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ABSTRACT A huge increase in the percentage of the world's urban population poses resource management 
especially energy management challenges in smart cities. In this paper, the growing challenges of energy 
management in smart cities have been explored and significance of elimination of energy holes in converge 
cast communication has been discussed. The impact of mitigation of energy holes on the network lifetime 
and energy efficiency has been thoroughly covered. The particular focus of this work has been on energy-
efficient practices in two major key enablers of smart cities namely, the Internet of Things (IoT) and Wireless 
Sensor Networks (WSNs). In addition, this paper presents a robust survey of state-of-the-art energy-efficient 
routing and clustering methods in WSNs. A niche energy efficiency issue in WSNs routing has been identified 
as energy holes and a detailed survey and evaluation of various techniques that mitigate the formation of 
energy holes and achieve balanced energy-efficient routing has been covered. 

INDEX TERMS Balanced load routing, energy holes, energy management, Internet of Things (IoT), many 
to one communication, multi-hop communication, smart cities (SC), wireless sensor network (WSN)  

I. INTRODUCTION 
In the previous few decades, there has been a significant 
rise in the world's urban population. The percentage of the 
world's urban population has varied from 30% in the 1950s 
to 54% in 2014 and is expected to reach 66% by 2050 [1]. 
In addition, services offered by the modern cities include 
more information-oriented and collaborative city-systems 
cantered on digital information sharing between several 
services. 
Due to the huge increase in urbanization, condense big 
cities with huge populations introduce novel challenges for 
the authorities governing these cities. These challenges 
include resource management, environmental issues, 
citizen well-being and safety. The city infrastructures are 
expected to deliver prosperous economies, enhanced 
lifestyle, friendly business opportunities, optimum resource 
utilization and least environmental damage in order to be 
viable at not only local or national scale, but internationally 
[2]. This requires new technologies and novel approaches 
such as wireless sensors, smart devices, and systems, etc. 
to work in an interconnected and autonomous manner. 

Internet of Things (IoT) provides a foundation for such 
modern smart cities with inter-connected services and 
infrastructure. Such a smart city infrastructure can optimize 
not only energy, traffic and other city resources but can 
offer improvements in the health sector, academia, and 
public safety. This optimization of resources can improve 
the quality of life at a huge scale in the smart cities [3].  
The IoT uses modern technologies such as devices 
equipped with advanced sensors for data collection from 
real environments, micro-controllers, transceivers with 
digital communication capabilities, and suitable protocol 
stacks [4] for autonomous and improved service delivery in 
an urban context i.e., smart city. 
Due to the increasing applications of IoT in modern 
interconnected smart cities, the number of IoT devices are 
increasing day by day. According to Ericson's forecasts, 
this number will reach 5.5B by 2027 [5] whereas, the study 
conducted by Farhan et. al suggest that IoT devices 
worldwide will reach 24.1B by 2030 [6]. With a growing 
number of devices, there are challenges of increased energy 
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consumption in the transmission and storage of this huge 
data. International Data Corporation (IDC) forecasts that 
IoT connected devices are anticipated to contribute 79.4 ZB 
towards overall data in 2025 [7]. With the growing number 
of devices and increasing demand for energy, the challenge 
of energy consumption in smart cities and its enabling 
technologies such as IoTs and WSNs, needs to be 
investigated thoroughly.  
 

 

FIGURE 1. Significance of Energy Hole mitigation on overall lifetime 
increase of WSN Assisted IoTs in smart city. 
 
Furthermore, multi-hop communication and hierarchical 
routing are considered as energy efficient data gathering 
approaches used by such devices. However, due to varying 
amount of data and transmission distances of devices an 
imbalance in energy consumption has been identified as a 
significant challenge. As a result of this imbalance, the 
nodes closer to the gateway are prone to early depletion of 
available energy and form energy holes [8]. Therefore, in 
this paper the significance of mitigation of energy holes in 
the overall energy efficiency of Smart City infrastructure 
has been explored.  
Figure 1 explains the significance of mitigation of energy 
holes in hierarchical routing on the overall energy 
efficiency of smart city infrastructure. This can be achieved 
by maintaining balanced energy consumption of devices 
deployed at various levels and different locations within the 
networks. As discussed, earlier removal of energy holes 
with balanced energy consumption, increases network 
lifetime and energy efficiency of the hierarchical routing in 
WSN. The gain in energy savings is multifold as multiple 
WSNs are expected to operate collaboratively through IoT 
infrastructure to deliver the underlying characteristics of 
smart city. Figure 1 demonstrates how the removal of 
energy holes spreads the overall gain in energy savings 
throughout in the huge infrastructure as smart city. 
In this review paper fundamental characteristics and 
applications of smart cities are explored to identify the 
significance of the area. It is considered that Internet of 

Things (IoT) and Wireless Sensor Networks are 
fundamental enabling technologies for smart cities. For this 
reason, the challenge of energy consumption is thoroughly 
studied among these fundamental enablers of smart city 
infrastructure. Finally, it is uncovered that balanced energy 
consumption among battery constrained wireless sensing 
devices is critical. Limitations in the existing energy hole 
mitigation methods and open challenges for future research 
have been identified.  

A. Motivation 
This paper discusses energy-efficient approaches in WSN 
assisted IoTs that allow to achieve smart city characteristics 
and applications. Smart city is a huge infrastructure that 
encourages inclusion of modern technologies to offer an 
improved quality of life for the citizens. With the 
continuous addition of innovative technologies and 
increasing applications under the umbrella of smart city, 
resource management particularly energy management is 
one of the major challenges. One of the most important 
drivers of such applications is sensing technologies. Often 
sensing devices are deployed wirelessly to obtain 
information about their surrounding environment and to 
support collaborative services. Internet of Things (IoT) and 
Wireless Sensor Networks (WSNs) due to flexible 
communication infrastructure and effective data gathering 
capabilities are considered as fundamental enablers for 
such interconnected service delivery. This study starts with 
surveying the significance of energy management within 
smart city infrastructure including its characteristics and 
applications. A focus on energy efficiency in two major 
enabling technologies for smart city i.e., IoT and WSN has 
been maintained. It is identified that not only energy 
efficiency but balanced energy consumption among WSN 
assisted IoT devices is important to extend the network 
lifetime and performance. Finally existing energy hole 
mitigation techniques have been thoroughly explored and 
evaluated in terms of limitations and open challenges. The 
main goal is to ensure that the reader understands the 
impact of removal of energy holes on the overall energy 
savings of the smart city infrastructure. 

B. Contribution of This Survey: 
In contrast to the surveys included in Table 1, this study 
summarizes significant research on smart city 
infrastructure including characteristics, applications and 
enabling technologies. Energy efficient approaches in two 
major enabling technologies of smart cities i.e., Internet of 
Things (IoT) and Wireless Sensor Networks (WSN) have 
been thoroughly reviewed. Finally, energy hole mitigation 
techniques in hierarchical routing have been evaluated. 
Scalability and adaptivity of existing techniques in varying 
contexts have been considered as the main evaluation 
criteria. 
The following contribution are claimed in this survey: 

SMART CITY

REDUCED
ENERGY
HOLES

INCREASED 
ENERGY EFFICIENCY

IN WSN ROUTING

REDUCED
OVERALL ENERGY CONSUMPTION

IN HUGE NUMBER OF WSN 
APPLICATIONS

ENERGY SAVINGS IN 24.1 BILLION INTERNET OF THINGS
(IoT) CONNECTED DEVICES BY 2030

SMART CITY CHARACTERISTICS THAT RELY ON ROBUST AND RELIABLE
CONNECTIVITY CAN BE ACHIEVED WITH HUGE EFFICIENCY 

IN ELECTRICAL ENERGY CONSUMPTION
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1. The main contribution of this study is to provide 
holistic view on significance of balanced energy 
operation of heterogeneous devices with varying 
capabilities within a smart city infrastructure. It is 
identified in this research that balanced energy 
consumption in addition to energy efficiency increases 
network lifetime that in turn enhances the reliability of 
services offered by smart city. Interoperability and 
relationship of enabling technologies i.e., IoT and 
WSN has been thoroughly surveyed. 

2. This survey presents a thorough review of significant 
literature in smart city and energy efficient hierarchical 
routing techniques within WSN assisted IoTs to 
achieve smart city characteristics. The review also 
covers the relationship between smart city and its 
fundamental enabling technologies. 

3. This study presents an in-depth evaluation of existing 
hierarchical routing techniques with balanced energy 
consumption. Scalability and adaptivity of these 
techniques are judged in terms of their suitability in 
applications with varying network characteristics. 
Review demonstrates a comparison of existing 
techniques in terms of their suitability of operation in 
networks with different shapes i.e., 2D, 3D, square, 

circle etc., with different types of distribution of 
devices i.e., homogeneous and heterogeneous, with 
stationary and mobile devices, and with single and 
multiple base stations. 

4. The review provides compact classifications of energy 
management in WSNs and presents taxonomy of 
energy the hole mitigation techniques. A thorough 
discussion about advantages and limitations of each 
technique has been added. 

C. Organization of paper: 
The organization of the survey paper, as shown in Figure 2, 
is as follows: The related work has been included in section 
II. The survey methodology is explained in section III. 
Smart city attributes followed by smart city applications are 
explained in sections IV and V. Section VI discusses major 
enablers of smart city and in section VII Internet of Things 
and its key enablers have been explored. Section VIII 
elaborates energy management challenges in Wireless 
Sensor Networks. Section IX introduces classifications of 
existing balanced energy routing methods in WSNs. 
Evaluation of energy hole mitigation techniques has been 
presented in section IX. Finally, a conclusion has been 
added in the section X. 

 

FIGURE 2. Organization of the paper
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TABLE 1: SUMMARY OF THE TOPICAL COVERAGE IN RELATED SURVEYS 
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Similarities Differences 

The Role of 
Advanced 
Sensing in 
Smart Cities 
[9] 

Gerhard P. 
Hancke, 
Bruno de 

Carvalho e 
Silva and 

Gerhard P. 
Hancke Jr. 

20
13

 

MDPI Sensors Journal 

Overview of 
the state of the 
art with regards 

to sensing in 
smart cities. 

 🗸🗸 🗸🗸  🗸🗸 
Application of 

sensing in smart 
cities 

No discussion 
about energy 
holes. 

Everything 
you wanted to 
know about 
smart cities: 
The Internet 
of things is 
the backbone 
[10] 
 

Saraju P. 
Mohanty, 

Uma 
Choppali, 

Elias 
Kougianos 

20
16

 

IEEE Consumer 
Electronics Magazine 

Discussion on 
smart city 

infrastructure, 
applications 
and enabling 
technologies. 

 🗸🗸 🗸🗸  🗸🗸 

Growth in urban 
population, and 
its impact on 
Smart City. 
A brief coverage 
on survey of IoT. 

No discussion 
about the role of 
sensing 
technologies in 
SC. 
Energy efficiency 
and balanced 
energy 
consumption 
have not been 
covered. 
No survey of 
energy hole 
mitigation 
techniques. 

A Survey of 
Clustering 
Techniques in 
WSNs and 
Consideration 
of the 
Challenges of 
Applying 
Such to 5G 
IoT Scenarios 
[11] 

Lina Xu, 
Rem 

Collier, and 
Gregory M. 
P. O’Hare 

20
17

 

IEEE INTERNET OF 
THINGS JOURNAL 

Clustering 
techniques in 
WSN assisted 

IoTs 
considering 

energy 
efficiency and 

other QoS 
requirements. 

🗸🗸  🗸🗸  🗸🗸 

Survey of QoS 
requirements for 
WSN assisted 
IoTs. 
 
Discussion on 
energy efficient 
clustering 
methods. 

No focus on 
network lifetime. 
Balanced energy 
network 
operation not 
considered. 
Shape specific 
classification not 
provided. 

