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ABSTRACT

HANDSHAKE PROTOCOLS FOR ENERGY
HARVESTING COMMUNICATIONS

This thesis addresses the uncertainty of energy levels in energy-harvesting (EH)
wireless communication nodes. Given that EH is inherently random, the energy state
of nodes remains unknown, creating challenges in determining optimal transmission
times. This uncertainty can lead to inefficient energy usage, as transmissions might
occur when the receiver lacks sufficient energy. Therefore, we propose handshake pro-
tocols to tackle this energy outage. To address this, we explore the stochastic nature
of EH under a Poisson process framework. We analyze the probability mass function
(PMF) of battery level for three communication protocols: blind communication with
and without acknowledgment, and energy state information (ESI) communication. We
also propose mathematical derivations for how long the transmitter node should wait
for the receiver node to harvest energy. Through Monte Carlo simulations, we assess
the performance metrics of success rate, average delay, and average outage resolu-
tion time of these protocols under different battery capacities. Our findings reveal
while acknowledgments are sometimes superfluous, sharing energy states significantly
enhances energy efficiency and reduces delays between packet receptions. Our study
receiver’s energy consumption is solely from receiving packets from a single transmit-
ter. In wireless networks, where the nodes sense, transmit, and receive, the PMF of the
node’s energy level changes significantly. Also this research is built on the assumption
energy harvesting follows a Poisson process. Adapting our findings to such network

configurations and relaxing our assumptions requires further exploration.



OZET

ENERJI HASADI ILETISIMI ICIN EL SIKISMA
PROTOKOLLERI

Bu tez, enerji hasat eden kablosuz iletigim diigiimlerindeki enerji seviyelerinin be-
lirsizligini ele almaktadir. Enerji hasadinin dogasi geregi rastgele oldugundan diigtimler-
in enerji durumu bilinmemekte, bu da optimal iletim zamanlarinin belirlenmesinde zor-
luk yaratmaktadir. Bu belirsizlik, alicinin yeterli enerjiye sahip olmadigi durumlarda
gerceklesen iletimlerin yarida kesilmesi sonucu verimsiz enerji kullanimina yol acar.
Iletim anlarimdaki enerji kesintisi problemi i¢in bu iki diigiim arasinda haberlesmeyi
baglatacak el sikigma protokolleri onerildi. Bunun igin enerji hasadinin stokastik 6zellik-
leri Poisson siireci cercevesinde incelendi. Ug iletigim protokolii i¢in batarya seviyelerinin
olasilik kiitle fonksiyonlarini cikarildi: onaylamali ve olmadan kor iletigim ve enerji
durumu bilgisi iletigimi. Bu protokollerdeki farkli durumlar i¢in alicinin ne kadar stire
enerji hasat etmesi gerektigine dair bir yéntem onerdik. Monte Carlo simiilasyonlariyla
protokollerin performanslarini bagar1 orani, ortalama gecikme ve enerji kesitisini orta-
lama ¢ozme stiresi metrikleri lizerinden degerlendirdik. Bulgularimiz, onaylamalarin
bazen gereksiz oldugunu, ancak enerji durumlarinin paylagilmasinin enerji verimliligini
artirdigini ve paket alimlar1 arasindaki gecikmeleri azalttigini gostermektedir. Caligma-
mizda alicinin enerji tiiketimi tek vericiden paket almakla sinirhidir. Kablosuz aglarda,
alicinin algilama, iletim ve alim gibi gorevleri oldugundan, enerji seviyesinin olasilik
kiitle fonksiyonu degisecektir. Ayrica, bu aragtirmada enerji hasadinin Poisson Siirecini
takip ettigi varsayilmigtir. Bulgularimizi ag yapilandirmalarina uyarlamak ve varsayim-

larimiz1 gevsetmek amaciyla yeni ¢aligmalar yapilabilir.
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1. INTRODUCTION

The growing popularity of Internet of things applications and markets has led
many researchers to focus on green communication systems with energy harvesting [1].
Energy harvesting is not only for environmental use but also powers the systems with-
out the need for a cable line or constant battery replacement. While the opportunities
that EH offers seem promising, EH systems require intelligent and efficient energy

policies [2] due to the shortage of energy and the randomness of energy arrivals.

Instantaneous EH power cannot be determined by an observer because harvested
energy statistics depend on physical factors such as ambient temperature (thermal
energy harvesting), weather conditions (solar or wind energy harvesting), and channel
conditions (radio frequency (RF) harvesting) therefore unpredictable [3]. Alternatively,
the harvester cannot provide information about the harvested power at all times be-
cause it needs to transmit its energy levels wireless or via wired connections. Wireless
communication consumes excessive energy, and wired communication conflicts with
the nature of EH systems. To ensure that communication protocols work properly
in a real-world system, it needs a stochastic understanding of harvested energy with
the minimum data from the node, given the energy scarcity in the system (memory,

transmission, and processing power consumption costs).

1.1. Motivation and Goal

In a wireless network, two nodes may rely on energy harvesting to sustain their
operation and communication. However, due to the uncertainties associated with en-
ergy harvesting statics and their own energy consumption, these nodes may not be
sure if the other node has sufficient energy to receive their packet. A primary concern

is such systems is to establish the initiation of wireless communication effectively.



To address this concern, we have developed a protocol where the transmitter ini-
tiates communication by inquiring about the receiver’s available energy and estimating
the time required for the receiver node to harvest sufficient energy. This approach
aims to minimize the energy consumption at the handshaking part and delays due to
energy outages during reception. This challenge can be likened to deciding the best
time to call a friend who is asleep. If we call every 5 minutes, we disrupt their sleep,
preventing rest. On the other hand, waiting 10 hours to call might be too late for
conveying important information. We are trying to choose the best time so that our

friend gets rest and listen to us.

To resolve this issue, we calculate energy harvesting statistics over time. By
acquiring stochastic knowledge of energy arrivals, a node can make an educated es-
timation of when the receiver node will be ready to engage in communication. This
estimation proves to be highly beneficial as it allows nodes to conserve energy by re-

ducing unnecessary transmissions or excessive waiting periods.

Building on this foundational understanding of our energy-aware communica-~
tion protocol, it becomes evident how it can be seamlessly integrated into various
practical energy-harvesting wireless communication applications. In the following sec-
tions, specific scenarios illustrate how the protocol adapts to each application, thereby

demonstrating its versatility and effectiveness.

1.1.1. Agricultural Networks

For wireless monitoring an orchard or a field multiple sensors are dispersed, along-
side access points (AP) [4,5]. Both the sensors and the AP’s might equipped with
energy-harvesting mechanisms, with the AP featuring a more powerful energy har-
vester compared to the sensors. These sensors might be optical, humidity, dielectric
soil moisture, electrochemical, and airflow sensors. An example of a such wireless sensor

network (WSN) is shown in Figure 1.1



Upon request from the command center, the AP gathers readings for a specific
hive by requesting data from the corresponding sensors. Once the data are received,
the AP forwards it to the command center. Also command center might send software
update data to AP or calibration data to sensors. Also, in this network, additional
devices such as irrigation, fertilization, and spraying units can be integrated. The
command center might instruct the AP regarding which device to be activated, or

deactivated.

Optical Sensor

Command
Center

Humidity Sensor

Figure 1.1. Example of an agriculture WSN.

1.1.2. Beehive Networks

Implementing WSN to beehives proves beneficial for the health of the bees and
honey production. In these networks [6, 7] sensors are distributed across each hive,
and multiple hives are connected to an AP. The types of sensors include sound, tem-
perature, humidity, and motion sensors which monitor vital parameters for the hive.
The communication dynamics among sensors, the AP, and the command center mirror
those of an agricultural network and it is illustrated in Figure 1.2. In a scenario, both
the sensors and the AP are equipped with energy-harvesting structures [6], with the
AP boasting a more potent energy harvester than the sensors. There might be two
potential scenarios for energy outages exist. Firstly, the AP may face challenges in
receiving data from the command center or transmitting data to the command center.

Secondly, sensors might lack the energy required to communicate with the AP.
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Figure 1.2. Example of a beehive WSN.

1.1.3. Body Area Networks

Energy Harvesting Body Area Networks, as referenced in [8,9], comprise wearable
and implanted sensors that track various health metrics, including heart rate, temper-
ature, oxygen saturation, respiration rate, inertial measurements, blood pressure, and
electrocardiogram readings. These sensors wirelessly relay collected data to an Access
Point (AP), which then forwards the information to a command center, as illustrated
in Figure 1.3. While the AP, which may also be an energy-harvesting unit, typically
operates under energy constraints, it plays a crucial role in data communication. On
receiving a request from the command center, the AP solicits data from the sensors,
which, depending on their energy levels, either transmit immediately or wait for a

recalculated time to resend their data.

1.2. Energy Efficient WSN Protocols/ Techniques

In this section, we will explain the existing protocols and techniques for energy-

efficient networks and how our proposed protocol works along with them.



