wireless communication systems

Fig.17(a) shows the top-view arrangement of the eight antenna elements in a 4x4 configuration, designed
symmetrically to enhance spatial diversity and reduce mutual coupling. Fig.17(b) presents the S11-
parameters (S11 to S88) of all ports, indicating good impedance matching across the operating bands with
return loss values below —10 dB, ensuring efficient radiation. Fig. 17(c) displays the mutual coupling
parameters (S21 to S81), where isolation levels are observed to be better than —15 dB, with some values

reaching below —30 dB, confirming effective inter-element isolation.

B. Diversity Performance of proposed EMSIW MIMO antenna.

In addition to isolation and radiation patterns, a critical factor in evaluating the performance of MIMO
antennas is their diversity capabilities. Diversity plays a crucial role in enhancing signal reliability and data
throughput, especially in multipath environments where signals can reflect off various surfaces before
reaching the receiver. Two key metrics used to assess diversity performance are the Envelope Correlation
Coefficient (ECC) and Diversity Gain (DG).
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The Envelope Correlation Coefficient (ECC) quantifies the degree of correlation between the signals that
various antenna elements receive. Because it indicates that the signals are less coupled and that the antenna
elements are capturing distinct multipath components of the signal, a lower ECC value is desirable. This
improves the system's overall diversity performance by allowing it to process independent signal paths more
effectively. Essentially, lower ECC values lead to better spatial diversity, enabling the system to distinguish
between multiple signal paths, which can enhance communication reliability and data rates. ECC can be
calculated using the complex radiation patterns of the antennas, and when the far-field radiation
characteristics are known, a mathematical formula can be applied to estimate the ECC between two antenna
elements. By designing a MIMO antenna system with low ECC and high diversity gain, the antenna can
perform optimally in environments with significant signal reflections, such as urban or indoor settings,
leading to more stable communications and higher throughput [10-14].
Doy = Jfﬁf“[ﬁl (Z,(a)xﬁ: ie;o)da]rz
o [Fre.m| da [fy " [F2(6.0)] da

Eq. (4)

Where, p1, represent the ECC. Fl(e, @) and F, (0,9) are the far-field radiation patterns for port-1 and
port-2 of this MIMO antenna.
Alternatively, the ECC can be derived from the S-parameters [4-8]:

IS11*S12+S21*S22

ECC:(1—|511|2—|521|2)(1—|522|2—|512|2)

Eq. (5)

The antenna’s reflection and transmission coefficients are S11/S22 and S21/S12, respectively. Fig. 18(a)
displays ECC plots derived from simulated and measured data, demonstrating <0.001 at 2.5GHz and 5.8
GHz.

Diversity Gain (DG) refers to the improvement in signal quality and reliability achieved by using multiple
antennas in a MIMO system. It shows how effectively the system mitigates the impacts of interference and
signal fading to improve the Signal-to-Noise Ratio (SNR). To reduce signal degradation brought on by
multipath propagation, DG essentially calculates the advantage of receiving numerous versions of the
transmitted signal along various pathways.

A higher diversity gain indicates that the system can maintain a stronger, more stable signal even in
environments prone to significant signal fading, such as urban areas with numerous obstacles or indoor

settings. This improvement in SNR leads to more reliable communication with fewer errors and increased
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data throughput. As the diversity gain increases, the system becomes more resilient to the challenges of
fading, improving both the consistency and the overall performance of the communication link.

For a two-antenna system, the Diversity Gain (DG) can typically be approximated by specific mathematical
expressions based on the statistical properties of the received signals, allowing engineers to evaluate the
effectiveness of the MIMO system in leveraging spatial diversity. By maximizing DG alongside minimizing

ECC, MIMO systems can significantly boost performance in multipath environments

DG ~ 10,/1 — (ECC)? Eq. (6)

where the ECC is zero (i.e., the signals are completely uncorrelated), the maximum diversity gain is 10 dB.
Fig.18(b) illustrates the diversity gain derived from both simulated and measured data. The 3D radiation

pattern performance at 2.5GHz and 5.8GHz is displayed in Figures 18(c) and 18(d), respectively.

