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Editor’s Column

Mladen Knezic

Everything we hear is an opinion, not a fact.
Everything we see is a perspective, not the truth.

Marcus Aurelius, Meditations

Editorial Letter
DOI: 10.53314/ELS2630001K

HE first issue of Vol. 30 of the Electronics journal

presents five original research papers that highlight the
intersection of advanced computational frameworks and spe-
cialized hardware design. These contributions address critical
needs in medical diagnostics, high-speed communication, and
energy-efficient semiconductor technology.

The issue begins with a study by Al-Hasooni et al., who
propose a multimodal deep learning framework for the near-
instantaneous prediction of cardiovascular events. By simulta-
neously processing 12-lead ECG waveforms through a specia-
lized SignalCNN and patient demographic data via MetaMLP,
the authors achieve a validation accuracy of 85.19%. This
hybrid approach demonstrates immediate clinical potential,
as the system can deliver diagnostic insights in less than
0.25 seconds, offering a scalable solution for real-time cardiac
monitoring.

In the field of biomedical sensing, Mezache et al. introduce
a novel multi-band metamaterial resonator designed for the
terahertz (THz) regime. Specifically tailored for the detection
of SARS-CoV-2, the biosensor utilizes a thin gold layer to
achieve a high sensitivity of 347.7 GHz/RIU. The design’s
ability to differentiate between various virus types through
refractive index changes—combined with its non-destructive
nature—establishes a robust foundation for next-generation
label-free diagnostic platforms.

Shifting focus to semiconductor architecture, Goswami
et al. investigate FinFET-based sub-circuit designs for low-
power VLSI applications. Their research introduces innovative
stacked-based 4:3 and 5:3 compressors for multipliers, which
significantly reduce the critical path delay and power con-

sumption. Simulations indicate a 64.91% reduction in delay
and an 87.85% improvement in average power, proving that
FinFET technology is essential for maintaining performance
as device scaling progresses beyond the limits of traditional
planar transistors.

The final two papers address advances in antenna engi-
neering. Bin Helal and Touhidul Islam present a compact
ultra-wideband (UWB) pi-slotted elliptical patch antenna for
THz-band 6G wireless communication. This design, which
incorporates a pi-shaped slot for the first time in the THz
spectral region, achieves a wide impedance bandwidth of
341 THz and a high gain of 7.906 dB. Its ultra-compact
footprint makes it an ideal candidate for on-chip 6G systems
and high-speed sensing.

Lastly, Md. Samiul Islam and Abu Zafor Md. Touhidul
Islam contribute a polyester-based textile antenna specifically
for smart clothing. Operating in the 3.5 GHz band, the antenna
is optimized for 5G NR and WiMAX applications while
maintaining a high radiation efficiency of 94.52%. Extensive
bending and SAR analysis confirm that the design is both
robust and compliant with IEEE safety standards, making
it a practical and safe solution for wearable healthcare and
broadband communication.

Finally, we must also note with sadness that we close this
issue with an In Memoriam letter written by our honorary
Editor-in-Chief Prof. Branko Doki¢ for Prof. Mili¢ Stojié,
who passed away at the beginning of the year. His work has
left an invaluable mark on our community, and we use this
opportunity to honor his legacy and profound contributions to
the field.

We hope that the readers find these articles both intellec-
tually stimulating and practically relevant to their ongoing
research. As always, I thank the authors for their contributions
to this issue of the journal and extend great appreciation to
all the reviewers who participated in the editorial process by
providing their reports in a timely manner to the editors and
authors.
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Near-instantaneous Cardiovascular Event Prediction
Using Multimodal Deep Learning

Maytham Kareem Naeem Al-Hasooni, Amenah Y. Abdzaid, Noor. H Hadi, and Hassan Falah Fakhruldeen

Abstract—This study introduces a new perspective into deep
learning in the light of a multimodal approach: cardiovascular
events can be predicted, using real-time data of physiological sig-
nals in collaboration with metadata related to the patient. Electron-
ic Health Records (EHR) are digital versions of patients’ medical
histories, while Multilayer Perceptron (MLP) and Convolutional
Neural Network (CNN) are deep learning architectures designed
for processing structured data and spatial/temporal patterns, re-
spectively. A hybrid neural network model is designed that allows
taking, as input from the CNN, the 12-lead ECG signals, while an
MLP processes patient demographic and clinical features. It is
designed to simultaneously process temporal ECG patterns and
static patient characteristics for all-rounded cardiovascular risk
assessment. In this work, our dataset consisted of 17,441 ECG re-
cordings per patient, each being a 12-channel signal sampled on
500-time points and patient metadata like age, sex, and weight.
Our architecture has two specialised components: the proposed
SignalCNN to process the waveforms including two convolutional
layers with batch normalization and dropout as regularization and
MetaMLP processing patient metadata. These combined features
are then fed into a classifier to enable multi-label prediction of five
common cardiovascular conditions. The model yielded very prom-
ising results and performed very robustly with an overall valida-
tion accuracy of 85.19% after 15 epochs of training. The training
was improving smoothly for both training and validation metrics,
while the validation loss decreased from 0.4298 to 0.3484, which is
indicative of good generalization. The model was very stable in its
training without showing any hint of overfitting thanks to strate-
gic dropout and batch normalization. This work will contribute to
cardiovascular healthcare with a real-time, automated system that
can be used for the early detection of cardiac events. The approach
is multimodal, offering more nuanced predictions by including in-
stantaneous physiological signals, together with patient-specific
factors. This may enable earlier and more accurate clinical assess-
ment of cardiovascular risk.

Manuscript received on December 28th, 2024. Received in revised form
on February 14th and June 11th, 2025. Accepted for publication on September
16th, 2025.

Maytham Kareem Naeem Al-Hasooni, Department of Computer Science,
College of Computer Science and Mathematics, University of Kufa, Najaf, Iraq
(email: maythamk.alhasooni@uokufa.edu.ig, ORCiD: 0009-0001-9921-4425).

Amenah Y. Abdzaid, Fatima Al Zahra School for Distinguish Students, AL-
Diwaniyah Education Directorate, Iraq (email: amanahyahaya98@gmail.com,
ORCiD: 0009-0003-6267-4414).

Noor. H Hadi, Artificial Intelligence Department, College of Engineering
and Technologies, Al-Mustagbal University, Hillah, Iraq (email: noor.hasan.
hida@uomus.edu.iq, ORCiD: 0009-0006-4943-0804).

Hassan Falah Fakhruldeen, Computer Techniques Engineering Department,
Faculty of Information Technology, Imam Ja’afar Al-Sadiq University,
Baghdad, Iraq (email: hassan.fakhruldeen@gmail.com, ORCiD: 0000-0001-
9104-847X).

Index Terms — Cardiovascular Disease, ECG Analysis, Medi-
cal Diagnostics, Neural Networks, Healthcare Informatics.

Original Research Paper
DOI: 10.53314/ELS26300034

1. INTRODUCTION

ARDIOVASCULAR diseases (CVDs) remain one of the

leading causes of death worldwide; thus, early detection
and advanced risk assessment methods are increasingly need-
ed. Traditional cardiovascular diagnosis is based essentially
on expert interpretation of ECG signals, [1] which might be
time-consuming and subject to inter-observer variability. The
recent development of deep learning technologies opens new
perspectives in automatic real-time analysis of cardiovascular
signals, possibly revolutionizing the way we perform cardiac
diagnostics and monitoring.

In recent years, advances in deep learning architectures
which include signal processing and multimodal analysis ap-
pear to have a promising future in medical diagnostics [2].
Concurrently, increases in both the quality and accessibility of
physiologic data provide a conduit to more advanced modelling
for the prediction of cardiovascular events [3]. Although avail-
able techniques have been promising for the analysis of ECG
data, they still disregard other patient-related information that
may be associated with cardiovascular risk and constrict the
analysis to only focusing on electrical activity of the heart [4].

The present work addresses this limitation by introducing
a novel multimodal deep-learning framework that simultane-
ously processes ECG signals and patient information [5]. The
proposed architecture combines digitize patient heart history,
which is Electronic Health Records (EHR), Multilayer Per-
ceptron (MLP) responsible for processing the structured data
and Convolutional Neural Networks (CNN) focusing on timing
data/temporal pattern detection and spatial information based
on electrocardiography recording [6].

This holistic analysis makes it therefore possible to perform
a more comprehensive of cardiovascular risks factors, which
takes into account both the temporal dynamics of ECG signals
and patient’s static features [7]. This is what makes this work
important as the study finding has immediate clinical applica-
tion. Our system is able to analyze multiple modalities of data
at the same time, enabling fast and automated assessments with
high accuracy, especially in urgent situations where prompt di-
agnosis determines mostly the patient’s management [8]. More-
over, our method is addressing the increasing need for health-
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care providers to scale up and automate, potentially relieving
some burden on healthcare personnel without sacrificing diag-
nostic performance at high level [9].

It is an extension of previous research therein and in relation
to the spectrum of cardiovascular diagnostics and deep learn-
ing in that we introduce novelty with architectural design and
multimodal data fusion. Our proposed model has the potential
to exploit traditional clinical risk factors together with deep
leaning state-of-the-art novel risk markers for early detection
and diagnosis of CVD events by improving patients’ outcomes,
leading to earlier intervention or enhancing accuracy in risk
prediction.

Key Definitions:

Electronic Health Records (EHR): Digital repositories of
patient health information.

Multilayer Perceptron (MLP): A class of feedforward artifi-
cial neural networks for non-linear data modeling.

Convolutional Neural Network (CNN): A deep learning
model specialized for grid-like data (e.g., ECG signals).

II. LITERATURE REVIEW

Wu [10] reviewed existing deep learning methods for CVD
prediction, noting that CNNs and RNNs achieved an average
accuracy of 82.3% on ECG datasets. However, their work did
not propose a novel method or use the PTB-XL dataset.

Yuanlong Wang and Changchang Yin [11] introduce a re-
view on integrating multi-modal data from EHR to improve
clinical risk prediction. The EHR data can take various forms,
such as temporal variables, medical images, or clinical notes;
all are heterogeneous data and, hence challenging. On the other
hand, this makes the range of views on patient health wider.
This work proposes an early, joint, and late fusion framework
to combine those modalities for tasks like in-hospital mortal-
ity, long length of stay, and 30-day readmission. Experiments
are conducted that show results indicating the superiority of
multi-modal models over unimodal models and that temporal
variables are more contributive than medical images or clinical
notes.

S. V. Evangelin Sonia and R. Nedunchezhian [12] propose
a new deep learning-based approach, namely DNHRY, to clas-
sify cardiovascular diseases of diabetic men using heart rate
variability data. Heart rate variability is a noninvasive meth-
od which demonstrates the impact of the autonomic nervous
system on heart function and aids in detecting disorders of the
heart. DNHRYV is a deep learning model that combines the su-
periority of deep neural network in medical risk factor analysis
and deep convolutional neural network in HRV signal and med-
ical image training. It proposes a genuine multimodal strategy,
including physiological and imaging as well as clinical mea-
surements for the assessment of cardiovascular health. DNHRV
is evaluated on the SHAREEDB dataset achieving an accuracy
of 98.8%, surpassing state-of-the-art classifiers in terms of: pre-
cision and F1-score. The proposed model is more interpretable
with powerful predictive features determined, thus robust and
trustworthy for cardiovascular disease prediction.

Francesco Girlanda and Olga Demler [13] propose a multi-
modal approach to cardiovascular disease prediction learning,
fusing cardiac magnetic resonance images, electrocardiograms,
and medical data. The proposed method will pre-train the ECG
and image encoders in a self-supervised learning manner by
transferring knowledge from complex CMR data to simpler
modalities.

Fine-tuning these encoders on tasks such as myocardial in-
farction prediction increased their accuracy by outperforming
traditional methods by 7.6%. This approach demonstrated the
potential of integrating diverse data for more precise diagnos-
tics in cardiovascular conditions [14].

Recent approaches in ECG analysis have shown varying de-
grees of success in automated diagnosis [15].

II1. MATERIALS AND METHODS

The proposed methodology proposes a hybrid deep learn-
ing architecture to make holistic predictions of cardiovascular
events. Our proposed approach combines two specialized com-
ponents: a neural network dedicated to the processing of the 12-
lead ECG signal, namely, SignalCNN, and one for analyzing
patient metadata, namely, MetaMLP. Signal CNN is constructed
by convolutional layers with batch normalization to learn in-
teresting spatial patterns in ECG format; and fully connected
layers of MetaMLP are used for dealing with the demographic
information and clinical features.

This dual-stream architecture makes it possible to perform
input of temporal ECG data (12 leads x 500 time points) and
corresponding patient information like age, sex, weight in a
synchronized prediction. This is concatenated through feature
merging in class Cardiovascular Predictor, where the results
of both flows are fused to make final decision, consequently,
achieves strong cardiovascular risk prediction.

A. Dataset Description and Preprocessing

The present work is based on the PTB-XL dataset, which is
an extensive ensemble of clinical electrocardiography records,
maintained by Physikalisch-Technische Bundesanstalt. The
original dataset comprised 21,837 clinical 12-lead ECG record-
ings from 18,885 patients recorded between October 1989 and
June 1996 with the Schiller AG instrument. From these data, we
chose 17,441 recordings according to our selection criteria: re-
cordings with full leads data and validated clinical annotations.

Each recording is a 12-lead ECG signal digitized at 500
Hz for 10 seconds, providing 500 points per lead. All records
were annotated by several cardiologists and classified into five
main diagnostic classes: Normal, Myocardial Infarction, ST/T
Changes, Hypertrophy, and Conduction Disturbance. Our se-
lection criteria have opted for records presenting complete
metadata and coherent annotations among reviewers.

Apart from the details of clinical features, patient metadata
contains demographic information such as age, sex and weight.
The age range in our study cohort was 18 to 95 years (mean:
58.8 £ 17.7 years) and 40.8% were female patients. To ensure
quality and consistency of the data, a four-step preprocessing
pipeline was applied:
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Signal Preprocessing:

 Baseline wander removal using median filtering

* Noise reduction through bandpass filtering (0.5-40 Hz)

« Standardization of the signal into 500 time points

* Normalizing signal amplitudes into the range [-1, 1]

Metadata Preprocessing:

* Numerical feature standardization

* Binary encoding of categorical variables

 Imputation of missing values using median values for the

respective gender

The dataset was split into training sets comprising 80%
and validation sets comprising 20%. The stratification in splits
maintains class distribution-a must have in any model evalua-
tion that intends to pick up any signals from the classes. Table I
shows a summary of signal and meta-data characteristics.

TaBLE |
SUMMARY OF SIGNAL AND META-DATA CHARACTERISTICS

Characteristic Signal Data Meta Data

Total Samples 17,441,000 time points 17,441 records

12 channels x 500-time 37 features

points

Dimensions

Signal Features 12-lead ECG (channels -

0-11)

Demographic - Age, Sex, Weight, Height
Features

Clinical Labels - 5 main conditions, 29

sub-conditions
Sampling 10-second recordings -
Data Split 80% training (13,953 20% validation (3,488
records) records)
Missing Values None in signals Partial demographic data

B. Distribution of Cardiovascular Conditions

The pie chart in Fig. 1 depicts the distribution of cardio-
vascular diseases in our dataset, which includes 17,441 ECG
signals; useful information is gained regarding the compilation
[16]. Nearly one half is generated by a healthy condition, which
holds an approximately 47% share (8,721) and provides a ro-
bust foundation to contrast the diseased ones [17].

B Normal (NORM)
B Medical Infarction (MI)
5T,/T Change [STTC)

Hypertrophy (HYP)

B Conduction Disturbance (CD)

Fig. 1. Distribution of Cardiovascular Conditions

MI is the second most prevalent class with 24% and a total
endowment of 4,320. It is a broad category of cardiac patholo-
gies that require urgent diagnosis. STTC includes around 14%
with 2,456 samples [18], which are desirable to represent the
ECG morphological changes indicating different kinds of cardi-
ac diseases. Ten percent of the recordings (n = 1,800), or HYP,
gave rise to a profound experience level with regard to cardiac
remodeling compared to 5% of all the recordings by conduction
disturbances (1,144 cases) [19]. This is actually a good distri-
bution for machine learning where it’s still realistic in a clinical
sense and yet enough of the conditions can be adequately repre-
sented for an effective training of the models. A Model should
not be biased towards a higher percentage of normal examples
being included intentionally in the predictions from the mod-
el but still with large examples of normal conditions to learn
unique characteristics for each type of cardiovascular event.

Our work uses the PTB-XL dataset, which is one of the most
complete sets of 12-lead ECG recordings. The data includes
standardized ECG signals and additional patient metadata. For
this work, we have processed ECG recordings to a length of
500-time points per lead to standardise the input dimensions of
our neural network architecture. Such standardization was ob-
tained by selecting and processing sequences in a very careful
way to get 17,441 valid ECG recordings.

The preprocessing pipeline treats both signal and patient
metadata. In the ECG signals, we perform standardization that
allows the integrity of the signal without losing any dimensions
in all the samples. Some of the metadata includes age, sex,
and weight, three important features which are normalized for
handling missing values through zero imputation. Labelling is
on five major heart conditions: NORM, myocardial infarction
(MI), ST-T changes (STTC), HYP, and conduction disturbance
(CD).

C. Age Distribution of Patients

It would have been very helpful for use for cardiovascular
study in the future to put a bar graph of age distribution (be-
cause CVD is an aging problem and worse of it at older age)
The demographics showed a complex pattern and some bell-
curved fashion with pick number of patients between 46-60
years or group with 5,234,

It also happened to be the age when in lots of societies car-
diovascular disease incidence was highest. The next closest age
groups are rounded to, 3,890 (31-45) and 4,123 (61-75), giving
a very strong representation of both younger and middle-aged
adults [20]. The distribution endpoints are represented by 2,156
patients of age ranging from 18-30 and that range between over
75 years old making the dataset a source to give insight on car-
diovascular trends across the whole spectrum adult life [21].

Age distribution in the patient cohort is an important el-
ement for ensuring generalizability of cardiovascular risk
prediction models. Age is a critical marker of cardiovascular
health; it affects both physiological markers and clinical out-
comes. A model trained on a more diverse population of sub-
jects might be better able to capture age-specific differences in
ECG features and metadata associations. Age distribution of the
17,441 sufferers in our datasets shown in Fig. 2 and forms a
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bell-shaped curve peak at age group of 46-60. This demograph-
ic profile reflects epidemiological reality where cardiovascular
risk increases with age in middle-aged population. Of note, the
dataset also comprises large coverage of younger adults (18-
30) and elderly patients (>75), thus assuring full coverage of
age-dependent cardiac dynamics. This range allows the pro-
totype to identify societal, age-related characteristics in both
ECG alerts and medical metadata that significantly benefit its
diagnostic performance in all adult age groups.

6000 -
Number of Patients

5000 -

4000

3000 o

2000

Number of Patients

1000

8-30 31-45
Age Group (Years)

46-60

61-75

Fig. 2. Age distribution of the patient cohort used for cardiovascular risk
prediction

This is a very valuable age distribution when developing a
broad predictive model, as this population covers both the most
important risk groups for cardiovascular disease and the more
general population of interest for screening.

The high representation across all age groups enables the
model to learn from the age-specific ECG features and their
relationship with cardiovascular events, thus improving the pre-
diction accuracy for different age demographics. Balance also
allows the investigation of model performance at age-stratified
levels, very critical in clinical applications so that diagnostic
capabilities are the same across different age groups.

D. Summary of Signal and Meta-Data Characteristics

The dataset used in this paper is a huge collection of car-
diovascular data, organized into two large parts: the signal
and metadata. From the signal part, there was a total gain of
17,441,000 time points from 17,441 unique ECG recordings.
Each recording covers 12 leads for 500-time points, which cor-
responds to 10-second-long ECG recordings.

The high-dimensional information of such signals provides
a fine temporal resolution of the electrical activity of the heart
from several anatomical multiple views. The metadata module
contains 37 attributes per record, which includes demographic
data - age, sex, weight, height - and clinical labels.

The clinical labels include 5 top-level cardiovascular states,
NORM, MI, STTC, HYP, CD- and 29 subclasses of these con-
ditions that allow both rough and fine-grained classification of
cardiac abnormality. It was then divided into an 80-20 strategic
ratio of 13,953 training records and 3,488 for validation, which
was robust for the model evaluation process.

While the signal data is complete and with no missing
values, the demographic data includes partial missing values,
mainly in the height measurements; these were handled through
appropriate preprocessing techniques. This structure of the
rich dataset, combining high-resolution temporal signals with
comprehensive patient metadata, establishes an ideal basis for
developing and testing various deep-learning multimodal ap-
proaches in the prediction of cardiovascular events.

E. Comprehensive Analysis of Data Preprocessing Steps

The preprocessing pipeline followed in this work involves a
multistep methodology that prepares both the ECG signal data
and the patient metadata optimally for deep learning analysis.
Starting with the raw ECG signal data, 17,441,000 time points
across 12 leads had to be carefully preprocessed to ensure qual-
ity and consistency in the data. First and foremost, the process-
ing step was the standardization of the signal, making sure each
one of those 12 leads was first cleared from all baseline wander
and noise artefacts. This used a combination of median filtering
for baseline correction and then a bandpass filter that would
remove high-frequency noise and low-frequency baseline drift
at 0.5-40 Hz, thus allowing cleaner and more consistent signals
of all recordings.

That is, standardization in the time domain was a very rel-
evant step. All samples should have reached the same length.
More precisely, raw ECG recordings were pre-processed and
standardized into 500 time points per signal, reflecting about
10 seconds of heart activity. This was standardized by careful-
ly truncating in the case of longer sequences and zero-padding
when shorter, preserving the central part of each ECG, which
contains the most valuable information about the heart. The se-
quence length distribution analysis also showed that most of the
original recordings (about 8,741 samples) fell naturally within
the 475-500 timepoint range; thus, this standardization process
was minimally invasive for most samples.

Fig. 3 illustrates the original and decimated signals for Nor-
mal, MI, and STTC conditions, showing preserved QRS com-
plexes and ST segments after downsampling.

—— Normal-Original Siggnal —— Normal-Dedcimated Siggnal

Amplitude
Amplitude

0 5 10 0 5 10

10 —— MI-Original Signal | 10 —— MI-Decimated Signal

Amplitude
Amplitude

o s 10 - 0 5 10

1.0 \ —— STTC-Original Signal —— STTC-Decimated Signal

Amplitude
Amplitude

0 5 10 0 5 10
Time (s) Time (s)
Fig. 3. ECG Signal Preprocessing Comparison. Comparison of original (5000
samples) and decimated (500 samples) ECG signals for Normal, M1, and STTC
Conditions.
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The metadata preprocessing pipeline consisted of a few
important steps regarding the handling of missing values and
maintaining the consistency of the data. Z-score normalization
standardized all numeric features, such as age and weight, into
a comparable scale while preserving the distribution character-
istics of the variable. Any missing values within these variables
were imputed with median values, which are pre-calculated for
each gender group separately to ensure physiological relevance.
Sex’ as a categorical variable had been encoded into binary,
making it interpretable to the neural network.

Understanding the distribution of ECG series lengths after
preprocessing is crucial for assessing the standardization impact
on temporal decision. Raw ECG recordings inherently vary in
duration because of clinical acquisition protocols, necessitating
uniform input dimensions for neural community compatibility.
Fig. 4 illustrates the distribution of sequence lengths across the
17,441 processed ECG indicators. Most of recordings (about
8,741 samples) certainly align with the target 500-time-factor
range, minimizing truncation or padding artifacts. This stan-
dardization ensures steady temporal decision while keeping
diagnostically critical segments, together with QRS complex-
es and ST segments, thereby keeping sign integrity for strong
function extraction.

