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Abstract

Batteryless Internet of Things (IoT) devices powered by energy harvesting en-
able sustainable and maintenance-free operation, but face challenges in achiev-
ing synchronised bidirectional communication between intermittently-powered
nodes. This thesis presents CardioSync, a novel framework that leverages the
human heartbeat as a shared clock to synchronise Bluetooth Low Energy (BLE)
connections between battery less devices. CardioSync integrates a low-power
optical heart rate sensor to capture real-time heartbeat data. A peak detec-
tion algorithm identifies distinct heart rate peaks, establishing synchronisation
points for connection-setup events. By scheduling BLE advertising and scanning
activities timed with detected peaks, CardioSync aligns connection attempts
between intermittently-powered devices. This heartbeat-based synchronisation
is integrated into the existing FreeBie architecture for intermittent BLE com-
munication. Experimental evaluations demonstrate CardioSync’s ability to suc-
cessfully establish synchronised connections between batteryless nodes, reducing
average connection setup time by up to 1.8x compared to an asynchronous Free-
Bie system. However, these gains incurred increased power consumption due to
the integrated sensor. CardioSync enhances FreeBie’s capabilities, enabling ef-
ficient intermittent-to-intermittent BLE connections. The proposed technique
shows promise for advancing body sensor networks through sustainable and
maintenance-free operation. Further work should optimise sensor utilisation
and explore adaptive synchronisation to improve energy efficiency.
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Preface

Motivation for this thesis stems from my academic journey, spanning from my
undergrad in Electrical and Electronics Engineering at Thiagarajar College of
Engineering, India, to my current pursuit of a Master’s in Embedded Systems
at Delft University of Technology, along with my professional experiences. Even
during my undergraduate studies, I developed a curiosity for battery-free tech-
nologies, and my exposure to wireless networking embedded systems during my
job before my Masters further fuelled my fascination for Embedded systems.
So it was instantly serendipitous when I encountered the research works of Dr.
Przemysław Pawełczak and Dr. Jasper De Winkel. Their profound insights
into Battery Free Internet of Things (IoT) and Energy Harvesting technologies,
along with their contributions to the development and enhancement of software
for intermittent embedded systems, resonated with my interests. Engaging in
discussions with them unveiled a world of untapped possibilities. Their pioneer-
ing research work of the FreeBie technology—an architecture enabling Bluetooth
Low Energy (BLE) communication, propelled me to immerse myself in this ex-
hilarating field. Despite beginning this journey with limited knowledge in this
realm, the more I delved into the intricate workings of BLE communication
and the nuances of the FreeBie architecture, the more impassioned I became.
The opportunity to contribute to the advancement of FreeBie’s capabilities and
address its existing limitations was a clarion call that I couldn’t resist.

With profound gratitude,
Arunjunai Rajan Senthil Kumar

Delft, The Netherlands
27th August 2023
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Chapter 1

Introduction

In today’s interconnected world, the advancement in Internet of Things (IoT)
devices is reshaping the way we interact with technology. These devices have be-
come indispensable tools, enabling smart homes, industrial automation, health-
care monitoring, and more. As the demand for IoT devices continues to rise,
so does the need for sustainable power solutions to ensure their seamless opera-
tion. About 78 million batteries powering IoT devices will be dumped globally
every day by 2025 if nothing is done to improve their lifespan [13]. This dire
statistic comes from EnABLES, an EU-funded project that’s urging researchers
and technologists to take action to ensure that batteries outlive the devices they
power [13].

Battery Free IoT devices have emerged as a promising solution to address the
challenges posed by finite battery life. These devices tap into ambient energy
sources or energy harvesting techniques to power their operations, offering a
sustainable and maintenance-free approach. This paradigm shift holds the po-
tential to revolutionise various domains, ranging from healthcare to environ-
mental monitoring, by enabling devices to function indefinitely without battery
replacement.

Wireless sensor networks, a cornerstone of IoT infrastructure, stand to gain im-
mensely from the advent of battery-less IoT devices. These networks, composed
of interconnected sensors, offer unparalleled data collection and monitoring cap-
abilities [2]. However, the reliance on traditional battery-powered sensors often
limits their deployment due to the need for frequent maintenance and replace-
ment. The integration of battery free IoT devices into wireless sensor networks
presents a game-changing opportunity, promising extended operational lifetimes
and reduced maintenance overhead.

Within this landscape, The FreeBie technology, which provides Bluetooth Low
Energy (BLE) communication on intermittent battery-free IoT devices, has
emerged as a trailblazing solution. FreeBie is the first battery-free active wireless
system that sustains bi-directional communication on intermittently harvested
energy. With this, FreeBie opens doors to novel applications and possibilities
for battery-less IoT devices [12].
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1.1 Problem Statement

Despite the immense potential it holds, a significant constraint is that FreeBie
only supports intermittent-to-continuous device connections. That is in Free-
Bie, while the end device is intermittent-powered and battery-free, the BLE
hosts to which FreeBie connects still requires continuous power. The central
challenge revolves around achieving synchronisation within a fully battery-free
architecture. This synchronisation is crucial for enabling the transition from
connections with continuously powered hosts to connections with intermittently
powered hosts.

1.2 Research Goals

Embracing this challenge, the core focus of this research is on devising a syn-
chronisation mechanism that utilises a shared external signal. This method
should seamlessly integrate into the existing FreeBie battery-free infrastruc-
ture, enabling intermittent-to-intermittent devices to synchronise and establish
connections effectively.

In this thesis, we also introduce a novel concept of using human heart pulses as
a shared external signal. This approach, while limited to human body wireless
sensor networks, offers substantial benefits within healthcare applications.

In order to achieve this core objective, we outline three key contributions which
collectively address the previously stated problem within the FreeBie architec-
ture:

• We design a novel synchronisation algorithm capable of effectively detect-
ing heart rate-based pulses and establish BLE connection.

• We integrate the devised framework into the FreeBie architecture as a
supplementary enhancement. This enable Bluetooth end devices and hosts
to synchronise using heart rate, significantly reducing connection time and
energy.

• Validate the proposed system’s effectiveness on intermittently-powered
end devices and compare its performance to naive and state of the art
systems.
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1.3 Thesis Structure
The structure of this report is as follows. Chapter 2 presents related literature
and explore them within the domain of battery-less IoT devices and wireless
body sensor networks. Building upon the foundation laid out, Chapter 3 outlines
the architecture and system design of the integrated solution. The subsequent
Chapter 4 details the technical implementation of the proposed methodology.
Chapter 5 showcases the results obtained from experimental evaluations and
performance analyses. Chapter 6 highlights potential future research avenues
that could lead to further advancements for FreeBie and the proposed system.
Finally, Chapter 7 concludes this thesis by summarising contributions, and dis-
cussing the potential applications of the devised framework.
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Chapter 2

Related Work

This chapter delves into an in-depth exploration of existing research and de-
velopments in the field of battery-less IoT devices, intermittent connectivity
solutions, and the pivotal role of the FreeBie architecture. By examining ad-
vancements, challenges, and critical gaps in the literature, this section lays the
foundation for understanding the significance of the proposed CardioSync frame-
work.

2.1 Battery-Free IoT for Wireless Sensor Net-
works

The field of battery-less IoT has garnered significant attention, driven by the
promise of sustainable, autonomous operation. This approach offers extended
device lifetimes and reduced environmental impact. Researchers and innovat-
ors have actively explored diverse energy harvesting techniques to power these
devices, enabling applications across various domains such as agriculture, logist-
ics, and environmental monitoring. Early works like the development of wireless
sensor networks using simple solar energy harvesters and cost-effective energy
storage units [31] laid the groundwork for the subsequent advancements.

A notable milestone was achieved in 2017, the integration of solar energy har-
vesting chips and super capacitors in a battery-less sensor tag [9] showcased the
successful integration of multiple sensors, including temperature, humidity, and
gas sensors, with efficient data transmission through BLE communication. This
advancement proved particularly promising for industrial applications, hinting
at the viability of battery-less IoT in various sectors. In 2020 with the in-
troduction of a system utilising ambient RF energy to power battery-less tags
[8] highlighted the potential of harnessing ubiquitous energy sources for prac-
tical applications. Intriguingly, the employment of a piezoelectric converter as
an energy harvester to power a Bluetooth board through low-voltage vibration
electromagnetic conversion was explored [10]. This exploration validates the
spectrum of solutions available to enhance the battery-less capability of IoT
devices while still facilitating the formation of sensor networks.

A distinct stride was taken towards achieving batteryless communication
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Figure 2.1: FreeBie Architecture. Figure reproduced from [12].

