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Abstract

This communication discusses the role of nonlinear algorithms in training the neural

network, which predicts the optimized RF MEMS switch dimensions. A dedicated dataset,

i.e., DrTLN-RF-MEMS-SWITCH-DATASET-v1, was created by considering the most

appropriate input and output variable suitable to predict the cantilever dimensions, crab

leg and serpentine structure-based RF MEMS switches. The distinct artificial neural

networks (ANN) performance is analysed using various training methods. The hardware

implementation possible neural network algorithms, i.e., Fitting and Cascade Feed
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Forward Network, are considered for learning and prediction. The ANN algorithm's

performance in predicting and optimizing RF MEMS switch is analysed using nonlinear

training methods like Levenberg–Marquardt (LM) and Scaled Conjugate Gradient (SCG).

The cascaded forward network with LM training combination offers the best performance

compared with other varieties. A comprehensive study is performed using neural

networks and finite element simulation results. The study revealed that the error

percentage is below 15.08% for most of the parameters.
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ABSTRACT

In this study, an Al-PTFE triboelectric nanogenerator (TENG) that converts mechanical energy into electricity was investigated. The finite

element analysis simulation was performed to illustrate the influence of surface engineering of the Al-PTFE TENG on electrostatic

properties, especially at the edges of the TENG. The triboelectric performance of the TENG was improved through surface modifications of

the PTFE using low-pressure air plasma treatment. The output voltage increased from 13 V in the untreated sample to 90 V in the 6 min

plasma-treated sample under an applied force of 3 N. The maximum power density of the 6 min plasma-treated sample was calculated to

be 24 times higher than that of the untreated sample. The enhanced triboelectric performance was attributed to the formation of

nanostructured surface which had higher surface area of PTFE and better effective contact area between the Al and PTFE. The air plasma

treatment modified the chemistry of the PTFE surface by creating new functional groups and carbon dangling bonds, which act as electron

acceptor sites. Therefore, the electron transfer from Al to PTFE was facilitated, and better triboelectric performance was achieved. The

6 min plasma-treated TENG successfully powered electronic devices such as stopwatches and calculators.

Introduction

Triboelectric nanogenerators (TENGs) have gained global recognition due to their potential ability to harvest energy from various low-

frequency mechanical sources [[1], [2], [3], [4]]. The concept of TENG was first proposed by Wang et al. [5] in 2012, and since then, it has

become an active area of research worldwide. TENG has certain advantages over other energy harvesting devices, such as its ease of

fabrication, simple design, cost-effectiveness, high power density, and environmental friendliness [[6], [7], [8]]. Additionally, TENGs are

highly capable of harvesting electrical energy from various energy sources, including water waves, wind, biomechanical movements,

vibrations, and road transportations [[9], [10], [11], [12], [13]]. Due to their exceptional properties, TENGs have been utilized in a wide

variety of applications, including healthcare [14], environmental monitoring [15], security [16], and wireless communications [17].

Additionally, TENGs are gaining a vital role in the era of smart cities and the Internet of Things [[18], [19], [20]].

Surface engineering of tribo-materials plays a key point in controlling and enhancing the performance of TENGs. Different methods,

including the formation of nano-patterns, chemical functionalization, and ion injection have been used to engineer the surfaces of tribo-

materials, thus enhancing the surface charge density and the output power of TENGs [21]. Recently, Liu et al. [22] exploited the spike-

shaped microstructure of the ferrofluid material under the influence of a magnetic field to fabricate triboelectric pressure sensor. The

sensor showed an ultrahigh sensitivity (21.48 kPa ) due to the spiky microstructure. Xie et al. [23] employed LaZrO as electron blocking

layer between polytetrafluoroethylene (PTFE) and ITO electrode to suppress electron transfer from PTFE to ITO electrode. The electrical

output of the LaZrO based TENG was measured as 215 V, 96.3 mA/cm , and 243.3 μC/m . Towards miniaturization of TENGs, Chen et al. [24]

designed a conductor-dielectric microstructured triboelectric ultrasonic device based on highly doped conductive silicon (positive tribo-

material) and silicon dioxide (negative tribo-material). Photolithography and RIE etching process were used to create vacuum cavities on

silicon dioxide with depth of 9 nm. Under applying ultrasound waves with 63 kPa at 1 MH, the device generated voltage signal of 16.8 mV

and 12.7 mV through oil and sound-attenuation medium, respectively.

In addition, the selection of positive and negative tribo-materials plays an important role in determining the performance of TENGs [[25],

[26], [27]]. The literature states that polymers exhibit good triboelectric properties and are considered to be suitable for TENG applications

[[28], [29], [30]]. Researchers have investigated the performance of different polymers including fluorinated ethylene propylene (FEP) [31],

polyvinylidene fluoride (PVDF) [32], polyethylene terephthalate (PET) [33], polydimethylsiloxane (PDMS) [34], and PTFE [35]. Wang et al.
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[31] formed a nanostructured surface morphology of FEP using the inductively coupled plasma; the FEP-based TENG delivered a

maximum output voltage of 191 V with an output power of 64 μW under an applied force of 20 N. Next, Jin et al. [32] altered the relative

permittivity and specific surface area of PVDF TENG by doping the PVDF with active carbon (AC). Compared to the pure PVDF TENG, the

AC-doped PVDF TENG showed an improvement in the output current, voltage, and power by a factor of 3.5, 2.5, and 9.8, respectively. Shin

et al. [33] functionalized the surface of PET with a poly-l-lysine solution to create a positive tribo-surface and trichloro (1H,1H,2H,2H-

perfluorooctyl) silane to create a negative tribo-surface. The output voltage of the functionalized PET-TENG was about 80 times higher

than that of the untreated PET-TENG. Zhang and colleagues [34] reported a high-performing PDMS TENG based on a single-step

fluorocarbon plasma treatment using C F  as reactive gas.

Among the different polymers, PTFE has been the subject of extensive interest in TENGs technology due to its strong electronegativity.

Mule et al. [36] modified the surface of PTFE using thermal imprinting lithography to improve its output performance. The output voltage

and current were recorded as 2.9 and 2 times that of the unmodified PTFE, respectively. In addition, Zhang et al. investigated an expanded

PTFE membrane-based TENG [37]. The morphology of the PTFE was modified due to the expansion; thus, the triboelectric performance

was boosted. Under an expansion ratio of 100%, the open-circuit voltage and short-circuit current increased from 38.51 to 61.23 V and

from 3.65 to 5.63 μA, respectively. Xu et al. [38] sprayed a PTFE emulsion on a copper mesh to improve the surface roughness of PTFE and

increase the triboelectric performance. In addition, plasma is an efficient technique to modify the PTFE surface. Most of the reported

studies have used a combination of O , Ar, and CF  gases to obtain nanostructured surface morphology for enhancing the triboelectric

performance of PTFE TENGs [[39], [40], [41], [42]]. However, CF  gas is detrimental to both humans and the environment. As CF  can

replace air, it is an asphyxiation hazard to humans. In addition, CF  is a very strong greenhouse gas with a warming potential that is 7390

times that of CO , and its lifetime in the atmosphere is more than 50,000 years. Recently, Prada et al. [43] modified the surface of PTFE by a

sequential O /Ar plasma treatment without the use of CF  gas. The authors reported an increased output power of the plasma-treated

PTFE-TENG as compared to the pristine sample. This increase was attributed to an increase in the triboelectric surface charges due to the

development of nanostructures and functional groups on the surface of the plasma-treated PTFE. Harvesting wasted energies from the

surrounding environment using TENGs is a promising research field for eco-friendly applications in the near future. Therefore, it is of high

importance to invest more effort into this upcoming research field. In this study, a conductor-dielectric Al-PTFE TENG was used to harvest

mechanical energy. The PTFE surface was modified using a simple, cost-effective, non-toxic, and environmentally-friendly low-pressure

air plasma process. The influence of plasma treatment on the triboelectric performance of the Al-PTFE TENG was investigated based on

the morphological and chemical modifications of the PTFE surface. In addition, the fundamental physics of the fabricated Al-PTFE TENG

were studied with the aid of simulation to better understand the working principle and explore the fringing effect of electric field at the

edges of the TENG.

Section snippets

Experimental work

The PTFE in the form of a sheet with a thickness of 1 mm, was cut into 2 × 2 cm  pieces. The PTFE samples were cleaned in an ultrasonic

bath using ethanol, isopropanol, and deionized water each for 15 min and then dried in pure nitrogen gas. The samples were loaded into

the plasma chamber, and a rotary pump was used to vacuum the chamber to a low pressure (∼1–10 mbar). The air plasma was produced

inside the chamber at RF power of 60 W. The PTFE samples were exposed to the low-pressure air…

Fundamental physics

To gain a clear picture on the C–S mode TENG, it is important to start with the fundamental physics based on electrodynamics. Fig. 2a

shows the layout of a dielectric-dielectric C–S TENG which is composed of two dielectric materials with metal electrodes. When the two

dielectrics are brought into contact, the top dielectric (acting as the positive tribo-material) loses electrons. Then, due to the triboelectric

effect, the bottom dielectric (acting as the negative tribo-material) gains these…

Results and discussion

In this section, the surfaces of the pristine PTFE and plasma-treated PTFE samples are analyzed using SEM, AFM, and XPS

characterizations. In addition, the triboelectric characteristics results of the pristine PTFE and plasma-treated PTFE samples are evaluated

based on the surface analysis.…

Conclusions

An efficient AL-PTFE TENG was fabricated using low-pressure air plasma treatment of the PTFE surface. Increasing the time of plasma

treatment led to improvements in triboelectric performance. It was found that the output voltage of the untreated PTFE was boosted from

13 to 90 V upon plasma treatment of the PTFE surface for 6 min. Based on the 6 min-treated sample, the output power density of the TENG

was calculated as 3.2 W/m , which is higher than that of the untreated sample (0.133 W/m ) by a …
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Abstract

This paper demonstrates, network-level performance analysis and implementation of

smart city Internet of Things (IoT) system with Infrastructure as a Service (IaaS) level

cloud computing architecture. The smart city IoT network topology performance is

analyzed at the simulation level using the NS3 simulator by extracting most of the
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performance-deciding parameters. The performance-enhanced smart city topology is

practically implemented in IaaS level architecture. The intended smart city IoT system

can monitor the principal parameters like video surveillance with a thermal camera (to

identify the virus-like COVID-19 infected people), transport, water quality, solar

radiation, sound pollution, air quality (O3, NO2, CO, Particles), parking zones, iconic

places, E-suggestions, PRO information over low power wide area network in 61.88 km × 

61.88 km range. Primarily we have addressed the IoT network-level routing and quality of

service (QoS) challenges and implementation level security challenges. The simulation

level network topology analysis is performed to improve the routing and QoS. Blockchain

technology-based decentralization is adopted to enrich the IoT system performance in

terms of security.

Use our pre-submission checklist

Avoid common mistakes on your manuscript.

1 Introduction

Because of its impressive performance and great potential, the IoT technology's role in

the design of smart systems is thrived in many fields like smart cities [1,2,3], medical

[4,5,6], aquaculture [7,8,9], industry [10,11,12], and smart home [13]. Industry 4.0 is

aimed at mass customization and cyber-physical cognitive systems, in that IoT

technology proved its ability and significance. When compared with RFID and smart

device technology IoT plays a vital role in exploring smart applications [14].

The IoT device users count is growing rapidly as shown in Fig. 1, and this is the major

motivating point for many kinds of researchers to choose IoT as a major domain of

research [15]. However, the major research challenges in the implementation of IoT

systems are maintaining high throughput, less delay, low power consumption, low path

loss, good packet receive rate, quality of service(QoS), congestion control, reliability,

heterogeneity, scalability, high security, and best network routing [16, 17]. The network-

level IoT topology simulation helps to make the implementation cost-effective and the

incorporation of blockchain technology in IoT will make the system more secure and

sturdy [18].

https://beta.springernature.com/pre-submission?journalId=42835
https://beta.springernature.com/pre-submission?journalId=42835
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Fig. 1

(Source: Statista)

IoT devices usage growth in billion

The present-day civil people are using more and more IoT devices and there is a

significant demand for smart IoT systems like the design of smart transport, smart

building, smart home, smart business [19], and smart grids [20]. However, the

development of smart city applications using IoT is one of the potential research areas.

Nowadays IoT systems for smart cities monitor viruses (like COVID-19) spread which is

very essential. The vital smart city parameters are video surveillance, transport, water

quality, solar radiation, sound pollution, air quality (O3, NO2, CO, Particles), parking

zones, iconic places, E-suggestions, and public relational officer (PRO) information as

shown in Fig. 2.

https://link.springer.com/article/10.1007/s42835-022-01239-4/figures/1
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Fig. 2

Smart city parameters

The sensor, network, and implementation level challenges of a smart city-based IoT

system as listed in Table 1. Identifying the best IoT routing topology for a smart city with

good quality of services (QoS) is one of the network-level potential research challenges.

Before the implementation, doing network level simulation analysis by extracting the

parameters like throughput, delay, path loss, packets received, the distance between the

mobile nodes and station nodes to access points ratio helps to improve the quality of

service(QoS) [21,22,23]. Maintaining the exact distance between the nodes helps to

improve the throughput of the system [24,25,26,27]. Security and reliability are the two

https://link.springer.com/article/10.1007/s42835-022-01239-4/figures/2
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major challenges in IoT system implementation. Blockchain technology is useful to

resolve the security challenges in IoT [28].

Table 1 Network and implementation level IoT challenges

Blockchain technology enables the decentralization of the database over a peer-to-peer

network of nodes, each of which stores a copy of the whole database [29]. IoT devices

produce massive volumes of data that must be stored and analyzed. Incorporation of

blockchain technology with IoT helps to detect unofficial actions on stored IoT data with

this the overall system security improves, is cost-effective, and speeds up the data

transmission Process. The presented IoT system can majorly monitor atmospheric, traffic

conditions, and identification of virus-infected people in the city [30].

This paper is described: in Sect. 2, we holistically investigate research gaps and possible

solutions related to IoT-based smart city. Section 3 describes the simulation of network

routing and parametric extraction to address the network quality of service. Smart city

data collection and monitoring system implementation by incorporating distributive

blockchain technology which offers high security is discussed in Sect. 4 and followed by

Conclusions in Sect. 5.

2 Literature Survey

The smart city with the IoT paradigm is the most widely discussed area by both industry

people and researchers. In this paper, we have primarily demonstrated network routing,

quality of service, and security aspects in the smart city data monitoring IoT system.

Monitoring the smart city parameters with IoT is considerably explored by many

researchers, but still, we can find potential research gaps like defining the best network

routing, improving quality of service (QoS), achieving high reliability or lifetime, getting

the best scalability and providing high security as listed in Table 2. The smart city

network simulation performance indices are listed in Table 3.

Table 2 Comprehensive study of smart city IoT related work
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Table 3 Basic smart city and network topology parameters

Different technologies involved in the design of IoT systems are listed in Table 4. The

mathematical expressions for the topology performance analysis are listed in Table 5. IoT

technology is emerged in many fields because of its great potential and unique ability to

adapt to new technologies [64, 65]. Now there is a huge demand for the IoT in a wide area

network, but in wide range offering reliability, scalability, proper network routing,

congestion control, security, and quality of service (QoS) is a challenging task [66,67,68].

In this paper, we have addressed three potential research challenges in smart city IoT wide

area networks i.e., network routing, QoS, and security. The blockchains are primarily

classified as permissionless (public) and permission (private). Any type of blockchain

incorporation in IoT enables decentralization which makes the network more secure and

scalable.

Table 4 Comprehensive study on technologies involved in different layers of Internet of

Things

Table 5 Basic IoT system network level mathematics [60,61,62,63]

3 Network Simulation Analysis of Smart City IoT Topology

Embedded systems that communicate with transducers and involve wireless

communication are composed of IoT devices. In Ubuntu 18.0, we first compared

compound TCP over Wi-Fi output with NS-3 simulator experiments. The smart city IoT

system protocol stack is as in Fig. 3. It is made up of wireless equipment, a PC router on

which a dummy net is mounted, a connection point, and a server. The Gateway and the A

22 Mbps Ethernet links to the server. We used the slandered IEEE 802.11a. There are

systems with a Wi-Fi internal 802.11b card.
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Fig. 3

Smart city IoT system protocol stack

The smart city network scenario is framed by considering Vijayawada city located in

Andhra Pradesh state, India. Here, we performed the simulation level analysis on network

performance by varying the number of sensor nodes (MxN), the number of gateways (K),

and the number of user counts (G). It is beneficial to build low-cost nodes to promote

their large deployment, taking into account that the IoT system can monitor smart city

parameters. This means saving money on the majority of the IoT architecture. The

designed network parameters are listed in Table 6. The smart city model network

topology is shown in Fig. 4. The smart city IoT scenario is virtually simulated in the ns-3

environment for 8000 s, it is offering a throughput of 22Mbps, Average power

consumption of 2.6 mW, Delay of 80 ms, and Packet delivery ratio of 0.85%, and latency is

7.8. The network performance indices are as shown in Fig. 5.

https://link.springer.com/article/10.1007/s42835-022-01239-4/figures/3
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Table 6 Network Parameters

Fig. 4

Network topology for Vijayawada city, Andhra Pradesh, India

Fig. 5

https://link.springer.com/article/10.1007/s42835-022-01239-4/figures/4
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Network simulation parameters, a Throughput (MBPs), b Average Power Consumption (mW), c

Delay(ms), d Packet Delivery Ratio, e Latency

4 Practical Realization Aspects

Monitoring the smart city paramours like air quality, sound pollution, parking zones,

solar radiation, water quality, waste management, transportation, iconic places, e-

https://link.springer.com/article/10.1007/s42835-022-01239-4/figures/5
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suggestions, public relations officer (PRO) information, video surveillance, human flow,

and emergency services really help the civil people in the process of decision making

[69,70,71]. In this paper, we have presented a smart city IoT system that can monitor the

overall 13 parameters as illustrated in Fig. 6 related to the smart city. Primarily the air

quality will depend on the levels of carbon monoxide (CO), ammonia (NH3), nitrogen

dioxide (NO2), ozone (O3), sulphur dioxide (SO2), and particle matter 2.5, (PM2.5),

particle matter 10 (PM10). The commercially available sensor to monitor the smart city

parameters are listed in Table 7.

Fig. 6

Model structure of smart city IoT

Table 7 List of sensors incorporated with specifications [72,73,74]

4.1 Blockchain for Smart City IoT

The purpose of incorporating blockchain technology with smart city IoT is, which enables

the decentralization of storage and server as shown in Fig. 7, with this the system security

https://link.springer.com/article/10.1007/s42835-022-01239-4/figures/6
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improves and makes it more sturdy. The smart city IoT system performance is

significantly improved with blockchain. The role of blockchain in presented smart city IoT

is, that at the sensor level, the data was encrypted with the public key. The IoT device

maker stores the associated public key in a blockchain block [75,76,77]. A network node

sends a random challenge message to an IoT device, to which the IoT device responds

with a signature. At the network level, other than centralized cloud, here we used

decentralization of cloud services. With this, the system speed increased and the system is

more scalable.

Fig. 7
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Smart city, a IoT system with centralized server, b Blockchain enabled IoT system with distributed

server

The smart city IoT application was designed by considering Vijayawada city in Andhra

Pradesh state in India. Deployed multiple internet-enabled sensor nodes all over the city,

those are capable to send the sensors data to the predefined destination API location.

https://link.springer.com/article/10.1007/s42835-022-01239-4/figures/7
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Eventually, an application for the smart city for better monitoring and analysis of the data

as shown in Fig. 8 was designed with blockchain security. The designed smart city

application specifications are listed in Table 8. The sensor nodes are designed with

Raspberry pi-3 and all the sensors related to smart city parameters are interfaced. The

node is connected with an LTE access point for the internet. MongoDB and WinNMP are

used as databases and servers respectively. MQTT IoT protocol was incorporated into the

user access side. An application program interface (API) connector mechanism was used

which enables highly secure data transmission to the destination. Overall the smart city

IoT system was implemented with infrastructure as a service (IaaS) architecture.

Fig. 8
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Smart city IoT application, a home page, b location based information monitoring

Table 8 Smart city IoT system implementation parameters

5 Conclusion

https://link.springer.com/article/10.1007/s42835-022-01239-4/figures/8
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This article presented a smart city IoT system that helps to monitor essential parameters

like video surveillance using a thermal camera, air quality, water quality, sound pollution,

weather, solar radiation, waste management, parking zones, E-suggestions, and Iconic

Places. Prior virtual simulation is performed on the smart city IoT network scenario using

NS-3. Eventually, the IoT system is implemented with good quality of service and security.

The incorporation of blockchain with the smart city makes the system more secure,

highly scalable, and cost-effective.
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Abstract 

In this paper, we have presented the structural and material based comprehensive 

analysis on shunt capacitive RF MEMS switches. The switches properties are 

analysed by considering two structures, i.e., clamped-clamped and serpentine 

structure. The material analysis is done on different thin films like substrate, 

dielectric, and membrane. With the comprehensive analysis, it is clear that the 

serpentine structure is offering extraordinary features in the form of pull-in 

voltage and switching time. The material analysis is revealed that silicon, HfO2, 

and Aluminium (Al) are the best material for substrate, dielectric, and membrane 

thin films. Finally, we designed a switch with improved performance, the switch 

offering an actuation voltage of 3.68 V, insertion losses of -0.55 dB, and isolation 

losses of -51 dB. The designed switch is suitable for K and Ka-band applications 

like radar and satellite applications.  

Keywords: Material science, MEMS technology, Microstructure, RF switches, 

Thin films. 
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1.  Introduction 

Radio Frequency (RF) switches are very needy devices in future high-frequency 

mobile communication applications. Especially in the design of transceivers, the 

RF switches are primarily used for frequency tuning and frequency 

reconfigurability. Low power consumption is the potential research challenge in 

RF switches, which extremely influences the battery lifetime. Solid state 

technology and the MEMS technology offers fine performance RF switches.  

However, the MEMS technology is the rapidly growing technology with great 

potential which offers low power consumption, high linearity, and high 

reliability. The solid-state technology RF switches, i.e., PiN diodes performance 

is not up to the level of requirement of 5G communication. But the MEMS 

centred RF switches are offering the finest performance when matched with solid 

state technology-based RF switches. Not only RF switches, MEMS technology 

proved its ability in the design of filters, varactors which are essential devices in 

mobile communication applications [1].  

The RF MEMS switches are adopted by high-frequency potential applications 

because of offering great performance in terms of low power consumption, high 

isolation, and high linearity. Despite these features, the RF MEMS switches have 

some potential research challenges, i.e., high actuation voltage(20-80 V), high 

switching time (1-300 µs), and low isolation. Prior performance analysis helps to 

advance the switches performance in mechanical, electrical and radio frequency 

multi-physics. These basically are classified as series and shunt. However, shunt 

type switches are appropriate for high frequency and series type switches are 

appropriate for low frequency applications. 

K-band, and Ka-band covers the frequency in the range of 18-27 GHz, and 27-

40 GHz respectively, which have some potential millimetre-wave applications like 

vehicle speed detection, satellite communication, satellite television, and radar 

astronomical observation and microwave communication [2].  

With the motivation of research challenges of RF MEMS switches, in this 

paper, we have analysed and improved the performance of switches by doing 

simulations using FEM tools which are suitable for K-band, and K-band 

applications. Curiously and dedicatedly many researchers have proposed different 

shunt switches with different materials and membrane structures [3]. Cantilever, 

clamped-clamped, folded, and serpentine structures are adopted by many 

researchers. Proper selection of thin-films, i.e., substrate, dielectric, and membrane 

for the design of these switch helps to advance the switch performance [4-9]. In 

this paper, we analysed and enhance the performance of shunt capacitive switch 

with proper performance analysis, i.e., structural and material analysis. 

2. Related Work 

Several investigations advanced the research on micro electromechanical 

switches [10]. Improving the performance of these switch is a potential research 

aspect, so researchers curiously advanced the research on shunt switches. But 

because of the requirements in high-frequency communication applications, still 

these switches have few research challenges like low actuation voltage, high 

isolation, and low insertion. 
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Dubuc et al. [10] primarily described the parameters influencing the reliability 

of these switches, like dielectric chagrining. Bridge type micromechanical structure 

is incorporated in these switches. The authors proposed RF MEMS switches for 

future 5G communication applications. 

Badia et al. [11] mainly demonstrated the shunt capacitive switch. The role of 

dielectric material on the performance is analysed. Si3N4 and AlN dielectric 

material are taken into consideration in the performance analysis. The switch with 

AlN as a dielectric material offering up-capacitance of 98.67 fF, and the down-

capacitance of 1.295 pF. 

Laxma and Shanmuganantham [12] proposed a novel shunt capacitive switch 

with AlN dielectric thin film for high capacitance ratio. The switch is offering an 

actuation voltage of 5 V for 1 µm gap, insertion of -0.5 dB, and isolation of -55 dB. 

Table 1. Comprehensive study on shunt capacitive RF MEMS switches. 

Ref. Description Limitations 

[13] Together with the analytical measurement tests, a numerical 

technique is provided to determine the release time of the 

gold cantilever switch which is thermally curled in 

micrometre size. Beam dimension is 400×200×2 µm, 

frequency range 0.1-40 GHz, and input power is 0-10 W. 

Actuation voltage 

is very high. 

Material analysis 

no performed. 

[14] A lateral-capacitive transition was actuated electro 

thermally processed built and assembled using bulk 

micromachining. In because of this turn, the HfO2 was used 

as a dielectric substance which offers excellent legal and 

electric characteristics. Actuation voltage 40-80 V, spring 

constant 42 N/m, mass flow rate is 9.8×10-6 kg/s. 

Switching time of 

the switch is not 

discussed. 

[15] Shunt capacitive switches with K-band control were built 

using GaAs III-V manufacturing method completely 

compliant with normal MMIC output. 

Actuation voltage 

analysis is not 

performed. 

[16] A simplifies and coherent model of study using yang power 

simulation model was introduces perforated shunt turn 

considering fringing area impact attributable to scale of 

finite board, thickness of beam and each space. 

Radio Frequency 

analysis is not 

performed.  

[17] It has been shown that a low cost and unorthodox imaging 

technique is effective for the optional characterisation of the 

capacitive switches suspended double-clamped bridge in 

switches. Capacitance ratio is in the range of 12-16. 

Switching time of 

the switch is not 

discussed. 

[18] The FEM tool level analysis of a tunable antenna equipped 

with CPW stub, on which these switches are mounted. Air 

gap (d) 3 µm, Cup is 39.65 fF, and Cdown is 2.2 pF. 

Material analysis 

no performed.  

