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Abstract

This thesis presents the design and development of an energy harvesting system enabling a batteryless,
wireless temperature-sensing data logger, intended for monitoring cargo conditions during maritime trans-
port. The system harvests energy via inductive coupling, where a low-profile receiver coil captures power
from an alternating magnetic field generated by a ceiling-mounted transmitter coil.

This study specifically addresses key design considerations such as coil design, resonance-matching, Schottky-
diode-based rectifification, robust voltage regulation bymeans of a buck-boost converter and a dual-capacitor
energy storage scheme for reliable energy storage and voltage stability.

The design overcomes core challenges in long-range wireless power transfer (WPT) including efficient en-
ergy extraction under low-power conditions, stable voltage regulation, and reliable start-up and operation
within the constraints of a shipping container.

The prototype achieves stable 2.1 V output from harvested energy alone, operating effectively at distances
up to 1.4 m, while simulations confirm feasibile operation at the required 2.4 m range intended for its real-life
application. The proposed solution achieves a self-sustaining, maintenance-free approach to temperature
monitoring, enhancing cargo safety and contributing to the reduction of electronic and food waste. This
system offers a scalable, adaptable, low-maintenance alternative to disposable battery-powered sensors,
Improving sustainable cold-chain conditions monitoring and adhering to EU electromagnetic exposure limits.
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Glossary

An overview of key terms and abbreviations, organized in alphabetical order:

• General Terms:
– PoR: Programme of Requirements

• Technical Terms:
– AC & DC: Alternating- & Direct Current
– Buck-boost converter: A component used for voltage stabilization.
– CMOS: Complementary Metal-Oxide Semiconductor
– Coupling Coefficient (k): Ameasure relating the mutual inductance between transmitter and receiver
coils to their self-inductances.

– E-waste: Electronic waste, such as battery-powered sensors, significant source of global pollution.
– EMF: Electro Motive Force
– Energy Harvesting: The process of capturing and converting ambient energy (e.g., magnetic fields)
into usable electrical energy to power devices.

– ESR: Equivalent Series Resistance
– FBR: Full-Bridge Rectifier
– FBR D2: Full-Bridge Rectifier followed by 2 diode charge pumps.
– GR2: Greinacher Doubler
– HWR: Half-Wave Rectifier
– IPT: Inductive power transfer, a method of wirelessly transferring energy through magnetic fields.
– LTspice: Simulation software used for performance assessments.
– Magnetic Flux Density: A measure of the strength of a magnetic field, measured in Tesla and often
denoted with symbol B.

– MCU: Micro Controller Unit
– MOSFET: Metal-Oxide Semiconductor Field-Effect Transistor
– Mutual Inductance (M): A property that relates the magnetic flux linkage of a receiver coil to the
current in a transmitter coil.

– NFC: A Near-Field Communication, used for wireless data readout and as an energy source for jump-
starting the system.

– PCE: Power Conversion Efficiency
– PV: Photovoltaic
– Rectifier: A circuit component responsible for AC-to-DC conversion of harvested energy.
– Resonance Matching: The process of adjusting compensation capacitors to ensure that both the
transmitter and receiver coils resonate at the same frequency as the source, optimizing performance
and power transfer.

– RF: Radio Frequency
– Rx: Receiver
– Schottky diode: Special type of diode, their low forward voltage drop and high efficiency makes them
ideal for ultra low-power applications.

– Self-inductance (L): A property of a coil that describes its ability to induce a voltage in itself due to a
changing current.

– Supercapacitor: A passive component commonly used for energy buffering and storage.
– Tx: Transmitter
– WPT:Wireless Power Transfer
– Zener diode: A protective component added in parallel with the output to act as an over-voltage
protection mechanism, clamping the voltage to a safe level.
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Introduction

1.1. Situation Assessment
Globalization has dramatically improved global access to goods, but has also led to lengthened supply chains
and delivery times. This has led to a rise in cold-chain logistics for the transportation of perishable goods
such as fresh foods and pharmaceuticals. In these temperature-controlled supply chains precise condition
monitoring is critical, as even brief deviations can cause spoilage, shorten shelf life, and drive food waste[7].

The widespread adoption of battery-powered sensors in logistics monitoring carries a significant hidden cost:
discarded devices now form a substantial portion of global e-waste. In 2022 alone, global electronic waste
(defined as any device ”with a plug or battery”) reached a record 62 million tonnes. Yet less than one-quarter
(22.3%) was properly collected and recycled, leaving billions of dollars worth of hazardous materials to
pollute ecosystems and endanger human health [35], [1]. Small appliances and devices, including wireless
temperature and condition sensors, account for roughly one-third of this volume, yet only 12% of such small-
equipment e-waste is recycled [2].

Breaking free from batteries (electrochemical energy storage devices [9]), has proven challenging. How-
ever, energy harvesters combined with high-energy-density storage capacitors offer a promising alternative,
providing longer lifespans, lower environmental impact, and reduced maintenance requirements [21]. While
early solutions harvested magnetic fields, their effective range was severely limited (typically under one me-
ter) rendering them impractical for shipping-container monitoring. Standard inductive power transfer (IPT)
efficiency rapidly diminishes with distance, demanding coil separations of just centimetres for effective cou-
pling [30]. Although ferrite cores or strong magnets can enhance coupling, they increase cost, weight, and
size, obstructing the path to truly miniaturized, low-cost sensors [39].

