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Technology nowadays is developing at an unprecedented pace in the field of
wireless sensor networks (WSN). Especially in the aftermath of the pandemic,
wireless body area networks (WBAN), which is a sub-category of WSN,
experiences huge prominence, due to its functionality to enable remote
diagnosis, treatment, and constant monitoring for patients. This functionality
is a great advantage, since it allows elderly people, people with chronical
diseases and even emergency cases to be monitored in real-time and, if
needed, also enabling timely interventions. Furthermore, it is very cost-
efficient since it reduces the occupation of hospital beds, whilst also keeping
patients safer. This is possible by deploying small sensors within or around
the body, where they can gather physiological data, which then at the end is
send to medical terminals, where medical staff have access to them. However,
a WBAN, due to its small size, is constricted by several factors. Energy
consumption, security, data transmission, as well as heat generation are only

a few to be named. To deal with these challenges, whilst enabling a stable
communication between the components, routing protocols are required.
There are many different routing protocols which are used depending on the
application being used.
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1. INTRODUCTION

The outbreak of COVID-19 caused, according to the JHU CSSE COVID-19 data, 673 million cases
of infection, as well as the death of approx. 7 million people worldwide [1]. In the aftermath of this pandemic,
health-care systems, especially real-time patient health monitoring systems are becoming more and more
paramount [2], [3]. In recent time, wireless sensor networks (WSN) and in particular the wireless body area
network (WBAN), which is considered a sub-category of the WSN, is gaining prominence due to its
functionalities in the health care environment [4].

Whether for people with chronical diseases or elderly people who require constant monitoring, the
WBAN has the possibility to cover all these areas [5]-[7]. Consisting of several sensors, which can be
implanted either within the body, directly on or near the body, WBANS are capable of real-time monitoring for
an extended time of several years [8], [9]. However, these systems do also have their own challenges, such as
the resilience of sensors, meaning implanted sensors ability to function even within a moving body.
Furthermore, its batteries, which directly effects the systems total life span.

Especially medical applications, such as glucose monitors and even pacemakers are highly dependent
on a long-life span of the network, approximately 5 years, since it would mean to conduct operations in order
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to remove and exchange expired sensors, which increases not just the cost and time but also, to a certain
amount, the risk by operating patients [10]. Also, the quality of service has to be considered appropriately, by
in large the subject of latency and packet loss for example, which is a huge topic on its own. Then, the security
of the system itself to prevent outside malicious attacks.

This is especially important, since not much effort can be made on the small sensors with
limited data storage and thus not allowing for sophisticated security mechanisms. And lastly its energy
efficiency, which correlates with the sensor’s temperature generation caused by high emission due to non-
optimized routing of data. Thus, the main challenge here will be the energy efficiency since it effects the
systems consumption, which, as mentioned above, does severely impact its batteries and therefore, its total
life span, and the signal transmission rate or data throughput which causes hot spots and thus might harm
the body [4], [9], [11].

In order to tackle this issue, a proper routing protocol must be therefore determined, since a careful
selection of the correct sensors or nodes are essential for finding the path. Otherwise, a wrong decision could
lead to an expiration of these nodes and worst case even to a total disconnect with the coordinator [12]-[14].
Additional factors such as the processing power the data size or even the network architecture, such as the
topology, are directly affected by its correspondent routing protocol [15].

Depending on the chosen network topology, the implanted sensors are either in communication with
each other and their coordinator or only directly with the coordinator. This communication, known as signal
transmission rate or data throughout, is constantly emitting electromagnetic energy in form of radiation during
the span of the communication process which causes heat within the human tissue. The issue is that the
electromagnetic energy within the body is able to exceed the limit of the tissue’s absorption rate, which then,
aside from generating high heat, can also cause damage to the body [5].

2.  ARCHITECTURE AND APPLICATIONS OF WBAN

The wireless body area network consists of several sensors (nodes) which are either directly
implanted within the body, deployed on the body or as wearable nodes near the body. These nodes are tasked
with gathering the physiological data of the patient, which can vary, depending on the patient’s diagnosis [6],
[16], [17]. The architecture itself comprises of several tiers, in most cases 3 tiers are used, which is the Intra-
WBAN communication tier, the Inter-WBAN communication tier and the Beyond-WBAN communication
tier [15], [18], [19].

In the first tier, the Intra-WBAN communication tier, the nodes are, depending on its topology,
implanted and/or deployed accordingly. It is important to mention that there are three types of sensors: The
first type are the sensors themselves, which are monitoring and measuring the patient’s physiological data,
such as electrocardiogram (ECG), electromyography (EMG) and electro-encephalograph (EEG), as well as
glucose levels, blood pressure (BP), and body temperature [19], [20]. The second type are the actuators, which
function is to execute conditional tasks, for example, regulating the insulin level by releasing specific medicine
if the monitored and measured data of the sensors see a need for it [21].

The third type is the main node or coordinator, which functions as a nexus by receiving the data send
by the sensors. The sensors are either in direct communication with each other, or sending the data to a
coordinator, by means of ultra-short communication transmission distance (up to 2 m), which can then send
the gathered data to a personal device (PD) which function as an interface between tier 1 and 2.

Some strategies implement the optionality to directly establish a communication between sensors and
PD for critical and sensitive, emergency-based information. This is known as single hop, which does use more
energy but is faster instead. Whereas the method prior to that is known as multi-hop, which is normally used
for the general transmission of physiological data, which is not critical, however slower but consumes lesser
energy instead. It is for the right routing protocol to determine a fast path which uses as little energy
consumption as possible. The second tier is in charge to receive the PD’s data via access point, such as ZigBee,
Bluetooth or Wi-Fi and then distribute it to tier 3, which are normally the servers or terminals in the medical
institutions, via 4G-6G or Wi-Fi as shown in Figure 1 [22]-[24].