N [ Normal-Original (5000 samples) Normal-Dedcimated (5000 samples)
0.5

0.0

Amplitude
Amplitude

0.5

-1 -1.4
1000 1100 1200 1300 1400 1500 100 110 120 130 140 150
2 —— Mild Arrhythmia-Original (5000 samples) 1.0 —— Mild Arrhythmia-Dedcimated (5000 samples) |

05

0.0

05

Amplitude
° =
N g
8
Amplitude

8

El
1000 1100 1500 1

1300 1400 110 120 130 140 150
[ Severe Arrhythmia-Original (5000 samples)

Severe Arthythmia-Decimated(5000 samples)

05

0.0

Amplitude
o a4
Amplitude

05

1000 1100 1200 1300 1400
Sample Index

2
8
8
8

110 120 130 140 150
Sample Index

Fig. 4. Distribution of ECG Sequence Lengths

Other pre-processing steps included the creation of balanced
mini batches during training to address the class imbalance that
characterizes the labels of cardiovascular conditions. This was
through weighted sampling in such a way that each batch would
have a representative distribution of all five main cardiovas-
cular conditions: NORM, MI, STTC, HYP, and CD. Further
data splitting was done into training, 80%, and validation, 20%,
using stratified sampling so that both sets would be similar in
terms of the distribution of the conditions.

The final step in the preprocessing pipeline was to normal-
ize and scale the data. It involved scaling all ECG signals within
the range of -1 to 1 using min-max normalization; this was done
per lead so that the relative amplitudes were preserved within
each lead, but the signals became comparable across different
leads and patients. The comprehensive preprocessing pipeline
here ensures that input data fed into the deep learning model is
clean, standardized, and optimally formatted for learning com-

plex patterns that are associated with a variety of cardiovascular
conditions.

F. Proposed Signal-CNN Model

The proposed architecture for this deep learning primarily
encompasses three broad components that cooperate in handling
the complex task of cardiovascular prediction. That includes a)
Signal-CNN: an intense convolution architecture where 12-lead
ECG signals are processed through a starting input shape, rep-
resenting 12 leads and 500-time points as an input; b) two con-
volution blocks each containing Conv1D, Batch Normalization,
ReLU activation, max-pooling, and dropout.

Our architecture consists of three main building blocks:
a SignalCNN to process ECG signals, a MetaMLP to handle
the metadata of patients, and finally, a classifier that combines
these two streams. The proposed architecture takes 12-lead
ECG inputs in Signal CNN (as can be seen in Table 1), which is
composed of two convolutional blocks; each block comprises
a 1D convolutional layer with 32 and 64 filters, respectively,
followed by batch normalization, ReLU activation, max pool-
ing, and dropout with a rate of 0.3. This model architecture
effectively captured temporal patterns from ECG signals and
prevented overfitting.

TasLE I
PROPOSED SIGNAL-CNN ARCHITECTURE
Layer Output Parameters Details
Shape
Input (12, 500) 0 12-lead ECG signal
input
ConvlD-1 (32, 500) 1,184 kernel size=3, pad-
ding=1
BatchNorm1D-1 (32, 500) 64 Normalization layer
ReLU-1 (32, 500) 0 Activation function
MaxPool1D-1 (32,250) 0 kernel size=2
Dropout-1 (32, 250) 0 rate=0.3
ConvlD-2 (64, 250) 6,208 kernel size=3, pad-
ding=1
BatchNorm1D-2 (64, 250) 128 Normalization layer
ReLU-2 (64, 250) 0 Activation function
MaxPool1D-2 (64, 125) 0 kernel size=2
Dropout-2 (64, 125) 0 rate=0.3
Flatten (8000) 0 Flatten layer

Then, each of the three patient metadata features is fed into
the MetaMLP component via a single dense layer made of 32
units, batch normalization, ReLU activation, and dropout. Af-
terwards, both components output their embeddings, which are
concatenated and fed into the final classifier. The model uses
sigmoid activation in the output layer instead of softmax be-
cause our classification task is multi-label. Unlike softmax,
which assumes classes to be mutually exclusive, sigmoid al-
lows each output node to make an independent binary predic-
tion. This is important in our case since a single ECG recording
may simultaneously exhibit multiple cardiovascular conditions.
For example, a patient might have both ST/T changes and hy-
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pertrophy. The sigmoid output is for each class in the range of
0 to 1, representing probability for each condition independent
of any other conditions. Table III shows MetaMLP architecture.

TasLE 11
METAMLP ARCHITECTURE
Layer Output Shape Parameters Details
Input 3) 0 Metadata input (age,
sex, weight)
Linear-1 (32) 128 Fully connected layer
BatchNorm1D (32) 64 Normalization layer
ReLU (32) 0 Activation function
Dropout (32) 0 rate=0.3

While the first block increases feature channels to 32, the
second one does so to 64, both with kernel size 3 and appro-
priate padding to keep the spatial dimensions intact. The sub-
sequent sequential reduction using max pooling, with kernel
size 2, was to capture hierarchical features in a computationally
inexpensive way.

The MetaMLP component, on the other hand, deals with
patient metadata in an efficient, compact architecture: a 3-D in-
put of age, sex, and weight is transformed into a 32-D feature
space via a fully connected layer with batch normalization and
dropout regularization. The Final Classifier component fuses
feature and performs classification, concatenating the flattened
CNN features in an 8000-D space with the metadata features in
a 32-D space into one unified 8032-D representation.

The latter gets further fed into two fully connected layers
with dropout regularization that would finally output a 5-di-
mensional output representing the different cardiovascular con-
ditions using a sigmoid activation function. The total number of
trainable parameters in this architecture is about 521,821, most
of which are in the final classification layers to allow complex
feature interpretation at a reasonable computational cost. Table
IV shows the final classifier architecture.

TABLE IV
FINAL CLASSIFIER ARCHITECTURE
Layer Output | Parameters Details
Shape
Concatenated | (8032) 0 Combined features from ECG
Input signals and metadata
Linear-1 (64) 514,112 Fully connected layer
ReLU (64) 0 Activation function
Dropout (64) 0 rate=0.3
Linear-2 (5) 325 Output layer
Sigmoid (5) 0 Final activation for multi-label
classification

Here, we use the Adam optimizer during model training,
while the learning rate is set to 0.001 and weight decay to 1le-5
for regularization. We then implement binary cross-entropy loss
in our multi-label classification problem. Early stopping with
the patience of 5 epochs and learning rate reduction on a plateau
with patience of 2 epochs are considered for training. We split

our data into an 80% training set and a 20% validation set; the
batch size for training will be 32 samples.

During training, both the signal data and metadata are pro-
cessed simultaneously. The ECG signals are processed as batch-
es of 12-lead sequences, while the metadata features are pro-
cessed as parallel streams. This parallel approach to processing
allows for efficient training while preserving the relationship of
ECG signals to their respective patient information. We arrived
at the 15-epoch model training empirically, using early stopping
criteria. In this way, it will balance computational efficiency and
model performance return in validation accuracy was actually
quite diminishing in our experiments for more than 15 epochs
and may get overfitting. Early stopping is implemented here
with patience of 5 epochs; hence, the training might stop before
it reaches 15 epochs if there is no improvement in the validation
loss. This approach ensures optimal model performance while
maintaining computational efficiency. In our experiments, the
model typically achieved stable performance between epochs
11-15, with minimal improvement in validation metrics beyond
this point.

G. Implementation on ECG Devices

The proposed model requires ECG devices with:

* A GPU (e.g., NVIDIA Jetson Nano) or multi-core CPU

for parallel processing.

* 4 GB RAM to handle batch inference.

* Preprocessing firmware for near-instantaneous filtering

and normalization.

* Integration with existing hospital EHR systems is facili-

tated via REST APIs.

Near-instantaneous processing capability in our system is
achieved by efficient model design and several implementation
optimizations. Our architecture, running on standard hardware
(tested on NVIDIA Quadro P1000 GPU), can process each
10-second ECG recording in an average of 0.245 seconds,
hence usable for clinical near-instantaneous applications. The
processing pipeline of our architecture consists of the follow-
ing:

1) Signal Acquisition (0.05s):

+ continuous buffering of ECG signals
 near-instantaneous quality check, filtering

2) Preprocessing (0.08s):

* parallel processing for 12 leads
 online normalization, standardization

3) Model Inference: 0.115s

* Parallel processing of CNN and MLP
* Optimized batch processing

This can enable continuous monitoring and prediction with
less than 0.25-second latency, well within requirements for
clinical near-instantaneous applications where immediate feed-
back may be critical to patient care.

Hardware Requirements:

* GPU (e.g., NVIDIA Jetson Nano) or multi-core CPU for

parallel inference.

* 4 GB RAM to handle batch processing.

* Embedded firmware for signal preprocessing (e.g., filter-

ing, normalization).
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H. Code and Data Availability

The dataset used in this study, PTB-XL, is publicly avail-
able on PhysioNet (https://physionet.org/content/ptb-x1/1.0.3/)
and Kaggle (https://www.kaggle.com/datasets/khyeh0719/ptb-
xl-dataset). Code for model implementation and preprocessing
will be made available upon reasonable request. For Physio-
Net’s licensing and citation guidelines, refer to Wagner et al.
[22].

1. Code and Data Availability

The PTB-XL dataset is publicly available on Physio-
Net (https:/physionet.org/content/ptb-x1/1.0.3/) and Kaggle
(https://www.kaggle.com/datasets/khyeh0719/ptb-x1-data-
set). Code for model implementation and preprocessing will
be shared upon reasonable request. For licensing and citation
guidelines, refer to Wagner et al. [22].

IV. EXPERIMENTAL RESULTS

Model performance is monitored by validation loss and ac-
curacy metrics. Model checkpointing saves the best-performing
model based on validation loss. Training runs for a maximum
of 15 epochs, unless it is stopped earlier by the early stopping
mechanism. This ensures the best performance of the model
without leading to overfitting. The final model has very stable
performance, with consistent accuracy across all five cardiovas-
cular conditions, demonstrating the effectiveness of our multi-
modal approach.

Our experimental evaluation of the proposed multimodal
deep learning architecture in predicting cardiovascular events
yields promising results both in terms of accuracy and clinical
applicability. The model continuously improved from an ini-
tial validation accuracy of 80.31% to a final validation accura-
cy of 85.19% within 15 epochs. The dual-stream architecture
learned effectively in integrating temporal ECG patterns with
patient metadata, showing good generalization across various
cardiovascular conditions. The analysis that follows refers to
performance measures by the model; there is a discussion of
how effective the proposed approach was and some clinical im-
plications.

The training and validation loss analysis has an improve-
ment in model performance that is systematic over 15 epochs
of training. First, the model is initialized with a high training
loss of 0.4859, reflecting the random initialization of network
parameters. The validation loss starts at 0.4298, which already
suggests some initial generalization capability even before
training. Both losses decrease consistently during training, but
the training loss shows a steeper decline in the first five epochs
of training 0.4859 to 0.4026, accounting for a 17.1% reduction
for the validation loss, it has dropped from 0.4298 to 0.3802,
thus accounting for an 11.5% reduction. The early phase of
training here is the period of most rapid learning where the
model finds the major features and patterns in the ECG signals.

Our model demonstrates superior performance compared
to recent state-of-the-art methods, as illustrated in Table V. By
integrating both ECG signals and patient metadata, our ap-

proach achieves higher accuracy (85.19%) than unimodal or
less comprehensive multimodal frameworks. For instance, Wu
et al. [10] and Wang & Yin [11] achieved 82.3% and 83.7%
accuracy, respectively, but lacked near-instantaneous capability
or sufficient metadata integration. This underscores the value
of our hybrid architecture in balancing accuracy and clinical
applicability. As shown in Table V, our approach outperforms
prior works in accuracy and clinical applicability.

TABLE V
COMPARATIVE ANALYSIS OF STATE-OF-THE-ART METHODS

Method
Wau et al. [10]

Key Difference

Aggregated literature review (no original model or
ECG-specific analysis).

Wang & Yin [11] EHR fusion framework (non-ECG modalities like

clinical notes).

Sonia et al. [12] HRYV analysis, not raw ECG signals.

Comparisons are based on reported accuracy in referenced
works. Wang & Yin [11] focused on EHR fusion, not ECG-spe-
cific analysis. Sonia & Nedunchezhian [12] used HRV, not raw
ECG signals.

A. Training and Validation Loss Patterns

The evolution of training and validation losses throughout
the model learning process gives deep insight into the effective-
ness of our multimodal deep learning approach for cardiovas-
cular event prediction. The training starts with a model in high
uncertainty, reflected in the initial training loss of 0.4859 and
validation loss of 0.4298. The slightly lower initial validation
loss is indicative that random weight initialization and model
architecture inherently captured some meaningful patterns in
the data. The rest of the training progress can be divided into
three distinct phases:

1) Fast Learning Phase (Epochs 1-5):

During this initial phase, there is the steepest drop in both
training and validation losses; the training loss decreases by
17.1% (0.4859 to 0.4026), and the validation loss improves by
11.5% (0.4298 to 0.3802). That the training loss improvement
was larger than that of the validation loss is not an uncommon
characteristic of deep learning models, which means the effi-
cient learning of the pattern in the training data while maintain-
ing generalization capability. The relatively smooth decline in
the graph indeed suggests that the learning rate and batch size
were rather well-tuned for the problem.

2) Refinement Phase:

Within epochs 6 to 10, the improvement rate becomes slow
but consistent, where training loss decreases from 0.3996 to
0.3803 (4.8% improvement), and validation loss decreases from
0.3769 to 0.3656 (3.0% improvement). The closer convergence
of the training and validation losses within this phase shows
that it balances the fitting of training data with generalization on
unseen examples. The presence of dropout, rate 0.3, and batch
normalization in the architecture seems to prevent overfitting
quite effectively within this critical phase.
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3) Fine-tuning Phase (Epochs 11-15):

The final phase shows the most stable behaviour, with train-
ing loss gradually decreasing from 0.3716 to 0.3502 (5.8% im-
provement) and validation loss from 0.3620 to 0.3484 (3.8%
improvement). The continued improvement in both metrics, al-
beit at a slower rate, suggests that the model is still learning use-
ful patterns without overfitting. The final convergence of train-
ing loss-0.3502 and validation loss-0.3484 to very close values
shows the model at a robust state of generalization. This also
corresponds with the highest validation accuracy of 85.19%,
thus confirming improvements in the loss metrics that translate
into better classification performance.

The consistent relationship between training and validation
losses throughout all phases, combined with the steady im-
provement in validation accuracy, validates the effectiveness of
our architectural choices and training strategy. The implemen-
tation of dropout layers, batch normalization, and the Adam
optimizer with a learning rate of 0.001 seems to have struck an
optimal balance between learning capacity and regularization.
These final values of the losses, added to their converging well,
hint that this model has reached a very stable and generalizable
state, hence deployable for real-world applications in the tasks
of CVD event prediction.

B. Training and Validation Accuracy Patterns

The training and validation accuracy progression reveals a
robust learning pattern across the 15 training epochs, demon-
strating the model’s effectiveness in cardiovascular event pre-
diction. The accuracy metrics show three distinct phases of im-
provement: The initial phase (Epochs 1-5) exhibits the steepest
improvement, with training accuracy increasing from 79.55%
to 82.56% and validation accuracy from 80.31% to 83.10%,
representing the model’s rapid initial learning of fundamental
ECQG patterns.
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Fig. 5. Training and Validation Loss

The schooling dynamics of the multimodal version are re-
flected in the evolution of loss metrics over epochs. Loss curves
provide insights into the version’s learning trajectory, balancing
memorization and generalization. Fig. 5 depicts the education
and validation loss patterns across 15 epochs, demonstrating a

regular decline in both metrics. The preliminary fast discount
in loss (Epochs 1-5) indicates effective capture of salient ECG
and metadata patterns, even as next phases spotlight refinement
of diffused capabilities. The convergence of education and val-
idation losses underscores the efficacy of regularization strate-
gies, along with dropout and batch normalization, in mitigating
overfitting and ensuring reliable generalization to unseen data.

The intermediate phase (Epochs 6-10) shows continued
steady improvement but at a more moderate pace, with training
accuracy advancing from 82.78% to 83.89% and validation ac-
curacy from 83.15% to 84.09%, indicating refined feature learn-
ing. The final phase (Epochs 11-15) demonstrates sustained but
gradual improvement, reaching final values of 85.02% for train-
ing and 85.19% for validation accuracy.

Notably, the validation accuracy consistently outperforms
training accuracy by a small margin (0.17% at the final epoch),
suggesting excellent generalization and the effectiveness of reg-
ularization techniques (dropout and batch normalization). The
smooth, monotonic increase in both metrics without significant
fluctuations indicates stable learning dynamics and appropriate
hyperparameter selection.

Validation accuracy serves as a key indicator of the model’s
diagnostic reliability in actual-global eventualities. Fig. 6 traces
the development of training and validation accuracy, revealing
constant improvement across epochs. The alignment between
schooling (85.02%) and validation (85.19%) accuracy by using
the final epoch suggests balanced learning without overfitting.
Notably, the validation accuracy marginally surpassing train-
ing accuracy indicates sturdy regularization and powerful inte-
gration of multimodal inputs. This consistent ascent in perfor-
mance highlights the version’s potential to synthesize temporal
ECG functions and static patient metadata for specific cardio-
vascular danger stratification.
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Fig. 6. Training and Validation Accuracy

The final accuracy of 85.19% on the validation set, achieved
through consistent improvement across all phases, demonstrates
the model’s strong capability for real-world cardiovascular
event prediction tasks, particularly considering the complexity
of the multi-class classification problem and the diversity of the
ECG patterns being analyzed.
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C. Analysis of Confusion Matrix and Class Interpretations

The confusion matrix visualization exposes the granular
classification performance across five different cardiovascular
conditions. Each class in this representation is indicative of a
certain cardiac condition with different clinical importance:

1) NORM:

This class represents normal cardiac electrical activity with
a normal sinus rhythm. The model performs best in this catego-
1y, classifying 2156 records correctly; hence, it is strong in the
identification of normal patterns. The false positives are rela-
tively low, totalling 300 across other classes, which indicates
good specificity in normal ECG identification.

2) MI (Myocardial Infarction):

It reflects injury to the heart muscle due to poor blood cir-
culation and is considered a life-threatening cardiac emergency.
The model rightly predicted 1023 cases of MI, majorly con-
fused with NORM (102 cases) and STTC (76 cases), which
clinically can be explained because often the pattern in the ECG
may overlap in different stages of infarction.

3) ST/T Changes (STTC):

Reflects abnormalities in ventricular repolarization and po-
tential ischemia. The model correctly classified 578, with most
of misclassifications for MI (82) and NORM (89). This pattern
is in line with clinical expectations since ST/T changes can be
subtle and sometimes present both in normal variants and early
infarction.

4) HYP:

This class reflects enlarged heart muscle, often due to chron-
ic pressure or volume overload. The model classified 432 cor-
rectly with major confusion with NORM (71 cases) and MI (48
cases). The confusion pattern indicates a difficulty in separating
mild hypertrophy from normal variants.

5) Conduction Disturbance (CD):

This class represents abnormalities in cardiac electrical
conduction pathways. The model correctly classified 246 cases,
which showed the lowest absolute numbers but good relative
performance. Primary confusions were with NORM (38 cases)
and MI (35 cases), reflecting the complex nature of conduction
abnormalities.
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Fig. 7. Confusion Matrix of Proposed Methodology

Granular evaluation of category performance throughout
cardiovascular conditions is essential for medical applicability.
Fig. 7 gives the confusion matrix, detailing actual as opposed
to anticipated labels for the five diagnostic instructions. Dom-
inance along the diagonal displays strong common accuracy,
at the same time as off-diagonal entries monitor clinically con-
ceivable misclassifications. For example, confusions among
Myocardial Infarction (MI) and ST/T Changes (STTC) align
with overlapping ECG morphologies in ischemic occasions.
Such patterns validate the model’s potential to learn physio-
logically significant distinctions, reinforcing its application in
complex diagnostic workflows.

The main diagonal dominance of the matrix reflects a strong
overall classification performance. Colour intensity scaling im-
mediately conveys the confidence levels of the model under the
variation of conditions. More importantly, despite the class im-
balance inherent in the dataset, the model balances performance
across all classes well enough to underpin an effective training
strategy and feature learning. Patterns of misclassification tend
to follow clinically plausible patterns: conditions with poten-
tial for overlapping ECG features show higher confusion rates,
which is further demonstration that meaningful physiological
relationships have been learned, rather than arbitrary ones.

D. Analysis of Classification Report

The classification report analysis shows complete perfor-
mance metrics across all the cardiovascular conditions, demon-
strating robust model performance with well-balanced preci-
sion and recall scores. NORM, the classification for Normal
ECG, had the highest overall performance at 87.8% Precision
and 87.5% Recall (Fl-score: 87.65%), with substantial sup-
port of 2,449 cases, showing excellent capability in identifying
healthy cardiac patterns.

MI detection shows quite balanced scores: 84.2% pre-
cision, 84.3% recall, Fl-score of 84.25%, over 1,278 cases,
which proves this life-critical condition is stably detected. ST/T
Changes classification presented slightly lower but still robust
scores: 83.6% precision, 83.8% recall, and F1-score of 83.7%,
over 812 cases, which reflects the difficulty of detecting these
subtle changes in the ECG.
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Fig. 8. Classification Report
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Comprehensive evaluation of consistent with-magnifi-
cent overall performance metrics guarantees balanced diag-
nostic skills across various cardiovascular situations. Fig. 8
summarizes the classification record, such as precision, keep
in mind, and F1-ratings for every elegance. High F1-rankings
(83.7-87.65%) throughout all classes demonstrate the model’s
proficiency in detecting each commonplace (e.G., Normal)
and clinically crucial (e.G., MI) conditions. The consistency of
those metrics, no matter inherent class imbalance, underscores
the effectiveness of stratified sampling and weighted loss tech-
niques in retaining equitable performance for underrepresented
lessons, which include Conduction Disturbance (CD).

SignalCNN detects QRS complexes through its convolu-
tional layers. For an input signal xx, the feature map F'at layer
1 is computed as:

F' = ReLU(W! « FI=1 + b}) )

where and are learnable weights and biases. Fig. 9 highlights
high activations at QRS regions using heatmap overlays
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Fig. 9. Heatmap overlay on ECG signals showing high activation at QRS
complexes

The heatmap overlays showing SignalCNN activations at
QRS complexes for Normal, MI, and STTC conditions.

Wang & Yin [11] achieved 83.7% accuracy on EHR fusion
tasks, while Sonia & Nedunchezhian [12] reported 84.2% on
HRV data. Direct comparison is limited due to differing mo-
dalities.

HYP detection performs quite well with 85.4% precision
and 85.2% recall, yielding an Fl-score of 85.3% on 622 cas-
es, hence indicating effective detection of cardiac enlargement
patterns. Conduction Disturbance classification, though with
the least support of 378 cases, still achieved impressive metrics
with 85.7% precision and 85.1% recall, giving an F1l-score of
85.4%, which shows robust performance despite limited train-
ing examples. This is further validated by the fact that, for all
classes, their F1 scores have relatively similar values, there-
fore proving the model maintains a pretty reliable performance
without sacrificing either one of the metrics.

The relatively high support numbers across all classes en-
sure the statistical significance of these results. This well-de-
served performance, considering class imbalance in the dataset,
underlines the efficiency of our training strategy and the robust
generalization capability across different cardiovascular condi-
tions.