11l. HARDWARE FABRICATION AND MEASUREMENT

The 2x2 MIMO antenna was fabricated using a 50x50 mm?2 FR4 substrate with a thickness of 2.4 mm. The
FR4 material was chosen due to its cost-effectiveness and well-suited dielectric properties for high-frequency
applications. The fabrication process was carried out using a chemical etching method, ensuring precise
implementation of the antenna design. The antenna design was integrated with 50-ohm SMA connectors to

enable reliable coaxial feed connections, essential for accurate testing and performance evaluation.

The fabricated 2x2 MIMO antenna is shown in Figure 19(a) and Figure 19(b), which represent both front
and back views, respectively. The antenna's intricate structure is seen in the front perspective. The back view
illustrates the proper placement of the SMA connectors, ensuring minimal signal reflection and efficient
power transmission. The antenna's performance was measured using a comprehensive test setup, as depicted
in Figure 20(a). The setup includes a vector network analyzer (VNA) to evaluate parameters such as S-
parameters, and mutual coupling. Additionally, the measurement process incorporated an anechoic chamber
to measure radiation characteristics. The corresponding simulated and measured scattering parameters are
compared in Fig. 20(b) and Fig. 20(c). The radiation performance at 2.4 GHz and 5.8 GHz is depicted in Fig.
20(d). The comparison with related published works is shown in Table II.

Table Il provides a comparative analysis of the proposed antenna with recent state-of-the-art MIMO antenna
designs. The proposed design stands out in several key aspects. First, it offers a highly compact form factor
of 0.41% % 0.41%, making it one of the smallest among the compared works—significantly smaller than

designs in [4], [6], and [8], which have sizes exceeding 0.7A0. Despite this miniaturization, the antenna
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supports dual-band operation at 2.5 GHz and 5.8 GHz, covering the S- and C-bands, whereas many prior
designs operate over either a single band or higher frequencies not suitable for satellite or wireless
communication applications. The gain achieved is 2.6 dBi at 2.5 GHz and 5.2 dBi at 5.8 GHz, which, although
moderate, is comparable to or better than several larger antennas such as those in [4] and [5]. A major strength
of the design lies in its exceptional port isolation exceeding 25.5 dB, which is significantly higher than the
20-22 dB range reported in most other works and even surpasses some advanced decoupling structures.
Furthermore, the proposed antenna exhibits a very low Envelope Correlation Coefficient (ECC) of 0.001,
indicating excellent diversity performance. These improvements are achieved through the integration of the
eight-mode EMSIW cavity with an electric wall configuration, along with careful slot loading and surface
current optimization. Collectively, the proposed antenna offers a compact, dual-band, and high-isolation

solution ideal for modern MIMO applications.

1\VV. CONCLUSION

The proposed EMSIW-based antenna design successfully reduces the overall electrical size while preserving
the dominant mode operation at 2.5 GHz. The introduction of a slot enables higher-order mode excitation at
5.8 GHz, resulting in enhanced broadside radiation performance through surface current redistribution. The
2x2 MIMO configuration effectively minimizes mutual coupling by utilizing artificial electric and magnetic
wall structures, maintaining high isolation and low correlation between ports. Fabrication on a low-cost FR4
substrate confirms the practical feasibility of the design, with strong agreement observed between simulated
and measured results. However, certain limitations must be acknowledged. The use of FR4 introduces
dielectric losses, which may reduce radiation efficiency and gain, particularly at higher frequencies.
Additionally, manufacturing tolerances could impact the repeatability and consistency of performance.
Despite these challenges, the design remains a compact and high-performing candidate for S and C band
MIMO applications. Future research will focus on improving gain through low-loss substrates, exploring
reconfigurable or tunable structures, and extending the design to higher-order MIMO systems such as 4x4

and 8x8 configurations for advanced wireless communication scenarios.
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Figurel. Schematic of Antenna,
(@) Single EMSIW antenna,
(b) 2*2 MIMO antenna.

Figure 2. Modal analysis of square SIW resonator, (a) FMSIW Resonator, (b) HMSIW Resonator, (¢)
QMSIW Resonator, and (d) EMSIW resonator.

