


“Smart Embedded Systems: Advances and Applications” is a comprehen-
sive guide that demysti�es the complex world of embedded technology. The 
book journeys through a wide range of topics from healthcare to energy 
management, autonomous robotics, and wireless communication, showcas-
ing the transformative potential of intelligent embedded systems in these 
�elds. This concise volume introduces readers to innovative techniques and 
their practical applications, offers a comparative analysis of wireless proto-
cols, and provides ef�cient resource allocation strategies in IoT-based eco-
systems. With real-world examples and in-depth case studies, it serves as an 
invaluable resource for students and professionals seeking to harness the 
power of embedded technology to shape our digital future.

Salient Features:

	 1.	The book provides a comprehensive coverage of various aspects of 
smart embedded systems, exploring their design, implementation, 
optimization, and a range of applications. This is further enhanced by 
in-depth discussions on hardware and software optimizations aimed 
at improving overall system performance.

	 2.	A detailed examination of machine learning techniques speci�cally 
tailored for data analysis and prediction within embedded systems. 
This complements the exploration of cutting-edge research on the use 
of AI to enhance wireless communications

	 3.	Real-world applications of these technologies are extensively dis-
cussed, with a focus on areas such as seizure detection, noise reduc-
tion, health monitoring, diabetic care, autonomous vehicles, and 
communication systems. This includes a deep-dive into different wire-
less protocols utilized for data transfer in IoT systems.

	 4.	This book highlights key IoT technologies and their myriad applica-
tions, extending from environmental data collection to health moni-
toring. This is underscored by case studies on the integration of AI and 
IoT in healthcare, spanning topics from anomaly detection to informed 
clinical decision-making. Also featured is a detailed evaluation and 
comparison of different system implementations and methodologies.
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This book is an essential read for anyone interested in the �eld of embed-
ded systems. Whether you’re a student looking to broaden your knowledge 
base, researchers looking in-depth insights, or professionals planning to use 
this cutting-edge technology in real-world applications, this book offers a 
thorough grounding in the subject.



Smart Embedded 
Systems

Advances and Applications

Edited by 

Arun Kumar Sinha 
Abhishek Sharma 

Luiz Alberto Pasini Melek 
Daniele D. Caviglia



Image credit: metamorworks/Shutterstock 

First edition published 2024
by CRC Press
2385 NW Executive Center Dr, Suite 320, Boca Raton, FL 33431

and by CRC Press
4 Park Square, Milton Park, Abingdon, Oxon, OX14 4RN

CRC Press is an imprint of Taylor & Francis Group, LLC

© 2024 selection and editorial matter, Arun Kumar Sinha, Abhishek Sharma, Luiz Alberto 
Pasini Melek and Daniele D. Caviglia; individual chapters, the contributors

Reasonable efforts have been made to publish reliable data and information, but the author 
and publisher cannot assume responsibility for the validity of all materials or the consequences 
of their use. The authors and publishers have attempted to trace the copyright holders of all 
material reproduced in this publication and apologize to copyright holders if permission to 
publish in this form has not been obtained. If any copyright material has not been acknowl-
edged please write and let us know so we may rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, repro-
duced, transmitted, or utilized in any form by any electronic, mechanical, or other means, now 
known or hereafter invented, including photocopying, micro�lming, and recording, or in any 
information storage or retrieval system, without written permission from the publishers.

For permission to photocopy or use material electronically from this work, access www.
copyright.com or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, 
Danvers, MA 01923, 978-750-8400. For works that are not available on CCC please contact 
mpkbookspermissions@tandf.co.uk

Trademark notice: Product or corporate names may be trademarks or registered trademarks 
and are used only for identi�cation and explanation without intent to infringe.