Contemporary commercial magnetic harvesters still confront major obstacles. Operating at the sub-1 MHz
frequencies typical in industrial settings, they frequently achieve power-transfer efficiencies below 10% be-
yond a few centimetres. Consequently, these systems typically deliver only tens of micro watts at distances
of three to six meters, which is insufficient for the >100 μW often required by a wireless temperature sen-
sor [11]. This limitation forces either repeated manual realignment or reliance on supplementary batteries,
undermining the fundamental goal of a maintenance-free, sustainable sensor network.

This thesis introduces a disposable, temperature monitoring platform designed for large-scale logistics, that
does not rely on electrochemical energy storage devices, to overcome these limitations. Its core innovation
is a long-range magnetic field harvester capable of stable power delivery at distances up to 2.4 meters.
Combined with a low profile receiver coil that minimizes misalignment effects, the system targets robust,
hands-off operation within shipping containers. Resonance matching ensures peak efficiency despite vari-
able load and positioning. Together, these advances offer a low-cost, environmentally responsible solution
that bridges the gap betweenmagnetic harvesting’s practical reach and global supply chain demands, paving
the way for scalable, reduced-waste logistics monitoring.
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1.2. Scoping Analysis
Modern supply chains involve diverse stakeholders facing a shared challenge. Logistics providers need
maintenance-free sensors capable of operating reliably at large distances without battery replacements.
Environmental regulators demand significant reductions in the mountains of discarded batteries frequently
ending up in landfills [35]. Simultaneously, manufacturers require a solution scalable for mass production,
using materials compatible with safe recycling.

Addressing these converging needs, this thesis proposes an integrated solution centred on a long-range
magnetic harvester. Tuned to a specific frequency and built around a large transmit coil, this subsystem
must reliably output at least 2.1 µW (required to power the MCU [3]) in standby mode. Crucially, it must also
deliver bursts of up to 840 µW to power data sampling and wireless transmission [3] during active sensor
operation. To achieve stringent cost and size targets, the receiver coil is designed as a ring attached onto a
flat sheet. This geometry minimizes the overall footprint while inherently preventing total coil misalignment.
Surplus energy is buffered by a combined capacitor and supercapacitor storage system, ensuring brief field
interruptions do not disrupt monitoring.

Achieving these metrics would fulfil every stakeholder requirement: a truly hands-off sensor network for
logistics; a dramatic reduction in disposable battery waste; and a mass-manufacturable module with a highly
affordable production cost. Success is defined by obtaining a consistent 2.1 W output at a separation of 2.4
meters (typical height of a standard container) while keeping the receiver coil radius under 12 cm. Detailed
simulations will optimise coil parameters and circuit components, followed by experimental validation. In
doing so, this work establishes a practical foundation for sustainable, cost-effective condition monitoring
across global supply chains.

1.3. Bounding Analysis
Compliance with the EU Directive 2013/35/EU is mandatory. This regulation limits magnetic flux density
to 100 µT for frequencies under 100 kHz to protect worker health [27]. Compliance with the EU Council
Recommendation 1999/519/EC, limiting flux density to 6.25 µT [34] in public contexts is desirable but not
strictly necessary given the device’s intended use in the logistics sector.

The prototype’s transmitter coil parameters are fixed, establishing a baseline against which the receiver and
matching network must be tuned. Economically, the entire harvesting subsystem (excluding the transmit
coil, sensor and MCU) must cost under €70 in production volumes. Given the wide price range of high-
performance components, meticulous selection is essential to meet this budget target.

The receiver employs a spiral ring-shaped copper coil mounted on a flat backing as the primary energy
capture mechanism. The number of windings and core dimensions will be optimised to maximize mutual
inductance and quality factor while accommodating potential misalignment. Captured energy is buffered by a
combined capacitor and supercapacitor. These components must be selected for sufficient capacitance and
voltage rating to bridge short transmitter outages, all while adhering to self-discharge and size constraints.

Following energy capture, a rectification circuit converts the AC- to DC voltage. This is then fed into a DC-
DC converter to ensure stable, usable DC voltage charges the supercapacitor buffer. Component selection
for the rectifier and converter will leverage established design formulas alongside manufacturer data sheets
and user guides. The goal is to maximize power efficiency and minimize insertion loss across anticipated
load variations. Together, these defined constraints and optimisation variables establish a clear, technically
rigorous development path for a compliant, cost-effective, long-range energy-harvesting subsystem.
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1.4. System Overview
Figure 1.1 presents a block diagram of the complete system.

Figure 1.1: This overview details the connections between the various system blocks. Energy harvesting serves as the primary
power source, while a rectifier converts AC to DC voltage. A buck-boost converter ensures a stable 2.1 V DC output. Excess
energy from the buck-boost converter or the NFC energy source is stored for future use. Note that the NFC energy source is
only active during data transfer readings, providing a temporary jump-start or energy boost during those periods.

1.5. Report Outline
This thesis adheres to the following structure:

• Chapter 1: Introduction
Provides an overview of the project background, motivation, and scope; defines the challenges of batteryless
sensing in shipping containers and outlines key system constraints and objectives.

• Chapter 2: Programme of Requirements
Outlines all mandatory and trade-off requirements, covering electrical performance, environmental con-
straints, and usage model. Additionally, it defines key performance metrics for evaluating system com-
ponents.

• Chapter 3: Theory and Analysis
Establishes the theoretical foundations of inductive energy harvesting, including coil design, resonance
matching, and rectification, while also analysing energy storage strategies through mathematical modeling.

• Chapter 4: Results
Details the implementation and measurement of the prototype, whilst also exploring its potential for de-
velopment into a market product, covering coil construction, rectifier design, and system integration, while
evaluating its performance against the specified requirements.