Heart Rate

Command
Center

Figure 1.3. Example of a body area WSN.

e Duty cycling and adaptive sleeping involve dynamically adjusting the active and
sleep periods of sensor nodes based on their energy harvesting rates and data
transmission requirements. By minimizing active time, these strategies effec-
tively reduce energy consumption, thereby extending the network’s longevity.
In [10], the authors introduce the dynamic sleep scheduling protocol, a central-
ized method to enhance the lifespan of densely deployed WSN. In [11], the authors
introduce the energy-efficient and quality of service aware media access control
protocol, which adapts the node’s duty cycle based on queue size and packet prior-
ity, aiming to minimize delay for high-priority packets and ensure timely delivery.
In [12], the authors present a method for achieving energy-neutral operation in
EH wireless sensor nodes, employing adaptive duty cycling that aligns with the
variable environmental energy availability and the node’s instantaneous energy
state, allowing the node to sleep during low energy periods and wake when energy
is high. Our proposed protocol falls within the adaptive sleeping category. The
unique aspect of our approach is that we shift the responsibility for determining
the sleeping (harvesting) duration of the receiver to the transmitter, and we also
aim to minimize packet delay caused by energy outages in packet receptions. The
study in [12] is a good example of the main difference between our work from
other methods. In their and much other work such as [13], nodes wake and sense,
transmit, etc. depending on their decision but we want to carry this decision to

another node who wants to transmit data or request data from the sleeping node.



e Energy-aware routing protocols select routes for data transmission based on the
energy levels of the nodes. They avoid nodes with low energy, thus balancing
the energy consumption across the network and enhancing its lifespan. In [14],
the authors explore a realistic clustering-based WSN model with sensor nodes
having random initial energies and varied data generation rates, suitable for het-
erogeneous sensing applications. It introduces an energy model for this scenario
and proposes a traffic and energy aware routing scheme aimed at enhancing the
network’s stability period. In [15], the authors focus on designing an energy-
harvesting-aware routing protocol for heterogeneous Internet of things networks
that leverage ambient energy sources. They introduce the energy harvesting
aware routing algorithm, which is further augmented by incorporating a novel
“energy back-off” parameter to optimize routing efficiency. In their work nodes
exchange their energy states as well however in this study they do not consider
the energy cost of sharing energy states among the network and the effect of the
precision of the shared energy state on the calculations. In addition to that, in
our case, we want a node to eventually communicate with a specific node, unlike
in a routing problem.

e Data compression techniques reduce the amount of data that needs to be sent,
thereby saving energy and increasing throughput. In [16], the authors tackles the
challenge of formulating efficient policies for managing lossy data compression
tasks for wireless transmission over fading channels, in scenarios characterized by
stochastic energy inputs. Additionally in [17], the authors address the limited
battery life in small, lightweight wearable devices by employing data compression
and wireless transmission speed control. This approach aims to minimize en-
ergy consumption for data transmission in these devices, adhering to a deadline
constraint. Data compression techniques in our energy-scarce, processing power-
lacking system are a luxury for the nodes however in a different environment data
compression can work along with our proposed protocol.

e Energy prediction algorithms predict future energy availability based on historical
energy harvesting data, allowing for more efficient scheduling of communication

and computation tasks. In [18], the authors present an efficient algorithm for



solar energy prediction that considers both seasonal and daily trends, as well as
the Sun’s diurnal cycle.

Power management techniques include adaptive transmission power control, where
nodes adjust their transmission power based on the distance to the receiving
node and the quality of the communication channel. In [19], the authors pro-
pose a power management strategy for energy harvesting sensor nodes, focusing
on duty-cycle optimization and transmission power control to maximize packet
transmission within the limits of variable available energy. In [20], the authors
address RF identification communication with energy harvesting tags, evaluating
the effects on backscatter modulation and proposing a heuristic transmit power
optimization algorithm for active tags in varying channel conditions. Transmitter
circuitry is generally the most energy-hungry unit in the wireless nodes therefore
avoiding unnecessarily high transmission powers or transmitting with a very low
energy so that the receiver cannot decode are both energy waste. In future work
of our protocol, channel state information could be passed along with the ESI to
avoid such energy wastage.

Low-power communication technologies like LoRa, Zigbee, or BLE can signifi-
cantly reduce energy consumption.

Wake-up radio (WuR) is a low-power radio receiver that remains active while
the main radio of a wireless device is in sleep mode. The WuR listens for a
specific wake-up signal. When it detects this signal, it activates the main radio,
allowing the device to fully wake up and perform regular communication tasks.
This approach significantly reduces power consumption since the WuR consumes
much less energy compared to the main radio being active all the time. The
article [21] explores the advantages and challenges of wake-up receivers, providing
an overview of cutting-edge hardware and protocol proposals, and discussing new

potential application areas for these receivers.



1.3. Energy Harvesting Methods and Models

There are many types of energy-harvesting processes employed in WSNs, such as
solar energy harvesting, kinetic energy harvesting, RF energy harvesting, and thermo-
electric harvesting. Each of these methods is distinct in how they capture and convert

energy:

e Solar energy harvesting involves using photovoltaic cells to convert sunlight into
electrical energy. It is particularly effective in outdoor environments [9] with
ample sunlight but can be less reliable in cloudy or indoor conditions.

e Kinetic energy harvesting captures energy from motion or mechanical vibrations.
It is useful in environments where motion is constant or frequent, such as on
machinery or human-worn devices. In [22], the authors concentrate on charac-
terizing the kinetic energy harvested by wireless nodes and developing energy
allocation algorithms for them, describing methods to estimate energy from ac-
celeration traces and characterizing energy availability associated with human
activities like relaxing, walking, and cycling.

e RF energy harvesting capturing energy from ambient or dedicated RF sources.
It is beneficial in environments where RF signals are strong and consistent, like
near communication networks or in urban areas. In [23], the authors propose a
new medium access control protocol aimed at enhancing energy efficiency in wire-
less local area networks. Their protocol facilitates selective RF energy transfer
requests based on a device’s residual energy.

e Thermoelectric harvesting converts temperature differences into electrical energy.
It is effective in environments with varying temperatures or where heat is a
byproduct of processes. In [24], the authors report on a thermoelectric energy
harvesting system for nuclear plants, capable of operating in high radiation and
utilizing waste heat to power wireless sensors for enhanced safety, functioning in

both standard and emergency conditions



1.4. Energy Consumption of Wireless Sensor Nodes

In a wireless sensor, energy consumption is typically divided into several key
blocks or components. The list of the primary energy consumption blocks in a wireless

Sensor:

e Communication unit manages wireless communication, sending and receiving
data. It usually consumes the most energy, especially during data transmis-
sion over wireless channels. Includes components like a transmitter, receiver, and
sometimes a separate module for signal modulation and demodulation.

e Microcontroller unit processes the data collected by the sensing unit. It includes
tasks like data filtering, aggregation, and compression. The energy consumption
here depends on the complexity of the processing tasks and the efficiency of the
microcontroller.

e WuR in WSN serves as a low-power alternative to traditional radio transceivers,
primarily aimed at reducing the energy consumption associated with the main
transceiver’s idle listening. Although WuR offers significantly greater energy
efficiency compared to the main transceiver, it still incurs energy usage during
idle listening, as well as during the transmission, and reception of wake-up signals.

e The power management unit is a crucial component of the sensor, tasked with
efficiently managing and distributing power. It encompasses voltage regulation
and power conversion (such as DC-DC converters). Its main energy consumption
is attributed to energy leakages, non-ideal power conversion, and non-ideal power
transfer among the units.

e Memory (storage) unit used for storing data and program instructions. Includes
both volatile (RAM) and non-volatile memory (flash storage). Energy is used
during data read, write, and erase operations.

e Idle and sleep modes are the least energy consuming modes of the node, however.
energy is still consumed. Includes keeping minimal circuitry operational for quick
wake-up and maintaining state information.

e Sensing block is responsible for capturing physical or environmental data like
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temperature, humidity, light, motion, etc. Energy is used to power the sensors

and convert the physical parameters into electrical signals.

1.4.1. Outline

The rest of the thesis is organized as follows. In Chapter 2, we delve into the
derivation of stochastic formulas for the energy harvesting process, focusing on Poisson
energy packet arrivals. Chapter 3 presents an in-depth explanation of the system
model, including the study of the protocols: blind communication without ACK, blind
communication with ACK, and ESI communication. This chapter also covers the
energy consumption implications of these protocols. Moving to Chapter 4, the analysis
shifts to the battery energy levels of the three protocols. Chapter 5 presents the results
of our studies, offering a comprehensive discussion of the findings from the previous
chapters, including simulations and data analysis. Finally, Chapter 6 concludes the
thesis by summarizing the key results and discussing potential avenues for future work

on the ESI.