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2023.3327311

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



 Author Name: Preparation of Papers for IEEE Access (February 2017) 

2 VOLUME XX, 2017 

Survey Title Authors Y
ea

r 

Journal 
Research 
Questions 

H
ie

ra
rc

hi
ca

l 
R

ou
tin

g 

Sm
ar

t C
iti

es
 

In
te

rn
et

 o
f 

T
hi

ng
s 

E
ne

rg
y 

H
ol

es
 

E
ne

rg
y 

E
ffi

ci
en

cy
 

Similarities Differences 

A Survey of 
Network 
Lifetime 
Maximization 
Techniques in 
Wireless 
Sensor 
Networks 
[12] 

Halil 
Yetgin, 

Kent Tsz 
Kan 

Cheung, 
Mohammed 
El-Hajjar, 
and Lajos 

Hanzo 
20

17
 IEEE 

COMMUNICATIONS 
SURVEYS & 
TUTORIALS 

Review of 
developments 

in WSNs, 
including their 
applications, 

design 
constraints, and 

lifetime 
estimation 

models. 

   🗸🗸 🗸🗸 

Covers a survey 
of WSN Network 
Lifetime 
maximization 
Techniques. 
 

No focus on 
network lifetime. 
Balanced energy 
consumption not 
considered. 
Limited attention 
given to 
heterogeneous 
and 3D networks. 

A survey and 
taxonomy on 
energy 
management 
schemes in 
wireless 
sensor 
networks [13] 

Jaspreet 
Singh, 
Ranjit 
Kaur, 

Damanpreet 
Singh 

20
20

 

ELSEVIER: Journal of 
Systems Architecture 

A systematic 
taxonomy of 
energy 
management 
schemes in 
WSNs that 
examine 
various energy 
provisioning-
based 
techniques. 
 

 

🗸🗸  🗸🗸  🗸🗸 

Focus on the 
energy 
management 
schemes. 
Considers energy 
efficiency and 
energy holes. 
 

Impact of 
Network 
Lifetime 
maximization on 
Smart Cities not 
covered. 
Focus is not on 
efficient energy 
utilization. 
Limited attention 
given to 
heterogeneous 
networks. 
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Comparative 
Study of 
Energy 
Efficient 
Routing 
Techniques in 
Wireless 
Sensor 
Networks 
[14] 

Rachid 
Zagrouba 

and Amine 
Kardi 

20
21

 

MDPI Information 

Energy 
efficient 
routing 
protocols have 
been reviewed.  

🗸🗸    🗸🗸 

A thorough 
review of WSN 
protocols and 
energy efficiency 
is primary 
characteristic and 
a limited 
attention given to 
balanced energy 
consumption and 
hierarchical 
routing  

Does not cover 
relationship 
between Smart 
Cities, IoT and 
WSN. 
Limited 
discussion on 
network lifetime.  
A survey of 
balanced energy 
techniques in 
various protocols 
is not present. 

A Decade 
Review on 
Smart Cities: 
Paradigms, 
Challenges 
and 
Opportunities 
[15] 

Tarana 
Singh, Arun 

Solanki, 
Sanjay 
Kumar 

Sharma, 
Anand 

Nayyar, and 
Anand Paul  

20
22

 

IEEE Access 

Review of 
research on 
smart city 
initiatives 
between 2011 
and 2021. 
Emergence of 
this concept and 
discussion on 
the typical 
architecture.  

 🗸🗸 🗸🗸   

Contains a 
review of 
majority of 
concepts in smart 
cities and 
performs a 
thorough 
analysis of 
characteristics 
and architecture 
of smart cities. 
An overview of 
applications and 
enabling 
technologies for 
smart cities.  

The focus of this 
survey is on the 
security and data 
analytics but not 
on energy 
efficiency in 
smart cities. 
No deeper 
analysis of 
communication 
and network 
aspects. 
A limited 
attention has 
been given to 
WSN. 
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Holistic 
survey on 
energy aware 
routing 
techniques 
for IoT 
applications 
[16] 

Poornima 
M.R., 

Vimala 
H.S., 

Shreyas J. 

20
23

 ELSEVIER: Journal of 
Network and Computer 
Applications 

Energy-aware 
routing 
protocols and 
algorithms 
that require less 
energy 
consumption 
during data 
transmission 

🗸🗸 🗸🗸 🗸🗸  🗸🗸 

Covers the 
context of 
homogeneous 
and 
heterogeneous 
sensors in IoT. 
Focus on routing 
and does not 
consider 
clustering in 
detail. 
Only the protocol 
that are used in 
IoT. 
 

Impact of 
Network 
Lifetime 
maximization on 
Smart Cities not 
covered. 
Shape specific 
classification of 
the methods is 
important due to 
segmentation 
methods used but 
this survey does 
not classify 
methods with 
respect to  shape. 
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II. Related Work: 
To the best of our knowledge, no other review covers the 
significance of energy hole mitigation in relation to energy 
efficiency in smart city and its major enablers i.e., Internet 
of Things (IoT) and Wireless Sensor Networks (WSNs). 
However, there are surveys that are connected to different 
areas of this work. Table 1 summarizes the aspects covered 
by existing reviews in relation to this paper. 
Hanke et al. [9] presented an overview of the state-of-the-
art with regards to sensing applications in smart cities. 
Although this paper covered an analysis of the sensing 
applications in smart cities and IoT, it did not include the 
significance of mitigation of energy hole on the increase in 
network lifetime. This survey was conducted in 2013 thus 
the references included are outdated and do not cover the 
recent research in the area. 
Mohanty et al. [10] gave a literature summary to familiarize 
researchers with the emerging concept of smart cities. This 
review included discussion on smart city infrastructure, 
applications and enabling technologies. It included 
discussion about the impact of growth in urban population 
on resources required to achieve the attributes of smart city. 
Mohanty et al. also did not cover the role of sensing 
technologies and IoT to acquire the desired characteristics 
of smart city. This research also did not include the impact 
of energy hole mitigation and the advantage of balanced 
energy consumption on overall energy savings in smart city 
infrastructure. 
Xu et al. [11] reviewed clustering techniques in WSN 
assisted IoTs while keeping in view energy efficiency and 
other quality of service (QoS) requirements. Though 
energy efficient clustering is an important aspect to extend 
network lifetime, the overall significance of network 
lifetime maximization on smart city and IoT was not 
considered. While evaluating a clustering technique in 
terms of scalability, it is important to consider its operation 
in networks with different shapes. Xu et al. did not consider 
these parameters to evaluate the performance of energy 
efficient clustering techniques.  
An in-depth review of developments in WSNs including 
their applications, design constraints and lifetime 
estimation models has been provided by Yetgin et al. [12]. 
This survey covered energy efficient hierarchical routing 
and included a limited discussion on energy hole problem. 
However, research included only covers homogeneous 
device deployed within 2D networks whereas this work 
provides a thorough review of methods with varying 
network parameters. Furthermore, Yetgin et al. did not 
demonstrate the significance of network lifetime 
maximization on IoT enabled smart city. The focus of this 
review was on energy efficient clustering while a brief 
importance was given to balanced energy routing by 
mitigation of energy holes. 
Sing et al. [13] categorized the energy management 
schemes in WSNs but these schemes were limited to energy 

provisioning based techniques. On the contrary in this work 
techniques with efficient utilization of existing energy on 
network devices has been considered. Sing et al. also did 
not describe the relationship of energy savings through 
balanced network operation on smart city. 
Rachid Zagrouba and Amine Kardi conducted a survey on 
energy efficient routing protocols for WSN assisted IoTs 
[14]. The routing methods were classified based on latency, 
energy efficiency, next hop selection method, network 
architecture considered, initiator of communication, 
network topology, protocol operation, delivery mode, path 
establishment and application type. This review paid a 
limited attention to discuss the role of routing and 
clustering for enhanced network lifetime. The importance 
of energy efficient sensing in relation to smart city has also 
been ignored. 
Sing et al. [15] presented a literature summary of the 
emergence of smart city concept by exploring research 
between 2011 and 2021. This survey covered research in 
smart city with respect to the architecture. The discussion 
on enabling technologies such as WSN assisted IoT is not 
as robust. The focus was on importance of security and data 
analytics at each level of architecture as opposed to energy 
efficiency. An in-depth analysis of communication 
methods and the implications of imbalance in energy 
consumption was not included. 
The energy efficient operation of homogeneous and 
heterogeneous sensor networks has been surveyed by 
authors in [16]. This survey exhibited the performance 
evaluation of existing hierarchical routing protocols in 
WSN assisted IoTs while the concept of energy hole and 
balanced energy consumption was ignored. The review 
included a very limited discussion about the significance of 
increase in network lifetime on overall energy savings of 
the smart city infrastructure. 
 
III. Survey methodology: 
The survey covers energy challenge in trending research 
topics i.e., smart city and WSN assisted IoTs. A significant 
literature has been explored and significance of the 
literature has been measured according to the citations as 
well as relevance of the existing literature. The process 
used in conducting the survey is described in the following 
subsections. 

A. Research Questions: 
The aim of this comprehensive survey is to provide an 
overview of the energy management challenges with the 
increasing applications of sensing technologies in smart 
city and its fundamental enablers. The following research 
questions outline the overarching objective: 
RQ1. Why is energy management in sensing applications 
significant? 
RQ2. What are characteristics and applications of smart 
cities that require the use of sensing technologies? 
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RQ3. Which journals and forums have published 
significant research on the role of sensing technologies to 
achieve smart city attributes? 
RQ4. How is smart city supported by Internet of Things and 
Wireless Sensor Networks? 
RQ5. Which Journals and forums have published research 
on the role of WSNs and IoTs to enable smart city to 
achieve required attributes?  
RQ6. How can the existing research on energy management 
in WSNs be classified? 
RQ7. Identify and evaluate the major techniques that 
introduce balanced energy consumption among the network 
devices? 
RQ8. How can the existing energy hole mitigation 
techniques be classified? 
RQ9. Which Journals and forums have published research 
on the balanced energy consumption techniques? 
RQ10. What are the main network parameters that 
introduce challenges of scalability, adaptivity and 
suitability of different energy hole mitigation techniques in 
huge infrastructure such as smart city. 

B. Literature sources and search strategies: 
This survey considers literature survey from books, reports 
by reputed agencies, transactions, journals, research 
magazines and conferences proceedings. Based on the 
proposed research topic keywords related to research 
questions have been used in the first step to identify the 
relevant literature. These keywords included “smart city”, 
“sensing technologies/WSNs”, “IoTs”, “energy 
holes/hierarchical routing”, and “Network Lifetime/Energy 
efficient routing”.  

FIGURE 3. The number of papers between the years 1999 to 2023. 
 
Furthermore, citations from papers identified through 
keyword search were included while finding answers to the 
research questions. Around 130 references were shortlisted 
based on their citations and relevance to the research 
questions for the final review. The number of publications 

included over every three years period between 1999 to 
2003 has been shown in Figure 3.   

FIGURE 4. The percentage of resources from different databases. 
 
Figure 4 shows the percentage distribution of resources 
considered from major databases. Researchers interested in 
this area can clearly focus databases such as IEEExplore, 
and Elsevier. Category “others” includes books and reports 
in addition to a few data bases with low coverage of the 
topic area. 
A breakdown of the number of publications containing each 
keyword used in this search has been demonstrated in 
Figure 5. It can be seen that a significant literature has been 
covered across each keyword. Most papers considered have 
coverage of multiple keywords. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 5. The number of resources containing each keyword. 
 
Figure 6 shows the frequency of each type of the resource 
consulted. Majority of resources considered were journal 
and conference papers.  

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2023.3327311

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



 Author Name: Preparation of Papers for IEEE Access (February 2017) 

2 VOLUME XX, 2017 

 

FIGURE 6. Frequency of each type of the resource consulted. 

 
IV. SMART CITY CHARACTERISTICS 
In a smart city, to offer enhanced quality of life, the city's 
infrastructure must be structured on smart objectives of 
smart governance, smart economy, smart mobility, smart 
environment, smart people, and smart living, etc. [17], [18]. 
Figure 7 shows fundamental characteristics of a smart city 
infrastructure. 
 

          

FIGURE 7. Smart City characteristics [18] 
 
In relation to the characteristics of Figure 7, the European 
Parliament's Directorate General of International Policies 
in its study of 2014 on “mapping the smart cities in Europe" 
presents the working definition of smart city as: “city 
seeking to address public issues via Information and 
Communication Technology (ICT)-based solutions on the 
basis of a multi-stakeholder, municipally based 
partnership"  [18]. 
In order to achieve the above-mentioned characteristics of 
the smart city in an energy efficient manner the associated 
enabling technologies, applications and research challenges 
must be explored in detail. The next section contains an 
overview of energy efficiency in enabling technologies and 
applications to demonstrate the significance of the area. 