• Chapter 5: Discussion
Analyses experimental findings, explores limitations and trade-offs, reflects on lessons learned, and pro-
poses enhancements for a future design.

• Chapter 6: Conclusion
Summarizes key achievements, validates the completion of project objectives, and proposes future research
directions.

• Appendices
Provide extended derivations, detailed simulation andmeasurement data, code listings and a full component
list to support the main text.
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0
Programme of Requirements

2.1. Requirements
In order to make informed decisions regarding the design of the device, a clear overview of requirements is
listed in this section. The requirements are divided into two main categories: mandatory requirements and
trade-off requirements. The mandatory requirements are non-negotiable and must be fulfilled to ensure the
fundamental functionality of the system. In contrast, the trade-off requirements represent desirable features
that enhance the final product but are not strictly necessary for basic operation. Because the demonstrator is
a scale-model of the final product, some requirements that are mandatory for the final product are listed as a
trade-off requirement for the demonstrator, an overview of requirements and their type for both demonstrator
and the final product are summarized in table 2.1.3.

2.1.1. Mandatory Requirements
The device must meet the following mandatory requirements (grouped by category).

1. Electrical Performance

• The system must deliver a constant and stable 2.1 V DC output at an average power > 2.1 μW to
supply the sensor and microcontroller [3].

• In line with the goal of minimizing e-waste, the device should not incorporate batteries; thus
reducing the use of environmentally harmful components.

• Must be self-starting without the use of pre-charged capacitors.

• The device must be entirely powered by electromagnetic energy harvested from the inductively
coupled beacon coil(s), with the exception of NFC harvested power, received only upon initial
device installation and data retrieval.

2. Environmental and Practical Constraints

• Systemmust comply with EU Directive 2013/35/EU, limiting magnetic flux density to under 100µT
to protect worker health.

• The device is intended for use within shipping containers and must be functional throughout the
volume of a 20 ft container (6.0 × 2.4 × 2.4 m) the position of transmit and receive coils relative
to each other are bound by these dimensions. In other words, the device should work at coil
distances up to 2.4 meter.

• Prototype budget limited to €70, using self-built or commercially available parts.

• No components should be installed or mounted outside the container; all parts must remain within
its confines. For example, mounting the Tx coil to the ceiling is permitted.

• The device must be functional in a temperature range from –30 °C to +50 °C.

4



3. Usage

• The device should follow a ‘set-and-forget’ usage model and require no maintenance for the
duration of a 4 week journey.

2.1.2. Trade-off Requirements
The following soft requirements are desireable, but not of absolute necessity.

• To preserve cargo capacity and minimize impact, the device should ideally remain relatively low profile
and ideally weigh less than 1kg.

• In order to account for time spent in between shipping containers and store shelves the device should
remain operational for 5 hours in the absence of a functioning beacon.

• To improve customizability and minimize electronic waste, the device’s sub-components (energy har-
vester, rectifier, and energy storage) should follow a modular design. This approach not only simplifies
troubleshooting and iteration during prototyping but also enables the device to be adapted for a broader
range of applications.

2.1.3. Summary of the Requirements
Requirement Prototype/Demonstrator Final Product
• Output stable ±2.1V DC at >2.1μW MR MR
• Self-starting with no pre-charged capacitors ToR MR
• Powered entirely by harvested energy MR MR
• Compliance with 100µT legal limit MR MR
• Functional at ≥2.4 m coil distance ToR MR
• No external mounting on container MR MR
• Operating temperature –30°C to +50°C MR MR
• Set-and-forget, 4-week operation MR MR
• No battery use MR MR
• Modular, adaptable design ToR ToR
• Prototype built under €70 with available parts MR —
• Operational for 5 hours in the absence of a beacon ToR ToR
• Maximum weight of 1kg ToR ToR

*MR = Mandatory Requirement *ToR = Trade-off Requirement
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2.2. Key Performance assessment metrics
In order to assess the viability of specific design choices, key performance indicators for the various sub-
components of the energy-harvesting circuit will be postulated in this section. These metrics will form the
basis of design choice justifications.

2.2.1. Energy Harvesting Coil
The pick-up coil is the source of all energy in the system, as such it’s performance will be judged by quantities
relating to harvested power/ energy. Taking Ohm’s law as a foundation the primary performance quality
metrics are:

• Received Open-circuit voltage over distance.

• Receive Coil internal impedance (consisting of resistance and reactance).

2.2.2. Rectifier
After the pick-up coil the harvested electrical energy is rectified, converting an alternating current (AC) into a
direct current (DC), as will be explained in later sections this rectification is not a lossless process. The per-
formance assessment metrics for the rectifier concern the handling of harvested power.The key performance
metrics are as follows:

• Rectifier peak output power and voltage over distance and the trade-off involved in optimising one over
the other.

• Power conversion efficiency (PCE) over distance.

2.2.3. DC-DC converter
Post rectification DC-DC conversion will likely be necessary to protect sensitive downstream components
such as the capacitive energy banks and microcontroller from the wide range of possible input voltages. The
key performance indicators for this part are:

• Absolute maximum and minimum received input voltage/power (wider ranges preferred).

• Quiescent current leakage.

• Minimum operating input power.

• DC output voltage over distance

2.2.4. (Super)Capacitors
To supply the MCU’s hourly power burst and to store surplus harvested energy, a capacitive energy storage
bank is positioned at the output of the DC-DC converter. The following performance indicators are essential
for evaluating its effectiveness.

• Leakage current/ equivalent parallel self-discharge resistance.