11

2. ENERGY HARVESTING MODEL

Exploring energy management in WSN, our study emphasizes understanding the
dynamics of energy harvesting. We adopt a systematic approach to analyzing energy
packet arrivals, focusing on their patterns and impacts. This inquiry is vital for grasping
the operational efficiency of these networks. In our model, we conceptualize energy
harvesting as a process where energy packets arrive following a Poisson distribution,
as supported by [25], [26], and [27]. We define A; as the inter-arrival time, which is the
time interval between i’th and (i — 1)’st energy packet. Additionally, X; denotes the
size of the i'th energy packet. Therefore we can express the harvested energy from 0

to time t as

Na(t)

Uui)= > X (2.1)

i=1
where Ny(t) = max(k : Ay + Ay + - - - + A < t) indicates the number of energy packet
arrivals up to time ¢. Thus, U(t) is a cumulative stochastic process. A; and X; are
assumed to be independent of each other, and X;’s are assumed to be independent and
identically distributed (i.i.d) random variables. The energy packet arrival process is
shown in Figure 2.1. The harvested energy amount for any given starting point ¢ can

be expressed as
NA(t+T) NA(t)
PUt+7)-Ult)=u) = P| Y X;i— ) Xi=u
i=1 i=1
Ny (t+71)

i=Na(t)+1
Due to the memoryless property of the Poisson process, the number of energy packet
arrivals in the interval of (¢, ¢+ 7], which is denoted as Na(t+7) — Na(t), also follows a
Poisson distribution. Consequently, the probability P(Na(t+7) — Na(t) = n) is equiv-
alent to P(Na(7) = n). Because X; values are i.i.d, Equation (2.2) can be simplified
to
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PU({t+7)-U(t)=u) = P Xi=u
Na(r)
= PY Xi=u
= PU(T) =u). (2.3)

This indicates that the energy harvesting process U(7) over a specified duration 7
is independent of the starting point ¢, thus the process is stationary. For the sake
of simplicity, we will represent the harvested energy for any starting point ¢, over a

duration of 7 time, as

U, =U(t+7)—U(t). (2.4)

Xl XZ Xk,—l Xk

ty t
Ay A, A Ni(t) =k

Figure 2.1. Energy packet arrivals.

To determine the probability of harvesting u units of energy over a duration of
7 we need to calculate the probabilities associated with both the number of packets
arriving and the total energy carried by these packets. The probability of the num-
ber of packets arriving within 7 time can be obtained using the PMF of the Poisson

distribution which is expressed as

P(N4(T) =n) = e“(%)n, n=01,.... (2.5)

The probability density function (PDF) of the total energy carried by these n packets

can be found as the recursive function shown as

Fo = D n=0,1, (2.6)

where fx is the PDF of the energy packet sizes, * is the convolution operator and the
)(? ) is the PDF of the total energy of the n energy packets. The cumulative distri-
bution function (CDF) of the total energy of the n energy packets can be recursively

determined as



13

fx (z)dx
/OO f)(?fl)(w —z) fx(x)dwdx

f; D(w — z)dw fx (x)dw
F<" D(u— z)dFx(z). (2.7)

Then the probability that the total energy of the incoming n packets is less than u

units energy expressed as

P(U; < u,Na(t) =n) = e_AT();lL')TLF)((")(u). (2.8)

Finally, to find the CDF of the U,, a summation over all possible numbers of packets

is performed as
- )\
PU, <u) = Fy (u § :e*” )" ) (). (2.9)

PDF of the U is found as

dFe ) (e P (R W)
du du

[e.o]

o) = Yo O o) (2.10)

2.1. Discrete Random Energy Packet Sizes

If we assume Xj is a discrete random variable, then fx in Equation (2.10) becomes
the PMF of the energy packet sizes. Similarly, f)((" ) is the PMF of the sum of n energy
packets. Therefore, the probability of harvesting total energy of u over 7 is equivalent

to the expression given in Equation (2.10).
2.2. Deterministic Energy Packet Sizes

If we assume energy packet sizes X; is deterministic and equal to z, randomness

is solely from the number of arrivals therefore Equation (2.10) changes to
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if u/x integer

P(U, =u) = W (2.11)

0 else.

Therefore cumulative mass function (CMF) can be expressed as

;|

PU, <u)= ) ek(%)n_ (2.12)
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3. SYSTEM MODEL

In our research, we explore three distinct communication protocols, which we have
designated as blind communication without ACK, blind communication with ACK, and
ESI communication. The names of the first two protocols are self-explanatory. The
first protocol transmits the data packet without concern for whether it is received or
not. The second protocol transmits its data packets and waits for an ACK. If it does
not receive one, it retransmits the data packet. In the third protocol, the transmitter
first inquires about the receiver’s ESI and sends its data if the receiver has enough

energy.

We investigated the protocols under a noiseless environment; therefore, the only
reason for a packet, an ESI, or an ACK to be lost is due to an energy outage event.
Additionally, since energy harvesting power is very scarce, the harvesting durations are
relatively longer than the communication duration. Therefore, we assume that trans-
missions and receptions occur instantaneously and that harvesting is never interrupted.

Which also indicates that we ignore propagation, processing, transmission delays.

I a new packet is needed to be sent

Send WUC + packet

Figure 3.1. State diagram depicting the protocol for the blind communication

without ACK.

The communication state diagrams of the protocols are illustrated in Figures
3.1, 3.2, and 3.3 offering a detailed visual representation. Each diagram shows the
operational states of the transmitter node and cases for the state transitions for the

corresponding protocol.
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The first diagram is shown in Figure 3.1, we see the state diagram of the blind
communication without ACK and there are two states. The transmitter node starts
in the sleep state, where it waits for a data packet to be generated. Every T time, a
data packet is generated to be transmitted. When the data packet generated after T'
time, the transmitter transitions to the transmit state and sends a wake-up call (WuC).
Normally receiver node is in the sleep state with its main receiver circuitry off to save
energy. Therefore transmitter needs to wake the receiver by sending WuC call and
start a wake up handshake. After the wake up handshake completes the transmitter
sends the data packet. Afterward, it returns to the sleep state and remains there for

T time.

If a new packet is needed to be sent

Figure 3.2. State diagram depicting the protocol for the blind communication with

ACK.

In the second diagram, Figure 3.2, there are three states for the blind commu-
nication with ACK. The node starts in the sleep state and waits T' time until a data
packet is generated to be sent. It then moves to the transmit state, sends a WuC and
the data packet, and subsequently enters the ACK waiting state. Upon the receiver’s
reception of the data packet, the receiver sends an ACK, and the transmitter returns
to the sleep state. However, if no ACK is received by the transmitter within a certain
timeout period t,,, the transmitter reverts to the transmit state and retransmits the

data packet.
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In the third and final diagram, Figure 3.3, there are six states. When a data
packet is ready to be sent, the transmitter enters the send WuC state. After transmit-
ting the WuC, it moves to the ESI waiting state. If no ESI packet is received within
the t,,; time, the transmitter goes back to the send WuC state. Once an ESI packet is
received, the transmitter enters the wait state and calculates how long it needs to wait
twait for the receiver to harvest enough energy. Then, it transitions to the transmit
state and sends the WuC and the data packet. After the transmission is complete, it
enters the ACK wait state. If an ACK is received, it returns to the sleep state; if no

ACK is received within the t,,; time, the transmitter goes back to the send WuC state.

ACK not received

Send WUC +

isiots) for t_out time I Send WUC

)

Sleep t_wait time

Figure 3.3. State diagram depicting the protocol for the ESI communication protocol.

To fully solidify our system we also need to analyze energy consumption in nodes,
researchers focus on the energy consumption per bit and have developed various for-
mulations. These models vary depending on the application and environment, as some
are tailored for urban areas while others are for rural settings. The range of operation
also influences these models, with some designed for close range (1-10 m) and others

for medium range (10-100 m). Additionally, the length of the data packets, whether
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long or short, impacts the energy consumption per bit. These aspects are thoroughly
explored in surveys and papers. In our model, there are three main sources of energy
consumption. Receiving packet energy cost (Cg,,,,), For the receiving unit, our model
includes components such as a low-noise amplifier, a frequency mixer, three types of
filters, an intermediate frequency amplifier, and an analog-to-digital converter. The
schematic of this receiver circuitry is depicted in Figure 3.4. [28] provides an in-depth
analysis of the energy consumption characteristics of these components. The energy
usage here primarily depends on the packet’s duration and the energy required to tran-
sition from a sleeping state to active listening. Transmitting ACK for packet Cr, , .
The transmitter consists of a digital-to-analog converter, two filters, a mixer, and a
power amplifier. The transmitter circuit block is depicted in Figure 3.4. The cost of
transmitting a signal mainly depends on both the distance and duration of the signal.
The energy consumption is explained in more detail in [28]. Transmitting ESI energy
cost Cr,,, The energy cost of transmitting ESI is the same as that of transmitting an

ACK. Main circuitry and WuR circuitry sleeping power consumption is negligible.

DAC L
. . . Channel
Filter Mixer Filter PA
Tx: "

ADC
Filter INA Filter Mixer Filter IFA
Rx: 4>|>—> .‘ ;
S : :
! H
i i
“““““““““““

Figure 3.4. Transmitter and receiver circuit blocks.
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4. ANALYSIS OF BATTERY ENERGY LEVEL

We have discussed the energy harvesting principles related to the receiver. The
battery level of the receiver node is a random process, depending not only on the energy
harvesting process but also on the protocol and battery capacity. This is because the
protocol dictates how the energy will be consumed, and the battery capacity imposes
an energy constraint on the maximum energy stored. In the following sections, we will

discuss the process of the battery’s energy level in more detail.