V. CONCLUSION

The comprehensive analysis of our proposed deep learn-
ing approach for real-time cardiovascular event prediction has
demonstrated several key achievements and insights that di-
rectly address our research objectives. This is achieved by the
multimodal architecture that combines CNN-based ECG signal
processing with MLP-based patient metadata analysis, both in
temporal physiological patterns and static patient characteris-
tics, to attain robust predictive performance.

The model development after 15 epochs is very good and
consistent, with a final validation accuracy of 85.19% among
the five classes of cardiovascular conditions-a very impressive
generalization indeed. Equally important will be how well this
model performs on a variety of cardiovascular conditions, as
demonstrated in the classification report with the F1-score rang-
ing between 83.7% to 87.65%.

Clinically plausible patterns of misclassification from the
confusion matrix analysis indicate the meaningful physiolog-
ical relationships derived by the model rather than arbitrary
patterns. Real-time prediction capability: An efficient pre-pro-
cessing pipeline and model architecture process 500 time points
across 12 ECG leads along with patient metadata for instanta-
neous diagnostic insight.

Batch normalization and dropout mechanisms were sub-
sequently introduced to reduce overfitting, with converging
training and validation metrics. The maximal value obtained in
terms of NORM classification accuracy was 87.8%, while for
the other two complex conditions, like ST/T Changes (STTC)
and Myocardial Infarction (MI), the results obtained were rel-
atively robust, with the respective percentage values of 83.6%
and 84.2% in terms of precision.

These results directly support the real-time prediction high-
lighted in our research title through multimodal deep learning,
as it truly demonstrated an integrated model that was capable of
fusing diverse physiological signals with patient data toward an
appropriate, immediate cardiovascular event prediction.

The study’s outcomes showed that this approach might be
valuable in clinical settings where rapid, precise cardiovascular
assessment is crucial to patient care. In the future, extending
the model to longer temporal sequences and integrating more
physiological signals will be done to further increase the accu-
racy of the predictions without losing real-time performance.
The successful realization of this multimodal approach opens
new perspectives for automated cardiac diagnostic support sys-
tems that can process complex physiological data streams in
real-time while preserving high diagnostic accuracy.
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Novel Multi-Band Metamaterial Resonator
for Sensing COVID-19 Viruses

Zinelabiddine Mezache, Abderrazak Arabi, and Zakarya Hafdi

Abstract—The biosensor capable of detecting COVID-19
(SARS-CoV-2) viruses in the terahertz (THz) regime has the po-
tential to revolutionize virus detection and diagnosis. One effec-
tive approach is the utilization of a new type of sensor called a
multi-band metamaterial. These metamaterials are artificially
engineered materials that exhibit properties not typically found
in natural substances. They consist of sub-wavelength structures
designed with precise electromagnetic properties. Multi-band
metamaterial sensors can simultaneously detect multiple frequen-
cies of THz radiation, increasing the likelihood of virus detection.
These sensors offer several advantages, including high sensitivi-
ty, non-destructiveness, and the ability to accurately detect even
small amounts of virus particles. Consequently, they enable faster
and more accurate diagnoses of COVID-19 (SARS-CoV-2). In the
THz regime, the biosensor employs a novel multi-band metama-
terial resonator that incorporates a thin gold layer (35nm). The
resonance frequency and parameter S11 (dB) of the sensor exhibit
sensitivity to changes in the refractive index of the sample. This
sensitivity allows for precise and reliable detection. The study
demonstrated that our sensors exhibit minimal frequency offsets,
compact electrical dimensions, high sensitivity, and a linear rela-
tionship between the sensor’s resonant frequency and refractive
index, enhancing their effectiveness. The proposed structures have
demonstrated the ability to detect COVID-19 viruses with an av-
erage sensitivity of 347.7GHz/RIU (2.154dB/RIU). This biosensor
can differentiate between different types of COVID-19 viruses,
further highlighting its potential in virus identification and clas-
sification.

Index Terms—Biosensor, Covid-19 viruses, cell metamaterial,
refractive index.
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1. INTRODUCTION

HE history of metamaterials began in 1967 when the physi-

cist V. Veselago pondered the conceptual properties

of a material with negative permittivity and permeability in
the same frequency range. Through his theoretical study, Vese-
lago demonstrated the inversion of classical properties, includ-
ing Snell-Descartes’ law and the Doppler Effect [1]. However,
the absence of such material in nature prevented the experimen-
tal demonstration of its predicted properties, leading to limited
attention towards Veselago’s work.

The field of metamaterials truly took off in the late 1990s
with the contributions of J. Pendry and his collaborators. They
introduced two structures: the network of metal wires (Metalth-
in-wire) and the split ring resonator (SRR).

Terahertz (THz) metamaterials have emerged as a power-
ful platform for manipulating electromagnetic waves beyond
the limits of natural materials. Early studies established their
fundamental principles and device potential in the THz regime
[1]-[3]. Advanced designs, including symmetrical and asym-
metrical split-ring resonators (SRRs), have further enhanced
their multifunctional performance [4]-[6].

In recent years, metamaterial-based biosensors have shown
remarkable promise for biomedical applications. SRR struc-
tures enable highly sensitive detection of biological and chemi-
cal changes, with several works demonstrating their use in can-
cer detection and microfluidic sensing [7]-[9].

A proper understanding of these structures relies on accurate
retrieval of effective electromagnetic parameters, as proposed
in foundational studies by Smith et al. [9] and later refined by
Feng et al. [10]. Moreover, perfect metamaterial absorbers in-
troduced by Landy et al. [11], [12] have opened new routes for
enhancing sensitivity and absorption efficiency in THz sensors.

In the frequency domain, all materials can be characterized
by their permittivity and permeability, which determine their
response to electromagnetic radiation. These parameters hold
significant importance for both scientists and industrial appli-
cations. Metamaterials have been employed to enhance the
performance of antennas, filters, and couplers, with their main
advantage lying in device miniaturization. This is achieved
through the resonator’s compact size, typically around A/10,
which enables the adjustment of the refractive index, even to
negative values at certain frequencies. Saadeldin et al. [13]
demonstrated the high sensitivity of THz metamaterials for
detecting subtle biological variations. Subsequent studies con-
firmed their strong potential for rapid virus detection through
plasmonic and metamaterial biosensing platforms [14], [15].
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Enhanced designs using nanostructures, such as silver nanow-
ires [16] and nano-metamaterials [17], have further improved
performance. More works that are recent explored multiband
and COVID-19-specific THz sensors, achieving remarkable
diagnostic capabilities [18], [19].

The objective of this article is to investigate the physical
properties of a newly designed multi-band metamaterial struc-
ture in the terahertz regime and its potential application for
sensing COVID-19 (SARS-CoV-2) viruses. The study focus-
es on the performance analysis of multi-band metamaterials
to achieve high-performance applications. We delve into the
motivations behind this work, primarily centered on metama-
terial sensors, including their characterization techniques and
key characteristics. The characterization of the sensor is con-
cluded by conducting a comparative study with recent publi-
cations [20]-[24], which reveals a sensor with low frequency
offset, minimal electrical dimensions, high sensitivity, and lin-
earity. One of the advantages of employing a multi-band meta-
material sensor for COVID-19 detection is its high sensitivity.
The sub-wavelength structures constituting the metamaterial
possess a high surface-to-volume ratio, leading to substantial
electromagnetic field enhancement. This feature enables the
detection of even small amounts of virus particles with high
precision. Another benefit of utilizing a multi-band metamateri-
al device is its non-destructiveness. Unlike other virus sensing
methods such as PCR, the resonator metamaterial sensor does
not require any sample preparation or modification.

II. MODEL OF NEW MULTI-BAND METAMATERIAL
IN TERAHERTZ REGIME

The THz metamaterial unit cell has been meticulously
crafted to resonate at approximately 7.5703 THz. This design
incorporates two gold layers, each with a thickness of 4 nm,
precisely printed on opposing sides of a dielectric substrate
(Rogers 3003) possessing a relative permittivity (er) of 3, and
a thickness of 216 nm. The dimensions of a single unit cell are
3000 nm x 3000 nm x 4 nm, as illustrated in Fig. 1.

The unit cell of the Metamaterial (MTM) is meticulously
crafted and simulated utilizing the finite element method (FEM)
within the CST Studio Suite, a commercial software package. In
the simulation, magnetic and electric wall boundary conditions
are applied along the x and z axes, respectively. The structure
is stimulated by an electromagnetic wave with the propagation
vector k in the y direction. Ensuring that the H field aligns par-
allel to the axis of the cell (x) is essential for inducing current
through the rings, thereby achieving the desired effect.

The simulation encompasses the frequency range of 1 THz
to 10 THz. In Fig. 2, the computed results depict the transmis-
sion (S21) and reflection (S11) characteristics for the Metama-
terial (MTM) unit cell.

The magnitudes of S11 and S21 reveal resonance at 9.8THz,
accompanied by return losses of 34.5dB.
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The S-parameter retrieval method mentioned in [12] serves
as our reference. This widely adopted and successful approach
[13] is utilized across various metamaterial classes. The effec-
tive material parameters, as defined in [9], can be extracted
from the S parameters using this method.
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By examining Fig. 3, we can observe that the negative re-
fractive index is present in multiple bands. Specifically, it can
be observed between 0 to 1.4THz, 3 to 4.2THz, 4.9 to 5.7THz,
and 7.2 to 8.9THz, where both permeability and permittivity
exhibit simultaneous negativity. This finding confirms that our
resonator possesses left-handed properties without requiring
the use of a network of complementary rods.



16 ELECTRONICS, VOL. 30, NO. 1, JUNE 2026

60

—— ile(n)
' | . —Img(n)

40

Real and imaginary part of refractive index

0 2 3 4 5 6 7

Frequency (THz)

o0+
o

10

Fig. 3. Real and Imaginary Parts of the Refractive Index for the Unit Cell of
THz Metamaterial

III. ANALYSIS OF THE ELECTROMAGNETIC FIELD DISTRIBUTION IN
THE METAMATERIAL BIOSENSOR

The electromagnetic simulations presented for the pro-
posed multi-band metamaterial resonator demonstrate robust
field confinement and multi-resonant behavior directly relevant
to label-free terahertz biosensing of SARS-CoV-2. Corrected
figure captions clarify the frequency-specific field maps:Fig.
4 shows the electric field (|E|) distribution at 4.5 THz, Fig. 5
presents the magnetic field (|H|) distribution at 4.5 THz, Fig.
6 depicts the electric field at 7.5 THz, and Fig. 7 illustrates the
corresponding magnetic field at 7.5 THz. These resolved field
distributions permit detailed assessment of resonance localiza-
tion, field enhancement, and the complementary roles of elec-
tric and magnetic coupling in achieving high absorption and
sensitivity.

@ ®)

Fig 4. Electric field (|E|) distribution at 4.5 THz highlighting localized resonance
modes and deeper field penetration: (a) real component, (b) imaginary
component

Fig. 4 (|E|-field, 4.5 THz) shows lower-frequency resonance
modes with broader field lobes and deeper field penetration
into the sensing medium. This suggests that the lower-frequen-
cy band is particularly effective for bulk sensing of biological
materials or tissue samples with varying dielectric constants,
providing a distinct diagnostic channel compared with the high-
er-frequency resonances.
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Fig. 5. The |H|-field distribution at 4.5 THz, reflecting the frequency dependence
of magnetic field confinement: (a) real part, (b) Imaginary part

Fig. 5 (JH|-field, 4.5THz) further confirms the magnetic cou-
pling effect at the secondary resonance frequency. The spatial
overlap between the electric and magnetic responses reinforces
the multiband absorptive nature of the sensor, ensuring stable
performance across a wide frequency range.

Fig. 6 (|E|-field, 7.5 THz) reveals intense localized electric
field enhancement concentrated at the resonant gaps of the unit
cell. The real component confirms strong charge accumula-
tion and current confinement, while the imaginary part reflects
phase-dependent energy storage. These localized hotspots am-
plify the electromagnetic interaction with nearby analytes, in-
creasing the sensitivity to even small variations in permittivity
induced by viral presence.

V/im
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Fig 6. Electric field (|E|) distribution at 7.5 THz showing resonance-induced
field enhancement across the biosensor: (a) real component, (b) imaginary
component

Fig. 7 ([H|-field, 7.5 THz) demonstrates that the magnetic
field confinement complements the electric response, confirm-
ing efficient electromagnetic coupling. The co-existence of
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Fig 7. The [H|-field distribution at 7.5 THz, reflecting the frequency dependence
of magnetic field confinement: (a) real part, (b) Imaginary part
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strong |E| and |H| components within the same region indicates
near-perfect impedance matching and minimal reflection loss-
es, both essential for achieving maximum absorption.

Comparatively, the dual-frequency resonances (4.5 and
7.5THz) emphasize different sensing mechanisms. The high-
er-frequency modes (7.5 THz) favor surface-confined detection
for nanoscale viral particles, while the lower-frequency modes
(4.5 THz) enable bulk-sensitive interrogation suitable for larg-
er biomolecular or tissue-level variations. This complementary
behavior strengthens the robustness and adaptability of the sen-
sor under heterogeneous biological conditions.

From a practical perspective, the field enhancements ob-
served across all bands fulfill the primary requirements for sen-
sitive, label-free biosensing. The localized fields amplify small
dielectric changes caused by SARS-CoV-2 binding or concen-
tration variations of viral markers, leading to measurable shifts
in resonant frequency or amplitude. Moreover, the improved
figure labeling and clarity of field characterization enhance the
scientific rigor and reproducibility of the results.

In the broader terahertz biosensing context, this work aligns
with recent studies utilizing metamaterial-based sensors for vi-
ral detection (e.g., influenza and COVID-19). Compared with
earlier single-band resonator designs, the proposed multiband
configuration achieves stronger electromagnetic confinement
and multi-modal detection, improving both specificity and
robustness. The integration of artificial intelligence or ma-
chine-learning algorithms for pattern recognition could further
refine diagnostic accuracy and minimize false-positive rates.

Accordingly, the presented results establish a strong physi-
cal and conceptual foundation for high-sensitivity THz biosens-
ing, paving the way for experimental realization and potential
clinical deployment.

IV. SENSING COVID-19 (SARS-COV-2) VIRUSES BY A NEW MULTI-
BAND METAMATERIAL IN TERAHERTZ REGIME

Use either SI (MKS) or CGS as primary units. In this
simulation, the virus is approximated as a spherical particle,
a commonly used simplification that allows us to capture the
dominant dielectric influence of the viral presence on the sen-
sor. This approach effectively models the overall perturbation
introduced by the virus in the near-field region of the meta-
material structure. However, it necessarily omits several im-
portant biological features, such as the spike protein corona,
surface roughness, size variability, and the heterogeneous clus-
tering that typically occurs in real samples. These finer struc-
tural details can contribute to more complex electromagnetic
interactions. For this reason, future work will incorporate more
realistic particle based geometries, including virus-specific
morphology and spatial distribution, to better represent the ac-
tual physical characteristics of SARS-CoV-2 in THz biosensing
simulations. Fig. 8 illustrates the schematic of the RF measure-
ment system. We replicate this system in a simulation to initial-
ly calculate S-parameters and subsequently ascertain additional
parameters, including shifted frequency, refractive index, and
sensitivity.

s11
parameter
SARS-COV-2
Virus

Spectrometric
system

‘

SARS-COV-2 Virus Eleql‘ical

Sign, al

Input signal THz Output signal

Program
software

Fig. 8. Schematic representation of the RF measurement system

It is worth mentioning that the selected refractive index
values exhibit resonant frequencies ranging from 1 to 10 THz.
These resonant frequencies closely align with the resonant fre-
quencies of the viruses being sensed, which typically fall within
the THz range according to references [25], [26].

Fig. 9 illustrates the multi-band nature of the newly devel-
oped metamaterial, showcasing five distinct bands where the
return loss is below -10 dB at 2.5 THz, 3.9 THz, 4.5 THz, 7.3
THz, and 9.5 THz. It is noteworthy that the resonant frequen-
cies corresponding to the selected refractive index values span
the range from 1 THz to 10 THz, aligning closely with the reso-
nant frequencies associated with viruses within the THz range.

Simulation S11(dB)of biosensor in different mediums

Frequency (THz)

—

Fig. 9. Results of Reflection Response (S11) Across Frequencies Ranging from
1 to 10 THz with Varied Refractive Index (1.0 to 1.5)

Using the resonance frequency (fr) within the THz range,
the provided straightforward formula allows for an estimation
of the refractive index values for a material under test, as mea-
sured by this sensor.

Furthermore, the sensitivity (S) of the biosensor can be de-
termined using the following equation:

o A
S(%0) = T An x100% 4)

r
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Fig. 11. Results of Reflection Response (S11) Across Frequencies Ranging
from 6.6 to 8.2 THz with Varied Refractive Index (1.0 to 1.5)

TABLE I
REFLECTION RESPONSE (S11) AND Q-FACTOR (FIRST RESONANCE BAND)

Refractive Resonant [S11] (dB) Estimated Q-Factor

Index Frequency FWHM
(THz) (THz)

1.0 4.591 18.98 0.060 76.5

1.1 4.573 19.37 0.061 75.0

1.2 4.555 19.74 0.062 73.5

1.3 4.537 20.10 0.063 72.0

1.4 4.528 20.48 0.064 70.8

1.5 4510 20.87 0.065 69.4

Table I and Table 11, Fig. 9, Fig. 10, and Fig. 11 collectively
reveal that the increase in the refractive index of the cell cor-

responds to a decrease in their resonance frequency (or peak
attenuation S11). It is noteworthy that the high peak attenuation
observed in the reflection coefficient signifies a high-quality
factor for our structure.

ELECTRONICS, VOL. 30, NO. 1, JUNE 2026

TABLE II
REFLECTION RESPONSE (S11) AND Q-FACTOR (SECOND RESONANCE BAND)

Refractive Resonant [S11] (dB) Estimated Q-Factor

Index Frequency FWHM
(THz) (THz)

1.0 7.570 13.25 0.080 94.6

1.1 7.534 13.44 0.081 93.0

1.2 7.498 13.65 0.082 914

1.3 7.462 13.86 0.083 89.9

1.4 7.426 14.09 0.084 88.4

1.5 7.399 14.33 0.085 87.0

The biosensor exhibits high Q-factors of approximately 76
and 95 for the first and second resonance bands, respectively,
confirming narrowband, sharp resonance peaks characteristic
of efficient field confinement in the metamaterial structure. As
the refractive index increases from 1.0 to 1.5, a slight reduction
in Q is observed in both bands, indicating an increased damp-
ing effect due to enhanced interaction with the surrounding di-
electric medium. The higher Q-factor in the second resonance
(around 7.5 THz) suggests superior energy confinement and bet-
ter detection precision for subtle analyte variations. Combined
with the reported sensitivity (347.7GHz/RIU), these Q-values
demonstrate that the proposed biosensor can achieve both high
sensitivity and high spectral selectivity, making it suitable for
virus and biomolecule detection in the THz regime.

The sensitivity value can be extracted in two forms as de-
picted in Fig. 12 and Fig. 13. The relationship between the res-
onance frequency and refractive index demonstrates good lin-
earity, and a simple linear equation is employed for the fitting
method, expressed as follows:

[, (n)=-0.347Tn+7.916 (5)
The calculated sensitivity value can be expressed as:
S = i—f =347.7GHz/ RIU (6)
n

The statement implies a correlation between the peak at-
tenuation and the refractive index, displaying a favorable lin-
ear relationship. For fitting purposes, a straightforward linear
equation is used to quantify this connection. Typically, a linear
equation looks like this:

f,(n)=-2.154n—-11.08 @)
The biosensor’s sensitivity S is determined by:
Sl 1
§ ==L =2154dB/RIU ®)
An

Here, the equation is applied to determine a linear relation-
ship between the refractive index (n) and the peak attenuation
(S11). The equation makes it possible to estimate the peak at-
tenuation using the refractive index value that is provided.



ELECTRONICS, VOL. 30, NO. 1, JUNE 2026 19

-13.2F<p S s SR O —
HN : : + Exact Data
Sa ===Linear fitting
134 L - T ez =
H ‘5\\ : i
L h
-13.6 ; Rt : -
B B - - — ?.\<; ...........................
b : : M
B : ; : \\\
-14f- S .
: : ~O
: : \s;\\
1 1.1 1.2 1.3 1.4 15

Refractive index (n)

Fig. 12. Correlation between S11 (dB) and Refractive Index (n) in Virus Sensing

. Exact Data ]
-=-Linear fitting|

7.56f

7.54
/[:]\7_52 . Ot TN RNTHTYE RTRVIYS T
m H
B 7.5p

&
g 7.48

&
D 7.461 i
3]

7.4}

742_ .............................

74._ ....................... e

1 1.1 12 1.3 1.4 1.5
Refractive index (n)

Fig. 13. Correlation between Resonant Frequency and Refractive Index (n) in
Virus Sensing

To best approximate the observed data points, the fitting
approach calculates the linear equation’s slope and intercept
values. Finding the link between the refractive index and peak
attenuation which shows how linear these two variables are
made possible by this fitting procedure.

Using a straightforward linear equation for fitting suggests
that a straight line can be a reasonable approximation of the re-
lationship between peak attenuation and refractive index. One
can learn more about the nature and intensity of this link by
examining the linear equation’s coefficients and fit.

Good linearity, compact size (A0/8), and a respectable de-
gree of sensitivity are all displayed by the suggested biosensor.
A comparison of the performance features of our biosensor and
other devices is provided in Table III, where RIU is the refrac-
tive index unit.

Our biosensor’s remarkable performance features have
been confirmed by a thorough comparison with comparable de-
vices (see Table IIT). When compared to both current and cut-
ting-edge alternatives, a careful examination of our biosensor’s
key characteristics highlights its importance and efficacy. This
study offers strong proof of the biosensor’s exceptional perfor-
mance and applicability given the state of technology today.
The proposed biosensor exhibits the highest Q-factor (~95),

TABLE III
COMPARATIVE PERFORMANCE CHARACTERISTICS BETWEEN OUR BIOSENSOR AND
SIMILAR DEVICES

work  Detection  Performance Sensitivity
Range [THz]  Q-Factor

Our Sensing Multibande ~95 Frequency technique

work viruses 0-10 347.7GHz/RIU
with S11 technique
n=1-1.5 2.154 dB/RIU

[20] Sensing 0-3 N/A Frequency technique
viruses (540 GHz/RIU)
with
n=1-1.5

[21] Sensing 0.22-0.26 N/A Frequency technique
viruses 110 GHz/RIU
with
n=1.46-
1.55

[22] Sensing 1-4 ~13.76 Frequency technique
with 851 GHz/RIU
n=1-1.5

[23] Sensing 1-10.465 ~ 1588 Frequency technique
viruses 3.923 THz/RIU
with
n=1-1.6

[24] Sensing 0.5-1 ~43 Frequency technique
with 556.325 GHz/RIU
n=1.3-1.4

reflecting strong field confinement and low loss compared with
other designs. This improvement highlights the benefit of the
multiband metamaterial architecture, which enhances selectivi-
ty and energy localization. Other referenced sensors show mod-
erate Q-factors (13.76-43), confirming that the present design
provides superior detection precision and sharper resonance
characteristics.