• Capacitance, detrimental for active cycle energy and sets limit on device lifetime in the absence of
harvestable energy.

• System start-up time.

• Equivalent Series Resistance (ESR), to be used as a metric for assessing robust handling of transient
current spikes.

6



1
Theory and Analysis

3.1. Energy Harvesting
This section explores the primary driver of the system: energy harvesting, beginning with an analysis of its
different types.

3.1.1. Types of Energy Harvesting
Powering sensors in sealed shipping containers requires evaluating ambient energy sources. Four primary meth-
ods are analysed below for operating principles, container implementation constraints, and projected energy yield
versus complexity/cost.

Solar Energy
Photovoltaic (PV) cells convert sunlight to electricity, achieving 15–22% efficiency (yielding tens-hundreds mW/cm²
at 1000W/m²) [19]. However, standard steel containers block all sunlight internally. External PV mounting requires
structural modifications/penetrations, which are prohibited by the PoR, making solar unviable for sealed containers
without external access.

RF Energy
Radio frequency (RF) energy harvesters convert ambient electromagnetic signals (Wi-Fi, cellular) to DC power via
antenna and rectifier. Typical urban power densities are tens-hundreds µW/m² [5]. While RF ICs are efficient, this
low output necessitates complex, costly external high-gain antennas and feeds through the metal wall to meet the
project’s microwatt requirements, rendering it impractical, as it would go against multiple requirements concerning
cost and power yield.

Thermal and Vibration Energy
Thermoelectric generators (TEGs) use the Seebeck effect to convert temperature gradients (∆T) into electricity,
producing 20–50 µW/cm² per 10 K ∆T [25]. Sealed containers exhibit infrequent, modest internal temperature
fluctuations. Crucially, exploiting ambient temperature differences requires external mounting/heat exchange, vi-
olating the intrusion-free requirement and making TEGs unsuitable.

Similarly, vibration energy harvesting relies on mechanical oscillations but suffers from extremely low power yields,
typically in the µW range. The challenge of efficiently capturing and converting sporadic, low-amplitude vibrations
further limits its practicality in most applications.

Magnetic-Field Energy
Inductive coupling uses a time-varyingmagnetic field between transmitter and receiver coils, inducing AC current at
the receive side. At close distances (cm), efficiencies >70% and power levels up to hundreds of mW are achievable
[14]. Both coils can reside inside the container, separated only by a thin non-metallic barrier (e.g., window), with
minimal flux loss. Near-field operation (10–500 kHz) penetrates composites efficiently. It requires no line-of-sight,
external components, or temperature difference, delivering microwatts-milliwatts continuously at moderate cost
via factory integration or service ports. Magnetic-field coupling is thus the ideal method, providing reliable power
without compromising container integrity.
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3.1.2. Energy Harvester - Basic System model
The temperature-sensing data logger operates through energy harvesting, utilizing a magnetic field gener-
ated by a transmitter coil. The transmitter consists of a large coil conducting an alternating current, thereby
inducing a magnetic field. Magnetically coupled to the transmitter is a pick up coil, specifically designed to
capture and convert the energy from the generated magnetic field.

The system can be modelled as a coupled transmitter-receiver coil configuration, in which the beacon func-
tions as the transmitter, while the pickup coil serves as the receiver. Figure 3.1 presents a simplified repre-
sentation of the circuit.

Figure 3.1: Simplified circuit schematic, where , , , , , and represent the source voltage, transmitter (Tx) and
receiver (Rx) inductance and resonance compensation capacitance, and the load, respectively.

To accurately model this system with the objective of designing an efficient configuration, the process begins
at the transmitter side.

Theory - Magnetic Field and Mutual Inductance
Figure 3.1 presents a highly simplified model of the system. For a more precise representation, a detailed
analysis of the individual component interactions is necessary.

Magnetic Field
A singular winding of the circular transmitter (Tx) coil used in protoyping can be modelled as a loop, with
radius , as seen in Figure 3.2.

Figure 3.2: Circular loop with radius , carrying a current . Based on the figure presented in [8].
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The Biot-Savart law describes the magnetic field generated by a current and is defined as [23] :

B = 4
dl Õ r

(3.1)

In the case of a point P on the y-axis, aligned with the centre of a tightly wound, air core, Tx-coil with
windings, this simplifies to:

( ) = 2( + ) / [T] (3.2)

Where is the magnetic flux density in Tesla, y the orthogonal distance from the center of the loop,
is the current through the loop, the radius of the loop and the permeability of free space ( =
4 10 [H/m]).
Magnetic Flux and Induced Voltage
The receiver (Rx) coil, having windings and area = intercepts a flux:

Ο = ( ) [Wb] (3.3)

where is the angle between the magnetic field and the normal of the Rx coil’s plane (with = 0 for perfect
alignment). According to Faraday’s law[23], the open-circuit (AC) induced voltage in the Rx coil is

= Ⱡ Ο = Ⱡ ( ) [V] (3.4)

Taking the peak magnitude results in

| | = ( ) [V] (3.5)

Mutual Inductance and Coupling Coefficient
The mutual inductance[6] between the Tx- and Rx-coils relates the flux linkage of the Rx-coil to the Tx
current:

= Ο [H] (3.6)

Substituting the expression for ( ) derived in 3.2, one obtains

=
2 + / [H] (3.7)

The coupling coefficient is defined as

= (3.8)

where and are the self-inductances of the Tx and Rx coils, respectively.