ISBN: 978-1-032-40417-2 (hbk)
ISBN: 978-1-032-62802-8 (pbk)
ISBN: 978-1-032-62805-9 (ebk)

DOI:  10.1201/9781032628059

Typeset in Sabon
by SPi Technologies India Pvt Ltd (Straive)

https://www.copyright.com
https://www.copyright.com
http://dx.doi.org/10.1201/9781032628059


v

Contents

Preface	 vii
Editors	 x
Contributors	 xii

	 1	A recon�gurable FPGA-based epileptic seizures  
detection system with 144 � s detection time	 1
SWETHA ANNANGI AND ARUN KUMAR SINHA

	 2	Hardware architecture for denoising of EOG signal  
using a differential evolution algorithm	 21
V. H. PRASAD REDDY, GUNDUGONTI KISHORE KUMAR  
AND PULI KISHORE KUMAR

	 3	Implementation considerations for an intelligent  
embedded E-health system and experimental results  
for EEG-based activity recognition	 33
STEFAN ONIGA, IULIU ALEXANDRU PAP AND TAMAS MAJOROS

	 4	Embedded and computational intelligence for diabetic  
healthcare: An overview	 54
ANUPAMA NAMBURU, ARAVAPALLI RAMA SATISH,  
BHANU TEJA VEERAMACHANENI, SNEHA EDUPUGANTI AND  
KOTHAMASU VENKATA NAGA DURGA SAI HARSHITH

	 5	A semi-de�nite programming-based design of a  
robust depth control for a submersible autonomous  
robot through state feedback control	 70
VADAPALLI SIDDHARTHA AND SUBHASISH MAHAPATRA



vi  Contents

	 6	Embedded system with in-memory compute  
neuromorphic accelerator for multiple applications	 89
AFROZ FATIMA AND ABHIJIT PETHE

	 7	Arti�cial intelligence-driven radio channel capacity  
in 5G and 6G wireless communication systems in the  
presence of vegetation: Prospect and challenges	 111
SACHIN KUMAR, T. SENTHIL SIVA SUBRAMANIAN, KAPIL SHARMA  
AND G.V. RAMESH BABU

	 8	Smart cabin for of�ce using embedded systems  
and sensors	 126
ANIRBAN DASGUPTA, ABHRANIL DAS, PARISHMITA DEKA AND SOHAM DAS

	 9	Wireless protocols for swarm of sensors: Sigfox,  
Lorawan, and Nb-IoT	 146
LUIZ ALBERTO PASINI MELEK

	10	Design and test of thermal energy harvester for  
self-powered autonomous electronic load	 169
ARUN KUMAR SINHA

	11	Managing concept drift in IoT health data streams:  
A dynamic adaptive weighted ensemble approach	 233
M. GEETHA PRATYUSHA AND ARUN KUMAR SINHA

	12	GraLSTM: A distributed learning model for ef�cient  
IoT resource allocation in healthcare	 253
M. GEETHA PRATYUSHA AND ARUN KUMAR SINHA

Index	 281



vii

Preface

ABOUT THIS BOOK

This book, Smart Embedded Systems: Advances and Applications, addresses 
the importance of embedded systems in different sectors such as healthcare, 
communications, the environment, security, and more. The book provides a 
comprehensive guide to the current state of smart embedded systems, from 
basic principles to advanced applications, integrating different disciplines 
such as machine learning, AI, signal processing, electronics, and networking. 
It brings together a variety of techniques used in designing and implement-
ing intelligent systems, ranging from hardware design and optimization to 
software implementation, data analysis, and machine learning. It showcases 
real-world applications of these techniques, with a focus on challenges and 
solutions in designing robust and ef�cient systems.

Features

	•	 Comprehensive coverage of various facets of smart embedded systems, 
including design, implementation, optimization, and applications.

	•	 Detailed analysis of machine learning techniques for data analysis and 
prediction in embedded systems.

	•	 In-depth discussions on hardware and software optimizations to 
improve system performance.

	•	 Exploration of real-world applications such as seizure detection, noise 
reduction, health monitoring, diabetic care, autonomous vehicles, and 
communication systems.

	•	 Cutting-edge research on utilizing AI to enhance wireless communica-
tion and predict channel capacity.

	•	 Discussion on important IoT technologies and their applications, from 
environmental data collection to health monitoring.

