
FACULTY OF ELECTRICAL ENGINEERING
UNIVERSITY OF BANJA LUKA

ELECTRONICS

чки ин  фхе ат кор ут лк те ел т

Е   

 VOLUME 25, NUMBER 1, JUNE 2021



FACULTY OF ELECTRICAL ENGINEERING
UNIVERSITY OF BANJA LUKA
Address:  Patre 5, 78000 Banja Luka, Bosnia and Herzegovina
Phone:  +387 51 211824
Fax:  +387 51 211408
Web:  www.etf.unibl.org

E L E C T R O N I C S
Web: www.els-journal.etf.unibl.org
E-mail: els-journal@etf.unibl.org

Editor-in-Chief:
Mladen Knezic, University of Banja Luka, Bosnia and Herzegovina
E-mail: els-eic@etf.unibl.org

Founder and Honorary Editor-in-Chief:
Branko Dokic, University of Banja Luka, Bosnia and Herzegovina
E-mail: branko.dokic@etf.unibl.org

Managing Editors:
Mitar Simic, University of Banja Luka, Bosnia and Herzegovina
Aleksandar Pajkanovic, University of Banja Luka, Bosnia and Herzegovina
E-mail: els-journal@etf.unibl.org

Editorial Board:
Prof. Zdenka Babić, University of Banja Luka, Bosnia and Herzegovina
Prof. Branko Blanuša, University of Banja Luka, Bosnia and Herzegovina
Prof. Octavio Nieto-Taladriz Garcia, Polytechnic University of Madrid, Spain
Prof. Zoran Đurić, University of Banja Luka, Bosnia and Herzegovina
Dr Zoran Jakšić, Institute of Chemistry, Technology and Metallurgy, Serbia
Prof. Tom J. Kazmierski, University of Southampton, United Kingdom
Prof. Danilo Mandić, Imperial College, London, United Kingdom
Prof. Darko Marčetić, University of Novi Sad, Serbia
Prof. Sohrab Mirsaeidi, Beijing Jiaotong University, China
Prof. Predrag Pejović, University of Belgrade, Serbia
Prof. Tatjana Pešić-Brđanin, University of Banja Luka, Bosnia and Herzegovina
Prof. Vladimir Risojević, University of Banja Luka, Bosnia and Herzegovina
Prof. Mitar Simić, University of Banja Luka, Bosnia and Herzegovina
Prof. Paul Sotiriadis, National Technical University of Athens, Greece
Prof. Robert Šobot, Western University, Canada
Prof. Volker Zerbe, University of Applied Sciences of Erfurt, Germany

Honorary Editorial Board:
Prof. Goce Arsov, St. Cyril and Methodius University, North Macedonia
Prof. Milorad Božić, University of Banja Luka, Bosnia and Herzegovina
Prof. Vladimir Katić, University of Novi Sad, Serbia
Prof. Vančo Litovski, University of Niš, Serbia
Prof. Bratislav Milovanović, University of Niš, Serbia
Prof. Vojin Oklobdžija, University of Texas at Austin, USA
Prof. Slobodan Vukosavić, University of Belgrade, Serbia

Layout Editor:
Dragana Pupac

Publisher:
Faculty of Electrical Engineering, University of Banja Luka, Bosnia and Herzegovina

Number of printed copies: 100



ELECTRONICS, VOL. 25, NO. 1, JUNE 2021 1

Editor’s Column
Mladen Knezic

The present is theirs; the future, for which I really
worked, is mine.

Nikola Tesla

Editorial Letter
DOI: 10.53314/ELS2125001K

ALMOST two years of challenge are behind us. Hopefully,
this year we will start returning back to normal life. The

time will tell if we learned something or just wasted time as
on many occasions before.

In the journal “Electronics”, we open this year with four
original research papers that provide results in the field of
sensor networks, antennas, digital system design, and power
electronics.

In the first paper entitled “Energy Optimization in a Mul-
tihop Sensor Network for a WBAN Application,” authors,
V. Tyagi, S. H. Gupta, and M. Kaushik, proposed an energy
efficient data transmission for multi-hop network based on
Particle Swarm Optimization (PSO) algorithm. The provided
results show a significant reduction in energy consumption
while keeping the node-to-sink distance constant.

The paper “Dual Notched-Band Crescent Moon Dielec-
tric Resonator Antenna,” by M. Debab, A. Bendaoudi, and
Z. Mahdjoub, proposes a dual-band notched ultra-wideband
(UWB) dielectric resonator antenna. Obtained simulation re-

sults demonstrate that the proposed CMDR antenna achieves
satisfactory UWB performance, with an impedance bandwidth
of around 88.7%, covering the frequency band of 3.2-8.3 GHz,
excluding a rejection band for the WLAN and ITU 7 GHz
band.

In the paper “On The Implementation of Densely Packed
Decimal Number System based Adder: Prospects and Chal-
lenges,” authored by S. K. Beura, R. U. Ahmed, B. P. Devi,
and P. Saha, reports the pros and cons of the Densely Packed
Decimal (DPD) coding techniques. Additionally, performance
parameters (such as delay, power consumption) have been
evaluated through CMOS gpdk45 nm technology.

Finally, the paper “Harmonic Elimination in Uniform Step
Nine-Level Inverter Using Differential Evolution: Experimen-
tal Validation,” by R. F. Abdelgoui, R. Taleb, A. Bentaallah,
and F. Chabni, presents the application of differential evolution
algorithm for computing optimal switching angles for a single-
phase nine-level inverter to improve the output voltage quality.
Moreover, the authors built a laboratory prototype based on
STM32F407 microcontroller in order to the effectiveness of
the proposed modulation method.

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 the authors.
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Abstract—Movement and posture change of human body plays 
a crucial role in energy consumption while data transmission 
between strategically deployed nodes in wireless body area 
networks (WBANs). The majority of energy is used in transmission 
rather than processing of the data. Nodes within body are there 
for long time and need to be energy efficient so that the network 
lifetime is increased. In this paper, we propose an energy efficient 
data transmission for multi-hop network that uses particle swarm 
optimization (PSO) for optimizing the parameters on which 
energy consumption relies. An energy efficient data transmission 
and reception takes place by altering the parameters like node 
to node distance and packet size of data. The obtained results 
show a significant reduction of energy consumed by reducing the 
packet size and keeping the node-to-sink distance a constant value. 
The total energy consumed per hop per bit length of data packet 
Emh/L shows 75% optimization. The energy consumed in data 
transmission per bit length of data Etx/L and the energy consumed 
for data received per bit length of data packet Erx/L is optimized 
by approximately 70% and 50% respectively for hope count 2 to 5.  

Index Terms—Energy Optimization, Forwarder node, Mobility, 
Multi-hop Communication, Particle Swarm Optimization (PSO), 
Sensor Network, Wireless Body Area Network (WBAN).

Original Research Paper
DOI: 10.53314/ELS2125003T

I. Introduction

Internet of things (IOT) is a system of a variety of things or 
objects connected through a wireless and self-configurable 

network [1]. 
IOT has evolved over the last decade due to convergence of 

various cutting-edge technologies, real time analytics, machine 
learning, commodity sensors and traditional fields of embedded 
systems, Wireless Sensor Network (WSN), control systems, 
auto  mation and mobile communication [2]. The mobile 
communication technology and internet plays an important role 
for setting up a communication channel of smart devices in IOT. 
WSN refers to a self-configurable and infrastructure-less group 

of distributed and dedicated sensors for monitoring certain 
parameters like temperature, sound, humidity etc. and other 
physical environment conditions, and storing the aggregated 
data at a central, probably distant location [3]. 

WBAN, an application of WSN represent promising appro-
aches for improving the patient’s quality of life and for health 
care sector as it consists of multiple sensor nodes deployed in 
body [4], on body or off the body and each sensor node is capable 
of sensing, sampling, processing, and communicating vital signs 
(heart rate, blood pressure, oxygen level, activity, glucose level) 
[5]. WBAN supports several interesting appli ca tions which 
include areas such as sports, health care, assisted elder care, and 
response to emergency and diagnostic. Ascending healthcare 
costs and aging of people around the world has contributed 
to development in telemedicine network for the delivery of 
smart health care services [6]. In this type of network, sensors, 
distributed on the human body, measure several physiological 
parameters and then transmit the health information, via internet, 
to a central healthcare system (to an attending physician) or 
family member in charge. The aggregated data further helps 
scientific researchers, physicians and other medical personnel to 
serve more patients [5].

In WBAN, nodes change position due to human body 
mobility, causing the network topology to rearrange and links 
between nodes to break and re-establish according to new 
topology [7]. The continuous monitoring of health information 
by sensing nodes on human body leads to cutback of the energy 
of nodes which is a major obstacle in communication between 
nodes and sink [8] as well as to the longevity of the network. 
Therefore, sensors parameters, like energy consumption, need 
to be vital in process of designing sensors.

A general communication WBAN based e-healthcare sys-
tem architecture is presented in Fig. 1.

 
Fig. 1. A generalized architecture of a WBAN-based healthcare monitoring system.
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It comprises of a network of several sensing nodes, a 
body control unit (BCU) (PDA or a smart phone) linking to 
another network types (that could be another node with similar 
features), and a wide network like Internet (via base station) 
for connecting to medical personnel, family or other healthcare 
personnel (notifying ambulance in case of emergency). 

Sensor nodes collect data on parameters such as electro car-
diogram (ECG), photoplethysmogram (PPG), electro ence pha-
lography (EEG) pulse, temperature of the body, blood flow, and 
pressure and glucose level and send it to BCU [9].

Biological and physiological information gathered by the 
BCU is then transmitted to remote/local destination server 
marked by a specific patient ID. This data can be processed to 
obtain accurate estimations of physiological parameters which 
allow doctors to have real time judgment for medical diagnosis 
and therapeutic monitoring. 

Medical personnel, after analyzing and processing the data, 
can connect to sensors via sink node and give timely medical 
services to a patient. A more complex WBAN architecture may 
have parent node as an intermediating node between senders and 
sink [10], they are needed when a sensor cannot reach the sink 
node directly due to the human body mobility and constitution.

Rest of the paper has been structured as follows: Section 
II presents related work. Energy model is given in Section III. 
Section IV describes various energy optimization algorithms 
and the optimization conducted. Results and observations are 
presented in section V. Section VI features the conclusion of the 
proposed work.

II. Related Work

In the past few years various models have been proposed 
and other work has been done related to WSN, WSAN and 
WBAN. Various approaches have been proposed to make WSN, 
WBAN energy efficient network, but optimization techniques to 
optimize energy consumption while keeping in mind the factors 
on which it depends, have not been explored exhaustively. 

In WBAN a significant part of the energy of sensing nodes, 
is spent in sending and receiving data rather than processing 
the data. The research work related to the development of 
routing protocols and use of various optimization techniques 
in order to make the system more energy efficient when data 
transmission is in question, has been summarized in Table I. 
Energy consumption in sensors not only depends on which 
communication mechanism is followed (single or multi-hop), 
but also on the distance between nodes, the length of data 
packet to be sent, transmitting and receiving circuit and path 
loss factors. 

The problem of making nodes energy efficient by keeping 
node-to-node distance an optimum one and sending data 
with an optimum length of the packet can be modeled as an 
optimization problem. 

In this proposed work, an energy model has been formulated 
by considering various parameters like distance between nodes, 
packet size of data transmitted and energy used for transmission 
and receiving of data. 

TABLE I
 Research Work Related to Modelling and Optimization in WBAN 

REFERENCE TARGET WORK DONE

[4] A model design of 
energy-efficient 
and cost-effective 
wireless body 
area networks

Author addresses the topology de-
sign problem for WBAN, bea ring in 
mind both the cost and energy issues 
and offered a novel model centered 
on mathematical programming that 
determines the optimum number, 
assignment of nodes and optimum 
tra ffic routing.

[7] Energy efficient 
routing protocol.

Authors have proposed an ener gy 
effective routing protocol M-T SIM-
PLE for WBAN taking free dom 
of movement of nodes into con-
sideration.

[11] Dynamic Hub se-
lection

Authors have proposed dynamic 
hub selection in WBAN based on 
IEEE 802.15.6 in order to mitigate 
the higher SAR (Specific Absorption 
Rate) impact resulting due to fixation 
of HUB in traditional WBAN.

[12] PSO for relay no-
de placement

Use of PSO for relay node place-
ment on the body is proposed by 
the authors. Distance between nodes 
directly affects the energy consumed 
by the sensors and EMF radiated, 
thus placement of relay nodes at 
appropriate distance helps in lowe-
ring SAR value and lengthening 
node lifetime.

[13] Integrating SDN 
into WSAN sys-
tems.

According to authors, the perfor-
mance and management services 
of existing WSAN systems can be 
enhanced by integrating SDN app-
roach into them. The paper reveals 
that SDN enabled WSAN performs 
better than regular zigBee protocol 
in terms of energy consumption and 
network flexibility.

[14] Development of 
ener gy efficient 
ro uting protocol 
ESR-W

Authors developed a new energy 
efficient routing protocol ESR-W 
using fuzzy based Djikstra technique 
for SD-WBAN architecture. The 
new protocol results in improved 
throughput, end-to-end delay and 
lesser energy consumption. 

[15] To build an ener-
gy aware fle xible 
WSAN archi tec-
ture

Energy efficiency is a main concern 
for WSAN, hence the importance 
of devising efficient architectures. 
Authors in this paper proposes a 
new routing decision approach 
which takes distance between the 
nodes and remaining energy of the 
nodes in the path into consideration 
to prolong the lifetime of network.

[16] A mathematical 
mo del consi de -
ring human mo-
bi lity.

A mobility model for the node mo-
vements established on different 
po stures made during activities, 
with multihop and forwarder-based 
ro uting schemes has been proposed 
by and stated that performance of 
for warder-based routing schemes 
is better than the multihop routing 
scheme.
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REFERENCE TARGET WORK DONE

[17] Prolonging the li-
fetime of WBAN

Authors here investigate energy effi-
cient optimization in WBAN with 
multi-antenna AP to maximize the 
rate energy ratio of the system su-
bject to SINR.

[18] Efficient Energy 
Consumption Mo-
del

A system level energy consumption 
model for on-body wireless co-
mmunication has been proposed 
related to distance and data rate 
of transmission and transmission, 
considering energy consumption by 
circuit and in transmission.

[19] A routing protocol 
for stable energy 
use.

A unique routing protocol for stable 
energy consumption using multi-hop 
routing technique for static condition 
has been suggested.

[20] Energy optimi za-
tion

Global energy optimization (GEM) 
model is optimized for energy based 
on the quality of service (QoS).

III. Energy Model

WBAN consists of a number of nodes which are battery 
driven but with limited energy. The energy constraint, in turn, 
limits the transmission energy for sending the data from node 
to node. Therefore, the data sent by a node reaches the sink 
node through multiple hops. In a WBAN, the communication 
can either be a single-hop communication or multi-hop co-
mmunication.

Fig. 2 Single hop Communication 

Fig. 3 Multihop Communication

Fig. 2 and Fig. 3 represent the single-hop and multi-hop 
commu  nication respectively. In a single-hop communication, 

the packet from the source takes a single hop to reach its end-
point address (sink). The number of hops depends upon the 
sender node to sink node distance and the energy it takes for 
every hop. 

In multi-hop communication network, a packet has to pass 
through two or more nodes in to reach the end node (sink). Sensor 
networks are built of nodes ranging from hundreds to thousands 
of nodes that extends over huge distances. To interconnect nodes 
in large areas with minimal energy consumption, an approach 
is to use sensors as relays or intermediate nodes (parent node). 
Aptly said, nodes may not directly be connected to a destination 
address but use multiple hops to communicate their data which 
ultimately leads to efficient usage of battery [21]. In a WBAN, 
the distance between nodes is not too large but is constantly 
changing due to mobility of human body (Fig. 4).

(a)

(b)

Fig. 4. Network Flow Tree Structure (a) Link Breakage (b) Link re-establishment

Human body cannot stay in a stationary condition for a long 
ti me and postures keep changing. In such a case, use of multi-
hop communication is a better approach for an efficient data tran-
smission. Several radio models have been proposed in the literature 
for energy consumption. The linear equation for first order radio 
model presented in [22] and is given by (1), (2) and (3). 