Self inductance can then be estimated by [24]:

= ( (8 Ⱡ 2)) [ ] (3.9)

Where = is core permeability, is loop diameter, N is number of windings and is wire thickness.
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3.1.3. Energy Harvester - Detailed System Model
When taking real world losses and the mutual inductance between Tx and Rx coils into account, the circuit
diagram displayed in Figure 3.1 can be expanded into the diagram seen in Figure 3.3.

Figure 3.3: Tx-Rx coupled coil equivalent circuit, largely based on the circuits presented in [10] and [38].

In Figure 3.3, = and = represent the self inductances of the Tx and Rx coils, respectively.
Similarly, and denote the parasitic coil resistances, while and account for the parasitic capac-
itances. To ensure source resonance, and serve as the resonance compensation capacitors for the
Tx and Rx coils. Additionally, and correspond to the source and load resistances, respectively. The
load resistance represents the rest of the system modelled as a single resistance.

Theory - Circuit Analysis
The primary ( ), secondary ( ) and mutual ( ) impedances in Figure 3.3 are defined as:

= src + + 1 + ,

= + + 1 + ,

=

(3.10)

Where,

• is formed by and in series:

1 = 1 + 1 ╢ = 1 + 1
(3.11)

• is formed by and in series:

1 = 1 + 1 ╢ = 1 + 1
(3.12)

To analyse the circuit, the mesh currents are defined as:

• : current in the primary (source side) loop

• : current in the secondary (load side) loop

Applying Kirchoff’s voltage law, the mesh equations can be found for the primary and secondary mesh:

Ⱡ + Ⱡ = 0
Ⱡ + = 0 (3.13)
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Solving for the currents gives:

= ,
= (3.14)

With this, the voltage across the load can be found as:

= = Ⱡ [V] (3.15)

As the goal is to deliver the maximum amount of power to the load, the following conditions should be met:

1. Resonance condition:

= 1 = 1 ╢ 1 + = 0, 1 + = 0 (3.16)

So only the real part of the impedances remains:

= src + , = + (3.17)

This ensures no imaginary component to the impedance and thus purely real transfered power.

2. Matched Load:
= ╢ = 2 (3.18)

Now, to work towards finding the voltage over the load, start from the primary mesh:

= Ⱡ ╢ = ( Ⱡ )
Ⱡ (3.19)

Solving for in terms of :

1 + Ⱡ = Ⱡ ╢ = = (3.20)

Then:

= = ╢ = 2 [ ] (3.21)

Here, the complex indicates that the load voltage leads or lags the source current by 90®. The
magnitude of the voltage over the load is:

| | = 2 [V] (3.22)

Finally, having obtained an expression for the matched load voltage, the power and energy delivered to the
load can also be found[6]:

= [W] , = [J] (3.23)
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Figure 3.4: Simple overview of the Tx-setup.

Transmitter Coil
Since a full design for the beacon/Tx-coil falls outside the scope of this project, a straightforward approach
has been adopted for its selection.

As mentioned earlier, the transmitter coil is driven by a function generator, the EDU33212A [12], serving as
the signal source. This source is then connected to an Accel Instruments TS400 voltage/current amplifier
[4], which amplifies the signal before feeding it into the Tx coil. Figure 3.4 presents a simplified diagram of
this setup.

The Tx-coils used in this study are the same type utilized in the EE3C11 Electronics course. Their charac-
teristics are presented in Table 3.1.

Parameter Stated Value Measured Value (UTP wire) Measured Value (Audio wire) Calculated Value (2 Audio wire coils in parallel)
Self Inductance 314 µH 308 µH 275 µH, 38.4 µH 42 µH
Parasitic Resistance (DC) 8.099 Ω 8.35 Ω 1.3 Ω, 1.5 Ω 0.42 Ω
Parasitic Capacitance* 109 pF Not Measured 1.49 pF, 0.21 pF 1.67 pF
Windings (N) 8 8 8, 8 4
Radius 67.5 cm 67.5 cm 67.5 cm, 67.5 cm 67.5 cm

Table 3.1: Characteristics of beacon coils constructed from different materials (UTP and two audio wire coils), including values
provided on the EE3C11 page [32], measured values, and calculated values. The Tx-coil (both materials) can tolerate between
0.5 to 3 amperes of current. Due to range limitations, the LRC measurement tool used to measure inductance, resistance, and
capacitance was unable to read the capacitance of the coils; their parasitic capacitance was later calculated using resonance
frequency found via an impedance analyser.

The findings from this theoretical analysis will inform the design and development of the prototype. The
insights obtained from both the prototype and this study will serve as a foundation for further refinement and
optimization of the beacon, facilitating the transition toward a fully developed market-ready product.
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Frequency Analysis
A spectrum analyser was used to perform a frequency analysis on the audio wire coils. The result of this
can be seen in Figure 3.5.

Figure 3.5: The impedance as a function of frequency is presented in the diagram. It is observed that at the self-resonance
frequency, the impedance of the coils reaches its maximum. In the diagram, COIL1 and COIL2 denote coil 1 (275 H) and coil
2 (38.4 H), respectively. The raw data and the script used for plotting can be found in Appendix C.1.

From the analysis, the self-resonance frequencies of the coils were determined as follows:

• Coil 1 (275 H): 678.75 kHz

• Coil 2 (38.4 H): 5.54 MHz

These frequencies enable the calculation of the parasitic capacitances of the coils using the resonance
condition described in Eq. 3.16. Additionally, it is important to note that near these frequencies, the coil
impedance significantly increases, resulting in substantial power loss. Therefore, to ensure efficient opera-
tion, the driving frequency should be chosen well below or well above the resonance frequency, the latter
being unfeasible as standard function generators generally don’t operate at such high frequencies.