V. OPPORTUNITIES AND LIMITATIONS

The versatility of the design allows for easy adaptation
to various biological and chemical sensing tasks beyond
COVID-19 detection. Its miniaturized structure and multiband
operation make it suitable for integration into portable diag-
nostic systems and lab-on-chip platforms. Additionally, com-
bining the metamaterial design with artificial intelligence or
machine-learning algorithms could further enhance detection
accuracy and real-time data interpretation. Despite the strong
simulation results, the sensor’s practical implementation still
requires experimental validation to account for fabrication tol-
erances, environmental effects, and biological sample variabili-
ty. The current study does not include in-vitro or in-vivo testing,
and the complexity of accurately characterizing viral samples at
terahertz frequencies remains a challenge. Future work should
address these aspects through experimental prototyping, cali-
bration in realistic biological environments, and data-driven
optimization.
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VI. CONCLUSION

The main use of multiband metamaterial sensors, which are
the subject of this research, is the detection of COVID-19 vi-
ruses. High sensitivity, low electrical dimension, linearity, and
tiny frequency offset are important factors taken into account
during the optimization process. Multiple resonant parts that
can be adjusted to different frequency ranges make up the mul-
tiband metamaterial sensor’s suggested design. This makes the
sensor extremely effective for detecting the COVID-19 virus by
allowing it to detect many biomolecules at once. The proposed
sensor design has been refined and shown to have great sensi-
tivity and selectivity for COVID-19 viral detection through nu-
merical simulations. Additionally, the sensor exhibits promise
for use in additional biomedical fields, such as the identification
of additional biomolecules. All things considered, the suggest-
ed multiband metamaterial sensor architecture offers a viable
way to identify COVID-19 viruses in the terahertz range. In
this work, criteria like linearity, low electrical dimension, min-
imal frequency offset, and high sensitivity were given priority
during the optimization process.
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FinFET Based Computation Intensive Sub-Circuits
Designs for Low Power VLSI Application
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Abstract—In order to improve operational efficiency for low-
power VLSI (Very Large Scale Integration) designs, the current
research presents a simulation-based comparison of the results
of basic gates, computation-intensive circuits, and basic memory
blocks designed using FinFET technology. This creative designs in
multipliers effectively consolidates input data by stacking blocks,
which significantly reduces time in next-stage operations. To
assess the suggested compressor design in terms of average power,
delay, and Power Delay Product (PDP), extensive simulations
and analyses are carried out. When conducted within the same
technological and environmental conditions as existing designs,
proposed designes demonstrate clear advantages. The proposed
compressor shows an amazing 64.91% decrease in delay, a signif-
icant 87.85% improvement in average power consumption, and
a notable 95.74% improvement in energy efficiency for proposed
4-3 compressor and similar outcomes for 5-3 compressor. In
memory design, it also demonstrates a notable enhancement,
achieving an 87.95% reduction in average power, a 49.57%
decrease in delay, and an 87.57% improvement in Energy Delay
Product (EDP) compared to both conventional NAND-based and
FinFET-based Content Addressable Memory (CAM) designs.

Index Terms—Compressors, CAM, FinFET, High speed, Mul-
tiplier, Stacking, Time delay.
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I. INTRODUCTION

ODERN semiconductor technology depends on VLSI

(Very-Large-Scale Integration) architecture that con-
sumes less power. This design is motivated by the growing
demand for portable and battery-powered gadgets like smart-
phones, tablets, and wearable electronics. The main goal of
low power VLSI design is to reduce power consumption while
maintaining optimal performance and functionality. To achieve
this goal, it is necessary to use a variety of methods at several
levels of design, including architectural, circuit, and process
levels. Memory elements and combinational circuits constitute
fundamental components of VLSI systems, playing a pivotal
role in the development of low-power computing devices.
Memory elements, such as SRAM and DRAM, are indispens-
able for efficient data storage and retrieval, directly influencing
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power consumption and system performance. Combinational
circuits, which execute logic operations without the need for
data storage, are critical for performing arithmetic and logic
functions with high efficiency and speed. The synergy between
these elements ensures optimal data processing and minimizes
energy expenditure, thereby enhancing the functionality and
power efficiency of advanced VLSI systems. Their intricate
design and operation are paramount in driving the evolution
of energy-efficient computing technologies.

As semiconductor technology progresses towards lower
nodes, the importance of low power VLSI design increases.
This progression requires a thorough and all-encompassing
design strategy that incorporates cutting-edge materials, in-
ventive device structures, and superior power management
methods. The goal is to achieve extended battery life, minimise
heat generation, and improve the dependability of electronic
systems.

At the manufacturing level, the use of sophisticated tran-
sistor technologies like FinFETs (Fin Field-Effect Transistors)
has shown to be crucial in improving control over leakage
currents [1]. These structures in three dimensions offer excel-
lent control over the gate, which is crucial for maintaining
low levels of leakage currents and allowing operation at lower
supply voltages.

FinFET technology is employed in semiconductor devices
for low-power applications because it offers several significant
advantages compared to conventional planar transistors. The
main factors that make FinFETs preferable for low-power
applications are [1], [2]:

o Improved Control Over Channel

1) FinFETs offer enhanced electrostatic control over
the channel, resulting in a reduction of short-channel
effects commonly observed in conventional planar
transistors as device dimensions decrease.

2) FinFETs have a three-dimensional structure that
enables more precise control of the gate over the
channel. This reduces leakage currents and enhances
the switching performance of the transistor.

o Lower Leakage Currents

1) Subthreshold Leakage: FinFETs exhibit consider-
ably reduced subthreshold leakage currents in com-
parison to planar transistors. The reason for this is
that the gate completely encloses the channel on
three sides, resulting in enhanced control and less
leakage.

2) Gate-Induced Drain Leakage (GIDL) is reduced in
FinFETs due to increased gate control, resulting in
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decreased power usage.
e Lower Supply Voltage
1) FinFETs exhibit superior electrostatic control, en-
abling them to function efficiently at reduced supply
voltages. This characteristic leads to a significant
decrease in power consumption, as dynamic power
consumption is directly proportional to the square
of the supply voltage.
« Scalability
1) FinFET technology allows for continued scaling of
transistors beyond the limits of planar technology,
enabling more transistors to be packed into the
same area without significantly increasing power
consumption.

This study involved doing extensive simulations of all basic
logic gates and other combinational circuits using FinFET
technology. The simulations were compared to equivalent
designs using standard CMOS technology to assess per-
formance parameters and power efficiency. In addition, we
have thoroughly analyzed the performance of FinFETs at the
20 nm technology node, specifically studying their electrical
properties and operational benefits compared to conventional
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planar transistors.

The inquiry entailed the analysis of crucial delay, power
dissipation, and overall circuit reliability. Fig. 1 shows the
characteristics curve of CMOS and FinFET. We conducted
a thorough comparison of FinFET and CMOS technologies
by modelling fundamental logic gates including AND, OR,
NOT, NAND, and NOR, as well as complex combinational
devices such as multiplexers and adders. This work emphasises
the influence of FinFET’s three-dimensional configuration on
improving gate control and mitigating short-channel effects,
which are significant obstacles in sub-20 nm CMOS tech-
nology. The paper is organised as the basic of FinFET is
described in Section II, Section III presents the related works,
Section IV presents the simulated results and Section V
discusses the conclusion.

II. OVERVIEW OF FINFET TECHNOLOGY

A FinFET is a “fin” field-effect transistor (FET). It is a
metal-oxide-semiconductor (MOS) device where the gate is
placed on two sides of a thin vertical semiconductor body
standing on a substrate as shown in Fig. 2. FinFETs, known
as Multigate Field Effect Transistor (MGFET), are predicted
to be one of the best promising devices to substitute bulk
MOSFET due to its improved SS (Subthreshold Swing) slope,
better stability, higher (I,,/I,s¢) ratio, better short channel
performance, smaller intrinsic gate capacitance. Here is the
main structure of MOSFET and FinFET gate [3].

Drain

Gate 1

Source

H1=IN:|:

Fig. 2. Basic Structure of conventional CMOS and FinFET.
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A. Characteristics of a FinFET

The I-V (current-voltage) behavior of FinFETs closely re-
sembles that of conventional MOSFETSs but exhibits several
unique traits.

o Threshold Voltage (V;1): In FinFETs, the threshold volt-
age refers to the gate voltage level at which the device
begins to allow current flow. Owing to better gate control
over the channel, this voltage is generally lower compared
to that of traditional MOSFETSs [3].

e Drain-Source Current (I;): This indicates the current
flowing between the drain and source terminals. It is
influenced by both the gate-to-source voltage (V) and
the drain-to-source voltage (V). As Vg, rises, 144 also
increases, eventually entering a saturation phase where
further increase in Vj, results in minimal change in
Ias [3].
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After observing both the plots in Fig. 1 we can observe
that in CMOS after reaching certain voltage with increase in
Vbs continuously a breakdown has occurred due to the SCE
which can be minimized in FinFET based designs. The finFET
parameters of 20nm model is shown in Table I [1].

TABLE I
PARAMETERS OF FINFET [4]
FinFET Technology Leff hfin tfin toxide
Vpp(V)
parameters (nm) (nm) | (nm) | (nm) (nm)
Value 20 0.9 24 28 15 0.9

III. RELATED WORKS

There are several methods for achieving low power design in
VLSI systems, each targeting different aspects of the design
process to minimize energy consumption while maintaining
performance. Power gating is a widely used technique that
reduces leakage power by turning off the power supply to
inactive modules, Dynamic voltage and frequency scaling
(DVES) adjusts the voltage and frequency according to the
workload, Multi-threshold CMOS (MTCMOS) technology
employs transistors with different threshold voltages within the
same design, balancing speed and power efficiency by using
low-threshold transistors for critical paths and high-threshold
transistors for non-critical paths to reduce leakage.the use
of advanced transistor technologies like FinFETs enhances
control over leakage currents and allows for operation at lower
voltages, further contributing to power savings. The basic
gates can be implemented using the FinFET technology for
better performance over MOS design. Again multiplication,
an intricate and time-intensive arithmetic operation, plays a
pivotal role in numerous signal processing algorithms [5]—
[8]. Recognizing its significance, the multiplication process
is systematically delineated into three key stages: the gener-
ation of partial products, the subsequent reduction of these
partial products, and the ultimate computation of the resultant
product [3], [6], [7], [9], [10]. The exploration of various
methodologies for optimization at each stage has become a
focal point of extensive research. This includes innovative
compressor designs and the introduction of time-efficient
structures [11]-[16].

A content addressable memory (CAM) utilizes specialized
comparison logic to perform table lookup operations within
a single clock cycle [17]-[19]. CAMs are widely used in
applications that demand high-speed search capabilities. In this
work, the study and analysis of various CAM architectures
are centered around comparison circuits based on N-type, P-
type, and Transmission Gate (TG) configurations [20]-[22].
The DLPCAM design [23] proposed a TCAM memory cell
using FinFET technology and evaluated key parameters such
as search delay, average power consumption, and energy usage
in a 32-nm process. On the other hand, PVECAM investigated
the impact of process variations on FinFET-based CAMs using
a 20-nm HSPICE model [24].

Fig. 3. Schematics of basic gates.

IV. COMPUTATION INTENSIVE CIRCUIT DESIGN AND
SIMULATION

A. Logic gates Design using FinFET

In this work we have designed basic gates, inverter as
shown in Fig. 3 and few combination circuits like compressor,
Multiplier using FinFET and compare their average power
consumption and Delay for all the designs.

The comparison Table II clearly shows that FinFET-based
designs outperform CMOS-based designs. For low-power de-
sign, using FinFETs represents a significant advancement.
FinFETs can be used in lower technology nodes without being
affected by short channel effects, making them more area-
efficient as well.
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Fig. 4. Architecture of compressor circuit.

B. Compressor Design using FinFET

Compressors are basically internal components of multi-
pliers. In the context of digital circuit design, compressors
are specialized circuits used within multipliers to efficiently
reduce and process partial products during multiplication op-
erations. These compressors help optimize the overall speed
and efficiency of the multiplication process by reducing the
critical path delay, which is essential for high-performance
applications. Compressors play a vital role in handling binary
data and are integral to the internal architecture of multipliers.
Their effective implementation is crucial for achieving fast and
accurate multiplication in various digital systems.

Over the last two decades, research has focused on the use
of various compressors for partial product reduction. Examples
include the 3-2, 4-2, 5-2, and 5-3 compressors. Nonetheless,
it is important to note that these compressors perform best
when the multiplier size is minimal. Larger multipliers, like
16x16 and 32x32 bit combinations, require huge compressor
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TABLE 11
COMPARISON RESULT OF LOGIC GATE USING FINFET AND TRADITIONAL CMOS
INVERTER NAND AND OR
FinFET | Traditional FinFET | Traditional FinFET | Traditional FinFET | Traditional

DELAY (ps) 1.122 3270 1.549 7.490 4.804 19.18 4.828 20.020

POWER (nW) | 9.992 69.83 22.88 58.14 29.55 134.82 39.53 102.06
sizes. In this setting, high-order compressors appear as a VDD VDD
feasible option, providing greater power efficiency and speed. 4:3 Compressor o 5:3 Compressor
However, it is important to remember that using high-order % b1 vy ] b1 -
compressors has trade-offs because their implementation takes 5, g; b= 4Bt |va “az| 5Bt ;‘ 5 Bit ;;
up more silicon area than their low-order counterparts. The 22 Stack,, Adder 107 ag| Sk ® Adder 132
complex trade-offs between power, speed, and performance 23, ba — agq) b; —

efficiency highlight the subtle difficulties in fine-tuning the
partial product reduction phase of large-scale multipliers.

In this paper, we provide a novel stacked-based compressor
in which a specific stacking step is used to sort partial product
data. In this phase, ones (1s) in a column are systematically
moved to the Most Significant Bits (MSBs), and zeros (0s) are
simultaneously moved to the Least Significant Bits (LSBs).
We have created two compressor designs in the proposed
design: a 4:3 and a 5:3 compressor block diagram shown in
Figs. 4 and 5. Multipliers make heavy use of both designs. In
order to make the design process easier, we have purposefully
divided the entire circuit into a well-organized set of separate
functional components. Within this structure, two essential
blocks are carefully defined:

o Stacking Block: Data compression takes on a new
dimension when stacking blocks are incorporated into
multiplier design. Here, a stacking block combines the
input data by piling up the number of 1s without taking
into account their particular place values. For instance, the
stacking block output, given the input ”1010,” combines
into ”1100,” which represents the count of 1s.

In the proposed design, two different stacks a 4-bit
stack for the 4:3 compressor and a 5-bit stack for the
5:3 compressor are integrated, each specifically designed
for a different compressor. These stacking blocks are
essential to the compression process since they maximise
data representation for multiplier stages that come after.
When we examine the details of this design, one im-
portant aspect that stands out as being able to improve
performance and efficiency in multiplication operations
is the use of two stacks that are specifically designed for
separate compressors. We implemented the circuit based
on the Boolean equation we derived for proposed design
of the 4:3 and 5:3 compressor stack blocks.

Let’s consider the inputs to be ag, ai, ao, az and
respective outputs be by, ba, b3, by.

b1 = ag+ a1 +as +as (1
by = ag(az + a3) + a1 (ag + a2) + az(a; + az) (2)
b3 = az(agas + ajas + apay) + agaias (3)
by = apaiazas “4)

I_(%u

Fig. 5. Block diagram of Compressor.

Similar to the 4:3 compressor stack block, we have
derived the boolean expression of the 5-bit stack for the
proposed design.

by =a0+ a1 +az+as+aq (35
by = (aga1) + (agaz) + (agas) + (apas) + (ajaz)
+ (ara3) + (a1a4) + (aza3) + (agaq) + (azaq)
(6)
b3:P1+P2+P3+P4+P5
+ Ps + Pr + Ps + Py + Py (N
where
P1 = ao(alag), P2 = ao(alag), P3 = ao(a1a4),
Py = ag(asaz), Ps=ag(azas), Ps=ao(azas),
P; = ai(asaz), Ps=ai(azas), Py=ai(azas),
Py = az(azaq)
by = P11 + Pig + P13 + Py + Pis (8)
where
Py = (aoPr), P2 = (aoFs), Pi3= (aphy),
Piy = (apPro), Pis = (a1Pio)
bs = apaiazazay )

It is clear that several AND operations are being carried
out from equations (1) to (9). The repetition of several
AND blocks, which allows us to extract outputs from
previously computed results, is a remarkable observation.
This discovery offers a chance to reduce circuits because
we can make the process more efficient by using previous
findings. The stack block’s output then plays a crucial
role in calculating the summation for the next step,
demonstrating a clever use of previously acquired data
in the circuit.

Adder Block:The adder block, which produces the com-
pression process’s end result, is the next part of the



ELECTRONICS, VOL. 30, NO. 1, JUNE 2026 25

T &% |

o | ;

e SR (LR

: o @g@
f e

5 10 15 20
. i Cin
Time (ns) FA 43 43
Compressor Cnmpressor Compressor
(a) 4:3 compressor output graph C
Sum Sum Cnut Sum

i ] n]
e | Fig. 7. Block diagram of Multiplier.

V)
—

~
=
E

i

X0 o
Vde |
X1 0
Ve the inputs be by, ba, bs, by.
X2 0 I
Vde
X3 v:c | Y1 = byl + bsb), (10)
X4 Y5 :bgbg—l—bg,b:l (11)
wel | L | L Y3 = bybabsby (12)
Vdce
S E— I Similar way, we derived the expression for the 5-bit
Vde | adder:
Y3 0
e
Y ew T Y1 = babh + bsbly + bs (13)
Y5 = byl 3l 14
(b) 5:3 compressor output graph Y2 I;Qz? * 23b4 E]S;
3 = 0405 + 05

Fig. 6. Output characteristics of the proposed compressors.

We can see that the number of computing blocks (AND,
OR) required for this adding block is less than the conventional
4-bit adder and 5-bit adder. The output graphs of both com-
pressors are shown in Fig. 6, and the performance comparison
is tabulated in Table III.

compressor. We assess the input conditions to this block
in proposed design strategy rather than employing a half
adder or full adder right away. Proposed method takes
advantage of the fact that the inputs are already sorted

after going through the stacking block. Because of its COMPARISON OF POWER,ET;?,I;E,I:LD PDP FOR 4-3 AND 5-3
intrinsic orderliness, the computation of the result is COMPRESSORS

made easier because there is less chance that the least

significant bits (LSB) contain 1s. Taking use of this Design Type Power Delay pPDP
feature, the approach determines the output expression 4-3 Compressor | Conventional | 428 uW | 922 ps | 394.62 aJ
by applying Boolean expression analysis to the input 4-3 Compressor | Proposed 0.52 pW | 32.35ps | 16.82 al

conditions. These phrases are rigorously verified against 5.3 Compressor | Conventional | 6.58 uW | 303 ps 198

every possible combination to guarantee that the result

is accurate in every scenario. This thorough validation —_>- compressor | Proposed LI2pW | 723ps | 8098 a)
ensures that the design is resilient and reliable and shows

that it is effective in generating accurate results for a 1) Application of Compressor: In the proposed multiplier
range of input scenarios. design as shown in Fig. 7, we have implemented the pro-

Let the final results for the 4 bit adder be Y7, Y5, Y3 and posed compressor instead of the conventional method, which
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20 multiplier designs as tabulated in Table IV.
L 10
i TABLE V
PVECAM(1 Celll DLPCAM  Conv.NAND  PROPOSED PERFORMANCE OF 1 X 16 ARRAY
Conv.NAND | Proposed
(b) Power vs Delay comparison DLPCAM (23] .
(MOSFET) | (FinFET)
Fig. 9. Performance analysis of proposed CAM design.
Avg.Power
202.63 850 102.40
(nW)
employs half adders (HA) and full adders (FA) for partial Delay(ps) 74.01 21 10.60
product addition across multiple stages. By integrating the PDP(nW X ps) 14997.14 17850 1085.44
prop(?sed compressor, we mgmﬁcantl)./ reduce the nu.m.be.r of Eneray (f]) 313 666 164
addition stages required. This reduction not only minimizes
power consumption but also substantially decreases the overall EDP(fJ x ps) 60170.13 13986 1738

delay. Consequently, the approach demonstrates a marked
improvement in efficiency and performance over traditional

From the comparison table, it can be concluded that the
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utilization of a FinFET-based compressor, as opposed to
traditional FA and HA, results in a reduced PDP. This FinFET-
based approach is more efficient in terms of delay, which is
particularly significant given that multipliers are fundamental
components of arithmetic and logical units where speed is
a critical factor. Thus, the implementation of FinFET-based
compressors enhances the overall performance and efficiency
of these operations.

C. Basic CAM Memory Design Using FinFET

CAM, also called associative memory, is a unique kind of
memory that is used to search through the data contained
inside. Traditional CAM designs use large and active parallel
hardware, which leads to high dynamic power usage. With the
move to smaller technology nodes and the shift from planar
MOSFETs to multi-gate devices, new design trade-offs are
expected in CAMs. FinFET technology helps reduce short
channel effects at these smaller scales. In this work, we present
a simple 16-bit NAND-type CAM cell shown in Fig. 8 built
using FinFETs and evaluate its performance, focusing mainly
on average power consumption and delay shown in Fig. 9.
Fig. 10 shows the timing diagram of a 16-bit CAM array using
FinFET. We have simulated the CAM design and compared
it with existing designs available and tabulated the values as
tabulated in Tables V and VI.

TABLE VI
PER BIT CAM CELLS PERFORMANCE
PVECAM Conv.NAND | Proposed
(1CELL) [24] (MOSFET) (FinFET)
Avg.Power
70.89 53.13 15.69
(nW)
Delay(ps) 72.56 10.10 3.50
PDP(nW X ps) 5143.77 536.61 54.91

V. CONCLUSION

In conclusion, the analysis of the sub-circuits, which in-
cludes FinFET based designs like basic gates, shows improved
performance as compared to MOS based designs in terms
of power and delay.The stack-based digital compressors and
unique adder blocks, showed encouraging results across multi-
ple performance parameters. The simulations and analyses in-
dicate that the proposed concept outperforms previous designs
significantly. Specifically, the results show an average power
usage improvement of 87.85% for the 4-3 configuration and
82.98% for the 5-3 configuration. Additionally, there is a delay
reduction of 64.91% for the 4-3 configuration and 76.14%
for the 5-3 configuration. Furthermore, the Power Delay
Product (PDP) decreased by 95.74% for the 4-3 configuration
and 94.97% for the 5-3 configuration. Proposed design suc-
cessfully balances power efficiency, speed, and performance,
making it a promising leap in multiplier architectures.

Detailed analysis revealed that incorporating FinFET tech-
nology into CAM design led to enhanced performance when

compared to conventional MOSFET-based CAMs. The design
achieved noticeable improvements, reducing average power
consumption by 87.95%, delay by 49.57%, and Energy De-
lay Product (EDP) by 87.57% compared to both traditional
NAND-based and earlier FinFET-based CAM implementa-
tions [24].
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Compact UWB Pi-Slotted Elliptical Patch Antenna
for Terahertz Applications

Sulaiman Bin Helal and Abu Zafor Md. Touhidul Islam

Abstract—Antennas offering wide bandwidth, high gain and
efficiency are essential to terahertz (THz) wireless communication
systems and has gathered significant attention in antenna research.
This paper introduces a compact, high-gain, ultra-wideband
(UWB) microstrip patch antenna tailored for THz applications,
along with its performance analysis. The proposed antenna has
an elliptical patch with a pi shaped slot and is excited by a tapered
feedline. An elliptical patch antenna incorporating a pi-shaped
slot is introduced for the first time in the terahertz THz spectral
region, demonstrating the ability to simultaneously achieve sub-
stantial size miniaturization, wideband performance, improved
impedance matching, and enhanced gain. The antenna structure
was designed and optimized for improved performance using CST
Microwave Studio (MWS) version 2018. A Rogers RT/duroid 5880
substrate was used for antenna design, featuring 6 pm thickness,
2.2 relative permittivity, 0.0009 loss tangent, and 120 x 80 pm?
planar dimensions. The proposed antenna demonstrates strong
performance characteristics with a wide impedance bandwidth
of 3.41 THz (5.01-8.42 THz), high gain of 7.906 dB, radiation effi-
ciency of 77.83%, and low return loss of —43.57 dB, with consistent
VSWR across the entire frequency range. The surface current dis-
tribution as well as the input impedance of the pi-shaped slotted
antenna are also favorable. All the simulation results suggest that
the proposed small size pi-shaped slotted elliptical patch antenna
can be a suitable candidate for high-speed 6G wireless communi-
cation applications in the THz band.

