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Abstract — Artificial neural networks (ANNs) help improve an-
tenna design process by enabling adaptive optimization strate-
gies that address important challenges in 5G wireless systems,
including signal interference, limited coverage, and high user
density. This study presents an Al-assisted design methodology
for a compact dual-band substrate integrated waveguide (SIW)
antenna optimized for 5G operation at 28 and 38 GHz. The an-
tenna is implemented on a Rogers RT/Duroid 5880 substrate
using a novel slot configuration with strategically positioned vias
to enhance radiation characteristics. The fabricated prototype
achieves gains of 8.05 dBi at 28 GHz and 7.89 dBi at 38 GHz,
with fractional bandwidths of 6.41% (27.491 - 29.277 GHz) and
1.81% (37.496 — 38.179 GHz), while maintaining a return loss
below —10 dB across both operating bands. The pivotal contribu-
tion of this work is the development of an ANN-based predictive
model capable of accurately estimating antenna gain and radia-
tion efficiency from main parameters such as slot dimensions, via
size and feedline width. The proposed model demonstrates excel-
lent predictive accuracy, achieving mean squared error values in
the range of 0.00 to 0.001 for gain prediction and 0.018 to 0.066
for radiation efficiency estimation. This AI-driven framework
significantly reduces design iterations, computational overhead,
and prototyping requirements, offering an automated frame-
work for efficient antenna development in next-generation 5G
communication networks.

Keywords — 5G, ANN, gain prediction, machine learning,
mmWave, SIW antenna

1. Introduction

To cope with limitations, including restricted bandwidth, high
latency, substantial power consumption, limited scalability
for the Internet of Things (IoT), and security vulnerabilities,
5G networks utilize three primary frequency bands including
sub-6 GHz, millimeter wave (mmWave), and unlicensed
bands [1], [2]. The mmWave spectrum, particularly the 28 and
38 GHz bands, is most important, as it offers unprecedented
data rates and ultra-low latency required for next-generation
wireless applications [3]. However, realizing this potential
remains challenging due to severe propagation impairments
at high frequencies, including increased loss of free space
path and atmospheric attenuation, especially in dense urban
environments [4].
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To address these challenges, researchers have increasing-
ly focused on developing compact, low-cost, and high-
performance antennas for 5G networks, particularly of the
microstrip patch type [5]. While simple and easily integrated,
their performance at mmWave frequencies is limited by nar-
row bandwidth, low efficiency, and insufficient gain [6]. The
antenna arrays offer a potential solution to these challenges,
but unfortunately they come with considerable drawbacks,
such as greater design complexity, increased size, and higher
cost [7], [8].

In such a context, the substrate integrated waveguide (SIW)
technology is a promising alternative, as it combines the high
performance of conventional waveguides with the compact-
ness and manufacturability of microstrip structures [9], [10].
SIW-based antennas support low-loss, wideband operation,
and planar integration, making them particularly suitable
for dual-band 5G applications in the 28 and 38 GHz spec-
trums [11], [12].

SIW slot antennas further enhance design flexibility through
strategically positioned slots, though challenges remain in
achieving wide bandwidth, efficient dual-band performance,
and adaptive beam control at mmWave frequencies [13], [14].
Although full-wave electromagnetic simulators such as CST
Microwave Studio and HFSS provide high accuracy for SIW
slot antenna analysis, their reliance on dense meshing and
iterative computations results in high computational cost and
slow convergence [15], [16].

On the contrary, artificial neural networks (ANNs) enable
fast antenna design by automating parameter optimization
and accurately predicting pivotal performance metrics, such
as gain, bandwidth, and radiation efficiency, without time-
consuming prototyping [17].

This study bridges that gap by introducing a novel dual-band
SIW antenna optimized for 28 and 38 GHz 5G operation [18].
The contributions of the proposed method are as follows:

e novel dual-band SIW antenna design with optimized slotted
structures that achieve dual-band operation at 27.83 GHz
and 37.81 GHz,

e integration of ANN predictive modeling for antenna perfor-
mance estimation (gain, bandwidth, radiation efficiency),
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which reduces the dependency on time-consuming CST
simulations,

e comprehensive data set generation and parametric opti-
mization which supports accurate ANN training and pre-
dictive capabilities.

