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Editor’s Column
Mladen Knezic

Books, my brothers, books, and not bells and jingles...

Dositej Obradović

Editorial Letter
DOI: 10.53314/ELS2226035K

AS we close another year, it is time to recall our first steps.
On 25th anniversary of the Electronics journal, I invited

our founder and honorary Editor-in-Chief, prof. Branko Dokic,
to share with our readership the major milestones and people
who actively participated in the journey called the Electronis
journal. After some discussion, we agreed to jointly write a
special letter devoted to 25 years of the journal that we entitled
”Twenty Five Years of the Electronics journal: the Past, the
Present, and the Future“.

In addition, this number contains papers that report original
research results in the field of industrial electronics, antenna
design, wireless sensor networks, and power electronics.

The first paper, entitled ‘Development and Validation of
a Less Expensive and Portable PLC Module for Students
Training in Industrial Automation,” authored by J. F. Palomino
Masco, explores development of an open-source based cost-
effective and portable PLC module aimed for student training
in industrial automation. The author describe two prototypes
and compare them with commercial PLCs in terms of perfor-
mance, reliability, and price.

The second study, entitled “A Modified-square Slot Antenna
with Circular Polarization Characteristics for Military Band

Applications,” by M. Sahal, D. Yadav, D. Bhatnagar, and
M. Tiwari, presents a design and performance analysis of a
circularly polarized (CP) antenna designed using characteristic
modal analysis (CMA) for military band application.

In the third paper, “Empirical Evaluation of ECC Batch Ve-
rification Algorithms of Digital Signature in Wireless Sensor
Network,” by P. Kumar, S. K. Sharma, and K. U. Kadam,
the authors provided a study which aims at examining and
analyzing the different types of batch verification algorithms
based on Elliptic Curve Cryptography (ECC) that are used for
authentication in Wireless Sensor Networks (WSNs).

Finally, the paper “Analysis and Experimental Validation
of Selective Harmonic Elimination in Single-Phase Five-Level
Inverter using Particle Swarm Optimization Algorithm,” aut-
hored by A. E. Toubal Maamar, presents the analysis and
experimental validation of selective harmonic elimination in
single-phase multi-level inverter using particle swarm optimi-
zation algorithm. The algorithm was implemented and demon-
strated on a low-cost DSP–Delfino-C2000-TMS320F28379D
platform. The theoretical analysis was verified by simulations
in MATLAB/Simulink environment, and additionally proved
by experimental results on a prototype.

I thank the authors for their contribution to this issue of
the journal and to all the reviewers who participated in the
editorial process by providing valuable comments in timely
manner to the editors and authors. I wish all readers happy
forthcoming holidays, as well as fruitful and successful New
Year.





ELECTRONICS, VOL. 26, NO. 2, DECEMBER 2022 37

Twenty Five Years of the Electronics journal:
the Past, the Present, and the Future

Branko Dokic and Mladen Knezic

Invited Letter
DOI: 10.53314/ELS2226037D

TWENTY five years have passed since publication of
the first issue of the Electronics journal. On this great

occasion, we would like to recall how we reached here from
there, and who were the most influential people on that path.

In year 1997, the Faculty of Electrical Engineering, Uni-
versity of Banja Luka, also organized the first Symposium
on Industrial Electronics (INDEL). The conference gathered
many world-renowned and recognized researchers in this field,
which was an opportunity to bring our idea about founding the
journal covering different aspects of electronics into reality.
Since this event until today, we managed to publish two issues
of the journal annually, while the conference continued to live
in parallel, but taking place every second year.

In the second half of the last century, Banja Luka was
recognizable in the world by electronic industry. The town,
which at the time had barely over 160000 inhabitants, was a
home place for more than 10000 employees in the electronic
industry. However, historical circumstances, which emerged
in the former Yugoslavia at the beginning of 1990s, lead to a
drastic reduction or complete shutdown of production in the
field of electronics. The main motivation for starting INDEL
and the journal Electronics was to preserve the tradition
and world-wide recognizability of Banja Luka as a town of
electronics.

Even though at the beginning the journal focused on natio-
nal and regional boundaries, we strived to satisfy world publi-
cation standard immediately. That is why several members of
the very first Editorial Board were world-renowned scientists
such as: Nikolaos Uzunoglu (National Technical University of
Athens, Greece), Barry Jefferies (University of Hertfordshire,
United Kingdom), Vojin Oklobdzija (University of California,
Davis, USA), Milic Stojic (University of Belgrade, Serbia),
Ilija Stojanovic (SANU Belgrade, Serbia) among many others.
Two years after establishment, since 1999 (Vol. 3), we decided
to publish all articles exclusively in English, which greatly
influenced the global visibility of the journal.

To reach the required publication quality, we were deter-
mined to publish only original research and review papers
from the very beginning. To achieve this, in addition to
regular ones, we decided to publish the extended versions
of the best papers from regional conferences: International
Symposium on Industrial Electronics (INDEL), International
Conference on Advanced Technologies, Systems and Servi-
ces in Telecommunications (TELSIKS), ETRAN/IcETRAN,
International Symposium on Power Electronics (Ee), Internati-
onal Symposium INFOTEH–JAHORINA, and Small Systems

Simulation Symposium (SSSS). Most frequently, these were
awarded papers, or the papers with special recommendations
provided by the reviewers. To ensure that no plagiarism issues
emerge during the process, we introduced as an obligatory pre-
condition that extended version must contain at least 30% of
the new content.

As a second measure to attract high-quality papers from
the authors around the globe, we decided to invite proven
researchers to serve as guest editors in several special issues
and sections. We will name here just a few of them: Milic
Stojic, Vanco Litovski, Bratislav Milovanovic, Slobodan Vuko-
savic, Vladimir Katic, Zoran Jaksic, Predrag Pejovic, Ninoslav
Stojadinovic. They invited researchers all over the world to
report their contributions in the Electronics journal. Clearly,
those papers were also reviewed as the regular ones. We use
this opportunity to thank all guest editors for doing the great
job in increasing the impact of the journal. To two of them,
prof. Milic Stojic, from the University of Belgrade, and prof.
Vanco Litovski, from the University of Nis, we devoted issues
Vol. 15, No. 1, and Vol. 21, No. 2, respectively, in which we
shared with our readership their rich biographies.

Here, we want to highlight invited papers that were publis-
hed by renown authors in the Electronics journal: “Differen-
tial and Pass-Transistor CMOS Logic for High-Performance
System,” by V. G. Oklobdzija, “Modular Telecommunication
Converter,” by S. Cuk, “Application of Field Theory Techniqu-
es in MIC and MMIC Design,” by N. Uzunoglu, “Sinusoidal
Output Voltage Generation with Five-Phase Voltage Source
Inverters,” by E. Levi, “Modern Power Electronics Techno-
logies for Wind Power Plants,” by V. Katic, “Three-Phase
Low-Harmonic Rectifiers That Apply Current Injection in the
Discontinuous Conduction Mode,” by P. Pejovic, “Contem-
porary Motion Control Systems,” by S. N. Vukosavic, and
“Energy Efficient Multi-Core Processing,” by C. Leech and T.
J. Kazmierski.

Today, Electronics journal keeps its pace with the modern
research in the field of electronics. We receive contributions
from all the continents and follow the strict and high-quality
publication standards and practices. Obviously, this could not
be done without support from reviewers, who also come
from all over the world. We usually select the reviewers
from our pool, meaning that they already published papers
in the Electronics journal. However, we also try to expand
our network by looking for external researchers with highly
reputable publication track record. Many of them willing to
help and we mostly receive high-quality review reports in time.
We use this opportunity to thank all reviewers for their hard
work and support all this time.

Recently, we extended our Editorial Board with new mem-
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bers who proved to be very cooperative and helped increasing
the journal visibility. We continuously receive applications,
which we try to respond to as quickly as possible. We will
most certainly continue on this path and look for new, highly
motivated and reputable researchers, who would like to be
part of our family. Aiming at highest quality, from 2021 we
become a CrossRef memeber and from 2022 every received
paper is checked against plagiarism.

In the following years, we will keep hard-working not only
on preserving the stand we currently have, but also improve

our publication standards as much as possible. We will already
start this year with preparations of application for evaluation
of the journal by Clarivate Analytics. We believe some weak
points identified earlier were addressed during the last few
years. Therefore, we think we can be optimistic in expecting
a positive results and feedback from the evaluators.

Finally, we would like to thank all authors and readers for
being with us all these years and giving us support and strength
to persevere and overcome all challenges that we faced during
this journey.
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Abstract— Programmable logic controllers (PLC) devices play an 
important role in automation systems; therefore, technicians must 
have adequate training with these devices. If a student wants to 
learn about PLCs, they will find two problems. First, training pro-
grams are expensive, and second, PLC modules are not suitable for 
gaining hands-on skills. This study proposes the implementation 
and validation of a less expensive PLC module that is accessible 
to students interested in learning about this technology. Two pro-
totypes were developed using a PIC16F877 and an ATMEGA328P 
microcontroller. This study describes the enhancement made in 
the second prototype over the first prototype. Finally, a compar-
ison test between the two prototypes and two commercial PLCs is 
demonstrated. A MyRIO programmed as a data logger monitored 
the PLC operation for 12h. The program recorded the response 
time of the PLC output each time a 24 volts signal was sent to 
its input. The results show that commercial PLC has a fast and 
more stable response time. Nevertheless, the developed modules 
proved to work effectively for 12h, demonstrating their efficiency 
for training.

Index Terms— Interactive, Less Expensive, PLC Trainer, Portable.

Original Research Paper
DOI: 10.53314/ELS2226039P

I. Introduction

BECAUSE of the rapid pace of technological development, 
professionals must keep their knowledge up to date. This is 

true for automation systems, with the introduction of program-
mable logic controllers (PLC). These devices were designed in 
the 1970s to replace the relay control devices used in the indus-
try to control machines and processes. The device includes a 
wiring interface for connecting to external devices and a pro-
grammable interface for developing a control algorithm [1]-[2].

PLC devices are used in industry to reduce costs. Produc-
tion lines originally operated by employees are now replaced 
with PLCs. Therefore, industries require employees with skills 
to operate and maintain PLCs in automation environments. 
Therefore, students in institutes and universities must be trained 
in PLCs programming and installation.

The availability of specialized courses as new PLC devices 
emerge and the cost associated makes it difficult for students to 

find adequate training [1]. Therefore, institutions prefer a the-
oretical and simulated approach, which hinders student practi-
cal training [3]. However, PLC training kits are not suitable for 
students to acquire hands-on skills, because the prefabricated 
casing provides almost no access to the PLC wiring [4]. There-
fore, it is difficult to find appropriate training for this purpose.

Commercially available PLCs devices can cost around $300 
or more; however, related research indicates that economical 
devices can be designed using commercial devices. For exam-
ple, [5] designed a PLC module using the Atmega8L that had 
a cost of around $20. Similarly, [6] describes the design of a 
less expensive PLC module based on the PIC18F4580. Finally, 
[1] focuses on the design of a training module based on the 
DVP14SS2 PLC, the reported cost is around $214.

According to [7], the features of a PLC training module 
should emphasize hardware connection of the inputs and out-
puts. Additionally, [3] states that PLC training modules must 
be portable and easily accessible rather than modules that fit in 
large spaces. Their design consisted of a small training kit with 
dimensions of 47 x 37 x 27 cm and a weight of 10 kg. Similarly, 
[8] developed a training PLC module with dimensions of 100 
x 44.1 x 92.7. Although the design is not portable, his main 
objective was to solve the lack of training kits.

A questionnaire to evaluate the effectiveness of a PLC mo
dule designed with an ATMEGA256A3U microcontroller was 
created in [9]. The questions were applied to 60 laboratories, 
and the main topic was the ease of use of the module. The results 
showed that 51 laboratories evaluated the module with good to 
excellent remarks. Only 3 laboratories sent 3 poor remarks.

Less expensive PLC modules can also be implemented us-
ing development boards and adding the required power circuit 
for the I/O pins. Parab [10] describes the use of an Arduino 
UNO to create a temperature control system with relay logic. 
Similarly, Comlan [11] uses Arduino to execute programs de-
veloped from a GRAFCET free editor in Java. Another plat-
form used is Raspberry Pi, Vieira [12] describes the use of these 
module to implement a PLC designing an industrial shield for 
the I/O pins. In the same way, Ahmad [13] uses the Raspberry 
Pi 3 B as a PLC to control the sedimentation process of water 
treatment plant. For the modules the described hardware con-
sists of a voltage divider with an isolation circuit for the inputs; 
and the outputs pins control a relay that turns on/off the loads 
connected to it.

The use of raspberry as a PLC can go further for real-time 
applications. Ogorodnyk [14] describes the use of a Raspber-
ry Pi to collect data in real-time from sensors of molding ma-
chines. Additionally, Mastang [15] employs a Raspberry Pi to 
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collect data from a PLC and deliver information to a database 
for real-time monitoring. The synchronization of the device is 
done from applications that acquire time from a computer. For 
the case of stand-alone applications an external real-time clock 
can be added.

Regarding the programing software, most commercial PLC 
require a license for its use. Another option is to employ open 
source software. Rodriguez [16] in 2014 presents OpenPLC, a 
software that allows to write PLC programs according to the 
IEC 61131-3 standard. This software has been used to test the 
PLC security against anormal operation [17], and against cyber 
attacks [18]. These tests demonstrate that the software is a val-
id platform to evaluate PLC functionality. Having access to the 
code enables to perform various studies on the PLC operation in 
search of faults, which is difficult with a commercial PLC soft-
ware. Finally, another software is LDmicro, Vishnu [19] uses this 
software to develop an accessible PLC module for developing 
countries.

Previous research, show that PLC modules can be developed 
from microcontrollers and commercial development board; by 
adding additional circuitry to operate with higher voltages as 
used in the industry. These studies focus more on the develop-
ment of portable PLC modules, with the results focusing on their 
effectiveness as relay controllers. However, these studies do not 
compare their performance with that of commercial PLC. There-
fore, this study is novel in that it compares the performance of a 
modular PLC with that of a commercial Siemens PLC. The AT-
MEGA328P was used to develop the modular PLC and the valida-
tion test was performed with National Instruments MyRio-1900 
[20]. This device has configurable I/O that are configured with 
LabView software and is used for developing applications that 
work with onboard FPGA and microprocessor. For this research 
the MyRio device was configured as a data logger. The contents 
of this study are as follows; the first section describes the design 
and implementation of the PLC module using two different mi-
crocontroller and explains how the first prototype was improved; 
the second section is about the programming interface; the third 
section shows the tests performed to compare the module per-
formance with a commercial PLC followed by a discussion of 
the results; finally, the conclusions and future research are stated.

II. Design of PLC Module

A. Hardware Design
The PLC module uses commercially available components; 

the ladder programming language was used, which is simple for 
electricians to understand, and it works with 24 volts inputs and 
outputs. Two prototypes were developed in this step using two 
different microcontrollers, the PIC16F877 and ATMEGA328P. 
Because the PLC works with high-power devices, the control 
unit must be protected. Therefore, the input is designed around 
an optocoupler, and the output is designed around a relay, to 
electrically isolate the power circuit from the control circuit.

Fig. 1. shows the input circuit for the first prototype. To ac-
tivate the LED inside the optocoupler, a 24-volts input is con-
nected to a voltage divider. This signals the phototransistor, 

which activates the microcontroller input through an inverting 
gate and resistor R1. Additionally, an external LED is connect-
ed to the phototransistor as a signaling device.

Fig.1. Electronic diagram of PLC module input for the first prototype.

In the second prototype, the inverting gate was eliminated. 
The external LED was connected in parallel with the optocou-
pler input to allow the user to diagnose the input circuit in case 
the optocoupler failed. Finally, the output of the phototransistor 
is connected directly to the microcontroller through resistor R2. 
The circuit for the input is shown in Fig. 2. 

