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Abstract: This paper presents the design and optimization of a dual-band, linearly polarized Substrate-Integrated Waveguide
(SIW) antenna for 5G base stations, addressing challenges such as increased path loss and interference at millimeter-wave
(mm-wave) frequencies. The innovation lies in a I1-shaped slotted SIW structure, enabling wideband operation across the 28
GHz and 38 GHz bands. Two longitudinal slots and one transversal slot, etched on a Rogers 5880 substrate, are strategically
optimized to achieve dual-band performance. The antenna achieves a bandwidth of 1.786 GHz (27.491 - 29.277 GHz) for the
28 GHz band and 683 MHz (37.496 - 38.179 GHz) for the 38 GHz band. Simulations conducted using Computer Simulation
Technology (CST) Microwave Studio software indicate gains of 7.9 dB and 8.05 dB, beamwidths of 64.1° and 61.7°, and
radiation efficiencies of 94.83% and 92.61% at 28 GHz and 38 GHz, respectively. To validate the design, an Artificial Neural
Network (ANN) model was employed, achieving high predictive accuracy with R? values of 0.98 for resonance frequency and
0.972 for gain. Compared to prior works, the proposed antenna offers enhanced gain, efficiency, and bandwidth, making it a
promising solution for mm-wave 5G applications.
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1. INTRODUCTION

The transition to millimetre-wave (mm-wave) frequencies is critical for advancing wireless communication networks,
particularly in addressing the high data rate and traffic capacity demands of 5G mobile communications. These frequencies,
ranging from 24 GHz to 300 GHz, are pivotal in supporting innovative applications. Among them, the 28 GHz (27.5 - 29.5
GHz) and 38 GHz (37 - 40 GHz) bands stand out due to their optimal balance between telecommunications and high-speed
data transmission characteristics. These bands play a crucial role in enhancing 5G system performance by overcoming key
challenges of 4G networks, such as high latency and limited coverage [1-4].

Multiband antennas have emerged as efficient solutions for 5G communications, enabling coverage of multiple frequency
ranges within a single device. However, the mm-wave spectrum poses inherent challenges, such as significant path loss and
limited scattering caused by environmental factors like rain, fog, and humidity [5-7]. To mitigate these effects and ensure
reliable performance, high-gain antennas with wide bandwidths and high efficiency are indispensable. Despite various
advancements, many existing dual-band antenna designs struggle with performance trade-offs, often prioritizing one frequency
band at the expense of the other. This results in reduced bandwidth or compromised gain in one of the bands, necessitating
innovative solutions that can achieve balanced performance across both [12-15].

Substrate-Integrated Waveguide (SIW) technology has emerged as a compelling approach to overcoming these challenges.
By embedding metallic vias or plated through-holes within a dielectric substrate, SIW structures replicate the properties of
conventional waveguides while offering the compactness and ease of integration associated with planar antennas. SIW
antennas are characterized by low loss, high efficiency, excellent isolation, and reduced surface wave losses, making them
ideal for 5G mm-wave applications [8—11]. Several dual-band SIW antennas for 5G mm-wave applications have been
introduced [16-18], yet many exhibit trade-offs between gain, bandwidth, and efficiency. For instance, the slotted SIW
antennas in [12-13] demonstrated enhanced radiation efficiency but were limited by bandwidths of less than 1 GHz. Similarly,
the designs in [14—15] achieved dual-band operation but encountered challenges related to lower gain, with maximum values
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falling below 7 dBi, particularly in high-frequency environments. These shortcomings highlight the need for further research
to develop designs that simultaneously maximize gain, bandwidth, and efficiency.

This work addresses these gaps by introducing a I1-shaped slotted dual-band SIW antenna optimized for operation at 28
GHz and 38 GHz. The proposed design incorporates two longitudinal slots and one transversal slot, forming new resonant
topologies that significantly enhance antenna performance across both frequency bands. Using simulation-based parameter
optimization, the design achieves wide bandwidths exceeding 2 GHz and high broadside gains surpassing 8 dBi while
maintaining excellent radiation efficiency. Unlike previous designs, which often require additional steps to balance gain and
bandwidth [12-15], the proposed antenna demonstrates a superior balance across these metrics, offering a more effective
solution for 5G mm-wave communications.

The paper is structured as follows: Section 2 explores the working principle of the dual-band SIW microstrip antenna.
Section 3 details the antenna design methodology, while Section 4 presents the performance metrics results and the validation
of the proposed antenna design using an Artificial Neural Network (ANN) approach. Section 5 highlights the antenna’s
advantages through a comparative analysis with previous works, demonstrating its superior performance. Finally, Section 6
concludes with insights into the antenna’s potential for real-world 5G mm-wave applications.

2. WORKING PRINCIPLE

The design of SIW microstrip patch antennas represents a significant advancement in antenna technology, combining the
advantages of conventional microstrip antennas with those of waveguide structures. This hybrid design integrates waveguide-
like functionality directly into a planar substrate, resulting in a compact, low-profile antenna with enhanced performance
characteristics. As shown in Figure 1(a), a microstrip patch antenna consists of a thin metallic radiator, typically rectangular
or circular, situated on a dielectric substrate, with a conductive ground plane located beneath. Excitation methods, such as
coaxial probes or microstrip lines, enable low-profile, cost-effective designs suitable for various wireless communication
applications. The resonant frequency of the antenna is determined by the dimensions of the patch and the properties of the
substrate. The structure forms a resonant cavity that primarily radiates through fringing fields at the edges of the patch. Figure
1(b) illustrates how the SIW integrates waveguide functionality into the substrate through parallel rows of metallic vias. In this
configuration, the ground plane and patch antenna serve as the bottom and top conductive boundaries, respectively [20]. SIW
structures, composed of a dielectric substrate enclosed by two conductive plates, emulate the behavior of dielectric-filled
waveguides by strategically placing metallic via arrays. This design approach allows SIWs to maintain a planar profile, in
contrast to conventional rectangular waveguides, which are inherently three-dimensional. In SIW structures, only the
transverse electric (TE) modes are permitted to propagate, as the metal vias along the sides obstruct the current flow necessary
for the transverse magnetic (TM) modes [21].