When it comes to driving the circuit on the transmitter side, a trade-off has to be made. Without a compen-
sation capacitor, the impedance of the Tx-coil is defined as = = , this can be rewritten to the
form:

| | = 2 (3.24)

As the maximum output voltage of the function generator is 10 V, the source frequency is directly dependent
on the Tx-coil self inductance and the source current.

Since the operating frequency is well below the coil’s self-resonance frequencies, the effects of the parasitic
capacitance become insignificant. As a result, the coils can be modeled as a series combination of their
inductance and a small resistive loss. When an AC source is applied under these conditions, the voltage
drop across the resistor is minor compared to the voltage associated with the inductive reactance. Owing
to the 90° phase difference between these voltage components, their vector (phasor) sum is nearly equal to
the applied source voltage. In essence, when operating far below the self-resonance frequency, the voltage
appearing across the coil is effectively the same as the source voltage .

Based on experimental results and its low inductance value, as seen in Table 3.1, coil 2 (38.4 H) was iden-
tified as the optimal choice. Further evaluation of the prototype using coil 2 revealed that its ideal operating
frequency is approximately 36.48 kHz. At this frequency, the receiver achieves optimal open-circuit voltage,
as discussed in greater detail in Chapter 4.1.
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Receiver Coil
In accordance with the theoretical analysis presented in Section 3.1.3, optimizing the receiver (Rx) coil is
essential for achieving maximum power transfer to the load. The design parameters of the Rx coil (specifi-
cally, the number of turns , the self-inductance , and the coil geometry) directly influence the induced
voltage, as expressed in Equation 3.5. In practice, increasing the number of turns enhances the induced
electromotive force (EMF); however, it also increases parasitic resistance and stray capacitance, which may
negatively impact efficiency.

One effective solution is to use enamelled copper wire, ensuring the right wiring gauge, where the wire has
a diameter no greater than 2 , where is the skin depth defined by

= 1 [ ] (3.25)

where , , and denote the frequency, permeability of the conductor, and conductivity, respectively.

Using an appropriate wire gauge for coil winding significantly reduces parasitic resistance and capacitance.
Given this, Equation 3.9 can be used to estimate the inductance of a self-wound coil. To achieve a compact
design while ensuring sufficient coil area, an outer radius between 10 and 12 cm is selected, in accordance
with the PoR. Additionally, a flat coil is preferred due to its favourable geometric properties, offering a large
surface area while remaining unobtrusive. This helps maintain a low-profile design, as required by the PoR.
Furthermore, this configuration allows for more precise parameter approximations, making it a practical
choice for optimization.

Furthermore, according to Equations 3.7 and 3.22, a trade-off must be made when determining the optimal
number of windings. The objective is to achieve sufficiently highmutual inductancewhilemitigating excessive
self-inductance, therebymaximizing the load voltage. This optimization is necessary to enhance the coupling
factor. On the receiver (Rx) side, this can be accomplished by adjusting the number of windings ( ) and
the radius ( ) of the Rx coil, while maintaining a subtle design approach. Table 3.2 presents three realistic
combinations selected for their favourable performance parameters.

Inductance [mH] Windings N Radius [m] Average coil height [m]
96 325 0.10 0.02
92 300 0.11 0.02
92 275 0.12 0.02

Table 3.2: For the creation of a prototype, inductance values for two and radii combinations were calculated using Equation
3.9, assuming for an air-core coil. The options presented in the table, were the most favourable and, according to
simulations, provided satisfying voltage and power yields at desired distances.

Coil Geometry
The coil is designed as a flat ring mounted on a rigid plastic square backing, ensuring structural stability.
Due to the low centre of mass, this flat configuration minimizes the risk of misalignment with the beacon, as
it naturally settles in the correct orientation when placed. Thanks to its lightweight and balanced design, the
coil can simply be dropped or positioned without precise placement, reliably landing with its top facing the
ceiling coil for optimal alignment. Figure 3.6 illustrates this setup.

Figure 3.6: A schematic representation of the manufactured coil design, illustrating its physical structure. The remainder of the
circuit (including the MCU, sensor, and other components) can be concealed behind the plastic backing, ensuring a clean and
unobtrusive appearance.

If placed on an uneven surface, the coil may become slightly misaligned, resulting in an angle offset. How-
ever, as demonstrated in Chapter 4.1, unless the offset is extreme, the impact will remain negligible. This
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eliminates the need for three-dimensional coils, which would be too large, compromising the low-profile de-
sign, and thus conflict with the PoR. Chapter 4.2 explores even more effective alternatives for the market
product, such as multiple beacon coils, which further minimize the risk of misalignment.

System Yield
To evaluate the performance of the transmitter (Tx) and receiver (Rx) circuit, simulations were conducted
using LTSpice and the equations from Section 3.1.3 to observe the theoretical open-circuit voltage. The
simulation assumes minimal losses and proper coil alignment, providing an estimation of system behaviour.
Figure 3.7 illustrates how the open-circuit voltage varies as the distance increases up to 2.4 meters.

Figure 3.7: Expected load voltage and power, for the 38.4 H Tx coil from table 3.1 and the middle Rx coil from table 3.2:
, A, M , , cm and . kHz. No resonance compensation capacitors were

added in this simulation.