[19] SiNx's electrical properties with embedded CNT's by chance 

bunches arranged or vertically positioned, and Au nanorods 

were investigated. The electric properties are considered to 

be important affected by both embedded and directed nano 

filter. Actuation voltage 30 V, air gap 3 µm. 

Actuation voltage 

analysis is not 

performed.  

3. Problem Statement 

RF MEMS is the emerging technology which is adopted the high frequency mobile 

communication applications. RF MEMS switches are already proved their ability 
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in offering high performance with low power consumption. Exploratory findings 

and the advancements observed from the related work, we have identified a few 

potential research challenges of shunt capacitive switches for k-band and Ka-band 

applications. RF MEMS technology deals with different multi-physics, i.e., 

electrostatic, electromechanical, and electromechanical. Pull-in voltage is related 

to electrostatic, and these switches require more actuation voltage compared with 

solid-state technology switches.  

The switching mechanism in switches primarily depends on the 

electromechanical deformation of the membrane. The switching time of the switches 

is in the range of the millisecond, but the IC technology demands the communication 

devices using high switching speed in nanoseconds. The radio frequency properties 

of MEMS switches primarily depend on the dielectric material and the membrane 

structure, proper selection of the membrane, and the materials help to accelerate the 

performance. In this paper, we have primarily elevated the factors which majorly 

influences the performance of electrostatic ally actuated shunt capacitive RF MEMS 

switches, i.e., actuation voltage, switching time, and RF losses.  

Table 2. Problem statement. 

Multi-physics Parameter Solution 

Electrostatic Actuation 

voltage  

Proper structural analysis helps to 

reduce the actuation voltage. 

Electromechanical Switching 

time 

Low spring constant structures will offer 

high switching speed. 

Electromagnetic Insertion and 

isolation  

losses 

The material analysis for the different 

thin films significantly improves the 

insertion and isolation properties. 

4. Performance Analysis 

In this paper, especially we have analysed two structures, i.e., clamped-clamped 

and serpentine structure. The performance of electrostatically actuated shunt 

capacitive these switches is analysed by considering the role of membrane structure 

and thin-film materials.  

4.1. Theoretical analysis 

The overall mass (m) of the micromechanical structure can be measure with m = ρ 

× l × w × t, where ρ - material density, l - length, w - width, t - thickness. Spring 

constant will vary from flexure to flexure, for the clamped-clamped flexure the 

spring constant (k) can be expressed as [13, 14],  

𝑘 = 4𝐸𝑤 (
𝑡

𝑙
)
3

                                                                                                        (1) 

For the serpentine flexure with material young's modulus (E), the spring 

constant can be expressed as, 

1

𝐾
=

1

𝐾1
+

1

𝐾2
+

1

𝐾3
+

1

𝐾4
                                                                                            (2) 

where, 

𝐾(1,2,3,4) =
𝐸𝑤𝑡3

𝑙3
 



538       M. R. Sathuluri and G. Sasikala 

  
 
Journal of Engineering Science and Technology        February 2022, Vol. 17(1) 

 

The switching time is one of the primary parameters which decides the switch 

performance, the switching time can be formulate with the help of resonant 

frequency. The free body analysis, as shown in Fig. 1, we can extract the expression 

for the resonant frequency, i.e.,  

 

Fig. 1. Free body analysis. 

m ẍ+ k(x+δ) -  F  = 0                                                                                            (3) 

m ẍ + kx + kδ - kδ    = 0 

ẍ + (k/m)x = 0 

By comparing above equation with simple harmonic motion, i.e.,  

ẍ + ω2x = 0                                                                                                            (4) 

Therefore, 

ω2=k/m 

𝜔 = √
𝐾

𝑚
 

𝑓𝑟 =
1

2𝜋
√
𝐾

𝑚
                                                                                                            (5) 

The switching time (ts) of the clamped-clamped and serpentine flexure is 

expressed as, 

𝑡𝑠 = 3.67
𝑉𝑝

𝑉𝑠𝜔0
                                                                                                        (6) 

The electrostatically actuated switch parameters mainly rely on the pull-in 

voltage, it can be expressed as,  

𝑉𝑝𝑢𝑙𝑙−𝑖𝑛 = √
8𝑘𝑔3

27𝐴𝜀0
                                                                                                  (7) 

Compared to series DC contact switches, shunt capacitive switches offer best 

performance at high frequency applications. The shunt capacitive switch upstate 

capacitance (Cup) and downstate capacitance (Cdown)can be expressed as,  

𝐶𝑢𝑝 =
𝜀0𝐴

𝑔+
𝑡𝑑
𝜀𝑟

+ 𝐶𝑓                                                                                                    (8) 

http://www.i2symbol.com/abc-123/x/x1E8D-latin-small-letter-x-with-diaeresis-symbol-x-symbol-smiley-face
http://www.i2symbol.com/abc-123/x/x1E8D-latin-small-letter-x-with-diaeresis-symbol-x-symbol-smiley-face
http://www.i2symbol.com/abc-123/x/x1E8D-latin-small-letter-x-with-diaeresis-symbol-x-symbol-smiley-face
http://www.i2symbol.com/abc-123/x/x1E8D-latin-small-letter-x-with-diaeresis-symbol-x-symbol-smiley-face
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𝐶𝑑𝑜𝑤𝑛 =
𝜀0𝜀𝑟𝐴

𝑡𝑑
                                                                                                        (9) 

where g - air gap, A - cross sectional area, εr - relative permittivity, td  - dielectric 

thickness. 

4.2. Structural Analysis 

The parameters of the switch primarily be contingent on the micro mechanical 

structure incorporated. The actuation voltage is majorly influenced by the spring 

content of the micro mechanical structure.  

 
Fig. 2. Structural analysis, (a) clamped-clamped,  

(b) serpentine flexure with uniform meanders. 

The low spring constant structure obviously offers low actuation voltage.  

Previously there are so many popular structures are proposed by different 

researchers, here we have taken clamped-clamped structure and serpentine 

structure shown in Fig. 2, for performance analysis. Gold material with young's 

modulus (E) of 70 GPa, and density (ρ) of 19300 kg/m3. The thickness of the 

structure is taken as 1 µm. 

Both micro mechanical structures are designed with gold metal and actuated 

electrostatically. The actuation voltage of the structure with clamped-clamped 

flexure is 7.5 V and the structure with serpentine flexure is 5 V for one micrometre 

displacement as shown in Fig. 3.  
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(a) 

 
(b) 

Fig. 3. Electrostatic actuation, (a) clamped-clamped, (b) serpentine structure. 

4.3. Perforation analysis 

Perforation to the micromechanical structure helps in the process of load 

distribution and improves the switch reliability. The perforation also helps to 

reduce the required actuation voltage in electro-statically actuated switches. Here 

we have perforated the micromechanical structure with holes of dimension 15 

µm×15 µm as shown in Fig 4. Because of the perforation the required actuation 

voltage is reduced for both the structures. Because of the perforation the 

micromechanical structures displacement is increased an amount of 0.04 µm. It is 

clear that compared to the clamped-clamped flexure, serpentine flexure is offering 

low actuation voltage. 

 
(a) 
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(b) 

Fig. 4. Effect of perforation, a) clamped-clamped flexure,  

b) serpentine flexure with uniform meander. 

So, further analysis is done on the serpentine structure. From the structural 

analysis it is clear that serpentine structure is offering low actuation voltage 

compared with clamped-clamped structure. The stiffness of the serpentine structure 

is very low when compared with clamped-clamped structure this s the primary 

reason of offering of low actuation voltage. So further analysis is performed on the 

serpentine structure. 

4.4. Meander Analysis  

Perfect design of membrane eventually decides the RF MEMS switch performance. 

From the previous analysis it is clear that the serpentine membrane with uniform 

meander is offering best performance compared with clamped-clamped structure. In 

this sub section, we analysed the role of type of meander, i.e., uniform and non-uniform 

meander of the serpentine membrane on the actuation voltage shown in Fig. 5. 

After observing the electrostatic actuation, it is clear that compared to uniform 

meanders, the non-uniform meander serpentine structure is offering a low actuation 

voltage. The structure is offering a displacement of 1 µm for 4.5 V shown in Fig. 

6. The above analysis is performed by considering the gold (Au) as the membrane 

material.  Perforation to the membrane is an extra added advantage to the switch 

performance which helps to reduce actuation voltage. 

 

                                          (a)                                         (b) 

Fig. 5 Serpentine structure meander analysis,  

(a) uniform meanders, (b) non uniform meanders. 
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(a) 

 

 
(b) 

Fig. 6. Electrostatic actuation of serpentine flexure with,  

(a) uniform, (b) non-uniform meanders. 

4.5. Switching time 

The switching time (ts) is generally defined as the time taken by the switch to 

complete ON and OFF action. The time taken by the membrane to come to down 

state after applying the appropriate DC voltage is known as the switch ON time 

represented with tON, similarly the time required to come to the upstate after 

applying Zero DC voltage is known as switch OFF time and is represented with 

tOFF. The total switching time is combination of tON and tOFF, i.e., ts = tON + tOFF. 

The spring constant of the micromechanical structure primarily influences the 

switching time. If the stiffness of structure low the switching time is low as shown 

in the Fig. 7. The serpentine structure with meanders is flexible and deforms for 

low voltages, because of this flexibility the structure is offering low switching time 

compared with clamped-clamped structure. The switching time of the serpentine 

structure is 45 µs and the clamped-clamped structure is 80 µs. 
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Fig. 7. Switching time (ts) of the clamped-clamped and serpentine structures. 

4.6. Material analysis 

The shunt capacitive switch micro machined by deposition of different thin films, 

i.e., electromagnetic lines, dielectric thin film, membrane thin film on the substrate. 

The proper selection of the materials for these thin films helps to improve the 

performance. The serpentine membrane shown in Fig. 6, electrostatic actuation 

performance is analysed with different membrane materials, i.e., Al, Au, Ag, Cu, 

Cr, and W.  

 
Fig. 8. Serpentine membrane material analysis. 

The serpentine membrane material analysis revealed that the Al is offering low 

actuation voltage compared with the other metals, i.e., Au, Ag, Cu, Cr, and W. 

Light weight material deforms for less external force, here Al is a lightweight metal 
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compared with the others, so it deformed for low actuation voltage. The shunt 

capacitive switch performance relies on the capacitance offered by the switch when 

membrane in up and down state. Here we have performed the capacitance analysis 

by choosing different dielectric material, i.e., HfO2, AlN, ZnO, Si3N4, Al2O3, SiO2. 

 

(a) 

 
(b) 

Fig. 9.Switch capacitance analysis,  

(a) Electrostatic analysis, (b) fringing fields. 

When no actuation voltage applied, the micromechanical membrane is in 

upstate, and the capacitance presented by the switch is known as the upstate 

capacitance. If the applied actuation voltage is above the pull-in voltage the 

membrane will deform and come to down state, and the capacitance presented by 

the switch is known as the downstate capacitance. The Radio Frequency(RF) 

properties, i.e., insertion losses and the isolation losses are completely depending 

on the up and down capacitance of the switch. The dielectric material analysis with 

different materials, i.e., HfO2, AlN, ZnO, Si3N4, Al2O3 and SiO2 revealed that high 

relative permittivity material offers great performance in terms of capacitance. The 

relative permittivity of the HfO2 is 25, and the up- capacitance is 83.52 fF and 

down- capacitance is 60 pF. 
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(a) 

 
(b) 

Fig. 10. Dielectric material capacitance analysis,  

(a) upstate capacitance, (b) downstate capacitance. 

Table 3. Dielectric material capacitance analysis. 

Material 
Relative 

permittivity 

Upstate 

capacitance 

(farads) 

Downstate 

capacitance 

(farads ) 

HfO2 25 8.35×10-14 5.91×10-11 

AlN 9.8 8.342×10-14 2.30×10-11 

ZnO 9.7 8.339×10-14 2.18×10-11 

Si3N4 9.6 8.336×10-14 1.97×10-11 

Al2O3 5.7 8.33×10-14 1.35×10-11 

SiO2 4.2 8.32×10-14 0.98×10-11 



546       M. R. Sathuluri and G. Sasikala 

  
 
Journal of Engineering Science and Technology        February 2022, Vol. 17(1) 

 

Prior performance analysis on shunt capacitance switch in terms of structure, 

material is revealed so many techniques, i.e., serpentine structure is offering low 

actuation voltage when compared with clamped-clamped structure, Al like 

lightweight materials also helps to improve the actuation voltage and the high 

relative permittivity material like HfO2 as dielectric material helps to advance the 

capacitance ratio. By incorporating these all in the switch defiantly performance of 

the switch improves. 
 

5.  Proposed Model 

Eventually we have designed a performance improved shunt capacitive switch on 

silicon substrate. Serpentine structure with non-uniform meanders designed with 

Al with 0.7 µm thickness. The membrane is perforated with 15 µm × 15 µm size 

square holes which helped to reduce the actuation voltage. HfO2 with relative 

permittivity (εr) of 25 is used as a dielectric material. By incorporation all the 

techniques revealed in the performance analysis in terms of structure and the 

material sure the overall performance is improved significantly. The coupled 

simulation is used in FEM tool with solid-mechanics and the electrostatic multi-

physics. The spring constant, and membrane mass parameters are transferred 

between the physics. Extra fine meshing is used for better accuracy. 

The switches design typically involves step by step deposition of different thin 

films, i.e., substrate, dielectric, and membrane thin film.  Unlike previous designs, 

in this paper we are doing prior material analysis which helps to identify suitable 

material for different thin films. Completely the switch is micro machined on 

silicon substrate and 1µm thickness SiO2 is place in between substrate and CPW 

lines as an insulating layer.  

 

(a) 

 
(b) 

Fig. 11. Serpentine membrane switch, (a) top view, (b) side view. 
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Table 4. Dielectric material capacitance analysis. 

Parameter Material Length×width×thickness in µm 

Substrate Si 500×500×800 

Insulator SiO2 500×500×1 

CPW Au 100×80×100 

Dielectric HfO2 (εr=25) 220×80×0.05 

Air Gap - 2 

Membrane Al 2 

 

Fig. 12. Al 0.7 µm thickness membrane, actuation voltage (vs) Displacement.   

If the applied DC voltage is below the pull-in voltage the micro mechanical 

membrane is in upstate, the RF signal is completely permitted to the output, so the 

switch is offering low insertion of -0.55 dB @ 23 GHz as shown in Fig. 13. 

 
Fig. 13. Insertion Losses (dB). 
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The perforation to the membrane helps in uniform distribution of electrostatic 

force as shown in Fig.14. When the applied DC voltage is above the pull-in voltage, 

the structure will get deform and it will come to downstate as shown in Fig.15. 

 
Fig. 14. Load distribution in non-uniform meander serpentine flexures. 

 
Fig. 15. Membrane is in downstate. 

When the micromechanical structure is in down state the switch will offer high 

isolation of -51dB at 23 GHz. And the switch is offering an up-capacitance of 83.5 

fF and the down-capacitance of 59.1 pF. 

 

Fig. 16. Isolation losses (dB). 
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Eventually we have extracted most of the performance deciding parameters of 

the shunt capacitive switch and try to compare the theoretical and simulated values. 

Here the simulated results are near to the theoretical values. The mass of the 

serpentine structure is 783×10-12 kg. The serpentine structure with non-uniform 

meanders offered a low spring constant of 1.79 N/m. The Eigen frequency (or) 

natural frequency (or) resonant frequency is 7.445 kHz. The switch requires 3.68 

V actuation voltage for 2 µm membrane downward deformation which created 

hope on possibility of integration of switches with IC technology. The novelty in 

the designed RF MEMS switch is incorporation of non-uniform meander based 

serpentine structure and high relative permittivity offering dielectric thin films. 

Because of this incorporation the switch performance is improved significantly.  

Table 5. Dielectric material capacitance analysis. 

Parameters 
Serpentine with non-uniform meander 

Theory Simulation 

Mass (m) 783×10-12 kg 783×10-12 kg 

Spring constant (k) 2.07 N/m 1.79 N/m 

Resonant frequency (fr) 7785 Hz 7445 Hz 

Actuation (V) 3.95 V 3.68 V 

Upstate capacitance(Cup) 80.39 fF 83.5 fF 

Downstate capacitance (Cdown) 56.21 pF 59.1 pF 

The major finding of this work is, because of incorporation of Al based 

serpentine membrane the required actuation voltage is reduced to 3.68 V. HfO2 

dielectric material, with high relative permittivity the switch is offered high 

capacitance ratio. Because of high capacitance ratio the switch offers high isolation 

of -51 dB. 

Table 6. Dielectric material capacitance analysis. 

Parameter [20] [21] Our work 

Mass (m) --- --- 783×10-12 kg 

Spring constant (k) --- --- 1.79 N/m 

Resonant frequency (fr) --- --- 7445 Hz 

Actuation Voltage 19.2 V 25.2 V 3.68 V 

Upstate capacitance(Cup) 22 fF --- 83.5 fF 

Downstate capacitance(Cdown) 2.21 pF --- 59.1 pF 

Insertion Losses (dB) - 0.05 dB - 0.1dB - 0.55 dB 

Isolation Losses (dB) 
-12dB @ 

61.5 GHz 

-40 dB @ 

11 GHz 
-51 dB 

6. Conclusions 

Prior performance analysis with respect to structure and material definitely helped 

to improve the performance of switch. The structural analysis is performed on 

clamped-clamped and serpentine structures, and it is revealed that the serpentine 

structure is offering low actuation voltage. The material analysis is primarily aimed 

to select best material for the membrane and the dielectric thin films. The serpentine 

membrane with Al material of 0.7 µm thickness offers a low actuation voltage of 

3.68 V. HfO2 of 0.05 µm  thickness is selected as a dielectric material which offers 

best up-capacitance of 83.5 fF and the down-capacitance of 59.1 pF. Eventually the 
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switch offers an insertion loss of -0.55 dB and isolation of -51 dB. The designed 

switch is suitable for K and Ka-band applications. 

 

Nomenclatures 
 

Cdown Downstate capacitance 

Cup Upstate capacitance  

fr Resonant frequency 

K Spring constant 

m Membrane mass 
 

Abbreviations 

FEM Finite Element Method  

References 

1. Nabet, M.; Rack, M.; Hashim, N.Z.I.; de Groot, C.H.; and Raskin, J.-P. (2019). 

Behavior of gold-doped silicon substrate under small- and large-RF signal. 

Solid-State Electronics, 168, 107718. 

2. Chaudhary, R.; and Mudimela, P.R. (2020). Pull-in response and eigen 

frequency analysis of graphene oxide-based NEMS switch. materialstoday: 

Proceedings, 28(Part 1), 196-200.  

3. Angira, M., Bansal, D.; Kumar, P.; Mehta, K.; and Rangra, K. (2019). A novel 

capacitive RF-MEMS switch for multi-frequency operation.  Super lattices 

and Microstructures, 133, 106-204. 

4. Thalluri, L.N.; Guha, K.; Rao, K.S.; Prasad, G.V.H.; Sravani, K.G.; Sastry, 

K.S.R.; Kanakala, A.R.; and Babu, P.B. (2020). Perforated serpentine 

membrane with AlN as dielectric material shunt capacitive RF MEMS switch 

fabrication and characterization. Microsystem Technologies, 26, 2029-2041. 

5. Ouakad, H.M.; Sedighi, H.M.; and Younis, M.I. (2017). One-to-one and three-

to-one internal resonances in mems shallow arches. Journal of Computational 

and Nonlinear Dynamics, 12(5): 051025 (11 pages) 

6. Ouakad, H.M.; and Sedighi, H.M. (2019). Static response and free vibration of 

MEMS arches assuming out-of-plane actuation pattern, International Journal 

of Non-Linear Mechanics, 110, 44-57. 

7. Sedighi, H.M. (2014). Size-dependent dynamic pull-in instability of vibrating 

electrically actuated microbeams based on the strain gradient elasticity theory. 

Acta Astronautica, 95, 111-123. 

8. Sedighi, H.M.; and Shirazi, K.H (2015). Dynamic pull-in instability of double-

sided actuated nano-torsional switches, Acta Mechanica Solida Sinica, 28(1), 

91-101. 

9. Nasr, M.E.; Abouelregal, A.E.; Soleiman, A.; and Khalil, K.M. (2021). 

Thermoelastic vibrations of nonlocal nanobeams resting on a pasternak 

foundation via DPL model. Journal of Applied and Computational Mechanics, 

7(1), 34-44. 

https://www.sciencedirect.com/science/article/abs/pii/S0894916615600192#!


Structural and Material Based Comprehensive Performance Analysis on . . . . 551 

 
 
Journal of Engineering Science and Technology        February 2022, Vol. 17(1) 

 

10. Dubuc, D.; Grenier, K.; and Iannacci, J. (2018). RF-MEMS for smart 

communication systems and future 5G applications. Smart Sensors and 

MEMS, 2018, 499-539. 

11. Badia, M.F.-B.; Buitrago, E.; and Ionescu, A.M. (2012). RF MEMS shunt 

capacitive switches using AlN compared to Si3N4 dielectric. Journal of 

Microelectromechanical Systems, 21(5), 1229 - 1240. 

12. Laxma, R.B.; and Shanmuganantham, T. (2014). Design of Novel Capacitive 

RF MEMS Shunt Switch with Aluminum Nitride (AlN) Dielectric. Procedia 

Materials Science, 6, 692-700. 

13. Jensen; B.D.; Saitou, K.; Volakis, J.L.; and Kurabayash, K. (2003). Fully 

Integrated electrothermal multidomain modeling of RF MEMS switches. IEEE 

Microwave and Wireless Components Letters, 13(9), 364-366. 

14. Barbato, M.; Giliberto, V.; Cester, A.; and Meneghesso, G. (2014). A 

Combined Mechanical and Electrical Characterization Procedure for 

Investigating the Dynamic Behavior of RF-MEMS Switches. IEEE 

Transactions on Device and Materials Reliability, 14(1), 13-20. 

15. Cheulkar. L.N.; Sawant, V.B.; and Mohite, S.S. (2020). Evaluating 

performance of thermally curled microcantilever RF MEMS switches. 

materialstoday: Proceedings, 27(Part 1), 12-18. 

16. He, X.J.; Lv, Z.Q.; Liu, B.; and Li, Z.H.  (2012). High-isolation lateral RF 

MEMS capacitive switch based on HfO2 dielectric for high frequency 

applications. Sensors and Actuators A: Physical, 188, 342-348. 

17. Persano, A.; Tazzoli, A.; Farinelli, P.; Meneghesso, G.; Siciliano, P.; and Quaranta, 

F. (2012). K-band capacitive MEMS switches on GaAs substrate: Design, 

fabrication, and reliability. Microelectronics Reliability, 52(9-10), 2245-2249. 

18. Guha, K.; Kumar, M.; Agrawal, S.; and Baishya, S. (2015). A modified 

capacitance model of RF MEMS shunt switch incorporating fringing field 

effects of perforated beam. Solid-State Electronics, 114, 35-42. 

19. Persano, A.; Quaranta, F.; Martucci, M.C.; Siciliano, P.; and Cola, A. (2015). 

On the electrostatic actuation of capacitive RF MEMS switches on GaAs 

substrate. Sensors and Actuators A: Physical, 232, 202-207.  

20. Pertin, O.; and Kurmendra (2018). Pull-in-voltage and RF analysis of MEMS based 

high performance capacitive shunt switch. Microelectronics Journal, 77, 5-15.  

21. Younis, S.; Saleem, M.M.; Zubair, M.; and Zaidi, S.M.T. (2018). Multiphysics 

design optimization of RF-MEMS switch using response surface 

methodology. Microelectronics Journal, 71, 47-60. 

file:///C:/Users/til0042/Desktop/Abdulkareem%2012_01_2021/JESTEC/2)%20Archive/Volume%2017_2022/Vol_17(1)_2022/00%20pre-online/sent%20to%20FE/10.1016/j.sna.2012.03.013


Vol 13, Issue 06, June/2022 

ISSN NO:0377-9254 

www.jespublication.com 
Page No:902 

 
 

 

LOCALIZATION AND DEBUGGING OF MULTIPLE FAULTS IN 

ARITHMETIC CIRCUITS 
 
 

Mr.P.Bose Babu,M-Tech(Ph.D) 

Professor Department of ECE 

Andhra Loyola Institute of Engineering 

and Technology,Vijayawada, 
India. 

E-mail:pbosebabu@aliet.ac.in 
 

 

Puppala Dunesh Siva Kumar 
Student, Department of ECE, 

Andhra LoyolaInstitute of Engineering 

and Technology, Vijayawada, India. 

      E-mail:duneshpuppala@gmail.com 

 
Mule.Madhava Reddy 
Student,DepartmentofECE, 

Andhra Loyola Institute of Engineering 
and Technology,Vijayawada, 

India. 
E-mail:mulemadhava724@gmail.com 

Kosuri Charan Naga Sai 
Student, Department of ECE, 

Andhra Loyola Institute of 

Engineering and Technology, 
Vijayawada, India. 

E-mail:charannagasai2001@gmail.com 

 

Abstract—Optimised and custom arithmetic circuits are 

widely used in embedded systems such as multimedia 

applications,cryptography systems,signal processing and 

console games.Debugging of arithmetic circuits is a challenge 

due to increasing complexity coupled with non standard 

implementations.However,bug localization remains a major 

issue.simulation based validation using random or constrained- 

random tests are not effective for complex arithmetic circuits 

due to bit-blasting.In this model it will present an automated 

test generation and bug localization technique for debugging 

arithmetic circuits 
 

Finally our model is fully automated.In other words this model 

is capable of producing a correct implementation of arithmetic 

circuiots with out any manual interaction.Our experimental 

results demonstrate that the proposed approach can br used 

for automated debugging of large and complex arithmetic 

circuits 

 

Keywords—Arithmetic circuits,Multiplier,Bugs,Independen 

tbug,Dependent bug,Hybrid bug,Error Localization,Error 

Detection and Error Correction. 
 

I. INTRODUCTION 

A bug is just an error that has to be corrected in 
localization words. All problems (errors) found during 
localization testing are recorded in a database that keeps 
track of these entries. Then, a tester assigns each bug's 
resolution to the proper party, based on the software's 
knowledge requirements, linguistic ability, and source of the 
mistake. For instance, developers must fix various 
internationalisation problems. Most problems in source code 
or its design are the result of human error. When a 
programme has numerous defects that interfere with its 
functionality and produce unintended outcomes, it is said to 
be buggy. 

Software bugs can result from misunderstandings and 
errors occurring when deriving requirements from users, 
planning a program's design, developing its source code, and 
interacting with people, hardware, and other programmes, 
including operating systems or libraries. Often, a programme 
is said to be buggy if it has numerous, or significant, defects. 
Errors caused by bugs may have repercussions. The effects 
of bugs can range from subtle, like unexpected text 

formatting, to more overt, such crashing a programme, 
locking up the computer, or breaking hardware. Other flaws 
fall under the category of security flaws and could, for 
instance, allow a hostile user to evade access controls and get 
unauthorised rights. 