The architecture is also heavily dependent on the type of its application. Since WBANSs are
represented in various fields, it is generally divided into medical and non-medical applications.
Non-medical applications are within fields such as industry, military, sport, and entertainment. Within the
medical field, applications are distinguished between implanted and wearable applications, as shown in
Table 1 [4], [23]-[26].
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Figure 1. Wireless body area network architecture
Table 1. Wireless body area network applications
Application type Examples
Medical Implanted applications ~ Glucose sensor
Pacemaker
Diabetes control
Cancer detection
EMG
ECG
Wearable applications ~ Telemedicine
Patient monitoring
Asthma monitoring
Temperature monitoring
Blood pressure monitoring
Non-Medical ~ Military Soldier fatigue and combat readiness
Industry Assisting construction
Sports Assisting athletic training
Entertainment Games

3. MOTIVATION AND IMPORTANCE OF WBAN

Although the wireless body area network can be used in many fields, such as military, industry and
even entertainment, the field which carries the most significance is the medical field, since it is able to deliver
solutions to many challenges and issues due to the pandemic, which has caused a huge change for the entire
globe. The necessity for a fast diagnosis to identify possible infected people could, not just save their lives, but
could also reduce or even prevent the possibility to further infect other people, which could save people from
harm and in some cases, from death. It could also identify the mild cases from the severe ones, which is very
important for hospitals in terms of hospitalized patients. With WBAN, medical staff could monitor patients,
who are at home, remotely and only hospitalize the ones who are in need to. This does not just reduce the load
hospitalized patients, but also reduces hospital and transportation cost. Additionally, work overload for medical
staff will also be reduced, which is an overall improvement of the health-care efficiency. Furthermore, elderly
people, disabled people or other people, who are finding it difficult to come to the hospital, could be properly
treated and monitored remotely, which also reduces the risk of them being injured or infected since they stay
at home most of the time [22], [23], [25], [27].

4. ROUTING PROTOCOLS FOR WBAN AND ITS CATEGORIES

As indicated before, WBANS are very much dependent on several conditions, such as long-life span,
accurate and fast signal transmissions, proper data management, heat generation and security, while these
factors impact the design and structure of the WBAN in itself, it is the routing protocol which enables a proper
communication between these components, and therefore, it is imperative to the overall energy efficiency [3],
[15]. Setting the right path between nodes to optimize communication and data transfer, while at the same time,
reducing energy consumption is a routing protocol’s main objective [28]. In this subject, there are five
distinguished categorization of protocol methods which vary, depending on the strategy and purpose of a
WBAN as shown in Figure 2 [20], [23], [29].
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Figure 2. Categorization of routing protocols

4.1. Cluster-based routing

This specific protocol originates from WSNs and it is very well tailored for WBAN as well. The
protocol “low energy adaptive clustering hierarchy (LEACH)” is specifically designed to ensure a proper
adaption with a dynamic structure, such as it is important for WBAN. Furthermore, this protocol enables a
balanced consumption of energy whilst providing stability for the system. Its strategy is to divide the sensors
into clusters, with each cluster setting one node as a cluster head. Each cluster head acts as a focal
point in terms of communication and data transmission, whilst, at the same time, avoid excessive heat
generation [12], [23], [30], [31].

4.2. Cross-layer routing

The protocol stack of this particular method enables layer to communicate with each other, which are
normally restricted on their own layers. This improves interoperability and efficiency simultaneously. Some
known protocols are “cross-layer optimization based on prediction (CLBP)”, “cross-layer retransmit strategy
(CLRS)” and “A priority-based cross layer routing protocol (PCLRP)” to name a few. However, even though
the energy consumption is reduced, and the data transmission is increased, the downside of these protocols is,
that they don’t take the movement of the body into consideration [12], [23], [30].

4.3. Posture-based routing

A very important factor within a WBAN is the probability of effect due to body movement or even
human tissue. If none considered appropriately, human tissue could obstruct the signal which could lead to link
failure, whilst body movement could even leave to disconnection of linkages. Posture-base routing protocols
are specialized to deal with these challenges by taking human physiology and movement into calculation. The
idea here is to send the data packages periodically to the coordinator. Some examples are the “energy-efficient
and distributed network management cost minimization (NCMD)”, “A novel mobility handling routing
protocol (MHRP)” and “distance vector with postural link cost (DVRPLC) [23], [29], [32].

4.4. Quality of service-based routing

To ensure safety and security for a patient who uses WBAN with implanted sensors, a set of rules and
regulations are necessary. These qualities of services are upholding certain standards to ensure a patient’s well-
being. Services such as data security, data authenticity, data priority, data transmission, link reliability as well
as heat generation and transmission delay are a few of these factors which need to be regulated. Some
examples of those protocols are “energy balanced rate assignment and routing protocol (EBRAR)”, “data-
centric multi-objective QoS-based routing protocol (DMQoS)” and “designing lightweight QoS routing
protocol (LRPD)” [23], [30].

4.5. Temperature-based routing

The term hot spot sensors normally describe sensors with high temperature due to radiation
continuously generated by processor uptime, data transmission as well as energy consumption. It is problematic
since increased heat can and will damage human tissue as well as compress blood flow. In order to prevent
these outcomes, several approaches were researched to create protocols to handle this issue. For example,
“thermal-aware routing algorithm (TARA)”, “A new energy-efficient routing protocol (ER-ATTEMPT)”, “A
mobility-based temperature-aware routing protocol (MTR)” and “trust and thermal aware routing protocol
(TTRP)” [12], [23], [33].
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5. CHALLENGES FOR ROUTING PROTOCOLS IN WBAN

Although routing protocols are means to improve energy efficiency dependence of WBANS.
However, even the routing protocols have their own challenges, which may have tremendous impact on the
choice of the right protocol. In order to choose the optimal routing protocol, several factors must be taken into
consideration. To be aware of the constraints and limitations is paramount in the determination of a proper
routing protocol especially concerning implanted sensors. To understand the difficulties, an enumeration of
possible challenges is listed below [12], [15], [18], [34], [35].

5.1. Energy availability

Implanted sensors are very small in size, in order to avoid the discomfort of a patient. Thus, a sensor’s
energy availability is very limited since the entire WBAN life span is depended on the first sensor to run out
of energy. If that happens, it has to be removed and exchanged via surgical intervention, which is not only
cumbersome for a patient but also increases the risk of possible injuries during or after a surgery [18], [28].

5.2. Mobility

While in theory, the implanted sensors could be placed in optimal distance with each other to increase
efficiency, the reality is that due to constraints within a body, the sensors cannot be implanted everywhere.
Furthermore, body movement will directly impact the sensors. Aside from the possibility to alter the sensor’s
location, the signal transmission rate is not all equal within a body due to the human tissue, thus a careful
choice of the correct location as well as a proper routing protocol must be considered in correspondence to
these factors management [12], [34], [36].

5.3. Transmission range

Signal transmission within a body is reliant of its signal strength, which of course severely impacts the
overall energy consumption and heat generation. The higher the range, the more energy is required. On the other
hand, a stronger signal allows for a faster and more stable communication within the WBAN [12], [37], [38].

