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Abstract:

This research work presents an algorithm for extending network lifetime in multi-hop wireless sensor networks (WSN). WSNs face energy gap
issues around sink nodes due to the transmission of large amounts of data through nearby sensor nodes. The limited power supply to the nodes
limits the lifetime of the network, which makes energy efficiency crucial. Multi-hop communication has been proposed as an efficient strategy,
but its power consumption remains a research challenge. In this study, an algorithm is developed to mitigate energy holes around the sink nodes
by using a modified ultra-low-power wake-up receiver and an energy scheduling technique. Efficient power scheduling reduces the power
consumption of the relay node, and when the residual power of the sensor node falls below a defined threshold, the power emitters charge the
nodes to eliminate energy-hole problems. The modified wake-up receiver improves sensor sensitivity while staying within the micro-power
budget. This study's simulations showed that the developed RF energy harvesting algorithm outperformed previous work, achieving a 30%
improvement in average charged energy (AEC), a 0.41% improvement in average energy (AEH), an 8.39% improvement in the number of
energy transmitters, an 8.59% improvement in throughput, and a 0.19 decrease in outage probability compared to the existing network lifetime
enhancement of multi-hop wireless sensor networks by RF Energy Harvesting algorithm. Overall, the enhanced power efficiency technique
significantly improves the performance of WSNs.
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such, the need to mitigate the energy-hole problem and
consequently improve the network lifetime of the WSN have
become active areas of research. In mitigating the energy-hole
problem, several approaches have been proposed and adopted
to address the aforementioned challenges. Some of these
approaches are mobile sink, transmission range control, a non-
uniform node deployment technique, and energy provisioning

1. Introduction

Wireless sensor networks (WSN) have emerged as a
promising technology for various applications, ranging
from environmental monitoring to industrial automation [1].
WSNs are made up of tiny dispersed sensor nodes that are
deployed to sense, process, and wirelessly transmit changes in

the form of data from the environment they have been [4]. L .
deployed [2,3]. However, the limited lifetime of the power Energy harvesting is the process of collecting energy from

. . the environment (sun, wind) or other sources of energy (body
SL_JppIy of these no_des_ poses a significant challenge, as it heat, finger stroke, foot strikes) and converting these energies
directly affects t_he lifetime of_the netV\_/ork. Becguse WSNsare 1 ajectrical energy [2, 7]. RF energy harvesting and wireless
often deployed in remote or inaccessible locations, manually power transfer are seen as a way of increasing the lifetime of
replacing or recharging batteries is impractical. Therefore,

or g : WSNs. In RF energy harvesting, sensor nodes harvest energy
energy efficiency becomes crucial to extend the operational  from ambient RF sources; however, the availability of ambient
life of the network [4, 5].

energy sources is not always guaranteed. In wireless power
A key approach adopted in mitigating the energy efficiency

transfer, the external energy sources are intentionally deployed
problem in WSN is multi-hop communication. However, the

process of transmitting substantial amounts of data through
sensor nodes close to sink nodes often results in energy holes
around the sink. Energy holes refer to areas where energy
resources are depleted, causing reduced network performance
and potentially disconnecting parts of the network [4,6]. As

in surroundings to extend the lifetime of WSNs [8].

In the context of this research, this work presents an
improved network lifetime extension algorithm specifically
designed for multi-hop WSNs. The objective of this research
is to mitigate the effect of energy holes and improve the
overall energy efficiency of the network. The algorithm
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proposed for this paper combines two key components: an
energy scheduling technique and a modified ultra-low power
wake-up receiver.

The energy scheduling technique focuses on reducing the
power consumption in relay nodes, which play a crucial role in
maintaining connectivity and data relaying in multi-hop
WSNs. By optimizing the energy usage of these relay nodes,
the proposed algorithm mitigates energy holes and ensures a
more balanced distribution of energy resources across the
network. Effective energy scheduling allows for the
optimization of energy supply and demand, thus extending the
lifetime of the network [9].

Additionally, the algorithm leverages a modified ultra-low
power triggering receiver (WURX) to improve the sensitivity
of the sensor node while operating within a micro-power
budget. The wake-up receiver serves as a key component in
the energy-efficient design, allowing nodes to conserve energy
during periods of inactivity and wake up only when necessary
for data transmission or reception [9, 5]. The modified WuRXx
achieves a remarkable level of sensitivity, providing reliable
communication while consuming minimal current in the
power-limited environment of WSNSs.

To evaluate the performance of the developed RF energy
harvesting algorithm, extensive simulations are performed.
The simulations consider various scenarios and network
conditions to evaluate the effectiveness of the algorithm in
mitigating energy holes and improving energy efficiency.
Evaluation parameters include average energy charged,
average energy harvested, number of energy transmitters,
performance, and outage probability.

In summary, this work presents an improved network
lifetime extension algorithm for multi-hop WSNs. This is
achieved by addressing the challenges of energy holes and
limited power supply, the proposed algorithm contributes to
the overall enhancement of network performance and network
lifetime. The algorithm incorporates a modified ultra-low
power wake-up receiver and an energy scheduling technique
to provide a practical solution to overcome energy
inefficiencies in WSNs. The remaining sections of this paper
are as follows: Section | discusses related literature. Section Il
delineates the materials and methods adopted in this work.
Section 111 delineates the results obtained and discusses the
implications of the results. Section IV concludes this paper.

I. REVIEW OF SIMILAR WORKS

This section provides a review of works that are relevant to
this research area.