𝐸𝐸𝑡𝑡𝑡𝑡(𝐿𝐿, 𝐷𝐷) = 𝐸𝐸𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡(𝐿𝐿) + 𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎(𝐿𝐿, 𝐷𝐷)  (1) 

 

𝐸𝐸𝑡𝑡𝑡𝑡(𝐿𝐿, 𝐷𝐷) = 𝐸𝐸𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡. 𝐿𝐿 + 𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎. 𝐿𝐿. 𝐷𝐷2  (2) 

 

𝐸𝐸𝑟𝑟𝑡𝑡(𝐿𝐿, 𝐷𝐷) = 𝐸𝐸𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡(𝐿𝐿) = 𝐸𝐸𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡. 𝐿𝐿  (3) 

 

𝐸𝐸𝑡𝑡𝑡𝑡 = (𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐸𝐸𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡) ∗ 𝐿𝐿 ∗ 𝐷𝐷2  (4) 

 

𝐸𝐸𝑎𝑎ℎ = 𝐿𝐿 ∗ ℎ[𝐸𝐸𝑡𝑡𝑡𝑡 + (𝐸𝐸𝑑𝑑𝑎𝑎 + 𝐸𝐸𝑟𝑟𝑡𝑡) ∗ ℎ−1
ℎ ]  (5) 

 

𝐸𝐸𝑎𝑎ℎ = [(𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐸𝐸𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡) ∗ ℎ ∗ (𝐿𝐿𝐷𝐷)2)  (6) 

              +(𝐸𝐸𝑑𝑑𝑎𝑎 + 𝐸𝐸𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡. 𝐿𝐿). 𝐿𝐿. (ℎ − 1)] 

 

 

 

 

 

 

 

  (1)               
𝐸𝐸𝑡𝑡𝑡𝑡(𝐿𝐿, 𝐷𝐷) = 𝐸𝐸𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡(𝐿𝐿) + 𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎(𝐿𝐿, 𝐷𝐷)  (1) 

 

𝐸𝐸𝑡𝑡𝑡𝑡(𝐿𝐿, 𝐷𝐷) = 𝐸𝐸𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡. 𝐿𝐿 + 𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎. 𝐿𝐿. 𝐷𝐷2  (2) 

 

𝐸𝐸𝑟𝑟𝑡𝑡(𝐿𝐿, 𝐷𝐷) = 𝐸𝐸𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡(𝐿𝐿) = 𝐸𝐸𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡. 𝐿𝐿  (3) 

 

𝐸𝐸𝑡𝑡𝑡𝑡 = (𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐸𝐸𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡) ∗ 𝐿𝐿 ∗ 𝐷𝐷2  (4) 

 

𝐸𝐸𝑎𝑎ℎ = 𝐿𝐿 ∗ ℎ[𝐸𝐸𝑡𝑡𝑡𝑡 + (𝐸𝐸𝑑𝑑𝑎𝑎 + 𝐸𝐸𝑟𝑟𝑡𝑡) ∗ ℎ−1
ℎ ]  (5) 

 

𝐸𝐸𝑎𝑎ℎ = [(𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐸𝐸𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡) ∗ ℎ ∗ (𝐿𝐿𝐷𝐷)2)  (6) 

              +(𝐸𝐸𝑑𝑑𝑎𝑎 + 𝐸𝐸𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡. 𝐿𝐿). 𝐿𝐿. (ℎ − 1)] 
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𝐸𝐸𝑟𝑟𝑡𝑡(𝐿𝐿, 𝐷𝐷) = 𝐸𝐸𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡(𝐿𝐿) = 𝐸𝐸𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡. 𝐿𝐿  (3) 

 

𝐸𝐸𝑡𝑡𝑡𝑡 = (𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐸𝐸𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡) ∗ 𝐿𝐿 ∗ 𝐷𝐷2  (4) 

 

𝐸𝐸𝑎𝑎ℎ = 𝐿𝐿 ∗ ℎ[𝐸𝐸𝑡𝑡𝑡𝑡 + (𝐸𝐸𝑑𝑑𝑎𝑎 + 𝐸𝐸𝑟𝑟𝑡𝑡) ∗ ℎ−1
ℎ ]  (5) 

 

𝐸𝐸𝑎𝑎ℎ = [(𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐸𝐸𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡) ∗ ℎ ∗ (𝐿𝐿𝐷𝐷)2)  (6) 

              +(𝐸𝐸𝑑𝑑𝑎𝑎 + 𝐸𝐸𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡. 𝐿𝐿). 𝐿𝐿. (ℎ − 1)] 

 

 

 

 

 

 

 

 (3)
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Where Etx is the energy used in transmission of data and Erx is 
the energy used up while receiving of data. Etxelect, Erxelect are the 
energy necessary to run the transmitter and receiver electronic 
circuit respectively. eamp is the energy required by amplifier 
circuit, L symbolizes size of data packet and D represents the 
distance between the transmitting and receiving node. 

Energy model for target optimization requires development 
of equations for single-hop and multi-hop communication. 
Energy used up during single hop and multihop communication 
is given in [8] and shown by (4) and (5) respectively.

𝐸𝐸𝑡𝑡𝑡𝑡(𝐿𝐿, 𝐷𝐷) = 𝐸𝐸𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡(𝐿𝐿) + 𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎(𝐿𝐿, 𝐷𝐷)  (1) 

 

𝐸𝐸𝑡𝑡𝑡𝑡(𝐿𝐿, 𝐷𝐷) = 𝐸𝐸𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡. 𝐿𝐿 + 𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎. 𝐿𝐿. 𝐷𝐷2  (2) 

 

𝐸𝐸𝑟𝑟𝑡𝑡(𝐿𝐿, 𝐷𝐷) = 𝐸𝐸𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡(𝐿𝐿) = 𝐸𝐸𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡. 𝐿𝐿  (3) 

 

𝐸𝐸𝑡𝑡𝑡𝑡 = (𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐸𝐸𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡) ∗ 𝐿𝐿 ∗ 𝐷𝐷2  (4) 

 

𝐸𝐸𝑎𝑎ℎ = 𝐿𝐿 ∗ ℎ[𝐸𝐸𝑡𝑡𝑡𝑡 + (𝐸𝐸𝑑𝑑𝑎𝑎 + 𝐸𝐸𝑟𝑟𝑡𝑡) ∗ ℎ−1
ℎ ]  (5) 

 

𝐸𝐸𝑎𝑎ℎ = [(𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐸𝐸𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡) ∗ ℎ ∗ (𝐿𝐿𝐷𝐷)2)  (6) 

              +(𝐸𝐸𝑑𝑑𝑎𝑎 + 𝐸𝐸𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡. 𝐿𝐿). 𝐿𝐿. (ℎ − 1)] 

 

 

 

 

 

 

 

 (4)  

𝐸𝐸𝑡𝑡𝑡𝑡(𝐿𝐿, 𝐷𝐷) = 𝐸𝐸𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡(𝐿𝐿) + 𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎(𝐿𝐿, 𝐷𝐷)  (1) 

 

𝐸𝐸𝑡𝑡𝑡𝑡(𝐿𝐿, 𝐷𝐷) = 𝐸𝐸𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡. 𝐿𝐿 + 𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎. 𝐿𝐿. 𝐷𝐷2  (2) 

 

𝐸𝐸𝑟𝑟𝑡𝑡(𝐿𝐿, 𝐷𝐷) = 𝐸𝐸𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡(𝐿𝐿) = 𝐸𝐸𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡. 𝐿𝐿  (3) 

 

𝐸𝐸𝑡𝑡𝑡𝑡 = (𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐸𝐸𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡) ∗ 𝐿𝐿 ∗ 𝐷𝐷2  (4) 

 

𝐸𝐸𝑎𝑎ℎ = 𝐿𝐿 ∗ ℎ[𝐸𝐸𝑡𝑡𝑡𝑡 + (𝐸𝐸𝑑𝑑𝑎𝑎 + 𝐸𝐸𝑟𝑟𝑡𝑡) ∗ ℎ−1
ℎ ]  (5) 

 

𝐸𝐸𝑎𝑎ℎ = [(𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐸𝐸𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡) ∗ ℎ ∗ (𝐿𝐿𝐷𝐷)2)  (6) 

              +(𝐸𝐸𝑑𝑑𝑎𝑎 + 𝐸𝐸𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡. 𝐿𝐿). 𝐿𝐿. (ℎ − 1)] 

 

 

 

 

 

 

 

 (5)

Here, h denotes number of hops and Eda represents energy 
consumed in data aggregation. Rewrite the (5) with the help of 
(3) and (4), we have,

𝐸𝐸𝑡𝑡𝑡𝑡(𝐿𝐿, 𝐷𝐷) = 𝐸𝐸𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡(𝐿𝐿) + 𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎(𝐿𝐿, 𝐷𝐷)  (1) 

 

𝐸𝐸𝑡𝑡𝑡𝑡(𝐿𝐿, 𝐷𝐷) = 𝐸𝐸𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡. 𝐿𝐿 + 𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎. 𝐿𝐿. 𝐷𝐷2  (2) 

 

𝐸𝐸𝑟𝑟𝑡𝑡(𝐿𝐿, 𝐷𝐷) = 𝐸𝐸𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡(𝐿𝐿) = 𝐸𝐸𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡. 𝐿𝐿  (3) 

 

𝐸𝐸𝑡𝑡𝑡𝑡 = (𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐸𝐸𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡) ∗ 𝐿𝐿 ∗ 𝐷𝐷2  (4) 

 

𝐸𝐸𝑎𝑎ℎ = 𝐿𝐿 ∗ ℎ[𝐸𝐸𝑡𝑡𝑡𝑡 + (𝐸𝐸𝑑𝑑𝑎𝑎 + 𝐸𝐸𝑟𝑟𝑡𝑡) ∗ ℎ−1
ℎ ]  (5) 

 

𝐸𝐸𝑎𝑎ℎ = [(𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐸𝐸𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡) ∗ ℎ ∗ (𝐿𝐿𝐷𝐷)2)  (6) 

              +(𝐸𝐸𝑑𝑑𝑎𝑎 + 𝐸𝐸𝑟𝑟𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡. 𝐿𝐿). 𝐿𝐿. (ℎ − 1)] 

 

 

 

 

 

 

 

 
(6)

The Eq. (6) will serve as an objective function for optimization 
which depends upon L (packet size), D (node and sink distance) 
and h (hop count). 

IV. Optimization

A. Formulation
Our aim is to optimize the energy consumed per hop in a 

Nanoscale WBAN multi-hop sensor communication by the 
objective function described in (6) via an optimizing algorithm.

B. Optimization algorithms
Optimization is a collection of mathematical/ computational 

principles and methods used for solving a problem where an 
objective function is either maximized or minimized by a 
systematic choice of input values from an allowed set which is 
constrained by some parameters [23]. Generally, optimization 
is finding “best fit” values of given objective function from 
definite and constrained input values. The choice of opti-
mization technique depends on the problem to be addressed. 
Some optimization techniques that has been considered for 
the problem at hand are: genetic algorithm (GA), ant colony 
optimization (ACO) and particle swarm optimization (PSO).

B. i. Genetic Algorithm (GA)
GA is a meta-heuristic algorithm inspired from the natural 

selection and genetics [24]. In GA chromosomes are mutated, 
altered and estimated for the objective function in every ite-
ration and those with better values are selected and reserved 
for succeeding iteration. The chromosomes for following ite-
ration (child) are bred through crossover and mutation of 
those from the preceding iteration (parents). These newly bred 

chromosomes then act as parent chromosomes for succeeding 
iteration and the process carry on till specific stopping criterion 
is met [25]. A stopping criterion may be in the form of fixed 
number of generations reached or a solution is found. 

The drawback of GA is that it gets confined in local minima 
or arbitrary points rather than global minimum. It cannot handle 
complexity in efficient manner and is better suited to discrete 
problems. Iba [26] presents the use of GA for reactive power 
optimization. 

B. ii. Ant Colony Optimization (ACO)
ACO is a probabilistic technique based on population, 

whe re the artificial ants follow a procedure in search for 
food (optimized solution). A solution is created by iteratively 
summing the constituents considering (i) any experimental 
information about the problem being solved, and (ii) pheromone 
trails [25]. Pheromone trails are left by ants who tread the path 
earlier. These tracks disappear with time to assist search in new 
areas and avoid convergence to a local optimal solution [27]. 

The main drawback of this technique is its poor theoretical 
analysis, uncertain time of convergence and changes in 
probability distribution with iteration. ACO is applied for 
reactive power flow optimization in [28].

B. iii. Particle Swarm Optimization (PSO) 
Particle swarm optimization is a computational algorithm 

developed by Kennedy, Eberhart and Shi. It is an optimization 
algorithm based on population (swarm) [29][30].The authors 
were motivated by the social behavior of animals like birds, 
fish, herds and ants and intended to simulate their behavior 
as a formalized representation of these organisms in a group. 
PSO has been used in various areas of optimization. PSO has 
gained importance for solving complex and hard optimization 
problems [31]. 

 In PSO, swarm of particles move in N dimensional space 
to reach an optimal solution for a given objective function. The 
particles in this swarm have properties like current position of the 
particles and velocity of the particle. The motion of the particles is 
guided by their own known position in the space as well the entire 
population’s best-known position. The particles adjust and update 
their position in such a way that an optimum or close to optimum 
solution is reached after multiple iterations [32].

PSO requires small number of parameters and lower number 
of iterations. Unlike GA, it tries to find global minimum and 
the variables in PSO can take any value based on their current 
position in particle space and corresponding velocity vector. 
PSO is faster in comparison to the other two algorithms and can 
be applied to problems that are noisy and dynamic [33].

 For a continuous space which depends on the shape of the 
objective function and the number of constraints and their size, 
PSO is a better choice which comes as a conclusion of its speed, 
ability to converge and give accurate solution [34].

C. Experiment

The experiments have been performed in MATLAB 2019 
running on windows 10 along with 8 GB of RAM. 
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PSO has been used to optimize the Emh per hop for the given 
objective function in (6). Here D and L has been considered as 
the constrained parameters and Emh, h, Etx are free parameters. 
As in (4) it has been represented that variation of Etx is between 
10 nJ and 40 nJ, which is a permissible transmission energy 
range for Nano scale WBAN nodes. The results from (4) has 
been used in (6) and fed to PSO algorithm. The flow chart of 
PSO has been depicted in Fig. 5 and the parameters used for 
optimization are listed in Table II.

Fig. 5. Flow Chart of particle swarm optimization algorithm

TABLE II
Parameters for PSO

Parameters Value
Population Size 100
Final Weight, w1 0.4
Initial Weight, w2 0.9
Number of iterations, Itmax 1000
Acceleration Constant ( C1, C2) 1.4455, 1.4455

Erxelect 36.1  nJ/bit
Etxelect 16.7  nJ/bit
eamp 1.97  nJ/bit
Eda 5       nJ/bit

V. Results

For the Etx range from 10 nJ to 40 nJ, distance D obtained 
from (4) is 23 mm. For 1000 iterations performed in PSO, the 
optimized value of Emh for varied hop count is best when L is 
2000 bits. The values of parameters in optimization function (6) 
has been summed up in Table III.

TABLE III
Optimized Parameters Of Objective Function 

  
Parameters Value

Erxelect 36. 1  nJ/bit
Etxelect 16.7   nJ/bit
eamp 1.97   nJ/bit
Eda 5        nJ/bit
Packet size (L)
Distance 

2000  bits
23       **mm 

     *nJ = nano Joule, mm = mili-meter

Table IV summarize the optimized and non-optimized 
values for energy consumption in the proposed model. 