5.4. Data management

Due to the small size of the sensors, the possibility to store data is quite limited. In additition to that
the sensors collect a high amount of data in form of physiological information. Thus, the right strategy is
required for good data management [12], [34].

5.5. Processing power

Computing power is limited since chips with high processing power would generate to much heat.
Therefore, they are not applicable for implanted sensors. The reason being is that it could potentially harm the
body [12], [37].

5.6. Real-time synchronization

Patients who are either chronically ill or have severe diseases must be monitored constantly and in
real time. Therefore, the system must ensure to provide these critical data accordingly to prevent serious injuries
or even death for some patients [12], [34]. Thus, a stable and secure connectivity must be available.

5.7. Latency

When information, which is in packet form, arrive at its destination later, due to routing a longer path,
in order to avoid congestion, or longer queues or even high traffic of transmission, then its arrival time is
affected by high latency. However, in order for real-time monitoring to function properly, the latency of data
transmission has to be very low. This ensures that critical data is transmitted in a timely manner [18], [39].

5.8. Security

Physiological data as well as personal data are very sensitive and require proper encryption and
authentication. The issue with security is that the sensor’s limitation and constrains do not allow for
sophisticated security mechanisms for the system. Thus, it needs to be outsourced with the help of routing
protocols [12], [16], [18].

6. RELATED WORK

The amount of research which has been done regarding routing protocols, makes it very apparent that
different strategies are required to be implemented for specific solutions. This is evident, due to the fact, that there
are many ways to approach a proper optimization of a wireless body area network system. Since the total life span
of a network is dependent on its energy availability, it is a pivotal topic and one of the main challenges. In (Table 2
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see in appendix) details and features of the following mentioned literature review are shown. This comparison of
the proposed routing protocols highlights the objectives, methodology, advantages, and disadvantages.

Qureshi at el. [40] proposed an energy aware routing protocol (EAR), which is able to reduce the
utilization of energy by selecting best next hop through the evaluation of the link quality of the existing nodes
within the WBAN. It balances residual energy, as well as the link quality and the proper level of energy.
Al-Obaidi and Ibarahim [41] proposed a reliable stable increased multi-hop protocol link efficiency
(R-SIMPLE), which is an upgraded version of SIMPLE, with the addition of a performance factor for the cost
equation. Furthermore, the nodes are divided into CS and non-critical sensors (NCS), whilst the data it self is also
divided in correspondence to their sensors. Additionally, a sleep function is added, where the awakening of the
sensors is depended on a specific schedule, given by the medical staff, or if critical data is collected.

Zuhra et al. [42] proposed a different approach by utilizing a low latency traffic prioritization scheme
for QoS-ware routing (LLTP-Qo0S). This specific protocol is focusing on ensuring a reliable approach to improve
the critical data transmission whilst also reducing end-to-end delay. The modified stable increased multi-hop
protocol link efficiency (M-SIMPLE) reported by Khanna et al. [43], was a cluster-based routing protocol, which
is capable of using both, single and multi-hop, depending on the required cost function. The cost function is
calculated by considering the parent node with maximal residual energy as well as shortest path to the sink.

Whereas the protocol from Qu et al. [5], multiple parameters of the network nodes are put into account.
Parameters, such as residual energy, the transmission efficiency, the available bandwidth, and the count of hops
to the destination, for example, are included. Their proposed protocol is able to use the maximum benefit
function for a dynamic hop selection. Other strategies were presented by Jamil et al. [44], which is to use
adaptive thermal-aware routing algorithms (ATAR) to deal with the challenge regarding the temperature rise
of the implanted sensors within WBAN by using a multi-ring routing approach to find alternative ways in order
to avoid already heated sensor nodes. Similarly, Ahmed et al. [45] presented another reliable thermal and
energy aware routing (TEAR), which was considering the weighted average of link quality, the heat dissipation,
and the energy consumption to determine the routing path in order to avoid overheated nodes.

Abidi et al. [30] designed a routing protocol wireless body area network protocol (WBANP) to use
multi-hop to reach its destination by using a gateway body sensor, which serves as an access point between
nodes and sink. Qureshi et al. [46] suggested an energy and link aware routing protocol (ELA-RP), which is
able to deliver well balanced energy consumption whilst minimizing delay of data transmission. On the other
hand, Prasad and Bojja [27] proposed a routing protocol, which is able to tackle two known main issues in a
WBAN, the energy consumption and the total life span of a WBAN by using a specific hybrid synchronization
technique for the energy consumption and a specific hybrid communication between sink and nodes.
Ullah et al. [47] presented a different strategy by proposing an efficient energy harvested-aware routing
protocol (EH-RCB) which is constructed to stabilize the wireless area body network’s operation through
choosing the most optimal forwarder node based on the cost function calculation.

Kaur et al. [48] introduced adam moment estimation optimized mobility supported energy efficient
routing protocol (AMERP), which is able to support multi-hop communication, the mobility of sensor nodes, as
well as traffic. Furthermore, is has a very small energy consumption which enhances the life span whilst also
reducing the packet drop rate. Ullah et al. [49] suggested an energy efficient and reliable routing scheme (ERRS)
which includes two novel approaches, the forwarder node selection and the forwarder node rotation. This new
strategy includes the usage of an adaptive static clustering routing technique for enhanced stability within the system.

Samarji and Salamah [50] presented an energy efficient routing and QoS supported traffic
management scheme for software defined wire body area networks (ERQTM), which enhances the system’s
life span whilst ensuring network stability and reliability by inventing an energy efficient routing scheme, as
well as a traffic management scheme by prioritizing the transmission of emergency data, which results in an
outcome of high QoS. Sandhu and Malik [51] did propose a priority aware protocol (PAP) for healthcare
applications in WBANS. This protocol transferred data based on their priority by associating a fixed and a
dynamic priority to each node. While the fixed priority was calculated based on the tasks assigned to the nodes,
the dynamic priority was computed based on the data sensed by a node.

Sagar et al. [52] did use the critical data routing protocol (CDR) in order to transmit all relevant
emergency-based data from the inner-body nodes to the on-body medical super sensor (MSS). The MSS was
then able to manage and coordinate all sensors within the body, even though it considered only the critical data,
while the non-critical data was discarded. Goyal et al. [53] presented an optimized hybrid approach of the
genetic algorithm (GA) and the BAT algorithm, taking the transmission rate adaption policy into consideration
as well (GABAT-TRAP). The main purpose was to adjust the transmission rates for human posture, while
improving link quality and QoS metrics at the same time. GABAT-TRAP did also include harvesting
techniques to improve network lifetime and higher throughput.