Fig. 2. Circuit diagram of PLC module input for the second prototype.

Fig. 3. shows the output circuit for the first prototype. The 
digital pin of the microcontroller activates the LED of an opto-
coupler through an opamp wired as a buffer. The transistor on 
the other side is connected to the coil of a relay. The relay nor-
mally open contacts are the exit of the PLC. This configuration 
enables the user to control actuators that operate on different 
DC or AC voltages. Finally, a LED is connected in parallel with 
the relay coil to indicate that the output is activated.

Fig. 3. Electronic diagram of PLC module output for the first prototype.

In the second prototype, the optocoupler and op-amp are re-
placed by a transistor. The transistor is connected directly to the 
relay coil. As in the previous case, the normally open contacts 
of the relay are the PLC output, and a LED is connected in par-
allel with the relay coil to indicate an activation of the output. 
The circuit for the output is shown in Fig. 4.

Fig. 4. Circuit diagram of PLC module output for the second prototype.
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A 4-pin connector was used to connect two analog pins on 
both prototypes. The 24-volts energy supply for the module was 
accessible through two pins. A step-down converter was used 
to supply 5 volts to the microcontroller. A LED was connected 
near the voltage supply port to indicate that the device is pow-
ered on.

B. Programming Interface
To program the PLC module, “LDmicro” software was 

 used [21]. It is an open-source code that allows users to write 
ladder diagrams and generate the HEX files to program micro-
controllers. The PICKIT is commonly used to program the PIC 
microcontroller; however, for this case, the BK precision pro-
grammer 844USB device programmer was used for its avail-
ability in the institution [22]. The first prototype (Fig. 5.) has a 
40-pin zif socket for the microcontroller. An external 14 MHz 
crystal was used to match the clock requirements established by 
the LD Micro software. Finally, the board dimensions are 17 x 
14 cm, including the space for 4 PCB spacers.

Fig. 5. Developed PLC prototype using the PIC16F877.

Fig. 6. Developed PLC prototype using the ATMEGA328P.

For the second prototype, a commercial version of the US-
Basp programmer was used for its low price [23]. A 10-pin 
male connector located near the microcontroller was used to 
connect to the programmer. According to the requirements of 
the LD Micro software, the Atmel internal clock was adequate 
for proper operation. The developed board is shown in Fig. 6., 
its dimensions are 14.1 x 11.3 cm, which are smaller than the 
previous version.

C. Price of Developed PLC Module
The components of the first PLC module, excluding the 

PIC programmer, cost approximately $60. This price includes 
a printed circuit board (PCB) and the required tools for PCB 
etching. For the second module, the price for acquiring the 
components was also approximately $60. This price includes 
the AVR programmer, the PCB, and the tools for etching.

D. Corrections made in the second module
With the first PLC module, students demonstrated a bad 

habit of connecting the supply voltage in reverse polarity, 
which causes the module step-down converter to explode. To 
avoid this issue an N channel MOSFET with a 24-volts input 
was used as reverse supply protection.

Each time the supply voltage is reversed, the MOSFET will 
automatically shut down the power that supplies the PLC mod-
ule, protecting all the components.

Another problem was discovered after students discon-
nected and reconnected the wire several times from the screw-
type terminal blocks. Each time the screwdriver was used, the 
pressure applied slowly broke the solder used in the terminal 
blocks. After several tests, the PCB tracks and the solder used 
made false contacts, which cause the program to not work ac-
curately. One solution was to increase the thickness of the PCB 
board from 1.5 to 3 mm, but this makes it more difficult to cut 
the board. Another solution was to increase the number of PCB 
spacers place them near the screw-type terminal blocks.

E. Comparison with Open-Source Modules
This section presents a comparison between the developed 

module and other commercial open source PLC modules. Table 
I summarizes the principal technical characteristics of the de-
veloped module against the following modules:

1) Controllino [24] mini designed with the ATMEGA328P 
microcontroller.

2) PICPLC16 [25] designed with the PIC18F97J60 micro-
controller.

3) AVRPLC16 [26] is designed with the ATMEGA32 mi-
crocontroller.

The information shows that the developed module hardware 
is similar to other commercial modules. The main difference is 
in the price. Commercial modules are designed to comply with 
industrial standards, which increases the price as more precise 
components are required. The developed module application is 
intended for education purposes; therefore, protection against 
harsh, dirty and electrically noise environments is not devel-
oped.
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Table I
Comparison of Technical Characteristics of Develop Module Against 

Commercial OpenSource PLC Modules

Developed 
module

Controllino 
Mini

PICPLC16 V7 AVRPLC16 V6

Inputs 6 8 16 8
Outputs 8 8 16 16
Output Type Relay Digital and 

Relay
Relay Relay

Analog Inputs 2 5 3 8
Supply Volt-
age

24V DC 12V DC or 
24V DC

7 - 23V AC or 
9 - 32 V DC

12 - 22 V AC or 
16 - 30 V DC

Programming 
Software

LDmicro Any Arduino 
compatible 
software

mikroC PRO, 
mikro BASIC 
PRO and 
mikro PAS-
CAL PRO

Any software 
that generates 
hex files for 
AVR microcon-
trollers.

Serial Com-
munication

UART SPI, UART 
and I2C

SPI, UART 
and I2C

UART

Price $ 60 $ 149 $ 179 $ 159

F. Comparison with commercial PLC Modules
Table II shows a comparison between the developed module 

and the following industrial PLC module: 
1) Siemens S7-1200 CPU1212C [27]
2) Siemens LOGO 24CEO [28]
3) Micro 810 2080-LC10-12QWB [29]

Table II
Comparison of Technical Characteristics of Develop Module Against 

Commercial PLC Modules

Developed 
module

S7 1200 CPU 
1212C

LOGO 
24CEO

Micro 810 
2080-LC10-
12QWB

Inputs 6 8 8 8
Outputs 8 6 4 4
Output Type Relay Digital Digital Relay
Analog Inputs 2 2 4 4
Supply  
Voltage

24 V DC 20.4 – 28.8 
V DC

20.4 – 28.8 
V DC

24 V DC/ V 
AC

Price $ 60 $ 360 $ 100 $ 130

Table II summarizes the principal hardware characteristics. 
Where the input and output capability of the developed PLC 
module is comparable with an industrial PLC. Other charac-
teristics are not shown, because it was not designed to match 
industrial standards.

III. Validation of PLC Module

A. Proposed Methodology
To test the developed PLC module performance a compar-

ative test with two PLC Siemens was performed, the selected 
PLC were the Siemens S7-1200 CPU 1211C AC/DC/RLY and 
the Siemens LOGO. The National Instruments MyRio-1900, 
programmed as a data logger, was used for the test. Since the pur-

pose of the developed module purpose is for training, the oper-
ation time usually doesn’t exceed an hour. Nevertheless, the test 
duration was programmed for 12h to determine whether the de-
veloped module can work as a commercial PLC without failing.

The data logger was programmed to send a signal every 5 
seconds to the PLC input and count the time ticks until the PLC 
exited the corresponding output. The PLC program logic is sim-
ple, with an input connected to an exit (Fig. 7.).

Fig. 7. Ladder Diagram to test the PLC module.

The data logger was programmed to accurately record the 
PLC operation time. The scan time, which was set to 10 msec 
was used to determine the operation time of the PLC. The data 
logger has two programming modes; Real-Time and FPGA 
modes. In Real-Time mode the smallest clock tick is 100 msec, 
which is longer than the PLC operation time. However, the 
FPGA minimum clock tick is 25 ns, which is less than the PLC 
operation time. 

Fig. 8. shows the connection between the data logger and 
PLC. The module sent a signal every 5 s to the input and record 
the time required to generate and output. The device operated 
autonomously and could detect any failure using this method.

Fig. 8. The connection between MyRIO and PLC module.

As shown in Fig. 8, a relay was used to connect a 5-volts 
output to the data logger with a 24-volts input of the PLC. Be-
cause the relay adds a small delay, this time had to be subtracted 
from the data registered by the data logger. The relay model 
is the JZC-22F-6VDC from Ningbo Forward Relay Corpora-
tion. According to the datasheet, the operation time is less than 
15 msec, which is not enough to estimate the correct timing. 
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Therefore, the selected relay was tested using an oscilloscope. 
The result is shown in Fig. 9.

Fig. 9. Operation time of the relay used for Datalogging.

The delay time for the command signal to arrive at the PLC 
module from the data logger is around 5 ms. This value was 
used to correct the data obtained from the data logger. Final-
ly, the temperature sensor TCN75A from Microchip, was pro-
grammed to visualize if the temperature variation affects the 
results. The PLC module is connected to the data logger for the 
described test procedure is shown in Fig. 10.

Fig. 10. PLC module connected to the data logger to test its operation for 24 h.

B. Results
Four different PLC models were tested, including the first 

PLC module, the second PLC module, the Siemens LOGO 
PLC, and the Siemens S7-1200. The scan time for each PLC 
was set to 10 msec. Each PLC was subjected to a 12-h test to 
determine its response time. The following graphs show the 
results obtained by the data logger, also temperature readings 
plotted along each dataset. The datasets shown correspond to 
one input and output, similar results can be obtained when per-
formed on other pins of the PLC. Additionally, the interquartile 
range of each dataset is shown in tables beneath each graph.

Fig. 11. Dataset obtained from the data logger for the first PLC module.

Table III
Quartile values for the dataset obtained from  

the first PLC module.

Smallest Value 14.2
Q1 17.65
Q2 20.11
Q3 22.59
Largest Value 26.06

Fig. 12. Dataset obtained from the data logger for the second PLC module.

Fig. 13. Dataset obtained from the data logger for the PLC Logo.
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Table IV
Quartile Values for the Dataset Obtained from the Second PLC 

Module.

Smallest Value 9.94
Q1 13.02
Q2 15.26
Q3 17.64
Largest Value 20.36

Table V
Quartile values for the dataset obtained from the 

second PLC Logo.
Smallest Value 7.71
Q1 13.9
Q2 14.05
Q3 14.9
Largest Value 17.67

Fig. 14. Dataset obtained from the data logger for the PLC S7-1200.

Table VI
Quartile Values for the Dataset Obtained from the Second  

PLC S7-1200.

Smallest Value 7.93
Q1 13.9
Q2 14.05
Q3 14.9
Largest Value 17.98

IV. Discussion

As previously stated, the tests were designed to last at least 
12h. The objective of the test was to determine the stability of 
the circuit to response to the input under a controlled time. The 
datapoints gathered are adequate to validate the functionality of 
the developed PLC modules.

To analyze the response time, the interquartile range was 
calculated for each dataset. The results are shown in Table VII. 
For commercial PLCs the response time is small compared with 
the developed PLC modules. This can also be confirmed visu-
ally in Figs. 10-13.

Table VII
Interquartile Ranges for each PLC Dataset.

Device Name Interquartile Range
PLC Module with the PIC microcontroller 4.94
PLC Module with the AVR microcontroller 4.62
PLC Logo Siemens 1
PLC S7-1200 1

There are two possible explanations for these results. One 
is related to the stability of the components used to implement 
the PLC modules. As stated in section two, the PLC module 

used commercially available components so that it could be 
affordable for students. The components used usually have 
significantly high tolerances and are susceptible to tempera-
ture changes. The second explanation is related to the software 
used to design the ladder diagrams. The LDmicro open source 
code is a convenient method to program the developed module. 
However, the ability of the code to produce outputs exactly at 
the programmed scan time has not been validated. Further tests 
should be conducted directly in the microcontroller to verify 
this parameter.

The four PLCs were programmed with a scan time of 10 
msec. The median shows how close the PLCs are to this value. 
The median for Siemens PLC is around 14 msec, with only the 
second prototype median, which is 15.26 msec is close to this 
value. The first PLC module median has a value of 20.11 msec, 
which is 5 msec higher than the second module. This is mainly 
caused by the number of components used in the first module 
compared to the second module.

V. Conclusion

A less expensive PLC module was developed using locally 
available components at a cost of approximately $60. During 
the design phase, two modules with different components were 
developed. The second module corrected the errors found in the 
first module making its response time 5 msec faster when the 
median values of each dataset were compared. A comparison 
with other commercial PLC modules shows that the hardware 
input and output capability are similar.

A comparison test with a SIEMENS Logo PLC and an S7-
1200 PLC was performed using a MyRio programmed as a data 
logger to verify the functionality of the PLC module. Addition-
ally, a temperature sensor was connected to the datalogger, to 
measure temperature variations that could affect the readings. 
The duration was programmed to last at 12h. These data show 
that the PLC can work reliably for a long time without failure.

After analyzing the data collected by the data logger, the 
results show that the quartile range is small for the SIEMENS 
PLC compared with the developed PLC. The main reason is the 
low tolerance of the electronic components used to implement 
the module. Although it has not been validated, and the scan 
time of the ladder software may also be responsible for this. 
This time should be properly validated using direct testing on 
the microcontroller pins.

VI. Future Research

Further work involves the validation of the PLC module op-
eration under the following environmental conditions:

• Although a temperature sensor was connected to the da-
talogger, a test to measure the variations of the scan time 
under different temperatures was not performed. The PLC 
module can be placed in a test cabin where the environ-
ment temperature is controlled.

• Another test is related to the measurement of vibrations. 
For this test a test bench with controlled oscillations is 
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required to measure the variation of the scan time under 
different oscillations conditions.

Finally, a test to verify the effects that the software can have 
on the scan time is needed. The test consists of measuring the 
scan time directly in the input and output pins of the microcon-
troller without additional hardware.
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Abstract— In this work, the design and performance of a circularly 
polarized (CP) antenna designed using characteristic modal analy-
sis (CMA) for military band application is presented. The substrate 
used is single-sided glass-reinforced epoxy and the antenna dimen-
sions are 37×37×1.6 mm3. The antenna is compact, low-profile, circu-
lar polarized having an ARBW of around 500 MHz (center frequen-
cy 4.6 GHz). A coplanar waveguide (CPW) fed monopole antenna is 
used for excitation of the modified-square slot antenna that incorpo-
rates quarter section of circular symmetrical patches on the four cor-
ners. A stub orthogonal to the CPW fed monopole capacitively tunes 
the low Q mode as identified by CMA technique to shift to a lower 
frequency to create degenerate modes in military band for circular 
polarization generation. The 3-dB AR bandwidth of the antenna is in 
the frequency range 4.43-4.9 GHz and measured value of impedance 
bandwidth is 3.33 GHz. The fractional ARBW and impedance BW 
are 10.07 % and 61.6 % respectively. The peak antenna gain in the 
CP frequency band is 3.75 dBic. The proposed antenna exhibits good 
polarization purity, the minimum axial ratio is 1.38 at 4.6 GHz. The 
broad circular polarized antenna is suited for military applications 
covering the frequency range 4.43-4.9 GHz.

Index Terms— circular polarized, broadband, CMA, axial ratio, 
slot antenna.

Original Research Paper
DOI: 10.53314/ ELS2226046S

I. Introduction

Broadband circular polarized (CP) antennas have recently be-
come popular for wireless communication applications ow-

ing to their robustness to adverse channel and weather conditions, 
faraday rotation, and polarization mismatch problems. The re-
search community has shown great interest in planar circular po-
larized antennas for wireless applications due to easy fabrication, 
compact and lowprofile configuration and hence easy integration 
in portable wireless devices. 

Near degenerate modes having equal amplitudes and orthog-
onal phase [1] must be excited for generating CP radiation. For 
attaining compact designs with circular polarization, several tech-
niques have been implemented like current perturbations by using 
orthogonal peripheral slits [2], truncated corners [1], peripheral 
slits and truncated corners [3]-[5], loading asymmetri cal length 
slots of different shapes [6][7] in orthogo nal dimensions, fractal 
antenna structure [8], fractal defects in ground plane [9]. Though 
the design has a compact structure, the AR bandwidth obtained is 
less than 2.5 % [2], [4]-[9]. In [3], an axial ratio bandwidth of 5.8 
% has been attained along with a size reduction of 6.6 %. 