 
V. SMART CITY APPLICATIONS 
The smart city applications can be classified into seven 
broad areas as shown in Figure 8. 
 

  

FIGURE 8. Main application areas in Smart City [9]. 

A. SMART SURVEILLANCE 
Although conventional CCTV systems provide some level of 
infrastructure for smart surveillance there has been valuable 
research in advanced sensing capabilities, artificial 
intelligence, and collaborative methods to improve 
surveillance and prompt responses to the events of public 
safety. Conventional surveillance systems do not have built-in 
intelligence and are human operated however, modern sensing 
capabilities allow to monitor people's actions, issue triggering 
alerts for events and quicker responses to the events. 
Examples of such works include the use of infra-red videos 
[19] and infra-red cameras for tracking and detecting 
pedestrians at night. A framework in [20] to perceive items 
held by people, a crowd behavior monitoring algorithm in [21] 
and semantic video surveillance of [22] are some additional 
examples. 
There have been numerous other works in advanced sensing 
systems, connectivity, intelligence, and algorithms to improve 
smart surveillance systems for public safety in smart cities. 
There are challenges of complex infrastructures, 
heterogeneous technology environments and resource 
management that put limitations on the integration of all these 
advancements in smart city infrastructure. 

B. SMART CITY AND UTILITY 
Distribution of capital resources by the governments can be 
broadly classified into electricity and water distribution 
infrastructures. Both distribution networks have numerous 
applications to achieve smart attributes of a modern 
interconnected city: 

1) WATER SUPPLY SYSTEM 
Amongst the resources that make life possible not only in city 
but also in villages, an important resource is water. 
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Conventional water distribution systems consist of water 
collection, water storage and distribution. These systems 
generally consist of a network of pipes, storage tanks, control 
valves and several operating points. The limitations of such 
systems are that they do not incorporate modern sensing 
capabilities to detect fault locations, quality of water, prior 
distribution zones and available resources. In addition, they 
also lack intelligence and connectivity infrastructures to 
communicate the analysis of required sensing needs and 
available resources between several ends. 
Smart Water distribution requires advanced sensing and 
communication capabilities to improve the quality of service. 
Advanced sensors are deployed for continuous monitoring in 
the pipeline [23] for prompted and exact fault analysis. 
Sensors to detect vibration, pressure sound, and water flow are 
used for this purpose [24]. A Wireless Sensor Network has 
been deployed in [25] to monitor hydraulic, flow, acoustic 
data, and water quality. In addition to advanced sensing 
technologies, [26] presents a survey of connectivity 
advancements and IoT infrastructure for improved quality of 
service in water distribution systems. 
Although these recent advancements in the area provide 
improved water distribution architectures for the smart cities, 
they pose challenges of expensive architecture and increased 
energy consumption. 

2) ELECTRICITY DISTRIBUTION SYSTEMS 
Electricity distribution systems are as important as water 
distribution systems and so is electricity an important 
resource. Traditional distribution systems that distribute 
electricity are recognized as least intelligent as they dictate 
unidirectional flows from generating stations to consumers. 
However, Smart Grid (SG) works as an automated distributed 
advanced energy supply network by using bidirectional 
information and electricity flow [27]. Smart Grid (SG) is a 
modern electric system that uses two-way information to 
deliver the tasks of electricity generation, transmission, and 
distribution to the consumption level with the help of modern 
cyber-secure methods, and advanced computational 
intelligence. This allows the electric system to be deliverable 
to the population in a cleaner, safer, secure, reliable, resilient, 
and sustainable fashion [27]. Such grids cover the service 
delivery in its entirety from the generation of electricity to 
consumers and different levels of substations [28]. 
Smart grid is a complete framework for electricity generation 
and distribution in an optimized and intelligent manner. 
Various surveys on the smart grid have been completed in 
[29]–[42], that discuss comprehensively different aspects and 
challenges in smart grid to meet the requirements of the 
modern smart city model. These surveys and a lot of others 
reflect the recent activity and vast applications and 
developments in smart grids to meet the requirements of 
energy efficiency, data security, prompted demand responses 
and coherent fault removal, etc. However, the challenges of 
energy efficiency are still under debate and need revisiting 
consistently with the new advancements in technology. 

C. SMART BUILDINGS 
Traditionally buildings were built based on the drawing, 
structural, materials and other feasibility plans which were 
limited to the initial planning. There was a lack of provision 
for continuous developments in such plans as they were made 
only at the start. In addition, the operational management of 
buildings were carried in a fashion where there was lack of 
communication and connectivity between different operations 
of the building. 
A smart building not only integrates modern technologies and 
connectivity features but also revisits several services in a 
manner that structural health, optimum resource utilization 
and comfortable living or service is provided to the people. 
More precisely smart buildings term refers to buildings 
equipped with advanced and integrated technology systems to 
support building services. Such integrated building technology 
systems include automation systems, safety systems, 
telecommunication systems, and different facility 
management systems [43]. 
In this regard, many areas have been explored to introduce and 
improve smart building systems within smart cities. In [44] an 
architecture for green and sustainable smart buildings and 
associated challenges have been explored. In [45] researchers 
present a recent survey on next generation smart sensing 
technologies for improved structural health monitoring of 
smart buildings. Opportunities and challenges of Heating 
Ventilation and Air Conditioning (HVAC) systems in large 
scale buildings have been discussed in [46] to improve smart 
behaviors in terms of resource utilization in smart buildings. 
Most importantly, [47] discusses smart technologies for 
efficient and sustainable energy and other resources utilization 
in smart buildings. 
In the current context, only an overview of a few prominent 
applications of smart buildings has been mentioned. These 
horizons of smart city applications identify the importance of 
resource utilization in the implementation of these services. 

D. SMART HEALTHCARE 
Due to the tremendous growth in population and the reason 
that primary healthcare in the cities is not only projected for 
citizens but also for the referred patients from the villages and 
nearby cities, traditional healthcare services are unable to 
accommodate everyone. Also, during extraordinary 
circumstances like recently due to globally declared 
pandemic, present conventional and static health service 
capabilities are insufficient. A dynamic, flexible, and 
stretchable health service infrastructure is the need of time. 
Although advanced infrastructures and state of the art medical 
technologies are available today, expensive, and limited 
facilities make them unapproachable for everyone [48]. To 
deal with such circumstances one of the main objectives for 
smart healthcare is to make people self-health aware by 
educating them about medical status and terminologies. 
COVID-19 self-testing kits are a good example of such 
services. However, there is still a huge need to transform the 
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current health facility to a large-scale flexible and stretchable 
manner so that such health service crisis can be dealt with 
promptly. Such a Smart healthcare provides users with an 
ability to self-tackle some emergency situations [10]. In 
addition, Smart healthcare allows optimum resource 
utilization by remote monitoring of patients and reduces cost. 
Remote health monitoring is achievable through emerging 
Wireless Body Area Networks and IoT devices [49]. IoT is 
fundamentally based on advanced sensor technologies while a 
sensor is used to recognize events with its built-in analytical 
ability combined with a biological element [50]. 
Smart healthcare is not only an advanced version of healthcare 
but a requirement for people's awareness and control of 
disease growth rates. With the increasing number of chronic 
diseases, especially in developing countries, it is necessary to 
use ICT for early discovery and stoppage. This also reduces 
the overall expenditures on healthcare [51]–[53]. 
Research published in [54] discusses a comprehensive survey 
of enabling technologies for smart healthcare and considers 
IoT as the backbone for smart healthcare. These enabling 
technologies and sensor infrastructures raise the challenges of 
complexity, energy efficiency, privacy, and heterogeneous 
network structures, etc. 

E. SMART SERVICES 
Conventional law enforcement models are impractical and 
inefficient in modern smart cities [9]. IBM in their smarter 
planet initiate have proposed solutions to such law 
enforcement issues. These solutions integrate investigations, 
geographic information systems (GIS) and intelligence 
analysis [55]. Such solutions enable information sharing 
between different agencies that results in an efficient, 
coherent, and synchronized implementation of the law. 
Fire-fighting is one more service that could result in efficient 
facility with coordinated and connected services infrastructure 
as in an IoT enabled smart city. Traditional fire-fighting could 
be enhanced as discussed in [56]. TelosB based wireless 
sensor networks are placed on fire-fighters bodies. Each 
TelosB mote is equipped with sensors to measure temperature, 
carbon dioxide, hydrogen, and hydrocarbon concentration. 
This enables fire-fighter to know their locations relative to 
other fire-fighters within the network using Received Signal 
Strength Indicator (RSSI) based localization. This also allows 
fire-fighters to compute escape paths. 
There is huge potential in introducing more public services 
using IoT and Smart city infrastructures. There are still 
challenges for standardization and legislation in this regard. A 
complete architecture can allow increased efficiency of such 
services with improved service satisfaction. 

F. SMART TRANSPORTATION 
Due to the massive rise in the number of vehicles on roadways 
in recent years, there is a growing need for effective traffic 
management for optimum traffic flow with reduced traffic 
jams, especially at peak times. Conventionally, this was 

managed with the help of traffic lights that either was 
controlled on fixed time interval switching or human 
controlled. Start and stop function in modern vehicles is a 
traffic adaptive management system and can result in reduced 
fuel consumption. Intersections are the critical points where 
such methods would increase efficiency if appropriately 
managed. In this situation, a method to estimate the number of 
cars approaching an intersection could generate information 
for dynamic switching intervals of traffic lights depending on 
traffic conditions at different times. However, such a method 
must be based on accurate data from real-time sensors in order 
to make an intelligent estimation. Advanced sensing, IoT and 
wireless technologies are key enablers for such systems. 
Methods, where traffic lights and stop signs are completely 
removed, have also been presented in [57]. In such methods 
vehicles communicate with each other while approaching an 
intersection to avoid collisions. In [57] coordinated time-slot 
allocations have been used to avoid collisions at intersections. 
Another method to manage this in a coordinated manner is 
through the use of Radio Frequency IDentification (RFID) 
wireless communication between the vehicles and traffic signs 
[58]. [59] presents a comprehensive survey on applications 
and technologies used for smart traffic systems in a smart city 
context. Advanced sensing technologies are the backbone for 
smart traffic systems. The limited energy resource and 
inefficient utilization of available energy resources are very 
disadvantageous in smart cities. 
This increase in application areas and technological 
advancements in Information and Communication 
Technologies (ICTs) and their integration in modern smart 
city infrastructures pose challenges on available resources. 
One of the major challenges is energy consumption in these 
ICTs and smart devices in order to achieve the smart 
characteristics of a smart city. According to analysis in [60] if 
remarkable improvements were not made in the electricity 
efficiency of wireless access networks and fixed access 
networks only Communication Technology (CT) could use as 
much as 51% of global electricity by 2030. According to 
research, 75% of the world's capitals and energy is used by 
cities [10]. According to [61] if the urban expansion continues 
to grow at present rate urban energy consumption which was 
observed 240 EJ in 2005 will reach 730 EJ by 2050 which is 
threefold. This limitation in an imbalance of demand and 
available resources, and then must be elaborated. Here we will 
discuss fundamental enablers of a smart city so that this energy 
consumption challenge can be broken down into different 
areas. 
 
VI. SMART CITY FUNDAMENTAL ENABLERS 
Different architectures for smart cities have been proposed 
based on foundational concepts of instrumented, 
interconnected, and intelligent services [62]. To understand 
the challenges of energy it is better to understand different 
divisions of smart cities. In their report on China's smart city 
pilots’ authors in [63] conclude that most of China's smart 
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cities are adopting four-layer architecture that consists of 
sensing layer, processing layer and application layer. Internet 
of Things (IoT) and cloud computing are key fundamental 
technologies that allow interconnected and coordinated 
decisions between several services of such a smart city 
infrastructure. 

A. CLOUD COMPUTING 
Cloud computing gives rise to virtual data centers with 
processing and storage of data in a cost-efficient and timely 
manner [64]. Such computing can allow quick data storage 
and fetching for services to produce collaborative results 
efficiently. Cloud computing offers huge peta-bytes of data 
storage and processing capabilities with their unlimited 
expansions. Cloud computing provides energy efficiency due 
to reduced data transmission distances as in centralized 
computing methods. 