The results indicate that, for the prototype, the voltage reaching the load is sufficient at distances up to
and including 1.2 meters, aligning with the PoR requirements. However, for the market product, the PoR
specifies a required transmission distance of 2.4 meters; the approach to achieving this is discussed in
greater detail in Chapter 4.2. If the voltage reaching the load is insufficient (≤ 2.4 V) to effectively drive
subsequent circuit stages (including rectification and the buck-boost converter) a compensation method will
be required to enhance power transfer efficiency. This scenario is further explored in Appendix A.1.
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3.2. Rectifying circuit
The induced voltage in the receiver pick-up coil will be an alternating current of the same frequency as the
transmitter, since the MCU and sensor need a stable DC voltage of at least 1.7 V to operate and a capacitor
cannot accumulate charge from an unbiased AC voltage, a rectifying stage is required. The rectifier will need
to convert the incoming AC signal from the output of the pick-up coil to a DC voltage large enough to effec-
tively power a DC-DC converter and MCU. This section presents a comparison and analysis of commonly
used rectification techniques as well as a justification for the chosen rectifier.

Assumptions and Boundary Conditions
For this section it is assumed the AC input voltage produced by the magnetically coupled pickup coil can be
approximated by a perfectly sinusoidal wave. The incoming AC source should be rectified and the output of
the rectifier should be high enough to be effectively stepped up or down by the DC-DC converter to produce
a stable DC output voltage for the full range of possible coil distances.

3.2.1. Active vs. Passive Rectification
Generally, AC-DC conversion can be achieved using passive components exclusively; the fundamental el-
ement of this conversion is the diode.

Figure 3.8: Various diode rectifier topologies and their output voltage (blue line) for a sinusoidal input (dotted red line). (A)
Half-wave rectifier, (B) Full-bridge rectifier, (C) Greinacher voltage doubler. Although schematics include an output capacitor,
the waveforms present rectified signal in the absence of a smoothing capacitor.

Passive Rectifiers and Multipliers
The simplest rectifier is a single diode followed by a capacitor (Figure 3.8A), this so-called half-wave rectifier
(HWR) has a limited efficiency, as only the positive half of the AC signal gets through the rectifier and is
additionally reduced by the voltage drop of the diode when it is forward biased.

Full-wave rectification can be achieved using a full-bridge rectifier (FBR) composed of four diodes, as shown
in figure 3.8B. In this configuration, both halves of the input sinusoidal waveform are rectified, offering im-
proved efficiency compared to half-wave rectification (HWR) [33]. However, since two diodes conduct during
each half-cycle, the output voltage is reduced by twice the diode forward voltage, as can be seen in Figure
3.8. Alternatively, if a differential AC signal is available, such as with a center tapped coil, a full wave rectifier
can be realised utilising only 2 diodes.
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The waveforms in Figure 3.8 illustrate the output voltage in the absence of output smoothing capacitors.
These capacitors serve a critical role in reducing output ripple and determining the steady-state response
time. The relation between the peak-to-peak output ripple and smoothing capacitance can be approximated
by equation 3.26 [22].

( ) = [ ] (3.26)

Where is the peak amplitude of the input AC voltage, is the ripple frequency (2 for a FBR) and R
is the load resistance attached to the output of the rectifier.

Passive diode rectifiers are relatively simple and cost-effective circuits when compared to active (CMOS)
rectifiers, however they do not come without drawbacks. The main drawbacks are the losses incurred due
to forward voltage drop and parasitics associated with the diodes. The output voltage of diode-based recti-
fiers/multipliers is attenuated by the diode forward voltage drop. Additionally, they require an input voltage
greater than the diode forward voltage to allow for any power transfer. This energy barrier and the loss
associated with it can be minimized by selecting a diode with a very low forward voltage such as Schottky
diodes, these diodes can have forward voltage drops as low as 100 mV. After initial rectification, the voltage
can be boosted using a variety of simple diode-capacitor topologies, such as Dickson charge pumps.

Voltage-multiplying rectifiers, like the Greinacher voltage doubler (GR2) seen in 3.8C, can theoretically con-
vert an AC input voltage to a multiplied DC voltage. The mechanism behind this is the charging-up effect
of the GR2 input capacitor, introducing a voltage bias at the intermediate node. This DC offset is equal to

Ⱡ and the DC output voltage of the doubler is equal to 2 Ⱡ 2 , where is the amplitude of
the rectifier input voltage and is the forward voltage drop of the diode. Multipliers of higher orders are
also possible, capable of rectifying an AC input with an amplitude of into a DC voltage equal to:

out = ( Ⱡ ) [V] (3.27)

Where is the forward voltage drop across the diode and N is the multiplying factor and is equal to the
number of diode-capacitor stages. It is clear that for each additional stage, another diode voltage drop gets
subtracted. In reality, however, the magnitude of the DC output voltage will be smaller than in the previous
equation because of the load sensitivity and non-linearity of diodes at low currents. Using a voltage multiplier
can be beneficial for achieving a large enough voltage to effectively overcome the voltage barrier many
DC-DC converters have; however, every increase in voltage demands a sacrifice in current and the power
losses associated with the diodes can rapidly accumulate with increasing stages. For more comprehensive
theory regarding these diode-capacitor voltage multipliers and charge-pumps refer to the extended theory
in appendix A.