4.1. Blind Communication without ACK

In this section, we examine the battery level of the receiver under a specific
condition, namely when blind communication without an ACK protocol is employed.

The mathematical representation of the battery level can be formulated as
Ey = max(8, Ry_1 + U,), TeT kel 2, ..., (4.1)

where E} denotes the battery level after the k’th harvesting period, g represents the
maximum battery capacity, and Rj_; is the residual energy in the battery before the
k’th harvesting period. The concept of residual energy, critical in this context, pertains
to the energy remaining in the battery after communication activities. This residual
energy is defined as

Ry, = max(Ey — Cy, 0) (4.2)
with C} signifying the energy expenditure for k’th the communication. Which is ex-

pressed as

Cp = Ch (4.3)

pckt *

The sub-notation representations provided may not be immediately intuitive at first
glance. Hence, for enhanced clarity and better understanding, Figure 4.1, and 4.2 have

been included.
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Transmitter

T T 2T 2T
WUC | Pckt wucC ’ Pckt |
time
—_—
15 harvesting !WUC ’ Pckt \ 2"%harvesting | WUC ’ Pckt \
0 T T 2T 2T
Receiver Enough Energy Enough energy

Batteryenergy level |\E; | — |R; | — |E; |/ R,

Figure 4.1. Packet transmission and battery energy level when the receiver has

enough energy in blind communication without ACK.

4.1.1. Energy Level Prediction

In scenarios where nodes do not exchange ESI and ACK, data transmission and

reception occur blindly. Under such circumstances, the transmitter will initiate data

transmission without the receiver having adequate energy to successfully receive the

packet. This will result in the receiver depleting its battery while attempting to receive

the packet because we assume that receiver do not know how much energy needed to

receive the packet and after wake up call receiver tries to receive the packet with its

last energy in the battery. Consequently, in cases of successful data packet receptions,

the residual energy is calculated using Equation (4.2) and the PMF of Ej,; can thus

be expressed using Equations (4.1), and (4.2) as

(

fre * fur if By <p

fErn=91-Fg (-1 if Byo=p (4.4)

0 if Ek+1 > 6

\
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Transmitter

2T 3T 3T 4T aT
WuC | Pckt WUC | Pckt |
time
—
3"naryesting | WUC | Pckt | 4harvesting | WUC | Pckt |
2T 3T 3T aT aT
Receiver Not Enough Energy Enough energy

Battery energy level |E; —>

Figure 4.2. Packet transmission and battery energy level when the receiver does not

have enough energy in blind communication without ACK.

4.1.1.1. Minimum Battery Capacity. The term minimum battery capacity refers to a

scenario where the receiver’s battery capacity is just sufficient for the reception of a
single data packet. Consequently, when a successful communication occurs, there will
be no energy remaining in the battery, denoted as Ry = 0. Similarly, in the event of
an energy outage, the residual energy in the battery will also be R, = 0. Given these
conditions PMF of the Ej.; can be expressed as

(

Jor if gy <p
fEkJrl = < 1 - FEk+1 (/8 - ]-) lf Ek+1 - /3 (45)
0 if Ek:—l—l > ﬂ

\

4.1.1.2. Finite Battery Capacity. In the case of finite battery capacity after the data

packet reception, there might be residual energy in the battery. The residual energy
affects the PMF of Ej 1 as explained in Equation (4.4). Additionally, we can find the
PMF of Ry using Equation (4.2) as

Sk o (u) if 7, =0

SR (k) = (4.6)
fe, (e + Cy) if r, #£ 0.
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This shows us knowledge of Ej removes the uncertanity of the Rj. In Figure 4.3 we

see the relation between R, and the Ej.

0.45 T . T

04r b

0.35 i 1
0.3 ]

0.25 | b

0.15 |

PMF of the Battery Level
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Energy (mJ)

Figure 4.3. The PMF of the E} and R}, in the blind communication without ACK
when 0 =24, C,, =12, A = 0.15.

In Equation (4.4) there are 3 cases due to the limited battery capacity however

calculating the first case is enough to find the PMF therefore we can expand Equation

(4.4) as

fEk+1 ek+1 ZfEk fUT €k+1)

ﬂck

+ Z e, (r+Ck) - fup(ersr —r) 0<e<p. (4.7)

r=1
This shows that the fg, is dependent on k so the PMF changes after every harvesting
duration. In the Figure 4.4 we see the behaviour of the fp, as k increases. And it is

seen that fg, converges to a steady state fg,,.
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Figure 4.4. The PMF of the Ej’s as k increases in the blind communication without

ACK when B=24mJ, Cy =12 mJ, T =60 s, A = 0.15.

4.1.1.3. Infinite Battery Capacity. In the infinite battery case, we assume that the bat-

tery is large enough that it never goes to overcharging. We saw that in our simulations
a small coin cell battery with 10.8 J capacity is big enough that it never overcharges.
The calculations for infinite battery capacity is similar to the finite battery, only the

[ battery capacity constraints drop. So Equation (4.4) simplifies to
fEk-H = ka * fUT (48)

because the battery never goes overcharged. And Equation (4.7) simplifies to

SBip (€xtn) ZfEk ) - Jur(eri1)

+ Z o (r+Ch) - fur(ern—7),  ex 2 0. (4.9)

r=1
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4.1.2. Calculating the Harvesting Time

The statistics of energy harvesting and residual energy have been discussed in the
preceding sections. Now, we are in a position to establish a relationship between the
probability of the receiver successfully receiving a packet and the duration of energy
harvesting. Let’s denote this probability as P(success). In this protocol, the only
adjustable parameter for the transmitter is the duration 7. Hence, we can define

P(success) as
B—Ck
P(success) = P(Epy > Cy) = Z P(Eyi1 > Cx|Ry, = i) P(Ry_1 = 1)

=0

Q

B_

k

P(Rk +Ur > Okle = Z)P(Rk = Z)

I
N

b
Q
o

— P(Ur > Cy, — i|Ry, = i) P(Ry, = i). (4.10)

%

I
o

When the energy remaining in the battery capacity exceeds the C}, sometimes after
packet reception some energy will be left in the battery. This residual energy is then
combined with the energy harvested in the next cycle. PMF of this residual energy
is dependent to the battery capacity therefore we will investigate it under different

battery capacities.

4.1.2.1. Minimum Battery Capacity. When the battery level is equal to C}, no residual

energy remains in the battery following packet receptions, or in scenarios of energy

outages. Consequently, under these conditions, Equation (4.10) can be simplified to

P(success) = P(Ur > Cy). (4.11)

4.1.2.2. Finite Battery Capacity. When the battery level is not the minimum we can

use our numerical solution of the fg , which can be expressed as

B
P(success) = Z fe..(u). (4.12)

u=Cl,
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4.1.2.3. Infinite Battery Capacity. In this case, we use Equation (4.12) to calculate

the P(success) however the capacity constraint § drops. It is important to know that
in the infinite battery case as explained in the [29], outage probability convergence to

0 when harvested energy is equal to the consumed energy in the mean case.

4.2. Blind Communication with ACK

The battery level of the receiver when employing blind communication with an

ACK protocol can be shown as
Er = max(8, Ry_1 + U,), T €{T tow}, kE€1,2.... (4.13)

The primary distinction from Equation (4.1) lies in the dependency of the harvesting
durations on the outcome of the previous communication. Specifically, in instances
where reception fails, the transmitter will wait for a duration of ¢, time instead of
T time. The energy level of the receiver’s battery throughout successful receptions is
shown in Figure 4.5 and an outage event and resolution of the outage with respect
to the harvesting periods and the battery levels is shown in Figure 4.6. The residual

energy after receiving an ACK is expressed as

max(FEy — Cy, —C if success
R = ( k k TACK) (4'14)

max(Ey — Cy,0) if outage.
It is crucial to note that although we allow Ry to take negative values in our model, in
reality, negative energy does not exist. This modeling approach is adopted under the
assumption that after receiving data, the receiver has a time window of ¢,,; to send an
ACK. Therefore, the concept of negative energy, in our assumption represents energy
borrowing from the following energy harvesting period. This assumption simplifies the

calculations. Therefore we can express C}, as

CRpere T CTack if success

Cp = (4.15)
Cr if outage.

pckt
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Figure 4.5. Packet transmission and battery energy level when the receiver has

enough energy in blind communication with ACK.

Transmitter

2T 3T 3T 3T+ tyy, 3T+t,,,
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time
—
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2T 3T 3T 3T+ tyyr 3T+ tour
Receiver Not Enough Energy Enough energy

Battery energy level
3 — R3 -_— E4 ——

Figure 4.6. Packet transmission and battery energy level when the receiver does not

have enough energy in blind communication with ACK.
4.2.1. Energy Level Prediction
There are two outcomes that influence the calculation of the next energy level.