The work of [10] proposed mission-aware placement of RF-
based power transmitters in wireless sensor networks. The
author addressed the problem of optimal placement of RF
power transmitters such that sensor nodes with replenished
batteries take part in profit-maximizing missions. The batteries
of the sensor nodes are refilled by a mobile wireless
transmitter. An Integer Linear Programming (ILP) model,
termed Mission-aware Placement of Wireless Power
Transmitters (MAPIT), optimizes the positioning of RF-based
transmitters in the Wireless Rechargeable Sensor Networks
(WRSN) while maximizing the profit of the mission achieved.
MAPIT optimized the placement of RF-based chargers in the

WRSN such that sensors charged from a single landmark were
maximized and they participated in profit-maximizing
missions. Landmarks are the locations where wireless power
transmitters park and transmit wireless power to the sensor
nodes given that the distance between the transmitter and the
receiver is less than the deployment cost. Wide coverage
required the need for many transmitters, which made it
necessary to use mobile transmitters. Simulations were carried
out in terms of profit, under varying number of missions and a
number of selected landmarks under varying numbers of
landmark limits. It was shown that limiting the number of
landmarks increases the profit because power transfer is made
from less condensed locations. Meanwhile, profit reduced as
the number of missions increased, because the nodes that took
part in missions became geographically diverse and they were
required to be charged from different landmark locations.

The work of [11] presented a Medium Access Control
Protocol Design for sensors Powered by wireless energy
transfer. The authors proposed a MAC protocol that works
with RF energy harvesting termed RF-MAC that ensured
optimal delivery to the requesting node. In RF-MAC, a node
was expected to broadcast its Request For Energy (RFE)
packet containing its ID and then wait to hear for Energy
Transmitters (ETs) in the neighbourhood. Reponses from ET
were called Cleared For Energy (CFE) pulses, which were
simple, time-separated energy beacons. These pulses may be
transmitted by more than one ET concurrently, as overlapping
CFEs need not be distinguished. The concurrent emission of
the CFEs increases the received energy level at the sensor, and
this indicates a higher number of potential transmitters from
the energy-requesting sensor. The responding ETs were then
classified into two sets, based on rough estimates of their
separation distance from the energy-requesting node to
minimize the impact of destructive interference as much as
possible. Each set of ETs was assigned a slightly different
peak transmission frequency (separated by only a few KHz,
hence still called in-band as the channel separation was
typically 5MHz for 802.11) so that each set contributes
constructively to the level of RF energy received at the node.
Simulations were carried out to verify the effectiveness of the
proposed MAC protocol using NS-2 and MICA 2 as the
sensor nodes. It was observed that RF-MAC vyielded over 89%
and 112% more than the unslotted CSMA in terms of average
harvested energy and average network throughput
respectively.

The work of [12] envisaged a placement optimization of
energy and information access points in wireless-powered
communication networks. The authors considered the
placement optimization of energy and information access
points in  wireless-powered communication networks
(WPCNSs), where the wireless devices (WDs) harvest the radio
frequency energy transferred by dedicated energy nodes (ENSs)
in the downlink and use the harvested energy to transmit data
to information access points (Aps) in the uplink. The authors
were concerned about minimizing the network deployment
cost with a minimum number of ENs and Aps by optimizing
their locations while satisfying the energy harvesting and
communication performance requirements of the WDs. The
minimum-cost placement problem was first studied, where the
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ENs and APs are uniquely positioned, where an alternating
optimization method was proposed to jointly optimize the
locations of ENs and APs. Then the placement optimization
was studied, where each pair of EN and AP were co-located
and integrated as a hybrid access point, and propose an
efficient algorithm to solve this problem. Simulation results
showed that the proposed methods can effectively reduce the
network deployment cost and yet guarantee the given
performance requirements, which is a key consideration in the
future applications of WPCNSs.

The work of [13] presented a wireless charger deployment
optimization for wireless rechargeable sensor networks. This
paper considered wireless chargers equipped with 3D beam-
forming directional antennas and assumed they can be
deployed on grid points at a fixed height to propose two
greedy algorithms solving the following critical problem: how
to deploy as few as possible chargers to make the WRSN
sustainable. The first algorithm was the node-based greedy
cone selecting (NB-GCS) algorithm trying to optimize the
number of chargers based on node positions. The second
algorithm was the pair-based greedy cone selecting (PB-GCS)
algorithm trying to optimize the number of chargers based on
node pairs. A simulation result was used to analyse the time
complexity of the NB-GCS and PB-GCS algorithms. It was
observed that the PB-GCS algorithms were better than the
NB-GCS algorithms in terms of the number of chargers, while
the former had lower time complexity.

The work of [14] proposed Wireless Sensor Networks with
RF Energy Harvesting: Energy Models and Analysis. The
authors commenced by considering the path-loss models
between a transmitter and a receiver and estimating the power
received between two nodes. Then. They went further to
incorporate the results from array factor calculation in an N-
element antenna array and phased array used to estimate the
cumulative contribution of all the isotropic radiating elements
at any far field point. The design factors of the hardware such
as the diode operational parameters used in voltage multiplier
sections of the energy harvesting circuit and RF-to-DC
conversion efficiency were integrated into the proposed
communication-centric analytical models. The emanating
closed matrix expressions provide an estimate of the
harvestable energy from multiple wireless ETs at any point,
explicitly by considering the unique features of constructive
and destructive combinations of RF waves. The authors
formulated the location-dependent power harvesting rates in
generalized 2D and 3D placement of multiple RF energy
transmitters (ETs) for recharging the nodes of a WSN. The
distribution of the total available and harvested power over the
complete WSN was studied. Results obtained from the
simulation showed that the received power from multiple ETs
over the network and the network energy interference had log-
normal distributions. It was further observed that the voltage
harvested across the network has a Rayleigh distribution.

The work of [15] suggested an efficient tree-based power-
saving scheme for wireless sensor networks with mobile sink.
The authors presented a new tree-based power-saving
technique for the reduction of energy consumption in wireless
sensor networks using a mobile sink. A dynamic sorting
algorithm is utilized in creating a tree-cluster routing structure

for sensor nodes. The major idea behind the adopted technique
was to minimize the data transmission distances of the sensor
nodes by making use of a tree architecture and multi-hop idea.
The proposed technique arrives at an energy-efficient decision
for creating the routing structure, making use of the location of
the mobile sink, the distances between the sensor nodes, and
the residual energy of each sensor node. The use of the load
balancing technique by the authors aids in reducing energy
consumption and increasing the network lifetime of the sensor
nodes. Simulation results showed that the proposed technique
possesses a superior performance and can attain the required
performance in terms of energy consumption, network
lifetime, throughput, and transmission overhead. Additionally,
suitable delay time and number of re-transmission messages
can be achieved for the wireless sensor networks with mobile
sink.