II. LITERATURE SURVEY 

 
In [1] In order to rectify all provided counterexamples, this 
approach finds logic gates that need to be swapped out for 

alternative logic functions 

In [2] The introduction of bug patterns lengthens the time 

that SMT solvers take to run. We provide a more effective 

approach that uses programme slicing and constraints 

created from the counterexamples to decrease the running 

time while also reducing the quantity of the design 

description that needs to be translated to an SMT formula 

and the number of bug candidates 

In [3] The introduction of bug patterns lengthens the time 

that SMT solvers take to run. We provide a more effective 

approach that uses programme slicing and constraints 

created from the counterexamples to decrease the running 

time while also reducing the quantity of the design 

description that needs to be translated to an SMT formula 

and the number of bug candidates. 

In [4] Bugs must be detected and repaired as early in the 

development process as is practical. This is the main rule for 

semiconductor design and verification. It's commonly 

believed that finding a bug at each new project stage 

increases the cost by 10. 

In [5] The standard specifies how Verilog HDL's semantics 

are used, among other things, to specify level- and edge- 

sensitive logic. Additionally, it explains the language's 

grammar in terms of what must be supported and what must 

not be supported for interoperability 

In [6] We provide BLUIR, a structured retrieval method that 

incorporates our insights, and demonstrate that BLUIR 

outperforms the current cutting-edge IR-based bug 

localization techniques 

In [7] They developed Csmith, a tool for randomly 

generating test cases, to enhance the quality of C compilers, 

and they spent three years hunting for compiler flaws with 

it. Over the course of this time, we notified compiler 
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developers of more than 325 previously undiscovered 

problems. 

 

III. PROPOSED ARCHITECTURE 

The primary goal of the project is to detect and correct the 

faults in arithmetic circuits,we are using three types of bugs 

in our proposed model those are Independent 

bug,Dependent bug and Hybrid bud.To detect and correct 

these bugs,the algorithms used are Error Localization,Error 

Detection and error Correction.In this proposed model we 

used process called BIST(Built In Self Test). 

A. Generating the Multiplier 

B. Synthesizing 

C. Bug Localization 

D. Bug Correction 

 

 

 

 
 

Figure1: Proposed Model 

 
  1.Multiplier 

 

Many high performance systems depend on multipliers as 

essential parts. However, as speed and area are frequently at 

odds with one another, increasing speed primarily leads to 

larger areas. As a result, a wide range of multipliers with 

various area-speed constraints have been created using fully 

parallel architecture. These multipliers perform only 

averagely in terms of speed and area. No matter how big the 

multiplier is, the benefit of pipelining at the digit level is 

constant operation speed. 

2. 2-Bit Multiplier 

 

By multiplying each bit of the multiplicand by each bit of 

the multiplier to get the partial products, the circuit 

implements a two-bit by two-bit multiplier. The total 

product is then calculated by weighting and adding the 

partial products. 

 

 

 

 

 

 

 

 

 

 

Figure 2 :2-Bit Multiplier 

3 .4-bit Multiplier 

 

The algorithm will finish in no more than 4 cycles for a 4-bit 

multiplication. The method is only lengthy multiplication. 

The lengthy multiplication of two 4-bit data to yield an 8-bit 

output is seen below. 

 
 

 

Figure 3 :4-Bit Multiplier 

IV.Results 

 

 

 

 

 

 

 

 

 
Figure 4 : Faulty 2-Bit Independent RTL Schematic Circuit 
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The above figure shows a schematic circuit with an 

independent bug present inside the circuit, where a1 a2 b1 

and b2 are the inputs and o1 o2 o3 and o4 are the outputs of 

the circuit, where as o5,o6,o7 and o8 are the bug outputs. 

When outputs o1 and o5 are different, then an error e1 

arises. But when the outputs o1 and o5are same then there 

will not be any error. (Error free). 

When outputs o2 and o6 are different, then an error e2 

arises. But when the outputs o2 and o6 are same then there 

will not be any error. (Error free). 

When outputs o3 and o7 are different, then an error e3 

arises. But when the outputs o3 and o7 are same then there 

will not be any error. (Error free). 

When outputs o4 and o8 are different, then an error e4 

arises. But when the outputs o4 and o8 are same then there 

will not be any error. (Error free) 
 

Figure 5 : Error Localization of 2-Bit Independent Circuit 
 

In the above figure o1 and o5 are not equal so error is 

localized to correct the error we have to use the error 

correction logic using Xilinx tool. 

 

 
Figure 6 : Error Correction of 2-Bit Independent Circuit 

 

Figure 7 : Faulty 2-Bit Dependent RTL Schematic Circuit 

 

 
Figure 8 : Error Localization of 2-Bit Dependent Circuit 

. 

 
Figure 9 : Error Correction of 2-Bit Dependent Circuit 

 

Figure 10 : Faulty 2-Bit Hybrid RTL Schematic Circuit 
 

Figure 11 : Error Localization of 2-Bit Hybrid Circuit 
 

Figure 12 : Error Correction of 2-Bit Hybrid Circuit 
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Figure 13 : Faulty 4-Bit Independent RTL Schematic Circuit 

 
 

Figure 14 : Error Localization of 4-Bit Independent Circuit 

 
 

Figure 14 : Error Correction of 4-Bit Independent Circuit 

 
Figure 13 : Faulty 4-Bit Dependent RTL Schematic Circuit 

 
 

Figure 15 : Error Localization of 4-Bit Dependent Circuit 

Figure 15 : Error Correction of 4-Bit Dependent Circuit 
 

Figure 16 : Faulty 4-Bit Hybrid RTL Schematic Circuit 

 

 

 

 

 

 

 
Figure 17 : Error Localization of 4-Bit Hybrid Circuit 

 
 

Figure 18 : Error Correction of 4-Bit Hybrid Circuit 

 
 

Comparision of different parameters of 2-Bit multiplier and 

4-Bit Multiplier 
 

 

Table 1 : comparision of different parameters for 2-Bit 

Multiplier 
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Table 2 : comparision of different parameters for 4-Bit 

Multiplier 

V. CONCLUSION 

In the proposed model, the automated methodology for 

debugging arithmetic circuits. Our methodology consists of 

efficient , bug localization, and bug correction algorithms. 

We used the BIST produced by equivalence checking 

methods to generate directed tests that are guaranteed to 

activate the source of the bug when the bug is unknown. We 

used the generated tests to localize the source of the bug and 

find suspicious areas in the design. We also developed an 

efficient debugging algorithm that to locate and correct the 

bug without any manual intervention. We extended the 

proposed approach to automatically fix multiple bugs for 2- 

bit and 4-bit multiplier. 
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Abstract: 
 
Drawing on a screen with Air Canvas is made possible by simply waving a finger infront of a camera. 
This project is built using OpenCV's computer vision algorithms. Python is popular because of its 
extensive libraries and simple syntax, but by grasping the fundamentals, it can be implemented in any 
language that supports OpenCV.  The pointer finger is adjusted to map onto the screen using PyGame 
after a calibration screen to measure and record the color of the user's hand. The finger’s direction is 
entirely controlled by open source OpenCV software. In the current work, raspberry pi  and a camera 
is interfaced and OpenCV algorithm is used for mapping the coordinates of the user's pointer finger. 
The fundamental actions to do in order to complete the project. The first one involves looking for free, 
open-source software that uses Python and OpenCV to recognize hand gestures. The PyGame side of 
the project must now be independently developed. Integration of PyGame and OpenCV is the 
following stage. Implementing buttons and switching to the required size of display are the next steps. 
The project itself is an application of Air Canvas that will follow the finger's movement using 
computer vision. The created text can be used for a number of things, including sending emails and 
messages. This is going to powerful means of communication for especially abled people. 
 
Keywords- Air canvas, OpenCV, Raspberry Pi, Python. 
--------------------------------------------------------------------------------------------------------------------------------------- 
 

I. INTRODUCTION  
 

One of the most intriguing and challenging fields of image processing and pattern recognition study 

has recently been writing in air. The incorporation of this technology benefits a wide spectrum of 

human-machine interactions. Numerous studies have looked into novel strategies and techniques for 

speeding up processing and increasing recognition accuracy. Object tracking is a critical component 

of the task in computer vision. Faster processors, more reasonably priced and higher quality video 

cameras, as well as the growing demand for automated video analysis have all contributed to the 

increased use of object tracking systems. Identification of the item, tracking of its movement from 

frame to frame, and behaviour analysis are the three main phases in video analysis. Object 

representation, feature selection for tracking, object identification, and tracking are the four 

considerations in object tracking. Numerous practical uses of object tracking algorithms exist, such 

asautonomous surveillance, vehicle navigation, and video indexing. This project focuses on motion-

to-text converters for wearable devices with intelligence that can write in the air. This project acts as a 

time capsule for ephemeral movements. It will follow the finger's movement using computer vision. 

The created text could be used to send emails, messages, and other types of correspondence. The 

ability to converse will be greatly aided for those who are deaf. It's an effective method of speaking 

without writing. 
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A. Existing Model 
 
 In the current model, a brush is used to implement the project rather than a finger. The brush requires 
much more effort and is less accurate. The current research uses 1-D convolutional neural network, deep 
ensemble network, long and short term memory auto encoder, and silhouette-based tracking. 
 
Drawbacks of the existing System:  
            It still needs to be greatly changed in terms of its edge, cameras, and usefulness. Just think about a 
regular-sized brush. System only monitors the presence of the brush handle. The genuine model does not 
replicate weather changes or overflows because it is unquestionably not an exact replica of the air and shade 
water liquids. A small amount of paint really seeps through the valve when a customer lightly squeezes the 
trigger while the paint liquid valve is still closed. 
            AR applications greatly deplete batteries. Re-localizing content that is displayed on the globe canvas can 
be done much more accurately. The program can be expanded to include volumetric training and classification 
of point cloud data. 
 
 
 

 
 
 
 
Fig 1. Block Diagram of Existing Model 
 
 
B. Proposed Model 
 

a) Hardware Required:          

            Raspberry Pi 4 Model B 

            Monitor/Laptop 

            E-Camera FT-2251 

b) Software Required: 

            OpenCV Libraries 

             Python 

c) Tools Required: 

            Python IDLE 

            Visual Code Studio 

Science, Technology and Development

Volume XII Issue IV APRIL 2023

ISSN : 0950-0707

Page No : 399



  

In  this proposed system, we are using a E-camera to detect the finger and track the trajectory of the 
finger and display whatever we drew infront of the camera on a laptop or monitor screen. This system 
uses various algorithms from opencv and displays the output on screen of laptop or monitor.  

 

 
 
 
Fig 2. Block Diagram of Proposed Model 
 
 

 
 
Fig 3. Flow Chart of Proposed Model 
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II. Working of Proposed Model 
 
 In this project, we are using a E-Camera to detect the finger and track the trajectory of the finger and 

display whatever we drew infront the camera on a laptop/monitor screen. This system uses various algorithms 

and displays the output on screen. There are 5 steps involved in the total process. 

CAMERA USED FOR THE SYSTEM: 

          Here we are using a E-Camera FT-2251. The frames that are recorded by the e-camera are the foundation 

for the proposed system. The FT-2251 camera will begin recording video after the video capture object is 

created using python computer vision package(OpenCV). The pi board receives frames from the camera and 

processes them. 

     

Fig 4. E-CAM FT-2251 camera 

 

CAPTURING THE VIDEO AND PROCESSING: 

                   The e-cam is used by the system and every frame is recorded up until the end of the application. As 

illustrated in the accompanying mode, the video frames are converted from BGR to RGB in order to find the 

hands in video frame by frame. 

DETECTING WHICH FINGER IS UP: 

                  Using the tip ID of the specific finger that we located using the mediapipe’s HAND LANDMARK 

MODEL and corresponding co-ordinates of the finger that are up, we are able to determine which finger is up at 

this point. With that finger the specific font and colour is picked up. 
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Fig 5.Detecting finger using hand landmark model

 

PERFORMING THE ACTION: 

The trajectory of the finger according to its co

converted into the images and whatever is written with the finger is captured. We can write or draw whatever 

we want to infront of the camera. It will capture everything and finally displays the output.

 

 

Fig 6. Performing the action infront of camera

 

 

 

 

 

 

 

 

  

 

using hand landmark model 

 

The trajectory of the finger according to its co-ordinates are captured with the e-camera. The frames are 

converted into the images and whatever is written with the finger is captured. We can write or draw whatever 

we want to infront of the camera. It will capture everything and finally displays the output.

. Performing the action infront of camera 

camera. The frames are 

converted into the images and whatever is written with the finger is captured. We can write or draw whatever 

we want to infront of the camera. It will capture everything and finally displays the output. 
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DISPLAYING THE OUTPUT: 

                 Finally whatever action we performed infront of the e-camera with the selected actions is displayed 

on the laptop/monitor screen. 

 

     Fig 7. Displaying the Output 

 
 

III. CONCLUSION  
 

    The programmehas the ability to disrupt conventional writing techniques, to sum up. removes the need to 

carry a cell phone around in order to take notes and provides a convenient option to accomplish the same while 

on the road. It will once more serve a greater good by making communication simpler, especially for people 

who are familiar with them. The programme is simple enough to use for those who have trouble using the 

keyboard. Soon, this program's capability will allow for the control of IoT devices. You may also create air 

paintings. With the help of this programme, people will be able to interact with the digital world more 

effectively while wearing smart gear. The material may come alive by illustrating the unpopular reality of 

taxpayers. Wind-writing programmes should solely respond to their master's commands and not be swayed by 

outside influences. Following are several discovery algorithms that YOLO v3 may use to increase the speed and 

accuracy of fingerprint identification. The effectiveness of writing in the air will increase in the future as 

artificial intelligence research advances. 
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ABSTRACT: Hand gesture recognition is an 

essential way of communication between the 

impaired people. Developing a simple channel to 

communicate with deaf and dumb people is 

crucial. To aid people with special needs it is 

important for everyone to understand sign 

language and it is necessary in case of any 

emergency. Here individuals communicate 

through hand signals or gestures. Signals are the 

actual activity performed by every individual to 

pass the important data. Hence people inculcate 

to know sign language to impart proficiently but 

this would be an issue for unpractised ones. The 

aim of this paper is to develop a Real Time Hand 

Gesture Recognition System using Convolutional 

Neural Networks (CNN). The focus of this work 

is to embrace capturing images of the hand 

gesture using web camera and the system shall 

predict and display the text corresponding to the 

image previously captured. Furthermore, the 

trained model recognizes the hand gesture and 

generates the speech from the text.  

Keywords: CNN, Sign language, Hand Gesture, 

trained model, Real time, Image Processing.  

  

1.INTRODUCTION: 

 

Hand gestures are a natural and intuitive of 

communicating between the impaired people. 

With the increasing demand for efficient human-

computer interaction systems. Hand gesture 

recognition has become an active research area in 

computer vision and pattern  recognition. 

In recent years, Convolutional Neural 

 Networks (CNNs) have achieved great success in 

various computer vision tasks including image 

classification, object detection and segmentation. 

In this paper, we propose a hand gesture 

recognition system using CNN. The proposed 

system consists of two main components: feature 

extraction and feature classification. The feature 

extraction component uses a pre-trained CNN 

architecture to extract high-level features 

 

from hand gesture images, while the classification 

component employs a fully connected neural network 

to classify the gestures. The system is trained and 

tested on a large dataset of hand gesture images. We 

evaluate the performance of the system in terms of 

accuracy, robustness to different lighting conditions 

and camera angles and computational efficiency. 

CNN is a technology that enables machines to identify 

and understand human hand movements in real-time. 

This technology has a wide variety of applications 

from sign language recognition. The key to hand 

gesture recognition using CNN is to train a neutral 

network to recognize specific patterns of hand 

movements. CNN is particularly suited for this task 

because it can automatically learn and extract features 

from images, such as the shape, orientation, and 

texture of objects, without requiring explicit feature 

engineering. This allows CNN to perform better than 

traditional machine learning methods for image 

recognition tasks. In hand gesture recognition, CNN 

can be trained to identify different hand gestures by 

analysing the shape, position, and motion of the hand 

in a video stream. Once the network is trained, it can 

be used to recognize hand gestures in real-time and 

trigger appropriate responses such as controlling a 

computer. Overall, Hand gesture recognition using 

CNN is a powerful technology that has the potential 

to revolutionize human-machine interaction and 

enable new applications in wide range of fields, from 

health care to entertainment.  
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2. PROPOSED SYSTEM 

  

Hand gesture recognition system can be 

implemented using the SqueezeNet neural network 

architecture consisting of 18 layers, including 8 fire 

modules, convolutional, pooling layers. Here is a 

high-level overview of the steps involved in 

implementing HGR:  

  

Data collection: The first step in building a hand 

gesture recognition system is to collect data. This 

involves capturing image of different hand gestures 

under various lighting conditions and backgrounds.  

The images here collected by using a web camera   

  

Data pre-processing: After the data collected, it 

needs to be pre-processed. This includes resizing the 

images, normalizing pixel values, and removing 

background noise.  

  

Data augmentation: To increase the size of dataset 

and improve the model performance, data 

augmentation techniques such as rotation, flipping 

and scaling can be used.  

  

Model architecture: The next step is to design a CNN 

architecture. This involves selecting the number of 

layers, filters, and activation functions. The 

architecture can be customized based on the specific 

hand gesture recognized.  

  

Training: The CNN model is trained using the pre-

processed data. During training, the model learns to 

recognize hand gestures by adjusting the weights of 

filters.  

  

Testing: After training, the model is tested using a 

separate set of images. This step helps to evaluate the 

accuracy of the model.  

  

Deployment: Once the model has been trained and 

tested, it can deploy to recognize hand gestures in 

real-time. This involves capturing images of hand 

gestures using a web camera and passing them 

through the CNN model for recognition.  

    

  

3. DEEP LEARNING:  

  

Deep learning is a subset of machine learning 

that involves training complex neural networks 

with multiple layers of interconnected nodes. In 

hand gesture recognition, deep learning 

algorithms such as Convolutional Neural 

Networks (CNNs), have been shown to 

significantly improve the accuracy and 

robustness of the recognition system compared 

to traditional machine learning methods. The 

importance of deep learning in hand gesture 

recognition lies in its ability to automatically 

learn and extract features from raw data without 

the need for explicit feature engineering 

methods may not be able to capture all the 

relevant information.  

In addition, deep learning models can be trained 

on large datasets of hand gesture images or 

videos, which allows them to learn and 

generalize patterns and features that are specific 

to different hand gestures. This enables them to 

accurately recognize and classify hand gestures 

in real-time, even in complex and dynamic 

environments.  

Furthermore, deep learning algorithms can 

adopt and learn from new data, which means 

hand gesture recognition system can continue to 

improve time as more data is collected and 

added to the training set. In summary, deep 

learning is essential in hand gesture recognition 

because it enables the development of highly 

accurate and robust recognition systems that can 

learn and adapt to new data and environment.   

  
  

              Fig1. Image of Deep learning.  
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3a. CNN  

CNN is a type of deep learning algorithm 

which is primarily designed for image 

recognition tasks in real time.  CNNs are based 

on the idea of convolution, which involves 

passing a filter or kernel over an
 
image to 

extract features. A typical CNN architecture 

consists of a series of layers, including 

convolutional layers, pooling layers, and fully 

connected layers. Convolutional layers 

perform the convolution operation, while the 

pooling layers reduce the dimensionality of 

the input. Fully connected layers perform the 

final classification or regression task based on 

the output of the convolutional and pooling 

layers. CNNs are able to learn and extract 

features automatically from input images 

without requiring hand-crafted features, which 

makes them very effective for a wide range of 

computer vision tasks, such as object 

detection, image classification, facial 

recognition.  

 
  

Fig.2.ImageofCNN  

  

3b. SqueezeNet:   

SqueezeNet is a deep convolution neural 

network for image classification that can be 

broken down into the following layers: 

 

Convolution layer: The first layer of the 

network is the 2D convolutional layer that 

performs the 3x3 convolution on the input 

image to extract features. 

 

Pooling layer: to reduce the spatial size of the 

output volume maximum pooling is applied 

after some convolution layers.  

 

Fire modules: The fire module is building 

block of SqueezeNet that consists of a squeeze  

consists of a squeeze layer followed by expand  

 

layers. The squeeze layer performs 1x1 convolutions to 

reduce the number of input channels, while the expand layers 

performs 1x1 and 3x3 convolutions to expand the number of 

output channels. The output of Squeeze and expand layers are 

concatenated to produce the output feature maps of the fire 

module. 

Global average pooling layer: The final layer of the network 

is a global average pooling layer that computes the average 

value of spatial dimensions of the output. 

softmax layer:  softmax layer: A softmax layer is used for the 

final classification of the input image.  

  
  

Fig.3 Image of SqueezeNet 

Text to Speech Conversion: In some cases, a sign 

language recognition system may use sign language 

interpretation to convert recognized hand gestures 

into written text, which can then be converted into 

spoken output using a text-to-speech synthesis 

algorithm. This approach is commonly used in 

applications such as video relay services, where a 

remote interpreter converts sign language into spoken 

language for the benefit of hearing individual. This 

provides a simple interface for using Google’s text-to-

speech API to generate spoken output from written 

text. The gtts module provides customizable options 

for adjusting the speed, pitch, and volume of the 

spoken output. This allows developers to fine-tune the 

spoken output to meet the needs of their application 

and user base. Overall, the gtts module provides a 

simple and convenient way to convert written text to 

spoken output using Google’s text-to-speech API.  
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4.OUTPUTS: 

  

  

  
Fig.4 Displayed 1st Hand Gesture Image of                                                         Fig.5 Displayed 2nd Hand Gesture Image 

“I WANT U TO STOP HERE”                                                                               “GIVE ME SOME FOOD” 

 

  

 

  
Fig.6 Displayed 3rd Hand Gesture Image of                                                         Fig.7 Displayed 4th Hand Gesture Image 

“IT’S TIME TO TAKE MEDICINES”                                                                “I AM FEELING GOOD” 

 

  

 
Fig.8 Displayed 5th Hand Gesture Image of                                                         Fig.9 Displayed 6th Hand Gesture Image 

      “I AM UPSET”                                                                                                     “CAN U GIVE ME DIRECTIONS?” 
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5. ADVANTAGES: 

High Accuracy: CNNs are well-suited for recognizing 

patterns in images, which makes them highly accurate 

for recognizing hand gestures. This is especially true 

when the CNN is trained on a large dataset of hand 

gesture images, which can help the model learn the 

subtle differences between different gestures.  

Robustness: CNN algorithms are generally more 

robust to changes in lighting, background, and other 

environmental factors that can affect hand gesture 

recognition. This is because the CNN is designed to 

extract features from images that are invariant to these 

types of changes.  

Interpretability: CNNs can provide insights into which 

features are important for recognizing different hand 

gestures. This can be useful for improving the model’s 

accuracy, as well as understanding the underlying 

mechanisms of hand gesture recognition. Scalability: 

CNNs can be trained on large datasets of hand gestures 

images, which makes them scalable to a wide range of 

hand gestures and applications. This allow the model 

to generalize well to new, unseen hand gestures, which 

is important for building robust and flexible hand 

gesture recognition systems.  Speed: CNNs can be 

trained and used for inference quickly, which makes 

them well-suited for real-time hand gesture 

recognition applications. This is especially true when 

the CNN is optimized for hardware acceleration, such 

as running on a GPU. Hand gesture recognition can be 

performed in real-time making it suitable for wide 

range of applications from human interaction to 

robotics and virtual reality applications  

 

6.APPLICATIONS: 

 Human  Computer Interaction: Hand gesture 

recognition can be used as a natural interface for 

computer systems, allowing users to interact with 

computers using hand gestures instead of traditional 

input devices such as keyboards and mic. Applications 

include controlling media playback, navigating user 

interfaces and interacting with virtual environments. 

Sign language translation: Hand gesture recognition 

can be used to translate sign language into text or 

speech, allowing deaf or hard-of-hearing individuals to 

communicate more easily with people who do not 

know sign language.  

Robotics: Hand gesture recognition can be used to 

control robotic devices, allowing humans to interact 

with robots in a more intuitive way. Applications 

include controlling robotic arms and hands for 

industrial or medical purposes.  

Security and Surveillance: Hand gesture recognition 

can be used for security and surveillance purposes, 

allowing for the identification of individuals.    

                             7. CONCLUSION  

Overall, a real-time sign language and hand gesture 

recognition system using Convolution Neural Network 

(CNNs) has shown promising results in accuracy 

recognizing a variety of hand gestures and signs in real-

time. With further development and refinement, this 

technology has the potential to improve communication 

accessibility for the individuals with hearing or speech 

impairments and open up new avenues for human-

computer interactions.    
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CNN Based Wildlife Intrusion Detection and 

Alert System 
G. Ravi*,1, Sd. Afroz1, K. Yamuna1, Sd. Afsha1 

Abstract: Wildlife intrusion detection and alert systems are designed to detect and alert wildlife intrusion events, 

such as animals crossing highways, entering farms or protected areas, and approaching human settlements. This 

system often uses advanced technologies, such as cameras, sensors and machine learning algorithms, to detect 

and identify animal species and behaviors. Convolutional neural networks (CNNs) are a type of deep learning 

algorithm commonly used for image and video analysis tasks, including object detection and classification. 

CNNs can learn to extract features from images and videos automatically and accurately, making them well-

suited for detecting animals in wildlife intrusion detection systems. 

 Keywords: CNN, Deep learning, Image -processing, Live capturing.  

 

1. Introduction  

            The intrusion of wildlife into human habitats can 

pose a significant threat to both animals and people. To 

mitigate this problem, an efficient detection and alert 

system is necessary. In this regard, Convolutional 

Neural Networks (CNNs) and You Only Look Once 

(YOLO) object detection algorithms can be used to 

develop an automated system that can detect and alert 

wildlife intrusion in real time [1].  
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This system typically uses cameras to monitor a specific 

area and then employs deep learning algorithms to 

analyze the images or data collected from these sensors. 

The CNN-based approach to this system involves the 

use of convolutional neural networks (CNNs), which 

are a class of deep-learning neural networks that are 

highly effective at image recognition and analysis. By 

training these networks on large datasets of images, the 

system can learn to identify specific types of wildlife, 

such as elephants or tigers, and distinguish them from 

other objects or backgrounds [2]. One of the key 

advantages of a CNN-based wildlife intrusion 

detection and alert system is its ability to operate in 

real-time, continuously analyzing incoming data and 

generating alerts when necessary [3]. This can help to 

mitigate potential conflicts between humans and 

wildlife, by enabling early detection of intrusions and 

allowing relevant authorities to take appropriate 

action. 