	•	 Case studies on the integration of AI and IoT in healthcare, from 
anomaly detection to clinical decision-making.
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	•	 Illustration of different wireless protocols used for data transfer in IoT 
systems.

	•	 Detailed evaluation and comparisons of different system implementa-
tions and methodologies.

CHAPTER ORGANIZATION

Chapter 1 examines the detection of epileptic seizures through the analysis 
of recorded electroencephalography (EEG) signals, utilizing random forest 
(RF) algorithms. The dual-strategy method incorporates classi�cation, fea-
ture extraction, and RF training. Chapter 2 presents an optimized hardware 
architecture for noise reduction in real electrooculogram (EOG) systems. 
The proposed architecture uses the differential evolution (DE) algorithm to 
design a noise reduction �lter with fewer sign-power-of-two (SPT) terms, 
resulting in a more ef�cient hardware design. This architecture, which was 
implemented using Verilog HDL and tested using Altera DSP Builder, offers 
signi�cant reductions in area and power consumption compared to existing 
architectures.

Chapter 3 explores E-health data acquisition systems for remote patient 
monitoring, discussing the selection of sensors and the use of neural net-
works for automatic health state recognition. A case study on the use of 
convolutional neural networks for recognizing motor imagery movement 
activities from EEG signals is presented. Chapter 4 explores the impact of 
the digital transformation on diabetes management, highlighting how sen-
sor technology, data analytics, and intelligent decision systems have revolu-
tionized diabetic care.

Chapter 5 focuses on the control of a submersible autonomous robot 
(SAR) using an optimal control algorithm, while considering uncertain 
hydrodynamic parameters. A robust closed-loop system for the SAR is dem-
onstrated, enabling it to maintain its depth effectively. Chapter 6 highlights 
the design of intelligent embedded systems for future applications in various 
sectors. This chapter introduces a novel in-memory compute architecture 
that acts as a neuromorphic accelerator, compatible with a RISC-V proces-
sor core or any commercial central processing unit. A standard deep net 
architecture designed using resistive memories is discussed, serving multiple 
real-time applications with varying accuracy levels.

Chapter 7 provides insights into the role of AI in enhancing 5G and 6G 
wireless communication systems and demonstrates the challenges and solu-
tions for increasing radio channel capacity, especially under conditions of 
vegetation obstruction. AI algorithms are employed to predict and mitigate 
vegetation attenuation, improving channel capacity and performance in 
areas with high levels of vegetation interference. The chapter underscores 
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how AI-based systems can be instrumental in optimizing wireless communi-
cation networks. In Chapter 8, a smart of�ce cabin integrated with embed-
ded computing platforms and sensor technology is developed. The system 
encompasses of�ce security, ambiance monitoring, and individual well-being 
monitoring. Biometrics authorize cabin entry, sensors monitor environmen-
tal variables, and image streams and biomedical sensors gage the well-being 
of staff.

Chapter 9 emphasizes the growth of wireless connectivity and sensor 
applications, and the pivotal role of wireless protocols in this surge. It exam-
ines three open-standard protocols—Sigfox, Lorawan, and Nb-IoT—detail -
ing their speci�cations and making comparative analyses based on coverage 
area, power budget, and data transmission capacity. This evaluation offers 
valuable insights into selecting appropriate protocols for speci�c applica-
tions. Chapter 10 looks at energy management, detailing the design and 
testing of a prototype chip for maximizing power extraction from a thermo -
electric generator (TEG). It presents a successful integration of this proto-
type in a self-powered node that harvests power from thermal sources, 
paving the way for more autonomous, energy-ef�cient systems.