The proposal by Banuselvasaraswathy and Rathinasabapathy [54] was the optimum path optimum
temperature routing protocol (OPOT). It reduced the influence of the sensor nodes temperature by defining a
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minimum and maximum threshold limit. This approach enabled an optimum routing path, which also equalized
the heat spread between the sensors within the network.

Ahmed et al. [55] did develop a novel energy optimized congestion control based on temperature
aware routing algorithm (EOCC-TARA) using enhanced multi-objective spider monkey optimization (EMSMO)
for SDN-based WBAN. Basically, the forwarder nodes were determined by prioritizing temperature and energy,
meaning that overheated nodes were avoided. The optimal path was chosen by including the link reliability, queue
length, path loss and residual energy into the equation. These are only a few examples of the research which has
been done in order to create a proper routing protocol to address the needs of their specific network systems.

7. CONCLUSION

Wireless body area network systems do not only offer great possibilities for the medical sector, but also
carry a lot of conditions, restraints, and challenges as well. And some of these challenges can be addressed with
a specific approach or methodology, for example, the network structure and design. However, when it comes to
micromanagement in regard to energy management, data transmission, heat generation, latency, data security, to
only name a few, routing protocols are the tools, which are required to deal with these matters. Since there are
many applications available, different strategies are needed in order to establish a safe and well-functioning
communication in a WBAN, thus there has been put a lot a time and research for the development of routing
protocols. And therefore, routing protocols are an intricate and pivotal part of a wireless area body network system.

APPENDIX
Table 2. Comparison of the proposed routing protocols
Authors Proposed Objectives Methodology Advantages Disadvantages
routing protocol
Qureshi at el. Energy aware Link quality and Reduction of energy Improved Lacking node
[40] 2020 routing protocol  energy utilization utilization by selecting performance in mobility; high
(EAR) best next hop through energy complexity due to
the evaluation of the consumption, calculations
link quality of the data delivery
existing nodes within ratio, delay and
the WBAN. It balanced throughput
residual energy, as well
as the link quality and
the proper level of
energy.
Al-Obaidi and Reliable stable Decrease energy Division of nodes into Improved Possible missing
Ibarahim [41] increased multi-  consumption and critical sensors (CS) network data could cause an
2020 hop protocol prolong network  and non-critical sensors lifetime, issue since data is
link efficiency lifetime (NCS) as well as stability, transmitted once per
(R-SIMPLE) classification of data throughput, waking cycle and
into critical and non- residual therefore could take
critical data. Added energy, a long period of
sleep function to reduce reliability and time to wait for the
energy consumption by data integrity next waking cycle to
awaken the sensors on a be transmitted.
scheduled timeline or if
critical data was
transmitted.
Zuhra et al. low latency Enhancement of ~ Enhancement of critical Improved High complexity due
[42] 2019 traffic the transmission data transmission and network to computation of
prioritization of critical data in avoidance of node and lifetime, energy  routing decisions; too
scheme for a privileged link level congestion. It consumption, many sensors thus
QoS-ware manner and consists of two main critical data uncomfortable and
routing (LLTP-  avoidance of end-  schemes such as traffic transmission, limits body
QoS). to-end delay prioritization and route  throughput and movement
discovery schemes. end-to-end
delay
Khanna et al. Modified Stable Increase of The cost function is Improved High complexity
[43] 2018 Increased energy efficiency calculated by stability, due to computation
Multi-hop by choosing the considering the parent network of routing decisions
Protocol Link optimal number node with maximal lifetime and
Efficiency (M- of cluster heads. residual energy as well ~ packet delivery
SIMPLE) as shortest path to the

sink
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Table 2. Comparison of the proposed routing protocols (continue)

Authors Proposed Objectives Methodology Advantages Disadvantages
routing protocol
Qu et al. [5] Energy- Use the Multiple parameters, Improved High complexity
2019 efficient routing  maximum benefit  such as residual energy, reliability of due to computation
protocol for function for a the transmission data of routing decisions;
reliable data dynamic hop efficiency, the available transmission QoS requirements
transmission selection bandwidth, and the and energy not optimized
count of hops to the utilization
destination, are taken efficiency and
into account. network
lifetime

Jamil et al. [44]
2019

Ahmed et al.
[45] 2019

Abidi et al. [30]
2019

Qureshi et al.
[46] 2018

Prasad and
Bojja [27] 2020

Ullah et al. [47]
2019

Kaur et al. [48]
2021

Adaptive
thermal-aware
routing
algorithms
(ATAR)

Thermal and
energy aware
routing (TEAR)

Wireless body
area network
protocol
(WBANP)

Energy and link
aware routing
protocol (ELA-
RP)

Hybrid energy-
efficient routing
protocol

Energy harvested-

aware routing
protocol with

clustering approach

in body area

networks (EH-RCB)

Adam moment
estimation
optimized

mobility
supported
energy efficient

routing protocol

(AMERP)

Avoidance of
tissue damage
due to increased
temperatures of
nodes

Using weighted
average of link
quality, heat
dissipation, and
energy
consumption to
avoid heated
nodes
Use of gateway
body sensors to
reduce energy
consumption

Avoidance of
QoS decrease
through body
movement by
establishing
proper path

Use of ultra-low-
power
transceivers with
hybrid energy-
efficient routing
protocol to
decrease energy
consumption

Choosing the
most optimal
forwarder node
based on Cost
Function (CF)

Enhancement of
both,
homogeneous and
heterogeneous
network
configurations

Using Multi-Ring
routing approach to find
alternative route in case

of increasing
temperature.

Consideration of
weighted average of
three costs, link quality,
heat dissipation, and
energy consumption to
avoid overheated nodes
by determining the
routing path.

Use of Multi-Hop to
reach destination using
gateway body sensors
as access points
between nodes and
sink.
Calculation of neighbor
nodes parameters
including energy level
and link quality whilst
balancing energy
consumption and
minimizing data delay
as well as maximizing
data delivery in the
network.

Use specific hybrid
synchronization
technique for energy
consumption and
specific hybrid
communication
between sink and nodes
in regards to enery
consumption and total
network lifespan.
Use of Energy
Harvesting mechanism
with clustering
algorithm with dual
sinks.