The work of [8] presented an Efficient Wireless Power
Transfer in Software Defined Wireless Sensor Networks. The
use of wireless power is a promising technology to replenish
the sensor nodes. This involves the transfer of wireless power
through dedicated energy transmitters. The authors presented
an energy-efficient software-defined wireless sensor network
(SDWSN) with wireless power transfer. A technique was
created that can appropriately position the energy transmitters
and determine the number of energy transmitters. A tradeoff
between the maximum energy charged in the network and the
fair distribution of energy was considered before energy
transmitters could be appropriately placed. A mechanism was
presented by defining a utility function to maximize both total
energy charged and fairness to obtain the total number of
energy transmitters involved in the formulation and solution of
an optimization problem while satisfying the constraint on
minimum energy charged by each sensor node. An energy-
efficient scheduling scheme was formulated to schedule
energy transmitters to undertake energy charging. The aim
was to minimize the energy consumption of energy
transmitters while ensuring that the sensor nodes were
sufficiently charged. Simulation results showed how effective
energy-efficient SDWSNs with wireless power transfer are in
terms of energy charged, fairness, number of transmitters,
number of tasks, and energy consumption.

The work of [16] suggested an Energy-efficient data
sensing and routing in an unreliable energy-harvesting
Wireless Sensor Network. The authors were concerned about
making the right decision on the energy used for data sensing
and transmission adaptively to maximize network utility and
also about how to propagate all the accumulated data to the
sink along energy-efficient paths to maximize the residual
battery energy of nodes. The first procedure for solving this
problem was by formulating a heuristic data sensing and
routing problem. Then, unlike most existing work that focuses
on energy-efficient data sensing and energy-efficient routing
respectively, energy-efficient data sensing and routing scheme
(EEDSRS) in unreliable energy-harvesting wireless sensor
network was developed. EEDSRS takes account of not only
the energy-efficient data sensing but also the energy-efficient
routing. EEDSRS was divided into three steps: (1) an adaptive
exponentially weighted moving average algorithm to estimate
link quality. (2) a distributed energetic-sustainable data
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sensing rate allocation algorithm to allocate the energy for
data sensing and routing. According to the allocated energy,
the optimal data-sensing rate to maximize the network utility
was obtained. (3) a geographic routing with unreliable link
protocol to route all the collected data to the sink along
energy-efficient paths. Finally, extensive simulations to
evaluate the performance of the proposed EEDSRS were
performed. The experimental results demonstrate that the
proposed EEDSRS were very promising and efficient.

The work of [17] envisaged a sensor node scheduling
algorithm for heterogeneous wireless sensor networks. The
authors presented a scheduling algorithm for heterogeneous
wireless sensor network to improve the regional coverage rate
and network lifetime of heterogeneous wireless sensor
networks. The author adopted an optimization model for
regional coverage increment, arc coverage increments and
residual energy. Multi-objective scheduling model is
established using weight factors and integrated functions.
Furthermore, the heuristic method was proposed to solve the
multi-objective optimization model, and the scheduling
scheme of heterogeneous sensor nodes was obtained. When
the network is in operation for a period of time, some sensor
nodes were invalid and relevant regions were uncovered. The
repair method is proposed to wake up sleep sensor nodes and
repair the coverage blind area. The simulation results showed
that, keeping the same regional coverage rate, the sensor node
scheduling algorithm improves network lifetime, increases the
number of living sensor nodes, and keeps average node energy
consumption at a low level.

The work of [4] offered a Network Lifetime Enhancement
of Multi-Hop Wireless Sensor Network by RF Energy
Harvesting. The authors sought to make the network more
energy efficient by utilizing a multihop rather than a single-
hop communication. When multiple amounts of data traffic
are transmitted from the source node to the sink node, the
problem of energy holes arises from nodes close to the sink
nodes. The energy holes greatly affect the network lifetime of
the sensor nodes. To alleviate the effect of energy holes, the
author, presented an efficient RF energy harvesting using
many dedicated RF sources to prevent energy holes. An ideal
number of energy transmitters were optimally positioned in
the network. The optimal placement of transmitters in the
network guaranteed minimum energy among all sensor nodes
but also delivered more energy for relay nodes to overcome
their energy constraint which formed energy holes around the
sink. The optimal number of energy transmitters was required
to avoid energy holes in multihop WSNs. A utility function
was defined for placing the energy transmitters, ensuring more
weight for supplying energy to relay nodes and to maintain a
minimum energy among all sensor nodes. For an optimum
number of energy transmitters, an optimization problem is
solved while satisfying the constraint on minimum energy
charged by each sensor node. Simulation results were
provided which illustrate the performance of multihop WSN
with Wireless Energy Transfer in terms of energy charged,
number of energy transmitters, throughput and outage in the
network.

The work of [18] suggested an energy energy-efficient on-
demand indoor localization platform based on wireless sensor

networks using a low-power wake-up receiver: The authors
presented an on-demand indoor localization platform using
sensor nodes with built-in wakeup Receiver WuRx. The
sensor nodes in the platform were kept in all-time WuRXx idle
listening and they consume only 3.7micro amp. Whenever
they receive a wakeup packet (i.e. localization request), they
become active and carry out the localization process. The
approach has shown high energy efficiency by saving up to
90% of consumed energy compared to the duty—cycled
approaches and the battery of the sensor nodes can reach a
lifetime of 7.4 years within low-demand scenarios. The
accuracy of the developed platform was tested by setting three
anchors on the ceiling of an 80 x80m2 room and the target
was placed in 15 different positions inside it. The results
obtained from the position estimations have shown a variation
in the accuracy this came to the variation of the attenuation
factor inside the room which is considered as a challenging
environment. However, at high localization activity, the
energy consumption of the anchor node increased in the
WuRx-based ODIL. In such a situation, the lifetime of the
network will not be prolonged.