2. Slotted SIW Microstrip Patch Antenna

The design process involves a series of stages, from the defi-
nition of material specifications to the refinement of antenna
parameters, with the goal of achieving optimal performance
in terms of gain, bandwidth, and efficiency. Figure 1 presents
the workflow used to design and optimize the proposed slot-
ted SIW antenna. The process begins by selecting the target
operating bands and defining the substrate properties and
design variables.

A parametric analysis is then performed by varying the slot
dimensions (L1, Lo, L3, and W7, W5, W3). Then, the anten-
na’s performance is evaluated in terms of return loss, VSWR,
gain, directivity, bandwidth, efficiency, and surface current
distribution. If the performance satisfies the design targets,
the results are finalized and compared with previously report-
ed work. Otherwise, optimization is carried out to refine the
structure.

The resulting data are statistically examined using ANOVA,
and when a significant p-value (< 0.05) is obtained, a re-
gression model is developed to further analyze performance
trends. The adequacy is verified and, if necessary, additional
optimization is performed. Once validated, the final design is
confirmed using CST simulations and benchmarked against
the published literature.

This methodology is scalable across multiple frequency bands
(S, X, Ku, K, and Ka) by redefining the operating frequency
and adjusting design parameters such as slot length, via diam-
eter, and waveguide width relative to wavelength. Parametric
modeling, supported by ANOVA and regression analysis,
ensures accurate performance prediction under different ge-
ometric and material configurations, enabling robust and
adaptable antenna optimization.

2.1. Evolution of the Dual-band SIW Antenna

This section presents the development of a dual-band STW
antenna through three design iterations, all modeled and
optimized in CST. As shown in Fig. 2, each design is based on
a compact 27 x 7.5 mm structure using a Rogers RT/Duroid
5880 substrate with relative permittivity of e, = 2.2 and
thickness h = 0.254 mm. Antenna 1 introduces a 9 x 0.7 mm
longitudinal slot and metallic vias forming the SIW sidewalls,
together with a 3.50 x 0.37 mm feedline for impedance
matching. Antenna 2 adds a 3.1 x 0.7 mm transverse slot
to achieve dual-band operation. The final design, antenna
3, incorporates two longitudinal slots (9 x 0.7 mm and 7.7
x 0.7 mm), along with the transverse slot, to further enhance
performance.

The S11 analysis indicates that antenna 1 provides a single
resonance at 27.82 GHz with a return loss of —21.71 dB,
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Fig. 1. Flowchart of slotted SIW antenna design and developed ANN
model details.
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Fig. 2. Evolution of the design from single to triple-slot SIW antenna
(no. 3).

as shown in Fig. 3. Antenna 2 introduces dual resonances
at 28.29 GHz (-21.19 dB) and 37.87 GHz (-33.7 dB), con-
firming effective dual-band operation. The optimized design
shown as antenna 3 exhibits deeper and more stable reso-
nances at 27.83 and 37.81 GHz, with an effective operating
range extending from 26 to 40 GHz.

This demonstrates a substantial improvement in bandwidth
and impedance matching compared to the previous designs.
These results clearly show that incorporating the second lon-
gitudinal slot enhances coupling and current distribution,
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Fig. 3. S11 analysis and optimization for antennas 1 — 3.

leading to stronger resonances and superior dual-band perfor-
mance.

2.2. Proposed Antenna Configuration

The proposed antenna incorporates a substrate-integrated
waveguide (SIW) cavity with a rectangular microstrip patch
containing strategically placed slots to enhance bandwidth
and radiation performance. As shown in Figs. 4a—c, the de-
sign employs a multilayer structure in which the SIW cavity
improves isolation and suppresses surface wave losses, while
the slotted patch enables multiresonant operation. Figure 4a
presents the 3D SIW structure, where two periodic rows of
vias form the waveguide sidewalls, confining the electromag-
netic fields and guiding energy toward the radiating slots.