Figure 2.2: Conceptual illustration of intermittently-powered commu-
nication device operation. In normal system, a power outage results
in a disruption of the connection and necessitates additional hand-
shakes to reestablish and configure the connection. The FreeBie
system has a checkpointing and restoration mechanism that utilises
nonvolatile memory for the purpose of storing network state and sus-
tain connections, even in the event of a power outage. CT: connec-
tion timeout; CI: connection interval; RES: state restore; CKPT:
state checkpoint; RX/TX: reception/transmission. Figure repro-
duced from [12].

through the successful design and testing of a wireless LoRaWAN end sensor
node [7]. This innovative approach demonstrates the feasibility of battery-less
IoT even in long-range communication scenarios, further expanding the scope
of its potential applications.

These strides exemplify only a subset of the numerous breakthroughs within the
domain of battery-free IoT wireless communication. The works [30], [11], [14]
offer additional evidence of the expanding landscape of battery-free IoT. Col-
lectively, these advancements illuminate the dynamic landscape of battery-free
IoT, highlighting its capacity to revolutionise myriad domains, from conven-
tional industries to cutting-edge technologies.
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2.1.1 The FreeBie

In the realm of intermittent connectivity solutions, the FreeBie architecture
emerges as a pivotal contender, offering a distinctive approach to achieving
Bluetooth Low Energy (BLE) communication on intermittently-powered wire-
less devices [12]. This architecture, shown in Figure 2.1, introduces an adaptive
framework that tailors connection parameters according to the available harves-
ted energy, facilitating efficient communication in resource-constrained environ-
ments. One of its significant features is to maintain BLE connections despite
intermittent power, as illustrated in Figure 2.2. Its unique ability to enable bi-
directional communication and dynamically manage network connections fills a
critical gap in the domain of intermittently-powered devices. Also it supports
preemptive scheduling, allowing network processes to take precedence over ap-
plication or operating system processes.

These components within FreeBie architecture serve a critical role on achieving
the battery less operation:

• FRAM (Ferroelectric RAM): FRAM is a non-volatile memory tech-
nology that offers high read/write speeds and low power consumption. It
stores data and program code, ensuring persistence during power cycles.
FRAM preserves memory sections during each checkpoint and stores con-
text across separate allocated regions for OS processes, Network processes,
and Application processes.

• External RTC (Real-Time Clock): The external RTC provides ac-
curate timekeeping even during device power-off periods. This time refer-
ence is vital for synchronisation and event scheduling. The external RTC
remains always powered through onboard capacitors and can control pro-
cessor power domains using the Power switch and Power control module.

• Time-Deterministic Checkpointing and Restore: This component
maintains data integrity by regularly capturing the device’s state. In cases
of power disruptions, the system can restore to a known state, preventing
data loss and ensuring system consistency. It leverages External RTC and
FRAM for uninterrupted atomic operations.

– Real-time RTC sync: This subcomponent synchronises the Ext. RTC
with the onboard RTC during each real-time operation resumption
from power-off state. It uses FRAM to store the synchronising time
TSync in the OS context.

– Real-time/Dynamic Restoration: Upon resuming from power-off
state, this component restores processes from FRAM for OS pro-
cesses, network processes, and real-time application processes, as
scheduled by the scheduler.

– Dynamic Handling of Network Connection: Responsible for network
recovery and dynamic network adaptation, this subcomponent en-
sures network recovery in unexpected power-offs and adapts to energy
conditions while maintaining connection.
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• Power Control: Governing power state transitions, power control mech-
anisms by managing power-on timings, task execution, and low-power
modes.

• Super Capacitors and Energy Harvesters: Integral to FreeBie’s en-
ergy autonomy, super capacitors and energy harvesters contribute to stor-
ing and harnessing energy from ambient sources.

However, since the architecture relies on external components such as FRAM
and an external RTC, it impacts factors like system cost, size, and energy con-
sumption. To address this, the authors suggest future exploration into devel-
oping a FreeBie version that integrates next-generation System on Chip (SoC)
technology and leverage more energy-efficient harvesters.

Furthermore, the FreeBie architecture is designed to support intermittently-
powered end devices, but a notable research gap lies in the absence of support for
intermittently-powered hosts on both sides of BLE communication. While the
architecture excels in enabling communication between intermittently-powered
device and continuously powered hosts, there’s potential for innovation in ex-
tending its capabilities to encompass two intermittently-powered end nodes.
This extension could unlock novel use cases in wireless sensor networks, broad-
ening the applicability of the FreeBie architecture.

2.2 Body Sensor Network
The evolution of Body Sensor Networks (BSNs) has marked a significant mile-
stone in healthcare and wellness monitoring. These networks, composed of
wearable sensors, offer real-time data collection, analysis, and transmission,
empowering individuals and healthcare professionals with valuable insights into
physiological and medical conditions. BSNs demonstrated remarkable potential
in applications ranging from remote patient monitoring to sports performance
analysis and beyond.

Early research in BSNs primarily focused on sensor integration and data ag-
gregation techniques [20]. These studies paved the way for more advanced BSNs
capable of real-time health monitoring. The advent of wearable devices with in-
tegrated physiological sensors has led to the development of innovative solutions
for continuous monitoring of vital signs such as heart rate, temperature, and
electrocardiogram (ECG) signals [24], [22]. These advancements enable early
detection of anomalies and timely intervention in critical situations.

The energy requirements of BSNs vary based on the complexity of sensors and
the data transmission frequency. Wearable sensors that capture high-resolution
data, such as ECG signals, demand a continuous power source for accurate
monitoring. However, battery limitations hinder the potential for uninterrupted
data collection. This challenge becomes even more pronounced when considering
the size and weight restrictions of wearable devices [32], [15], [18].

The integration of battery-free IoT devices within BSNs offers a promising solu-
tion to the energy challenge [21]. This innovation not only extends the opera-

8



tional lifetime of BSNs but also opens the door to continuous and sustainable
monitoring. Also it could be affordable (less than US$2 each when manufactured
in volume), disposable, small, and easy to use [21]. Although there are already
some Battery free Wireless BSN solutions but they do use near-field-enabled
clothing capable of establishing wireless power and data connectivity between
multiple distant points around the body to create a network of battery-free
sensors interconnected by proximity to functional textile patterns.[19]

In summary, the evolution of BSNs has been characterised by breakthroughs
in sensor integration and wireless communication. However, the challenge of
battery dependence has persisted. The emergence of battery-free IoT devices
powered by energy harvesting techniques presents a transformative solution.
As ongoing research continues to address energy challenges and optimise device
performance, the future of BSNs holds the promise of continuous and sustainable
healthcare monitoring.
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Chapter 3

Architecture and System
Design

This chapter aims to explore the architecture and design of the CardioSync
framework, building upon the problem statement from Chapter 1.

In response to those challenges, this chapter outline the architectural evolution
from FreeBie to CardioSync, highlighting the transformative integration of the
framework. Also this chapter, we provide a thorough analysis of the proposed
architecture, focusing on key components, interactions, and overall design con-
cepts.

Furthermore, to aid in understanding the conceptual landscape, Figure 3.1 il-
lustrates the high-level architecture of the CardioSync framework within the
existing FreeBie model.

3.1 CardioSync Framework
The architecture of FreeBie, as described in Section 2.1.1, employs periodic
advertisement for BLE connection establishment in an end device. However,
this approach can lead to asynchrony between the end device’s periodic advert-
isement and the BLE host’s scan, resulting in a hindrance to establishing a
successful connection when both are intermittently-powered.

Addressing this limitation, the CardioSync framework augments over the Free-
Bie architecture to orchestrate BLE connection setup events in synchronisation
with the host’s events through the utilisation of a shared external signal. By
doing so, CardioSync enables bidirectional intermittent operation for FreeBie.
Moreover, the final CardioSync architecture collaborates seamlessly with Free-
Bie for scheduling a wake-up and sleep cycle that aligns with synchronised con-
nection setups and adapts to the dynamic power availability of intermittently-
powered devices.
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Figure 3.1: High Level Architecture of the CardioSync framework.
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Figure 3.2: Conceptual diagram illustrating the need and benefits of
synchronisation by comparing the connection setup between two end
devices in the asynchronous FreeBie system with the proposed Car-
dioSync framework.
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Figure 3.2a highlights the difficulty encountered in establishing a connection
between intermittent devices using the FreeBie architecture. Additionally Fig-
ure 3.2b showcases the planned approach used by CardioSync to address this
obstacle via the utilisation of external clock as heart rate pulses.