TABLE IV
Optimized Energy and Non-Optimized Energy Obtained  

with Respect to Hop Count

Hop Count
Non-Optimized 
Energy Emh (per hop) 
( *J )

Optimized Energy 
Emh (per hop)(*J)

2 0.289058022 0.072241515401
3 0.385358023 0.096298782984

4 0.433508023 0.10833397302
5 0.462398033 0.1154665893

*J =  Joule

A comparative plot of non-optimized and optimized energy 
values for Emh, Erx and Etx is shown in Figs. 6-8 respectively. 
In Table IV the value of optimized Emh when packet size L is 
2000 bits, and non-optimized Emh when packet size is 4000 bits 
has been given. The table shows that optimized energy obtained 
for different hop count varies between 0.07224 J to 0.1154 J 
whereas non-optimized energy varies between 0.2890 J to 
0.4624 J for hop count from 2 to 5 respectively. 

Fig. 6. Optimized Emh (per hop) and Non-Optimized Emh (per hop) with respect 
to Hop Count
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TABLE V
Optimized Energy and Non-Optimized Receiving Energy Obtained with 

Respect to Hop Count

Hop Count Non-Optimized Receiving 
Energy Erx (1e-04 *J)

Optimized Receiving 
Energy Erx (1e-04  J)

2 1.4444999856 0.72204997499

3 1.4444992220 0.72204998750

4 1.4444992220 0.72204999166

5 1.4444999966 0.72204999375

*J = Joule

The values of optimized energy and non-optimized energy 
were further used in (6) to optimize energy consumed in There 
is a significant decrease in the energy consumed per hop when 
the packet length is reduced to half its original length, as shown 
in Fig. 6. The optimization has been done with distance between 
nodes being comparable in case of optimized and non-optimized 
energy calculation .receiving data Erx as shown in Table V. The 
optimized energy of receiving data is approximately 0.72204e-
04 J with very minimal variation obtained with respect to 
hop count as compared to non-optimized receiving energy 
whose value obtained was approximately 1.4444e-05 J. The 
comparative plot is shown in Fig. 7. It is noticeable that the 
optimized receiving energy Erx is significantly lower than non-
optimized receiving energy. 

Fig. 7. Optimized Receiving energy and Non-optimized Receiving energy with 
respect to Hop Count

The values of optimized energy and non-optimized energy 
were further used in (6) to optimize transmitted energy Etx as 
given in Table VI. The optimized transmission energy range is 
1.5758e-08 J to 0.8529e-08 J as compared to non-optimized 
transmission energy whose range is 3.7006e-08 J to 3.5509e-08 
J for the hop count of 2 to 5 respectively. 

The comparison of the values is depicted in Fig. 8. It can 
be comprehended that the optimized transmission energy Etx 
is significantly lower than non-optimized transmission energy.   
Table VII shows the percent difference of optimized values 
obtained Emh/L (total energy consumed per bit length of data 
packet per hop), Etx/L (energy used for transmission per bit 

length of data per hop) and Erx/L (energy used for receiving per 
bit length of data per hop) against the respective non-optimized 
values.

TABLE VI
Optimized Energy And Non-Optimized Transmission Energy Obtained 

With Respect To Hop Count

Hop Count
Non-Optimized 
Transmission Energy Etx 
(1e-08  J)

Optimized Transmission 
Energy Etx (1e-08  J)

2 3.7006250000 1.5758950500
3 3.6224283333 0.93923250000
4 3.5756035000 0.94871342500
5 3.5505972000 0.85299650000

Fig. 8. Optimized Transmission energy and Non-optimized Transmission ener-
gy with respect to Hop Count

TABLE VII
Percentage Difference in Non-Optimized and Optimized Values 

Obtained with Respect to Hop Count 

Hop Count
Percentage 
Difference in Emh 
(%)

Percentage 
Difference in Etx 
(%)

Percentage 
Difference in Erx 
(%)

2 75.00795345 57.41543523 50.01384685
3 75.01056751 74.07174377 50.01381956
4 75.00992663 73.4670508 50.01384607
5 75.02874498 75.97597103 50.01384594

Fig. 9 shows the graphical representation of the percent 
optimization achieved. The total energy Emh/L per hop is 
optimized by approximately 75% for hop count variation from 
2 to 5, therefore signifying a similar level of optimization for 
each hop. Etx/L per hop was optimized by approximately 57% 
to 76% for hop count from 2 to 5 respectively. Erx/L per hop was 
optimized by approximately 50% for hop count from 2 to 5. 
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Fig. 9. Percentage difference in Non-Optimized and optimized values obtained 
with respect to Hop Count

VI. Conclusion 

The energy efficiency of a WBAN network not only depends 
on the architecture and the routing protocol but also on node-to-
node distance and length of the data packet to be transmitted. 
This paper has dealt with the energy efficient optimization 
problem with optimum node-to-node distance and length of 
packet to be transmitted. The optimization using PSO indicates 
that after reducing the packet length to 2000 bits and node-
to-node distance to 23 mm, a significant decrease in energy 
consumption has been obtained. The total energy consumed per 
hop per bit length of data packet is optimized by approximately 
75%. The energy consumed in transmitting data per hop per 
bit length of data packet is optimized by approximately 57% 
for 2 hops, 73% for 3 hops, 75% for 4 hops and 76% for 5 
hops. The energy consumed per hop in receiving data per bit 
length of data packet is optimized by 50% for hop count from 
2 to 5. This indicates that keeping nodes at a certain optimum 
distance and reducing the packet size of data to be transmitted 
results in reduction of energy consumed. The energy efficient 
transmission will prolong the lifetime of the sensors implanted 
in the human body which are otherwise impossible to replace.  

In future works, other evaluation parameters can be used for 
optimizing energy in WBAN with inclusion of effect of path 
loss with every change in topology. 

References

[1] Patel, K. K., & Patel, S. M., “Internet of things-IOT: definition, characte-
ris tics, architecture, enabling technologies, application & future cha llen-
ges,” International journal of engineering science and computing, 6(5), 
(2016)

[2] Nikitakos, N., Tsaganos, G., & Papachristos, D, “Autonomous Robotic 
Platform in Harm Environment Onboard of Ships,” IFAC-PapersOnLine, 
51(30), 390-395, (2018)

[3] Matin, M. A., & Islam, M. M., “Overview of wireless sensor network,” 
Wireless Sensor Networks-Technology and Protocols, 1-3, (2012).

[4] Elias, J., “Optimal design of energy-efficient and cost-effective wireless 
body area networks,” Ad Hoc Networks, 13, 560-574 (2014).

[5] Otto, C., Milenkovic, A., Sanders, C., & Jovanov, E., “System architecture 
of a wireless body area sensor network for ubiquitous health monitoring,” 
Journal of mobile multimedia, 1(4), 307-326 (2006).

[6] Filipe, L., Fdez-Riverola, F., Costa, N., & Pereira, A., “Wireless body area 
networks for healthcare applications: Protocol stack review,” in Inter-
national Journal of Distributed Sensor Networks, 11(10), 213705 (2015).

[7] Navya, V., & Deepalakshmi, P., “Mobility supported threshold based 
stability   increased throughput to sink using multihop routing protocol 
for link efficiency in wireless body area networks (M-TSIMPLE),” 
IEEE International Conference on Intelligent Techniques in Control, 
Optimization and Signal Processing (INCOS) (pp. 1-7). IEEE. (2017)

[8] Bilandi, N., Verma, H. K., & Dhir, R., “Performance and evaluation of 
energy optimization techniques for wireless body area networks,” Beni-
Suef University Journal of Basic and Applied Sciences, 9(1), 1-11. (2020)

[9] Cicioğlu, M., & Çalhan, A., “IoT‐based wireless body area networks for 
disaster cases,” International Journal of Communication Systems, 33(13), 
e3864.(2020)

[10] Zou, S., Xu, Y., Wang, H., Li, Z., Chen, S., & Hu, B., “A survey on secure 
wireless body area networks,” Security and Communication Networks, 
2017.

[11] Cicioğlu, M., & Çalhan, A., “Dynamic HUB selection process based 
on specific absorption rate for WBANs. IEEE Sensors Journal, 19(14), 
5718-5722. (2019)

[12] Wu, T. Y., & Lin, C. H., “Low-SAR path discovery by particle swarm 
optimization algorithm in wireless body area networks,” IEEE Sensors 
Journal, 15(2), 928-936. (2014)

[13] Al-Shaikhli, A. B., Ceken, C., & Al-Hubaishi, M., “SANFlow: an inter-
face protocol between SDN controller and end devices for SDN-oriented 
WSAN,” Wireless Personal Communications, 101(2), 755-773. (2018)

[14] Cicioğlu, M., & Çalhan, A., “Energy-efficient and SDN-enabled 
routing algorithm for wireless body area networks,” Computer 
Communications, 160, 228-239. (2020)

[15] Al‐Hubaishi, M., Çeken, C., & Al‐Shaikhli, A., “A novel energy‐aware 
routing mechanism for SDN‐enabled WSAN,” International Journal of 
Communication Systems, 32(17), e3724. (2019)

[16] Sandhu, M. M., Javaid, N., Jamil, M., Khan, Z. A., Imran, M., Ilahi, M., & 
Khan, M. A., “Modeling mobility and psychological stress based human 
postural changes in wireless body area networks,” Computers in Human 
Behavior, 51, 1042-1053 (2015).

[17] Mao, Z., Hu, F., Li, Z., Ling, Z., & Li, S., “Energy-efficient optimization 
in multi-sensor WBAN with multi-antenna AP,” IEEE Access, 7, 115409-
115417.(2019)

[18] Yi, C., Wang, L., & Li, Y., “Energy efficient transmission approach for 
WBAN based on threshold distance,” IEEE sensors journal, 15(9), 5133-
5141 (2015).

[19] Sahndhu, M. M., Javaid, N., Imran, M., Guizani, M., Khan, Z. A., 
& Qasim, U., “BEC: A novel routing protocol for balanced energy 
consumption in Wireless Body Area Networks,” International Wireless 
Communications and Mobile Computing Conference (IWCMC) (pp. 653-
658). IEEE. (2015)

[20] Zhou, X., Zhang, T., Song, L., & Zhang, Q., “Energy efficiency 
optimization by resource allocation in wireless body area networks,” 
IEEE 79th Vehicular Technology Conference (VTC Spring) (pp. 1-6). 
IEEE. (2014)

[21] Schwieger, K., Fettweis, G., & Nachrichtensysteme, V. S. M., “Multi-Hop 
Transmission: Benefits and Deficits”.

[22] Sandhu, M. M. M., “Mobility Modeling for Efficient Data Routing in 
Wireless Body Area Networks,” (2014).

[23] Sadeghi, J., Sadeghi, S., & Niaki, S. T. A., “Optimizing a hybrid vendor-
managed inventory and transportation problem with fuzzy demand: an 
improved particle swarm optimization algorithm,” Information Sciences, 
272, 126-144 (2014).

[24] Panhwar, M. A., Liang, D. Z., Memon, K. A., Khuhro, S. A., Abbasi, M. 
A. K., & Ali, Z. (2020). Energy-efficient routing optimization algorithm 
in WBANs for patient monitoring. Journal of Ambient Intelligence and 
Humanized Computing, 1-13.

[25] Badar, A., Umre, B., & Junghare, A., “Study of artificial intelligence 
optimization techniques applied to active power loss minimization,” 
IOSR Journal of Electrical and Electronics Engineering (IOSR-JEEE) 
e-ISSN, 2278-1676 (2014).

[26] Iba, K., “Reactive power optimization by genetic algorithm,” IEEE 



ELECTRONICS, VOL. 25, NO. 1, JUNE 202110

Transactions on Power Systems, 9(2), 685-692 (1994).
[27] Parsons, S., “Ant Colony Optimization by Marco Dorigo and Thomas 

Stützle,” MIT Press, 305 pp., ISBN 0-262-04219-3. The Knowledge 
Engineering Review, 20(1), 92 (2005).

[28] Lenin, K., & Mohan, M. R., “Ant colony search algorithm for optimal 
reactive power optimization,” Serbian journal of electrical engineering, 
3(1), 77-88 (2006). 

[29] J. Kennedy and R. Eberhart, “Particle swarm optimization,” Proceedings 
of ICNN’95 - International Conference on Neural Networks, Perth, WA, 
Australia, pp. 1942-1948 vol.4 (1995).

[30] Y. Shi and R. Eberhart, “A modified particle swarm optimizer,” 
1998 IEEE International Conference on Evolutionary Computation 
Proceedings. IEEE World Congress on Computational Intelligence (Cat. 
No.98TH8360), Anchorage, AK, USA, 1998, pp. 69-73.

[31] Koohi, I., & Groza, V. Z., “Optimizing particle swarm optimization 

algorithm,” in 2014 IEEE 27th Canadian conference on electrical and 
computer engineering (CCECE) (pp. 1-5). IEEE.

[32] Gupta, S. H., Singh, R. K., & Sharan, S. N., “An approach to implement 
PSO to optimize outage probability of coded cooperative communication 
with multiple relays,” Alexandria Engineering Journal, 55(3), 2805-2810 
(2016).

[33] Gong, M., Cai, Q., Chen, X., & Ma, L., “Complex network clustering 
by multiobjective discrete particle swarm optimization based on 
decomposition,” IEEE Transactions on Evolutionary Computation, 18(1), 
82-97 (2013).

[34] Hassan, R., Cohanim, B., De Weck, O., & Venter, G., “A comparison of 
particle swarm optimization and the genetic algorithm,” in 46th AIAA/
ASME/ASCE/AHS/ASC structures, structural dynamics and materials 
conference (p. 1897) (2005).



ELECTRONICS, VOL. 25, NO. 1, JUNE 2021 11

Abstract— In this article, a dual-band notched ultra-wideband 
(UWB) dielectric resonator antenna is proposed. The antenna 
structure consists of Crescent Moon Dielectric Resonator (CMDR) 
fed by a stepped microstrip monopole printed antenna, partial 
ground plane, and an I-shaped stub. The Crescent Moon dielectric 
resonator is placed on the microstrip monopole printed antenna 
to achieve wide impedance bandwidth, and the I-shaped stub is 
utilized to improve impedance bandwidth for the WiMAX band. 
A comprehensive parametric study is carried out using HFSS soft-
ware to achieve the optimum antenna performance and optimize 
the bandwidth of the proposed antenna. The entire band is useful 
with two filtered bands at 5.5 GHz and 6.8 GHz by the creation of 
notches. The band’s rejection, WLAN band (5.2–5.7 GHz), and the 
downlink frequency band of ITU 7 GHz-band for satellite com-
munication (6.5–7.3 GHz) is realized by inserting G-shaped and 
C-shaped slots in the ground. The simulation results demonstrate 
that the proposed CMDR antenna achieves satisfactory UWB per-
formance, with an impedance bandwidth of around 88.7 %, covers 
the frequency band of 3.2 - 8.3 GHz, excluding a rejection band for 
the WLAN and ITU 7 GHz band. The CMDR is simulated using 
HFSS and CST high-frequency simulators.

Index Terms— UWB, Crescent Moon Dielectric Resonator 
(CMDR), Dual band notched band, C-shaped slot.

Original Research Paper
DOI: 10.53314/ELS2125011D

I. Introduction

Initially, high permittivity dielectric resonators (DRs) are used 
as oscillators and filters in microwave circuits. In the last few 

decades, DR’s are only used as energy storage devices rather 
than radiators. The idea of using DR as an antenna is widely ac-
cepted after work done on cylindrical dielectric resonator anten-
na (DRA) in 1983 [1]. Since dielectric resonator antennas have 
very low loss, higher efficiency without any conductor loss has 
ensued DRAs can be excited by different feeding mechanisms 

with various shapes [2]. Moreover, various types of feeding 
techniques were utilized to excite DRAs such as using a mi-
crostrip feed-line [3], [4] a rectangular waveguide [5], and a 
coaxial probe [6]. Several techniques have been reported to en-
hance the bandwidth of DRAs with the use of different config-
uration shapes, e.g., L-shaped, elliptical-shaped, T-shaped, and 
stair-shaped [7]–[11].  On the other hand, in the UWB operating 
frequency band, there exists interference from some narrow-
band, frequencies. Therefore, certain frequencies in the UWB 
range need to be rejected leading to a need for band-notched 
antennas. The main problem of band rejection design is the dif-
ficulty of controlling the bandwidth of the notched band in a 
limited antenna space. Recently, several UWB antennas with 
band-notched properties were presented where various meth-
ods have been used to achieve the band notching. Examples of 
approaches used are; L-shaped two slots and open-loop resona-
tor [12], U-shaped slots [13], [14], E-shaped slot [15], inverted 
U-shaped slots and H-shaped slot [16], negative permittivity 
CSRR [17], and EBG structures [18].