The work of [19] presented a Lifetime Enhancement of
WSN Based on Improved LEACH with Cluster Head
Alternative Gateway. The authors maximized the network
lifetime of the WSN by making use of another node to reduce
the burden of the cluster head. This was achieved through the
selection of an Alternative Gateway (AG) node on the cluster
level by considering the residual energy and distance to the BS
as input parameters in the AG selection process. The routing
path selection process was refined by selecting a new node
that has the highest residual energy in each cluster to be an
alternative gateway for the cluster head. Then, the routing path
will be decided based on distance. Thus, the traffic was
channelled to the closest gateway for each node in the cluster,
which eventually led to a prolonged network lifetime. This
modified algorithm outperforms the original LEACH by a
4.35% increase in the residual energy, which prolongs the
network lifetime. However, there was a slight increase in the
overhead ratio.

From literature reviewed, the general challenge of
insufficient energy in WSNs remains a major issue that needs
to be addressed. The drawbacks as observed in most of
literature reviewed, that is, 4, 10-17, delineated that the
problems of energy holes in WSN have not been fully
addressed. Nonetheless, the energy consumption by the energy
transmitter can be effectively reduced by introducing task-
based energy charging, where energy transmitters can be
scheduled for wireless power transfer based on the charging
demands of the sensor nodes. This helps to minimize the
energy consumption of the energy transmitters. An Ultra-Low
Power Wake-Up Receiver (WuRXx) can also be used to reduce
the energy consumption of the sensor node and to increase the
sensor node’s sensitivity.

Il. MATERIALS AND METHODS

The following subsections provide a summary of the
methodology used to improve energy efficiency and extend
the Network Lifetime in a Multi-Hop WSN. Subsections A to
J delve into the framework and methodology used in designing
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the simulation scenario to test the proposed algorithm.
Subsection J also presents a flowchart illustrating the
improved network lifetime extension in multi-hop WSN.
Subsection K delineates the simulation setup for this work.

A. Division of Network into Number of Nodes

In this study, we examine a multihop Wireless Sensor
Network (WSN) that incorporates RF energy transfer. The
network  consists of Ns sensor nodes denoted

constantly prepared for data aggregation. Among these sensor
nodes, N1 represents the number of nodes that act as relays.
Additionally, the network includes N, optimally placed energy

transmitters denoted as {ET,, ET,....ET .} .

Each sensor node has the capability to receive energy from
all available energy transmitters. The maximum transmit
power of an energy transmitter is denoted as Pe. It is assumed
that all sensor nodes possess a single wireless interface,
enabling them to switch between transmission and charging
modes. The data transmission and energy charging process is
illustrated in Fig. 1. The energy consumed by a sensor node
within one time slot, is given in the work of [4].

s, s i
s, s L]
. T-t,
Sne | 77
_ Sensor Operation
'///‘ Energy Charging

Fig. 1. Timeslot with Data Transmission and RF Energy Harvesting of
Sensor Nodes

B. Energy Consumption Model

The energy consumed by the i*" sensor node during data
transmission was described using the radio model. Energy
decay occurred at the transmitter side due to radio electronics
and power amplification, while at the receiver side, it was
solely due to radio electronics. A threshold distance, do, was
defined. If the distance, d, between the transmitter and
receiver, was less than do, the free space channel loss model,
which was proportional to d?, was applied as shown in the
work of [4]. Otherwise, the multipath fading channel loss
model, which was proportional to d*, was used as shown in the
work of [4]. The receiver-side loss was modelled according to
Q).

Erxi = Ecec X k (1)

where:

Eelec 1s the transmitter circuitry dissipation per bit and K is

the bit length.
Consequently,
determined.

the overall energy consumption was

C. Wireless Sensor Node Charging Model

Here, it was assumed that the energy transmitters were
omnidirectional. The amount of energy charged by sensor
nodes depended on the transmit power of the energy
transmitter, the harvesting circuit, and the propagation
properties of the environment. In a terrestrial environment,
obstacles of various sizes cause reflection, refraction, and
scattering of signals. As a result, the path loss in the terrestrial
environment was higher than in the conventional free space
path loss model. The developed model equation for the energy
charged by the i sensor node when using an ultra-low power
wake-up receiver in WSN can be represented as:

ECi =[(PE—PL—,oi)><(T—to):|><77—,0r )
Where:
E. is the energy charged by the ith sensor node.

C|

P, stands for the maximum transmit power of the energy
transmitter.

PL is the path loss in the environment.

p, represents the power consumed in transmission by the i
sensor node.

T is the total time available for energy charging.

¢t is the time spent on data transmission by the i”

node.
77 is the energy charging efficiency, which depends on the

sensor

harvesting circuit.
P, s the power consumed in reception by the i sensor
node using ULPWuRX

D. Activating the Energy Scheduling Model by Setting Bode
Transmission Threshold

The problems of energy holes in WSN have not been
adequately addressed. The energy hole problem of the sensor
node can be eliminated by adequate scheduling of the energy
transmitters for charging the sensor nodes when they run out
of energy. When the residual energy of the sensor node
< 0y, the sensor node will be in the sleep state as shown in
(3), while the energy transmitter is used to charge the sensor
node equation in (2.6).In this study, the initial energy of nodes
is 0.5 J. The Threshold energy level is set as 0.1 J [21].

. {o if E,<6,
E.={ . 3)
N O | A =S
The threshold energy level is set as 0.1 J because of the
following:

1. A choice of 0.1J is chosen to ensure that a reasonable
amount of energy is always reserved in the nodes. By
setting the threshold below the initial energy level of
0.5J, it allows for a buffer to account for energy
fluctuations, noise, and potential energy consumption
during transmission or processing.