The SIW antenna design relies on classical rectangular waveguide analysis, with the cut-off frequency for rectangular
waveguide modes defined by Equation (1). f, represents the cutoff frequency for various modes in a rectangular waveguide, ¢
is the speed of light in a vacuum, m, and n are the mode numbers, and a and b are the equivalent length and width of the

waveguide, respectively.
fo= o (O + (G2 ()
€ 2nN a b

For the SIW antenna, the cutoff frequency for the TE mode (m = 1, n = 0) is given by Equation (2).

fe=5= (2)

The width of the dielectric-filled waveguide is critical, as it signifies the effective width of a waveguide filled with
dielectric material instead of air. This parameter is crucial for predicting and optimizing SIW performance, as it directly
influences wave propagation characteristics, including cutoff frequency and impedance, which are modified by the dielectric
substrate. The dielectric-filled waveguide width, denoted as a, is defined by Equation (3) [20].

a

= 3)

where &, is the relative permittivity (dielectric constant) of the filling material.

aAg =

(a)

Ground

Figure 1. (a) Microstrip patch antenna and (b) basic geometry of SIW structure.
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The effective width of SIW is a significant parameter that accounts for the electromagnetic field distribution within the
structure. Due to fringing fields, it is slightly narrower than the distance between via rows. This parameter is necessary for
accurately determining the cut-off frequencies and other waveguide characteristics within the SIW, as expressed in Equation

(4) [19].

d
as =aq +m 4)

In Equation (4), d is the via diameter and p is the space between the vias. To minimize losses in an SIW, the selection of via
diameter and inter-via spacing must adhere to specific design criteria determined by Equation (5) that optimize electromagnetic
wave confinement and reduce radiation leakage [22].

d<2y/5andp < 2d %)
where 4, is the wavelength within the waveguide.

3. DESIGN METHODOLOGY
3.1 [1-Shaped Slotted STW Antenna Design

The proposed design introduces a I1-shaped slotted SIW antenna optimized for 28 GHz and 38 GHz frequencies. The antenna
is built on an RT/Duroid 5880 substrate (relative permittivity, €,= 2.2, and thin profile, # = 0.254 mm) with supported by an
18.4 mm patch radiator. The significant parameter modifications involve adding two longitudinal slots (7.8 mm x 0.70 mm)
and one transversal slot (3.10 mm X 0.68 mm) to the patch, which optimizes current distribution and significantly broadens
the operational bandwidth, making it ideal for 5G applications. The detailed configuration of the I1-shaped slotted SIW antenna
is presented in Table 1.

For validation, the L-shaped slotted patch antenna design from Singh et al. [24] was first replicated and simulated using
Computer Simulation Technology (CST) Microwave Studio software. Two configurations were tested: (a) the L-shaped slotted
patch antenna without SIW and (b) the L-shaped slotted patch antenna with SIW integration, as shown in Figure 2(a) and 2(b),
respectively. A 3D exploded view of the L-shaped slotted patch antenna with SIW is provided in Figure 2(c). These
configurations were used as benchmarks for comparison and to verify the proposed methodology. The performance of the I1-
shaped slotted SIW antenna, shown in Figure 2(d), will be compared with the reference L-shaped designs in Section 4, where
the improvements in bandwidth, radiation efficiency, and gain will be presented in detail. The modifications to the antenna
geometry demonstrate substantial enhancements, underscoring its suitability for 5G applications.

3.2 Parametric Optimization
3.2.1 Effects of Varying Dimensions on Longitudinal and Transversal Slots on Antenna Performance

Figure 3(a) illustrates the parametric analysis conducted to investigate the impact of varying the dimensions of longitudinal
and transversal slots on antenna performance. The objective was to determine the optimal slot configuration for achieving
superior antenna characteristics such as enhanced bandwidth, gain, and efficiency. Singh et al. [24] emphasized the critical
role of slot geometry in determining the electromagnetic behavior of SIW antennas, highlighting the need for optimization.
The analysis systematically examined the first longitudinal slot, the second longitudinal slot, and the transversal slot. The
length of the first longitudinal slot (L1) was varied from 7.78 mm to 7.86 mm, while its width (/1) was adjusted between 0.66
mm and 0.72 mm. For the second longitudinal slot (Z2), the length ranged from 7.70 mm to 8.00 mm, and the width (1#2) varied
from 0.60 mm to 0.90 mm. The transversal slot (Ls) had its length modified between 3.0 mm and 3.2 mm, with the width (##5)
adjusted from 0.68 mm to 0.78 mm. The parametric analysis was conducted using simulations to assess how these dimensional
variations affected antenna performance. The study found that variations in the longitudinal slot dimensions influenced
resonant frequency and bandwidth, while adjustments to the transversal slot dimensions impacted impedance matching and
radiation efficiency. Based on these findings, the optimal slot dimensions were identified and used for further design refinement
in the subsequent steps of the antenna optimization.

Table 1. Design parameters for the I1-shaped SIW antenna.