Chapter 11 presents a novel adaptive machine learning model, the 
dynamic adaptive weighted ensemble (DAWE), for handling continuous 
data streams in IoT-based health monitoring systems. It tackles the issue of 
concept drift, a phenomenon in data streams where statistical properties 
change over time. By employing the exponential weighted moving average 
(EWMA) technique, DAWE continuously re�nes predictive performance, 
achieving a signi�cantly high accuracy rate. This re�ects the importance and 
effectiveness of adaptive learning approaches in managing large-scale, fast-
paced data streams in health monitoring. Chapter 12 tackles the integration 
of IoT and electronic health records (EHR) in the healthcare sector and the 
challenge of ef�cient resource allocation. A distributed model called 
GraLSTM is introduced which combines graph neural networks (GNNs) 
with long short-term memory (LSTM). GraLSTM outperforms conven-
tional models by ef�ciently capturing spatial and temporal data dependen-
cies, offering faster computational speed and scalability to support clinical 
decision-making.

As editors we have worked hard to make Smart Embedded Systems: 
Advances and Applications as clear and easy to understand as possible. We 
hope that teachers, students, and anyone interested in this topic will �nd it 
useful. We invite you to share your thoughts on how we can make this book 
even better. Please email us your suggestions and feedback at: er.arunsinha.
nsit@gmail.com. We value your opinion.
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1.1 � INTRODUCTION

Around 50 million people worldwide are affected by epilepsy, according 
to the World Health Organization (WHO) [ 1]. The International League 
Against Epilepsy (ILAE) has standardized the classi�cation of epileptic 
seizures into partial and generalized. Partial seizures are restricted to the 
discrete area of the cerebral cortex; generalized seizures involve diffuse 
regions of the brain simultaneously in a bilaterally symmetrical fashion [2]. 
Electroencephalography (EEG) plays a major role in the analysis of epileptic 
seizures [3]. The availability of modern structural and functional imaging 
technologies has not reduced the impact of scalp EEG in the evaluation of 
patients with seizures [2].

The use of machine learning (ML) and deep learning (DL) techniques in 
healthcare has been widespread over recent decades. ML algorithms include 
multi-layer perceptron (MLP) [ 4], arti�cial neural networks (ANN) [ 5], sup-
port vector machine (SVM) [6, 7], multi-class SVM [8], random forest (RF) 
[8–10], XGBoost [11], K-nearest neighbor (KNN) [8, 12, 13], naïve Bayes 
(NB) [8, 13], and extreme learning machine (ELM) [14]. These, and DL 
algorithms like convolutional neural network (CNN) [ 15, 16], deep CNN 
[17], long-short-term memory (LSTM) and bi-directional LSTM (Bi-LSTM) 
[18], have been employed in the detection of epileptic seizures.

In recent years, many researchers have worked on �eld programmable gate 
array (FPGA)-based ML algorithms for the detection of epileptic seizures, 
which have advantages of reliability, �exibility and lower costs [19–25]. 
Lichen Feng et�al. [21] implemented feature extraction (FE) and SVM mod-
ules using Verilog HDL. The FE module has discrete wavelet transform 
(DWT), mean absolute value (MAV) and variance sub-modules. In [22], 
Yuanfa Wang et�al. proposed the VLSI architectures of the DWT FE module, 
the modi�ed sequential minimal optimization (MSMO) training module, and 
one-against-one multi-class SVM classi�cation module. ChichTsow et�al. [23] 
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designed an FE module and NN architecture and implemented the designed 
modules on FPGA. Heba Elhosary [24] implemented FE and SVM classi�er 
modules using the MATLAB® HDL coder. Rijad Saric [25] designed an ANN 
module using very high-speed integrated circuit hardware description lan-
guage (VHDL).

This chapter describes both software and hardware implementation of a 
random forest (RF) algorithm for the detection of epileptic seizures. The 
feature extraction module, RF training and inference modules were designed 
using Verilog Hardware Description Language (HDL) in XILINX VIVADO 
2019.2. The speed of the classi�cation process improved with the designed 
hardware modules.

The rest of the paper is organized as follows. Section 1.2 gives details of 
the proposed methodology based on the software implementation. In Section 
1.3, the hardware implementation-based epileptic seizures detection system 
is explained with the feature extraction, RF training and inference module 
architectures. The experimental results are described in Section 1.4 and 
Section 1.5 provides a conclusion.