The top view of the antenna, consisting of a rectangular patch
with three slots and a tapered microstrip feed (dimensions
Wy, Ly, Wp1, Ly1), is illustrated in Fig. 4b. The tapered feed
provides improved impedance matching, allowing efficient
coupling into the patch, which radiates through two longitu-
dinal and one transverse slots designed to support dual-band
operation.

The SIW structure, shown in Fig. 4c, consists of two rows of
plated through-hole vias that form effective electrical side-
walls within the substrate, enabling stable antenna perfor-
mance. The SIW is implemented using 0.5-mm diameter vias
as detailed in Tab. 1. A 3.5 x 0.37 mm feedline and a 9.0
x 0.7 mm tapered section excite the 18.4 x 7.5 mm radiating
patch.

To enhance gain and impedance matching, three slots are
etched onto the patch, including two of the longitudinal (9
x 0.70 mm and 7.72 x 0.70 mm) and one of the transverse
(3.10 x 0.70 mm) variety, modifying the current distribution
and improving return loss.

For a rectangular dielectric-filled waveguide supporting the
dominant TE;y mode, the dielectric-filled waveguide width

agqis [19]:
a

VEr
where a is the effective width of the waveguide and ¢, is the
relative dielectric constant.

The effective width of the SIW a; is determined by [20]:
d2

0.98p "’
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Fig. 4. Layout of the proposed slotted SIW antenna: a) 3D perspec-
tive, b) planar surface configuration, and c) internal SIW implemen-
tation.

where d is the diameter of the vias in the STW and p is the
pitch or center-to-center distance between the adjacent vias
in the SIW structure.

2.3. Parametric Analysis

The slot dimensions affect the impedance matching and res-
onance frequency of the proposed SIW microstrip antenna,
as shown in Figs. Sa—c. For the first longitudinal slot, S-
parameter analysis with lengths Ly = 7.82 — 8.84 mm and
widths W; = 0.66 — 0.72 mm found an optimal configura-
tionat L; = 7.9 mm and W3 = 0.7 mm, achieving reflection
coeflicients of —46.294 and —53.813 dB at 28 and 38 GHz,
respectively.

The transversal slot exhibited stable resonance at 28 GHz
across dimension variations, whereas the 38 GHz band ex-
perienced minor shifts. The best performance was obtained
at Ly x Wy = 3.1 x 0.7 mm. Similarly, the second longitu-
dinal slot provided optimal reflection with Ls = 7.72 mm
and W3 = 0.7 mm, highlighting strong sensitivity to slot
geometry.

The diameter of the vias plays an important role in deter-
mining the resonance frequencies, reflection coefficients, and
bandwidth performance of the antenna. Extensive testing of
various via diameters revealed three significant configura-
tions relevant to target frequencies. As shown in Fig. 5d, the
optimal performance was achieved with a via diameter of 0.5
mm, providing the best resonance characteristics.

On the contrary, a diameter of 0.4 mm through the tube
produced resonances at 27.23 and 36.98 GHz, with reflection
coefficients of 25.88 and —22.36 dB, respectively. The largest

Tab. 1. Optimized dimension of the slotted SIW antenna.

Parameter \2?1:2?:1?1?] Parameter \Zfﬁlen[l;zl;d]
Wy 7.50 Wi 0.70
Lg 27.00 Lo 310
d 0.50 Wy 0.70
Wy 0.37 Ls 772
Ly 3.50 Wi 0.70
Ly 9.00 P 1.00
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Fig. 5. Results of the parametric analysis of varying lengths and widths of a) the first longitudinal slot (L1, W1), b) the transverse slot

(L2, W>), and c) the second longitudinal slot (L3, W3).

diameter tested equaled 0.6 mm and resulted in resonance
frequencies deviating from the intended targets, highlighting
sensitivity of the antenna’s performance to via dimensions.