In the event of an outage, the transmitter will be aware that R, = 0. Conversely,

if the transmitter successfully receives an ACK, the residual energy is determined
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using Equation (4.14). Consequently, Fjy.; for both scenarios can be described using

Equations (4.13) and (4.14) as

(

ka k fUT lf Ek-+1 < /B
fEk+1 =431-— FEk+1 (5 — 1) if Ek+1 = 5 (416)
0 if Ek+1 > ﬂ

\

4.2.1.1. Minimum Battery Capacity. When a successful communication takes place,

the transmitter will be aware that Ry = —Cr,.,. In the event of an energy outage,
no residual energy will remain in the battery, which is denoted as Ry = 0. Therefore,

following a successful reception, the PMF of the Ej ., can be expressed as

5(_CTACK) * fUT if Ek-i—l < /B
fBeiack = 41— Fg,jack(B—1) if Ery1 =0 (4.17)
0 if Exy > 0,
\

where ACK means acknowledgment received and §(—Cr,,,, ) represents the Dirac Delta
function at —C7r,,. Therefore with the convolution operation fg,  jacx Will be equal
to left shifted fy,.. Furthermore, in the event of an energy outage, the PMF of Ej,

can be expressed as

)
fo.,.. if By <pf

fBeatont = 41— Fpg jour(B — 1) if By =0 (4.18)
0 if Ek:-l—l > 5)

\

where out means an energy outage occurred.

4.2.1.2. Finite Battery Capacity. In the context of a finite battery, the failure to re-

ceive an ACK indicates to the transmitter that an energy outage has transpired, hence
Ry = 0 Accordingly, the next energy level’s estimation utilizes Equation (4.18). When
an acknowledgment is received, it denotes that the receiver’s energy level was greater

than or equals to Cg,,,. Then the receiver expends Cg ,, energy to process the in-
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coming data packet. Therefore, for situations where an ACK is received, the PMF of

Ry, can be calculated as

friack (rACK) = 7 iE']}(ET ?Cik) 7 (4.19)

Then to estimate the next energy level we can insert this PMF into the first case of

Equation (4.16) which results as

. fe,(r+Cy)
fEk+1 - 1 — FEk (CRPCM) * fUT- (420)

As in blind communication without ACK next energy level is dependent on the previous

level however a steady state convergence is also observed in this case which is shown

in Figure 4.7.

0.12 : — : :

0.08

0.06 -

0.04

PMF of the Energy Levels

0.02

0 5 10 15 25

Energy (mJ)
Figure 4.7. A numerical example of the convergent behavior of the PMF of the Ej
after successive successful packet receptions in blind communication with ACK when

p=24mJ, Cg,, =12 mJ, Cr,.,, =1 mJ, A =0.15.

ckt

4.2.1.3. Infinite Battery Capacity. The infinite battery case is the same as the finite

battery case just without the battery capacity constraint. We use Equation (4.18) to
estimate the next energy level after an outage and we use Equation (4.20) after an ACK

reception. The convergent behavior of the fg, after successive successful receptions is
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shown in Figure 4.8. It is important to highlight that convergence only occurs after

successive receptions. Whenever an outage occurs the PMF of the Ej goes back to the

E; shown in Figure 4.8.
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Figure 4.8. A numerical example of the convergent behavior of the PMF of the Ej

after successive successful packet receptions in blind communication with ACK when

/BZOO,OR -

pckt

12mJ, Cr,re = 1 mJ, A =0.15.

4.2.2. Calculating the Harvesting Time

In this protocol, we need to

derive the success probability under two scenarios

which depend on the reception of the ACK, namely after a successful reception and

after an energy outage. We begin by deriving the P(success after transmission) using

Equation (4.16) which is expressed as

P(success after transmission) = P(FEy11 > Cy)

B—Cy
= Y P(Br = Cu|Ry = i) P(Ry = i)
==Crp0k
B—Cy
= Y P(Ry+Ur > Cy|Ry = i)P(Ry = i)
=0T 05
B—Ck
= Y P(Ur>Cp—i|R, =i)P(Ry =1i). (4.21)

=0Ty
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Next we derive the P(success after outage) again using Equation (4.16) as

P(success after outage) = P(Ejy1 > Cy)
= P(Ejp41 > Cy|Ry =0)P(R; =0)
= P(U,, > Cy|Rr =0)
— P(Ui. 2 ). (422

4.2.2.1. Minimum Battery Capacity. As explained before when the transmitter re-

ceives an ACK it deduces Ry = —Cfr,., therefore Equation (4.21) will be simplified

to
P(success after transmission) = P(Ur > Cy). (4.23)
And success probability after an energy outage as

P(success after outage) = P(Up > Cy — O,y )- (4.24)

4.2.2.2. Finite Battery Capacity. In this case of the blind communication with ACK,

we can find a numerical solution to the PMF of the E s and we will use this PMF to

find the P(success after ACK). So we can express the P(success after ACK) as

B

P(success after ACK) = Z [, (u). (4.25)
u=C},

The outage case is the same as the minimum battery case because the transmitter

learns Ry, = 0 so we use Equation (4.11) to find success rate.

4.2.2.3. Infinite Battery Capacity. In the infinite battery capacity case we get rid of

the battery constraint therefore Equation (4.25) changes to

P(success after ACK) = Z fe..(u). (4.26)
u=C}
In the outage event, we use Equation (4.12).
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4.3. The ESI Communication

In the EST communication protocol, the battery level of the receiver is formulated

as
Ek = max(ﬁ, Rk—l + UT), T € {twaitia touta T}, k e 1, 2.... (427)

The primary distinction from Equation (4.13) lies in the addition of t,,, which rep-
resents the harvesting duration following the receipt of the ESI. The variable 7 in the
twait; changes in response to different ESI feedbacks. The residual energy Ry can be

expressed as

Rk _ maX(Ek — Ck7 _CTACK) if Ek > OTESI + ORPC“ (428)

max(Ey — Cy, 0) else.

Transmitter

0 T T 2T 2T

o] ]

time
—_—
]_Stharvesting [WUCI ESI I Pckt ] anhawesting [WUCI ESI I Pckt ]
0 T T 2T 2T
Receiver Enough Energy Enough energy

Battery energy level

E| —— |Ry| —— |E| —m— R,

Figure 4.9. Packet transmission and battery energy level when the receiver has

enough energy in the ESI communication.

Unlike other protocols, in the ESI communication protocol, C varies depending

on the specific step in the communication process. We can express C} as
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)
Crssr T CRpere + Oy, it direct reception
Cp = Crye, if the ESI not enough (4.29)
CRyoe + CT if after wait reception.
\

Direct reception takes place when the ESI feedback indicates to the transmitter that
the receiver possesses adequate energy which is shown in Figure 4.9. This allows
the transmitter to send the packet immediately, eliminating the need for any waiting
period. In contrast, if the ESI represents insufficient energy, the transmitter will not
send the data packet. Upon receiving this ESI, the transmitter does not request the
ESI again; instead, it proceeds to transmit its packet after t,4;; duration this case is
illustrated in Figure 4.10. The case for the reception fails after the waiting period is

shown in Figure 4.11.

Transmitter

2T 3T 3T 3T+ twait 3T+ twait
WUuC ESI WUC | Pckt
time
—_—
3"%harvesting | WUC | ESI | 4haryesting | WUC | Pckt
2T 3T 3T 3T+ byair 3T+t
Receiver Not Enough Energy Enough energy

Battery energy level _“

Figure 4.10. Packet transmission and battery energy level when the receiver does not
have enough energy initially but after ¢,,,; time reception completes in the ESI

communication.

4.3.1. Energy Level Prediction

To avoid unnecessary energy expenditure, the transmitter requires ESI from the

receiver node. Upon receiving the ESI, the transmitter acts accordingly. If the receiver
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has sufficient energy, the transmitter sends the data packet; otherwise, the transmitter
calculates t,4;; and gives time to the receiver to harvest energy. Then transmits its

packet after the waiting period ends.

Transmitter

3T + tyair AT + tyqir AT + tygir AT + 2t,0ir AT+ 2typqir AT +2t it tout AT +2ty aic* tour

wuc ESI WUC | Pckt wucC ESI
time | | |
® & o
—
5Mharvesting | WUC | ESI 6harvesting | WUC | Pckt 7" harvesting wucC | EsI
3T + tyair AT + tyair AT + Lygir 4T + 2tyair AT +2tyyqir AT +2tyqit* tour AT +2tyaitt tout

Receiver Not Enough Energy NotEnoughenergy

Battery energy level _’ = > ’

Figure 4.11. Packet transmission and battery level when the receiver does not have

enough energy and after ¢,,,; time receiver still does not have enough energy and goes

to energy outage afterward transmitter waits t,,; time in the ESI communication.