B. INTERNET OF THINGS 
Figure 9 below shows that the smart characteristics of a smart 
city rely on a robust and reliable network which not only 
demands high speed, continuous connectivity and vast 
coverage but also features such as mobility, the autonomy of 
operation, collaborative decisions, etc. [17], [18]. Internet of 
Things (IoT) is a revolutionary paradigm for such 
heterogeneous interconnection of ubiquitous computing 
devices. 
 

    

FIGURE 9. Reliance of Smart City characteristics on connectivity. 
 
Internet of Things (IoT) is a huge infrastructure that works as 
a backbone to achieve core objectives of a smart city. It is very 
important to further elaborate energy consumption in IoT and 
its enabling technologies to achieve objective of energy 
efficiency. 
 
VII. INTERNET OF THINGS AND ITS KEY ENABLERS 
Internet of Things is a radical evolution of the present internet 
into a network of interconnected things that not only harvests 
information from environment (sensing) but interacts with the 
physical world [65], [66]. The Internet of Things is a state-of-
the-art technology that proffers to connect an excess of digital 
devices equipped with several sensing, actuation, and 
computing capabilities with the Internet [67]. This allows an 
autonomous and improved service delivery in the context of a 
smart city. 
Various forecasts have been made about the growing number 
of IoT devices. As mentioned above [5] this number in 
predicted to be 4.1 B in 2024. In addition, it is forecasted by 

International Data Corporation (IDC) that the data generated 
by these devices will reach 79.4 ZB in 2025 [7]. 
This huge increase in the number of devices and associated 
data transmission introduces constraints in the energy 
consumption of information and communication technology 
(ICT) used for IoT proliferation in smart cities. 
To consider the challenges in energy consumption of these 
devices and data transmissions it is important to break down 
IoT in its enabling technologies. [68] provides a very good 
survey of the enabling technologies for IoT. In this survey, the 
authors divide the IoT infrastructure into four layers and 
classify enabling technologies with respect to the layer they 
function in. The four different layers as shown in Figure 10 
have been named as perception layer, network layer, service 
layer and application layer. Enabling technologies only work 
in the first three layers. The enabling technologies and 
corresponding layers they perform in are described below. 
 

 

FIGURE 10. IoT enabling technologies explored. 
 
The perception layer consists of sensing capabilities [4] and its 
primary function is to recognize and track objects [68]. The 
network layer is known as the transmission layer [69] and is 
used to govern routing and provides support for data 
transmission functions [68]. The third layer which is located 
between the network layer and application layer is the service 
layer. The service layer provides services that can support the 
application layer [4]. Finally, the application layer performs a 
bridging function and receives data transmitted by network 
layer. This layer then uses this data to support the required 
services or operations. For example, application layer can 
provide the storage facility to maintain the backup of received 
data or can provide analysis facility to perform evaluation 
operations on the data acquired. Due to the enormous 
transmission data as big as 79.4 ZB as a result of the increased 
number of devices as mentioned in the previous section, a 
significant energy resource is spent on data gathering, 
transmission and storage. Efficient management of this 
infrastructure and its key enablers at the perception layer is 
very important. The main enabling technologies are Wireless 
Sensor Networks (WSNs), Radio Frequency IDentification 
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(RFID), Barcode, 2-D Code, RFID sensor networks (RSNs) in 
the perception layer as shown in Figure 10. 

A. RADIO FREQUENCY IDENTIFICATION (RFID) 
Radio Frequency IDentification (RFID) is a widely used 
technology in IoT that uses radio signals over a short distance 
[60] to identify and track objects. RFID system infrastructure 
uses RFID tag on the object to be tracked, RFID reader and 
antenna [70]. An RFID tag is a unique code that is put on the 
object. RFID uses radio signals to read the code and the signals 
are transmitted between the tag and reader using an antenna. 

B. BARCODE 
Barcode also called 1-D code consists of different width of 
black lines separated by different widths of white spacing. 
These lines are arranged with special coding [71]. A machine 
is used to scan the bar-code and read the information in it with 
the help of an infrared beam [72]. There are limited chances of 
managing energy at this level. 

C. 2-D CODE 
2-D code saves information in the form of black and white 
color pixels laid on a plane. Black color pixels represent a 
binary “1” value and white color pixel represents a binary “0” 
value [73]. In comparison to bar-code 2-D code is highly 
reliable, has better robustness and gives high information 
content etc. [74]. 

D. WIRELESS SENSOR NETWORKS (WSNs) 
Wireless sensor networks are used for monitoring various real-
time variables in different IoT devices [73]–[75]. WSNs serve 
as a bridging function between the physical world and cyber 
world [76]. Using WSN gives the advantages of scalability, 
reliability, small size, and low cost as compared to other 

technologies. But deploying small battery nodes poses 
challenges of energy requirements and long-life requirements. 
This will be discussed in detail later. 
 
VIII. ENERGY MANAGEMENT IN WSNs 
The wireless sensor network is a foundational technology for 
IoT [77]. Increased energy consumption in IoT can be dealt 
with using lightweight routing and data aggregation protocol 
stack or limiting energy consumption in wireless sensor 
networks itself [77]. 
A sensing node consumes power in sensing, processing, 
storing and communication [78], where the most common 
source of power for a sensor node is an electrical battery [79]. 
In a large-scale network of nodes like WSN-Assisted IoTs 
with dissimilar conditions such as surrounding environment, 
area of the network, etc. battery-powered sensor nodes cannot 
be suitably replaced or recharged [80]. 
Energy consumption in WSN is important to decide the 
overall network lifetime. Network lifetime can be improved 
by either increasing the electrical battery of individual sensor 
nodes or by finding methods of efficiently using the available 
electrical energy as shown in Figure 11. Besides conventional 
methods of increasing electrical battery life, methods of 
capturing ambient energy [81]–[84] and wireless energy 
transference approaches have been developed in [85] and [86] 
to increase energy provision at the sensor node. However, 
ambient energy is not a reliable source [87] and energy 
transference approaches introduce environment noise. 
In this survey, we focus on efficient energy utilization methods 
in wireless sensor networks for IoT. Among the four energy 
consuming operations i.e., sensing, processing, storing, 
transmission, and reception operations the most dominant 
consumer of energy is the network node's radio operations 
[88]–[90]. 

 

    

FIGURE 11. Taxonomy of energy management approaches in WSN. 

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2023.3327311

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



 Author Name: Preparation of Papers for IEEE Access (February 2017) 

2 VOLUME XX, 2017 

 
Recent techniques to reduce energy consumption in radio 
operations of a network node, in the context of IoT can be 
broken into the following areas: transceiver circuit design, 
transmission power control, use of lightweight protocols, 
opportunistic transmission schemes, cognitive radios, and 
energy-efficient routing [91] as shown in Figure 11. A detailed 
survey about all these techniques is beyond the scope of this 
survey paper however, a focus has been maintained on lifetime 
maximization routing schemes for WSN assisted IoTs that 
support smart cities. 
Typically, wireless sensor networks contain hundreds or 
thousands of sensor nodes in an IoT context. Besides sensing, 
routing sensed data to a gateway is also a primary purpose of 
these nodes. Energy efficiency in routing this data is very 

important to increase the overall network lifetime of WSN 
assisted IoT. Taxonomy in Figure 11 shows two major 
classifications of WSN routing protocols: flat routing and 
hierarchical routing protocols. In flat routing, each node plays 
the same role as shown in Figure 12(a), but due to such a large-
scale deployment of nodes, routing is not energy efficient [92]. 
A hierarchical routing protocol as shown in Figure 12(b), 
defines structural hierarchies where lower layer nodes perform 
sensing tasks and higher layer nodes relay the aggregated data 
from lower layer nodes. Such a hierarchical deployment of 
nodes divides the network into clusters where each cluster has 
a cluster head (CH) at a higher layer. Hierarchical routing 
gives advantages of scalability, longer lifetime, low latency, 
and energy efficiency [92]. 

 

   

FIGURE 12. Two popular routing topologies: (a) Flat routing topology and (b) Hierarchical routing topology [92] 
 
Due to multi-hop communication of clustered WSNs, nodes 
closer to the sink suffer from increased load, resulting in 
unbalanced energy consumption across the network. Higher 
layer nodes consume more energy as compared to lower layer 
nodes and result in the early death of a node. This, in addition 
to increased energy consumption, also introduces the problem 
of energy holes. According to [8], 90% of the total initial 
energy is still unused when the network lifetime is over. A 
network is said to be stable if the time duration between the 
death of the first node and last node is minimum [80]. 
 
IX. BALANCED ENERGY ROUTING IN WSNs 
Hierarchical routing has proven to be energy efficient as 
compared to flat routing methods due to the separate roles of 
different sensor nodes. 
One of the first and significant hierarchical routing protocols 
is Low Energy Adaptive Clustering Protocol (LEACH) [93]. 
The operation of LEACH is broken into rounds where each 
round of operation constitutes a set-up phase and a steady-state 
phase. In the set-up phase clusters are organized and the 
steady-state phase contains data transfer operations towards 
the base station. For each new selection of a set of (CH) nodes, 
a new round starts. LEACH gives advantages of energy 
efficiency in routing due to clustered nature of nodes and 

balanced load distribution between the nodes by rotation of 
(CH) role among nodes. However, since (CH) selection is 
randomized, the probabilistic balanced operation of nodes is 
not completely achieved. In LEACH base station (BS) is fixed 
and nodes are homogeneous in terms of initial energy which 
limits it to certain scenarios. It does not include inter-cluster 
multi-hop communication that can enhance the network 
lifetime. 
To further reduce the energy consumption by computation of 
(CH) selection LEACH Centralized (LEACH-C) an extension 
of LEACH was proposed by [94]. In this protocol the 
centralized cluster formation by a (BS) is implemented. This 
reduces energy consumption by energy-constrained sensor 
nodes due to complex computations for cluster formation and 
(CH) selection. In each round of operation number of (CH)s 
in LEACH-C equals a pre-determined optimal value. The 
advantage of LEACH-C is that the (BS) makes sure that a node 
with less energy does not become a (CH). Its disadvantage is 
that the (BS) decides on the global information from the 
network and nodes farther from the (BS) are unable to send 
their energy and location status to the (BS) in large-scale 
networks. 
Hybrid Energy-Efficient Distributed clustering (HEED) [95] 
is a multi-hop clustering algorithm that limits the cluster 
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formation time to certain iterations and brings the distributed 
decision opposite to LEACH-C. (CH)s are selected based on 
local information about residual energy and intra cluster 
communication costs. The advantage of HEED is that it is not 
limited to homogeneous energy nodes and uses multi-hop 
communication between (CH)s and (BS), but HEED gives the 
disadvantage that it produces a larger number of (CH)s and 
only considers a two-level hierarchy. 
Cluster-Chain Mobile Agent Routing (CCMAR) [96] focuses 
on data aggregation methods to improve the energy 
consumption of WSNs. CCMAR seemingly improves the 
energy efficiency by embedding advantages of cluster-based 
and chain-based strategies of LEACH [93] and Power efficient 
Energy Gathering Sensor Information Systems PEGASIS [97] 
respectively. Where CCMAR reduces the disadvantages of 
overhead and latency in LEACH and PEGASIS respectively, 
its mobile agent deployment for data aggregation from (CH)s 
also introduces the challenges of fault tolerance, security, and 
increased length of topology formation cycle. 
Wireless Sensor Network Energy Hole Alleviating 
(WSNEHA) algorithm [98] uses adaptive range adjustment 
strategy to enhance network lifetime. It balances the energy 
consumption of first radius nodes to the sink but does not 
address the energy consumption of other regions. Energy 
consumption is unbalanced in other regions of WSNs and can 
cause energy holes in other regions. To extend the WSNEHA 
algorithm, authors in [99] proposed a Balanced Energy 
Consuming and Hole Alleviating (BECHA) algorithm which 
levels the load distribution of the entire network. A further 
improvement of BECHA is Energy Aware BECHA (EA-
BECHA) which was proposed later in [100], to reduce the 
packet drop and further increase the energy efficiency. These 
efforts do not address end to end delay and are not adaptable 
to a few scenarios with different kind of network such as 
Under Water Sensor Networks with mobility and strip-based 
networks with linearly extending network architecture. 