1.2 � SOFTWARE-BASED IMPLEMENTATION

The block diagram of the proposed software-implemented epileptic seizures 
detection system is shown in Figure 1.1. The software-based implementa-
tion uses the MATLAB® R2019a tool. First, the loaded raw EEG data are 
converted into .mat �les and total data are segmented into non-overlapping 
one-second segments which are fed into the feature extraction module. After 
the features have been extracted, the total data is divided into 80% for 
training, and 20% for testing. The training data are given to the RF training 
module and test data are given to the RF inference module, which classi�es 
it into three classes: normal, partial seizures, and generalized seizures, repre-
sented as N, P, and G, respectively.

Figure 1.1  Block diagram of the proposed methodology.
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1.2.1 � EEG data

The raw EEG data of 40 normal and epileptic patients were collected from 
the Medysis Hospitals. The collected data is from both male and female 
patients aged 4 to 80 years. The input EEG data were collected from 16 
channels with a sampling frequency of 256 Hz which are placed accord-
ing to ISS 10–20. The data were analyzed by the neurologist and labeled 
N, P, and G, respectively. A sample of the seizure patient data acquired is 
shown in Figure 1.2. The raw EEG signals are converted into .xlsx �les 
by the Allengers Virgo EEG software. The .xlsx �les are given as input to 
MATLAB ® and converted into .m �les.

1.2.2 � Segmentation

The loaded EEG data were segmented into non-overlapped, 1-second seg-
ments. Each segment of 1-second data has 256 samples. This study included 
36,070 seconds of EEG data; thus 36,070 segments were given to the fea-
ture extraction module.

1.2.3 � Feature extraction

The dimensionality of the input data can be reduced by extracting the features. 
The variance of each 1-second segmented EEG data is calculated using (1.1).
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, �

	

(1.1)

where N indicates the number of samples in a segment. In this case, N is 
equal to 256. X i,k is the ith sample from the kth channel. �  is the mean 
of N  samples. The calculated variances of the normal and seizure patient 
data are plotted in Figure 1.3, which shows that the calculated variance 
of the normal patient is less than that of the seizure patient. The variance 
value that differentiates the normal and seizure patient data is taken as 
threshold (� ).

The Scount is calculated by counting the number of channels with vari-
ances greater than or equal to � . By considering all 16 channels, Scount gives 
the number of channels with seizure data. In this software-based design, 
variance and Scount are considered as features.

1.2.4 � RF algorithm

Random forest (RF) [26] is an ensemble learning classi�er which has a col-
lection of weak learners. The decision tree (DT) is a weak learner in the 
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Figure 1.2  Sample EEG data of epileptic seizures patient.
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RF classi�er. Each node in the DT involves different tests by comparing 
the given attributes with the threshold values. There are two types of DT: 
univariate, in which only one attribute is considered in the test condition; 
and multivariate, in which two or more combinations of attributes are con-
sidered at each node for testing. The axis parallel DT is a univariate DT, the 
oblique and non-linear DTs are multivariate DTs [27]. In axis-parallel test 
function, f has the following form [ 28]:

	 f A ai i� � 	 (1.2)

where ai is the threshold value of the attribute Ai. The task of the axis-
parallel DT-building algorithm is to �nd the best values for i and ai in every 
node of the tree. In oblique DT, the test function f is de�ned as given in (1.3).
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where an+1 represents the threshold value of the function f. In nonlinear DTs, 
function f is represented as the second-order polynomial of n variables as 
given in (1.4).
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where Ai and Aj are the single attributes with new weights W a a a ai j i j i j, � � � � � �  
and W a a a ai n i n n� � � � �� � �1 1 1, and new threshold W a an n� � �� �1 1. The three 
commonly used DT methods, axis parallel, oblique, and non-linear, are 

Figure 1.3  Computed variances of normal and seizure patient data.



6 
S

m
a

rt E
m

b
e

dd
e

d
 S

yste
m

s

Figure 1.4  Decision tree methods: (a) Axis parallel DT, (b) Oblique DT, (c) Nonlinear DT.