These CST simulation results serve as a basis for training an
ANN model, enabling efficient prediction and optimization
of antennas.

3. ANN-based Analysis Method

Conventional full-wave simulations using CST or HFSS soft-
ware are accurate but computationally expensive, particularly
for iterative design. To address this, here, a data-driven ANN
model is trained on CST-generated datasets [21], allowing
rapid prediction of metrics such as gain and efficiency at 28
and 38 GHz.

ANN effectively captures non-linear dependencies between
design parameters and performance outcomes, offering high
precision in complex dual-band scenarios [22]. This unified
prediction framework streamlines analysis, supports inverse
design, and significantly accelerates antenna development
[23].

3.1. Data Analysis

As shown in Tab. 2, the data set comprises 158 antenna con-
figurations characterized by 16 parameters, including eight
input features such as slot lengths and widths, through di-
ameter, and feedline width, along with eight output metrics
(gain and efficiency) for dual-band operation at 28 and 38
GHz. This data set forms the foundation for training the pro-
posed ANN model, enabling it to learn the complex non-linear
relationships between antenna geometry and performance.
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By varying geometrical and resonance-related parameters
during CST-based simulations, a diverse and comprehensive
dataset is obtained, capturing realistic design scenarios for
dual-band operation. Consequently, the ANN is exposed to
underlying physical behaviors and interdependencies that
govern antenna gain and efficiency.

3.2. ANN Model Architecture and Training Process

For development, training, and evaluation of an ANN mod-
el, eleven pivotal geometrical and resonance-related features,
including slot dimensions, through diameter, feeding width,
and frequency-dependent parameters, are used as inputs to
ensure accurate performance prediction across both bands.
The ANN architecture comprises an input layer with 64 neu-
rons processing normalized design features, two hidden layers
with 32 and 16 neurons using ReLLU activation to capture
non-linear relationships, and an output layer that simulta-

Tab. 2. Characteristics of the dataset and model parameters.

Parameter Description Description
Dataset size 158 samples Generate?d using
parametric sweep
Training/test 126 tr.al nne (80%)’ Ensures proper
data 32 validation/testing model generalization
(20%) g
Inputs 8 parameters: Used as regression
( dimeII)lsions) L1, Wi, Ly, Wa, model and ANN
L3, Ws3,d, Wy inputs
Performance 8 metrics: tlz\i/iogtil' I;rrgdig:lzn
metrics By, Fay RLy, RL, re%ur‘n. los:l gainy,
(outputs) G, G2, Bp1, B radiation efficiency

JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY

112026



ANN-enabled Gain Prediction and Optimization in Dual-band SIW Antenna Design for 5G Networks

Hidden layer 1
Hidden layer 2

‘\\\ Output

\

\ N layer

Input

\
\

— Gain
XA

X
) Efficiency

11 features for S —
28 and 30 GHz

Fig. 6. ANN architecture for the proposed model.

neously predicts gain and efficiency at both frequencies, as
shown in Fig. 6. This approach provides a fast and reliable al-
ternative to full-wave electromagnetic simulations for antenna
performance evaluation.
The ANN was trained using the Adam optimizer due to its
adaptive learning rate and robustness in handling sparse gra-
dients. Hyperparameter tuning identified an optimal learning
rate of 0.001, a batch size of 128, and 100 training epochs,
which together ensured stable convergence and good general-
ization performance. The mean squared error (MSE) was used
as the loss function, as it effectively penalizes large prediction
deviations in this regression task.
As shown in Tab. 2, the generated data set is relatively small,
which increases the risk of overfitting. To address potential
overfitting and ensure that the ANN model generalizes well,
the following strategies were applied:
o The data set was divided into training, validation, and test
sets. Model performance was monitored in the validation
set to prevent fitting too closely to the training data.

e Techniques such as L2 weight regularization (and/or
dropout, if applicable) were used to penalize overly com-
plex models and reduce reliance on any single neuron.

e Training was halted when the validation error stopped
improving, preventing unnecessary training epochs that
could lead to overfitting.

e The network architecture (number of hidden layers and
neurons) was kept as simple as possible while maintaining
high predictive performance.

e K-fold cross-validation was employed to evaluate the gen-
eralization capability of the ANN by training and validating
the model across multiple data partitions, ensuring that all
samples contributed to both learning and testing.

