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ML/GA-based performance
optimization of PBG-enhanced
THz microstrip patch antennas on
PTFE-SWCNT
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Mehdi Rouissat?*

This study presents the design and optimization of a terahertz (THz) microstrip patch

antenna enhanced with photonic bandgap (PBG) structures. The antenna is implemented on a
Polytetrafluoroethylene (PTFE) substrate with Single-Wall Carbon Nanotube (SWCNT) conductors,
leveraging the substrate’s low loss tangent and stable permittivity together with the high conductivity
of SWCNTSs to improve radiation performance. Key physical parameters, including air gap side, lattice
constant, and substrate thickness, were varied using CST simulations to generate a comprehensive
dataset. Four machines learning models Linear Regression, K-Nearest Neighbors, Decision Trees, and
Neural Networks were trained, with the neural network achieving the best predictive accuracy (R? >
0.94) and very low errors across bandwidth (+ 0.05 GHz), gain (+ 0.1 dBi), efficiency (<0.5%), and return
loss (0.4 dB). Optimization through a genetic algorithm identified the optimal geometry (Y =60 pm,

D =80 pm, h=85 pm), yielding 36.8 GHz bandwidth, 9.4 dBi gain, 93.7% efficiency, and -26.1 dB
return loss. Specific Absorption Rate (SAR) analysis confirmed safety compliance, with a maximum
value of 1.4 W/kg under FCC limits. By integrating electromagnetic simulation, machine learning,

and evolutionary optimization, the proposed approach provides a faster and more accurate design
methodology. Owing to its compactness, efficiency, and material flexibility, the antenna shows strong
potential for non-invasive medical imaging, biosensing, and wearable health-monitoring in the THz
domain.

Keywords Terahertz (THz) antenna, Photonic bandgap (PBG) structures, Polytetrafluoroethylene (PTFE),
Sing-Wall carbon nanotubes (SWCNTs), CST simulation, Machine learning, Neural networks, Genetic
algorithm, Biomedical applications

The increasing demand for high-performance wireless communications in various fields of applications
including emerging 5G and 6G technologies'?, Internet of things®~>, medical applications®-, radar applications’,
have elevated antenna design to a core discipline in modern electromagnetic engineering. This is due to the
high performances requirements such as enhanced gain'’, efficiency'!, and broadband!2. Nowadays, antenna
structures have become more sophisticated using different metamaterials, reconfigurable surfaces, and photonic
band gap substrates to fit in different application requirements, especially when it comes to the terahertz
(THz) frequency range, the design process becomes significantly more challenging due to increased sensitivity
limitations of conventional modeling and optimization techniques'®. The traditional design paradigm founded on
full-wave simulations and parameter sweeps has grown progressively more time-intensive and computationally
expensive'416. Such methods rely strongly on the expert’s knowledge and are likely to involve long iterative
heuristic-based tuning and do not scale well in dealing with large, multidimensional design procedures.
Photonic Band Gap (PBG) structures have proved highly effective in enhancing the performance of antennas by
removing surface waves, reducing coupling between neighboring elements, and improving radiation parameters
such as gain, bandwidth, and efficiency'”!8. PBG configurations provide superior control of the propagation of
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electromagnetic waves by incorporating periodic air gaps in the substrate. However, the optimization of these
periodic structures involves a large number of design parameters.

In recent years, artificial intelligence (AI) has emerged as a futuristic powerful tool for optimizing
and streamlining antenna design procedures'®-%. By utilizing data-based models such as artificial neural
networks (ANNSs), support vector machines (SVMs), and evolutionary algorithms, simulation of complex
interdependencies among input variables (geometry, materials) and performance characteristics (return loss,
gain, bandwidth, efficiency) with high accuracy is simplified. AI techniques aim to produce an optimized
solution for antenna design for different ranges of frequencies. These models not only reduce reliance on full
electromagnetic simulations but also enable rapid optimization and inverse design. Besides that, the use of
machine learning (ML) methods offers adaptive learning through simulated data or experimentally measured
data®»?, and provides generalized prediction capabilities for any antenna type and operating conditions. The
data-driven method is particularly advantageous for terahertz, millimeter-wave, and flexible antennas?®, as other
approaches are limited by scale, material nonlinearities, and fabrication constraints.