Hierarchical routing has proven to be energy efficient as 
compared to flat routing methods due to the separate roles of 
different sensor nodes. 
In strip-based WSNs, [101] presented an accurate-distances-
based transmission scheme to achieve balanced load 
distribution but again the scheme is not adaptive for other 
kinds of WSNs. Balanced Energy Adaptive Routing (BEAR) 
[102] is another similar attempt that only focuses on a typical 
kind of network and not others. Energy hole mitigation 
techniques for hierarchical routing in WSNs can be classified 
into the following primary areas as shown in Figure 13. 
 

• Mobile Sink Deployment 
• Variable Transmission Range Nodes 
• Assisted Node Deployment 
• Unequal Clustering 

 
Details and techniques belonging to each class have been 
explored further in below discussion. 

A. MOBILE SINK DEPLOYMENT 
In a many-to-one communication architecture, the load for 
relaying the data increases at nodes nearer to the sink. For this 
reason, such a communication produces imbalanced energy 
consumption amongst the nodes. By using a mobile sink this 
load can be diverted onto other areas with rich energy nodes 
for a certain period. In such a network, where the sink is 
constantly changing its position, routing with minimum 
information loss becomes challenging. A mobile sink, with a 
virtual grid infrastructure for this purpose, has been proposed 
in [103]. Continuously tracking the location information of the 
sink node introduces overheads and makes the overall system 
inefficient in terms of energy consumption.  
 
 

 

FIGURE 13. Taxonomy of Energy Hole mitigation techniques. 
 
Deployment of mobile relay nodes considered in [104] is a 
potential solution to such a problem in mobile sink 
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deployment. Although the routing protocol is less complex 
and needs low processing, it introduces latency in the overall 
network operation. 
The primary disadvantage of mobile sink deployment is 
latency and increased power consumption in moving the 
mobile relay or sink nodes throughout the network. 

B. VARIABLE TRANSMISSION RANGE 
Energy consumption in the transceiver of network nodes 
depends on transmission distance, number and sizes of the 
data packets to be transmitted. Transmission power increases 
with distance and vice versa, the Balanced Load Distribution 
(BLOAD) [105] scheme prolongs the stability period and 
lifetime by dividing the data of each node into three fractions: 
small, medium, and large. For even distribution of these 
fractions of data, the transmission range of each sensor node 
is calculated in a logical manner on the basis of transmission 
distance and amount of data aggregated by the corresponding 
node. One of the major disadvantages of this scheme is that 
each node sends a fraction of data directly to the sink, which 
might not be possible in a large-scale Internet of Things 
infrastructure, where nodes are distributed very far away from 
the sink node in many applications. Additionally, BLOAD 
only addresses the problem of a specific type of network i.e., 
Under Water Sensor Networks (UWSNs) and does not address 
the feature of terrestrial and body area types of WSNs. 
The super links-based data drainage scheme [106], uses nodes 
with extraordinary transmission link capabilities at logically 
worked locations. This scheme brings the concept of hybrid 
transmissions between direct and multi-hop transmission. 

C. ASSISTED NODE DEPLOYMENT 
Recently the challenge of energy hole in many to one 
(converge cast) communication of WSNs has been tackled by 
assisted node deployment methods in a variety of ways [107]–
[111]. Assisted node deployment gives an advantage in 
increasing the overall network lifetime by balanced energy 
consumption. There are two main ways through which 
assisted node deployment can balance the energy consumption 
of the network as listed in Figure 13. 
Firstly, by dividing the network area into suitable regions and 
then deploying extra energy nodes (super nodes) in areas 
where energy holes occur i.e., areas near to the sink. One such 
attempt was made by authors in [112], where the overall 
network area is divided into different coronas and super nodes 
are deployed by mathematical calculations for a balanced 
operation of the network. This technique was more suitable for 
circular sensor areas and networks with identical coronas. 
Also, extra energy nodes are deployed which is not an efficient 
utilization strategy. 
Secondly, assisted node deployment can achieve a balanced 
consumption if the density of homogeneous energy nodes is 
increased in the area near the sink. Energy balanced Node 
Deployment with Balanced Energy (END-BE) [110] 
determines a function that calculates a number of nodes in 

each successive corona by fixing initially the number of nodes 
in the outer corona for the balanced operation of the network. 
Further, it also proposes END-MLT for Maximum Lifetime. 
This is done by rearranging appropriate sensor nodes in the 
outer corona, to achieve energy balance. This denser node 
deployment produces redundant data near the sink [107]. 
Similarly, [109] uses Archimedes spiral for distribution of 
nodes in the coronas and increase of energy efficiency. These 
methods give a balanced energy consumption but sometimes 
control over deployment strategy is not achievable in holistic 
environments.  
In addition to the above assisted node deployment methods, 
additional relay nodes can be deployed to assist cluster heads 
(CH)s in their data relaying operations. One such work is 
presented in [111] where relay nodes have been deployed to 
reduce the load on (CH)s. The method balances energy 
consumption but at the cost of high energy, and expensive new 
nodes deployed. 

D. UNEQUAL CLUSTERING 
Unequal clustering algorithms are different from traditional 
uniform clustering algorithms such as (LEACH) [93] in such 
a way that cluster sizes are different. By reducing the 
aggregation load, for (CH)s nearest to a sink node, allows the 
clusters to save more energy for relaying the data. In this 
manner, unequal clustering methods are attractive for 
balancing the load in the overall network. 
First, the Unequal Clustered based Routing (UCR) protocol 
was proposed in [113]. It consists of two parts: Energy 
Efficient Unequal Clustering (EEUC) algorithm to manage 
topology and greedy geographic and energy-aware routing 
protocol for inter-cluster communication. EEUC selects (CH)s 
using local information in such a way that clusters closer to the 
sink have smaller sizes. UCR enhances the network lifetime 
by balancing the load, but it is not feasible for heterogeneous 
sensor nodes with a multiple parameter sensing environment. 
The cluster size is only dependent on the distance between the 
(CH) and sink but a more detailed analysis considering other 
factors like transmission power could give better results. In 
Energy Balancing Unequal Clustering Approach for Gradient-
based routing (EBCAG) [114], (CH) compresses data 
received from each member node by a fixed aggregation 
coefficient. In EBCAG each node keeps a gradient value that 
is worked in a manner that defines the minimum hop count to 
the sink. Cluster sizes are computed based on gradient value 
of the chosen (CH) and a ring-based network model is 
constructed. Although cluster sizes account for minimum total 
energy consumption and balanced load distribution in the 
rings but the computation of the number of rings is not 
thoroughly addressed. Including more parameters like 
transmission power could better this computation, also the 
determination of the optimal number of rings is very important 
which is ignored. Constructing Optimal Clustering 
Architecture (COCA) of [115] divides the sensor field into 
equal-sized square units. Units closer to the sink should have 
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more clusters than the ones away. Based on minimum energy 
consumption and balanced load distribution, an optimal 
number of units is worked out. COCA performs better than 
UCR, but it is very complex and the division of the sensor field 
into square units is not tractable. 
For energy efficiency, it is convenient to use a single sink for 
several types of sensor nodes deployed in the same area, 
monitoring various kinds of parameters. Such a network is an 
example of a heterogeneous sensor network and efficient 
energy utilization of sensor nodes in such a network is even 
more important as compared to homogeneous sensor 
networks. This factor of heterogeneity has been considered in 
the Stable Election Protocol (SEP) [116] but it limits the 
heterogeneity to only two types of nodes. The decision on 
whether to be a (CH) or not is made by each kind of node based 
on its election probability weighted by its initial energy 
relative to other kinds of nodes. SEP only provides a two-level 
heterogeneity and is also not suitable when heterogeneity is 
caused by several types of data gatherings of different nodes. 
SEP does not use unequal clustering as shown in Table 2 
which can provide further advantages for balanced load 
distribution. Distributed Energy Efficient Clustering (DEEC) 
[117] considers multi-level heterogeneous nodes and (CH)s 
are selected by the probability based on the ratio between the 
remaining energy of each node and the average energy of the 
network. DEEC achieves a longer lifetime than SEP and has 
several levels of heterogeneity but once determined the node 
with high residual energy continues to penalize it, which 
results in the early death of such a node as shown in Table 2. 
DEEC also does not account for unequal clustering which can 
minimize the overall advantage that could have been achieved. 
Developed DEEC (DDEEC) in [118] is considered that after a 
few rounds, advanced nodes may contain the same residual 
energy as the normal nodes, hence the election probability as 
(CH) is calculated in a similar fashion if that is true. This 
reduces the consistent penalty on the nodes with high residual 
energy, but DDEEC only considers two levels of 
heterogeneity as shown in Table 2, thus ignoring multilevel 
heterogeneity. Enhanced DDEEC (EDDEEC) [119] enhances 
DDEEC to three levels of heterogeneity but does not use 
multi-hop communication between (CH)s. On the other hand, 
in [120] and [121], two new protocols, LEACH-Energy 
Association (LEACH-EA) and LEACH-Load Balancing 
(LEACH-EC), are proposed to improve the energy 
consumption and thus extend the network lifetime. These two 
protocols are then evaluated in homogeneous and 
heterogeneous environments and compared to other protocols, 
namely LEACH, Threshold sensitive Energy Efficient Sensor 
Network protocol (TEEN) and SEP. The results obtained 
showed that these two approaches are significantly better than 
these protocols in terms of energy consumption and stability. 
To reduce sensor node energy consumption, several 
researchers have focused on using K-Means, particularly in 
large-scale networks. But this research has not given much 
attention on the impact of K-Means on network performance 

and quality of service (QoS) metrics such as throughput, 
energy, latency, etc. [122] applied the K-Means algorithm in 
the LEACH routing protocol before the CH election to 
minimize energy consumption. This approach applied K-
Means before CH selection and studied the impacts of K-
Means on several QoS criteria. Applying K-Means prior to CH 
election divides the network into K clusters where all nodes in 
each cluster are very close to the centroid location, making the 
nodes closer to the CH. As a result, LEACH-K reduced energy 
consumption and latency, increased network stability time, 
network lifetime, and throughput. Moreover, [123] proposed 
the LEACH-G-K protocol to improve the QoS of hierarchical 
routing protocols. Specifically, LEACH-G-K is based on the 
LEACH-K protocol. LEACH-G-K divides the area into equal-
sized clusters using the grid function. Subsequently, for each 
cluster, the K-means algorithm is implemented to gather the 
nodes near the centroid, where the cluster head is located. The 
simulation results obtained show that LEACH-G-K can 
improve the energy consumption and QoS criteria compared 
to LEACH, TEEN, LEACH-K and MDC-maximum residual 
energy protocols. 
Then, [124] proposed a new hybrid protocol MDC-LEACH-
K, which is a combination of Low Energy Adaptive Clustering 
Hierarchy-K-Means LEACH-K (approach) and mobile data 
collector (MDC), to enhance the LEACH protocol. The goal 
of this protocol is to extend the lifetime of the network and 
improve its QoS criteria. This protocol uses the K-Means 
clustering algorithm to reduce the energy consumption during 
the CH election phase and to improve the CH election. In 
addition, it uses an MDC as an intermediary between the 
cluster leader and the BS to further improve the QoS criteria 
of the WSN, minimize the delay during the data collection, 
and improve the transmission phase of the LEACH protocol. 
This protocol provides a significant energy gain of 296% of 
the residual energy compared to the LEACH protocol, 237% 
compared to TEEN and 257% compared to LEACH-K, and 
more than 100% compared to LEACH, TEEN, LEACH-K and 
MDC Maximum residual energy LEACH in terms of latency. 
Therefore, for a dynamic WSN, it is most important to sustain 
a smart MDC to continue the propagation of data even with 
the inevitable changes in the WSN topology. Given all the 
above challenges, [66], [125] propose a novel intelligent MDC 
based on the Traveling Salesman Problem (TSP) to determine 
the optimal path traversed by the MDC in terms of energy 
efficiency and latency. More specifically, the Mobile Data 
Collectors-Traveling Salesman Problem-Low Energy 
Adaptive Clustering Hierarchy-K-Means (MDC-TSP-
LEACH-K) protocol uses the K-Means and Grid clustering 
algorithm to reduce energy consumption during the CH 
election phase. Furthermore, the MDC is used as an 
intermediary between the CH and the BS to improve WSN 
QoS, reduce delays during data collection and improve the 
transmission phase of the LEACH, LEACH-K, LEACH-G-K, 
MDC-K, MDC-LEACH-K protocols. 
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Unequal clustering presents a methodological solution to the 
problem of unbalanced load distribution in hierarchical 
routing contrary to assisted node deployment. Assisted node 
deployment is based on the provision of additional energy in 
the network that is why it is not attractive. Similarly, mobile 
sink deployment offers balanced load distribution at the cost 
of increased latency and increased energy. Unequal clustering 
is also advantageous over variable transmission power nodes 
due to the provision for multi-hop communication which saves 
further energy. Hence the taxonomy expands major unequal 
clustering methods. 
 