Reconfigurable FPGA-based seizures detection system  7

differentiated as shown in Figure 1.4. The two co-ordinate axes represent 
A1 and A2 attributes with three classes: 0, 1, and 2. The � 11 and � 12 represent 
threshold values of A1, and � 21 and � 22 represent threshold values of A2. In 
axis parallel DT, the partition lines and attribute axes are parallel to each 
other. In oblique DT, the partition lines are oblique straight lines. For non-
linear DT, the decision boundaries are curves.

The decision diagrams can be designed in two ways: binary-valued deci-
sion diagram (BDD) and multi-valued decision diagram (MDD) (Figure�1.5). 
In BDD, each terminal of a node has two outgoing edges. In MDD, there can 
be more than two outgoing edges [29].

1.3 � HARDWARE-BASED IMPLEMENTATION

The hardware implementation of the epileptic seizures detection system is 
shown in the state diagram in Figure 1.6. The segmented 1-second EEG 
data are given to the feature extraction module when the enable (en) signal 
is active. After feature extraction, the training data and test data are loaded 
to the RF training and inference modules, respectively and the output label 
is displayed.

1.3.1 � Feature extraction

The architecture to compute the variance of the segment from kth channel, 
Vk is shown in Figure 1.7. Rather than division, the right-shift operation is 
used here in the design of the variance module. Since the number of samples 
in a segment is 256, i.e., 28, the eight bits have been right shifted.

In hardware-based design, instead of taking variance values of 16 channels 
as features, Scount is considered as a feature, thus reducing the hardware 
requirement. The architecture to calculate Scount is shown in Figure� 1.8. 

Figure 1.5  (a) Tree diagram based on BDD and (b) Tree diagram based on MDD.
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Figure 1.6  State diagram of the epileptic seizure detection system.

Figure 1.7  Variance calculation architecture.

Figure 1.8  Scount calculation architecture.
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Initially, Scount is zero. If the variance of the kth channel is greater than or 
equal to the � , then Scount will be incremented. Otherwise, it remains the 
same.

After feature extraction, the total data are divided into 80% for training, 
and 20% for testing.

1.3.2 � RF training module

Axis-parallel DT with MDD achieves high-speed classi�cation. The RF algo-
rithm has training and inference phases. In the training phase, each DT is 
assigned sample data randomly selected from the set of training data by 
a technique known as bagging, which uses bootstrap sampling. In the RF 
training process (Figure 1.9), the training data are randomly divided into six 
datasets and given to DTs. Each DT generates the thresholds by sorting the 
feature value at each node. Hence, RF needs comparison circuits to compare 
thresholds with the input value at each node.

When the training mode is selected, the training data are loaded to the RF 
training module, which consists of six axis-parallel DTs, each with two 
nodes and three leaves. After training the data, the threshold values for the 
N, P, and G classes are decided. These values are � N, � P, and � G, respectively, 
and are computed from the minimum and maximum values generated from 
the RF training module of the respective class labels (� Nmin , � Nmax, � Pmin, � Pmax, 
� Gmin, and � Gmax). The tree diagrams of the six DTs generated are shown in 
Figure 1.10. The threshold circuit in the DT design needs combinational 
logic suitable for VLSI implementation. The threshold function is easy to 
design in digital, which saves signi�cant silicon area compared to the sig-
moid or radial basis functions used in MLP [30]. The labels for N, P, and G 
classes are represented as 0, 1, and 2 respectively.