ESI essentially represents a quantized measurement of the battery level. The
quantization of the battery level is crucial for two primary reasons. Without quantiza-
tion, transmitting an ESI would lead to higher energy consumption, as it necessitates
sending more bits. Additionally, calculating a precise ESI would increase the energy
usage of the receiver and require a more complex receiver processor [30]. ESI can be

expressed as

m E,>C
ESI = (4.30)

I 1-C/(n—1)< B, < (I+1)C/(n—1),

n represents the number of bits used to quantize the battery level, C' = Cr.g, + Cr,,,
and [ is the quantized value of the ESI. We distribute 2" — 1 energy levels uniformly
within the interval [0,1,...,C — 1]. The highest energy level 2" corresponds to energy
values greater than the total energy cost. ESI serves to approximate the residual energy

in the receiver’s battery at the end of a communication cycle, providing a baseline for
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the next harvesting period. Consequently, we can determine the PMF of the Fjy,; as

(

JreEst * fu,, if Egyr <
fEk+1|ESI = 1-— FEk+1|ESI(B — 1) if Ek+1 = ﬁ (431)
0 if Ek+1 > 6

\

4.3.1.1. Minimum Battery Capacity. In the scenario of minimum battery capacity,

the receiver’s battery is only sufficient to cover the energy requirements for waking up,
transmitting an ESI, and receiving a data packet. The transmission of an ESI occurs
either when a data packet is ready to be sent or following an energy outage. In the
former case Ry_1 = —C7,, and in the latter, R;,_; = 0. Upon receiving an the ESI
less than 2" transmitter calculates the PMF of Ej using Equations (4.27), and (4.30)

and it is expressed as

S0y, (€8) if outage
fe esi(ex|ESI =1) = Fy,,,, ((1+1)C/(n—=1)) = Fy, (I-C/(n=1))
¢l Jor(ex + Craoy) if ACK

Fu (I+1)C/(n = 1)) = Fup (1- C/(n — 1))

e € {H_CJ[%H (4.32)

PMF of the Ry can be derived from Equation (4.28) as

ka|ESI(6k|ESI = l) = fEk|ESI<€k + CMESI = l) (433)

This is because the energy cost for ESI transmission is deterministic and effectively
shifts the probability distribution function to the left. Finally, the PMF of Fj,; with

ESI can be estimated as

¢

fEk|ESI<€k -+ CMESI = l) * fUtwm‘tl if Ek+1 < ﬁ

SeaEsi(erna|ESI=1) = 91— Fgjou(B — 1) if By =4 (4.34)

0 if Ek—i—l > ﬂ

\
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4.3.1.2. Finite Battery Capacity. In this case, we need to adjust Equation (4.32) be-

cause in the minimum case, there will not be any residual energy after a reception

therefore Equation (4.32) changes to

vy, (€8) if outage
par gy ) Foa(F1C (= 1) = B, (- O/ (n = 1))
fEklESI(ek‘ =10 = Er Jor(ex + Crycre = 7) - fry 1 (1) if ACK,

Yo 2 for(ex + Cryope —7) - fRy_, (7)

o {[EC). ey ws

So the estimation of the PMF of the Ej., is done as same as Equation (4.34). In the
ESI case the PMF varies with the reception of the ESI and ACK therefore the the PMF
does not converge however due to ESI, PMFs that vary according to k after the same
situations are sufficiently close to each other. The mentioned situations are after the

same ESI value outcomes [ or outage event. So the PMF that will be used to determine

the P(success) is shown as
Z fUT (ek+1 A 7”) ) fUt 't<r>
ext1|BST =1 L ! ,
fEk+1|ESI( k+1| ) Zek Zr fUT (@k+1 _ 7“) . fUtwait (T’)

e {[EC] L JE

4.3.1.3. Infinite Battery Capacity. The infinite battery case is the same as the finite

battery case the only difference is that the battery constraints drop. Therefore we use

Equation (4.36) to find the PMF of the next energy level.

4.3.2. Calculating the Harvesting Time

In this protocol, the transmitter sends data packets under three specific con-
ditions. These conditions are specified as follows: upon receiving an ESI= 2" after
an acknowledgment, upon receiving an ESI= 2" after an outage, upon receiving an
ESI< 2" than waiting to send packet. The probability of the transmitter realizing the

first case (after an acknowledgment) is expressed as

P(success after ACK) = P(Ey1 > C)
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B—Ck
= Y P(Bu > C|Ry =14)P(Ry, =1)
==Cr ok
B—Cy
= Y P(Ri+Ur>CIR, =i)P(Ry = i)
=0Ty
B—Cy
= Y PUr>C—ilR,=i)P(Ry =i). (4.37)
i==Cry ok

Similarly, the probability of the transmitter realizing the second case (after an outage)

is expressed as

P(success after outage) = P(FEgi > C)
= P(Eyy1 > C|R,=0)P(Ry =0)
= P(Rp+Ur > C|R, =0)P(R, =0)
= PUr>C—ilRy=0). (4.38)
We have previously noted that when the transmitter receives an ESI less than < 27,
it waits for a duration of t,,.; before transmitting the packet. Consequently, the prob-

ability of success after this waiting period, denoted as P(success after ESI) can be

expressed as

P(success after ESI) = P(Ey.; > C|ESI=1)
[+1))C/(n—1)]—1
= > P(Ej1 > C|Ry = i)P(Ry = i|ESI = )
i=[1C/(n-1)]
[(+1))C/(n=1)]-1
= > P(Ry+U,,.. > C|R, =i)P(R, =i|ESI =)
i=[1C/(n—1)]
[+1))C/(n—1)]-1
= > P(U,,.. >C —iR,=i)P(R, =i|[ESI=1).  (4.39)
i=[1C/(n-1)]

4.3.2.1. Minimum Battery Capacity. When the battery capacity is Cr,,, + Cr,g, as
explained in the previous protocol Equation (4.37) simplifies due to the battery capacity
being too low to store residual energy. Therefore success rate after receiving and ACK

can be expressed as

P(success after ACK) = P(Uy,,, > C+ Cr,.r|[Re = —Crinr), (4.40)
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and Equation (4.38) simplifies to
P(success after outage) = P(U,,,, > C|Rr = 0), (4.41)
and lastly Equation (4.39) simplifies to

[(+1)C/(n—1)]-1
P(success after ESI) = Z P(Uy, > C —i|Ry = 1) frymsi(i).  (4.42)
i=[1C] (n—1)]

4.3.2.2. Finite Battery Capacity. In the case of a finite battery limit, the residual en-

ergy in the battery complicates the calculations and adds a dependency on the previous
energy level of the battery. However because ESI eliminates some of the uncertainty
the transmitter can estimate the previous energy level with Equation (4.35) and to find
the success target under different feedback receptions we can insert Equation (4.35)

into the Equations (4.38), and (4.39).

4.3.2.3. Infinite Battery Capacity. In the infinite battery scenario, we adhere to the

same procedures as in the finite battery case, since the primary complexity arises from
the residual energy in the battery. The only difference between the finite and infinite
battery scenarios is that the battery capacity constraints are disregarded in the infinite

battery case.
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5. RESULTS

In the previous chapters, we derived the necessary formulas for energy harvesting
then protocols are througly explained and energy consumption charecteristics of the
protocols are noted. Lastly we investigated the energy level of the receiver during oper-
ation and closed-form solutions to PMF of energy levels and P(success) are calculated
for all battery capacity cases and the three proposed protocols. In this section, we will

observe the effects of the harvesting times to the performance metrics of the protocols.

Our calculations were conducted with both time and energy discretized. The
discrete time steps were set at 1-second (s) intervals, and the discrete energy steps
were established at increments of 1 mJ. The T is set for different values to see its
relation with the other harvesting times. Also, the simulations have been conducted
for a period corresponding to 1.5 years and a minimum number of receptions is more
than 300 thousand. The values used in the simulations are shown in Table 5.1 the

energy packet arrival rate A is adapted from the article [31].

Table 5.1. Parameters used in the simulation.

Parameters Values
A 0.15

X; 1 mlJ

CRpere 12 mJ
Cr,.. 1mlJ

Crye, 1bit ST | 1mJ
Oty 2bit BST | 2m)J
Packet length (1) 2 kb

Transmission rate | 20 kbps
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Figure 5.1. The effect of 7' on the P(success) with varying battery capacities for

blind communication without ACK.

5.1. The Blind Communication without ACK

In this section, we investigate the impact of the packet period T’s impact on
several key parameters: the probability of successful communication P(success), and
the average time between receptions under the minimum battery capacity case. In
Figure 5.1 we observe that battery capacity affects the P(success). Probabilistically in
some harvesting durations, because more energy than C} is collected, the amount of
energy in the battery increases. Therefore, even if the receiver cannot collect sufficient
energy in the following harvesting durations, it can still successfully receive the packet

by using the energy in the battery.

When the data generation period is equal to the 80 s, see that in the infinite
battery case outage probability goes to 0. The importance of the 80 s mark stems
from the fact that the average energy harvested over 80 s equals the energy consumed

during the packet reception. Therefore in the mean sense receiver would have enough
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energy to receive packets. With usage of an infinite battery outage probability goes
to 0 when mean power and consumptions are equal which is explained in the [29]
This phenomenon, where the transmitter aligns its packet generation period with the
receiver’s mean harvesting power, will be referred to as the transmitter matches the

packet generation period with the receiver’s harvesting power.
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\ 60
2000 infinite |
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D
a
2
Z 100 .
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0 — | | __
60 70 80 an 100 110 120

Packet Generation Period T (s)

Figure 5.2. The effect of T" on the average delay time with varying battery capacities

for blind communication without ACK.