Generation of CP over a broad frequency range requires main-
taining the orthogonality of phase over a wide frequency range in 
addition to their nearly equal amplitudes. The broadband circular 
polarized antenna design proposed in this work is uses CMA based 
insights to identify the degenerate modes required for circular po-
larization, which are then excited for wideband CP radiation. The 
antenna must be easily integrable in wireless devices and exhibit 
fairly good gain. Several recent works for the design of circular 
polarized antenna have used different techniques to generate the 
orthogonal degenerate modes that combine for CP generation. A 
square slot antenna has been designed on Rogers RO3003 sub-
strate using an Ishaped radiator and modified ground plane hav-
ing inverted L-shaped strip is proposed [10]. The design is very 
simple with a size of only 0.69λ0 ×0.69λ0 ×0.052λ0 and demon-
strated an axial ratio bandwidth of around 36%. A truncated edge 
circular polarized antenna on an inclined ground plane [11] has 
been used for wideband CP  generation at the cost of gain. Use of 
antenna ground plane to obtain the orthogonal phase relationship 
required for the two degenerate modes is carried in [12]-[13] the 
technique is suited to specific applications as it is limited by the 
ground dimensions. A compact antenna using the low cost FR4 
substrate has been proposed by Haiyan Piao [14]. The antenna 
incorporates the use of PIFA for generating the linear polarized 
radiation characteristics. The orthogonal mode is excited by use 
of orthogonal branch to the PIFA. Phase quadrature between the 
modes is obtained through inductive effect of the shorting pin that 
connects the PIFA branch to ground plane and capacitive cou-
pler at ground plane corner. Ground mode tuning structures have 
been used to tune resonances of degenerate modes by varying the 
inductance due to shorting pins to generate circular polarization 
characteristics. Though the antenna is compact with a ground size 
of 0.25 λ0 × 0.25 λ0, but it exhibits low gain 1.4 dB and narrow 
axial ratio bandwidth of 90 MHz (3.6 %). A simple design of 
monopole antenna utilizing parasitic loops and asymmetrical slot 
in ground plane [15] has been used to achieve CP characteristics. 
Though the design is very simple and demonstrates a good axi-
al ratio bandwidth of 3.76GHz (83.9 %), the antenna bears large 
electrical size (0.84λ0×0.84λ0) whereas gain is only 2.4 dBic.

The present communication demonstrates a new design of a 
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glass-epoxy based, low-cost, planar wideband CP antenna based 
on CMA approach for military communication. The design is 
compact, has peak gain of 3.75 dBic and is useful for military 
band communication. The design is a modification of the basic 
wide slot antenna fed by a monopole as described in stage 1(ini-
tial stage) in [16]. The design is modifiedsquare shaped slot an-
tenna with circular corners and stubs protruding from edges of the 
square slot antenna for circular polarized radiation characteristics 
is presented. A stub orthogonally placed with respect to the mo-
nopole is used to enhance the impedance matching at desired fre-
quency. This also generates the circular polarization characteristic 
and hence improves the AR bandwidth. The broadband circular 
polarized antenna presented in this work is useful for military ap-
plications like transfer of data/images captured during radio sur-
veillance, communication, etc.  The paper organization is as fol-
lows: section I includes brief introduction and motivation, section 
II(A) describes CMA based antenna design methodology, section 
II(B) refers to parametric study, section III relates to discussion of 
results & comparative analysis, section IV is conclusion.

II. Antenna Design

The antenna design substrate used is easily available sin-
glesided glassreinforced epoxy (ϵr = 4.4 and tan δ = 0.025) 
having dimensions of 31 × 31 mm2, and thickness 1.6 mm. Fig. 
1 depicts the structure of proposed wideband CP antenna. The 
antenna design process involved simulations using FIT (Finite 
integration Technique) based transient solver of CST Micro-
wave studio software with hexahedral meshing.

The steps involved in antenna designing are graphically rep-
resented in Fig. 2, whereas Fig. 3 depicts the changes in surface 
current at each subsequent stage at a frequency of 4.5 GHz. 
Fig. 4 depicts subsequent improvement in impedance matching 
performance and ARBW of the proposed antenna. 

                            
a) 

b)
Fig. 1. Proposed circular polarized military band antenna design (a) top view of 
geometry (b) bottom view of geometry. 

A. Design Process

      
                              Stage 1                                         Stage 2   
                          

      
                    Stage 3                                          Stage 4

Fig. 2. Design process of the proposed circular polarized antenna
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Fig. 3. Surface current at 4.5 GHz at each design stage of design process

     
(a)

(b)

Fig. 4(a). Variation in Reflection coefficient with frequency (b).  Variation in 
Axial ratio with frequency

Initial antenna design [16] is a square-shaped slot antenna 
designed for lowest frequency of operation in the desired cir-
cular polarized band. The square slot is excited using a CPW-
fed monopole. The slot antenna bears a symmetrical current 
distribution in ground plane, thereby creating a strong vertical 
polarized radiation due to current in ground and monopole. The 
antenna in stage 1 exhibits resonance at around 4.2 and 7.5 GHz 
as in Fig 4(a). CMA analysis [17], [18] is performed for the 
antenna in stage 1 to obtain insights into the natural resonance 

frequencies of the antenna (Fig. 5). Modal significance [17] de-
noting the significant modes is represented by (1) below.

                  (1)

It can be inferred from Fig. 5 that the modes 3 and 4 are 
inherently low Q modes and therefore they must be excited and 
tuned to the desired frequency band so as to act as degenerate 
modes for CP generation.

Fig. 5. Modal significance coefficient (Antenna in stage 1)

The basic antenna in stage 1 is a wide slot antenna modified 
by introducing symmetric circular quarter-sections having radii 
5.1 mm in each of the corners as depicted in stage 2 to create a 
shorter path for current in antenna ground plane to increase the 
resonant frequency of mode 3 from around 4 GHz (as in Fig 5) 
to around 5 GHz (Fig 4 (a)). The symmetry in current distri-
bution of ground plane remains intact and therefore antenna in 
stage 2 generates linear polarized radiation. The antenna design 
is further modified by introducing an orthogonal capacitive stub 
(stage 3) that lowers down the resonant frequency of mode 4 
from around 6 GHz (as in Fig. 5) to nearly 5 GHz, thus excit-
ing the modes 3 and 4 in the desired frequency range to cause 
CP operation. The current distribution in figure 4(b) depicts the 
strong horizontal component of current in the orthogonal stub 
that combines with the vertical current component generated by 
virtue of monopole in appropriate phase to generate CP. To im-
prove the axial ratio bandwidth further, thin strips inductively 
coupled to antenna ground plane are introduced as depicted in 
stage 4. The antenna in stage 4 is circularly polarized over 4.39-
4.97 GHz (fig. 4(b)). Subsequent to parametric optimization of 
the final stage 4 design for the given objectives, the final opti-
mum dimensions are established as listed in Table 1. 

B. Parametric Optimization

Effect of stub length ‘Ls’: Effect of length of the orthogonal 
capacitive stub on impedance matching performance and axial 
ratio characteristics are studied (fig 6). The stub length is used 
to vary the amount of capacitance and thus the resonance fre-

        𝑆𝑆𝑛𝑛 = | 1
1+𝑗𝑗𝜆𝜆𝑛𝑛

|                                                                                (1) 
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quency as in Fig. 6. It can also be used to tune to the desired 
center frequency for CP operation.

Table I
Final Dimensions of Optimized Structure

Parameter Value 
(mm)

Parameter Value 
(mm)

Parameter Value 
(mm)

L 37 Wf 3 r 5.1

Lg 5 L1 4.1 g 0.3

Ls 8.6 L2 5.5 t 0.5

Ws 2.6 L3 7 s 0.8

Lf 13.4 L4 8.4 w 1

  
(a)

(b)

Fig. 6. Impact of stub length on (a) return loss (b) AR

Effect of strip length ‘L3’ and ‘L4’: Strip lengths L3 and L4 
can be used to fine tune the impedance matching and axial ratio 
characteristics as illustrated in Fig. 7 and Fig. 8 respectively. It 
can be inferred that L3 and L4 have significant impact on AR of 
the antenna as depicted in fig. 8.

   
(a)

(b)

Fig 7. Impact of strip length (a) L3 (b) L4 on return loss

  
(a) 
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(b)

Fig. 8. Impact of strip length (a) L3 (b) L4 on axial ratio

III. Results and Discussion

The wideband CP antenna prototype proposed in this work 
was fabricated on low cost FR4 substrate using conventional 
photolithography technique. The fabricated prototype is shown 
in Fig. 9 (a). The antenna reflection coefficients were measured 
using an Agilent Network Analyzer N5234A PNA-L connected 
to SMA port of antenna and the measured values were com-
pared with the simulated reflection coefficient values in fig. 9. 
The antenna presented in this work is impedance matched for 
C-band and exhibits 10 dB impedance BW (measured) from 
3.74 GHz to 7.07 GHz, as compared to a simulated impedance 
BW of 4 GHz from 3.79 GHz-7.79 GHz.

The farfield measurements of the antenna were performed 
in an anechoic chamber, the measured and simulated values of 
axial ratio and boresight gain are depicted in fig. 10. The mea-
surements indicate a peak boresight gain of 3.75 dBic in the cir-
cular polarized band. The best value of measured axial ratio is 
1.38 dB at 4.6 GHz, indicating good cross polar discrimination 
at the given frequency.

TABLE II
Performance Comparison With Recently Published CP Antennas. (*BW denotes bandwidth, λ0 denotes wavelength at center frequency)

Ref Year Centre frequency 
(GHz)

Absolute Impedance 
BW*, GHz (Frac-
tional impedance*, 
%)

Axial ratio 
BW*, GHz 
(%)

Ground Size Substrate used

[19] 2015 3.89 0.54       
(12.6%)

0.13           
(3.48%)

π (0.38 λ0)
2 × 0.1 λ0 Taconic  (CER-10)

[20] 2018 2.51 0.155        
(6.2%)

0.04
(1.6%)

0.30λ0× 0.30λ0× 0.026 λ0 RT duroid, 
εr =2.33

[21] 2015 0.91 0.037 
(4.06 %)

0.008 
(0.87%)

0.16λ0× 0.16λ0× 0.003λ0 FR4

[22] 2012 2.45 0.8       
(32.65%)

0.1 
(4.34%)

0.45 λ0× 0.40 λ0 Rogers, 
εr =2.2

[23] 2011 5.9 10.33      
(132%)

2  
(32.2%)

1.19λ0× 1.19λ0× 0.015λ0 FR4

[24] 2018 2.845 2.03      
(71.35%)

0.32 
(14%)

1.61 λ0× 1.61 λ0× 0.015 λ0 εr =2.17

[25] 2014 1.61 0.09 
(5.6%)

0.035
(2.2%)

0.32 λ0× 0.32 λ0× 0.027 λ0 εr =3.4

[26] 2014 2.54 0.17 
(6.7%)

0.05 
(1.96%)

0.35 λ0× 0.35 λ0× 0.027 λ0 Rogers,
εr =2.2

[27] 2011 2.43 ≈0.3     
(12.5%)

≈0.08 
(3.2%)

0.81 λ0× 0.81 λ0× 0.013 λ0 FR4

[28] 2016 1.1 0.243    
(22.4%)

0.075 
(6.8%)

0.275λ0×0.275λ0×0.073λ0 PTFE,
εr =2.65

[29] 2018 3.02 0.18 
(6%)

0.13 
(3.3%)

1.525λ0×1.525λ0× 0.016 λ0 FR4

[30] 2017 5.7 2.8
(48.27%)

0.7,0.45
(11.9 %, 
 6.8%)

0.95 λ0 × 0.95 λ0× 0.42 λ0 RO4003, 
εr =3.55, 

[31] 2018 1.57 0.027
(1.71 %)

0.01 
(0.63 %)

0.21 λ0 ×0.21 λ0× 0.016 λ0 F4BK350,
εr = 3.5

[32] 2018 0.92 0.05
(5.43%)

0.012 
(1.3%)

0.21 λ0 ×0.21 λ0 × 0.01 λ0 FR4

[33] 2016 5.8 0.9
(15.5%)

0.21
(3.6%)

0.67 λ0 ×0.67 λ0 ×0.03 λ0 εr =3.67

proposed 2021 4.7 3.33 
(61.6 %)

0.47
(10.07%)

0.56 λ0 × 0.50 λ0 × 0.029 λ0 FR4 substrate



ELECTRONICS, VOL. 26, NO. 2, DECEMBER 2022 51

  

      (a)                    (b)
Fig. 9 (a) Fabricated prototype (b) measured vs simulated return loss coefficients 
of proposed structure

Fig. 10 Measured and simulated axial ratio and boresight gain 

  
(a)

(b)
Fig. 11 (a) E-plane and (b) H-plane normalized measured and simulated 
radiation patterns at 4.5 GHz

The  farfield 2D radiation patterns at 4.5 GHz are depict-
ed in fig. 11, the patterns indicates bidirectional radiation by 
the antenna. The radiation pattern indicates that the antenna is 
right-hand CP in +z-direction with a 3-dB AR beamwidth of 
90º in E-plane and 55º in the H-plane. The proposed antenna 
emantes left-hand CP radiation in -z-direction.

A performance comparison of circular polarized anten-
na proposed in this work with few recently published works 
is presented in Table 2. below. The proposed antenna exhibits 
wide fractional impedance bandwidth and AR bandwidth with 
compact antenna dimension. The antenna exhibits a peak gain 
of 3.75 dBic in the CP band and is useful for military band 
communication.

III. Conclusion

The paper includes the sequential design procedure using 
CMA technique and parametric analysis of the proposed de-
sign. The proposed antenna dimensions are 31 × 31 × 1.6 mm3. 
The antenna is singlefed, compact and lowprofile (0.029 λ0), 
making it easy to integrate into portable wireless devices. The 
proposed antenna prototype has been tested; the results are 
found to be in close agreement. The antenna displays a wide 
AR beamwidth of 90° at 4.5 GHz and a peak gain of 3.75 dBic 
is attained. This makes it suitable for use in phased arrays for 
airborne communication in military band.  
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Abstract— Wireless sensor network (WSN) is an emerging topic in 
wireless communication where various sensor nodes are connected 
over the internet for data exchange. Exchanging the information 
over the WSN is very critical; therefore, it requires authentication 
and security mechanisms to ensure integrity and confidentiality. 
To avoid unauthorized use of WSN, the authentication through a 
digital signature turns into an essential task in WSN. Verification 
of individual signature is taking too much time and it is not 
suitable for wireless sensor network. Digital signature verification 
time can be reduced by using batch verification techniques in 
WSN.  Therefore, the goal of this research is to examine and 
analyze the different type of batch verification algorithm based on 
Elliptic Curve Cryptography (ECC). With respect to security, the 
entire algorithm is identical to the standard Elliptic Curve Digital 
Signature Algorithm (ECDSA) verification algorithm. These 
algorithms are effectively limited to small batch sizes.

Index Terms—Digital Signature, Elliptic Curve Cryptography, 
Batch Signature Verification, ECDSA, Wireless Sensor Network

Original Research Paper
DOI: 10.53314/ELS2226053К

I. Introduction

A digital signature is desired in many applications in 
today’s modern world. Batch verification techniques of 

digital signatures verify multiple signatures simultaneously.
These verification techniques can be used in wireless sensor 
networks (WSN) due to their low computing cost and less 
verification time at the verifier end. The batch verification 
process has certified that the signatures in the batch are true 
or valid. The batch contains at least one or many more invalid 
signatures if its verification returns false. Digital signatures 
are frequently used in network-based applications like air 

traffic control, emarketing, ehospital management systems, 
and the processing of financial transactions. As a result, using 
batch verification in certain cases speeds up communication. 
Batch verification’s benefits can be used in WSN, which has 
computation time and energy constraints. As a result, batch 
verification saves time and energy.