Figure 1.9  The RF training phase.
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Figure 1.10  Tree diagrams of six DTs generated based on MDD: (a) DT1, (b) DT2, (c) DT3, (d) DT4, (e) DT5, (f) DT6.
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1.3.3 �The RF inference module

In the RF inference phase, the test data is classi�ed into one of the classes 
using the designed DTs and the majority voter. The threshold values gener-
ated in the RF training phase are loaded into the inference module. When test 
mode is on, the test data are given to the RF inference module (Figure�1.11). 
In this phase, each input data is given to six designed DTs, the internal archi-
tectures of which are shown in Figure 1.12. Each DT decides the label out-
put. The decision of the ith DT for the jth instance is labeled L ij. The labelled 
outputs from all six DTs are given to the majority voter. The majority voter 
determines the most repeated class label of the jth instance as given in (1.5). 
The output of the majority voter is displayed. The internal architecture of 
the majority voter module is given in Figure 1.13. The weights for the label 
outputs are calculated after obtaining the output from all DTs. The weights 
of N, P, and G classes are represented as W0, W1, and W2, respectively. The 
label corresponding to the class with maximum weight will be the output of 
the majority voter and will be displayed at the output.

	
Labeloutput Mode Lj

i
ij� � �

� � �1 2 3 4 5 6, , , , , 	
(1.5)

1.3.4 � Display label

The three classes N, P, and G are labeled 0, 1, and 2, respectively. The major-
ity voter module gives the output label for the corresponding class, which is 
displayed on the LCD display of the FPGA board.

Figure 1.11  RF inference module block diagram.
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Figure 1.12  Internal architecture of six DTs: (a) DT1, (b) DT2, (c) DT3, (d) DT4, (e) DT5, (f) DT6.
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1.4 � EXPERIMENTAL RESULTS

This section presents the experimental results obtained from both software 
and hardware implementations. The performance of the proposed detection 
system is measured using accuracy and classi�cation time. Accuracy [31] 
is de�ned as the ratio of correctly classi�ed classes to the total number of 
classes and is calculated using (1.6).

	
Accuracy

TP TN
TP TN FP FN

�
�

� � �
� 100

	
(1.6)

where TP represents true positive, TN  represents true negative, FP repre-
sents false positive and FN represents false negative.

1.4.1 � Software implementation results

The EEG data from normal and epileptic seizure patients is divided into 
80% for training and 20% for testing. The RF classi�er is used to detect 
epileptic seizures and classify the input EEG signals into three classes: N, P, 
and G. The number of DTs considered are six. The software implementation 
is done using MATLAB® R2019a considering two features: variance and 
Scount. From the classi�cation accuracies obtained using these two features 
(see Table 1.1), it is observed that Scount has given better accuracy than 
variance.

1.4.2 � FPGA implementation results

The results obtained from MATLAB ® indicate that the Scount feature clas-
si�es the seizures ef�ciently, compared to considering variances from 16 

Figure 1.13  Internal architecture of majority voter module.
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channels. In the DT design, the hardware requirement reduces in accordance 
with the number of features. In the case of variances from 16 channels as 
features, the DT needs a greater number of nodes to decide the class label. 
When Scount is a feature, the DT design requires only two nodes. Hence, 
Scount reduces the hardware requirement. The computed Scount features 
are given to the RF classi�er. The proposed FE, RF training and RF inference 
modules are designed using Verilog HDL in XILINX VIVADO 2019.2. The 
simulation results of FE, RF training and RF inference modules are shown 
in Figures 1.14 to 1.16, respectively.

This study used the XILINX EDGE ZYNQ XC7Z010-1CLG400C FPGA 
development board. This board is integrated with 28K logic cells, 17,600 
look-up tables (LUT), and 80 digital signal processor (DSP) slices and has a 
clock frequency of 50 MHz [ 32]. After the Verilog HDL modules have been 
designed, the following steps are performed: synthesis, implementation, bit-
stream generation, and programming the FPGA device. FPGA resources used 
after synthesis are listed in Table 1.2. After all the steps have been performed, 

Figure 1.14  Simulation result of FE module.

Table 1.1  The result from MATLAB® algorithm

Feature Accuracy (%) Classi�cation time (seconds)

Variances of 16 channels 97.15 10
Scount 99.87 9
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the label is displayed on the FPGA board. The experimental set-up displaying 
the type of seizure is shown in Figure 1.17.