The CardioSync framework is structured around the novel heart rate peak de-
tection algorithm that detects peaks effectively based on raw data from a low
power heart rate sensor. This algorithm serves as the basis for initiating syn-
chronised connection events and also establishing synchronisation points which
are strategically defined moments in time based on heart rate.

The CardioSync framework integrates into the FreeBie architecture, leveraging
key components that contribute to the framework’s enhanced functionality:

• Low-Power Heart Rate Sensor: The foundation of the CardioSync
framework lies in a carefully selected low-power heart rate sensor. This
sensor efficiently captures raw heart rate data, providing the essential
input for synchronisation and connection setup activities.

• CardioSync Real-Time Application: This extension of the FreeBie
architecture introduces the CardioSync module, encompassing several sub-
components responsible for different aspects of the synchronisation pro-
cess.

– Sensor Data Collector: This subcomponent interfaces with the
low-power heart rate sensor, collecting accurate heart rate data. It
ensures seamless data acquisition and serves as the initial step in the
synchronisation process. It houses the sensor interfacing functionality
along with data pre-processing as required for the algorithm.

– Heart Rate Peak Detection Algorithm: At the heart of the
CardioSync framework, this subcomponent processes the heart rate
data collected by the sensor data collector. It intelligently identifies
heart rate peaks, which serve as synchronisation triggers for connec-
tion setup events and establish synchronisation points. These syn-
chronised trigger points are coupled with active sensor reads hence
adhering to "Read and Synchronise" phase of CardioSync framework
to establish a connection.

– Connection Control: This subcomponent manages the setup of
BLE connections via strategic scheduling. It leverages cues from the
heart rate peak detection algorithm to time connection setup events,
aligning them with heart rate interval. This integration utilises the
Checkpointing and Restore component in the FreeBie architecture by
effectively using Timers. Thereby ensuring the energy-efficient com-
munication through "Sleep and Synchronise" phase of CardioSync
framework.

These components collectively empower the CardioSync framework to synchron-
ise communication activities with heart rate patterns, enabling bidirectional in-
termittent operation and efficient utilisation of intermittently-powered devices.

14



3.2 High-Level Operation Flow
The CardioSync framework operates through a systematic sequence of steps in
integration with FreeBie architecture for establishing a connection

1. Sensor Data Acquisition: The process begins with the gathering of
heart rate sensor data through dedicated interfaces.

2. Heart Rate Peak Detection: The acquired sensor data is processed by
the heart rate peak detection algorithm. This algorithm identifies distinct-
ive peaks that correspond to heart rate activity, simultaneously calculating
the average time interval between these peaks. This interval defines the
temporal spacing between synchronisation points.

3. Connection Control: Upon detecting a heart rate peak, the Connection
Control component springs into action. It orchestrates the scheduling of
BLE advertising or scanning events. Additionally, it optimally utilises the
timers within the FreeBie architecture to initiate connection setup events
that is precisely aligned with established synchronisation points.

4. Time-Deterministic Checkpointing and Restore: Operating within
the FreeBie architecture, this module monitors periods of system inactiv-
ity, which in our case align with the intervals between synchronisation
points set by the Connection Control component. It employs checkpoint-
ing to briefly pause the MCU’s operations, reactivating only when there
are pending tasks, such as the next connection setup event at next syn-
chronisation point.
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Chapter 4

Technical Implementation

This chapter delves into the practical realisation of the CardioSync frame-
work, translating the architectural concepts and design discussed in the previous
chapters into tangible code and functional components.

4.1 Hardware and Software Setup
This section outlines the necessary hardware setup and software environment
required for the implementation of the framework.

4.1.1 Hardware Setup

Integral part of the devised framework is the heart rate sensor. After a compre-
hensive review of available low-power heart rate detection sensors in the market,
the MAX30102 sensor from Maxim Integrated [17] was selected as the heart rate
monitor for the CardioSync framework. The MAX30102 sensor, consuming as
less as 1 mW and featuring low shutdown current around 0.7 µA, fits seamlessly
with CardioSync’s design goals [17].

The CardioSync framework is built upon the FreeBie model, integrating the
MAX30102 sensor. The hardware setup comprises the following components:

• FreeBie Mote: This custom board in Figure 4.1 incorporates essen-
tial components, including the nRF52840 ARM-Based MCU module (EY-
SKBNZWB) with BLE radio support, the External RTC and power man-
agement module (AB1815 ), and FRAM (MB85RS4MT ) [12]. These com-
ponents provide the foundation for the framework’s intermittent opera-
tion.

• MAX30102 Sensor Board: The MAX30102 sensor board from Maxim
Integrated, shown in Figure 4.2, serves as a critical element for heart rate
monitoring. The sensor board features built-in pull-up resistors of 4.7kΩ
in the I2C pin outs [17]. However, we noticed even when MCU is in power
save or sleep state, instead of near zero voltage and current, a considerable
voltage difference of 1.6 Volts in VDD_MCU and a current of 1.8mA is drawn
by those external pull up resistors. For that reason, sensor’s resistors were

17



Figure 4.1: FreeBie mote (front side). A total size is 1”×1”. A:
BLE ARM-based MCU - nRF52840, B: External RTC - AM1815,
C: OPT3004 luminosity sensor, D: BMA400 accelerometer, E:
BQ25570 energy harvester, F: Two parallel 7.5 mF capacitors, G: ,
MB85RS4MT fast non-volatile Ferroelectric Random Access Memory
(FRAM), H: External power switch, I: SN74AUP2G79 flip-flop that
allows the display to stay on when the MCU is off, J: Logic/switches
prevent always-on signals from reaching the MCU when its OFF. Fig-
ure reproduced from [12].

removed and instead the on-board pull up resistors of the nRF52840 were
employed through Software configuration [26].

• Connection Configuration: Based on the pinout configuration of the
FreeBie schematics [6], I2C Clock Line (SCL) and I2C Data Line (SDA) of
the MAX30102 is connected to the respective GPIO pins. The MAX30102
is powered by the onboard super capacitors, connected to the VBatt pinout
of the FreeBie Mote.

4.1.2 Software Setup

The implementation of the CardioSync framework builds upon the open-source
FreeBie source code, available from the TU Delft Sustainable Systems Lab repos-
itory [6]. The adaptation process involves customising the existing "template"
application to accommodate the CardioSync system architecture - MAX30102
sensor and the Heart Rate peak detection algorithm.

Software Foundation and Customisation

The entire FreeBie source code relies on the PacketCraft BLE stack [1], which
seamlessly integrates nRF5 SDK libraries for driver interfaces and peripheral in-
teractions [27]. The code is specifically tailored for the nRF52840 MCU, utilising
the GNU ARM Embedded toolChain, thus eliminating the need for additional
build support or toolchain.
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Figure 4.2: MAX30102 sensor module (front side). The pin out marked
are VIN: Module power supply 1.8V to 5V; GND: Ground; SCL: I2C
clock bus; SDA: I2C data bus. Figure reproduced from [29].

Sensor Interfacing

For interfacing with the MAX30102 sensor, nRFx driver for the Two Wire In-
terface - Master (TWIM) is employed. This involves enabling the necessary
configurations in the sdk_config.h file of nRF5 SDK to activate the TWIM
in the system. Subsequently, relevant APIs provided by the nRFx library are
utilised for reading from and writing to the I2C interface.

BLE Stack Configuration

In the context of the BLE stack, PacketCraft’s CMake configurations take charge
of initialising the MCU as either a Peripheral or Central device. Two specific
CMake definitions, namely INIT_PERIPHERAL and INIT_CENTRAL, determine the
operational mode. PacketCraft then leverages essential components like the
Device Manager and the Application framework main module to initialise the
BLE stack. This equips the framework with APIs that helps with the initiation
and termination of advertising or scanning activities depending on whether the
device is operating as a Peripheral or Central.

Timing and Scheduling

Both the FreeBie and CardioSync frameworks require precise timing and
scheduling mechanisms. PacketCraft’s Wireless Software Foundation (WSF)
OS layer offers essential APIs for managing the AppTimer functionality.
AppTimer is essentially a timer management module that allows to schedule
and manage various timing events and callbacks within the application. It
provides a way to create, start, stop, and manage timers, which can be crucial
to perform real-time tasks at specific intervals.