Define variables Variable’s description Optimized value (mm)

Wy Antenna width 7.50
Ly Antenna length 27.00
d Via diameter of SIW 0.50

We, Ly Width and length of microstrip feed 0.37,3.50

Ly, W, Length and width of Slot 1 7.80, 0.70

L,, W, Length and width of Slot 2 7.80, 0.70

Ly, Wy Length and width of Slot 3 3.10, 0.68
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Figure 2. Validation technique analysis: (a) Slotted patch antenna without SIW, (b) Slotted patch antenna with SIW, (c) 3D
exploded view of the slotted patch antenna with SIW [24], and (d) I1-shaped slotted SIW antenna design.
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Figure 3. Parametric analysis of varying (a) lengths and widths of slots L;, L,, L3 and W;, W,, W5 and (b) diameter of vias
(d).

3.2.2 Optimization of Via Diameter Variation on Antenna Performance

The subsequent stage of the parametric study focused on how varying the via diameter influences the performance of the I1-
shaped slotted SIW antenna. The analysis was conducted by systematically changing the via diameter while keeping all other
design elements fixed to isolate its specific impact. Figure 3(b) depicts the investigation, which explored three different via
diameters measuring 0.4 mm, 0.5 mm, and 0.6 mm. This study aimed to understand how the size of the vias affects significant
parameters such as impedance matching, signal propagation, and the structural stability of the antenna. According to Zhang et
al. [23], via diameter plays a crucial role in maintaining electromagnetic properties and ensuring mechanical robustness in SIW
antennas. The findings from this parametric investigation were essential for identifying the most suitable via diameter, which
was later implemented in the final design of the II-shaped slotted SIW antenna to achieve optimal performance for 5G
communication systems.

3.3 Optimized I1-Shaped Slotted SIW Antenna Configuration

Figure 4 illustrates the optimized design of the dual-band SIW-based microstrip antenna. As noted in [25], the design was
refined through a methodical optimization process by adjusting various SIW antenna parameters to achieve an effective SIW-
based microstrip antenna suitable for 5G applications. The RT/Duroid 5880 single-layer substrate, which has a substrate
thickness of 0.254 mm and a relative permittivity (&) of 2.2, and a loss tangent (tan ¢) of 0.0009 is used in the design of the
proposed dual-band SIW antenna (Figure 4). The metalized via holes, 0.50 mm in diameter and spaced 1 mm center-to-center,
form the SIW structure. A ratio of via pitch to via diameter (P/d) ratio below 2.5 is maintained to ensure optimal SIW
performance. Three slots are etched into the metallic plane of the SIW structure to enhance antenna performance. Slots 1 and
2 are longitudinal, with dimensions L, W; and L,,W,, respectively, while Slot 3 is transverse, with L; and W5. A 50-Q
microstrip line, positioned on the opposite side of the substrate, feeds the antenna via proximity coupling. The feed has a length
(Ls) of 3.50 mm and a width (W) of 0.37 mm to ensure proper impedance matching. Three slots with lengths of 7.9 mm, 7.72
mm, and 3.1 mm and a uniform width of 0.7 mm are used to fine-tune the antenna’s frequency response. A microstrip-to-SIW
transition section is incorporated to achieve optimal impedance matching, with dimensions Wy, (width) and Lg; (length)
between the feed line and the SIW structure. The complete antenna measures 27 mm by 7.5 mm, as specified in Table 2.
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Table 2. Optimized I1-Shaped Slotted SIW antenna design’s
dimensions.
Deﬁne Variable’s description Optimized
variables value [mm]
Wy Antenna width 7.50
L, Antenna length 27.00
d Via diameter of SIW 0.50
W;, Ly | Width and length of microstrip feed | 0.37,3.50
L, , W; | Length and width of Slot 1 7.90,0.70
' Lg ! L,, W, | Length and width of Slot 2 7.72,0.70
Figure 4. Optimized design of I1-shaped slotted SIW L; , W5 | Length and width of Slot 3 3.10,0.70
antenna.
Ly
Wy Hidden Layer Output Layer
Lo Input Output :{resonance
equency
w, /
Ws 158 2 Gain
d
W, 10 2

Figure 5. ANN architecture layers model.

3.4 Performance Validation Using ANN Model

To validate the performance of the proposed antenna design, an Artificial Neural Network (ANN) model was employed. The
ANN model is designed to predict significant antenna parameters and consists of an input layer with 8 neurons, a hidden layer
with 10 neurons, and an output layer with two neurons, as shown in Figure 5. The input layer processes eight crucial antenna
parameters, including the dimensions of the longitudinal and transversal slots, via diameter, feeding width, and four additional
input parameters. The hidden layer, containing 10 neurons, serves as the computational core, where complex relationships
between inputs are processed using appropriate activation functions and weight adjustments during training. The output layer
produces two essential antenna performance metrics, optimized for the 28 GHz and 38 GHz frequency bands.

The ANN model was trained using a dataset generated from CST Microwave Studio simulations, ensuring accurate
predictions of the antenna’s performance metrics. The parameters obtained from this approach include resonance frequency
and gain for both the 28 GHz and 38 GHz frequency bands. The validation results include R-squared (R?) values, Mean Square
Error (MSE), and Root Mean Square Error (RMSE), which demonstrate the model’s predictive accuracy. These validation
results will be presented in the results section to confirm the effectiveness of the ANN model in predicting the antenna’s
performance. This method provides a robust framework for performance validation, ensuring that the proposed antenna design
meets the specifications required for 5G applications. The MSE measures how well a regression line fits a set of data points.
It is a widely used metric for assessing the accuracy of a regression model’s predictions. MSE calculates the average of the
squared differences between predicted values and actual values, providing a measure of prediction error. Equation (6) presents
the MSE formulation [39].