Batch signature systems have been proposed for a variety of 
digital signature schemes. The Elliptic Curve Digital Signature 
Algorithm (ECDSA) is one such digital signature scheme. 
ECDSA is referred to as a lightweight digital signature method 
due to its minimal key size. The signature verification process 
is slower than the signature generation process in the majority 
of ECDSA signature schemes. Hence, verifying such signatures 
in a batch saves time over sequential verification. A variety 
of batch verification approaches can be used for verifying 
several ECDSA signatures simultaneously. It minimises the 
verification time and CPU consumption. Verifying several 
ECDSA signatures in a batch makes the verification more 
relevant in diverse real-time applications. Despite the fact that 
existing strategies, as assessed by Kittur et al. [19], attempt to 
reduce computing time, the majority of them are inefficient for 
larger batch sizes. ECDSA signatures are being considered for 
authentication in our research. ECDSA signatures are a variant 
of ECDSA signatures that enables a 40% increase in verification 
time efficiency.

Individual signature verification takes too much time, 
making it unsuitable for wireless sensor networks. Using batch 
verification techniques in WSN helps to accelerate digital 
signature verification. Consequently, this study’s objective is to 
evaluate and analyze several batch verification algorithms based 
on Elliptic Curve Cryptography (ECC). The entire technique 
is the same as the common ECDSA verification algorithm in 
terms of security. Effectively, these methods are constrained to 
small batch sizes. Fig. 1 shows a hierarchical order of batch 
signature verification techniques. 

The layout of the paper is structured as: Section 2 explains 
the brief overview of wireless sensor networks. Section 3 
introduces the major security threats to WSN. Section 4 
explains the related work of batch verification of digital 
signatures. Section 5 discusses the use of digital signature in 
WSN and its batch verification techniques. Section 6 explains 
the ECDSA batch verification algorithms. Section 7 describes 
the experimental setup of this research. Section 8 explains the 
experimental results and their analysis, and Section 9 concludes 
the solution and discusses future scope.
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Fig. 1. Classification of batch verification

II. An overview of wireless sensor networks

A wireless sensor network is made up of autonomous objects 
called sensor nodes that are dispersed around ongoing activities 
and work together to detect the physical state of the environment, 
such as vibration, motion, noise, temperature, stress, impurity, 
etc. In order to acquire specific information and send it to the 
base station for analysis via a multi-hop communication link, a 
specific sensor can detect events and objects that are within its 
sensing range. The base station then uses the internet to deliver 
the network data to the application server for further analysis. 
There are typically two types of wireless sensor networks: 
structured and unstructured. Structured WSNs typically have 
a limited number of nodes and are very simple to manage due 
to the predetermined placement of each node. It is extremely 
difficult to handle the unstructured WSN sensors because they 
are installed in an adhoc manner. In the WSN, each sensor has a 
sensing zone where it can detect an event or an object. A sensor, 
however, has very little processing power, the smallest buffer 
capacity, and limited processing ability. A huge number of 
nodes are working cooperatively, and managing all those nodes 
requires scalable and efficient algorithms. The dynamic nature 
of WSNs may have an impact on the network routing strategy, 
delay, localization, Quality of Service (QoS), coverage, 
connection quality, cross-layer design, fault detection, etc.

Fig. 2. Wireless sensor networks: basic architecture

WSNs have two key components with higher capabilities 
than other sensors: “aggregate points” and “base station.” 
Basically, aggregation points gather the data from the nearby 
sensors and transfer it to the “base stations” for processing. 
The basic architecture of WSN is shown in Fig. 2. Three key 
responsibilities of a sensor node are: (i) sensing the environment; 
(ii) data processing; and (iii) interacting with other sensor nodes 
via the base station/sink node.

III. Major Security Threats in WSN

Confidentiality, integrity, authentication, nonrepudiation, 
and anti-playback are all characteristics of security in WSN. 
WSN mostly consists of tiny sensors, which essentially have 
insufficient battery life, processing speed, and memory. Any 
of these security measures requires additional transmission of 
data, which requires additional processor, battery, and memory. 
Data encryption in a WSN could cause more jitter, delay, and 
packet loss. When applying security mechanisms to WSN, 
some critical questions arise, such as how keys are generated, 
disseminated, supervised, revoked, and allocated to new sensor 
nodes included in the network.  The two main categories of 
security threats in WSN are described below. One is a threat 
to a routing mechanism, and the other is a threat to a security 
mechanism. Some of the major threats to WSN are:

A. Denial of Service (DOS)
A Denial of Service (DOS) attack tries to consume the 

resources of the victim node by sending out illegal junk packets 
and prevents legitimate network nodes from accessing the 
resources. DoS attacks are possible across a wide range of WSN 
layers. At the physical layer, DoS threats can be jammed and 
tempered with the network. The data link layer is susceptible to 
exhaustion, collision, and unfairness. At the network layer, there 
may be misdirection, homing, black holes, garbage, and greed. 
Desynchronization and malicious flooding are both possible at 
the transport layer. To stop DoS attacks, the network requires 
strong authentication, pushback, and traffic identification. 

B. Attack on information during transit
A sensor node’s job is to keep track of, record, and report 

on various factors to a base station, such as temperature, sound, 
humidity, etc. In transit, information can be changed, replayed, 
and deleted. A hacker can eavesdrop on WSN traffic while it is 
being monitored and then intervene to alter, obstruct, or falsify 
data. Thus, inaccurate data could be transmitted to the base 
station. 

C. Sybil Attack
A node can spoof the identity of other nodes in a Sybil attack. 

In some circumstances, sensors in a WSN must collaborate to 
perform a task; thus, dissemination of subtasks or redundant 
data over sensor nodes may be possible. In this case, a node 
can impersonate many nodes by acquiring the identities of 
other valid nodes. A Sybil attack may target distributed storage 
mechanisms, routing mechanisms, data aggregations, voting 
mechanisms, fair resource distribution and techniques for 
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detecting bad behavior. The Sybil attack on a wireless sensor 
network is depicted in Fig. 3.
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Fig. 3. Sybil attack

Detection of Sybil nodes in wireless networks is too difficult. 
Radio resource testing was used by Newsome et al. to find out if 
there is a sybil node (S) in WSN. A Sybil node can be detected 
with a probability (Pr) is shown in eq. 1.

( ) ( ) ( )

( )
, ,

! ! !

! ! ! ! ! ! ( )
Pr 1 ( )

!

! !

r

allM S G

s m g

S s S M m M G g G S m M
n c

c n c

- - - - -
= -

-

∑

  

(1)

In this model, n indicates the number of neighbors, s 
indicates the number of Sybil nodes, m indicates the number 
of malicious nodes, g indicates the number of good nodes, c 
indicates the number of nodes that any one node can test at one 
time, S indicates the number of Sybil nodes, M indicates the 
number of malicious (faulty) nodes, and r indicates the number 
of test rounds.

D. Black hole/Sinkhole Attack
As a result of this attack, malicious nodes become black 

holes, attracting all traffic to themselves. The attacking node 
responds to the target node by taking the quickest route to the 
sink node when floodingbased protocols are in operation. The 
rogue node can manipulate the packets moving between the 
communication nodes if it is able to position itself between 
them. Fig. 4 is a conceptual representation of a black hole/
sinkhole attack.
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Fig. 4. Black hole attack

E. Hello flood attack
Hello packets are used by the attacking node to mislead 

the WSN sensors into thinking it is a neighboring node. Using 

a long radio broadcast range and significant computational 
power, the attacker uses the WSN to transmit hello packets to 
sensor nodes dispersed across a large area. The attacking node 
poses as a nearby node. In this instance, the attacker spoofed the 
information when the victim node attempted to interact with the 
base station through the attacker node.

F. Wormhole attack

In this crucial attack, the attacker tunnels packets from one 
network point to another. The compromising of a WSN sensor 
node is not necessary for this kind of attack. When sensors start 
to find local information, it starts to work. A wormhole attack 
scenario is depicted in fig. 5. The attacker duplicates the routing 
request packets to its neighbor nodes after receiving them from 
node N4. Node N4 gains parent status since it is in its range 
when a neighbor node receives a replay packet. Even though 
N4 was several hops away, the attacker convinced the victim 
nodes that it was only one hop away.
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IV. Related work

L. Harn et al. [1] introduced the Rivest Shamir Adelman 
(RSA) batch verification procedure, which recognizes the 
existing invalid signature. It has been suggested that many more 
strategies [2]-[5] can be used to detect invalid signatures in a 
batch of RSA signatures. It was proposed by Harn and Shao [2] 
that batch verification techniques can be used to detect whether 
the signatures in a batch of Digital Signature Standard (DSS) 
signatures contain an invalid signature. It has been proposed by 
Lin et al. [6] and Pastuskzak et al. [7] that identifies the location 
of faulty signatures in a specific batch of DSS signatures. The 
performance of an RSAbased batch verification scheme was 
analyzed by D. J. Guan et al. [8]. This approach is based on 
a randomized numbering test that randomizes signature order 
and validates it in batches, where k denotes the number of 
signatures. Individually, Koblitz [9] and Miller [10] presented 
ECCbased digital signature techniques for individual verifica
tion. To speed up ECDSA signature verification [11][12] se
veral batch verification techniques have been developed. As 
part of the Automatic Dependent Surveillance-Broadcast 
(ADS-B) System, A. Yang et al. [13] proposed a method ba-
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sed on hierarchical identity-based signatures with batch 
verification. By using batch verification, nsignatures can 
be verified more efficiently than independently. Cheon et al. 
[14] introduced a batch verification technique which requ
ires w-Non-Adjacent-Form (NAF) computation, where w 
denotes the window-width. The w-NAF method is used for 
calculating the square root computation. This scheme is more 
efficient in calculating point R of signature than traditional 
approaches. J. Liu et al. [15] designed an aggregate signature-
based monitoring batch verification scheme for the Internet 
of Vehicles (IoV). This scheme lowers the communication 
and computation costs to enhance the survivability of the IoV 
framework. The traditional approach for batch verification of 
the ECDSA algorithm is based upon the idea of taking square 
roots in the underlying field. S. Karati et al. [16] proposed a 
novel approach for batch signature verification which replaces 
the square root computation by symbolic representation. 
Therefore, it reduces the time consumption taken by the square 
root method. However, it is only effective for lower batch sizes. 
As the batch size increases, the efficiency of these signature 
algorithms decreases. For an anonymous authentication 
and batch verification scheme for Mobile Healthcare Crowd 
Sensing (MHCS), J. Liu et al. [17] proposed a bio-information 
batch verification scheme. In this scheme, the computational 
DiffieHellman Problem (CDHP) determines the hardness, and 
there is a lower computation overhead than in earlier schemes. 
However, it is only suitable for the MHCS system. Based on 
dynamic group management and certificateless publickey 
cryptography, L. Jiang et al. [18] proposed a fast and secure 
batch verification system. Following the establishment of two
way authentication between the proxy vehicle and the roadside 
unit (RSU), batch verification approaches relying on RSU
assisted vehicle management are provided. While boosting 
robustness in dynamic environments, this technique decreases 
transmission overhead and computational time. An analysis of 
alternative RSA, DSS, and ECDSA signature batch verification 
strategies is presented by A. S. Kittur et al. [19]. This study also 
highlights significant research concerns in other areas of RSA, 
DSS, and ECDSA. An automated system was introduced by 
KN. Sridharan Namboodiri et al. [20] for authenticating key 
agreements with vehicles and roadside units (RSUs), resulting 
in a significant reduction in data exchange traffic as well as the 
ease of batch verification of transactions. A. S. Kittur et al. [21] 
created an Internet of Things (IoT) Trust Model that assists 
the gateway node in identifying trusted sensor nodes that 
execute batch verification. The sensor nodes receive a batch 
of signatures from the gateway node, verify them with batch 
verification, and send back the results to the gateway node. It 
minimizes the likelihood of selecting unreliable nodes during 
verification and reduces the computational load on the gateway 
node at the same time. N.B. Gayathri et al. [22] proposed a 
certificateless signature (CLS) system that uses pairings 
to facilitate batch verification. Under the Computational 
DiffieHellman (CDH) assumption, the given approach is 
unforgeable. Furthermore, the scheme is proved without the use 

of the Forking lemma, which results in a very secure system. 
X. Hu et al. [23] proposed an identitybased batch verification 
(IBBV) scheme. It doesn’t employ bilinear pairing because 
it’s insecure and privacy-invading. For single and multiple 
messages, the overall calculation cost for signing and verifying 
is the same: 1.2 milliseconds. R. Jagadeesha et al. [24] present 
a new energy-saving strategy for mobile receivers. The Mobile 
Sender adjusts the batch size according to the amount of energy 
available at the receiver. When the mobile receiver’s energy 
level hits a specific threshold, the sender is notified to cut the 
batch size in half, lowering the amount of energy needed by 
the mobile receiver for batch signature verification. J. Shen 
et al. [25] present a secure realtime traffic data aggregation 
technique for vehicular clouds in vehicular adhoc networks 
(VANETs) by utilizing the data recovery property of the 
message recovery signature (MRS). The legitimacy of vehicle 
signatures is confirmed in this system, after which the original 
traffic data is reconstructed from signatures. When processing 
signatures from several vehicles, batch verification makes 
the scheme more efficient. H. Zhong et al. [26] proposed an 
improved elliptic curve cryptography digital signature system 
by optimizing the multiplicative inverse module of ECDSA. 
The ECC lightweight cryptography is used in this approach. 
This system was implemented using the MicaZ sensor 
network platform. M. S. I. Mamun et al. [27] proposed a group 
signature (GS) technique for Wireless Sensor Networks that is 
application-friendly. As a single short GS method, it incorporates 
linking, direct opening, message-dependent opening (MDO), 
revocation, and batch verification. P. Thorncharoensri et al. 
[28] suggested an “Aggregatable Certificate Less Designated 
Verifier Signature” (ACLDVS) method. ACLDVS is an ideal 
solution for IoT and vehicle ad hoc networks that require fast, 
privacy-preserving authentication methods. C. Meshram et al. 
[29] proposed an online/offline subtreebased short signature 
technique with a high security level. Chebyshev chaotic maps 
were used to share WSN fuzzy user data over a Galois field.

As a result of this architecture, offline storage can be 
reused during polynomial time rather than being created from 
scratch. By combining the advantages of Certificate Less 
Public Key Cryptography (CLPKC) and Aggregate Signature 
(AS), H. Du et al. [30] created a Certificate Less Aggregate 
Signature (CLAS) scheme without pairings. In a healthcare 
wireless sensor network, this technique ensures the privacy 
and integrity of healthcare information for many patients. 
By evaluating certain WSN reliability indicators such as 
data delivery resiliency, power consumption, coverage, and 
network capacity, the heuristic approach technique [31] may be 
used to assess the reliability of the suggested batch verification 
algorithms. In order to facilitate the individual verification 
of ECDSA signatures, the ECDSA* [32] scheme has been 
proposed. For message m and public key Q, the signature 
parameters in ECDSA* [32] are (R, s). ECDSA includes 
some additional information that is appended by the signer. 
However, it reduces verification time by 40% while increasing 
the signature size.
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Table I 
Representation of Terminology through Symbols

Symbol Description
Q The order of elements in a prime field Fq
E(Fq) Over a prime field Fq, an elliptic curve is defined
P Base point over curve E(Fq)
N The prime order of point P
h(m) Message(m) hash code
(m,r,s) Signature parameters of ECDSA
(m,R,s) Signature parameters of modified ECDSA
T Signature verification batch size

H The cofactor
  

| ( ) |qE F

n

Gen Key generation function
Sign Signature generation function
Verify Signature verification function
L Security parameter
Pk Public key
Sk Private key

V.  The use of digital signatures in WSN

Researchers have devoted a great deal of attention to securi-
ty in WSNs since data security has been the primary concern in 
WSNs over the last few years. It is possible for intruders to take 
hold of sensor nodes and upload illegitimate data. Authentica-
tion plays a vital role in prohibiting unauthorized access of data 
in WSN. For safety and security purposes, authentication of 
sensor nodes is required by digital signature algorithms. These 
signature schemes are represented symbolically in Table I.