Figure 3. the E-field distributions of Square SIW resonator up to 4 modes (a) at fundamental mode 2.5
GHz, (b & c) higher orthogonal modes at 4.5 GHz, and (d) higher mode at 5.8 GHz
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Figure 4. Designing SIW Antenna, (a) conventional QMSIW Antenna, (b) EMSIW Slot loaded EMSIW
Antenna.

Figure 5. (a) shows the surface current distribution of a conventional QMSIW antenna operating at 2.5 GHz.
Figure 5. (b) S11 plot for parametric feed location study of conventional QMSIW Antenna.
Figure 5. (c) Far-Field Radiation pattern of conventional QMSIW Antenna.

Figure 6. (a) Parametric study illustrating the effect of substrate height (h) on the bandwidth performance.
Figure 6. (b) S11 plot of dual band EMSIW Antenna.

Figure 6. (c) Far-Field Radiation pattern of EMSIW Antenna at 2.5GHz.

Figure 6. (d) EMSIW Antenna Far-Field Radiation Pattern at 5.8GHz.

Figure 7. shows the surface current distribution at 2.5 GHz and 5.8 GHz of the conventional EMSIW
antenna.

Figure 8. (a) S11 plot for parametric r2 study of Slotted EMSIW Antenna.
Figure 8. (b) S11 plot for parametric |12 study of Slotted EMSIW Antenna.

Figure 9. Surface Current Distribution of Slotted EMSIW Antenna, (a) at 2.5 GHz and (b) 5.8GHz.

Figure 10. (a) Far-Field Radiation pattern of slotted EMSIW Antenna at 2.4 GHz.
Figure 10. (b) Far-Field Radiation pattern of slotted EMSIW Antenna at 5.8 GHz.

Figure 11. 2x2 MIMO antenna element arrangements for mutual coupling performance study. (a) case-1.
(b) case-2.

Figure 12. Scattering Parameters for case-1 EMSIW MIMO antenna.

Figure 13. surface current for case-1 EMSIW MIMO antenna, (a) at 2.5 GHz, (b) at 5.8 GHz.

Figure 14. Parametric study of the mutual coupling parameter 12 for the EMSIW MIMO antenna.

Figure 15. Scattering Parameters for case-2 EMSIW MIMO antenna.

Figure 16. surface current for case-2 EMSIW MIMO antenna, (a) at 2.5 GHz, (b) at 5.8 GHz.

Figure 17. (a) 4x4 MIMO antenna element arrangements.
Figure 17. (b) S11-parameters of 4x4 MIMO antenna.
Figure 17. (c) S21-parameters of 4x4 MIMO antenna.

Figure 18. (a) Simualted ECC of 2*2 MIMO antenna.

Figure 18. (b) Simualted Diversity gain of 2*2 MIMO antenna.

Figure 18. (c) Far field radition pattern 2*2 MIMO antenna at 2.5 GHz.
Figure 18. (d) Far field radition pattern 2*2 MIMO antenna at 5.8 GHz.

Figure 19. illustrate 2*2 MIMO antenna, (a) front view, (b) back view.

Figure 20. (a) illustrate 2*2 MIMO antenna measurement set -up.

Figure 20. (b) Shows the comparison S11 parameters between simulation and measurement.
Figure 20. (c) Shows the comparison S21 parameters between simulation and measurement.
Figure 20. (d) Shows the comparison farfield gain patterns at 2.4 and 5.8 GHz frequency.
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(a) (b)
Figure 1. Schematic of Antenna, (a) Single EMSIW antenna, (b) 2*2 MIMO antenna.
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Figure.2 Modal analysis of square SIW resonator, (a) FMSIW Resonator, (b) HMSIW Resonator, (c)
QMSIW Resonator, and (d) EMSIW resonator.
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Figure3. the E-field distributions of Square SIW resonator up to 4 modes (a) at fundamental mode 2.5 GHz,
(b & c) higher orthogonal modes at 4.5 GHz, and (d) higher mode at 5.8 GHz
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Figure4 Designing SIW Antenna, (a) conventional QMSIW Antenna, (b) EMSIW Slot loaded EMSIW
Antenna.
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Figure5 (a) shows the surface current distribution of a conventional QMSIW antenna operating at 2.5 GHz.
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(© (d)
Figure6 (a) Parametric study illustrating the effect of substrate height (h) on the bandwidth performance.
Figure6 (b) S11 plot of dual band EMSIW Antenna.
Figure6(c) Far-Field Radiation pattern of EMSIW Antenna at 2.5GHz.
Figure6(d) EMSIW Antenna Far-Field Radiation Pattern at 5 8GHz.