1 n
MSE =~ (5= ) ©
i=1

where ¥, is the predicted value, y; is the actual value, and n is the number of samples.

RMSE measures a regression model’s accuracy by indicating the average magnitude of error between predicted and actual
values. A lower RMSE signifies better performance. Unlike MSE, RMSE expresses errors in the original units, enhancing
interpretability. Equation (7) shows its formulation [40].

RMSE = VMSE = (7

R-squared (R?), also known as the coefficient of determination, is a statistical metric that measures how well a regression
model explains the variability of the target variable. It represents the proportion of the variance in the dependent variable that
is predictable from the independent variables.
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Figure 6. Reflection coefficient, S, results comparing with the L-shaped antenna without SIW, the L-shaped SIW antenna
from [24], and the [1-shaped SIW antenna design.

Equation (8) depicts the formulation of R?[40].
R*=1- SSres/Sstot )
where SS,. is the residual sum of squared X, (v; — ,)?, and SS;,; is the total sum of squared Y™, (v; — 7,)>.

4. RESULTS AND DISCUSSION
4.1 Analysis of II-Shaped Slotted SIW Antenna Design

The I1-shaped slotted SIW antenna has been developed through a series of design enhancements, building upon the L-shaped
antenna structures and incorporating a longitudinal slot to optimize performance for 5G applications. The validation of this
design is based on comparisons with previous models, including the L-shaped patch antenna without the SIW and the L-shaped
SIW antenna, as detailed in [24]. The return loss, quantified by the Si: parameter, is a critical measure of how much power is
reflected from an antenna due to impedance mismatches or structural discontinuities. The main focus of this study is to
demonstrate improvements in the reflection characteristics with the IT-shaped SIW antenna compared to its predecessors. As
shown in Figure 6, simulations were conducted for three configurations: the L-shaped antenna without SIW, the L-shaped STW
antenna from [24], and the IT-shaped SIW antenna with the longitudinal slot. The dual-band resonant behavior observed at 28
GHz and 38 GHz for all three antenna designs is shown in Figure 6. Remarkably, the L-shaped SIW antenna outperforms the
design without SIW, confirming that the incorporation of SIW enhances performance. This result validates the simulation
methodology from [24], indicating that the reference L-shaped SIW antenna is a reliable baseline for performance comparisons.

However, the I1-shaped SIW antenna demonstrates significant improvements over the L-shaped SIW antenna from [24],
achieving deeper return loss minima at both resonant frequencies (28 GHz and 38 GHz). This is a result of adding the
longitudinal slot to the L-shaped structure, which optimizes current distribution and improves impedance matching. These
changes contribute to the I1-shaped antenna’s broader bandwidth and lower return loss, enhancing its performance relative to
previous designs. Despite the improved performance of the I1-shaped design, further refinements in the antenna parameters,
as discussed in Section 4.2, are required to fully optimize the configuration. However, the II-shaped SIW antenna is already
positioned as a highly promising candidate for 5G applications, offering better impedance matching, enhanced return loss, and
broader bandwidth compared to earlier designs.

4.2 Results of Parametric Analysis
4.2.1 Effects of Varying Longitudinal and Transversal Slot Dimensions
A. Analysis of Simulated Results for Varying Length (L1) and Width (W) of Longitudinal Slot

Figure 7(a) illustrates the effect of varying the length (L,) and width (W;) of Slot 1 on the antenna’s performance while
maintaining constant dimensions for the other two slots. The simulation results reveal that adjusting the length of Slot 1 from
7.8 mm to 8.6 mm allows the antenna to resonate at both 28 GHz and 38 GHz, with different return losses. When L; = 7.82
mm and W; = 0.66 mm, the return loss was -42.23 dB at 27.53 GHz and -32.85 dB at 37.78 GHz. In contrast, the worst
performance was observed when L; = 7.84 mm and W; = 0.72 mm, with return losses of -20.92 dB and -29.75 dB at the
respective frequencies. Optimal performance was achieved with L; = 7.9 mm and W, = 0.7 mm, where the reflection
coefficients reached -60 dB at 27.83 GHz and -37.6 dB at 37.76 GHz, indicating the best impedance matching across both
frequency bands. This analysis demonstrates that the configuration with L; = 7.9 mm and W; = 0.7 mm offers superior
performance for both 28 GHz and 38 GHz. Thus, the optimal combination of L; = 7.9 mm and W; = 0.7 mm was selected,
delivering improved bandwidth and significantly lower return loss compared to other configurations. However, the final
antenna design will be determined following further analysis of multiple parameters, as discussed in Section 4.2.1(B).
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Figure 7. Parametric analysis results showing the impact of varying antenna parameters: (a) Length and width of the first
longitudinal slot (L, W;), (b) Length and width of the second longitudinal slot (L,, W,), (c) Length and width of the
transverse slot (L3, W3), and (d) Diameter (d) of the vias on antenna performance.

B. Optimization of the Length (L) and Width (W-) of Longitudinal Slot

Figure 7(b) provides a detailed comparison of the antenna’s performance based on variations in the length (L,) and width (W)
of the second longitudinal slot. In these simulations, the slot length (L,) was incrementally adjusted from 7.7 mm to 8 mm,
while the width (W,) was varied from 0.6 mm to 0.9 mm, with all other parameters, including the dimensions of the other slots
and the overall antenna structure, kept constant. The results indicate that the antenna resonates at 27.89 GHz and 38.59 GHz,
with reflection coefficients of -39.02 dB and -35.18 dB, respectively. A minimal reflection coefficient was observed when L.
=8 mm and W2 = 0.9 mm, with return losses of-36.97 dB at 37.77 GHz and -10.64 dB at 38.02 GHz. The optimal performance,
characterized by significantly improved impedance matching and reduced return losses, was achieved when the slot length
(L,) was set to 7.7 mm, and the width (W,) to 0.7 mm, resulting in reflection coefficients of -44.2 dB at 27.84 GHz and -45.5
dB at 37.69 GHz. This configuration ensures efficient operation within the dual-band spectrum, minimizing energy losses and
enhancing overall performance. As a result, the dimensions of L, = 7.7 mm and W,= 0.7 mm were selected as the optimal
parameters for the second longitudinal slot. These findings highlight the importance of fine-tuning design elements to achieve
optimal electromagnetic performance, which will inform further antenna development, as detailed in Section 4.2.1(C).