Adaptation of deep
learning-based Adam
optimizer to predict
forwarder node for
homogeneous and
heterogeneous
configuration of nodes
to improve throughput,
network lifetime and
residual energy of the
network.

Avoidance of
tissue damage,
extended
network
lifetime,
decreasing
temperature of
nodes
energy
consumption,
thermal impact
and high
throughput

Improved data
transmission,
energy
consumption,
and network
lifetime
Improved data
routing, energy
consumption,
data delivery
and delay

Improved
network
lifetime, energy
consumption,
and avoidance
of tissue
damage by
overheated
nodes

Improvement
of end-to-end
delay network
stability,
package
delivery ratio
and throughput
Improvement
of mobility of
nodes, energy
consumption,
network
lifetime, packet
drop rate

High delay due to
avoidance of heated
nodes; overhead

High complexity
due to mathematical
techniques for
computing
temperate rise

Low system
performance due to
suboptimal
cooperative
characteristics of
WBAN
Fixed and same
transmission range
for sensor nodes can
be very difficult to
realize in certain
cases through the
human body.

High complexity
due to too many
nested iterations for
the determination of
the correct routing
path

High complexity
due to extensive
calculations; high
Bit Error Ratio
(BER)

Replacement of
nodes is extremely
difficult; data loss is
intolerable
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Table 2. Comparison of the proposed routing protocols (continue)

Authors Proposed Objectives Methodology Advantages Disadvantages
routing protocol
Ullah et al. [49] Energy efficient ~ Enhancement of Combination of two Improved Requires better
2021 and reliable stability period novelle solutions, the stability period, reliability and
routing scheme  and reliability for forwarder node network latency for life-
(ERRS) resource selection and the lifetime, critical applications;
constrained forwarder node rotation  throughput and suboptimal
WBAN techniques to take reliability scalability and
advantage of the mobility
adaptive static
clustering routing
technique.
Samarji and Energy efficient Use of QoS Prioritization of Improved Not optimized
Salamah [50] routing and supported traffic transmission of network energy efficiency,
2021 QoS supported management for emergency data, which lifetime, since it requires a lot
traffic optimized routing results in a high QoS stability and of power
management procedures reliability
scheme for
software
defined wire
body area
networks
(ERQTM)
Sandhu and Priority aware Routing decisions ~ Transmission of data as Improved Missing adjustment
Malik [51] protocol (PAP) of data healthcare priority data, ~ performance in between
2020 transmission which includes the terms of transmission power
based on measured sensitivity throughput, and receiving power
assignment of and the value observed reliability and after dynamically
high priority to of data. The sensing end-to-end determining the
emergency-based interval and delay transmission rates
data transmission rate are
calculated based on the
healthcare priority of
data.
Sagar et al. [52] Energy aware Prioritization of Placement of nodes in Improved Placement of nodes
2020 WBAN using critical data an equidistant pattern to energy are not optimized
critical data transmission via avoid the routing of efficiency, since they are all in
routing (CDR) an algorithm for data via relay or network equal distance to the
each node forwarder. The routing lifetime and sink; can only send
decision is done by the throughput critical data and not
critical data routing non-critical data;
protocol (CDP). The high complexity due
sensors only send to extensive
critical data and discard calculations; sensor
non-critical data. nodes deplete faster
since all load is
concentrated on one
forwarder node
Goyal et al. Genetic Adjustment of The hybrid GABAT Improved High complexity
[53] 2021 algorithm (GA)  transmission rates  adjusts the transmission network due to extensive
with BAT for human rates at each sensor lifetime; higher calculations
algorithm with posture, while node for each posture throughput
transmission improving link considering both the
rate adaption quality and QoS QoS metric constraint
policy metrics and the dynamic link
(GABAT- constraint.
TRAP)
Banuselvasaras Optimum path Minimization of The optimum routing Improved High complexity
wathy and optimum the temperature path is determined by performance in due to extensive
Rathinasabapat temperature influence on the temperature of power, delay, calculations
hy [54] 2020 routing protocol sensor nodes sensor nodes and by uniform
(OPOT) defining a minimum temperature,
and maximum. It also energy and
considers the critical network
data signals to be sent lifetime

when the temperature
of node exceeds the
admissible threshold
limit.
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Table 2. Comparison of the proposed routing protocols (continue)

Authors Proposed Objectives Methodology Advantages Disadvantages
routing protocol

Ahmed et al. Energy Improvement of By considering the Improved Mobility issues;
[55] 2020 optimized energy efficiency ~ temperature, caused by ~ performance in  high complexity due
congestion and a congestion thermal dissipation on energy to extensive
control based free sensor nodes, the consumption, calculations
on temperature communication, forwarder nodes are throughput,
aware routing as well as the selected based on uniform
algorithm reduction of temperature and energy. temperature
adverse thermal Then the congestion and less
effects in WBAN avoidance concept is congestion
routing added with the energy-

efficiency, link
reliability, and path loss
for modeling the cost
function based on
which the EMSMO
provides the optimal
routing.

ACKNOWLEDGEMENTS
The author wishes to thank the Department of Electrical and Computer Enginerring of Duhok
University.
REFERENCES
[1] “Center for systems science and engineering (CSSE) at Johns Hopkins University (JHU),” COVID-19 Dashboard., 2023.

[2]

3]

[4]

[5]
[6]

[71

(8]
[9]

[10]

[11]

[12]
[13]
[14]
[15]
[16]

[17]

https://www.arcgis.com/apps/dashboards/bda7594740fd40299423467b48e9%ecf6.

K. I. Mohammed et al., “Real-time remote-health monitoring systems: a review on patients prioritisation for multiple-chronic
diseases, taxonomy analysis, concerns and solution procedure,” Journal of Medical Systems, vol. 43, no. 7, Jun. 2019, doi:
10.1007/510916-019-1362-x.

S. S. Gupta, N. Gupta, and B. Verma, “An enhanced energy efficient protocol for wireless body area network,” 2022 Second
International Conference on Advances in Electrical, Computing, Communication and Sustainable Technologies (ICAECT), Apr.
2022, doi: 10.1109/ICAECT54875.2022.9807836.

B. Shunmugapriya, B. Paramasivan, S. Ananthakumaran, and J. Naskath, “Wireless body area networks: survey of recent research
trends on energy efficient routing protocols and guidelines,” Wireless Personal Communications, vol. 123, no. 3, pp. 2473-2504,
Nov. 2022, doi: 10.1007/s11277-021-09250-0.