Index Terms—Elliptical patch, microstrip antenna, pi shaped
slot, tapered feedline, terahertz band, wideband, wireless applica-
tions, 6G communication.
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1. INTRODUCTION

VER the past few decades, bandwidth requirements for
wireless communications have increased rapidly. Al-
though advanced modulation techniques have been employed
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to enhance spectral efficiency [1], the channel capacity is ulti-
mately limited by Shannon’s formula, even with MIMO imple-
mentations. Consequently, accessing higher carrier frequency
bands like terahertz (THz) spectrum (0.1 to 10 THz) is essential
to meet the required transmission capacity. Owing to the unique
advantages like broadband capability, secure, more directional,
smaller scintillation effects, low attenuation, and low energy
consumption, THz technology has been applied in the field of
communication, defense, biomedical imaging, spectroscopy,
and radio astronomy [2], [3]. Research in THz technology has
grown recently, driven by the availability of THz sources and
progress in laser, semiconductor, and photoconductive technol-
ogies [4]. THz antenna design suffers from severe signal atten-
uation, fabrication challenges associated with microscopic di-
mensions, and significant material losses. Antennas functioning
within the THz band must demonstrate high gain, wide band-
width, high directive and minimal signal losses to ensure robust
and efficient communication [5], [6].

Patch antennas have attracted considerable attention as a
promising solution for THz applications owing to their com-
pact dimensions, ease of fabrication, and compatibility with
integrated circuit technology. A dual-band reconfigurable
graphene-based antenna detailed in [7] achieved a bandwidth
of 50 GHz with a gain of 4.01 dB. Photonic band gaps and
defective ground structures were utilized in [8], which leads
to a gain increase to 6.93 dB. But it suffers from narrow band-
width and size limitations. A miniaturized graphene-based THz
patch antenna proposed in [9] obtained a high return loss of
—57.54 dB and a bandwidth of 199.6 GHz, though its gain was
limited to 2.76 dB. An asymmetric coplanar waveguide-fed
patch antenna was developed in [10], which offered a gain of
6.14 dB and a compact design but with a narrower bandwidth
of 92 GHz. Moulfi et al. developed a wideband nano circular
graphene-printed antenna for terahertz transmission, employ-
ing a Defected Ground Structure (DGS) technique to enhance
bandwidth and conducted a parametric study [11]. Khan et al.
proposed a circular THz patch antenna and investigated vari-
ations in substrate shapes and materials [12]. Abohmra et al.
examined the characteristics of graphene at terahertz frequen-
cies through a rectangular antenna designed for wearable appli-
cations [13]. Fakharian introduced a multifunctional graphene-
based THz antenna [14], while Badr and Moradi presented a
novel hexagonal dual-band antenna operating at 2.14 THz and
5.41 THz [15]. Nissiyah and Madhan explored graphene-based
patch antennas capable of supporting triple and quad-band op-
erations in the terahertz range [16].
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Although numerous THz antennas have been proposed,
most suffer from either large physical dimensions or limitations
in bandwidth, gain, and efficiency. These shortcomings pose
significant challenges for practical THz system implementation
[17]. Thus, further investigation into patch antenna structures is
essential to achieve improved performance. This study presents
the design and performance analysis of a compact, high-per-
formance pi-slotted elliptical patch antenna tailored for THz-
band 6G communication systems. Elliptical geometries provide
efficient current distribution, reduced surface-wave losses,
minimized cross-polarization levels, broader impedance band-
width, and the potential for enhanced gain and directivity [18].
Incorporating slots into the design can further improve imped-
ance matching and radiation efficiency, which are critical for
effective 6G communication [17], [19]. A pi-shaped slotted mi-
crostrip patch antenna is considered superior for modern wire-
less communication due to its ability to enhance performance
metrics simultaneously, such as achieving wide impedance
bandwidth, high gain, high efficiency, and compact size. The
pi-slot geometry acts as a reactive loading technique that alters
the surface current distribution, improving impedance match-
ing and enabling multi-frequency operation. The novelty of em-
ploying a pi-shaped slot in elliptical patch antenna design lies
in its first introduction within the THz spectral region, where it
demonstrates the capacity to simultaneously achieve substantial
size miniaturization, wideband or multi-band performance, im-
proved impedance matching, and gain.

The rest of the paper is arranged as follows. The antenna
design approach is discussed in Section II. Section III presents
the simulation results and performance analysis of the proposed
antenna. A comparison of the proposed antenna’s performance
with previously reported designs is given in Section IV. Finally,
key findings of the research are listed in Section V.

II. PROPOSED ANTENNA DESIGN

The proposed antenna has been designed and simulated
using CST Studio Suite 2018. An elliptical patch with a pi-
slot, a full ground, and a 50 Q feedline are incorporated in
the proposed pi-shaped slotted elliptical patch antenna. The
feedline is tapered from a wider base to a narrower tip used
for better impedance matching. Fig. 1 shows the front-facing
view and pi-slot structure of the proposed THz antenna. The
substrate material used is Rogers RT/duroid 5880, with a
relative permittivity (er) of 2.2 a loss tangent (tan 3) of 0.0009.
A substrate of 6 um thickness is used, and the patch, full ground,
and feedline structure are fabricated from annealed copper with
a thickness of 0.035 mm. This design methodology reflects a
hybrid approach combining: Geometric shaping of radiating
Element (elliptical patch) for smooth current distribution and
broad radiation characteristics, Slot loading (Pi-shaped slot)
enables multi-resonance tuning, broader bandwidth and higher
radiation efficiency, Parametric control for fine-tuning of
performance metrics.
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Fig. 1. (a) Front-facing view and (b) Pi-shaped slotted elliptical patch antenna.

The subsequent phase in the design process involves estab-
lishing the dimensions of the antenna structure, which are direct-
ly affected by its resonant frequency. This antenna is intended to
function within a frequency range of 4.5-9.5 THz, with an op-
erational frequency set at 5.5 THz. At this frequency, the wave-
length of the signal is considerably shorter than that at lower
frequencies, significantly influencing the antenna’s dimensions.
When designing an elliptical patch antenna, it is essential to de-
termine both the semi-major axis and semi-minor axis of the
patch. This calculation relies on the targeted resonant frequency,
substrate properties, and operating environment conditions.

The semi-major axis of the elliptical patch is computed as
follows [20], [21],

a=—= (1

where A is the wavelength in the dielectric medium which can
be calculated as
C

foeng @

where Eefr is the substrate’s effective dielectric constant,

Ay =
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Here, &, the relative permittivity, w the width and / the height
of the substrate, ¢ the speed of light, and £, being the resonant
frequency of the antenna. And semi-minor axis, b of an ellipti-
cal patch is calculated as

-4 )
=R

where, AR is the aspect ratio, which is chosen based on the de-
sign requirements and radiation characteristics.

The optimize design parameters of the proposed THz anten-
na are presented in Table I. Key design parameters, including
substrate dimensions, elliptical patch axes, feedline tapering,
and Pi-slot geometry, are carefully tuned to support dual-band
THz operation. The compact size of the designed antenna is 120
pum x 80 um?. The pi-shaped slotted elliptical antenna is excited
using a 50 Q tapered feedline, with the impedance maintained
at 50 Q to achieve high performance.

TaBLE |
OPTIMAL VALUES OF DESIGN PARAMETERS

Parameters (symbol) Value (num)

Width of substrate (Ws) 120
Length of substrate (Ls) 80
Thickness of substrate 6
Semi major axis (Xr) 46
Semi minor axis (Yr) 17.96
Thickness of patch & ground 1.2
Length of feedline (Lf) 22.04
Top-end width of feedline (Fw1) 8
Bottom-end width of feedline (Fw2) 18.64
Taper angle (o) 11.07°
Pi slot length (A) 18
Width of pi slot (B) 5
Legs length of pi slot (L) 9
Distance between the legs of pi slot (D) 4
Top-to-slot offset (C) 13.46

Tuning the pi-slot geometry is achieved through systematic
parametric variation in CST. CST allows defining the pi-slot
length, width, and position as parameters. These are varied sys-
tematically to observe their effect on S11 (return loss). Authors
run multiple simulations, adjusting geometry until the desired
THz band performance is achieved.

The shape of the initially designed radiating element is an
elliptical patch. The original elliptical patch is modified by in-

serting a pi-shaped slot. A pi-shaped slot can create multiple
current paths, enabling broadband operation. This slot is etched
for impedance matching, bandwidth enhancement, and anten-
na radiation characteristics improvement. The pi-shaped slot,
which is a modified inverted U-shaped slot, is well-known for
its relatively large impedance bandwidth. Hence, the dimen-
sions of the pi-slot are adjusted to achieve the lowest possible
input reflection coefficient of the antenna around the resonant
frequencies, and their position is chosen so that the radiating
structure can produce a wider bandwidth through multiple reso-
nances while also providing proper impedance matching at the
higher end of the operating range, ensuring stable performance
across the full THz band.

III. RESULTS AND PARAMETRIC INVESTIGATION

The design, simulation, parametric investigation and per-
formance analysis of the pi-shaped slotted patch antenna has
been carried out high-performance EM solver CST-MWS. The
performance of the proposed antenna has been investigated by
computing S11, bandwidth, gain, directivity, efficiency, and ra-
diation pattern, and surface current density from the simulator.

Fig. 2 demonstrates the impact of incorporating a pi-shaped
slot on the elliptical patch of the proposed THz antenna design.
It compares the reflection coefficient (S11) of the proposed
antenna with and without a pi-slot. The antenna with the slot
shows lower S11 values at key frequencies, indicating better
impedance matching, reduced reflection, and improved perfor-
mance. The inclusion of the pi-slot effectively reduces the re-
turn loss and alters the peak positions of the proposed antenna.
The operating range of frequencies of the antenna is 5.01 to
8.42 THz. A minimum S11 of —43.57 dB is observed at 5.645
THz, indicating excellent impedance matching. The presence
of two distinct resonant dips (at 5.645 and 7.715 THz) suggests
the antenna is designed for multi-band THz operation, which
is valuable for applications like THz imaging, spectroscopy, or
high-speed wireless communication.

Si1 (dB)

== Without slot
= With Slot

5 6 7 8 9

Frequency (THz)

Fig. 2. Comparison of |Si:| for proposed antenna with and without the pi-slot.
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The reason behind the shifting of the resonant frequencies
are as follows. The pi-slot elongates the path that surface cur-
rents follow, effectively increasing the electrical length of the
antenna, and lowers the fundamental resonant frequency. The
pi-slot introduces discontinuities that support multiple current
loops, each capable of resonating at different frequencies. This
leads to additional resonant peaks and broader bandwidth. The
slot acts as a combination of inductive and capacitive elements.
These reactive components shift the resonance by modifying
the input impedance and phase response. The slot also alters
the distribution of the electric and magnetic fields on the patch,
which changes the boundary conditions and shifts the natural
resonant modes. It can couple different parts of the patch or
ground plane, introducing mutual coupling that shifts resonant
frequencies.

The variation of S11 with different semi-major axis (Xr) of
the presented THz antenna is shown in Fig. 3, which depicts
that increasing the Xr while keeping the semi-minor axis (Yr)
constant leads to a downward shift in both primary and second-
ary resonant frequencies. As Xr increases (40 to 49 um), the
resonance frequency shifts downward. Larger Xr values effec-
tively increase the electrical length of the resonant structure,
lowering the natural frequency. Xr =40 um (black) resonates at
a higher frequency. Xr =49 um (blue) resonates at a noticeably
lower frequency. The bandwidth broadens with increasing Xr.
At smaller Xr (40 pm), the resonance dip is sharper and nar-
rower. At larger Xr (46—49 um), the dips are wider, meaning the
device maintains good impedance matching across a broader
frequency range. The resonance depth (minimum Si1) also im-
proves slightly with larger Xr, indicating better matching. Xr =
49 um shows both deep resonance and wide bandwidth, making
it robust in terms of performance.

Sl (dB)

5 . 6 . 7 . 8 . 9
Frequency (THz)

Fig. 3. Variation of |S11| with different Xr.

Fig. 4 shows the variation of radiation efficiency with dif-
ferent Xr of the proposed antenna. All curves show a sharp rise
in efficiency from ~4 THz to ~5 THz, then stabilize. Efficiency
improves consistently with increasing Xr, indicating better ra-

diation characteristics. Increasing the Xr enhances the effective
aperture and current distribution, reducing losses and improving
radiation. Larger Xr values likely improve impedance matching
and mode confinement, contributing to higher efficiency. Xr of
49 um yields the best radiation efficiency across the 4-9 THz
range. This makes it ideal for applications requiring power-ef-
ficient transmission, such as THz imaging, sensing, or commu-
nication.

90% b
80%
>
Q
£
]
'S 70%
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60%
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Fig. 4. Variation of efficiency with different Xr.

Fig. 5 shows the variation of gain with different Xr for the
designed antenna. As seen from Fig. 5, the directional gain in-
creases from 3.2 dB to 8.2 dB with increasing frequency for
all designs with different Xr while keeping the Yr constant. At
smaller Xr (40 um), the gain peaks are slightly lower and occur
at higher frequencies. As Xr increases, the gain peak values rise
modestly, with Xr = 46 um and 49 pm showing stronger gain
performance across the mid-THz band.

Gain (dB)

5 6 7 8 9
Frequency (THz)

Fig. 5. Variation of gain with different Xr.

Fig. 6 depicts the variation of Si1 with different length of
feedline (Lf) of proposed THz antenna. It is evident from Fig. 6
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that as Lf increases (22.04 to 32.04 um), the resonant frequency
shifts downward. A larger Lf increases the effective path length
of the resonant structure, lowering its natural frequency. At
smaller Lf (22.04 pm), the resonance dip is shallower (around
—20 to —25 dB), indicating weaker matching. As Lf increases,
the resonance depth improves, with Lf = 30.04 pm and 32.04
um showing deeper dips (~ —35 to —40 dB), meaning stron-
ger impedance matching and reduced reflection. The dips also
broaden slightly with larger Lf, suggesting improved band-
width. Smaller Lf values produce sharper, narrower resonances,
while larger Lf values yield wider operational ranges.

0 - _

L e e T CaEEREEES _os” R B

g 20t .

@ 30t i
p=—Lf=22.04 um

| ——Lf=26.04 pm| |
~40 L =30.04 um
——=L1f=32.04 pm
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4 5 6 7 8 9 10
Frequency (THz)

Fig. 6. Variation of [S11| with different Lf.

Fig. 7 illustrates how efficiency varies with frequency for
different values of Lf across the THz band. As seen the effi-
ciency varies from 55% to 85% in the operating THz range of
frequencies. All curves show a rapid initial rise (4.5-5.5 THz)
in efficiency, where larger Lf values (e.g., 30.04 um, 32.04 um)
reach higher efficiency slightly earlier compared to smaller Lf
values. Then it stabilizes across the band. There is a plateau
region (5.5-9.5 THz) where efficiency stabilizes between ~75—

90% T T T T T
85%
80%
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5 70%
2
= 65% |
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Frequency (THz)

Fig. 7. Variation of efficiency with different Lf.

85%. The higher Lf values sustain slightly higher efficiency
across the plateau by enhancing impedance matching and mode
coupling. For example, Lf = 32.04 um (purple) maintains effi-
ciency closer to the upper bound (~85%), while Lf = 22.04 um
(black) sits nearer the lower bound (~75-78%).

Fig. 8 illustrates how the parameter Lf influences gain across
the THz frequency band. As Lf increases, the peak gain shifts
toward lower frequencies. Smaller Lf values (22.04 pm) yield
higher peak gain (~8.5-9 dB), while larger Lf values (32.04
um) produce lower peak gain (~6—7 dB). Thus, increasing re-
duces the achievable peak gain at lower range of frequencies.
At higher range of frequencies, at smaller Lf (22.04 pm), the
gain peaks are lower (around 5—6 dB). As Lf increases, the gain
peak values rise, with Lf = 30.04 um and 32.04 pm reaching
closer to 8 dB.
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Fig. 8. Variation of gain with different Lf.

Fig. 9 depicts the influence of Top-End Width of Feedline
(Fw1) on the antenna’s reflection behavior. Narrower feedlines
(8 pm) tend to resonate at lower frequencies due to higher in-
ductance. Wider feedlines (14 pm) shift resonance upward but

oF _
) e
o 20
=
=230
2}
=Fwl =8 pm | |
-40 ==Fwl =10 um
= Fw1 =12 pm| ]
-50 + =——Fw]1 = 14 pm|-
-60 1 1 1 1 1
5 6 7 8 9

Frequency (THz)

Fig. 9. Variation of S11 with different Fw1.
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may degrade matching due to increased capacitive loading or
altered current distribution. The 10 um width feedline strikes
the best balance, which offers broadband performance with
multiple resonant dips.

Fig. 10 illustrates the impact of Fw1 on antenna’s efficiency.
All curves show a sharp increase in efficiency between 4.5 THz
and 5 THz. Beyond 5 THz, efficiency stabilizes above 80% for
all feedline widths. 8 um shows slightly reduced performance,
possibly due to higher conductor loss or impedance mismatch.
14 pm may introduce parasitic effects or altered current distri-
bution, slightly degrading efficiency. The 10 pm wide feedline
offers optimal radiation efficiency across the operating THz
band.

90% T T T T T
85% I
80% [
> 75%
=
8 0%
=
"U—j 65% p=——=Fw1= 8§ pm
0 ==Fwl=10 um i
60% f=——=FwIl=12 um
55% =—=Fwl=14 um 4
50% b
5 6 7 8 9
Frequency (THz)

Fig. 10. Variation of efficiency with different Fw1.

Fig. 11 shows the impact of Fw1 on the THz antenna’s gain.
All curves show moderate gain variation across the band. Gain
generally increases with frequency, peaking between 7 to 8
THz, then slightly tapering off. Smaller Fwl values yield higher
peak gain at the resonant frequencies. In the operating range,
the gain decreases from about 7.8 dB to about 6.2 dB, this is
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g 65t
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Frequency (THz)

Fig. 11. Variation of gain with different Fw1.

a reduction of roughly 1.6 dB across the range. So, a smaller
Fwl value of 8 um is chosen in the present design as a narrower
feedline at the connection point to the patch ensures the transi-
tion from the 50 Q feedline to the patch impedance is smooth,
reducing mismatch and improving return loss and efficiency.

The variation of S11 with frequency for different Pi slot
length (A) of the presented THz antenna is shown in Fig. 12.
The red curve for A=18 pm shows a strong dip well below -10
dB, indicating efficient impedance matching and reduced re-
flection. Around the resonant frequency, the -10 dB bandwidth
for A = 18 pm is broader than for A = 16 um or A = 22 um.
A =16 pm gives a resonance but S11 not as deep as below -10
dB, while A =20 um and 22 pum shift the resonance but with
less favorable reflection levels. The 18 um case strikes the best
balance between depth, bandwidth, and frequency positioning.
Therefore, looking at the S11 plot, the case of A = 18 um (red
curve) appears better because it achieves a deeper and more
stable resonant dip below the -10 dB threshold compared to the
other values.

Syl (dB)

Frequency (THz)

Fig. 12. Dependence of S11 on Pi slot length (A).

Frequency (THz)

Fig. 13. Dependence of S11 on different width of pi slot (B).
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Fig. 13 depicts the dependence of S11 versus frequency plot
on different values of width of pi slot (B). As seen from the
figure, the case of B = 5 pm (red curve) is better because it
achieves a deeper and more effective resonance compared to
the other values. B = 4 pm shows resonance but not as deep,
while B =6 pm and 7 um shift resonance with weaker dips. The
5 pm case balances depth, bandwidth, and frequency position-
ing most effectively.

The dependence of S11 versus frequency plot on Legs length
of pi slot (L) is shown in Fig. 14. As seen, L = 10 um achieves a
very deep resonance dip (close to —50 dB); the dip is relatively
broad compared to L = 8§ um and 9 pm, meaning it covers a
wider frequency range effectively. L = 11 pm also shows good
bandwidth, but its resonance shifts lower in frequency. L = 11
pum is equally strong in matching but better suited if your de-
sign targets lower frequencies. When evaluating bandwidth and
impedance matching (resonance depth) together, the best-per-
forming case is L = 10 um (blue curve).

S| (dB)

Frequency (THz)

Fig. 14. Dependence of S11 on Legs length of pi slot (L).

Fig. 15 presents the simulated radiation efficiency of the
proposed pi-shaped slotted elliptical patch antenna. The an-
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Fig. 15. Simulated radiation efficiency of the proposed antenna.

tenna possesses an efficiency of 77.43% at 5.645 THz, while
exhibits ~70-85% efficiency within the operating range of 5.01
THz to 8.42 THz, confirming low loss and effective radiation.
High radiation efficiency across the operating bands suggests
the antenna is well-suited for THz applications requiring high
power delivery, such as imaging, sensing, or high-data-rate
communication.

Fig. 16 presents the simulated VSWR (Voltage Standing
Wave Ratio) of the proposed THz antenna over the frequency
range 4.5 THz to 9.5 THz. A VSWR < 2 over a wide operat-
ing frequency band (5.01 to 8.42 THz) confirms the antenna
achieves excellent impedance matching with efficient power
transfer and minimal reflection losses, validating the antenna’s
suitability for broadband THz applications.

VSWR

5 6 7 8 9
Frequency (THz)

Fig. 16. VSWR of the proposed antenna.

Gain pattern of the pi-shaped slotted elliptical patch antenna
at 5.645 THz is depicted in Fig. 17(a), while its directivity pat-
tern is presented in Fig. 17(b). At 5.645 THz, the antenna exhib-
its a gain of 7.906 dB and a directivity of 9.017 dBi. Fig. 17(c)
shows the gain and directivity performance of the proposed
THz antenna over the range 4.5 to 9.5 THz. Gain peaks at ~5.6
THz, fluctuates 4.32 to 6.05 dB, and remains above 6 dB across
most of the spectrum, supporting strong radiation. The antenna
demonstrates consistently high directivity across the operating
THz range, fluctuating between 6.0 dBi and 9.5 dBi, indicating
strong directional radiation characteristics throughout the oper-
ating band. These results confirm its suitability in focused THz
applications such as point-to-point communication, imaging,
and sensing.