Assume that (Gen, Sign, Verify) is a digital signature tech-
nique with security parameter l, batch size t and ( )n poly l∈ . 
An input security parameter 1n is passed to Gen function and a 
result is generated as (pk,sk). In this case, pk stands for a public 
key, and sk stands for a private key of length n. Sign is a sig-
nature generation algorithm which accepts private key sk and 
message m as input and produce signature s as an output (i.e.,

( )sks Sign m← ). Verify is a signature verifier function, which 
takes public key pk, signature s and message m as input and 
produces v as an output. (i.e., ( , )pkv Verify m s← ). the signature 
s is examined to be valid if and only if 1v = . In a batch with a 
size of t, the public key PK= (pk1, pk2, pk3…. pkt) and private 
key SK= (sk1, sk2, sk3…...skt) are generated by generator func-
tion Gen. The following conditions must be met by the batch 
verification algorithm to identify valid or invalid signatures.

If ipk PK∈ and ( , ) 1
ipk i iVerify m s =  for all (1, )i n∈

then 1 1 1 2 2 2(( , , ),( , , ),,,,,( , , )) 1n n nBatch pk m s pk m s pk m s =  and 
considered to be valid.

If ipk PK∈  for all (1, )i n∈  and ( , ) 0
ipk i iVerify m s =   

for some (1, )i n∈   then 

1 1 1 2 2 2(( , , ),( , , ),,,,,( , , )) 0n n nBatch pk m s pk m s pk m s =  and con-
sidered to be invalid.

The batch verification schemes verify multiple signatures 
at once. According to Karati et al. [14], ECDSA signatures can 

be verified in batches. This technique, however, is vulnerable 
to forgery attacks.  The basic approach for verifying ECDSA 
signatures issued by single and multiple signers is defined by 
eq. 2 and 3.

The batch verification algorithms verify the signed signa-
ture using the following three types:

•	Type-1: A single signer generates signatures for multiple 
messages (m1, m2, m3...mt) using his private key (sk). 
These signatures are all validated at the same time in a 
batch of t signatures (s1, s2...st).  

•	Type-2: Multiple message (m1, m2, m3 …mt) have been 
signed by multiple signers using their private key. The 
batch verification algorithm is being used for verification 
of signatures (s1, s2…st) at once, where signatures are 
generated by n different signers (2 )n t≤ ≤ .

•	Type3: Signatures that do not fit into either type1 or 
type2 can be classified as Type3.

VI. ECDSA Batch Verification

This study considered multiple signatures signed by the 
ECDSA algorithm. Various types of ECDSA signature verifi-
cation algorithms have been proposed for batch verification of 
signatures. This research tried to examine three variants of the 
ECDSA batch verification algorithm to verify the existence of 
invalid signatures. If batch verification is found to be invalid, 
then entire signatures in a batch need to be verified individually 
to find the location of those invalid signatures. Table II explains 
the steps of algorithm-A1. The algorithm-A1 is a standard 
ECDSA batch verification algorithm. For t-signed messages 

1,2,3,.....( , , )i i i i tM r s =∀  must need to satisfy the eq. 2.

1 1 1

( )
t t t

i i i i
i i i

R u P v Q
= = =

= +∑ ∑ ∑     (2)

If the entire signatures in a batch are signed by the same 
signer, then Q1= Q2= Q3= Q4= Q5=……... Qt= Q

1 1 1

( ) ( )
t t t

i i i
i i i

R u P v Q
= = =

= +∑ ∑ ∑
   

(3)

The number of scalar multiplications from 2t to [2, t+1] is 
minimized by computing two sides of eq. 2 and eq. 3, where 2 
represents the state where the signature is signed by the same 
signer and t+1 represents the state where the signature is signed 
by a tdifferent signer. From the signatures, only the x-coordi-
nate of Ri can be determined. In general, a given x-coordinate 
equates to two y-coordinates. Finding these y-coordinates re-
quires a time-consuming square root modulo q calculation.

There are generally 2t solutions of
3

1,2,3....( ) mod ,i i i tr ar b q =+ + ∀ . If any of these solutions 
satisfy eq. 2, the algorithm accepts the batch signatures; other-
wise, it rejects the entire signatures. Step-7 of the algorithm-A1 
executes 2t times to check 2t possible combinations for batch 
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verification, which is a very costly operation unless the value 
of t is small.

Table II 
AlgorithmA1: Signature Verification

Input:  Message M1, M2, M3……...Mt, thier signature parameters (r1, s1), 
(r2, s2), (r3, s3) ………...(rt,st) and public key Q1,Q2,Q3,…………Qt ac-
cordingly
Output: Accepts/Rejects entire signatures
Begin:

Step-1: Find 1
1,2,3.....modi i i tw s n-
== ∀

Step-2: Find 
1,2,3.....( ) modi i i i tu H M w n == ∀

Step-3: Find 1,2,3.....modi i i i tv rw n == ∀

Step-4: Find 
' '

0 0 0 0

( ) ( ) ( ) ( )
t t t t

i i i q i i q
i i i i

R u P v Q E F R u P v Q E F
= = = =

= + ∈ = = + ∈∑ ∑ ∑ ∑
if all the signatures belong to same signer

Step-5: If 3
1,2,3....,i i i tr ar b =+ + ∀  is not equal to zero and if the i-th signature 

is not a quadratic residue modulo q, reject it and remove it from the batch.

Step-6: Find 3
1,2,3....( ) mod ,i i i tr ar b q =+ + ∀

Step-7: For each 3
1,2,3....( ) mod ,i i i tr ar b q =+ + ∀  

check if '

1

( )
t

i i
i

R r y
=

= ∑  accepts entire signature

Step-8: Otherwise rejects entire signatures
End;

A. Modified ECDSA batch verification
A batch verification algorithm (algorithmA2) has been de-

veloped by concerting eq. 2 or eq. 3 to a form which eliminates 
the problem associated with y-coordinates of Ri. Table III shows 
the steps of the modified batch verification algorithmA2. The 
right side of these equations has been computed efficiently. The 
left side of these equations cannot be solved explicitly, but sym-
bolically with unknown values of y1, y2, y3... yt (y-coordinates 
of Ri). This paper finds sufficient information for verification 
of t signatures simultaneously by solving the system of linear 
equations. This new algorithm (algorithm-A2) is faster than al-
gorithm-A1 for smaller batch sizes (t≤8).

Suppose, Ri=(xi,yi), xi=x(Ri)=ri=ri+n, the y-coordinate 
yi=y(Ri) is not known , Therefore it is required to find the value 
of yi  from the eq. 4.  

3
1,2,3,...( ) mod ,i i i i ty r ar b q == + + ∀    (4)

Consider the point Ri = (ri, yi) on the elliptic curve E. Two 
non-zero points on the elliptic curve E are P1 = (w1, z1) and P2 
= (w2, z2).

Where P1≠±P2, the point P3=P1+P2 = (w, z) is the third 
point on curve E computed as:

2 1 2 1( ) /( )z z w wλ = - -      (5)

2
1 2w w wλ= - -    

(6)

1 1( )z w w zλ= - -   
(7)

By using the above formula repeatedly, the point R can be 
represented as: 

1

t

i
i

R R
=

= ∑

1 21 2

1 2 1 2

( , , .... )( , , .... )
( , )

( , , ... ) ( , , ... )
y tx t

x t y t

g y y yg y y y
R

h y y y h y y y
=    (8)

Where gx, hx, gy and hy are polynomials in Fq[y1, y2,…
..,yt]. Assume that the yi-degree of these polynomials is less 
than or equal to 1 for all i=1, 2…t. The denominator is rep-
resented as 2 3 1 2 3( ) ( , , ... ) ( , , ... )x t th y u y y y y v y y y= + . Now 
multiply gx and hx by the denominator. As a result, y1 can be 
removed using eq. 3, and the same process may be repeated for 
y2, y3, yt, allowing the point R to be represented as a pair of 
polynomials.

1 2 1 2( ( , , .. ), ( , , .. ))x t y tR R y y y R y y y=   (9)

The x and y co-ordinates of R can be computed using the 
right side of eq. 2 and eq. 3 as ( , ) , qR Fα β α β= ∃ ∈ .  It pro-
duces two multivariable equations as shown below:

1 2( , , .. )x tR y y y α=   (10)

1 2( , , .. )y tR y y y β=   (11)

The algorithmA2, uniquely find the value of Ri with 
x(Ri)=ri. This combination does not find the value of 

3
1,2,3....( ) mod ,i i i tr ar b q =+ + ∀  in Fq and it also eliminates 

the need for calculating '
i iR u P v Q= +  which is necessary for 

individual verification. The step13 of the algorithmA2 assures 
that the reconstructed point must lie on the curve. The point re-
construction process works efficiently for small batch sizes, but 
it is very difficult to find individual invalid signatures. When-
ever the algorithm fails in step-13, then the algorithm restarts 
from the beginning and repeats the same on sub-batches or re-
arranges for individual verification.

The value of 
0

( , )
t

x y i
i

R R R R
=

= = ∑ is symbolically calcu-

lated. The multivariate equation 0xRφ α= - =  (linear indi-

vidual in yi) has been considered for eliminating the value of 

yi. The value of y1 is eliminated first and substituting the val-

ue in the equation 3
1,2,3....( ) mod ,i i i i ty r ar b q == + + ∀ . This  

paper obtained a multivariable equation in y1, y2, yt and it is 
linear for every variable. A multivariate equation in y3, y4... 
yt is obtained by eliminating the value of y2. This operation 
is repeated until all of the variables y1, y2, y3... yt are gone. If 
the polynomial reduces to zero after all variables are removed,  

then the original equation xR α= is consistent with respect 

to 3
1,2,3....,i i i i ty r ar b == + + ∀ . Similarly, y1, y2, y3….yt are 

eliminated from 0xRφ β= - = also, but this is not necessary  
because yi uniquely up to multiplication by 1± . The digital sig-
nature algorithm is divided into three stages: key generation, 
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signature generation, and signature verification. As a result, 
parallelism has been implemented in the signature verification 
stage. A single signer or multiple signers sign the signatures 
created for various communications.

The algorithm-A2 is suitable for smaller batch sizes (i.e., 
t<9) and its complexity increases with an increase in batch size, 
so it is not feasible for batches of size ≥9. Therefore, a relatively 
more efficient algorithm has been constructed as shown in table 
IV (algorithm-A3).

Table III 
AlgorithmA2: Signature Verification

Input:  Message M1, M2, M3……...Mt, thier signature parameters (r1, s1), 
(r2, s2), (r3, s3) ………...(rt,st) and public key Q1,Q2,Q3,…………Qt 
accordingly
Output: Accepts/Rejects entire signatures
Begin:

Step-1: Find 
1

1,2,3.....modi i i tw s n-
== ∀

Step-2: Find 1,2,3.....( ) modi i i i tu H M w n == ∀

Step-3: Find 1,2,3.....modi i i i tv r w n == ∀  

Step-4: Find 
' '

0 0 0 0

( ) ( ) ( ) ( )
t t t t

i i i q i i q
i i i i

R u P v Q E F R u P v Q E F
= = = =

= + ∈ = = + ∈∑ ∑ ∑ ∑

if all the signatures belong to same signer
Step5: Rearrange to individual verification if R’ is a point at infinity or y(R’) 
=0, otherwise continue.
Step-6: Let Ri=(xi,yi) for all i=1,2,3,…t

Step-7: Calculate 
0

( , )
t

x y i
i

R R R R
=

= = ∑  symbolically using the sub-solution

3
i i iy r ar b= + + , polynomial Rx and Ry are linear equation to each yi. 

Step-8: Formulate the equations 
xR α= and yR β=  where ' ( , )R α β=

Step-9: Create the equation 11 2 2tµ -- = -  and more equations are generated 

by repeated squaring of 
xR α= or by repeated multiplication of even degree 

monomials (y1, y2, y3 …yt) and substitute the value of 
3

i i iy r ar b= + +
Step10: Resolve the linear system of equation to find the value of all even 
degree monomials of y1, y2, y3….yt. When the equation is unsolvable, re-ar-
range the batch of signature to individual verification

Step-11: Resolve the equation yR β=  for y1 by multiplying both sides by 
y1.
Step-12: Find yi=y1yi/y1 from the monomials y1yi for all i=1,2,3….t (If the 
value of y1=0 solve for y2, y3….yt in step 11).

Step-13: Accepts all signatures only if  3
1,2,3,...( ) mod ,i i i i ty r ar b q == + + ∀  

End;

The method for obtaining x and y values from multivariate 
equations has been updated to make it easier to identify y’s sign. 
An equation 2 3 2( )i i i iu r ar b v+ + - is used to eliminate the val-
ues of y1, y2...yt from the first multivariate equation. In the case 
of elliptic curve cryptography, if the equation is reduced to zero, 
the original equation can still be used (i.e., 2 3y x ax b= + +
,where , pa b Z∈ and 3 24 27 0a b+ = ). 

The algorithmA3 works efficiently for batch sizes up to 8 
(i.e., t≤8).

Table IV
AlgorithmA3: Signature Verification

Input:  Message M1, M2, M3……...Mt, thier signature parameters (r1, s1), 
(r2, s2), (r3, s3) ………...(rt,st) and public key Q1,Q2,Q3,…………Qt ac-
cordingly
Output: Accepts/Rejects entire signatures
Begin:

Step-1: Find 
1

1,2,3.....modi i i tw s n-
== ∀

Step-2: Find 1,2,3.....( ) modi i i i tu H M w n == ∀

Step-3: Find 1,2,3.....modi i i i tv r w n == ∀

Step-4: Find ' '

0 0 0 0

( ) ( ) ( ) ( )
t t t t

i i i q i i q
i i i i

R u P v Q E F R u P v Q E F
= = = =

= + ∈ = = + ∈∑ ∑ ∑ ∑if all the signatures belong to same signer
Step5: Rearrange to individual verification if R’ is a point at infinity or y(R’) 
=0, otherwise continue.