Y. Qu, G. Zheng, H. Wu, B. Ji, and H. Ma, “An energy-efficient routing protocol for reliable data transmission in wireless body
area networks,” Sensors (Switzerland), vol. 19, no. 19, p. 4238, Sep. 2019, doi: 10.3390/s19194238.

A.J. Y. Aldarwish, A. A. Yassin, A. M. Rashid, H. A. A. Alasadi, A. A. Yaseen, and E. T. Khalid, “Design a sturdy and secure
authentication scheme capable of early detection of COVID-19 patients using WBANSs,” Indonesian Journal of Electrical
Engineering and Computer Science (IJEECS), vol. 27, no. 2, pp. 900-910, Aug. 2022, doi: 10.11591/ijeecs.v27.i2.pp900-910.

S. S. Oleiwi, G. N. Mohammed, and |. Al-Barazanchi, “Mitigation of packet loss with end-to-end delay in wireless body area
network applications,” International Journal of Electrical and Computer Engineering (IJECE), vol. 12, no. 1, pp. 460—470, Feb.
2022, doi: 10.11591/ijece.v12i1.pp460-470.

K. Hasan, X. W. Wy, K. Biswas, and K. Ahmed, “A novel framework for software defined wireless body area network,” in Proceedings -
International Conference on Intelligent Systems, Modelling and Simulation, ISMS, 2018, pp. 114-119, doi: 10.1109/ISMS.2018.00031.

G. Sathya and D. J. Evanjaline, “Metaheuristic based routing incorporated with energy harvesting for enhanced network lifetime in
WBAN,” Bulletin of Electrical Engineering and Informatics (BEEI), vol. 12, no. 2, pp. 1171-1179, Apr. 2023, doi:
10.11591/eei.v12i2.4589.

G. Yang, X. W. Wu, Y. Li, and Q. Ye, “Energy efficient protocol for routing and scheduling in wireless body area networks,”
Wireless Networks, vol. 26, no. 2, pp. 1265-1273, Sep. 2020, doi: 10.1007/s11276-019-02150-z.

A. Bengag, A. Bengag, and O. Moussaoui, “Intrusion detection based on fuzzy logic for wireless body area networks: review and
proposition,” Indonesian Journal of Electrical Engineering and Computer Science, vol. 26, no. 2, pp. 1091-1102, May 2022, doi:
10.11591/ijeecs.v26.i2.pp1091-1102.

S. Raed and S. Abdulghani, “a review on energy efficient routing protocols in wireless body area networks (WBAN) for healthcare,”
Journal of Network Communications and Emerging Technologies (JNCET), vol. 10, no. 10, 2020.

R. Latha and P. Vetrivelan, “Wireless body area network (WBAN)-based telemedicine for emergency care,” Sensors (Switzerland),
vol. 20, no. 7, p. 2153, Apr. 2020, doi: 10.3390/s20072153.

D. Vera, N. Costa, L. Roda-Sanchez, T. Olivares, A. Fernandez-Caballero, and A. Pereira, “Body area networks in healthcare: A
brief state of the art,” Applied Sciences (Switzerland), vol. 9, no. 16, p. 3248, Aug. 2019, doi: 10.3390/app9163248.

Y. Qu, G. Zheng, H. Ma, X. Wang, B. Ji, and H. Wu, “A survey of routing protocols in WBAN for healthcare applications,” Sensors
(Switzerland), vol. 19, no. 7, p. 1638, Apr. 2019, doi: 10.3390/s19071638.

R. Kumar, P. Sain, and S. Tayal, “Wireless body area sensor networks based on IEEE 802.15.4: a survey,” International Journal of
Enhanced Research in Science, Technology & Engineering, vol. 9, no. 8, 2020.

M. Yaghoubi, K. Ahmed, and Y. Miao, “Wireless body area network (WBAN): a survey on architecture, technologies, energy
consumption, and security challenges,” Journal of Sensor and Actuator Networks, vol. 11, no. 4, p. 67, Oct. 2022, doi:
10.3390/jsan11040067.

Indonesian J Elec Eng & Comp Sci, Vol. 32, No. 2, November 2023: 933-944



Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 a 943

[18]
[19]

[20]

[21]
[22]

[23]

[24]
[25]
[26]
[27]

[28]

[29]
[30]
[31]
[32]

[33]

[34]

[35]

[36]

[37]
[38]
[39]
[40]

[41]

[42]

[43]

[44]
[45]
[46]
[47]

[48]

[49]

H. Taleb, A. Nasser, G. Andrieux, N. Charara, and E. M. Cruz, “Wireless technologies, medical applications and future challenges
in WBAN: a survey,” Wireless Networks, vol. 27, no. 8, pp. 5271-5295, Sep. 2021, doi: 10.1007/s11276-021-02780-2.

N. Ahmad, B. Shahzad, M. Arif, D. Izdrui, I. Ungurean, and O. Geman, “An energy-efficient framework for WBAN in health care
domain,” Journal of Sensors, vol. 2022, pp. 1-11, Feb. 2022, doi: 10.1155/2022/5823461.

M. Gupta, S. Tanwar, A. Rana, and H. Walia, “Smart healthcare monitoring system using wireless body area network,” in 2021 9th
International Conference on Reliability, Infocom Technologies and Optimization (Trends and Future Directions) (ICRITO), Sep.
2021, doi: 10.1109/ICRIT0O51393.2021.9596360.

Q. Liu, K. G. Mkongwa, and C. Zhang, “Performance issues in wireless body area networks for the healthcare application: a survey
and future prospects,” SN Applied Sciences, vol. 3, no. 2, Jan. 2021, doi: 10.1007/s42452-020-04058-2.

L. Zhong et al., “Technological requirements and challenges in wireless body area networks for health monitoring: a comprehensive
survey,” Sensors, vol. 22, no. 9, p. 3539, May 2022, doi: 10.3390/s22093539.

F. Ullah, M. Z. Khan, G. Mehmood, M. S. Qureshi, and M. Fayaz, “Energy efficiency and reliability considerations in wireless
body area networks: a survey,” Computational and Mathematical Methods in Medicine, vol. 2022, pp. 1-15, Jan. 2022, doi:
10.1155/2022/1090131.