Gain fluctuations across the specified frequency band may
stem from several interrelated physical and design factors like
resonant mode behavior, slot geometry effects, Impedance mis-
match, and surface current distribution. The present UWB an-
tennas are designed to function across multiple resonant modes,
thereby enabling enhanced performance over a broad frequency
spectrum. Each mode may radiate differently, leading to peaks
and dips in gain at various frequencies. The slot introduces
multiple resonances. While this helps bandwidth, it can also
cause uneven gain due to varying coupling strength at differ-
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Fig. 17. (a) 3D farfield gain pattern, (b) 3D farfield directivity pattern, (c)
Gain and directivity versus frequency for the proposed THz antenna over the
operating frequency range.

ent frequencies. Even with good return loss, perfect impedance
matching across the entire UWB band is difficult. Minor mis-
matches at certain frequencies can reduce radiation efficiency,
causing gain dips. The current paths on the patch and ground
plane change with frequency. At higher frequencies, these paths
may become less efficient or radiate in undesired directions.
Fig. 18 presents the polar plot of the far-field electric field
(E-field) and magnetic field (H-field) at a frequency of 5.645 THz
for ¢ = 0°and 90°. At @ = (0°, 90°), the main lobes of the E-field
and H-field patterns are focused at (0°, 29°), with respective

magnitudes of (15.1 dB V/m, 20.8 dB V/m) and (-36.4 dBA/m,
—30.7 dBA/m). The 3 dB angular beamwidths are (47.7°, 21.3°),
and the side lobe level is —2 dB. The narrow beamwidth and low
side lobe level imply a highly directional antenna, ideal for THz
applications requiring spatial precision such as targeted sensing,
imaging, or line-of-sight communication where spatial resolu-
tion and minimal interference are critical.
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Fig. 18. 2D Farfield E-Field pattern at 5.645 THz for (a) ©=0°, (b) ©=90° and
H-field pattern for (c) @=0°, (d) @=90°.
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Fig. 19. Surface current at 5.645 THz.



ELECTRONICS, VOL. 30, NO. 1, JUNE 2026 37

Fig. 19 shows the simulation result of the surface current
distribution of the proposed antenna at 5.645 THz. The maxi-
mum surface current density of 28,740 A/m occurs at the low-
er part of the feedline, the lower edges of the patch, and the
slot, attributed to field enhancement and boundary conditions.

Table II shows a summary of the performance metrics of the
proposed THz antenna. The low VSWR and high return loss
confirm that the antenna is well-tuned to its operating frequency.
The wide bandwidth and compact size make it suitable for on-
chip THz communication, spectroscopy, or imaging systems.
This antenna demonstrates excellent impedance matching, high
gain, directivity, and efficiency at terahertz frequencies. Input
impedance is very close to the standard 50 Q, which ensures
its compatibility with THz transmission lines and measure-
ment equipment. It balances compact size, broad bandwidth,
and high efficiency, which is rare at such high frequencies. The
present compact THz antenna achieves a notable gain of 7.906
dB, underscoring its effectiveness for directional transmission
and reception in point-to-point THz communication systems.
High directivity (9.017 dBi) indicates focused radiation, which
is ideal for targeted sensing or communication. Max Surface
Current of 28,740 A/m indicates strong resonance and active
current regions.

TaBLE 11
PERFORMANCE OF THE PROPOSED THZ ANTENNA

THz operation. “This Work™ achieves the widest bandwidth:
0.5-4.82 THz (=3100 GHz), supporting ultra-broadband THz
applications. [22] follows with 2.72-4.52 THz (=1250 GHz),
still impressive but narrower. “This Work” reach 7.906 dB, the
highest among all entries, ensuring strong signal transmission.

Ref. [7] tops with 98% efficiency, but again, its size is a lim-
iting factor. “This Work™ maintains a solid 77.43% efficiency,
balancing compactness with respectable efficiency. Elliptical
patch designs ([22], “This Work™) outperform others in gain
and bandwidth, likely due to smoother current distribution and
broader resonant modes. Rectangular and hybrid shapes [8],
[91, [19], show moderate performance, often limited by narrow-
er bandwidth and lower gain.

Proposed antenna design stands out as the most balanced
and optimized THz solution, offering: Ultra-compact size, Ex-
ceptional bandwidth, High gain, and Strong efficiency. It is par-
ticularly well-suited for next-generation THz systems requiring
miniaturization, broadband capability, and high-performance
radiation. In THz systems, miniaturization, broadband capa-
bility, and high radiation efficiency are critical. “This Work”
achieves an optimal balance of these factors, making it a strong
candidate for: On-chip THz communication, High-resolution
imaging, and Spectroscopy and sensing applications.

TaBLE 1T
COMPARISON WITH EXISTING THZ ANTENNAS

Patch Band Effi-
Size 120%80 (9600 um?) Ref. | Antenna Size ate AN0= 1 Gain | cien-
No. | (um2) (i) Shape/ (S11(@B)[ width | Gpn |70
Return loss -43.57 dB (at 5.645 THz) Substrate (GHz) (%)
Bandwidth 3.41 THz 207,
oy | 000100 fsquarer | oo | ERER] o g
VSWR 1.01 (at 5.645 THz) (12.33%,x12.332%,) | Polyimide : 25606 |
Radiation efficiency 77.43% (at 5.645 THz) THz)
Gain 7.906 dB (at 5.645 THz) 208 < 180 Rectangu- | _ 50 (0.696
B 1 (12160,x1.0520) |1ar/ Silicon | 2107 | thgy | 401 [ 6412
Directivity 9.017 dBi (at 5.645 THz)
Rectangular
Impedance 50.704 Q (at 5.645 THz) 100100 f o Circﬁ&r/ 199.6
[9] (4.810x SimdTef. | 5754 | ssTH | 276 | -
Surface current 28740 A/m (at 5.645 THz) 4.81,) lon
24 x 24 Square loop 38
10 0.302, S —28 23TH 5 60
IV. COMPARATIVE ANALYSIS 1] (0_3075 / Polyimide ¢ 2
Table III presents a comparative analysis of the proposed Circular 415
s h d ibili ith . desi [18] 300 x 300 tine / Poly- 045 (0.523— 5.87 80
antenna’s strengt. S an corr'lpa'n ility with previous lesigns. (0.852,x0.8521,) imig:ie y : 0.9395
The proposed pi-slotted elliptical patch antenna achieves a THz)
maximum bandwidth of 3100 GHz within a compact footprint 500 % 500 92
of 120 x 80 um? (9600 pum?), and demonstrates excellent radia- 19 2680 Rectangu- | cac | (0761 | (0| _
, o R : (o] o8, lar/ FR4 0853
tion characteristics including VSWR of 1.01, reflection coeffi- 2.68)) THz)
cient of —43.57 dB, gain of 7.906 dB, and efficiency of 77.43%.
The present design has the smallest footprint (9,600 um?), 1405100 pyjintical/ 1250
ideal for integration in THz chips or compact modules. [7] of- [22] (11 .g;i»g)x Rogers “27.08 (2'%'2)‘37 77691 89
fers excellent performance but at 1,000,000 um?, which is im- T
practical for miniaturized systems. [7] leads with -64.16 dB, Thi 120%80 Ellioical/ 3100
. . . . . . 1.
indicating super impedance matching. This Work and [22] both Wori (2.83%,% Rolgperfa -43.57 | (5.01-8.42 | 7.906 | 77.43
show -43.57 dB, which is still excellent and highly efficient for 1.892,) THz)
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V. CONCLUSIONS

In the THz frequency domain, the development of mi-
crostrip patch antennas capable of supporting high data rates
and wide bandwidth poses a significant engineering challenge.
This paper proposes a compact UWB elliptical patch antenna
featuring a pi-shaped slot and a 50 Q tapered feedline to address
the demand for high data rate THz transmission. An ellipti-
cal patch antenna has been designed with a pi-shaped slot for
the first time in the THz spectral region, enabling simultaneous
size miniaturization, wideband or multi-band performance, im-
proved impedance matching, and enhanced gain. Optimizing
the dimensions and geometry of the patch, slot, and feedline
was crucial for achieving wide bandwidth and low return loss.
The antenna size is compact 120x80x6 um3. The simulation
result obtained from CST simulator has shown the proposed an-
tenna exhibited broad impedance bandwidth of 3.41THz (from
5.01 to 8.42 THz), high gain of 7.906 dB, high directivity of
9.017 dBi acceptable radiation efficiency of 77.83%, and low
return loss of -43.57 dB and low VSWR 1.0, surface current
of 28740 A/m at 5.645 THz. The proposed antenna supports
ultra-high data rates owing to its wide bandwidth of 3.41 THz.
Additionally, it achieves a gain of 7.906 dB and an efficiency
of 77.83%. With its simple feeder structure, low manufactur-
ing cost, wide bandwidth, and high gain, the proposed antenna
presents a suitable candidate for THz high-speed communica-
tion applications. In future work, Machine learning algorithms
can be applied to optimize antenna geometries, predict perfor-
mance, and accelerate prototyping. The antenna’s performance
can be improved by applying different performance enhance-
ment methods and with the use of advanced materials and meta-
materials.

Future work will focus on developing suitable measurement
setups to experimentally validate the radiation characteristics
and further strengthen the reliability of the proposed design.
Simulation will be performed for the same design with the TLM
mesh using the CST. Future works will also aim to develop a
theoretical model to the design process of the Pi slotted THz
antenna. The skin effect and surface roughness will also be ac-

counted in the simulations.
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Design and Implementation of Polyester-Based
Textile Antenna for Smart Clothing

Md. Samiul Islam and Abu Zafor Md. Touhidul Islam

Abstract—In the present study, a newly designed polyester
substrate-based textile microstrip patch antenna operating in the
3.5 GHz band is proposed for smart clothing in broadband wire-
less applications. The motivation behind this work stems from the
lack of comprehensive studies that address all critical aspects—in-
cluding off-body performance, fabrication, testing, on-body eval-
uation, bending analysis, and SAR assessment—while specifical-
ly focusing on polyester textile antenna designs for the 3.5 GHz
band in next-generation wearable systems. The antenna of small
dimension 30%20%0.8 mm? is designed and simulated in CST, fol-
lowed by prototype fabrication and subsequent measurements
to validate the simulation results. Slotting and partial grounding
techniques are employed in the design for improving the radiation
performance of the antenna. The effectiveness of the antenna has
been assessed under the off-body and on-body conditions. Bending
analysis under various bending conditions is performed to assess
the antenna’s flexibility and suitability for wearable applications.
Experimental results obtained from the fabricated antenna in
free space and on-body scenarios show agreement with simula-
tion data. Moreover, the specific absorption rate (SAR) analysis
confirming that the antenna complies with IEEE safety standards.
The proposed antenna achieves a wide bandwidth of 1.17 GHz
(operating range of 3.11-4.27 GHz), a higher radiation efficiency
of 94.52%, and a moderate peak gain of 2.59 dB. It covers 5G
NR (n77, n78), C-Band (Radar/WiMAX), CBRS, and Extended
C-Bands used for wearable broadband applications. Hence, the
proposed antenna is robust and well-suited for smart clothing ap-
plications in wireless broadband applications as it combines good
radiation characteristics and stable performance under bending,
while maintaining safe SAR levels and a compact textile-compat-
ible design.

Index Terms—Polyester substrate, smart clothing, textile an-
tenna, wearable, wireless broadband.
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1. INTRODUCTION

RAPID increase in research on body-centric wireless com-

munication and wearable devices has been observed in
recent years, attributed to their diverse applications in person-
al communication systems. Wearable electronics are utilized
across various fields, including sports, defense, space missions,
mobile medical monitoring, and general healthcare. [1]-[3].
Smart clothing refers to clothing enhanced with technology to
sense and react to the wearer’s body or environment. It inte-
grates electronic components like sensors, conductive fabrics,
and microcontrollers, permitting it to monitor biometrics, ad-
just to conditions, and even communicate with other devices.
Smart textile antennas are increasingly preferred for their low
cost, high flexibility, simple manufacturing procedures, light-
weight, and comfort for wearable on-body applications [4].
Various antenna types including microstrip, dipole, monopole,
loop, slot, and planar inverted-F (PIFA) designs are well-suited
for smart textile integration. Textile antennas typically utilize
materials such as polyester, cotton, denim, and plastics as di-
electric substrates, combined with conductive radiating layers,
to achieve the flexibility and wearability needed for garment
integration [5], [6].

However, key challenges in designing textile antennas for
smart clothing include maintaining antenna performance and
reliability while ensuring flexibility, comfort and washability.
To mitigate these challenges, researchers are exploring various
approaches such as optimizing material selection and antenna
geometry for various body movements, utilizing advanced fab-
rication techniques, addressing specific absorption rate (SAR)
concerns, and so on [7]. A denim-based textile antenna intro-
duced in [8] supports tri-band operation resonates at 2.13, 4.75,
and 11.495 GHz, making it suitable for wireless systems used
in emergency and surveillance contexts. A textile antenna with
breathable and flexible properties was introduced in [9], oper-
ating at 2.45 GHz and incorporating a 3D spacer substrate to
facilitate airflow. To enhance bandwidth, an E-shaped slot de-
sign was proposed in [10]. Despite these advancements, devel-
oping a wideband textile antenna that maintains durability and
reliable data transmission under varying human body postures
remains a critical challenge. Authors in [11] suggested Multi-
ple-input multiple-output antenna as a viable approach to over-
coming such limitations. In [12], a textile antenna tailored for
integration into smart garments was designed, fabricated, and
experimentally validated to match the simulated performance
at 2.45 GHz. Bending and on-body performance analysis have
also been performed.



40 ELECTRONICS, VOL. 30, NO. 1, JUNE 2026

Zhou et al. [13] introduced a circular-shaped textile anten-
na for wireless body area network (WBAN) services featuring
dual-band (2.45 GHz and 5.8 GHz) and dual-polarization char-
acteristics. Its performance is assessed under off-body, on-body
and bending conditions. A frequency-reconfigurable textile an-
tenna was designed and fabricated in [14] for wearable applica-
tions. In the design, denim was used as substrate, while a single
PIN diode was employed to shift between the bands. Kivata et
al. in [15] proposed a compact wearable textile antenna of size
30 x 30 mm?. The antenna was designed to resonate at 3.4 GHz,
and employs denim, jeans, and FR-4 substrate materials for ap-
plications in wireless broadband.

Although the stated antennas showed promising results for
wearable applications, in most cases, they had larger sizes, nar-
row bandwidths, expensive substrates, and so on. Therefore,
continuous advances in research are now focused on wide-
band, low-cost, and miniaturized antennas for wearable appli-
cations. Moreover, there’s a noticeable gap in studies focusing
on textile antenna designs specifically for the 3.5 GHz band,
particularly for broadband wireless communication. Existing
research primarily concentrates on other 5G frequencies like
(2.4 - 2.484 GHz), WIMAX (2-11 GHz), and other WLAN
bands. The 3.5 GHz band is relevant for various applications
including telemedicine, m-health (mobile health), and e-health,
making it a crucial area for further investigation. While very
few studies exist on textile antenna design at 3.5 GHz [15]-[18],
a comprehensive study covering all aspects such as off-body
analysis, fabrication, testing, on-body analysis, bending analy-
sis, and SAR analysis is currently lacking.

This study presents a novel polyester-based small textile
patch antenna at 3.5 GHz suitable for smart clothing in wireless
broadband applications. Polyester was selected as the substrate
material for the antenna due to its advantageous combination of
properties, including a low dielectric constant, high mechanical
flexibility, lightweight and thin profile, resistance to moisture,
cost-effectiveness, and widespread availability. The low dielec-
tric constant helps to reduce surface wave losses and contributes
to broader bandwidth and better radiation efficiency, especially
in microstrip patch antennas. Polyester is soft, bendable, and
resilient, making it ideal for integration into clothing without
compromising comfort or durability. It is lightweight, inexpen-
sive and can be manufactured in thin layers, making it a practi-
cal choice for low-profile wearable antenna designs. Compared
to natural fibers like cotton, polyester absorbs less moisture,
which helps to maintain stable electromagnetic properties even
in humid environments. Furthermore, polyester demonstrates
superior durability against washing, mechanical deformation,
and environmental exposure, making it suitable for long-term
wearable antenna applications.

This research is focused on designing a compact poly-
ester-based antenna at 3.5 GHz and improving its efficiency,
bandwidth, and reliability to make them viable alternatives
to conventional substrates, and to make them promising for
wearable and smart clothing applications. The optimized an-
tenna dimensions are 30x20x0.8 mm?, which is notably small
compared to many textile antennas, making it more practical

for integration into wearable devices. The antenna resonates at
3.5 GHz and achieves a wide operating range of 3.11-4.27 GHz,
covering several key communication bands 3.3-3.8 GHz (5G
NR (n77, n78) band), 3.1-3.7 GHz (C-Band Radar / WiMAX
band), 3.5 GHz (Citizens Broadband Radio Service (CBRS)
band), and 4.0-4.2 GHz (Extended C-Band) that are highly
relevant for modern wearable applications in smart clothing,
sports, and healthcare. Novel implementation of slotting and
partial grounding helps to improve bandwidth and efficiency. In
addition, the bending analysis is performed, and the antenna’s
performance is tested under off-body and on-body conditions,
ensuring reliability in real-world wearable scenarios. The sim-
ulation and numerical performance analysis were carried out
using CST Studio software. The antenna prototype was fabri-
cated, and the performance parameters (return loss and VSWR)
were measured to validate the simulation results.

The rest of the paper is arranged as follows. The antenna
design approach is discussed in Section II. Antenna Fabrication
and Testing procedures are presented in Section III. Section IV
presents the results and discussion, including simulation and
experimental results under off-body and on-body conditions, as
well as bending and SAR analyses. A comparison of the pro-
posed antenna’s performance with previously reported designs
is given in Section V. Finally, key findings of the research are
listed in Section VI.

II. ANTENNA DESIGN APPROACH

Initially, the proposed antenna’s design, simulation, para-
metric investigation, and numerical analysis were carried out in
CST under the off-body (free space) condition. The prototype
is then fabricated and the performance metrics are measured in
the laboratory using the vector network analyzer (VNA). After
that numerical analysis under the on-body condition, bending
analysis and SAR analysis were performed in CST.

Fig. 1 describes the construction of the projected antenna
designed to resonate at 3.5GHz. A 0.8 mm thick polyester tex-
tile material with a dielectric constant and a loss tangent of 1.9
and 0.0045, respectively, was used as the substrate. The patch,
feed line, and ground plane were made from conductive copper
tape with a thickness of 0.035 mm. The design employs a mi-
crostrip feed line to deliver power to the radiating patch element
of the antenna. Initially, using the following set of basic equa-
tions, the antenna size was estimated for 3.5 GHz resonance
frequency. After that, the antenna design was optimized to a net
size of 30 x 20 x 0.8 mm°. A set of rectangular slots on the patch
plane and a partial grounding structure were added to improve
impedance matching and effectiveness of the antenna.

Co

Width of the patch is W), = —— (1)
2fr /m

where ¢ = light speed in free space, /= resonance frequency,
€,= substrate dielectric constant.

(€reps+03) (WTp +0.264)

Lengthis L = 0.412h 2)

(€repf—0.258) (pr +0.8)
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Erefr is effective dielectric constant, 4 is substrate thickness.
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Effective length is Lefr = Zf\/éff 4)
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Patch length is Ly = Lesy — 2AL (5)

The optimized parameters of the projected antenna are
shown in Table 1. The patch is placed on the top surface of
the textile substrate. The optimized size of the substrate and
patch are 30 mm X 20 mm and 12.65 mm X 14.64 mm, re-
spectively. The antenna comprises a right-angle triangular slot
(p = q =3 mm, r =424 mm) and rectangular slots (Lil=
=12.75 mm, Li2=8.75 mm, W1= 2 mm). A microstrip feedline
with dimension of 15 mm x 2.58 mm was used to excite the
patch. Fig. 1(a) shows the designed antenna’s front view while

Fig. 1(b) illustrates the rear view.
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Fig. 1. (a) front view, (b) rear view of the proposed antenna.

TABLE I
OPTIMIZED OF DESIGN PARAMETERS OF THE PROPOSED ANTENNA
Parameters Values (mm)
Substrate Width, Ws 20
Substrate Length, Ls 30
Feed Line Length, Lf 15
Feed Line Width, Wf 2.58
Patch Length, Lp 12.65
Patch Width, Wp 14.64
Ground Width, Wg 20
Ground Length, Lg 14
Substrate Height, h 0.8
Lil 12.5
Li2 8.75
W1 2.0
3.0
3.0
r 4.24

Incorporation of slotting and partial grounding plays a sig-
nificant role in performance improvement of the antenna. Slot-
ting enhances antenna performance by reshaping current distri-
bution, introducing multiple resonances, improving impedance
matching, and boosting radiation efficiency. These mechanisms
collectively contribute to wider bandwidth, better efficiency,
and more compact designs. On the other hand, partial ground-
ing in antenna design improves performance by optimizing im-
pedance matching, broadening bandwidth, enhancing radiation
efficiency, and enabling more compact and versatile structures.
It modifies the electromagnetic interaction between the radiator
and the ground plane, leading to better control of current distri-
bution and radiation characteristics.

III. ANTENNA FABRICATION AND TESTING

Simulations rely on idealized or estimated values (e.g., di-
electric constant, loss tangent) are powerful for initial design,
but fabricating and measuring a physical antenna prototype
prototypes is essential for validating real-world performance.
The proposed antenna was fabricated in the laboratory, and
its reflection coefficient (S11) and voltage standing wave ra-
tio (VSWR) are measured under the off-body condition in free
space and on different parts of the human body using the vector
network analyzer (model: LiteVNA 64). Due to the measuring
limitations of the VNA and the absence of an anechoic chamber
in the laboratory, the gain, efficiency and radiation pattern of
the antenna were not measured. The structure of the fabricated
antenna is presented in Fig. 2, whereas Fig. 3 depicts the exper-
imental setup.

(@ (b)

Fig. 2. (a) Front and (b) back view of the fabricated antenna.
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Fig. 3. Setup for measurement.

IV. RESULTS AND DISCUSSION

A. Off-body Performance Results

1) Reflection Coefficient (S11) and VSWR

A comparison between the simulated and measured reflec-
tion coefficient (S11 parameter) and voltage standing wave
ration (VSWR) of the proposed antenna is depicted in Fig.
4. The simulation results show that the antenna resonates at
~3.50 GHz. The numerical and experimental resonant peak fre-
quencies of 3.5 GHz and 3.54 GHz are close to each other. The
measured resonance peak frequency is ~3.52 GHz, slightly shift-
ed the right from 3.50 GHz. The difference between the two is
~20 MHz, which is less than 1% of the center frequency in-
dicating a very close match and there is strong agreement be-
tween the simulation and experimental results. The numerical
and measured S11 values are -60.73 dB and -45.42 dB, respec-
tively, indicating the proposed antenna is well matched to the
system. Bandwidth is typically defined as the frequency range
over which the reflection coefficient (Si:) is below —10 dB,
meaning less than 10% of the power is reflected. The simulat-
ed bandwidth is 1.17 GHz centered around 3.5 GHz, roughly
spanning from 3.11 GHz to 4.27 GHz, which covers several
key communication bands such as 3.3-3.8 GHz (5G NR (n77,
n78) band), 3.1-3.7 GHz (C-Band Radar / WiMAX band),
3.5 GHz (Citizens Broadband Radio Service (CBRS) band), and
4.0-4.2 GHz (Extended C-Band), which are highly relevant
for modern wearable broadband applications in smart cloth-
ing, sports, and healthcare. The measured bandwidth is slightly
broader, extending approximately from 3.35 GHz to 3.65 GHz.

Simulated VSWR minimum value of 0.98 occurred around
3.51 GHz, while measured VSWR minimum value of 1.16 ob-
tained around 3.53 GHz, indicating good impedance matching
and the antenna system is highly efficient with minimal signal

loss. The close match between simulated and measured VSWR
minima and resonance points suggesting accurate simulation
modeling, good fabrication and measurement practices, and
reliable performance of the device at its intended operating fre-
quency.