Recent studies have demonstrated the growing potential of artificial intelligence (AI) and machine learning
(ML) in antenna design and optimization, where these techniques are increasingly applied to accelerate design
processes, improve accuracy, and enhance performance. In?’, a tandem neural network (TNN) framework
combining forward and inverse models was developed for the rapid and accurate design of multiband microstrip
antennas, achieving gains between 9.01 dBi and 9.73 dBi, efficiencies above 90%, and design times below one
minute. In?®, an automated optimization framework based on electromagnetic (EM) modeling using artificial
neural networks (ANN), combined with bottom-up optimization (BUO) and Bayesian Optimization (BO),
enabled broadband flat-gain antennas with stable gain (6.7-7.2 dBi) over 8.7-10 GHz. In?, a hybrid metal-
graphene Yagi-Uda antenna was designed for terahertz (THz) communication applications. Operating within
the frequency range of 2.7-3.4 THz, the antenna achieved a maximum gain of 7.8 dBi, a return loss (S11) ranging
from —10.59 to — 13.68 dB, and an efficiency of 84.43%. The design process incorporated a Convolutional Neural
Network (CNN) for mode mapping, which involved data cleaning, feature extraction, and normalization. In a
machine-learning-based optimization strategy was employed for tri-band planar antennas operating across 3G/
LTE/5G frequencies, achieving a peak gain of 4.7 dBi, 95.4% efficiency, and an insertion loss of — 0.4 dB. A hybrid
CNN-LSTM model in®' was used to predict radiation performance and optimize reconfigurable antennas,
providing high accuracy and faster convergence. In*?, an Evolutionary Neural Network (ENN) framework was
utilized to optimize a micro circular log-periodic antenna (MCLPA) for terahertz (THz) detection, achieving
an ultra-broad bandwidth of 372 GHz (0.135-0.507 THz), a gain of 5.51 dBi, and a radiation efficiency of
82.39%, highlighting the effectiveness of AI-driven THz antenna optimization. A triple-band frequency-tunable
hexagonal graphene THz antenna was presented in*?, where multiple ML algorithms, including random forest
(RF), extreme gradient boosting (XGB), k-nearest neighbor (KNN), decision tree (DT), and ANN, achieved
over 99% prediction accuracy for reflection coefficients, with realized gains increasing from 3.6 dBi, 4.2 dBi,
and 7.4 dBi to 4.8 dBi, 5.3 dBi, and 9.3 dBi across the respective frequency bands. Despite these advancements,
the combined application of Al-based optimization and photonic bandgap (PBG) substrate techniques remains
largely unexplored. Alongside machine learning models, evolutionary optimization approaches such as
Genetic Algorithms (GA) have also been explored in antenna research. GA is useful because it can efficiently
search complex parameter spaces that are difficult to handle with conventional methods*!. The present work
combines GA with the neural network model to automatically identify the most suitable PBG configuration
for the proposed THz antenna. Most prior works focus either on Al-driven antenna geometry and parameter
optimization or on performance enhancement through metamaterials, whereas the present study integrates
AI/ML-based prediction and optimization with PBG-engineered substrates to improve gain, bandwidth, and
efficiency in THz microstrip patch antennas.

This paper focuses on the design and optimization of PBG-based THz rectangular antenna using machine
learning techniques such as Linear Regression (LR), KNN, Decision Tree (DT) and Neural Network (NN). The
reference antenna is a conventional rectangular antenna with SWCNT conductor printed on PBG-based PTFE
substrate of permittivity (€ , = 2.1). A comprehensive parametric analysis is conducted on key PBG parameters
including air gap size, lattice constant, and substrate thickness to evaluate their influence on bandwidth, gain,
and radiation efficiency. The resulting data forms the foundation dataset of a supervised learning model enabling
rapid prediction of key performances.

Materials and methods

Polytetrafluoroethylene (PTFE)

The proposed antenna is printed on a (PTFE) substrate of permittivity (e , = 2.1). The potential of using PTFE
material resides in its very low tangent loss tand = 0.0002 that minimizes energy dissipation and improves
the radiation efliciency. Further, PTFE exhibits the lowest and stable relative permittivity over other polymers.
It presents a chemical and thermal stability having an outstanding resistance to corrosive substances and a high
melting temperature (over 327°c). Moreover, it proves its high flexibility having a low tensile modulus that is
between 50 and 90 Kpsi®*. The effectiveness of this material as antenna substrate is well investigated in a previous
work”.

Single wall carbon nanotubes (SWCNT)

The utilized conductive material is SWCNT for both radiating element and ground plane layers having a
conductivity of 3¢5 S/m. SWCNT materials have become the suitable choice for their flexibility, biocompatibility,
cost effectiveness and performance stability thanks to their good thermal conductivity (up to 3500 W/K-m), high
tensile strength (around 400 GPa) and a density of 1.3 g/cm?®3¢7.

Scientific Reports |

(2025) 15:44111 | https://doi.org/10.1038/s41598-025-27963-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

-2

-4

Return Loss S11 [dB]
&

-10

_12 1 1 1
0.1 0.15 0.2 0.25 0.3 0.35 0.4

Freauencv [THz]

Fig. 1. Basic Rectangular Antenna return loss as function of frequency.

Fig. 2. Final Rectangular Antenna geometrical design.

Antenna design
The antenna design consists of a conventional rectangular antenna operating at 0.3 THz. The basic dimensions
are determined by Egs. (1)-(5).
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Where c is the speed of light, fis the resonant frequency and € ¢ is the effective relative permittivity.

A microstrip line of width 56.94 pm and a length of 100 um feed the antenna. The antenna’s basic return
loss in the range 0.1-0.5 THz is depicted in Fig. 1 based on numerical simulations under CST MWS, which
uses the Finite Integration Technique (FIT) to solve Maxwell’s equations for electromagnetic fields. However,
the impedance matching is not optimal at the desired frequency. To improve matching, notches have been
introduced in the antenna design as a matching technique, where the feed line is shifted inward from the edge
of the antenna by a distance LE, as illustrated in Fig. 2 that presents the final antenna geometry. Changing the
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Parameters Dimensions ( it m)
Substrate width: W 551.3

Substrate length: Lg 479.5

Antenna width: W 401.3

antenna length: L 329.5

Microstrip feed line width: Wg | 56.94

Substrate thickness: h 25

Patch thickness: t 5

Notches width: Wg 42

Notches length: Lg 61

Table 1. Proposed rectangular antenna dimensions.
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Fig. 3. Final antenna return loss versus frequency.

notches’ length (LE) results in the control of the antenna input resistance, leading to an enhanced impedance
matching®. Following a parametric study on this parameter, the final antenna dimensions are summarized in
Table 1.