Z. Haider, T. Jamal, M. Asam, S. Butt, and A. Ajaz, “Mitigation of wireless body area networks challenges using cooperation,”
International Journal of Security and Its Applications, vol. 14, no. 1, pp. 15-30, Mar. 2020, doi: 10.33832/ijsia.2020.14.1.02.
S.R. Chavva and R. S. Sangam, “An energy-efficient multi-hop routing protocol for health monitoring in wireless body area networks,”
Network Modeling Analysis in Health Informatics and Bioinformatics, vol. 8, no. 1, 2019, doi: 10.1007/s13721-019-0201-9.

S. Shokeen and D. Parkash, “A systematic review of wireless body area network,” in 2019 International Conference on Automation,
Computational and Technology Management, ICACTM 2019, Apr. 2019, pp. 58-62, doi: 10.1109/ICACTM.2019.8776847.

C. R. Prasad and P. Bojja, “A hybrid energy-efficient routing protocol for wireless body area networks using ultra-low-power
transceivers for eHealth care systems,” SN Applied Sciences, vol. 2, no. 12, Nov. 2020, doi: 10.1007/s42452-020-03900-x.

Y. A. A. S. Aldeen and K. N. Qureshi, “Solutions and recent challenges related to energy in wireless body area networks with
integrated technologies: Applications and perspectives,” Baghdad Science Journal, vol. 17, no. 1, pp. 378-384, Mar. 2020, doi:
10.21123/BSJ.2020.17.1(SUPPL.).0378.

R. Punj and R. Kumar, “Technological aspects of WBANs for health monitoring: a comprehensive review,” Wireless Networks,
vol. 25, no. 3, pp. 1125-1157, Feb. 2019, doi: 10.1007/s11276-018-1694-3.

B. Abidi, A. Jilbab, and E. H. Mohamed, “Wireless body area network for health monitoring,” Journal of Medical Engineering and
Technology, vol. 43, no. 2, pp. 124-132, Feb. 2019, doi: 10.1080/03091902.2019.1620354.

Z. Ullah et al., “Energy-efficient harvested-aware clustering and cooperative routing protocol for WBAN (E-HARP),” IEEE Access,
vol. 7, pp. 100036-100050, 2019, doi: 10.1109/ACCESS.2019.2930652.

H. Mahmoud, E. Fadel, and N. Akkari, “Routing protocols in WBAN: a performance evaluation for healthcare applications,”
International Journal of Advanced Research, vol. 8, no. 01, pp. 334-341, Jan. 2020, doi: 10.21474/ijar01/10299.

B. Banuselvasaraswathy, A. Sampathkumar, P. Jayarajan, N. Sheriff, M. Ashwin, and V. Sivasankaran, “A review on thermal and
QoS aware routing protocols for health care applications in WBASN,” in Proceedings of the 2020 IEEE International Conference
on Communication and Signal Processing, ICCSP 2020, Jul. 2020, pp. 1472-1477, doi: 10.1109/ICCSP48568.2020.9182400.

R. Kaur, R. Pasricha, and B. Kaur, “A study of wireless body area networks and its routing protocols for healthcare environment,”
Recent Advances in Electrical & Electronic Engineering (Formerly Recent Patents on Electrical & Electronic Engineering), vol.
13, no. 2, pp. 136-152, Apr. 2019, doi: 10.2174/2352096512666190305152857.

H. S. Chasib, S. R. Salih, and I. J. K. Al-Ogaili, “An adaptive multi-hop routing with loT abstraction for minimizing delay-node
capacity trade-offs in mobile ad-hoc network,” International Journal of Electrical and Computer Engineering (IJECE), vol. 11, no.
6, pp. 5315-5326, Dec. 2021, doi: 10.11591/ijece.v11i6.pp5315-5326.

Y. M. Raghavendra and U. B. Mahadevaswamy, “Energy efficient routing in wireless sensor network based on mobile sink guided
by stochastic hill climbing,” International Journal of Electrical and Computer Engineering (IJECE), vol. 10, no. 6, pp. 5965-5973,
Dec. 2020, doi: 10.11591/ijece.v10i6.pp5965-5973.

B. Abidi, A. Jilbab, and E. H. Mohamed, “An energy efficiency routing protocol for wireless body area networks,” Journal of
Medical Engineering and Technology, vol. 42, no. 4, pp. 290-297, May 2018, doi: 10.1080/03091902.2018.1483440.

K. Nagarathna, “Energy-aware strategy for data forwarding in IoT ecosystem,” International Journal of Electrical and Computer
Engineering (IJECE), vol. 10, no. 5, pp. 4863-4871, Oct. 2020, doi: 10.11591/ijece.v10i5.pp4863-4871.

D. D. Olatinwo, A. Abu-Mahfouz, and G. Hancke, “A survey on LPWAN technologies in WBAN for remote health-care
monitoring,” Sensors (Switzerland), vol. 19, no. 23, p. 5268, Nov. 2019, doi: 10.3390/519235268.

K. N. Qureshi, S. Din, G. Jeon, and F. Piccialli, “Link quality and energy utilization based preferable next hop selection routing for
wireless body area networks,” Computer Communications, vol. 149, pp. 382-392, Jan. 2020, doi: 10.1016/j.comcom.2019.10.030.
M. A. D. Al-Obaidi and A. A. Ibarahim, “R-SIMPLE: Reliable stable increased-throughput multi-hop protocol for link efficiency
in wireless body area networks,” in 2020 International Congress on Human-Computer Interaction, Optimization and Robotic
Applications (HORA), Jun. 2020, doi: 10.1109/HORA49412.2020.9152856.

F. T. Zuhra et al., “LLTP-Qo0S: low latency traffic prioritization and QoS-aware routing in wireless body sensor networks,” IEEE
Access, vol. 7, pp. 152777-152787, 2019, doi: 10.1109/ACCESS.2019.2947337.

A. Khanna, V. Chaudhary, and S. H. Gupta, “Design and analysis of energy efficient wireless body area network (WBAN) for
health monitoring,” in Lecture Notes in Computer Science (including subseries Lecture Notes in Artificial Intelligence and Lecture
Notes in Bioinformatics), vol. 10990 LNCS, Springer Berlin Heidelberg, 2018, pp. 25-39.

F. Jamil, M. A. Igbal, R. Amin, and D. Kim, “Adaptive thermal-aware routing protocol for wireless body area network,” Electronics
(Switzerland), vol. 8, no. 1, p. 47, Jan. 2019, doi: 10.3390/electronics8010047.