2. Proposed system 

The images captured are fed as input to the system 

and pass through the different layers of the convolution 

neural network. The animals will be detected by the 

webcam through live capturing if any animal is 

detected then it will identify the animal and gives an 

alert if it crosses or is near the borderline [4-5]. Each 

layer filters a possible outcome when it is compared 

with the images provided in the dataset finally the 

animal is identified. 
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3. Methodology 

The CNN - based wildlife intrusion system comprises 

the following steps: 

Step 1: Data collection 

The first step in developing a CNN -based wildlife 

intrusion system is to collect a large amount of data. 

This data should include images of the local wildlife in 

different lighting conditions, angles, and backgrounds. 

The images should be labeled to indicate whether or not 

they contain wildlife. This labeled dataset will be used 

to train the CNN model. 

Step 2: Data Preprocessing 

The next step is to preprocess the data to improve its 

quality and consistency. This includes cropping the 

images to remove any unwanted background, resizing 

the images to a standard size, and converting the 

images to grayscale or RGB format. The data should 

also be split into training, validation, and testing sets. 

 
Fig.1:    Flow chart of the proposed method 

 
Fig.2: Domestic animal detection 
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Fig.3: Lion 

  
Fig.4: Tiger 
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Step 3: CNN Model Training 

The third step is to train the CNN model using the 

preprocessed dataset [6]. The model architecture 

should include convolutional layers, pooling layers, 

and fully connected layers. The number of layers and 

neurons in each layer can be varied depending on the 

size and complexity of the dataset. 

Step 4: Model Evaluation 

Once the model is trained, it should be evaluated using 

the testing set. If the model's performance is not 

satisfactory, it can be fine-tuned by adjusting the model 

architecture or hyperparameters [7]. 

Step 5: Deployment 

Once the model is trained and evaluated, it can be 

deployed to detect wildlife intrusion. When the system 

detects wildlife, it can alert the concerned authorities, 

who can take appropriate action. 

4. Results and Discussion 

CNN-based wildlife intrusion detection and alert 

systems have shown promising results and have the 

potential to be an effective tools for wildlife 

conservation and protection. It can be an effective tool 

to detect wildlife intrusion in rural and natural 

environments. By following the steps mentioned above, 

a reliable and accurate model can be developed which 

can help mitigate the problem of wildlife intrusion.

 
Fig.5: Alert message to telegram app 
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4.1 Wild animal detection 

Animals are detected through live capturing, 

either an image or video is displayed in front of a 

webcam it detects the wild animal's name with 

accuracy and checks whether the wild animal is within 

the border, if the wild animal reaches out then an alert 

message is sent to the telegram app. 

4.2 Notification  

A Telegram Bot API is created in, order to send a 

notification to the users to make them alert about wild 

animals if they cross the border. The outputs are 

randomly taken and sent with the labels of the animal 

along with the confidence score. 

5. Conclusion 

   A CNN-based wildlife intrusion detection and 

alert system can be an effective solution for monitoring 

and protecting wildlife habitats. By analyzing real-time 

footage using deep learning techniques, the system can 

accurately detect and classify potential threats, such as 

human intrusions or predator animals. With timely 

alerts, conservationists can take appropriate action to 

mitigate the risks and ensure the safety of wildlife. 

However, the success of such a system depends on 

several factors, including the quality of the data, the 

accuracy of the model, and the effectiveness of the alert 

mechanism. Additionally, ethical considerations must 

be taken into account, such as the potential impact on 

privacy and human rights. 
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Abstract:
In this paper, a triple-band open-ring high-gain, high-efficiency antenna for wearable applications at 
2.45, 3.0, and 3.45 GHz is presented. The proposed antenna runs at 3.0 GHz for military applications, 
2.45 GHz for industrial specific, and medical (ISM), and 3.45 GHz for worldwide Microwave Access 
(WiMAX) application interoperability. For off-body communication, the suggested triple-band 
antenna offers great qualities, including a directional radiation pattern, high gain, high efficiency, 
low specific absorption rate (SAR), and wearer comfort. The antenna construction is made up of two 
substrates—a rigid substrate and a textile substrate—in order to achieve these features. The back of 
the textile substrate also has a square of conductive cloth attached to it. The inner open-ring of the 
open-ring radiator stimulates two resonant modes at high frequencies of 3.0 and 3.45 GHz, 
generating triple-band at 2.45, 3.0, and 3.45 GHz. A single resonant mode is excited by the outer 
open-ring at a low frequency of 2.45 GHz. In order to reduce the size of the antenna and yet preserve 
antenna stability, the outer annular ring is shorted to the ground plane via a shorting pin. The 
electromagnetic waves that are directed towards the human body are diminished by the conductive 
cloth, which acts as a full-ground plane or shield. As a result, the SARs are greatly reduced. The 
performance of the suggested antenna in free space and on phantom/human bodies is measured in 
order to confirm its suitability for off-body communication.

Keywords: Triple-band, Off Body communications, textile substrate, wearable antenna
---------------------------------------------------------------------------------------------------------------------------------------

I. INTRODUCTION 

The demand for wearable communication devices has increased in recent years, and the development 
of efficient, comfortable, and reliable antennas for such devices has become increasingly important. In this 
paper, we present a triple-band dual annular ring high-gain high-efficiency antenna for 2.45/3.0/3.45 GHz 
wearable applications. The proposed antenna operates at 2.45 GHz for Industrial, Specific, and Medical (ISM) 
applications, 3.0 GHz for military applications, and 3.45 GHz for Worldwide Interoperability for Microwave 
Access (WiMAX) applications. The proposed triple-band antenna aims for excellent off-body communication, 
which has directional radiation pattern, high gain, high efficiency, low-specific absorption rate (SAR), and 
comfortability for wearers.

A. Design Considerations

To attain the desired features of the antenna, the antenna structure consists of two substrates, a rigid 
substrate and a textile substrate. Two open-ring radiators and a 1 by 2 power divider coaxial feeding network are 
printed on a low-loss rigid substrate. In addition, a square conductive textile is adhered on the backside of the 
textile substrate. 

The open-ring radiator generates triple-band at 2.45, 3.0, and 3.45 GHz, in which the inner open-ring excites 
two resonant modes at high frequencies of 3.0 and 3.45 GHz. 
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Fig 1. Rings Structure

The outer open-ring excites a single resonant mode at a low frequency of 2.45 GHz. The outer annular ring is 
connected to the ground plane by a conductive shorting pin to reduce the antenna size. The conductive textile 
works as a ground plane and acts as a protective shield to reduce the EM waves toward the wearer. Therefore, 
the SARs are significantly minimized.

B. Proposed Design

Fig 1.  depicts the design of the wearable triple-band open ring antenna that is suggested for off-body 
communications. The two substrates that make up the suggested antenna structure are: a TLY-5 substrate and 
felt substrate are both used. A Taconic TLY-5 substrate with a dielectric constant of 2.2, a loss tangent of 
0.0009, and a thickness of 1.52 mm is printed with two open-ring radiators.

 
     Fig 2. Top View of the antenna

The inner radius and width of the open-ring radiator, designated as IR, are r1 and w1, respectively. The OR, or 
outer open-ring radiator, is designated by the letters r2 and w2, which stand for its inner radius and width, 
respectively. G1, G2, and G3 are the gaps on and between IR and OR.

According to Fig 2. the gap directions on IR and OR are parallel to one another. On the back of the TLY-5 
substrate, a 1 2 feeding network is printed. A 50-ohm coaxial wire is soldered at the feeding network's input 
power.
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Fig 3. Side View of the antenna

The two vias, Via1 and Via2, provide the output powers to IR and OR, respectively. The inner radius and 
width of the feeding network sector are r3 and w3, respectively. The two output strips have the following widths 
and lengths: w4, l1, and l2, as shown in Fig. The feeding network delivers balanced signals of equal magnitude 
to IR and OR. Additionally, it converts the IR and OR impedances to match the input signal's 50-ohm coaxial 
line. ShieldIt superconductive textile with a conductivity of 11800 S/m and a felt substrate with a thickness and 
width of 3 mm make up the ground plane. A 1 mm-radius shorting pin, designated as Via3, connects the OR to 
the ground plane. Additionally, Via3 functions as a supporter to keep the distance between the Taconic substrate 
and the felt substrate of h constant. 

C. Design specifications     

The antenna was designed using the ANSYS high-frequency structure simulator (HFSS). The
 dimensions used are listed as follows: 
ws = 60, r1 = 9, w1 = 7.2, r2= 18.7, w2 = 6.5, g1 = 0.4, g2 = 3, g3 =2.5, r3 =5.5, w3 = 3.5, l1 = 13, l2 
=3.6, w4 =0.5, h= 3 (unit: mm).

                     
Parameter

Dimensions (mm)
       Ws           60
       R1            9
       W1           7.2
       R2          18.7
       W2           6.5
       G1           0.4
       G2             3
       G3           2.5
       R3           5.5
       L1           3.5
       L2           3.6
      W4           0.5
        H             3
       W3           3.5

        
         

       
       Table 1. Antenna dimensions
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II. SIMULATION RESULTS  
      

The compatibility of the proposed antenna for off-body communication is verified by measuring the 
antenna performance in free-space and on phantom/human bodies. The simulated and measured results show 
very good agreement. The proposed triple-band antenna has a directional radiation pattern, high gain, and high 
efficiency. The specific absorption rate (SAR) is low, which makes it suitable for wearable communication 
devices. The proposed antenna is comfortable for wearers, making it an ideal solution for off-body 
communication.

1.Return Loss:  How much power is delivered from the source to a load is measured as a Return loss and given 
by S11 parameter. According to simulated result resonant frequencies are at 2.47 GHz , 3.0 GHz and 3.46 GHz 
with return loss of -13.7 dB , -22.7 dB and -14.15 dB respectively.

Fig 4. S-Parameter Plot (S11 Plot)

2.Radiation Patterns: It represents the energy radiated by an antenna. The gain of the designed antenna is 
shown below at different operating frequencies:

At 2.45 GHz simulation the maximum gain observed was at -85 degrees with a gain of >14dB, at 3.0 GHz the 
maximum radiation observed was 9.1dB at angles ranging from +85 degrees to + 115 degrees. At 3.45 GHz the 
maximum radiation observed was >15dB at angle 90 degrees. And 15dB at angles ranging from +85 degrees to 
+120 degrees.

The radiation patterns for the same are mentioned below.
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Fig 5. Radiation Pattern at 2.45 GHz

At 2.45 GHz simulation the maximum gain observed was at -85 degrees with a gain of >14dB, as shown in Fig 5.

                 

                                           

 
Fig 6. Radiation Pattern at 3.0 GHz

At 3.0 GHz the maximum radiation observed was 9.1dB at angles ranging from +85 degrees to + 115 degrees as 
shown in Fig 6.
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  Fig 7. Radiation Pattern at 3.45 GHz

At 3.45 GHz the maximum radiation observed was >15dB at angle 90 degrees. And 15dB at angles ranging 
from +85 degrees to +120 degrees as shown in Fig 7.

3. Specific Absorption Rate (SAR): It is a measure of how RF transmitted energy is absorbed by the human 
tissue. The units of SAR are W/Kg, or equivalently, mW/g. The SAR limit in the US for mobile phones is 1.6 
W/Kg , averaging over 1 gram of tissue. 

In order to model a real-world scenario, the proposed antenna is simulated over a 160x160x27 mm three-layered 
human tissue sample, as shown in Fig 8. , with a 5 mm spacing between it and the human tissue. A 2 mm thick 
skin, a 5 mm thick layer of fat, and a 20 mm thick layer of muscle make up the three layers of tissue. Fig 9. 
contains information on relative permittivity, conductivity, and mass density. The SAR after simulation was 
satisfactory at 0.05 , 0.12 , 0.62 W/Kg at 2.45 , 3.0 and 3.45 GHz.   

                

        Fig 8. Human Tissue             Fig 9. Properties of Human Tissue
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   Fig 10. SAR Simulation in HFSS 

III. CONCLUSION 
In conclusion, a triple-band dual annular ring high-gain high-efficiency antenna with three operating 

frequencies for wearable applications has been presented. The proposed antenna has excellent features for off-
body communication, such as directional radiation pattern, high gain, high efficiency, low-SAR, and 
comfortability for wearers. The antenna structure consists of two substrates, a rigid substrate and a textile 
substrate, and a conductive textile is adhered on the backside of the textile substrate. The proposed antenna has 
been verified by measuring the antenna performance in free-space and on phantom/human bodies, and the 
results show very good agreement.
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Abstract: A MIMO(Multi-Input-Multi-output) antenna with 4 octagonal elements for the WBAN (wireless body area network) 

application is proposed in the paper. This antenna integrated with split-ring, bar slot and each patch separated by a meander line. 

The dimensions of this proposed antenna are 20*60*2mm. The substrate used in this antenna is an FELT substrate with a 

permittivity of 1.45 The operating frequency of this antenna is 2.45GHz and 3. 5GHz.All four octagonal elements are placed in an 

orthogonal manner with good isolation. Fed can be provided using co-axial. The proposed MIMO antenna achieved an impedance 

bandwidth(S11<-10dB) at both desired frequencies. In this antenna mutual coupling is also below -40dB.The performance 

parameter proposed MIMO antenna are relatively good. There is no need to concentrate on the isolation issue. The peak achieved 

is 5.8dB and radiation efficiency is 80%. The generated results, for proposed antenna four element MIMO antenna can be 

suggested as a suitable aspirant for WBAN application like health monitoring, sports, military applications. 

Keywords: Orthogonal elements, multi input multi output (MIMO)Antenna, mutual coupling, Co-axial, Wireless body area 

network (WBAN).

1.Introduction 

The transmission of data with higher data rates is a major consideration nowadays. Having this in mind MIMO (Multi Input Multi 

Output) came into the picture to solve this problem more efficiently. There are many other advantages of this MIMO like the low-

cost and high performance. They are small in size and can be operated in the perfect band of frequency that the antenna is 

designed for. Over the past few years, MIMO s gave a greater edge for research and also for developing and designing new 

antennas for separate applications. 

                     ISM bands are portions of the radio spectrum reserved internationally for industrial, scientific, and medical (ISM) 

purposes excluding applications in telecommunications.  Medical applications like biotelemetry, industrial and commercial 

purposes. This antenna can be used for body-centric communication for various parameters. For scientific and industrial purposes 

like cordless phones, Microwave ovens, and baby monitoring which are operating in 2.4GHz frequency. For commercial purposes 

like wireless communication with long rang and moderate data rates and for short ranges, it is higher data rates. 

                     Flexible electronics has gained a large amount of attention of the researchers in the recant years. This technology is 

widely used in the development of wearable devices such as wearable antennas and wearable sensors as the play a vital role in the 

field of military and medical applications. These wearable antennae can be integrated with clothing, attached with wearable such 

as shoes, wrist watch, health monitoring devices etc. The flexible wearable electronics has a lot of applications in health 

monitoring such as heart rate monitoring, ECG monitoring, motion detection, sweat monitoring etc. The most important 

requirement of such wearable flexible electronics are light weight, low cost, low maintenance and must with stand environmental 

effects.  

                         Considerable published work has reported on the effects of mutual coupling in dual band antenna array. However, 

the alleviating the effects of coupling (S21, S31, S41) for dual band MIMO antenna, operating at 2.45 and 3.5GHZ is discussed. 

This research proposes a unique hybrid technique to suppress the mutual coupling of the 4x1 MIMO. In previous paper the author 

has proposed MIMO antenna array with dual bands for WBAN applications, with octagonal shape.  
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2.Antenna modelling 

SINGLE ELEMENT  

         The antenna is designed with three layers the first is ground layer is placed upon which the substrate layer and finally patch 

is placed on it. The dimensions of antenna are 50*70*2mm.The substrate that we used here is FR4 Epoxy. We have introduced 

the slots in the patch.  

 

 

Fig: Single element with S11 characteristics 

MIMO ANTENNA 
                                  
  The MIMO antenna having a space of 4 mm between M1 and M2 elements. This antenna is prototyped on FR-4 
substrate having 70*132.8*1.6mm. S-parameter characteristics of 2-element MIMO antenna are shown. Now s-parameters of 
port-1 and port-2 that is S11 and S12 are analyzed and calculated because the elements are analogous to each other. Coupling 
between two elements will be given by the parameter S21 and this coupling should be more than 10dB and its achieve a high 
degree of isolation.                 

 

(a) 

 

(b) 
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(c) 

Fig: (a)Two-element MIMO antenna (b)(c) S-parameter characteristics of 2-element MIMO antenna 

MIMO  45⁰ ANTENNA 

             The geometrical view of MIMO antenna with 2-elements M1 and M2 elements are located in different directions. A space 

of 2mm between M1 and M2. The first patch is at 0⁰ and second patch is rotated at an angle of 45°.This antenna is also prototyped 

on FELT substrate having dimension 20*40*2mm and these is operated at 2.45 and 3.5GHZ. In between the isolation between 

M1 and M2 is above 25dB. As, for a good isolation the dimensions and substrate has been changed and designed with different 

material. 

 

(a) 

 

(b) 

 

(c)  

Fig: (a)Two-element MIMO antenna at 45 (b)(c) S-parameter characteristics of 2-element MIMO antenna 
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 MIMO  90⁰ ANTENNA    

The MIMO antenna having a space of 2mm between M1 and M2. When M1 and M2 are placed orthogonal to each other 

(The first patch is placed at 0⁰ and second patch is rotated at 90⁰) and substrate used is FELT and having dimensions 20*40*2mm 

and this antenna at dual band 2.45 and 3.5GHZ. The mutual coupling between M1 and M2 is more than -30dB. Finally, isolation 

has been decreased by arranging elements in 90⁰ to each other. 

 

(a) 

 

(b) 

 

(c) 

Fig: (a)Two-element MIMO antenna at 90 (b)(c) S-parameter characteristics of 2-element MIMO antenna 

 

Summary of S11 and S21 at different rotation 

Rotation 

(⁰) 

Frequency 

(GHZ) 

S11(dB) S21(dB) 

Single patch 2.45 

3.5 

-12.3 

-11.3 

-- 

-- 

Both the 

patches are at 

0⁰ 

2.45 

3.5 

-14.3 

-30.3 

-22.7 

-28.3 
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Patch 1 at 0⁰ 

and patch 2 

at 45⁰ 

2.45 

3.5 

-16.21 

-27.10 

-32 

-33.5 

Patch 1 at 0⁰ 

and patch 2 

at 90⁰ 

2.45 

3.5 

-13.9 

-31.95 

-35.62 

-35.58 

 

 

 PROPOSED ORTHOGONAL MIMO ANTENNA 

 

(a) Front view 

        The antenna proposed in this paper is designed with different slots on the patch. The antenna is designed with three layers 

the first layer is the ground is placed upon the substrate layer and then a patch is placed on it. The dimensions of the antenna are 

20*60*2mm. The substrate that we use here is FELT. The measurement of this substrate are width is 20mm, length is 60mm and 

the thickness is 2mm. The ground plane is also same width and length.  

                 Slots are placed in the patch which are called as bar-slots. The length of the upper slot is 8mm and the slots which are 

placed as a split -ring are having the dimensions of 4mm,6mm and 2mm.The width of the slot is 1mm. 

         Each element is separated with a mender line with a length of 16mm and each element are spaced with 2mm. Patch 1 is at 0⁰ 

, Patch 2 is at 90⁰, Patch 3 is at 180⁰ and patch 4 at 270⁰. The four elements are placed in the orthogonal manner.  

 

(b) Side view 

              Theoretically, the values of the width and length of the patch can be calculated as mentioned in the formulas. ∆Lp value 

and the εeff  values are to be calculated first.   In order to calculate this, we have to more formulae  

 
 

 
∆Lp  = patch length change 

εeff = effective dielectric constant 

hs= height of the antenna z direction =2mm 

Lp= length of the patch 

Wp=width of the patch 

Co=λo=velocity of light=3*10^8. 
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Directivity  D(θ , φ)    
 
 

Maximum Directivity  
 

Gain G(θ , φ)      

Total antenna efficiency   
 

Antenna Impedance   
 

III. RESULTS 
 

 
S11 

 
S21 

 
S31 
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S41 

        
 

 
Fig: Gain plot of the antenna 

 
 

 
Fig: Directivity plot of the antenna 

 
3.Application 
                      This proposed antenna is being operated at two different frequencies that are at 2.45 and 3.5GHZ. So this antenna 

can be applicable in wireless communication and also this can be applicable in WBAN applications     

 
4.Conclusion                 
                          This designed antenna can be preferred because of its high performance. An Orthogonal 4-element MIMO 

antenna is here proposed for WBAN application. Antenna parameters are achieved by incorporating the bar slots on the patch and 

a mender line between the patch. Simulated results are achieved at different frequencies. Some of the antenna parameters like s11, 

s21, s31, s41 and some far field radiation characteristics are discussed. The proposed MIMO antenna achieved an impedance 

bandwidth (s11<-10dB) at the desired frequencies. Mutual coupling among the elements is also below -40dB. The proposed 

MIMO antenna has a good isolation and high diversity. Hence, proposed 4- element MIMO antenna is recommended as a good 

aspirant for WBAN applications and used at medical and non-medical applications. 
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Abstract
The paper reported the single fiber grating profile multi scan parameters for the
optimization of the grating parameters by using OptiGrating program. The
transmission/reflection spectrum of single grating fiber is reported versus variations of
grating wavelength. Input–output pulse intensity of single grating fiber is clarified against
the time span after the link length of 100 km. Fiber grating bandwidth, fiber grating side-
lobes, fiber grating peak value and fiber grating pulse dispersion variations are clarified
versus the scan parameter variations. The scan parameter can help the user in order to find
the optimized grating parameters to meet the application requirements. As well as the
optimized fiber grating amplitude/phase impulse response variations are outlined against
the grating length variations.
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Abstract
This study presented design and analysis of high-speed data optical fiber communication
system through EDFA amplifier system. The design with practical data for parameters to
maximize the transmission bit-rate is clarified. The bit rate distance product can be
optimized for the improvement of performance of high-speed long haul repeater spacing
with amplification technique. The basic amplification system for optical fiber
communication system is clarified. Transmitter/receiver components with the circuit
connections and the operation are also indicated in details. The practical circuit model of
the transmitter and receiver are designed clearly in this work. The design of distribution
maps to measure the Q factor and minimum bit error rate and many different simulation
models for applied to achieve high-speed data optical fiber communication system.
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Abstract
This paper has clarified the positive and negative effects of 3.1% germania and 1% fluorine
DS fibers in multi-mode silica profile. The group delay and the total fiber dispersion
against operating wavelength for PS and various doped silica (DS) fibers are demonstrated
and assured by using OptiFiber simulation. The material, waveguide and total fiber
dispersions are demonstrated against wavelength for the PS fiber, 3.1% germania DS (GDS)
fiber and 1% fluorine DS (FDS) fiber. Besides the mode field diameter, fiber material loss,
fiber bending loss and the dispersion group delay are simulated and clarified against the
operating wavelength for PS and different DS fibers. The study gives the effects of the
dopant ratio of germania and fluorine on the zero dispersion wavelength shift and DS.
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Abstract: The usage of vehicles has greatly increased in modern times. 

Since more people are driving, there is more traffic, which has led to 

an increase in traffic accidents. Accidents are occurring more 

frequently now. Every hour, there are about 17 accidents.  Due to the 

lack of immediate preventive measures and immediate preventive and 

safety facilities, this damages the property and results in human life 

loss. 

    Our project's primary goal is to prevent accidents that result from 

driver intoxication, sudden sleepiness, Rash driving, and engine 

overheating. However, even in the unlikely event that an accident 

results from a different cause, the used electronic devices will be able 

to communicate a victim's precise location to emergency personnel 

and send out spontaneous messages. Many car accidents are caused by 

driving too fast, driving while intoxicated or fatigued, driving 
recklessly or rashly, and breaking the law. 

     While cars greatly reduce the amount of time we spend traveling, 

they also raise the possibility of an accident occurring. To reduce this 

risk, we can apply extra sophisticated technologies. We are using 

sensors, electronic modules, and a microcontroller unit in our project. 

This supports us in providing accident prevention, recognizes the 

accident if it happens despite the precautions, and alerts the 

ambulance service. 

Keywords: Accelerometer, GSM Module, GPS module, Ultrasonic 

sensor. 

 
I. INTRODUCTION 

These hypothetical situations are probably going to become 

reality within the next couple of years because technological 

advancements have occurred so quickly. A microcontroller or 

application-specific integrated circuit is a component of 

embedded systems or electronic systems that are used to run a 

particular, dedicated application. It works along with the other 

parts of the system to accomplish a general function. This 

project is implemented with the aid of such an embedded 

processor, which primarily contributes to preventing the loss of 

human lives as a result of accidents. There are various reasons 

why accidents happen, but one of the main causes is driver 

irresponsibility. This project's major goal is to lessen traffic-

related injuries by doing more to avoid accidents. The sufferer 

should always be saved and treated as quickly as possible after 

an accident. 

II. LITERATURE SURVEY 

Although there are many research works on online/intelligent 

accident prevention and detection system, here in this chapter 

we have critically analyzed and summarized several research 

works and projects, which are more recent and relevant, and 

similar to the project. This literature survey will logically 

explain the system. 

 

1. Accident-Avoidance System Using IR Transmitter  

This method is said to try to prevent accidents by determining the 

driver's state, or whether the driver is feeling drowsy or not in a 

fit state to operate a vehicle. This technology offers a very 

effective means of reducing such incidences because tiredness is a 

significant contributor to accidents. Even though the system 

offers a means of preventing accidents brought on by tiredness, 

there may be other causes that are not identified, and since the 

system does not offer damage detection and notification of 

emergency contacts, this could be a significant disadvantage. 

2. Accident Detection & Alert System  

In this paper, a system with an HDy Copilot, an Android app with 

integrated multimodal warning dissemination for accident 

detection, was proposed. A DENM alert, as well as SMS and 

audio calls to the emergency number, are sent to all adjacent 

vehicles when an accident is detected. But, the main issue 

remained the same: smartphone breakage or signal loss, which 

renders the system useless. 

3. Accident Alert System using Face Recognition 

 According to this paper, the major causes of road accidents 

are inattention, drowsiness, and drunk driving. The system 

will give a false alarm if the driver has a medical condition or 

blinks at an abnormal rate despite not being drowsy. In the 

worst-case scenario, the driver is involved in an accident, and 

the system fails to detect the impact and notify the appropriate 

authorities. Finally, because the system constantly monitors 

the driver, it consumes power and drains the power supply. As 

a result of not being able to identify the actual accident 

scenario, we rejected the idea of incorporating face 

recognition into our system because it would be costly, power-

consuming, and inefficient. 