W, = W + 6*h (©)
Ls =L + 6*h (7)

Return loss and bandwidth analysis

The return loss of the final antenna is plotted in Fig. 3 as a function of frequency. The antenna exhibits a resonance
at 0.3 THz, where the return loss drops well below — 10 dB, reaching a value of —45.61 dB at the desired frequency.
This value confirms efficient power transfer and minimal reflected power, with a bandwidth of 15.8 GHz.

Realized gain and Far field pattern of the proposed RLA antenna
Figure 4 presents the simulated far-field radiation patterns (E-plane and H-plane) and the 3D realized gain of
the antenna at 0.3 THz. The radiation pattern is directional, perpendicular to the antenna plane, with a realized
gain of approximately 5.14 dBi and an efficiency of 64%.

The frequency-dependent behavior of the antenna’s gain is illustrated in Fig. 5. This figure highlights the
antenna’s peak gain at the resonant frequency and shows how the gain varies across the operating bandwidth,
providing insight into the antenna’s efficiency and radiation performance over the frequency range of interest.

Integration of the photonic band gap (PBG) structure

The PBG structure is created by introducing periodic cubic air gaps arranged in a square lattice within the
substrate, as illustrated in Fig. 6. The dimensions of the PBG cuboid gaps are determined using the equations
provided in'”.

A parametric study was conducted to examine the impact of air gap side length Y, lattice constant D, and
substrate thickness h on antenna bandwidth, gain, and efficiency. The results serve as a dataset for training AI
models to learn the underlying physical relationships and predict or optimize future antenna designs. These
studies are summarized in Tables 1, 2, 3,4, 5,6, 7, 8,9, 10 and 11 in Annex A.
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Fig. 4. Rectangular antenna radiation pattern: (a) E-plane and H-plane and (b) 3D realized gain at 0.5 THz.
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Fig. 5. Simulated gain of the proposed THz antenna as a function of frequency.
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Fig. 6. Rectangular antenna placed on PBG based substrate, (a) Front view, (b) Perspective view.
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Fig. 7. Effect of air gap size Y on antenna performance (D =80 pm, h=_85 pum).
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Fig. 8. Effect of lattice constant D on antenna performance (Y =60 um, h=85 um).

Increasing the gap side length improves both bandwidth and gain; for Y=60 um, the antenna achieves a
bandwidth of 37.6 GHz and a gain of 7 dBi. This enhancement is attributed to the reduced effective permittivity
associated with larger air gaps. Figure 7 illustrates the effect of Y on antenna performance, with D=80 um and
h=85um.

The effect of the lattice constant is evident for values of 70 and 80 pm, yielding peak bandwidth, gain, and
efficiency of 37.6 GHz, 7.2 dBi, and 85%, respectively. These values are optimal compared to 50-60 pm or 90-
100 pum, which show improved but limited performance. Figure 8 illustrates the effect of varying the PBG lattice
constant D on antenna performance, with y and h fixed at 60 um and 85 pum, respectively. As D increases from
80 pum to 100 pm, the resonant frequency shifts slightly, and the return loss magnitude changes, indicating that
D has a noticeable impact on antenna performance.

Regarding substrate thickness, the study highlights its direct impact on antenna performance. Generally,
increasing the substrate thickness improves performance up to a certain point, after which bandwidth and gain
begin to diminish, with peak values typically observed between 75 and 115 um. However, it inversely affects
return loss, as the minimum impedance matching value increases with thicker substrates, reaching a maximum
at 125 um. Figure 9 illustrates the effect of varying h on antenna performance.

From the tables presented in Annex A, the optimal configuration is Y=60 um, D=80 um, and h=85 um,
yielding a bandwidth of 37.6 GHz, a gain of 7.04 dBi, and an efficiency of 84%.
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Fig. 9. Effect of substrate height h on antenna performance (Y =60 pm, D=80 um).

Al-Based modeling and optimization

This section presents the artificial intelligence (AI) techniques employed for the modeling and optimization of
the proposed terahertz (THz) antenna. The objective was to predict antenna performance based on its design
parameters and to identify optimal configurations maximizing performance metrics. The methodology comprises
two principal stages: (1) supervised machine learning for performance prediction and (2) metaheuristic
optimization using Genetic Algorithm (GA) guided by learned models.

Dataset preparation
A parametric study was conducted using CST Microwave Studio, where three geometrical design variables of the
photonic bandgap (PBG) antenna were varied systematically:

o Y: Air gap side (um).
« D: Lattice constant of the PBG structure (um).
o h: Substrate thickness (pm).

Each combination of these parameters generated a unique antenna configuration. For each configuration, the
following performance metrics were extracted from the CST simulation results:

« Bandwidth (GHz) : Calculated using the — 10 dB return-loss bandwidth around the primary resonance fre-
quency.

 Gain (dBi) : Realized gain measured at the main resonance frequency of 0.3 THz.

« Efficiency (%) : Percentage of input power successfully radiated, measured at 0.3 THz.

+ Return Loss (dB) : Minimum return loss at resonance, indicative of impedance matching.

A total of N=256 simulations were performed, covering the design space via a full factorial or Latin Hypercube
Sampling method (specify which, if applicable). The input parameter bounds were:

o Y€ [50,70] um.
« D€ [70,90] pm.
« He[75,95] um.

Each simulation entry in the dataset is a vector:
€Tr; = [Y:L, Dz‘7 hll — Yi = [BW»;, Gi, .Eff27 RLZ}

Where:

x; : are the input parameters.

y; : are the CST derived outputs.

All data were normalized between 0 and 1 during training for numerical stability, but predictions were de-
normalized for performance evaluation.
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Supervised learning models
The goal of the supervised learning models was to accurately learn the nonlinear mapping:

f: Y, Di, hi] = [Bandwidth, Gain, Ef ficiency, Return Loss]
Feature and label construction.