In the present paper, a compact 25×25mm2 CMDR anten-
na loaded on a 50Ω microstrip feed line is presented, the an-
tenna can reject two narrow bands by creating narrow slots on 
the ground plane. The CMDR antenna achieves an impedance 
bandwidth of 3.2-8.3 GHz with a return loss |S11| ≤ -10 dB and 
presents the decrement gain at 5.5 and 6.8 GHz. This manu-
script contains four distinct sections. Section I is an introduc-
tion. Section II elaborates the effect geometry and position of 
the crescent moon dielectric resonator, the design principle with 
varia ble frequency band notch characteristics. The radiation 
pattern and simulation results of return loss with two simula-
tors using CST and HFSS software are presented in Section III. 
Concluding remarks are presented in Section IV.

II. Antenna Design and Studies

Fig.1 shows the details of the CMDR antenna. The thin 
monopole antenna  is printed on a Rogers RT5880 substrate 
25×25 mm2  whose thickness is 0.878mm, a relative dielectric 
constant of εr = 2.2, and loss tangent of 0.0009. The partial 
ground plane with a size of 25×8.4mm2 is applied on the back-
side of the dielectric substrate. For impedance   bandwidth im-
provement the crescent moon dielectric resonator and I-shaped 
tuning stub are added for the best matching of the monopole 
antenna. To create a crescent moon dielectric, the cylindrical 
dielectric resonator made of Silicon material (relative permit-
tivity of 11.9, and loss tangent tan δ=0.015), with dimensions 
of RDR=6mm, HDR=14mm. A circular region is cut in the cy-
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lindrical dielectric resonator at position PDRC (PRDCx=9.5mm, 
PRDCy=9.5mm) with a radius RRDC=5mm. The key innovation in 
the proposed design is to use the G-shaped and C-shaped slots 
to achieve dual-notched band characteristics. The band-notched 
configurations are involved to produce the wanted stop bands 
with good frequency selectivity and suitable stop bandwidths 
to eliminate the interference at 5.2–5.7 GHz, and 6.7-7.3 GHz.

A commercial computer simulation tool High-Frequency 
Structure Simulator (HFSS), is used to design the antenna.  The 
optimized dimensions are presented in Table I.
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Fig. 1.  Geometry of the CMDR antenna (unit: mm): (a) Top view, (b) Side 
view, (c) 3-D view.

TABLE I. The Parameters of the CMDR Antenna.

parameter (mm) parameter (mm)

Ws 25 HDR 14

Ls 25 PDRx 8.5

hs 0.878 PDRy 12.5

W1 2 RDRC 5

L1 4 PDRCx 9.5

W2 1 PDRCy 9.5

L2 11 Lstub 8

LG 8.4 Wstub 1

RDR 6

A. Antenna Without Notches

The design procedure and the simulated reflection coeffi-
cients of the CMDR antenna are shown in Fig.2. To increase 
the bandwidth and move the lower band toward lower frequen-
cies, a CMDR is loaded on the monopole. It can be seen that 
the monopole antenna loaded with the CMDR, achieves better 
impedance matching than the basic monopole antenna struc-
ture. But the antenna still presents some mismatches at low fre-
quencies band (less than 3.6 GHz). So, to improve this imped-
ance mismatching at low frequencies, an I-shaped tuning stub 
is added to the partial ground plane, as shown in Fig.2. When 
the CMDR and I-shaped tuning stub is present, the lower band 
shifts to 3.3 GHz and the antenna exhibits a sharp resonance dip 
of |S11| is -22.5dB at 5.2 GHz, and the height of the band shifts 
to 8.3 GHz. From the simulated results, it can be concluded that 
the CMDR antenna provides better reflection coefficient perfor-
mance to cover the WiMAX band.
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Fig. 2. Simulated |S11| for various antenna structures.

To accomplish an investigation of the characteristics of 
the CMDR antenna, to obtain the most effective antenna per-
formance, a parametric study is achieved. The commercial 
software Ansoft HFSS is used for the parametric analysis. Im-
portant parameters of the CMDR antenna are investigated by 
changing each time a parameter while keeping other parameters 
unchanged.

Fig. 3 shows the effect of the radius RDRC from 1 to 6 mm on 
antenna performance. It is clear that for |S11| less than -10 dB, 
the lower edge frequency of the bandwidth is about 3.2 GHz, 
and the height of the band shifts to 8.3 GHz. When RDRC=5mm. 
The resulting antenna offers a broad impedance bandwidth of 
88.7% for |S11| less than -10 dB.

The effect of the position, Py on the reflection coefficient of 
the CMDR antenna is depicted in Fig. 4. From this figure, it is 
very clear that this parameter influences both the impedance 
matching and bandwidth of the CMDR antenna. As a result, the 
best impedance matching is achieved at Py=12.5 mm.



ELECTRONICS, VOL. 25, NO. 1, JUNE 2021 13

 

 

2.00 4.00 6.00 8.00 10.00
Frequency [GHz]

-45.00

-40.00

-35.00

-30.00

-25.00

-20.00

-15.00

-10.00

-5.00

0.00

S
1

1
 (

d
B

)

 

 RDRc= 1mm 

 RDRc= 3mm 

 RDRc= 5mm 

 RDRc= 6 mm  

 

RDRC 

Fig. 3. Simulated |S11| parameters of the CMDR antenna with different values 
of radius RDRC.
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Fig. 4. Simulated |S11| parameters of the CMDR antenna with different po siti-
ons Py.
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Fig. 5.  Simulated |S11| parameters of the CMDR antenna with different po  siti  -
ons Px.

The position Px has been optimized from 11.5 to 6.5mm to 
obtain the optimal impedance matching (|S11| ≤ -10dB). The 
comparison of the reflection coefficient versus frequency plot 
for the different values of the position Px has been depicted in 
Fig.5. It can be contemplated that for Px=8.5 mm, the |S11| is ≤ 
-10dB at the frequency range of 3.2-8.3 GHz.

B.	 A	 Configuration	 of	 Uwb	 Antenna	 with	 Variable	 Fre-
quency Band Notch Characteristic

 

 

 

 

 

 

 

Antenna 1 (a) Antenna 2 (b) 

Antenna 3 (c)  
Fig. 6. Evolution of the CMDR antenna: (a) The CMDR antenna, (b) The 
CMDR antenna with etched G-shaped slot, (c) The CMDR antenna with etched 
G-shaped and C-shaped slots.
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Fig. 7. Simulated VSWR of the CMDR antenna with and without slots.

Fig. 6 shows the evolution stages of the proposed design. 
The antenna is designed with a frequency range of 3.2-8.3 
GHz as shown in Fig. 6 (a). By embedded a G-shaped slot on a 
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ground plane, the band stop function for WLAN is achieved as 
shown in Fig 6 (b). Dual-band stop characteristics for WLAN 
band and ITU 7 GHz by etching G-shaped slot and C-shaped 
slot on the ground plane. The proposed geometry is shown in 
Fig. 6 (c).

Fig.7 shows the VSWR curves of the evolution of the CMDR 
antenna. Antenna-2 anticipates the band notch characteristic 
only at the WLAN frequency band (5.2-5.7 GHz), whereas An-
tenna 3 shows the band notch characteristics at WLAN (5.2-5.7 
GHz) and ITU 7 GHz band (6.7-7.3 GHz).

C. Notched Band for Wlan Band.
The G-shaped slot determines the notched band that rejects 

the WLAN band, and the designed central frequency of the 
notch band function is to adjust the length of the slot LWLAN 
which cuts to approximately half wavelength. Fig. 8 depicts 
the geometry of the G-shaped slot to create band rejection to 
avoid the electromagnetic interference between nearby existing 
WLAN systems and UWB systems. The notched frequency can 
be assumed as [19]:

𝒇𝒇𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏 ≈ 𝒏𝒏
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where LWLAN is the total of the G-shaped, εr is the dielectric con-
stant of the substrate, and c is the speed of the light. The total 
length of the slot LWLAN is given by:
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Fig. 8. G-shaped slot dimensions.

Fig. 9 shows the VSWR of the CMDR antenna after adding 
the C-shaped slot. As observed from the figure a notched band 
at about 5.5 GHz for the WLAN application is being created. 
Using equation (1) the theoretical predictions are compared to 
the total length simulation values LWLAN in  Table II. It is found 
that there are few differences between them.
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Fig. 9.  Simulated VSWR of the CMDR antenna with band notch at WLAN 
band.

TABLE II. Simulations against Theoretical Prediction of WLAN 
Band-notched CMDR Antenna. 

    LWLAN (mm)    Predicted (GHz)   Simulated (GHz)

21.2 5.59 5.70

22 5.39 5.50

22.8 5.20 5.30

D. Notched band for ITU 7 GHz Band

The notched band for ITU 7 GHz band is achieved by etching 
a C-shaped slot inside the ground plane. Fig.10 depicts the ge-
ometry of the C-shaped slot. The appropriate design of the band 
notch component obtained using the following relation [20]:
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Where LITU is the total length of the C-shaped slot, c is the 
speed of light, and εr is the dielectric permittivity of the sub-
strate. The total length of the slot LITU is given by:
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From the illustrated Fig.11, a C-shaped slot is used to pro-
vide band stop function for ITU 7 GHz Band. It indicated the 
VSWR characteristics of the proposed geometry. It shows that 
the antenna provides a sufficiently wide impedance bandwidth 
(VSWR ≤ 2) of 5.1 GHz (3.2-8.3 GHz), and has a frequen-
cy notch of about 0.4 GHz (6.7-7.1 GHz) for band rejection 
of the ITU 7 GHz band. The LITU length simulation values are 
compared to the theoretical prediction in Table III. Note that 
the resonant frequency calculated using equation (3) is in good 
agreement with simulated notch frequency.
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Fig. 10. C-shaped slot dimensions.
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Fig. 11. Simulated VSWR of the CMDR antenna with band notch at ITU  
7 GHz band.

TABLE III. Simulations against Theoretical Prediction of ITU 7 Ghz 
Band-Notched CMDR Antenna.

LITU (mm) Predicted (GHz) Simulated (GHz)

17.8 6.66 6.80

18.2 6.51 6.60

18.8 6.30 6.50

E. Parametric Study
To study the analysis and effect of various parameters on 

the bandwidth of notch bands, one parameter at a time is var-
ied. The length LWLAN and LITU of G-shaped and C-shaped slots 
are varied and its variation on VSWR is plotted in Fig. 12 and 
Fig. 13, respectively. The effect of the length LWLAN is presented 
in Fig.12. The center frequency of the notched band decreases 
from 5.9 to 5.3 GHz as LWLAN increases from 20.4 to 22.8mm. 
The figure indicates that any change in the length of the LWLAN 

does not have any significant influence on the other notched 
frequency.

Fig.13 plots the VSWR of the CMDR antenna for different 
values of the length of the C-shaped slot LITU. It is observed 
that the center frequency of the band is shifted from 6.5 to  
7.3 GHz as the length LITU changed from 18.8 to 17.2 mm,  also 
observed that the variation in length LITU of C-shaped negligi-
bly affects the bandwidth of other band notches.
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Fig. 12. Simulated VSWR of the CMDR antenna with different para me ter 
LWLAN.

To understand the phenomena behind the notch band per-
formance, the simulated surface current distribution of CMDR 
antenna at 5.5 and 6.8 GHz are shown in Fig. 14. It can be 
observed that at 5.5 GHz the surface current is confined in a 
G-shaped slot structure, whereas, at 6.8 GHz, the surface cur-
rent is concentrated in a C-shaped slot. Thus, at these notch 
frequencies, the antenna will not radiate efficiently.
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Fig. 13. Simulated VSWR of the CMDR antenna with different parameter 
LITU.
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Fig. 14. Surface current distribution of the CMDR antenna at 5.5 and 6.8 GHz.

III. Results

To validate our use of design software HFSS, we designed 
and simulated the same structure as CST Microwave studio 
software whose numerical analysis is based on the method of 
the Finite Integration Technique (FIT). Fig.15 and 16 present 
the simulated VSWR and the reflection coefficient |S11| obtained 
by both simulation tools. This result shows a bandwidth of  
5.1 GHz, covering frequencies from 3.2 to 8.3 GHz along with 
two notched bands of 0.5 GHz (5.2-5.7 GHz) and 0.6 GHz (6.7-
7.3 GHz). The slight difference between the simulated results 
of CST and HFSS is due to the different numerical techniques 
employed by the two software.

The simulation results of radiation patterns at the following 
frequencies: 4 GHz, 6 GHz, and 8 GHz with two simulators 
HFSS and CST are shown in Fig. 17. The antenna exhibits an 
omnidirectional pattern at 4 GHz and it gets distorted and direc-
tional as the frequency of operating is increased. At 6 GHz, the 
radiation pattern is highly directive in the H plane and bidirec-
tional in the E plane. As can be seen that a good agreement is 
achieved between the two simulators.
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Fig. 15. Simulated VSWR of the CMDR antenna using HFSS and CST.
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Fig. 16. Simulated |S11| parameters of the CMDR antenna using HFSS and 
CST.

Fig.18 shows the simulated antenna gain response. The 
average gain for the dual band-notched antenna in the 3.2-8.3 
GHz band is about 3.3dBi, however, at the notched bands 5.5 
and 6.8 GHz, the antenna gain drops to about -5 and -2.5 dBi 
respectively.

The simulated radiation efficiency of the CMDR antenna 
with and without notch is depicted in Fig. 19. It is seen to have 
a sharp decrease across the notch band due to the existence of 
G-shaped and C-shaped slots on the ground plane. The radia-
tion efficiency of the antenna the first notch (5.5 GHz) is 42% 
and a second notch (6.8 GHz) is 25%.
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Fig. 17. CST and HFSS simulated directivity patterns in E (y-z) and H (x-z) 
planes for the CMDR antenna at 4, 6, and 8 GHz.
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Fig. 18. Simulated peak gain with and without notch of the CMDR antenna.

The comparison of the CMDR antenna with existing anten-
nas has been delineated in Table IV. It can be adorned from Ta-

ble IV that the CMDR antenna is compact in size in juxtaposi-
tion to references [13], [21]–[25] except reference [26]. Though 
the size of the antenna designed in [26] is compact, this antenna 
has only a single band notch frequency. Based on the aforemen-
tioned discussion, it can be anticipated that the CMDR anten-
na is novel, compact in size with a new design, and useful for 
UWB applications with band notched characteristics at WLAN 
and the downlink frequency band of ITU 7 GHz.

 

 

2.00 4.00 6.00 8.00 10.00
Frequency [GHz]

20.00

30.00

40.00

50.00

60.00

70.00

80.00

90.00

100.00

E
ff

ic
ie

n
c

y
 (

%
)

 

 Without notch 

 With notch 

Fig.19. Simulated radiation efficiency with and without notch of the CMDR 
antenna.

IV. Conclusion

A dual-band notched dielectric resonator antenna is pro-
posed. The UWB is obtained by incorporating a Crescent 
Moon Dielectric Resonator antenna excited by, a feed line. The 
I-shaped stub is utilized to improve impedance bandwidth for 
the WiMAX band. The final dimension of the CMDR antenna 
is 25×25×14mm3. The first notch is realized at 5.5 GHz and the 
second notch is realized at 6.8 GHz by etching G-shaped and 
C-shaped slots on the ground plane, respectively. The notches 
prevent interference of 5.2-5.7 GHz (WLAN) and 6.7-7.3 GHz 
(ITU 7 GHz) communication bands.