Table 1.3 compares the proposed work with state-of-the-art works on 
FPGA-based epileptic seizure detection. The FPGA boards used, the mod-
ules designed, FE, classi�er, operating frequency, performance metrics, and 
classi�cation time needed for both software and hardware implementations 
are summarized in the table, which shows that the proposed design reduces 
the time required for ef�cient detection of seizures.

Figure 1.15  Simulation result of RF Training module.

Figure 1.16  Simulation result of RF Inference module.
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Figure 1.17  Experimental setup displaying the seizure type.

Table 1.2  FPGA resources utilized in this work

FE Module

Resources Available Used Utilized (%)

LUTs 17600 70 0.40
Registers 35200 46 0.13
F7 Muxes 8800 4 0.05
F8 Muxes 4400 1 0.02
Bonded IOB 100 6 6

RF Training Module

LUTs 17600 1474 8.38
Registers 35200 174 0.49
F7 Muxes 8800 644 7.32
F8 Muxes 4400 314 7.23
Bonded IOB 100 32 32

RF Inference Module

LUTs 17600 312 1.77
Registers 35200 46 0.13
F7 Muxes 8800 115 1.31
F8 Muxes 4400 51 1.16
Bonded IOB 100 39 39
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Table 1.3 Comparison of present work with the state-of-the-art works

Ref. FPGA board Modules designed F.E. Classi�er

Operating 
frequency 
(MHz)

Performance 
metrics

Software 
classi�cation 

time

Hardware 
classi�cation 

time

[20] ZYNQ 7000 
XC7Z020

FE, and SVM STFT SVM 100 SEN: 98.4% 413 � s 313 � s

[21] Altera Cyclone II FE, and SVM Time-frequency 
domain

NLSVM 50 DR: 96.8% > 24.7 ms 24.7 ms

[22] Virtex-5 FE, MSMO, and 
Multi class SVM

DWT, 
Maximum, SD

NLSVM – ACC: 95.1 
(S/W)

93.9 (H/W)

1695 ms 686 ms

[23] – FE, and NN Amplitude, 
Frequency, AE, 
and SD

NN 8 ACC: 98.76% 
(S/W)

89.88% (H/W)

– 160 ms

[24] Virtex-7 SMO, FE, and SVM FD, HE, and CL SVM 100 ACC: 90.36%
SEN: 96.7%
SPE: 90.34%

– 16 ns

[25] Altera D2-115 
Cyclone IVE 
Series

Digital ANN Time-frequency 
domain

ANN 50 ACC: 95.14% >4.78 � s 4.78 � s

[33] Virtex-6 Seizure detection 
system

WT, and 
Statistical

SVM – ACC: 96.7% – –

This 
work

EDGE ZYNQ 
SoC

FE, RF training, 
and RF 
inference

Variance, 
Scount

RF 50 ACC: 99.87% 
(S/W)

97% (H/W)

9 s 144 � s

NLSVM-non-linear support vector machine; DWT-discrete wavelet transform; AE-approximate entropy; SD-standard deviation; NN-neural network; ANN-arti�cial NN; 
FD-fractal dimension, HE-Hurst exponent, CL-coast line; GNS-generalized non-speci�c seizure; FNS-focal non-speci�c seizure; NS-non-speci�c and unknown seizure; 
SMO-sequential minimal optimization; ACC-accuracy; SEN-sensitivity; SPE-speci�city; DR-detection rate.
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1.5 � CONCLUSION

In this work, FE, RF training, and RF inference modules using Verilog HDL 
were designed for detecting epileptic seizures. The detection system was 
implemented using both MATLAB® R2019a and XILINX VIVADO 2019.2. 
The modules were implemented on XILINX EDGE ZYNQ XC7Z010-
1CLG400C FPGA development board using EEG data obtained from the 
Medysis Hospitals. The FPGA-based machine learning algorithm improved 
performance in the detection of epileptic seizures. The experimental results 
show that the FPGA-based system detected more rapidly than software-
based implementation. This detection system can therefore be ef�ciently 
utilized by the neurologist to analyze seizure activity from the recorded 
long-duration EEG signals.
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