MOSFET Based Rectification
MOSFETs may also be utilised for rectification, the simplest method being diode-connected MOSFETS.
However, like diodes, MOSFETS also require an input voltage above the device threshold voltage, which is
typically significantly higher than Schottky diode forward voltage drops. When this threshold is surpassed,
the output will experience a voltage drop equal to the MOSFET threshold voltage. Some simple rectifiers
using diode-connected MOSFETS can be seen in figures 3.9A and B, these rectifiers are commonly used in
RF energy harvesting. Figure A shows an NMOS only version, while B shows a CMOS version, using both
positive and negative channel devices. The NMOS-only designs suffer from the body effect. which can lead
to significant losses and is undesirable for ultra low-power applications. CMOS architectures (see figure 3.9)
do not experience the body-effect losses; however, to counteract the lower mobility of holes in the p-channel
compared to electrons in N-channel devices, the PMOS device should be chosen to have dimensions larger
than those of the NMOS. However, these larger transistor dimensions lead to a larger parasitic capacitance
Cp, incurring power losses. The threshold voltage requirement inherent to many MOSFET based rectifiers
can beminimized by using so-called Self-Vth-Cancelling (SVC) techniques, such as in the comparator based-
design shown in figure 3.9C. The rectifier shown in figure 3.9D is known as the 4 transistor cell /differential
drive rectifier and is commonly employed in ultra-low power RF energy harvesters, by appending multiple
stages of these cells the output voltage can bemultiplied to higher values (reduced by the transistor threshold
voltage).
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Figure 3.9: Various MOSFET-based rectifier topologies (A) NMOS-only diode-connected MOSFETs, (B) CMOS
diode-connected MOSFETs, (C) Comparator-based rectifier, (D) 4 Transistor-cell differential drive rectifier. Adapted from [37].

Rectifiers based on designs C and D in Figure 3.9 were considered for their reported high efficiency at low power
levels[37][13] , but were abandoned due to the unavailability of ultra low-power comparators capable of reliable
high-frequency switching and the absence of a center-tapped coil, which made the 4TC-DDR unfeasible.

To ensure a functional demonstrator within the limited timeframe, passive rectifiers were selected over MOSFET-
based designs due to their relative simplicity and cost-effectiveness. However, in line with the modularity require-
ment, the rectifier in the prototype is implemented on a removable PCB, allowing for potential future upgrades or
replacement with an active rectifier circuit.

3.2.2. PCE and Peak Power Simulations.
Power conversion efficiency (PCE) is a key performance metric when designing low-power rectifiers. It quanti-
fies the ratio of output to input power and is critical for selecting an optimal rectifier topology. For diode based
rectification the PCE can be approximated as:

= out

in
100% = out

out + loss
100% שׂ out

out + ( fwd + rev)
Õ 100% (3.28)

Here Pfwd is the forward conduction power loss of the diode (primarily due to forward voltage drop) and Prev is the
power loss due to diode reverse leakage [13].

To determine the optimal diode choice, the power conversion efficiency (PCE) of an individual diode rectifier (es-
sentially the HWR as pictured in figure 3.8A) was simulated in LTspice across different AC input voltages for various
Schottky diode models under consideration. To isolate diode effects, all simulations used identical conditions: an
ideal 36.48 kHz AC source, a 10 μF output capacitor connected parallel to a 1 MΩ load resistor. This configuration
resulted in microcurrents delivered to the load, reflecting the expected operating conditions for the system at large
coil distances and high-impedance loads. PCE was determined by averaging the (steady-state) output DC voltage
and load current and dividing it by the averaged input voltage-current product. Figure 3.10 shows the result of
these simulations.

Figure 3.10: Comparison of simulated power conversion efficiency at various input voltages for different Schottky diodes in a
half-wave rectifier configuration using LTspice.
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From the results of these simulations it appears that the BAT54 Schottky diode is a slightly superior choice
at sub-volt inputs, followed by the PMEG10010ELR. These two components significantly outperform the
others. Despite having the lowest forward voltage by far (125mV), the RBE01VYM6A shows the poorest
performance, likely due to its high reverse leakage and low breakdown voltage (6V).

Another important metric in assessing rectifier performance is peak power at the output of the rectifier. With
calculated coupling factors and induced voltages the peak power over distance for was simulated using
LTspice. The method used for calculating peak power makes use of the capacitor voltage-energy relation
(refer to equation 3.33) to calculate change in stored energy over a time increment (Ύ = Ⱡ ):

= ( Ⱡ
Ύ ) [ ] (3.29)

The peak powers over coil distances were simulated for 2 different rectifier topologies and 3 different Schottky
diodes; the BAT54, the PMEG10010ELRwith ameasured forward voltage of 330mV, and the RBE01VYM6A.
Simulations were conducted using LTspice with amaximum timestep of 10 nanoseconds and an ideal rectifier
output capacitor of 22 F.

Figure 3.11: Comparison of simulated peak output powers over varying coil distance for 2 different rectifier topologies and 3
different Schottky diodes using LTspice.

The BAT54 has a higher maximum forward voltage, greater reverse leakage, and lower breakdown volt-
age than the PMEG10010ELR[16][18]. Considering these worst-case specs, along with the fact that subse-
quent DC-DC conversion will likely require minimum input voltages above 1 volt, where the PMEG10010ELR
achieves a higher PCE, it was decided to use the PMEG10010ELR for the design of the device. In order to
gain insight into the ideal rectifier topology using the PMEG10010ELR additional simulations were conducted
for PCE and DC output voltage over distance. The simulations (shown in figures 3.11 and 3.12) imply that
the GR2 is the ideal choice for balancing output voltage, peak power and PCE over distance.

Figure 3.12: Simulated power conversion efficiency (PCE) (left) and DC output voltage (right) over Rx-Tx distances, for various
passive rectifier technologies using PMEG10010ELR diodes. FBR_D2 denoting full-bridge rectifier followed by a 2 diode
charge pump.
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