The antenna offers UWB with 88.7% (3.2–8.3 GHz) of 
impedance bandwidth considering |S11| ≤-10dB. The simulat-
ed results for the antenna VSWR and radiation patterns were 
provided with the use of HFSS software and were validated by 
using CST Microwave studio software. The slight difference 
between the simulated results is due to the different numeri-
cal techniques employed by the two software. The simplicity, 
compact size, low cost, and band rejection make this antenna 
suitable for UWB applications.
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Abstract—Decimal digit number computation, through bit 
compression methodology, offers space and time saving, which can 
be incurred by the Chen-Ho and Densely Packed Decimal (DPD) 
coding techniques. Such coding techniques have a property of bit 
compression,  like, three decimal digits can be represented by 10 
bits instead of 12 bits in binary coded decimal (BCD) format. The 
compression has been obtained through the elimination of the re-
dundant 0’s from BCD representation. This manuscript reports 
the pros and cons of the techniques mentioned above. The logic lev-
el functionalities have been examined through MATLAB, where-
as circuit simulation has been verified through Cadence Spectre. 
Performance parameters (such as delay, power consumption) have 
been evaluated through CMOS gpdk45 nm technology. Further-
more, the best design has been chosen from them, and the decimal 
adder design technique has been incorporated in this paper.  

Index Terms—Chen-Ho coding, DPDcoding, Power, Delay, 
Decimaladder.
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I. Introduction

Decimal arithmetic has been highly emphasized lately due 
to the increasing role of commercial, financial, and inter-

net-based applications. The human interpretation of numbers 
in the decimal system is considerably more accessible than the 
binary system. Therefore, a decimal-based implementation ap-
proaches like fractions becomes more relevant from its count-
er-part, i.e., the binary system, which incurs recurring infinity 
bits [1]. Thereby, it is expected that inputs and outputs of the 

decimal notation from the machine also need to be decimal. 
The cost of hardware, which is the paramount concern for the 
digital arena, is increased due to its conversion, programming, 
and troubleshooting. Consequently, it seems more logical to im-
plement decimal arithmetic in machines instead of forcing users 
to think in binary mode [2].

Decimal to binary conversion and vice versa is the prime 
requirement while adding two decimal numbers using binary 
adders. Meanwhile,  the hardware required for this purpose 
increases with an increase in the decimal number value. This 
increase in hardware is the continuous division (Double dabble 
method) and multiplication operations performed in decimal 
to binary and binary to decimal conversions. Furthermore,  the 
conversion of fractional decimal numbers into binary causes 
recurring infinity bits. Thereby, the converted decimal fraction 
number becomes incorrect and causes approximate errors [17]. 
Moreover, it affects the overall speed of operation of the addi-
tion process. 

For decimal computation, each digit individually can be 
represented in binary coded decimal (BCD), and each of them 
can also be represented into four binary bits. Also, the same can 
be expressed compactly, like Chen–Ho [2] and Densely Packed 
Decimal (DPD) [1] coding,which are more lucrative in certain 
circumstances. 

In 1975 Chen and Ho proposed an effective encoding tech-
nique (Chen-Ho encoding) to represent decimal data [2], which 
usually compresses three decimal digits into 10 bits rather than 
12 bits.  By considering the Huffman Code [3], various digit 
combinations have been formed using leading indicator bits. 
The Huffman code helps to determine the smaller (0 to 7) and 
larger (8, 9) digits present in a multi-digit decimal number. Fur-
thermore, Chen–Ho encoding gives 17% more compact encod-
ing than BCD with little waste. Simple Boolean operations are 
used for conversion or re-conversion. Floating-point decimal 
numbers can also be encoded in binary register using Chen-Ho 
encoding [4]. 

Another coding technique, namely DPD methodology [1], 
permits subjective length decimal numbers to be coded effi-
ciently. DPD also performs compression of the three decimal 
digits into 10-bit instead of 12. This coding technique has also 
been based on Huffman coding, similar to the previously men-
tioned Chen–Ho encoding. Analogous to BCD encoding, DPD 
encoding allows all smaller and larger bits to be right-aligned. 
In contrast, Chen-Ho encoding follows the BCD pattern only 
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for smaller digits (0 to 7), whereas for higher digits (8,9), it 
gives more weightage to the MSB. On the otherhand, the Chen-
Ho algorithm requires completely different coding for single, 
double, and three decimal digits. However, the same algorithm 
is applicable for DPD to represent single, double, and three dec-
imal digits with zero paddings on the left side only.

Moreover, computational circuitry, like the addition of 
decimal numbers, non-speculative adder takes less delay and 
consume nearly the same space than speculative adders [5]. A 
different non-speculative adder has been proposed by Lin et al. 
[6], where binary carry-save adder (CSA) is used on BCD input 
along with a correction module. Svoboda [7] has proposed a 
signed digit decimal adder considering the digit set [-6, 6]. In 
[7], each decimal digit (x) is multiplied by 3, and the multipli-
cation result is stored in 5-bits, where significant overhead is 
required for the signed digit code conversion. Furthermore, re-
searchers have proposed several decimal adders with precision 
in various literatures [8]–[14]. The adders offered by Bohlender 
et al. [9] and Cohen et al. [10] have quite long latencies while 
producing each result. A speculative signed-digit adder was 
proposed by Moskal et al. [12], where both the input operands 
are represented as sign-digit numbers.The operand is selected 
as apositive 4-bit vector and anegative 4-bit vector. The imple-
mentation technique is good enough with the penalty of algo-
rithmic complexity.  In [13]-[14], researchers have proposed an 
adder/subtractor module for signed magnitude format, with the 
scarification of other two significant VLSI aspects, i.e., delay 
and power consumption. 

In this paper, the design technique of Chen-Ho and DPD 
coding has been addressed as a function of bit-positioning. 
Both coding techniques were simulated in MATLAB to analyze 
each code’s bit-positioning and, later on, simulated in Cadence 
Spectre to compare the delay and average power consumption. 
Furthermore, a 3-digit decimal adder using the DPD coding 
technique has been proposed in this paper. The proposed deci-
mal adder is compared with the existing designs [13]-[14], [16]-
[17] as a function of the VLSI performance parameters such 
as delay and average power using gpdk45 nm technology. For 
the validation of the proposed decimal adder’s exactness, image 
addition has been carried out and compared.

The manuscript is organized as follows: Section II provid-
ing pieces of information about some existing designs; Section 
III gives the brief logic behind the design of both the coding 
techniques; Section IV shows the comparative analysis of both 
the coding techniques as a function of power and delay; Section 
V demonstrates the implementation of the proposed DPD based 
decimal adder; Section VI shows the observations between pro-
posed and existing adders; Section VII belongs to the applica-
tion: image addition, followed by the conclusion (Section VII).

II. Related Work

In digital systems, the decimal numbers are usually encod-
ed in BCD for arithmetic operations. The BCD adder takes two 
BCD digits as an input and provides the addition result, which 
is also in BCD [15].  

The architecture of the conventional BCD adder has been 
shown in Fig. 1. There are two decimal digits, namely Aand 
B. The addition operation has been performed using binary ad-
ders, e.g., ripple carry adder (RCA) or carry look-ahead adder 
(CLA). The summation result has to pass through another stage 
where the correction needs to be completed. The intermediate 
summation result is denoted by S3,S2,S1,and S0. The Carry-out 
and final summation result (Sum3-Sum0) have been generated 
by adding ‘0110’ to the intermediate summation result.

From Fig. 1, it has been observed that the delay of reported 
architecture is directly proportional to the digit width of dec-
imal input. There are a few short-comings of the BCD adder, 
which are summarized below.

• For the generation of early carry, the BCD adder needs 
extra circuits. Moreover, ~20% more circuitry is required 
for the BCD addition than conventional binary addition.

• Usually, BCD representation (4-bits per digit) of decimal 
digits increases the storage space by ~20% than the stan-
dard binary encoding, which results in storage overhead.

• It has been observed that, in any operation, the practical 
implementation of BCD is much slower than the binary 
representation.

Fig. 1. 1-digit BCD adder [15]

In [16], the authors have proposed a fast BCD addition 
method known as fast decimal adders. The fast decimal ad-
der’s architecture also consists of three stages which is shown 
in Fig. 2. This adds two decimal numbers having three-digit 
each. Therefore, in binary, the inputs are A[11:0], B[11:0], and 
the Cin. In stage 1, both decimal digits are (each represented by 
12-bits in binary) added together using CLA to obtain binary 
Sum[11:0] along with generate and propagate signals. DPi is 
the digit propagate signal, whereas DGi is the Digit Generate 
signal. DPi and DGi have been used to check whether the bi-
nary sums are equal to 9 and bigger than 9, respectively. The 
boolean expressions to represent DPi and DGi are provided 
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in eqn. (2), (3). In stage 2, in order to calculate the real deci-
mal carries Carry[i] (as shown in eqn. 1), DPi and DGi signals 
have been considered as an input to the Carry network, which 
is made up of a parallel-prefix computation unit. Lastly, in stage 
3, the summation of the correction values and the binary sums 
produced by stage 1 has been carried out to generate the final 
summation result [12:0].

Carry[i] = DGi + DPi˙ Carry[i - 1]   (1)

DGi = Cout + (S[i + 3].(S[i + 2]+ S[i + 1] ) )  (2)

DPi = S[i + 3] .S[i + 1])    (3)

Fig. 2. Reduced delay BCD adder [16]

Researchers in [17] have proposed a similar decimal adder 
as in [16] with some significant modifications. This decimal 
adder [17] has been adding three decimal numbers of 4-digit 
each simultaneously. In stage1, binary converted decimal digits 
are fed to the CSA+PG unit. This CSA+PG unit is generating 
DPi and DGi signals along with Sum and Carry outputs. The 
decimal carries are computed in the 2nd stage with the help 
of carry network. The sums are calculated in the last stage by 
using carry-save adders (CSA) plus 4-bit carry-lookahead ad-
ders (CLA) which are adding the digit sums and carries with 
correction values. 

Fig. 3. Area Efficient Decimal Adder [17]

III. Description of Chen-Ho and DPD Coding Techniques

A. Chen-Ho Encoding
BCD encoding technique required four bits to represent each 

decimal digit. For example, if A is denoted as a single-digit deci-
mal number, then the four-bits are needed to represent Ain BCD, 
i.e., abcd, such that A= 8a + 4b + 2c + d. Similarly, two decimal 
digits A,B can be represented as abcd efgh and three decimal 
digits A,B,C can be described as abcd efgh ijkl and so on. 

The representation of each decimal digit as 4-bits conserve 
extra space, as four bits indicate 16 states (0 to 15),preferably 
10 (0 to 9). Thereby, the relative inefficiency of BCD encoding 
with the help of binary notation (r) [2], i.e., r = 4 log 2/log 10 = 
1.204. Therefore, the binary representation is saving 20.4% of 
space as compared to BCD.

To represent small decimal digits (0-7) in BCD format re-
quires 4-bits (abcd), whereas these can be expressed in 3-bit (bcd) 
only. For the encoding of larger digits (8, 9), BCD needs four 
digits (abcd). However, for larger digits, a is always logic ‘1’ and 
d is logic ‘0’ for 8 and logic ‘1’ for 9. Furthermore, bc is still the 
logic ‘0’ for larger digits. Therefore, in Chen-Ho encoding, bc has 
been omitted for larger digits. By merely discarding the repetitive 
0 bits in a BCD message, a consolidated code is obtained.

Chen-Ho proposed an efficient encoding by using the ‘indi-
cator field’ and ‘detailed field’. The role of this indicator bit is 
to specify the occurrence and the position of the larger digit. In 
combination with the indicator bit, the detailed field gives the 
larger decimal digit’s actual value.

The 3-digit decimal number mapping issue can be resolved 
with Huffman encoding [3], which has been used in Chen-Ho 
encoding. The 3-digit decimal number in BCD is represented 
by 12 bits (abcd efgh ijkl). Three bits, namely (a,e,i), have been 
used as indicator bits. Therefore four cases may arise depend-
ing upon the smaller (0 to 7) and larger (8,9) bit combination, 
which are provided in Table I.

Table I
Logic Used for Chen-Ho Encoding

Case 1 When all 3-digits decimal numbers are small (0-7), the possibil-
ity of occurrence is 51.2%, encoded by (0).

Case 2 If any 1-digit decimal number is large (8,9), then the possibility 
of occurrence is 38.4%, encoded by (100, 101, 110).

Case 3 If 2-digits decimal numbers are large, then the possibility of 
occurrence is 9.6%, encoded by (11100, 11101, 11110)

Case 4 If all three decimal digits are large, then the possibility of occur-
rence is 0.8%, encoded by (11111).

 
The representation of 3-digit decimal numbers (abcd efgh 

ijkl) in the 10-bit binary was given (pqrstuvwxy). From the re-
sulting bits (pqrstuvwxy), (s,v,y) is always standing with (d,h,l) 
of the BCD digits. Table II shows the compression of 3-digit 
decimal numbers into 10-bit.

Furthermore, Chen-Ho demonstrated that no arithmetic 
operation had been implemented; instead, only shift, deletion, 
and insertion is used. The Boolean algebra used for encoding 
of 12-bit into 10-bit binary and decoding is provided in Tables 
III and IV.  
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Table II 
The Compression Algorithm of 12-bits Into 10-Bits (Chen-Ho)

a e i p q r s t u v w x y

0 0 0 0 b c d f g h j k l

1 0 0 1 0 0 d f g h j k l

0 1 0 1 0 1 d b c h j k l

0 0 1 1 1 0 d f g h b c l

0 1 1 1 1 1 d 0 0 h b c l

1 0 1 1 1 1 d 0 1 h f g l

1 1 0 1 1 1 d 1 0 h j k l

1 1 1 1 1 1 d 1 1 h 0 0 l

Table III
Boolean Algebra for The Compression of 12-Bits Into 10-Bits

Compression into 10 Bits

p a + e + i

q b ē + i + a e

r ci̅ + e + ai

s d

t ae + f (a + ī ) + beī 

u ai+ge̅+cei̅

v h

w j+bi+fai

x k+ci+gai

y l

Table IV
Boolean Algebra for The Expansion of 10-Bits into 12-bits

Expansion into 12 Bits

a pq̅r̅ + pqr(t + u)

b qp̅ + tpq̅r + wq(r̅ + t̅u̅)

c r(p̅+q̅u) + xpq(r̅ + t̅u̅)

d s

e pr(q̅ + u̅ + t)

f t(p̅ + r̅ ) + pqrt̅uw

g u(p̅ + r̅ ) + pqrt̅ux

h v

i pq(r̅ + t̅ + u)

j w(p̅ + q̅ + rt)

k x(p̅ + q̅ + rt)

l y

 B. Improvement on Chen-Ho Encoding
The Chen-Ho encoding works effectively when it deals with 

a 3-digit decimal number. Meanwhile, if the number of deci-
mal digits is other than 3-digit (either one or two-digit), then 
Chen-Ho encoding does not work; hence this encoding needs to 
be redesigned. These are some points that need improvement in 
Chen-Ho encoding:

1. Chen–Ho encoding requires different coding techniques 
for 2-digits and 3-digits fields.

2. Chen–Ho encoding represents 12-bit into 10-bit binary. 
Therefore, it is always mandatory to use three decimal 
digits for the conversation. 

3. Chen–Ho encoding follows the BCD pattern for encod-
ing the decimal numbers 0 to 7, whereas for the encoding 
of decimal numbers 8 and 9, it gives more weightage to 
the most significant bits (MSB).

DPD encoding provides enrichment on Chen-Ho encoding. 
The DPD encoding utilizes a corresponding Huffman code over 
Chen-Ho, yet with a different way of representation of bits, 
which has considerable advantages:

1. The Boolean logic used for the compression of a 3-dig-
it decimal number can be used to compress 1-digit or 
2-digit decimal numbers. Thereby, any decimal number 
up to 3-digit can be encoded efficiently. 

2. DPD offers the same bit positioning of the encoded bit 
as in BCD (all decimal numbers from0 to 79), which can 
be achieved by adequately positioning and choosing the 
indicator bit.

Table V illustrates the comparison between different encod-
ing techniques. It shows the coding style of BCD,Chen-Ho, and 
DPD for a particular decimal number in a different position.