C. Optimization of the Length (Ls) and Width (Ws) of Transversal Slot

The performance comparison of the antenna based on variations in the length (L;) and width (W;) of the transverse slot is
shown in Figure 7(c). The simulation results demonstrate that the transverse slot’s dimensions are crucial in tuning the
antenna’s resonances to the target frequencies of 28 GHz and 38 GHz. By adjusting the slot length (L3) from 3.0 mm to 3.2
mm and varying the width (W3) from 0.68 mm to 0.78 mm, the antenna achieves enhanced bandwidth, gain, and radiation
efficiency. The return loss is minimized when the slot length is set to 3.2 mm and the width to 0.68 mm, with reflection
coefficients of -42.2 dB at 27.87 GHz and -24.53 dB at 37.64 GHz. Importantly, setting the slot length to 3.1 mm and the width
to 0.7 mm results in even greater performance, with return losses of -46.29 dB at 27.83 GHz and -53.82 dB at 37.81 GHz,
indicating excellent performance at both frequencies. As a result, the optimal slot dimensions were selected as L; = 3.1 mm
and W3= 0.7 mm. While these findings showcase the potential for optimizing antenna performance, the final design will be
determined following a thorough analysis of multiple parameters, as outlined in Section 4.2.2.

4.2.2 Effect of Via Diameter Variation

Figure 7(d) illustrates the effect of varying via diameters on antenna performance, with other parameters held constant. When
the diameter d is set to 0.4 mm, resonances occur at 27.23 GHz and 36.98 GHz with reflection coefficients of -25.96 dB and -
22.57 dB, respectively. However, a significant improvement is observed with a diameter of 0.5 mm, as the resonances align
closely with the target frequencies of 28 GHz and 38 GHz. This configuration exhibits substantially improved reflection
coefficients of -46.29 dB at 27.83 GHz and -53.82 dB at 37.81 GHz, demonstrating highly effective performance for the
intended application. Based on these findings, a via diameter of 0.5 mm was selected for the refined design. However, finalized
design specifications and detailed performance analysis will be discussed in Section 4.3.
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Figure 8. Simulation result of the optimized I1-shaped slotted antenna: (a) Return loss (S;,) and (b) VSWR.

4.3 Optimized II-Shaped SIW Antenna Performance

4.3.1 Reflection Coefficient, VSWR Results, and Comparison with Reference Design

The optimized antenna’s reflection coefficient is shown in Figure 8(a). CST software analysis reveals that the antenna exhibits
dual resonances at 27.83 GHz and 37.81 GHz, with impressive return losses of -46.29 dB and -53.82 dB, respectively. Antenna
bandwidth, which refers to the frequency range within which an antenna operates effectively, is typically defined using the -
10 dB bandwidth criterion [28]. This standard indicates that the antenna effectively transmits or receives 90% of the power,
with only 10% reflected to the source. The Fractional Bandwidth (FBW) for this antenna can be calculated using Equation (9),
providing insight into its operational frequency range and overall performance characteristics.

FBW (%) = (ﬁ”‘”fﬂ x 100 = Bf—W 9)

where frqx » fe and fi, denotes the maximum, center, and minimum frequency of an antenna.

The Bandwidth Dimensions Ratio (BDR) is a key performance metric for antennas, providing insight into both
miniaturization and bandwidth capabilities [28]. BDR measures the relationship between an antenna’s physical size and its
operational bandwidth. The BDR is determined by using the Equation (10)

BDR = L(%) (10)
Alength X Awidth

Here, the Fractional Bandwidth, denoted as BW (%), is related to the antenna’s electrical dimensions, where A,¢p, g, and Ayigen
represent the effective length and width of the proposed antenna, respectively. The electrical dimension of an antenna refers
to its physical size relative to the operating wavelength A, in free space [33]. It is a key parameter in antenna design, ensuring
proper sizing for the intended frequency range while optimizing performance and scalability. The electrical dimension is given
as

Physical dimension

Electrical dimension = 7 (11)
0

The optimized I1-shaped slotted antenna features two longitudinal slots that provide a wide bandwidth of 1.786 GHz,
ranging from 27.491 GHz to 29.277 GHz, corresponding to a BW of 6.41% at the 27.83 GHz resonance frequency.
Additionally, a transversal slot yields a bandwidth of 0.683 GHz, spanning from 37.498 GHz to 38.19 GHz, which equates to
a fractional bandwidth of 1.81% at the 37.81 GHz resonance frequency. The antenna demonstrates excellent return losses of -
46.29 dB and -53.82 dB at these respective resonance frequencies, indicating nearly perfect impedance matching between the
antenna and the feeding element. The proposed antenna’s wide bandwidths of 1.786 GHz and 0.683 GHz, coupled with
reflection coefficients below -40 dB, make it highly effective for 5G mobile communication in the 28 GHz and 38 GHz bands.
Figure 8(b) displays the Voltage Standing Wave Ratio (VSWR) of the optimized antenna, indicating how effectively signals
are transmitted from the source to the antenna [29]. A low VSWR value reflects minimal signal reflection and optimal antenna
performance. The VSWR values of 1.03 and 1.04 at their respective resonance frequencies demonstrate exceptional impedance
matching, confirming the antenna's highly efficient design.