X. EVALUATION OF EXISTING TECHNIQUES 
Table 2 evaluates the existing energy hole mitigation 
techniques in terms of the level of heterogeneity, unequal 
clustering deployment, consistent penalty on nodes with high 
residual energy, inter-cluster communication, network 
lifetime, stability, and data routing. The table highlights the 
research gaps in existing balanced load distribution routing 
methods for many to one communication in WSNs.  
It can be seen that some network parameters remain similar 
throughout all the methods. Such as deployment of nodes is 
random in majority of methods other than MMS [126] and 
SEHR [127]. As discussed earlier it should be noted that 
deployment plays an important role in terms of network 
lifetime and energy balance. Another evaluation criteria that is 
consistent across all the methods is the number of cluster 
heads. Although the number of cluster heads is different, but 
every method fixes this number once the data transmission 
phase initiates. Moreover, all the methods considered use 
simulation as opposed to real world deployment. It is believed 
that this is due to the ease of operation and cost associated with 
real world deployment. 
As explained earlier some methods produce energy efficiency 
at the cost of a constant penalty to the high energy nodes, e.g., 
COCA[115] and SEP[116] whereas the others do not account 
for multi-hop inter-cluster communication, e.g., EBCAG, 
DEEC, DDEEC and EDDEEC. Unequal Clustering can be an 
advantage for balanced load distribution among the network 
nodes. However, only UCR, EBCAG, COCA, WEMER and 
UCR-H take advantage of unequal clustering to have balanced 
load distribution and efficient energy utilization. UCR-H 
embeds unequal clustering and uses multi-hop inter-cluster 
communication for multi-levels in many to one 
communication which is advantageous in order to achieve 
maximum lifetime. However, it does not account for energy-
efficient and balanced load distribution routing in WSN with 
any other area than rectangular. 
A detailed discussion in terms of evaluation criteria used in 
Table 2 has been presented below: 

A. Clustering: 
There are many parameters that are important in the design of 
a hierarchical routing method. As discussed above the number 
of clusters and cluster heads is a very important parameter 

while comparing different techniques. All the methods 
considered in this review have fixed number of cluster heads. 
However, due to the continuously updated residual energies of 
devices a dynamic selection of number of cluster heads can 
result in increased network lifetime. Another important 
parameter in clustered networks is the size of each cluster. 
Majority of the clustering methods use equal size clusters but 
due to multi-hop inter cluster communication relaying load is 
accumulated on cluster heads closer to base station. To avoid 
this imbalance in load that results in generation of energy holes 
unequal size clusters have been proposed in  [113]. This 
parameter plays a significant role in reducing energy holes and 
increasing network lifetime. In this review existing energy 
hole mitigation methods have been evaluated and classified in 
terms of equal or unequal sized clusters. It can be seen that 
[93]–[98], [100], [105], [116]–[119], [126]–[133] use equal 
clustering and [66], [113]–[115], [122]–[125], [134]–[136] 
use unequal clustering whereas [120] proposes two techniques 
LEACH-EA that uses unequal clustering and LEACH-EC that 
uses equal clustering.  
Furthermore, both direct and multi-hop communication 
methods are used for inter-cluster communication. Where a 
direct communication between cluster heads and base station 
may be suitable for the balanced energy operation, multi-hop 
inter-cluster communication is energy efficient and increases 
the overall network lifetime. Table 2 shows that, [66], [93], 
[94], [96], [97], [114]–[120], [122]–[125], [129], [133], [136] 
use direct communication between cluster heads and base 
station while [95], [98], [100], [105], [113], [126]–[128], 
[130]–[132], [134], [135], [137] use multi-hop inter cluster 
communication. This classification allows to determine trade-
off between balanced energy operation and energy efficient 
operation of the network.  

B. Deployment of Nodes: 
Deployment of devices or nodes in a network can have a direct 
impact on the network performance in terms of energy. Firstly, 
the deployment could be evaluated in terms of initial energies 
of the nodes deployed. Based on the initial energies network 
can be characterized into two classes i.e., homogeneous, and 
heterogeneous network. LEACH [93], LEACH-C [94], HEED 
[95], CMMAR [4], PEGASIS [97], WSNEHA [98], BECHA 
[99], EA-BECHA [100], BLOAD [105], UCR [113], EBCAG 
[114], COCA [115], WEMER [136], MMS [126], MDC 
[129], SEHR [127], ERNS-EEC [131], UDCH [138], ECUC 
[134], LEACH-EA [120], LEACH-EC [120], LEACH-K 
[122], LEACH-G-K [123], MDC-LEACH-K [124], MDC-K 
[66], MDC-TSP-LEACH-K [66], [125] are among the 
methods that use homogeneous energy network deployment. 
On the contrary a heterogeneous energy network can further 
be classified based on number of different levels considered 
for the initial energies of nodes. SEP [116], DDEEC [118], and 
GWO [130] use two levels of initial energies for nodes 
whereas DEEC [117], EDDEEC [119], UCR-H [135], 
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ETASA and TEAR [139] use multi-levels of heterogeneous 
energies for the network nodes. 
Due to various levels of energy, it is also important to 
distinguish methods that consistently penalize high energy 
nodes by selecting them excessively for relaying operations. 
Table 2 confirms that SEP [116], and DEEC [117] exploit 
heterogeneity and use nodes with high initial energy as cluster 
heads for longer times which result in the early death of such 
nodes and reduces network lifetime. On the contrary, DDEEC 
[118], EDDEEC [119] are among the methods that constantly 
examine the residual energy distribution among network 
nodes to assign cluster head roles. 
Another important factor related to deployment that influences 
network performance in terms of energy is the type of the sink 
node. As discussed above mobile sink deployment has been 
used to prioritize the data aggregation from specific regions of 
the network as well as to balance the relaying load on cluster 
heads. Majority of the methods considered in this review use 
stationary sink node except CMMAR [96], MMS [126], and 
MDC [129] that use mobile sink node to extend network 
lifetime. However, these methods increase end to end delay.   
Lastly, number of sink nodes deployed can also play a 
significant role in energy savings of the network. Although, 
most of the methods consider a single sink node but HEED 
[95] and MMS [126] are two techniques that use multiple sink 
nodes. This divides network into smaller regions and allows 
energy efficient data gathering operations. However, a 
centralized data collections is timelier and more suitable for 
collaborative operations in smart city. 

C. Scalability and Adaptivity: 
Energy hole mitigation techniques can also be evaluated based 
on scalability and adaptivity. As discussed previously distance 
between network nodes and overall size of the node play an 
important role in network performance. A technique may 
balance the energy consumption of network in small scale and 
not be suitable for large scale deployment. In this review 
energy hole mitigation techniques have also been evaluated in 
terms of consideration to scalability. Table 2 summarizes that 
LEACH [93], LEACH-C [94], PEGASIS [97], SEP [116], 
ERNS-EEC [131], UDCH [138], ECUC [134], LEACH-EA 
[120], LEACH-EC [120], LEACH-K [122], LEACH-G-K 
[123], MDC-LEACH-K [124], MDC-K [66], and MDC-TSP-
LEACH-K [66], [125] demonstrate scalability of the operation 
in different size networks whereas the rest of the techniques 
are limited to specific network sizes considered. 
In addition to scalability, adaptivity of the routing method to 
various shapes and multi-dimensional network is also 
important due to varying requirements of IoT enabled smart 
cities. A technique suitable for circular shape network may not 
perform well if the shape of the network is slightly changed. 
For this reason, the techniques have been categorized with 
reference to the shape and area of the network considered. 
Techniques that perform well in square shape networks consist 
of LEACH [93], LEACH-C [94], HEED [95], CMMAR [96], 

SEP [116], DEEC [117], DDEEC [118], EDDEEC [119], 
MMS [126], GWO [130], SEHR [127], ERNS-EEC [131], 
UDCH [138], ETASA & TEAR [139], LEACH-EA [120], 
LEACH-EC [120], LEACH-K[122], LEACH-G-K [123], 
MDC-LEACH-K [124], MDC-K [66], (MDC-TSP-LEACH-
K [66], [125] whereas PEGASIS [97], UCR [113], COCA 
[115], UCR-H [135], and MDC [129] perform well in 
rectangular shape networks. Similarly WSNEHA [98],  
BECHA [99], EA-BECHA [100], BLOAD [105], EBCAG 
[114], WEMER [136], ECUC [134] are the techniques that 
perform well in circular shape networks.  
Moreover, it is important to explore the performance of these 
techniques in 3-dimensional deployment of nodes as majority 
of applications of IoT enabled smart city are in 3 dimensions.  

D. Data Traffic and Routing: 
Although table 2 consists of hierarchical routing techniques 
only a few of these include further details of the routing. This 
has also been summarized in table 2 e.g., LEACH [93], 
LEACH-C [94] use hierarchical routing with probability 
based selection of cluster heads. CMMAR [4], MDC [129], 
MMS [126] and MDC-LEACH-K [124] use hierarchical 
routing supported by mobile data collector. WSNEHA [98] 
uses a routing table based on the data send table. In ERNS-
EEC [131], and MMS [126] relay nodes are used in addition 
to cluster heads of hierarchical routing. COCA [115] and 
TEAR [139] use energy aware hierarchical routing to enhance 
network lifetime. GWO [130] uses improved shuffled frog 
leaping algorithm to balance load on the cluster heads. This 
algorithm works for both equal and unequal loads on sensor 
nodes. EBCAG [114] is a Gradient-based Routing and sets up 
a gradient value for each sensor according to the minimum hop 
count towards sink. Finally, WEMER [136] uses a chain based 
routing similar to PEGASIS [97] in a sectoring based network 
division to increase network lifetime.  
In terms of evaluation matrix, it is seen that first order radio 
model is used with power control between free space and multi 
path power levels. Additionally, transmission power levels are 
considered for each technique majority of techniques 
considered have adjustable transmission power levels to 
communicate data in a hierarchical routing manner to the base 
station. 
Finally, the techniques have been evaluated on basis of their 
throughput or packet delivery ratio as shown in table 2. Table 
2 summarizes that in 500 rounds of operation EA-BECHA [8] 
has a packet drop ratio of 35% less than that of WSNEHA [98] 
, SEHR [127] delivers between 16 × 104 to 18 × 104packets 
during complete operation, UDCH [138] receives 610,000 
packets during 2000 rounds,  LEACH-K [28] delivers 30017 
packets when K=10, LEACH-G-K [123] delivers 15292 
packets, MDC-LEACH-K [124] delivers 27865 packets, 
MDC-K [66] delivers 18300 packets per round and MDC-
TSP-LEACH-K [66], [125] delivers 18910 packets per round. 
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TABLE 2 
COMPARISON OF EXISTING METHODS IN LITERATURE FOR BALANCED ENERGY ROUTING 
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LEACH-C 
can deliver 
ten times 

more amount 
of data during 

network 
lifetime. 

- 

Initial 
energy=2J. 
LEACH-C 

delivers about 
40% more data 
per unit energy 
than LEACH 

More data 
in 

LEACH-
C during a 
period as 
compared 

to 
LEACH 
and MTE 

Hierarchica
l 

(probability 
based) 

All nodes are 
assumed to be 

in 
communicatio

n range. 

Square (100 ×
100) 
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- - - - Hybrid 

Two nodes 
communicate 

using the 
same 

transmission 
power. 