Table V
Comparison of Different Encodings

Decimal
Conversion to Binary

BCD Chen-Ho DPD

7 0000 0000 0111 000 000 0111 000 000 0111

9 0000 0000 1001 110 000 0001 000 000 1001

77 0000 0111 0111 000 011 1111 000 111 0111

99 0000 1001 1001 111 000 1001 000 101 1111

777 0111 0111 0111 011 111 1111 111 111 0111

999 1001 1001 1001 111 111 1001 001 111 1111

It can be observed from Table V that for the first three 
decimal numbers, BCD and DPD have similar coding with 
single and double-digit decimal numbers using only 4 and 
7-bits, respectively. In contrast, Chen-Ho encoding has been 
utilizing all 10-bits for the representation of single and double-
digit decimals. Therefore, Chen-Ho encoding consumes more 
memory than DPD encoding.

C. DPD Encoding
DPD encoding has been introduced as an improved encod-

ing technique for smaller digits (0 to 7) and larger digits (8, 9) 
over Chen-Ho encoding. Moreover, due to the change of encod-
ing logic, DPD provides a significant improvement in bit posi-
tioning. The 3-digit decimal number consists of either smaller 
or larger digits or a combination of smaller and larger digits. 
Therefore, four possible combinations are described in Table VI.
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Table VI
Logic Used for DPD Encoding

Case 1
Let all 3-digits are small
It requires 9-bits to represent three decimal digits, leaving 1-bit as 
an indicator bit.

Case 2

Let anyone digit is large
It needs 7-bits to represent three decimal digits, leaving 3-bits for 
the indication (to know the larger digit’s exact value and position-
ing).

Case 3
Let any two digits are large
Now 5-bits needed for three-digit decimal representation, leaving 
5-bits for indication.

Case 4
Let all three digits are large 
Finally, 3-bits are required for three-digit decimal number repre-
sentation, leaving 7 bits for indication, whereas 5-bits are enough.

a.  Compression of 3-digit decimal (12 bits) into 10 bits us-
ing DPD:

The compression of a 3-digit decimal number (abcd efgh 
ijkm) into 10 bit (pqr stu v wx y) can be done using the mapping 
technique, as depicted in Table VII.

Table VII
Compression of 3-Digit Decimal Number (12-Bits) Into DPD (10 Bits)

a e i p q r s t u v w x y

0 0 0 b c d f g h 0 j k m

0 0 1 b c d f g h 1 0 0 m

0 1 0 b c d j k h 1 0 1 m

0 1 1 b c d 1 0 h 1 1 1 m

1 0 0 j k d f g h 1 1 0 m

1 0 1 f g d 0 1 h 1 1 1 m

1 1 0 j k d 0 0 h 1 1 1 m

1 1 1 0 0 d 1 1 h 1 1 1 m

In this compression algorithm, ‘v’ has been regarded as the 
indicator bit. If the 3-digit decimal number contains at least 
one larger number (8, 9), then ‘v’ is considered 1, and if the 
three-digit decimal number contains only smaller numbers (0-
7), then ‘v’ is denoted by 0. For example, if the 3-digit decimal 
number is 786, it will be represented as 0111 1000 0110. Now 
the value of a=0, e=1, and i=0. Therefore, it will follow the com-
pression technique, as shown in the fourth row of Table VII. The 
value of ‘v’ is now 1, and w, x is denoted by 0 and 1, respective-
ly. The remaining 7-bits are mapped from the input bit pattern 
by following Table V, and the resulting compressed encoding is 
given by 111 110 1010. 

b. Expansion of 10 bits into 3-digit decimal (12 bits) using 
DPD:

This operation needs to be performed on the 10-bit (pqr stu 
v wx y) to get 12-bit (abcd efgh ijkl). The indicator bits used for 
the expansion are vwxst.  Indicator bit (v) plays a vital role in 
the encoding operation—the asterisk mark (*) denotes don’t 
care condition.

Table VIII
The Expansion of 10-bit DPD into 3-Digit Decimal (12-bits)

v w x s t a b c d e F g h i j k m

0 * * * * 0 p q r 0 s t u 0 w x y

1 0 0 * * 0 p q r 0 s t u 1 0 0 y

1 0 1 * * 0 p q r 1 0 0 u 0 s t y

1 1 0 * * 1 0 0 r 0 s t U 0 p q y

1 1 1 0 0 1 0 0 r 1 0 0 U 0 p q y

1 1 1 0 1 1 0 0 r 0 p q U 1 0 0 y

1 1 1 1 0 0 p q r 1 0 0 U 1 0 0 y

1 1 1 1 1 1 0 0 r 1 0 0 U 1 0 0 y

c. Boolean logic used for DPD encoding and decoding 
The logic used for the DPD encoding and decoding can be 

implemented in hardware using Boolean expressions. The ex-
pressions provided in Table IX and X which, have been derived 
from Table VII and VIII, respectively.

Table IX
Boolean Expressions for 12-Bit to 10-Bit in DPD 

DPD Bits Boolean Expressions for Compression into 10 Bits

p ba̅  + jai̅ + fae̅i

q ca̅  + kai̅ + gae̅i

r d

s fe̅(āi̅ ) + j(a̅ei̅ ) + ei

t ge̅(āi̅) + k(a̅ei̅ ) + ai

u h

v a + e + i

w a + ei + je̅ i̅

x e + ai + ka̅ i̅

y m

Table X
Boolean Expressions for 10-Bit to 12-Bit in DPD

BCD Bits Boolean Expressions for Expansion into 12 Bits 

a (vw)(x̅ + s̅ + (st))

b p(v̅ + w̅ + (xst̅))

c q(v̅ + w̅ + (xst̅))

d r

e v(w̅x + (wx( s + t̅ ))

f (s (v̅ + (vx̅))) + pvwxs̅t

g (t (v̅ + (vx̅)))+qvwxs̅t

h u

i v((w̅x̅) + wx(s + t))

j wv̅ + svw̅x + (pvw(x̅ + ( s̅ t̅ )))

k xv̅ + tvw̅x + (qvw(x̅ + ( s̅ t̅ )))

m y
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IV. Comparative Analysis of Chen-Ho and DPD Coding 
Techniques

The gate-level design of Chen-Ho [2] and DPD [1] coding 
techniques have been implemented in MATLAB to analyze bit 
positioning. Furthermore, for the circuit design prospect, the 
coding techniques mentioned above have been implemented in 
Cadence Spectre to evaluate the circuit parameters like average 
power and delay, using gpdk45 nm technology.

Fig. 4 shows a comparison between Chen-Ho and DPD en-
codings. In this analysis, 0 to 999 decimal numbers (in 12-bit) 
have been encoded into 10-bit Chen-Ho and DPD. The 10-bit 
encoded binary has been converted to a decimal using eqn. 4. 
This gives an idea of how these two encodings are different from 
each other.

P = ∑n
(i=0)2

ibi (4)
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Fig. 4. Representation of DPD and Chen-Ho encoding in decimal

Where b0,b1,b2… are the binary bits and b0 is the least signifi-
cant bit (LSB) starting from the right side, P is the corresponding 
decimal number.

In Fig. 4, the decimal equivalent of 10-bit Chen-Ho encod-
ing is represented by green color, whereas DPD encoding is 
marked by red color. The decimal equivalent of both encodings 
is not providing similar results. The decimal equivalent of 10-bit 
DPD followed the BCD pattern for ~70%, making DPD a better 
choice to implement a decimal adder over Chen-Ho. 

Meanwhile, in BCD addition, when two numbers are add-
ed, and the sum exceeds 9, then 6 is added with the summation 
result to bring it back into BCD. Meanwhile, in DPD encoding, 
the encoded decimal numbers followed an excellent pattern in 
most cases. For example, decimal numbers 0 to 9 are encoded in 
DPD, and their equivalent binary conversion results in 0000 to 
1001. Meanwhile, 10 to 19 are encoded as 10000 to 11001. Sim-
ilarly, 20 to 29 are encoded as 100000 to 101001 and so on till 
79. In this context, it can be observed that the decimal value of 
the encoded 10-bit DPD shows an increase of 6 for each decade. 
However, when a larger digit (8 or 9) is present in the 10th or 
100th position in the 3-digit decimal number, then the observa-
tion mentioned above does not work. It has been observed that 
the decimal numbers having larger digits in the 10th or 100th 
place show arbitrary decimal equivalent values of the encoded 
DPD. When it comes to Chen-Ho encoding, the scenario gets 

changed completely. Therefore, DPD can be a better choice over 
Chen-Ho for the implementation of a decimal adder.

In Table V, the equivalent value of the decimal digit 9 for 
both Chen-Ho and DPD has been shown. Also, from Fig. 1, it 
is observed that unlike the DPD encoding, which offers more 
deviation when it represents larger decimal numbers (i.e., more 
than 778), the Chen-Ho encoding shows more variation when it 
corresponds to a smaller decimal number (i.e., less than 778). 
The reason is, Chen-Ho encoding utilizes logic ‘1’ in higher bits 
(MSBs) for the representation of larger decimal digits (8 and 9), 
and the decimal conversion of Chen-Ho encoded numbers are 
much more extensive compared to its actual decimal equivalent. 
Meanwhile, DPD encoding utilizes lower bits (LSBs) to repre-
sent large decimal digits with minimal error. Therefore, DPD 
based decimal adder will provide a better result than the Chen-
Ho-based decimal adder.

Furthermore, the power and delay analysis of the Chen-Ho 
and DPD encoder and decoder have been performed in Cadence 
Spectre using gpdk45 nm technology. The results are provided 
in Table XI. 

Table XI
Power and Delay Comparison of Chen-Ho and DPD Encoding and 

Decoding

Coding 
Techniques

Encoding 
Delay

Decoding 
Delay

Encoding 
Power

Decoding 
Power

Chen-Ho 0.1229ns 0.1034ns 1.401mW 3.238mW

DPD 0.0897ns 0.0815ns 1.101mW 2.752mW

Table XI shows that DPD has been dissipating less power 
and consuming less delay over Chen-Ho encoding and decod-
ing.

These advantages make the DPD encoding a much better 
option over Chen–Ho encoding for both hardware and software 
representations of decimal numbers and decimal adder imple-
mentation. 

V. Implementation of Decimal Adder Using Densely 
Packed Decimal Coding

BCD adder has some limitations while adding two 3-digit 
decimal numbers. In order to overcome these limitations, a new 
methodology has been proposed. This methodology will not 
only reduce the computational storage requirements but also 
will speed up the addition process. In addition to the decimal 
to binary and binary to decimal converter, the proposed DPD-
based decimal adder consists of three stages, as shown in Fig. 5.

The decimal to binary converter converts each decimal digit 
into four binary bits. Therefore, a 3-digit decimal number gets 
converted into 12-bits binary.

Stage-1: The 12-bits binary (a to m) data is given as input to 
the DPD encoder, which compresses it to 10-bit data (p to y). In 
the proposed design, two DPD encoders are used, namely D1 
and D2. Both D1 and D2 simultaneously encode 12-bit binary 
data to 10-bit binary each. These 10-bit outputs are p1 to y1 and 
p2 to y2 for D1 and D2, respectively.
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Fig. 5. Proposed DPD based Decimal Adder

Stage-2: In this stage, both the 10-bit DPD encoded num-
bers, namely p1 to y1 and p2 to y2, are added using CLA-1. 
Thus summation result (pi to yi) is obtained. This summation 
result needs correction only when it satisfies the eqn. 5. It can 
be observed from Table VII that the indicator bits (vi,wi,xi,yi) 
give an idea about the larger digit’s (8,9) occurrence and value. 
In CLA-2, The summation result of CLA-1 has been added with 
the correction value to get the final sum.

        
Corr = (vi . wi ) + (xi + yi )   (5)

Stage-3: In order to get the final summation result in deci-
mal, the output generated by CLA-2 needs to be converted in 
the form of a 12-bit binary. Therefore, a DPD decoder circuit is 
employed. It takes 10-bits as input and provides 12-bit as output 
(as mentioned in Table X).

VI. Observations and Challenges

The numerical analysis of the existing decimal adder [17] 
with the proposed one has been shown in Fig. 6. The existing 
decimal adder’s algorithm adds three 4-digit decimal numbers 
in three stages. In this addition process,   initially, adder and 
analyzer circuit gennnerates Sum S[i], Carry C[i], DGi and DPi 
signals. Furthermore, the carry network will calculate correc-
tion (Corr) signal using DGi and DPi signals. In the last step, 
all three signals, i.e., Sum S[i], Carry C[i], and correction (Corr) 
signals, are added together to get the final sum.

However, in the proposed DPD based decimal adder, a con-
version of 12-bits to 10-bits is performed before the addition. 
Then correction operation has been performed. Subsequently, 
the final sum is obtained by again converting the 10-bit binary 
to the 12-bit binary. Hence, the proposed DPD based decimal 
adder utilizes substantially fewer steps for the addition than the 

Fig. 6. Numerical based comparison of existing [17] and proposed decimal 
adder
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reported decimal adder [17], thereby reducing the computation-
al time with less power dissipation.

In this process of adding two decimal numbers, the deci-
mal numbers should be converted to binary for carrying out the 
addition operation. After the completion of the addition pro-
cess, the results in binary should be converted back to decimal. 
Along with all the existing decimal adders [13]-[14], [16]-[17]
financial and internet based applications. In this paper a new 
architecture for efficient Binary coded decimal (BCD, the pro-
posed DPD based decimal adder follow the same procedure. 
Therefore, the hardware architecture used in the proposed dec-
imal adder is similar to the existing decimal adders. Further-
more, the simulation result for the decimal to binary conversion 
and binary to decimal conversion has been calculated in Ca-
dence Spectre and provided in Table XII.

Table XII
Power and Delay Comparison of Decimal to Binary and Binary to 

Decimal Conversion Modules

Parameters Decimal to Binary Binary to Decimal

Power (mW) 0.878 0.667

Delay (ns) 0.0313 0.0222

 
Circuit level implementation of the proposed DPD based 

decimal adder and the reported adders [13]-[14]financial and 
internet based applications. In this paper a new architecture for 
efficient Binary coded decimal (BCD has been implemented in 
Cadence Spectre. The performance parameters like power and 
delay have been extracted in Cadence Spectre using gpdk45 nm 
technology. All the possible outputs for the decimal numbers’ 
input combinations between 0 to 999 have been observed.
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Fig. 7. Average Power of the Proposed and Existing Decimal Adders

Analysis of average power consumption is shown in Fig. 
7. The existing decimal adder design [17] is consuming more 
power, followed by [16]-[13]-[14]. In contrast, the proposed 
decimal adder is consuming less power as compared withall ex-
isting reported architectures.
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Fig. 8. Delay of the Proposed and Existing Decimal Adders

In Fig. 8, it has been observed that the proposed decimal 
adder produces the least delay in comparison to the existing 
adders [13]-[14], [16]-[17].
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Fig. 9. PDP of the Proposed and Existing Decimal Adders

Fig. 9 shows the power delay product analysis of the exist-
ing and the proposed decimal adders. It is concluded that the 
proposed decimal adder offers substantially improved perfor-
mance parameters than its counter-parts [13]-[14], [16]-[17].

Comparison of BCD and Binary based Decimal 
Adder
Addition of two decimal numbers using binary adders, both 

the decimal digits have to convert  into binary. Therefore, the 
double-dable method (division by 2) is used [17], where each 
decimal digit is successively divided by 2. The remainders gen-
erated in each step are considered together as the correspond-
ing binary equivalent. However, in BCD, each decimal digit 
is represented by 4-bits using 8421 encodings. For example, 
consider a decimal digit 997 whose BCD representation is 1001 
1001 0111, whereas its binary representation is 1111100101. In 
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this conversion, since the encoding is carried out in parallel, 
only one encoder delay have to  consider. However, due to the 
successive division of the decimal number by 2, the size of the 
encoder circuit and delay increases significantly in decimal to 
binary conversion. Moreover, the encoder size and propagation 
delay  are  proportionally increasing with the size of decimal 
number. On the other  hand, the addition operation is performed 
using carry propagate adder (CLA/RCA) in both the bina-
ry-based decimal adder and BCD-based decimal adders. How-
ever, the BCD-based decimal adder requires extra circuitry for 
correction. 