Figure 9 presents a comparative analysis of the performance between the proposed antenna and the reference antenna
[24]. The optimized I1-shaped slotted antenna exhibits a significantly wider bandwidth of 1.786 GHz for the 28 GHz band,
compared to 0.982 GHz for the reference, and a bandwidth of 0.683 GHz for the 38 GHz band, compared to 0.354 GHz for
the reference antenna. Moreover, the optimized I1-shaped slotted antenna achieves significantly minimal return losses of -
46.29 dB and -53.82 dB at the respective resonance frequencies, outperforming the reference antenna, which shows return
losses of -17.346 dB and -34.397 dB. These enhancements underscore the proposed antenna’s improved performance and
greater efficiency compared to the reference design. The proposed antenna has electrical dimensions of 2.523k * 0.7ko X
0.0237h0 at 27.85 GHz and 3.422h0 % 0.95X0 % 0.032)0 at 37.81 GHz, with a compact footprint of 27 x 7.5 x 0.254 mm.
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Figure 9. Comparing the reference L-shaped antenna [24] and the optimized I1-shaped slotted antenna.

4.3.2 Radiation Pattern Analysis of the Optimized Antenna

An antenna’s radiation pattern, which is usually displayed in 2D or 3D formats, visually represents the distribution of
electromagnetic fields or radiated power in different directions [30]. The E-plane (¢ = 0°, xz-plane) and H-plane (¢ = 90°, yz-
plane) distributions of antenna radiation patterns indicate the polarization-dependent orientations of the Electric (E) and
Magnetic (H) fields. For a patch antenna oriented along the x-axis, the magnetic field is orthogonal to the electric field and
parallel to the patch width. The optimization of radiation patterns in antenna design primarily focuses on minimizing back
lobes while maximizing forward gain through the main lobe, which is crucial for achieving optimal antenna performance. This
approach enhances the Front-to-Back Ratio (F/B), improves directionality, and reduces unwanted side lobes, ultimately leading
to better antenna efficiency and reduced interference. Several design techniques can be employed to mitigate this issue in
slotted SIW antennas, where slots naturally tend to generate higher back radiation. These include strategic slot placement and
orientation, implementation of reflecting surfaces, consideration of slot size and shape, incorporation of absorptive layers or
backing structures, and thoughtful selection of substrate materials. The radiation pattern can be effectively controlled through
the precise positioning of slots along the SIW structure and adding a metallic ground plane or reflective structure. Furthermore,
utilizing substrates with low permittivity or high isolation materials can significantly reduce back radiation by preventing
energy leakage through the substrate material. Figure 10(a) and (b) depict the antenna’s uniform radiation patterns in the E-
and H-planes at 27.83 GHz and 37.81 GHz, respectively. At 27.83 GHz, the E-plane exhibits a main lobe beamwidth of 68.8°
with a -12.1 dB side lobe level, while the H-plane shows a 51.7° beamwidth and a -6.4 dB side lobe. At 37.81 GHz, both planes
demonstrate a 61.3° beamwidth with a -14.4 dB side lobe level. The antenna’s balanced radiation patterns and effective side
lobe suppression across both frequency bands suit it for dual-band applications needing uniform coverage.

Figure 10(c) and (d) illustrate a 3D visualization of the optimized II-shaped slotted antenna’s gain distribution using a
color gradient to show gain levels in dB across different angles. This provides an understandable and thorough view of the
antenna's directional characteristics and overall radiation characteristics [26]. Red indicates higher gain, and blue indicates
lower gain. The radiation pattern at 27.83 GHz is shown in Figure 11(c), where a larger peak gain of 7.9 dB is evident. This
highlights the antenna’s strong ability to concentrate energy in specific directions. The 3D gain plot at the second resonance
frequency of 37.81 GHz is displayed in Figure 10(d). Compared to the pattern at 27.83 GHz, the antenna’s radiation pattern at
this frequency has a different peak gain of 8.05 dB and is more focused and directed despite the presence of many lobes that
indicate strong emission in multiple directions.

The optimized I1-shaped slotted antenna’s radiation efficiency over the frequency ranges between 27 and 40 GHz band is
shown in Figure 11(a). The maximum radiation efficiency observed is 94.83% at 27.83 GHz, and it remains high at 92.61% at
37.81 GHz. However, the radiation efficiency drops to a minimum of 75.52% at 31 GHz. The optimized antenna’s directivity
and gain are shown for the same frequency range in Figure 11(b). Since gain results from multiplying radiation efficiency by
directivity, an antenna has a larger gain when both parameters are high. According to the figure, the optimized antenna’s gain
and directivity at 27.83 GHz are 7.9 dB and 8.13 dB, respectively. Similarly, the directivity is 8.38 dB, and the gain is 8.05 dB
at 37.81 GHz. Remarkably, the optimized antenna’s maximum and lowest gain and directivity values are found at 31 and 39
GHz, respectively.