Square (2,000 ×
2,000) 

CMMAR 
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 FND = 400th 
round - 

12.5% less than 
PEGASIS and 
60% less than 

LEACH 

4% less 
than 

LEACH 
and 70% 
less than 

PEGASIS
. 

Cluster 
Chain 

Mobile 
Agent 

Routing 

Variable i.e., 
30𝑚𝑚 for 
100𝑚𝑚 ×

100𝑚𝑚 and 
50𝑚𝑚 for 
500𝑚𝑚 ×

500𝑚𝑚 

Square (100𝑚𝑚 ×
100𝑚𝑚) 

WSNEH
A [98] 
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 lifetime 
increased up 
to 361.92% 
when r=60 

- 

Energy 
consumption 

decreased up to 
78.35% 

- 

Routing 
Table based 
on the data 
send table 

Variable 
(10m, 20m, 
30m, 60m, 

90m, 120m) 

Circular 
(500𝑚𝑚) 
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BECHA 
& EA-

BECHA 
[99], 
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BECHA: 
13% and 

100% more 
than 

WSNEHA 
and ECMSE. 

 
FND=2*10^2 

rounds 
 

EA-BECHA: 
58% and 

166% more 
than 

WSNEHA 
and ECMSE 

r =  10, 9 ×
104 bits of 

data are 
transmitted 

with 
energy 

dissipation 6 
mJ. 

When r=
100, 0.1 ×
104 bits of 

data are 
transmitted 
with energy 
consumption 

1mJ. 
EA-

BECHA: 
In 500 

rounds the 
packet drop 
ratio is 35% 

less than 
WSNEHA 

EA-BECHA: 
25% less than 
WSNEHA and 
51% less than 

ECMSE 

More 
latency as 
compared 

to 
WSNEH

A. 

Energy 
aware 

routing 

Variable 
Transmission 

range 
Circular (250𝑚𝑚) 

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2023.3327311

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



 Author Name: Preparation of Papers for IEEE Access (February 2017) 

2 VOLUME XX, 2017 

C
lu

ste
ri

ng
 M

et
ho

d 
/ T

ec
hn

iq
ue

 

U
ne

qu
al

 C
lu

ste
rin

g 

M
ul

ti-
H

op
 In

te
r C

lu
ste

r C
om

m
. 

Le
ve

l o
f H

et
er

og
en

ei
ty

 

Pe
na

lty
 to

 A
dv

an
ce

 n
od

es
 

D
ep

lo
ym

en
t o

f n
od

es
 

Sc
al

ab
ili

ty
 

Si
nk

 N
od

e 
(S

ta
tio

na
ry

 / 
M

ob
ile

) 

Si
m

ul
at

io
n 

To
ol

 U
se

d 

N
o.

 o
f S

in
k 

N
od

es
 

N
o.

 o
f C

H
s 

R
ea

l W
or

ld
 /s

im
ul

at
io

n 
ba

se
d 

Network 
Lifetime 

Packet 
Delivery 

Ratio 

Energy 
Consumption 

End to 
End 

Delay 

Routing 
protocols 

Transmission 
Range Sensor Field 

PEGASI
S [97] 

 


 0 N

/A
 

R
an

d 


 

St
at

io
na

ry
 

M
A

TL
A

B 

1 N
A

 

Si
m

 

In minimum 
total energy 
algorithm 

FND is15% 
to 30% more 
than closest 
neighbour 
algorithm. 

- 

Initial energy = 
0.5 to 1J. 

Minimum total 
energy algorithm 
has consumption 
that is only 10% 

of closest 
neighbour 

algorithm. For 
multiple chains 
minimum total 

energy algorithm 
energy 

consumption is 
40% of closest 

neighbour 
algorithm. 

- 

Two chain-
based 

routing 
protocols 
have been 
proposed 

- Chain 
( 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅) 

BLOAD 
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FNDT=20s 
as compared 
5s and 10s in 

NRF 
and Homo-

BR 
respectively 
ANDT of 

Homo-
Bload=100s 

in 
comparison 

to 90s in 
Homo-BR 
and NRF. 

 
Hetero-BR 

has 5% better 
stability than 

Homo-
BLOAD 

10 Packets/s 
considered. 
Packet load 
distribution 
is done by 
the packet 

distribution 
table as a 

result of the 
weight 

mechanism. 

Initial Energy = 
1J 

Homogeneous 
scenario. 

 
Energy 

consumption of 
BLOAD in 

heterogeneous 
scenario is more 
than Hetero-BR. 

- - 

Adjustable 
transmission 

i.e., Three 
transmission 
ranges i.e., r, 

2r and dtx 

Circular (1000𝑚𝑚) 
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Residual 
energy of 

each node is 
balanced by 

unequal 
transmission 

load on 
cluster heads. 

- 
Higher overall 

energy 
consumption 

- 
Unequal 
clustered 
routing 

Each sensor 
has adjustable 
power control 
capabilities. 

Rectangular 

EBCAG 
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Until 5% of 
the nodes die. 
For a network 
of 400 nodes 
stability is 35 
rounds and 

for a network 
of 800 nodes 

it is 24 
rounds. 

- 
Overall energy 

consumption not 
given 

- 
Gradient-

based 
Routing 

- Circular 

COCA 
[115] 
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Network 
lifetime 

improved 
between 166 

to 229 
percent as 

compared to 
UCR for 
different 
network 

sizes. 

- Initial energy of 
each node = 2J - 

Energy 
aware 

routing 

Maximum 
transmission 

range 
Rectangular 

SEP 
[116] 
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Stable region 
of SEP is 
extended 

compared to 
LEACH by 
8% to 26% 
depending 
upon the 

percentage of 
advanced 

nodes. 

More than 
LEACH and 

FAIR. 
- - 

Advanced 
Nodes are 

used. 
- N/A 
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DEEC 
obtains 20% 
more number 
of round than 

LECH-E. 
FND=969 

rounds 
LND=5536 

rounds 

More than 
LECH-E and 

SEP 
- - 

Advance, 
and super 
nodes are 

used 

- Square (100𝑚𝑚 ×
100𝑚𝑚) 

DDEEC 
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30% more 
lifetime than 
SEP and 15% 

more than 
DEEC in 
terms of 

FND. 
FND=1355 

rounds 
LND=5673 

rounds 

- - - 

Advance 
nodes are 
used for 
relaying 
most of 

data 

- Square (100𝑚𝑚 ×
100𝑚𝑚) 

EDDEE
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FND=1717 
rounds 

 
LND=8638 

rounds 

More than 
EDEEC and 
DDEEC and 

DEEC 

20 Normal nodes 
having E0, 32 

advanced nodes 
having 2Eo and 
48 super nodes 

containing 3.5Eo 

- - - Square (100𝑚𝑚 ×
100𝑚𝑚) 
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Roughly 
around 1500 
rounds FND 

based on 
node density. 

- 

Balanced energy 
consumption 

among clusters 
in different 

units. 

- - 
According to 
distance it is 
adjustable 

Rectangular 

WEMER 
[136] 
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FND=582 
rounds. 

HND=1128 
rounds 

LND=1478 
rounds 

- 

Initial Energy 
0.5J. 

Average energy 
cost=0.042847J 

High 
Chain 

constructio
n. 

Threshold 
distance in a 
sector dth. 

Circular 
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FND=409 
rounds 

HND=482 
rounds 
Total 

remaining 
energy in 

200th round is 
14.387J 

which is more 
than LEACH 

(10.605J), 
MOFCA 

(11.228J) and 
OPT-LEACH 

(13.945J) 

- 

Initial energy is 
0.25J. 

 
Proposed 
method 

optimizes energy 
consumption 

19% in terms of 
FND and HND 

scales. 

- 

Hierarchica
l routing 

supported 
by relay 

nodes and 
cluster 
heads 

Each sensor 
can adjust 

strength of its 
transmission 

signal 

Square (200𝑚𝑚 ×
200𝑚𝑚) 

MDC 
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Number of 

rounds when 
first node dies 

is between 
6000-7000 

and when last 
node dies are 

between 
8000-9000 

- 

Initial 
energy=5J. Due 
to transmission 

range and 
adjustable speed 

of MDC the 
network 

achieves less 
average energy 
consumption of 

a node. 

- 
Mobile 
Data 

Collector 
Adjustable 3D Rectangular 

GWO 
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FND between 
800-900 and 

HND 
between 900-
1100 rounds 
depending 
upon the 

number of 
sensor nodes. 

- 

Less than 250J 
for equal load 
and less than 

230J for unequal 
load with 100 
sensor nodes. 

- 

Improved 
Shuffled 

Frog 
Leaping 

Algorithm 
(ISLFA) 

- Square (50𝑚𝑚 ×
50𝑚𝑚) 
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FND=597 
rounds 

LND=251 
rounds better 
than that of 

DR. 

Between 
16 × 104 to 

16 × 104 
packets 

- - 

3-tier 
architecture 
is used for 

hierarchical 
routing.  

- Square (100𝑚𝑚 ×
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[131] 
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31 nodes are 
still alive 
after 5000 
rounds. It 
does not 

perform well 
on FND 

scale. 
Only 120 
nodes are 
dead after 

1000 rounds 

- 

Initial 
Energy=0.5J 

 
Due to minimum 

energy 
consumption 

lifetime is 
between 5000-
6000 rounds. 

Average 
time per 
round is 

0.04 
seconds 

Relay 
nodes-
based 

routing 

- 
Square (200𝑚𝑚 ×
200𝑚𝑚/300𝑚𝑚 ×

300𝑚𝑚) 

UDCH 
[138] 

 


 0 N

A
 

R
an

do
m

 


 

St
at

io
na

ry
 

M
A

TL
A

B 

1 

Fi
xe

d 

Si
m

 FND=1220 
rounds 

LND=1870 
rounds 

610,000 
packets 
received 

during 2000 
rounds 

Initial energy is 
0.3J. Overall 

residual energy 
starts to drop 

below the half of 
initial energy 

from 700th 
rounds. 

- - - Square (200𝑚𝑚 ×
200𝑚𝑚) 
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[139] 
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FND is 
between 

1000-1030 
rounds. 
HND is 
between 
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E. Network Lifetime and Stability: 
Network lifetime and stability are the primary criteria used for 
evaluation of existing energy hole mitigation approaches in 
this review. Table 2 draws a comparison between existing 
techniques in terms of network lifetime based on several 
criteria. Various criteria have been used to demonstrate 
network lifetime and stability such as round of operation in 
which first node dies (FND), and last node dies (LND) are two 
widely used criteria for determining the network lifetime. The 
less the difference between FND and LND the better is the 
stability. To remove energy holes stability is important but it 
should not be achieved at the cost of decrease in overall 
network lifetime. Similarly, another criterion used to 
determine network lifetime is the amount of data transmitted 
at the time when first node dies, or last node dies as opposite 
to the round of operation as different methods use different 
number of bits for each transmission. Also, some techniques 
demonstrate performance evaluation with respect to the time 
duration from the start of the network till the first or last node 
dies instead of the number of rounds of operation. 
It can be seen in table 2 that operation time of LEACH [1] till 
the first and last nodes dies is 8 and 3 times longer respectively 
as compared to minimum-transmission-energy routing 
protocol. When initial energy of homogeneous nodes is 
chosen to be 0.5J, network lifetime of LEACH on FND and 
LND scales is 932 and 1312 rounds respectively. However, if 
the initial energy is set as 1J, LEACH gives FND=1848 rounds 
and LND=2608 rounds.  
In LEACH-C [94] authors  measure the amount of data 
packets delivered against number of alive nodes to illustrate 
the network lifetime. On this scale LEACH-C delivers 10 
times more data even though operation time is less than MTE. 
Homogeneous initial energy of network nodes is considered 
as 2J. LEACH-C delivers about 40% more data per unit 
energy than LEACH. End to end delay time is calculated based 
on total number of nodes, average number of hops to the sink 
and time to traverse a single hop. It can be concluded that more 
data in LEACH-C can be traversed in each amount of time as 
compared to LEACH and MTE. 
HEED [95] is hybrid between hierarchical and chain based 
routing methods and is suitable for large scale networks. With 
initial energy of 4.0J, for each node when performance is 
evaluated in 2000m × 2000m network, HEED demonstrates 
a network lifetime between 300 − 450 rounds on FND scale. 
Network lifetime of CMMAR [96] on FND scale is 400 
rounds. It consumes 12.5% less energy as compared to 
PEGASIS and 60% less energy than LEACH. CMMAR 
delivers similar number of packets to LEACH and PEGASIS 
in 4% and 70% shorter time respectively. 
In PEGASIS [97] authors have performed a range of 
experiments by randomly selecting initial energy of the nodes 
between 0.5J to 1J and average results are used for evaluation. 
There are two chain-based data transmission routing 
algorithms used namely, closest neighbor and minimum total 
energy algorithm. Minimum total energy algorithm achieves 