In the context of your CardioSync framework, WSF AppTimer was utilised to
handle timing-related operations such as to schedule the sampling of the heart
rate sensor at the desired frequency. It also ensures that BLE connection setup
occur at the right times and in synchronisation with each other.
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Algorithm 1 MAX30102 Sensor Data Acquisition
1: Initialize 2D Buffer with maximum capacity of 2 x 500
2: Initialize Sliding Window size as 10

3: Start "MAX30102Timer " with 10 milliseconds period ▷ After converting sampling rate: 100 Hz
into milliseconds (1000/SamplingRate)

4: if MAX30102Timer expired then
5: Read MAX30102 sensor’s FIFO using "MAX30102_read_fifo()" ▷ Called from Timer Expiry

event handling
6: Append IR value and corresponding RTC ticks to 2D Buffer and Sliding Window

7: if Sliding Window is full and Average of sample data > 8000 then
8: Call Heart Rate Peak Detection API on Sliding Window data ▷ calculate_heart_rate()
9: end if

10: Restart "MAX30102Timer "
11: end if

Additionally, these WSF AppTimer aid in the FreeBie architecture’s ability to
accurately track the timing of active scheduled tasks inside the queue. Con-
sequently, the system is able to power down and enter a sleep state when there
are no planned activities for the next period.

4.2 Sensor Interface and Peak Detection Al-
gorithm

This section delves into the practical implementation and methodologies used
for interfacing the MAX30102 sensor with the FreeBie architecture and the novel
heart rate peak detection algorithm.

As outlined in the section 4.1.2, the existing "template" application within the
FreeBie source code is extended to incorporate the MAX30102 sensor function-
ality into a new source file which houses all the necessary functions, declarations,
and configurations.

4.2.1 MAX30102 Sensor Data Acquisition

Before starting the sensor sampling, sensor should be initialised and configured
with settings that ensures optimal performance while minimising power con-
sumption. Different configuration settings done for MAX30102 is described in
detail in Section A.1 of Appendix A. With these settings, MAX30102 operates
with less power consumption, yet capturing accurate blood flow for heart rate
analysis.

This section outlines the methodology employed for data collection, using buffers
and sliding window within the CardioSync framework. The process of the data
acquisition is given in Algorithm 1.

The raw data is continuously read from the MAX30102 sensor’s FIFO at a
predetermined sampling rate of 100 Hz. This sampling rate of 100 Hz is chosen
after thorough evaluation of sensor which will be covered in Section 5.1.
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A two dimensional buffer named "ir_values" with a maximum capacity of 2 x
500 entries is employed to store the sensor data and their respective RTC ticks
at which they are read. Also a sliding window named "window" of size 10 is
chosen, to store the latest 10 sensor values at any instance.

Now that the initial setup and configurations are laid out, the data acquisition
process is orchestrated by the following key steps:

1. Start of the Sampling: A WSF Apptimer named MAX30102Timer is
started to start the sampling of MAX30102 sensor. The timer’s period is
determined to be 10 milliseconds i.e., 1000 divided by the chosen sampling
rate of 100Hz.

2. FIFO Read and Buffering: When the timer expires, the sensor’s FIFO
is read using the "MAX30102_read_fifo()" function. This function relies
on the nrfx_twim driver APIs to extract the real-time IR value that holds
blood flow data for heart rate peak detection. Consequently, it is paired
with the corresponding RTC ticks at the time which it was recorded and
appended to the end of the 2-D buffer, i.e., ir_values buffer and also to
the window buffer.

3. Continuous Data Acquisition: The "MAX30102Timer" is restarted and
the sequence repeats till the timer is stopped or not started again. This
ensures the raw data from sensor is continuously read and latest 10 values
always stay in the window buffer. When the ir_values buffer becomes
full, it undergoes a rotation where the samples are shifted to the left,
causing the oldest value to be discarded. Subsequently, the newest value
is appended to the right end of the buffer.

4. Ready for peak detection: This happens when the sliding window
buffer - window is full. The data is subjected to heart rate peak detec-
tion algorithm only if the average of the data within the sliding window
surpasses the threshold of 8000. This threshold was determined after ana-
lysing the sensor’s raw data, which showed consistent changes when the
sensor was in proximity to human skin compared to when it was not. After
configuring the sensor, it recorded values above 8000 when in contact with
human skin. Thus, this threshold ensures peak detection happens when
the sensor reliably maintains contact with the skin.

The iterative nature of this process guarantees the availability of up-to-date
sensor data for real-time heart rate analysis, ensuring the responsiveness and
accuracy of the CardioSync system.

4.2.2 Heart Rate Peak Detection Algorithm

Initially, an attempt was made to utilise Maxim Integrated’s reference heart
rate peak detection algorithm [3] developed for their low power, optical heart-
rate module - MAXREFDES117 [16]. This algorithm employed a method of
peak identification by calculating a fixed threshold and detecting peaks above
that threshold. However, this approach proved ineffective for the CardioSync
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Figure 4.3: Example measurement showing the dynamic and fluctuat-
ing nature of continuous sensor data readings from MAX30102. The
Y-axis represents the sensor’s raw data in ADC count units. These
units indicate the magnitude of the analog signal measured by the
sensor and converted into digital form by the analog-to-digital con-
verter (ADC).

framework due to the dynamic and varying nature of the continuous sensor data
readings obtained from the MAX30102. As shown in Figure 4.3, the sensor data
exhibited fluctuations that necessitated a more adaptive and dynamic threshold
approach.

In light of these challenges, the decision was made to adopt an alternative ap-
proach that leverages the derivatives of the sensor data for peak detection. This
approach was more suitable for handling the varying nature of the sensor read-
ings and provided a robust means of detecting heart rate peaks.

The heart rate peak detection algorithm using derivatives operates as follows:

1. Data Preprocessing: The raw sensor data collected from Sliding win-
dow buffer, denoted as air, undergoes preprocessing steps. The algorithm
removes the DC component by calculating the mean and subtracting it
from the data. This step is essential to eliminate any static offset and
focus on the variations caused by heartbeats.

2. Moving Average: The air data is then updated using a moving average
of two neighbouring samples on either side of each sample. This smoothing
technique helps reduce noise and sharp variations in the data, facilitating
more accurate peak detection.
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3. Derivative Calculation: The first derivative of the air data, referred
to as air_diff, is calculated. This derivative provides insights into the rate
of change of the signal, which is particularly useful for identifying rapid
transitions characteristic of heart rate peaks.

4. Peak and Valley Detection: The algorithm identifies peaks and valleys
within the air_diff data. Peaks correspond to points where the derivative
changes from positive to negative, indicating a downward slope. Valleys,
conversely, represent points where the derivative changes from negative
to positive, indicating an upward slope. These points mark significant
variations in the signal, which are indicative of heart rate peaks.

5. Peak Validation and Removal: Detected peaks that are in close prox-
imity to valley indices are discarded. A maximum distance threshold
n_valley_distance of value 4 is used to determine this proximity. Sim-
ilarly, peaks that are too close to each other, within a distance threshold
n_peak_distance of value 15, are also removed. The selection of these
thresholds is based on the retrospective analysis of visual patterns on
the continuous sensor read. The visual analysis helped to determine the
typical distances between peaks and the lengths between valleys and sub-
sequent peaks. These additional validation steps help ensure that the
detected peaks correspond to distinct heart rate events.

6. Result Generation: The algorithm generates a list of validated peak
indices that represent heart rate peaks which likely to have occurred.

7. Callback and Post Processing: For each detected and validated peak
index, the algorithm invokes the sensor_callback function. This func-
tion handles further processing, synchronisation, and scheduling tasks re-
lated to the CardioSync framework.

The constants n_valley_distance, and n_peak_distance are empirically de-
termined based on the characteristics of the sensor data and the expected heart
rate patterns. These values ensure the reliability and accuracy of the peak
detection process. The algorithm is outlined in Algorithm 2

4.3 CardioSync Integration with FreeBie BLE

With the fundamental components of the CardioSync framework described, the
next step involves integrating these elements into the FreeBie architecture. This
section provides insight into how these various parts work together to create a
functional system, ensuring accurate heart rate peak detection and synchronised
BLE connection setup within a battery less system architecture.

An effective approach to elucidate the integration within FreeBie is to follow the
chronological flow of steps required for establishing a synchronised BLE connec-
tion from a coding perspective. This approach is represented as a flowchart in
Figure 4.4.
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System Initialisation

Starting from the beginning of the execution process, depending on whether the
device operates in a peripheral or central mode, the necessary BLE modules of
the FreeBie architecture are initialised within the "template" application’s stack
initialisation. The initialisation of the CardioSync extension framework, which
includes the MAX30102 sensor, is also integrated into the stack initialisation
process.

The MAX30102 initialisation manages the setup and configuration of the
sensor, as described in Section A.1 of Appendix A. Additionally, the essential
WSF AppTimers as explained in Section 4.1.2, such as MAX30102Timer and
MAX30102RestartTimer, are declared and initialised in this process. The
specific roles and functions of these timers will be further explained.