2. The choice of 0.1J as the threshold energy level is
based on ensuring the reliable operation of the nodes.
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By setting a reasonably low threshold, it helps to
avoid situations where nodes become completely
drained of energy, which could lead to network
failures, data loss, or compromised communication.

E. Ultra Low Power Wake-up Receiver-based Placement of
Energy Transmitters

The main objective of the optimum placement of energy
transmitters was to provide maximum energy to relay nodes
and maintain a minimum energy level for all nodes. However,
simultaneous optimization for maximum energy charging and
energy distribution might not have always been possible. To
avoid energy holes in multihop WSNs, we had to enhance the
lifetime of relay nodes. Therefore, the placement of energy
transmitters was done in such a way that they were positioned
near the sink where energy hole areas existed. For the optimal
placement of energy transmitters, a utility function as shown
in [4] was modified to maximize the energy charged by relay
nodes and maintain a minimum energy level among all nodes.

In the developed model, the utility function for the first
energy transmitter with a wake-up receiver at position (x, y)
depends on various factors, such as the distance from the
transmitter, the energy received at different locations, and the
wake-up receiver's performance characteristics. The utility

function U (X, y,d, E,P) is a combination of distance,

energy, and wake-up receiver performance terms. The general
mathematical presentation of the developed utility function is
as follows:

U(xy.d,E,P)="f(d)*g(E)*h(P) 4)

Where:

(x, y) represents the position of the energy transmitter.

d represents the distance from the transmitter to a specific
location.

E represents the energy received at that location.

P represents the wake-up receiver's performance, such as its
sensitivity or probability of successful wake-up detection.

f(d)is a function that quantifies the impact of distance on
utility

g(E) represents a function that quantifies the impact of
energy received on utility

h(P)stands for a function that quantifies the impact of the
ANT

I
Lossless Envelope detector

wake-up receiver's performance on utility

The function f(d) quantifies the impact of distance on utility
and can be an inverse function to represent diminishing
usefulness as distance increases. The function g(E) quantifies
the impact of energy received on utility and can be a
monotonically increasing function that assigns higher utility
values to higher energy levels received. The function h(P)
quantifies the impact of the wake-up receiver's performance
on utility and can be a function that assigns higher utility
values to higher probabilities of successful wake-up detection.

F. Analysis of the Number of Energy Transmitters

The minimum number of energy transmitters was required
to ensure that each sensor node could charge a minimum
energy from a total of Ne energy transmitters. Finding this
minimum number of energy transmitters was our next
objective. By setting a low value for Ec, which was still
sufficient for relay nodes, we could reduce the required
number of energy transmitters. Mathematically, the problem
of determining the minimum number of energy transmitters
was formulated as follows:

Ng
Ec»=h(R)XE, )
e=1

Where:
h(P-) are functions that quantify the impact of wake-up

1
receiver performance, respectively.
E. Is the energy charged by node i from the energy

transmitter
Ec » Stands for the required number of energy
transmitters as a function of the WuRx sensitivity
N represents the minimum number of energy

transmitters

G. Analysing the Ultra-Low Power Wake-up Receiver

Here, the model equation-based analysis of the existing
ULPWUuRX is carried out. The evaluation of the existing
envelop detector of the power receiver is also examined in this
study. Fig. 2 shows the schematic for ULPWuURX.

IF amplifier logic controller

IF amplifiers

Fig. 2. Block Diagram of Wake-up Receiver [22].

matching network LC filter
I - % Logic = Chip enable
-|- T - -
.'H“"x\ S Wulnt
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1) Envelope Detector Circuit Equation

The envelope detector circuit is typically composed of a
diode, a resistor, and a capacitor. Let the equation governing
the behaviour of the envelope detector be represented as
follows:

oy (1) =10, (1) =gy () (6)

where:

ienv (t) is the current flowing through the capacitor of the
envelope detector circuit.

iin (t) is the input current to the envelope detector.

iy (1) is the output current from the envelope detector.
2) Capacitor Voltage Analysis

The voltage across the capacitor in the envelope detector
circuit can be described using (7):

(7

1
Veap (t) - C *Il:ienv (t):' at

where:

cap (t) is the voltage across the capacitor.
C is the capacitance value.
Also, the detection threshold determines the minimum
voltage required for signal detection in the envelope detector.
It can be expressed as [20]:

Vi, = k +V,, ®)

where:

Vi . .
th s the detection threshold.
K is a constant related to the sensitivity of the envelope
detector.

Vie Stands for the DC bias voltage.

3) Sensitivity Analysis

The sensitivity of the envelope detector can be calculated
based on the detection threshold and the input signal strength
as discussed earlier. Let the sensitivity be given as:

S= )

P

P

where:

S Is the sensitivity.

P,, is the input signal power.
P,, is the power threshold for signal detection.

These equations provide a starting point for analyzing the
behaviour of the existing Ultra-Low Power Wake-Up

Receiver, particularly in relation to the capacitor configuration
of the envelope detector circuit.

H. Modification of the Edge Envelop Detector Capacitor
Configuration of the ULPWuRx

The configuration of the circuit components of the envelope
detector has a significant impact on WuRx’s overall
performance. In order to accomplish the desired goals,
components are therefore carefully chosen and configured in
the circuit for better performance.

I. Capacitor-Based Modification of WuRx Envelop Detector

Notably. Comparators have been widely utilized in recently
developed low-power Wake-Up Receiver (WuRX) circuits. To
achieve high receiving sensitivity, the comparators used in
WuURXx circuits need to be highly sensitive to even slight
voltage variations at their inputs. However, meeting this
requirement often leads to design solutions that either
consume excessive power or are highly susceptible to
operational factors like temperature and power supply voltage.