4.3.3 Surface Current Distribution of the Optimized Antenna

The distribution of electric current flowing on an antenna’s conducting surfaces when stimulated by an electromagnetic signal
or a linked source is referred to as surface current in antenna theory. Since the current distribution directly affects the patterns
of the emitted electromagnetic field, it plays a crucial role in determining the radiation properties of the antenna. Antenna
design optimization requires an understanding of surface current behavior since it affects critical performance parameters like
radiation efficiency, directivity, and polarization [30]. The surface current patterns of the proposed dual-band I1-shaped SIW
antenna reveal distinct characteristics at its resonant frequencies of 27.83 GHz and 37.81 GHz, visualized in Figure 12(a) and
(b) using a color gradient from blue (minimal current) to red (maximal current). At the lower resonance of 27.83 GHz, current
flows predominantly concentrated along the patch’s longitudinal and transverse boundaries as well as the feed line,
demonstrating how this frequency mode directs current through the central patch region and slot edges. The higher 37.81 GHz
resonance exhibits more localized current distribution, with intense concentrations appearing in the patch center, slots, and
feed lines, indicating enhanced resonant behavior and coupling efficiency.
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4.4 ANN Predicted Results for Validation of CST Simulations

The ANN prediction results demonstrate a strong correlation with CST simulation data, providing robust validation of the
proposed antenna design’s performance across the targeted 28 GHz and 38 GHz 5G frequency bands. Statistical metrics such
as Mean Absolute Error (MAE), MSE, RMSE, and R-squared are used to evaluate the model’s effectiveness, as discussed in
Section 3.4. The ANN model, trained using the Levenberg-Marquardt algorithm, showcases remarkable predictive capabilities,
accurately estimating both resonance frequencies (f; and f2) and gain values at the 28 GHz and 38 GHz bands. The model is
trained with a dataset comprising 126 training samples, 16 testing samples, and 16 validation samples, achieving excellent
precision across all significant parameters. The high coefficient of R-squared (R?) values, further highlight the model’s
accuracy, which are 0.98 for fi, 0.9428 for f2, 0.97218 for the 28 GHz gain, and 0.93471 for the 38 GHz gain. The model’s
performance is further validated by its low error metrics. At the 28 GHz band, gain predictions yield an MSE of 0.001576 and
an RMSE of 0.039698, while at the 38 GHz band, the MSE and RMSE are 0.022688 and 0.150625, respectively. Although the
model exhibits slightly lower accuracy when predicting the second resonance frequency and gain at the 38 GHz band, these
results reinforce the robustness and reliability of the ANN model in predicting critical performance metrics of the antenna
design. Table 3 summarizes the performance metrics of the ANN model for resonance frequency and gain prediction.

The ANN model’s performance is further illustrated in Figure 13, where the relationship between predicted outputs and
target gain values for the proposed antenna is analyzed across various data subsets. These subsets include training, validation,
and test sets, as well as the complete dataset. Each subplot presents data points, a regression line that shows the overall trend,
and a diagonal line (¥ = 7T) representing perfect correlation. For the 28 GHz gain, the ANN model achieves high R-values of
0.97374, 0.95785, 0.98555, and 0.97218 for the training, validation, test, and overall datasets, respectively. This indicates a
strong alignment between predicted and actual values. Similarly, for the 38 GHz gain, the R-values are 0.92851, 0.93513,
0.98497, and 0.93471 across the corresponding data partitions. The consistently high correlation coefficients demonstrate the
model’s exceptional ability to predict the antenna’s gain values with high reliability. Despite slight variations across the
subsets, the model provides accurate predictions, proving invaluable for evaluating antenna performance in the 28/38 GHz 5G
bands.

Table 3. Performance metrics of ANN models for resonance frequency and gain predictions.
Target Training algorithm Sample Testing | Validation MSE RMSE R?
First resonance Levenberg-Marquardt 126 16 16 0.0092 0.09591 0.98
frequency (f1)
Second resonance | Levenberg-Marquardt 126 16 16 0.0096 0.0979 0.9428
frequency (f,)

Gain for 28 GHz Levenberg-Marquardt 126 16 16 0.001576 | 0.039698 | 0.97218
Gain for 38 GHz Levenberg-Marquardt 126 16 16 0.022688 | 0.150625 | 0.93471
Training: R=0.97374 Validation: R=0.95785 Training: R=0.92851 Validation: R=0.93513
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The validation of the frequencies and gains for the 28 GHz and 38 GHz bands is presented in Figure 14, where simulated
results (blue curves) are compared with predicted outcomes (red curves). The close alignment of the curves underscores the
model’s ability to accurately capture frequency response characteristics, including peaks, valleys, and overall trends.
Resonance frequency predictions show remarkable accuracy, with error margins as low as 0.00% to 0.43% for the 28 GHz
band and 0.03% to 0.65% for the 38 GHz band. Gain predictions also exhibit exceptional precision, with minimal error
variations of 0.01% to 0.05% at 28 GHz and 0.01% to 0.16% at 38 GHz, confirming the model’s reliability in predicting
significant antenna parameters.

5. COMPARISON WITH PRIOR RESEARCH ON 5G ANTENNAS

A comparative analysis of existing 5G antenna technologies highlights the proposed design’s significant advantages,
showcasing superior performance metrics, enhanced radiation efficiency, and exceptional suitability for 28 GHz and 38 GHz
5G applications. Table 4 provides a comprehensive comparison with similar antennas from recent literature, clearly
establishing the proposed design’s exceptional suitability for 28 GHz and 38 GHz 5G applications through detailed analysis
of critical performance parameters including impedance matching, bandwidth, and radiation characteristics.

In case of return loss characteristics, a more negative return loss indicates superior impedance matching, which minimizes
signal reflection and enhances the overall efficiency of the antenna. The proposed antenna design demonstrates the highest
return loss among all referenced works, achieving -46.29 dB at 28 GHz and -53.82 dB at 38 GHz. These values significantly
surpassed previous studies, where the best recorded return losses were -42 dB at 28 GHz [34] and -38.8 dB at 38 GHz [37].
This proposed antenna’s improved impedance matching ensures better signal transmission and reception, making the proposed
design highly suitable for 28 GHz and 38 GHz 5G applications.