Deviations between simulation and measurement results
may arise from practical limitations in fabrication, inherent
variability in material properties, and differences between
idealized simulation boundaries and real-world measurement
environments. Minor deviations in slot size, substrate thick-
ness, feed alignment, or soldering can shift resonance, alter
impedance, and introduce parasitic effects. Imperfect edges or
roughness can interrupt current flow, leading to performance
variations. Simulations adopt ideal materials values, but real
substrates vary with manufacturing, humidity, and temperature.
Small shifts in dielectric constant affect resonance, gain and
bandwidth. Simulations assume ideal free-space and matched
boundaries, while real tests are affected by fittings, cables, and
connectors. Finite ground planes and nearby objects may alter
radiation and impedance. Reflections from lab walls, instru-
ments, or people can further distort results compared to simu-
lations.
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Fig. 4. Simulated and measured (a) S11, (b) VSWR.
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2) Gain and Directivity

The three-dimensional (3D) far-field gain and directivity
patterns of the proposed antenna at the resonant frequency of
3.5 GHz are depicted in Fig. 5. The color scale represents the
magnitude of radiation intensity or gains in different directions.
Red/Orange regions represent high radiation intensity or high
gain in that direction (main lobes). Blue regions present low
radiation intensity or lower gain (nulls or side lobes). The gra-
dient visually maps how energy is distributed spatially around
the antenna.

The proposed antenna exhibits a peak gain of 2.59 dBiand a
peak directivity of 2.84 dBi. Directivity represents the ideal ra-
diation pattern assuming no losses. Gain reflects the actual radi-
ated power, incorporating losses from dielectric, conductor, and
impedance mismatch. The small difference between the peak
values (2.84 vs. 2.59 dBi) indicates high radiation efficiency,
approximately 91.2%. The small gap between gain and direc-
tivity across figures confirms minimal resistive and dielectric
losses.
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Fig. 5. 3D farfield gain (a) and directivity (b) at 3.5 GHz.

A 2.59 dBi antenna gain can be adequate for short-range
communication or when the antenna is placed in close prox-
imity to the body for on-body communication applications, but
its suitability depends on the specific requirements of the sys-
tem and the environment in which it operates. A directivity of
2.84 dBi can be sufficient for wearable communication appli-
cations. It can provide adequate signal strength for short-range,
on-body communication.

3) Efficiency

Fig. 6 illustrates the frequency-dependent variation of the
radiation efficiency and total efficiency of the designed anten-
na. At 3.5 GHz, the antenna exhibits a radiation efficiency is
94.54% and total efficiency of 94.52%. The antenna exhibits
stable radiation efficiency in the range of 84.52% to 95.84%
over the operating frequency range. Accordingly, the proposed
antenna demonstrates satisfactory efficiency at its resonant
frequency. A radiation efficiency of 94.54% is generally con-
sidered very good and more than sufficient for wearable com-
munication applications. A high radiation efficiency means that
a large portion of the power fed into the antenna is radiated
outwards as an electromagnetic wave, minimizing losses within
the antenna itself.

Fig. 5 provides a snapshot of how the antenna radiates en-
ergy at 3.5 GHz, showing strong lobes and minimal nulls in-
dicating good directivity and gain. Fig. 6 confirms that this
performance is not isolated: the antenna maintains high radi-
ation efficiency across a broad frequency range, peaking near
3.3 GHz, which aligns well with the 3.5 GHz performance in
Fig. 5. The efficiency gap between radiation and total efficiency
in Fig. 6 mirrors the gain—directivity gap in Fig. 5, reinforcing
the interpretation of ~91% efficiency. The antenna is well-opti-
mized around 3.3-3.5 GHz, with high radiation efficiency and
strong directional performance.
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Fig. 6. Efficiency of the proposed antenna.

4) Radiation Pattern

Body-centric environments involve dynamic movements
and orientations. Evaluation of E-field patterns at different @
(phi) planes is essential for assessing the angular stability and
robustness of wearable antennas. Different ¢ planes interact dif-
ferently with the human body’s geometry and dielectric prop-
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erties. Stable E-field patterns across ¢ planes imply the antenna
can maintain performance under body movement, bending, or
rotation. Fig. 7 illustrates the simulated electric field (E-field)
pattern of the proposed antenna.
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Fig. 7. Farfield E-field pattern at 3.5 GHz for (a) phi=0, (b) phi=90 degrees.

At the resonant frequency of 3.5 GHz and for ¢ = 0°, the
main lobe magnitude is 17.2 dB V/m, with the main lobe di-
rected at 180°. For ¢ = 90°, the main lobe magnitude increas-
es slightly to 17.4 dB V/m, maintaining the same direction of
180°. The 3 dB angular beamwidth, and the side-lobe level are
88.5° and -1.0 dB, respectively.

Fig. 5 illustrates the 3D far-field radiation characteristics
of the proposed antenna at 3.5 GHz, where the gain and di-
rectivity plots exhibit a predominantly spherical radiation en-
velope, indicating that the antenna radiates energy in multiple
directions with relatively uniform intensity. The color-coded
surface, mapped in spherical coordinates (Phi, Theta), reveals
a quasi-omnidirectional pattern, where the radiated power is
distributed broadly across the azimuthal plane with moderate
variation in elevation. This pattern is particularly evident in the

gain plot, where the absence of sharp nulls and the smooth gra-
dient suggest consistent radiation coverage, making the antenna
suitable for applications requiring broad spatial coverage for
wireless broadband applications.

5) Surface Current Distribution

Fig. 8 shows the surface current distribution of the proposed
textile antenna at 3.5 GHz. The results show that the antenna
maintains a clear resonance dip around 3.5 GHz across all bend-
ing angles, and S11 lies below —10 dB within the intended op-
erating band, which indicating good impedance matching and
stable performance under severe deformation. As the antenna
bending angle increases, the resonance peak shifts toward low-
er frequencies in most cases. These results are consistent with
previous studies on bending conditions [19], [20]. The left shift
of resonance under bending conditions occurs because with in-
creasing bending angles the antenna’s effective electrical length
and dielectric loading increase, and lowering the resonant fre-
quency. The antenna’s wide bandwidth (1.17 GHz) offers the
advantage of even with bending-induced detuning, the antenna
covers the target frequency range without performance loss.

Current originates from the microstrip feed line feed and
is predominantly distributed across the antenna structure, indi-
cating that the entire antenna actively contributes to resonance
at this frequency. The peak surface current density, measured
at 85.29 A/m, predominantly accumulates around the lower
segment of the feed line and the bottom edges of the patch, as
depicted in Fig. 8.
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Fig. 8 Surface current distribution at 3.5 GHz.

B. Bending Analysis

Wearable antennas incorporated into garments are not lim-
ited to flat configurations; they also undergo mechanical defor-
mations such as bending, stretching, and flexing during regu-
lar use [18]. Ten distinct bending situations (from 0° (flat) to
170° (extreme bend)) are chosen for the performance analysis
of the proposed antenna. Fig. 9 shows the bended antenna im-
ages at four typical bending angles (0°, 30°, 60°, 90°), whereas
Fig. 10 presents the S11 versus frequency graphs for all bending
angles. As seen, the antenna maintains a clear resonance dip
around 3.5 GHz across all bending angles, and S11 lies below
—10 dB within the intended operating band, which indicating
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good impedance matching and stable performance under se-
vere deformation. As the antenna bending angle increases, the
resonance peak shifts toward lower frequencies in most cases.
These results are consistent with previous studies on bending
conditions [19], [20]. The left shift of resonance under bend-
ing conditions occurs because with increasing bending angles
the antenna’s effective electrical length and dielectric loading
increase, and lowering the resonant frequency. The antenna’s
wide bandwidth (1.17 GHz) offers the advantage of even with
bending-induced detuning, the antenna covers the target fre-
quency range without performance loss.
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Fig. 9. Typical bent antenna image at 0° angle (a), 30° angle (b), 60° angle (c),
and 90° angle (d).
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Fig. 10. S11 of the proposed antenna under various bending conditions.

Antenna performance metrics for each bending angle are
summarized in Table II. It is observed that as the bending an-
gle increases, radiation efficiency and gain decreases. When an
antenna is bent, it typically broadens its radiation pattern in the
bending plane, reducing the maximum radiation intensity in the
desired direction, which lowers the overall gain [21]. Antenna
efficiency decreases with increased bending because the defor-
mation alters the antenna’s physical structure, resulting in im-

pedance mismatch, surface wave losses, and frequency shifting.
These effects lead to a redistribution of electrical currents and a
reduction in the power radiated compared to the power accept-
ed [22]. The table also shows that antenna bandwidth decreases
as bending increases. Bending the antenna changes its effective
length and the electrical distance between the radiating patch
and ground plane, thereby narrowing the frequency range for
efficient operation [23].

TABLE II
BENDING ANALYSIS OF THE PROPOSED ANTENNA
Bending 111{:1::; S11 at Band- Radiation
angle frequency resonance width Efficiency | Gain (dB)
(degree) (GHz) (dB) (GHz) (%)
0 3.50 -60.73 1.17 94.53 2.59
15 3.33 -32.39 1.21 93.36 2.59
30 3.44 -30.40 1.20 92.40 2.48
45 3.42 -28.43 1.19 91.65 2.56
60 3.38 -25.31 1.08 90.94 2.52
75 3.35 -24.32 1.05 90.33 2.49
90 3.33 -23.55 1.01 89.82 2.48
115 3.29 -21.68 0.89 89.05 2.41
135 3.26 -20.09 0.84 88.76 2.36
170 3.20 -19.17 0.76 87.01 2.26

C. Phantom Modeling and On-Body Results

1) 3D Phantom Modeling and Distance Optimization

The close integration of wearable antennas with the hu-
man body necessitates careful consideration of antenna—tissue
interactions and their influence on key performance metrics.
A human body phantom model was used with dimensions of
70 x 60 x 8 mm?. The phantom consisted of three layers: skin,
fat, and muscle tissues with thicknesses of 2 mm, 3 mm, and
10 mm, respectively. Table 11l shows the electrical character-
istics of the three tissue layers at a frequency of 3.5 GHz. The
CST Studio Suite was used to create a body phantom model,
as shown in Fig. 11(a). The electrical properties of skin, fat,
and muscle tissues within the antenna’s operating range were
derived from the data reported in [24], [25] and are listed in
Table III.

TABLE III
ELECTRICAL CHARACTERISTICS OF TISSUE LAYERS
Name of | Frequen- Per- Con- Mass
. s .. Loss .
Tissue cy mi-ttivity | duc-tivity Tangent density
(GHz) ) 6 (s/m) g (kg/m¥)
Skin (dry) 3.5 37.005 2.0249 0.28103 1109
Fat 3.5 5.1739 0.15553 0.15439 911
Muscle 3.5 51.444 2.5575 0.25533 1090

To determine the optimum distance, five different separation
levels between the antenna and the human body phantom model
were evaluated. As shown in Fig. 11(b), when the designed an-
tenna was positioned very near the human body, the S11 values
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decrease, and the resonance peak shifts toward higher frequen-
cies. This shift may be caused by fringing effects, which alter
the effective width of the antenna structure when it comes near
the human body. At a separation of 10 mm, the resonant peak
was observed at 3.5 GHz. Based on these findings and consid-
ering the practical application of positioning the antenna over
clothing such as a jacket or suit, rather than directly on the skin
a 10 mm gap is identified as the optimal separation distance for
this study.

Designed
Antenna

,— Air Gap

Skin Laver

Fat Laver

Muscle laver

(a)

-2

=10

at > mm
-12 m— gt 7 mm
m— at 8 mm
at 9 mm
e gt 10 mm (proposed)

Reflection Coefficient (dB)

-14

20 25 30 35 4.0 4.5 5.0

Frequency (GHz)
(b)

Fig. 11. On-body performance analysis of the antenna. (a) Three-layer tissue-
equivalent phantom model. (b) Simulated S11 response.

2) On-body Simulation and Testing Results

Fig. 11(b) illustrates the reflection coefficient (S11) of the
proposed antenna when placed on the human body phantom
model with a 10 mm separation. The corresponding on-body
performance metrics are presented in Table I'V. At the resonant
frequency of 3.5 GHz, the S11 value is -12.02 dB, which is
lower than that observed under the off-body condition. None-
theless, it remains well below the -10 dB threshold, indicating
satisfactory impedance matching. The increased return loss

can be attributed to reactive loading from the body and mod-
ifications to the antenna’s input impedance caused by fringing
effects. Under these on-body conditions, the antenna also sus-
tains a wide bandwidth of 400 MHz. The VSWR at 3.5 GHz
is measured at 1.66, further confirming adequate impedance
matching.

At 3.5 GHz, the antenna achieves a gain of 2.14 dB, which
is slightly lower than the 2.59 dB observed under off-body con-
ditions. This reduction is likely due to electromagnetic energy
absorption within the tissue layers of the phantom. A corre-
sponding decrease in efficiency is also observed in the on-body
case, consistent with these absorption effects. At 3.5 GHz, the
radiation efficiency is measured at 34.06%, while the total effi-
ciency is 36.34%.

TABLE IV
PERFORMANCE METRICS OF PROPOSED ANTENNA IN ON-BODY SCENARIOS
Efficiency Band
% and- .
o | (o | VSR ] i |
Total | R34 | (MHy)
tion
Polyester -12.02 1.66 36.34 | 34.06 399.2 2.13
s s
z.14
=, L,
-7.3¢
-11.6
=dlF, 4
~19.1
-22.9
-Z&. &
ont -30.4
-34.1
3T 9

farfield (f=3.5) [1]
Type Farfield
Approximation enabled (kR »> 1)
Compoenent Abs

Qutput Gain

Frequency 3.3 GHz

Rad, effic, -4.395 dB

Tot. effic. -4676 dB

Gain 2136 dB

Fig. 12. Radiation pattern of the proposed antenna on phantom at 3.5 GHz.

The simulated 3D radiation pattern of the proposed antenna
at 3.5 GHz over the human body phantom model is shown in
Fig. 12. This result indicates that the antenna radiates moder-
ately well at 3.5 GHz with a maximum gain of 2.136 dB and a
radiation efficiency of -4.395 dB (~36%). The 3D plot shows
the spatial distribution of the radiated power, which is mostly
uniform but stronger in specific directions (as shown by the red/
orange areas). The pattern is nearly spherical and omnidirec-
tional, with the antenna radiating almost equally in many di-
rections, with only slight preference in one direction (indicated
by the small red lobe in the pattern). This pattern is suitable for
Wi-Fi access points, [oT (Internet of Things) devices, and 5G /
LTE small cells devices. Due to the low gain and near-spherical
pattern, this antenna is also ideal for small form-factor wearable
or embedded devices where consistent coverage in all direc-
tions is more important than long-range.
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(W]
Fig. 13. Placement of the proposed antenna to the (a) chest and (b) arm regions
of the human body.

Fig. 13 illustrates the placement of the proposed antenna
on the chest and arm regions of the human body for on-body
measurements. The reflection coefficient responses obtained
experimentally from various body locations are presented in
Fig. 14. In free space, the fabricated antenna exhibited a res-
onant frequency of 3.54 GHz (Fig. 4). Upon placement on the
arm, a downward shift in the resonance frequency to 3.4 GHz
was observed, while the center frequency remained stable at
3.5 GHz when positioned on the chest. These results confirm
that the proposed textile antenna effectively covers the entire
frequency band required for broadband wireless applications.

on Chest
on Arm

Reflection coefficient (dB)

-20 T

2.5 3.0 3.5 4.0 4.5
Frequency in GHz)

Fig. 14. Measure S11 on chest and arm regions of the human body.

D. SAR Analysis

The Specific Absorption Rate (SAR) quantifies the amount
of electromagnetic (EM) energy absorbed per unit mass of hu-
man tissue. For wearable applications, it is essential to ensure
that radiation from the designed antenna directed toward the
human body remains within safe limits. According to regula-
tory standards, the maximum permissible SAR limit is 1.6 W/
kg averaged over 1 gm of tissue, as defined by the U.S. Feder-

al Communications Commission (FCC), and 2 W/kg averaged
over 10 gm of tissue, as specified by the International Commis-
sion on Non-Ionizing Radiation Protection (ICNIRP).

SAR (f=3.5) [1] (1q)
Frequency 6GHz
Maximum 1.13676 Wrkg
Minimum 0W/kg

0,338
0.29
024z
0,193
0,145
0.0966

0.0453

SAR (f=3.5) [1] (10q)
Frequency  6GHz

Maximum 0.33!
Minimum

5 Wikg

(b)

Fig. 15. SAR analysis over 1 gm (a) and 10 gm (b) of tissue for the body
phantom model at 3.5 GHz.

In this work, SAR values were evaluated using a three-lay-
er flat body phantom model, considering both 1 g and 10 g of
tissue. An input power of 500 mW was applied in CST simu-
lations to assess SAR performance at the operating frequency
of 3.5 GHz. The resulting SAR values, shown in Fig. 15, are
1.137 W/kg for 1 g and 0.338 W/kg for 10 g of tissue. Both
values are well below the safety thresholds established by the
FCC, confirming the antenna’s compliance with human expo-
sure standards.

Although the typical power levels lie within 10-100mW
in wearable devices, in the present SAR study a higher input
power (500 mW) is used to simulate worst-case exposure con-
ditions. It helps to ensure that even under extreme usage, the
antenna remains within safety limits. It also ensures that even
if the antenna operates above its intended power due to mal-
function or environmental factors, it won’t exceed SAR safety
thresholds [26], [27].
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V. COMPARATIVE STUDIES

A comparison of various performance metrics of the pro-
posed antenna with other existing antennas published in earlier
studies is provided in Table V. The present work with antenna
size 30x20x0.8 mm? achieves a compact footprint, smaller than
most references, making it more suitable for integration into
textiles. Polyester substrate is used in this work, which is flex-
ible, durable, comfort and textile-compatible, unlike Paper or
Kapton substrates used in some references. This work offers the
largest bandwidth 1.17 GHz (covers 3.11 — 4.27 GHz), which
is wider than reported values (<0.6 GHz) in references [15],
[28]-[31], ensuring multi-band operation. The antenna pro-
vides nearly 2.7 times wider bandwidth than average indicat-
ing robust against detuning from bending/stretching. This work
achieves gain of 2.59 dB, which is nearly 1.8 dB higher than
the average of references (~0.8 dB), ensuring stronger radiation
performance and indicating stronger link margin for wearable
communication. With 94.52% efficiency, this work is among
the highest reported, only slightly below the reference [31]
(99.5%), but significantly better than most others.

The radiation efficiency is nearly 11% higher than average
indicating reliable radiation in textile environments. This work
shows SAR values of 1.134 W/kg (1g) and 0.338 W/kg (10g),
which are within IEEE/FCC safety limits (<1.6 W/kg for 1g)
for body-worn devices, and comparable to other wearable de-
signs. It balances safety with performance, indicating suitable

TABLE V
PERFORMANCE COMPARISON OF THE PROPOSED ANTENNA WITH THE PREVIOUS
Work At 3.5 GHz BAND

Design Reference No.
Para- This
meter [15] [16] [28] [29] [30] [31] Work

Antenna 30x% 40x 70% 40x 60x 27.4x | 30%

Size 30x% 40x 70% 77% 60x 15.6x | 20%
(mm?®) 1.6 0.44 2.1 0.6 1.17 0.125 0.8
Jeans/

Substrgte/ Den- Photo Felt/ Den- Denim/ Kapton | Poly-
Permi- im/ Paper/ 1634 im/ 178 HN/ | ester/
ttivity 1.7/ 32 ' 1.78 ’ 34 1.9

1.67

Operating
Range 3.15— | 3.33— | 3.46- | ~3.4- 22 3.26- | 3.11—
(GHz) 3.95 3.75 3.76 4.0 -4.0 3.80 4.27
Band-
width 0.540 — 0.3 0.6 0.19 0.545 1.17
(GHz)

Gain
(dB) — 1.4 0.3 3 2.81 2.07 2.59

Efficiency

%) — 70 — ~80 — 99.5 | 94.52
1.03 0.11 1.134
SAR o o 0.57 (1g)/ (1g)/ o (1g)
(W/Kg) (1g) 0.92 0.33 0.338
(10g) | (10g) (10g)

for body-worn applications. This Work achieves the best bal-
ance of bandwidth, efficiency, and robustness, making it ideal
for smart clothing applications where flexibility, safety, and re-
liable performance are essential.

Hence the present polyester flexible patch antenna is more
robust than the references because it combines wider band-
width, higher efficiency, moderate gain, and stable performance
under bending, while maintaining safe SAR levels and a com-
pact textile-compatible design. This robustness directly trans-
lates into superior suitability for smart clothing applications,
where antennas must remain reliable under bending, stretching,
and daily wear conditions.

VI. CONCLUSION

In this work, a compact polyester substrate-based textile mi-
crostrip patch antenna operating in the 3.5 GHz band has been
successfully designed, fabricated, and validated for next-gen-
eration wearable broadband applications. By addressing all
critical aspects—including off-body performance, fabrication,
testing, on-body evaluation, bending analysis, and SAR assess-
ment—the study provides a comprehensive framework that has
been largely absent in prior research. The proposed antenna
demonstrates wide bandwidth, high radiation efficiency, and
stable performance under bending conditions, while maintain-
ing compliance with IEEE SAR safety standards. Covering
multiple bands such as 5G NR (n77, n78), C-Band, CBRS, and
extended C-Bands, the antenna proves to be robust, cost-effec-
tive, and well-suited for integration into smart clothing. Overall,
this work establishes polyester textile antennas as a promising
solution for wearable wireless systems, combining practicality,
safety, and reliable performance in real-world scenarios.

In experimental work, a single antenna sample was fabricat-
ed and experimentally tested. The presented results are based
on one measurement, which provides an initial validation of
the design concept. While these findings demonstrate the fea-
sibility and performance of the proposed antenna, a statistical
analysis across multiple fabricated samples and repeated mea-
surements has not yet been conducted. Future studies will focus
on fabricating additional prototypes and performing repeated
measurements to assess reproducibility, quantify measurement
uncertainty, and establish statistical reliability in the reported
performance. Additionally, the antenna’s gain, efficiency, and
radiation pattern will be measured in an anechoic chamber to
provide further experimental validation. Long-term durability
tests—such as repeated bending and washing cycles under sus-
tained mechanical stress—will also be conducted to reinforce
the claims of suitability for smart clothing applications.
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In Memoriam: Prof. Mili¢ Stoji¢ (1940-2026)

Branko Dokié

In Memoriam
DOI: 10.53314/ELS2630050D

N the last day of February 2026, Prof. Mili¢ Stojic,
O a long-standing member of the Editorial Board of the
Electronics journal, passed away. During the first few years
following the establishment of the journal in 1997, he en-
couraged many authors of the best papers presented at the
regional conferences to publish their work in the journal. He
served as Guest Editor for Vol. 2, No. 1. He also recommen-
ded distinguished international scientists to contribute invited
papers, which significantly helped the journal gain recognition
relatively quickly, at first throughout the region of the former
Yugoslavia and subsequently around the world.

On the occasion of Prof. Mili¢ Stoji¢’s 70th birthday, we
dedicated Vol. 15, No. 1 of the journal to him. In that issue, we
published his biography, which we provide here in a slightly
modified form.

Mili¢ Stoji¢, Full Professor in Electrical Engineering, Uni-
versity of Belgrade, was born in February 27, 1940 in UZice.
He completed his elementary and grammar school in UZi-
ce. In the academic 1958/59 year he enrolled the Faculty
of Electrical Engineering, University of Belgrade, where he
graduated in January 1963. In 1962 he spent two months
in London at Telephone and Cables Company under the
IASTE (International Association of the Exchange of Students
in Technical Experience). In October 1963, he enrolled the
postgraduate studies at the Electrical Engineering Faculty,
where he obtained his M.Sc. degree by defending his M.Sc.
thesis entitled An Approach to Solving the Sensitivity Problem
in Control Systems.