G. Ahmed, D. Mahmood, and S. Islam, “Thermal and energy aware routing in wireless body area networks,” International Journal
of Distributed Sensor Networks, vol. 15, no. 6, p. 155014771985497, Jun. 2019, doi: 10.1177/1550147719854974.

K. N. Qureshi, F. Bashir, and A. H. Abdullah, “An energy and link aware next node selection protocol for body area networks,” in
International Conference on Information Networking, Jan. 2018, pp. 721-726, doi: 10.1109/ICOIN.2018.8343213.

Z. Ullah, I. Ahmed, T. Ali, N. Ahmad, F. Niaz, and Y. Cao, “Robust and efficient energy harvested-aware routing protocol with
clustering approach in body area networks,” IEEE Access, vol. 7, pp. 33906-33921, 2019, doi: 10.1109/ACCESS.2019.2904322.
R. Kaur, B. P. Kaur, R. P. Singla, and J. Kaur, “AMERP: Adam moment estimation optimized mobility supported energy efficient
routing protocol for wireless body area networks,” Sustainable Computing: Informatics and Systems, vol. 31, p. 100560, Sep. 2021,
doi: 10.1016/j.suscom.2021.100560.

F. Ullah, M. Z. Khan, M. Faisal, H. U. Rehman, S. Abbas, and F. S. Mubarek, “An energy efficient and reliable routing scheme to
enhance the stability period in wireless body area networks,” Computer Communications, vol. 165, pp. 20-32, Jan. 2021, doi:
10.1016/j.comcom.2020.10.017.

Energy efficient routing protocols in wireless body area networks for health ... (Soleen Jaladet Al-Sofi)



944

a ISSN: 2502-4752

[50]
[51]
[52]
[53]
[54]

[55]

N. Samarji and M. Salamah, “ERQTM: energy-efficient routing and QoS-supported traffic management scheme for SOWBANSs,”
IEEE Sensors Journal, vol. 21, no. 14, pp. 16328-16339, Jul. 2021, doi: 10.1109/JSEN.2021.3075241.

A. Sandhu and A. Malik, “PAP: priority aware protocol for healthcare applications in wireless body area network,” International
Journal of Recent Technology and Engineering (IJRTE), vol. 8, no. 5, pp. 2733-2739, Jan. 2020, doi: 10.35940/ijrte.e6373.018520.
A. K. Sagar, S. Singh, and A. Kumar, “Energy-aware WBAN for health monitoring using critical data routing (CDR),” Wireless
Personal Communications, vol. 112, no. 1, pp. 273-302, Jan. 2020, doi: 10.1007/s11277-020-07026-6.

R. Goyal, R. B. Patel, H. S. Bhaduria, and D. Prasad, “An energy efficient QoS supported optimized transmission rate technique in
WBANS,” Wireless Personal Communications, vol. 117, no. 1, pp. 235-260, Apr. 2021, doi: 10.1007/s11277-020-07281-7.

B. Banuselvasaraswathy and V. Rathinasabapathy, “Self-heat controlling energy efficient OPOT routing protocol for WBAN,”
Wireless Networks, vol. 26, no. 5, pp. 3781-3792, Mar. 2020, doi: 10.1007/s11276-020-02303-5.

O. Ahmed, F. Ren, A. Hawbani, and Y. Al-Sharabi, “Energy optimized congestion control-based temperature aware routing
algorithm for software defined wireless body area networks,” IEEE Access, vol. 8, pp. 41085-41099, 2020, doi:
10.1109/ACCESS.2020.2976819.

BIOGRAPHIES OF AUTHORS

Soleen Jaladet Al-Sofi g 2 is a lecturer at the department of Biomedical
Engineering at the University of Duhok, Kurdistan-Region, Irag. She is currently a Ph.D.
student in Computer Engineering. She received her MSc in Computer Networking at the
department of Computer and Software Engineering from the University of Al Mustansiriya,
Baghdad, Iraq in 2005, and her BSc at the department of Computer and Software
Engineering from the University of Al Mustansiriya, Baghdad, Iraq in 2002. Her current
research interests include computer networking, wireless networks, and biomedical. She can
be contacted at email: soleen.alsofi@uod.ac.

Salih Mustafa S. Atroshey g 12 assistant Professor, Ph.D. in Optical Fiber
Communications (2007), MSc in Bioelectrical Engineering from University of Mosul-Iraq
(1984), and BSc in Electronics and Communications from University of Sulaymaniyah
(1979). He is consultant Electrical Engineer, supervised three Ph.D. students and seven M.Sc
students. Worked in several administrative positions; such as a Dean Deputy of College of
Engineering, Dean of Technical Institute of Duhok, and the present position is as a head of
Biomedical Engineering Department/College of Engineering/University of Duhok. He has
many published scientific research. Moreover, he published four books in Arabic language;
two scientific books in Laser field 2008, and one cultural book in satellite field 2007, and
the other cultural book in microwaves field 1985. He can be contacted at email:
salihatroshey@uod.ac.

Ismail Amin Ali © B B8 2 is a lecturer at the department of Electrical and Computer
Engineering at the University of Duhok, Kurdistan-Region, Iraq. He received his Ph.D.
degree in Electronic Systems Engineering from the University of Essex in 2012 under the
supervision of Prof. Mohammed Ghanbari and Dr. Martin Fleury. His MSc from the
University of Duhok in 2005 in the area of automatic verification was supervised by Prof.
Parosh Abdulla. He received his BSc degree in electrical engineering in 1993 from the
University of Mosul, Irag. His current research interests include multimedia transmission,
video error resilience and cross-layer enhancements for delivery over mobile networks. He
can be contacted at email: ismail@uod.ac.

Indonesian J Elec Eng & Comp Sci, Vol. 32, No. 2, November 2023: 933-944


https://orcid.org/0000-0001-7676-374X
https://scholar.google.com/citations?user=3JaqxOMAAAAJ
https://www.webofscience.com/wos/author/record/HMD-7478-2023
https://orcid.org/0000-0001-5516-0501
https://scholar.google.com/citations?user=cyBrHdoAAAAJ&hl=en&oi=ao
https://www.scopus.com/authid/detail.uri?authorId=57214130631
https://orcid.org/0000-0001-6684-2399
https://scholar.google.co.uk/citations?hl=en&user=baucfqgAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=36469776100
https://www.webofscience.com/wos/author/record/AAH-9593-2019