Step-6: If 
3

1,2,3....,i i i tr ar b =+ + ∀  is not equal to zero and the residue 
modulo q is not quadratic, reject the i-th signature and delete it from the batch
Step-7: Assuming Ri=(xi,yi) for all i=1,2,3,…t 

Step-8: Symbolically calculate 
0

( , )
t

x y i
i

R R R R
=

= = ∑  using the 

sub-solution
3

i i iy r ar b= + +

Step-9: Assuming xRφ α= -
Step-10: Eliminate yi from φ  for i=1,2, 3...t-1, using below steps 

Step10a: Rearrange for individual verification if φ  is equivalent to zero, 

otherwise write iuy vφ = +  where u and v are polynomials in 1, ...i ty y+
Step10b: Rearrange for individual verification if u is equivalent to zero poly-

nomial. Set 
2 3 2( )i iu r ar b vφ = + + -  and substitute 

2
jy in φ by 

3 , 1,....j jr ar b j i t+ + ∀ = +

Step-11: Accepts entire signatures only if φ =0
End;

VII. Experimental Setup

The experiment has been done on a rock cluster Linux-based 
open-source distribution. The cluster comprises seven worksta-
tions, each with two CPUs and 20 cores. As a result, a 7-node 
cluster with 140 cores has been used for simulation. Each core 
has a processor that runs at 2.3 GHz. One of the workstations 
acts as a master among the seven workstations, and the remain-
ing work as slaves. The master workstation distributes the load 
over the six workstations using the MPI library standard. The 
computational results of all parallel workstations are accumu-
lated, and the master workstation calculates the final results. 
The battery power of WSN nodes is limited, performance is 
limited, communication bandwidth is narrow, memory is limit-
ed, and computation capacity is low. One of the primary goals 
of this research is to minimize the ECDSA computation load 
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on a single node during signature verification. Through parallel 
configuration, the computational load is distributed among the 
available nodes, reducing the calculation overhead. The pro-
posed batch verification system is designed and built using a 
7-node cluster setup. The cluster nodes have large computing 
power than gateway node. Fig. 6. depicts a load distribution sce-
nario in a WSN. When gateway nodes receive batches of digital 
signatures for verification, they identify other freely available 
gateway nodes that have enough computing power. It distrib-
utes a set of signatures to every node after the identification 
process. As a result, the available nodes are slaves while the dis-
tributing node is a master. In fig. 7, the master node distributes 
the load over the entire slave node. Each slave node gets a set of 
signatures for verification, and the verification results are sent 
back to the master node. Public key information is available 
on all the nodes. If an invalid signature or signatures appear on 
any slave node, the batch verification procedure at that node 
fails. It has an advantage over serial processing, which requires 
individual verification of the entire batch to find the incorrect 
signature when an invalid signature occurs. 
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VIII. Experimental result analysis

This paper has taken batch sizes of 2, 22, 23, 24, 25, and 26. 
The algorithms are executed in parallel on a cluster of seven 

nodes. Table V provides the running time of the algorithm-A1 
on seven sensor nodes. The verification time remains almost the 
same for all seven nodes for batch sizes up to 24. Table V shows 
that as batch size increases beyond 24, running time increases 
exponentially. However, algorithm-A1 is faster than the indi-
vidual verification of the ECDSA algorithm.

Table V 
Verification Time of The AlgorithmA1 on a Cluster of 7Nodes (in ms)

Block 
Size

Indi-
vidual 
verifi-
cation

N1 N2 N3 N4 N5 N6 N7

2 12.05 1.23 1.23 1.23 1.23 1.23 1.23 1.23
22 16.11 1.65 1.65 1.65 1.65 1.65 1.65 1.65
23 20.17 1.81 1.81 1.81 1.81 1.81 1.81 1.81
24 22.23 2.62 2.62 2.62 2.62 2.62 2.62 2.62
25 65.73 46.11 428.63 396.35 367.12 335.33 292.41 230.1
26 98.73 1245.27 1200.16 1128.47 968.38 763.72 562.35 396.1

Table VI 
Verification Time of The AlgorithmA2 on a Cluster of 7Nodes (in ms)

Block 
Size

Indi-
vidual 
verifi-
cation

N1 N2 N3 N4 N5 N6 N7

2 13.01 1.21 1.21 1.21 1.21 1.21 1.21 1.21
22 16.20 1.64 1.64 1.64 1.64 1.64 1.64 1.64
23 20.31 1.97 1.97 1.97 1.97 1.97 1.97 1.97
24 22.81 2.98 2.98 2.98 2.98 2.98 2.98 2.98
25 63.41 48.42 432.14 400.12 371.21 339.21 295.15 233.1
26 97.09 1249.31 1204.11 1133.30 973.11 767.23 566.12 406.1

Table VII
Verification Time of The AlgorithmA3 on a Cluster of 7Nodes (in ms)

Block 
Size

Indi-
vidual 
verifi-
cation

N1 N2 N3 N4 N5 N6 N7

2 12.21 1.10 1.10 1.10 1.10 1.10 1.10 1.10
22 15.10 1.53 1.53 1.53 1.53 1.53 1.53 1.53
23 17.13 1.93 1.93 1.93 1.93 1.93 1.93 1.93
24 23.41 2.71 2.71 2.71 2.71 2.71 2.71 2.71
25 64.30 46.44 430.23 398.32 369.50 337.32 293.01 231.5
26 97.51 1247.12 1202.10 1131.82 970.45 765.47 564.30 398.7

Table VI indicates the verification time of algorithmA2 on 
seven nodes of WSN. As the batch size grows, the verification 
time grows as well. For batch sizes up to 24, the verification 
time remains almost the same for all seven nodes. It is clearly 
illustrated that the performance gain for seven machines is al-
most sixsix times more efficient than the individual verification 
for the batch size up to 24. Table VII shows the verification time 
of algorithmA3 on seven node configurations of WSN. The 
performance of algorithm-A3 is better than the performance of 
algorithm-A1 and algorithm-A2, because of the exponentiation 
operation of these algorithms. The algorithm-A3 is more secure 
than A1 and A2.
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A. Computational Time of Batch Verification Algorithm

In this paper, a comparative study of the computation time 
of all existing batch verification algorithms has been performed 
on a cluster of seven nodes in WSN. All of the parameters used 
in this scenario are NIST (National Institute of Standards and 
Technology)-recommended standard parameters. For the ex-
periment, three NIST primary curves have been used: (P-192), 
(P-224), and (P-256). On elliptic curves (P-192), (P-224), and 
(P256), the verification time of these techniques is investigated 
using single and multiple signers.
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Fig. 9. Multiple signer verification time for curve (P192)
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Figs. 8-9 show the time taken by these algorithms to verify 
batches of signatures on an elliptic curve (P-192). These algo-
rithms work more efficiently as compared to individual verifi-
cation. However, the performance of algorithms-A1, A2, and 
A3 decreases drastically and becomes incomparable for larger 
batch sizes (8). The increase in the number of scalar and mod-
ular multiplication operations increases the overhead of these 
methods. These algorithms, on the other hand, maintain their 
performance throughout a wide range of batch sizes. It can be 
observed that these algorithms perform better for single signers. 
The performance of these algorithms has been decreased for 
multiple signers because of an increase in execution time.
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Figs. 10-11 show the outcome of curve (P-224). The per-
formance of these algorithms is better than the performance of 
individual verification algorithms. However, these algorithms 
work efficiently for small batch sizes (8) and beyond that, the 
performance decreases drastically. It is discovered that algo-
rithm-A3 has the greatest speedup, followed by algorithms-A2 
and A1. 

Fig. 12. Single signer verification time for curve (P256)

Compared to other curves, the curve (P-256) produces simi-
lar results. The verification time for single and multiple signers 
of these algorithms is illustrated in figs. 1213. The relative per-
formance of these algorithms remains the same as that of curves 
(P-192) and (P-224).
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Fig. 13. Multiple signer verification time for curve (P256)

Table VIII 
Advantages And Disadvantages of Batch Verification Algorithms

Algorithms Efficient 
for type of 
signer

Efficient 
for batch 
size(t)

Advantages Disadvantages

A1 Multiple 
and single 
signer

t ≤ 7 It is efficient for 
small batches of 
single and multi-
ple signers

As the batch size 
grows larger, 
efficiency drops 
abruptly.

A2 Single 
signer

t ≤ 7 It is efficient for 
small batches of 
single and multi-
ple signers

Increase in batch 
size leads to a 
sudden decrease 
in efficiency

A3 Single 
signer

6 ≤ t ≤ 8 Efficient for 
single signer for 
small batch size

As the batch size 
grows larger, 
efficiency drops 
abruptly.

Table VIII shows the behavior of these batch verification 
schemes. This table also discusses the advantages and disad-
vantages of these algorithms.

B. Time and Space Complexity of Batch Verification
The computational time complexity of these strategies is cal-

culated using the cost of computing relevant points and the cost 
of signature verification time. If an ECDSA signature algorithm 
generates τ acceptable candidate points, then the algorithm’s es 

timated time complexity is
( 1)

*
2

ECDSA Verifier
τ +

. By ta-

king cofactor value h=1, τ =2 and non-availability of side infor-

mation, the average time is calculated as 
3

*
2

ECDSA Verifier .  

The average time complexity of these algorithms is less than 
that of the traditional verification algorithm. If the side informa-
tion is known, then τ =1 is used, and just one ECDSA verifica-
tion is needed. It can be observed that the R-value can be chosen 
from a maximum of 2 (h + 1) options. Therefore, the most fa-
vorable case is where τ =1. Algorithm-A1 requires calculating 
tmodular square roots in the field Fq. Each square root compu-
tation involves exponential time complexity. Subsequently this 
algorithm requires verifying at most 2 2( 1)tm t= = + condi-
tions. This algorithm requires computing the sum of t-points 
on the curve to verify every condition. Therefore, the entire 

time complexity of algorithm-A1 is (( ) )O m tσ + where σ
denotes the time complexity of calculating one square root in 
the field Fq. The exponential time complexity with t-batch size 
has been taken for generation and solution stage of the equation

11 2 2tµ -- = - . The algorithm-A1 needs t-1 symbolic addi-
tions having a rational function with at most ( )mθ non-zero 
terms to solve the eq. 10 and eq. 11. Each symbolic addition 
requires at most t-times uses of the eq. 4. Therefore 2( )O mt
operation is required for symbolic derivation of R in the field 
Fq.  The successive generation of µ µ× linear system requires 

2( )O m t operation in the field Fq. The µ µ× system requires 
3( )mθ field operations for Gaussian elimination. 2( )O mt  

field operations are required for individual value of yi. The ex-
ecution time of algorithm-A2 is dominated by solving stage of 
linear systems. Therefore, algorithm-A2 is not practical for the 
larger batch size (t). The storage of coefficient matrix of algo-
rithmA2 consumes the majority of memory. The coefficient 
matrix dimension is µ µ× . Therefore, the space complexity is

2 2( ) (2 )tθ µ θ= . The algorithm-A3 requires 2( )O mt  field op-

erations as require in algorithm-A2 for the symbolic computa-

tion of (Rx, Ry). Consequently, to solve polynomial xRφ α= -   

require at most 1 1
2
m

µ + = + non-zero terms. Calculation of u2 

and v2 requires solving the equation  2 3 2( )i iu r ar b vφ = + + -  

and t i-  substitutions of y2 by 3 , 1,....j jr ar b j i t+ + ∀ = +  for 

elimination of yi. Reduction of φ requires 2( )O mt operations, 

which is substantially better than 3( )O m (as in algorithm-A2).  
The major storage requirement of the algorithm-A3 is for multi-
variate polynomial φ  and it has m/2 non-zero elements. So, the 
space complexity of the algorithm-A3 is (2 )tθ .

C. Security Analysis of Batch verification
Suppose an attacker able to satisfy one of the m=2t con-

ditions in algorithm-A1 with known value of r1, r2, r3…rt.  

The right choice of yi of 3
1,2,3....,i i i tr ar b =+ + ∀  constitutes a 

case to fulfil the ECDSA batch verification criteria. An attacker 

can reconstruct point Ri in algorithm-A2 with x-coordinates of 

x(Ri)=ri by satisfying the condition ' '

1 1

t t

i i
i i

R R R R
= =

= = =∑ ∑
where '

i iR u P v Q= + . Suppose an attacker force the condition  
'R R=  then there exists a singular solution for the respective 

value of the y-coordinates y1, y2, y3…...yt of R1, R2, R3…...
Rt. If the value of batch size (t) is very small (i.e., t≤4) then an 
attacker requires only moderate computing resources to find the 
value of y1, y2, y3…...yt uniquely. As a result, an intruder sim-
ply needs to give the x-coordinates (ri). An adversary essentially 
requires knowing the full points of Ri.  This satisfies the normal 
batch verification of ECDSA algorithm; therefore, an attacker 
can make a fool of algorithm-A2. In the case of algorithm-A3, 
assume an attacker discovers x-coordinates (r1, r2, r3...rt) 
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of ECDSA and moves it to batch verification. Step9 of algo 
rithm-A3 states that given 0φ = 3

1,2,..,i i i i ty r ar b == + + ∀ , 
there are exactly two solutions (y1, y2, y3 ...yt) and (-y1, -y2, 
-y3......-yt). One of these values may correspond to a standard 
ECDSA signatures algorithm based on known value of r1, r2, 
r3…rt. This solution would satisfy the equation yR β= . To 
conclude an attacker can falsify the standard batch verification 
of ECDSA.  This falsifying process requires only a moderate 
amount of computing resources as long as the value of batch 
size (t) is small.

IX. Conclusions and Future Work

Authentication and security are the most important features 
of sensor nodes to ensure data integrity and privacy. A sensor 
node must digitally sign all critical information before sending 
it to a sink node. The individual verification of a digital signa-
ture by the sink node is a time-consuming process. Therefore, 
the idea of batch signature verification techniques has come into 
the picture to reduce the time requirement for verification of 
millions of signatures. It is very important to have a secure and 
fast signature verification scheme in realtime wireless sensor 
networks. This study concludes that the use of batch signature 
verification algorithms can lead to some sort of speedup gained 
as compared to individual verification. The computational time 
and space complexity of these algorithms (A1, A2, and A3) 
have been compared and analyzed. This paper analyses the exe-
cution time of three different types of ECDSAbased batch ver-
ification algorithms on sevennode cluster systems in WSNs. 
A comparison of the verification times of these algorithms has 
been conducted on three NIST primary curves (P-192), (P-224), 
and (P-256) for both single and multiple signers. It has been 
observed that these algorithms work efficiently for batches of a 
maximum size of 8. Moreover, the security level of these algo-
rithms. Sensor nodes with low batteries consume more energy 
when running a digital signature algorithm. Multi-hop WSNs 
using digital signatures incur additional overhead due to net-
work interface costs. The security protocol should therefore be 
designed to minimize delay times as much as possible. In this 
paper, an extensive range of batch digital signature algorithms 
is evaluated and compared invariably. An appropriate security 
protocol can be designed and evaluated with the help of this 
comparison. As a part of WSN research themes, researchers 
can examine how to secure and enhance performance. In the 
future, some real-time applications of wireless sensor networks 
can be simulated using these batch verification techniques. The 
execution time of algorithm-A3 can be reduced from today to 
in the future. The symbolic computation algorithm runs with 
time complexity. The design of the algorithm would be use-
ful for getting higher speedup. In summary, all the algorithms 
proposed in this paper are suitable for WSN applications with 
limited computation cost, storage capacity, and bandwidth, 
such as healthcare sensor networks, terrestrial wireless sensor 
networks, and military surveillance based on WSN. The trade-
off between WSN’s resource limitations, such as its small bat-

tery energy, limited memory, and less bandwidth, and the use 
of digital signatures within WSN may be resolved in the future. 
Although the research is only limited to batches of 8, it could be 
expanded in the future to larger batches. A cluster of 7 sensors 
is taken into account for simulation, but it could be extended to 
larger number of sensors in the future. 
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Abstract—This paper presents the analysis and experimental 
validation of selective harmonic elimination in single-phase 
multilevel inverter using one of the most effective optimization 
algorithms known as particle swarm optimization. The presented 
inverter is one of the popular emerging topologies composed of a few 
switches compared to conventional topologies in order to produce 
a five-level output voltage. The optimization algorithm is applied 
to find the optimal commutation angles to implement the selective 
harmonic elimination by solving a system of transcendental non-
linear equations. The results of the computational simulations 
are in good agreement with the theoretical analysis. The method 
is simple compared with the analytical methods, effective for 
driving the inverters and inexpensive to apply in real-time using 
a low-price DSP–Delfino-C2000-TMS320F28379D Chip. The 
theoretical analysis is verified by simulation using MATLAB/
Simulink environment and an experimental prototype composed 
of efficient electronic components, respectively. The obtained 
results of simulations and experiments confirm the effectiveness of 
the presented modulation method.