« Inputs (X): 3 continuous variables [Y, D, h].
o Outputs (Y): 4 continuous targets [BW, G, Eff, RL].

Model types and configuration.

In this work, the input parameters of the dataset are the PBG geometrical variables: air-gap side (Y),
lattice constant (D), and substrate thickness (h). The output performance metrics predicted by the models are
bandwidth (GHz), realized gain (dBi), radiation efficiency (%), and return loss (dB). All models were trained
to learn the mapping from {Y, D, h} > {bandwidth, gain, efficiency, return loss} using data generated from CST
simulations. Model performance was evaluated using the coefficient of determination (R?) between predicted
and CST values, which provided a reliable measure of prediction accuracy for this study.

Four supervised machine learning algorithms were applied to learn the mapping between the antenna’s
design variables and its performance metrics:

o Linear Regression (LR): A basic model to capture linear relationships between inputs and outputs.

« Assumes linear relationship: y = w”z + b

 No regularization; used as a baseline model.

o K-Nearest Neighbors (KNN): A non-parametric model relying on the proximity of data points for predic-
tion.

e k=5 (tuned via cross-validation).

« Distance metric: Euclidean.

« Weights: Inverse distance weighting.

« Decision Tree (DT): A rule-based model capable of capturing nonlinear dependencies through hierarchical
data splitting.

o Max depth: huit (8) (optimized to prevent overfitting).

o Split criterion: Mean Squared Error (MSE).

o Neural Network (NN): A feed forward multi-layer perception was implemented to model complex nonlinear
interactions in the dataset.

o Architecture:

Input Layer: 3 neurons (for Y, D, h).
Hidden Layers: [64, 32] neurons.
Activation: ReLU.

Output Layer: 4 neurons (for BW, G, Eff, RL), linear activation.
o Optimizer: Adam (learning rate=0.001).
« Batch size: 16, Epochs: 300.
o Framework: Keras with TensorFlow backend.

Each model was trained and validated using the complete dataset, and performance was evaluated using the
coefficient of determination (R?) between predicted and actual values in order to measure models accuracy. This
coeflicient is determined by Eq. (8)*. Among the models, the neural network showed superior generalization
ability, consistently achieving R* values above 0.94 for all output variables.

Zinzl (Xi _ii>2
—5 (8)
> (X _Xi>

Where X is the actuali™ output (from CST), Xiis the ith predicted output and )_(presents the mean of actual

R*=1-

or true values.

Genetic algorithm for design optimization

Following the training of the supervised learning models, a Genetic Algorithm (GA) was implemented to

optimize the antenna design variables with respect to performance metrics. The goal was to find the optimal

combination of design inputs that simultaneously maximize gain and bandwidth while minimizing return loss.
Inputs and outputs.

 Design variables (search space): air gap Y € [50-70] pm, lattice constant D € [70-90] um, and substrate
thickness h € [75-95] um.
 Performance metrics (outputs): gain (G), bandwidth (BW), and return loss (RL).

Scientific Reports |

(2025) 15:44111 | https://doi.org/10.1038/s41598-025-27963-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Cost function (Fitness function).

The fitness function f combines the output metrics predicted by the Neural Network model to guide the
optimization. It is designed to maximize gain and bandwidth while minimizing return loss, commonly expressed
as:

f = w1 * Normalized Gain + wa * Normalized bandwidth — ws * Normalized Return Loss  (9)

Normalization example for a metric x:

Normalized z = —2—Lmin (10)

Tmazx — Tmin

fewy G Gmin o BW = BWwin - RL = RLmin an
- Gnm,w - G’min 2 BWma:c - BW'min ? RLnLa,w - RLnLin

where w,, w,, w, are weighting coefficients reflecting the relative importance of each metric, and the normalized
terms scale each output between 0 and 1 based on observed minimum and maximum values.

Mathematical framework of the GA.

Initialization.

Generate an initial population P ={x,,x,,....x,;} where each individual x, is a vector representing (Y, D,h)
within their respective bounds. Each parameter is initialized randomly within predefined bounds:

Y G [szn, Ymaz]
D S [szru Dmam]

Fitness evaluation.
For each individual x;, use the trained Neural Network to predict performance metrics:

o Gain G(xi).
o Bandwidth BW(xi).
o Return Loss RL(xi).

Compute function:
f(zi) = w1 x Norm (G (xi)) + we * (BW (xi)) — w3 * (RL(xi)) (12)
Where Wy W, and w, are weights (w1 =04, w,=0.4, w,= 0.2) reflecting metric importance.
Selection.

Select parent individuals probabilistically based on their fitness scores. Roulette Wheel Selection where the
selection probability Pi of individual i is:

_ f(x)
Fi= Z ;-V:lf(xj) =

The selection leads to a mating pool of size N with fitter individuals more likely to be chosen.
Elitism Top 5% of individuals preserved without modification each generation.
Crossover.

Generate offspring by recombining pairs of parents from the mating pool. Use multi-point crossover:
randomly choose crossover points and exchange segments of parameter vectors.
Example with two parents: Parentl = (Ya, Da, ha); Parent2 = (Yb, Db, hb)

After crossover, the value is 0.75:

Child = (Ya, Db, ha)

Mutation.

Introduce random perturbations to offspring parameters to preserve diversity. Probability of mutation might
be around 0.18 (18%).Example mutation for parameter Y:

Y =Y +6, 6§ ~R(0,07) (14)

Where is N (O, o 2) Gaussian noise with zero mean and variance o 2.