High power consumption is undesirable in low-power
WuRXx designs, while extreme sensitivity to operational
conditions necessitates complex calibration circuitry. In
WuURX, comparators are employed to compare different
voltage levels (input voltage versus reference voltage) or a
voltage with a circuit design parameter (input voltage versus
inverter threshold). This poses a significant design challenge
for the comparators as both methods are highly susceptible to
variations in manufacturing processes and operational
conditions. Fig. 3 shows the edge envelop detector circuit
from the work of [20].
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Fig. 3. Circuit Schematics of an Edge Envelop Detector

In this study, the configuration of the circuit components in
the edge envelope detector was modified. Specifically, the
connection of the capacitor was altered compared to the
existing envelope detector design. This is shown in Fig. 4.

The equation for the capacitor-based modified envelope
detector circuit can be expressed as:

ienv—new (t) = iin—new (t) - iout—new (t)

where:

(10)

ienvfnew (t) is the current flowing through the capacitor of

the modified envelope detector circuit.
iin_new (t)stands for the input current to the envelope
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detector. ioutfnew (t)represents the output current from the
envelope detector.
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Fig. 4. Modified Circuit of an Edge Envelope Detector

1) Modified Capacitor Voltage Equation:
The voltage across the modified capacitor in the envelope
detector circuit can be described by the equation:

Y

1
cap—new (t) - C = J.[ienv—new (t)] dt

where:

(11

Veap-new (t)is the voltage across the capacitor of the

modified envelop detector.

C is the capacitance value.

The performance of the modified envelope detector was
observed to be superior to the previous configuration

J. Incorporating the Ultra Low Power Wake-up Receiver
with WSN

To incorporate both an energy scheduling technique and a
wake-up receiver in a Wireless Sensor Network (WSN), the
relevant equations and constraints from each aspect were
combined. The developed model equation that demonstrates
their incorporation is as follows:

Let X;represent a binary decision variable indicating
whether node i is active (X, =1) or inactive/sleeping
(X% =0).

Let P represent the probability of successful wake-up
detection for node i.

Let E, represent the energy level of node i.

The model equation that shows the incorporation of the
energy scheduling and Wake-Up Receiver is as follows:

X, * P < E, for all nodes i (12)

This equation combines the energy scheduling technique
and the wake-up receiver's behaviour. It states that the product

of the binary decision variable X; and the probability of
successful wake-up detection p~; for node i must be less than
or equal to the energy level Ei of that node.

In this formulation, if X; is set to 1, indicating node 7 is

active, the corresponding node can only consume energy up to

its available energy level E..

i- The wake-up receiver's

probability of successful detection Pp*, contributes to

determining the overall energy consumption capability of the
node.

By incorporating this equation into the model, we can
ensure that the energy scheduling technique controls the
activation of nodes based on their energy levels and that the

“ wake-up receiver's performance is considered in the energy

consumption decision. This integration enables energy-
efficient operation by selectively activating nodes based on
available energy and successful wake-up detection, leading to
enhanced network lifetime and efficient resource utilization.
The flowchart that shows this incorporation is shown in Fig. 5.

K. Simulation Set-Up

Simulation of the developed RF energy harvesting
algorithm was carried out using MATLAB 2017b. During the
simulation, the network performance in terms of energy
charged, number of energy transmitters, throughput and power
outage was evaluated and compared with the work [4]. In the
work, the nodes were randomly distributed in a rectangular
area of 100 m x 100 m, ensuring a constant network density
throughout the network area. The network was homogeneous,
and all sensor nodes had a finite battery capacity. The nodes
remained static and were equipped with a hybrid RF energy
harvester circuit, allowing the harvested energy to be either
immediately consumed or stored for future use. Additionally,
the network lifetime of a multi-hop Wireless Sensor Network
(WSN) was significantly improved by employing a modified
Ultra-Low Power Wake-Up Receiver (WUR) in conjunction
with an energy scheduling technique. The percentage

improvement of the developed algorithm over the
aforementioned works was evaluated using (13).
Developed Algorithm - Existing
Percentage Improvement = x100 (13)

Existing

Table 1 shows the simulation parameters of the developed

algorithm.
TABLE | THE SIMULATION PARAMETER _ [4]

Parameter Value
network size 100 * 100m
Sink location (50, 50)
Number nodes 100

Eelec 50nj/bit

s 10pJ/bit/m4
Eamp 0.0013pJ/bit/m*
K 4000

Q 4

Pe 46dbm
Frequency 2GHz

Ec 0.2

n 70%

a 0.5

WuRXx Sensitivity -60dbm
Current in channel monitoring mode 2.53 uA
Energy harvesting Enabled
Network topology Multi-hop WSN
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Initialize the number of sensor nodes Ns, number of relay nodes NI, number of optimally placed
transmitters and sink node

v

Incorporate Modified WURX for sensor nodes (8)

v

Compute the energy consumed by the sensor node in one-time slot Ei

LI
¥

Use the free space channel loss mode

Use the multipath channel

No

Yes

v

Q@

Compute the path loss in terrestrial environment

v

Sensor node transmit data

Is residual energy <
threshold

Yes

Compute the energy charged by the ith sensor node from the energy transmitter using (2)

v

Compute the utility function for the first energy transmitter placed at a position (4)

v

Compute the equivalent placement of the first energy transmitter for a given a, by maximizing the
utility function

v

Computer the minimum energy constraint for all nodes

v

Compute the minimum number of energy transmitters (5)

End

Fig. 5. Flowchart of the Improved Network Lifetime Extension in Multi-Hop WSN
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I1l. RESULTS AND DISCUSSION

The simulation was carried out for the impact of a number
of energy transmitters on average energy charge, minimum
number of energy transmitters, outage probability and
throughput as performance metrics to evaluate the
performance of the improved lifetime enhancement of
Multihop Wireless sensor Network WSN. The performance of
the Lifetime enhancement of WSN of [4] and the developed
system were compared.