In terms of bandwidth, the proposed design offers 1.786 GHz at 28 GHz and 0.683 GHz at 38 GHz. While it surpasses
several previous designs including [31] (1.23 GHz at 28 GHz, 1.06 GHz at 38 GHz) and [32] (0.9 GHz at 28 GHz), it falls
behind [38] (3.65 GHz at 28 GHz, 2.19 GHz at 38 GHz) and [36] (1.43 GHz at 28 GHz, 3.54 GHz at 38 GHz). Although [36]
provides wider bandwidth, its gain performance (2.7 dB at 28 GHz, 6 dB at 38 GHz) falls significantly short of the proposed
design (7.9 dB at 28 GHz, 8.05 dB at 38 GHz). While [38] demonstrates both wider bandwidth and higher gain, its design is
notably more complex and challenging to implement compared to the proposed antenna structure.

In comparison to gain, the proposed antenna demonstrates strong performance, achieving 7.9 dB at 28 GHz and 8.05 dB
at 38 GHz, making it one of the top-performing designs in the comparison. At 28 GHz, it outperforms several existing designs,
including [31], [33], [35], [36], [37], and [24], while closely competing with [32] (8.4 dB) and falling slightly behind [38]
(10.06 dB). Similarly, at 38 GHz, its gain surpasses multiple references, including [31], [32], [34], [36], and [37], while
remaining competitive with [24] and [35]. Despite [38] exhibiting the highest gain, its complex design poses implementation
challenges compared to the proposed structure. When evaluated holistically across all performance metrics, including return
loss, bandwidth, and radiation efficiency, the proposed antenna offers a well-balanced and optimized solution, making it highly
suitable for 5G applications.
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Furthermore, while prior designs showcase promising features, the proposed II-shaped slotted SIW antenna, which
evolved from a modified L-shaped structure, offers a compelling solution for 5G mobile networks operating at 28 GHz and 38
GHz frequency bands. The incorporation of SIW technology successfully integrates waveguide structures into a microstrip
antenna, delivering a compact and low-profile solution. The antenna’s utilization of the dominant TE1» mode ensures excellent
frequency selectivity and reduced interference from higher-order modes, while its robust SIW structure enhances mechanical
stability under environmental stress. This work maintains a permittivity of 2.2, consistent with several prior studies, and
achieves the highest measured radiation efficiency (MRE) at 94.83%, surpassing all other designs. These results highlight the
design’s excellent impedance matching, high gain, and superior efficiency, making it a strong candidate for high-frequency
applications.

Table 4. Comparative analysis of performance with previous research.

Ref. No. of | Return loss (dB) Bandwidth (GHz) Gain (dB) Permittivity | MRE
Bands (gr) (%)
28GHz | 38GHz | 28GHz | 38 GHz | 28 GHz | 38 GHz
[31] 2 -34.5 -27.3 1.23 1.06 6.60 5.86 3.0 90.3
[32] 2 -25.0 -26.0 0.90 2.00 8.40 6.10 2.2 N/A
[33] 2 -38.3 -30.8 1.34 2.26 7.20 7.65 2.2 94.0
[34] 2 -42.0 -19.0 0.50 0.70 8.21 5.74 2.2 94.0
[35] 2 N/A N/A N/A N/A 4.15 7.73 3.0 85.44
[36] 2 -20.0 -15.0 1.43 3.54 2.70 6.00 4.67 N/A
[37] 2 -38.8 -37.2 1.53 2.21 6.95 5.20 2.2 N/A
[38] 2 -25.0 -12.0 3.65 2.19 10.06 10.20 2.2 75.75
[24] 2 -17.3 -34.3 0.982 0.354 7.05 8.32 2.2 90.0
This work 2 -46.29 -53.82 1.786 0.683 7.90 8.05 2.2 94.83

N/A: Not available; MRE: Maximum radiation efficiency.

6. CONCLUSION

This work successfully presents a II-shaped slotted SIW antenna design that achieves dual-band operation for 28 GHz and 38
GHz through the innovative integration of longitudinal and transversal slots guided by vias. The antenna incorporates an
advanced SIW via structure with a microstrip line feed, optimizing both gain and bandwidth. By strategically positioning
longitudinal and transversal slots with guiding vias, it effectively manages electromagnetic waves, achieving bandwidths of
6.41% at 28 GHz and 1.81% at 38 GHz, along with realized gains of 7.9 dB and 8.05 dB for reliable signal transmission. Its
single-layer construction facilitates seamless integration, while low return losses, a VSWR range between 1 and 5, and high
radiation efficiency further enhance its practical applicability. The CST simulation results were successfully validated using
an ANN model, confirming excellent performance with an MSE of 0.0092 and R? of 0.98 for frequency prediction, as well as
an MSE of 0.001576 and R? of 0.97218 for 28 GHz band gain prediction. The SIW antenna demonstrates a compact design,
excellent impedance matching, and strong gain performance, making it highly suitable for 5G mm-wave communication
systems. Its stable dual-band operation at 28 GHz and 38 GHz offers a promising solution for applications such as wireless
backhaul, small cell base stations, and high-speed point-to-point communication links. While the antenna delivers strong gain
and efficiency, further enhancements are needed to meet the growing demands of high-speed wireless networks. Future
research will focus on improving both gain and efficiency, along with integrating advanced beamforming networks for precise
directional control, enhanced spatial multiplexing, and effective interference mitigation. These advancements will drive the
evolution of next generation 6G wireless technologies, ensuring more efficient and high-performance communication systems
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