This approach provides a more reliable performance estimate

and reduces the risk of overfitting, particularly when working

with a limited dataset size.

3.3. Model Performance Analysis Method for ANN

To evaluate the performance of the proposed ANN model,
standard regression metrics are used, including mean squared
error (MSE), mean absolute error (MAE), and root mean
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squared error (RMSE). These metrics assess predictive accu-
racy for antenna gain and efficiency at 28 and 38 GHz. MSE,
used as the loss function during model training, measures
the average squared difference between predicted and actual
values [24]:

n

1 N 2
MSE = = “(j; — v:)° .
SE=— 2 (9 — i) 3
MAE provides the mean absolute prediction error:

1, .
MAE_E;@Z—%\. )

RMSE, the square root of MSE, expresses the error in the
same units as the target variable [25]:

1, .
o ;(yi —vi)?, (5)

where ¢; and y; denote the predicted and actual values,
respectively, and n is the number of samples.

RMSE = VMSE =

These metrics are computed separately for gain and efficien-
cy in both frequency bands, enabling the evaluation of the
model’s performance.

4. Results and Discussion

4.1. CST Simulation Results

The proposed antenna S-parameter response presented in Fig.
7a shows dual-band operation between 26 and 40 GHz with
resonances at 27.83 and 37.81 GHz. At these frequencies,
the S1; values fall below —10 dB, indicating good impedance
matching, with minimum reflection coefficients of —46.29
and —53.82 dB, respectively. Using the —10 dB criterion, the
antenna achieves a bandwidth of 1.786 GHz (FBW = 6.41%)
at 28 GHz and 0.692 GHz at 38 GHz, confirming its suitability
for 5G applications.

The VSWR characteristics provided in Fig. 7b further verify
strong matching at the two resonances, where VSWR ap-
proaches 1, while a pronounced mismatch peak is observed
near 30 GHz. Overall, the antenna demonstrates efficient
dual-band performance with superior matching at the two
operating frequencies.

Figure 7c illustrates the real and imaginary impedance char-
acteristics of the proposed antenna over 26 —40 GHz. The real
part exhibits strong peaks near 32, 34, and 36.5 GHz, with
the 32-GHz peak exceeding 800 €, indicating poor match-
ing. Optimal impedance matching occurs at 27.83 and 37.81
GHz, where the real part is minimized and the imaginary part
crosses zero, confirming the resonance.

The imaginary component alternates between inductive and
capacitive regions, with a pronounced capacitive-type dip
at 32 GHz coinciding with the large resistance peak. These
impedance features align with the measured VSWR response,
validating efficient dual-band operation at the target frequen-
cies.
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Fig. 7. Analysis of performance metrics for slotted SIW antenna: a) S-parameter, b) VSWR, c¢) impedance, and d) radiation efficiency.

Figure 7d shows that the proposed SIW antenna achieves ex-
cellent radiation efficiency at 26 — 40 GHz, exceeding 90%
over the majority of the band. Peak efficiencies of approxi-
mately 95% occur at resonant frequencies of 27.83 and 37.81
GHz, indicating highly effective radiation. A slight reduction
to approximately 85% is observed near 30 GHz, consistent
with the impedance mismatch in this region. In general, the
antenna maintains a stable efficiency range of 85 — 95%,

a) 0

270

<,

180
== E-pl
plane
b)
b

270

180

Fig. 8. Gain of the proposed slotted SIW antenna presented using
polar and 3D views at: a) 27.83 GHz and b) 37.81 GHz.
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demonstrating the low-loss performance of the SIW structure
for millimeter wave 5G applications.