The corresponding summation result is in binary, and this 
needs to get converted back to decimal. With the help of eqn. 
4, binary to decimal conversion is performed. Meanwhile, the 
BCD-based summation result is grouped into 4-bits starting 
from LSB and decoded back to decimal. The delay of the binary 
to decimal conversion depends on the length of the summation 
result generated, whereas in BCD, it depends upon only one 
BCD to decimal decoder delay. Although the addition process 
using binary adders depends upon carry propagate adder only, 
conversion of decimal to binary and binary to decimal increases 
the overall delay. In this process of decimal addition using bina-
ry adders, the main disadvantage is the conversion of decimal to 
binary and binary to decimal. 

Therefore, to justify, binary adder-based decimal adder has 
been implemented in Cadence Spectre and the average power 
and minimum delay has been extracted using gpdk 45nm tech-
nology. It’s noteworthy that circuits are evaluated at three dif-
ferent stages, and results are provided in Table XIII.

Table XIII
Power and Delay Comparison of Binary and BCD Based Decimal 

Adders

Decimal 
Adder Parameters Decimal to 

Binary
CLA/RCA 
Addition

Binary to 
Decimal

Using Bina-
ry Adders

Power(mW) 2.212 6.02 0.894

Delay(ns) 1.823 0.76 1.132

Using BCD 
Adders

Power(mW) 0.878 9.67 0.667

Delay(ns) 0.0313 2.88 0.0222

It is observed from Table XIII that the decimal adder based 
on binary adder shows 22.8% of improvement in overall pow-
er dissipation over its counter-part. However, the BCD ad-
der-based decimal adder gains 26.6% in delay over the binary 
adder-based decimal adder.

Furthermore,the conversion of floating-point decimal num-
bers into binary causes recurring infinity bits. Thereby, the con-
verted decimal fraction number becomes incorrect and causes 
approximate errors [17]. However, DPD based encoding can 
convert floating-point decimal numbers in binary registers ef-
ficiently without any loss [1]. Therefore, BCD adder-based 
decimal adders are preferred as a better choice while making 
decimal adder over binary adder-based decimal adder.

A. Challenges associated with Decimal adder using DPD 
Coding Technique
The addition of two decimal numbers using DPD encoding 

has not given correct results for all possible additions. The ad-
dition of two three-digit decimal numbers is offering 84.44% 
correct outputs. The reason is, while adding two DPD numbers 
through RCA/CLA, the summation result becomes 11-bits due 
to the generation of a carry. The expansion algorithm of DPD 
can convert 10-bit DPD to 12-bit, whereas the summation out-
put is 11-bits. Therefore, it is not possible to convert 11-bit 
DPD to binary.

B. Possible Solutions
The addition result can be error-free by taking some of the 

necessary steps:
1. Instead of adding three-digit decimal numbers, we can 

add two-digit decimal numbers by replacing the left-
most digit with ‘0’ padding. This will give the correct 
result of 94.06%. 

2. Apart from the DPD module, an error recovery circuit 
can reduce the error to zero.

VII. Application: Image Addition

An arithmetic circuit plays a vital role in image process-
ing. Decimal adders’ performance evaluation can be validated 
through image processing applications like image addition, im-
age compression, etc. Therefore, to analyze the results’ better-
ment, researchers have implemented various image processing 
applications in their research [18]–[20]. Researchers in [18] 
have performed an image denoising operation on a 128×128 
Lena image. They have used a weighted average filter for the 
removal of salt and pepper noise. Their proposed adders have 
replaced the adders used in the weighted average filters.

Similarly, the researchers in [19]-[20] have performed im-
age compression and decompression with the help of discrete 
cosine transform (DCT) and inverse discrete cosine transform 
(IDCT). In the DCT and IDCT module’s hardware realization, 
all arithmetic adders have been replaced by their proposed ad-
ders for the analysis. Therefore, to analyze the proposed adder’s 
exactness, the existing decimal adders [13]-[14] have been con-
sidered for comparison.

a. Image Addition
For the validation of the proposed decimal adder’s perfor-

mance, the image addition application has been performed.For 
image addition, two identical-sized images are taken as input 
and produce a third image of the same size. The addition of two 
images is performed straightforwardly on a pixel-by-pixel basis, 
as shown in eqn. 6.

P(x,y) = Q1 (x,y) + Q2 (x,y)  (6)

In this task, two 128×128 sized images named apple.jpg and 
rose.jpg have been considered for addition. The addition oper-
ation has been performed by the proposed DPD-based decimal 
adder based upon pixel by pixel addition. Each pixel contains a 
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particular value within the range of 0 to 255. The corresponding 
decimal value of each pixel of both images needs to convert into 
10-bit DPD. Then the addition operation has been performed us-
ing CLA, followed by the correction stage. The related addition 
result is again converted back to decimal. The resulting image 
has shown in Fig. 10.

Fig. 10. Image addition results

In this context, an image addition application has been uti-
lized to show the proposed adder’s effectiveness. In this addition 
process, existing decimal adders [13]-[14] add corresponding 
pixels of two identical sized images. Each pixel contains a par-
ticular decimal value and is expressed in 12-bits. Meanwhile, 
the proposed DPD-based decimal adder requires only 10-bit ad-
dition, saving computational storage space and improving the 
overall addition process’s delay.

 b. Structural Similarity Index Metric (SSIM)
 Structural Similarity Index Metric has been used to deter-

mine the structural similarity between two images. The resul-
tant image might have some irregularities, whereas the refer-
ence image should be distortionless. SSIM is a perception-based 
approach and less complex in nature. Thus SSIM is preferred 
over Mean Square Error (MSE) and Peak Signal to Noise Ra-
tion (PSNR). The SSIM value always lies between -1 to 1. The 
degree of exactness is more when the SSIM value approaches 
towards 1, and the difference is more when it approaches -1. 
The SSIM values arecalculated from the proposed, and existing 
adders [13]-[14] have been shown in Fig. 11 and Fig. 12.  
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0.4

0.5

0.8

0.9

1.0

St
ru

ct
ur

al
 S

im
ila

rit
y 

In
de

x M
et

ric

Decimal Adder Designs

Fig. 11. SSIM values for the proposed and existing decimal adders

Fig. 12. (a) Proposed, (b) Existing [13], (c) Existing [14] Structural similarity 
pictorial representation

The SSIM results depicted in Fig. 11 and Fig. 12 show that 
all three decimal adders provide nearly the same addition result. 
However, the proposed adder’s results are better than its count-
er-part [13]-[14].

V. Conclusions

 In this manuscript, comparative analysis as a function 
of VLSI parameters like delay and power of Chen-Ho and DPD 
coding techniques has been addressed. Unlike Chen-Ho, the 
bit-positioning in DPD coding is right-aligned, which reduced 
the overall error when implemented in a decimal adder. In ad-
dition to it, the DPD based decimal adder dissipated less power 
and delay compared to the reported decimal adders. The pro-
posed DPD based decimal adder has ~84.44% correct output 
for the addition of two three-digit decimal numbers, for which 
several error-free solutions are also addressed. It would be a 
welcome approach for the researchers to design the error re-
covery module and reduce the architecture of the DPD based 
decimal adder. 
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Abstract—This study presents the application of differential 
evolution algorithm to compute optimal switching angles for a sin-
gle-phase nine-level inverter to improve the output voltage quality. 
The topology of the proposed inverter in this article is a simple 
cascade converter composed of two H-bridge cells with non-equal 
DC voltage sources in order to generate multiple voltage levels. 
Selective harmonic elimination pulse width modulation strategy 
is used to improve the generated AC output voltage waveform. 
The differential evolution optimization algorithm is used to solve 
non-linear transcendental equations necessary for the (SHPWM). 
Computational results obtained from computer simulations pre-
sented a good agreement with the theoretical predictions. A labo-
ratory prototype based on STM32F407 microcontroller was built 
in order to validate the simulation results. The experimental re-
sults show the effectiveness of the proposed modulation method.

Index Terms—Multi-level inverters; selective harmonic elim-
ination; differential evolution; optimization; STM32F407 micro-
controller.
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I. Introduction

The cascade multilevel power inverters have received a lot 
of attention because of their simple and modular struc-

ture; these converters can offer a lot of advantages such as low 
switching losses [1]-[3] and better electromagnetic compati-
bility [4]-[5], low voltage stress on the switching devices [6]. 
The architecture can be formed by simply connecting multiple 

H-bridge cells in series, by adding more cells, the output volt-
age waveform become close to a sinusoidal waveform. Several 
modulation strategies such as Sinusoidal Pulse width modu-
lation (SPWM) [7] and space vector pulse width modulation 
(SVPWM) [8] have been   proposed for the control of multilev-
el inverters. A more efficient method called selective harmonic 
elimination pulse  width modulation (SHEPWM) is also used; 
the method offers  a lot of advantages such as operating the 
inverters switching devices at a low frequency which extends 
the lifetime of the switching devices. The main disadvantage of 
this method is that a set of non-linear equations must be solved 
to obtain the optimal switching angles to apply this strategy.

Multiple computational methods have been used to solve 
the optimal switching problem for multilevel inverters, and  
Newton-Raphson (N-R) algorithm [9] is one of the most used 
methods for solving SHEPWM equations, this method depen-
dents on  initial guess of the angle values in such a way that 
they are sufficiently close to the global minimum(desired solu-
tion). If the angles are unsuitable, non-convergence can result. 
Another method to compute the optimal switching angles is by 
using optimization algorithms such as genetic algorithm (GA) 
[10]-[11], particle swarm operation (PSO) [12]-[14] and bee al-
gorithm (BA) [15]. The main advantage of these methods is that 
they are free from the requirement of good initial guess.

Differential evolution (DE) is one of the most powerful op-
timization methods. The algorithm has been drawing a lot of 
attention since its introduction in 1997. The DE is a simple yet 
powerful algorithm; it is composed of three main operations 
mutation, crossover and selection. The algorithm uses the dif-
ference of solution vectors to create new candidate solutions us-
ing the above-mentioned operators. This work investigates the 
use of (DE) as an optimization tool to implement the (SHEP-
WM) for a nine level inverter. 

This article presents a simple and fast optimal solution of 
harmonic elimination of a nine level inverter with non-equal 
DC sources using the DE algorithm. The algorithm is used to 
solve a set of non-linear equations in order to obtain the opti-
mal switching angles with the goal of eliminating low order 
harmonics (3rd, 5th, 7th).  

This paper is organized as follows: the next section explains 
briefly the structure of the proposed multilevel inverter and its 
control, the third section covers the application of the differen-
tial evolution algorithm for the selective harmonic elimination, 
this section details the procedures to obtain the optimal switch-

Harmonic Elimination in Uniform Step Nine-Level 
Inverter Using Differential Evolution:  

Experimental Validation
Rim Feyrouz Abdelgoui, Rachid Taleb, Abderrahim Bentaallah, and Fayçal Chabni

Manuscript received 17 March 2021. Received in revised form 20 May 
2021. Accepted for publication 3 June 2021.

Rim Feyrouz ABDELGOUI, Electrical Engineering Department, Djillali 
Liabes University of Sidi Bel Abbes, Intelligent Control and Electrical Power 
Systems Laboratory (ICEPS), Sidi Bel Abbes, Algeria, E-mail: rf.abdelgoui@
gmail.com

Rachid TALEB, Electrical Engineering Department, Hassiba Benbouali 
University of Chlef, Laboratoire Génie Electrique et Energies Renouvelables 
(LGEER), Chlef, Algeria, E-mail: rac.taleb@gmail.com

Abderrahim BENTAALLAH, Electrical Engineering Department, Djillali 
Liabes University of Sidi Bel Abbes, Intelligent Control and Electrical Power 
Systems Laboratory (ICEPS), Sidi Bel Abbes, Algeria, E-mail: bentaallah65@
yahoo.fr

Fayçal CHABNI, Electrical Engineering Department, Hassiba Benbouali 
University of Chlef, Laboratoire Génie Electrique et Energies Renouvelables 
(LGEER), Chlef, Algeria, E-mail: f.chabni@univ-chlef.dz



ELECTRONICS, VOL. 25, NO. 1, JUNE 202132

ing angles and the formulation of the objective function, the 
fourth section presents the simulation results obtained from the 
mathematical model of the system and the optimization meth-
od. The effectiveness of the selective harmonic elimination 
using DE is verified using a small scale laboratory nine-level 
inverter based on STM32F407 Microcontroller unit. The con-
clusion is presented in the last section.

II. Topology

The cascaded multilevel inverter topology depends on one 
simple principle which is based on the addition of the voltage 
that is generated by each individual cell (H-bridge) in order to 
obtain a staircase output voltage waveform. 

Table 1. Switching logic of a nine level H-bridge inverter

Switches state

Voltage levels (p.u) S1 S2 S3 S4 S5 S6 S7 S8

4 on off off on on off off on

3 off on off on on off off on

2 off on on off on off off on

1 on off off on off on off on

0 off on off on off on off on

-1 off on on off off on off on

-2 on off off on off on on off

-3 off on off on off on on off

-4 off on on off off on on off

S1 S3

S2 S4

S5 S7

S6 S8

Load

Vdc

3×Vdc

Fig. 1. Schematic of the proposed converter

Fig. 1 reveals the proposed single-phase asymmetrical 
nine-level inverter. It is shaped by two H-bridges that are con-
nected indifferent series with each bridge can be powered by 
power supplies that are electrically isolated in order to generate 
the wanted waveform.

Every module can generate three voltage levels +V which 
is the positive voltage of the DC source, 0V and –V which rep-
resents the DC source negative voltage, and as it is demonstrat-
ed in Fig.1 when wanting to obtain nine voltage levels from the 
proposed inverter, the DC voltage source that is connected to 
the lower cell must be three times its value of the DC source 
that is this time connected to the upper cell (Vdc2=3×Vdc1). Table 
1. Shows the switching states of all the possible combinations 
for the asymmetrical nine-level inverter.

III. Selective Harmonic Elimination Using Differential 
Evolution

The number of voltage levels that can be generated by 
CMLIs is generally presented by 2P + 1 where P represents 
the number of voltage levels or switching angles in a quarter 
waveform of the signal with P-1 is representing the number of 
undesired harmonics that can be removed from the generated 
waveform.

When using a nine-level inverter, four is the number of volt-
age levels in the quarter waveform. This means that the number 
of harmonics that can be eliminated is three. Fig. 2 shows the 
voltage waveform in a quarter of period for a nine-level inverter 
where the switching angles θ1,	θ2,	θ3, and θ4 must be computed 
in a designed way allowing the control of the fundamental com-
ponent and the elimination of undesired harmonics.

There are four voltage levels (in the quarter waveform) 
and three undesired harmonics for the staircase output voltage 
waveform of the multilevel inverter as illustrated in Fig. 2.

In order to control the peak value of the output voltage to 
be V1 along with eliminating the 3rd, 5th, and 7th harmonic and 
considering the voltage waveform has quarter and half-wave 
symmetry characteristics thus the resulting Fourier series ex-
pansion is given as:

1,3,5,... 1
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Where n is rank of harmonics, , and p	=	(N	−	1)/2 
is the number of switching angles per quarter waveform., and θi 
is the ith switching angle, and N is the number of voltage levels 
per half waveform.
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Where r is the modulation index.
We put  1(( )( ))

2 4
N rM -

= .

The obtained solutions must satisfy the following constraint:

 
10 ...

2P
πθ θ                           (3)

When performing the optimization process it is fundamental 
to use an objective function. This function must be formulated 
in a way that allows the elimination of the chosen harmonics 
and also allows maintaining the amplitude of the fundamen-
tal component at the desired value consequently the objective 
function is defined as:

2
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 (4)

 Start program 

Setup method and problem 
parameters 

Evaluation of the first 
best vector 

Mutation 

Crossover 

Selection 

Stopping criteria is 
satisfied 

End program 
Fig. 3.  Flowchart of  DE algorithm

The optimal switching angles can be obtained by minimiz-
ing  (4) subject to the constraint (3). The differential algorithm 
is used to overcome the main problem which is the non-linear-
ity of the transcendental set of (2). The three main steps that 
include initialization, mutation and crossover are composing 
the algorithm. Fig. 3 illustrates the general structure of a DE 
program. When employing the mutation, the algorithm perturbs 
the population of vectors through its diversity is controlled by 
the cross-over process [16].