4. An efficient vehicle accident detection using sensor 

technology  

          They have demonstrated a system in this that uses MEMS 

sensors to identify accidents and send the information as input to 

the controller for processing. To examine journey time and traffic 

flow for various time frames, this calculation can be kept. This 

study suggests a method that would be effective and simple to 

use, but it doesn't offer a switch or other device to guard against a 

false alarm. 
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5. Smart Vehicle Accident Detection and Alarming System 

Using a Smartphone  

They claim that smartphones are now a need of modern life, and 

this study consequently suggests a gadget that uses a smartphone 

to detect whether a mishap involving a smartphone's sensors has 

taken place. For this device to function properly, there must 

always be an internet connection. With cell phones, which are 

now an everyday requirement in modern life, the approach 

utilized in this study can provide systematic results and protect 

the driver's safety. As the smartphone's sensors occasionally 

potentially offer inaccurate information, this system also 

includes a switch that the driver could deploy in the event of 

inaccurate readings. This system's functional downside may be 

that it requires a constant internet connection, which may not be 

viable in remote locations. The system might malfunction in 

such a circumstance. 

6. Accident Detection and Alert System 

 They suggested a system in which car accidents are one of the 

most common causes of fatalities. the time interval between an 

accident and the dispatch the availability of emergency medical 

care at the scene of the accident is essential to accident survival 

rates. The vehicle will have an accident detection and messaging 

system installed, which will be useful in the event of an accident 

because hospitals, police, and emergency contacts may be 

notified right away. The system operates with the aid of GSM 

and GPS. They proposed a system in which one of the most 

frequent causes of fatalities is automobile accidents. the period 

between a crash and a dispatch For accident survival rates to be 

high, emergency medical care must be accessible at the location 

of the event. The car will be equipped with an accident detection 

and messaging system, which will be helpful in the event of an 

accident because it might alert the hospital, police, and other 

emergency contacts immediately away. The use of GSM and 

GPS allows the system to function 

II. PROBLEM STATEMENT 

Based on the distance between the vehicles, the existing 

model used an Infrared sensor for prevention. In this model, 

when the distance between the cars is very close, the threshold 

levels automatically increase and the infrared rays are 

transformed into electrical signals. which will recognize the 

occurrence of the accident and notify the public by sending SMS 

messages over GSM to certain phone numbers and sharing its 

location via GPS. The IR sensor was the sole preventive 

discussed in this paper. These IR sensors have many drawbacks, 

including the inability to function in sunlight due to the infrared 

rays and also it does not provide any preventive methods for the 

prevention of accidents. 

                            III. PROPOSED MODEL 

By utilizing an alcohol sensor, an eye blink sensor, an 

ultrasonic sensor, a seat belt sensor, a DHT11 sensor, and an 

ADXL 335 accelerometer for detection, we have added five 

preventative measures to the model. We use an MQ3 alcohol 

sensor, and if the driver is drunk means that we apply some 

quantity of alcohol to the sensor then the threshold value goes 

high, it will automatically shut off the engine and Seat belt 

sensor, it acts as a switch when we press the seatbelt sensor the 

engine will start otherwise it does not allow to start the engine. 

DHT11 sensor is used to identify heat in the engine as a 

prototype we checked the room temperature, if the temperature 

is high it gives a warning to the driver. Eye blink sensor for 

determining whether the driver is sleepy. If the eye is closed for 

longer than 4 seconds, an automatic warning will sound., and an 

ADXL 335 accelerometer is used to determine the accidents. 

When an accident has occurred send it will automatically SMS 

messages to nearby hospitals and family members, sharing the 

location of the event. 

 

IV. SYSTEM ARCHITECTURE 

  

 

FIG 1: ARCHITECTURE 

 

V.BLOCK DIAGRAM  

 

FIG 2: BLOCK DIAGRAM  
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VI. ALGORITHM   

1. Start 

2. The system is initially powered by the appropriate 

amount of power supply. 

3. .Later, the system checks to see if the driver is 

wearing a seatbelt; if so, the engine will turn on; 

otherwise, the engine will never start. 

4. The alcohol sensor in the car determines if the driver 

is intoxicated or not when the engine starts. When a 

driver is too intoxicated, the device issues a warning 

and the car’s engine shuts off. 

5. If no alcohol was detected, the vehicle starts or 

continues to run normally. 

6. Eye blink sensors detect whether the driver is drowsy 

or not. If the driver falls asleep, the system alerts him 

with an alarm and a red light alert. A continuous 

temperature sensor detects engine heat and, if the 

engine is overheated, the driver receives a red light 

alert or continues to drive.  

7. As a prototype engine, we used a stepper motor. We 

also proposed vehicle-to-vehicle communication 

using an ultrasonic sensor. If the car is very close to 

the system, the engine will automatically slow down. 

8.  If an accident occurs, the accelerometer detects it and 

sends the signal to the microcontroller for further 

processing. 

9. The GPS module determines the location, and the 

GSM module sends a message with the latitude, 

longitude, and a link to Google Maps to ambulance 

and police emergency numbers. 

10.  When the system is activated, an AT mega 

processor is used to conduct all of the prevention, 

detection, and reporting functions. 

 

VII. Hardware Setup 

  

 

 

 

FIG.3: -HARDWARE KITS 

 

VIII. RESULTS 

 

Fig 4: Results recorded in Serial Monitor 

 

 

Fig 5: Message sent when the accident is detected 
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IX. CONCLUSION 

    The primary goal of our project is to prevent accidents 

caused by drunk driving, falling asleep suddenly (drowsy), 

Rash driving, and overheating engines. Vehicle to vehicle 

communication we are using ultrasonic sensor if the vehicle is 

very near it will automatically slowdowns the engine, if an 

accident occurs due to another cause, an accelerometer will be 

used to detect the collision and a customized GSM module will 

be used to send out spontaneous messages and GPS, for 

example. 
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Abstract: A Smart city is the future goal to have clearner and better 

amenities for the safety and security purpose of society. Here 

network-level performance analysis and implementation of the 

smart city using Internet of Things. The world is about to witness 

revolution in the communication and technology after internet in the 

form of IoT. They will be used to create smart environment for 

people globally. IoT has become one of those things that has slowly 

made its way into almost all aspects of all sectors and made more 

suited for the changing world. Almost anything can be made better 

with the wonders of IoT and many of times at relatively lower prices. 

The use of IoT products will be the great advantage to boost the 

mission of setting up the smart cites in the India. The paper focuses 

on the aspects of applying IoT Products of various smart solutions 

to set up the smart cities in the India. Some of the domines have been 

discussed in the paper. Also, the projected solutions that can be 

implemented is showcased. The key to set up the smart cities 

successfully is depend upon how the technology has been integrated 

to solve the complex problems being faced by the society at large. 

 

Our project's primary goal is to provide a solution to the problem in a 

smart way using Internet of Things. In smart city there are lot of 

parameters that are very challenged to solve, Here the considered 

parameters are Air quality, weather monitoring, waste management, 

parking slots. This paper mainly helps the people with smart solutions.  

 

Keywords: Esp32s microcontroller, IoT Technology, servo motors, 

Blynk platform, Wi-Fi mode user. 

 
I. INTRODUCTION 

A smart city is a technologically modern urban area that uses 

different types of electronic methods and sensors to collect 

specific data. Information gained from that data is used to manage 

assets, resources and services efficiently, in return, that data is 

used to improve operations across the city. This smart 

environment is created by connecting devices to the internet and 

making them interact. The intended smart city IoT system can 

monitor the principle parameters and provides the solution to 

cope up with urban challenges and to improve the quality of life 

of citizens. 

II. LITERATURE SURVEY 

Although there are many research works on smart city monitoring 

system, here in this chapter we have critically analyzed and 

summarized several research works and projects, which are more 

recent and relevant and similar to project. This literature survey 

will logically explain the system. 

 

 

1. Application of IoT products in smart cities of India  

This paper focuses on the aspects of applying IoT products for 

various smart solutions for setting up smart cities in india. Some of 

the domains have been discussed in the paper. Also, the projected 

solutions that can be implemented have been showcased. The key 

to set up smart city successfully depends upon how the technology 

has been integrated to solve the complex problems being faced by 

the society at large.        

2. A smart IoT platform for Air Quality Monitoring  

In this paper it mainly concentrates on the Air quality monitoring. 

The AirQ  platform is a smart and cost effective solution for air 

quality monitoring. The AirQ device is portable, low-cost and 

provides real-time and location-specific air quality data. It supports 

wireless data communication technologies including 

WIFI,4G,Bluetooth, LoRa, etc. Here they have developed an 

ontology based backend to support data management and the 

implementation of smart data analytics algorithms.    

3. Reasearch on the Application of Face Recognition 

Technology in public service of smart city 

This paper proposes a novel application method of face recognition 

technology. This method is based on a variety of information 

science and technology, big data technology and so on, Which 

improves the accuracy of traditional face recognition technology. 

The research results show that this method can not only effectively 

give full play to the application of face recognition technology in 

all aspects of smart city public service, but also improve the 

modernization and intelligence of smart city public service.  

4.  IoT and Mobility in Smart Cities 

This article refers to the smart sensors technologies in IoT mobility 

and their implementations. The challenges encountered in citizens 

privacy and protection of their personal data as well as the possibility 

of IoT use for the prevention of pedestrians accidents. The 

installation of smart sensors and cameras provide specialists with a 

p[lentiful of data. The results of their usage can be studied and bring 

conclusions regarding a more appropriate architecture of public 

transport networks , control of traffic violations and vehicle tracking 

through platforms that could observe traffic using the consolidation 

of information selected by smart sensors.   
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5. Monitoring of Electric Buses within an Urban Smart City 

Environment  

A practical experience on monitoring the data generated by electric 

buses is presented, focusing on energy consumption, charge and 

state of the batteries. The work is carried out in the framework of a 

global smart city strategy developed by the H2020 smart city 

Lighthouse STARDUST project. The crucial role of the data 

collections and transmission from electric buses has become 

evident in this work, so the adopted solutions are covered in detail. 

various key factors for the practical implementation of the 

necessary communication infrastructure together with the 

monitoring system architecture are also discussed. 

6.  Research on the Application of Electronic Technology of 

Internet of Things in Smart City 

In order to realize the ap[ cityplication of the electronic technology 

of the Internet of things in the smart city, this paper puts forward a 

novel application method of the electronic technology of the 

Internet of things, Which integrates a variety of advanced science 

and technology, wireless radio frequency technology and cloud 

computing technology, and can accurately analyze the construction 

process of smart city. The research results show that this method 

can fundamentally realize  the application of the electronic 

technology of the Internet of Things in the smart city, give full play 

to the advantages of the electronic technology of the Internet of 

things, and promote the construction process of the smart city. 

                           II. PROBLEM STATEMENT 

In a city when we explore the things we can observe many    

parameters that have some problems. Those are eradicated with the 

help of Internet of things which monitors the data continuously and 

uploads the data at user friendly. For the considered parameters 

there are certain solutions with the help of Internet of things. The 

pollution is very high that it should be monitored and when it comes 

to waste management the level of the bin is filled every time it 

creates health issues to people and animals near by. Due to heavy 

traffic there is a parking problems. These few issues are overcome 

with the help of advanced technology into its complex 

infrastructure.  

III. MOTIVATION 

When we discuss Internet of Things, we refer to smart devices that 

are connected to one other or the internet usually collecting and 

sending data over the internet. The main goal of a smart city is to 

optimize city functions and promote economic growth while also 

improving the quality of life for citizens by using smart 

technologies and data analysis. The value lies in how these 

technology is used rather than simply how much technology is 

available. The creation of this smart environment is when the 

devices that are connected to the internet interact with other 

connected devices. This smart environment is created by 

connecting devices to the internet and making them interact. The 

rapid growth of urban populations has given rise to concerns about 

the effective management of the city. Notable concerns arising from 

rapid urbanization include: waste management, human health 

concerns, traffic congestion, inappropriate infrastructure and 

similar public safety issues. The survey estimates that half of the 

world’s population lives in cities, and to avoid a resultant crisis, 

new ways of managing and operating the city are necessary. This 

has given rise to discussions of the smart city, especially as this 

trend is expected to continue for years.  

We embed sophisticated sensors and chips in devices to make them 

smarter, these devices in turn start transmitting data out of which 

we extract the data that may be valuable in knowing how these 

things or devices work together. Simply stating the what we talked 

about till now, the data that is collected from the sensors is sent to 

the cloud. So, the cloud we talk about here is a huge, interconnected 

network of powerful servers that performs services for businesses 

and for people Almost anything can be made better with the wonders 

of IoT and many a times at relatively lower prices.  
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                                       VI. ALGORITHM   

1. Start 

2. INITIALLY, the system is powered with the proper 

amount of power supply.  

3. Here the buck converter is used to supply the equal 

amount of power among the all sensors. 

4. When we place the system in the public polluted 

content then we can monitor the harmful content 

present in the air at IoT platform.   

5. Like wise we can monitor the weather conditions on 

blynk platform.  

6. when it comes to waste management, when the bin 

level is full then it notifies to the municipal authorities 

to registered account.   

7. The parking slots are observed to park the vehicle and 

when it times of payment the gates are opened 

according to their payment actions. 

8. The gates are opened only if the payment is made 

properly with correct amount. Here servo motors are 

taken as gates.  

9. Once the system is on, it continuously checks all the 

sensors by the help of microcontroller (Esp32s) in 

order to perform all the monitoring, detection and 

report . 

 

                      Hardware system 

   

  

 
                      FIG.3:-HARDWARE KITS 

 

 

 

 

 

 

 

 

VII. CONCLUSION 

The primary goal of our project is to monitor and detect the 

problem causing and to overcome malpractices with help of the 

sensors and advanced IoT technology. In addition to using 

different sensors and methodologies there is a chance to solve the 

problems in a smarter way. There is also a huge chance to extend 

this type of projects to further higher levels. 
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1. Introduction
Forests being our lifeline; mankind relies on them for survival, clean air, medicines, food, and a
range of environmental resources. A forest is a heavily vegetated area or a complex ecosystem that
is rich in biodiversity and supports a diverse range of living organisms. They sustain the ground by
avoiding soil erosion. The trees assist to keep the environment clean, which supports the forest's
vegetation and animals. They are an important component of the ecosystem because they clean
the air, cool it during the day, and act as excellent sound absorbers. A forest fire is indeed an
uncontrolled fire as a result of combustion and heat from surface and ground fires. A large forest fire
quickly spread through the upper branches of the trees before involving the shrubbery or the forest
floor. As a result, violent blow-ups in forest fires are common, and they might start taking on the
characteristics of a fire storm. Plant and animal extinctions, wildlife habitat devastation, depletion
and loss of natural regeneration and reduction of forest cover are only a few of the major losses
caused by forest fires. Warmer temperatures and drier conditions can aid in the spread of fires and
make them more difficult to extinguish. Warmer, drier weather can aid in the spread of the mountain
pine beetle and other insects that can weaken or kill trees, contributing to the accumulation of fuels
in a forest. Increased drought and a longer fire season are boosting these increases in wildfire risk.
An average annual 1 degree C temperature increase would increase the median burned area per
year as much as 600 percent [11]. Sensor based approach for the early detection of forest fires is
very popular. These systems require very accurate sensors to avoid false positives. Fire can be
detected by using the amount of smoke. The smoke sensors are used to measure the amount of
smoke from the fire, and it could be compared with a threshold value and if it is beyond that value, it
is considered as fire scenario. Using image processing, fire can also be detected. Fixing the CCTV
camera in the vast forest field to detect the occurrence of fire by processing of these acquired
images is not a cost effective solution. Machine learning and deep learning techniques are
developed to aid signal processing tasks, with the added benefit of being generalizable to different
problems. The signal processing way of solving a problem is optimum but it lacks generalizability.
Machine learning techniques focus on the manual extraction of relevant features from the data, rank
the features for better suitability and then applied to either regression or classification problem.
Manual extraction of features is cumbersome and a tedious process. Deep learning architectures
which are mainly modification of convolutional neural network are prepared with intermediate layers
for automatic extraction of relevant features. Machine learning and deep learning techniques are
used for variety of applications that involves prediction of events. Coupled with Computer vision,
deep learning can be used for the early detection of forest fires. In this paper it is proposed to build
an efficient deep neural network to detect the forest fires and deploy the high performance deep
neural network on to Raspberry PI embedded hardware to make it act as a standalone module.
Different pertained model architectures such as Resnet50, InceptionV3, GoogleNet, Alexnet etc.,
have been studied and best model has been deployed on the Raspberry PI hardware to act as a
standalone module.
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Abstract: This article presents a study on the performance characteristics of a Francis turbine op-
erating with various guide vane openings to determine the best operating point based on unit
quantities. The guide vane openings were specified based on the width between the vanes at their
exit, i.e., 10 mm, 13 mm, 16 mm, and 19 mm. The performance characteristic curves of the Francis
turbine—head versus speed, torque versus speed, discharge versus speed, and efficiency versus
speed—were obtained at various input power and guide vane openings. From these data, unit curves
were plotted and the corresponding best efficiency points were obtained. The highest efficiency of
50.25% was obtained at a guide vane opening of 19 mm. The values of head, discharge, speed, and
output power at BEP were 7.84 m, 13.55 lps, 1250 rpm, and 524 W, respectively.

Keywords: renewable energy; Francis turbine; guide vane opening; performances & unit quantities

1. Introduction

The motive energy found in water is known as hydropower. By using hydroelectric
power plants, it can be transformed into electrical energy. All that is needed is a constant
inflow of water and a height difference between the location where the water is found and
the location where it can be released. The potential for hydropower is impressive. It is a free
resource that is perpetually renewable and nonpolluting. Hydropower plays a significant
role in the multipurpose use of water resources in many situations. The destructive forces
of flood flows and the energy of normal flows are harnessed by hydropower projects
to provide useful electrical energy. The economy of different power sources is reflected
in the cost of electricity. Countries that have a large proportion of hydropower in their
systems have the lowest tariffs. Upgrading existing hydropower plants is frequently more
economical than building new ones. High initial investment-prone hydropower plants hold
the substantial potential of uprating at the time of renovation, thereby making upgrading
proposals cost-effective [1]. Due to the rising demand for electricity, hydropower plants are
now more necessary than ever. Therefore, modernizing hydroelectric facilities is crucial to
meeting public demand.
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1.1. Selection of Turbines

The head under which a turbine is going to be operated gives guidance for the selection
of the type of turbine. The range of operation of each type is shown concerning the head
(H) and specific speed (ns) [2]. The total power to be installed must be known and the
number of machines then are chosen by economic consideration of load factor, the extent of
water storage, if any, cost of powerhouse, the convenience of operation, and maintenance.
Once the output per machine has been decided, information must be obtained concerning
the suitable speeds for which the generator can be constructed economically. From these
data, the coupling power, effective head, and speed of the turbine are known. Hence,
the specific speed is calculated. From the previous table, the suitable turbine is selected.
Since the speed of the generator can generally be selected from several suitable numbers
of pairs of poles, the appropriate specific speed is not limited to one value. In many cases,
the overlap is considerably extended and the problem arises of selecting from two types
of turbines, either of which could be used [3]. Here, knowledge of the advantages and
disadvantages of each type will assist, especially concerning efficiency when running at
part load. If the machine is required to operate for long periods of part loads, the Pelton
turbine would be preferred to the Francis turbine. Similarly, if the choice lay between two
Francis turbines, that with the lower specific speed would be more suitable, whereas if
the choice lay between a Kaplan turbine or a propeller turbine or a Francis turbine with a
high specific speed, the Kaplan turbine would be preferred. This is because of the flattest
efficiency curve being obtained from the Kaplan turbine, followed by the Pelton turbine,
the low-specific-speed Francis turbine, the high-specific-speed Francis turbine, and finally
the propeller turbine, which has the most peaked form of the efficiency curve. It must not
be assumed that the highest possible specific speed is always desirable [4,5].

1.2. Francis Turbine

Francis turbines can be built to handle a wide range of head and flow rates. This,
combined with their high efficiency, has resulted in them being the most widely used turbine
in the world. The Francis-type units have a head range of 20 m to 700 m, a specific speed of
60 to 400 rpm, and an output power ranging from a few kilowatts to one gigaton. Large
Francis turbines are custom-built for each location to achieve the highest possible efficiency,
typically exceeding 90% [6]. The water initially needs to enter the scroll (volute), which
is an annular channel that surrounds the runner, and then flows between the stationary
vanes and adjustable guide vanes, which provide the water with the best flow direction. It
then enters the completely submerged runner, altering the momentum of the water and
causing a reaction in the turbine. Water flows in a radial direction towards the center. The
water is impinged upon by curved vanes on the runner. The guide vanes are configured
in such a way that the energy of the water is largely converted into rotary motion, rather
than being consumed by eddies and other undesirable flow phenomena that cause energy
losses. The guide vanes are typically adjustable to provide some adaptability to variations
in the water flow rate and turbine load. The Francis turbine’s guide vanes are the elements
that direct the flow of water [7]. The authors investigated flow parameters, such as flow
angles at the runner’s inlet and outlet, flow velocities, and guide vane angles, to derive
flow characteristics. The goal was to analyze the pressure distribution and flow behavior to
achieve the level of accuracy required for the concept design of a revitalized turbine. The
obtained results are in good agreement with the on-site experiments, particularly for the
characteristic curve [8].

For three different specific speed turbines, the authors predicted the accuracy and
compared it to the model test results. It was demonstrated that the numerical model
test presented in this investigation could predict important characteristics of the Francis
turbine with high accuracy not only quantitatively but also qualitatively by comparing
simulation results with model test results for pressure-fluctuation characteristics, efficiency
characteristics, and cavitation characteristics. As a result, it was determined that numerical
model testing would be a more realistic estimation tool for Francis turbine hydraulic
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performance, contributing to cost reduction in the development of the Francis turbine [9].
The authors investigated Francis turbine guide vanes with pivoted support and an external
control mechanism for converting pressure to kinetic energy and directing it to runner
vanes. It has been discovered that increasing the clearance gap of the guide vane opening
increases leakage, lowering energy conversion and turbine efficiency and resulting in a
larger secondary vortex [10].

Many simulated results on hydroturbines have been conducted using various tur-
bulence models to identify their performance parameters [11]. Three distinct turbulence
models were explored in this work to measure the sensitivity of the model for the derivation
of Francis hydroturbine performance characteristics. To evaluate the performance of the
turbine, three different operating circumstances were chosen: part load, overload, and best
efficiency point. The highest velocity fluctuation inside the Francis runner was anticipated
by the model. The turbulence model can be used to capture the vortex rope that appears at
the runner’s output [12]. The influence of blade thickness on hydraulic performance was
investigated numerically using six types of impellers with varied blade thicknesses that
were integrated into the same pump to compare head and efficiency under design point [13].
The effect of clearance on the performance of a Francis turbine was investigated, and it was
discovered that as transverse flow and loss increased, efficiency decreased significantly.
When considering a specific degree of erosion, the pressure on both sides of the blade and
at the outflow of the blade was precisely proportional to the erosion state [14–16]. The
flow conditions in the runner inlet of a low-speed-number Francis turbine are found to be
identical when a cascade with one guide vane between two flow channels is optimized [17].

Guide vane (GV) clearance gaps grow larger due to abrasive wear, which worsens
the flow and reduces efficiency. In order to reduce potential consequences of an eroded
guide vane on the performance of the turbine, this research evaluates several guide vane
profiles. It is discovered that the pressure differential between the neighboring sides causes
the clearance gap to create a leakage flow. A vortex filament is created when the leaky
flow combines with the main flow and is forced within the runner [18]. The authors offer a
methodology for the design, optimization, and additive manufacture of turbine blade rows
and other components of highly stressed turbomachinery. The technique subsequently
produces final geometries that have been suitably represented for additive manufacturing.
A few aluminum prototypes of the newly improved turbine blade have been produced
in order to undergo mechanical and fatigue testing [19]. The mechanical power turbine’s
torque varies with its size. With a peak value of 3249.7 Nm at pitch angle 17◦, significant
torque was obtained in the pitch angle range of 15–20◦. As turbines grow in size and
their pitch angle range increases, they will produce more power, reaching a maximum
of 124,987.1 W or 125 kW [20]. The findings demonstrated that in operating conditions
involving substantial flow rates, severe sand abrasion might be seen close to the blade head
and outlet. In working conditions with low flow rates, there may be very minor abrasion
found close to the blade flange. The runner is severely abraded and its effectiveness is
lowered in proportion to the sediment concentration and sand diameter [21]. While the
flow separation on the suction side close to the blade tip merges, the flow characteristics
on the blade pressure side are often stable. The flow-separation phenomenon manifests
itself more visibly with larger tip clearance. The tip leakage vortex, which is also a spatial
three-dimensional spiral structure created by the entrainment effect of the tip leakage flow
and main flow, becomes more pronounced as the tip clearance rises [22].

After detailed review of the literature, it was apparent that lots of research has been
carried out on hydroturbines, but few studies have made an attempt at different guide
vane openings and no literature was found on best operating point based on unit quantities.
As such, the present work focuses the best operating point based on unit quantities by
studying the performance characteristics of the Francis turbine at various input powers
and guide vane openings.
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2. Experimental Setup
2.1. Experimental Setup of Francis Turbine

The model Francis turbine available at Hydro Turbo Machines Lab was designed and
built by Nilavalagan (1973) and was used for these experiments, as shown in Figures 1 and 2.

Energies 2022, 15, x FOR PEER REVIEW 4 of 25 
 

 

vane openings and no literature was found on best operating point based on unit 
quantities. As such, the present work focuses the best operating point based on unit 
quantities by studying the performance characteristics of the Francis turbine at various 
input powers and guide vane openings. 

2. Experimental Setup 
2.1. Experimental Setup of Francis Turbine 

The model Francis turbine available at Hydro Turbo Machines Lab was designed 
and built by Nilavalagan (1973) and was used for these experiments, as shown in Figures 
1 and 2. 

The Francis turbine is a machine that uses the energy of water and converts it into 
mechanical energy. Thus, it becomes the prime mover to run the electrical generators to 
produce electricity. The head is generated using a pump that draws water from the 
storage tank and supplies it to the inlet of the turbine. The torque generated by the 
turbine is measured using a brake drum. The water outlet flow of the turbine is sent to 
the measuring tank through the draft tube. The excess water from the measuring tank 
flows to the storage tank. 