For the proposed SIW antenna, simulated radiation patterns at
27.83 and 37.81 GHz (Fig. 8) exhibit quasi-omnidirectional
behavior in the E-plane with minimal distortion (3 dB varia-
tion) and more directive H-plane patterns with well-defined
main and side lobes. This hybrid behavior provides sectoral
coverage with controlled elevation beamwidth, suitable for
5G base stations and spatial multiplexing.

The 3D radiation patterns show multilobed structures, with
peak gains of 7.89 dB at 27.83 GHz and 8.05 dB at 37.81 GHz.
At 37.81 GHz, the radiation is more symmetrical and uniform,
with smaller additional lobes that improve multidirectional
coverage, demonstrating the effectiveness for mmWave 5G
applications.

Tab. 3. Evaluation values of the model test data for 28 and 38 GHz.

Band 28 GHz 38 GHz
Test loss (MSE) 0.032069 0.058893
Test (MAE) 0.120953 0.145232

Tab. 4. MAE, MSE, and RMSE values for 28 and 38 GHz.

Metrics MAE MSE RMSE

Gain (28 GHz) 0.011 0.000 0.016
Efficiency (28 GHz) 0.089 0.014 0.120
Gain (38 GHz) 0.040 0.003 0.055
Efficiency (38 GHz) 0.138 0.051 0.226
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Tab. 5. Simulated and predicted gain for the 28 GHz band using the

ANN model. .
8.0 sk
’ No. ‘ Simulated Predicted Error [%] 7o ig“‘
1 7.931 7.93 0.01 s A
g 78 &+
2 7.891 7.89 0.01 5 /;"’
& 77 e
3 7.897 7.89 0.09 = L7
= 7
4 7.891 7.89 0.01 s 76 L
5 7.987 7.98 0.09 7.5 -
/_y—l‘
6 7.895 7.89 0.06 74| e’
7 7.900 7.90 0.00 74 75 76 77 18 79 80
8 7.915 7.92 0.06 True values
9 7.550 7.55 0.00 Fig. 9. Actual vs. predicted gain 28 GHz using the ANN model.
10 7.595 7.60 0.07

Tab. 6. Simulated and predicted radiation efficiency for the 28 GHz
band using an ANN model.

’ No. ‘ Simulated Predicted Error [%]
1 97.17 97.17 0.00
2 97.23 97.17 0.06
3 97.15 97.17 0.02
4 96.69 96.62 0.07
5 96.66 96.64 0.03
6 97.28 97.30 0.02
7 96.51 96.47 0.04
8 96.46 96.46 0.00
9 97.14 97.06 0.08
10 96.83 96.80 0.03

4.2. ANN Prediction Result of Model Performance

This subsection presents the performance of the ANN mod-
el to predict gain and efficiency at 28 and 38 GHz. Tables
3 and 4 summarize the evaluation metrics, showing strong
overall predictive accuracy. For the 28 GHz band, the MSE
and MAE are 0.0321 and 0.121, respectively, while for 38
GHz, they are slightly higher, at 0.0589 and 0.145. Detailed
results per output indicate that gain prediction at 28 GHz
is highly accurate (MAE 0.011, RMSE 0.016), compared
to 38 GHz (MAE 0.040, RMSE 0.055). Efficiency predic-
tions follow a similar trend, with 28 GHz achieving lower
errors (MAE 0.089, RMSE 0.120) than 38 GHz (MAE 0.138,
RMSE 0.226). Overall, the ANN model performs better at
28 GHz, likely due to differences in the complexity or signal
characteristics between the bands.

Figures 9 and 10 present the actual vs. predicted values graphs,
illustrating the performance of the ANN model in predicting
gain and efficiency at 28 GHz. The predicted values (blue
points) closely follow the ideal-fit line (red), indicating strong
agreement with the actual targets. The tight clustering around
the ideal line for both metrics demonstrates the model’s

112026

JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY

97.6 .