Index Terms—Digital signal processing, DSP-Delfino-C2000-
TMS320F28379D Chip, Heuristic algorithm, Multilevel inverters, 
Particle Swarm Optimization (PSO), Power electronics, Selective 
Harmonic Elimination (SHE).
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List of Abbreviations and Nomenclature

SHE Selective Harmonic Elimination
PSO Particle Swarm Optimization
DSP Digital Signal Processing
DGS Distributed Generation Systems
CHB Cascaded-H-Bridge
NPC Neutral-Point-Clamped
FC Flying-Capacitor
TSV Total Standing Voltage
SVPWM Space-Vector-Pulse-Width-Modulation
SPWM Sinusoidal-Pulse-Width-Modulation

NL Nearest Level
FPGA Field Programmable Gate Array
EAs Evolutionary Algorithms
SI Swarm Intelligence
DC Direct Current
V The dc-link voltage
θ Switching angle
S Switches
Uab(t) The inverter output voltage 
n Whole numbers
ws The switching frequency
t The time
T The period
a0, an, bn The Fourier coefficients
h1 The fundamental harmonic
h3 The third harmonic
MI Modulation index
k Number of switching angles or DC sources
Vi The particle’s velocity
Xi The particle’s position
Pbest The particle’s best position
Gbest The global best particle
w The inertia weight
Vi+1 The new particle’s velocity
Xi+1 The new particle’s position
c1 The acceleration coefficient, cognitive constant
c2 The acceleration coefficient, social constant
r1, r2 Random numbers of the acceleration coefficients
wmin Minimum inertia weight
wmax Maximum inertia weight
NIter The iterations number
j The current iteration
FFT Fast Fourier Transform
THD Total Harmonic Distortion

I. Introduction

Multilevel inverter is becoming a very important subject 
of research in the field of power electronics because 

their ability to generate high output voltage levels with high 
quality power. This type of converters is used in a variety of 
applications including the DGS, grid-connected systems, 
and multilevel resonant inverters [1]-[3]. Two categories of 
single-phase multilevel inverters are available in the literature: 
the conventional and the emerging. The main conventional 
topologies are: CHB, NPC, FC, and the popular emerging 
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topologies are the single-source multilevel inverters, multilevel 
inverters with reduced device count, the soft-switched multi-
level inverters, and the asymmetrical multilevel inverters [4]-
[7]. The emerging multilevel inverters have received a lot of 
consideration because of their inexpensive implementation, 
low switching losses, low TSV and limited control complexity 
compared to conventional topologies.

The modulation is defined as a method or technique for 
generating gating pulses for the semiconductor devices of 
the converter. There are two types of modulation based on 
switching frequency, modulation at the fundamental-switching 
frequency and modulation at the high-switching frequency. 
The popular techniques of modulation at high-switching fre-
quen cy are the SVPWM and the SPWM [8]-[9]. Among the 
fundamental-frequency modulation techniques there are: 
the NL modulation, the SHE modulation, and the optimal 
switching angles modulation [10]. Fundamental-switching 
modulation techniques have become more efficient in many 
applications because of the evolution of digital control using 
super calculators, DSP, FPGA, and embedded chips [11]. For 
applying the SHE modulation, non-linear and transcendental 
equations need be solved to reach the best values of switching 
angles. The used methods for solving the equations are: (a) 
numerical methods, (b) algebraic methods, and (c) heuristic 
and evolutionary algorithms (EAs) [12]. A heuristic algorithms 
offer many advantages to determine the nearoptimal solutions 
in optimization problems. In the literature, we can find many 
developed algorithms as: GSA, the Gravitational Search 
Algorithm; GA; the Genetic Algorithm; BA, Bat Algorithm; 
ACO, Ant Colony Optimization; GWO, Grey Wolf Optimizer; 
ABC, Artificial Bee Colony; FPA, Flower Pollination 
Algorithm; GPS, Generalized Pattern Search; SSA, Salp Swarm 
Algorithm; ANN, Artificial Neural Network; BES, Bald Eagle 
Search [13]-[16].

PSO is one of the most effective optimization algorithms 
proposed by Eberhart and Kennedy in 1995. PSO is a stochastic 
diffusion method that belongs to the swarm intelligence family 
(SI). Cooperation between agents is the intelligence family 
of the swarm. The social behavior (cooperation) of flocks, 
birds, and fishes inspired the PSO algorithm. SI algorithms are 
currently being employed to tackle a variety of discrete and 
continuous problems, as well as in several research areas [17], 
[18]. The use of PSO as an optimization method to implement 
the SHE modulation for a singlephase fivelevel inverter is 
investigated in this paper. The algorithm is employed to solve 
the system of transcendental nonlinear equations in order to 
determine the optimal commutation angles and to eliminate the 
low-order harmonics. PSO algorithm is selected because their 
several advantages, like: It is easy to understand the working 
principle of PSO and then modify and implement it according 
the presented problem; the PSO algorithm doesn’t use selection 
as some other algorithms, which means all population members 
survive from the beginning to the end of the algorithm. PSO 
algorithm has fewer parameters for tuning; PSO algorithm can 
give a high-quality solution with rapid convergence and shorter 
calculation time compared to some other algorithms.

In the following, Section II explains the used materiel and 
methods, where the operation principle of the single-phase 
5-level inverter and the application of PSO algorithm for the 
SHE are presented. Section Ⅲ discusses the achieved results 
from the simulation and the experiments. Eventually, conclusion 
is given in Section Ⅳ.

II. Materiel and Methods

A. Description of the Five-Level Inverter Topology
Fig. 1 demonstrates the topology of the 5-level inverter, 

which consists of six electronic switches, and two separate DC 
power sources to form fivelevel output voltage. So, the inverter 
topology contains few switches compared to the conventional 
topology of a fivelevel CHB inverter [19].

Fig. 1. Topology of the 5-level inverter

Table Ⅰ displays the switching modes of the 5-level inverter 
topology that allows the production of fivelevel output voltage: 
+V, +2V, 0, -V, and -2V.

TABLE I
The Switching Modes of the 5level Inverter Topology

Interval ON switches OFF switches Uab

[0, θ1] S2, S4 S1, S3, S5, S6 0
[θ1, θ2] S1, S4, S6 S2, S3, S5 +V
[θ2, π/2] S1, S4, S5 S2, S3, S6 +2V
[π/2, θ3] S1, S4, S5 S2, S3, S6 +2V
[θ3, θ4] S1, S4, S6 S2, S3, S5 +V
[θ4, θ5] S2, S4 S1, S3, S5, S6 0
[θ5, θ6] S2, S3, S6 S1, S4, S5 -V

[θ6, 3π/2] S2, S3, S5 S1, S4, S6 -2V
[3π/2, θ7] S2, S3, S5 S1, S4, S6 -2V
[θ7, θ8] S2, S3, S6 S1, S4, S5 -V
[θ8, 2π] S1, S3 S2, S4, S5, S6 0

B. Selective Harmonic Elimination with PSO Algorithm
Fig. 2 illustrates the expected waveform of the inverter’s 

output voltage. In the waveform, there are two levels of positive 
voltage, which means that there’s one harmonic that can be 
eliminated.
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According to the Fourier analysis, the output voltage of the 
inverter Uab(t) can be expressed by the following trigonometric 
equation:

0
1 1

( ) cos( ) sin( )ab n s n s
n n

U t a a n t b n tw w
∞ ∞

= =
= + +∑ ∑  (1)

Where: a0=0 and an=0 because Uab(t) is a periodic and odd 
function, and bn is calculated by the following expression:

0

2 ( )sin( )
T

n ab sb U t n t dt
T

w= ∫                                       (2)

Fig. 2. The expected waveform of the inverter’s output voltage

By calculating the integral of signal Uab(t) in the interval [0, 
2π] and applying some mathematical manipulations, (2) can be 
expressed as:

( )1 2
4 cos( ) cos( )n
Vb n n

n
θ θ

π
= +    (3)

By putting (3) into (1), the expression of inverter output 
voltage Uab(t) become as:

( )1 2
1

4( ) cos( ) cos( ) sin( )ab s
n

VU t n n n t
n

θ θ w
π

∞

=

 = + 
 

∑    (4)

In case n equals one, the output voltage Uab(t) can be 
expressed with the fundamental harmonic h1 using:

( )1 1 2
4 cos( ) cos( )Vh θ θ
π

= +  (5)

The third harmonic h3 can be expressed using:

( )3 1 2
4 cos(3 ) cos(3 )
3
Vh θ θ
π

= +   (6)

Based on the analysis of [20] and [21] about the implemen-
tation of SHE, the optimum values   of the commutation angles 
for a 5-level converter must satisfy the following system of 
nonlinear equations:

( )
1 2

1 2

0 cos(3 ) cos(3 )
1 cos( ) cos( )MI
k

θ θ

θ θ

= +



= +  

(7)

where, MI is defined using:

1

4
hMI

kV
π

=   (8)

Furthermore, the optimum values of the commutation angles 
for a 5-level converter must satisfy the following condition:

1 20
2
πθ θ< < <

   
(9)

It is imperative to use an objective function during the 
optimization phase. The purpose of the objective function is to 
remove the unwanted harmonics while keeping the magnitude 
of the fundamental component at the required value. Therefore, 
the objective function is set as follows:

2 22 2

1 2
1 1

( , ) cos( ) cos(3 )n n
n n

F k MIθ θ θ θ
= =

   
= - × +      
   
∑ ∑

  
(10)

Fig. 3. The PSO flowchart
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The optimal commutation angles are determined by the mi-
ni mization of (10) restrained by (9). The main problem is the 
nonlinearity of (7), the PSO algorithm is employed to exceed 
this problem.

The PSO flowchart is shown in Fig. 3. The PSO algorithm is 
divided into three parts. (1): Initial parameters. (2): Evaluate the 
objective function. (3): Particles’ mobility (Update the position 
and the velocity of particles).

In the PSO model, a swarm consists of several members. 
Each swarm member is a particle that solves the problem using 
a vector of parameters. The particle’s velocity and position are 
initially defined as (Vi) and (Xi), respectively, with the starting 
position being considered its optimal position (Pbest). 

First, the particles are initialized with a random position and 
velocity. Then, the fitness of each particle is calculated using the 
fitness (objective) function.  The Gbest is selected according to 
the minimum fitness value. The particles move in a Ddimension 
search space using three factors. (1): The past behavior of (Gbest); 
(2): The past behavior of (Pbest); and (3): The inertia weight (w). 
The new velocity (Vi+1) of each particle is calculated using the 
formulas and the new position (Xi+1) of each particle is calculated 
using the formulas [22]-[24]:

[ ] ( )
( )

1 1
1

2 2

i best i
i

best i

V w c r P X
V

c r G X
+

  × + × - +  =
  × -    

(11)

1 1i i iX X V+ += +    (12)

The inertia weight is calculated using the formulas:

max min
max

Iter

w ww w j
N

 -
= - × 

    
(13)

Table Ⅱ displays the settings of the PSO algorithm. Note: In 
the literature, it is wellknown that there is no specific method or 
rule for setting the metaheuristic algorithms parameters. Also, it 
is important to point that setting the parameters of optimization 
algorithms is itself an optimization problem. So, there isn’t any 
method or rule for setting the parameters of the PSO algorithm 
(Population size, Iterations number, the acceleration coefficients, 
inertia weights). Usually, (c1 = c2 = 2.05; wmin = 0.4; and wmax = 
0.9) are the parameters recommended by the researchers. The 
literature search gives a good idea of which parameters are 
almost appropriate. Furthermore, the user can try the parameters 
and observe their results, as we have done in this study.

TABLE Ⅱ
The Setting of the PSO Algorithm.

Parameter Abbreviation Value
Population size N 40
Iterations number NIter 100
Number of variables MI, θ1, θ2 3

Limit intervals
θ1 ∈ [0, 90]
θ2 ∈ [0, 90]

MI ∈ [0.45, 0.85]
The acceleration coefficients c1, c2 2.05
Minimum inertia weight wmin 0.4
Maximum inertia weight wmax 0.9

C. Materiel of the experimental prototype
An experimental prototype of the single-phase 5-level 

inverter has been constructed using six MOSFETs switches, 02 
DC power supplies, DSP–TMS320F28379D chip, oscilloscope, 
and PC with MATLAB/Simulink software. Fig. 4 presents the 
experimental prototype of the fivelevel inverter.

Fig. 4. The experimental prototype of the fivelevel inverter. (A): Pc with 
MATLAB/Simulink software. (B): DSPC2000Delfino–TMS320F28379D 
Chip. (C): Inverter circuits. (D): DC power supplies (V). (E): Oscilloscope.

III. Results & Discussions

A.  Simulation Results
To check the topology of the 5-level inverter and evaluate 

the effectiveness of the PSO algorithm, a Matlab/Simulink 
environment is used. The harmonic analysis is done with the 
FFT tool. The PSO algorithm is programed using MATLAB-
Editor tool. The switching angles for each value of MI are 
computed in the valid interval [0.45; 0.85]. Fig. 5 illustrates the 
optimal angles θ1 and θ2 versus MI.

Fig. 5. The optimal angles θ1 and θ2 versus MI

In order to carry out the simulation and experimental vali-
da tion of the PSO algorithm, we performed four tests using 



ELECTRONICS, VOL. 26, NO. 2, DECEMBER 2022 69

different values of MI for comparison purpose. Table Ⅲ dis
plays the selected switching angles for testing the 5-level 
inverter. The fundamental frequency equal to 50 Hz, the dc-link 
voltage equal 10 V.

TABLE Ⅲ
Selected Switching Angles for Testing the 5level Inverter
Test Parameters Objective function value

Case-1 θ1=30°, θ2=60° Without PSO Algorithm
Case-2 MI=0.55, θ1=21°, θ2=81° 9.9702e-05
Case-3 MI=0.65, θ1=11°, θ2=71° 5.1773e-05
Case-4 MI=0.85, θ1=19°, θ2=41° 5.2055e-08

Fig. 6. The fivelevel inverter’s phase voltage in Case 1 using the simulation

Fig. 7. FFT analysis of the inverter output voltage using simulation in Case 1

Fig. 8. The fivelevel inverter’s phase voltage in Case 2 using the simulation

Fig. 6 displays the fivelevel inverter’s phase voltage in Case 
1 using the simulation. Its corresponding harmonic spectrum is 
depicted in Fig. 7. As expected, all the ranks harmonic exist, and 
the THDv equal to 31.93%. Fig. 8 displays the fivelevel inverter’s 
phase voltage in Case 2 using the simulation. Its corresponding 
harmonic spectrum is depicted in Fig. 9. As expected, the 3rd 
harmonic and its multiples have been successfully eliminated, 
and the THDv equal to 32.80%. Fig. 10 displays the five
level inverter’s phase voltage in Case 3 using the simulation. 
Its corresponding harmonic spectrum is depicted in Fig. 11. 
As expected, the 3rd harmonic and its multiples have been 

Fig. 9. FFT analysis of the inverter output voltage using simulation in Case 2

Fig. 10. The fivelevel inverter’s phase voltage in Case 3 using the simulation

Fig. 11. FFT analysis of the inverter output voltage using simulation in Case 3
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successfully eliminated, and the THDv equal to 30.14%. Fig. 12 
displays the fivelevel inverter’s phase voltage in Case 4 using 
the simulation. Its corresponding harmonic spectrum is depicted 
in Fig. 13. As expected, the 3rd harmonic and its multiples have 
been successfully eliminated, and the THDv equal to 17.39%.

Fig. 12. The fivelevel inverter’s phase voltage in Case 4 using the simulation

Fig. 13. FFT analysis of the inverter output voltage using simulation in Case 4

B. Experimental Results
Fig. 14 illustrates the fivelevel inverter’s experimental 

phase voltage in Case 1. Its corresponding harmonic spectrum 
is depicted in Fig. 15. From the FFT analysis, we can obviously 
note that all the ranks of harmonic exist. The measured THDv 
value is equal to 32.4%.