Sensor Data Acquisition and Peak Detection

With all essential initialisation have been accomplished, the sampling of sensor is
started through MAX30102Start() function, which kicks off the MAX30102Timer
timer and starts the process of data acquisition and heart rate peak detection
which was 4.2 and 4.2.2.

Read and Synchronise

With the successful identification of heart rate peaks, the post processing is
rudimentary to distinguish between new peaks and peaks that linger within the
rotating 2-D buffer. This differentiation is achieved by utilising the RTC ticks
associated with the detected peak indices.

Additionally, as new peaks are identified, the post-processing routine updates
the average time difference between peaks in a global variable - the "Heart
Rate Interval". This value later holds significant importance in establishing
synchronisation points based on heart rate.

Depending on the operational mode of the system, either advertisement or scan
initiation is executed as soon as a new peak is detected using PacketCraft’s
APIs, such as AppAdvStart() or AppScanStart(). These APIs use the BLE
parameters that are strategically chosen based on the comprehensive evaluation
of algorithm performance and system behaviour outlined in Table 5.3. It is
noteworthy that this synchronised BLE connection setup operates simultan-
eously with continuous sensor read at a 100Hz sampling rate and heart rate
peak detection.

Sleep and Synchronise

After the detection of three peaks (MAX_PEAKS), the MAX30102Stop() routine is
invoked. It shuts down the sensor by configuring the power-saving mode and
terminates MAX30102Timer, thereby suspending active sensor read and heart
rate peak detection. BLE parameters are also then dynamically adjusted during
runtime to ensure the scheduling of advertisement or scanning events aligned
with the global variable Heart Rate Interval. The modified BLE parameters are:
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• BLE Advertisement Parameters (Peripheral):

– Advertising Interval is adjusted runtime with global variable Heart
Rate Interval.

– Advertising Duration is 10 seconds.

• BLE Scan Parameters (Central):

– Scan Interval is modified in runtime with global variable Heart Rate
Interval.

– Scan Window is fixed as 100 milliseconds.

– Scan duration is set as 10 seconds.

The incorporation of Heart Rate Interval in BLE parameters establishes the
fixed synchronisation points for the system without any active sensor read. The
scheduling of BLE connection events only during the established synchronisa-
tion points, results in the system being idle without any active tasks during the
Heart Rate Interval period. The Checkpointing and Restore module, which is
integrated into the FreeBie architecture, identifies system inactivity and util-
ises checkpointing to preserve the current state of the system while temporarily
halting the operations of the MCU. The system resumes its operation at pre-
determined BLE synchronisation points and recovers its context, after which it
returns to a sleep state for the upcoming heart rate period.

Adaptive Heart Rate Update

In cases where the BLE connection setup experiences prolonged delays, the
continuity of the Heart Rate Interval may become compromised. In response,
an adaptive iterative strategy is employed. A timer, MAX30102RestartTimer,
restricts the "Sleep and Synchronise" phase to a 10-second duration. Upon the
timer’s expiration, MAX30102Start() is called again, triggering the "Read and
Synchronise phase" which updates Heart Rate Interval. The iterative process
between phases is stopped once a successful BLE connection is established.
Additionally, when the connection is closed, MAX30102Start() is reinvoked to
start "Read and Synchronise" phase.
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Algorithm 2 Heart Rate Peak Detection Algorithm
1: function calculate_heart_rate(a_ir, callback)

▷ a_ir: array of sensor data from Sliding window buffer.
▷ callback: callback function to process the peaks detected by algorithm.

2: Initialise a_ir_clean[], a_ir_diff [], peak_indices[], and valley_indices[]
▷ a_ir_clean[]: array of sensor data after DC component is removed

▷ a_ir_diff []: array of first derivative of sensor data
▷ peak_indices[]: array of detected peak indices in the sensor data

▷ valley_indices[]: array of detected valley indices in the sensor data

3: µ = 1
n

∑n
i=1 a_ir[i] ▷ Calculate mean of raw IR sensor data

▷ n: size of a_ir array, which is 10 (size of sliding window buffer)

4: for each data point x in a_ir do ▷ Removing DC component in sensor data
5: a_ir_clean[x] = a_ir[x]− µ
6: end for

7: for each data point x in a_ir_clean do ▷ Filtering out sensor data using moving
average of two neighbouring data on both side of each data point

8: a_ir_clean[x] = 1
5

∑x+2
i=x−2 a_ir_clean[i]

9: end for

10: for each data point x in a_ir_clean do ▷ First derivative of sensor data
11: a_ir_diff [x] = a_ir_clean[x]− a_ir_clean[x− 1]
12: end for

13: for each index x in range 1 to n− 2 do ▷ Peak detection
14: if a_ir_diff [x− 1] > 0 and a_ir_diff [x] < 0 then
15: peak_indices[]← x
16: end if
17: end for

18: for each index x in range 1 to n− 2 do ▷ Valley detection
19: if a_ir_diff [x− 1] < 0 and a_ir_diff [x] > 0 then
20: valley_indices[] ≥ x
21: end if
22: end for

23: Remove peaks close to each other using n_peak_distance threshold
24: Remove peaks close to valleys using n_valley_distance threshold

25: Call callback function with detected peak indices to process them
26: end function
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Figure 4.4: Operation flowchart of the CardioSync framework imple-
mentation.
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Chapter 5

Results and Evaluation

This chapter presents the results of experimentation, and analysis of data ob-
tained from the CardioSync Framework. Also it compares the key result out-
comes of CardioSync framework, such as BLE connection setup time, power and
energy consumption in comparison to a naive and reference FreeBie system that
does not employ any synchronisation mechanism.

The evaluation of the CardioSync framework is structured into three distinct
contexts, inline with the research objectives

1. Heart Rate Sensor Accuracy and Peak detection Algorithm performance.

2. Verification of Integrated CardioSync framework in Continuous and Inter-
mittent power.

3. Comparative analysis of the CardioSync framework versus Naive reference
freebie model.

5.1 Evaluation of Heart Rate Sensor and Peak
detection Algorithm

The evaluation in this section is split into two parts - Sensor accuracy profiling
based on phase difference for a particular peak detected between two sensors
and BLE connection performance at different sensor sampling rate.

5.1.1 Sensor Accuracy Profiling

Sensor accuracy for detecting heart beat is mainly based on the peak detection
algorithm, and also on the sensor configurations. However, the sensor was in-
tentionally designed to function within a fixed configuration, optimising power
consumption (Refer to Section:A.1 in Appendix A). So to quantitatively assess
accuracy of the algorithm, the phase difference for heart pulse detection between
two sensors was selected as the focus. This parameter was examined at various
sampling rates of the peak detection algorithm.
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(a) 25 Hz (b) 50 Hz

(c) 100 Hz (d) 1000 Hz

Figure 5.1: Histograms of phase differences between heart pulses de-
tected by two sensors at different sensor read frequencies. At 25 Hz
and 50 Hz, larger phase differences occur at more frequency than 100
Hz. At 100 Hz, phase differences are evenly distributed around mean.
At 100 Hz, phases differences are more irregular.

Experimental Setup

To measure the phase difference between the heart pulse detected by two differ-
ent MAX30102 sensors and a nRF52840DK development board [25] was used.
The measurement software was developed based on nRF5 SDK [27] to interface
with two sensor boards using two-wire interface (TWI). The software would use
the heart beat detection algorithm of the CardioSync system to independently
identify heart pulse peaks for each sensor and log the corresponding detection
time. Subsequently, the phase difference should be computed between the afore-
mentioned peaks. After two sensors have recorded around 250 peak detection,
an experiment is finished, and it is repeated four times, each time with different
sensor sampling rates: 25 Hz, 50 Hz, 100 Hz, and 1000 Hz.

Results Discussion

The histograms shown in Figure 5.1 illustrate the distribution of phase differ-
ences recorded for various sensor sampling rates. The mean, minimum, and
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Sensor
Sampling rate

Phase difference
in milliseconds

Mean Min Max
25 Hz 181.80 0 301
50 Hz 170.75 0 296
100 Hz 178.75 0 299
1000 Hz 141.87 0 304

Table 5.1: Phase difference statistics at different sensor sampling rates.

maximum phase differences are summarised in Table 5.1. Analysing these dis-
tributions and their statistical characteristics reveals that phase difference in
detection time between two sensors is inevitable. However, this data holds
valuable insights for determining the optimal sensor read frequency for the Car-
dioSync system.