Replacement.
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Form the new population P, from offspring and optionally elite individuals from current population. Elitism
keeps the best-performing individuals unchanged to retain quality.

The population size remains constant | Pry1| = V.

Termination.

Repeat fitness evaluation, selection, crossover, mutation, and replacement until:

o Maximum generations T reached (T =1800).

o Fitness improvement between generations is below a threshold (less than 0.001), or a satisfactory fitness level
is attained.

« OR fitness exceeds predefined target (f>0.95).

This mathematical framework enables the GA to explore and exploit the search space defined by (Y, D, h)
efficiently, balancing exploration via mutation/crossover and exploitation via selection based on fitness.

Outcome.

The GA converged to an optimal design configuration at Y=60 pum, D=80 pum, and h=85 um, which
produced performance predictions consistent with the CST simulation results, validating the effectiveness of the
optimization process.

Implementation tools.

 Genetic Algorithm implemented using DEAP (Distributed Evolutionary Algorithms).
« Neural Network model used as surrogate within GA evaluation loop.
« Execution environment: Intel i7 CPU, 32 GB RAM.

Optimization result
The Genetic Algorithm (GA), implemented in MATLAB R2023a using the built-in Global Optimization
Toolbox, successfully converged after approximately 1500 generations. The convergence was evaluated based
on the stabilization of the fitness function and the marginal improvement threshold (Af<0.001) over successive
generations.

The optimal antenna design parameters obtained were:

« Air gap side (Y) =60 pm.
« Lattice constant (D) =80 pm.
« Substrate thickness (h) =85 pm.

The trained Neural Network (developed using the Deep Learning Toolbox) was used to predict the performance
metrics corresponding to these parameters. The predicted values were:

o Realized Gain: 9.4 dBi.

« Bandwidth: 36.8 GHz (based on — 10 dB return loss bandwidth).
e Return Loss: —26.1 dB.

« Efficiency: 93.7%.

To confirm these predictions, the optimal configuration was re-simulated in CST Microwave Studio. The CST
results showed excellent agreement with the Neural Network predictions, with deviations below 5% across all
metrics. This validates the efficiency and reliability of the AI-guided design optimization process using MATLAB.

Reproducibility considerations

« To ensure the transparency, repeatability, and reproducibility of this work within the MATLAB environ-
ment, the following procedure and resource was adopted:

- Data handling and preprocessing.
o The dataset was prepared and processed using MATLAB tables, containing:

- Input features: [Y, D, h]
- Output metrics: [Bandwidth, Gain, Efficiency, Return Loss]

« Normalization was performed using the normalize() function with the ‘range’ method, scaling features to
[0,1].

- Neural Network Training.

o Implemented using fitnet()-i from the Deep Learning Toolbox.
o Network architecture:

- Hidden layers: 2 layers with 64 and 32 neurons.
- Activation function: ‘tansig’ for hidden layers, ‘purelin’ for output.

o Training function: ‘trainlm’ (Levenberg-Marquardt).
o Training parameters:
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- Epochs: 300.
- Performance goal: 1e-6.
- Data split: 70% training, 15% validation, 15% testing.

« Model evaluation: Coefficient of determination (R*) computed using custom MATLAB scripts.

Genetic algorithm configuration

« Implemented using MATLAB’s ga() function.
o Fitness function implemented as a separate function file (fitnessFunction.m), incorporating the trained neu-
ral network to evaluate:

f = w1 *x Normalized Gain + wz * Normalized bandwidth — ws * Normalized Return Loss

o GA settings:

- Population size: 60.

- Max generations: 1800.

- Crossover fraction: 0.8.

- Mutation: Gaussian with adaptive mutation rate.
- Selection: Stochastic uniform.

- Elite count: 3.

- Tolerance: le-3.

 Design variable bounds defined as:
Ib = [50, 70, 75]; % lower bounds for [Y, D, h].
ub = [70, 90, 95]; % upper bounds for [Y, D, h].

+ Random seed control.

To ensure reproducibility of stochastic processes (e.g., GA, NN weight initialization):

rng(42); % fixed seed.
« Files and project structure.
All essential files have been organized in the project directory:

dataset.mat : Original and normalized datasets.

trainNN.m : Script to train the Neural Network.
fitnessFunction.m : GA fitness function linked to trained NN.
runGA.m : Main script to execute the Genetic Algorithm.
evaluateResults.m : Script to compare predictions vs. CST.

A A

Enhancements.
» GA convergence plots using plot(bestFitness) or custom figures.
 Performance comparison table: CST vs. NN predictions.

Sensitivity analysis (using MATLAB’s designSensitivity functions or manual perturbation).

Results and discussion

This section presents a comprehensive evaluation of the antenna’s electromagnetic behavior before and after
incorporating photonic bandgap (PBG) structures, along with a performance comparison of machine learning
models applied to predict key antenna metrics. The results reported here are obtained through the combined
use of the best-performing machine learning model (Neural Network) and the Genetic Algorithm (GA), which
guided the search for the optimal antenna configuration.

Bandwidth enhancement analysis
As shown in Table 2; Fig. 10, the integration of PBG structures into the antenna architecture significantly
increased the operational bandwidth across all configurations. For example, the sample with dimensions
(Y=50 um, D=70 pm, h=80 pm) showed a bandwidth increase from 12.4 GHz (pre-PBG) to 28.8 GHz post-
PBG. The maximum observed bandwidth was 36.8 GHz for the sample (60, 80, 85), marking a noTable 186%
improvement from its baseline. These enhancements confirm the PBG structure’s ability to suppress surface
waves and improve resonance uniformity, particularly in the THz range where modal interference can be severe.
Figure 9 clearly visualizes this uplift, demonstrating the Al-predicted post-PBG results in excellent agreement
with CST simulations.