Fig. 14. The fivelevel inverter’s experimental phase voltage (10V/div) in Case 
1. Horizontal scale t (5ms/div).

Fig. 15. Experimental FFT analysis of the fivelevel inverter’s phase voltage 
in Case 1

Fig. 16 illustrates the fivelevel inverter’s experimental pha
se voltage in Case 2. Its corresponding harmonic spectrum is 
depicted in Fig. 17. From the FFT analysis, we can obviously 
note that the 3rd harmonic and its multiples have been 
successfully eliminated. The measured THDv value is equal to 
33.1%.

Fig. 16. The fivelevel inverter’s experimental phase voltage (10V/div) in Case 
2. Horizontal scale t (5ms/div)

Fig. 17. Experimental FFT analysis of the fivelevel inverter’s phase voltage 
in Case 2

Fig. 18 illustrates the fivelevel inverter’s experimental pha
se voltage in Case 3. Its corresponding harmonic spectrum is 
depicted in Fig. 19. From the FFT analysis, we can obviously 
note that the 3rd harmonic and its multiples have been success-
fully eliminated. The measured THDv value is equal to 30.7%.
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Fig. 18. The fivelevel inverter’s experimental phase voltage (10V/div) in Case 
3. Horizontal scale t (5ms/div).

Fig. 19. Experimental FFT analysis of the fivelevel inverter’s phase voltage 
in Case 3

Fig. 20. The fivelevel inverter’s experimental phase voltage (10V/div) in Case 
4. Horizontal scale t (5ms/div)

Fig. 21. Experimental FFT analysis of the fivelevel inverter’s phase voltage 
in Case 4

Fig. 20 illustrates the fivelevel inverter’s experimental 
phase voltage in Case 4. Its corresponding harmonic spectrum 
is depicted in Fig. 21. From the FFT analysis, we can obviously 
note that the 3rd harmonic and its multiples have been success-
fully eliminated. The measured THDv value is equal to 17.5%.

C. Comparison and Discussions
Figs. 6, 8, 10 and 12 show the fivelevel inverter’s phase 

voltage using the simulation in the Cases 1, 2, 3, and 4, 
respectively. Figs. 14, 16, 18 and 20 illustrate the fivelevel 
inverter’s phase voltage using the experimental prototype 
in the Cases 1, 2, 3, and 4, respectively. By comparison, the 
simulation results are matching closely the experimental one. 
Also, the simulation FFT analyses of the inverter output voltage 
in the four Cases are matching closely the experimental FFT 
analyses as shown in Table Ⅳ. All the results were achieved 
using a simple method. The results are in line with the literature 
results given in [14], [20]-[21].

TABLE Ⅳ
Comparison of the obtained THDv

Test Simulation THDv (%) Experimental THDv (%)
Case-1 31.93 32.4
Case-2 32.80 33.1
Case-3 30.14 30.7
Case-4 17.39 17.5

IV. Conclusion

The aim of this paper was to investigate the implementation 
of SHE in singlephase fivelevel inverter using PSO algo-
rithm. Simulation was performed in Matlab/Simulink soft-
ware to check the effectiveness of the algorithm. Also, an 
expe ri mental verification was done using a lowprice DSP–
TMS320F28379D chip. The analysis revealed that SHE 
modulation for multilevel inverter is an effective and easyto
apply technique. The experiments confirmed that the selected 
harmonics was eliminated, and the THDv was minimized to 
17.5 %. It is recommended the use of the intelligent algorithms 
in power electronic systems. As an extension to the work, it 
would be interesting to implements other emerging topologies 
of multilevel inverters using new intelligent algorithms. On the 
other hand, other related systems can be addressed like: the fed 
of fivelevel inverter with renewable energy systems, the grid 
connected fivelevel inverter system, the design of multilevel 
inverter for using the electrical machines in the industrial 
processes. The key benefits of sustainable energy are meeting 
the growing demand for electricity, notably in the event of 
natural crises and international problems, also reducing air 
pollution, limiting global warming.

References

[1] Han et al., “Modeling and Stability Analysis of LCL-Type Grid-
Connected Inverters: A Comprehensive Overview,” in IEEE Access, vol. 
7, pp. 114975-115001, 2019, doi: 10.1109/ACCESS.2019.2935806.

[2] A. E. Toubal Maamar et al., “Analysis and Small Signal Modeling of 



ELECTRONICS, VOL. 26, NO. 2, DECEMBER 202272

Five-Level Series Resonant Inverter,” in IEEE Access, vol. 9, pp. 109384-
109395, 2021, doi: 10.1109/ACCESS.2021.3102102.

[3] E. Oumaymah, O. Abdellah, B. Omar, E.B. Lhoussain, “NPC five level 
inverter using SVPWM for Grid-Connected Hybrid Wind-Photovoltaic 
Generation System”, in Adv. Sci. Technol. Eng. Syst. J., vol. 5, no. 6, pp. 
981-987, 2020, doi:10.25046/aj0506117.

[4] A. E. T. Maamar, M. Kermadi, M. Helaimi, R. Taleb and S. Mekhilef, “An 
Improved Single-Phase Asymmetrical Multilevel Inverter Structure With 
Reduced Number of Switches and Higher Power Quality,” in IEEE Trans. 
Circuits Syst. II: Express Briefs, vol. 68, no. 6, pp. 2092-2096, June 2021, 
doi: 10.1109/TCSII.2020.3046186.

[5] M.D. Siddique, S. Mekhilef, N.M. Shah, A. Sarwar, M.A. Memon, “A 
new single‐phase cascaded multilevel inverter topology with reduced 
number of switches and voltage stress,” in Int. Trans Electr Energ Syst., 
30:e12191, 2020, doi: 10.1002/2050‐7038.12191.

[6] M. Jones, O. Dordevic, N. Bodo, and E. Levi, “PWM Algorithms for 
Multilevel Inverter Supplied Multiphase Variable-Speed Drives,” in 
ELECTRONICS, vol. 16, no. 1, pp.22-31, June 2012, doi: 10.7251/
ELS1216022J.

[7] M. D. Siddique et al., “A Single DC Source Nine-Level Switched-Capacitor 
Boost Inverter Topology With Reduced Switch Count,” in IEEE Access, 
vol. 8, pp. 5840-5851, 2020, doi: 10.1109/ACCESS.2019.2962706.

[8] C. Yongchao, L. Yanda, and Z. Ling, “A Novel SVPWM Algorithm 
Considering Neutral-Point Potential Balancing for Three-Level NPC 
Inverter,” in ELECTRONICS, vol. 20, no. 2, December 2016, doi:10.7251/
ELS1620069Y.

[9] R. F. Abdelgoui, R. Taleb, A. Bentaallah, and F. Chabni, “Harmonic 
Elimination in Uniform Step NineLevel Inverter Using Differential 
Evolution: Experimental Validation,” in ELECTRONICS, vol. 25, no. 1, 
June 2021, doi: 10.53314/ELS2125031A.

[10] V. Thiyagarajan, P. Somasundaram, “Modeling and Analysis of Novel 
Multilevel Inverter Topology with Minimum Number of Switching 
Components,” CMES-Computer Modeling in Engineering & Sciences, 
vol. 113, no. 4, pp. 461–473, 2017, doi:10.3970/cmes.2017.113.461.

[11] T. Caldognetto, S. Buso, and P. Mattavelli, “Digital Controller 
Development Methodology Based on Real-Time Simulations with 
LabVIEW FPGA Hardware-Software Toolset,” in ELECTRONICS, vol. 
17, no. 2, December 2013, doi:10.7251/ELS1317110C.

[12] A. E. Toubal Maamar, M. Helaimi, R. Taleb, H. Mouloudj, O. Elamri, and 
A. Gadoum, “Mathematical Analysis of N-R Algorithm for Experimental 
Implementation of SHEPWM Control on Single-phase Inverter,” in 
SSRG Int. J. Eng. Trends Technol., vol. 68, no. 2, pp. 9–16, Feb 2020, doi: 
10.14445/22315381/ijett-v68i2p202.

[13] A. Biswas and B. Biswas, “Swarm Intelligence Techniques and Their 

Adaptive Nature with Applications,” in Complex System Modelling and 
Control Through Intelligent Soft Computations. Springer International 
Publishing, pp. 253–273, 2014. doi: 10.1007/978-3-319-12883-2_9.

[14] A. E. Toubal Maamar, M. Helaimi, R. Taleb, M. Kermadi, and S. Mekhilef, 
“A neural network based selective harmonic elimination scheme for five
level inverter,” in Int. J Circ Theor Appl., vol. 50, no. 1, pp. 298-316, 
2022, doi:10.1002/cta.3130.

[15] A. slowik, Swarm Intelligence Algorithms. CRC Press, 1st ed. ISBN-10: 
0367023458. pp.768, 2020.

[16] Y. Huang, H. Jiang, W. Wang and D. Sun, “Prediction Model of Soil 
Electrical Conductivity Based on ELM Optimized by Bald Eagle Search 
Algorithm,” in ELECTRONICS, vol. 25, no. 2, pp.50-56, December 2021, 
doi: 10.53314/ELS2125050H.

[17] D. Wang, D. Tan, L. Liu, “Particle swarm optimization algorithm: an 
overview,” in Soft Comput., vol. 22, no. 2, pp. 387-408, 2018, doi:10.1007/
s00500-016-2474-6.

[18] J. Kennedy and R. Eberhart, “Particle swarm optimization,” in 
Proceedings of ICNN’95-International Conference on Neural Networks 
IEEE, 2002, doi: 10.1109/icnn.1995.488968.

[19] A. E. Toubal Maamar, M. Helaimi, R. Taleb, “Analysis, Simulation 
and Experimental Validation of High Frequency DC/AC Multilevel 
Inverter,” Przegląd Elektrotechniczny, vol. 1, no. 8, pp. 16–19, 2020. doi: 
10.15199/48.2020.08.03.

[20] C. Buccella, C. Cecati, M. G. Cimoroni, G. Kulothungan, A. Edpuganti 
and A. K. Rathore, “A Selective Harmonic Elimination Method for Five-
Level Converters for Distributed Generation,” in IEEE J. Emerg. Sel. 
Top. Power Electron., vol. 5, no. 2, pp. 775-783, June 2017, doi: 10.1109/
JESTPE.2017.2688726.

[21] M. A. Memon, M. D. Siddique, S. Mekhilef and M. Mubin, “Asynchronous 
Particle Swarm Optimization-Genetic Algorithm (APSO-GA) Based 
Selective Harmonic Elimination in a Cascaded H-Bridge Multilevel 
Inverter,” in IEEE Transactions on Industrial Electronics, vol. 69, no. 2, 
pp. 1477-1487, Feb. 2022, doi: 10.1109/TIE.2021.3060645.

[22] M. Hadian, A. Aarabi, A. B. Makvand, and M. Mehrshadian, “A New 
Event-Based PI Controller Using Evolutionary Algorithms,” in Journal of 
Control, Automation and Electrical Systems, vol. 30, no. 6, pp. 841–849, 
Sep. 2019, doi: 10.1007/s40313-019-00519-1.

[23] S. K. Mishra and D. Chandra, “Stabilization of Inverted Cart-Pendulum 
System Using Controller: A Frequency-Domain Approach,” in Chinese 
Journal of Engineering, vol. 2013. Hindawi Limited, pp. 1–7, Oct. 2013, 
doi: 10.1155/2013/962401.

[24] M. El-Telbany, “Employing Particle Swarm Optimizer and Genetic 
Algorithms for Optimal Tuning of PID Controllers: A Comparative 
Study,” in ICGST-ACSE Journal, vol.7, no. 2, pp. 49-54, 2007



Abstract—These instructions give you guidelines for preparing 
papers for ELECTRONICS journal. Use this document as a 
template if you are using Microsoft Word 6.0 or later. Otherwise, 
use this document as an instruction set. The electronic file of your 
paper will be formatted further. Define all symbols used in the 
abstract. Do not cite references in the abstract. Do not delete the 
blank line immediately above the abstract; it sets the footnote at 
the bottom of this column.

Index Terms—About four key words or phrases in alphabetical 
order, separated by commas.

Paper Classification
DOI: 10.7251/ELSxxxxxxxx

I. Introduction

THIS document is a template for Microsoft Word versions 
6.0 or later.
When you open the file, select “Page Layout” from 

the “View” menu in the menu bar (View | Page Layout),  
which allows you to see the footnotes. Then, type over sections 
of file or cut and paste from another document and use markup 
styles. The pull-down style menu is at the left of the Formatting 
Toolbar at the top of your Word window (for example, the style 
at this point in the document is “Text”). Highlight a section 
that you want to designate with a certain style, then select the 
appropriate name on the style menu. The style will adjust your 
fonts and line spacing. Do not change the font sizes or line 
spacing to squeeze more text into a limited number of pages. 
Use italics for emphasis; do not underline. The length of the 
manuscript is limited to the maximum of 15 pages.

To insert images in Word, position the cursor at the insertion 
point and either use Insert | Picture | From File or copy the 

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. fig1.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 

Preparation of Papers for Electronics
(September 2011)

First A. Author, Second B. Author, and Third C. Author

Manuscript received 15 September 2011 (write the date when you have 
first sent the manuscript for review). Received in revised form 20 October 2011 
(write the date when you have sent the manuscript in its revised form if revi-
sions required for your paper after review).

(Place here any sponsor and financial support acknowledgments).
F. A. Author is with the Faculty of Electrical Engineering, University of 

Banja Luka, Banja Luka, Bosnia and Herzegovina (corresponding author to 
provide phone: +387-51-222-333; fax: +387-51-111-222; e-mail: author@et-
fbl.net). 

S. B. Author was with Faculty of Technical Sciences, University of Novi 
Sad, Novi Sad, Serbia. He is now with the Institute “Mihailo Pupin”, Belgrade, 
Serbia (e-mail: author@pupin.rs).

T. C. Author is with the School of Electrical Engineering, University of 
Belgrade, Belgrade, Serbia, on leave from the Faculty of Electronic Engineer-
ing, University of Niš, Niš, Serbia (e-mail: author@elfak.ni.ac.rs).



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. Highcontrast 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. 

III. 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/cm2 (100 Gb/in2).” An exception 

is when English units are used as identifiers in trade, such as 
“3½-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 SI unit for magnetic field strength H 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 µ0H. Use the center 
dot to separate compound units, e.g., “A·m2.”

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. 

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.

TABLE I
Units for Magnetic Properties

Vertical lines are optional in tables. Statements that serve as captions for the 
entire table do not need footnote letters. 
aGaussian 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, J = joule, kg = kilogram, H = henry.

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.  

III. 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 
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oersteds. This often leads to confusion because equations do 
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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-1),” 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 (103 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.
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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).1 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 

1 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 
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in denominators. Punctuate equations when they are part of a 
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Be sure that the symbols in your equation have been defined 
before the equation appears or immediately following. Italicize 
symbols (T 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: “zerofieldcooled 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 
“cm3,” not “cc.” Indicate sample dimensions as “0.1 cm x 0.2 
cm,” not “0.1 x 0.2 cm2.” The abbreviation for “seconds” is “s,” 
not “sec.” Do not mix complete spellings and abbreviations of 
units: use “Wb/m2” or “webers per square meter,” not “webers/
m2.” 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 µ0 is zero, not a lowercase letter 
“o.” 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 Ni0.5Mn0.5 whereas “Ni–Mn” 
indicates an alloy of some composition NixMn1-x.

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].

VII. Editorial Policy
Each manuscript submitted is subjected to the following 

review procedure:
•	 It is reviewed by the editor for general suitability for this 

publication
•	 If it is judged suitable, two reviewers are selected and a 

single-blinded review process takes place
•	 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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