At different sampling rates (25 Hz, 50 Hz, 100 Hz, and 1000 Hz), the distribution
of phase differences between heart rate peaks reveals distinct characteristics. At
25 Hz and 50 Hz, a right-skewed distribution indicates a higher likelihood of lar-
ger phase differences, with about 33% and 35% of detected peaks respectively
being more than 305ms out of phase. In contrast, a slightly right-skewed nor-
mal distribution at 100 Hz suggests that phase differences mostly occur around
the mean value, with around 24% exceeding the 305ms threshold. A 1000 Hz
sampling rate presents an irregular phase difference distribution, highlighting
unpredictable occurrences.

From all these observations, it can be concluded that Sampling rate 100 Hz
is more predictable in terms of phase difference and is more accurate in heart
pulse peak detection between two sensors. Also, even the sensor settings are at
50 samples per second, thereby not losing any samples from the sensor.

5.1.2 BLE Connection Performance

The aim of this assessment is to analyse the performance of the novel Cardio-
Sync peak detection algorithm with synchronised Bluetooth Low Energy (BLE)
connection at different sensor sampling rates. This evaluation is conducted in
preparation for the integration of the algorithm into the FreeBie architecture.
The analysis was based on the number of peaks needed for successful connection
establishment.

Experimental Setup

To record the number of heart pulse peaks needed for successful BLE connec-
tion, two nRF52840DK development board [25] were used and each board was
interfaced with one MAX30102 sensor [17] to its I2C GPIO pins. Measurement
software was developed based on the PacketCraft BLE stack [1]. The devised
measurement code calculates the average time interval between peaks detected
by the algorithm in run time. Also once the connection is established, it records
the number of peaks detected before connection.
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Sensor
Sampling rate

Average number
of peaks detected

to connect

Average
Connection setup time

in seconds
Peripheral Central Peripheral Central

50 Hz 1.6 1.6 2.789 2.847
100 Hz 1.667 1.733 2.074 2.018
1000 Hz 1.8667 1.733 1.407 1.129

Table 5.2: Comparison of BLE connection at different sensor sampling
rates. Number of peaks detected before connection setup occurs is
lesser at 100 Hz than 1000 Hz, even though the average connection
setup time is lower at 1000 Hz.

BLE Advertisement Parameters
(Peripheral)

Advertising Interval 50 milliseconds
Advertising Duration 200 milliseconds

BLE Scan Parameters
(Central)

Scan Interval 15 milliseconds
Scan Window 20 milliseconds
Scan Duration 200 milliseconds

Table 5.3: Chosen BLE parameters for the CardioSync system based
on chosen sampling rate 100 Hz.

With these setup, 15 experiments were performed at different sensor sampling
frequencies. Each experiment is considered complete once the connection is
established between two nRF52840DK boards using the MAX30102 detected
heart pulses.

Results Discussion

The results in Table 5.2 demonstrate that a sampling frequency of 1000 Hz res-
ults in a shorter average time interval between peaks, enhancing connection es-
tablishment time due to quicker peak detection. However, this frequency exhib-
ited an inconsistent number of peaks between experiments for connection estab-
lishment, leading to a higher average number of required peaks. Consequently,
balancing these findings with the earlier assessment of sensor accuracy, the 100
Hz sampling rate was selected for integrating the CardioSync system.

Furthermore, the selection of a sample frequency of 100 Hz has led to the de-
termination of BLE parameters for the CardioSync system, backed up by the
outcomes of this evaluation. In order to address the average phase differ-
ence of 178.75 milliseconds observed between two sensors and reducing the
number of peaks necessary to establish a connection, the BLE advertising and
scanning configurations have been chosen as outlined in Table 5.3.
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Both the scan and advertising duration have been set at 200 milliseconds for each
detected heart pulse. This allows for a sufficient window of time to synchron-
ise and establish a connection, even in cases where there may be a significant
disparity between the readings from two sensors.

5.2 Validation of Integrated CardioSync System

The purpose of the following section is to provide an illustration of the oper-
ational functionality of the integrated CardioSync framework to synchronise a
BLE connection setup within sleep-wakeup principles of the FreeBie system ar-
chitecture. The findings are presented for two types of input power: Continuous
power and Intermittent power (which were emulated using a square wave and
the parameters of the square wave are 75% duty cycle and total period of 8
seconds).

5.2.1 Experimental Setup

Hardware Setup

The experimental configuration comprises of two FreeBie boards [4], each
equipped with a MAX30102 sensor. The voltage supplied to the sensor is
derived from the VBatt source on the FreeBie board. The FreeBie board receives
its voltage supply from a voltage emulator kit called DIPS [5] connected to
the VStore pin. The DIPS system comes with Emulator Host software, which
facilitates the configuration and simulation of the desired voltage supply for
the FreeBie system [5].

The Saleae logic analyser [23] is employed to gather results that demonstrate the
functionality of the system. In our experimental setup, we employed four chan-
nels from logic analyser for each of the FreeBie boards to measure the voltage
values of VDD_MCU, VStore, Sensor Read state(GPIO pin), and Connection
Open indication (GPIO pin).

The nRF Power Profiler Kit II (PPK) [28] is employed for the purpose of
measuring energy consumption throughout the runtime by hooking it to the
VStore pin of the board. Additionally, it serves as a continuous source of power
for the FreeBie board. Similar to the Saleae Logic analyser, the PPK is capable
of capturing and recording current measurements of a device in real-time.

Software Setup

Regarding the experimental software setup, modifications have been made to
the system described in Chapter 4. These modifications involve the activation
of two GPIO pins to indicate the start and stop of the sensor read phase and the
successful establishment of a BLE connection respectively. One of the FreeBie
boards is programmed with the CardioSync Peripheral code, while the other is
flashed with the CardioSync Central code.
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(a) Voltage measurement for peripheral device

(b) Voltage measurement for central device.

Figure 5.2: Real-time voltage measurement for the CardioSync system
with continuous power supply. Each of the three plot in two devices
shows different measurement. From the top to bottom in each device,
1) Plot of VStore: Supply Voltage, 2) Plot of VDD_MCU: MCU voltage
and 3) Plot of sensor read period indication. The green vertical line
through all the plots indicates the successful BLE connection setup
event

5.2.2 Results Discussion

Validation of Working CardioSync

The time series plot depicted in Figure 5.2 illustrates the operation of Cardi-
oSync framework with continuous powered input. It can be asserted from the
plots that there is the periodic shutdown of VDD_MCU during times of inactivity,
therefore corroborating the anticipated power-saving benefits associated with
the integration of FreeBie.

As elucidated in Chapter 4, the system from Figure 5.2 demonstrates the an-
ticipated functionality of "Read and Synchronise" for a period of 3.40 seconds
where the sensor is being actively read. Followed by that, we also see the "Sleep
and Synchronise" functionality, where the system exclusively reactivates at the
interval of each heartbeat pulse in order to initiate a connection. The connec-
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(a) Voltage measurement for peripheral device

(b) Voltage measurement for central device

Figure 5.3: Real-time voltage measurement for the CardioSync system
with intermittent power supply. Each of the three plot in two devices
shows different measurement. From the top to bottom in each device,
1) Plot of VStore: Supply Voltage, 2) Plot of VDD_MCU: MCU voltage
and 3) Plot of sensor read period indication. The green vertical line
through all the plots indicates the successful BLE connection setup
event.

tion establishment event, which is closely synced with the heart rate pulses, is
shown by the green vertical line in Figure 5.2.

A similar verification was carried out under intermittent power supply using a
square wave signal with a duty cycle of 75% for a duration of 8 seconds. The
time series plot (Figure 5.3) reveals the adaptability of the system to changing
power availability, as connections continue to be established in coordination with
heart beat, despite power fluctuations. Additionally, the CardioSync system
was tested in various square wave periods with different duty cycles as shown
in Table A.1 in Appendix A, demonstrating its adaptability to different supply
configurations.
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(a) Central

(b) Peripheral

Figure 5.4: Current measurement in idle state without connection es-
tablishment for CardioSync systems. Average current consumed in
real-time during different phases of the system are differentiated with
different colours.

Current Measurement of CardioSync system

Figure 5.4, gives us the current measurement for different phases of the Car-
dioSync system operation to synchronise the BLE connection. The measured
current values are afterwards utilised for comparative analysis against naive
reference system.