Four pressure tapings made near the inlet of the turbine were made to form a 
piezo-ring and were connected to a pressure gauge (range 0–2.5 kg/cm2). The tachometer 
was used to measure the speed (N) of the turbine. The turbine was loaded with the help 
of a brake drum connected to a loading belt. The tension in the belt on both sides of the 
brake drum was measured with spring balances. The load on the turbines was altered 
with the help of hand wheels connected to balances. The diameter of the brake drum was 
225 mm and the thickness of the belt 5 mm. At the back of the turbine casing, there is a 
guiding vane mechanism. The distance between the two successive guide vanes can be 
altered by rotating a hand wheel. The maximum distance between one guide vane’s tip to 
another was measured using a vernier caliper. It was found to be 19 mm maximum. 

 
Figure 1. The Francis turbine test setup. Figure 1. The Francis turbine test setup.

Energies 2022, 15, x FOR PEER REVIEW 5 of 25 
 

 

 
Figure 2. Schematic of Francis turbine test setup. 

2.2. Specification of the Instruments Required for Measuring 
(a) Discharge 

The discharge measurement in this experiment was done using a rectangular notch, 
shown in Figure 3, fitted in the measuring tank. The discharge formula found by the 
Indian Standard (IS: 9108-1979) was used and is discussed below. 

The Kindsvater–Carter rectangular weir formula is 

3/2
ee3

2
e hb2gCQ =  (1)

where, 
Q = discharge, m3/sec 

eC = coefficient of discharge, 

eb = effective width, in mm, and 

eh = effective head in mm 
The coefficient of discharge was determined by experiment as a function of two 

variables from the formula: 

)
p
h,

B
bf(Ce =  (2)

The effective width and head are defined by the equations: 

be kbb +=  = b + 3.6 (3)

he khh +=  = h + 0.0012  (4)

Which and are experimentally determined quantities, in meters, which compensates 
for the combined effects of viscosity and surface tension. 

From the value of b/B, formula for eC  can be written as  

(b/B = 0.6): =0.593 + 0.018  (5)

Figure 2. Schematic of Francis turbine test setup.

The Francis turbine is a machine that uses the energy of water and converts it into
mechanical energy. Thus, it becomes the prime mover to run the electrical generators to
produce electricity. The head is generated using a pump that draws water from the storage
tank and supplies it to the inlet of the turbine. The torque generated by the turbine is
measured using a brake drum. The water outlet flow of the turbine is sent to the measuring
tank through the draft tube. The excess water from the measuring tank flows to the
storage tank.

Four pressure tapings made near the inlet of the turbine were made to form a piezo-
ring and were connected to a pressure gauge (range 0–2.5 kg/cm2). The tachometer was
used to measure the speed (N) of the turbine. The turbine was loaded with the help of a
brake drum connected to a loading belt. The tension in the belt on both sides of the brake
drum was measured with spring balances. The load on the turbines was altered with the
help of hand wheels connected to balances. The diameter of the brake drum was 225 mm
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and the thickness of the belt 5 mm. At the back of the turbine casing, there is a guiding
vane mechanism. The distance between the two successive guide vanes can be altered by
rotating a hand wheel. The maximum distance between one guide vane’s tip to another
was measured using a vernier caliper. It was found to be 19 mm maximum.

2.2. Specification of the Instruments Required for Measuring

(a) Discharge

The discharge measurement in this experiment was done using a rectangular notch,
shown in Figure 3, fitted in the measuring tank. The discharge formula found by the Indian
Standard (IS: 9108-1979) was used and is discussed below.
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The Kindsvater–Carter rectangular weir formula is

Q = Ce
2
3

√
2gbeh3/2

e (1)

where,
Q = discharge, m3/sec
Ce = coefficient of discharge,
be = effective width, in mm, and
he = effective head in mm.
The coefficient of discharge was determined by experiment as a function of two

variables from the formula:
Ce = f(

b
B

,
h
p
) (2)

The effective width and head are defined by the equations:

be = b + kb = b + 3.6 (3)

he = h + kh = h + 0.0012 (4)

Which and are experimentally determined quantities, in meters, which compensates
for the combined effects of viscosity and surface tension.

From the value of b/B, formula for Ce can be written as

(b/B = 0.6): = 0.593 + 0.018 (5)

The water-level gauge was used to measure the height of the water level in a rectangu-
lar notch. This water-level gauge was fixed with the scale. This gauge mechanism has a
rotating device for making adjustments.

(b) Speed

The digital tachometer was used to measure the speed of the turbine. Its range is
0–5000 rpm. This tachometer is kept at the back of the brake drum to find the speed of
the turbine.
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(c) Pressure

A Bourdon tube pressure gauge was used to find the pressure at the inlet of the turbine.
The pressure gauge range was 0 to 2.5 kg/cm2.

(d) Load

The spring balance was used to find the loads applied on the brake drum. The
spring-balance range was 10 kg × 50 gm and 20 kg × 100 gm.

2.3. Experimental Methodology

â Connect the supply-pump motor unit to 3 ph, 440 V, 30 A, electrical supply, with
neutral and earth connection and ensure the correct direction of pump motor unit.
Keep the gate closed before the pump is on. Later, press the green button of the
supply-pump starter and then release. The guide vane distance is maintained at
19 mm initially for fully open guide vane position and altered to 16 mm, 13 mm, and
10 mm distance with the help of a hand wheel. For each of the above guide vane
openings, the speed of the turbine is maintained initially at 1000, 1500, 2000, and
2500 rpm by adjusting the pump outlet valve. Later, the load is applied in steps of
250 g till the lowest possible speed at which the turbine can run continuously. For
each corresponding set of readings, the pressure at the inlet of the turbine, speed, load
on the brake drum, and head over notch are noted. Then, the gate valve is closed and
the supply-water pump switched off.

â The performances of the turbine were calculated, i.e., discharge, head, torque, input
power, output, efficiency, and unit quantities. Later, the performance characteristics
of the turbine were plotted.

3. Results and Discussion

The best efficiency point of the Francis laboratory scale was found by operating the
water pump at different guide vane openings. The performance characteristics were plotted
for these conditions. For each water supply, the reading was obtained and respective
characteristics curves plotted for four different guide vane openings. The guide vane
openings were specified based on the width between the vanes at their exit, i.e., 10 mm,
13 mm, 16 mm, and 19 mm. For each water supply and respective guide vane opening, an
experiment was conducted as per the procedure indicated in Section 2.3. Each experiment
was repeated and performance curves for discharge versus speed, head versus speed,
torque versus speed, and efficiency versus speed were plotted.

A polynomial curve fit was done for the two individual sets of readings that were re-
peated for the same experimental condition to check repeatability. Then, the two individual
experimental results were merged as one single set and fitted as a polynomial curve. The
correlation coefficient was found to be not less than 0.98. The respective polynomial equa-
tion for each of torque, discharge, and head with speed were substituted in the efficiency
formula and corresponding efficiency was calculated.

3.1. Performance Characteristics of Francis Turbine

The performance characteristics of discharge versus speed, head versus speed, torque
versus speed, and efficiency versus speed for 10 mm guide vane opening are shown in
Figures 4–11. At lower input power, few points could be obtained. The turbine came to a
halt at higher loads, but starting the turbine at higher power enables taking a large number
of readings. The discharge appears to be less at high speeds compared to low speeds; this
may be because the machine is vibrating and fluctuating while it is functioning.
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Figure 11. Discharge vs. speed and iso-efficiency line at 10 GVO.

Figure 5 shows the plot of the variation of the head concerning the speed for different
power inputs. The head increases with an increase in the power inputs. The head is almost
constant at lower speeds and then increases with speed. There is a slight increase in the
head curves even during the lower speeds for the power input of 2049 (W). In this plot also,
it may be observed that the repeatability of the readings is good.

A study of Figure 6 showing the plot of torque versus speed shows that at no load
conditions, the speed of the turbine is about 2500 rpm for the power input of 2049 (W). This
is the maximum speed that was achieved for the highest possible power input. The speed
at no load came down to 2000 rpm, 1500 rpm, and 1000 rpm, respectively, as the input
power was decreased. In fact, during the experiments, the input valve that changes the
power input to the turbine was fixed based on the speed in the no-load condition. When a
load is applied, the torque rises, increasing the frictional forces acting between the brake
drum and the belt. This causes heat to be released, reducing speed. The repeatability of the
readings can also be seen in the two sets plotted in Figure 6.

Efficiency versus speed for different power inputs is shown in Figure 7. It may be seen
that higher maximum efficiency was obtained for higher inputs and efficiency increased
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to a maximum then decreased as speed increased. This is because the output power is
contributed by the torque and speed. The speed decreases with increases in torque; thereby,
the overall output power increases, reaches a maximum, and then decreases. One can argue
that the effect of input power may also contribute to the variation in efficiency. This is
true, but only at higher speeds. The discharge and the head were almost constant at lower
speeds, so the variation of input power becomes insignificant. That is the reason that the
efficiency curves show the increasing and decreasing trend.

The two sets of points in Figures 4–7 indicate clearly that the results are repeatable
and hence they were considered together and a single curve fitted for every value of
input power.

Figure 8 shows the plot of the variation of the head concerning the speed for different
power inputs. Trial 1 and trial 2 were combined and plotted as a single curve. It can be
seen that head decreases with a decrease in the power inputs.

Figure 9 shows that when the load is applied, the torque increases the frictional forces
acting between the brake drum and the belt increase and dissipate the energy in the form
of heat; therefore, the speed comes down. The torque is increased by decreasing the speed.

The efficiency versus speed for different power inputs is shown in Figure 10. The
higher maximum efficiency was obtained for higher input power. However, there is only a
slight variation of maximum efficiency at 445 W, 1031 W, and 2049 W input power.

The iso-efficiency lines plotted on discharge versus speed curves are shown in Figure 11.
From the efficiency curves, horizontal lines corresponding to efficiencies of 20%, 25%, 30%,
35%, and best efficiency point (BEP) were drawn and the speed and the discharge corre-
sponding to the point where the efficiency curves intersect the horizontal iso-efficiency
lines were noted and plotted, as shown in the above figure. It may be noted that the value
of discharge and speed at maximum efficiency is 32%, 36%, 37%, and 38% at input power
of 77 W, 243 W, 647 W, and 1414 W for guide vane opening of 10 mm.

The head versus speed curve shown in Figure 12 was obtained at a guide vane opening
of 13 mm. The head is decreasing with decreasing the speed. When input power is more,
the head seems to be more.
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From Figure 13, it may be seen that as speed decreases, the torque starts to increase
when the load is applied to the brake drum. There is not much variation in these curves
between guide vane openings of 13 mm and 10 mm, as seen in Figures 9 and 13.
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Figure 13. Torque vs. speed at a guide vane opening of 13 mm.

The maximum efficiency was observed at a power input of 953 W for a guide vane
opening of 13 mm, as seen in Figure 14. At input power of 123 W, 456 W, and 953 W the
maximum efficiency increases gradually, but at power input 2089 W it is decreased slightly
due to the vibration, which leads to cavitations within the turbine.
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Figure 14. Efficiency vs. speed at a guide vane opening of 13 mm.

Figure 15 shows that the discharge is more or less constant at different input power.
The iso-efficiency plot seems not much different between the guide vane openings of 10 mm
and 13 mm. The values at best efficiency points are 33%, 37%, 40%, and 39%.
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Figure 15. Discharge vs. speed and iso-efficiency line at 13 GVO.

The plot of the variation between the head and speed for different power input at
16 mm GVO is shown in Figure 16. The head decreases with decreasing power input. A
notable variation may be observed at higher speeds.
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Figure 16. Head vs. speed at a guide vane opening of 16 mm.

From Figure 17, it may be concluded that at a GVO of 16 mm, when the torque
increases the speed starts decreasing when the load is applied on the brake drum. There is
not much variation from guide vane openings of 16 mm, 13 mm, and 10 mm.
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Figure 17. Torque vs. speed at a guide vane opening of 16 mm.

From Figure 18, it is observed that the maximum efficiency at 16 mm GVO was seen at
a power input of 1784 W. The maximum efficiency decreases as input power is decreased.
As there is an increase in guide vane opening, the efficiency improves compared to the low
guide vane opening due to there being no impediment or vibration.
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Figure 18. Efficiency vs. speed at a guide vane opening of 16 mm.

From Figure 19, it is seen that at 113 W power input, the discharge was constant.
At other input power, the discharge was slightly decreased as speed increased at 16 mm
GVO. The iso-efficiency lines plotted seem to be a straight line with different slopes. The
discharge versus speed at BEP is 32%, 38%, 42%, and 46%.
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Figure 19. Discharge vs. speed and iso-efficiency line at 16 GVO.

Figure 20 shows the plot of the variation of head with respect to the speed for different
power input at a GVO of 19 mm. The head increases with increase in the power input.
There is a variation in the head curves at higher speed for all the four power inputs.
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Figure 20. Head vs. speed at a guide vane opening of 19 mm.

According to Figure 21, when the load is applied the torque increases the frictional
forces acting between the brake drum and the belt increases and dissipates the energy in
the form of heat, and thus the speed comes down. The torque is increased with increased
input power. There is a large variation in torque at 1652 W power input compared to other
lower input power.
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Figure 21. Torque vs. speed at a guide vane opening of 19 mm.

From Figure 22, maximum efficiency is observed at 1652 W. Maximum efficiency
observed at 871 W was higher compared to the 96 W and 369 W power inputs. Compared
to all other guide vane openings, the 19 mm guide vane opening showed the best efficiency
due to no obstruction and vibration compared to low guide vane openings. As per the
standard of this turbine, it could not achieve more efficiency at 19 mm guide vane opening
due to some of the drawbacks, such as leakages between the blades and the casing and
vibrations of the turbine.
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Figure 22. Efficiency vs. speed at a guide vane opening of 19 mm.

Discharge was found to be constant as speed was varied at different input powers,
as shown in Figure 23 at a GVO of 19 mm. The iso-efficiency was plotted and seems not
much different between guide vane openings of 10 mm, 13 mm, 16 mm and 19 mm. The bp
values are 41%, 46%, 47% and 50%.
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Figure 23. Discharge vs. speed and iso-efficiency line at 19 GVO.

3.2. Best Efficiency Point Curves

Figure 24 shows that all the best efficiency points with different guide vane openings
are plotted in 10 mm guide vane opening. The four best efficiency points combined are
intersecting at 930 speed and 11 discharge. They all split at higher discharge and lower
discharge. All the discharge curves seem to be constant. As the guide vane opening was
varied, there was a variation in the line of best efficiency, as shown in Figure 10. This plot
indicates that all these lines merge at speed of 920 rpm.
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Figure 24. Discharge vs. speed for best efficiency point at 10 mm GVO.

3.3. Unit Curves

The unit discharge versus unit speed curve is shown in Figure 25. For all trial 1 and
trial 2 readings at various input power, the points seem to coalesce, so one universal trend
line was drawn for all the data indicating the variation of the unit discharge with respect to
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unit speed. Compared to characteristic curves of discharge versus speed, the unit discharge
decreases with increase in unit speed.
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Figure 25. Unit discharge vs. unit speed at a guide vane opening of 10 mm.

The variation of output power versus unit speed operating at different power inputs is
shown in Figure 26. These points form a second-order polynomial curve fit with correlation
coefficients near one. The maximum unit output power is found at a unit speed of 396 rpm.
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Figure 26. Unit output power vs. unit speed at a guide vane opening of 10 mm.

For the 10 mm guide vane opening, the maximum efficiency is obtained for unit speed
of 400, as shown in Figure 27. The highest efficiency is about 38%.
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Figure 27. Efficiency vs. unit speed at a guide vane opening of 10 mm.

For a guide vane opening of 13 mm, the unit discharge versus unit speed curve is
shown in Figure 28. The unit discharge decreases with increase in unit speed at this guide
vane opening also. When compared to that for 10 mm, the unit discharge increases and
decreases with increasing speed.
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Figure 28. Unit discharge vs. unit Speed at a guide vane opening of 13 mm.

The variation in unit output power versus unit speed operating at different power
inputs is shown in Figure 29. The maximum output power is found at a unit speed of
396 rpm, the same as that at a GVO of 10 mm.
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Variation in efficiency versus unit speed is shown in Figure 30. The efficiency gradually
increases and decreases. The maximum efficiency is attained at a unit speed of 400 rpm.
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The variation in unit output power versus unit speed operating at different power
inputs is shown in Figure 32. The maximum output power is found at a unit speed of
396 rpm, the same as that at a GVO of 10 mm and 13 mm.
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Figure 33 shows that a higher maximum efficiency is obtained at 45% with a guide vane
opening of 16 mm. This curve at a unit speed value of 400 rpm attained maximum efficiency.
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The unit discharge versus unit speed curve is shown in Figure 34. The unit discharge
decreases with increasing unit speed. The unit discharge decreases with increasing unit
speed. The unit discharge curve looks similar to GVO of 13 mm, 16 mm, and 19 mm.
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The variation in unit output power versus unit speed operating at different power
inputs is shown in Figure 35. The maximum output power is found at a unit speed of
400 rpm, the same as that at a GVO of 10 mm, 13 mm, and 19 mm.
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Figure 36 shows the variation in efficiency with unit speed for GVO of 19 mm. It
shows that the unit speed at BEP is 400 rpm.
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Using results obtained for other GVOs, as mentioned in Table 1, variations of unit
quantities at the best efficiency point were plotted concerning GVO. The results presented
in Figure 37 show the values to be more or less constant for all guide vane openings.

Table 1. Best efficiency points from characteristics of Francis turbine.

S. No
Guide Vane

Opening
GVO (mm)

Speed
N (rpm)

Discharge
Q (lps)

Head Given
to Turbine

H (m)

Brake Output
Power (W)

Power Input
to the

Turbine (W)

Efficiency
(%)

1

10

600 6.02 1.31 25.08 77.44 32.39
2 700 8.77 2.82 88.15 242.86 36.30
3 1000 11.83 5.58 239.34 647.33 36.97
4 1250 14.89 9.68 537.68 1414.14 38.02

5

13

450 5.86 1.09 20.90 62.89 33.24
6 700 8.92 2.81 92.36 245.79 37.58
7 950 11.06 5.39 236.09 584.55 40.39
8 1300 15.14 9.61 558.15 1427.69 39.09

9

16

450 5.47 1.14 20.57 61.33 33.54
10 650 8.49 2.47 78.64 205.51 38.27
11 950 11.29 4.67 220.64 517.26 42.66
12 1250 13.94 8.29 522.94 1134.04 46.11

13

19

350 5.47 0.91 19.99 48.89 40.88
14 700 8.40 2.25 85.26 185.57 45.94
15 900 11.38 4.19 209.13 468.15 44.67
16 1250 13.55 7.84 524.00 1042.79 50.25
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4. Conclusions

In the current work on the best operating point based on unit quantities by studying
the performance characteristics of the Francis turbine at various input powers and guide
vane openings, the important conclusions are revealed below.

The performance characteristic curves were plotted within the available range of
variation of guide vane openings (10 mm to 19 mm) and input power (96 W to 2089 W).
From these available data, unit curves were plotted and corresponding best efficiency
points obtained. The highest efficiency of 50.25% was obtained at a guide vane opening
of 19 mm. The values of head, discharge, speed, and output power at BEP were 7.84 m,
13.55 lps, 1250 rpm, and 524 W, respectively. As per the condition of this Francis turbine,
the main reason for not obtaining more than the higher efficiency of 50.25% was leakage
flow that passed through the clearance gap between the guide vanes’ high-pressure and
low-pressure sides. To determine how much leakage flow there is, finding the velocity
vectors inside the gap can be used.

Author Contributions: Conceptualization, M.V.K., T.S.R. and P.S.; methodology, C.R.R., P.S.V. and
O.C.S.; software, B.A., Y.A. and A.B.; validation, M.V.K., P.S.V. and C.R.R.; formal analysis, B.A. and
Y.A.; investigation M.V.K. and A.B.; resources, M.V.K.; data curation, T.S.R.; writing—original draft
preparation, M.V.K. and C.R.R.; writing—review and editing, M.V.K., T.S.R., C.R.R., P.S., P.S.V. and
O.C.S.; visualization, Y.A.; supervision, C.R.R.; project administration, C.R.R.; funding acquisition,
B.A. All authors have read and agreed to the published version of the manuscript.

Funding: The authors would like to acknowledge the financial support received from the Taif
University Researchers Supporting Project (TURSP-2020/278), Taif University, Taif, Saudi Arabia.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Logan, E., Jr. Turbomachinery: Basic Theory and Applications; CRC Press: Boca Raton, FL, USA, 1993. Available online: https:

//books.google.co.in/books?hl=en&lr=&id=s4Qfa1AWGGkC&oi=fnd&pg=PR5&dq=1.%09Logan+Jr,+Earl.+Turbomachinery:
+Basic+theory+and+applications (accessed on 25 June 2022).

2. Yannopoulos, S.I.; Lyberatos, G.; Theodossiou, N.; Li, W.; Valipour, M.; Tamburrino, A.; Angelakis, A.N. Evolution of Water
Lifting Devices (Pumps) over the Centuries Worldwide. Water 2015, 7, 5031–5060. [CrossRef]

3. Reynolds, T.S. Stronger than a Hundred Men: A History of the Vertical Water Wheel; No. 7; JHU Press: Baltimore, MD, USA, 1983.
4. Pang, J.; Liu, H.; Liu, X.; Yang, H.; Peng, Y.; Zeng, Y.; Yu, Z. Study on sediment erosion of high head Francis turbine runner in

Minjiang River basin. Renew. Energy 2022, 192, 849–858. [CrossRef]

https://books.google.co.in/books?hl=en&lr=&id=s4Qfa1AWGGkC&oi=fnd&pg=PR5&dq=1.%09Logan+Jr,+Earl.+Turbomachinery:+Basic+theory+and+applications
https://books.google.co.in/books?hl=en&lr=&id=s4Qfa1AWGGkC&oi=fnd&pg=PR5&dq=1.%09Logan+Jr,+Earl.+Turbomachinery:+Basic+theory+and+applications
https://books.google.co.in/books?hl=en&lr=&id=s4Qfa1AWGGkC&oi=fnd&pg=PR5&dq=1.%09Logan+Jr,+Earl.+Turbomachinery:+Basic+theory+and+applications
http://doi.org/10.3390/w7095031
http://doi.org/10.1016/j.renene.2022.04.056


Energies 2022, 15, 6798 24 of 24

5. Zhang, W.; Zhu, B.; Yu, Z.; Yang, C. Numerical study of pressure fluctuation in the whole flow passage of a low specific speed
mixed-flow pump. Adv. Mech. Eng. 2017, 9, 1687814017707651. [CrossRef]

6. Gatte, M.T.; Rasim, A.K. Hydro Power. Energy Conserv. 2012, 9, 95–124. Available online: https://books.google.co.in/books?hl=
en&lr=&id=DASaDwAAQBAJ&oi=fnd&pg=PA95&dq=Gatte,+Mohammed+Taih,+and+Rasim+Azeez+Kadhim.+%22Hydro+
power (accessed on 30 June 2022).

7. Norquest, P.E. Ambient Pressure Water Turbine. U.S. Patent No. 4,416,584, 22 November 1983. Available online: https:
//patents.google.com/patent/US4416584A/en (accessed on 7 July 2022).

8. Choi, H.-J.; Zullah, M.A.; Roh, H.-W.; Ha, P.-S.; Oh, S.-Y.; Lee, Y.-H. CFD validation of performance improvement of a 500 kW
Francis turbine. Renew. Energy 2013, 54, 111–123. [CrossRef]

9. Kurosawa, S.; Lim, S.M.; Enomoto, Y. Virtual model test for a Francis turbine. In IOP Conference Series: Earth and Environmental
Science; IOP Publishing: Bristol, UK, 2010; Volume 12.

10. Sahu, R.K.; Gandhi, B.K. Erosive flow field investigation on guide vanes of Francis turbine—A systematic review. Sustain. Energy
Technol. Assess. 2022, 53, 102491.