Fig. 6 is a graph of the average energy charge against a
number of energy transmitters for both the developed
algorithm and the existing work. For a given minimum energy
constraint, the average energy charged by sensor nodes as we
place the energy transmitters optimally, till the required
optimum number of energy transmitters is reached. It can be
observed that for both the developed and the existing
algorithms, as the number of energy transmitters in the
vicinity increases, the energy charged by sensor nodes also
increases.

c:r?gsact of number of energy transmitters on average energy charged

=~ Developed System
== _akshmi etal., 2018

Average Energy Coverage (J)

1 2 3 4 5 6 7 8 9
Number of Energy transmitter

Fig. 6: Average Energy Coverage Against Number of Energy
Transmitters

However, it can be observed that the developed algorithm
outperformed the existing scheme with an average energy
charge improvement of 7.69%. This is because the modified
WUR improved the efficiency of energy harvesting from the
surrounding environment.

It also increased the sensitivity to weak energy sources to
capture and convert available energy more effectively. This
enhanced efficiency allows for a higher average energy
charged from the environment. Additionally, the modified
WUR and energy scheduling technique minimized the energy
losses within the network. By implementing energy-efficient
protocols and algorithms, energy wastage due to idle listening,
unnecessary transmissions, or excessive power consumption
was reduced. This reduction in energy losses translated to a
higher average energy charged by the WSN.

The modification that was carried out on the wake-up
receiver, is in the modification of the envelop detector by
altering the capacitor configuration which resulted in
improved filtering characteristics and thus also led to a cleaner
and more accurate envelope extraction. This cleaner and more

accurate extraction resulted in better average energy charged.
Table 4.1 shows the percentage improvement of the developed
algorithm over the work of [4].

Fig. 6 is a graph of average energy harvested against the
distance of nodes from the sink for both the developed
algorithm and the existing work. Here, the energy distribution
in the network after applying the developed algorithm is
shown. It can be observed that for both algorithms, the
average energy harvested decreases with an increase in node
distance from the sink. This is because, as the node distance
from the sink increases, the transmitted signal strength
weakens over distance, requiring higher transmission power to
maintain reliable communication.
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Fig. 7: Average Energy Harvested with Distance from Sink

The increased power consumption for transmitting data over
longer distances leads to a higher energy expenditure,
resulting in a decrease in the average energy harvested. Also,
the longer distances can introduce more signal interference
and noise in the communication channel.

However, it can be observed that the developed algorithm
outperformed the existing work in terms of the energy
harvested with a percentage improvement of 0.41%. This is
because, the energy scheduling technique, combined with the
modified WUR, enables optimized energy allocation across
the network. By intelligently managing energy usage,
allocating energy resources where they are most needed, and
balancing the energy consumption among nodes, the overall
average energy harvested by the WSN was increased. Also,
the use of the modified WUR and energy scheduling technique
led to an extended network lifetime. By conserving energy and
ensuring more efficient utilization, the network operated for a
longer duration before energy depletion. This longer
operational time allows for a higher average energy harvested
over the network's lifetime.
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Minimum Number of Energy Transmitters
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Fig. 8: Minimum Number of Energy Transmitters

Fig. 8 is a graph of number of energy transmitters against
the minimum number of energy transmitters for both the
developed algorithm and the existing work. Table 4.3 shows
the percentage improvement analysis for the number of energy
transmitters. In this analysis, each sensor node can charge
minimum energy from the minimum number of energy
transmitters. By setting a low value of minimum energy
required, which is also sufficient for relay nodes then the
required number of energy transmitters can be reduced. Also,
the optimum number of energy transmitters required, in order
to satisfy the constraints of minimum energy charged for 100
sensor nodes is shown in Fig. 8. It can be observed that as the
minimum energy constraint for all nodes is increased, the
required number of energy transmitters also increases. This is
because, when the minimum energy constraint is raised, it
implies that each node needs to have a higher energy level to
operate effectively. As a result, more energy needs to be
distributed throughout the network to meet the increased
energy requirements of the nodes. This necessitates the
deployment of additional energy transmitters to supply
sufficient energy to a larger number of nodes.

Also, increasing the minimum energy constraint often
requires extending the coverage area of the energy
transmitters. The energy transmitters need to transmit power
over longer distances or cover a larger geographic area to
reach all nodes and provide the required energy levels. This
expansion of the coverage area requires the deployment of
more energy transmitters to ensure adequate energy supply
throughout the network.

However, it can be seen that the number of energy
transmitters for the developed algorithm exceeded that of the
existing work by 8.39%. This is because when a modified
ultra-low power activation receiver (WUR) and energy
scheduling technique are employed, the network efficiently
manages and distributes energy to the sensor nodes. This
increased efficiency enabled a higher number of nodes to
receive energy and meet their energy requirements.
Consequently, it can be deduced that a larger number of
energy transmitters may be necessary to adequately supply
energy to the growing number of nodes. In addition, the

modified Ultra-Low Power Wake-Up Receiver (WUR) and
energy scheduling technique facilitated the scalability of the
WSN by accommodating a greater number of nodes. As the
minimum number of energy transmitters was raised, it
indicated the need to support a larger network with more
nodes. To ensure proper energy distribution and coverage
across the expanded network, an increased number of energy
transmitters becomes necessary.

Fig. 9 is a graph of throughput for both the developed
algorithm and the existing work. Table 4.4 shows the
percentage improvement analysis for the number of energy
transmitters. It can be observed that the throughput increases
with an increase | the number of rounds. This is because the
enhanced placement of energy transmitters in multi-hop
WSNs ensures that energy transmitters are correctly placed in
the energy hole region. Since the transmitters supply enough
energy for the relay nodes, their battery life will be enhanced
and can function for a long time. Therefore, the number of
packets delivered to the sink is considerably increased
compared to the multihop network with an energy hole
problem.
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Fig. 9: Throughput against Number Rounds

However, it can be observed that the developed algorithm
showed a better throughput improvement of 8.59% when
compared to the existing work. This is because the modified
Ultra-Low Power Wake-Up Receiver (WUR) and energy
scheduling technique enhanced the energy utilization within
the WSN. By efficiently managing and allocating energy
resources, the technique ensured that nodes had sufficient
energy to perform their tasks.