It is important to note that the "Read and Synchronise" phase requires a higher
current compared to the "Sleep and Synchronise" phase. This behaviour is
supported by central and peripheral devices in the current measurement-driven
evaluation. In the Central device, "Read and Synchronise" phase happens for
around 3.41 seconds and consumes an average current of approximately 8.66mA.
Similarly, the peripheral device registers 7.42mA over a 3.44-second interval
of sensor read phase. Notably, during the "Sleep and Synchronise" phase of
10 seconds, both central and peripheral devices exhibit a substantially lower
average current consumption—2.98mA and 1.5mA, respectively.
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Configuration
Name

Configured BLE
parameters

Advertising
Interval 6 seconds

Scanning
Interval 6 seconds

Low Scanning
Window 1 second

Advertising
Interval 2 seconds

Scanning
Interval 2 seconds

Medium Scanning
Window 500 milliseconds

Advertising
Interval 500 milliseconds

Scanning
Interval 500 milliseconds

High Scanning
Window 125 milliseconds

Table 5.4: Chosen BLE parameters for Reference FreeBie system

The values of these evaluation are afterwards utilised in the computation of
the energy expended by the device for the purpose of synchronising a BLE
connection.

5.3 Comparative Analysis against Naive Refer-
ence Design

In this section, we start by introducing a naive reference model of Battery-Free
BLE. This model will be used as a yardstick to gauge the effectiveness of our
synchronised CardioSync system.

5.3.1 Naive Reference FreeBie Model

To ensure a comprehensive comparison, the reference system used is the FreeBie
system, which lacks any synchronisation method. For experimental purposes,
both the Central and Peripheral components of the FreeBie reference model
were intentionally set to have matching Advertising and Scanning intervals,
preventing any permanent link failure.

To enrich our data pool, we selected three distinct BLE configurations for the
FreeBie system, each characterised by varying energy consumption, as detailed
in Table 5.4. To provide practical real-world context, each configuration rep-
resents a scenario within the realm of body sensor networks. These diverse
scenarios provide a practical basis for comparing the performance of the Cardi-
oSync framework with the reference FreeBie system.
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Average Current measured
in mAConfiguration

Name Central Peripheral
Low 1.77 0.07

Medium 2.78 0.16
High 2.85 0.6

Table 5.5: Average current measurement using the experimental setup
in Section 5.2.1 for each of the reference system configuration.

• FreeBie Low (Limited-Energy Scenario): This scenario envisions a
wearable sensor attached to a person’s shoe sole, relying on minimal energy
generated through piezoelectric energy harvesting from each step. In this
challenging environment, efficient energy management during connection
attempts is crucial.

• FreeBie Medium (Balanced-Energy Scenario): In this scenario, the
device is part of a fitness tracker, like a wristband, accessing moderate
energy from a solar cells. While energy constraints are less severe than in
the Low scenario, efficient energy use remains vital.

• FreeBie High (Abundant-Energy Scenario): Two energy sources are
considered, one on the wrist and one on the ankle, harnessing abundant
energy from solar cells and motion harvesting, respectively. These devices
can expend energy liberally for frequent connection attempts, emphasising
connection efficiency.

Time series voltage measurement plots were generated for each configuration
using the same experimental setup discussed in Section 5.2.1, as shown in Fig-
ure 5.5. These plots capture connection establishment during periodic BLE
events, with the device entering a sleep state between events, as evidenced by
the VDD_MCU plot for both Central and Peripheral sides.

Additionally, current trend measured for each BLE configuration, as plotted in
Figure 5.6, facilitated our comparative energy and power analysis. The average
current required for BLE connection attempts under various configurations were
calculated as illustrated in Table 5.5.

5.3.2 Experimental Setup

The experimental setup used in this study for comparative assessment is
identical to the one stated in Section 5.2.1. The experiment recorded the
first connection setup time since boot-up for both the CardioSync system
and the reference system separately. The measurement of sensor read time is
also recorded in the context of the CardioSync system. The experiment was
conducted a total of 20 times using the CardioSync device. In the context of
the reference system, the experiment is iterated six times for each of the three
distinct BLE configurations.

After data collection, the quantification of energy consumption becomes a focal
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(a) FreeBie Low - Peripheral (b) FreeBie Low - Central

(c) FreeBie Medium - Peripheral (d) FreeBie Medium - Central

(e) FreeBie High - Peripheral (f) FreeBie High - Central device

Figure 5.5: Real-time voltage measurement of FreeBie system. Each
of the two plots in both devices for each configuration shows differ-
ent measurements. From top to bottom in each device, 1) Plot of
VStore: Supply Voltage and 2) Plot of VDD_MCU: MCU voltage. The
green vertical line through all the plots indicates the successful BLE
connection setup event.

point. The computation of energy expended by the device during each experi-
ment, leading up to connection establishment, is achieved using the formula

E = V × Iavg × TConn,

where the average current Iavg is measured during distinct phases for both
devices, the average voltage supply is 2.6 Volts (V) and TConn corresponds to
the time taken to establish a BLE connection since boot up of the device.

5.3.3 Connection Setup Time Comparison
The bar plot in Figure 5.7 graphically represents the average connection duration
across different systems. Though CardioSync exhibited a slightly longer aver-
age connection time compared to the low configuration of the reference FreeBie
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(a) FreeBie Low - Central (b) FreeBie Low - Peripheral

(c) FreeBie Medium- Central (d) FreeBie Medium - Peripheral

(e) FreeBie High- Central (f) FreeBie High - Peripheral

Figure 5.6: Current measurement in idle state without connection es-
tablishment for different configurations of reference FreeBie system.

system, this distinction remains negligible. In contrast, juxtaposing Cardio-
Sync with FreeBie Medium and FreeBie High configurations reveals a notable
improvement in connection efficiency. Impressively, CardioSync achieves an av-
erage connection time 1.79 times faster than FreeBie medium and 1.65
times faster than FreeBie high.

These insights offer valuable perspectives when considering practical real-world
scenarios in the specific contexts chosen to represent the FreeBie reference sys-
tems:

• Limited-Energy Scenario (FreeBie Low): CardioSync’s connection
time efficiency, though slightly longer, positions it as a promising solution
for scenarios with stringent energy constraints.

• Balanced-Energy Scenario (FreeBie Medium): CardioSync’s signi-
ficantly faster connection time underscores its potential for enhancing user
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Figure 5.7: Comparison of average BLE connection establishment time
for each system.

experiences in fitness tracking devices, where both energy resources and
connection efficiency are crucial.

• Abundant-Energy Scenario (FreeBie High): CardioSync’s impress-
ive speed advantage makes it well-suited for scenarios prioritising connec-
tion efficiency due to surplus energy availability.

5.3.4 Energy Consumption Comparison

The bar chart depicted in Figure 5.8 provides an illustrative view of the average
energy expended to establish a connection for each system. Notably, Cardi-
oSync records an average energy consumption of 144.8 mJ, encompassing the
cumulative energy consumption from boot-up, sensor initialisation, the "Read
and Synchronise" phase, and the "Sleep and Synchronise" phase. The parti-
tioning of this energy consumption into distinct phases is depicted in the bar
chart, showcasing the distribution of energy allocation for comprehensive in-
sight. As anticipated, the "Sleep and Synchronise" consumes energy of 26.58
mJ, which is more similar to the energy expended by Naive FreeBie design with
a low configuration. This confirms that sensor initialisation and active sensor
reading, which employs a polling method, are active energy-consuming phases.
In contrast, the reference FreeBie systems exhibit significantly lower energy ex-
penditures—27.51 mJ for FreeBie Low, 41.64 mJ for FreeBie Medium, and 68.04
mJ for FreeBie High.
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Figure 5.8: Comparison of average energy consumed till connection
setup for each system.

Comparison of these results reveals that CardioSync consumes notably more en-
ergy compared to the reference FreeBie systems. This distinction is particularly
evident when compared to FreeBie Low, where CardioSync’s energy consump-
tion is around 5.263 times higher. Similarly, when contrasted with FreeBie
Medium and FreeBie High, CardioSync’s energy consumption is 3.48 and 2.13
times higher, respectively.

This observed energy disparity aligns with the inherent characteristics of Car-
dioSync, where the integration of the MAX30102 sensor introduces increased
energy consumption as a trade-off for improved synchronisation and connection
efficiency. Also in the context of the scenarios chosen for the FreeBie reference
systems:

• Limited-Energy Scenario (FreeBie Low): CardioSync’s higher en-
ergy consumption aligns with scenarios where energy constraints are para-
mount, raising questions about its feasibility in such settings.

• Balanced-Energy Scenario (FreeBie Medium): In scenarios like fit-
ness trackers, where energy resources are limited, the energy efficiency
of CardioSync becomes a crucial consideration for extended device func-
tionality. This is particularly important when connection setups fail for
extended periods, despite CardioSync demonstrating its ability to operate
with intermittent power sources.
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Figure 5.9: Scatter plot showing connection time versus power.

• Abundant-Energy Scenario (FreeBie High): While CardioSync’s en-
ergy consumption is higher, its speed advantage suggests suitability for
scenarios where connection efficiency is prioritised due to surplus energy
availability.