Figure7 shows the surface current distribution at 2.5 GHz and 5.8 GHz of the conventional EMSIW
antenna.
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Figure8(a) S11 plot for parametric r2 study of Slotted EMSIW Antenna.
Figure8 (b) S11 plot for parametric 12 study of Slotted EMSIW Antenna.
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Figure9. Surface Current Distribution of Slotted EMSIW Antenna, (a) at 2.5 GHz and (b) 5.8GHz.
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Figure 10(a) Far-Field Radiation pattern of slotted EMSIW Antenna at 2.4 GHz.
Figure 10(b) Far-Field Radiation pattern of slotted EMSIW Antenna at 5.8 GHz.
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(a)

Figure 11. 2x2 MIMO antenna element arrangements for mutual coupling performance study. (a) case-1

(b) case-2.
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Figure 12. Scattering Parameters for case-1 EMSIW MIMO antenna
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Figure 13. surface current for case-1 EMSIW MIMO antenna, (a) at 2.5 GHz, (b) at 5.8 GHz.
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Figure 14. Parametric study of the mutual coupling parameter 12 for the EMSIW MIMO antenna.
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Figure 17(a) 4x4 MIMO antenna element arrangements.
Figurel7 (b) S11-parameters of 4x4 MIMO antenna.
Figure 17(c) S21-parameters of 4x4 MIMO antenna.
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Figure 18(a) Simualted ECC of 2*2 MIMO antenna.
Figure 18(b) Simualted Diversity gain of 2*2 MIMO antenna.
Figure 18(c) Far field radition pattern 2*2 MIMO antenna at 2.5 GHz.
Figure 18(d) Far field radition pattern 2*2 MIMO antenna at 5.8 GHz.
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Figure 20(a) illustrate 2*2 MIMO antenna measurement set -up.

Figure 20(b) Shows the comparison S11 parameters between simulation and measurement.
Figure 20(c) Shows the comparison S21 parameters between simulation and measurement.
Figure 20(d) Shows the comparison farfield gain patterns at 2.4 and 5.8 GHz frequency.

TABLEI
PROPOSED ANTENNA PARAMETERS
Parameters | Values(mm) | Parameters | Values(mm)
L 25 T3 1.50
L, 15.80 l 6.50
W, 18.55 I, 14
ly 3.76 [ 6.50
k 0.33 d 0.6
&1 0.67 s 1
Ty 1.50 h 24
TABLE Il

RELATIVE WORK COMPARISON TABLE WITH PROPOSED
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Ref. Size Frequency Bands Methods Gain (dBi) Port ECC
(40) (GHz) Isolation
[4] 0.84*0.48 3.7-4.3 coupling slot 2 >22 -
[5] 0.69*0.52 5.2 line de-coupling 2 >22 -
[6] 0.70*0.44 3.3-7.8 Decoupling 3.2 >20 <0.06
Structure
[8] 1.11*1.11 3.1-11.11 Parasitic de- 3.4 20 0.001
Coupler
[9] 1.29*0.64 1.92-2.51 Decoupling 3.8 >15 0.0037
element
[10] 0.28*0.28 2.42-7.45 Stub Loading 2.5 >12 0.004
[11] 0.45*%0.15 3.3-3.6,4.4-5 Orthogonal 3.6 >24 0.008
Modes
[21] 0.09*0.43 3.4-3.6, 4.8-5 Stop filter 4 >12 -
[24] 0.23*0.06 3.37-3.61,4.9-5.1 - 3 >14 0.06
This 0.41*0.41 25,58 SIW with 2.6,5.2 >25.5 0.001
Work Electric Wall
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