11. Li, G.; Ma, F.; Guo, J.; Zhao, H. Case Study of Roadway Deformation Failure Mechanisms: Field Investigation and Numerical
Simulation. Energies 2021, 14, 1032. [CrossRef]

12. Kamal, M.; Abbas, A.; Prasad, V.; Kumar, R. A numerical study on the performance characteristics of low head Francis turbine
with different turbulence models. Mater. Today Proc. 2021, 49, 349–353. [CrossRef]

13. Shigemitsu, T.; Fukutomi, J.; Kaji, K. Influence of Blade Outlet Angle and Blade Thickness on Performance and Internal Flow
Conditions of Mini Centrifugal Pump. Int. J. Fluid Mach. Syst. 2011, 4, 317–323. [CrossRef]

14. Koirala, R.; Zhu, B.; Neopane, H.P. Effect of Guide Vane Clearance Gap on Francis Turbine Performance. Energies 2016,
9, 275. [CrossRef]

15. Koirala, R.; Thapa, B.; Neopane, H.P.; Zhu, B.; Chhetry, B. Sediment erosion in guide vanes of Francis turbine: A case study of
Kaligandaki Hydropower Plant, Nepal. Wear 2016, 362–363, 53–60. [CrossRef]

16. Koirala, R.; Neopane, H.P.; Zhu, B.; Thapa, B. Effect of sediment erosion on flow around guide vanes of Francis turbine. Renew.
Energy 2019, 136, 1022–1027. [CrossRef]

17. Thapa, B.S.; Trivedi, C.; Dahlhaug, O.G. Design and development of guide vane cascade for a low speed number Francis turbine.
J. Hydrodyn. 2016, 28, 676–689. [CrossRef]

18. Chitrakar, S.; Dahlhaug, O.G.; Neopane, H.P. Numerical investigation of the effect of leakage flow through erosion-induced
clearance gaps of guide vanes on the performance of Francis turbines. Eng. Appl. Comput. Fluid Mech. 2018, 12, 662–678. [CrossRef]

19. Amedei, A.; Meli, E.; Rindi, A.; Romani, B.; Pinelli, L.; Vanti, F.; Arnone, A.; Benvenuti, G.; Fabbrini, M.; Morganti, N. Innovative
design, structural optimization and additive manufacturing of new-generation turbine blades. Turbo Expo: Power for Land, Sea,
and Air. Am. Soc. Mech. Eng. 2020, 84089, V02CT35A004. [CrossRef]

20. Sosilo, A.K.; Hadi, H.; Soehartanto, T. Design of Hydro Power by Using Turbines Kaplan on The Discharge Channel Paiton 1 and
2. E3S Web Conf. 2018, 42, 01008. [CrossRef]

21. Weili, L.; Jinling, L.; Xingqi, L.; Yuan, L. Research on the cavitation characteristic of Kaplan turbine under sediment flow condition.
IOP Conf. Ser. Earth Environ. Sci. 2010, 12, 012022. [CrossRef]

22. Ma, Y.; Qian, B.; Feng, Z.; Wang, X.; Shi, G.; Liu, Z.; Liu, X. Flow behaviors in a Kaplan turbine runner with different tip clearances.
Adv. Mech. Eng. 2021, 13, 16878140211015879. [CrossRef]

http://doi.org/10.1177/1687814017707651
https://books.google.co.in/books?hl=en&lr=&id=DASaDwAAQBAJ&oi=fnd&pg=PA95&dq=Gatte,+Mohammed+Taih,+and+Rasim+Azeez+Kadhim.+%22Hydro+power
https://books.google.co.in/books?hl=en&lr=&id=DASaDwAAQBAJ&oi=fnd&pg=PA95&dq=Gatte,+Mohammed+Taih,+and+Rasim+Azeez+Kadhim.+%22Hydro+power
https://books.google.co.in/books?hl=en&lr=&id=DASaDwAAQBAJ&oi=fnd&pg=PA95&dq=Gatte,+Mohammed+Taih,+and+Rasim+Azeez+Kadhim.+%22Hydro+power
https://patents.google.com/patent/US4416584A/en
https://patents.google.com/patent/US4416584A/en
http://doi.org/10.1016/j.renene.2012.08.049
http://doi.org/10.3390/en14041032
http://doi.org/10.1016/j.matpr.2021.02.155
http://doi.org/10.5293/IJFMS.2011.4.3.317
http://doi.org/10.3390/en9040275
http://doi.org/10.1016/j.wear.2016.05.013
http://doi.org/10.1016/j.renene.2019.01.045
http://doi.org/10.1016/S1001-6058(16)60648-0
http://doi.org/10.1080/19942060.2018.1509806
http://doi.org/10.1115/GT2020-14418
http://doi.org/10.1051/e3sconf/20184201008
http://doi.org/10.1088/1755-1315/12/1/012022
http://doi.org/10.1177/16878140211015879




















1 

Asia-Pacific Journal of Science and Technology: Volume: 28. Issue: 06. Article ID.: APST-28-06-11. Research Article  

 
Asia-Pacific Journal of Science and Technology 

 

https://www.tci-thaijo.org/index.php/APST/index 
 

Published by the Research and Graduate Studies Division, 
Khon Kaen University, Thailand 

 

 

 

 
Premixed charge combustion in a diesel engine fuelled with biodiesel, n-butanol, and 
ignition improver blends 
 
Gangeya Srinivasu Goteti1,* and Tamilselvan Palsami1 
 
1School of Mechanical Engineering, VIT University, Chennai, India 
*Corresponding author: gangeyasrinivasu.2016@vitstudent.ac.in 

Received 21 July 2022 
Revised 23 November 2022 
Accepted 1 December 2022 

 
Abstract 
 
The research aims to achieve optimised combustion by utilising the benefits of both spark ignition engine (SI) and 
compression ignition (CI) engine combustion properties. This research focuses primarily on gaining the 
advantages of maximum thermal efficiency and reduced emissions. This research also investigates the usage of 
biodiesel and an ignition improver with improved operating conditions by supplying n-butanol with preheated air. 
The experimental work was first conducted for the development of preliminary data using neat diesel. It was then 
performed using a blend of Prosopis juliflora methyl ester (PJME), diesel, and di-ethyl ether as an additive. This 
blend consists of PJME 25%, diesel 74%, and di-ethyl ether (DEE) 1% on a volume basis and is named B25DEE1. 
With this blend, improved brake thermal efficiency and reduced emissions were observed. The experiment was 
repeated by port injecting n-butanol into the preheated air stream (35°C-40°C) in a proportion of 10% volume to 
the primary injected fuel. This method was used to achieve premixed charge compression ignition. This 
combustible mixture was named n-butanol vapours (B25DEE1+NB). The engine performance demonstrated 
improved brake thermal efficiency as well as lower emissions (HC, CO, smoke, and NOx). Additionally, higher 
in-cylinder pressures 86.6 bar and heat release rates of 49.12 J/0CA were noted. 
 
Keywords: Prosopis juliflora methyl ester, Ignition improver, Cetane number, Diesel engine, Premixed charge    
                    compression ignition 
 
1. Introduction 

 
To decrease fossil fuel consumption, there is a need to focus on alternative fuel usage. The selection of 

alternative fuels must be based on their availability and biodegradability. Its properties must be closer to those of 
the diesel, which can allow the utilisation of unmodified diesel engines or with little modification for advanced 
combustion phenomena. Several researchers found various alternative sources that use alcohol-based fuels and 
biodiesel compounds. Most of the authors concluded that their research findings had shown the suitability of 
utilising these alcohol fuels and biodiesels with a considerable reduction in emissions and improved performance 
and combustion characteristics.  

Kumar et al. [1] concluded that biodiesel blended with ethanol and preheated inlet air can decrease CO and 
HC emissions with advanced injection timings. The experimental investigations were conducted by 
Krishnamoorthi et al. [2] revealed that utilising biodiesel-diethyl ether blends can decrease NOX emissions and 
also improve BTE in diesel engines. The improved brake thermal efficiency (BTE) and brake specific fuel 
consumption (BSFC) and decreased CO emissions were observed by Senthur et al. [3] by preheating the 20% 
palm oil and blending it with n-butanol, diesel, and a 2000 mg/L butylated hydroxytoluene (BHT) additive. The 
blends of n-butanol (15%), gasoline (15%), and diesel increased maximum pressures with decreased ignition delay 
and NOx emissions. However, when compared to diesel, CO emissions and BSFC were higher, as demonstrated 
by Prakash et al. [4]. Murthy et al. [5] conducted an experimental analysis using a 5% di-ethyl ether (DEE) and 
H2SO4 solution. This solution was injected into the inlet manifold by high-pressure injection. The engine ran on 
a palm kernel methyl ester blend. Micro explosions occurred due to the DEE addition. This tendency caused an 
improvement in the swirl in the combustion chamber and thus reduced the ignition delay period. Tsutsumi et al. 
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[6] concluded that ignition improvers such as DEE and di-methyl ether (DME), when combined with biodiesel 
blends in small amounts, can further reduce emissions by increasing the evaporation rate. Utilizing these ignition 
improvers with biodiesel can improve the cetane number to the required extent. Pugazhvadivu et al. [7] used DEE 
along with a Pongamia biodiesel blend. The results revealed that DEE additives can decrease emissions like NOx 
and smoke. Polyoxymethylene diethyl ethers were used with n-butanol and diesel blends by Huang et al. [8] to 
achieve improved thermal efficiency and combustion phenomena. 

The above literature concludes that the alternative fuels commonly used by researchers are ethyl or methyl 
esters of biodiesel and alcohol-based fuels for investigating engine performance, emission, and combustion 
phenomena. Since these fuels are enriched with oxygen and have good miscibility with diesel, Their chemical 
composition allows them to be used along with diesel with negligible engine modifications. But by increasing the 
blending percentage of these alcohols and biodiesels with diesel, they can decrease the cetane index further 
because their cetane index is very low. Because of their enriched oxygen levels, these fuels can also cause 
increased fuel consumption in comparison to their output power, as Kalargaris et al. [9] demonstrated. Ignition 
improvers like DEE and DME can be utilised like cetane number improvers with biodiesel to improve the 
combustion quality. These ignition improvers can reduce the ignition delay period by allowing spontaneous 
combustion after injection. They can minimise cold-start problems and reduce emissions like NOx and HC 
because of higher latent heat of vaporisation and oxygen percentages [10]. The properties of these ignition 
improvers, like a higher cetane number, higher volatility, a high latent heat of vaporization, a lower auto-ignition 
temperature, and miscibility with diesel, can allow them to be used as fuel additives. This research work primarily 
concerns the utilisation of n-butanol vapours and biodiesel blends along with ignition improver DEE. 

The bio-oxygenated content is available in the alcohol fuels. They also have increased volatility and mixing 
properties with diesel compared to other fuels. They can also increase the efficiency of combustion as they have 
a high oxygen percentage [11], an increased rate of evaporation even at low pressures, a calorific value, a cetane 
index, and are renewable in nature. Biodiesel compounds offer the benefits of being non-toxic and renewable, 
with no residues of Sendzikiene et al. [12] utilised the combination of rapeseed methyl ester, diesel, and ethanol 
to improve the oxygen percentage. With an oxygen limit of 19%, the normal operating condition was observed at 
a speed of 1200 rpm and 42.42N of torque. But by increasing the oxygen limits to 19.5%, decreased torque and 
rotational speeds were observed. By increasing the oxygen percentage in the fuel to 25.7 percent, the engine was 
not activated. The reduced NOx emission was observed with an increased oxygen percentage in the fuel. 

From the above literature survey, it was observed that biodiesels, along with alcohol fuel and ignition improver 
combinations, can be chosen to increase the oxygen percentage to the required extent. In this present study, the 
selected qualities of biodiesel Prosopis juliflora methyl ester (PJME) are closer to those of diesel. Its seed oil is 
naturally non-edible. The study is unique in that no combustion evaluations on the use of PJME, n-butanol, DEE, 
and diesel blends were available. 
 The seed oil of Prosopis juliflora is inedible by nature. Prosopis juliflora plant is widely available, and it consists 
of 44 species throughout the world [13]. The higher the cetane number, oxygen percentage, and heating value of 
this fuel, the closer it is to diesel, making it a good alternative source for diesel engines. With few or no engine 
modifications, an alcoholic fuel like n-butanol can be used in conventional compression ignition (CI) engines. 
Diesel's characteristics are contrasted with n-butanol's and juliflora oil methyl esters in Table 1. The fundamental 
reason for using n-butanol is that it has a higher oxygen percentage, which improves the efficiency of combustion. 
It also has properties like reduced evaporation pressures, increased heating values, and a high cetane number. 
 An ignition improver like DEE can improve the combustion quality of biodiesel blends. It can improve the 
cetane number to the proper extent to maintain smooth engine operation. The ignition lag period can be decreased 
by adding ignition improvers. They can also minimise the cold-starting problems by improving the diffusion rate. 
By mixing ignition improvers, NOx emissions can be reduced significantly due to their elevated latent heat of 
evaporation. Their high oxygen content may also induce a decrease in HC and CO emissions. 
 The main objective of this research is to utilise blends of Juliflora biodiesel, n-butanol, and ignition improver. 
The biodiesel blend was meant to decrease conventional fuel usage. The ignition improver is meant to increase 
the evaporation rate and cetane index. The n-butanol vapours were used to accelerate the reaction rate by further 
influencing the oxygen content in the test fuel blend and also to reduce the unburned hydrocarbon and carbon 
monoxide emissions. 
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Table 1 Properties of the test fuel. 
Specifications Diesel n-butanol    DEE PJME B25DEE1 ASTM 

D6751 
Standard for 
biodiesel 

Cetane Index 50 17 >125 49 50.5 47-65 
Stochiometric A/F ratio 14.95 11.17 11.1 12.25 14.24 - 
Oxygen (wt %) 0 21.58 21 12 3.21 11 
Carbon (wt %) 86.12 64.82 64.86 77 83.62 77 
Hydrogen (wt %) 13.87 13.60 13.5 12 13.4 12 
Lower Calorific Value 
(kJ/kg) 

43390 33100 33900 39500 42330 ~33342 

Kinematic Viscosity 
(cSt) at 40°C 

3.9 2.63 0.23 4.90 4.09 4.0-6.0 

Density (kg/m3) at 15°C 838 810 713 920 857 874.73 
  
2. Materials and methods 

 
The standards of American society for testing and materials (ASTM) D6751 and EN 14214 are applied for the 

preparation of biodiesel blends. By adhering to these guidelines, the test fuels were prepared by maintaining the 
blend density below 860 kg/m3, the kinematic viscosity below 4.1 cSt, and the heating value of the blends above 
35 MJ/kg. 

The test fuel blend consists of 25% biodiesel and 1% ignition improver DEE (Diethyl Ether) and the remaining 
diesel on a volume basis and is named B25DEE1 (Juliflora Methyl Ester 25%, Diesel 74%, and DEE 1%). The 
25% biodiesel was chosen because it attained a higher brake thermal efficiency in the previous experimental 
analysis when compared to the 15% biodiesel blend [14]. The ignition improver DEE was chosen due to its higher 
heating value and cetane index when compared to DME [15]. 

In the next stage, the n-butanol was port injected into the preheated (350C-400C) inlet air stream in a proportion 
of 10% to the main injected fuel (B25DEE1), and this combustible mixture was named B25DEE1+NB. From no 
load to maximum load, a compression ratio of 18 was used with the diesel and test fuel blends. The main objective 
of injecting n-butanol into a preheated air stream is to supply n-butanol in the vapour state into the engine cylinder. 
This can increase the reaction rate and decrease the physical delay period. This can also make the concept of pre-
mixed charge combustion more practicable. 

2.1 Experimental set up  
 

The test rig is represented schematically in Figure 1. Its technical characteristics are listed in Table 2. The test 
rig consists of a conventional CI engine coupled to a dynamometer. It was also provided with five gas analyzer 
and a smoke meter. The experimental setup consists of provisions for measuring combustion-related data and is 
connected to the data acquisition system. An average value of all the test readings was noted by conducting a 
series of trials at the stabilised condition of the engine with applied loads. This common rail direct injection 
(CRDI) variable compression ratio (VCR) engine works with a programmable open electronic control unit (ECU) 
for diesel injection, a fuel injector, a common rail with rail pressure sensor and pressure regulating valve, a crank 
position sensor, a fuel pump, and a wiring harness. This setup can be used to perform heat balance and combustion 
analysis. 

 
 

 

 

 

 

 
Figure 1 Schematic view of the test rig along with ECU. 
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Table 2 Test rig details. 
Parameters Description 
Engine Single Cylinder 4S CI Engine. 
Power / Speed 3.5 kW / 1500 rpm 
Bore / Stroke / Displacement volume 87.5 mm / 110 mm / 661.5 cm3 
Compression Ratio 18 
Main injection pressure/ timing 300 bar/250 before top dead center (BTDC) 
Port injection pressure 3 bars (Regulated) 
Port injection method Single, 3550 BTDC 
Heat Exchanger (for Air pre-heating) Shell and Tube type 
Gas analyzer Five gas analyzers (AVL DiGas 444N) 
Smoke meter AVL Smoke meter 437°C 
Combustion pressure sensor PCB Piezotronics, USA, Combustion: Range 350 Bar 

Crank angle sensor 
Kubler Germany, Resolution 1 Deg, 5500 RPM with top dead center 
(TDC) pulse. 

 
2.2 Analysis of errors and uncertainties 
 

The measured values and uncertainties underwent error analysis using Kline and Mc.Clintock’s method [24]. 
To get results with proper accuracy, the instruments used in this experimental analysis were carefully selected. 
By evaluating the observed data, it is concluded that the uncertainty values vary between the intervals of ± 0.1 
and 2.0%. Based on the results, it is possible to conclude that the uncertainties in the principle value measurements 
and derived values have no effect on the numerical result uncertainties. 
 
3. Results and discussion 
 
3.1 Performance assessment 
 
3.1.1 Brake thermal efficiency 
 

The ratio of the amount of heat actually converted to braking power to the total heat provided is used to 
calculate this efficiency. Figure 2 depicts the fluctuation of BTE in accordance with brake mean effective pressure 
(BMEP). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Brake thermal efficiency versus BMEP. 
 

The BTE for the B25DEE1 test fuel blend was higher than diesel. The increased in-cylinder pressure and 
temperature at maximum BMEP can cause improved evaporation and mix with air [16]. The addition of DEE also 
improved and maintained the cetane number to the required extent, and it also improved the oxygen percentage. 
The BTE was improved further in the following stage by introducing n-butanol vapours with air intake into the 
cylinder. The test fuel B25DEE1 was mixed with n-butanol vapours in the combustion chamber, and this 
combustible mixture was named B25DEE1+NB. The improvement in BTE was due to n-butanol vapours. These 
vapours further improved the evaporation rate and brought the heating values and cetane number closer to diesel. 
The enhanced cetane number and oxygen percentage in n-butanol vapours and biodiesel blends resulted in 
improved ignition quality, resulting in a higher BTE. The BTE values for diesel, B25DEE1, and B25DEE1+NB 
were 31.05%, 32%, and 32.61%, respectively, at full load conditions or at maximum BMEP. 
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3.1.2 Brake specific fuel consumption 
 

This parameter is used to calculate the amount of fuel used in the creation of unit brake power. It also denotes 
the ability to transfer the fuel's chemical energy into the required work energy. This parameter is influenced by 
fuel qualities such as oxygen percentage, density, viscosity, and heating values. 

From the graph, it is noticeable that as BMEP increased, BSFC decreased. The BSFC for the blend B25DEE1 
is slightly higher compared to the combustible mixture B25DEE+NB. The lower heating value of the B25DEE1 
blend caused this effect. The reduced BSFC for the combustible mixture B25DEE1+NB was due to the 
introduction of n-butanol vapours. These n-butanol vapours further influenced the increase in oxygen availability, 
cetane index, and heating value of the combustible mixture. Figure 3 illustrates the variance of BSFC in relation 
to BMEP. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 3 Brake specific fuel consumption versus BMEP. 
 
 The BSFC observed at peak BMEP conditions for diesel, B25DEE1, and B25DEE1+NB was 0.281 kg/kWh, 
0.270 kg/kWh, and 0.261 kg/kWh, respectively. The saturated fatty acid content in biodiesel can also influence 
the cetane number, which is comparable to diesel. The cetane number increases with an increase in saturated fatty 
acids and an increase in chain length [17]. The PJME saturated fatty acid contents, like palmitic acid and stearic 
acid, consist of straight-line molecular structures, and their percentage was nearly 23% in PJME [18]. The 
increased density of the fuel blend is also causing it to inject earlier and providing increased mixing time and 
evaporation. It can lead to better combustion. 
 
3.2 Emission assessment 
 
3.2.1 Carbon monoxide analysis 
 

The emission of CO indicates how effectively the combustion process occurred based on the type of fuel 
utilized. The unburned hydrocarbons influence the formation of this toxic emission. The type of the mixture, 
oxygen availability, and reaction rates are the influencing parameters for this emission. Figure 4 depicts CO 
emissions in relation to BMEP. Incomplete combustion, along with rich mixture and heterogeneous mixture 
combustion with a decreased oxygen percentage, can improve this emission [19]. CO emissions were found to be 
higher in diesel than in the test blends. Because the biodiesel, n-butanol, and fuel additives used here have a higher 
oxygen percentage and a lower carbon percentage on a mass basis than diesel. This emission is only slightly less 
compared to diesel because biodiesel contains increased levels of unsaturated fatty acids. This can lead to the 
presence of a double bond and influence poor oxidation. This condition can promote increased emissions of carbon 
monoxide and hydrocarbons [20]. The addition of DEE suppressed this condition to some extent. The addition of 
n-butanol vapours (B25DEE1+NB) further decreased this emission as it allowed for further improvement in flame 
propagation [21]. The improvement in flame propagation caused an improvement in reaction rate. 
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Figure 4 Carbon monoxide versus BMEP. 
 
 The CO emission at maximum BMEP conditions for diesel, B25DEE1, and B25DEE1+NB was observed at 
0.35%, 0.32%, and 0.28%, respectively. The increased CO2 results were obtained for both test fuels when 
compared to diesel. When the fuel decomposes at higher temperatures without enough oxygen, a large amount of 
carbon will be converted into CO instead of CO2. The increased oxygen percentages in these fuels led to the 
conversion of a large quantity of CO into CO2. The emissions of CO2 for diesel, B25DEE1, and B25DEE1+NB 
were observed at 7.63%, 8.54%, and 8.9%, respectively. 
 
3.2.2 Unburnt hydrocarbons analysis 
 
 The conditions influencing these emissions are the quality of combustion, fuel atomization, air-fuel mixture, 
and operating parameters. In Figure 5, the HC emission relative to BMEP is indicated. 
 The blend strength in the test fuel generally increases the kinematic viscosity and also requires a higher 
injection pressure. This condition is balanced by adding an ignition improver into the test blend. The increased 
presence of oxygen and cetane number in the DEE led to an improvement in the combustion process, which in 
turn decreased the HC emission. When comparing B25DEE1+NB to B25DEE1, there was no significant 
difference observed for this emission. The HC emissions were not decreased in a considerable manner after adding 
n-butanol vapours because the improvement in volatility led the air to be overly mixed with n-butanol vapours. 
This is considered one of the reasons for its ignorable reduction. 
 The emission of HC may increase if n-butanol is directly injected into the cylinder in liquid form because n-
butanol requires a high latent heat of evaporation [22]. 

 

 

 

 

 

 
 
 
 
 
 
Figure 5 Hydrocarbon emission versus BMEP. 
 

The emission of HC at peak load conditions, or at maximum BMEP for diesel, B25DEE1, and B25DEE1+NB, 
was observed at 71 mg/L, 65 mg/L, and 64 mg/L, respectively. 
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3.2.3 Nitrogen oxides analysis 
 

This is the emission that will be produced at higher operating temperatures and the mixture's local 
stoichiometry. At the highest combustion temperatures and for the longest time at those temperatures, the diatomic 
nitrogen will be split into monatomic nitrogen. This monatomic nitrogen is highly reactive with oxygen and will 
produce emissions of NO and NO2. With a lower heating value of the blends and a better cetane index, this 
emission can be reduced. For both the test blends, the addition of DEE has taken place since DEE is an ignition 
improver and, at higher concentrations, it can improve the high latent heat of vaporisation [23]. This condition 
can lower in-cylinder temperatures, which can reduce NOx formation. The fluctuation of NOx emission in relation 
to BMEP is indicated in Figure 6. 

There was no considerable variation between both blends for this emission. These emissions were reduced in 
a considerable manner compared to diesel. Here, both blends consist of DEE percentages. For the combustible 
mixture B25DEE1+NB, n-butanol vapours absorbed the most latent heat, resulting in lower NOx emissions. The 
emission of NOx at peak load conditions, or at maximum BMEP for diesel, B25DEE1 and B25DEE1+NB, was 
observed at 1850 mg/L, 1759 mg/L, and 1752 mg/L, respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Nitrogen oxide emission versus BMEP. 
 
3.2.4 Smoke opacity analysis 
 
 The emission of smoke increases with improper mixing of fuel with air. Figure 7 shows the amount of smoke 
produced by the test blends versus diesel. As the compression ratio was increased, smoke opacity was reduced for 
both test fuel blends in comparison to diesel. The introduction of n-butanol vapours and an ignition improver 
further improved the mixing process of air with test blends. This emission is also influenced by the hydrocarbon 
ratio and the effectiveness of combustion. As the hydrocarbon ratio is higher for n-butanol in comparison to diesel, 
it causes lower smoke emissions [24]. This is one of the reasons considered for B25DEE1+NB's reduced smoke 
emissions when compared to diesel. By encouraging premixed combustion prior to TDC, this emission can be 
controlled. The premixed combustion phase was improved by utilising n-butanol vapors. This reduction in smoke 
opacity was also due to higher oxygen percentages in both blends, which resulted in the maximum quantity of 
carbon to burn. The smoke emission at maximum BMEP for diesel, B25DEE1, and B25DEE1+NB was observed 
at 57.8%, 53%, and 51%, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7 Smoke emission versus BMEP. 
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3.3 Combustion assessment 
 
3.3.1 In-cylinder pressure analysis 
 

The in-cylinder pressure or gas pressure is affected by the combustion characteristics of the test fuel, as well 
as the engine's operating parameters. The power output of the engine depends directly on in-cylinder pressure. 
The combustion phenomenon affects this pressure, which resulted from the fuel's early uncontrolled combustion 
period [24]. The pre-mixed combustion process occurred after a constant-volume endothermic process. It was also 
considered one of the causes of peak cylinder pressure with rapid combustion. The constant-pressure endothermic 
process was also considered diffusion combustion. The fluctuation of in-cylinder pressure with relation to crank 
angle at maximum BMEP is shown in Figure 8. For the test blends compared to diesel, the maximum in-cylinder 
pressures were marginally higher. The maximum cylinder pressure was observed for B25DEE1+NB, followed by 
B25DEE1 and diesel. Both blends had strong peak pressures soon after TDC, demonstrating that, unlike diesel, 
combustion did not deviate from its regular pattern. 

The peak pressure obtained was the result of uncontrolled combustion, oxygen percentage in blends, and 
calorific value. The availability of oxygen in both DEE and biodiesel, as well as the heating value of biodiesel, 
which is closer to diesel, were considered impacting parameters for improved cylinder pressure in B25DEE1. The 
combustible mixture formation increased these pressures further after the addition of n-butanol vapors. The 
cylinder pressure reached its maximum when combustion began due to a large amount of fuel burned. 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 8 Cylinder pressure versus crank angle. 

 
With more fuel being used during peak times, the working temperature and evaporation rates increased. They 

could also be a contributing factor to higher cylinder pressures in both test fuels. The peak pressure obtained was 
80 bar when fueled with diesel and for B25DEE1, B25DEE1+NB it was 84.7 bar and 86.6 bar respectively. 

 
3.3.2 Heat release rate analysis 
 

A thorough investigation of the combustion methodology is possible with this evaluation of rate of heat release. 
The net heat release rate can be influenced by operating conditions as well as fuel characteristics. It results from 
the heat energy that the fuel's chemical energy releases, and it will be enhanced by the fuel-air mixture's rapid 
burning. 

This rapid burning can cause maximum net heat release (NHR) because of the fuel accumulation during the 
ignition lag period. The variation of NHR in relation to the crank angle at maximum BMEP is shown in Figure 9. 
The elevated NHR was observed for B25DEE1 compared to diesel because of the accumulation of more fuel 
during the ignition delay period, which caused a rapid rate of combustion. One of the factors for ignition delay 
was the increased viscosity of the blend, which affects the physical delay period. The chemical lag period can be 
influenced by the percentage of oxygen present. The B25DEE1 blend's oxygen level caused it to produce the most 
NHR compared to diesel. The preheated air can also influence the physical delay period [25]. For the 
B25DEE1+NB combustible mixture, the NHR was further increased with increased oxygen availability. To some 
extent, the addition of DEE improved cetane number and evaporation rate. The premixed combustion can also 
utilise the maximum quantity of vaporised fuel at the end of the ignition delay period. The premixed combustion 
intensity depends upon the time available for the formation of the combustible air-fuel mixture. Due to this 
characteristic, both blends performed better than diesel in terms of maximum cylinder pressure and NHR. For all 
fuels close to 250 BTDC, negative NHR was discovered due to heat absorption during the fuel evaporation phase 
or the ignition delay phase. The maximum heat release rate (HRR) found for both blends at 60 BTDC. It was 
observed as 46.5 J/0CA and 49.12 J/0CA for B25DEE1 and B25DEE1+NB, respectively. The maximum HRR for 
diesel was found at 80 BTDC at 39.38 J/0CA. 
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Figure 9 Net heat release rate versus crank angle. 