5.3.5 Understanding Connection Setup versus Power

Figure 5.9 presents an insightful juxtaposition of connection time against power
consumption for both the CardioSync and reference FreeBie systems. Notably,
the distribution of experimental data points for the CardioSync system pre-
dominantly converges in the upper left quadrant of the graph. In contrast, the
scatter plot depicting the reference FreeBie system showcases a more dispersed
arrangement of data points, spanning across the lower half of the graph.

This disparity in the distribution of data highlights a pivotal distinction between
the two systems. While the CardioSync system exhibits greater power consump-
tion, it consistently achieves expedited connection times. In contrast, the refer-
ence FreeBie system, characterised by its asynchronous nature, demonstrates a
wider range of connection times. This inconsistency in connection times, des-
pite relatively lower power consumption, highlights the challenges inherent in
achieving synchronisation within the battery-less FreeBie architecture. In es-
sence, the scatter plot serves as a visual testament to the trade-offs between
power consumption and connection time.
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5.4 Discussion of Key Findings
In this section, we explore the implications and insights stemming from the com-
parative analysis between the CardioSync framework and the reference FreeBie
system, shedding light on their performance and potential trade-offs.

• Power and Energy Efficiency: CardioSync demonstrated higher con-
nection time efficiency, counterbalanced by increased power and energy
consumption. This is due to the intentional inclusion of the MAX30102
sensor for synchronisation, which inherently demands additional energy.
It is worth noting that the energy spent to establish a synchronised recon-
nection in case of connection timeouts is significantly lower in CardioSync
compared to naive reference FreeBie systems.

• Connection Time and Synchronisation: CardioSync consistently
achieved reduced connection times, while the reference FreeBie system
exhibited a wider range of connection times, reflecting its asynchronous
nature. Importantly, the readings from the reference system are after
intentional synchronisation. Without this, the reference system’s BLE
advertising and scanning intervals remain asynchronous, rendering
it unable to establish connections. In contrast, CardioSync achieves
synchronisation effortlessly.

• Trade-Offs and Implications: CardioSync’s higher energy usage, res-
ulting in improved connection times, introduces trade-offs to consider in
real-world applications. The dispersed connection times in the reference
FreeBie system highlight the difficulty of achieving synchronisation.

In summary, the detailed evaluation of CardioSync against the reference Free-
Bie system aligns strategically with our research objectives and validates our
research goals, effectively enhancing the discourse and possibilities within the
battery-less domain.
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Chapter 6

Future Work

While this thesis has presented an advancements in the field of battery-less
embedded systems and synchronisation, there are several avenues for further
exploration and improvement. The following outlines potential directions for
future research

• Fine-Tuning Sensor Utilisation: Further optimising the utilisation of
the heart rate sensor holds the potential for increased energy efficiency.
The chosen sensor configurations detailed in Section A.1 are already finely
balanced to conserve energy while excelling in heart rate detection. How-
ever, there remains room for additional optimisation through adjustments
in duty cycle and the bit resolution of the ADC. Additionally, when meas-
uring current while the sensor is interfaced, a noticeable residual current
was detected in the Power Profiler Kit [28]. Addressing this could involve
employing a power switch for the sensor’s VDD line, fully deactivating it
when the MCU enters an OFF state. This approach has the potential to
yield modest reductions in energy consumption.

• Adaptive Synchronisation Strategies: Developing dynamic synchron-
isation strategies that can adapt to connection setup failures by intelli-
gently adjusting parameters such as widening the scan window or pro-
longing the advertising duration. This would involve monitoring for con-
nection attempts and failure counts in post processing stage of algorithm
and adjusting synchronisation intervals accordingly.

• Exploring Different Sensor Platforms: While the chosen heart rate
sensor - MAX30102 has proven effective, considering alternative sensor
platforms could provide insights into sensor energy efficiency and accuracy
trade-offs. Exploring newer sensor technologies could yield novel oppor-
tunities.

• Real-World Deployments and Practical Testing: Conducting real-
world deployments and testing CardioSync in various scenarios, including
wearable applications or IoT systems, would validate its performance out-
side controlled environments. Practical challenges and optimisations can
be explored.
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Chapter 7

Conclusions

In this thesis, we have introduced the CardioSync framework, a novel solution
that addresses a significant limitation in the state-of-the-art intermittent BLE
device, FreeBie. The core challenge of achieving true intermittency between two
end nodes and forming a reliable BLE network has been successfully overcome
through CardioSync. This framework harnesses the capabilities of the low-
power heart rate monitoring sensor, to synchronise connection setups between
two battery-free nodes, employing the human heart rate as a shared clock pulse.
By leveraging the inherent rhythm of the human heart, CardioSync achieves
an average connection time that is nearly 1.8 times faster compared to the
FreeBie model’s asynchronous periodic connection setup strategy. As promising
as this is, it comes with an understandable trade-off of increased power demand
for the connection setup due to sensor integration. The CardioSync framework
demands 3.70 times more power than reference FreeBie model.

This novel approach paves the way for a wide range of applications, especially in
the field of Body Sensor Networks (BSN). The ability to establish connections
between battery-free devices without relying on external power sources holds
immense promise for healthcare monitoring, environmental sensing, and bey-
ond. Looking ahead, the implications of the CardioSync framework on wearable
health monitoring and IoT are significant. Its success opens avenues for more
efficient and sustainable IoT deployments, reducing the environmental impact
of battery disposal. With each synchronised connection established by Cardio-
Sync, we move closer to realising a more connected and sustainable world.
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Appendix A

APPENDIX

A.1 MAX30102 Sensor Configuration

The initialisation of the MAX30102 sensor happens through nRF’s TWI driver.
The nRF52840 board [25] supports two devices interfaced through TWI inter-
face for I2C or SPI communication. The MAX30102 sensor is assigned to TWI
instance 1 among the two TWI devices, as TWI instance 0 is exclusively al-
located for SPI communication with the external FRAM module in the FreeBie
architecture. After successful enabling of TWI interface for the sensor, configur-
ation of various registers of sensor is performed to ensure optimal performance
while minimising power consumption. To achieve this, the MAX30102_init()
function is implemented. Within this function, several critical registers are con-
figured as follows:

• REG_INTR_ENABLE_1 (0x02U): This register is set with the
value 0xC0 to enable the "A_FULL_EN" interrupt, which triggers when
the FIFO is full and data is ready for reading.

• REG_FIFO_CONFIG (0x08U): The FIFO configuration register is
set with settings such as averaging 4 samples per entry, setting FIFO size
to 32 (which triggers Interrupt 1 when full), and disabling FIFO rollover.

• REG_MODE_CONFIG (0x09U): Configures the operational mode
of the sensor. In the context of CardioSync, heart rate mode is selected
while disabling Spo2 measurements.

• REG_SPO2_CONFIG (0x0AU): Sets parameters for data acquisi-
tion including a sampling rate of 50 samples per second, ADC range of
4096nA, pulse width of 118us, and 16-bit ADC resolution.

• REG_LED1_PA(0x0CU), REG_LED2_PA (0x0DU): Con-
figures LED current; for CardioSync, 1mA is set for both LED1 and
LED2.

By meticulously configuring these registers, the MAX30102 sensor is primed to
operate within desired parameters and less power consumption, yet capturing
accurate blood flow data for heart rate analysis.
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A.2 Validation of CardioSync System with Inter-
mittent Power

The CardioSync system was tested across various square wave periods with
different duty cycles as shown in Table A.1, demonstrating its adaptability to
different supply configurations.

Exp.
number

Turn ON
time

in seconds

Turn OFF
time

in seconds

Total Period
in seconds

Duty Cyle
in percentage

Connection
setup time

since boot up
in seconds

1 4 1 5 80.00% 11.718
2 4 2 6 66.67% 13.702
3 4 3 7 57.14% 29.337
4 4 4 8 50.00% 33.641
5 5 1 6 83.33% 9.271
6 5 2 7 71.43% 8.696
7 5 3 8 62.50% 9.19
8 5 4 9 55.56% 37.123
9 5 5 10 50.00% 14.254
10 6 1 7 85.71% 8.265
11 6 2 8 75.00% 8.993
12 6 3 9 66.67% 10.714
13 6 4 10 60.00% 10.986
14 7 1 8 87.50% 8.927
15 7 2 9 77.78% 9.881
16 7 3 10 70.00% 11.341
17 8 1 9 88.89% 11.388
18 8 2 10 80.00% 4.133

Table A.1: Validation of CardioSync system across various square wave
periods with different duty cycles. With turn OFF time more than 3
seconds and turn ON time less than 6 seconds, connection setup time
is longer than other parameters of square wave supply.
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