It can be deduced that this improved energy efficiency
allows for more reliable and continuous operation of the
network, resulting in higher throughput. Furthermore, the
combination of the modified WUR and energy scheduling
technique enabled better network coverage. With an increased
number of rounds, more nodes were able to participate in data
transmission and reception, leading to improved network
connectivity and overall coverage. This expanded coverage
allows for better data exchange, resulting in higher
throughput.
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Fig. 10: Outage Probability against the Number of Energy
Transmitters

Figure 4.5 is a graph of throughput for both the developed
algorithm and the existing work. Table 4.5 shows the
percentage improvement analysis for the number of energy
transmitters. It can be observed that as the number of energy
transmitters increased, the outage probability of the network
also decreases. This is due to the fact that when a sensor node
fails to harvest the minimum energy value from the deployed
energy transmitters, it will experience an outage. So as the
number of energy transmitters deployed for a given minimum
energy value increases, the outage probability of the network
also reduces. Every sensor node can successfully harvest the
specified energy after a sufficient number of energy
transmitters are optimally placed in the network.

It can be observed that the developed algorithm shows a
lower outage probability as compared with the existing work
by 0.19%, this is because the energy scheduling technique
efficiently manages and allocates energy resources in the
WSN. By optimizing energy usage and ensuring a balanced
distribution of energy among the nodes, the technique helps to
maintain sufficient energy levels for reliable operation. This
improved energy management reduces the likelihood of
energy depletion and subsequent outages, leading to a
decrease in outage probability. Also, the modified WUR and
energy scheduling technique enhanced the network
connectivity by enabling more nodes to actively participate in
data transmission and reception. As the number of rounds
increases, the technique allows for better coordination and
synchronization among the nodes, reducing the chances of
packet loss or communication failures. This improved network
connectivity contributes to a decrease in outage probability.

Deductions from the Modified Edge Envelop Detector Circuit

The performance of the modified envelope detector was
observed to be superior to the previous configuration. This is
because of the following:

The impact of the capacitors is to restore the fall time at the
low time of the signal. So that the signal remains constant at a
certain voltage level. Also, the transistors five and six in the
edge envelope detector constitute a current booster, they
amplify the low current signal that comes into the circuit.

1) Altering the capacitor configuration resulted in improved
filtering characteristics, leading to a cleaner and more
accurate envelope extraction.

2) By changing the capacitor configuration, the time
constant was adjusted to better match the characteristics
of the input signal, allowing for more efficient envelope
tracking and detection.

3) By modifying the capacitor configuration, potential
sources of distortion were mitigated, resulting in a more
faithful representation of the original signal envelope.

The change in the capacitor connection within the edge
envelope detector resulted in noticeable improvements in its
performance metrics. The modified configuration showed
greater efficiency and accuracy in capturing the envelope of
the input signal. The envelope detection process became more
reliable, allowing for more precise extraction of the varying
amplitude of the modulated signal.

Comparative analysis between the modified edge envelope
detector and the previous configuration revealed significant
advantages. The improved detector demonstrated greater
sensitivity, with the ability to detect even lower amplitude
variations in the input signal. Furthermore, the modified
configuration showed reduced noise interference, leading to
clearer and more accurate envelope extraction.

The changes made to the component configuration of the
edge envelope detector proved to be a crucial improvement,
which had a positive impact on its overall performance. The
superior performance of the modified design suggests its
potential for applications that depend on accurate envelope
detection, such as demodulation systems or signal processing
techniques.

These findings highlight the importance of considering
component configurations and design modifications in
enhancing the performance of envelope detection circuits. The
improved performance of the modified edge envelope detector
opens up possibilities for more efficient and reliable signal
processing in various fields, ultimately contributing to
advancements in  communication  systems,  wireless
technologies, and related applications.

IV. CONCLUSION

Several researches have been carried out to improve the
throughput, outage probability, number of energy transmitters
and number of energies harvested for WSN. The significance of
this research is seen in the improvement of user Quality of
Service (QoS) using WSN in terms of throughput, outage
probability, number of energy transmitters and number of
energies harvested. WSN users will enjoy better coverage which
ensures reduced transmission holes.

The contributions of this dissertation are as follows;

1) Development of an algorithm that mitigates the effect of
energy holes in multi-hop WSN by RF energy harvesting
using an ultra-low power wake-up receiver and an energy
scheduling technique.

2) Results obtained from the simulation showed the following:

i. The developed RF energy harvesting algorithm showed an
Average Energy Charged (AEC) improvement of 30%
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when compared with the work of [4].

il. The developed RF energy harvesting algorithm showed an
Average Energy Harvested (AEH) improvement of
0.41% when compared with the work of [4].

iii. The developed RF energy harvesting algorithm showed an
improvement of 8.39% for the number of energy
transmitters when compared with the work of [4].

iv. The developed RF energy harvesting algorithm showed a
throughput improvement of 8.59% when compared
with the work of [4].

The developed RF energy harvesting algorithm showed a
throughput and outage probability decrement of 0.19 when
compared with the work of [4].

For further extension of the study, the following are
recommended:

Conduct a comprehensive scalability analysis to assess the
performance of the WSN when the number of sensor nodes is
significantly increased. Evaluate how the modified WUR and
energy scheduling technique handle larger network sizes and if
the improvements in throughput and outage probability are
maintained. This analysis helps determine the scalability limits
and potential areas for further optimization.

Explore additional methods to optimize energy efficiency
within the WSN. Investigate advanced energy harvesting
techniques, energy-aware routing protocols, or intelligent power
management strategies that can further enhance energy
utilization and prolong the network lifetime. Evaluate the
impact of these techniques on the overall performance of the
WSN, including throughput, outage probability, and the number
of energy transmitters.
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