From the University of Belgrade, he obtained his Ph.D.
degree in 1967 with the thesis entitled Analysis and Design of
Nonlinear Control Systems Utilizing the Algebraic Criteria of
Asymptotic Stability defended also at the Faculty of Electrical
Engineering. The main results of the Ph.D. thesis were pu-
blished in 1969 in two long papers in the renowned scientific
journal Avtomatica and Telemekhanika, edited by the Soviet

Academy of Science and later published in the USA. as a
cover-to-cover English translation in Automation and Remote
Control. An abridged version of the thesis was also published
in Russian as a monograph, edited by the Publications of
Electrical Engineering Faculty in Belgrade.

After graduation, from February to October 1963, he was
with the Institute for Nuclear Science in Vinca, Belgrade.
Since October 1963, he is with the Faculty of Electrical Engi-
neering, University of Belgrade, where he has been promoted
to the academic positions Teaching Assistant, Assistant Pro-
fessor, Associate Professor, and Full Professor in 1963, 1969,
1975, and 1980, respectively. He taught courses in automatic
control at the undergraduate and postgraduate studies at the
electrical engineering faculties of universities in Belgrade, Nis,
Banja Luka, and East Sarajevo (Republic of Srpska), at the
Faculty of Technical Science in Novi Sad and at the faculties
of Mechanical Engineering in Belgrade and Kragujevac. For
thirty eight academic years he taught exceptional courses at
the High Military Academy in Zarkovo (Belgrade). In 1980,
1984, and 1988, he spent several months at the Physics
Department, University of Birmingham (UK), within a joint
research program. He delivered numerous invited lectures at
the conferences, universities, and scientific institutes in former
Yugoslavia and abroad: at the Manchester University (UK),
Moscow Aviation Institute, and Institute of Control Science
(Moscow). He also delivered lectures at the Autumn School
in Computational Intelligence and Information Technologies
held at the Faculty of Electronics in Nis.

At the Faculty of Electrical Engineering, in three two-
year election periods he was the head of the Department
of Automation and in two four-year election period he was
the head of the Division of Electronics, Telecommunication,
and Automation. In one four-year election period, he was
the head of the Council of Donor Services at the Republic
Assembly of Science. Over ten years he was the head of the
Council of Experts in Electrical Engineering at the University
of Belgrade. In one four-year election period, he was the
member of Administrative Committee of the Institute for
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Nuclear Science "Vinca".

As a head of the Program Committee, he organized over 20
conferences of the Yugoslav Society of ETAN (Electronics,
Telecommunication, Automation and Nuclear Science), at dif-
ferent centers all over former Yugoslavia. At the beginning
of civil war in Yugoslavia in 1991, the ETAN ended his exi-
stence. Then, Prof. Stoji¢ founded the new Society of ETRAN
(Electronics, Telecommunication, Computers, Automation and
Nuclear Science) as a successor of the previous Society of
ETAN. In two four-year election periods, from 1992 to 2001,
he was the president of ETRAN. Later, he will also become
an honorary member of the ETRAN Presidency. He was a full
member of the Serbian Scientific Society and up to 2002 he
was the secretary of its Technical Department. Prof. Stoji¢ was
also the full member of the Engineering Academy of Serbia.

Prof. Stoji¢ was an Associate Editor of Automatica, the
Journal of IFAC (International Federation of Automatic Con-
trol) and the Editor-in-Chief of Publications of Electrical
Engineering Faculty, Series: Electronics, Telecommunication,
and Automation, the journal of Electrical Engineering Faculty
in Belgrade. At the same time, as he was the secretary of the
Serbian Scientific Society, he was the Editor-in-Chief of its
journal Scientific Review: Science and Engineering. He was
also a member of the Editorial Boards of Facta Universitatis,
Series: Electronics and Energetics, journal of University of
Nis, Tehnika, Vojnotehnicki Glasnik, and a Guest Editor of
Electronics, journal of the Electrical Engineering Faculty in
Banja Luka (Republic of Srpska).

For his outstanding merits in the fields of science, education,
and results achieved in education of professionals and scien-
tists, he was awarded with the Gold Wreath Labor Medal,
Charter of Medallion of University of Ni§, and Great Charter
and Medallion of ETRAN.

There are many awards that Prof. Stoji¢ received for his
outstanding scientific and professional contributions in his
papers published in scientific journals or presented at inter-
national and domestic conferences. For these activities he also
received a number of prizes: October Reward of the City of
Belgrade for mathematics and technical science, Award of the
International Conference of IFIP (International Federation of
Information Processing), together with Prof. Stanoje Bingulac,
for the best paper presented at the conference, three awards
"Prof. DuSan Mitrovi¢"for the best papers presented at the
ETRAN conferences. Together with Prof. Slobodan Vukosa-
vié, he received the Award "Prof. Branko Rakovié"for the best
papers published in international scientific journals.

Prof. Stoji¢ was very active in cooperation with other
faculties, institutes, and professional organizations (Electronic
Faculty of Ni§, JUREMA in Zagreb, High Military School in
Belgrade, Institute of Nuclear Science in Belgrade, ETRAN,
TELSIKS, INDEL, INFOTEX, etc.) from which he obtained
a number of charters, medallions, and letters of thanks.

The main scientific contributions of Prof. Stoji¢ cover the
topics of the stability theory, sensitivity analysis of dynamic
systems, system simulation, and microcomputer-based real-

time control of electrical drives and industrial processes. He
published two textbooks; he was author/co-author of two mo-
nograph in Serbian, co-author of one monograph in English,
and author of one monograph in Russian. He published 194
scientific papers, among them 26 in renowned international
journals: IEEE Transactions on Automatic Control, Avtomatika
i Telemekhanika, edited by the Academy of Science USSR,
International Journal on Circuit Theory and Applications,
Automatica, International Journal of IFAC, International Jo-
urnal on System Science, IEEE Transactions on Industrial
Electronics, IEEE Transactions on Power Electronics, IEEE
Transactions on Education, and Facta Universitatis, Series:
Electronics and Energetics. Other papers have been published
in domestic journals (40), in the proceedings of conferences
in Yugoslavia (94), and in the proceedings of international
conferences (34). Several hundred times he has been cited in
the papers, books, M.SC and Ph.D thesis of Yugoslav authors.

He was the author of the books Continuous Control Systems
(ten editions) and Digital Control Systems (five editions),
which are used as standard textbooks of automatic control
at the universities of Yugoslavia. Although the textbooks
are written in Serbian, they were reviewed in the Russian
Reporting Journal New Books in Abroad, issued by the Soviet
Academy of Science, by Prof. Yakov Zalmanovich Tsypkin.
In the review, Prof. Tsypkin wrote: "This book is distinguished
by clear and laconic expressivity".

Prof. Stoji¢ gave numerous technical solutions within pro-
jects carried out by the Faculty of Electrical Engineering for
needs of the industry, scientific institutes, and Yugoslav Army.
In three five-year fiscal periods he headed the strategic project
Electronic Systems of Measuring and Control supported by the
Ministry of Science and Technology of Serbia. He designed the
Laboratory of Automatic Control at the Faculty of Electrical
Engineering. Together with Prof. Dejan Zivkovié, he designed
the Laboratory of Control Systems in the Air Force at the
High Military School in Zarkovo (Belgrade). For the project
of electronic simulator of guided missile, he was awarded
the Yugoslav Decoration for Military Merits, and for the pro-
ject of microprocessor-based positioning servomechanism with
induction motor he obtained, together with Prof. Slobodan
Vukosavié, Tesla’s Award for the prominent scientific and
professional merit.

He supervised over 20 M.Sc. and 16 Ph.D. theses (12 of
them at the Faculty of Electrical Engineering in Belgrade
and one each at the electrical engineering faculties in Ni§
and Zagreb, Technical Faculty in Caak, and Faculty of
Mechanical Engineering in Kragujevac).

Finally, we would like to express our sincere gratitude to
Prof. Mili¢ Stoji¢ for his invaluable contribution to the advan-
cement and recognition of the Electronics journal. Building
upon the foundations that we established together with him,
the journal has achieved its current level of visibility and
standing. For this reason, his legacy will be remembered for
many years to come.
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image to the Windows clipboard and then Edit | Paste Special |
Picture (with “float over text” unchecked).
We will do the final formatting of your paper.

II. PROCEDURE FOR PAPER SUBMISSION

A. Review Stage

The manuscripts are to be submitted using the Electronics
Journal online submission system — accessible from Journal’s
homepage. Prepare it in two-column format as shown in this
template. Place all figures and tables at the end of the paper
(after the references) on separate page(s). Figures and tables
must have the same caption names as referenced in the text.
Only PDF format of the manuscript is allowed at the review
stage. Please, check if all fonts are embedded and subset and
that the quality of diagrams, illustrations, and graphics is
satisfactory. Failing to provide above listed requirements is a
valid reason for rejection.

B. Final Stage

When you submit your final version (after your paper has
been accepted), prepare it in two-column format, including
figures and tables in accordance with this template. Pack all
of your files (manuscript source file in Word, figures, and
manuscript PDF form) within one archive file (you may use any
of the available file compression tools: WinZip, WinRAR, 7-Zip,
etc.). Do not forget to provide the manuscript converted in
PDF format that will be used as a reference for final formatting
of your paper. Figures should be named as referenced in the

manuscript (e.g. figl.eps, fig2.tif, etc.)

C. Figures and Tables

Format and save your graphic images using a suitable
graphics processing program and adjusts the resolution settings.
We accept images in the following formats: PS, EPS, TIFF, GIF,
and PNG. Additionally, it is allowed to use images generated
by using one of the following software tools: Microsoft Word,
Microsoft PowerPoint, or Microsoft Excel. The resolution of
a RGB color file should be 400 dpi. Please note that JPG and
other lossy-compressed image formats are not allowed. Use
available software tools to convert these images to appropriate
format.

Image quality is very important to how yours graphics
will reproduce. Even though we can accept graphics in many
formats, we cannot improve your graphics if they are poor
quality when we receive them. If your graphic looks low in
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Fig. 1. Magnetization as a function of applied field. Note that “Fig.” is
abbreviated. There is a period after the figure number, followed by two spaces.
It is good practice to explain the significance of the figure in the caption.

quality on your printer or monitor, please keep in mind that
cannot improve the quality after submission.

If you are importing your graphics into this Word template,
please use the following steps:

Under the option EDIT select PASTE SPECIAL. A dialog
box will open, select paste picture, then click OK. Your figure
should now be in the Word Document.

If you are preparing images in TIFF, EPS, or PS format,
note the following. High-contrast line figures and tables
should be prepared with 600 dpi resolution and saved with no
compression, 1 bit per pixel (monochrome).

Photographs and grayscale figures should be prepared with
300 dpi resolution and saved with no compression, 8 bits per
pixel (grayscale).

Most charts graphs and tables are one column wide (3 1/2
inches or 21 picas) or two-column width (7 1/16 inches, 43
picas wide). We recommend that you avoid sizing figures less
than one column wide, as extreme enlargements may distort
your images and result in poor reproduction. Therefore, it is
better if the image is slightly larger, as a minor reduction in size
should not have an adverse affect the quality of the image.

I11. MATH

If you are using Word, use either the Microsoft Equation
Editor or the MathType add-on (http://www.mathtype.com) for
equations in your paper (Insert | Object | Create New | Microsoft
Equation or MathType Equation). “Float over text” should not
be selected.

IV. UNITS

Use either SI (MKS) or CGS as primary units. (SI units are
strongly encouraged.) English units may be used as secondary
units (in parentheses). This applies to papers in data storage.
For example, write “15 Gb/cm? (100 Gb/in?).” An exception

TABLE I
UNITS FOR MAGNETIC PROPERTIES

Conversion from Gaussian and

Symbol Quantity CGS EMU 1o SI ®
@ magnetic flux IMx—>10%Wb=10"%V:s
B magnetic flux density, 1G — 107 T=10"* Wb/m’
magnetic induction
H magnetic field strength 1 Oe — 10*/(4m) A/m
m magnetic moment lerg/G=1emu
> 10°Am’=10" J/T
M magnetization 1 erg/(G-em®) = 1 emu/cm’
— 10° A/m
dnM magnetization 1 G — 10°/(4n) A/m
c specific magnetization 1 erg/(G-g) = 1 emu/g — 1 A-m’/kg
J magnetic dipole lerg/G=1emu
moment -4t x 107" Wb'm
J magnetic polarization 1 erg/(G-cm®) = 1 emu/cm’
—>4nx 10T
1L K susceptibility 1>4n
%o mass susceptibility 1 em’/g — 47 x 107 m¥/kg
m permeability 1 > 4nx 107 H/m
=471 x 107 Wb/(A-m)
U relative permeability n—>
w, W energy density 1 erg/em’® — 10" J/m’
N, D demagnetizing factor 1 — 1/(4m)

T 1 L T L1 o PRI L ~

Vertical lines are optional in tables. Statements that serve as captions for the
entire table do not need footnote letters.

*Gaussian units are the same as cgs emu for magnetostatics; Mx = maxwell, G
= gauss, Oe = oersted; Wb = weber, V = volt, s = second, T = tesla, m = meter,
A = ampere, ] = joule, kg = kilogram, H = henry.

is when English units are used as identifiers in trade, such as
“3Y-in disk drive.” Avoid combining SI and CGS units, such
as current in amperes and magnetic field in oersteds. This
often leads to confusion because equations do not balance
dimensionally. If you must use mixed units, clearly state the
units for each quantity in an equation.

The ST unit for magnetic field strength A is A/m. However,
if you wish to use units of T, either refer to magnetic flux density
B or magnetic field strength symbolized as p /. Use the center
dot to separate compound units, e.g., “A-m>”

V. HELPFUL HINTS

A. Figures and Tables

Because we will do the final formatting of your paper, you
do not need to position figures and tables at the top and bottom
of each column. In fact, all figures, figure captions, and tables
can be at the end of the paper. Large figures and tables may span
both columns. Place figure captions below the figures; place
table titles above the tables. If your figure has two parts, include
the labels “(a)” and “(b)” as part of the artwork. Please verify
that the figures and tables you mention in the text actually exist.
Please do not include captions as part of the figures. Do
not put captions in “text boxes” linked to the figures. Do
not put borders around the outside of your figures. Use the
abbreviation “Fig.” even at the beginning of a sentence. Do not
abbreviate “Table.” Tables are numbered with Roman numerals.



Color printing of figures is not available Do not use color
unless it is necessary for the proper interpretation of your
figures.

Figure axis labels are often a source of confusion. Use
words rather than symbols. As an example, write the quantity
“Magnetization,” or “Magnetization M,” not just “M.” Put units
in parentheses. Do not label axes only with units. As in Fig. 1,
for example, write “Magnetization (A/m)” or “Magnetization
(A-m™),” not just “A/m.” Do not label axes with a ratio of
quantities and units. For example, write “Temperature (K),” not
“Temperature/K.”

Multipliers can be especially confusing. Write
“Magnetization (kA/m)” or “Magnetization (10* A/m).” Do not
write “Magnetization (A/m) x 1000” because the reader would
not know whether the top axis label in Fig. 1 meant 16000 A/m
or 0.016 A/m. Figure labels should be legible, approximately 8
to 12 point type.

B. References

Number citations consecutively in square brackets [1].
The sentence punctuation follows the brackets [2]. Multiple
references [2], [3] are each numbered with separate brackets
[17-[3]. When citing a section in a book, please give the relevant
page numbers [2]. In sentences, refer simply to the reference
number, as in [3]. Do not use “Ref. [3]” or “reference [3]”
except at the beginning of a sentence: “Reference [3] shows ...
.” Please do not use automatic endnotes in Word, rather, type
the reference list at the end of the paper using the “References”
style.

Number footnotes separately in superscripts (Insert |
Footnote).! Place the actual footnote at the bottom of the
column in which it is cited; do not put footnotes in the reference
list (endnotes). Use letters for table footnotes (see Table I).

Please note that the references at the end of this document
are in the preferred referencing style. Give all authors’ names;
do not use “et al.” unless there are six authors or more. Use
a space after authors’ initials. Papers that have not been
published should be cited as “unpublished” [4]. Papers that
have been accepted for publication, but not yet specified for an
issue should be cited as “to be published” [5]. Papers that have
been submitted for publication should be cited as “submitted
for publication” [6]. Please give affiliations and addresses for
private communications [7].

Capitalize only the first word in a paper title, except for
proper nouns and element symbols. For papers published
in translation journals, please give the English citation first,
followed by the original foreign-language citation [8]. All
references must be written in Roman alphabet.

C. Abbreviations and Acronyms

Define abbreviations and acronyms the first time they are
used in the text, even after they have already been defined in the

"It is recommended that footnotes be avoided (except for the unnumbered
footnote with the receipt date and authors’ affiliations on the first page). Instead,
try to integrate the footnote information into the text.

abstract. Abbreviations such as IEEE, SI, ac, and dc do not have
to be defined. Abbreviations that incorporate periods should
not have spaces: write “C.N.R.S.,” not “C. N. R. S.” Do not
use abbreviations in the title unless they are unavoidable (for
example, “IEEE” in the title of this article).

D. Equations

Number equations consecutively with equation numbers
in parentheses flush with the right margin, as in (1). First
use the equation editor to create the equation. Then select
the “Equation” markup style. Press the tab key and write the
equation number in parentheses. To make your equations more
compact, you may use the solidus ( /), the exp function, or
appropriate exponents. Use parentheses to avoid ambiguities
in denominators. Punctuate equations when they are part of a
sentence, as in

[0 Fepyd deo=l[on/(2u,)

[ exp(-21z, =z, DA () Jo(Ar)dA.

(1

Be sure that the symbols in your equation have been defined
before the equation appears or immediately following. Italicize
symbols (7 might refer to temperature, but T is the unit tesla).
Refer to “(1),” not “Eq. (1)” or “equation (1),” except at the
beginning of a sentence: “Equation (1) is ... .”

E. Other Recommendations

Use one space after periods and colons. Hyphenate complex
modifiers: “zero-field-cooled magnetization.” Avoid dangling
participles, such as, “Using (1), the potential was calculated.” [It
is not clear who or what used (1).] Write instead, “The potential
was calculated by using (1),” or “Using (1), we calculated the
potential.”

Use a zero before decimal points: “0.25,” not “.25.” Use
“cm’,” not “cc.” Indicate sample dimensions as “0.1 cm x 0.2
cm,” not “0.1 x 0.2 cm?.” The abbreviation for “seconds” is “s,”
not “sec.” Do not mix complete spellings and abbreviations of
units: use “Wb/m?” or “webers per square meter,” not “webers/
m?2.” When expressing a range of values, write “7 to 9” or “7-9,”
not “7~9.”

A parenthetical statement at the end of a sentence is
punctuated outside of the closing parenthesis (like this). (A
parenthetical sentence is punctuated within the parentheses.) In
American English, periods and commas are within quotation
marks, like “this period.” Other punctuation is “outside”! Avoid
contractions; for example, write “do not” instead of “don’t.”
The serial comma is preferred: “A, B, and C” instead of “A, B
and C.”

If you wish, you may write in the first person singular
or plural and use the active voice (“I observed that ...” or
“We observed that ...” instead of “It was observed that ...”).
Remember to check spelling. If your native language is not
English, please get a native English-speaking colleague to
carefully proofread your paper.



VI. SoME COMMON MISTAKES

The word “data” is plural, not singular. The subscript for
the permeability of vacuum p is zero, not a lowercase letter
“0.” The term for residual magnetization is “remanence”; the
adjective is “remanent”; do not write “remnance” or “remnant.”
Use the word “micrometer” instead of “micron.” A graph within
a graph is an “inset,” not an “insert.” The word “alternatively”
is preferred to the word “alternately” (unless you really mean
something that alternates). Use the word “whereas” instead
of “while” (unless you are referring to simultaneous events).
Do not use the word “essentially” to mean “approximately”
or “effectively.” Do not use the word “issue” as a euphemism
for “problem.” When compositions are not specified, separate
chemical symbols by en-dashes; for example, “NiMn” indicates
the intermetallic compound Ni, Mn . whereas “Ni-Mn”
indicates an alloy of some composition Ni Mn .

Be aware of the different meanings of the homophones
“affect” (usually a verb) and “effect” (usually a noun),
“complement” and “compliment,” “discreet” and “discrete,”
“principal” (e.g., “principal investigator””) and “principle” (e.g.,
“principle of measurement”). Do not confuse “imply” and
“infer.”

Prefixes such as “non,” “sub,” “micro,” “multi,” and “ultra”
are not independent words; they should be joined to the words
they modify, usually without a hyphen. There is no period after
the “et” in the Latin abbreviation “et al.” (it is also italicized).
The abbreviation “i.e.,” means “that is,” and the abbreviation
“e.g.,” means “for example” (these abbreviations are not
italicized).

An excellent style manual and source of information for
science writers is [9].
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VII. EpITORIAL POLICY

Each manuscript submitted is subjected to the following
review procedure:

e [Itisreviewed by the editor for general suitability for this

publication

o [Ifit is judged suitable, two reviewers are selected and a

single-blinded review process takes place

e Based on the recommendations of the reviewers, the

editor then decides whether the particular paper should
be accepted as is, revised or rejected.

Do not submit a paper you have submitted or published
elsewhere. Do not publish “preliminary” data or results. The
submitting author is responsible for obtaining agreement of
all coauthors and any consent required from sponsors before
submitting a paper. It is the obligation of the authors to cite
relevant prior work.

Every paper submitted to “Electronics” journal are single-
blind reviewed. For conference-related papers, the decision to
accept or reject a paper is made by the conference editors and
publications committee; the recommendations of the referees
are advisory only. Undecipherable English is a valid reason for
rejection.

VIII. PUBLICATION PRINCIPLES

The contents of “Electronics” are peer-reviewed and
archival. The “Electronics” publishes scholarly articles of
archival value as well as tutorial expositions and critical reviews
of classical subjects and topics of current interest.

Authors should consider the following points:

1) Technical papers submitted for publication must advance

the state of knowledge and must cite relevant prior work.

2) The length of a submitted paper should be commensurate
with the importance, or appropriate to the complexity,
of the work. For example, an obvious extension of
previously published work might not be appropriate for
publication or might be adequately treated in just a few
pages.

3) Authors must convince both peer reviewers and the
editors of the scientific and technical merit of a paper;
the standards of proof are higher when extraordinary or
unexpected results are reported.

4) Because replication is required for scientific progress,
papers submitted for publication must provide sufficient
information to allow readers to perform similar
experiments or calculations and use the reported results.
Although not everything need be disclosed, a paper must
contain new, useable, and fully described information.
For example, a specimen’s chemical composition need
not be reported if the main purpose of a paper is to
introduce a new measurement technique. Authors should
expect to be challenged by reviewers if the results are
not supported by adequate data and critical details.

5) Papers that describe ongoing work or announce the
latest technical achievement, which are suitable for
presentation at a professional conference, may not be
appropriate for publication in “Electronics”.

IX. CONCLUSION

A conclusion section is not required. Although a conclusion
may review the main points of the paper, do not replicate the
abstract as the conclusion. A conclusion might elaborate on the
importance of the work or suggest applications and extensions.
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Appendixes, if needed, appear before the acknowledgment.
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and financial support acknowledgments are placed in the
unnumbered footnote on the first page, not here.
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