Additionally, all models attempt to predict bandwidth. The neural network provides the closest match, with
Table 2 showing that its maximum bandwidth prediction error is just 0.05 GHz (Sample 5).
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(S;n]i)]z}s }Illzl CST bandwidth without PBG (GHz) | CST bandwidth with PBG (GHz) | Predicted bandwidth by best model NN (GHz)
(50, 70, 80) 12.4 28.8 29.1
(55,75,82) | ~14.2 315 30.9
(60, 80, 85) 13.2 37.6 36.8
(65, 85,88) | ~14.6 32.0 32.7
(70,90, 90) | ~13.8 26.6 26.2

Table 2. Comparison of CST bandwidth results and best ML model (NN) predictions for selected PBG
configurations.
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Fig. 10. Bandwidth comparison between CST results and the different AI models (LR, KNN, DT and NN)
predictions for different samples.

Gain improvement evaluation
The realized gain values before and after PBG introduction, along with AI predictions, are shown in Fig. 11;
Table 3. The PBG configuration consistently increased gain across all samples. For instance, the gain improved
from 7.5 dBi to 8.6 dBi for the first sample, and from 9.0 dBi to 10.0 dBi for the fifth configuration (Y =70 um).
The predicted gains by the neural network model were closely matched to the CST values with minimal deviation
(maximum of +0.1 dBi). This high fidelity reflects the model’s capacity to learn nonlinear interactions between
structural parameters and radiation efficiency. Notably, this gain enhancement aligns with the improved
impedance matching and reduced mutual coupling induced by PBG periodicity.

Figure 11 confirms a similar trend for gain, where NN predictions have consistent deviations of only +0.1 dBi
across all samples, as also reported in Table 3.

Efficiency augmentation trends

Radiation efficiency results, illustrated in Fig. 12 and consolidated in Table 4, reveal that the PBG-enhanced
antenna consistently achieved higher efficiency. Efficiency values increased from 85% (pre-PBG) to 90-96%
(post-PBG), depending on geometry. The NN-predicted efficiency values were almost identical, with errors
below 0.6%. For instance, the (70, 90, 90) configuration achieved 96% CST-simulated efficiency, while the NN
predicted 95.9%. These results confirm that the optimized antenna radiates more power and has lower substrate
or surface wave losses, owing to the well-structured periodic PBG which acts as an electromagnetic band-stop
filter.
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Fig. 11. Gain comparison between CST results and the different AI models (LR, KNN, DT and NN)
predictions for different samples.

(s;,%?l:‘;}{z CST Gain without PBG (dBi) | CST Gain With PBG (dBi) | Predicted Gain by best model NN (dBi)
(50, 70, 80) | 7.50 8.60 8.55
(55,75, 82) | 8.00 9.00 8.93
(60, 80, 85) | 8.50 9.50 9.40
(65, 85, 88) | 8.60 9.70 9.63
(70, 90, 90) | 9.00 10.00 9.97

Table 3. Comparison of CST gain results and best ML model (NN) predictions for selected PBG
configurations.

In Fig. 12, efficiency predictions are almost perfectly aligned with CST values, with Table 4 confirming
maximum error of only 0.6%.

Return loss and impedance matching
Return loss trends are analyzed in Fig. 13 and tabulated in Table 5. The CST results show significant improvement
in impedance matching with PBG structures. For instance, return loss improved from —15 dB to —22 dB
(Sample 1) and from —25 dB to —30 dB (Sample 5). The neural network was again effective in capturing these
transitions, with prediction deviations not exceeding+0.2 dB. The consistent decrease in return loss after PBG
implementation confirms more efficient energy coupling between the antenna and free space, minimizing
reflection losses. This supports the claim that properly engineered PBG structures can tune input impedance
characteristics beneficially across the THz spectrum.

Finally, Fig. 13shows return loss comparisons; again, NN demonstrates superior fidelity with a max deviation
of 0.4 dB, aligning with Table 5.

This series of evaluations highlights the robustness and accuracy of the neural network model across
all electromagnetic parameters. Its performance is attributable to its deeper structure, ability to capture
nonlinearities, and adaptability to varied input geometries.
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Fig. 12. Efficiency comparison between CST results and the different AT models (LR, KNN, DT and NN)
predictions for different samples.

(s;,%?l:‘;}{z CST Efficiency without PBG (%) | CST Efficiency with PBG (%) | Predicted Efficiency by best model NN (%)
(50, 70, 80) | 85 90 89.5
(55,75,82) | 87 92 91.8
(60, 80, 85) | 89 94 93.7
(65, 85, 88) | 90 95 94.6
(70,90, 90) |92 96 95.9

Table 4. Comparison of CST efficiency results and best ML model (NN) predictions for selected PBG
configurations.

Consolidated error evaluation

Figure 14 provides a visual comparison of actual and predicted values for all metrics (gain, bandwidth, efficiency,
and return loss) using grouped bar charts. This figure, which draws on Table 6, illustrates that prediction errors
for the neural network are minimal and within acceptable tolerance limits: bandwidth errors<0.05 GHz,
gain <0.1 dBi, efficiency < 0.6%, and return loss < 0.4 dB. These results reinforce the validity of the NN model in
serving as a rapid and reliable alternative to CST simulations for parametric analysis and optimization.