 
3.3.3 Mass fraction of the fuel burned 
 
 The time interval between the initiation of the flame and uncontrolled combustion could be measured by 
utilising this parameter. This also shows the percentage of fuel consumed in relation to the total quantity of fuel 
supplied into the combustion chamber per cycle. This is also used to calculate the time between the 
commencement of the flame and the quick rate of combustion [26].  

In comparison to diesel, there was no combustion delay in the early stages of premixed combustion for both 
test fuel blends. The operating temperatures increased as the n-butanol vapours were added. As a result, the 
B25DEE1+NB blend's volatility and flame speed became compatible with diesel. The mass fraction burnt (MFB) 
for both blends compared to diesel is shown in Figure 10. The mass percentage of fuel burned exactly like diesel 
for both blends at the same crank angle. The mass fraction of the fuel burned near TDC for diesel, B25DEE1, and 
B25DEE1+NB was 54%, 53.10%, and 53.62%, respectively. 

 

 

 

 

 

 

 

 

 

 
Figure 10 Mass fraction of fuel burned versus crank angle. 
 
3.3.4 Cumulative heat release analysis 
 
 It provides information regarding the heat energy obtained by the chemical energy of the fuel. It also indicates 
the quality of the combustion. Figure 11 indicates the variation of the cumulative heat release rate with crank 
angle. From the start of the combustion process onward, the test blends followed the same pattern as a standard 
curve for diesel, but the blend B25DEE1+NB showed a higher cumulative heat release (CHR) when compared to 
diesel as the combustion process progressed. The rapid rate of combustion of this blend was due to the higher 
amount of oxygen in it [27]. The ignition delay period could also be regarded as a contributing factor to the rapid 
rate of combustion that influenced maximum CHR for test blends rather than diesel. The maximum CHR was 
observed at 0.92 kJ, 1.01 kJ, and 1.05 kJ for diesel, B25DEE1, and B25DEE1+NB, respectively. 
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Figure 11 Cumulative heat release versus crank angle. 
 
4. Conclusion 
 

The experimental work for both test fuel blends has obtained the following statements when compared to 
diesel at maximum BMEP conditions. The higher BTEs were observed for both test blends because of increased 
oxygen percentages and an improved combustion strategy. The cetane index and oxygen contents were also 
increased to the required extent with the addition of DEE. The emissions of CO, HC, smoke, and NOx for both 
test fuel blends were slightly reduced. The in-cylinder pressures were higher immediately after TDC, revealing 
that both test fuel blends had no unusual combustion behaviour in comparison to a diesel with a crank angle, and 
no unusual pressure rise was observed. Increased maximum cylinder pressures were observed for both test fuel 
blends. The combustion process was normal, and no considerable abnormalities were observed. Due to its minimal 
vaporisation pressures and quick burning process, the introduction of n-butanol vapours resulted in high peak 
pressures as compared to diesel. The NHR observed was higher for the test fuel blends compared to diesel. This 
study also comes to the conclusion that because both test fuel blends had higher viscosities than diesel, higher 
injection pressures were needed for them. 

All of the preceding has demonstrated that n-butanol vapours, along with biodiesel and DEE, can be added to 
diesel in modest amounts to reduce conventional diesel fuel use and pollutants. Additionally, it enhances a 
premixed-charged compression ignition (PCCI's) combustion phenomenon for CI engines. 
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a b s t r a c t

Concrete is the most widely utilized building material in civil engineering projects of all kinds. Concrete is
more attractive than other construction materials due to its strength properties. Cement, which accounts
for about 5% of worldwide CO2 emissions, is a key component of concrete. To make concrete more envi-
ronmentally friendly, appropriate replacements will be added to the cement. The present study deals
with fly ash and alccofine as supplementary cementitious materials for the M40 grade of concrete. The
cement is replaced with 5%, 10%, 15% and 20% fly ash by weight of cement and fly ash is optimized.
The fly ash optimized cement concrete is further replaced with 5%, 10%, 15% and 20% alccofine by weight
of fly ash in cement to form a ternary concrete. The strength properties are studied on total 10 mixes,
mechanical properties such as compressive, flexural and split tensile strengths were determined. At opti-
mum level of fly ash the strength exhibited 55.22 MPa. The maximum compressive strength of 62.74 MPa
was obtained for the mix with 15% fly ash and 15% alccofine at 28 days. Split tensile and flexural strengths
were also followed the similar trend. Alccofine and fly ash combination can be a sustainable building
material.
Copyright � 2024 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Confer-
ence on Advances in Construction Materials and Structures.

1. Introduction

Concrete is the most adaptable building material since it can be
constructed to endure the roughest surroundings while still taking
on the most creative shapes. With the help of innovative chemical
admixtures and supplemental cementitious materials (SCM’s),
engineers are always pushing the boundaries to increase their per-
formance [1,2]. Most concrete mixtures now include supplemental
cementitious material as a cementitious component. The majority
of these materials are byproducts of other processes. SCM’s key
advantages are its capacity to replace a specific proportion of
cement while still retaining its cementitious properties, lowering
the cost using portland cement. Fly ash, silica fume, powdered
granulated blast furnace slag, steel slag, alccofine and other
byproducts or industrial waste materials that can be used as SCM’s
have accumulated as a result of rapid industrialization [3,4]. These

byproducts not only help to recycle waste materials, but they also
improve the qualities of concrete in both fresh and hydrated forms.
India’s rapidly expanding manufacturing sector has produced a
wide range of hazardous wastes that have given rise to environ-
mental concerns. That’s why these industrial leftovers have to find
their way into civil engineering projects. A byproduct of the
cement industry, Alccofine is an ultra-fine supplementary cemen-
titious concrete material made from slag. The particle size distribu-
tion is one of a kind due to the granulation process being tightly
regulated. The finer particles it contains more than cement, fly
ash, rice husk ash, etc. boost its hydraulic property, pozzolanic
reactivity, and packing density of paste component [5–9]. Two
commercial forms of alccofine exist, 1101 and 1203, respectively.
In contrast to the latter, the former alccofine is a good source of cal-
cium silicate. Its specific surface area is greater than 12,000 cm2/g,
and its specific gravity is between 2.8 and 2.9 [10,11]. Alccofine’s
beneficial impacts on the concrete’s long-term sustainability and
the surrounding environment have made it a popular mineral addi-
tion. Among their many important contributions to concrete, poz-
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zolans alter the interfacial transition zone (ITZ) and reduce poros-
ity through a process called pozzolanic reaction [12,13]. The
mechanical characteristics of concrete, especially when subjected
to harsh conditions, can be improved with the help of extra cemen-
titious pozzolans, which are used to strengthen the material
[14,15]. The particle size and granulation of alccofine (AL), a recent
ultra-fine complementary cementitious material, are very small.
Compared to the effects of other admixtures like fly ash (FA) and
rice husk ash, this substance has had the greatest positive impact
on concrete characteristics and performance [16]. The increased
specific surface area of ultrafine-grained particles in AL has a pro-
found effect on enhancing all aspects of metal and concrete charac-
teristics in both their fresh and hardened states. AL is a byproduct
of the steel and iron industries and is composed primarily of slag
and glass [17,18]. S.C.Boobalan et al. [19] study reviews
Alccofine-based High Performance Concrete strength qualities. Alc-
cofine was added to High Performance Concrete in varied quanti-
ties. Alccofine materials accelerate concrete strength and
durability. Alccofine 1203 is a microfine mineral ingredient for
concrete and mortars that minimises water demand and hydration
heat, improving concrete strength and durability over time.
Alccofine-based High Performance Concrete research. Alccofine’s
low calcium silicate compound increases concrete pH to protect
against corrosion, speeds shuttering removal, improves pumpabil-
ity, durability, and permeability. B.L.N. Sai Srinath et al. [20] sum-
marises numerous studies on alccofine’s use as an SCM in concrete.
Alccofine as SCM improves concrete’s fresh, mechanical, and dura-
bility. At all ages, cement-alccofine increased mechanical and dura-
bility. S. Prakash Chandar et al. [21] concretes mechanical
properties were tested at different times, MK and AL’s ideal partial
cement replacement was 10% in the range of 0%, 5%, 10%, and 15%.
Metakaolin (MK) and AL at 10% replacement have higher compres-
sive strengths than conventional concrete of the same ratio.
Microstructural research on concrete showed how pores and C-S-
H (calcium-silicate hydrate) gel form in early and late hydration.
This study found that partial cement substitution can minimise
CO2 emissions and preserve its properties. B. Harish et al. [22] Con-
crete of different grades (M30 to M70) was partially replaced with
alccofine at 0, 5%, 10%, 15%, and 20% to reduce hydration heat and
create a durable concrete. Alccofine-admixed concrete was com-
pressed, split tensile, and flexed. To improve workability, chemical
admixtures were utilised in concretes above M50 grade with a W/B
ratio of 0.28–0.35.

1.1. Objective of the study

The main purpose of this project is to investigate the effects of
partial cement replacement with fly ash and alccofine in concrete
under various curing conditions. An experiment was conducted
to see if fly ash and alccofine might be used to partially replace
cement. The concrete grade of M40 and the curing times of 7 and
28 days of the concrete specimens were among the criteria taken
into account in this investigation.

The cement is replaced by 5%, 10%, 15% and 20% fly ash by
weight, and the fly ash is tuned. To make ternary concrete, the
optimal fly ash concrete is further replaced by 5%, 10%, 15% and
20% alccofine by weight of fly ash in cement. The strength charac-
teristics of ternary concrete for M40 grade are currently being
investigated.

2. Materials

The cement used for this study was OPC 53 grade as per IS
12269. It has a relative density of 3.12 and other physical and
chemical compositions are tabulated in Table 1. Commercially

available low calcium alccofine was procured and used in this
investigation. The properties of the alccofine were with fineness
12000 cm2/gm, relative density of 2.88 which is lower than the
cement. Fly ash was collected from the locally available RMC plant,
the physical and chemical properties were presented in Table 2.
River sand was used as fine aggregate and crushed stone as coarse
aggregate. The detailed mix compositions were tabulated in
Table 3.

3. Test methods

To assess the mechanical properties of M40 grade concrete, the
following methods were adopted.

3.1. Unconfined compression test

150 � 150 � 150mm cubes tested against compression. Cubes
were cast and tested under AMIL 2000kN compression testing
machine as per IS 516. At the ages of 7 days and 28 days nine dif-
ferent mixes were cured under normal tap water. After removing
specimens from curing, these cubes were tested.

The compressive strength has been calculated by the formula,

Compressive strength ¼ applied load=cross sectional area

3.2. Split tensile strength

Split tensile strength of M40 grade concrete with fly ash and
alccofine, specimens of size 150 mm dia and 300 mm length was
cast in the laboratory. Specimens were cured at 7 days and 28 days,
later tested under CTM as per IS 5816.

The split tensile strength has been calculated by the formula,

Split tensile strength ¼ 2P=pLD

where, P = compressive load on the cylinder

L = length of the cylinder
D = diameter

3.3. Flexural strength

Beams specimens of 100x100x500mm size were tested to
assess the flexural strength of M40 grade concrete with fly ash
and alccofine. Three specimens for each mix were cast to deter-
mine the flexural strength as per IS 516.

The modulus of rupture is denoted by ‘‘fcr”.

fcr ¼ PL=bd

where, P = load on the beam

L = length of the beam
b = width of the beam
d = depth of the beam

4. Results and discussions

4.1. Unconfined compressive strength

150x150x150mm cubes were tested against compressive
strength and the detailed results were depicted in Fig. 1 and
Fig. 2. The study was conducted in two phases. In the first phase,
fly ash(FA) reduced the 7 day strength from 31.82Mpa to
26.42MPa. It was observed that due to the increase of FA in cement
showed a markable loss of strength in early ages. However, 28 days
compressive strength gets increased with the rise of FA content in
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the cement. Which was about 6 MPa from the conventional mix.
The formations of ettringite and secondary C-S-H gels were reasons
for the enhancement of the strength.

On the other hand, alccofine enhanced the strength of concrete
even at early ages than the conventional mix. This was due to the
reaction of fine particles available in the alccofine. In the same sce-
nario, the 28 days unconfined compressive strength showed the
similar results. At 7 days, with 5% has 29.09 MPa, 10% has
30.21 MPa, 15% has 33.56 MPa and 20% has 31.95 MPa. The maxi-
mum resistance against the gradually applied load is 62.74 MPa
which was obtained at 15% FA and 15% alccofine. This enhance-
ment of compressive strength may be due to the reaction of fine
alccofine particles [1].

SEM images of the mixes were presented in Fig. 3, Fig. 4 and
Fig. 5, which are conducted on samples collected from cubes after
conducting compressive strength. Fig. 3 represented the control

Table 1
Chemical composition of Cement, Fly Ash and Alccofine.

Composition% SiO2 Al2O3 CaO Fe2O3 MgO SO3 K2O L.O.I

Cement 18.08 3.49 62.64 3.61 0.6 1.64 0.71 2.29
Fly Ash 65.04 14.77 1.35 2.74 0.33 – 0.86 1.98
Alccofine 31.23 20.62 31.15 8.36 6.9 0.4 – 1.21

Table 2
Physical properties of materials used in the study.

Properties Cement Fly Ash Alccofine Fine Aggregate Coarse Aggregate

Relative Density 3.13 2.34 2.88 2.68 2.8
Water Absorption – – – 1.1% 0.5%

Table 3
Mix composition in kg/m3.

Mix Cement Fly Ash Alccofine Fine Aggregate Coarse Aggregate Water

CFA0 425 – – 755 1182 150
CFA5 403.75 21.25 – 755 1182 150
CFA10 382.5 42.5 – 755 1182 150
CFA15 361.25 63.75 – 755 1182 150
CFA20 340 85 – 755 1182 150
CFA15A5 358.06 63.75 3.19 755 1182 150
CFA15A10 354.87 63.75 6.38 755 1182 150
CFA15A15 351.68 63.75 9.56 755 1182 150
CFA15A20 348.49 63.75 12.75 755 1182 150

Fig. 1. Compressive strength of FA mixes. Fig. 2. Compressive strength of alccofine mixes.

Fig. 3. SEM image of CFA0.
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mix (CFA0), the microstructure of the conventional concrete con-
tains voids and C-S-H. However, with the fly ash as well as alc-
cofine enhanced the strength properties by the development of
dense C-S-H as shown in Fig. 4. Similarly, augmented C-S-H was
observed in the concrete matrix. Hence, these are due to the forma-
tion of secondary calcium silicate hydrate gel by the pozzolanic
action.

4.2. Split tensile strength

The results obtained from the experimental investigation on
split tensile strength were similar to the compressive strength.
FA affected the early split tensile strength at 7 days in a negative
manner. By the increase of FA in cement, it reduced the availability
of C3S in cement which is responsible for the early age strengths.
Later at 28 days the available portlandite reacted with silica to
form a dense calcium silicate hydrate in concrete matrix. The ulti-
mate strength was attained at 15% FA in cement (i.e., 3.73 MPa)
presented in Fig. 6.

Alccofine in cement as FA replacement enhanced the split ten-
sile strength at 7 days as well as 28 days. The maximum strength
attained for CFA15A15 mix at both the ages i.e., 3.11 MPa and
4.27 MPa. Alccofine at 5%, 10%, 15% and 20% achieved 3.95 MPa,
4.07 MPa, 4.27 MPa and 4.13 MPa respectively shown in Fig. 7.

4.3. Flexural strength

The flexural strength of M40 concrete with FA as secondary
cementitious material degraded from 3.97 MPa to 2.86 MPa at
7 days. The maximum flexural strength obtained for the conven-
tional mix at the early age of concrete. By the further replacement
of FA obtained the least flexural strength. Nonetheless, 28 days
showed better results with the FA in concrete matrix. The
enhanced strengths were from 4.98 MPa to 5.51 MPa shown in

Fig. 4. SEM image of CFA15.

Fig. 5. SEM image of CFA15A15.

Fig. 6. Split tensile strength of FA mix.

Fig. 7. Split tensile strength of alccofine mix.
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Fig. 8. From the results it was concluded that optimum dosage of
FA as 15% depicted in Fig. 8.

With the optimum FA content in the cement, alccofine showed
favorable results at both the ages were obtained. The lowest aver-
age particle sizes of the alccofine gets hydrated easier than the FA
particles. The ultimate strengths were attained for CFA15A15 mix
i.e., 5.94 MPa shown in Fig. 9.

5. Conclusions

� When cement was replaced by 15% of fly ash and 15% of alc-
cofine gives high compressive strength of 62.74 N/mm2. It
was observed that the increase in compressive strength was
20.7% when compared with the nominal mix. Further replace-
ment of alccofine leads to decrease in compressive strength.

� It was observed that split tensile strength was increased by
21.54% when the concrete mix containing 15% fly ash and 15%
alccofine as a replacement of cement, when compared with
the nominal mix. Beyond 15% replacement of alccofine leads
to a decrease in the split tensile strength.

� The flexural strength was increased by 16.16% when the con-
crete mix containing 15% fly ash and 15% alccofine as a replace-
ment of cement, when compared with the nominal mix. At later
replacements the flexural strength of the concrete has been
decreased.
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Capital inflows are the most important source of investment for developing economies like India and acts 

as an engine for fostering economic growth. But the world economy has been witnessing a great 

difficulty for the last two years due to Covid pandemic. This has impacted the investment pattern across 

the business environment. The pandemic has created great uncertainty on investments. World foreign 

direct investment inflows fell by half up to second quarter of 2020 and the measures taken by 

governments could not encourage investments at global level. Investors’ preference also changed because 

of pandemic from investments in primary and manufacturing sectors to other desirable sectors.  Keeping 

in view the above objective the key aim of this research is to get out the outcome of Covid epidemic on 

foreign direct investment flows from different countries to India using yearly data for the time period 

2018 to 2022. The study is based on secondary sources. Data were analyzed using parametric test. The 

results shows foreign direct investments differ significantly between the countries and sectors. However 

it does not differ significantly between the years. The study limits to foreign direct investment flows from 

few countries to select sectors. The findings will be valuable to the policy makers for attracting more 

funds into the desirable sectors for fostering economic development.   

 

Keywords: Covid-19 pandemic, Crisis, Foreign Direct Investment (FDI), Lockdown, Priority sectors.  
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INTRODUCTION 
 

Investments are the key for economic development (Liesbeth et al., 2008) and human progress (Torabi, 2015), due to 

that it is an important to increase the wealth of nation as well as individuals. Among the many investments, FDI has 

a crucial Impact on the fiscal development of a country, as a form to attract funds to develop and progress the nation 

and the quality of human capital (Simionescu & Naros, 2019). FDI is an investment made by investor or company of 

one country in another in various forms. It facilitates in advancement of a nation in terms of technology, human 

potential and enhances economic growth (Alfarro, 2017). FDI can also signify an input for inclusive growth in 

specific sectors (Cicea et al., 2019). Increase of GDP and Quality of human life is a yardstick for the development of a 

country (Botha et al., 2020).During 1990s Foreign Direct Investments was proved to be the most significant source of 

investment for developing countries. (Mahmoodi & Mahmoodi, 2016). The positive consequence of investment in 

FDI is that it has less volatile to economic cycle. It is a boost for the emerging economies like India for its economic 

growth. This paper is going to examine the effect of covid-19 pandemic on foreign direct investment with Indian 

perspective.  

 

Literature review  

Internationalization is a driving force integrating economies across the globe (Velde, 2005) and develops 

economies (Iqbal et al., 2012). It has significant impact of capital movement among various nations (Hill & McKaig, 

2015). Host countries derive many benefits with the inflows from foreign nations (Büthe & Milner, 2008). Technical, 

Skill, managerial gaps of nations, people and business can be bridged with FDIs (Masron et al., 2012). FDI creates job 

opportunities, helps in fostering GDP, infrastructure, competition and enhance productivity of the host nations 

(Edrak et al., 2014). Similar outcomes were found in the study of Yucel (2014) and Yildirim and Tosuner 

(2014).Foreign Direct investment in any country is influenced by multiple factors. Political Environment is one of the 

important factors of FDI flows Büthe and Milner (2008). Governments of emerging economies are making efforts to 

encourage overseas inflows by liberalized policies (Masron et al., 2012). Study of Wang and Wong (2011), proved 

that various incentives such as tax and financial assistance to MNCs attracts more potential foreign inflows. Many 

studies pointed out the negative consequences of FDIs on host countries. Investors and business entities are pulling 

out the profits from host to home countries (Hill & McKaig, 2015). Emerging economies are facing the trouble of over 

dependence on foreign inflows and irregular inflows and investment low priority and less- tech industries creating 

pressure on domestic firms Chen et al. (2010). The negative consequences lead to restricted entry of FDIs by those 

nations.  

 

Objectives of the study  

The purpose of present research is to know the conceptual framework of foreign direct investment and examine the 

effect of covid-19 epidemic on foreign direct investment flows from different countries to India for the time period 

2018 to 2022.  

 

Research hypothesis  

H01 = Foreign Direct Investment do not differ significantly between the years    

H02 = Foreign Direct Investment do not differ significantly between the countries   

H03 = Foreign Direct Investment do not differ significantly between the sectors    

  

Methodology of the study  

Sources for data collection 

The data has been gathered from secondary sources which include annual reports of Reserve Bank of India, journals, 

magazines.  
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Techniques for data analysis  

Information collected from different sources was examined with statistical technique of analysis of variance without 

replication  

 

Analysis and Discussion 

Figure 1 depicts that growth rate of inflows to Indian economy from other countries during the study period 

recorded positive growth except Mauritius and Germany. Switzerland recorded highest growth rate followed by US, 

Cayman Island, UK, Canada, Netherlands and Singapore. Figure 2 exhibits growth rate of inflows in various sectors 

to India. Analysis revealed that all the selected sectors showed a positive growth rate between 2018 to 2022 except for 

communication services and Electricity &other energy generation sectors. Education and R & D has highest inflow 

potential followed by mining, computer services, manufacturing, hospitality, transport, retail & wholesale, 

construction and financial services.  

  

Inference  

Since the value of F is 1.11 which is less than 2.92 therefore, we accept the null hypothesis concluding that overseas 

investments not differ between the years.  The value of F 23.28 is more than 2.16 therefore; we reject the null 

hypothesis concluding that overseas investments differ between the countries 

 

Inference  

 Since the value of F = 0.52 is less than 2.92 hence, we accept null hypothesis concluding that overseas investment 

not differ between the years. The value of F 4.72 is more than 2.16 therefore; we reject null hypothesis concluding 

that overseas investments differ between the sectors.  

 

CONCLUSION  

  
The study has found that there are significant differences between countries and sectors regarding foreign direct 

investment flows to India. Additionally, foreign direct investment flows do not differ significantly between the years. 

The present study is not free from limitations. Firstly, the study has been conducted based on secondary data. 

Secondly, the study covers a period of five years i.e. 2018 to 2022. Thirdly, the study has considered foreign direct 

investment flows of 11 countries. The limitations of this study can provide a scope for further qualitative study in the 

field of foreign direct investment from many countries; further studies can also continue the effect of government 

policy initiatives in specific sectors and its impact on foreign direct investment. The study concluded that foreign 

inflows are not sufficient for fostering economies like India. Especially more investment support is required in 

priority sectors such as manufacturing, energy, hospitality and other priority and growing sectors for fostering 

economic growth. Therefore, this study has a significant contribution to the government and policy makers to attract 

more funds in to the desirable sectors. 
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Table: 1- Country-wise Foreign Direct Investment flows to India (pre and post Covid) (US$ billions)  

Year Singapore US Mauritius Netherlands Switzerland 
Cayman 

Islands 
UK Japan UAE Germany Canada 

2017-18 12.2 2.1 15.9 2.8 0.5 1.2 0.8 1.6 1 1.1 0.3 

2018-19 16.2 3.1 8.1 3.9 0.3 1 1.4 3 0.9 0.9 0.6 

2019-20 14.7 4.1 8.2 6.5 0.2 3.7 1.3 3.2 0.3 0.5 0.2 

2020-21 17.4 13.8 5.6 2.8 0.2 2.8 2 1.9 4.2 0.7 0 

2021-22 15.9 10.5 9.4 4.6 4.3 3.8 1.6 1.5 1 0.7 0.5 

Average 15.28 6.72 9.44 4.12 1.1 2.5 1.4 2.24 1.5 0.78 0.32 

Growth 

rate 
30.33 400 -40.88 64.29 760 216.67 100 6.25 0 -36.36 66.67 

Source: RBI 

Table: 2- Sector-wise Foreign Direct Investment flows to India (US$ billions)  

Year 

Man

ufact

uring 

Computer 

services 

Commun

ication 

Services 

Retail & 

Wholesale 

trade 

Financial 

services 

Educati

on, 

R&D 

Tra

nsp

ort 

Constr

uction 

Hospit

ality 
Mining 

Electricity 

& other 

energy 

generation 

2017-18 9 3.4 9.1 4.6 4.6 0.4 2.5 2.8 0.5 0.1 2.8 

2018-19 9.6 3.7 6.5 4.9 7.2 0.9 1.2 2.3 0.8 0.3 2.6 

2019-20 9.6 5.1 7.8 5.1 5.7 0.8 2.4 2 2.7 0.3 2.8 

2020-21 9.3 23.8 2.9 3.9 3.5 1.3 7.9 1.8 0.3 0.2 1.3 

2021-22 16.3 9 6.4 5.1 4.7 3.6 3.3 3.2 0.7 0.4 2.2 

Average 10.76 9 6.54 4.72 5.14 1.4 3.46 2.42 1 0.26 2.34 

Growth 

rate 
81.11 164.71 -29.67 21.63 2.17 800 32 14.29 40 300 -21.43 

Source: RBI 
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Table: 3- Country-wise Foreign Direct Investment flows to India 

 Sum of squares  Df  Mean square  F  Critical value  

Between years 12.737 3 4.24568 1.114250267 2.92 

Between countries 887.357 10 88.7357 23.28807514 2.16 

Error 114.31 30 3.81035   

Total 1014.4 43    

 

Table: 3- Sector-wise Foreign Direct Investment flows to India 

 

 

Sum of 

squares 
Df Mean square F Critical value 

Between years 17.24091 3 5.74697 0.52171 2.92 

Between sectors 519.9364 10 51.99364 4.719985 2.16 

Error 330.4691 30 11.01564   

Total 867.6464 43    

 

  

Figure: 1-Country-wise Growth rate of FDIs from 2017-18 

to 2021-22 

Figure: 2-Industry-wise Growth rate of FDIs from 

2017-18 to 2021-22 
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