7
97.4 +/;E_ +

97.2 _/—||_—/ ¥/i

97.0 :‘: - -’
96.8 . -

7
96.6 £

Model prediction
\
\

96.4 #
92| T -7

7
7
7
96.0 //_'_ 4;

96.0 962 964 96.6 96.8 97.0 97.2 974 976
True values

Fig. 10. Actual vs. predicted efficiency 28 GHz using the ANN
model.

Tab. 7. Estimation of computational time for different processes.

Process Approx. time
Single CST simulation 10 — 20 min
Dataset generation (158 samples) 26 — 52 hours

ANN training (100 epochs)
ANN prediction (per sample)

Few minutes

< 1ms

capability to accurately capture complex patterns in multi-
output regression tasks. These results validate the reliability
and precision of the solution, enabling efficient optimization
of antenna parameters while significantly reducing the need
for time-consuming full-wave simulations.

4.3. ANN-based Validation of Gain

ANN-based gain validation confirms the model’s exceptional
predictive accuracy with minimal deviation between simu-
lated and predicted values in the 28 and 38 GHz frequency
bands. Table 5 provides a comparison between the simulat-
ed and predicted gain values across ten samples. At 28 GHz,
the ANN demonstrates exceptionally high precision, with
error percentages ranging from 0.00% to 0.09% and most
predictions deviating by less than 0.06%. This near-perfect

75



Md Mahabub Alam, Md Raihanul Islam Tomal, Ahmad Afif Mohd Faudzi, and Nurhafizah Abu Talip Yusof

Tab. 8. Performance comparison of the proposed design with related works, using 28/38 GHz antennas.

OFB Gain TP
Ref. (GHz] RL [dB] BW [GHz] [dB] Type Advantages Limitations ANN/ML
Yy H-shaped High gain (28 GHz), wide Complex design,
[26] 28738 26/-24 0972 9759 slotted MIMO bandwidth (38 GHz) low gain (28 GHz) No
1277 SIW Lower reflection
[27] 28/38 -19/-20.75 0.5/0.79 1 5 s four-element Wide bandwidth coefficient, narrow No
’ array bandwidth
. . . Lower reflection
[28] 28/38 -17.35/-34.4 0.982/ 7057 Slotted SIW Compact, simple, high gain coeflicient, narrow No
0.354 8.32 (38 GHz) .
bandwidth
[29] | 28/38 -34.5/-27.3 1.23/1.06 gg 6/ 2-port MIMO Wide bandwidth Lower gain No
4-element Wide bandwidth, higher Complex design,
(301 | 28738 —40/-52 3732 6875 MIMO reflection coefficient lower gain No
Wide bandwidth, higher Complex design,
311 | 28/38 -30/-40 3057241 | 514/ 4-element reflection coefficient, high extended No
8.04 MIMO . . L
gain simulation times
[32] | 28/38 -33/-51 06/06 | 74/8.1 | 4portMiMo | Tlighgain, higher reflection |\, b nawidin No
coeflicient
Circular dual Wide bandwidth, higher Complex design,
[33] | 28/38 —A3/-45 45724 4517 band MIMO reflection coefficient lower gain ANN
Higher reflection coefficient Single band,
[34] 28 =929 0.658 7.63 Paich antenna and radiation efficiency narrow bandwidth ML
. Simple, higher reflection
This 28/38 -46.29 / -53.82 1.786/ 19/ Slotted SIW coefficient, wide bandwidth - ANN
work 0.683 8.05 . X
(28 GHz), high gain

alignment illustrates the strong learning and generalization
capability of the model for this band. In contrast, the 38-GHz
band also shows reliable performance, though with slightly
higher error margins. Prediction errors vary between 0.0127%
and 0.244%, with an average still well within acceptable lim-
its. Although still accurate, the slightly increased error in this
band may stem from more significant variability or complexi-
ty in the electromagnetic characteristic at higher frequencies.
Overall, the results confirm that the ANN model is high-
ly capable of emulating CST simulation results with decent
accuracy, particularly for the 28 GHz band.