The average delay time parameter indicates the difference between the moment
the transmitter wants to send the packet and the moment the receiver successfully
receives it. It is important to highlight that we ignore the propagation, processing,
and transmission delays these delays are very small compared to the energy harvesting
times. In Figure 5.2, it is observed that as the harvesting duration increases, the average
delay decreases. This phenomenon was similarly noted in Figure 5.1, where the outage
probability decreases, and eventually, the average delay converges to 0. Additionally,
the battery capacity serves as an outage protection buffer, further reducing both the

outage probability and the average delay time.
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Figure 5.3. The effect of T on the average outage resolution time with varying

battery capacities for blind communication without ACK.

The average outage resolution time indicates how long it takes for a packet to be
received after an outage event. This parameter is a decisive indicator for applications
where the delay time is important. Figure 5.3 demonstrates that as the harvesting
duration increases, the average outage resolution time decreases until it reaches a min-
imum at T = 105 s for the case of the minimal battery capacity. This decrease occurs
because, up to T' = 105 s point, the outage probability is relatively high, leading to
frequent consecutive outage events which increases the time between successful recep-
tions. Beyond T = 105 s, the outage probability decreases, suggesting that the receiver
has adequate time to harvest enough energy. However, this also results in the trans-
mitter waiting excessively long to send the packet, despite the receiver having sufficient
energy, causing an increase in the average outage resolution time. In scenarios with
higher battery capacities, the number of outage events significantly decreases because
P(success), converges to one very rapidly there fore higher 7' values are not added to

the graph.
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Figure 5.4. The effect of ¢,,, on the P(success) for varying battery capacities for blind

communication with ACK when T = 60 s.

5.2. The Blind Communication with ACK

In this protocol, we investigate the effects of ¢,,;, 3, and T on the parameters of
P(success), average delay time, and average outage resolution time. Therefore, three
packet generation periods, T’s (60 s, 75 s, 90 s), are examined under different 3’s (12
mJ, 24 mJ, 60 mJ, infinite ) and ¢,,’s. In Figures 5.4, 5.5, and 5.6, we observe that
as T increases, P(success) also increases, as similar to the previous protocol. Here, we
also note that especially in Figure 5.4 increase in t,,; enhances the system’s outage
performance, especially when the battery capacity is high. However, the effect of ¢,
becomes somewhat insignificant as the packet generation period increases. This is
because, with an increase in 7', the receiver can harvest more energy, resulting in a
decrease in the number of outage events and rendering the impact of t,,; insignificant

in comparison to all receptions.
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Figure 5.5. The effect of ¢,,; on the P(success) for varying battery capacities for blind

communication with ACK when 7" = 75 s.

The energy cost for packet reception and transmitting an ACK is 13 mJ. On
average, the receiver requires approximately 85 s to harvest enough energy to receive
a packet successfully, making it potentially unreasonable to send data more frequently
than 85 s. Nevertheless, we aim to explore the system’s behavior under low-power
conditions so increasing the frequency of data generation gives a good insight. Also
in many WSN scenarios, the receiver’s only energy consumption does not stem from
receiving packets from a dedicated transmitter. Hence, the transmitter may not be
aware of the receiver’s energy consumption patterns. To address this, we also examine
low packet generation periods to understand the protocol’s behavior amid frequent out-
age events. In Figure 5.5, we observe that an increase in t,,; enhances the P(success)
because it acts as a negative feedback mechanism when 7T is lower than packet gener-
ation matched period. The use of ACK prevents the transmitter from overloading the
receiver harvesting capacity with frequent packet transmission, which in turn aids in

improving the overall success rate.
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Figure 5.6. The effect of ¢,,, on the P(success) for varying battery capacities for blind

communication with ACK when T = 90 s.

When the packet generation interval surpasses the average duration needed to
power the receiver as in Figure 5.6, it clearly results in an increased success rate. As
observed in the previous protocol, the battery capacity plays a crucial role in enabling
the receiver to attain a zero outage probability. In this scenario, with the outage
probability being exceedingly low, employing ACK becomes redundant since the trans-
mitter can be almost certain of packet reception. This renders the energy expended
on transmitting ACK superfluous, particularly in scenarios with high battery capacity

and packet generation periods.

In Figures 5.7, 5.8, and 5.9, we examine the behavior of the average delay time in
relation to t,,; across various battery scenarios and packet generation periods. While
a non-increasing trend is observed with larger battery capacities, a distinct minimum
point emerges in the case with minimal battery capacity. This pattern is akin to the
phenomenon where, as T becomes excessively long, the average delay increases. This

increase in delay is because of the transmitter waiting too long to send data, thereby
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degrading performance by energy due to the battery overcharging therefore wasting
harvested energy. However, this effect is not evident in scenarios with larger battery
capacities, as the energy harvested during extended periods is stored in the battery.
This stored energy is then available to mitigate potential outage events, effectively

preventing them.
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Figure 5.7. The effect of t,,; on average delay time for varying battery capacities for

blind communication with ACK when 7" = 60 s.

In Figure 5.7, we observe a significant decrease in the average delay when the
battery capacity is increased from 12 mJ to 24 mJ. However, further increasing the
battery capacity (to 60 mJ or infinite) has a negligible effect. This is attributed to the
data generation period being too short for the receiver to reach an overcharging condi-
tion, so even a 24 mJ battery effectively is as large as an infinite one. Consequently, in
scenarios where the receiver has limited time to harvest energy, a large battery capacity

is unnecessary.
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Figure 5.8. The effect of t,,; on average delay time for varying battery capacities for

blind communication with ACK when T' = 75 s.

In Figures 5.8, and 5.9, the positive impact of battery capacity on the system’s
average delay becomes more pronounced as the packet generation time increases. This
improvement is due to the increased likelihood that the receiver can store excess har-
vested energy in the battery, and the additional energy available prevents the system
from entering an outage state, thereby significantly reducing the delay. Furthermore,
higher t,,; values assist the receiver in storing energy after an outage event for future

receptions, which also contributes to a decrease in the average delay.

In Figure 5.9, we observe again that zero outage events are achieved for battery
capacities of 60 mJ and infinite. However, due to the energy cost associated with
transmitting ACK, the average delay metric does not perform as well as it does in
blind communication without ACK. This underscores the redundancy of using ACK
in situations where their contribution to improving system performance is outweighed

by their energy costs.
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Figure 5.9. The effect of t,,; on average delay time for varying battery capacities for

blind communication with ACK when 7" = 90 .

For the average outage resolution time parameter, Figure 5.10 shows that battery
capacity does not significantly influence this metric. This is because an outage indicates
that the receiver has already depleted its stored energy and must start harvesting energy
from scratch, rendering the battery capacity irrelevant in this context. Additionally,
the packet generation period 7" also does not impact this parameter, as indicated in the
figures. After an outage event, the recovery time is not directly affected by 7'. Thus,

the only parameter that effectively influences the outage resolution time is ¢,;.

5.3. The ESI Communication

In this protocol, we examine the impact of ¢4, 5, and T on the outcomes of
P(success), average delay time, and average outage resolution time. We set t,,; to
105 s across the following simulations, as indicated by Figure 5.10, where it’s shown
to minimize the average outage resolution time. It’s crucial to note that the choice of

towt has minimal impact when the outage probability is low. Our primary objective
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in this protocol is to prevent sending packets to the receiver when it lacks sufficient

energy, thus significantly reducing the number of outage events even during short packet

generation periods.
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Figure 5.10. The effect of t,,; on the average outage resolution time for the different

battery capacities for blind communication with ACK when 7" = 60 s.

12

L 24
T " 60
/ i infinite
0.8 / 1
//
0
o 0.6 J
Q
5]
=1
o,
o
04 r b
0.2r b
0 . . . . . . . . .
30 40 50 60 70 80 90 100 110 120
t . (s)
wait

130

Figure 5.11. The effect of ¢4 on the P(success) for varying battery capacities for

blind communication with ACK when 7" = 60 s.
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In Figures 5.11, 5.12, and 5.13, we observe that the use of Energy Status Infor-
mation (ESI) enhances the overall success rate compared to previous protocols. The
transmitter, informed about whether the receiver has adequate energy, waits for ¢,
if the receiver’s energy is insufficient, allowing more time for energy harvesting. This

straightforward strategy substantially lowers the outage probability, as illustrated in

the ﬁgureS.
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Figure 5.12. The effect of ¢4 on the P(success) for varying battery capacities for

ESI communication when 7" = 75 s.