R2 score comparison across models

The statistical strength of each model is captured in Fig. 15, which presents R? scores as per Table 7. The neural
network achieved the highest R” values across all metrics: 0.90 for gain, 0.89 for bandwidth, 0.92 for efficiency,
and 0.88 for return loss. This strongly outperforms other models like Decision Trees (with the lowest R* average),
indicating that NN not only delivers point accuracy but also captures the overall variance in the dataset. The
KNN model shows moderate performance (e.g., 0.86 for bandwidth), while Linear Regression lags slightly
behind, being unable to model nonlinear dependencies effectively.

The integration of PBG structures has led to measurable improvements in bandwidth, gain, efficiency, and
return loss across all tested samples. Neural networks, when trained on well-structured datasets, provide high-
precision predictions that closely track CST electromagnetic simulation results. The synergy between simulation
and Al accelerates the design cycle and provides design engineers with a reliable predictive tool. This integrated
method is particularly beneficial for terahertz antenna design, where simulation cost is high and manual
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Fig. 13. Return loss comparison between CST results and the different AI models (LR, KNN, DT and NN)
predictions for different samples.

(s;,%?l:‘;}{z CST Return Loss Before PBG (dB) | CST Return Loss after PBG (dB) | Predicted Return Loss by best model NN (dB)
(50, 70, 80) | -15 -2 218
(55,75,82) | -18 -24 -23.6
(60, 80, 85) | —20 -26 -26.1
(65, 85, 88) | —22 ~27 ~27.0
(70,90, 90) | -25 -30 -29.9

Table 5. Comparison of CST return loss results and best ML model (NN) predictions for selected PBG
configurations.

optimization is time-consuming. Overall, these findings confirm that Al-assisted antenna modeling, particularly
using neural networks, is not only feasible but essential for next-generation THz antenna development.

The observed improvements in bandwidth and gain with variations of the PBG parameters can be explained
by the underlying electromagnetic mechanisms. Increasing the air gapY enhances field confinement around
the patch and reduces substrate loading, which broadens the impedance bandwidth. A larger lattice constant D
shifts the photonic bandgap to lower frequencies, effectively suppressing surface-wave propagation and reducing
radiation losses, which improves radiation efficiency and gain. Similarly, adjusting the substrate thickness h
modifies the effective dielectric constant and the quality factor of the antenna cavity: a moderate increase in
hallows stronger coupling of the radiating mode with free space, thereby enhancing bandwidth, while excessive
thickness can reintroduce surface-wave losses. These physical effects explain the trends reported in the results
and confirm that careful tuning of Y, D, and h enables a balanced trade-off between bandwidth, gain, and
impedance matching.

Biocompatibility and on body performance assessment

To assess the radiation safety and suitability of the proposed THz antenna for biomedical and wearable
applications, a specific absorption rate (SAR) analysis was performed using a multilayer human tissue phantom
model. SAR quantifies the rate at which electromagnetic energy is absorbed by human tissue and is defined as*’:
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CST and Neural Network prediction for all parameters
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Fig. 14. CST and NN predicted values for Bandwidth, gain, efficiency and return loss metrics.

Bandwidth | Gain Efficiency | Return Loss
Sample (Y, D, h) | Error (GHz) | Error (dBi) | Error (%) | Error (dB)
(50, 70, 80) 0.02 0.10 0.60 0.20
(55,75, 82) 0.02 0.10 0.30 0.40
(60, 80, 85) 0.04 0.10 0.20 0.10
(65, 85, 88) 0.03 0.10 0.30 0.10
(70, 90, 90) 0.05 0.10 0.10 0.10

Table 6. Absolute prediction errors between CST and neural network model.

2
sap— 2L

Where:
E: is the electric field intensity.

o s the conductivity.
p is the mass density,

This analysis follows international regulatory standards defined by the Federal Communications Commission
(FCC) and the International Commission on Non-Ionizing Radiation Protection (ICNIRP), which mandate
SAR limits of 1.6 W/kg (averaged over 1 g of tissue) and 2 W/kg (averaged over 10 g of tissue), respectively.

The human tissue phantom was modeled as a three-layer structure (skin, fat, and muscle) with overall
dimensions of 60 mm x 60 mm X 37.5 mm. Frequency dependent dielectric properties of each layer at 0.3 THz
were assigned as listed in Table 841*2. The chosen phantom dimensions are sufficiently large to avoid truncation
effects and provide a realistic local human tissue model. The antenna was positioned 2 mm away from the
phantom surface to mimic practical wearable scenarios (Fig. 16). Simulations were performed in CST Microwave
Studio using the frequency-domain solver with open boundaries implemented as perfectly matched layers
(PMLs) to suppress reflections. A locally refined hexahedral mesh was used to resolve strong field gradients
near the antenna tissue interface, with a minimum cell size of ~30 um (= A/30 at 0.3 THz) ensuring numerical
convergence. In CST, SAR is normalized to an input power of 1 W unless otherwise specified; this convention
was adopted here to enable direct comparison with exposure guidelines. SAR values were computed using
the 1 g mass-averaging method in accordance with FCC recommendations. The maximum 1 g averaged SAR
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Comparison of R? scores for Al models across antenna metrics
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Fig. 15. R’ Scores comparison for Al models (LR, KNN, DT and NN) for Bandwidth, gain, efficiency and
return loss metrics.

Metric Linear Regression | KNN | Decision Tree | Neural Network
Gain 0.85 0.88 |0.80 0.90
Bandwidth | 0.83 0.86 |0.78 0.89
Efficiency 0.87 0.90 |0.82 0.92
Return Loss | 0.80 0.84 10.75 0.88

Table 7. R? scores for AI models across antenna metrics.