For the SHPWM strategy, the DE algorithm is used as an 
optimization tool to perform a random search for the global 
minima, which is forcing the objective function (4) towards an 
acceptable error value.

The optimization process begins by initializing the indis-
pensable algorithm parameters like the crossover probability 
(CP), upper and lower bounds (θmin and θmax), population size 
(NP) and the maximum number of iterations. It is worth not-
ing that the boundaries have to satisfy equation (3). The further 
stage is to arbitrary generating an initial population of switch-
ing angles in this process the algorithm produces.

(0)
min min( )ij ij i mawj jrandθ θ θ θ= + -                     (5)

with i = 1, 2,…,NP  and  j = 1, 2 ,…, N

Where  represents the initial population, i mean the 
population size in this study NP=75, j represents the number 
of decision variables that constitute the number of switching 
angles, in case of a nine-level inverter N=4. Following the ini-
tialization process, the evaluation of the generated population is 
done. Furthermore, the fitness of each individual evaluation is 
carried out by using (4).  

Based on the initial population, a mutant  vector is cre-
ated by the mutation process. This process is outlined by the 
following expression:

1 2 3( )ij r r rv X F X X= + -                      (6)

Xr1, Xr2 and Xr3 are vectors randomly sampled from the gen-
erated population, , the indices r1, r2 and 
r3 are integers randomly chosen from the range [1 NP] and are 
as well chosen to be different from the index i, the F parameter 
is the mutation constant which controls the  amplification of the 
differential variation , this parameter value is ran-
domly generated from the range [0 1], it should be pointed out 
that multiple mutation methods were reported in [17].

The crossover operation comes into play in order to improve 
the diversity of the population after generating the mutant vec-
tor through mutation. This operation satisfies the production 
of fitter individuals with the result is a vector u that is obtained 
by mixing the components of and . The process can be 
expressed as:

ij rand

i

v if rand CP or j j
u

X otherwise
≤ == 



       (7)

Where rand represents a random number in the range of 
[0 1], CP represents the crossover probability constant which 
controls the diversity of the population and a value between 
0 and 1 [18], jrand is an index that is randomly chosen. Once 
the crossover process is completed, the selection process comes 
into play to decide whether the ui or Xi vector survives for the 
next generation, this process is carried out to choose the fittest 
individual. The selection process can be expressed mathemat-
ically as:  

1 1
1 ( ) ( )G G G

i i iG
i G

i

u if f u f X
X

X otherwise

+ +
+

= 


                  (8)

where  represents the objective function to be minimized 
and G represents the generation count. After the selection op-
eration is completed, the algorithm loop is repeated up to the 
stopping criteria is satisfied, in this work the DE algorithm is 
restricted by maximum number of iterations Nitr = 1000.
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IV. Simulation Result

In order to demonstrate the theoretical predictions as well as 
to test the effectiveness of the proposed algorithm, the proposed 
inverter and the control method were developed then simulat-
ed using MATLAB/SIMULINK for scientific programming 
environment. A computer with Intel(R) Core(TM) i3 CPU@ 
2.13GHz Processor and 4GB of RAM was used in order to ex-
ecute the optimization program. It takes for the optimization al-
gorithm 1549.37 seconds to complete the computation process. 

For verifying the proposed method’s effectiveness the To-
tal Harmonic Distortion (THD) was used as a performance in-
dicator in order to evaluate the quality of output AC voltage 
waveform generated from the multi-level inverter. Moreover, 
the THD is defined as the total amount of harmonics related to 
the fundamental which can be calculated using the subsequent 
formula:

19 2
3

1

100nn
H

THD
H
== ×

∑                   (9)

The DE algorithm is used to observe the switching angles 
for every value of modulation index r; also, for each r the total 
harmonic distortion is also computed.  

The optimal switching angles (in degrees) versus modula-
tion index r with  are shown in Fig. 4 while the 
angles are computed with a fine step-size of 0.01.
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Fig. 4. Optimal switching angles obtain by DE algorithm versus modulation 
index

It can be seen that in some ranges of the modulation index 
such as r∈[0.2 0.4] and also ∈[0.6 0.72], the obtained solutions 
exceeded the 90 degrees limit, these switching angles should   
not be taken into account. Fig. 5 shows the variation of the total 
harmonic distortion versus the modulation index, these results 
are obtained by using (8) and (2).  

The validity of the proposed algorithm is to be confirmed. 
From the obtained switching angles we extracted angles that 
were applied to the mathematical model of the nine-level in-
verter. The output voltage obtained from the multilevel inverter 
for r=0.85 is illustrated in Fig. 6.

 Fig. 7 shows the FFT analysis of the output voltage wave-
form. It can be clearly seen from the FFT analysis that the se-
lected harmonics (3rd, 5th and 7th ) are successfully eliminated, 
the total harmonic distortion of the generated waveform was 
found to be THD=14.12%.
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V. Experimental Results

The proposed method was validated by building a small 
scale laboratory prototype used as switching devices IR-
F640(200V,18A) MOSFETs, SDS1000 oscilloscope 100MHz 
500Ms/s which was used to capture the voltage waveforms. In 
addition, in order to generate control signals for the switching 
devices a STMF407 microcontroller was used. A computer 
connected to the oscilloscope through USB was used for the 
FFT analysis. The experimental validation of the single phase 
nine-level voltage pattern obtained in simulation is shown in 
Fig. 6 and 7 illustrates and the results are illustrated in Fig. 9.

Fig. 9 illustrates the FFT analysis of the experimentally ob-
tained voltage waveform; it can be clearly seen that the 3rd, 5th 
and the 7th harmonic were successfully eliminated. This result 
matches completely the simulation result seen in Fig. 7
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The total harmonic distortion of the experimental voltage 
waveform is 14.20% which is very close to the simulation re-
sult. Fig. 10 and Fig. 11 demonstrates the experimental gating 
signals for the semiconductor switches from S1 to S8. 

 

 
Fig. 8. Simulation results of gating signals 

Fig. 8. Simulation results of gating signals

Fig. 9.  Experimental result of the output voltage and the corresponding FFT 
analysis

Fig. 10. Experimental gating signal waveforms for the semiconductor switches 
from S1 to S4.
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VI. Conclusion

This study demonstrates the application of the DE algo-
rithm in selective harmonic elimination for a nine-level voltage 
source cascade inverter which can improve the harmonic quali-
ty of the generated output voltage. The proposed inverter topol-
ogy with non-equal DC sources has the advantage of generating 
nine voltage levels with less switching components.     

The DE algorithm is used to solve a set of non-linear equa-
tions in order to obtain the optimal switching angles to perform 
the (SHE) modulation strategy. 

The validity of the method has been confirmed by computer 
simulation using Matlab/Simulink scientific programming en-
vironment and verified by experimental hardware set-up based 
on STM32F407 microcontroller. The results from the hardware 
and simulation show a good agreement with the theoretical pre-
diction.
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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. 

Appendix

Appendixes, if needed, appear before the acknowledgment.

Acknowledgment

The preferred spelling of the word “acknowledgment” 
in American English is without an “e” after the “g.” Use the 
singular heading even if you have many acknowledgments. 
Avoid expressions such as “One of us (S.B.A.) would like to 
thank ... .” Instead, write “F. A. Author thanks ... .” Sponsor 
and financial support acknowledgments are placed in the 
unnumbered footnote on the first page, not here.



References

[1] G. O. Young, “Synthetic structure of industrial plastics (Book style with 
paper title and editor),”  in Plastics, 2nd ed. vol. 3, J. Peters, Ed.  New 
York: McGraw-Hill, 1964, pp. 15–64.

[2] W.-K. Chen, Linear Networks and Systems (Book style).  Belmont, 
CA: Wadsworth, 1993, pp. 123–135.

[3] H. Poor, An Introduction to Signal Detection and Estimation.   New York: 
Springer-Verlag, 1985, ch. 4.

[4] B. Smith, “An approach to graphs of linear forms (Unpublished work 
style),” unpublished.

[5] E. H. Miller, “A note on reflector arrays (Periodical style—Accepted for 
publication),” IEEE Trans. Antennas Propagat., to be published.

[6] J. Wang, “Fundamentals of erbium-doped fiber amplifiers arrays 
(Periodical style—Submitted for publication),” IEEE J. Quantum 
Electron., submitted for publication.

[7] C. J. Kaufman, Rocky Mountain Research Lab., Boulder, CO, private 
communication, May 1995.

[8] Y. Yorozu, M. Hirano, K. Oka, and Y. Tagawa, “Electron spectroscopy 
studies on magneto-optical media and plastic substrate interfaces 
(Translation Journals style),” IEEE Transl. J. Magn.Jpn., vol. 2, Aug. 
1987, pp. 740–741 [Dig. 9th Annu. Conf. Magnetics Japan, 1982, p. 301].

[9] M. Young, The Techincal Writers Handbook.  Mill Valley, CA: University 
Science, 1989.

[10] J. U. Duncombe, “Infrared navigation—Part I: An assessment of 
feasibility (Periodical style),” IEEE Trans. Electron Devices, vol. ED-11, 
pp. 34–39, Jan. 1959.

[11]  S. Chen, B. Mulgrew, and P. M. Grant, “A clustering technique for 
digital communications channel equalization using radial basis function 
networks,” IEEE Trans. Neural Networks, vol. 4, pp. 570–578, Jul. 1993.

[12] R. W. Lucky, “Automatic equalization for digital communication,” Bell 
Syst. Tech. J., vol. 44, no. 4, pp. 547–588, Apr. 1965.

[13] S. P. Bingulac, “On the compatibility of adaptive controllers (Published 
Conference Proceedings style),” in Proc. 4th Annu. Allerton Conf. 
Circuits and Systems Theory, New York, 1994, pp. 8–16.

[14] G. R. Faulhaber, “Design of service systems with priority reservation,” in 
Conf. Rec. 1995 IEEE Int. Conf. Communications, pp. 3–8.

[15] W. D. Doyle, “Magnetization reversal in films with biaxial anisotropy,” in 
1987 Proc. INTERMAG Conf., pp. 2.2-1–2.2-6.

[16] G. W. Juette and L. E. Zeffanella, “Radio noise currents n short sections 
on bundle conductors (Presented Conference Paper style),” presented at 
the IEEE Summer power Meeting, Dallas, TX, Jun. 22–27, 1990, Paper 
90 SM 690-0 PWRS.

[17] J. G. Kreifeldt, “An analysis of surface-detected EMG as an amplitude-
modulated noise,” presented at the 1989 Int. Conf. Medicine and 
Biological Engineering, Chicago, IL.

[18] J. Williams, “Narrow-band analyzer (Thesis or Dissertation style),” Ph.D. 
dissertation, Dept. Elect. Eng., Harvard Univ., Cambridge, MA, 1993. 

[19] N. Kawasaki, “Parametric study of thermal and chemical nonequilibrium 
nozzle flow,” M.S. thesis, Dept. Electron. Eng., Osaka Univ., Osaka, 
Japan, 1993.

[20] J. P. Wilkinson, “Nonlinear resonant circuit devices (Patent style),” U.S. 
Patent 3 624 12, July 16, 1990. 

[21] IEEE Criteria for Class IE Electric Systems (Standards style), IEEE 
Standard 308, 1969.

[22] Letter Symbols for Quantities, ANSI Standard Y10.5-1968.
[23] R. E. Haskell and C. T. Case, “Transient signal propagation in lossless 

isotropic plasmas (Report style),” USAF Cambridge Res. Lab., 
Cambridge, MA Rep. ARCRL-66-234 (II), 1994, vol. 2.

[24] E. E. Reber, R. L. Michell, and C. J. Carter, “Oxygen absorption in the 
Earth’s atmosphere,” Aerospace Corp., Los Angeles, CA, Tech. Rep. TR-
0200 (420-46)-3, Nov. 1988.

[25] (Handbook style) Transmission Systems for Communications, 3rd ed., 
Western Electric Co., Winston-Salem, NC, 1985, pp. 44–60.

[26] Motorola Semiconductor Data Manual, Motorola Semiconductor 
Products Inc., Phoenix, AZ, 1989.

[27] (Basic Book/Monograph Online Sources) J. K. Author. (year, month, 
day). Title (edition) [Type of medium]. Volume (issue).  Available: 
http://www.(URL)

[28] J. Jones. (1991, May 10). Networks (2nd ed.) [Online]. Available: http://
www.atm.com

[29] (Journal Online Sources style) K. Author. (year, month). Title. Journal 
[Type of medium]. Volume(issue), paging if given.   Available: 
http://www.(URL)

[30] R. J. Vidmar. (1992, August). On the use of atmospheric plasmas as 
electromagnetic reflectors. IEEE Trans. Plasma Sci. [Online]. 21(3). pp. 
876–880.   Available: http://www.halcyon.com/pub/journals/21ps03-
vidmar





Information for Authors

Editorial objectives
In the journal ”Electronics”, the scientific papers from different fields of electronics and electrical en-

gineering in the broadest sense are published. Main topics are electronics, automatics, telecommunica-
tions, computer techniques, power engineering, nuclear and medical electronics, analysis and synthesis 
of electronic circuits and systems, new technologies and materials in electronics etc. The main emphasis 
of papers should be on methods and new techniques, or the application of existing techniques in a novel way.

The reviewing process
Each manuscript submitted is subjected to the following review procedures:
• It is reviewed by the editor for general suitability for this publication;
• If it is judged suitable, two reviewers are selected and a double-blind review process takes place;
• Based on the recommendations of the reviewers, the editor then decides whether the particular paper 

should be accepted as it is, revised or rejected.

Submissions Process
The manuscripts are to be submitted using the Electronics Journal online submission system – accessible 

from Journal’s homepage.
Manuscripts have to be prepared in accordance with the instructions given in the template for paper prepa-

ration that can be found on the journal’s web page (www.els-journal.etf.unibl.org).
Authors should note that proofs are not supplied prior to publication and ensure that the paper sub-

mitted is complete and in its final form.

Copyright
Articles submitted to the journal should be original contributions and should not be under consideration 

for any other publication at the same time. Authors submitting articles  for  publication warrant that the work 
is not an infringement of any existing copyright and will indemnify the publisher against any breach of 
such warranty. For ease of dissemination and to ensure proper policing of use, papers and contributions be-
come the legal copyright of the publisher unless otherwise agreed.



ELECTRONICS, VOL. 25, NO. 1, JUNE 2021

ISSN 1450-5843
UDK 621.38

EDITOR’S COLUMN ...................................................................................................................................................................................................................... 1
Mladen Knezic

ENERGY OPTIMIZATION IN A MULTIHOP SENSOR  
NETWORK FOR A WBAN APPLICATION ................................................................................................................................................................................3
V. Tyagi, S. H. Gupta, and M. Kaushik

DUAL NOTCHED-BAND CRESCENT MOON DIELECTRIC RESONATOR ANTENNA ............................................................................................11
Mohamed Debab, Amina Bendaoudi, and Zoubir Mahdjoub

ON THE IMPLEMENTATION OF DENSELY PACKED DECIMAL NUMBER SYSTEM BASED ADDER:  
PROSPECTS AND CHALLENGES .............................................................................................................................................................................................20
Srikant Kumar Beura, Rekib Uddin Ahmed, Bishnulatpam Pushpa Devi, and Prabir Saha

HARMONIC ELIMINATION IN UNIFORM STEP NINE-LEVEL INVERTER USING DIFFERENTIAL EVOLUTION:  
EXPERIMENTAL VALIDATION ................................................................................................................................................................................................31
Rim Feyrouz Abdelgoui, Rachid Taleb, Abderrahim Bentaallah, and Fayçal Chabni