4.4. ANN-based Radiation Efficiency

The ANN validation of radiation efficiency demonstrates ex-
cellent predictive accuracy, with strong correlation and close
agreement between predicted results and CST simulation da-
ta across both frequency bands. As shown in Tab. 6, at 28
GHz, the model demonstrates exceptional accuracy, with pre-
diction errors ranging from 0.00% to only 0.08%, providing
an almost perfect match with the simulation results.

For the 38 GHz band, while maintaining impressive overall
accuracy, the prediction errors show a modest increase, with
deviations typically below 0.1%, but occasionally reaching up
to 0.61% in isolated cases. This slight performance difference
can be attributed to the inherently more complex electro-
magnetic interactions at higher frequencies, where smaller
physical variations and increased sensitivity to geometric tol-
erances can influence efficiency characteristics. The low error
percentages across both bands, with many predictions deviat-
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ing less than 0.1% from the simulation results, confirm the
robust generalizability of the ANN model.

5. Runtime Performance Comparison

Full-wave electromagnetic simulations using CST Studio
Suite software are computationally expensive, particularly
for parametric sweeps involving multiple geometrical vari-
ables. During the generation of the 158-antenna configuration
dataset in CST, the average simulation time was approximate-
ly 10 — 20 min on a standard PC. In contrast, once trained,
the proposed ANN model predicts antenna gain and radiation
efficiency within milliseconds, allowing a near-instantaneous
evaluation of new design candidates (Tab. 7).

Although the ANN training process requires an upfront com-
putational cost, this expense is incurred only once. For sub-
sequent optimization and parametric exploration, the ANN-
based approach offers a significant increase in speed compared
to repeated CST simulations. Therefore, the proposed ANN
framework is particularly advantageous for iterative antenna
optimization, sensitivity analysis, and inverse design, where
hundreds or thousands of evaluations are required.

6. Comparison with Other Works

At operating frequencies of 28 and 38 GHz, the proposed
antenna achieves bandwidths of 1.786 GHz and 0.683 GHz,
respectively, surpassing most ANN/ML-based designs such
as [34], though the results are slightly narrower than in [33],
which incurs trade-offs in gain and complexity (Tab. 8). Its
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reflection coefficient performance is exceptional, with values
of —46.29 dB and —53.82 dB at the respective frequencies,
indicating superior impedance matching and minimal signal
loss. The antenna demonstrates strong gain performance
across both bands, achieving 7.9 dB at 28 GHz and 8.05 dB at
38 GHz, outperforming several referenced designs, including
[28]-[30], [33].

At 28 GHz, it remains competitive with high-gain designs
such as [32], [33], while slightly trailing [31]. At 38 GHz, the
proposed design outperforms the designs proposed in [26],
[29], [30], matches the performance of [32] and competes
effectively with [29]. Although it is less efficient than spe-
cialized arrays in [27], it offers a compact, high-performing,
and well-balanced solution with significantly reduced design
complexity.

The simple slotted SIW architecture provides advantages
over multi-element MIMO configurations, such as [22], [31],
making it suitable for compact, densely integrated deploy-
ment scenarios. Among machine learning-optimized designs
like [33], [34], this work uniquely combines ANN-based
optimization with decent performance across all important
parameters without compromising simplicity.

7. Conclusions

This work presents the design and optimization of a compact
dual-band slotted SIW antenna operating at 28 and 38 GHz,
for 5G applications using CST full-wave simulations integrat-
ed with a hybrid Al-based framework combining artificial
neural networks and polynomial regression. The developed
predictive model demonstrated excellent agreement with elec-
tromagnetic simulations, achieving prediction errors below
0.1%, which confirms the high precision and reliability of
the proposed approach. Moreover, the Al-assisted framework
significantly reduced computational burden, enabling perfor-
mance predictions within 2 to 3 s per model. This represents
a reduction of several orders of magnitude in the computation
time compared to conventional CST simulations, highlight-
ing the effectiveness of the proposed methodology for rapid
and efficient millimeter-wave antenna design.
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