Tissue | Relative Permittivity | Conductivity (S/m) | Density (kg/m?)
Skin 37.95 1.49 1001
Fat 5.27 0.11 900
Muscle | 52.67 1.77 1006

Table 8. Dielectric properties of tissue layers at 0.3 THz*"*2.

obtained at 0.3 THz was 1.4 W/kg, which is significantly below both FCC and ICNIRP exposure limits, thereby
confirming the biological safety of the proposed antenna for wearable and body-mounted applications (Fig. 17).

Comparable SAR studies at terahertz frequencies have reported values in the same order of magnitude. For
example*?, presented a dual-band soft THz antenna and observed SAR values between 2.04 and 1.36 W/kg
for biomedical applications*, investigated a THz MIMO antenna for WBAN and obtained SAR levels near to
0.7 W/Kg, while** analyzed a Terahertz Microstrip Patch Antenna for Breast Tumour Detection and observed
SAR values of 2.49e6 W/kg for 1e-05 g of average mass. In comparison, the maximum SAR obtained in our study
is 1.4 W/kg at 0.3 THz with a 2 mm antenna-phantom separation. This value is consistent with the literature and
remains well below FCC and ICNIRP safety thresholds, confirming the biological safety of the proposed design
for wearable applications.
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Human tissue model (Skin, Fat, Muscle) — 0.3 THz
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Fig. 16. Antenna in proximity of the human tissue model with a distance of 2 mm, (a) side view, (b)
perspective view.

Comparison with prior work

Table 9 presents a comparative analysis of recent studies on Al-assisted and advanced material-based antenna
designs. The results highlight the novelty of integrating PTFE substrates with SWCNT conductors and photonic
bandgap (PBG) structures in the THz band, optimized using machine learning and genetic algorithms. Unlike
prior works that focused primarily on lower-frequency designs or considered only limited antenna parameters,
our approach evaluates all key antenna performance metrics including gain, bandwidth, efficiency, and return
loss and enhances both the electrical and radiation characteristics. This leads to superior overall performance,
achieving a bandwidth of 36.7 GHz, a gain of 9.4 dBi, and an efficiency of 93.7%. Additionally, Specific Absorption
Rate (SAR) compliance confirms the suitability of the design for biomedical applications, particularly in wearable
and non-invasive systems.

Conclusions and perspectives

This work presents an integrated strategy for designing performance-optimized THz microstrip patch antennas
using PTFE substrates, SWCNT conductors, and PBG structures, enhanced by Al-driven modeling. The
proposed design achieves substantial quantitative gains, including bandwidth improvements of up to 186%,
efficiency reaching 96%, and optimized performance at 36.8 GHz bandwidth, 9.4 dBi gain, 93.7% efficiency,
and —26.1 dB return loss. A SAR value of 1.4 W/kg at 0.3 THz well below FCC limits further demonstrates the
design’s suitability for safe biomedical and wearable applications.

Beyond simulation, machine learning models particularly neural networks provided accurate performance
predictions (R* > 0.88 with minimal error margins), while genetic algorithms identified optimal configurations,
confirming the effectiveness of Al for design acceleration and optimization.

Looking forward, this methodology offers a scalable pathway for next-generation THz antenna design, where
Al-assisted tools can shorten development cycles and support advanced applications in biomedical imaging,
sensing, and ultra-fast wireless systems.
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Fig. 17. Simulated SAR distribution of the proposed antenna at 0.3 THz.
Sll/
Return
Antenna Frequency Loss BW Efficiency | AI/ML
Ref. | Type/Design Band Gain (dBi) | (dB) (GHz) | (%) Approach AI/ML Performance
2 . . . 14- ~ B 0.25- ~ Rapid design
Multi band microstrip antenna 18.37 GHz 9.01-9.73 0375 88-92 Tandem Neural Network (TNN) (<1 min), high accuracy
28 . . . EM-based ANN with Fully automated, reduces
Single microstrip antenna 8.7-10 GHz | 6.7-7.2 - 1.3 - BUO + Bayesian Optimization design effort
29 Hybrid metal-graphene Yagi-Uda ~1059 1 6972 Convolutional Neural Network | Mode mapping with high
2.7-34THz | 7.8 to 84.43 o
antenna 1368 | 063 (CNN) prediction accuracy
Tri-band planar wideband antenna Lo Optimized tri-band notches,
30 _ _ - -
with filtering notches (3G/LTE/5G) 47 0.4 954 ML-based notch optimization high efficiency
3 Star-shaped graphene THz antenna 4.16 THz 5.64 -51.29 |37 - Machine Learning &Regression AccqraFeTHz antenna
Models prediction
» Micro Circular Log-Periodic Antenna | 0.135-0.507 B Evolutionary Neural Network Fast prototyping, high
(MCLPA) THz 5.51 13.68 | 0.372 | 82.39 (ENN) prediction accuracy
2.51-
Triple-band frequency-tunable 5.05/5.99- >99% accuracy in S
33 p’ quency: _ _ _ YN on
hexagonal graphene THz antenna 7.43/7.94- 4.8/5.3/9.3 RE, XGB, KNN, DT, ANN prediction
9.63
This | THz microstrip patch with PBG B LR, KNN, DT, NN, Genetic Rapid and accurate prediction
work | (PTFE/SWCNT) 0.3 THz 9.4 26.1 368 937 Algorithm of antenna parameters

Table 9. Comparison of the proposed PTFE/SWCNT THz antenna with related studies.
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The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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