The downside of analyzing this parameter is that the energy cost of transmitting
EST and ACK is not clear in this parameter as it is observed in Figure 5.12 the outage
probability converges to 0 eventually. Even in the 7" = 90 s packet generation period
which is shown in Figure 5.13 the P(success) is not always 1 this is because the overall
protocol consumes 14 mJ (12 mJ receiving the packet 1 mJ transmitting ESI and
1 mJ transmitting the ACK) therefore average needed time is 93 s which was only
80 s in the first protocol. Therefore in the blind communication cases the outage

probability is always 0 for high battery capacity cases however here we see that low

twair durations may result in energy outages therefore decreasing overall P(success).
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Implying that while it improves certain aspects of the protocol, it introduces additional

energy expenditures.
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Figure 5.13. The effect of ¢4 on the P(success) for varying battery capacities for

ESI communication when 7" = 90 s.

In Figures 5.14, 5.15, and 5.16, we focus on the average delay parameter. Figure
5.14 illustrates that for battery capacities of infinite and 60 mJ, the average delay values
converge to 33 s as t,qi increases. This convergence is attributed to the use of excess
energy harvested during the waiting period for not just the next packet reception but
also for future receptions. Consequently, the combined packet generation and average
delay times (60 s + 33 s) align with the average time required to power the receiver
(93 s). This finding is crucial as it demonstrates that through the application of ESI,
the transmitter can achieve an optimal average packet reception rate, even if it cannot
directly match the data generation period to the receiver’s energy harvesting needs,
provided the battery capacity is sufficiently large. This approach, especially when
compared to the scenarios depicted in Figures 5.2, and 5.7, significantly minimizes
the average delay, showcasing the effectiveness of ESI in improving communication

efficiency between transmitter and receiver under various energy conditions.
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The behavior of the system with the minimum battery capacity mirrors that
observed in previous protocols. Initially, as t,.; increases, the outage probability
decreases due to the additional time allowed for the receiver to harvest energy before
attempting packet reception. However, after reaching a minimum point, the trend
reverses, and the outage probability begins to increase again. This increase is attributed
to the transmitter waiting unnecessarily long periods before sending packets, which,

rather than optimizing energy use or improving reception rates, instead introduces

inefficiencies into the system’s operation.
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Figure 5.14. The effect of t,4; on the average delay time for varying battery

capacities for blind communication with ACK when T" = 60 s.

In Figure 5.15, where T' is extended to 75 s, we again note our critical improve-
ment: the average packet reception time converges to 93 s, as evidenced by the average
delay time convergence at 18 s. In addition to that, increasing 7" reduces the signifi-
cance of pinpointing the optimal t,,,;;, which in turn underscores the adaptability of our
proposed protocol. This flexibility is particularly valuable in real-life energy harvesting

systems, where the variability in energy availability can complicate the calculation of
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the average time required to power the system. By adjusting either T' or t,., our
protocol effectively maximizes the number of packet receptions for the average case,
achieving this with minimal complexity. This adaptability ensures robust performance

even when faced with the inherent unpredictability of energy harvesting environments.
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Figure 5.15. The effect of t,,,;; on the average delay time for varying battery

capacities for ESI communication when T' = 75 s.

In the final analysis of the average delay, with T" set to 90 s, we observe a continu-
ation of the previously mentioned behaviors: the alignment of the transmitter’s packet
transmission time with the receiver’s energy harvesting time, along with the additional
energy costs associated with the protocol, become apparent. In this scenario, whereas
a 90 s interval was sufficient in previous protocols to achieve zero delay and zero out-
age Figure 5.2, and 5.9, such outcomes are not attainable in the current setup due
to the energy costs incurred from transmitting the ESI and ACK. This highlights a
critical trade-off in the protocol’s design: while the inclusion of ESI and ACK mech-
anisms enhances the protocol’s efficiency and reliability by ensuring energy adequacy

before transmission, these features also introduce energy expenditures that impact the
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system’s ability to achieve the ideal scenario of zero delay and zero outage. This under-
scores the importance of carefully balancing protocol functionalities with their energy

implications, especially in energy-constrained environments.
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Figure 5.16. The effect of t,,.; on the average outage resolution time for varying

battery capacities for ESI communication when 7" = 90 s.

In Figures 5.17, and 5.18, we examine the average outage resolution time, a
parameter that specifically addresses scenarios where the receiver lacks sufficient energy,
leading to energy outages. In these cases, the receiver transmits ESI value of less than
2" prompting the transmitter to initiate a wait period (fyqi). Thus, the focus is
solely on instances where the receiver’s feedback indicates an energy deficit. This
metric is crucial as it reflects the protocol’s efficiency in recovering from disruptions,

offering insights into the duration required to rectify situations where communication

is compromised.

The introduction of ESI communication significantly enhances this performance

metric compared to previous protocols. A lower t,,; may lead to retransmissions
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triggered by energy shortfalls, as evidenced across all three figures. For instance, Figure
5.17 highlights a specific observation in the infinite battery case where the optimal %,
of 50 s corresponds to an average outage resolution time of 66 s. This discrepancy
suggests the occurrence of outages even with ESI transmissions. However, an increase
in t,. reveals a convergence between t,.; and the average outage resolution time.
This alignment indicates that, with a sufficiently extended t,,4;, the protocol effectively

mitigates the issue of energy outages.
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Figure 5.17. The effect of t,4;; on the average outage resolution time for the different

battery capacities for blind communication with ACK when 7" = 60 s.

We also observe the effect of the T on the average outage resolution in Figure
5.17, and 5.18. In the previous protocols, it was shown that the 7' does not affect
the average outage resolution. The reason for this effect is that as T" increases likely
hood of the residual energy that was not enough to receive a packet actually closer to
the needed energy. Which results less wait times needed to harvest energy shortage.
Therefore increase in the T not only improves the success rate of the system but also

improves the average outage resolution time.
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In Figures 5.17, and 5.18, it’s noted that the average outage resolution time is
influenced by the battery capacity, a departure from previous protocols where battery
capacity did not significantly impact this parameter. The reason for this difference lies
in the operational dynamics of the ESI communication protocol. In earlier protocols,
energy outages would lead the receiver to exhaust its energy reserves in the attempt
to receive a packet. However, with ESI communication, the receiver utilizes a portion
of its energy to signal that its energy level is insufficient for packet reception, rather
than depleting its energy entirely in a failed reception attempt. This strategic use of
energy means that, as the battery capacity increases, there’s a likelihood of residual

energy remaining in the battery even after an outage event.
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Figure 5.18. The effect of ¢, on the average outage resolution time for varying

battery capacities for ESI communication when 7" = 90 s.

For battery capacities of 24 mJ, 60 mJ, and infinite, the receiver statistically
has more leftover energy (Rj) and thus requires less additional energy to recover from
an outage compared to scenarios with the minimum battery capacity. This nuanced
behavior highlights the efficiency of ESI communication in managing energy resources
more effectively, allowing for quicker recovery from outages in cases with higher battery

capacities.
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6. CONCLUSION

This thesis has explored the intricacies of WSN communication protocols un-
der low-power energy harvesting, focusing on the optimization of packet transmission
strategies to enhance system performance. Through detailed simulation studies, we
investigated the effects of key parameters such as packet generation period (1), wait
times (tyai and t,,;) on the probability of successful packet reception (P(success)),
average delay time, and average outage resolution time. The findings provide valuable
insights into the dynamics of energy-harvesting communication systems and propose
practical strategies for improving reliability and efficiency. The introduction of ACK
and ESI mechanisms was examined in depth, revealing their significant impact on sys-
tem behavior. While ACK serves to confirm packet receptions, thereby reducing un-
necessarily high frequent transmissions, ESI enables the transmitter to make informed
decisions about transmission timing based on the receiver’s energy status. This dual
approach significantly enhances the success rate of packet receptions and minimizes
the occurrence of energy outages. Our simulations, conducted over a period equivalent
to 1.5 years and involving more than 300 thousand receptions, utilized discrete time
and energy steps to model the system’s performance under various operational condi-
tions. The results demonstrate that the strategic use of ¢, and t,,;, informed by ESI
feedback, can lead to substantial improvements in system performance, particularly in
terms of reducing average delay times and resolving energy outages more quickly. One
of the key findings is the role of battery capacity in influencing system performance.
While larger battery capacities generally contribute to lower outage probabilities and
shorter average delays, the benefits plateau beyond a certain point due to the dimin-
ishing returns on additional energy storage. This shows the importance of optimizing
battery size based on the expected energy consumption patterns and harvesting ca-
pabilities of the system, thereby preventing the unnecessary expense associated with
oversized batteries. Furthermore, the study highlights the potential drawbacks of overly
cautious or conservative transmission strategies for excessive waiting times, which can

lead to inefficiencies and increased average delays. The optimal balance between wait-
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ing for sufficient energy accumulation and maximizing packet reception rates is crucial

for achieving high system performance.

In conclusion, this thesis contributes to the ongoing development of energy-
efficient communication protocols for WSNs by providing a comprehensive analysis
of the factors affecting system performance. The proposed strategies, based on the use
of ACKs and ESI, offer promising avenues for future research and practical implemen-
tation in real-world energy harvesting scenarios. As WSN continues to play a pivotal
role in various applications, from environmental monitoring to smart cities, the insights
gained from this study will be instrumental in enhancing the reliability and efficiency

of these critical systems.
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