15% to 30% more lifetime on FND scale as compared to 
closest neighbor algorithm. For a network of 50 nodes the 
energy consumption of minimum total energy algorithm with 
linear chains is 10% of that of closest neighbor algorithm. 
Whereas, for multiple chains the energy consumption of 
minimum energy algorithm is 40% of the closest neighbor 
algorithm. Due to the chain routing type, there is huge end-to-
end-delay in its operation. 
WSNEHA [98] applies a routing table to balance load on the 
network nodes out of the first radius in the network. When the 
first radius is set to 60m, energy consumption with WSNEHA 
applied is 78% less and lifetime is 361.9% more in comparison 
to without WSNEHA applied. 
Authors in [99] and [8] proposed BECHA and EA-BECHA 
that  extend WSNEHA to reduce the formation of energy holes 
out of the first. In BECHA an optimal radius has been 
calculated for WSNEHA to balance the energy consumption 
of nodes and EA-BECHA enhances BECHA by adding 
energy aware routing in addition to optimal radius. When 𝑟𝑟 =
10m, 0.9 × 104 bits of data are transmitted with an energy 
consumption of 6mJ, and when 𝑟𝑟 = 100m, 0.1 × 104 bits are 
transmitted with an energy consumption of 1mJ. EA-BECHA 
consumes 25% less energy than WSNEHA. Moreover, EA-
BECHA maintains a packet drop ratio 35% less than 
WSNEHA. 
BLOAD [105] accounts for time interval instead of number of 
rounds to exhibit the  network lifetime. First Node Death Time 
(FNDT) is 20s as compared to 5s and 10s in Nominal Range 
Forwarding (NRF) and Homogeneous Balanced Routing 
(Homo-BR) respectively, when initial energy is set to 1J. 
Similarly, All Node Death Time ANDT=100s for BLOAD in 
comparison to 90s in Homo-BR and NFR. However, when 
initial energy of nodes is set heterogeneous, Hetero-BR has 
5% better stability than Homo-BLOAD. 
UCR [113] uses unequal clustering to balance energy 
consumption among network nodes at the cost of increased 
overall energy consumption. EBCAG [114] enhances the 
network lifetime and stability further. Evaluation criteria for 
network lifetime has been used as the death of 5% nodes. With 
this criterion in a network of 400 nodes the stability is 35 
rounds and becomes 24 rounds if the number of nodes increase 
to 800. Overall energy consumption has not been used as 
evaluation parameter in these methods, but stability is the main 
aim. 
COCA [115] is another unequal clustered routing method and 
improves the network lifetime between 166% to 229% as 
compared to UCR depending upon the size of the network 
when initial energy of nodes is set to 2J. 
SEP [116] exploits heterogeneity to increase stability of the 
network and demonstrates 8% to 26% better stability than 
LEACH depending upon the percentage of advanced nodes 
used. Similarly, DEEC [117] increases the number of 
heterogeneity levels and demonstrates 20% rise in network 
lifetime as compared to LEACH. In DEEC first node dies in 
969th round and last node dies in 5536th round of operation. 
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DDEEC [118] enhances the network lifetime further to 30% 
more than SEP and 15% more than DEEC so that FND=1355 
rounds and LND=5673 rounds. EDDEEC [119] is another 
enhancement of DEEC that achieves FND=1717 rounds and 
LND=8638 rounds when 20 normal nodes with initial energy 
Eo, 32 advanced nodes with initial energy 2Eo and 48 super 
nodes containing initial energy of 3.5Eo each are deployed. 
In UCR-H [135], FND=1500 rounds based on the node 
density in network. This method is more useful for balancing 
energy consumption in rectangular shape networks. WEMER 
[136] uses homogeneous energy nodes and achieves 
FND=572 rounds, HND=1128 rounds and LND=1478 
rounds. WEMER uses initial energies=0.5J for all network 
nodes and demonstrates an average energy cost of 0.042847J. 
MMS [126] with initial energy of 0.25J per node optimizes 
energy consumption 19% in terms of FND and HND scales 
making FND=409 rounds and HND=482 rounds. 
Performance evaluation also shows that after 200 rounds 
residual energy of the complete network is 14.387J for MMS 
which is more in comparison to that of LEACH (10.65J0), 
MOFCA (11.2J) and OPT-LEACH (13.945J). 
MDC [129] shows variations in network lifetime between 
6000-7000 rounds when the first node dies and between 8000-
9000 rounds when the last node dies when initial energy of 
each node is set at 5J. 
GWO [130] achieves FND=800-900 rounds and HND=900-
1100 rounds depending upon the number of sensor nodes in 
the network. Overall energy consumption is 250J less for 
equal load and less than 230J for unequal load with 100 nodes 
network. 
When initial energies of 100 homogeneous nodes are set to 
0.5J each, SEHR [127] demonstrates FND=597 in comparison 
to 403 in Dynamic Routing (DR), which is an improvement of 
94 rounds. Similarly, SEHR achieves an improvement of 251 
rounds as compared to DR on LND scale. 
Network lifetime in ERNS-EEC [131] is measured in terms of 
number of nodes alive after 5000 rounds. Although the 
performance of this technique is not good on FND scale, but 
energy consumption is very low. Only 120 out of 1000 nodes 
are dead after 1000 rounds and 31 nodes remain alive even 
after 5000 rounds. On LND scale the network lifetime 
achieved by this technique is between 5000-6000 rounds. 
Energy consumption in UDCH [138] is very low. As shown in 
Table 2 when the initial energies of homogeneous nodes are 
set to 0.3J each, after 700th round when the overall residual 
energy of network drops below half of the initial energy the 
network is still free from holes. It produces results of network 
lifetime on FND scale as good as 1220 rounds and LND as 
1870 rounds.  
ETASA & TEAR proposed in [139] set 0.5J as initial energy 
of each node for performance evaluation. The performance 
evaluation exhibits that after 1500th round the average 
residual energy of ETASA is more than 0.3J and that of TEAR 
was close to 0.2J. The network lifetime on FND, HND and 

LND scales is between 1000-1030 rounds, 2400-2500 rounds 
and 3990-4030 rounds respectively. 
ECUC [134] is a scalable technique that illustrates consistent 
gain in network lifetime over small scale (R=50m) as well as 
large scale (R=200m) networks. Network lifetime is 22% 
longer than OCCN and 32% longer than DBS when network 
is spread over radius of 50m and 16% longer than OCCN and 
25% longer than DBS when network size is 200m. In terms of 
energy consumption ECUC achieves 30% reduction in energy 
consumption as compared to OCCN and 28% reduction as 
compared to DBS. 
In [120] two variations of LEACH i.e., equal clustering 
LEACH-EC, and unequal clustering LEACH-EA have been 
proposed. There is no improvement in stability of network 
operation using LEACH-EC whereas, LEACH-EA expresses 
50% and 74% improvement in overall energy consumption as 
compared to SEP and LEACH respectively. Moreover, 
LEACH-EA confirms that overall network lifetime is 4200, 
5000, and 5000 rounds when number of clusters is 3,5, and 7.    
In [122] authors have proposed two variations of LEACH i.e., 
LEACH-K that uses K-Means clustering in LEACH and 
LEACH-EC-EA. LEACH-K shows an overall energy 
consumption of 41.497J when K is set to 10 and achieves a 
stability equal to 1399 rounds which is very high. LEACH-
EC-EA enhances this work and gives a 300%, 20% and 82% 
gain in network lifetime as compared to LEACH, TEEN, and 
SEP respectively. LEACH-EC-EA shows a network lifetime 
of 1600 rounds as compared to LEACH.  
For a network of 100 nodes with initial energy=0.5J/node 
LEACH-G-K [123] shows that even after 745 rounds 50% of 
the energy is remaining in comparison to LEACH and TEEN 
that consume 50% energy in 595th and 645th round 
respectively. LEACH-G-K completes 4528 rounds of 
operation over complete lifetime with stability measured as 
352 rounds. 
MDC-LEACH-K [124] uses a mobile data collector but its 
stability period is as high as 2967 rounds. Performance in 
terms of energy consumption is better as it maintains an 
overall residual energy of 0.027J when LEACH, TEEN and 
LEACH-K has 0J remaining. 
MDC-K [66] shows a lifetime of 5505 rounds when 100 nodes 
with initial energy=0.5J/node are deployed in a 
100m by 100m network. Stability period of MDC-K is 1992 
rounds and energy dissipation is higher than that of LEACH, 
TEEN and LEACH-K. 
MDC-TSP-LEACH-K [66], [125] uses a mobile data collector 
by using travelling salesman routing algorithm and provides 
stability period of 2000 rounds and network lifetime of 7321 
rounds. Its energy dissipation is better than LEACH, LEACH-
K, TEEN, LEACH-G-K and MDC-K.  

F. Simulation Tools: 
Various simulation tools are used to evaluate the performance 
of a wireless network. It is advantageous for a researcher to 
have a knowledge of simulation tool that was originally used 
to determine the performance of a specific technique. For this 
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reason, table 2 adds information about simulation tools which 
were used during the original evaluation of each technique. 
MATLAB has been seen as prominent tool that is used for 
evaluation of majority of methods in comparison to network 
simulator (NS-1 / NS-2 / NS-3) and OMNET++ that are rarely 
used. This is due to the reason that mathematics of radio model 
is easy to be evaluated in MATLAB. 
 
XI. CONCLUSION 
Due to increased urbanization trends and integration of 
modern ICTs in Smart Cities, supported by IoTs and WSNs 
there are huge challenges of increased energy consumption. 
The challenge of energy consumption has been thoroughly 
surveyed in Smart City and its enabling technologies, 
particularly in WSNs and IoTs. It is determined that energy 
efficient routing and clustering can play a significant part in 
efficient energy utilization of such integrated infrastructures. 
An outstanding challenge of energy holes that can be a major 
contributor in this area has been primary focus of this work. A 
significance of removal of energy holes on the overall scenario 
has been highlighted.  
A summary of limitations in existing energy hole mitigation 
techniques has been presented that concludes recent attempts 
to extend network lifetime and remove energy holes for 
effective and longer operation of WSN-Assisted IoT devices. 
Energy holes can be avoided by efficient deployment of nodes, 
appropriate choice of number and size of (CH)s, optimizing 
transmission power in relation to the distance of the network 
nodes and by mobility management of nodes. Due to the wide 
variety of applications of WSN-Assisted IoTs in Smart Cities, 
application specific methods are not suitable for determining 
and defining a particular architecture for IoT.  
Techniques that have been proposed to avoid energy holesso 
far, have limitations in terms of scalability and adaptivity. 
These techniques are designed for area or volume specific 
applications, whereas Smart City is a huge infrastructure and 
requires adaptability and scalability in terms of size and shape 
of the network. Moreover, most of these methods only 
consider 2D networks and do not perform effectively in 3D 
however, most of real-life applications are 3D. 
A fixed proportion of (CH)s throughout the lifetime of 
network nodes is another drawback. Modern cities are 
equipped by variety of flexible and emerging services. These 
services perform by making collaborative decisions and 
generate intense amount of data. Transmission of this data 
requires a standard yet flexible, adaptive, and successive 
routing and clustering technique that can account for 
homogeneous as well as heterogeneous operations. The 
standard energy efficient routing is also expected to overcome 
challenges of stationary as well as mobile nodes. 
For the standardization of future network protocols flexible 
and modular approaches are required that may perform as 
pieces of a jigsaw. In order to produce an effective framework 
for IoT it is important to overcome energy management 
challenge in a suitable fashion. 
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